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ABSTRACT

Serological methods are based on the detection of antibodies and antigens in
mainly serum but also in other body fluids such as cerebrospinal fluid (CSF).
Conventional whole virus antigens are widely used in viral serological assays.
These antigens usually contain a mixture of proteins from the virus of interest
together with residual cell components from antigen production, which can
cause diagnostic problems with cross-reactive antibodies between closely
related viruses and antibodies that bind to cellular components. The methods
can become more specific by using antigens based on recombinant single viral
proteins that differ between closely related viruses but to which the immune
system reacts strongly (immunodominant proteins).

The aim of the research has been to develop specific serological assays to
detect antibodies to varicella-zoster virus (VZV), Epstein-Barr virus (EBV)
and measles virus (MeV). This has been accomplished by recombinantly
producing single, specific, immunodominant viral proteins, VZV glycoprotein
E (gE), EBV glycoprotein 350 (gp350) and the core part of the MeV
nucleocapsid protein (Ncore), for use as serological antigens in enzyme-linked
immunosorbent assay (ELISA).

In Paper I, we show that VZVgE functions well as ELISA antigen to detect
anti-VZVgE IgG antibodies. The antigen has thereafter been used in the
routine diagnostics at the Department of Clinical Microbiology, Sahlgrenska
University Hospital. In Paper II, we demonstrate that EBVgp350 performs
well as serological antigen in ELISA for the detection of anti-EBVgp350 IgG.
In Paper III, we found that patients with multiple sclerosis (MS) and their
clinically healthy siblings with similar MS findings in CSF, i.e. a suspect
hyperimmune phenotype, still show an increased IgG response to MeV in both
serum and CSF compared with healthy controls when the previously used
complex MeV whole virus antigen was replaced with MeV Ncorg. Our results



indicate that the reactivity is indeed specific and not caused by cross-reacting
autoantibodies to cellular proteins. In Paper 1V, patients with MS show higher
IgG levels in both serum and CSF to MeV and EBVgp350 compared with
healthy controls. In addition, we observed that patients with serologically
verified acute infectious mononucleosis have higher serum IgG levels to
EBVgp350 at follow-up after 10 years compared with healthy controls,
suggesting that EBV-induced mononucleosis affects the immune system in a
powerful and long-lasting way.

In Paper V, patients with MS treated with interferon beta (IFNf) had higher
anti-EBVgp350 and anti-MeV Ncore IgG levels in serum compared with
healthy blood donors. Following initiation of treatment with the monoclonal
antibody natalizumab, patients' serum IgG levels decreased against both
antigens, whereas levels were relatively stable during previous IFNJ treatment.
Another finding was that all 728 patients with MS in the study were EBV IgG
seropositive while 10 of the 144 blood donors in the control group were EBV
IgG seronegative. This finding further strengthens the potential role of EBV in
the pathogenesis of MS.

The developed ELISA methods can, through increased specificity, offer new
diagnostic possibilities for detecting antibodies to EBV, VZV and MeV in viral
infections, for control of immunity after infection/vaccination, in
epidemiological investigations and in autoimmune diseases such as MS.

Keywords: Serology, ELISA, IgG, varicella-zoster virus, Epstein-Barr virus,
measles virus, viral glycoproteins, multiple sclerosis

ISBN 978-91-629-809-0 (PRINT)
ISBN 978-91-629-810-6 (PDF)



SAMMANFATTNING PA SVENSKA

Serologiska metoder baseras pa pavisning av antikroppar och antigen i frimst serum
men dven i cerebrospinalvitska (CSV). Ménga virusserologiska metoder anvénder
helvirusantigen som bestar av flera olika proteiner fran viruset samt kvarvarande
celluldra komponenter frén antigenproduktionen. Helvirusantigener kan ge upphov till
diagnostiska problem med korsreaktiva antikroppar mellan nérbesléktade virus och
antikroppar som binder till celluldira komponenter. Metoderna kan bli mer specifika
genom att anvénda antigen baserade pa enstaka virala proteiner som skiljer sig fran
nérbesldktade virus men som immunforsvaret reagerar starkt emot (immundominanta).
Syftet med var forskning har varit att utveckla specifika serologiska analyser som kan
anvéndas for att pavisa antikroppar mot varicella-zoster virus (VZV), Epstein-Barr
virus (EBV) och miésslingsvirus (MeV). Sadan forbéttrad antigenproduktion har
utforts genom att rekombinant framstélla enstaka, specifika, immundominanta
virusproteiner, VZV glykoprotein E (gE), EBV glykoprotein 350 (gp350) och MeV
nukleokapsid protein (Ncore), som serologiska antigen i enzymbunden
immunosorbentanalys (ELISA). Delarbete I visar att VZVgE fungerar bra som ELISA
antigen. VZVgE har dérefter kunnat anvéndas i rutindiagnostiken pa Mikrobiologen,
Sahlgrenska universitetssjukhuset. I Delarbete II sé talar resultaten for att EBVgp350
fungerar bra som serologiskt antigen i ELISA. Delarbete III fastslar att patienter med
multipel skleros (MS) och deras kliniskt friska syskon med MS-liknande fynd i CSV,
dvs en misstdnkt hyperimmun fenotyp, har ett 6kat IgG-svar i bade serum och CSV
mot MeV jamfort med friska kontroller d&ven nér det tidigare anvinda komplexa MeV
helvirusantigenet bytts ut mot MeV Ncore. Resultaten indikerar att reaktiviteten &r
specifik och inte kan forklaras av korsreagerande autoantikroppar. I Delarbete IV
uppvisar patienter med MS hdgre IgG-nivéer i serum och CSV mot MeV och
EBVgp350 jamfort med friska kontroller. Resultaten visar dven att patienter som haft
mononukleos (kortelfeber) har hogre IgG-nivaer mot EBVgp350 i serum vid
uppfoljning efter tio ar jamfort med friska kontroller, vilket indikerar att EBV orsakad
mononukleos paverkar immunforsvaret pa ett kraftfullt och langvarigt sitt. I Delarbete
V uppvisar patienter med MS under interferon beta (IFNB) behandling hogre IgG-
nivéer i serum mot EBVgp350 och MeV Ncore jamfort med friska blodgivare. Efter
behandlingsstart med den monoklonala antikroppen natalizumab sjonk patienternas
IgG-nivaer mot bégge dessa antigen, medan nivaerna var relativt stabila under den
foregdende IFNB-behandlingen. Alla 728 patienter med MS i studien var EBV IgG-
seropositiva medan 10 av de 144 blodgivarna i kontrollgruppen var EBV IgG-
seronegativa. Detta fynd stérker ytterligare EBV:s potentiella roll i patogenesen bakom
MS. De hér utvecklade ELISA-metoderna kan genom okad specificitet erbjuda nya
diagnostiska mdjligheter for att pavisa antikroppar mot EBV, VZV och MeV vid
virusinfektioner, vid kontroll av immunitet efter infektion/vaccination, vid
epidemiologiska undersékningar och dven vid autoimmuna sjukdomar sasom MS.
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DEFINITIONS IN SHORT

Antibodies

Antigens

Antigen-antibody reactions

Antibody affinity

Epitope

MS trait

Immunoglobulin molecules having a specific
amino acid sequence by virtue of which they
interact only with the antigen (or a very
similar shape) that induced their synthesis in
cells of the lymphoid series, especially
plasma cells (Medical Subject Headings
MeSH, National Center for Biotechnology
Information NCBI).

Substances that are recognized by the
immune system and induce an immune
reaction (MeSH, NCBI).

The processes triggered by interactions of
antibodies with their antigens (MeSH,
NCBI).

A measure of the binding strength between
antibody and a simple hapten or antigen
determinant. It depends on the closeness of
stereochemical fit between antibody
combining sites and antigen determinants,
on the size of the area of contact between
them, and on the distribution of charged and
hydrophobic groups. It includes the concept
of "avidity," which refers to the strength of
the antigen-antibody bond after formation of
reversible complexes (MeSH, NCBI).

Site on an antigen that interact with specific
antibodies (MeSH, NCBI).

A suspect hyperimmune phenotype in
clinically healthy siblings of patients with
MS.
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Immunodominant

Intrathecal antibody
production

Paratope

Serology

Antigens that are easily recognized by the
immune system and thus are of most
importance for the specificity of the induced
antibody response.

Antibodies produced in the central nervous
system and secreted to the cerebrospinal
fluid.

Local surface sites on antibodies which react
with antigen determinant sites on antigens
(epitopes) (MeSH, NCBI).

Diagnostic identification of antibodies and
antigens in serum and other body fluids
including cerebrospinal fluid.
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1 INTRODUCTION

The term serology comes from studies of blood serum, where immunological
reactions are investigated, particularly in vitro, with a focus on antigen-
antibody reactions. Immunoglobulins (Ig), also called antibodies, are produced
by B lymphocytes and are the humoral component in the adaptive immune
system. Antibodies can be produced in response to various antigens. Medical
Subject Headings (MeSH) by National Center for Biotechnology Information
(NCBI) defines antibodies as: “Immunoglobulin molecules having a specific
amino acid sequence by virtue of which they interact only with the antigen (or
a very similar shape) that induced their synthesis in cells of the lymphoid series
(especially plasma cells)”. MeSH defines antigens as: “Substances that are
recognized by the immune system and induce an immune reaction”. Antigens
can be part of microorganisms, other foreign substances, or, in the case of
autoimmune diseases, the body's own molecules.

In medical terminology, the term serology often refers to the diagnostic
identification of antibodies and antigens in both serum and other body fluids
including cerebrospinal fluid (CSF). Serological methods are important for
diagnosing infections and autoimmune diseases, to control immunity after
infection/vaccination, and in many other situations, such as for
epidemiological purposes to determine the prevalence of a particular infection.
Virological diagnostic research has recently focused strongly on molecular
biological methods, but serological methods remain important. It is therefore
warranted to continue to improve these methods.



1.1 HUMAN IMMUNE SYSTEM

Pathogenic microorganisms such as bacteria, fungi and viruses are constantly
present in our environment, but the human body has ways to protect us against
disease-causing pathogens. An individual with a well-functioning immune
system is termed immunocompetent. Some  individuals are
immunocompromised i.e. have a weakened immune system due to either
primary immune deficiencies or secondary/acquired immune deficiencies due
to acquired conditions e.g. immunosuppressive medications or malnutrition. In
the classical partition of the human body's defenses against infections, the
defense has been divided into three different levels (1):

e Barrier protection
e Innate immune system
e Adaptive immune system

1.1.1 BARRIER PROTECTION

The human body's first defenses against disease-causing pathogens are
physical, chemical, and biological barriers. The skin, which display dense
connections of epithelial cells, provides mechanical protection against
pathogens entering the body. We are also protected from unwanted invaders
by our mucous membranes that line body cavities and canals in contact with
the outside world, such as the gastrointestinal, respiratory, and urogenital
tracts.

The tough structure of mucous membranes can prevent pathogens from
invading. The structures vary, but they all have a surface layer of tightly
connected epithelial cells and a deeper layer of connective tissue. The mucus
membranes also protect us by secreting mucus, a viscous fluid with inhibitory
substances including bactericidal and antiviral substances, where pathogens
may be entrapped and killed. There are also dynamic forces that can transport
away intruders, e.g. intestinal motility and cilia in the airways. The normal
microbial flora does not normally cause disease and can prevent other more
pathogenic microbes from gaining a foothold by competing for
microenvironments more effectively. The role of bacteria in the normal flora
is more established than the role of viruses (human virome) (2, 3).



1.1.2 INNATE IMMUNE SYSTEM

The development of the innate immune system occurred earlier in evolution
compared with the adaptive immune system, and it is found in both
invertebrates and vertebrates. Innate immunity is important for the survival of
organisms and the basic mechanisms are thus conserved among animals (4).
The immune cells that are part of the innate response are neutrophils,
monocytes, macrophages, dendritic cells, eosinophils, basophils, mast cells
and natural killer cells (NK cells). The complement system, cytokines and
acute phase proteins are also important parts of the system. Some cytokines
such as interferons (IFN) have a direct antiviral effect. IFN can directly
interfere with viral replication and stimulate cell-mediated immunity to
respond to viral infection (5). The immune cells and molecules are present on
the surfaces as well as inside the body's organs and tissues and are immediately
ready to act to fight invasive pathogens.

The response occurs after recognition of pathogen-derived structures and
endogenous danger signals. The pattern recognition receptors (PRRs) on the
immune cells i.e. C-type lectin receptors, Toll-like receptors, NOD-like
receptors, and RIG-I-like receptors recognize pathogen-associated molecular
patterns (PAMPs) on pathogens and damage-associated molecular patterns
(DAMPs) (6). The innate immune response has been considered to lack
immunological memory (1), but this view has been questioned in recent years
and there are now arguments that the concept of immunological memory must
be expanded, as also the innate immune system can mount resistance to
reinfection (6-9).

1.1.3 ADAPTIVE IMMUNE SYSTEM

Only vertebrates have an adaptive immune system with special molecular
characteristics, including B and T lymphocytes (B and T cells) and lymphoid
organs such as the spleen and thymus (10). This branch of the immune system
evolved in jawed fish about 500 million years ago (10). The adaptive immune
response is highly specific, and B and T cells are activated only when they
encounter their cognate antigen. The adaptive immune system has an
immunological memory which means that reinfection with a previously
encountered pathogen induces a more vigorous and rapid response (1, 4, 10).

The innate and adaptive immune systems cooperate to fight invasive
pathogens. For example, antigen-presenting cells (APCs) from the innate
immune system can capture antigens and present peptides from these antigens



to T cells to activate them. The adaptive immune response can in turn both
regulate and stimulate the innate immune system.

Cytotoxic T cells that express CD8 on the cell surface identify and kill cells
that synthesize aberrant peptides that are presented on major histocompatibility
complex class I (MHC-I) molecules, which occur in virus-infected cells. As a
token of the importance of this defense mechanism, certain viruses can prevent
MHC-I molecules from reaching the surface of virus-infected cells and thus
hide from the cytotoxic T cells (i.e. immune evasion). However, when NK cells
detect cells with fewer MHC-I molecules than normal, they will kill the cell.
This is an example of how the innate and adaptive immune response interacts
to eliminate pathogens. The main function of CD4+ T helper cells is to
stimulate and regulate other immune cells. T helper cells can for instance
increase the functional capacity of phagocytic cells and stimulate B cells to
become more efficient at producing immunoglobulins (antibodies).

The humoral immunity is one of the main components of the adaptive
immunity and immunoglobulins are important for providing immunity after
infection/vaccination. Secreted immunoglobulins can neutralize pathogens and
act as effector molecules to stimulate other parts of the immune system to fight
pathogens. The human body can produce antibodies with almost infinite
specificity.

After antigen recognition and activation of various B cells in the body, these
cells will produce antibodies that can recognize and bind to different antigens.
The antibody response in the human body is thus polyclonal because different
antibodies recognize different antigens. Monoclonal antibodies are generated
by a single B-cell clone, and they all recognize the same antigen. Antibody-
secreting cells have been utilized to produce highly specific monoclonal
antibodies that can be used for both therapeutic and diagnostic purposes (11).

Antibody-secreting cells do have a downside, which includes involvement in
the pathogenesis of certain autoimmune diseases, including antinuclear/anti-
DNA antibodies in systemic lupus erythematous and anti-citrullinated protein
(i.e. proteins carrying the rare amino acid citrulline) antibodies in rheumatoid
arthritis. Patients with severe rheumatoid arthritis who have insufficient effect
on other disease-modifying antirheumatic drugs may be treated with anti-
CD20 monoclonal antibodies that depletes B cells, such as rituximab
(Mabthera®) (12). Antibody-secreting cells are also involved in multiple
myeloma (13) and [gG4-related disease (14-17).



1.2 IMMUNOGLOBULINS

1.2.1 PRODUCTION

Hematopoietic stem cells in the bone marrow can develop into B cells in an
antigen-independent process. After leaving the bone marrow, B cells will
colonize secondary lymphoid organs and there, in an antigen-dependent
process, they can differentiate into memory B cells and antibody-producing
plasma cells. The process is initiated after a mature B cell encounters and
recognizes its cognate antigen. There are T cell-independent antigens, often
polysaccharide antigens, that directly activate B cells, but most antigens are T
cell-dependent, which means that after antigen recognition, the B cell requires
cooperation with a T helper cell that recognizes the same antigen for final
activation (13, 18). After B cell activation, cell division and differentiation into
memory B cells and plasma cells can occur.

B cells can produce both soluble and membrane-bound immunoglobulins
simultaneously. This is done by splicing at the mRNA level, so that the same
main structure can be combined with a hydrophilic short tail that provides a
soluble molecule, or with a partially hydrophobic longer tail that gives a
membrane-bound molecule. B cells have mainly membrane-bound
immunoglobulins (the main part of the B cell receptor) while plasma cells are
specialized in producing and secreting immunoglobulins (19). Plasma cells are
larger than B cells and the morphology is characteristic with a small,
asymmetrically placed nucleus, large cytoplasm with abundant rough
endoplasmic reticulum and Golgi apparatus. The morphology of the plasma
cell reflects its main function of producing and secreting Ig molecules (19).

Plasma cells can be divided into two main groups, plasmablasts and long-lived
(memory) plasma cells. Plasmablasts are short-lived (20) while long-lived
plasma cells can have a lifespan similar to long-lived memory B cells (21). In
this context, it has been previously demonstrated that long-lived plasma cells
can maintain antibody titers for long periods and in some instances throughout
life (22). These long-lived plasma cells are found in the bone marrow but also
in the human intestine (23-25).
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Figure 1. B cell activation and differentiation into antibody-producing plasma cells.



1.2.2 BASIC STRUCTURE

Immunoglobulins (Ig) are large molecules with an approximate molecular
weight of 150kD. These molecules have a basic Y-shaped structure consisting
of two heavy and two light polypeptide chains. There are two types of light
chains, lambda (1) and kappa («), based on small polypeptide differences. An
Ig molecule has identical light chains, meaning that each individual antibody
has either lambda or kappa light chains (26).

The heavy chains of an individual Ig molecule are also identical, and the chains
are joined by two disulfide bonds. Each of the light chains is joined to one of
the heavy chains by a single disulfide bond. Each light and heavy chain can be
divided into a constant and a variable part. The variable heavy chain is often
abbreviated Vu, where V stands for variable and H for heavy chain.
Correspondingly, the abbreviation for the variable part of the light chain is VL
where L stands for light. The constant part of the heavy and light chains is
abbreviated Cy and Cy respectively, where C stands for constant. The heavy
and light chains are composed of a special type of protein domains that have a
similar globular structure termed Ig fold or Ig domain (27). The structure is the
result of a special folding of the protein in the tertiary structure. These Ig
domains exist in several other molecules, the Ig superfamily, suggesting that
such motifs have been useful protein modules during evolution (28).

The basic structure of immunoglobulins is similar, but there is a large variation
in the composition of antigen-binding sites, also termed paratopes, in order to
enable binding to the large numbers of different antigens that the body
encounters (26). Each B cell can only express a certain type of immunoglobulin
and these identical immunoglobulins all have the same specificity for binding
antigen. All daughter cells of the original B cell will inherit the same antibody
specificity, which means that all plasma cells from the original B cell will
secrete antibodies that target the inducing antigen.

The paratope consists of the outer part of the variable heavy and light chains
(Vu + Vi). Each individual Ig molecule has two identical paratopes because
the two arms are composed of identical chains (26). The two arms of the Y-
shaped Ig molecule are joined to the trunk by a flexible polypeptide chain
termed the hinge region. The flexible hinge region allows the two antigen-
binding arms to form different angles relative to each other, allowing binding
of two different antigens if they are not too far apart. The maximum angle of
the antibody arms must be able to cover the distance between the two antigens.
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1.2.3 CLEAVAGE WITH PROTEASES

Immunoglobulins can be cleaved by proteolytic enzymes (proteases) into
functionally distinct fragments. This process has been used to determine which
part of the Ig molecule that is responsible for different functions. Cleavage of
Ig with papain results in three fragments of the molecule. Papain cleaves the
molecule above the disulfide bonds that bind the two arms that contain the
paratopes. The two separated identical arms are named Fab fragments, which
stands for fragment antigen binding. These fragments have monovalent
antigen binding. The trunk of the Y-structured molecule has no antigen binding
activity but is in intact Ig molecules important for interactions with cells and
effector molecules. This part of the molecule is called Fc fragment, which
stands for fragment crystallizable, because it has been observed that it easily
forms crystalline structures.

Pepsin cleaves the Ig molecule below the disulfide bonds that hold the two
arms of the Y-shaped Ig molecule together. The two antigen-binding arms will
thus be linked in a fragment and can bind antigens with both arms (divalent
antigen binding). This fragment is called F(ab’), fragment and has the same
antigen-binding properties as the original antibody, but since it does not
contain the Fc fragment, it cannot interact with cells and/or effector molecules.
The Fc fragment will be cleaved in several smaller fragments by pepsin.
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Figure 3. Cleavage of an immunoglobulin molecule with papain or pepsin protease.
Fragment crystallizable (Fc). Fragment antigen binding (Fab).

1.2.4 ISOTYPES

Immunoglobulins are divided into different isotypes (antibody classes) based
on differences in the constant region of the heavy chain (Cy). There are five
basic structures of Cy named alpha (o), delta (3), epsilon (¢), mu () and
gamma (y). These five different Cy correspond to the five antibody classes IgA
(a), IgD (9), IgE (¢), [gM (u) and IgG (y) (26). The variation between isotypes
include differences in the amino acid sequence of the Ig domains and the
number of Ig domains in the Cu. IgA and IgG can be further divided into
subclasses based on differences in the properties of the alpha and gamma
chains (29, 30). Alpha is further divided into the two subclasses IgA1 and
IgA2, while gamma contains the four subclasses, IgG1, [gG2, IgG3 and 1gG4
(30). The different structures of the antibody classes reflect their diverse
biological functions with various effector mechanisms, antigenic determinants,
and biological half-life (26). The different antibody classes bind to their
respective Fc receptor on immune cells.
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Figure 4. The five antibody classes are based on differences in the constant region of the
heavy chain (Cn). The five basic structures of Cu are named alpha (), delta (), epsilon

(¢), mu (u) and gamma (y) and these five different Cus correspond to the five antibody
classes IgA (o), IgD (9), IgE (¢), IgM (1) and IgG ().
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IgA

IgA is the predominant antibody class on mucous membranes, the second most
common antibody class in serum and has the highest production of all isotypes
in humans (31). IgA is the most important isotype for our mucosal defense and
can neutralize pathogens and microbial toxins in the gastrointestinal tract (32).
In serum, IgA appears predominately in monomeric form but occurs on
mucosal surfaces mainly as a dimer (26, 31, 33). Secretory IgA in dimeric form
is composed of a secretory component and two Y-shaped basic IgA
immunoglobulin structures that are linked by a joint chain (31). IgA is
transmitted via breast milk and can therefore contribute to the defense against
infections in breastfeeding infants.
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Figure 5. A secretory IgA molecule.
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As with IgM, IgD is expressed early on mature B cells as a major part of the B
cell receptor (34). IgD is mainly found in membrane-bound form, although
small amounts of IgD can be detected in serum. The secreted [gD molecule has
a monomeric form. IgD can activate basophils and thereby induce the
production of antimicrobial peptides, inflammatory cytokines and B-cell
activating factors (34).

IgE

Secreted IgE has a monomeric form. Through its Fc moiety, IgE can bind to
Fc receptors on mast cells and basophilic granulocytes with very high affinity.
This high affinity causes IgE molecules to be bound to Fc receptors of
basophilic granulocytes even before any antigen is recognized by the cells.
When an antigen then binds to IgE, the cell can immediately secrete various
mediators. IgE is often associated with allergies and hypersensitivity, but IgE
is also involved in the immune protection against parasitic helminths (35).

10



IgM

Secreted IgM is pentameric or hexameric
(36). The pentameric form consists of five
Y-shaped basic Ig structures and the
hexameric form of six (36-38). IgM is
expressed early during the maturation of B
cells and early in an immunological
response to a pathogen. IgM can activate the
complement cascade through the classical
pathway and thus help to clear infections by
antibody-dependent cellular phagocytosis
and antibody-dependent cell cytotoxicity
(38).

Figure 6. A secreted hexameric IgM molecule.
IgG

Secreted IgG is monomeric and the major antibody class in serum followed by
IgA and IgM (26). Many cells in the immune system have Fc-gamma receptors
on their surfaces and IgG is the predominant antibody class in secondary
immune responses (26). IgG has many effector mechanisms including
neutralization, opsonization and activation of the complement system. IgG can
cross the placenta to the fetus and can thereby give the newborn a passively
transferred immunity from the mother. The half-life of most IgG subtypes is
approximately 3 weeks (39, 40). The neonatal Fc receptor can prolong the half-
life of IgG molecules (35).

1.2.5 EFFECTOR MECHANISMS

Antibodies have effector mechanisms to protect the body from being harmed
by foreign substances such as microorganisms (41). The main effector
mechanisms of antibodies are:

Neutralization
Direct antibody neutralization is the process by which antibodies bind to
antigens, thereby reducing or inhibiting the biological activity of

pathogens/microbial components (41). Antibody neutralization can thus
prevent harmful effects of pathogens/microbes in the body. As an example,
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antibodies can bind to envelope proteins on viruses, thereby preventing viral
binding and penetration into host cells. The antibodies will thus inhibit viral
replication, further dissemination and progression of the viral disease (41).
Antibodies can also neutralize toxins by binding to them, thereby inhibiting
the toxins from binding to cellular receptors. Many vaccines on the market
stimulate the production of neutralizing antibodies and thus protect against
disease (42).

Opsonization

Opsonization is the process by which immune cells can recognize and target
foreign substances by binding to opsonins (e.g. IgM, IgG and complement
component Cl) that cover the substances, for antibody-dependent cell
cytotoxicity and/or phagocytosis.

Antibody-dependent cellular phagocytosis is the process by which pathogens
are coated with antibodies to promote phagocytosis. Fc receptors on
phagocytic cells can recognize and attach to antibody coated pathogens,
enabling phagocytosis of the pathogen.

Antibody-dependent cell cytotoxicity is the immune process in which certain
immune cells with Fc receptors can recognize and kill cells that have
pathogenic antigens on their surface and are coated with antibodies. Antibody-
dependent cellular phagocytosis and antibody-dependent cell cytotoxicity are
effective mechanisms for the clearance of encapsulated bacteria, viruses, and
virus-infected cells (43).

Complement activation

IgM and IgG can both initiate a cascade of enzymatic reactions to activate the
complement system (antibody-mediated complement activation) (38, 44)
where the ultimate consequences are:

e Lysis of pathogenic microorganisms. Complement factors
can create a pore in the membrane of the microorganism that
disturbs the osmotic balance, leading to the death of the
microorganism.

e (Coating of pathogens by complement factors for
opsonization.

e Stimulation of inflammation by affecting the permeability of
blood vessels. This leads to a greater influx of inflammatory
cells and various immune defense molecules.
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Antibody-dependent enhancement

There are microorganisms that can exploit the Fc receptor and complement
pathways to enhance the disease through antibody-mediated responses (45,
46). This is termed antibody-dependent enhancement (41, 45, 46). An example
of this phenomenon is when antibody opsonization of dengue viruses enhances
viral infection. This process can occur in patients who are reinfected with
another serotype of dengue virus than the one responsible for the previous
infection (47). The antibodies to the dengue serotype from the previous
infection may enhance the entry of the current dengue virus into
monocytes/macrophages, which can lead to increased viral replication, an
increased inflammatory response and aggravation of the disease (41, 45, 47).

The problem of antibody-dependent enhancement is also reflected in the
difficulty of producing an effective and safe vaccine against dengue virus (48).
The first licensed dengue vaccine, CYD-TDV or Dengvaxia® was in 2016
recommended by the World Health Organization (WHO) for considered use in
highly endemic regions (49).

The vaccine was later found to have different effects depending on the dengue
serostatus of the vaccinated individual (50). For individuals with a previous
dengue infection (seropositive individuals), the vaccine is safe and effective
against symptomatic dengue disease (50, 51). In contrast, seronegative
individuals without a previous dengue infection, three years after the first
vaccination and onwards, have an increased risk of developing severe dengue
fever if they become infected with the dengue virus (50). These findings have
led to the suspension of the CYD-TDYV vaccination program in the Philippines,
and the WHO stated in its 2018 recommendation that: “Countries should
consider introduction of the dengue vaccine CYD-TDV only if the
minimization of risk among seronegative individuals can be assured” (52).

1.2.6 ANTIBODY-ANTIGEN INTERACTION

The antigen-binding parts of the Ig molecule consist of amino acids (a.a.) in
groups, termed complementarity-determining regions (35). These a.a. are not
in line in the primary sequence of the polypeptide chain but are joined together
by the folding of the protein in the tertiary structure. The paratopes (antigen-
binding sites), are located in the outermost part of the variable Ig domains.
Paratopes differ in their three-dimensional structure, charge, and hydrophobic
properties. Which means that different antibodies can bind various structures
on antigens.
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Antigens can consist of many different types of molecules, such as
polysaccharides, lipids, nucleic acids, small molecules (e.g. trinitrophenol)
although proteins are probably the most biologically important antigens. The
part of the antigen that the paratope binds to is termed antigenic determinant
or epitope. A polypeptide chain can contain various linear epitopes, and, after
folding of the protein, several new non-linear or discontinuous epitopes
(further explained below).

The bonds between antibodies and antigens are non-covalent and reversible,
formed by a combination of hydrogen bonds, hydrophobic interactions,
electrostatic and van der Waals forces. That the antibody-antigen bonds are
reversible means that they can alternate between binding and detaching.
Antibodies recognizes epitopes in their native form. Epitopes can be classified
into two main groups, continuous epitopes (often called linear epitopes), and
discontinuous epitopes (often referred to as conformational epitopes).

Continuous epitopes consist of any sequential (linear) a.a. residues that can
bind to a paratope. In contrast, discontinuous epitopes are composed of a.a.
residues which are separated in the primary sequence, but which come in
proximity in the three-dimensional folded shape. Discontinuous epitopes are
more common than continuous epitopes, and it is estimated that more than 90%
of antibodies recognize such targets (53).

Continuous (linear) epitope Discontinuous (conformational) epitope
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Figure 7. Figure showing a continuous (linear) epitope consisting of sequential amino
acid residues in the primary sequence and a discontinuous (conformational) epitope
where the amino acid residues are apart in the primary sequence but comes in proximity
in the three-dimensional form.
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Epitopes can either be located on the surface of the protein, facing the liquid
phase, or be located inside the protein in hydrophobic parts. In the latter case,
the epitope is termed cryptic because it is not exposed unless the protein is
denatured. Cryptotopic epitopes in viruses are hidden from the immune
response until the virion dissociates. Viral cryptotopes can be relatively
conserved in genetically related viruses because such antigenic structures are
part of the virus' internal structures. Consequently, such domains may share
essential functions such as viral assembly and thus tend to vary less compared
with proteins on the surface of viruses.

Affinity

The individual binding strength between a paratope and an epitope is termed
affinity. The binding strength depends on the proximity of stereochemical fit
between the paratope and epitope, the size of the contact surface between them
and on the distribution of charged and hydrophobic groups. The affinity
constant K, can be affected by temperature, pH, and solvent. K, can range from
below 10° mol™! to above 102 mol™! (41). The equilibrium dissociation
constant (Kg) and the affinity are inversely related, which means the higher the
affinity, the lower the Kq.

It is possible to determine the affinity of monoclonal antibodies since these
antibodies are homogeneous and only bind to a single epitope. In contrast,
polyclonal antibodies are heterogeneous and will thus contain a mixture of
antibodies that will bind to various epitopes with different affinity. Thus, it is
only possible to measure an average affinity for polyclonal antibodies.

Avidity

Avidity is the measure of the total binding strength of the antibody-antigen
binding after formation of reversible complexes. The avidity depends on the
number of interacting paratopes and epitopes, the affinity of each paratope-
epitope binding and the structural arrangement of the interacting parts. I[gM
molecules that are pentamers have ten paratopes and hexameric IgM has
twelve paratopes (36, 37). This gives IgM relatively high avidity to bind
antigens even though the affinity between each paratope and epitope is not so
high.
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Figure 8. Hexameric IgM molecules have twelve paratopes compared with IgG molecules
that have two paratopes. This gives IgM molecules relatively high avidity to bind antigens
even though the affinity of each paratope-epitope binding generally is lower compared
with IgG molecules.

1.2.7 ANTIBODY DIVERSITY

It is possible to produce antibodies against virtually all foreign substances
provided that the substance is at least as large as required to form an epitope.
The number of different antibody specificities appears almost infinite. During
the development of B cells in the bone marrow, the genes encoding the variable
parts of the Ig molecule are built up randomly by somatic recombination from
hereditary DNA segments (54-56).

The three gene segments that encode the variable part of the heavy chain (Vy)
are named variable (V), diverse (D) and joining (J). The variable part of the
light chain is constructed by two gene segments V and J. The final Vy and Vi
genes are constructed in a process termed the V(D)J recombination, which
greatly contributes to Ig diversity (54-56). Each B cell produces only a specific
type of Ig molecule. A certain B cell will survive if it recognizes a foreign
substance, while B cells that bind too strongly to the body’s own molecules or
do not recognize foreign substances at all, will die.

A mature B cell expresses IgM or IgD as its membrane-bound B cell receptor.
B cells in secondary lymphoid tissue are activated by encountering their
cognate antigen, but most require stimuli from an activated T helper cell that
recognizes the same antigen to begin proliferating in a process termed clonal
expansion. When B cells in B-cell follicles begin to proliferate, the follicle can
be transformed into a germinal center (GC). These GCs are distinct
microanatomical parts in B-cell follicles where B cells during an immune
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response are stimulated by special follicular dendritic cells (which present
intact antigens in immune complexes) and T follicular helper cells to generate
memory B cells and plasma cells (57-61). B cells will within the GCs
proliferate extensively. Mutations will occur in the variable genes that will lead
to diversified B-cells receptors. This process is termed somatic hypermutation
(SHM) (13). B cells with receptors that have higher affinity for the antigen will
be selected for survival and further proliferation. This process of generating B
cells and plasma cells that produce high affinity antibodies is termed affinity
maturation (13, 62).

During proliferation, some of the daughter cells can undergo a class swish
recombination (CSR). It is the process by which B cells rearrange their DNA
in the constant part of the heavy chain (Cu) to change it to another Cy, thereby
producing another antibody isotype (e.g. from IgM to IgA, IgE or IgG) with
retained antigen specificity but with other effector functions (13, 63, 64).

1.2.8 ANTIBODY RESPONSE TO VIRAL INFECTIONS

Many viruses can induce a potent and long-lasting antibody response (65, 66).
To generate long-lived plasma cells that produce high affinity antibodies, B
cells require cooperation with their cognate T helper cells. Activation of T
helper cells is therefore essential for the development of a long-lasting and
effective antibody response. The procedure in which professional antigen-
presenting cells (APCs) take up antigen, process antigen into peptides and
present these antigenic peptides on MHC class I molecules to T helper cells
together with co-stimulatory signals to activate the helper T cells is therefore
important.

The surface of many viruses consists of one or a few proteins and is highly
organized with a repetitive structure. Such structures are unusual in the human
body and thus both the innate and the adaptive immune system have evolved
to recognize these structures as antigenic “danger signals” (67). These
structures can thus be considered as pathogen-associated molecular patterns
(PAMPs) (67). These repetitive motifs and other danger signals, including viral
nucleic acids such as dsRNA, U-rich ssRNA and hypomethylated DNA can be
detected by pattern-recognition receptors (PRRs) on cells in the innate immune
system. This will lead to the induction of immune signals in the form of
inflammatory cytokines (including interferons), the recruitment of
neutrophiles and the activation of professional APCs, in particular dendritic
cells in viral infections (65). The uptake and transport of viruses by dendritic
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cells to lymph nodes are important for the activation of the adaptive immune
system.

Dendritic cells are potent inducers of T cell activation where naive T cells can
differentiate into cytotoxic T cells and T helper cells. Effective priming of T
cells is further facilitated by the prolonged stimulation of virus-derived
antigens, which often occurs during viral infections due to viral replication in
cells of the infected host (65, 66). Most B cells require the help of cognate T
helper cells for final activation. The B cell will present antigenic peptides on
MHC class II molecules for activated helper T cells. In response, the T helper
cell will synthesize effector molecules, both cell-bound (mainly CD40L which
will bind to CD40 on the B-cell) and secreted molecules to activate the B-cell.

Previous research suggests that many human viruses have a suitable size for
passive transport through the lymphatic system without the need for cell-
mediated transport to reach lymph nodes where the virus in its native form can
interact with B cells (65). The highly repetitive surfaces of many viruses
facilitate the cross-linking of B-cell receptors, which is a strong B-cell
activation signal. Cross-linking of B-cell receptors can also stimulate a T-cell-
independent antigenic response with IgM production (65, 66). IgM can activate
the complement cascade through the classical pathway.

Other effector molecules (pentraxins) produced in response to the viral
infection can also activate the complement system. Complement factor C2 can
bind to B-cell receptors and facilitate the stimulation of these receptors. I[gM
antibodies, together with complement, can, by binding to viruses, increase the
uptake of these immune complexes by APCs, which is an important step in the
priming process of T helper cells and facilitates the capture of virus particles
in lymphoid organs (68). The increased uptake of these immune complexes by
APCs can also lead to optimal display of viral antigens by specialized follicular
dendritic cells in lymph nodes, which is important for the optimal development
of the antibody response.

Prior to infection/vaccination with a particular virus, there are no detectable
antibodies against that virus. An exception is newborns who through the
placenta may have received a passive transmission of the mother's IgG
antibodies without being virus-infected themselves. An individual who lacks
antibodies to a particular virus is called seronegative while an individual who
has antibodies is called seropositive. The term seroconversion is used when a
seronegative individual begins to produce detectable antibodies to a certain
virus due to infection/vaccination and thus becomes seropositive.
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In primary viral infections, IgM is often generated first and can sometimes
already be detected within one to two weeks after the onset of symptoms (69,
70). The maximum IgM response occurs approximately three to six weeks after
the onset of symptoms and a decline is then seen over a period of a couple of
months. Sometimes, however, the [gM response may persist longer.

IgG production usually begins a little later than IgM production. The IgG
response is more long-lasting compared with the IgM response and generally
reaches its peak within four to twelve weeks after the onset of symptoms and
persist for months or years (70). Some viruses such as herpesviruses, which
remain latent in the body but also measles virus, can induce a lifelong IgG
response (22). Other viruses e.g. SARS-CoV-2 has a much faster decline in
IgG levels after infection (71).

In connection with a reinfection/reactivation with the same virus, memory B
cells and long-lived plasma cells will be activated, leading to an early secretion
of high IgG levels. Upon reinfection/reactivation, IgM will in some cases be
produced at detectable levels and in other cases not. Reactivation of VZV often
elicits a detectable anti-VZV IgM response (72, 73). The antibody response
described above is a generalized description and it will differ depending on the
pathogen and the individual's immunocompetence.
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Figure 9. A generalized depiction of the IgM and IgG antibody response during a primary
and a secondary infection.
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1.3 VIRUSES

Viruses exist everywhere where there is biological life, and viruses, especially
bacteriophages that infect bacteria, are the most abundant biological entities on
the planet (74). Viruses can infect all types of living organisms, e.g. plants,
algae, fungi, archaea, bacteria, and all animals including humans. Viruses
require living cells to produce new viruses and they lack a complete machinery
for energy production and protein synthesis. Viruses must therefore use
cellular systems to produce their components and for energy production. The
whole virus particle, called virion, can thus be seen as a transport container for
transferring the viral genome to host cells where the virus can induce changes
in the cell so that the cell will start to produce new viruses.

Viral genome

Viruses can have DNA or RNA as genetic material. The genome can be double
stranded (ds) or single stranded (ss). The viral nucleic acid encodes all virus-
specific proteins, both structural proteins, enzymes, regulatory elements, and
factors necessary for propagation. There are some general differences between
DNA and RNA viruses. DNA viruses usually have longer genomes because
these viruses are genetically more stable compared with RNA viruses. RNA
viruses are more prone to mutate, giving them a more genetically unstable
genome compared with DNA viruses. Most DNA viruses replicate their
genome in the cell nucleus where the virus can use the cell machinery. In
contrast, most RNA viruses replicate in the cytoplasm.

In the human genome, some viral genetic material remains from previous
retroviruses (a group of viruses that can copy their RNA to DNA using a viral
reverse transcriptase) that during evolution have managed to integrate their
genetic material into our genome. Viruses' ability to introduce new genetic
information into cells has made them useful tools in genetic engineering.

Viral capsid

The viral genome is surrounded by a protective protein shell termed capsid.
The capsid has a rigid and durable structure, which protects the nucleic acid
from external influences such as changes in pH, temperature, and chemical
composition. Inside the capsid, there is room for the viral genome and some
viral proteins. The capsid consists of many copies of a small number of viral
proteins, in a few cases only one type of protein. The structural forms of viral
capsids are termed helical, icosahedral, and complex. The helical symmetry
consists of repeating protein subunits that coat the nucleic acid in a helix along
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its entire length. The icosahedral symmetry consists of 20 identical triangular
structures, which form an almost spherical structure. Complex capsids are
capsids with structures other than helical or icosahedral, as seen for some
viruses, e.g. poxviruses.

Figure 10. The viral genome is surrounded by a protective protein shell called capsid.
This figure shows the two common capsid symmetries in viruses, icosahedral and helical.

Viral envelope

Some viruses also have a lipid envelope surrounding the capsid. The
substructure with the core and capsid in these viruses is termed nucleocapsid.
The viral genome does not encode for the lipids in the envelope, instead the
virus will acquire them from host cell membranes. The viral envelope will thus
consist of a bilayer of phospholipids just like our cell membranes, but the
integrated proteins are primarily encoded by the viral genome. Viruses will
acquire envelopes from different host cell membranes, but it is virus-specific
exactly from where the acquisition will take place. Two examples of where the
envelope is retrieved are the Golgi apparatus and the outer cell membrane.

The viral envelope is protective and blocks water, chemicals, and enzymes
from entering the virus, but most envelopes are quite sensitive to detergents,
drying and heat. An intact envelope is important for virus-cell interactions, e.g.
for viral attachment and entry into host cells. Enveloped viruses are thus
generally easier to inactivate compared with naked viruses, which lack
envelope. Few enveloped viruses can cope with the environment in the
gastrointestinal tract. The viral capsid is generally quite resistant to variations
in pH, temperature, and chemical composition in the environment.
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Viral glycoproteins

Integrated in the envelope are viral proteins. Many of these envelope proteins
are glycoproteins, which means that the proteins have carbohydrate side
chains. These viral glycoproteins are sometimes called spike proteins. The
protein moiety is encoded by the virus but the glycans reflect the host cell
machinery of the infected cell. Viral glycoproteins are synthesized in the same
way as cellular glycoproteins. The glycoproteins are transmembrane, and the
outer part (the ectodomain) is often involved in attachment and viral entry into
host cells. The internal domain is often important for viral assembly.

These types of viral glycoproteins are important targets for antibodies because
they are often present in relatively large amounts on the surface of the virus
and often also on virus-infected cells. In naked viruses, the capsid proteins have
similar functions to the envelope proteins for attachment and viral entry into
host cells. Some naked viruses may have protruding proteins that originate
from the capsid.

1.3.1 HERPESVIRIDAE

The Herpesviridae family consists of more than 100 identified viruses that are
known to infect a diverse range of species, e.g. birds, reptiles, and mammals
including humans (75). Herpesviruses have a linear dsDNA genome of 125—
241 kilobase pairs (75). The genome contains 70—170 genes that encode viral
proteins (76). The genome is genetically stable compared with the genome of
many RNA viruses. The genome is densely packed within an icosahedral
capsid. Surrounding the nucleocapsid is the tegument, which is an amorphous
layer containing viral proteins. Herpesviruses are enveloped viruses with viral
glycoproteins in the lipid bilayer. They have a spherical shape and measure
around 150-200 nm.

After primary infection, herpesviruses will establish a lifelong latent/persistent
infection with a subdued gene expression. Herpesviruses can later reactive and
start the production of new viruses, which can enable the spread to new hosts.
It has been shown that certain herpesviruses such as herpes simplex virus
(HSV) and varicella-zoster virus (VZV) can retain their latent genomes as
closed circular molecules (episomes) in the host cell nucleus (77). Studies have
demonstrated that human herpesviruses 6A and 6B (HHV-6A and HHV-6B)
and certain other herpesviruses, including Marek’s disease virus, can integrate
their viral genome into the genome of the infected host cell (78, 79). However,
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much is still unknown when it comes to how various herpesviruses cause latent
infection in host cells, as the area has not been sufficiently studied.
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Figure 11. Schematic illustration of a herpesvirus.

Herpesviruses have evolved to adapt to their respective hosts. Herpesvirus
infections are common in all animal species investigated and the viruses are
spread around the globe. Many of the human herpesviruses can cause
asymptomatic primary infections in early childhood, while VZV is the human
herpesvirus that most often causes symptoms in primary infection, and then in
the form of chickenpox (varicella). Severe disease due to human herpesviruses
is seen mainly in immunocompromised individuals, fetuses, and newborns.

Members of the Herpesviridae family are classified into three subfamilies
based on biological characteristics: Alphaherpesvirinae (o), Betaherpesvirinae
(B) and Gammaherpesvirinae (y) (75, 80). All three subfamilies are represented
among the nine known herpesviruses that infect humans.
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1.3.2 ALPHAHERPESVIRINAE

e Herpes simplex virus type 1 (HSV-1, HHV-1)
e Herpes simplex virus type 2 (HSV-2, HHV-2)
e Varicella-zoster virus (VZV, HHV-3)

Herpes simplex virus type 1 and 2

HSV-1 and HSV-2 are ubiquitous around the globe but with geographic
variation in seroprevalence (81). The estimated global prevalence of HSV-1 is
two-thirds of all people aged 0—49 years (81). In a study regarding HSV-1 in
Swedish adults, the seroprevalence was 79.4% for people who were 35-95
years old (82). The estimated global prevalence of HSV-2 is 13% for people
aged 15—49 years, with the highest seroprevalence in Africa (81). In Sweden,
the HSV-2 seroprevalence in adults aged 35-95 years was measured at 12.9%
(82).

Both viruses infect mucoepithelial cells as their primary target and establish
latency in sensory neurons. They both cause herpetic blisters; HSV-1 can
induce both oral and genital lesions while HSV-2 mainly causes genital
lesions. Both viruses can be reactivated after latency and cause new
mucoepithelial lesions. Complications of the primary or reactivated infections
include herpesvirus infections of the central nervous system (CNS), keratitis,
hepatitis, pancreatitis, and pneumonitis.

1.3.3 VARICELLA-ZOSTER VIRUS

Varicella-zoster virus (VZV) is, as described above, a member of the
Herpesviridae family and belongs to the Alfaherpesvirinae subfamily. The
genus of the virus is Varicellovirus and the species is Human alphaherpesvirus
3. VZV is described in more detail because the virus is a central topic in the
thesis.

The virus

There is one serotype of VZV, seven established clades (1-6 and 9) and two
additional putative clades awaiting confirmation (83-87). VZV causes
chickenpox at primary infection, which primarily affects young children. VZV
can later reactivate from latency to cause herpes zoster (shingles). VZV mainly
infects epithelial cells, T cells and neurons where the virus establishes latency.
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VZV has the smallest genome of the known human herpesviruses (88). The
linear dsDNA genome has approximately 125,000 base pairs (bp) and consists
of at least 70 genes, all but 6 of which have homologues in HSV (88, 89). The
genome has a unique long coding region and a unique short coding region (88,
89).

The genome is encased in an icosahedral capsid. The nucleocapsid is in turn
surrounded by tegument. Outside the tegument is the lipid envelope, which
contains glycoproteins encoded by the viral genome as well as cellular
membrane proteins.

Glycoproteins

The VZV genome encodes the glycoproteins gB, gC, gE, gH, gK, gl, gL, gM,
gN (89-91). The glycoproteins incorporated into the viral envelope are
important for attachment and virus entry into host cells (90, 91). These
structural components also have other important functions for the pathogenesis
and replication of the virus, such as viral assembly and egress (8§9-93).

The glycoproteins gB, gH , gL, gM, and gN are core proteins that are conserved
among the three subfamilies of the herpesviruses (94). Based on the homology
with HSVgB, it is likely that VZVgB has similar functions and is critical for
viral entry into host cells (89, 95). VZVgE is essential for VZV replication and
infectivity in T cells and skin (93, 96-99).

VZVgE (open-reading frame 68) is the most produced glycoprotein in VZV-
infected cells and the most common viral protein integrated into the viral
envelope (100). Both VZVgE and VZVgB are targets for cytotoxic T cells and
can induce the production of neutralizing antibodies (101, 102). VZVgE is
probably the most immunogenic VZV glycoprotein (100, 102-105).

Epidemiology

VZV infections occur only naturally in humans and the virus has no animal
reservoir. VZV infections are widespread around the world, especially in
temperate climates where children become infected at a young age. In the
absence of vaccination programs, it is estimated that over 90% of adolescents
in temperate countries are infected with the virus. A recent Swedish study
showed a seroprevalence of 66.7% in 5-year-old children and 91.5% in 12-
year-olds (106). The seroprevalence in Swedish adults aged 35-95 years was
measured at 97.9% (82).
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Transmission

The infection is mainly transmitted by acrosols from vesicular fluid from the
rash and is therefore highly contagious (107). The virus can also be spread
from direct contact with the rash and possibly via infected respiratory tract
secretions (107). The infection is transmitted mainly from individuals with
chickenpox rash and to a lesser extent from individuals with zoster rash.
Varicella is thought to be contagious from one to two days before the onset of
the rash, but little conclusive evidence is available in the literature (108). The
estimated incubation period is 14—16 days with an interval of 10-21 days. The
disease is contagious until all the lesions have developed into crusts, which
normally takes about 5-7 days. Immunocompromised individuals can be
contagious for an extended period. If the exposure is sufficient, active herpes
zoster can be transmitted to a VZV-susceptible individual and cause
chickenpox.

Primary VZV infection

The virus infects via the oral cavity and upper respiratory tract where the virus
will replicate in the mucosal epithelium and spread to regional lymph nodes
where T cells can be infected. This is followed by a low-grade T-cell-
associated viremia with the spread of the virus to the skin and possibly other
organs where further replication will occur. Common symptoms in infected
individuals are fever, malaise, and the characteristic, generalized rash with
small itchy blisters over the body, especially over the upper part of the body
and in the facial region (107). Chickenpox is in most cases a self-limiting
disecase, but several complications have been described (107). These
manifestations include bacterial superinfection of skin, lungs, bones and blood,
involvement of CNS such as cerebellar ataxia, meningitis, myelitis and
encephalitis, and hemorrhagic/ischemic conditions e.g. stroke and even death
(107, 109).

High-risk groups that are vulnerable for the development of severe disease and
complications include immunocompromised individuals, pregnant women,
and infants under one year of age (107, 110). Adults are also at greater risk of
developing more severe illness compared with children (106, 107, 111).
Although individuals from these high-risk groups are more likely to develop
severe complications, VZV infections are so common that the incidence of
these manifestations will also be substantial among non-risk groups (106).
After primary infection, the virus establish latency in neurons in peripheral
ganglia, i.e. dorsal root ganglia, cranial nerve ganglia and autonomic ganglia
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(112-115). During latency, there is limited gene expression and replication
(107).

Immunity

Primary VZV infection/vaccination will lead to the production of VZV-
specific antibodies and cell-mediated immune responses that will induce
immunity to chickenpox. However, both clinical and subclinical reinfection
can occur after natural infection/vaccination (83, 86, 116, 117). The actual
frequency of reinfections is unknown, but several studies suggest that
reinfections and establishment of latency by reinfecting strains are more
common than previously thought and that recombination occurs (83, 86, 116).

Reactivation

The main component of the defense against VZV is the cell-dependent
immunity and when this immunity to VZV wanes, the virus can reactive and
cause herpes zoster, but reactivation can also be subclinical (118). Receiving
immunosuppressive drugs as well as being immunocompromised for other
reasons are risk factors for VZV reactivation, along with old age as cell-
mediated immunity decreases with age (119).

Herpes zoster causes a rash in the dermatome that is innervated by the ganglion
from which the virus is reactivated. Reactivation of VZV will in many cases
be complicated by neurological pain. Some individuals will experience
persistent pain, termed postherpetic neuralgia, for months or even years after
reactivation (120). Other complications that can occur are encephalitis,
meningitis, VZV facial palsy (Ramsay Hunt Syndrome), myelitis, VZV
vasculopathy, ocular disorders (keratitis and retinopathy), gastrointestinal
disorders e.g. ulcers, hepatitis and pancreatitis and secondary bacterial
infections of the skin, pneumonia and sepsis (107, 121-125). For adult patients
suffering from CNS involvement following herpes zoster, sequelae with
neurological complications are common (121, 126). Reactivations with
complications can occur without vesicles; this is termed zoster sine herpete
(127).

Treatment

Antiviral drugs that inhibit VZV replication can be used to treat VZV-infected
individuals with severe disease and individuals who are considered at risk of
such development. The nucleoside analogue acyclovir and its prodrug
valaciclovir can be used. Another option is famiciclovir, which is a prodrug
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that will be metabolized by the liver to penciclovir which has antiviral effects
(128). Treatment should be started early after the first symptoms to be
effective, but treatment is always recommended in Sweden for patients with
severe VZV disease. Treatment can reduce virus excretion, shorten the course
of the disease, and reduce the risk of complications.

Vaccines

There are effective and safe attenuated varicella vaccines, all of which are
based on the VZV Oka strain (129-132). Varicella vaccines can be given in
single or double dose schedules and are part of the child immunization
programs of several countries, where the vaccine has significantly reduced the
burden of disease (133-135). VZV vaccine is not yet part of the child
immunization program in Sweden but can be obtained on the Swedish market.

The attenuated Oka strain has also been used to produce live herpes zoster
vaccine (Zostavax®) but with a much higher concentration of virus compared
with the chickenpox vaccines (131). The Zostavax® vaccine is given in a
single dose and has been on the market in Sweden since 2013. Recently, on the
market since 2020, there is an adjuvanted recombinant vaccine based on the
highly immunogenic VZVgE (Shingrix®) (136-139). In contrast to the herpes
zoster vaccine based on the attenuated Oka strain, this vaccine can be
administered to immunocompromised individuals and induces a more robust
immune response with a longer protection period, even in elderly individuals
(140-142).

Viral diagnosis

Chickenpox and herpes zoster can often be diagnosed clinically except in the
case of unusual disease presentations such as infection in the absence of rash
and atypical rash. For example, CNS manifestations often occur in the absence
of rash (122, 143-145). Laboratory tests are often necessary to diagnose
atypical VZV cases and to link complications to VZV infections. Polymerase
chain reaction (PCR) is the preferred diagnostic method and analyses can be
performed on sample materials such as secretion from the vesicles, serum,
CSF, and saliva (121, 143, 145-150).

PCR can be used to analyze and quantify VZV DNA during the acute phase
but the viral load in CSF will gradually decrease during the disease. Detection
of VZV DNA in CSF has in studies been mainly possible during the first seven
days of disease (122, 151). Thus, the time window for detecting VZV DNA by
PCR is limited. Diagnostic difficulties can arise in atypical cases when VZV
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DNA cannot be detected. Serological methods for the detection of anti-VZV
IgM and IgG in CSF and in acute and convalescence serum samples can be
used as a complement to PCR diagnostics (152-154). Serological methods are
also important for controlling immunity after infection/vaccination.

VZV serology

In one study, both serum IgM and IgG against VZV were detected within seven
days after disease onset (69). A study of the antibody response in seronegative
children vaccinated against VZV showed that 40% had seroconverted two
weeks after vaccination and that 97% demonstrated detectable anti-VZV
antibodies six weeks after vaccination (155). Another study showed that
antibodies to VZV in CSF could be detected in 37% of patients with a VZV
infection in the CNS after an interval of seven days from onset of symptoms
(151).

VZV, HSV-1 and HSV-2 are, as previously described, genetically related
viruses which all belong to the subfamily of alphaherpesviruses. They have
homologous proteins and previous studies indicate that the viruses share
common epitopes on gB (156, 157). These cross-reactive epitopes may give
rise to cross-reactive antibodies (157-163).

The fluorescent antibody to membrane antigen (FAMA) method is considered
one of the most sensitive methods for detecting anti-VZV antibodies, but the
method is laborious, cannot be automated, requires experience in handling
VZV, and interpretation is subjective (164, 165). The method is thus not
suitable for testing large amounts of sera in routine analysis. Time-resolved
fluorescence immunoassay is a sensitive method that uses purified whole cell
antigen extract to detect anti-VZV antibodies, but there are enzyme
immunoassay (EIA)/enzyme-linked immunosorbent assay (ELISA) methods
that are more user-friendly and robust (166, 167).

VZV serological assays mainly use VZV-infected cell lysates as antigens to
detect VZV-specific antibodies, but there are some methods based on
glycoproteins (166, 168-171). However, whether the serological assays use
VZV-infected cells, glycoproteins, or a mixture of viral proteins from VZV-
infected cell lysates, most of them contain VZVgB, which may lead to cross-
reactivity that can cause diagnostic problems.
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1.3.4 BETAHERPESVIRINAE

e Cytomegalovirus (CMV, HHV-5)

e Human herpesvirus 6A (HHV-6A)

e Human herpesvirus 6B (HHV-6B)

e Human herpesvirus 7 (HHV-7)
Cytomegalovirus

The herpesviruses in the subfamily Betaherpesvirinae infects white blood
cells, but the prototype member of this family, CMV, can also infect several
other cells in the body. CMV establishes lifelong latency in
monocytes/macrophages but may be reactivated periodically. It is also possible
to become reinfected with another strain of the virus. CMV is spread through
body fluids such as urine, saliva, blood, semen, and breast milk, but also
through organ transplants.

The seroprevalence among women of reproductive age show geographic
variation, from 45% to approaching 100% in different parts of the world with
the highest numbers in Asia, Africa and South America and lowest in the USA
and Western Europe (172). The CMV seroprevalence in Sweden is higher
compared with the general figures for Western Europe (172). In Swedish adults
aged 35-95 years the seroprevalence was measured at 83.2% (82).

Primary CMV infection in immunocompetent young individuals is often
asymptomatic. CMV reactivations are also often asymptomatic in
immunocompetent individuals. CMV infections can in immunocompetent
adults occasionally cause symptoms of protracted fever, malaise, sweating,
myalgia, fatigue and headache and increased transaminases (173-175).

CMV mainly causes severe disease, including hepatitis, pneumonitis,
myocarditis, pancreatitis, and retinitis, in immunocompromised individuals
where the immune system is unable to control the infection (176, 177).
Neonatal CMV infection in premature infants and immunocompromised
newborns can be aggravated by the immaturity of the immune system at this
age and may include sepsis-like conditions, hepatitis, and thrombocytopenia
(178-180). CMYV infections in these individuals can be treated with antiviral
drugs such as valganciclovir/ganciklovir and preventive measures may be
indicated in individuals with high risk of severe disease (177, 178). CMV can
have teratogenic effect and congenital CMV infection can cause permanent
disabilities of the CNS and internal organs (181, 182). There is currently no
vaccine against CMV, but research is ongoing (183).
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HHV-6A, HHV-6B and HHV-7

HHV-6A and HHV-6B where previously considered to be the same virus
species (184, 185). Although closely related, HHV-6A and HHV-6B have
genetic, biological, and immunological characteristics that are so different that
they were recently classified as two separate species by the International
Committee on Taxonomy of Viruses (186, 187).

The viral genome of HHV-6 can be integrated into the genome of a small
proportion of somatic cells and, in rare instances, into germ cell chromosomes,
which may result in the offspring carrying a copy of the viral genome in all
nucleated cells in the body (78). Inherited chromosomally integrated HHV-6
is uncommon and the frequency has been estimated at 0.2-2.9% depending on
the region and population (78).

Less is known about HHV-6A and its role in human disease compared with
HHV-6B. HHV-6A and B are closely related to HHV-7 (184). All three belong
to the genus Roseolovirus, are T-lymphotropic viruses and, like other
herpesviruses, establish lifelong latent infection (185). Both HHV-6B and
HHV-7 are ubiquitous viruses with high seroprevalence in most countries (82,
185).

Primary infection with HHV-6B usually occur early in life after the loss of
protective maternal antibodies. The infection with HHV-7 usually occurs a
little later. The viruses are primarily transmitted through saliva (185). Both the
primary infection and reactivations can be asymptomatic or symptomatic
(185).

HHV-6B and HHV-7 (but less frequently) can cause Roseola Infantum, also
known as exanthem subitum, a common childhood illness with symptoms
including fever and skin rash (188, 189). Known complications of the infection
are febrile seizures and status epilepticus (190). Immunocompromised
individuals, especially transplant recipients, have an increased risk of severe
disease in both primary infection and reactivation with the viruses (191, 192).
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1.3.5 GAMMAHERPESVIRINAE

e Human herpesvirus 8 (HHV-8) or Kaposi’s sarcoma-
associated herpesvirus (KSHV)
e Epstein-Barr virus (EBV, HHV-4)

Human herpesvirus 8 (HHV-8)

The prevalence of HHV-8 varies around the world. Studies have shown
seroprevalence below 10% in adult populations in North America and northern
Europe but significantly higher proportion, 20-80%, in endemic areas in the
Mediterranean region, the Xinjiang region of China and sub-Saharan Africa
(193-196). The virus can be transmitted through several routes, including
saliva, sexual, and parenteral transmission (195, 197). HHV-8, like all
members of the herpesvirus family, can establish and maintain lifelong latent
infection with potential later reactivation. In immunocompromised
individuals, HHV-8 may cause Kaposi’s sarcoma, multicentric Castelman’s
disease and pleural effusion lymphomas (152, 194, 198-200).

1.3.6 EPSTEIN-BARR VIRUS

Epstein-Barr virus (EBV) is a member of the Herpesviridae family and belongs
to the Gammaherpesvirinae subfamily. Lymphocryptovirus is the virus genus,
and the species is Human gammaherpesvirus 4. EBV is described more
extensively because the virus is a central topic in the thesis.

The virus

EBV was discovered in 1964 by the two researchers Epstein and Barr (201).
The virus was identified from Burkitt's lymphoma tumor cells and was the first
virus to be associated with human cancer (201, 202). EBV soon proved to be
a ubiquitous virus spread throughout the world (203-205). EBV has a linear
dsDNA genome with approximately 172,000 bp (206), which encodes more
than 85 genes (207).

EBYV is currently divided into type 1 and type 2 based on the differences in the
gene for Epstein-Barr virus nuclear antigen 2 (EBNA-2) (207). The dsDNA
genome is encased in an icosahedral capsid. The nucleocapsid is in turn
surrounded by tegument. Outside the tegument is the lipid envelope, which
contains glycoproteins encoded by the viral genome.
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Glycoproteins

The glycoproteins encoded by the EBV genome include gB (gp110), gH
(gp85), gL (gp25), gM, gN, gp42, gp78, gpl150, gp220, gp350 and BMRF2
(208). The viral glycoproteins in the envelope are essential for infecting host
cells. The two glycoproteins gp220 and gp330 are encoded by the same gene
(BLLF1) but gp220 will be shorter due to internal splicing of mRNA (209,
210). EBVgp350 consist of 907 a.a., with an extracellular N-terminal segment,
a transmembrane segment and a small portion located on the inside of the viral
membrane (211). The protein has extensive glycosylation with N- and O-
linked oligosaccharide chains (209, 212). EBVgp350 is the major viral
envelope protein and can be found on the plasma membrane of virus-
replicating cells (208, 210, 213). The initial attachment between the virus and
the B cells is between EBVgp350 and the CD21 receptor (211, 214-219). The
primary target of EBV-neutralizing antibodies is EBVgp350 (220-222).

Seroprevalence and Transmission

EBYV is one of the most widespread human viruses and the seroprevalence in
adults is usually over 90% (204, 205). EBV is easily transmitted from one
individual to another, primarily through saliva (204, 223, 224). Excretion of
EBYV has also been observed in saliva from asymptomatic individuals (223). In
addition, the virus can be transmitted through blood, solid organ transplants
and hematopoietic cell transplants (204).

EBY infection

It is common to be infected with the virus early in life. When the primary
infection occurs in young, immunocompetent children it is often asymptomatic
or causes symptoms that are indistinguishable from other mild childhood
infections (225, 226). Infectious mononucleosis (IM) caused by EBV occurs
mainly when adolescents and young adults undergo a primary infection (204,
227). Symptoms of IM includes sore throat, cervical lymphadenopathy, fever,
upper respiratory symptoms, fatigue, headache, myalgia, subclinical hepatitis
with increased levels of alanine aminotransferase, enlarged liver and/or spleen
and skin rash (204, 227). For some individuals, fatigue will continue for several
weeks to months (204). EBV mainly infects and transforms B cells but can
infect other cells e.g. epithelial cells, T cells and NK cells (228, 229). The virus
has a latent and a productive (lytic) cycle and it establishes a lifelong persistent
infection in B cells after primary infection (230). EBV can be reactivated
intermittently and can then be spread to other hosts (231).
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EBYV complications

EBYV infections are primarily kept under control by the cell-mediated immune
system and are therefore particular a problem in individuals with this type of
immune deficiency (232-234). Immunocompromised individuals are at risk of
developing smooth muscle sarcoma and EBV-driven B lymphoproliferative
diseases, which, in immunosuppressed patients who have undergone solid
organ transplantation or hematopoietic stem cell transplantation, are referred
to as posttransplant lymphoproliferative disease (233, 235-237). EBV-
associated malignancies such as Burkitt’s lymphoma, diffuse large B cell
lymphoma, Hodgkin’s lymphoma, nasopharyngeal carcinoma, T/NK cell
lymphoma and gastric carcinoma may develop in seemingly
immunocompetent individuals (228, 232, 238, 239).

Chronic active EBV disease is very uncommon in Europe, but such cases are
slightly more common in South America and Asia (240). Another serious but
rare complication associated with EBV is infection-associated
hemophagocytic lymphohistiocytosis (241-244). Infection with EBYV,
especially a primary infection in the form of IM, has been associated with an
increased risk of developing multiple sclerosis (MS) (245-247). This will be
described in more detail under 1.5 Multiple sclerosis.

Treatment and vaccine

There is currently no clinically effective antiviral treatment for EBV (248-
250). In patients with EBV-associated diseases who are on immunosuppressive
medications, a dose reduction may be performed (251). Other options for
patients with EBV-associated B lymphoproliferative diseases are treatment
with anti-CD20 monoclonal antibodies, which depletes B cells, such as
rituximab (Mabthera®) or ocrelizumab (Ocrevus®) and cytotoxic
chemotherapy (251-257). New possibilities for the treatment of EBV-
associated cancers are immune cell therapies such as adoptive T-cell therapy
(258).

There is currently no available EBV vaccine to prevent infection, disease, and
associated diseases with the virus, but research is ongoing (258-260). The EBV
glycoprotein 350/220 has been attempted as a prophylactic vaccine candidate
based on its immunological properties (258, 259, 261, 262). An EBVgp350-
based vaccine has in a phase two trial shown possible protection against IM
but not against infection (262).
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Viral diagnosis

Detection of heterophilic antibodies may contribute to the diagnosis of
individuals with compatible clinical manifestations of EBV (263, 264). The
sensitivity of these tests is lower in young children due to lack of production
of heterophilic antibodies (264). False positive tests are also seen in several
other conditions including acute infections, cancer and autoimmune diseases
(204). Serological methods are frequently used to determine the EBV infection
status of patients. In immunocompromised individuals where the serological
response may take unusual courses, PCR is the preferred method for
diagnosing current infection and for monitoring changes in viral load (265-
267).

EBY serology

The two antigens primarily used to detect EBV-specific antibodies are viral
capsid antigen (VCA) and Epstein-Barr virus nuclear antigen 1 (EBNAT) (268-
272). Anti-VCA IgM antibodies can often be detected when symptoms of EBV
disease occur (204, 273, 274). Anti-VCA IgG can be detected as early as the
onset of symptoms and is often detected during the first month of illness (204,
273, 274). Anti-VCA IgM usually begins to decline after about two to three
months but may persist longer, while anti-VCA IgG will persist throughout life
(22,263,273, 274).

The generation of antibodies to EBNAI takes longer compared with the
production of anti-VCA antibodies. Anti-EBNA1 IgG can be detected no
earlier than four weeks after the onset of symptoms, but it often takes around
three months before these antibodies can be detected (204, 272, 275). Thus,
detection of anti-EBNA1 IgG during an acute illness can be used as a marker
to rule out primary EBV infection. Overall, however, there is a large variation
in the serological EBV response between different individuals (204, 272-274).
When anti-EBV antibodies can be detected also depends on the type of assay
platform and the specific type of antigen used (204, 272).

The combination of anti-EBNA1 IgG, anti-VCA IgM and anti-VCA IgG
detection can be used to determine the stage of EBV infection (276). Detection
of anti-VCA IgM with or without anti-VCA IgG but without detection of anti-
EBNAI1 IgG indicates acute infection while detection of anti-VCA IgG and
anti-EBNAT1 IgG without anti-VCA IgM is typical of previous infection.
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1.3.7 MEASLES VIRUS

Measles virus (MeV) belongs to the Paramyxoviridae family within the
Orthoparamyxovirinae subfamily. The viral genus is Morbillivirus and the
species Measles morbillivirus.

The virus

MeV is closely related to rinderpest virus, which was a pathogen in cattle
before it was eradicated by vaccination in 2011 (277, 278) and it is possible
that MeV developed as a zoonotic infection when humans and cattle started to
live close together (279). MeV has a single negative-stranded RNA genome.
The size of the genome is relatively conserved to 15,894 nucleotides, but small
discrepancies have been reported (280, 281). The genome encodes six
structural proteins, nucleocapsid protein, matrix protein, phosphoprotein, large
protein, hemagglutinin protein and fusion protein (282).

MeV is divided into eight clades, A to H, and 24 genotypes based on the
diversity of the 450 nucleotides in the carboxyterminal of the nucleocapsid
protein (283). There is only one serotype of MeV. The genome is encased
within a helical capsid. Surrounding the capsid is the envelope where
hemagglutinin and fusion glycoproteins are incorporated.

Hemagglutinin protein
. ssRNA

Nucleocapsid

Fusion protein Matrix protein

Figure 12. Schematic illustration of a measles virus.
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Transmission

MeV is highly contagious and infects cells in the respiratory tract. When
infected individuals cough or sneeze, the virus is transmitted via airway
droplets and airborne transmission (284, 285).

Measles infection

Humans are the natural host of MeV and there is no animal reservoir although
non-human primates can become infected with the virus (286-288). The
incubation period is often about 10—14 days but may be as long as 23 days
(289). Symptoms usually begin with fever, cough, coryza and conjunctivitis,
which after around three to four days are followed by the characteristic
erythematous, maculopapular rash. The small white papules on the oral
mucosa, termed Koplik spots, appear a day or two before the rash and can be
used clinically to diagnose the measles disease before the rash occurs.

Complications can affect many organs in the body and include pneumonia,
otitis media, laryngotracheobronchitis, stomatitis, diarrhea, and neurological
complications. Risk groups for complications are children under 5 years of age,
adults over 20 years of age, pregnant women, and immunocompromised
individuals (287). Pneumonia causes the highest MeV-related morbidity and
mortality.

The neurological complications are rare but serious. MeV can cause acute
encephalitis (290) and may trigger the autoimmune disease acute disseminated
encephalomyelitis, which can occur during or shortly after the measles episode
(291). Severely immunocompromised individuals who are unable to eliminate
MeV infection due to impaired cellular immunity may develop measles
inclusion body encephalitis within months after the acute infection, with
progressive MeV infection in the brain causing neurological deterioration that
often leads to death (291, 292). Neurological complications can also occur
several years after the acute disease as in subacute sclerosing panencephalitis
(293-295). The disease occurs mainly in children who are infected with MeV
before the age of two. In these cases, the immune system in response to the
progressive MeV infection in the brain will cause extensive brain damage that
will lead to progressive loss of motor and cognitive functions, seizures, and
death (293, 294). The pathogenesis behind the disease has not been fully
established (295). Laboratory support for the diagnosis if often dependent on
intrathecal anti-MeV IgG detection because MeV RNA is rarely detected in
CSF, although MeV has been discovered in brain tissues in patients with the
disease (293, 294, 296).
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Immunity

Natural infection generally provides lifelong immunity with a stable and long-
lasting anti-MeV IgG response (22). Immunity after vaccination is also long
but the anti-MeV IgG response decreases with time (297) and breakthrough
cases occur, especially after only one vaccine dose (286, 298, 299). Vaccine-
modified measles usually comes with milder symptoms and may therefore be
more difficult to diagnose clinically (298-300).

Treatment

There is no specific antiviral treatment for measles. The management of
patients with MeV infection is therefore focused on supportive therapy with
possible vitamin A supplementation, rehydration in severe diarrhea and
antibiotic treatment in secondary bacterial infections.

Vaccination

MeV has been a leading cause of morbidity and mortality in the world before
vaccines were developed against the disease. The control of MeV is largely
due to vaccination with safe and effective attenuated live vaccines. Vaccines
have been available since the 1960s and the fact that MeV has only one
serotype has facilitated the use of the same type of vaccine during decades.
WHO recommends two doses of MeV vaccine in all countries' childhood
immunization programs and that countries striving to eliminate MeV need to
achieve 95% coverage across the country (301).

Diagnosis

A clinical diagnosis can be established based on typical clinical symptoms, but
it can be more difficult early in the disease when the typical rash is not present
and in vaccine-modified measles (298, 299). Koplik spots have been
considered a typical marker for measles, but a study demonstrated that the
spots can also occur in other viral infections such as rubella (302).

PCR

MeV RNA can be detected by PCR in materials from nasopharynx and
pharynx swabs, oral fluid, and urine. To increase the likelihood of detecting
MeV RNA, samples should preferably be collected within seven days after the
onset of the rash, but it may be possible to detect MeV RNA for months in
some individuals after both natural infection and vaccination (287, 303, 304).

38



It is also preferable to analyze different sample materials to increase the chance
of detecting MeV RNA (299, 303).

Measles serology

Although PCR is the preferred method for diagnosing acute measles (300), a
measles diagnosis can also be established by serological detection of anti-MeV
IgM antibodies or by a significant increase in anti-MeV IgG levels between
paired sera taken in the acute and convalescent phase.

Negative measles serology in a patient with true measles infection may be due
to early sampling before the patient has seroconverted. Samples taken within
three days after the onset of the rash have a higher risk of becoming anti-MeV
IgM-negative and sampling within 10 days have a higher risk of becoming
IgG-negative (287, 299).

Cases of vaccine-modified measles, i.e. breakthrough infection, also have a
higher risk of becoming anti-MeV IgM-negative (287, 299). It is well known
that false positive anti-IgM MeV responses occur and may be due to
nonspecific reactions such as other antibodies or rheumatoid factor (287). It
can be difficult to obtain paired serum samples collected during the acute and
convalescence phase and the diagnosis in these cases comes retrospectively,
which is often not so useful. IgG avidity assays can be useful in identifying
measles reinfections (305).

Serological analyzes are important to monitor the MeV seroprevalence in
populations to gain knowledge about population immunity. Many different
commercial assays are used to determine MeV seroprevalence including
hemagglutination inhibition, neutralization assays, microtiter plate assays and
automated immunoassays (306). The MeV nucleocapsid protein is known to
induce a long-lasting antibody response and is therefore used in many
serological assays (307, 308).
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1.4 VIRAL SEROLOGY

Serological methods are important in the field of virology and are frequently
used. The assays are used for controlling immunity after infection/vaccination,
to screen individuals for potential infections and to diagnose individuals with
viral disease. The methods should be sensitive, specific, reproducible, rapid,
and not too expensive. Viral serological assays are based on antigen-antibody
reactions. The presence of antibodies to a particular virus and/or viral antigen
indicates whether the individual from whom the sample was taken has been
infected with the specific virus. Most viral serological assays that detect
antibodies measure the IgM and IgG responses.

Diagnostics

An infected individual's antibody isotype pattern may indicate whether the
individual is undergoing a primary infection or a reinfection/reactivation. The
detection of IgM antibodies to a particular virus indicates that it is a
current/recent infection. If only IgM is detected but not IgG, it is likely to be a
primary infection. To give an example, if anti-VZV IgM but not anti-VZV IgG
is detected, it indicates that it is a primary VZV infection. If both anti-VZV
IgM and anti-VZV IgG antibodies are detected, it may be a primary infection,
but it may also be due to reactivation because anti-VZV IgM antibodies are
often produced upon VZV reactivation (72, 73).

Antibody detection against a certain virus is performed in some cases on two
occasions, first during the initial disease (acute phase) and then during the
convalescent phase, after about 2—4 weeks. It is then possible to decide whether
an individual seroconverts. Seroconversion means that an individual who does
not have detectable antibodies to the examined virus, i.e. is seronegative, has
detectable antibodies in the follow-up sample and thus becomes seropositive.
Seroconversion thus indicates that the individual has a primary infection. It is
also possible to examine whether an individual has undergone a
reactivation/reinfection by comparing antibody levels in samples taken during
the acute and convalescence phase, where a significantly increased level
between the samples indicates a current/recent reactivation or reinfection with
the virus.

If only IgG antibodies can be detected in the samples and not IgM, this
indicates that the person has been infected or immunized with the virus before.
Whether IgM is detectable or not in reactivations/reinfections varies between
different viral infections and is also affected by the host's immune response.
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Seroprevalence

Serological methods are important for epidemiological investigations.
Seroprevalence is the number of individuals who have antibodies, i.e. are
seropositive, against the virus of interest in the studied population.

Sensitivity and specificity

The reliability of diagnostic assays is often described by the specificity and
sensitivity of the test. Sensitivity is a measure of the analysis' ability to detect
all true positive cases of a particular disease. If the sensitivity is low, there will
be individuals with the disease who will not be detected, these are called false
negatives.

Specificity is a measure of the analysis' ability to distinguish between
individuals with disease and individuals without disease. The analysis should
become negative when the sample is derived from a healthy uninfected
individual. Samples from healthy individuals who become positive are termed
false positives. If many individuals are false positive, the assay has low
specificity.

Antibody levels

The antibody level is the amount of antibodies produced against a particular
antigen. Antibody levels are often described as antibody titers. The word titer
comes from titrate which means dilute. Classically, samples have been diluted
in dilution series, e.g. 1/2, 1/4, 1/8 and so on. The antibody titer is the highest
dilution that still gives a positive result in the analysis, and it is expressed as
the inverse of that dilution level. Titers are thus not an absolute measure but a
relative concept.

The word titer is often used synonymously with antibody level regardless of
whether the level of antibodies is determined using dilution series or not.
Newer methods often do not use dilution series to determine antibody levels.
In ELISA, the color intensity can be measured in a spectrophotometer as
optical density (OD). It provides a relative measurement of the antibody level
in the sample. There are also methods that provide even more quantifiable
results where there are international standards to follow.
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Intrathecal antibody production

The CNS is protected by the blood-brain barrier (BBB), which consists of the
endothelial barrier between the CNS and cerebral capillaries, as well as the
blood-CSF barrier, where CSF is produced as an ultrafiltrate of the blood
mainly by the choroid plexus. (309, 310). Most proteins in CSF are blood-
derived but some proteins are produced in the CNS, which is called intrathecal
production. Some proteins such as albumin are derived only from the blood,
while other proteins such as neuron-specific enolase are produced intrathecally
(311, 312). Antibodies in CSF are both derived from blood and can be
produced intrathecally. In healthy individuals, CSF antibody levels are low
compared with blood levels. Proteins including our antibodies are transferred
from blood to CSF primarily through diffusion across the blood-CSF barrier
(309).

The transport rate depends mainly on the molecular radius of the proteins and
the protein concentration in the blood (309, 313). Smaller proteins have a lower
concentration gradient between blood and CSF compared with larger proteins.
This is reflected by the concentration gradient for different subclasses of
antibodies where IgG has a lower gradient compared with IgM, which is larger
in size compared with IgG. The concentration gradient between CSF and
serum for IgG and IgM is estimated to be 1:429 and 1:3300, respectively (314).

The concentration of blood-derived proteins in CSF is also dependent on the
CSF flow rate, which varies between individuals and can be affected by factors
such as age and various diseases (312, 315, 316). One theory is that decreased
CSF flow causes a reduction in CSF exchange which leads to an increased
blood-derived protein concentration in CSF (312, 314, 315). In diseases such
as GQGuillain-Barré syndrome, brain tumors and chronic inflammatory
demyelinating polyneuropathy, there is an increase of blood-derived proteins
in CSF, which is probably due to a decrease in CSF outflow leading to reduced
CSF turnover (314-316).

In a viral infection of the CNS, antibodies can be produced against the virus
by antibody-secreting cells. A significant antibody response in CSF indicates
an intrathecal antibody production, but the response in CSF must be compared
with serum antibody levels because, as previously explained, antibodies in
CSF can be derived from blood and the antibody levels in CSF are thus
partially dependent on the protein level in the blood. Various diseases may
increase the concentration of antibodies in the CNS, which may be due to
decreased CSF flow and/or alterations of the barriers (309, 314-319). The
decrease in CSF flow could be due to decreased circulation in the subarachnoid
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space, lumbar blockage by a local stenosis/tumor, impaired drainage by
arachnoid villi, or reduced CSF production (315). CNS infections such as
meningitis can lead to decreased CSF flow due to increased CSF viscosity,
meningeal adhesions, and deposition of cells and protein complexes in the
arachnoid villi that will cause flow obstruction (315).

To investigate whether an increased levels of antibodies in CSF are due to
intrathecal production or to an increased amount of blood-derived antibodies,
both the antibody levels and a reference protein must be measured and
compared in CSF and blood. Albumin is often used as a reference protein
because it is only produced by the liver and is thus a useful indicator of the
proportion in CSF that are derived from blood (320, 321). Other choices may
be to measure a reference antibody response to another common virus or to
measure the total IgG levels in CSF and blood (322, 323). Many formulae have
been used to distinguish between an intrathecal antibody response and blood-
derived antibodies including Ig synthesis rate, Ig index, Igi., CSF/serum
quotient diagrams (Reibergram) and isoelectric focusing for detection of
oligoclonal bands (OCB) (314, 321, 324-327). When analyzing intrathecal
antibody production, any erythrocytes in the CSF must be considered as it may
be a sign of barrier damage that can occur due to traumatic lumbar puncture,
neurosurgical surgery, or other causes.

1.4.1 SEROLOGICAL METHODS IN VIROLOGY

There are several different serological methods for detecting viral antigens and
antibodies against viruses. Many are heterogeneous assays, also called
separation assays, because these assays must separate the product to be
measured from unreacted materials before detection. Although there are many
different methods, many are based on the same principles. The principles
include a capture system (antigen or capture antibody), addition of the analyte
(the substance i.e. antigen/antibody, that the assay is designed to measure) and
a detection system. Immunoassays are based on the specific binding that occurs
between an antibody and the specific antigen that it recognizes. Solid-phase
immunoassays are methods that use a solid phase in their capture system.
Heterogeneous assays have separation steps where a common separation
strategy is to wash away unbound material. The basic principles of
heterogencous  solid-phase  immunoassays for the detection of
antibodies/antigens including the enzyme-linked immunosorbent assay
(ELISA) are described below (328-330). Examples of other viral serological
assays will also be presented.
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Indirect detection

Indirect detection is a useful principle for detecting human antibodies in
various sample materials including serum and CSF. The antigen is coated on a
solid phase, which may be a glass slide, polystyrene microtiter plate,
nitrocellulose membrane, nylon membrane, polyvinylidene difluoride
membrane, polystyrene beads, or magnetic beads. During the incubation
period, the antigen will adhere to the solid phase by passive adsorption (329,
331, 332). Unbound antigen is then washed away. The remaining areas of the
solid phase where the antigen has not been bound can be blocked to avoid
residual binding capacity and thus to avoid non-specific binding. This can be
performed by using blocking agents e.g. bovine serum albumin or non-fat dry
milk. The sample is then added and if there are complementary antibodies to
the antigen, these so-called primary antibodies will bind to the antigen. In
serum and CSF samples, there are polyclonal antibodies that will bind to
different epitopes on the antigen.

Substrate

P

Reporter-labeled
seconday antibody

@\\Primary antibody

Antigen Solid phase

Indirect dectection

Figure 13. Basic principle of indirect detection of antibodies in a sample.

After incubation, all unbound antibodies and other unbound components in the
sample will be washed away. A conjugate will then be added. The conjugate
consists of a reporter-labeled, secondary antibody from another animal species
that targets the Fc portion of the primary antibody. These secondary antibodies
can be directed against different antibody isotypes, e.g. anti-IgM, anti-IgG, or
against more than one isotype, depending on which isotype the assay is to
detect. These secondary antibodies will bind if there are primary antibodies to
bind to. After incubation, the unbound secondary antibodies will be washed
away. For detection, a substrate is added which, together with the reporter,
gives rise to fluorescence, color, or luminescence to measure the analytes in
the sample. Many reporter-labeled secondary antibodies are polyclonal and
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will therefore bind to several different epitopes on the primary antibody. This
allows amplification of the signal because several antibodies can bind to the
same primary antibody. This can amplify the signal of the assay, but it can also
lead to a higher background and reduce the overall signal due to the increased
risk of non-specific binding.

Direct detection

The sample with the antigen of interest is coated on a solid surface e.g. a glass
slide or a microtiter plate. After incubation, unbound material from the sample
is washed away. Blocking can be performed to avoid non-specific binding. A
complementary reporter-labeled antibody is then added to the solid-bound
antigen. After another round of incubation, unbound reporter-labeled
antibodies are washed away. The next step is to add a substrate that will react
with the reporter. Depending on the reporter and substrate, the detection may
be based on fluorescence, color, or luminescence.

A direct detection method is faster than the other methods because it involves
fewer steps. One limitation with this method is that the complementary
antibody must be conjugated to a reporter, which can be quite costly and time
consuming. There is also a risk that the immune reactivity of the antibody is
negatively affected by the labeling with the reporter. The risk of cross-
reactivity and non-specific binding is reduced in this method by not using a
secondary antibody, but this also removes the possibility of amplifying the
assay signal. Complex samples with many proteins can be a problem because
it is possible that many of the proteins are not of interest but that they take up
space on the solid surface and thereby reduce the sensitivity of the assay.
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Figure 14. Basic principle for direct antigen detection.
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Sandwich/capture assays

In a sandwich assay, also called capture assay, a monoclonal antibody (capture
antibody) is immobilized on the solid phase to capture soluble antigen. After
incubation, washing and blocking, the patient sample is added. If the
complementary antigen is present in the patient’s sample, it will bind to the
capture antibody. The same incubation, washing, conjugate and substrate steps
as described above for direct or indirect detection can then be performed. For
direct detection in the sandwich assay, a secondary reporter-labeled antibody
directed against the antigen will be added. For indirect detection in the
sandwich assay, the secondary antibody that attaches to the antigen will be
unlabeled. This secondary antibody will in turn be detected by a reporter-
labeled antibody from another animal species. It is crucial that the reporter-
labeled antibody does not bind to the capture antibody. It is also important that
the capture antibody and the secondary antibody bind to different epitopes that
are located far enough apart on the antigen.

- Substrate
Substrate i;t?

Reporter-labeled antibody
i\l\;? Unlabeled

I
Reporter-labeled %7 &«\Sewnday antibody

seconday antibody g7 W

Antigen Antigen

Capture antibody . Capture antibody "
Solid phase Solid phase

Direct sandwich assay Indirect sandwich assay

Figure 15. Basic principle for a direct and indirect sandwich assay.
Competitive/inhibition assays

The basic principles described above with direct and indirect detection, and
sandwich assays can all be adapted to competitive/competition assays, also
called inhibition assays. The distinguishing feature of these assays is that the
sample with an unknown amount of antigen/antibodies of interest will compete
for binding with a reporter-labeled standard analyte for attachment to a limited
number of binding sites on capture antibodies/antigen. The higher the
concentration of the antibodies/antigens of interest in the patient’s sample, the
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less reporter-labeled standard analyte will bind to the capture
antibodies/antigen. Unbound reporter-labeled standard analyte will be washed
away in following steps, and this will weaken the signal in the assay when the
substrate is added. In a competitive assay, the generated signal is thus inversely
proportional to the amount of bound antigens/antibodies in the patient’s
sample.

Reporter-labeled ~
standard analyte Reporter-labeled
standard analyte

Antibody from C-‘S“bs“a‘e Antigen from __ Substrate

patients's sample patient's sample
i £ S
Antigen Capture antibody

Competitive/inhibition assay Competitive/inhibition assay
for antibody detection for antigen detection

Figure 16. Basic principles for competitive/inhibition assays for antibody or antigen
detection.

Structural arrangement

Solid-phase immunoassays have immobilized antigen/capture antibodies on a
solid surface that provide a high concentration of epitopes located to a specific
area. The advantage is that this gives a higher chance of forming antibody-
antigen complexes over a certain time frame compared with if the
antigen/capture antibodies were free in solution. When a paratope from an [gG
molecule has bound to an epitope, the other paratope is more likely to bind an
identical epitope if the epitope is close, which is the case when the antigen is
immobilized on a solid surface compared to if it is free in solution.

‘\‘1‘4*;;'
P
'?\%,@
&1 ©

Immobilized antigen Free antigen

Figure 17. A higher quantity of antibody-antigen complexes is formed during a certain
time frame if the antigen is immobilized on a solid phase compared to complexes formed
when the antigen is free in solution.
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However, it is important to consider how the three-dimensional structure of the
antigen can change when used in serological assays. Antigens and antibodies
can be conformationally altered by immobilization to solid phases (329). Some
assays, including Western blot, use denatured proteins, which limit the three-
dimensional structure of the proteins and the presentation of conformational
epitopes. Other assays, such as immunofluorescence with virus-infected cells,
will to a greater extent retain the natural forms of the proteins.

Enzyme-linked immunosorbent assay

Enzyme-linked immunosorbent assay (ELISA) and enzyme immunoassay
(EIA) were developed at the same time by different research groups in Sweden
and the Netherlands (333, 334). The methods are based on the same principles
for detection of antibodies/antigens as described above (328, 335). The
methods can detect small quantities of antigens and antibodies in fluid samples
such as serum and CSF. In both ELISA and EIA, an enzyme is used as the
reporter to detect biological molecules. The most used enzymes are probably
alkaline phosphatase and horseradish peroxidase. The enzyme signal will
increase over time by continuing to turnover more substrate unless a stop
solution is added to the assay. Microtiter plates are often used as a solid phase
in these assays. ELISA/EIA methods are widespread throughout the world with
many adaptations (336).

Radioimmunoassay

The radioimmunoassay (RIA) was first described in 1960 by Rosalyn Yalow
and Solomon Berson for measuring endogenous plasma insulin (337). The
development of the RIA was awarded the Nobel Prize in 1977, but only Yalow
was able to receive the prize since Berson passed away in 1972 (337). The
basic principles of solid-phase immunoassays apply to RIA. Radioisotopes are
used as reporters for the reaction. Although the methods are sensitive and
specific, the problems with radioisotopes when it comes to laboratory safety
and the aspect of disposal of radioactive waste have prompted the development
of other techniques that use other reporters for the reactions.

Chemiluminescence immunoassays

Chemiluminescence immunoassays (CLIA) determine the concentration of
antigen/antibodies by the intensity of the luminescence that is emitted from the
chemical reaction in the assay (338). The basic principles of solid-phase
immunoassays also apply to CLIA. These methods can have direct or indirect
detection, be sandwich assays and be competitive or non-competitive. The
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reporter in these assays such as acridinium, together with the substrate, can
create a chemiluminescent reaction, which emits light and is measured as
relative light units. The signal is directly proportional to the concentration of
antigen/antibodies in the sample. Assays using magnetic microparticles as
solid phase are often termed chemiluminescence microparticle immunoassays
(CMIA). CLIA methods have been widely used in virology laboratories due to
the ability to analyze many samples in a relatively short time, the high degree
of automation and most importantly, the fact that the methods are sensitive and
specific (271, 339-341).

Line immunoassay

The principle of line immunoassay is that antigens to be tested are adsorbed in
separate bands on a membrane strip of e.g. nylon. The patient sample is added
and if it contains complementary antibodies to any of the antigens, these
antibodies will bind to the respective antigen during the incubation period.
Unbound antibodies are then washed away. To detect the bound antibodies, a
secondary antibody conjugated to an enzyme is added. After incubation,
washing is performed to remove unbound secondary antibodies. The substrate
is then added. Positive reactions are seen as bands on the strip. Each test strip
also contains control bands to determine that sufficient sample material has
been added to the strip.

Waestern blot

Western blot is an assay technique where sample identification occurs in part
through molecular weight and specific antibody binding. After denaturation of
the proteins in the antigen, they are separated by electrophoresis, usually in
polyacrylamide gel. The proteins migrate in the gel and the final position
depends on the size, conformation, and charge of the protein. Small proteins
travel longer compared with large proteins. The separated proteins can then be
stained directly on the gel with e.g. Coomassie blue or transferred with
electrical voltage to a membrane, e.g. nitrocellulose membrane. If the proteins
are transferred to a membrane, the same overarching principles as previously
presented can be used for detection of antigen/antibodies.

Direct detection to determine if the protein of interest is present can be done
by adding reporter-labeled antibodies and substrate. Indirect detection can be
performed by adding a patient sample or a monoclonal antibody along with a
secondary reporter-labeled antibody (conjugate). The reporter can for example
be an enzyme which, together with the substrate, creates a color change on the
membrane. The thickness of the band gives an indication of the amount of
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antigen. Western blot provides good control of the specificity of antibody
binding and is often used as a confirmatory test.

Immunofluorescence

Immunofluorescence methods have been widely used in virology laboratories.
The methods can detect antigen/antibodies by using a fluorochrome as a
reporter which together with added substrate can emit fluorescent color.
Common fluorochromes are fluorescein which gives a yellow-green color and
rhodamine which gives a red color (70). A fluorescence microscope is used to
observe the reaction. Virus-infected cells that attach to glass slides are often
used in these assays. In direct immunofluorescence, the primary antibody
labeled with a fluorochrome together with the substrate can directly detect the
viral protein. This can be used to detect virus-infected cells.

In indirect immunofluorescence, antibodies to a particular virus can be
detected. The patient's sample is added to virus-infected cells. If the sample
contains antibodies to the virus, the antibodies will attach to the virus-infected
cells. These antibodies can then be detected using a secondary antibody labeled
with a fluorochrome. Immunofluorescence is a rather labor-intensive method,
which cannot be automated, and which takes a long time to master. An
advantage of the method is that it is possible to locate where on the virus-
infected cell the antibodies bind.

Figure 18. An immunofluorescence photograph showing fluorescent stained anti-
varicella-zoster virus glycoprotein E (VZVgE) monoclonal IgG antibodies that have
attached to VZV-infected cells.
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Hemagglutination inhibition assay

The hemagglutination inhibition assay was among the first serological assays
in diagnostic virology. The method is based on the hemagglutination process
where viral hemagglutinin glycoproteins on the surface of certain viruses e.g.
influenza virus, binds to the sialic acid receptors on the surface of erythrocytes
and cause the red blood cells (RBCs) to agglutinate together in complexes. The
presence of specific antibodies will inhibit this process and thus the viruses
will not agglutinate the erythrocytes. The method is limited for viruses with
hemagglutination glycoproteins e.g. influenza virus, MeV, rubella virus (RV)
and dengue virus (342-344).

Latex agglutination test

In a latex agglutination test, latex beads are coated with the virus of interest,
e.g. RV. These beads are added to the patient’s serum sample. If the serum
sample contains antibodies to the virus, the antibodies will agglutinate with the
beads. The agglutination titer is the highest serum dilution where there are
enough antibodies for agglutination to occur (345). Most patients, with a
symptomatic primary EBV infection, will develop heterophilic antibodies i.e.
IgM antibodies produced due to the polyclonal response of EBV-infected B
cells. These antibodies can agglutinate mammalian erythrocytes. Detection of
heterophilic antibodies is a rapid, simple, and widely used method for
diagnosing EBV-induced mononucleosis (264). Monospot, a commonly used
test, is a latex agglutination assay that uses equine erythrocytes, and if the
patient's sample contains heterophilic antibodies, the antibodies will
agglutinate the erythrocytes (204, 264).

Complement fixation test

The complement fixation test is another example of an early serological
method. The serum sample from the patient is heated so that the complement
proteins but not the antibodies in the sample are destroyed. Subsequently, a
standardized amount of complement proteins and the antigen of interest are
added to the sample. If the serum sample contains antibodies to the added
antigen, the formation of antibody-antigen complexes will occur. If complexes
are formed, the complement proteins will bind to the complexes. In the next
step, animal RBCs carrying a complement-binding antibody are added. If large
amounts of antigen-antibody complexes have been formed, there will be no
free complement proteins in the solution as they will have bound to the
complexes, but if there are not enough antigen-antibody complexes to bind all
the complement proteins, the remaining ones will bind and lyse the RBCs (70).
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Neutralization assay

Neutralization assay is a clinically relevant method for identifying the presence
and magnitude of functional antibodies that can prevent viral infection (346).
The patient's serum in different dilutions and a defined amount of the infectious
virus will be added to cell cultures. The cells will be infected by the virus if
there are not enough neutralizing antibodies that will bind to the surface of the
virions and prevent them from entering the cells. Whether the virus has
infected the cell culture can be determined by the presence or absence of
cytopathic cell effects or other evidence of ongoing infection using
immunoreactive techniques. The neutralization titer is the highest serum
dilution that prevents infection of the cells. Neutralization assays are labor
intensive but may be warranted to use in some cases to examine immunity
including after vaccination.

1.4.2 ADVANTAGES OF SEROLOGICAL METHODS

Many of the serological methods currently in use are sensitive, specific,
reproducible, fast, and easy to perform. Some of the methods can be automated,
which minimizes the risk of human error and increases the ability to analyze
many samples in a short time. Serological analyzes are often inexpensive,
making them cost-effective. Some serological assays are suitable as screening
methods for infectious diseases in blood donors, during pregnancy, before
transplantations and before surgeries. In addition, serological methods are
important for viral epidemiological studies in the population and to increase
our knowledge of various viral diseases.

Serological assays can help determine different phases of an infection, for
instance to define different stages of hepatitis B. Serological tests for hepatitis
B include analyzes of several hepatitis B-specific antibodies and antigens. The
different combinations of serological responses to these antibodies and
antigens can be used to determine if a patient has acute or chronic hepatitis B.
Hepatitis B serology can also demonstrate if an individual is immune to
hepatitis B due to previous infection/vaccination or is susceptible to the
disease.

Serology can be used in later stages of a disease and after a disease outbreak
when it is no longer possible to detect viral RNA/DNA by PCR. To give an
example, serological methods are the primary diagnostic method for
diagnosing tick-borne encephalitis (TBE) because there is little chance of
detecting viral RNA during the second phase of the disease when the patient
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has begun to experience neurological symptoms, which is when most patients
seek medical attention. Serological assays do not require active parts of the
virus for analysis, which may facilitate sampling.

1.4.3 LIMITATIONS OF SEROLOGICAL METHODS

It is not feasible to perform serological analyzes without having an aim for the
investigation. It is thus important to decide on the basis of the patient's history
and symptoms which antigens/antibodies are to be analyzed.

Serological interpretation

The interpretation of serological results can be complicated. The serological
response is affected by the type of virus, whether it is a primary infection, a
chronic infection, a reactivation or a reinfection, the length of time that has
elapsed since the time of infection and the immune system of the infected
individual. The test result can also be affected by the method used to detect
antigen/antibodies. Viruses have different abilities to induce antibody
production and individuals have different abilities to generate antibodies. The
normal level of antibodies in healthy people also varies depending on, among
other things, the patient's age and immunocompetence. Serological results
should be interpreted in a clinical context where the patient's disease panorama
and disease course are considered. It is also important to consider whether it is
a common or rare viral disease and whether the individual has received blood
products as this may result in a passive transmission of antibodies that can be
detected in assays and cause confusion.

Antibody dynamics

A serological analysis provides a snapshot of a dynamic situation and repeated
sampling may therefore be necessary for conclusions to be drawn. When
antibodies cannot be detected against a particular virus, it may be because the
individual is uninfected by the virus, but it may also be because antibodies have
not yet been produced. For some viral infections it can take quite some time
from the time of infection until seroconversion occurs e.g. in infections with
hepatitis C virus. The patient may thus have symptoms and be contagious, but
the diagnosis cannot be based on antibody detection, this situation is called the
serological window phase of infection (347-349). This is an important reason
why many western countries use PCR for screening blood donors (350). The
window phase for serological diagnosis of some infections e.g. human
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immunodeficiency virus (HIV) has been shortened by introducing combination
tests that detect both HIV antigen and anti-HIV antibodies (351, 352).

Some individuals produce such low levels of antibodies that they may never
reach the established detection limit and these individuals may therefore be
seronegative in the serological analysis even though they have been
infected/vaccinated. This may be the case for some immunocompromised
individuals who are unable to generate an adequate antibody response to
infections (353). There are also rare cases of individuals with hepatitis C virus
infection who will not generate antibodies to the virus (354). Another example
is that approximately 5-10% of healthy individuals do not generate anti-
EBNAT1 IgG after an EBV infection (204, 272). Antibodies are also not
generated at an exact time after a certain infection because there are differences
in the kinetics of individuals' antibody production. For instance, it has been
shown that most individuals generate anti-EBVgp350 IgG before the onset of
clinical symptoms (274, 355) but this is not true for everyone (274, 356). The
variations between different individuals' antibody responses can be a challenge
when developing and interpreting serological analyzes.

If the serological diagnosis needs to be determined by taking acute and
convalescence samples, the long time between samples will relatively often
allow the patient to recover before the diagnosis is determined. As an example,
a primary VZV infection or reactivation can be correctly diagnosed by
analyzing acute and convalescence samples, to detect seroconversion or
significant titer increase, but it will probably not be so useful as it takes a long
time for the antibodies to be generated and PCR can provide a faster diagnosis
in atypical cases (107).

Sensitivity and specificity

In the perfect serological assay, all individuals with the viral antigens or
antibodies of interest would be positive and all individuals lacking the
antigens/antibodies would be negative. Unfortunately, it is impossible to
develop these perfect assays. Serological analyzes have different established
limits for what counts as positive or negative results. The test may also have a
gray area where it is uncertain whether the detected reactivity is due to true
antibody/antigen reactivity or if it is false/non-specific. The limits are
established after analysis of many samples that have been determined to be true
positive or negative. For serological analyzes, it is practically impossible to set
limits that provide both 100% sensitivity and specificity. Some true negative
samples may show non-specific reactivity and some true positive samples may
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have such low levels of antibodies that they fall below the established detection
limit for the assay.

Depending on how the analysis is to be used, it may be more important to
prioritize sensitivity or specificity. When screening for transmissible infections
such as HIV and hepatitis C, it is important to use very sensitive assays so as
not to miss any true positive cases. The lack of specificity can be supplemented
by other more specific methods. However, in rare cases, even with further
analyzes, it can be difficult to determine with certainty whether the reactivity
is due to a true antibody response or if it is non-specific (357). The
disadvantage of the lack of specificity includes not being able to use donated
blood products due to false positive or indeterminate test results and possible
negative effects of notifying individuals of deviating test results (358).

Predictive values

The positive predictive value is the proportion of patients with a positive test
result who truly have the disease, while the negative predictive value is the
proportion of patients with a negative test who truly do not have the disease.
These predictive values depend on the sensitivity and specificity of the assay
but also on the prevalence of the disease in the population. When implementing
a diagnostic test for a particular disease in a clinical laboratory, it is therefore
important to consider how the prevalence of that disease will affect the
performance of the assay.

Cross-reactivity

The sensitivity and specificity of all viral serological methods depend on the
binding between antibodies and antigen. Whole virus antigens are often used
as serological antigens. These antigens are produced by infecting cell cultures
with the virus of interest, allowing virus replication to take place, and finally
extracting the virus proteins. Whole virus antigens contain various proteins
from the virus but also residues from the infected cells. Thus, antibodies with
different specificity may attach to many different epitopes on the viral proteins,
which may increase the sensitivity of the assay, but there is a risk that the
remaining cell components give rise to unwanted responses.

The disadvantage of whole virus antigens is also that closely related viruses
may have similar epitopes and if many proteins are included in the antigen, the
risk increases that these similar epitopes, called cross-reactive epitopes, are
included in the antigen. Cross-reactive antibodies that target an epitope on a
particular virus can then instead bind to a cross-reactive epitope on a closely
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related virus. This type of cross-reactivity can, for instance, cause diagnostic
problems in analyzes of antibodies against flaviviruses (359-361) and
alphaherpesviruses (157-159, 162, 323). Narrowing down the number of viral
proteins in the antigen to a single protein or to peptides can lead to higher
specificity but also loss of sensitivity. This is especially important to keep in
mind when using peptide antigens as they only consist of short stretches of
amino acids with few epitopes and probably no conformational epitopes.

Non-specific binding

It is important to consider the risk of non-specific binding in the serological
assays and how this may interfere with the performance of the analyzes. A
disadvantage of the passive adhesion of antigen to a solid phase is the risk of
attachment of unwanted proteins remaining from antigen production. The
antigen may have cell residues or other components left over from production
that may adhere to the solid phase and cause unwanted binding to antibodies
in the patient's sample. Antibodies in human samples can also directly attach
to parts of the solid phase where antigen has not bound and create false positive
reactions. The extent to which this occurs depends on the components of the
individual sample and how well the blockage of the wells prevents this non-
specific binding. False positive reactions can also occur due to nonspecific
binding of antibodies to antigens through protein-to-protein interactions.
Nonspecific reactions due to unwanted binding to the secondary antibody are
also well known (362). Another established factor for interference in
serological analyzes is the rheumatoid factor (287, 363-365). In addition, both
false negative and false positive reactions can occur due to unwanted
interactions between reactants and buffer components (362, 366).

IgM assays

Diagnostic problems with cross-reactivity and non-specific binding that cause
false positive results are usually a larger problem in IgM assays compared with
IgG assays and it has therefore generally been more difficult to develop
specific IgM assays (163, 365, 367-369). This may be because IgM molecules
generally have lower affinity compared with IgG molecules, but still have
relatively high avidity due to the many paratopes present on an I[gM molecule.
Other diagnostic problems with IgM assays includes polyclonal antibody
responses. In response to certain viral infections, such as a primary infection
with EBV, B cells can produce IgM against several different viruses, which is
called polyclonal B-cell activation (370). In some infections, the IgM antibody
response remains for a long time even if the infection is no longer in an active
phase. It can then be difficult to determine the stage of infection because IgM
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in these cases is not a marker for acute/recent infection. Diagnosing
breakthrough infections of TBE virus and MeV in vaccinated individuals can
be complicated by a later or absent IgM response (287, 371).

Immune complexes

In some viral infections such as hepatitis B, immune complexes can cause
diagnostic problems. Antibodies to hepatitis B bound to viral antigen in
complexes can prevent antibody detection in the serological assays and the
patient becomes false negative (372).

Technical difficulties

As with all diagnostic methods, technical problems can arise when performing
serological analyzes. Pipetting errors can occur both when the assays are
performed manually and mechanically, even if the risk of manual errors is
higher. Self-thawing freezers should not be used to store reagents as the freeze-
thaw cycles can destroy protein activity, causing the proteins to be denatured
or inactivated. The buffer system used must be compatible with other reagents.
Buffers containing phosphate can interfere with the commonly used enzyme
alkaline phosphatase and reduce enzyme activity. Samples with endogenous
phosphates can also interfere with the enzyme. When the plates are washed,
too high a vacuum can dry out the coated protein and too low a vacuum can
leave residual liquid in the wells. It is also important not to let the wells dry
out between different steps as drying can mean loss of protein activity.

A well-known problem with ELISA is the "edge effect” which is a
phenomenon where the optical density (OD) values of the peripheral wells
compared with the central wells of the microtiter plate have higher or lower
values than expected. This is often due to differences in temperature or lighting
between the central and peripheral wells. The microplates are often incubated
at 37 °C instead of room temperature to shorten the incubation time. The
problem may be that the peripheral wells reach higher temperatures faster
compared with the central wells. If the substrate is light-sensitive and the plates
are developed in a room with strong light, the wells closest to the light source
may have a higher development effect compared with the other wells.
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1.5 MULTIPLE SCLEROSIS

Multiple sclerosis (MS) is a chronic inflammatory disease in the CNS. The
etiology and pathogenesis are not established, but most hypotheses suggest an
interaction between genes, especially those that control the immune system,
and environmental risk factors such as low vitamin D levels, low sun exposure
and smoking (373, 374). These risk factors are believed to trigger autoimmune
reactions to myelin, which involves both T and B cells.

The damage mechanisms involve both demyelinating and axonal damage, the
latter of which leads to irreversible disability. Demyelination and axonal
damage reduce or inhibit the impulse transmission along the axons. The name
multiple sclerosis comes from multiple scarring that occurs due to the
inflammation-causing lesions in the CNS. They are visible as hyperintense T2-
weighted lesions on magnetic resonance imaging (MRI) and active lesions may
be detected as contrast-enhancing lesions on T1-weighted MRI scans,
indicating damage of the blood-brain barrier (BBB).

Phenotypes of MS

Based on clinical features, MS is traditionally divided into three different
phenotypes, relapsing-remitting MS (RRMS), primary-progressive MS
(PPMS) and secondary progressive MS (SPMS). Approximately 90% of
patients initially follow the RRMS course with acute exacerbations (also
termed relapses or attacks) from which they fully or partially recover (375).
Although patients with RRMS may experience clinical stability between
relapses, MRI reveals that lesion formation occurs mostly without new or
aggravated symptoms.

The neurological symptoms vary depending on where the lesion (s) occur in
the CNS. Common symptoms associated with onset of MS are regional motor
and/or sensory impairment and impaired vision due to optic neuritis. After 20—
30 years of RRMS course, the disease will subsequently convert into SPMS.
During this stage, there is a slow progression of disability with or without
superimposed relapses. Patients with PPMS have a similar progressive decline
in their neurological function from the onset of the disease.

Immunopathology of MS
Traditionally, MS has been conceived as a two-stage disease, where the first

stage is dominated by recurrent inflammation and the second stage is
dominated by a neurodegenerative phase (376, 377). Contrasting this view are
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autopsy studies showing active inflammation and demyelination in the CNS
also during end stages of MS and obvious degeneration of both white and grey
matter of the brain in early stages of MS (378). A new theory of the course of
the disease is that there is a diffuse smouldering pathological process were the
disease affects the entire CNS (376). The theory behind smouldering MS is
that MS is a single-stage disease and that even early in the disease, not only
relapses occur, which cause acute focal damage with axonal damage but also
slower processes such as demyelination and energy deficits that eventually
lead to neurological deterioration with atrophy of the brain and the spinal cord
(376). It is unclear to what extent these delayed processes are dependent on the
focal inflammation. Later, post-neurodegenerative processes occur and with
increasing age, age-related neurodegenerative processes also contribute to
patients losing neurological function (376). The finding that accumulation of
disability in patients with RRMS is not associated with relapses supports this
theory of smouldering MS (379).

Epidemiology

The onset of MS occurs mainly in young adults, between 20—40 years of age,
mean at 32 years (380). In Europe, the disease is a major cause of non-
traumatic neurological impairment (381). Twice as many women as men suffer
from the disease (380). The total prevalence of MS is estimated at 2.8 million
patients: 35.9 per 100,000 population (380). Sweden is one of the countries
with the highest incidence and prevalence of MS in the world with almost 200
per 100,000 persons with MS and 900-1000 new cases annually (382, 383).
The prevalence of MS is uneven worldwide with higher prevalence in
temperate climates in both the southern and northern hemispheres, but the
increasing incidence of MS with latitude gradient is not as evident in more
recent studies in the northern hemisphere (384, 385). The overall prevalence
of the disease is increasing globally and especially in females (380, 384-386).

Diagnosis

Diagnosing MS is performed by weighing the patient's history, clinical
symptoms, disease course, detection of CSF-specific oligoclonal IgG bands
(OCB), findings on MRI and fulfilling the criteria of dissemination in time and
space according to the revised McDonald's criteria from 2017 (387). The
improved criteria enable earlier diagnosis and thereby earlier treatment of the
disease, which can improve the course of the disease. When an MS diagnosis
cannot be established after the first exacerbation, the patient is diagnosed with
clinically isolated syndrome.
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Treatment

There is currently no curative treatment for the disease, but for patients with
RRMS, there are several disease-modifying treatments that reduce the relapse
rate, number of lesion formation and disability development. There is also
evidence that the degeneration is mitigated with lower rate of brain and cervical
cord atrophy development. Treatment should be started in close proximity to
the onset of the disease. The treatment is usually highly effective early in the
course of the disease and may reduce the disease's impact on the long-term
health-related quality of life. The goal of treatment is to reduce the
inflammatory activity and thereby improve prognosis.

Interferon beta (IFNB) was the first disease modifying therapy (DMT)
approved for RRMS and has been used since the mid-1990s (375). IFNB are
antiviral cytokines that have a moderate effect on inflammation in MS. The
side effects are usually quite mild and the most common are skin irritation at
the injection site and influenza-like symptoms. Other treatments for MS
include glatiramer acetate, dimethyl fumarate, diroximel fumarate,
teriflunomide, fingolimod, ponesimod, ozanimod and the monoclonal
antibodies natalizumab (NAT) (Tysabri®), alemtuzumab (Lemtrada®) and the
anti-CD20-directed monoclonal antibodies rituximab, ocrelizumab and
ofatumumab that depletes circulating B-cells. All of these medications reduce
the inflammatory component of the disease through various mechanisms of
action. The anti-CD20 B-cell depleting monoclonal antibody rituximab has
shown a high treatment effect and the off-label use of this drug has increased
in Sweden (388-390).

The choice of therapy is personalized and based on clinical factors such as
number and severity of exacerbations, early disability development, the lesion
load and rate of new lesions on MRI, the course of the disease, age,
comorbidities, and several other factors that include tolerability and safety.
Treatment with the monoclonal antibodies NAT, alemtuzumab and those
targeting anti-CD20 may be more effective but there is a higher risk of severe
side effects. MS exacerbations can be treated with high doses of corticosteroids
or by plasmapheresis when steroids seem insufficient to halt relapse
progression. Unfortunately, it has been more difficult to develop effective
therapies for progressive multiple sclerosis. The explanation may be that the
pathogenic mechanisms are not as well understood, which causes problems in
developing efficient medications (391). However, ocrelizumab has recently
been approved for inflammatory active PPMS and siponimod for inflammatory
active SPMS.
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The patients in Paper V were treated with NAT and the mechanisms of action
of that therapy will therefore be explained in more detail. NAT, is a
recombinant, humanized monoclonal IgG4 antibody that binds to the o4
subunit of a4Pl integrins (also known as very late antigen-4) and o4p7
integrins (392, 393). The 041 integrin, which is an adhesion molecule found
at high levels on the surface of all leukocytes except neutrophils, binds to
vascular cell adhesion molecule 1 (VCAM-1) on endothelial cells (394-396).
The interaction between VCAM-1 and a4fBl integrins is important for
leukocyte adhesion and transmigration of cells across the BBB to the CNS
(395-398).

The binding of NAT to a4p1 integrins therefore inhibits leukocyte migration
into brain tissue, which reduces inflammation and prevents the formation of
lesions (392, 396, 399). The treatment effect of NAT is high, but the treatment
may give rise to serious side effects such as progressive multifocal
leukoencephalopathy (PML) (393, 400). PML is caused by infection of the
CNS by JC polyomavirus (JCV). Treatment with NAT has also been associated
with herpesvirus infections of the CNS and primary central nervous system
lymphoma (401-403).

Etiology

The etiology behind MS is not yet fully understood but is thought to be due to
complex interactions between genes and environmental factors. EBV, vitamin
D, and smoking are among the most well-established environmental risk
factors for developing the disease (245, 373, 374, 404-409). IM, which is
caused by a delayed primary EBV infection, has been shown to particularly
increase the risk of MS development (246, 247, 410-412). Whether EBV is a
prerequisite for developing MS is still unknown, and some researchers
question whether there are any true EBV seronegative patients with MS (413-
415). A recent study suggesting EBV as a cause of MS showed that the risk of
developing MS increased 32-fold after EBV infection and that increased serum
levels of neurofilament light chain (a marker of neuroaxonal degeneration)
occurred only after EBV seroconversion (245).

Antibody response

Most patients with MS show an intrathecal antibody production that can be
detected as OCB by electrophoresis of CSF (416, 417). OCB have previously
been considered stable and represent a signature pattern for individual patients,
but it has now been shown that these bands can change over a longer period of
time but that the change in most cases probably is not affected by disease
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progression or immunosuppressive therapy (418). Patients with other
autoimmune or infectious diseases may also present OCB in CSF, why it
cannot be regarded as a specific marker for MS (419, 420). A small proportion
of the IgG antibodies in OCB are directed against viral antigens and myelin
proteins, but the vast proportion of these proteins have unknown targets (421).

Patients with MS demonstrate higher EBV seroprevalence (245, 405, 413, 414,
422, 423) and increased serum levels of anti-EBV antibodies (404, 423-426)
compared with healthy controls, but the intrathecal antibody response to EBV
is relatively low compared with the intrathecal response to certain other
neurotropic viruses such as MeV, RV and VZV (427-431). The intrathecal
production of anti-MeV, anti-RV and anti-VZV IgG, termed the MRZ reaction,
is a common finding in patients with MS and can be used as a complement to
other diagnostics (429-431). A few studies have also shown an increase in
serum anti-MeV IgG levels in patients with MS compared with healthy
controls (432-434). Not all neurotropic viruses are positively associated with
MS; for example, not CMV, and individuals who are CMV seropositive have
shown a reduced risk of developing MS (245, 435-437).

Why patients with MS have this increased IgG antibody response to certain
neurotropic viruses compared with healthy controls is unknown and therefore
requires further research. Due to the association between MS and EBV, the
idea has arisen to use the antibody response to EBV and/or the EBV viral load
as surrogate markers for disease activity and treatment effect in MS (438-443).
Some studies support that disease activity is correlated with the antibody
response to EBV (440, 441) while other studies do not (442-444). Further
studies on the association are therefore warranted. Most serological studies on
the antibody response to EBV in patients with MS have used EBNA (especially
EBNAL1) and VCA as antigens (404, 407, 408, 414, 424, 425, 428, 440-444).
Analysis of antibodies to EBVgp350 may therefore, as a sensitive and specific
antigen, provide new information on the humoral immune response to EBV in
patients with MS.

Some healthy siblings of patients with MS demonstrate a suspect
hyperimmune phenotype with OCB in CSF and increased IgG antibody levels
against certain neurotropic viruses in both CSF and serum compared with
healthy controls (445-447). These siblings have been termed siblings with MS
trait (446, 447).

In this thesis, improved serological methods are used to examine antibody
responses to certain viral antigens in patients with MS.
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2 AIM

The overall aim was to develop specific serological assays to detect IgG
antibodies to varicella-zoster virus (VZV), Epstein-Barr virus (EBV) and
measles virus (MeV) and to use these assays for clinical applications.

The specific aims were:

e To produce and evaluate recombinant, single
immunodominant viral proteins, VZV glycoprotein E, EBV
glycoprotein 350 and the core part of the MeV nucleocapsid
protein as serological antigens in enzyme linked
immunosorbent assay.

e To use the newly developed serological assays to examine
antibody responses to VZV, EBV and MeV in patients with

multiple sclerosis.

e To study the role of antibody response to EBV as a potential
part of the pathogenesis of multiple sclerosis.
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3 PATIENTS AND METHODS

3.1 PATIENTS

3.1.1 PAPER1

Paper |

Serum samples n = 854

Patients
with stroke
n =454

Controls
n =100

Blood donors
n=100

Students
n =100

Low titer
n =100

Figure 19. Figure depicting the analyzed serum samples in Paper 1.

Serum samples from five different groups were analyzed in Paper I. A total of
454 samples from patients with ischemic stroke were analyzed from four stroke
units in western Sweden together with 100 population-based controls matched
for age and sex. The other three groups consisted of blood donors (n = 100),
students (n = 100) and serum samples with low anti-VZV IgG titers (n = 100).
A total of 854 samples were analyzed in the study. All samples were coded
before analysis. A schematic illustration of the patient material can be seen in

Figure 19 and the characteristic of the five groups are presented in Table 1.

Table 1. Age and sex of the participants in the five different groups from

whom serum samples were analyzed in Paper I. Abbreviation: Not

determined (n.d.).
Total N Mean age Female N (%)
(years)
Patients with stroke 454 57.4 159 (35%)
Controls 100 56.4 36 (36%)
Blood donors 100 n.d. n.d.
Students 100 26.9 51 (51%)
Low titer 100 37.9 n.d.
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3.1.2 PAPERII

Paper Il
Serum samples n = 360

VCA+ EBNA1+ VCA+ EBNA1- VCA- EBNA1-
n=120 n=120 n=120

Figure 20. A schematic figure of the analyzed serum material in Paper II. A total of 360
serum samples were analyzed for detection of IgG antibodies to Epstein-Barr virus
glycoprotein 350. Abbreviations: Viral capsid antigen (VCA), Epstein-Barr virus nuclear
antigen 1 (EBNAI), seropositive (+), seronegative (-).

The analyzed serum samples in Paper II were sent to the Department of
Clinical Microbiology, Sahlgrenska University Hospital in Gothenburg,
Sweden in 2014 and 2015 for clinical analysis of anti-EBNA1 and anti-VCA
antibodies. The samples were analyzed using ARCHITECT i4000SR
immunoassay analyzer (Abbott).

The individuals agreed to store the samples in Biobank Vist after analysis for
possible later use. For the study, a total of 360 serum samples from Biobank
Vist were collected and anonymized for analysis of anti-EBVgp350 IgG
antibodies. Of these 360 samples, 120 were VCA and EBNA1 IgG seropositive
(VCA+EBNAI1+), 120 were VCA and EBNAI1 IgG seronegative (VCA-
EBNA-), and 120 were VCA IgG seropositive but EBNA1 IgG seronegative
(VCA+ EBNAI1-). The patient material is illustrated in Figure 20.
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3.1.3 PAPERII

Paper Il
Serum and CSF samples from 143 participants

47 patients 9 siblings with 37 siblings 50 healthy
with MS MS trait I\V/\Iightouﬁt controls
rai

Figure 21. A schematic figure of the analyzed patient material in Paper I1I.
Abbreviations: Multiple sclerosis (MS). A suspect hyperimmune phenotype seen in
clinically healthy siblings of patients with MS (MS traiz).

The patient material was the same as in a previous study except for one male
sibling without MS trait where sample material was lacking (445). There were
nine clinically healthy siblings of patients with MS who in the previous study
presented two or more OCB in CSF and several showed increased anti-MeV
IgG levels in CSF and/or serum compared with healthy controls (445). These
siblings were categorized as having MS trait (a suspect hyperimmune
phenotype) (445). In total, the patient material consisted of paired serum and
CSF samples from 47 patients with MS, 9 siblings with MS trait, 37 siblings
without MS trait and 50 healthy controls. Of the patients with MS, 22 had
RRMS, 22 SPMS and 3 PPMS. The control group had fewer women and a
lower median age compared with the groups with patients and siblings. The
patient material is displayed in Figure 21. The age and sex distribution between
the groups is displayed in Table 2.

Table 2. Age and sex of participants in Paper II1.

Total N ('r\g?\(gji:r;:srz) Female N (%)
Patients with MS 47 46 (22-63) 31 (66%)
Siblings with MS trait 9 43 (34-58) 5 (56%)
Siblings without MS trait 37 46 (22-66) 24 (65%)
Healthy controls 50 32 (18-57) 15 (30%)
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3.1.4 PAPERIV

Paper IV
Serum and CSF samples

Serum from Serum from 39 CSF from 17 Serum and CSF

42 patients healthy from 22
with IM T BRI 2 controls patiens with MS

Serum from 42 CSF from 21
post-IM patients Hpost-IM patients
at follow-up at follow-up

I

Figure 22. The patient material in Paper IV. Abbreviations. Infectious mononucleosis
(IM). Cerebrospinal fluid (CSF).

The patient material in Paper IV consisted of serum samples collected from 42
individuals with serologically verified acute IM sometime between 2003 and
2007. Serum samples from the same individuals (post-IM patients) were
obtained at follow-up approximately 10 years after their IM episode. A serum
sample was obtained from all 42 individuals and 21 also contributed with CSF.
As a control group, serum and CSF samples were obtained from 17 healthy
controls that denied a history of IM. Of these healthy controls, 15 were EBV
seropositive. In addition to these healthy controls, serum samples from 24 EBV
seropositive blood donors were included. In total, the sample material in the
EBV seropositive control group consisted of 39 serum samples and 15 CSF
samples. The patients with MS included in the study were sampled between
1996 and 1997 and both serum and CSF samples from these individuals were
analyzed. Patients with MS were age and sex matched with the post-IM
patients at follow-up. Of the patients with MS, 13 had RRMS and 9 had SPMS.
The patient material is presented in Figure 22 and Table 3.

Table 3. Age, sex and analyzed sample material from the participants in
Paper IV. Of the 17 healthy controls that contributed with cerebrospinal
[fluid (CSF), 15 were Epstein-Barr virus seropositive.

Total N (gﬁgf’; eaa%’z) Female N (%)
Infectious mononucleosis (serum) 42 18 (11-34) 24 (57%)
Follow-up (serum) 42 28 (22-43) 24 (57%)
Follow-up (CSF) 21 27 (22-40) 13 (62%)
Healthy controls (serum) 39 23 (18-34) 21 (54%)
Healthy controls (CSF) 17 25 (20-46) 11 (65%)
Multiple sclerosis (serum and CSF) 22 35 (18-45) 16 (73%)
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3.1.5 PAPERV

Initial patient cohort

170 patients

in both groups NAT group
1157 patients

IFN subgroup
170 patients

313 patients
excluded

Patient cohort in Paper V

130 patients
lacking material

156 patients

in both groups
NAT group

IFN subgroup 714 patients
170 patients

|'t'l ’[2I I'£3—t4|—>

Figure 23. Schematic figure showing the patient material in Paper V. Serum samples
were collected on two occasions from 170 patients with multiple sclerosis during
treatment with interferon beta (IFNp) at time point 1 (t1) and t2. The 170 patients in the
IFN subgroup were then treated with natalizumab (NAT). The paired serum samples from
the patients in the NAT group were obtained immediately prior to the first infusion of
NAT, at time point 3 (t3) and the last available sample during NAT therapy, at t4. The
initial NAT group consisted of 1157 patients. Of these, 313 were excluded in a previous
study due to insufficient quantification of antibodies to JC polyomavirus or previous
treatment with intravenous immunoglobulin. Serum material was also lacking from 130
patients for the antiviral IgG assays in the current study. The NAT group analyzed in this
study consisted of 714 patients, of whom 156 were also part of the IFN subgroup.

The patient material in Paper V was obtained from patients with MS enrolled
in the Swedish pharmacovigilance study for NAT (IMSE), where post
marketing surveillance of NAT was performed (448, 449). All 1157 patients
in the initial NAT group were treated with NAT before March 2010 (448-450).
In a previous study, 313 patients were excluded due to insufficient
quantification of anti-JCV antibodies or previous treatment with intravenous
immunoglobulins, while samples from the remaining 844 patients were
analyzed (450). The antiviral analyzes in the present study could be performed
for 714 patients who had enough serum left for the analyzes, while serum
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material was lacking from 130 patients. The paired serum samples from the
patients in the NAT group were obtained by sampling immediately prior to the
first infusion of NAT, at time point 3 (t3) and the last available sample during
NAT therapy, at time point 4 (t4). The median time between the samples was
12 months with an interquartile range (IQR) of 7-24 months.

For 170 patients in the initial NAT group, serum samples had been taken during
previous IFNP treatment at t1 and t2 (before the start of NAT therapy). The
median time between samples was 13 months with an IQR of 7-25 months. In
the current study, 14 of the 170 patients in the IFN subgroup lacked material
for the samples taken before (t3) and during (t4) NAT treatment why only 156
patients had paired samples taken both during IFN treatment and before and
during NAT treatment. A total of 728 individual patients with MS were
included in the present study. A sex- and age-matched control group with 144
blood donors was also included in the study. The characteristics of these three
groups are presented in Table 4 and a schematic illustration of the patient
material is presented in Figure 23.

Table 4. Characteristics of the participants in the natalizumab (NAT)
group, the interferon (IFN) subgroup and the healthy controls. At is
duration of time in months between samples taken at t1—t2 and t3—t4, with
interquartile range (IQR).

Total N Me(::iaiigea)ge Female mgﬂrft?wi:lr(‘létF{)
IFN subgroup t1-t2 170 37 (16-58) 106 (62%) 13 (7-25)
NAT group t3—t4 714 37 (12-63) 500 (70%) 12 (7-24)
Blood donors 144 35 (18-63) 100 (69%)
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3.2 METHODS
3.2.1 ANTIGEN PRODUCTION

The quality of viral serological methods has improved over time, but further
improvements are warranted. We decided to use single, immunodominant viral
proteins to develop new antigens with both high specificity and sensitivity. The
expression system for antigen production is important to consider as residues
from the antigen production can cause non-specific reactions.

We have focused on expression systems without human or primate
components to avoid the risk of autoantibodies to these components. In
addition, it is important to consider which cells should be used to
recombinantly generate proteins, since post-translational modifications, such
as glycosylation of viral proteins, depend on the host cell (451, 452). We have
used Chinese hamster ovary (CHO) cells to express the two viral glycoproteins
(VZVgE and EBVgp350) used as serological antigens in our studies because
these cells are well established, including their pattern of glycosylation, for
mammalian recombinant protein production (453).

The VZVgE and EBVgp350 antigens were developed in collaboration with the
core facility Mammalian Protein Expression at the University of Gothenburg,
Sweden. The MeV nucleocapsid antigen was produced by our collaborators at
Centre National de la Recherche Scientifique, Université Aix-Marseille,
Marseille, France.

3.2.2 VARICELLA-ZOSTER VIRUS GLYCOPROTEIN E

The candidate protein for developing a VZV specific antigen was the
immunodominant gE. A BLAST analysis did not show extensive homologies
between VZVgE and HSVgE (data not shown). An expression vector
containing the gene segment encoding a.a. 1-539, corresponding to the signal
sequence a.a. 1-24 and the extracellular domain a.a. 25-539 of VZVgE was
generated. This was done by PCR amplification of VZV DNA encoding a.a.
1-539 from VZV strain Dumas. The amplified PCR fragment was cut with
restriction enzymes and cloned into pcDNA6/myc-His A vectors.

The vector was transfected into CHO K1 cells. The cells were cultured and
cloned in several cycles to generate a viable production of VZVgE. Several
stable clones that secreted high levels of VZVgE were produced and one clone
was adapted to growth in serum-free suspension culture. The cells were then
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cultured in a perfusion bioreactor where VZVgE was secreted into the medium.
This was done to yield larger quantities of VZVgE. The perfusion culture was
set up in a 3 L Biobundle bioreactor and 12.5 L of cell-free harvest could later
be collected. The harvest was centrifuged, pre-filtered and then concentrated
by tangential flow filtration (TFF). The protein was purified from the
concentrate by using 1 mL HiTrap chelating columns loaded with Co2+.
Imidazole was used to elute the bound protein. Western blot was used to
analyze the fractions.

3.2.3 EPSTEIN-BARR VIRUS GLYCOPROTEIN 350

The EBV transmembrane envelope protein EBVgp350 consists of 907 a.a.
with an 860 a.a. long extracellular N-terminal segment. EBV DNA constructs
encoding different parts of EBVgp350, a.a. 1-506, 751-860 and 502-860,
were derived from EBV strain B95-8 (GenBank accession number M10593).
The three EBV DNA constructs were synthesized and ligated into
pcDNA6myc-His vectors and adapted for expression in CHO cells. The His6
tag from the vector was left on the C-terminal end of the protein for expression.

The two DNA constructs a.a. 1-506 and 502—-860 were combined to generate
a construct encoding the whole extracellular domain a.a. 1-860 of EBVgp350.
The cloning steps were performed using Escherichia coli XL-1 Blue. The
recombinant EBVgp350 constructs were produced by transient transfection of
FreeStyle™ CHO-suspension cells. The NovaCHOice® Transfection kit was
used according to the manufacturer's instructions to perform the transfections.
Small-scale 5 ml transfections were performed in 50 ml TubeSpin™ tubes and
large-scale transfections with EBVgp350 a.a. 1-506 and 1-860 were
performed in 3 L Biobundle bioreactors.

The supernatants from the cell cultures were harvested, centrifuged, and pre-
filtered followed by TFF concentration. Protein was purified from the
concentrate using a 1 mL Hitrap™ Chelating HP column loaded with 0.1 M
CoCl2, at a flow rate of 1 mL/min. Imidazole was used to elute bound protein.
The collected fractions were analyzed by Western blot. Then, the 20 mM
imidazole fractions were pooled and dialyzed against 3 x 3 L phosphate-
buffered saline (PBS) using Spectra/Por® 4 dialysis membrane tubing. The
final protein concentrations were measured with Thermo Scientific™
NanoDrop 2000 to 0.7 mg/ml for EBVgp350 a.a. 1-860 and 0.6 mg/ml for a.a.
1-506.
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3.2.4 MEASLES VIRUS NUCLEOCAPSID ANTIGEN

To produce the MeV antigen the immunodominant MeV nucleocapsid protein
was used. The plasmid pet21a/NFlag-H6, which encodes MeV nucleocapsid
protein (strain Edmonston B) with an N-terminal flag sequence (454) and a C-
terminal hexahistidine tag (455) was inserted in Escherichia coli, strain Rosetta
[DE3] pLysS (Novagen) for antigen expression.

The MeV nucleocapsid protein, was detected in the soluble fraction of the
bacterial lysate and the protein was purified from the bacterial lysate by
immobilized metal affinity chromatography using Chelating Sepharose Fast
Flow Resin preloaded with Ni** ions (Amersham Pharmacia Biotech) as
previously described (455, 456). The Ncore fragment (a.a. 1-392) was
obtained from the nucleocapsid protein by limited proteolysis using trypsin
(455). The core part of the nucleocapsid protein was chosen as serological
antigen because it is conserved and structurally ordered while the diversity of
the carboxyterminal is the basis for the division of MeV into clades and
genotypes (283). The Ncore antigen was purified to homogeneity (>95%) in
two steps: immobilized metal affinity chromatography and gel filtration.

3.2.5 WESTERN BLOT

After antigen production, gel staining and Western blot were performed in
Paper I, II and III to identify VZVgE, EBVgp350 and MeV Ncore. Western
blot was also used in Paper I to analyze serum samples that showed discordant
results between the two VZV ELISA methods used in the study. The antigens
VZVgE, EBVgp350 and MeV Ncore were denatured and then separated by gel
electrophoresis. In Paper I, VZVgE was stained directly on the gel with silver,
or the Novex Colloidal Blue Staining Kit. In Paper III, MeV Ncore was stained
directly on the gel with Coomassie blue. VZVgE, EBVgp350 and MeV Ncore
were also transferred with electrical voltage to nitrocellulose membranes or
Immobilon-P membranes.

To detect VZVgE, either the mouse monoclonal antibody VZVgE sc-56994 or
serum samples from patients were used. For the mouse monoclonal, the used
conjugates were alkaline phosphatase goat anti-mouse Ig or horseradish
peroxidase goat anti-mouse Ig. For the human antibodies, the used conjugate
was horseradish peroxidase polyclonal rabbit anti-human IgG. The substrates
used to detect the mouse monoclonal were BCIP/NBT developing solution or
chemiluminescent substrate Immobilon™ Western. To detect human anti-
VZV IgG antibodies, 4-chloro-1-naphtol was used as the substrate. EBVgp350
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was identified by using Penta-His™ Antibody as the primary antibody and
alkaline phosphatase goat anti-mouse IgG as secondary antibody. Detection
was performed by using 5-bromo-4-chloro-3-indolyl phosphate/nitro blue
tetrazolium as substrate. MeV Ncore was identified by anti-measles IgG
antibodies in human serum or mouse monoclonal antibody 5.227 against the
nucleocapsid protein. The conjugates used were either horseradish peroxidase
polyclonal rabbit anti-human IgG or anti-mouse IgG. The substrate used was
4-chloro-1-naphtol.

Figure 24. Western blot using
varicella-zoster virus glycoprotein
E (VZVgE) as antigen and a
human serum sample containing
anti-VZVgE IgG antibodies.
Molecular marker was Mark 12
Unstained standard.

<«——VZVgE

3.2.6 IMMUNOFLUORESCENCE

Indirect immunofluorescence was used in Paper I to analyze the samples that
showed discordant results between the VZV ELISA methods. Green monkey
kidney cells AH1 cell line (SBL/83) were infected with VZV according to
internal diagnostic routine at the Department of Clinical Microbiology,
Sahlgrenska University Hospital in Gothenburg, Sweden. The cells were fixed
with acetone to glass slips and the serum samples were then added. If the
sample contained anti-VZV IgG, the antibodies attached to the virus-infected
cells. Fluorescein-labeled goat anti-human IgG was used as conjugate.

Figure 25. An
immunofluorescence
photograph showing
fluorescent stained
anti-varicella-zoster

virus (VZV) IgG
antibodies that have
attached to VZV-
infected cells.
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3.2.7 ELISA

Indirect ELISA methods were used in the studies to analyze IgG antibodies to
VZVgE, EBVgp350 and MeV Ncore. The following were analyzed:

Paper I: Anti-VZVgE IgG in serum samples.

Paper II: Anti-EBVgp350 IgG in serum samples.

Paper III: Anti-MeV Ncore IgG in serum and CSF samples.

Paper IV: Anti-VZVgE, anti-EBVgp350 and anti-MeV Ncore IgG in serum and CSF samples.
Paper V: Anti-EBVgp350 and anti-MeV Ncore IgG in serum samples.

Negative Positive
control  control

C‘{i}? X
Substrate

Reporter-labeled
; seconday antibody
i

/Q/ :S}%\Primary antibody
/A \

!Antlgen Solid phase

Indirect detection

Figure 26. The figure illustrates the indirect ELISA method and an example of an ELISA
plate ready for measurement in a spectrophotometer. In the example, the plate is coated
with measles virus Ncore antigen. The serum samples are in two-fold dilutions from 1/200
to 1/25600. The negative control is in row 11 and the positive control is in row 12.
Samples from patients with MS, their siblings or healthy controls are in row 1-10.

The antigens were diluted with carbonate buffer and then coated on Nunc
MaxiSorp™ 96-well high protein binding ELISA plates. After incubation and
washing, the plates were blocked with non-fat dry milk diluted in PBS to avoid
nonspecific binding. After blocking, patients' serum and CSF samples were
added to the plates. If the samples contained complementary IgG to the viral
antigens on the plates, the antibodies attached to the antigen. After incubation,
the plates were washed to remove unbound antibodies and other components.
A diluted conjugate, Alkaline Phosphatase AffiniPure F(ab'). Fragment Goat
Anti-Human IgG, was then added to all wells. After incubation, all unbound
conjugate was washed away. Substrate solution, phosphatase substrate
dissolved and diluted in diethanolamine buffer, was added to the wells and if
secondary antibodies conjugated to enzyme were present, the enzyme induced
a color change of the substrate to yellow. Positive and negative control samples
were added to all assays in order to control the quality of each analyzed ELISA
plate. The optical density (OD) values were measured in a spectrophotometer.
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3.3 STATISTICAL METHODS

In Paper II, a receiver operating characteristic (ROC) curve was performed in
GraphPad Prism 7.3 to evaluate the diagnostic accuracy of the indirect ELISA
method for detecting anti-EBVgp350 IgG. A two-sided statistical test was
performed for the ROC curve in which a p-value smaller than 0.05 was
considered significant.

In Paper 111, the independent groups were compared using the Mann-Whitney
U test. Patients with MS and their siblings were compared using Wilcoxon
signed-rank test. IBM SPSS statistics 20 was used for the statistical analyzes.
The statistical tests were two-sided and p-values smaller than 0.05 were
considered significant.

In Paper 1V, the Mann-Whitney U test was used to compare patients with IM
with the control group. Where applicable, non-parametric ANOVA was used
for comparisons. Wilcoxon signed-rank test was used for pairwise comparison
between patients with IM and the same patients later at follow-up. To model
age-adjusted group differences, quantile regression was used (457). P-values
smaller than 0.05 were considered significant.

In Paper V, the statistical analyzes were performed using SPSS Statistics 27.
The Mann-Whitney U test was used to compare anti-EBVgp350 and anti-MeV
Ncore IgG levels in patients with MS during IFNP treatment at t1 and blood
donors. Wilcoxon signed-rank test was used to compare the anti-EBVgp350
and anti-MeV Ncore IgG levels, between the samples collected during IFNf3
treatment at t1 and t2 and before and during NAT treatment at t3 and t4. The
statistical tests were two-sided and p-values <0.008 were considered
significant due to Bonferroni correction for multiple tests.
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34 ETHICS

The samples from patients and controls were approved for use in Paper I by
the Research Ethics Committee at the University of Gothenburg with ref. no.
0 469-99.

The samples in Paper II were collected for clinical purposes and sent to the
Department of Clinical Microbiology, Sahlgrenska University Hospital,
Gothenburg, Sweden for analysis of anti-EBV antibodies. The serum samples
used in the study were deidentified prior to analysis of anti-EBVgp350 IgG
antibodies and the results cannot be traced back to individuals.

Ethical approval to use the samples in Paper Il was given by the Research
Ethics Committee in Gothenburg, ref. no. 361-96.

The material from post-IM patients was approved for use in Paper IV by the
Research Ethics Committee in Umead, ref. no. 2017-484-32M, which is an
updated version of the prior application ref. no. 2011-198-31M with previous
update ref. no. 2013-226-32M. The material from patients with MS was
approved for use in the study by the Research Ethics Committee in
Gothenburg, ref. no. 361-96 with updates S8-97 and R584-98.

In Paper V, ethical approval was obtained from the Stockholm Regional
Ethical Committee and the Swedish Ethical Review Authority ref. no.
2006/845-31/1, ref. no. 2005/535-31/1, ref. no. 2009/1977-32 (updated 2010-
08-06) and ref. no. 2019-04420.

Some sample materials included in the studies, such as the serum samples in
Paper II and serum samples from blood donors in Paper I and V, are not
covered by the Swedish act (2003:460) on ethical review of research involving
humans. The samples were not collected for use in the studies and the samples
were deidentified before analysis so the results cannot be traced back to
individuals. Ethical permission is therefore not required in this context.
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4 RESULTS AND DISCUSSION

4.1 PAPERI

There is a need for rapid, simple, and reliable serological assays for the
determination of anti-VZV IgG responses, both for the diagnosis of VZV
infections and for the analysis of immunity to the virus. In Paper I,
immunodominant VZVgE was recombinantly expressed in CHO cells and
used as a serological antigen in indirect ELISA to develop a sensitive and
specific assay for the detection of anti-VZV IgG antibodies.

VZVgE production

VZVwhole-ag contains, in addition to many of the proteins in VZV, also
cellular components. When narrowing down the number of proteins used in an
antigen, the sensitivity may decrease and if only a single protein is to be used,
it must be immunodominant for the serological analysis to achieve sufficient
sensitivity. Glycoproteins are major components of the virus' outer surfaces
where they are exposed on the viral envelope. Thus, these glycoproteins are
accessible to the body's immune system and are common targets for human
antibodies. VZVgE has been found to be the most immunogenic glycoprotein
on VZV (100, 102-105) and was also an appropriate candidate antigen in the
development of a new, more specific serological VZV assay due to the lack of
extensive homologies with HSVgE.

Large-scale production and purification of recombinant VZVgE expressed in
CHO K1 cells was performed successfully. CHO cells were used because they
are well established for recombinant mammalian protein production (453).
CHO cells are also known to produce proteins with complex N-glycans and
short core O-glycans. This is important to consider because VZVgE contain
carbohydrates with N- or O-linked glycosylation and the glycosylation pattern
depends on the host cell. Recombinant VZVgE was analyzed by liquid
chromatography electrospray mass spectrometry and two sialylated O-linked
glycans were confirmed. N-glycans were not analyzed but are likely to be
present because CHO cells, as previously mentioned, are known to generate
complex N-glycans. VZVgE had previously been produced in CHO cells but
only on a small scale (100). In Paper I, VZVgE was generated under well-
monitored conditions and therefore protein production should be reproducible.
Recombinant VZVgE was generated in CHO cells adapted to growth in
suspension and the protein production could be performed on a large scale in
perfusion bioreactor culture.
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Comparison between VZVgE and VZVwhole-ag

The new serological VZVgE antigen (VZVgE-ag) was compared with a
conventional whole virus antigen (VZVwhole-ag) in indirect ELISA. Of the
854 serum samples analyzed, 846 (99.1%) showed consistent results. A total
of 830 samples were VZV IgG seropositive and 16 were seronegative with
both methods. Only eight samples showed discrepant results between the
analyzes. These samples were all VZV IgG seropositive with VZVwhole-ag
but seronegative with VZVgE-ag. The discordant samples were further
analyzed by Western blot using VZVgE as antigen and by indirect
immunofluorescence using VZV-infected cells. From these further analyzes, it
was determined that one sample was VZV IgG seropositive, two seronegative
and five remained indeterminate. A flow chart of these results is presented in
Figure 27.

Paper |
Serum samples n = 854

Indirect ELISA using
VZVwhole-ag and VZVgE-ag

y y

VZV 1gG seropositive VZV 1gG seronegative
with both antigens with both antigens
n =830 n=16

\ 4

Discordant samples
n=8

VZVwhole-ag IgG seropositive
VZVgE-ag IgG seronegative

Western blot using VZVgE-ag

Indirect immunofluorescence
using VZV-infected cells

A

VZV IgG seropositive n = 1
VZV IgG seronegative n = 2
Undetermined n =5

Figure 27. Flowchart showing the results of the 854 serum samples analyzed by indirect
ELISA using varicella-zoster virus (VZV) whole antigen (VZVwhole-ag) and VZVgE
antigen (VZVgE-ag).
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The ELISA analyses using VZVwhole-ag generally yielded higher anti-VZV
IgG levels in serum compared with VZVgE. This was not as pronounced for
patients with stroke and the age-matched elderly controls. The older subjects
generally showed higher anti-VZVgE IgG levels compared with the younger
participants i.e. blood donors and students (Figure 28). Overall, the results
showed that VZVgE had high specificity and sensitivity as a serological
antigen in ELISA.

Figure 28. Tukey box plot

displaying the optical density

values for the 854 serum
n=_854 n =554 n=200 samples diluted 1/800 and
4 analyzed by indirect ELISA
using varicella-zoster virus
iy (VZV) whole virus antigen
. (VZVwhole-ag) and VZVGE
i antigen (VZVgE-ag). The
1 0- figure also shows the results
for the combined group with
older participants (n = 554),
054 i.e. stroke patients (n = 454)
and age-matched elderly
controls (n = 100) and the
0.0 group with younger
participants (n = 200), i.e.
blood donors (n = 100) and
students (n = 100).
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Importance of VZV serology methods

VZV serology methods are not normally of great value in diagnosing acute
VZV infections, i.e. chickenpox and herpes zoster. These diseases can usually
be diagnosed clinically, but in case of uncertainty, PCR is the preferred
laboratory analysis (72). However, VZV is one of the most common viruses
that causes infections in the CNS and the infections give rise to a wide range
of CNS manifestations, often without rash (122, 126, 143-145). Serological
assays of anti-VZV antibodies are in these cases an important complement to
PCR analyzes (126, 458). The time window for detecting VZV DNA is limited
and when VZV DNA cannot be found, detection of intrathecally produced anti-
VZV antibodies can lead to the diagnosis (122, 126, 151).
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There may exist several VZV CNS infections that remain undiagnosed due to
the lack of clinical awareness in the absence of the characteristic rash. Once
the diagnostic question has emerged, the time window for detection of VZV
DNA may already be closed. This may well be the case in some patients with
stroke, even though the link between stroke and VZV is now established (123,
459). One study showed that in patients with VZV vasculopathy, analysis of
intrathecal anti-VZV antibodies was a more sensitive method compared with
detection of VZV DNA to diagnose the disease (154).

Patients' history of VZV infection can in rare cases be unknown and/or
unreliable as several other viruses can cause viral rashes with reddish or pink
spots, which for individuals without medical training can lead to misdiagnosis
of the disease. Laboratory determination of VZV immunity is therefore
necessary in some cases. The following are examples of when determination
of VZV immunity may need to be performed (i) immunocompromised
individuals exposed to VZV (ii) before the introduction of immunosuppressive
medications in patients to determine the need for VZV vaccination and after
vaccination to control the immune response (iii) healthcare professionals with
unknown VZV serostatus exposed to VZV or considering vaccination (iiii)
pregnant women exposed to VZV and with uncertain history of previous
before attempting pregnancy and also other adults with unknown serostatus
considering vaccination.

Although immunity to VZV is mainly due to the cell-dependent immune
response and this immune response is the best indicator of immunity, it is a
more labor-intensive and complicated procedure to analyze this cell-dependent
response. Thus, for routine laboratory analysis of VZV immunity, the detection
of anti-VZV IgG is the primary method (460). Sensitive and specific
serological methods for anti-VZV IgG detection are also important for
evaluating VZV seroprevalence in the population. One limitation when VZV
seroprevalence in Sweden was estimated in a recent study was the risk of false-
positive results due to cross-reactive anti-HSV IgG antibodies (106).

Cross-reactivity

VZV serology methods are widely used and of high value, but it is important
that they are specific in the detection of anti-VZV IgG as the results are used
to diagnose VZV CNS infections and to guide vaccination decisions and
therapeutic interventions for VZV-exposed pregnant women and
immunocompromised individuals. There are many different VZV serology
methods used in laboratories around the world. Common to most methods is
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that they are at risk of detecting cross-reactive HSV antibodies because they
contain VZVgB, which is likely to have cross-reactive epitopes with HSVgB
(156, 157). Detection of cross-reactive antibodies can cause false positive
results that lead to misdiagnosis or incorrect assumptions about immunity
(157-161).

The indirect ELISA method developed in Paper I with VZVgE as antigen was
shown in a later study to reduce the risk of detecting cross-reactive anti-HSV-
1 IgG antibodies in patients with PCR confirmed CNS infections with HSV or
VZV, compared with the use of VZVwhole-ag (323). The increased specificity
of the indirect VZVgE ELISA method is an improvement in VZV serology
diagnostics to prevent false positive results due to cross-reactive antibodies.
VZVgE has been used as serological antigen in indirect ELISA for the
detection of anti-VZV IgG in the Department of Clinical Microbiology,
Sahlgrenska University Hospital. The laboratory is the national reference
laboratory for herpesviruses.

The VZVgE ELISA method for the analysis of anti-VZV IgG antibodies was
compared with the routine clinical assays, VZVwhole-ag ELISA and indirect
immunofluorescence using VZV-infected cells, to evaluate the performance of
the VZVgE ELISA. The results showed that the VZVgE ELISA had high
sensitivity and higher specificity compared with the routinely used methods
and these serological assays were then removed from the routine diagnostics
(data not shown). Moreover, the serological VZVgE antigen developed by us
has been successfully used in studies in Finland for the detection of anti-VZV
IgG antibodies (461, 462). In addition, a recent study has successfully reported
the use of another VZVgE antigen in a diagnostic CLIA method (463).

VZVgE vaccine

The Shingrix® vaccine, which is based on VZVgE, has proved to induce a
strong immune response (136-139) and even give rise to a more robust
immunological memory with a longer protection period compared with the
Zostavax® vaccine, which is based on a higher dose of the attenuated Oka
strain (140-142). The higher protective effect of the Shingrix® vaccine may be
due in part to different glycosylation patterns caused by the generation of the
vaccines in different cell types (464). Recombinant VZVgE in the Shingrix®
vaccine is expressed in CHO cells while the attenuated Oka strain in the
Zostavax® vaccine is expressed in human fibroblasts. Thus, VZVgE glycan
occupancy and glycan structures may show differences between the two
vaccines, which may affect the induction of the immune response (464). The
strong immune response to VZVgE expressed in CHO cells in the Shingrix®
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vaccine strengthens the argument for also expressing the serological VZVgE
antigen in CHO cells.

The anti-VZV IgG response was higher in serum samples from older
individuals, i.e. ischemic stroke patients and their age-matched controls
compared with younger individuals, i.e. blood donors and students. This
suggests that reactivity to this protein may increase with age and possible
reactivation. The high antibody levels against VZVgE suggest that the
glycoprotein is a strong inducer of the immune response even in older
individuals, which may be a contributing factor to the Shingrix vaccine's
success in protecting against herpes zoster.

Anti-VZV IgG antibody levels induced after vaccination are lower compared
to the levels obtained after natural infection, which is why anti-VZV IgG levels
after vaccination are more difficult to detect in serological assays (465). It may
therefore be beneficial to have a serological assay based on the same
glycoprotein as that used in the Shingrix® vaccine. A chickenpox vaccine
using VZVgE is not currently on the market, but it would be beneficial as it is
likely that immunocompromised individuals who cannot be vaccinated with
the live attenuated chickenpox vaccine can tolerate a subunit vaccine.
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4.2 PAPERII

In Paper II, a sensitive and specific serological assay was developed using
EBVgp350 as antigen. Serum samples with previously known serostatus
against VCA and EBNA1 were analyzed with the new EBVgp350 ELISA
method for the detection of anti-EBVgp350 IgG antibodies.

Comparison between longer and shorter EBVgp350 constructs

EBVgp350 is extensively glycosylated (209, 218) and glycosylation is
important for the antigenicity of the protein (451, 466). As with VZVgE, the
glycosylation of EBVgp350 depends on the host cell used to express the
protein (451). CHO cells, which are mammalian cells, are known to generate
less numerous but still quite similar glycosylation to that expressed in virus-
infected human host cells (467). CHO cells have also been successfully used
in the past to express EBVgp350 (468, 469) and these cells were therefore
selected to generate the recombinant EBVgp350. In paper II, two protein
constructs consisting of a.a. 1-860 or a.a. 1-506 were successfully produced
in CHO cells.

The two protein constructs were then used as serological antigens in indirect
ELISA. A total of 21 VCA and EBNAI IgG seropositive (VCA+EBNA1+)
samples and 21 VCA and EBNA1 seronegative (VCA-EBNA1-) samples were
analyzed by indirect ELISA using the two antigens. The seroreactivity against
the longer protein construct, i.e. a.a. 1-860, was found to be higher compared
with that against the shorter protein segment, i.e. a.a. 1-5006.

The antibody responses to different parts of EBVgp350 show great variation
between individuals (466). This may partly explain why the analyzed serum
samples in Paper II show higher anti-EBV IgG reactivity against the longer
protein, i.e. the a.a. 1-860 construct, which contains more epitopes compared
with the 1-506 protein. The higher IgG reactivity detected against the longer
protein may be due to reactive sequences located between a.a. 741 and a.a. 860
(466) which thus only the longer construct contains. Previous studies analyzing
anti-EBVgp350 antibody responses have either used a long protein such as a.a.
1-860, or a short construct, i.e. a.a. 4450, why it has not previously been
possible to compare the reactivity of antigens at different protein lengths of
EBVgp350 (274, 356).
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Analysis of samples

The longer protein construct with higher reactivity was then used for indirect
ELISA analysis of the entire clinical material with 360 serum samples diluted
1/400 and with known IgG serostatus against VCA and EBNA1. The samples
that were VCA+EBNA 1+ and many of the VCA+ EBNA1- samples showed
reactivity against EBVgp350. The samples that were both VCA and EBNA1
IgG seronegative generally showed no anti-EBVgp350 IgG reactivity. The
results are presented in Figure 29.
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Figure 29. Serum samples (n = 360) with known serostatus to viral capsid antigen (VCA)
and Epstein-Barr virus nuclear antigen 1 (EBNAI) were analyzed by indirect ELISA in
dilution 1/400 for detection of I1gG antibodies to Epstein-Barr virus glycoprotein 350
(EBVgp350). In total there were 120 VCA and EBNAI seropositive samples
(VCA+EBNAI+), 120 VCA seropositive but EBNAI IgG seronegative samples
(VCA+EBNAI-) and 120 VCA and EBNAI IgG seronegative samples (VCA-EBNAI-).
The Tukey box plot show the anti-EBVgp350 IgG reactivity in these samples measured as
optical density.

A receiver operating characteristic (ROC) curve was generated to analyze the
diagnostic performance of the EBVgp350 ELISA method. The
VCA+EBNAI1+ samples (n = 120) were defined as true positive samples and
the VCA-EBNA- samples (n = 120) were defined as true negative samples in
the analysis. The ROC curve showed that the EBVgp350 ELISA method had
high sensitivity and specificity. The OD value for cut-off between EBVgp350
IgG seropositive and seronegative samples was set at 0.162, based on the mean
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of the VCA-EBNAI1- IgG seronegative samples with the addition of two
standard deviations. According to the ROC curve, the cut-off point had a
sensitivity of 90% and a specificity of 98%.

Anti-EBVgp350 IgG was detected in 108/120 (90%) of the VCA+EBNAI1+
serum samples. Of the VCA IgG seropositive but EBNAI1 IgG seronegative
(VCA+ EBNAI1-) samples, 79/120 (66%) were EBVgp350 IgG seropositive.
Only 2/120 (2%) of the VCA-EBNAI1- IgG seronegative samples had
detectable anti-EBVgp350 IgG. Thus, a total of 118/120 (98%) of these
samples were anti-EBVgp350 IgG seronegative. The results are illustrated in
Figure 30.

Paper Il
Serum samples n = 360

VCA+ EBNA1+ VCA+ EBNA1- VCA- EBNA1-

n=120 n=120 n=120

EBVgp350+ | EBVgp350- EBVgp350+ EBVgp350- |EBVgp350+ |EBVgp350-
n=108 n=12 n=79 n=41 n=2 n=118

Figure 30. Schematic figure showing how many of the serum samples (n = 360) with
known serostatus against viral capsid antigen (VCA) and Epstein-Barr virus nuclear
antigen 1 (EBNAI) were Epstein-Barr virus gp350 (EBVgp350) IgG seropositive (+) and
seronegative (-).

Analysis of anti-EBNAT1 IgG and anti-VCA 1gM/IgG can often identify the
stage of an EBV infection, but in some special situations, it can be difficult. In
these cases, it may be beneficial to perform an additional EBV serological
analysis to increase the chance of correctly determining the patient's history of
EBYV infection. The antibody response to EBV varies between individuals. It
is known that some individuals do not produce detectable anti-EBNA1 IgG
levels even though it has been long enough since they became infected with
the virus (204, 272). The kinetics of generating anti-EBV antibodies to various
EBYV antigens also differ between individuals (204, 272-274, 355, 356). This
may partly explain why some VCA+EBNA 1+ IgG seropositive serum samples
did not show detectable anti-EBVgp350 IgG and why two VCA-EBNAI-
negative samples were EBVgp350 IgG seropositive.
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Anti-EBVgp350 IgG has been studied as a potential reverse marker for the
severity of EBV-induced disease (274, 355). The results from a study showed
that patients with higher anti-EBVgp350 IgG levels had milder IM disease
compared with patients with lower IgG levels (274). Another study found no
correlation between peak levels of various EBV antibodies, including anti-
EBVgp350, and the severity of IM symptoms (355). A third study on the
subject demonstrated that the generation of EBVgp350-neutralizing antibodies
was associated with the EBV viral load in blood during IM (356).

Furthermore, our study presented in Paper IV, showed that IM induces a strong
antibody response to EBV and that individuals with IM even after 10 years
have increased anti-EBVgp350 IgG levels compared with healthy controls
(470). Further research with sensitive and specific EBVgp350 serological
assays may clarify whether anti-EBVgp350 IgG is a marker for milder EBV
disease, which may strengthen the logic for the development of an EBVgp350
vaccine.

EBVgp350 vaccine

There is currently no EBV vaccine available on the market, but research is
ongoing (258-260). A vaccine based on EBVgp350 produced in CHO cells
showed in a phase two trial, a possible effect to prevent IM but not against
asymptomatic EBV infection (262). EBVgp350 is still an important candidate
protein for a subunit vaccine against EBV and serological methods that analyze
the IgG response to this protein may therefore be needed in the future to
measure antibody responses after vaccination (258-260, 471).
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4.3 PAPERIII

Patients with MS show increased IgG antibody reactivity to certain neurotropic
viruses including MeV compared with healthy controls. The mechanisms
behind the increased response to these viruses are unknown and therefore
require further investigation. The MeV reactivity detected in serological assays
may be specific to MeV antigens or nonspecific against other components of
the viral antigen. In Paper III, we examined the anti-MeV IgG specificity in
patients with MS, their clinically healthy siblings and healthy controls using a
more specific serological assay with the conserved core portion of the MeV
nucleocapsid protein (MeV Ncore) as the serological antigen.

Patients with MS

Serum samples diluted 1/400 and CSF samples diluted 1/40 from the subjects
were analyzed by indirect ELISA using MeV Ncore as antigen. Patients with
MS showed higher levels of anti-MeV Ncore 1gG measured as OD in both
serum (p < 0.001) and CSF (p < 0.001) compared with healthy controls.
Moreover, patients with MS had higher IgG levels in CSF (p < 0.001) but not
in serum (p = 0.2) compared with the whole group of 46 healthy siblings. These
results are presented in Figure 31.
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Figure 31. IgG antibody reactivity to measles virus nucleocapsid antigen (MeV Ncorg) in
serum samples diluted 1/400 and cerebrospinal fluid (CSF) samples diluted 1/40, from
patients with MS (n = 47), siblings with MS trait (n = 9), siblings without MS trait (n =
37) and healthy controls (n = 50). Reactivity is measured as optical density and median
values with interquartile range are illustrated in the figure.
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The ODcsr/ODserum vValues were calculated for each patient. When comparing
the OD ratios between different groups, the patients with MS had a higher ratio
compared with both healthy controls (p <0.001) and clinically healthy siblings
(p <0.001).

The previous study that analyzed the identical patient material (except for a
male sibling without trait) showed similar results but used MeV whole virus
antigen generated in human fibroblasts in indirect ELISA (445). The antibody
response to MeV is part of the common and characteristic MRZ reaction seen
in patients with MS where intrathecally produced antibodies to MeV, RV and
VZV are detected (431, 472-475). The antibody response in serum to MeV is
not as closely investigated but a few studies, including the precursor study to
the present one, have shown that serum anti-MeV IgG reactivity is also
increased in patients with MS compared with healthy controls (432, 433, 445).

The new and advantageous in the present study is the specific MeV Ncore
antigen that has been used in the serological assay. MS is considered an
autoimmune disease and MeV whole virus antigens commonly used in
serological assays may increase the risk of autoantibody detection as there may
be residual human/primate cellular components in the antigen remaining after
antigen production. The risk of autoantibody detection decreases when the
recombinantly produced MeV Ncore antigen lacking human/primate
components is used. Thus, the diagnostic specificity for detecting anti-MeV-
specific IgG increases when this ELISA method is used. Although we cannot
completely rule out the risk of non-specific binding or cross-reactive
antibodies, it is more likely that the increased anti-MeV Ncore IgG levels
detected in serum and CSF samples from patients with MS in Paper III are due
to MeV-specific antibodies.

Intrathecal antibody production in the form of OCB in CSF is not a specific
marker for MS but may in some clinical contexts support an MS diagnosis
(320, 387, 445, 476). This has been considered in the 2017 revision of the
McDonald's criteria for diagnosing MS (387). MS can sometimes be difficult
to diagnose and the MRZ response can in these situations be used to support
the MS diagnosis (430, 477-480). Even in patients who do not present OCB in
CSF, there may be a positive MRZ reaction that can support an MS diagnosis
(474, 480, 481). In addition, the MRZ reaction may be a useful marker for
distinguishing MS from other autoimmune diseases with similar symptoms
(477-480).
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Siblings with MS trait

Siblings with MS trait showed higher anti-MeV Ncore 1gG levels compared
with healthy controls in serum (p = 0.01) and CSF (p = 0.002). In addition, the
siblings with MS trait showed higher anti-MeV Ncore 1gG levels in CSF (p =
0.04) but not in serum (p = 0.08) compared with siblings without MS trait. The
results are presented in Figure 31. Siblings with MS trait demonstrated higher
ODcsp/ODserym  values compared with healthy controls (p = 0.008), while
siblings without trait did not (p = 0.5).

Approximately 16 years after the first sampling, a follow-up was performed
regarding the siblings with MS trait, where it was found that none of these
siblings had developed MS. The underlying pathophysiology to why some
clinically healthy siblings of patients with MS demonstrate this immunological
reaction is unknown. One hypothesis is that these siblings are genetically
susceptible, but that additional environmental triggers are required to develop
the disease which may not occur (446, 447).
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44 PAPER IV

Several studies have shown that the risk of developing MS increases after IM
(246, 247, 373). However, this relationship has not been prospectively
investigated from the time of IM but mainly retrospectively from when the MS
disease was diagnosed. In Paper IV, the antibody response to EBVgp350,
VZVgE and MeV Ncore was examined in sera from patients with acute IM and
10 years later at follow-up. The antibody responses in the patients with acute
IM was compared with the seroreactivity to these viruses, both in healthy
controls and in patients with MS.

Serum antibodies to EBV in patients with IM

The levels of anti-EBNA1 and anti-EBVgp350 IgG in the serum samples
diluted 1/1000, from the 42 subjects with acute IM, were generally low and
significantly lower compared with the 39 EBV seropositive healthy controls.
Most patients with acute IM had lower levels of anti-VCA IgG than the healthy
controls, but many were, unlike the healthy controls, anti-VCA IgM
seropositive.

At follow-up, anti-VCA, anti-EBNA1 and anti-EBVgp350 IgG levels had
increased in patients with previous IM. The post-IM patients’ anti-EBVgp350
IgG levels were higher at follow-up compared with the 39 healthy controls (p
=0.007). However, there was no significant difference in anti-EBNA1 or anti-
VCA IgG levels between patients at follow-up and controls, although the post-
IM patients showed a tendency of having higher levels against the latter antigen
(Table 5).

The finding that individuals with a history of IM showed higher levels of anti-
EBVgp350 IgG compared with healthy controls at follow-up after 10 years
suggests that a primary EBV infection in the form of IM affects the immune
system in a different and more powerful way compared with an asymptomatic
primary EBV infection. EBV establishes latency after the primary infection to
later reactivate. The virus will remain in the host for life and the virus will
induce a lifelong antibody response. Anti-EBV IgG antibody levels have been
shown to be stable with no apparent decrease over time (22). Thus, even if the
EBV seropositive healthy controls acquired their EBV infection earlier
compared with the participants with IM, the levels of anti-EBV IgG antibodies
are not likely to be lower due to the difference in the duration of the EBV
infection. One hypothesis is that primary EBV infection in the form of IM,
with a higher viral set-point, induces a stronger response from the immune
system that give rise to higher levels of anti-EBVgp350 antibodies compared
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with an asymptomatic/mild infection and that this is the reason behind the
increased anti-EBVgp350 IgG levels that are detected at 10-year follow-up in
post-IM patients. It has previously been shown that the amount of EBV virus
in blood and the amount of CD8+ T cells correlate with the severity of the
disease (482) and that the amount of EBV virus in blood is associated with the
production of EBVgp350 neutralizing antibodies (356).

The increased serum levels of anti-EBVgp350 in post-IM patients compared
with healthy controls were not reflected in increased levels of anti-EBNA1
and/or anti-VCA IgG antibodies. There are biological differences in the
antibody response to various viral antigens from the same virus both in terms
of kinetics and general antibody production. It is known that not all individuals
infected with EBV show a detectable IgG response to EBNA1 (272).

EBVgp350 is an immunodominant envelope glycoprotein and the primary
target for EBV-neutralizing antibodies (220-222). Therefore, it is likely that
acute IM may induce a higher production of anti-EBVgp350 IgG compared
with asymptomatic/mild EBV infections. Another reason for the higher anti-
EBVgp350 IgG levels in post-IM patients compared with healthy controls may
be more prevalent recurrent EBV reactivations, but this question has not been
studied. The exact composition of the complex VCA antigen is unknown to the
general research community, but it is likely that EBVgp350 is part of the
content. It is possible that our immunodominant EBVgp350 antigen may detect
higher levels of EBVgp350-specific IgG antibodies compared with the VCA
antigen which also consists of many other components to which the
EBVgp350-specific antibodies are less likely to attach.

Serum antibodies to VZV and MeV in patients with IM

Serum levels of both anti-MeV Ncore and anti-VZVgE IgG were higher during
acute IM compared with the levels in the same subjects at follow-up (Table 5).
The increased antibody reactivity to both VZV and MeV in the patients with
acute IM may be due to EBV-induced polyclonal B-cell activation.

There was no significant difference in serum anti-VZVgE IgG levels in post-
IM patients at follow-up compared with healthy controls. IgG antibody levels
to VZV normally show a moderate decrease over time (22). Post-IM patients
at follow-up and healthy controls showed similar anti-MeV Ncore IgG levels
in serum. In an age-adjusted analysis, the post-IM patients showed a moderate
increase compared with healthy controls (p = 0.014). IgG antibody levels to
MeV are generally stable over time after natural infection (22) but declines
with time after vaccination (297).

91



Table 5. IgG antibody reactivity to Epstein-Barr virus gp350
(EBVgp350), Epstein-Barr virus nuclear antigen 1 (EBNAI), viral capsid
antigen (VCA), measles virus nucleocapsid antigen (MeV Ncorg) and

varicella-zoster virus glycoprotein E (VZVgE). The analyzed serum

samples were diluted 1/1000 and the cerebrospinal fluid (CSF) samples
diluted 1/10. The sample material was collected from patients with acute
infectious mononucleosis (IM), these patients at follow-up (FU), healthy
controls (HC) and patients with MS (MS). The reactivity is presented as
optical density (OD) or sample to cut-off (S/CO). Median values with
interquartile range (IQR) are presented. EBV IgG seropositive (EBV +).

Median (IQR) EBVgp350 EBNA1 VCA VCA MeV Ncore VZVgE
IgG OD 1gG S/CO IgG S/CO IgM S/CO 1gG OD 1gG OD
Serum samples
IM (n=42) 0.1 (0.062) 0.38 (0.27) 7.0 (8.04) 10.3 (13.3) 0.86 (0.89) 1.19 (1.02)
FU (n=42) 1.16 (1.85) 15.4 (13.5) 56.1(30.4) 0.24 (0.35) 0.53 (0.59) 0.59 (0.53)
HC EBV+ (n=39)  0.68 (0.84) 17.0 (14.0) 41.8 (34.9) 0.13 (0.56) 0.48 (0.56) 0.53 (0.40)
MS (n=22) 1.98 (1.24) 25(1.2) 0.75 (1.0)
CSF samples
FU (n=21) 0.31(0.42) 0.21(0.17) 0.15 (0.05)
HC (n=17) 0.18 (0.24) 0.17 (0.17) 0.15(0.13)
HC EBV+ (n=15)  0.18 (0.22) 0.17 (0.17) 0.15(0.13)
MS (n=22) 0.31(0.41) 1.78 (1.41) 0.46 (0.81)

CSF antibodies to EBV, VZV and MeV in patients with IM

The total IgG levels in CSF were within the normal range in the healthy
controls and in the post-IM patients at follow-up. None of these individuals
showed OCB in CSF. The CSF samples were diluted 1/10 in the serological
analysis. Anti-EBVgp350 IgG levels were significantly higher in post-IM
patients at follow-up compared with the whole group with 17 healthy controls
(p = 0.01) but not compared with only the 15 EBV IgG seropositive controls
(p =0.08). The CSF/serum ratio was determined based on the results of paired
samples with CSF (diluted 1/10) and serum (diluted 1/1000) giving the
CSF/serum dilution ratio of 1/100. The CSF/serum ratio for EBVgp350 IgG
was lower among post-IM patients at follow-up compared with the healthy
controls while no differences between the groups were seen for MeV Ncore
and VZVgE. That the CSF/serum ratio for EBVgp350 was lower for the post-
IM patients at follow-up compared with healthy controls may be due to the
increased serum levels of anti-EBVgp350 IgG in the patients.
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Analysis of serum and CSF samples from patients with MS

The 22 patients with MS showed higher serum levels of anti-EBVgp350 IgG
(p = 0.006) and anti-MeV Ncore IgG (p < 0.0001) compared with the 39
healthy controls. However, serum levels of anti-VZVgE IgG were not higher
in patients with MS compared with controls. In CSF, patients with MS had
slightly higher IgG antibody levels against both EBVgp350 (p = 0.048) and
VZVgE (p = 0.01) compared with controls. More pronounced were the
increased CSF levels of anti-MeV Ncore IgG in the patients compared with the
controls (p < 0.0001) (Table 5). The CSF/serum ratio for MeV Ncore and
VZVgE but not for EBVgp350 was higher in patients with MS compared with
healthy controls.

It is well known that patients with MS show increased IgG responses to all
three viruses, EBV, VZV and MeV, compared with healthy controls, but that
the increased antibody response to VZV and MeV have mainly been reported
in CSF while the increased antibody response to EBV has mainly been seen in
sera (428, 472-475, 483). Previous studies of antibody responses to different
viruses in patients with MS show no direct correlation between serum and CSF
IgG levels (431, 484). In this study, patients with MS showed a moderate
increase in anti-EBVgp350 IgG levels in CSF compared with healthy controls.
In previous studies, anti-EBV IgG levels in CSF have often been relatively low
compared with serum levels (428, 483). The antibody response to EBVgp350
in patients with MS has not been extensively investigated in contrast to the
carefully studied antibody responses to EBNA1 and VCA. Further studies are
therefore needed to conclude whether patients with MS have increased levels
of anti-EBVgp350 IgG in CSF compared with healthy controls.

An established risk factor for developing MS is primary EBV infection in the
form of IM (246, 247, 373) and a recent study provides serological support that
late EBV infections increases the risk of developing MS (485). A feature in
individuals with presymtomatic MS is higher antibody reactivity to EBV
compared with healthy controls, especially to EBNA1 (424, 425, 486, 487).
However, the antibody reactivity to EBVgp350 has not been studied in this
context. In conclusion, our results show that patients with acute IM display
increased levels of anti-EBVgp350 IgG in serum at follow-up after 10 years.
One hypothesis, that may relate to this finding, is that primary EBV infection
in the form of IM can affect the immune system in a powerful and unusual
way, which can be a triggering factor for continued biological events that after
many years can lead to autoimmune diseases such as MS. Our present results
support the argument for continuing to investigate the role of EBV in the
pathogenesis of MS.
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4.5 PAPERV

In Paper V, we wanted to identify whether the IgG reactivity to EBV and/or
MeV is altered in patients with MS during interferon beta (IFN) treatment
and/or after initiation of Natalizumab (NAT) treatment. A secondary goal was
to identify if any patient with MS was EBV IgG seronegative.

Patients with MS vs healthy controls

When comparing serum IgG levels between patients with MS and the 144
healthy blood donors, samples taken at t1 from the subgroup of 170 patients
who had samples collected during previous IFN treatment were used (see
Figure 23 for definition of the different time points). The reason why these
samples were used in the comparison was that the patients were most treatment
naive at this time before starting treatment with NAT. Patients with MS had
higher levels of both anti-EBVgp350 (p = 0.0006), and anti-MeV Ncore 1gG
(p <0.0001) compared with the healthy blood donors.

Why patients with MS have increased levels of anti-EBV and anti-MeV IgG
in sera compared with healthy controls is unknown. By using our
recombinantly produced antigens EBVgp350 and MeV Ncore which are based
on single, immunodominant viral proteins lacking human/primate cellular
residues, we reduced the risk of detecting autoantibodies to cellular
components and/or cross-reactive antibodies. We have thus enhanced the
specificity for detecting EBV- and MeV-specific antibodies. Our results
suggest that patients with MS truly have an increased reactivity to these
viruses. The increased anti-EBV and anti-MeV IgG levels in patients with MS
have led to suggestions for the use of these antibody responses, primarily EBV,
as surrogate markers for MS disease activity and/or treatment efficacy (440-
444, 488, 489).

Changes in antibody levels during treatment

The changes in IgG levels between the 170 paired samples collected during
IFNP treatment at t1 and t2 and the 714 paired samples collected before at t3
and during NAT treatment at t4 are shown in Figure 32. The IgG levels against
EBVgp350 did not change in the IFN subgroup between t1 and t2 and only 93
of 170 patients (55%) had lower IgG levels in the t2 follow-up sample
compared with the first sample obtained at t1. For the 714 patients who started
NAT treatment, IgG levels against EBVgp350 decreased between the samples
collected before starting treatment at t3 and during treatment at t4 (p <0.0001).
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IgG levels against EBVgp350 decreased during NAT treatment in 509 of 714
patients (71%).

There was a slight decrease in IgG levels to MeV Ncore between the samples
collected at tl and t2 from the subgroup of patients with MS during IFN
therapy (p = 0.006), but only 95 of 170 patients (56%) demonstrated an
antibody decline, which makes this observation of reduction somewhat less
convincing (Figure 32). The patients in the NAT group showed a more
pronounced decline in IgG antibodies to MeV Ncore between the samples
obtained at t3 and t4 (p < 0.0001). In total, 538 of 714 patients (75%)
demonstrated a decline in anti-MeV Ncore IgG levels after initiating NAT
therapy.
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Figure 32. Delta (A) optical density (OD) values are shown as dots in the figure to
illustrate the difference between the IgG antibody levels for anti-EBVgp350 and anti-MeV
Ncore IgG, respectively, for each paired serum sample obtained during IFNp treatment (n
= 170) at t1 and t2 and before and during NAT treatment (n = 714) at t3 and t4. AOD
values were obtained by subtracting the OD value of the first sample taken at t1 or t3
from the OD value of the second sample taken at t2 or t4 (i.e. t2 minus t1; t4 minus t3).
AOD values above zero indicate an increased antibody level and values below zero
indicate a decreased antibody level.
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The time span was short and similar, approximately one year, between the
serum samples collected during IFN treatment at t1 — t2 and before (t3) and
during (t4) NAT treatment. The results showing that anti-EBVgp350 and anti-
MeV Ncore IgG decline after initiating NAT therapy but are relatively stable
during IFNP treatment suggest that the decrease is not a general decrease due
to time and increased age in the sampled individuals.

The anti-EBV IgG antibody response usually lasts for life without any
significant reduction (22). Anti-MeV IgG antibody levels are generally stable
and persist throughout life after natural infection in healthy individuals (22)
but decline with age after vaccination (297). In contrast, the anti-MeV IgG
response in patients with MS tends to increase over time both after natural
infection and vaccination (433). Our results thus suggest that the decrease in
anti-EBVgp350 and anti-MeV Ncore IgG is associated to the initiation of NAT
therapy.

There are studies that show a mild decrease in total serum IgG levels during
NAT treatment (490-492). One of these studies could only demonstrate a mild
IgG decline in the longitudinal part of the study (491). In another study, no
decrease could be observed (493). In the study prior to the current one, on the
same material, it was shown that the IgG antibody response to JCV and two
herpesviruses, CMV and VZV, differed in patients with MS after starting NAT
therapy. Anti-JCV and anti-VZV IgG declined but, in contrast, anti-CMV IgG
increased slightly (450). (Our VZVgE antigen was used for anti-VZV IgG
detection.) This shows that NAT does not suppress IgG reactivity against all
viruses, which may suggest that the reduction of anti-EBVgp350 and anti-MeV
Ncore IgG is not part of a general IgG decline.

Previous studies have not found any change in anti-EBNAT1 IgG levels during
NAT treatment (443, 444, 489). One study found an increase in anti-VCA IgG
during NAT treatment (444), while another was unable to detect a change
(489). That these antibody responses did not decrease after initiating NAT
therapy as we show with decreased anti-EBVgp350 IgG levels may be due to
different biological purposes with the antibodies, different sensitivity of the
viral antigens and/or the small samples sizes in some of these studies. No
decrease in serum anti-MeV IgG levels during NAT treatment has been
observed in previous studies with relatively small sample sizes (491, 493).

It is possible that NAT treatment causes changes in patients’ immune responses
that affect the production of anti-EBV and anti-MeV IgG antibodies. Affinity
maturation of B cells requires support from T helper cells and insufficient help
can lead to impaired plasma cell production which can affect the antibody
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production. It is also possible that NAT has more direct effects on B-cell
function (492, 494).

Patients with MS have an increased risk of developing certain infectious
diseases in comparison with the general population (495, 496). The use of
disease-modifying treatments may increase this risk. It has been established
that NAT therapy increases the risk of PML and that the decrease in antibodies
to JCV may be linked to this increased risk (400, 450, 497). Primary central
nervous system lymphoma and herpesvirus infections of the CNS are
associated with NAT therapy but less is known about these associations and
whether lower antibody levels to certain herpesviruses may increase the risk
of developing the diseases (401-403).

Seroprevalence

An antibody response to EBVgp350 could be detected in 718 patients with MS.
Only 10 patients did not show detectable antibody levels. All samples where
an antibody response to EBVgp350 could not be detected were also analyzed
using EBNA1 and VCA as antigens. The 10 EBVgp350 seronegative MS
patients showed detectable levels of anti-EBNA1 and/or anti-VCA IgG,
indicating that all patients with MS were EBV IgG seropositive. Among the
control group with blood donors, 14 of 144 (9.5%) were EBVgp350 IgG
seronegative. Further analysis of these EBVgp350 seronegative patients
showed that four blood donors had detectable antibodies to EBNA1 and/or
VCA but 10 (6.9%) were both anti-EBNA1 and anti-VCA IgG seronegative.

In the IFNP subgroup, 15 of the 170 samples (8.8%) collected at t1 had
undetectable IgG antibody levels against MeV Ncore and at t2, 18 of 170
samples (10.5%) were seronegative. In the NAT group, 80 of 714 samples
(11.2%) were seronegative at t3 and 108 of 714 samples (15.1%) were
seronegative at t4. In total, 41 of 144 blood donors (28.5%) were IgG MeV
Ncore seronegative.

Patients with MS have a high EBV seroprevalence and it is unclear if there are
any patients with MS who are not infected with the virus (413, 414, 424). The
few EBVgp350 IgG seronegative samples in this study were also analyzed with
the antigens EBNA1 and VCA and the results showed that all patients with MS
were EBV IgG seropositive. The different assays for the detection of anti-EBV
IgG have different sensitivities and specificities and it is unlikely that any assay
has both 100% sensitivity and specificity (276). So, it is more robust to use
several different assays to determine EBV seroprevalence, but a secure
definition of seronegativity remains however elusive. There are few EBV
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seronegative patients with suspected clinically isolated syndrome or MS but in
these cases, EBV seronegativity may be a useful biomarker to identify patients
where a different diagnosis is more likely and further investigations are
warranted.

Table 6. Epstein-Barr virus glycoprotein 350 (EBVgp350) IgG
seronegative samples from patients with multiple sclerosis during
treatment with interferon (IFN) (3/170) and before and during treatment
with natalizumab (NAT) at time point 3 (t3) (11/714) and t4 (14/714). In
addition, the EBVgp350 IgG seronegative samples were assayed with the
EBNAI and VCA antigens. Abbreviations: seronegative (-), seropositive
(+), gray zone (GRZ).

Patient EBVgp350 EBNA1 VCA
1 — + +
2 - GRz +
3 — + +
4 - + +
5 — + +
6 — + +
7 - + +
8 - — +
9 t3+ t4-— + +
10 t3+ t4-— + +
11 t3+ t4-— + +
12 IFN+ NAT- + +
13 IFN— NAT- + +
14 IFN— NAT- + +
15 IFN— NAT+ + +
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5 CONCLUSION

In Paper I, VZVgE was shown to work well as serological antigen in indirect
ELISA. The new method had high sensitivity and specificity compared with
an ELISA method using VZVwhole-ag. The use of VZVgE reduces the risk of
detecting cross-reactive anti-HSV IgG antibodies compared with using VZV
antigens that contain many VZV proteins including VZVgB, as is the case in
most commercial VZV assays. At the Department of Clinical Microbiology,
Sahlgrenska University Hospital, the VZVgE antigen has been successfully
used as an ELISA antigen in the routine diagnostics for detection of anti-VZV
IgG antibodies for approximately a decade.

A sensitive and specific ELISA method using EBVgp350 as serological
antigen was developed in Paper II for the detection of anti-EBVgp350 IgG
antibodies. Two protein constructs of different lengths were produced and
tested as antigens in indirect ELISA. The longer protein construct containing
a.a. 1-860 gave higher reactivity compared with the shorter construct
containing a.a. 1-560 thus suggesting that longer EBVgp350 constructs should
be used as serological antigens and in possible vaccine development.

In Paper III, Paper IV, and Paper V, the recombinant, immunodominant
MeV Ncore antigen devoid of human/primate components was used as
serological antigen in indirect ELISA for detection of anti-MeV IgG
antibodies. Our results indicate that the increased anti-MeV IgG antibody
levels detected in serum and CSF in patients with MS and their siblings with
MS trait compared with healthy controls are indeed due to MeV-specific
antibodies and not caused by cross-reacting autoantibodies.

Previously, mainly the antibody responses to EBV VCA and EBNAT1 have
been analyzed in patients with MS. We now add knowledge by analyzing anti-
EBVgp350 IgG, which can provide new pieces of the puzzle to understand the
possible role of EBV in the pathogenesis of MS. Our finding in Paper IV, that
patients with mononucleosis have increased levels of anti-EBVgp350 IgG at
follow-up after 10 years, supports the hypothesis that a primary EBV infection
in the form of mononucleosis can affect the immune system in a powerful and
unusual way that can be a trigger for continued biological events that after
many years may possibly result in MS disease.

In Paper V, we observed that natalizumab treatment of patients with MS was

associated with a moderate decrease in serum anti-EBVgp350 and anti-MeV
Ncore IgG antibodies. In contrast, in a previous study based on the same
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sample material, anti-CMV IgG levels were slightly increased by this
treatment, which argues against a general IgG decline as an explanation (450).
We can also conclude that all 728 patients with MS in the study were EBV IgG
seropositive while 10 of the 144 blood donors in the control group were
seronegative. This finding further strengthens the potential role of EBV in the
pathogenesis of MS.

Our specific ELISA methods using VZVgE, EBVgp350 and MeV Ncore as
serological antigens can, through increased specificity offer new diagnostic
possibilities for detecting antibodies to these antigens in viral infections, in
controlling immunity after infection/vaccination, in epidemiological
investigations and in autoimmune diseases such as MS.
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6 FUTURE PERSPECTIVES

This thesis aims at improving serodiagnosis of viruses, including EBV, VZV
and MeV, through methodological development. Below are some clinical
applications of such refined serology.

VZVgE-based serological methods including our VZVgE ELISA may be
important in immunization control after vaccination with VZVgE subunit
vaccines. Specific and sensitive VZV serological assays such as our VZVgE
ELISA can also be used to diagnose VZV infections of the CNS when the time
window for detection of VZV DNA in CSF is closed. VZV infections such as
VZV vasculopathy can be difficult to diagnose in the absence of the
characteristic rash and further research in this area may establish the incidence
of VZV infections in the CNS. For example, future studies may identify the
incidence of VZV-induced stroke by analyzing anti-VZV antibodies in acute
and convalescent serum samples from stroke patients and/or by detecting
intrathecally produced anti-VZV antibodies in CSF from these patients one to
two weeks after the stroke episode.

Moreover, specific serological assays can in some clinical contexts be used to
support an MS diagnosis. The intrathecal MRZ reaction can be employed as a
diagnostic complement to other laboratory investigations and EBV
seronegativity may be used as a marker for patients who warrant further
investigation.

EBV infection increases the risk of developing MS, but it has not been
determined whether this virus is a prerequisite for developing MS. Additional
large-scale seroprevalence studies of patients with accurately diagnosed MS
can identify whether there are EBV seronegative patients with MS or whether
all patients are seropositive. In these seroprevalence studies, it is important to
use several specific assays in order not to miss any true EBV seropositive
cases. If all patients with MS are EBV seropositive, it would further strengthen
the role of EBV in the pathogenesis of MS.

In addition, our EBVgp350 ELISA may be used to further investigate the
serological relationship between EBV and MS. Our next step will be to analyze
the anti-EBVgp350 IgG reactivity in CSF samples from more patients with
MS, including the reactivity in CSF samples collected before and after patients
start treatment with natalizumab.

Immunosuppressive treatments are becoming more common, but a major
disadvantage is severe side effects such as the higher risk of developing severe
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infections. As an example, rituximab, which depletes B cells, can greatly
reduce the antibody response to pathogens, thereby increasing the risk of
infection, including a propensity for viral infections in the CNS. Further
research on the monitoring of antibody responses to certain viruses could show
whether there are critically low antibody levels where the risk of active
infections increases sharply. This can lead to preventive measures such as
vaccination, antiviral therapy, and/or reduction of immunosuppressive therapy.

EBVgp350 has been one of the top EBV vaccine candidates and if such a
vaccine were to come, our novel EBVgp350 ELISA may be used to analyze
the antibody response after vaccination. The ELISA method may also be used
to investigate whether there is an association between antibody reactivity and
the severity and/or treatment effect for various EBV disease manifestations
such as IM and EBV-induced tumors.

102



ACKNOWLEDGEMENT

Ett stort tack till alla de patienter och kontroller som har bidragit till
forskningen.

Tack alla ni som har hjélpt och stottat mig genom é&ren med detta
avhandlingsarbete. Det har tagit sin tid men nu gar jag dntligen i méal.

Tomas — Ett stort tack for att du har gett mig mdjligheten att f& dyka ner 1
virologins virld. Doktorandtiden och min ST inom klinisk mikrobiologi r inte
bara ett arbete for mig utan dven ett stort intresse. Tack for alla &r med béade
gladare och morkare tider som du har handlett mig i mitt doktorandarbete. Din
vianlighet och positiva instédllning till bade arbete och det Gvriga livet har betytt
mycket for mig.

Marie Studahl och Jan Lycke — Jag &r tacksam over att ni har stillt upp och
varit mina bihandledare under dessa &r. Jag hoppas att vart samarbete kommer
att ge fortsatt utdelning framover.

Medforfattare — Jag vill tacka alla mina medforfattare for samarbetet kring
artiklarna i denna avhandling.

Maria Johansson — Fran mina forsta stapplande experiment har du funnits dar
for mig. Jag hade varit vilse pa virologen utan dig. Du &r en av de snéllaste och
mest hjdlpsamma personer jag kdnner. Du dr ocksd en av de personer som
arrangerar s ménga av de roliga aktiviteterna pa virologen som julbastu och
skidresor till Hemsedal.

Anette and Carolina — Tack for att ni alltid tar er tid att svara pa en forvirrad
doktorands fragor och hjélper till med experiment.

Alla nuvarande och tidigare doktorander, post docs, examensstudenter
med flera pa 3:e viningen — Tack for alla trevliga fikastunder, diskussioner
och allmiént héng. Det har gjort det roligt att komma till jobbet. Ett extra tack
till Charlotta som alltid fanns dir néir jag behovde prata av mig, vilket
verkligen behovdes ibland. Du &r en toppenbra konferens- och kurskompis.
Tack for alla fina minnen!

Rickard — Alltid lika roligt att prata och umgés med dig. Jag har ménga roliga
minnen fran Smogenmoten, julbastu och fester.

103



Nina — Tack for din hjidlp med dataprogram och inkop av datorer och for att
du dr sa trevlig att umgas med. Jag blir alltid glad nér jag hamnar bredvid dig
pa fester och middagar.

Likarkollegor pa klinisk mikrobiologi — Tack for att ni goér mikrobiologen
till en rolig arbetsplats. Ett extra tack till mina corpsarvinner Anders och
Gustaf samt till Diana som har foljt mig genom min ST &ven d& vi randade
oss pa infektionskliniken.

Personal och chefer pa klinisk mikrobiologi och vardhygien — Tack alla ni
som har hjdlpt och stéttat mig med olika saker genom éaren bade i min roll som
doktorand och som ST-ldkare. Det dr ni som skapar en trivsam och bra
arbetsplats.

Examensarbetare — Tack till Marcus och Sandra som jag har handlett under
deras examensarbeten.

Sigvard Olofsson — Tack for arrangerade av de fantastiska
Smogenkonferenserna och for att du vid nagot tillfialle har sagt att jag ar
framtiden inom virologin.

Professorer pa virologen — Jag &r tacksam for att ni skapar en bra
forskningsmilj6 dar vi i ndsta generation uppmanas att ta for oss.

Maria, Sofia, Daniel, Mari — Gamla vénner fran uppvéxten i Sundsvall som
jag har gjort mycket roligt tillsammans med. Det ar fint att vi fortfarande kan
halla kontakten fast vi bor i olika stdder.

Banken — Tack for all vanskap och allt roligt som vi gjort genom aren med
middagar, firanden och resor. Det betyder mycket att ha goda vanner som er!

Hanna — Sa mycket roligt vi har gjort tillsammans fran det att vi lirde kénna
varandra i Tyskland. Vilken tur att vi sedan bdrjade studera i samma stad i
Sverige!

Uffe och Gabbe — Jag ir verkligen glad att Claes-Henrik har sa fina vénner
och att ni direkt inkluderade mig som en del av gruppen. Jag har s manga bra

minnen frdn middagar, engagerade diskussioner, sunkrundor och resor.

Gunnel, Glenn, Linda, Jessica — Ni dr den ndrmsta sldkten pa mammas sida
och jag uppskattar att vi fortsétter att fira hdgtider tillsammans. Ett extra tack

104



till er boende i Goteborg for barnpassning. Barnen blir alltid glada av att fa
vara med er.

Persson sliikten pa pappas sida — Det r fint att vi haller kontakten och ses
dven nu nér pappa inte dr med oss. Ett extra tack till Mérta som stéller upp och
passar de sma.

Familjen Berg — Claes-Henriks systrar Cecilia och Christina med familj samt
hans mor Ingalena, mormor Elsie och hans avlidne far Peter. Tack for trevliga
resor, gemensamma sommarsemestrar och barnpassning.

Mamma Gerd och pappa Torsten — Tack for att ni har varit sa bra fordldrar.
Jag Onskar att ni hade fatt vara med lidngre och att vi hade fatt mojlighet att
dela fler fina stunder i livet.

Susanne — Min syster och goda vin. Det &r fint att fa umgés med dig sd mycket
nu for tiden. Jag upplever att vi under de senaste aren efter vara forédldrars
bortgang har kommit ndrmare varandra vilket jag verkligen uppskattar.

Daniella och Juliana — Mina underbara barn som jag élskar 6ver allt annat.
Jag ar sa glad och tacksam att fa vara er mamma. Ni dr mina solstralar och nir
ni skrattar s& kénns det som om hela vérlden ler.

Claes-Henrik — Linn + CH = sant

Du édr min man, livskamrat och bésta vén. Jag élskar dig verkligen! Nér du ér
borta kénns det s& tomt och jag saknar dig dven om du bara gér jour pa
sjukhuset. Livet dr s& mycket béttre med dig vid min sida. De tuffa tiderna &r
lattare med ditt stod och de glada tiderna blir lyckligare nér de delas med dig.
Jag hoppas att vi ska fa bli gamla och gra tillsammans.

My time as a PhD student has largely been funded by the Sahlgrenska
Academy, for which I am very grateful. Partial financial support for the
research carried out in this thesis comes from grants from the Swedish state
according to the ALF agreement. I would also like to thank the Gothenburg
Medical Society and Edit Jacobson Donation Fund in Gothenburg for financial
support for the research.

105



REFERENCES

1. Delves PJ, Roitt IM. The immune system. First of two parts. The New England journal of medicine.
2000;343(1):37-49.

2. Liang G, Bushman FD. The human virome: assembly, composition and host interactions. Nat Rev
Microbiol. 2021;19(8):514-27.

3. Wylie KM, Mihindukulasuriya KA, Zhou Y, Sodergren E, Storch GA, Weinstock GM. Metagenomic
analysis of double-stranded DNA viruses in healthy adults. BMC Biol. 2014;12:71.

4. Parkin J, Cohen B. An overview of the immune system. Lancet. 2001;357(9270):1777-89.

5. Doyle T. The evolving role of interferons in viral eradication strategies. J Virus Erad. 2016;2(2):121-3.
6. Netea MG, Quintin J, van der Meer JW. Trained immunity: a memory for innate host defense. Cell Host
Microbe. 2011;9(5):355-61.

7. Gourbal B, Pinaud S, Beckers GJM, Van Der Meer JWM, Conrath U, Netea MG. Innate immune memory:
An evolutionary perspective. Immunol Rev. 2018;283(1):21-40.

8. Netea MG, Joosten LA, Latz E, Mills KH, Natoli G, Stunnenberg HG, et al. Trained immunity: A program
of innate immune memory in health and disease. Science. 2016;352(6284):aaf1098.

9. Pradeu T, Du Pasquier L. Immunological memory: What's in a name? Immunol Rev. 2018;283(1):7-20.
10. Flajnik MF, Kasahara M. Origin and evolution of the adaptive immune system: genetic events and
selective pressures. Nat Rev Genet. 2010;11(1):47-59.

11. Kéhler G, Milstein C. Continuous cultures of fused cells secreting antibody of predefined specificity.
Nature. 1975;256(5517):495-7.

12. Tavakolpour S, Alesaeidi S, Darvishi M, GhasemiAdl M, Darabi-Monadi S, Akhlaghdoust M, et al. A
comprehensive review of rituximab therapy in rheumatoid arthritis patients. Clin Rheumatol.
2019;38(11):2977-94.

13. Nutt SL, Hodgkin PD, Tarlinton DM, Corcoran LM. The generation of antibody-secreting plasma cells.
Nat Rev Immunol. 2015;15(3):160-71.

14. Stone JH. IgG4-related disease: pathophysiologic insights drive emerging treatment approaches. Clin
Exp Rheumatol. 2016;34(4 Suppl 98):66-8.

15. Hamano H, Kawa S, Horiuchi A, Unno H, Furuya N, Akamatsu T, et al. High serum IgG4 concentrations
in patients with sclerosing pancreatitis. The New England journal of medicine. 2001;344(10):732-8.

16. Kamisawa T, Zen Y, Pillai S, Stone JH. IgG4-related disease. Lancet. 2015;385(9976):1460-71.

17. Khosroshahi A, Wallace ZS, Crowe JL, Akamizu T, Azumi A, Carruthers MN, et al. International
Consensus Guidance Statement on the Management and Treatment of IgG4-Related Disease. Arthritis
Rheumatol. 2015;67(7):1688-99.

18. Fairfax KA, Kallies A, Nutt SL, Tarlinton DM. Plasma cell development: from B-cell subsets to long-
term survival niches. Semin Immunol. 2008;20(1):49-58.

19. Helmreich E, Kern M, Eisen HN. The secretion of antibody by isolated lymph node cells. J Biol Chem.
1961;236:464-73.

20. Tellier J, Nutt SL. Plasma cells: The programming of an antibody-secreting machine. Eur J Immunol.
2019;49(1):30-7.

21. Manz RA, Thiel A, Radbruch A. Lifetime of plasma cells in the bone marrow. Nature.
1997;388(6638):133-4.

22. Amanna 1J, Carlson NE, Slifka MK. Duration of humoral immunity to common viral and vaccine
antigens. The New England journal of medicine. 2007;357(19):1903-15.

106



23. Landsverk OJ, Snir O, Casado RB, Richter L, Mold JE, Réu P, et al. Antibody-secreting plasma cells
persist for decades in human intestine. ] Exp Med. 2017;214(2):309-17.

24. Slifka MK, Ahmed R. Long-term antibody production is sustained by antibody-secreting cells in the
bone marrow following acute viral infection. Ann N'Y Acad Sci. 1996;797:166-76.

25. Slitka MK, Matloubian M, Ahmed R. Bone marrow is a major site of long-term antibody production
after acute viral infection. J Virol. 1995;69(3):1895-902.

26. Lefranc MP, Lefranc G. Immunoglobulins or Antibodies: IMGT(®) Bridging Genes, Structures and
Functions. Biomedicines. 2020;8(9).

27. Bork P, Holm L, Sander C. The immunoglobulin fold. Structural classification, sequence patterns and
common core. J Mol Biol. 1994;242(4):309-20.

28. Williams AF, Barclay AN. The immunoglobulin superfamily--domains for cell surface recognition.
Annu Rev Immunol. 1988;6:381-405.

29. Steffen U, Koeleman CA, Sokolova MV, Bang H, Kleyer A, Rech J, et al. IgA subclasses have different
effector functions associated with distinct glycosylation profiles. Nat Commun. 2020;11(1):120.

30. Schur PH. IgG subclasses. A historical perspective. Monogr Allergy. 1988;23:1-11.

31. Kerr MA. The structure and function of human IgA. Biochem J. 1990;271(2):285-96.

32. Bunker JJ, Bendelac A. IgA Responses to Microbiota. Immunity. 2018;49(2):211-24.

33. Woof JM, Russell MW. Structure and function relationships in IgA. Mucosal Immunol. 2011;4(6):590-
7.

34. Chen K, Xu W, Wilson M, He B, Miller NW, Bengtén E, et al. Immunoglobulin D enhances immune
surveillance by activating antimicrobial, proinflammatory and B cell-stimulating programs in basophils. Nat
Immunol. 2009;10(8):889-98.

35. Schroeder HW, Jr., Cavacini L. Structure and function of immunoglobulins. J Allergy Clin Immunol.
2010;125(2 Suppl 2):S41-52.

36. Keyt BA, Baliga R, Sinclair AM, Carroll SF, Peterson MS. Structure, Function, and Therapeutic Use of
IgM Antibodies. Antibodies (Basel). 2020;9(4).

37. Onoue K, Grossberg AL, Yagi Y, Pressman D. Immunoglobulin M antibodies with ten combining sites.
Science. 1968;162(3853):574-6.

38. Czajkowsky DM, Shao Z. The human IgM pentamer is a mushroom-shaped molecule with a flexural
bias. Proc Natl Acad Sci U S A. 2009;106(35):14960-5.

39. Vidarsson G, Dekkers G, Rispens T. IgG subclasses and allotypes: from structure to effector functions.
Front Immunol. 2014;5:520.

40. Mack TM, Noble J, Jr., Thomas DB. A prospective study of serum antibody and protection against
smallpox. Am J Trop Med Hyg. 1972;21(2):214-8.

41. Lu LL, Suscovich TJ, Fortune SM, Alter G. Beyond binding: antibody effector functions in infectious
diseases. Nat Rev Immunol. 2018;18(1):46-61.

42. Zinkernagel RM. On natural and artificial vaccinations. Annu Rev Immunol. 2003;21:515-46.

43. Tay MZ, Wiehe K, Pollara J. Antibody-Dependent Cellular Phagocytosis in Antiviral Immune
Responses. Front Immunol. 2019;10:332.

44. Diebolder CA, Beurskens FJ, de Jong RN, Koning RI, Strumane K, Lindorfer MA, et al. Complement
is activated by IgG hexamers assembled at the cell surface. Science. 2014;343(6176):1260-3.

45. Halstead SB, Mahalingam S, Marovich MA, Ubol S, Mosser DM. Intrinsic antibody-dependent
enhancement of microbial infection in macrophages: disease regulation by immune complexes. Lancet Infect
Dis. 2010;10(10):712-22.

107



46. Halstead SB, O'Rourke EJ. Dengue viruses and mononuclear phagocytes. 1. Infection enhancement by
non-neutralizing antibody. J Exp Med. 1977;146(1):201-17.

47. Katzelnick LC, Gresh L, Halloran ME, Mercado JC, Kuan G, Gordon A, et al. Antibody-dependent
enhancement of severe dengue disease in humans. Science. 2017;358(6365):929-32.

48. Shukla R, Ramasamy V, Shanmugam RK, Ahuja R, Khanna N. Antibody-Dependent Enhancement: A
Challenge for Developing a Safe Dengue Vaccine. Front Cell Infect Microbiol. 2020;10:572681.

49. Dengue vaccine: WHO position paper — July 2016. Wkly Epidemiol Rec. 2016;91(30):349-64.

50. Sridhar S, Luedtke A, Langevin E, Zhu M, Bonaparte M, Machabert T, et al. Effect of Dengue Serostatus
on Dengue Vaccine Safety and Efficacy. The New England journal of medicine. 2018;379(4):327-40.

51. Hadinegoro SR, Arredondo-Garcia JL, Capeding MR, Deseda C, Chotpitayasunondh T, Dietze R, et al.
Efficacy and Long-Term Safety of a Dengue Vaccine in Regions of Endemic Disease. The New England
journal of medicine. 2015;373(13):1195-206.

52. Dengue vaccine: WHO position paper, September 2018 - Recommendations. Vaccine.
2019;37(35):4848-9.

53. Walter G. Production and use of antibodies against synthetic peptides. J Immunol Methods.
1986;88(2):149-61.

54. Hozumi N, Tonegawa S. Evidence for somatic rearrangement of immunoglobulin genes coding for
variable and constant regions. Proc Natl Acad Sci U S A. 1976;73(10):3628-32.

55. Tonegawa S. Reiteration frequency of immunoglobulin light chain genes: further evidence for somatic
generation of antibody diversity. Proc Natl Acad Sci U S A. 1976;73(1):203-7.

56. Chi X, Li Y, Qiu X. V(D)J recombination, somatic hypermutation and class switch recombination of
immunoglobulins: mechanism and regulation. Immunology. 2020;160(3):233-47.

57. Victora GD, Nussenzweig MC. Germinal centers. Annu Rev Immunol. 2012;30:429-57.

58. Nieuwenhuis P, Keuning FJ. Germinal centres and the origin of the B-cell system. II. Germinal centres
in the rabbit spleen and popliteal lymph nodes. Immunology. 1974;26(3):509-19.

59. Nieuwenhuis P, van Nouhuijs CE, Eggens JH, Keuning FJ. Germinal centres and the origin of the B-cell
system. I. Germinal centres in the rabbit appendix. Immunology. 1974;26(3):497-507.

60. Hamel KM, Liarski VM, Clark MR. Germinal center B-cells. Autoimmunity. 2012;45(5):333-47.

61. Nutt SL, Tarlinton DM. Germinal center B and follicular helper T cells: siblings, cousins or just good
friends? Nat Immunol. 2011;12(6):472-7.

62. Blink EJ, Light A, Kallies A, Nutt SL, Hodgkin PD, Tarlinton DM. Early appearance of germinal center-
derived memory B cells and plasma cells in blood after primary immunization. J Exp Med. 2005;201(4):545-
54.

63. Brynjolfsson SF, Persson Berg L, Olsen Ekerhult T, Rimkute I, Wick MJ, Martensson IL, et al. Long-
Lived Plasma Cells in Mice and Men. Front Immunol. 2018;9:2673.

64. Xu Z, Zan H, Pone EJ, Mai T, Casali P. Imnmunoglobulin class-switch DNA recombination: induction,
targeting and beyond. Nat Rev Immunol. 2012;12(7):517-31.

65. Spohn G, Bachmann MF. Exploiting viral properties for the rational design of modern vaccines. Expert
Rev Vaccines. 2008;7(1):43-54.

66. Bachmann MF, Jennings GT. Vaccine delivery: a matter of size, geometry, kinetics and molecular
patterns. Nat Rev Immunol. 2010;10(11):787-96.

67. Bachmann MF, Zinkernagel RM. The influence of virus structure on antibody responses and virus
serotype formation. Immunol Today. 1996;17(12):553-8.

68. Ochsenbein AF, Fehr T, Lutz C, Suter M, Brombacher F, Hengartner H, et al. Control of early viral and
bacterial distribution and disease by natural antibodies. Science. 1999;286(5447):2156-9.

108



69. Arvin AM, Koropchak CM. Immunoglobulins M and G to varicella-zoster virus measured by solid-
phase radioimmunoassay: antibody responses to varicella and herpes zoster infections. J Clin Microbiol.
1980;12(3):367-74.

70. Baumgarten A. Viral immunodiagnosis. Yale J Biol Med. 1980;53(1):71-83.

71. Zhou W, Xu X, Chang Z, Wang H, Zhong X, Tong X, et al. The dynamic changes of serum IgM and
IgG against SARS-CoV-2 in patients with COVID-19. ] Med Virol. 2021;93(2):924-33.

72. Sauerbrei A, Eichhorn U, Schacke M, Wutzler P. Laboratory diagnosis of herpes zoster. Journal of
clinical virology : the official publication of the Pan American Society for Clinical Virology. 1999;14(1):31-
6.

73. Schmidt NJ, Arvin AM. Sensitivity of different assay systems for immunoglobulin M responses to
varicella-zoster virus in reactivated infections (zoster). J Clin Microbiol. 1986;23(5):978-9.

74. Edwards RA, Rohwer F. Viral metagenomics. Nat Rev Microbiol. 2005;3(6):504-10.

75. Gatherer D, Depledge DP, Hartley CA, Szpara ML, Vaz PK, Benkd M, et al. ICTV Virus Taxonomy
Profile: Herpesviridae 2021. J Gen Virol. 2021;102(10).

76. McGeoch DJ, Rixon FJ, Davison AJ. Topics in herpesvirus genomics and evolution. Virus Res.
2006;117(1):90-104.

77. Mitchell BM, Bloom DC, Cohrs RJ, Gilden DH, Kennedy PG. Herpes simplex virus-1 and varicella-
zoster virus latency in ganglia. J Neurovirol. 2003;9(2):194-204.

78. Aimola G, Beythien G, Aswad A, Kaufer BB. Current understanding of human herpesvirus 6 (HHV-6)
chromosomal integration. Antiviral Res. 2020;176:104720.

79. McPherson MC, Cheng HH, Delany ME. Marek's disease herpesvirus vaccines integrate into chicken
host chromosomes yet lack a virus-host phenotype associated with oncogenic transformation. Vaccine.
2016;34(46):5554-61.

80. Roizman B, Baines J. The diversity and unity of Herpesviridae. Comp Immunol Microbiol Infect Dis.
1991;14(2):63-79.

81. James C, Harfouche M, Welton NJ, Turner KM, Abu-Raddad LJ, Gottlieb SL, et al. Herpes simplex
virus: global infection prevalence and incidence estimates, 2016. Bull World Health Organ. 2020;98(5):315-
29.

82. Olsson J, Kok E, Adolfsson R, Lovheim H, Elgh F. Herpes virus seroepidemiology in the adult Swedish
population. Immun Ageing. 2017;14:10.

83. Breuer J. Molecular Genetic Insights Into Varicella Zoster Virus (VZV), the vOka Vaccine Strain, and
the Pathogenesis of Latency and Reactivation. J Infect Dis. 2018;218(suppl_2):S75-s80.

84. Breuer J, Grose C, Norberg P, Tipples G, Schmid DS. A proposal for a common nomenclature for viral
clades that form the species varicella-zoster virus: summary of VZV Nomenclature Meeting 2008, Barts and
the London School of Medicine and Dentistry, 24-25 July 2008. J Gen Virol. 2010;91(Pt 4):821-8.

85. Jensen NJ, Rivailler P, Tseng HF, Quinlivan ML, Radford K, Folster J, et al. Revisiting the genotyping
scheme for varicella-zoster viruses based on whole-genome comparisons. J Gen Virol. 2017;98(6):1434-8.
86. Norberg P, Depledge DP, Kundu S, Atkinson C, Brown J, Haque T, et al. Recombination of Globally
Circulating Varicella-Zoster Virus. J Virol. 2015;89(14):7133-46.

87. Zell R, Taudien S, Pfaff F, Wutzler P, Platzer M, Sauerbrei A. Sequencing of 21 varicella-zoster virus
genomes reveals two novel genotypes and evidence of recombination. J Virol. 2012;86(3):1608-22.

88. Davison AJ, Scott JE. The complete DNA sequence of varicella-zoster virus. J Gen Virol. 1986;67 ( Pt
9):1759-816.

89. Cohen JI. The varicella-zoster virus genome. Curr Top Microbiol Immunol. 2010;342:1-14.

109



90. Mori Y, Sadaoka T. Varicella-zoster virus glycoprotein M. Curr Top Microbiol Immunol. 2010;342:147-
54.

91. Zerboni L, Sen N, Oliver SL, Arvin AM. Molecular mechanisms of varicella zoster virus pathogenesis.
Nat Rev Microbiol. 2014;12(3):197-210.

92. Edson CM, Hosler BA, Poodry CA, Schooley RT, Waters DJ, Thorley-Lawson DA. Varicella-zoster
virus envelope glycoproteins: biochemical characterization and identification in clinical material. Virology.
1985;145(1):62-71.

93. Berarducci B, Rajamani J, Zerboni L, Che X, Sommer M, Arvin AM. Functions of the unique N-terminal
region of glycoprotein E in the pathogenesis of varicella-zoster virus infection. Proc Natl Acad Sci U S A.
2010;107(1):282-7.

94. Cohen JI. Strategies for herpes zoster vaccination of immunocompromised patients. J Infect Dis.
2008;197 Suppl 2(Suppl 2):S237-41.

95. Muggeridge MI. Characterization of cell-cell fusion mediated by herpes simplex virus 2 glycoproteins
¢B, gD, gH and gL in transfected cells. J Gen Virol. 2000;81(Pt 8):2017-27.

96. Berarducci B, Rajamani J, Reichelt M, Sommer M, Zerboni L, Arvin AM. Deletion of the first cysteine-
rich region of the varicella-zoster virus glycoprotein E ectodomain abolishes the gE and gl interaction and
differentially affects cell-cell spread and viral entry. J Virol. 2009;83(1):228-40.

97. Berarducci B, Ikoma M, Stamatis S, Sommer M, Grose C, Arvin AM. Essential functions of the unique
N-terminal region of the varicella-zoster virus glycoprotein E ectodomain in viral replication and in the
pathogenesis of skin infection. J Virol. 2006;80(19):9481-96.

98. Moffat J, Ito H, Sommer M, Taylor S, Arvin AM. Glycoprotein I of varicella-zoster virus is required for
viral replication in skin and T cells. J Virol. 2002;76(16):8468-71.

99. Moffat J, Mo C, Cheng JJ, Sommer M, Zerboni L, Stamatis S, et al. Functions of the C-terminal domain
of varicella-zoster virus glycoprotein E in viral replication in vitro and skin and T-cell tropism in vivo. J
Virol. 2004;78(22):12406-15.

100. Haumont M, Jacquet A, Massaer M, Deleersnyder V, Mazzu P, Bollen A, et al. Purification,
characterization and immunogenicity of recombinant varicella-zoster virus glycoprotein gE secreted by
Chinese hamster ovary cells. Virus Res. 1996;40(2):199-204.

101. Giller RH, Winistorfer S, Grose C. Cellular and humoral immunity to varicella zoster virus
glycoproteins in immune and susceptible human subjects. J Infect Dis. 1989;160(6):919-28.

102. Haumont M, Jurdan M, Kangro H, Jacquet A, Massaer M, Deleersnyder V, et al. Neutralizing antibody
responses induced by varicella-zoster virus gE and gB glycoproteins following infection, reactivation or
immunization. J Med Virol. 1997;53(1):63-8.

103. Dubey L, Steinberg SP, LaRussa P, Oh P, Gershon AA. Western blot analysis of antibody to varicella-
zoster virus. J Infect Dis. 1988;157(5):882-8.

104. LaRussa PS, Gershon AA, Steinberg SP, Chartrand SA. Antibodies to varicella-zoster virus
glycoproteins I, 11, and III in leukemic and healthy children. J Infect Dis. 1990;162(3):627-33.

105. Keller PM, Neff BJ, Ellis RW. Three major glycoprotein genes of varicella-zoster virus whose products
have neutralization epitopes. J Virol. 1984;52(1):293-7.

106. Widgren K, Persson Berg L, Morner A, Lindquist L, Tegnell A, Giesecke J, et al. Severe chickenpox
disease and seroprevalence in Sweden - implications for general vaccination. Int J Infect Dis. 2021;111:92-
8.

107. Gershon AA, Breuer J, Cohen JI, Cohrs RJ, Gershon MD, Gilden D, et al. Varicella zoster virus
infection. Nat Rev Dis Primers. 2015;1:15016.

110



108. Marin M, Leung J, Lopez AS, Shepersky L, Schmid DS, Gershon AA. Communicability of varicella
before rash onset: a literature review. Epidemiol Infect. 2021;149:e131.

109. Science M, MacGregor D, Richardson SE, Mahant S, Tran D, Bitnun A. Central nervous system
complications of varicella-zoster virus. J Pediatr. 2014;165(4):779-85.

110. Etzioni A, Eidenschenk C, Katz R, Beck R, Casanova JL, Pollack S. Fatal varicella associated with
selective natural killer cell deficiency. J Pediatr. 2005;146(3):423-5.

111. Tunbridge AJ, Breuer J, Jeffery KJ. Chickenpox in adults - clinical management. J Infect.
2008;57(2):95-102.

112. Gershon AA, Chen J, Davis L, Krinsky C, Cowles R, Reichard R, et al. Latency of varicella zoster
virus in dorsal root, cranial, and enteric ganglia in vaccinated children. Trans Am Clin Climatol Assoc.
2012;123:17-33; discussion -5.

113. Gilden DH, Vafai A, Shtram Y, Becker Y, Devlin M, Wellish M. Varicella-zoster virus DNA in human
sensory ganglia. Nature. 1983;306(5942):478-80.

114. Mahalingam R, Wellish MC, Dueland AN, Cohrs RJ, Gilden DH. Localization of herpes simplex virus
and varicella zoster virus DNA in human ganglia. Annals of neurology. 1992;31(4):444-8.

115. Richter ER, Dias JK, Gilbert JE, 2nd, Atherton SS. Distribution of herpes simplex virus type 1 and
varicella zoster virus in ganglia of the human head and neck. J Infect Dis. 2009;200(12):1901-6.

116. Hall S, Maupin T, Seward J, Jumaan AO, Peterson C, Goldman G, et al. Second varicella infections:
are they more common than previously thought? Pediatrics. 2002;109(6):1068-73.

117. Gershon AA, Steinberg SP, Gelb L. Clinical reinfection with varicella-zoster virus. J Infect Dis.
1984;149(2):137-42.

118. Mehta SK, Cohrs RJ, Forghani B, Zerbe G, Gilden DH, Pierson DL. Stress-induced subclinical
reactivation of varicella zoster virus in astronauts. J Med Virol. 2004;72(1):174-9.

119. Gilden D, Nagel MA, Cohrs RJ. Varicella-zoster. Handb Clin Neurol. 2014;123:265-83.

120. Bader MS. Herpes zoster: diagnostic, therapeutic, and preventive approaches. Postgrad Med.
2013;125(5):78-91.

121. Persson A, Bergstrom T, Lindh M, Namvar L, Studahl M. Varicella-zoster virus CNS disease--viral
load, clinical manifestations and sequels. Journal of clinical virology : the official publication of the Pan
American Society for Clinical Virology. 2009;46(3):249-53.

122. Koskiniemi M, Piiparinen H, Rantalaiho T, Erdnko P, Farkkilda M, Raihé K, et al. Acute central nervous
system complications in varicella zoster virus infections. Journal of clinical virology : the official publication
of the Pan American Society for Clinical Virology. 2002;25(3):293-301.

123. Marra F, Ruckenstein J, Richardson K. A meta-analysis of stroke risk following herpes zoster infection.
BMC Infect Dis. 2017;17(1):198.

124. Patterson BJ, Rausch DA, Irwin DE, Liang M, Yan S, Yawn BP. Analysis of Vascular Event Risk After
Herpes Zoster From 2007 to 2014 US Insurance Claims Data. Mayo Clin Proc. 2019;94(5):763-75.

125. Pahud BA, Glaser CA, Dekker CL, Arvin AM, Schmid DS. Varicella zoster disease of the central
nervous system: epidemiological, clinical, and laboratory features 10 years after the introduction of the
varicella vaccine. J Infect Dis. 2011;203(3):316-23.

126. Grahn A, Studahl M. Varicella-zoster virus infections of the central nervous system — Prognosis,
diagnostics and treatment. J Infect. 2015;71(3):281-93.

127. Gilden DH, Wright RR, Schneck SA, Gwaltney JM, Jr., Mahalingam R. Zoster sine herpete, a clinical
variant. Annals of neurology. 1994;35(5):530-3.

128. Chakrabarty A, Tyring SK, Beutner K, Rauser M. Recent clinical experience with famciclovir--a "third
generation" nucleoside prodrug. Antivir Chem Chemother. 2004;15(5):251-3.

111



129. Takahashi M, Asano Y, Kamiya H, Baba K, Ozaki T, Otsuka T, et al. Development of varicella vaccine.
J Infect Dis. 2008;197 Suppl 2:S41-4.

130. Takahashi M, Otsuka T, Okuno Y, Asano Y, Yazaki T. Live vaccine used to prevent the spread of
varicella in children in hospital. Lancet. 1974;2(7892):1288-90.

131. Gershon AA, Gershon MD, Shapiro ED. Live Attenuated Varicella Vaccine: Prevention of Varicella
and of Zoster. J Infect Dis. 2021;224(12 Suppl 2):S387-s97.

132. Weibel RE, Neff BJ, Kuter BJ, Guess HA, Rothenberger CA, Fitzgerald AJ, et al. Live attenuated
varicella virus vaccine. Efficacy trial in healthy children. The New England journal of medicine.
1984;310(22):1409-15.

133. Wutzler P, Bonanni P, Burgess M, Gershon A, Safadi MA, Casabona G. Varicella vaccination - the
global experience. Expert Rev Vaccines. 2017;16(8):833-43.

134. Varela FH, Pinto LA, Scotta MC. Global impact of varicella vaccination programs. Hum Vaccin
Immunother. 2019;15(3):645-57.

135. Marin M, Marti M, Kambhampati A, Jeram SM, Seward JF. Global Varicella Vaccine Effectiveness:
A Meta-analysis. Pediatrics. 2016;137(3):e20153741.

136. Chlibek R, Pauksens K, Rombo L, van Rijckevorsel G, Richardus JH, Plassmann G, et al. Long-term
immunogenicity and safety of an investigational herpes zoster subunit vaccine in older adults. Vaccine.
2016;34(6):863-8.

137. Lal H, Cunningham AL, Godeaux O, Chlibek R, Diez-Domingo J, Hwang SJ, et al. Efficacy of an
adjuvanted herpes zoster subunit vaccine in older adults. The New England journal of medicine.
2015;372(22):2087-96.

138. Lal H, Poder A, Campora L, Geeraerts B, Oostvogels L, Vanden Abeele C, et al. Immunogenicity,
reactogenicity and safety of 2 doses of an adjuvanted herpes zoster subunit vaccine administered 2, 6 or 12
months apart in older adults: Results of a phase III, randomized, open-label, multicenter study. Vaccine.
2018;36(1):148-54.

139. Chlibek R, Smetana J, Pauksens K, Rombo L, Van den Hoek JA, Richardus JH, et al. Safety and
immunogenicity of three different formulations of an adjuvanted varicella-zoster virus subunit candidate
vaccine in older adults: a phase II, randomized, controlled study. Vaccine. 2014;32(15):1745-53.

140. Boutry C, Hastie A, Diez-Domingo J, Tinoco JC, Yu CJ, Andrews C, et al. The Adjuvanted
Recombinant Zoster Vaccine Confers Long-term Protection Against Herpes Zoster: Interim Results of an
Extension Study of the Pivotal Phase III Clinical Trials (ZOE-50 and ZOE-70). Clin Infect Dis. 2021.

141. Dagnew AF, Ilhan O, Lee WS, Woszczyk D, Kwak JY, Bowcock S, et al. Inmunogenicity and safety
of the adjuvanted recombinant zoster vaccine in adults with haematological malignancies: a phase 3,
randomised, clinical trial and post-hoc efficacy analysis. Lancet Infect Dis. 2019;19(9):988-1000.

142. Dagnew AF, Vink P, Drame M, Willer DO, Salaun B, Schuind AE. Immune responses to the adjuvanted
recombinant zoster vaccine in immunocompromised adults: a comprehensive overview. Hum Vaccin
Immunother. 2021;17(11):4132-43.

143. Bergstrom T. Polymerase chain reaction for diagnosis of varicella zoster virus central nervous system
infections without skin manifestations. Scand J Infect Dis Suppl. 1996;100:41-5.

144. Echevarria JM, Casas I, Tenorio A, de Ory F, Martinez-Martin P. Detection of varicella-zoster virus-
specific DNA sequences in cerebrospinal fluid from patients with acute aseptic meningitis and no cutaneous
lesions. J Med Virol. 1994;43(4):331-5.

145. Santos MA, Caiaffa Filho HH, Vianna MF, Almeida AG, Lazarini PR. Varicella zoster virus in Bell's
palsy: a prospective study. Braz J Otorhinolaryngol. 2010;76(3):370-3.

112



146. Puchhammer-Stockl E, Popow-Kraupp T, Heinz FX, Mandl CW, Kunz C. Detection of varicella-zoster
virus DNA by polymerase chain reaction in the cerebrospinal fluid of patients suffering from neurological
complications associated with chicken pox or herpes zoster. J Clin Microbiol. 1991;29(7):1513-6.

147. Gershon AA, Chen J, Gershon MD. Use of Saliva to Identify Varicella Zoster Virus Infection of the
Gut. Clin Infect Dis. 2015;61(4):536-44.

148. Ra SH, Kwon JS, Kim JY, Cha HH, Lee HJ, Jung J, et al. Frequency of putative enteric zoster diagnosed
using saliva samples in patients with abdominal pain: a prospective study. Infect Dis (Lond).
2021;53(9):713-8.

149. Kaewpoowat Q, Salazar L, Aguilera E, Wootton SH, Hasbun R. Herpes simplex and varicella zoster
CNS infections: clinical presentations, treatments and outcomes. Infection. 2016;44(3):337-45.

150. DeBiasi RL, Kleinschmidt-DeMasters BK, Weinberg A, Tyler KL. Use of PCR for the diagnosis of
herpesvirus infections of the central nervous system. Journal of clinical virology : the official publication of
the Pan American Society for Clinical Virology. 2002;25 Suppl 1:S5-11.

151. Gregoire SM, van Pesch V, Goffette S, Peeters A, Sindic CJ. Polymerase chain reaction analysis and
oligoclonal antibody in the cerebrospinal fluid from 34 patients with varicella-zoster virus infection of the
nervous system. Journal of neurology, neurosurgery, and psychiatry. 2006;77(8):938-42.

152. Schultze D, Weder B, Cassinotti P, Vitek L, Krausse K, Fierz W. Diagnostic significance of
intrathecally produced herpes simplex and varizella-zoster virus-specific antibodies in central nervous
system infections. Swiss Med Wkly. 2004;134(47-48):700-4.

153. Linde A, Klapper PE, Monteyne P, Echevarria JM, Cinque P, Rozenberg F, et al. Specific diagnostic
methods for herpesvirus infections of the central nervous system: a consensus review by the European Union
Concerted Action on Virus Meningitis and Encephalitis. Clin Diagn Virol. 1997;8(2):83-104.

154. Nagel MA, Cohrs RJ, Mahalingam R, Wellish MC, Forghani B, Schiller A, et al. The varicella zoster
virus vasculopathies: clinical, CSF, imaging, and virologic features. Neurology. 2008;70(11):853-60.

155. Watson B, Keller PM, Ellis RW, Starr SE. Cell-mediated immune responses after immunization of
healthy seronegative children with varicella vaccine: kinetics and specificity. J Infect Dis. 1990;162(4):794-
9.

156. Edson CM, Hosler BA, Respess RA, Waters DJ, Thorley-Lawson DA. Cross-reactivity between herpes
simplex virus glycoprotein B and a 63,000-dalton varicella-zoster virus envelope glycoprotein. J Virol.
1985;56(1):333-6.

157. Kiihn JE, Klaffke K, Munk K, Braun RW. HSV-1 gB and VZV gp-II crossreactive antibodies in human
sera. Arch Virol. 1990;112(3-4):203-13.

158. Schmidt NJ. Further evidence for common antigens in herpes simplex and varicella-zoster viruses. J
Med Virol. 1982;9(1):27-36.

159. Vandvik B, Skoldenberg B, Forsgren M, Stiernstedt G, Jeansson S, Norrby E. Long-term persistence
of intrathecal virus-specific antibody responses after herpes simplex virus encephalitis. Journal of neurology.
1985;231(6):307-12.

160. Mathiesen T, Linde A, Olding-Stenkvist E, Wahren B. Antiviral IgM and IgG subclasses in varicella
zoster associated neurological syndromes. Journal of neurology, neurosurgery, and psychiatry.
1989;52(5):578-82.

161. Felgenhauer K, Ackermann R. Early diagnosis and treatment of herpes simplex encephalitis. Journal
of neurology. 1985;232(2):123-4.

162. Bernstein DI, Frenkel LM, Bryson YJ, Myers MG. Antibody response to herpes simplex virus
glycoproteins gB and gD. J Med Virol. 1990;30(1):45-9.

113



163. Schmidt NJ, Gallo D. Class-specific antibody responses to early and late antigens of varicella and
herpes simplex viruses. J Med Virol. 1984;13(1):1-12.

164. Williams V, Gershon A, Brunell PA. Serologic response to varicella-zoster membrane antigens
measured by direct immunofluorescence. J Infect Dis. 1974;130(6):669-72.

165. Otani N, Shima M, Tanimura S, Ueda T, Ichiki K, Nakajima K, et al. Sensitivity and specificity of
different antibody tests for detecting varicella-zoster virus. J Infect Chemother. 2020;26(12):1283-7.

166. Maple PA, Breuer J, Quinlivan M, Kafatos G, Brown KE. Comparison of a commercial Varicella Zoster
glycoprotein IgG enzyme immunoassay with a reference time resolved fluorescence immunoassay (VZV
TRFIA) for measuring VZV IgG in sera from pregnant women, sera sent for confirmatory testing and pre
and post vOka vaccination sera from healthcare workers. Journal of clinical virology : the official publication
of the Pan American Society for Clinical Virology. 2012;53(3):201-7.

167. Maple PA, Haedicke J, Quinlivan M, Steinberg SP, Gershon AA, Brown KE, et al. The differences in
short- and long-term varicella-zoster virus (VZV) immunoglobulin G levels following varicella vaccination
of healthcare workers measured by VZV fluorescent-antibody-to-membrane-antigen assay (FAMA), VZV
time-resolved fluorescence immunoassay and a VZV purified glycoprotein enzyme immunoassay.
Epidemiol Infect. 2016;144(11):2345-53.

168. Breuer J, Schmid DS, Gershon AA. Use and limitations of varicella-zoster virus-specific serological
testing to evaluate breakthrough disease in vaccinees and to screen for susceptibility to varicella. J Infect
Dis. 2008;197 Suppl 2:S147-51.

169. Takahashi M, Okada S, Miyagawa H, Amo K, Yoshikawa K, Asada H, et al. Enhancement of immunity
against VZV by giving live varicella vaccine to the elderly assessed by VZV skin test and IAHA, gpELISA
antibody assay. Vaccine. 2003;21(25-26):3845-53.

170. Sauerbrei A, Schéifler A, Hofmann J, Schacke M, Gruhn B, Wutzler P. Evaluation of three commercial
varicella-zoster virus IgG enzyme-linked immunosorbent assays in comparison to the fluorescent-antibody-
to-membrane-antigen test. Clin Vaccine Immunol. 2012;19(8):1261-8.

171. Wasmuth EH, Miller WJ. Sensitive enzyme-linked immunosorbent assay for antibody to varicella-
zoster virus using purified VZV glycoprotein antigen. J Med Virol. 1990;32(3):189-93.

172. Cannon MJ, Schmid DS, Hyde TB. Review of cytomegalovirus seroprevalence and demographic
characteristics associated with infection. Rev Med Virol. 2010;20(4):202-13.

173. Nolan N, Halai UA, Regunath H, Smith L, Rojas-Moreno C, Salzer W. Primary cytomegalovirus
infection in immunocompetent adults in the United States - A case series. IDCases. 2017;10:123-6.

174. Just-Nibling G, Korn S, Ludwig B, Stephan C, Doerr HW, Preiser W. Primary cytomegalovirus
infection in an outpatient setting--laboratory markers and clinical aspects. Infection. 2003;31(5):318-23.
175. Wreghitt TG, Teare EL, Sule O, Devi R, Rice P. Cytomegalovirus infection in immunocompetent
patients. Clin Infect Dis. 2003;37(12):1603-6.

176. Emery VC. Investigation of CMV disease in immunocompromised patients. J Clin Pathol.
2001;54(2):84-8.

177. Dioverti MV, Razonable RR. Cytomegalovirus. Microbiol Spectr. 2016;4(4).

178. Vora SB, Brothers AW, Waghmare A, Englund JA. Antiviral combination therapy for cytomegalovirus
infection in high-risk infants. Antivir Ther. 2018;23(6):505-11.

179. Omarsdottir S, Casper C, Zweygberg Wirgart B, Grillner L, Vanpée M. Transmission of
cytomegalovirus to extremely preterm infants through breast milk. Acta Paediatr. 2007;96(4):492-4.

180. Hernandez-Alvarado N, Shanley R, Schleiss MR, Ericksen J, Wassenaar J, Webo L, et al. Clinical,
Virologic and Immunologic Correlates of Breast Milk Acquired Cytomegalovirus (CMV) Infections in Very
Low Birth Weight (VLBW) Infants in a Newborn Intensive Care Unit (NICU) Setting. Viruses. 2021;13(10).

114



181. Kenneson A, Cannon MJ. Review and meta-analysis of the epidemiology of congenital
cytomegalovirus (CMV) infection. Rev Med Virol. 2007;17(4):253-76.

182. Plosa EJ, Esbenshade JC, Fuller MP, Weitkamp JH. Cytomegalovirus infection. Pediatr Rev.
2012;33(4):156-63; quiz 63.

183. Plotkin SA, Wang D, Oualim A, Diamond DJ, Kotton CN, Mossman S, et al. The Status of Vaccine
Development Against the Human Cytomegalovirus. J Infect Dis. 2020;221(Suppl 1):S113-s22.

184. Braun DK, Dominguez G, Pellett PE. Human herpesvirus 6. Clin Microbiol Rev. 1997;10(3):521-67.
185. Agut H, Bonnafous P, Gautheret-Dejean A. Human Herpesviruses 6A, 6B, and 7. Microbiol Spectr.
2016;4(3).

186. Adams MJ, Carstens EB. Ratification vote on taxonomic proposals to the International Committee on
Taxonomy of Viruses (2012). Arch Virol. 2012;157(7):1411-22.

187. Ablashi D, Agut H, Alvarez-Lafuente R, Clark DA, Dewhurst S, DiLuca D, et al. Classification of
HHV-6A and HHV-6B as distinct viruses. Arch Virol. 2014;159(5):863-70.

188. Yamanishi K, Okuno T, Shiraki K, Takahashi M, Kondo T, Asano Y, et al. Identification of human
herpesvirus-6 as a causal agent for exanthem subitum. Lancet. 1988;1(8594):1065-7.

189. Tanaka K, Kondo T, Torigoe S, Okada S, Mukai T, Yamanishi K. Human herpesvirus 7: another causal
agent for roseola (exanthem subitum). J Pediatr. 1994;125(1):1-5.

190. Mohammadpour Touserkani F, Gainza-Lein M, Jafarpour S, Brinegar K, Kapur K, Loddenkemper T.
HHV-6 and seizure: A systematic review and meta-analysis. J Med Virol. 2017;89(1):161-9.

191. Razonable RR. Human herpesviruses 6, 7 and 8 in solid organ transplant recipients. Am J Transplant.
2013;13 Suppl 3:67-77; quiz -8.

192. Emery VC. Human herpesviruses 6 and 7 in solid organ transplant recipients. Clin Infect Dis.
2001;32(9):1357-60.

193. Pellett PE, Wright DJ, Engels EA, Ablashi DV, Dollard SC, Forghani B, et al. Multicenter comparison
of serologic assays and estimation of human herpesvirus 8 seroprevalence among US blood donors.
Transfusion. 2003;43(9):1260-8.

194. Ablashi DV, Chatlynne LG, Whitman JE, Jr., Cesarman E. Spectrum of Kaposi's sarcoma-associated
herpesvirus, or human herpesvirus 8, diseases. Clin Microbiol Rev. 2002;15(3):439-64.

195. Minhas V, Wood C. Epidemiology and transmission of Kaposi's sarcoma-associated herpesvirus.
Viruses. 2014;6(11):4178-94.

196. Stolka K, Ndom P, Hemingway-Foday J, Iriondo-Perez J, Miley W, Labo N, et al. Risk factors for
Kaposi's sarcoma among HIV-positive individuals in a case control study in Cameroon. Cancer Epidemiol.
2014;38(2):137-43.

197. Bagni R, Whitby D. Kaposi's sarcoma-associated herpesvirus transmission and primary infection. Curr
Opin HIV AIDS. 2009;4(1):22-6.

198. Moore PS, Chang Y. Detection of herpesvirus-like DNA sequences in Kaposi's sarcoma in patients
with and those without HIV infection. The New England journal of medicine. 1995;332(18):1181-5.

199. Chang Y, Cesarman E, Pessin MS, Lee F, Culpepper J, Knowles DM, et al. Identification of
herpesvirus-like DNA sequences in AIDS-associated Kaposi's sarcoma. Science. 1994;266(5192):1865-9.
200. Cannon MJ, Laney AS, Pellett PE. Human herpesvirus 8: current issues. Clin Infect Dis. 2003;37(1):82-
7.

201. Epstein MA, Achong BG, Barr YM. VIRUS PARTICLES IN CULTURED LYMPHOBLASTS FROM
BURKITT'S LYMPHOMA. Lancet. 1964;1(7335):702-3.

202. Vockerodt M, Yap LF, Shannon-Lowe C, Curley H, Wei W, Vrzalikova K, et al. The Epstein-Barr
virus and the pathogenesis of lymphoma. J Pathol. 2015;235(2):312-22.

115



203. Henle W, Hummeler K, Henle G. Antibody coating and agglutination of virus particles separated from
the EB3 line of Burkitt lymphoma cells. J Bacteriol. 1966;92(1):269-71.

204. Dunmire SK, Hogquist KA, Balfour HH. Infectious Mononucleosis. Curr Top Microbiol Immunol.
2015;390(Pt 1):211-40.

205. de-Thé G, Day NE, Geser A, Lavoué¢ MF, Ho JH, Simons MJ, et al. Sero-epidemiology of the Epstein-
Barr virus: preliminary analysis of an international study - a review. IARC Sci Publ. 1975(11 Pt 2):3-16.
206. Baer R, Bankier AT, Biggin MD, Deininger PL, Farrell PJ, Gibson TJ, et al. DNA sequence and
expression of the B95-8 Epstein-Barr virus genome. Nature. 1984;310(5974):207-11.

207. Smatti MK, Al-Sadeq DW, Ali NH, Pintus G, Abou-Saleh H, Nasrallah GK. Epstein-Barr Virus
Epidemiology, Serology, and Genetic Variability of LMP-1 Oncogene Among Healthy Population: An
Update. Front Oncol. 2018;8:211.

208. Johannsen E, Luftig M, Chase MR, Weicksel S, Cahir-McFarland E, Illanes D, et al. Proteins of purified
Epstein-Barr virus. Proc Natl Acad Sci U S A. 2004;101(46):16286-91.

209. Beisel C, Tanner J, Matsuo T, Thorley-Lawson D, Kezdy F, Kieff E. Two major outer envelope
glycoproteins of Epstein-Barr virus are encoded by the same gene. J Virol. 1985;54(3):665-74.

210. Hummel M, Thorley-Lawson D, Kieff E. An Epstein-Barr virus DNA fragment encodes messages for
the two major envelope glycoproteins (gp350/300 and gp220/200). J Virol. 1984;49(2):413-7.

211. Tanner J, Whang Y, Sample J, Sears A, Kieff E. Soluble gp350/220 and deletion mutant glycoproteins
block Epstein-Barr virus adsorption to lymphocytes. J Virol. 1988;62(12):4452-64.

212. Serafini-Cessi F, Malagolini N, Nanni M, Dall'Olio F, Campadelli-Fiume G, Tanner J, et al.
Characterization of N- and O-linked oligosaccharides of glycoprotein 350 from Epstein-Barr virus.
Virology. 1989;170(1):1-10.

213. Gong M, Kieff E. Intracellular trafficking of two major Epstein-Barr virus glycoproteins, gp350/220
and gp110. J Virol. 1990;64(4):1507-16.

214. Fingeroth JD, Weis JJ, Tedder TF, Strominger JL, Biro PA, Fearon DT. Epstein-Barr virus receptor of
human B lymphocytes is the C3d receptor CR2. Proc Natl Acad Sci U S A. 1984;81(14):4510-4.

215. Frade R, Barel M, Ehlin-Henriksson B, Klein G. gp140, the C3d receptor of human B lymphocytes, is
also the Epstein-Barr virus receptor. Proc Natl Acad Sci U S A. 1985;82(5):1490-3.

216. Nemerow GR, Wolfert R, McNaughton ME, Cooper NR. Identification and characterization of the
Epstein-Barr virus receptor on human B lymphocytes and its relationship to the C3d complement receptor
(CR2). J Virol. 1985;55(2):347-51.

217. Shannon-Lowe C, Rowe M. Epstein Barr virus entry; kissing and conjugation. Curr Opin Virol.
2014;4:78-84.

218. Szakonyi G, Klein MG, Hannan JP, Young KA, Ma RZ, Asokan R, et al. Structure of the Epstein-Barr
virus major envelope glycoprotein. Nat Struct Mol Biol. 2006;13(11):996-1001.

219. Tanner J, Weis J, Fearon D, Whang Y, Kieff E. Epstein-Barr virus gp350/220 binding to the B
lymphocyte C3d receptor mediates adsorption, capping, and endocytosis. Cell. 1987;50(2):203-13.

220. Hoffman GJ, Lazarowitz SG, Hayward SD. Monoclonal antibody against a 250,000-dalton
glycoprotein of Epstein-Barr virus identifies a membrane antigen and a neutralizing antigen. Proc Natl Acad
Sci U S A. 1980;77(5):2979-83.

221. Thorley-Lawson DA, Geilinger K. Monoclonal antibodies against the major glycoprotein (gp350/220)
of Epstein-Barr virus neutralize infectivity. Proc Natl Acad Sci U S A. 1980;77(9):5307-11.

222. Thorley-Lawson DA, Poodry CA. Identification and isolation of the main component (gp350-gp220)
of Epstein-Barr virus responsible for generating neutralizing antibodies in vivo. J Virol. 1982;43(2):730-6.

116



223. Niederman JC, Miller G, Pearson HA, Pagano JS, Dowaliby JM. Infectious mononucleosis. Epstein-
Barr-virus shedding in saliva and the oropharynx. The New England journal of medicine.
1976;294(25):1355-9.

224. Niederman JC. Infectious mononucleosis: observations on transmission. Yale J Biol Med. 1982;55(3-
4):259-64.

225. Sumaya CV. Primary Epstein-Barr virus infections in children. Pediatrics. 1977;59(1):16-21.

226. Tamir D, Benderly A, Levy J, Ben-Porath E, Vonsover A. Infectious mononucleosis and Epstein-Barr
virus in childhood. Pediatrics. 1974;53(3):330-5.

227. Luzuriaga K, Sullivan JL. Infectious mononucleosis. The New England journal of medicine.
2010;362(21):1993-2000.

228. Young LS, Rickinson AB. Epstein-Barr virus: 40 years on. Nat Rev Cancer. 2004;4(10):757-68.

229. Kim WY, Montes-Mojarro 1A, Fend F, Quintanilla-Martinez L. Epstein-Barr Virus-Associated T and
NK-Cell Lymphoproliferative Diseases. Front Pediatr. 2019;7:71.

230. Tsurumi T, Fujita M, Kudoh A. Latent and lytic Epstein-Barr virus replication strategies. Rev Med
Virol. 2005;15(1):3-15.

231. Tamoto N, Nagata K, Hara S, Nakayama Y, Kuwamoto S, Matsushita M, et al. Subclinical Epstein-
Barr Virus Primary Infection and Lytic Reactivation Induce Thyrotropin Receptor Autoantibodies. Viral
Immunol. 2019;32(9):362-9.

232. Taylor GS, Long HM, Brooks JM, Rickinson AB, Hislop AD. The immunology of Epstein-Barr virus-
induced disease. Annu Rev Immunol. 2015;33:787-821.

233. Latour S, Winter S. Inherited Immunodeficiencies With High Predisposition to Epstein-Barr Virus-
Driven Lymphoproliferative Diseases. Front Immunol. 2018;9:1103.

234. Rickinson AB, Long HM, Palendira U, Miinz C, Hislop AD. Cellular immune controls over Epstein-
Barr virus infection: new lessons from the clinic and the laboratory. Trends Immunol. 2014;35(4):159-69.
235. Parvaneh N, Filipovich AH, Borkhardt A. Primary immunodeficiencies predisposed to Epstein-Barr
virus-driven haematological diseases. Br J Haematol. 2013;162(5):573-86.

236. Shabani M, Nichols KE, Rezaei N. Primary immunodeficiencies associated with EBV-Induced
lymphoproliferative disorders. Crit Rev Oncol Hematol. 2016;108:109-27.

237. Prockop SE, Vatsayan A. Epstein-Barr virus lymphoproliferative disease after solid organ
transplantation. Cytotherapy. 2017;19(11):1270-83.

238. Shah KM, Young LS. Epstein-Barr virus and carcinogenesis: beyond Burkitt's lymphoma. Clin
Microbiol Infect. 2009;15(11):982-8.

239. Takada K. Epstein-Barr virus and gastric carcinoma. Mol Pathol. 2000;53(5):255-61.

240. Cohen JI. Optimal treatment for chronic active Epstein-Barr virus disease. Pediatr Transplant.
2009;13(4):393-6.

241. Chellapandian D, Das R, Zelley K, Wiener SJ, Zhao H, Teachey DT, et al. Treatment of Epstein Barr
virus-induced haemophagocytic lymphohistiocytosis with rituximab-containing chemo-immunotherapeutic
regimens. Br J Haematol. 2013;162(3):376-82.

242. Kelesidis T, Humphries R, Terashita D, Eshaghian S, Territo MC, Said J, et al. Epstein-Barr virus-
associated hemophagocytic lymphohistiocytosis in Los Angeles County. J Med Virol. 2012;84(5):777-85.
243. Rouphael NG, Talati NJ, Vaughan C, Cunningham K, Moreira R, Gould C. Infections associated with
haemophagocytic syndrome. Lancet Infect Dis. 2007;7(12):814-22.

244. Morimoto A, Nakazawa Y, Ishii E. Hemophagocytic lymphohistiocytosis: Pathogenesis, diagnosis, and
management. Pediatr Int. 2016;58(9):817-25.

117



245. Bjornevik K, Cortese M, Healy BC, Kuhle J, Mina MJ, Leng Y, et al. Longitudinal analysis reveals
high prevalence of Epstein-Barr virus associated with multiple sclerosis. Science. 2022.

246. Handel AE, Williamson AJ, Disanto G, Handunnetthi L, Giovannoni G, Ramagopalan SV. An updated
meta-analysis of risk of multiple sclerosis following infectious mononucleosis. PloS one. 2010;5(9).

247. Lindberg C, Andersen O, Vahlne A, Dalton M, Runmarker B. Epidemiological investigation of the
association between infectious mononucleosis and multiple sclerosis. Neuroepidemiology. 1991;10(2):62-
5.

248. AlDabbagh MA, Gitman MR, Kumar D, Humar A, Rotstein C, Husain S. The Role of Antiviral
Prophylaxis for the Prevention of Epstein-Barr Virus-Associated Posttransplant Lymphoproliferative
Disease in Solid Organ Transplant Recipients: A Systematic Review. Am J Transplant. 2017;17(3):770-81.
249. Humar A, Hébert D, Davies HD, Humar A, Stephens D, O'Doherty B, et al. A randomized trial of
ganciclovir versus ganciclovir plus immune globulin for prophylaxis against Epstein-Barr virus related
posttransplant lymphoproliferative disorder. Transplantation. 2006;81(6):856-61.

250. Pagano JS, Whitehurst CB, Andrei G. Antiviral Drugs for EBV. Cancers (Basel). 2018;10(6).

251. Allen UD, Preiksaitis JK. Post-transplant lymphoproliferative disorders, Epstein-Barr virus infection,
and disease in solid organ transplantation: Guidelines from the American Society of Transplantation
Infectious Diseases Community of Practice. Clin Transplant. 2019;33(9):e13652.

252. Maloney DG. Anti-CD20 antibody therapy for B-cell lymphomas. The New England journal of
medicine. 2012;366(21):2008-16.

253. Hénel M, Fiedler F, Thorns C. Anti-CD20 monoclonal antibody (Rituximab) and Cidofovir as
successful treatment of an EBV-associated lymphoma with CNS involvement. Onkologie. 2001;24(5):491-
4.

254. Luo XY, Mo XD, Xu LP, Zhang XH, Wang Y, Liu KY, et al. A retrospective analysis on anti-CD20
antibody-treated Epstein-Barr virus-related posttransplantation lymphoproliferative disorder following
ATG-based haploidentical T-replete hematopoietic stem cell transplantation. Ann Hematol.
2020;99(11):2649-57.

255. Serinet MO, Jacquemin E, Habes D, Debray D, Fabre M, Bernard O. Anti-CD20 monoclonal antibody
(Rituximab) treatment for Epstein-Barr virus-associated, B-cell lymphoproliferative disease in pediatric
liver transplant recipients. J Pediatr Gastroenterol Nutr. 2002;34(4):389-93.

256. Llaurador G, McLaughlin L, Wistinghausen B. Management of post-transplant lymphoproliferative
disorders. Curr Opin Pediatr. 2017;29(1):34-40.

257. Carbone A, Gloghini A, Dotti G. EBV-associated lymphoproliferative disorders: classification and
treatment. Oncologist. 2008;13(5):577-85.

258. Cui X, Snapper CM. Epstein Barr Virus: Development of Vaccines and Immune Cell Therapy for EBV-
Associated Diseases. Front Immunol. 2021;12:734471.

259. Cohen JI. Vaccine Development for Epstein-Barr Virus. Adv Exp Med Biol. 2018;1045:477-93.

260. van Zyl DG, Mautner J, Delecluse HJ. Progress in EBV Vaccines. Front Oncol. 2019;9:104.

261. Moutschen M, Léonard P, Sokal EM, Smets F, Haumont M, Mazzu P, et al. Phase I/II studies to
evaluate safety and immunogenicity of a recombinant gp350 Epstein-Barr virus vaccine in healthy adults.
Vaccine. 2007;25(24):4697-705.

262. Sokal EM, Hoppenbrouwers K, Vandermeulen C, Moutschen M, Léonard P, Moreels A, et al.
Recombinant gp350 vaccine for infectious mononucleosis: a phase 2, randomized, double-blind, placebo-
controlled trial to evaluate the safety, immunogenicity, and efficacy of an Epstein-Barr virus vaccine in
healthy young adults. J Infect Dis. 2007;196(12):1749-53.

118



263. Evans AS, Niederman JC, Cenabre LC, West B, Richards VA. A prospective evaluation of heterophile
and Epstein-Barr virus-specific IgM antibody tests in clinical and subclinical infectious mononucleosis:
Specificity and sensitivity of the tests and persistence of antibody. J Infect Dis. 1975;132(5):546-54.

264. Marshall-Andon T, Heinz P. How to use ... the Monospot and other heterophile antibody tests. Arch
Dis Child Educ Pract Ed. 2017;102(4):188-93.

265. Meijer E, Cornelissen JJ. Epstein-Barr virus-associated lymphoproliferative disease after allogeneic
haematopoietic stem cell transplantation: molecular monitoring and early treatment of high-risk patients.
Curr Opin Hematol. 2008;15(6):576-85.

266. Girtner BC, Kortmann K, Schéfer M, Mueller-Lantzsch N, Sester U, Kaul H, et al. No correlation in
Epstein-Barr virus reactivation between serological parameters and viral load. J Clin Microbiol.
2000;38(6):2458.

267. Holman CJ, Karger AB, Mullan BD, Brundage RC, Balfour HH, Jr. Quantitative Epstein-Barr virus
shedding and its correlation with the risk of post-transplant lymphoproliferative disorder. Clin Transplant.
2012;26(5):741-7.

268. Girtner BC, Hess RD, Bandt D, Kruse A, Rethwilm A, Roemer K, et al. Evaluation of four
commercially available Epstein-Barr virus enzyme immunoassays with an immunofluorescence assay as the
reference method. Clin Diagn Lab Immunol. 2003;10(1):78-82.

269. De Paschale M, Clerici P. Serological diagnosis of Epstein-Barr virus infection: Problems and
solutions. World J Virol. 2012;1(1):31-43.

270. AbuSalah MAH, Gan SH, Al-Hatamleh MALI, Irekeola AA, Shueb RH, Yean Yean C. Recent Advances
in Diagnostic Approaches for Epstein-Barr Virus. Pathogens. 2020;9(3).

271. Corrales I, Giménez E, Navarro D. Evaluation of the Architect Epstein-Barr Virus (EBV) viral capsid
antigen (VCA) IgG, VCA IgM, and EBV nuclear antigen 1 IgG chemiluminescent immunoassays for
detection of EBV antibodies and categorization of EBV infection status using immunofluorescence assays
as the reference method. Clin Vaccine Immunol. 2014;21(5):684-8.

272. Niller HH, Bauer G. Epstein-Barr Virus: Clinical Diagnostics. Methods Mol Biol. 2017;1532:33-55.
273. Odumade OA, Hogquist KA, Balfour HH, Jr. Progress and problems in understanding and managing
primary Epstein-Barr virus infections. Clin Microbiol Rev. 2011;24(1):193-209.

274. Grimm JM, Schmeling DO, Dunmire SK, Knight JA, Mullan BD, Ed JA, et al. Prospective studies of
infectious mononucleosis in university students. Clin Transl Immunology. 2016;5(8):e94.

275. Henle W, Henle G, Andersson J, Ernberg I, Klein G, Horwitz CA, et al. Antibody responses to Epstein-
Barr virus-determined nuclear antigen (EBNA)-1 and EBNA-2 in acute and chronic Epstein-Barr virus
infection. Proc Natl Acad Sci U S A. 1987;84(2):570-4.

276. de Ory F, Guisasola ME, Sanz JC, Garcia-Bermejo 1. Evaluation of four commercial systems for the
diagnosis of Epstein-Barr virus primary infections. Clin Vaccine Immunol. 2011;18(3):444-8.

277. de Swart RL, Duprex WP, Osterhaus AD. Rinderpest eradication: lessons for measles eradication? Curr
Opin Virol. 2012;2(3):330-4.

278. Njeumi F, Taylor W, Diallo A, Miyagishima K, Pastoret PP, Vallat B, et al. The long journey: a brief
review of the eradication of rinderpest. Rev Sci Tech. 2012;31(3):729-46.

279. Nambulli S, Sharp CR, Acciardo AS, Drexler JF, Duprex WP. Mapping the evolutionary trajectories
of morbilliviruses: what, where and whither. Curr Opin Virol. 2016;16:95-105.

280. Bankamp B, Liu C, Rivailler P, Bera J, Shrivastava S, Kirkness EF, et al. Wild-type measles viruses
with non-standard genome lengths. PloS one. 2014;9(4):¢95470.

119



281. Gil H, Fernandez-Garcia A, Mosquera MM, Hiibschen JM, Castellanos AM, de Ory F, et al. Measles
virus genotype D4 strains with non-standard length M-F non-coding region circulated during the major
outbreaks of 2011-2012 in Spain. PloS one. 2018;13(7):¢0199975.

282. Nakayama T, Mori T, Yamaguchi S, Sonoda S, Asamura S, Yamashita R, et al. Detection of measles
virus genome directly from clinical samples by reverse transcriptase-polymerase chain reaction and genetic
variability. Virus Res. 1995;35(1):1-16.

283. Measles virus nomenclature update: 2012. Wkly Epidemiol Rec. 2012;87(9):73-81.

284. Bloch AB, Orenstein WA, Ewing WM, Spain WH, Mallison GF, Herrmann KL, et al. Measles outbreak
in a pediatric practice: airborne transmission in an office setting. Pediatrics. 1985;75(4):676-83.

285. Remington PL, Hall WN, Davis IH, Herald A, Gunn RA. Airborne transmission of measles in a
physician's office. Jama. 1985;253(11):1574-7.

286. Moss WJ. Measles. Lancet. 2017;390(10111):2490-502.

287. Hiibschen JM, Gouandjika-Vasilache I, Dina J. Measles. Lancet. 2022;399(10325):678-90.

288. MacArthur JA, Mann PG, Oreffo V, Scott GB. Measles in monkeys: an epidemiological study. ] Hyg
(Lond). 1979;83(2):207-12.

289. Fitzgerald TL, Durrheim DN, Merritt TD, Birch C, Tran T. Measles with a possible 23 day incubation
period. Commun Dis Intell Q Rep. 2012;36(3):E277-80.

290. Rathore SK, Dwibedi B, Kar SK, Dixit S, Sabat J, Panda M. Viral aetiology and clinico-epidemiological
features of acute encephalitis syndrome in eastern India. Epidemiol Infect. 2014;142(12):2514-21.

291. Griffin DE. Measles virus and the nervous system. Handb Clin Neurol. 2014;123:577-90.

292. Hardie DR, Albertyn C, Heckmann JM, Smuts HE. Molecular characterisation of virus in the brains of
patients with measles inclusion body encephalitis (MIBE). Virol J. 2013;10:283.

293. Garg RK, Mahadevan A, Malhotra HS, Rizvi I, Kumar N, Uniyal R. Subacute sclerosing
panencephalitis. Rev Med Virol. 2019;29(5):¢2058.

294. Lam T, Ranjan R, Newark K, Surana S, Bhangu N, Lazenbury A, et al. A recent surge of fulminant and
early onset subacute sclerosing panencephalitis (SSPE) in the United Kingdom: An emergence in a time of
measles. Eur J Paediatr Neurol. 2021;34:43-9.

295. Ferren M, Horvat B, Mathieu C. Measles Encephalitis: Towards New Therapeutics. Viruses.
2019;11(11).

296. Kiihne Simmonds M, Brown DW, Jin L. Measles viral load may reflect SSPE disease progression.
Virol J. 2006;3:49.

297. Davidkin I, Jokinen S, Broman M, Leinikki P, Peltola H. Persistence of measles, mumps, and rubella
antibodies in an MMR-vaccinated cohort: a 20-year follow-up. J Infect Dis. 2008;197(7):950-6.

298. Choe YJ, Hu JK, Song KM, Cho H, Yoon HS, Kim ST, et al. Evaluation of an expanded case definition
for vaccine-modified measles in a school outbreak in South Korea in 2010. Jpn J Infect Dis. 2012;65(5):371-
5.

299. Kohnen M, Hoffmann P, Frisch C, Charpentier E, Sausy A, Hiibschen JM. Diagnostic challenges and
pockets of susceptibility identified during a measles outbreak, Luxembourg, 2019. Euro Surveill.
2021;26(22).

300. Sundell N, Dotevall L, Sansone M, Andersson M, Lindh M, Wahlberg T, et al. Measles outbreak in
Gothenburg urban area, Sweden, 2017 to 2018: low viral load in breakthrough infections. Euro Surveill.
2019;24(17).

301. World Health O. Measles vaccines: WHO position paper, April 2017 - Recommendations. Vaccine.
2019;37(2):219-22.

120



302. Kimura H, Shirabe K, Takeda M, Kobayashi M, Tsukagoshi H, Okayama K, et al. The Association
Between Documentation of Koplik Spots and Laboratory Diagnosis of Measles and Other Rash Diseases in
a National Measles Surveillance Program in Japan. Front Microbiol. 2019;10:269.

303. Riddell MA, Moss WJ, Hauer D, Monze M, Griffin DE. Slow clearance of measles virus RNA after
acute infection. Journal of clinical virology : the official publication of the Pan American Society for Clinical
Virology. 2007;39(4):312-7.

304. McMahon J, Mackay IM, Lambert SB. Measles Vaccine Virus RNA in Children More Than 100 Days
after Vaccination. Viruses. 2019;11(7).

305. Sowers SB, Rota JS, Hickman CJ, Mercader S, Redd S, McNall RJ, et al. High Concentrations of
Measles Neutralizing Antibodies and High-Avidity Measles IgG Accurately Identify Measles Reinfection
Cases. Clin Vaccine Immunol. 2016;23(8):707-16.

306. Latner DR, Sowers SB, Anthony K, Colley H, Badeau C, Coates J, et al. Qualitative Variation among
Commercial Immunoassays for Detection of Measles-Specific IgG. J Clin Microbiol. 2020;58(6).

307. Hummel KB, Erdman DD, Heath J, Bellini WJ. Baculovirus expression of the nucleoprotein gene of
measles virus and utility of the recombinant protein in diagnostic enzyme immunoassays. J Clin Microbiol.
1992;30(11):2874-80.

308. Warnes A, Fooks AR, Stephenson JR. Production of measles nucleoprotein in different expression
systems and its use as a diagnostic reagent. Journal of virological methods. 1994;49(3):257-68.

309. Tumani H, Huss A, Bachhuber F. The cerebrospinal fluid and barriers - anatomic and physiologic
considerations. Handb Clin Neurol. 2017;146:21-32.

310. Engelhardt B, Sorokin L. The blood-brain and the blood-cerebrospinal fluid barriers: function and
dysfunction. Semin Immunopathol. 2009;31(4):497-511.

311. Reiber H. Dynamics of brain-derived proteins in cerebrospinal fluid. Clin Chim Acta. 2001;310(2):173-
86.

312. Reiber H. Proteins in cerebrospinal fluid and blood: barriers, CSF flow rate and source-related
dynamics. Restor Neurol Neurosci. 2003;21(3-4):79-96.

313. Felgenhauer K. Protein size and cerebrospinal fluid composition. Klin Wochenschr. 1974;52(24):1158-
64.

314. Reiber H. Knowledge-base for interpretation of cerebrospinal fluid data patterns. Essentials in
neurology and psychiatry. Arq Neuropsiquiatr. 2016;74(6):501-12.

315. Reiber H. Flow rate of cerebrospinal fluid (CSF)--a concept common to normal blood-CSF barrier
function and to dysfunction in neurological diseases. J Neurol Sci. 1994;122(2):189-203.

316. Brettschneider J, Claus A, Kassubek J, Tumani H. Isolated blood-cerebrospinal fluid barrier
dysfunction: prevalence and associated diseases. Journal of neurology. 2005;252(9):1067-73.

317. Schwerk C, Tenenbaum T, Kim KS, Schroten H. The choroid plexus-a multi-role player during
infectious diseases of the CNS. Front Cell Neurosci. 2015;9:80.

318. Seyfert S, Faulstich A. Is the blood-CSF barrier altered in disease? Acta Neurol Scand.
2003;108(4):252-6.

319. Kim KS. Mechanisms of microbial traversal of the blood-brain barrier. Nat Rev Microbiol.
2008;6(8):625-34.

320. Andersson M, Alvarez-Cermefio J, Bernardi G, Cogato I, Fredman P, Frederiksen J, et al. Cerebrospinal
fluid in the diagnosis of multiple sclerosis: a consensus report. Journal of neurology, neurosurgery, and
psychiatry. 1994;57(8):897-902.

121



321. Blennow K, Fredman P, Wallin A, Gottfries CG, Frey H, Pirttild T, et al. Formulas for the quantitation
of intrathecal IgG production. Their validity in the presence of blood-brain barrier damage and their utility
in multiple sclerosis. J Neurol Sci. 1994;121(1):90-6.

322. Mathiesen T, Fridell E, Fredrikson S, Linde A, Sundqvist VA, Edler D, et al. Combination ELISAs for
antiviral antibodies in CSF and serum in patients with neurological symptoms and in healthy controls.
Journal of virological methods. 1988;19(2):169-79.

323. Grahn A, Studahl M, Nilsson S, Thomsson E, Béckstrom M, Bergstrom T. Varicella-zoster virus (VZV)
glycoprotein E is a serological antigen for detection of intrathecal antibodies to VZV in central nervous
system infections, without cross-reaction to herpes simplex virus 1. Clin Vaccine Immunol.
2011;18(8):1336-42.

324. Link H, Tibbling G. Principles of albumin and IgG analyses in neurological disorders. III. Evaluation
of IgG synthesis within the central nervous system in multiple sclerosis. Scand J Clin Lab Invest.
1977;37(5):397-401.

325. Reiber H, Felgenhauer K. Protein transfer at the blood cerebrospinal fluid barrier and the quantitation
of the humoral immune response within the central nervous system. Clin Chim Acta. 1987;163(3):319-28.
326. Tourtellotte WW, Potvin AR, Fleming JO, Murthy KN, Levy J, Syndulko K, et al. Multiple sclerosis:
measurement and validation of central nervous system IgG synthesis rate. Neurology. 1980;30(3):240-4.
327. Regeniter A, Kuhle J, Mehling M, Moller H, Wurster U, Freidank H, et al. A modern approach to CSF
analysis: pathophysiology, clinical application, proof of concept and laboratory reporting. Clin Neurol
Neurosurg. 2009;111(4):313-8.

328. Gan SD, Patel KR. Enzyme immunoassay and enzyme-linked immunosorbent assay. J Invest Dermatol.
2013;133(9):el2.

329. Butler JE. Enzyme-linked immunosorbent assay. J Immunoassay. 2000;21(2-3):165-209.

330. Hornbeck PV. Enzyme-Linked Immunosorbent Assays. Curr Protoc Immunol. 2015;110:2.1.-2.1.23.
331. Catt K, Tregear GW. Solid-phase radioimmunoassay in antibody-coated tubes. Science.
1967;158(3808):1570-2.

332. Catt K, Niall HD, Tregear GW. Solid phase radioimmunoassay. Nature. 1967;213(5078):825-7.

333. Engvall E, Perlmann P. Enzyme-linked immunosorbent assay (ELISA). Quantitative assay of
immunoglobulin G. Immunochemistry. 1971;8(9):871-4.

334. Lequin RM. Enzyme immunoassay (EIA)/enzyme-linked immunosorbent assay (ELISA). Clin Chem.
2005;51(12):2415-8.

335. Grange RD, Thompson JP, Lambert DG. Radioimmunoassay, enzyme and non-enzyme-based
immunoassays. Br J Anaesth. 2014;112(2):213-6.

336. van Weemen BK. The rise of EIA/ELISA. Clin Chem. 2005;51(12):2226.

337. Annesley TM. It's about the journey, Not the destination: The birth of radioimmunoassay. 1960. Clin
Chem. 2010;56(4):671-2.

338. Cinquanta L, Fontana DE, Bizzaro N. Chemiluminescent immunoassay technology: what does it
change in autoantibody detection? Auto Immun Highlights. 2017;8(1):9.

339. de Ory F, Minguito T, Balfagon P, Sanz JC. Comparison of chemiluminescent immunoassay and
ELISA for measles IgG and IgM. Apmis. 2015;123(8):648-51.

340. Sommese L, Sabia C, Paolillo R, Parente D, Capuano M, Iannone C, et al. Screening tests for hepatitis
B virus, hepatitis C virus, and human immunodeficiency virus in blood donors: evaluation of two
chemiluminescent immunoassay systems. Scand J Infect Dis. 2014;46(9):660-4.

341. Grandjean Lapierre S, Valli¢res E, Rabaamad L, Labrecque M, Chartrand C, Renaud C. Evaluation of
the abbot Architect(™) epstein-barr virus viral capsid antigen IgM, viral capsid antigen IgG and nuclear

122



antigen IgG assays in a pediatric and adult population. Journal of clinical virology : the official publication
of the Pan American Society for Clinical Virology. 2016;81:1-5.

342. Hierholzer JC, Suggs MT. Standardized viral hemagglutination and hemagglutination-inhibition tests.
1. Standardization of erythrocyte suspensions. Appl Microbiol. 1969;18(5):816-23.

343. Hierholzer JC, Suggs MT, Hall EC. Standardized viral hemagglutination and hemagglutination-
inhibition tests. II. Description and statistical evaluation. Appl Microbiol. 1969;18(5):824-33.

344. Lima MRQ, Nunes PCG, Dos Santos FB. Serological Diagnosis of Dengue. Methods Mol Biol.
2022;2409:173-96.

345. Meegan JM, Evans BK, Horstmann DM. Comparison of the latex agglutination test with the
hemagglutination inhibition test, enzyme-linked immunosorbent assay, and neutralization test for detection
of antibodies to rubella virus. J Clin Microbiol. 1982;16(4):644-9.

346. Gauger PC, Vincent AL. Serum Virus Neutralization Assay for Detection and Quantitation of Serum
Neutralizing Antibodies to Influenza A Virus in Swine. Methods Mol Biol. 2020;2123:321-33.

347. Roth WK, Weber M, Seifried E. Feasibility and efficacy of routine PCR screening of blood donations
for hepatitis C virus, hepatitis B virus, and HIV-1 in a blood-bank setting. Lancet. 1999;353(9150):359-63.
348. Stramer SL, Glynn SA, Kleinman SH, Strong DM, Caglioti S, Wright DJ, et al. Detection of HIV-1
and HCV infections among antibody-negative blood donors by nucleic acid-amplification testing. The New
England journal of medicine. 2004;351(8):760-8.

349. Jarvis LM, Dow BC, Cleland A, Davidson F, Lycett C, Morris K, et al. Detection of HCV and HIV-1
antibody negative infections in Scottish and Northern Ireland blood donations by nucleic acid amplification
testing. Vox Sang. 2005;89(3):128-34.

350. Coste J, Reesink HW, Engelfriet CP, Laperche S, Brown S, Busch MP, et al. Implementation of donor
screening for infectious agents transmitted by blood by nucleic acid technology: update to 2003. Vox Sang.
2005;88(4):289-303.

351. Polywka S, Duttmann H, Liibben F, Laufs R, Feldner J. A new combined HIV p24 antigen and anti-
HIV-1/2/0 screening assay. Methods Mol Biol. 2005;304:229-43.

352. Polywka S, Feldner J, Duttmann H, Laufs R. Diagnostic evaluation of a new combined HIV p24 antigen
and anti-HIV1/2/0O screening assay. Clin Lab. 2001;47(7-8):351-6.

353. Prendecki M, Clarke C, Edwards H, Mclntyre S, Mortimer P, Gleeson S, et al. Humoral and T-cell
responses to SARS-CoV-2 vaccination in patients receiving immunosuppression. Ann Rheum Dis.
2021;80(10):1322-9.

354. Bernardin F, Stramer SL, Rehermann B, Page-Shafer K, Cooper S, Bangsberg DR, et al. High levels
of subgenomic HCV plasma RNA in immunosilent infections. Virology. 2007;365(2):446-56.

355. Bu W, Hayes GM, Liu H, Gemmell L, Schmeling DO, Radecki P, et al. Kinetics of Epstein-Barr Virus
(EBV) Neutralizing and Virus-Specific Antibodies after Primary Infection with EBV. Clin Vaccine
Immunol. 2016;23(4):363-9.

356. Weiss ER, Alter G, Ogembo JG, Henderson JL, Tabak B, Bakis Y, et al. High Epstein-Barr Virus Load
and Genomic Diversity Are Associated with Generation of gp350-Specific Neutralizing Antibodies
following Acute Infectious Mononucleosis. J Virol. 2017;91(1).

357. Widell A, Busch M. Exposed or not exposed--that is the question: evidence for resolving and abortive
hepatitis C virus infections in blood donors. Transfusion. 2009;49(7):1277-81.

358. Kleinman S, Wang B, Wu Y, Glynn SA, Williams A, Nass C, et al. The donor notification process from
the donor's perspective. Transfusion. 2004;44(5):658-66.

123



359. Endale A, Medhin G, Darfiro K, Kebede N, Legesse M. Magnitude of Antibody Cross-Reactivity in
Medically Important Mosquito-Borne Flaviviruses: A Systematic Review. Infect Drug Resist.
2021;14:4291-9.

360. Piantadosi A, Kanjilal S. Diagnostic Approach for Arboviral Infections in the United States. J Clin
Microbiol. 2020;58(12).

361. Felix AC, Souza NCS, Figueiredo WM, Costa AA, Inenami M, da Silva RMG, et al. Cross reactivity
of commercial anti-dengue immunoassays in patients with acute Zika virus infection. J Med Virol.
2017;89(8):1477-9.

362. Waritani T, Chang J, McKinney B, Terato K. An ELISA protocol to improve the accuracy and
reliability of serological antibody assays. MethodsX. 2017;4:153-65.

363. Duermeyer W, Wielaard F, van der Veen J. A new principle for the detection of specific IgM antibodies
applied in an ELISA for hepatitis A. J Med Virol. 1979;4(1):25-32.

364. Briantais MJ, Grangeot-Keros L, Pillot J. Specificity and sensitivity of the IgM capture immunoassay:
studies of possible factors inducing false positive or false negative results. Journal of virological methods.
1984;9(1):15-26.

365. Hiebert J, Zubach V, Charlton CL, Fenton J, Tipples GA, Fonseca K, et al. Evaluation of Diagnostic
Accuracy of Eight Commercial Assays for the Detection of Measles Virus-Specific IgM Antibodies. J Clin
Microbiol. 2021;59(6).

366. Xiao Y, Isaacs SN. Enzyme-linked immunosorbent assay (ELISA) and blocking with bovine serum
albumin (BSA)--not all BSAs are alike. J] Immunol Methods. 2012;384(1-2):148-51.

367. Guerrero-Ramos A, Patel M, Kadakia K, Haque T. Performance of the architect EBV antibody panel
for determination of Epstein-Barr virus infection stage in immunocompetent adolescents and young adults
with clinical suspicion of infectious mononucleosis. Clin Vaccine Immunol. 2014;21(6):817-23.

368. Hyams C, Mabayoje DA, Copping R, Maranao D, Patel M, Labbett W, et al. Serological cross reactivity
to CMV and EBV causes problems in the diagnosis of acute hepatitis E virus infection. J] Med Virol.
2014;86(3):478-83.

369. Mboumba Bouassa RS, Péré H, Tonen-Wolyec S, Longo JD, Moussa S, Mbopi-Keou FX, et al.
Unexpected high frequency of unspecific reactivities by testing pre-epidemic blood specimens from Europe
and Africa with SARS-CoV-2 IgG-IgM antibody rapid tests points to IgM as the Achilles heel. J Med Virol.
2021;93(4):2196-203.

370. Al Tabaa Y, Tuaillon E, Jeziorski E, Ouedraogo DE, Bolloré¢ K, Rubbo PA, et al. B-cell polyclonal
activation and Epstein-Barr viral abortive lytic cycle are two key features in acute infectious mononucleosis.
Journal of clinical virology : the official publication of the Pan American Society for Clinical Virology.
2011;52(1):33-7.

371. Lotri¢-Furlan S, Bogovi¢ P, Avéié-Zupanc T, Jelovsek M, Lusa L, Strle F. Tick-borne encephalitis in
patients vaccinated against this disease. J Intern Med. 2017;282(2):142-55.

372. Brown SE, Howard CR, Steward MW, Ajdukiewicz AB, Whittle HC. Hepatitis B surface antigen
containing immune complexes occur in seronegative hepatocellular carcinoma patients. Clin Exp Immunol.
1984;55(2):355-9.

373. Belbasis L, Bellou V, Evangelou E, Ioannidis JP, Tzoulaki I. Environmental risk factors and multiple
sclerosis: an umbrella review of systematic reviews and meta-analyses. The Lancet Neurology.
2015;14(3):263-73.

374. Ascherio A, Munger KL, Liinemann JD. The initiation and prevention of multiple sclerosis. Nature
reviews Neurology. 2012;8(11):602-12.

124



375. Katz Sand 1. Classification, diagnosis, and differential diagnosis of multiple sclerosis. Curr Opin
Neurol. 2015;28(3):193-205.

376. Giovannoni G, Popescu V, Wuerfel J, Hellwig K, Iacobeus E, Jensen MB, et al. Smouldering multiple
sclerosis: the 'real MS'. Ther Adv Neurol Disord. 2022;15:17562864211066751.

377. Lassmann H. Pathogenic Mechanisms Associated With Different Clinical Courses of Multiple
Sclerosis. Front Immunol. 2018;9:3116.

378. Luchetti S, Fransen NL, van Eden CG, Ramaglia V, Mason M, Huitinga I. Progressive multiple
sclerosis patients show substantial lesion activity that correlates with clinical disease severity and sex: a
retrospective autopsy cohort analysis. Acta Neuropathol. 2018;135(4):511-28.

379. Kappos L, Wolinsky JS, Giovannoni G, Arnold DL, Wang Q, Bernasconi C, et al. Contribution of
Relapse-Independent Progression vs Relapse-Associated Worsening to Overall Confirmed Disability
Accumulation in Typical Relapsing Multiple Sclerosis in a Pooled Analysis of 2 Randomized Clinical Trials.
JAMA Neurol. 2020;77(9):1132-40.

380. Walton C, King R, Rechtman L, Kaye W, Leray E, Marrie RA, et al. Rising prevalence of multiple
sclerosis worldwide: Insights from the Atlas of MS, third edition. Multiple sclerosis (Houndmills,
Basingstoke, England). 2020;26(14):1816-21.

381. Kobelt G, Thompson A, Berg J, Gannedahl M, Eriksson J. New insights into the burden and costs of
multiple sclerosis in Europe. Multiple sclerosis (Houndmills, Basingstoke, England). 2017;23(8):1123-36.
382. Ahlgren C, Odén A, Lycke J. High nationwide prevalence of multiple sclerosis in Sweden. Multiple
sclerosis (Houndmills, Basingstoke, England). 2011;17(8):901-8.

383. Ahlgren C, Odén A, Lycke J. High nationwide incidence of multiple sclerosis in Sweden. PloS one.
2014;9(9):¢108599.

384. Koch-Henriksen N, Serensen PS. The changing demographic pattern of multiple sclerosis
epidemiology. The Lancet Neurology. 2010;9(5):520-32.

385. Koch-Henriksen N, Sorensen PS. Why does the north-south gradient of incidence of multiple sclerosis
seem to have disappeared on the northern hemisphere? J Neurol Sci. 2011;311(1-2):58-63.

386. Browne P, Chandraratna D, Angood C, Tremlett H, Baker C, Taylor BV, et al. Atlas of Multiple
Sclerosis 2013: A growing global problem with widespread inequity. Neurology. 2014;83(11):1022-4.
387. Thompson AJ, Banwell BL, Barkhof F, Carroll WM, Coetzee T, Comi G, et al. Diagnosis of multiple
sclerosis: 2017 revisions of the McDonald criteria. The Lancet Neurology. 2018;17(2):162-73.

388. Granqvist M, Boremalm M, Poorghobad A, Svenningsson A, Salzer J, Frisell T, et al. Comparative
Effectiveness of Rituximab and Other Initial Treatment Choices for Multiple Sclerosis. JAMA Neurol.
2018;75(3):320-7.

389. Salzer J, Svenningsson R, Alping P, Novakova L, Bjorck A, Fink K, et al. Rituximab in multiple
sclerosis: A retrospective observational study on safety and efficacy. Neurology. 2016;87(20):2074-81.
390. Chisari CG, Sgarlata E, Arena S, Toscano S, Luca M, Patti F. Rituximab for the treatment of multiple
sclerosis: a review. Journal of neurology. 2022;269(1):159-83.

391. Correale J, Gaitan MI, Ysrraelit MC, Fiol MP. Progressive multiple sclerosis: from pathogenic
mechanisms to treatment. Brain : a journal of neurology. 2017;140(3):527-46.

392. Rudick RA, Stuart WH, Calabresi PA, Confavreux C, Galetta SL, Radue EW, et al. Natalizumab plus
interferon beta-1a for relapsing multiple sclerosis. The New England journal of medicine. 2006;354(9):911-
23.

393. Clerico M, Artusi CA, Di Liberto A, Rolla S, Bardina V, Barbero P, et al. Long-term safety evaluation
of natalizumab for the treatment of multiple sclerosis. Expert Opin Drug Saf. 2017;16(8):963-72.

125



394. Elices MJ, Osborn L, Takada Y, Crouse C, Luhowskyj S, Hemler ME, et al. VCAM-1 on activated
endothelium interacts with the leukocyte integrin VLA-4 at a site distinct from the VLA-4/fibronectin
binding site. Cell. 1990;60(4):577-84.

395. Lobb RR, Hemler ME. The pathophysiologic role of alpha 4 integrins in vivo. J Clin Invest.
1994;94(5):1722-8.

396. Yednock TA, Cannon C, Fritz LC, Sanchez-Madrid F, Steinman L, Karin N. Prevention of
experimental autoimmune encephalomyelitis by antibodies against alpha 4 beta 1 integrin. Nature.
1992;356(6364):63-6.

397. Damle NK, Aruffo A. Vascular cell adhesion molecule 1 induces T-cell antigen receptor-dependent
activation of CD4+T lymphocytes. Proc Natl Acad Sci U S A. 1991;88(15):6403-7.

398. Burkly LC, Jakubowski A, Newman BM, Rosa MD, Chi-Rosso G, Lobb RR. Signaling by vascular
cell adhesion molecule-1 (VCAM-1) through VLA-4 promotes CD3-dependent T cell proliferation. Eur J
Immunol. 1991;21(11):2871-5.

399. Tubridy N, Behan PO, Capildeo R, Chaudhuri A, Forbes R, Hawkins CP, et al. The effect of anti-
alpha4 integrin antibody on brain lesion activity in MS. The UK Antegren Study Group. Neurology.
1999;53(3):466-72.

400. Bloomgren G, Richman S, Hotermans C, Subramanyam M, Goelz S, Natarajan A, et al. Risk of
natalizumab-associated progressive multifocal leukoencephalopathy. The New England journal of medicine.
2012;366(20):1870-80.

401. Nixon M, Menger RP, Kalakoti P, Thakur JD, Dossani RH, Sharma K, et al. Natalizumab-Associated
Primary Central Nervous System Lymphoma. World Neurosurg. 2018;109:152-9.

402. Fine AJ, Sorbello A, Kortepeter C, Scarazzini L. Central nervous system herpes simplex and varicella
zoster virus infections in natalizumab-treated patients. Clin Infect Dis. 2013;57(6):849-52.

403. van Kempen ZLE, van Rossum JA, Hoogervorst E, Strijbis E, Toorop A, Bosscha MI, et al. Varicella
zoster-associated acute retinal necrosis and central nervous system complications in natalizumab treated MS
patients. Mult Scler Relat Disord. 2021;50:102838.

404. Décard BF, von Ahsen N, Grunwald T, Streit F, Stroet A, Niggemeier P, et al. Low vitamin D and
elevated immunoreactivity against Epstein-Barr virus before first clinical manifestation of multiple sclerosis.
Journal of neurology, neurosurgery, and psychiatry. 2012;83(12):1170-3.

405. Alotaibi S, Kennedy J, Tellier R, Stephens D, Banwell B. Epstein-Barr virus in pediatric multiple
sclerosis. Jama. 2004;291(15):1875-9.

406. Levin LI, Munger KL, O'Reilly EJ, Falk KI, Ascherio A. Primary infection with the Epstein-Barr virus
and risk of multiple sclerosis. Annals of neurology. 2010;67(6):824-30.

407. Munger KL, Levin LI, O'Reilly EJ, Falk KI, Ascherio A. Anti-Epstein-Barr virus antibodies as
serological markers of multiple sclerosis: a prospective study among United States military personnel.
Multiple sclerosis (Houndmills, Basingstoke, England). 2011;17(10):1185-93.

408. Comabella M, Montalban X, Horga A, Messmer B, Kakalacheva K, Strowig T, et al. Antiviral immune
response in patients with multiple sclerosis and healthy siblings. Multiple sclerosis (Houndmills,
Basingstoke, England). 2010;16(3):355-8.

409. Ebers GC, Bulman DE, Sadovnick AD, Paty DW, Warren S, Hader W, et al. A population-based study
of multiple sclerosis in twins. The New England journal of medicine. 1986;315(26):1638-42.

410. Thacker EL, Mirzaei F, Ascherio A. Infectious mononucleosis and risk for multiple sclerosis: a meta-
analysis. Annals of neurology. 2006;59(3):499-503.

126



411. Haahr S, Koch-Henriksen N, Moller-Larsen A, Eriksen LS, Andersen HM. Increased risk of multiple
sclerosis after late Epstein-Barr virus infection: a historical prospective study. Multiple sclerosis
(Houndmills, Basingstoke, England). 1995;1(2):73-7.

412. Nielsen TR, Rostgaard K, Nielsen NM, Koch-Henriksen N, Haahr S, Serensen PS, et al. Multiple
sclerosis after infectious mononucleosis. Archives of neurology. 2007;64(1):72-5.

413. Pakpoor J, Disanto G, Gerber JE, Dobson R, Meier UC, Giovannoni G, et al. The risk of developing
multiple sclerosis in individuals seronegative for Epstein-Barr virus: a meta-analysis. Multiple sclerosis
(Houndmills, Basingstoke, England). 2013;19(2):162-6.

414. Abrahamyan S, Eberspicher B, Hoshi MM, Aly L, Luessi F, Groppa S, et al. Complete Epstein-Barr
virus seropositivity in a large cohort of patients with early multiple sclerosis. Journal of neurology,
neurosurgery, and psychiatry. 2020;91(7):681-6.

415. Deuschle K, Hofmann J, Otto C, Bellmann-Strobl J, Scherner O, Klumbies K, et al. Are there Epstein-
Barr virus seronegative patients with multiple sclerosis? Multiple sclerosis (Houndmills, Basingstoke,
England). 2013;19(9):1242-3.

416. Dobson R, Ramagopalan S, Davis A, Giovannoni G. Cerebrospinal fluid oligoclonal bands in multiple
sclerosis and clinically isolated syndromes: a meta-analysis of prevalence, prognosis and effect of latitude.
Journal of neurology, neurosurgery, and psychiatry. 2013;84(8):909-14.

417. Deisenhammer F, Zetterberg H, Fitzner B, Zettl UK. The Cerebrospinal Fluid in Multiple Sclerosis.
Front Immunol. 2019;10:726.

418. Axelsson M, Mattsson N, Malmestrom C, Zetterberg H, Lycke J. The influence of disease duration,
clinical course, and immunosuppressive therapy on the synthesis of intrathecal oligoclonal IgG bands in
multiple sclerosis. Journal of neuroimmunology. 2013;264(1-2):100-5.

419. West SG, Emlen W, Wener MH, Kotzin BL. Neuropsychiatric lupus erythematosus: a 10-year
prospective study on the value of diagnostic tests. Am J Med. 1995;99(2):153-63.

420. Stangel M, Fredrikson S, Meinl E, Petzold A, Stiive O, Tumani H. The utility of cerebrospinal fluid
analysis in patients with multiple sclerosis. Nature reviews Neurology. 2013;9(5):267-76.

421. Owens GP, Bennett JL, Lassmann H, O'Connor KC, Ritchie AM, Shearer A, et al. Antibodies produced
by clonally expanded plasma cells in multiple sclerosis cerebrospinal fluid. Annals of neurology.
2009;65(6):639-49.

422. Pohl D, Krone B, Rostasy K, Kahler E, Brunner E, Lehnert M, et al. High seroprevalence of Epstein-
Barr virus in children with multiple sclerosis. Neurology. 2006;67(11):2063-5.

423. Almohmeed YH, Avenell A, Aucott L, Vickers MA. Systematic review and meta-analysis of the sero-
epidemiological association between Epstein Barr virus and multiple sclerosis. PloS one. 2013;8(4):e61110.
424. DeLorenze GN, Munger KL, Lennette ET, Orentreich N, Vogelman JH, Ascherio A. Epstein-Barr virus
and multiple sclerosis: evidence of association from a prospective study with long-term follow-up. Archives
of neurology. 2006;63(6):839-44.

425. Linemann JD, Tintoré M, Messmer B, Strowig T, Rovira A, Perkal H, et al. Elevated Epstein-Barr
virus-encoded nuclear antigen-1 immune responses predict conversion to multiple sclerosis. Annals of
neurology. 2010;67(2):159-69.

426. Lindsey JW, Khan U, Ansari W, Powell T, Wang YH, Guirguis MS. The antibody response to Epstein-
Barr virions is altered in multiple sclerosis. Journal of neuroimmunology. 2013;254(1-2):146-53.

427. Ruprecht K. The role of Epstein-Barr virus in the etiology of multiple sclerosis: a current review. Expert
Rev Clin Immunol. 2020;16(12):1143-57.

127



428. Castellazzi M, Tamborino C, Cani A, Negri E, Baldi E, Seraceni S, et al. Epstein-Barr virus-specific
antibody response in cerebrospinal fluid and serum of patients with multiple sclerosis. Multiple sclerosis
(Houndmills, Basingstoke, England). 2010;16(7):883-7.

429. Brettschneider J, Tumani H, Kiechle U, Muche R, Richards G, Lehmensiek V, et al. IgG antibodies
against measles, rubella, and varicella zoster virus predict conversion to multiple sclerosis in clinically
isolated syndrome. PloS one. 2009;4(11):e7638.

430. Jarius S, Eichhorn P, Franciotta D, Petereit HF, Akman-Demir G, Wick M, et al. The MRZ reaction as
a highly specific marker of multiple sclerosis: re-evaluation and structured review of the literature. Journal
of neurology. 2017;264(3):453-66.

431. Reiber H, Ungefehr S, Jacobi C. The intrathecal, polyspecific and oligoclonal immune response in
multiple sclerosis. Multiple sclerosis (Houndmills, Basingstoke, England). 1998;4(3):111-7.

432. Adams JM, Imagawa DT. Measles antibodies in multiple sclerosis. Proceedings of the Society for
Experimental Biology and Medicine Society for Experimental Biology and Medicine (New York, NY).
1962;111:562-6.

433. Ahlgren C, Odén A, Bergstrom T, Lycke J. Serum and CSF measles antibody levels increase over time
in patients with multiple sclerosis or clinically isolated syndrome. Journal of neuroimmunology.
2012;247(1-2):70-4.

434. Persson L, Longhi S, Enarsson J, Andersen O, Haghigi S, Nilsson S, et al. Elevated antibody reactivity
to measles virus NCORE protein among patients with multiple sclerosis and their healthy siblings with
intrathecal oligoclonal immunoglobulin G production. Journal of clinical virology : the official publication
of the Pan American Society for Clinical Virology. 2014;61(1):107-12.

435. Grut V, Bistrom M, Salzer J, Stridh P, Jons D, Gustafsson R, et al. Cytomegalovirus seropositivity is
associated with reduced risk of multiple sclerosis-a presymptomatic case-control study. European journal of
neurology. 2021.

436. Sundqvist E, Bergstrom T, Daialhosein H, Nystrom M, Sundstrom P, Hillert J, et al. Cytomegalovirus
seropositivity is negatively associated with multiple sclerosis. Multiple sclerosis (Houndmills, Basingstoke,
England). 2014;20(2):165-73.

437. Pakpoor J, Pakpoor J, Disanto G, Giovannoni G, Ramagopalan SV. Cytomegalovirus and multiple
sclerosis risk. Journal of neurology. 2013;260(6):1658-60.

438. Virtanen JO, Wohler J, Fenton K, Reich DS, Jacobson S. Oligoclonal bands in multiple sclerosis
reactive against two herpesviruses and association with magnetic resonance imaging findings. Multiple
sclerosis (Houndmills, Basingstoke, England). 2014;20(1):27-34.

439. Cocuzza CE, Piazza F, Musumeci R, Oggioni D, Andreoni S, Gardinetti M, et al. Quantitative detection
of epstein-barr virus DNA in cerebrospinal fluid and blood samples of patients with relapsing-remitting
multiple sclerosis. PloS one. 2014;9(4):¢94497.

440. Kvistad S, Myhr KM, Holmey T, Bakke S, Beiske AG, Bjerve KS, et al. Antibodies to Epstein-Barr
virus and MRI disease activity in multiple sclerosis. Multiple sclerosis (Houndmills, Basingstoke, England).
2014;20(14):1833-40.

441. Farrell RA, Antony D, Wall GR, Clark DA, Fisniku L, Swanton J, et al. Humoral immune response to
EBV in multiple sclerosis is associated with disease activity on MRI. Neurology. 2009;73(1):32-8.

442. Ingram G, Bugert JJ, Loveless S, Robertson NP. Anti-EBNA-1 IgG is not a reliable marker of multiple
sclerosis clinical disease activity. European journal of neurology. 2010;17(11):1386-9.

443. Raffel J, Dobson R, Gafson A, Mattoscio M, Muraro P, Giovannoni G. Multiple sclerosis therapy and
Epstein-Barr virus antibody titres. Mult Scler Relat Disord. 2014;3(3):372-4.

128



444. Castellazzi M, Delbue S, Elia F, Gastaldi M, Franciotta D, Rizzo R, et al. Epstein-Barr Virus Specific
Antibody Response in Multiple Sclerosis Patients during 21 Months of Natalizumab Treatment. Dis
Markers. 2015;2015:901312.

445. Haghighi S, Andersen O, Rosengren L, Bergstrom T, Wahlstrom J, Nilsson S. Incidence of CSF
abnormalities in siblings of multiple sclerosis patients and unrelated controls. Journal of neurology.
2000;247(8):616-22.

446. Poser CM. Multiple sclerosis trait: the premorbid stage of multiple sclerosis. A hypothesis. Acta Neurol
Scand. 2004;109(4):239-43.

447. Poser CM. The multiple sclerosis trait and the development of multiple sclerosis: genetic vulnerability
and environmental effect. Clin Neurol Neurosurg. 2006;108(3):227-33.

448. Holmén C, Pichl F, Hillert J, Fogdell-Hahn A, Lundkvist M, Karlberg E, et al. A Swedish national
post-marketing surveillance study of natalizumab treatment in multiple sclerosis. Multiple sclerosis
(Houndmills, Basingstoke, England). 2011;17(6):708-19.

449. Piehl F, Holmén C, Hillert J, Olsson T. Swedish natalizumab (Tysabri) multiple sclerosis surveillance
study. Neurol Sci. 2011;31 Suppl 3:289-93.

450. Warnke C, Ramanujam R, Plavina T, Bergstrom T, Goelz S, Subramanyam M, et al. Changes to anti-
JCV antibody levels in a Swedish national MS cohort. Journal of neurology, neurosurgery, and psychiatry.
2013;84(11):1199-205.

451. Emini EA, Schleif WA, Armstrong ME, Silberklang M, Schultz LD, Lehman D, et al. Antigenic
analysis of the Epstein-Barr virus major membrane antigen (gp350/220) expressed in yeast and mammalian
cells: implications for the development of a subunit vaccine. Virology. 1988;166(2):387-93.

452. Vigerust DJ, Shepherd VL. Virus glycosylation: role in virulence and immune interactions. Trends
Microbiol. 2007;15(5):211-8.

453. Butler M. Animal cell cultures: recent achievements and perspectives in the production of
biopharmaceuticals. Appl Microbiol Biotechnol. 2005;68(3):283-91.

454. Brizzard BL, Chubet RG, Vizard DL. Immunoaffinity purification of FLAG epitope-tagged bacterial
alkaline phosphatase using a novel monoclonal antibody and peptide elution. Biotechniques.
1994;16(4):730-5.

455. Karlin D, Longhi S, Canard B. Substitution of two residues in the measles virus nucleoprotein results
in an impaired self-association. Virology. 2002;302(2):420-32.

456. Bourhis JM, Receveur-Bréchot V, Oglesbee M, Zhang X, Buccellato M, Darbon H, et al. The
intrinsically disordered C-terminal domain of the measles virus nucleoprotein interacts with the C-terminal
domain of the phosphoprotein via two distinct sites and remains predominantly unfolded. Protein Sci.
2005;14(8):1975-92.

457. Koenker R, Hallock KF. Quantile regression. Journal of economic perspectives. 2001;15(4):143-56.
458. Koskiniemi M, Rantalaiho T, Piiparinen H, von Bonsdorff CH, Farkkila M, Jarvinen A, et al. Infections
of the central nervous system of suspected viral origin: a collaborative study from Finland. J Neurovirol.
2001;7(5):400-8.

459. Nagel MA, Gilden D. The relationship between herpes zoster and stroke. Curr Neurol Neurosci Rep.
2015;15(4):16.

460. Sauerbrei A, Firber I, Brandstddt A, Schacke M, Wutzler P. Immunofluorescence test for sensitive
detection of varicella-zoster virus-specific IgG: an alternative to fluorescent antibody to membrane antigen
test. Journal of virological methods. 2004;119(1):25-30.

129



461. Jaaskeldinen AJ, Viitala SM, Kurkela S, Hepojoki S, Sillanpdi H, Kallio-Kokko H, et al. Performance
of a multiplexed serological microarray for the detection of antibodies against central nervous system
pathogens. ] Microbiol Methods. 2014;100:27-31.

462. Jadskeldinen AJ, Moilanen K, Biihler S, Lappalainen M, Vapalahti O, Vaheri A, et al. Serological
microarray for detection of HSV-1, HSV-2, VZV, and CMV antibodies. Journal of virological methods.
2009;160(1-2):167-71.

463. Kombe Kombe AJ, Xie J, Zahid A, Ma H, Xu G, Deng Y, et al. Detection of Circulating VZV-
Glycoprotein E-Specific Antibodies by Chemiluminescent Immunoassay (CLIA) for Varicella-Zoster
Diagnosis. Pathogens. 2022;11(1).

464. Nordén R, Nilsson J, Samuelsson E, Risinger C, Sihlbom C, Blixt O, et al. Recombinant Glycoprotein
E of Varicella Zoster Virus Contains Glycan-Peptide Motifs That Modulate B Cell Epitopes into Discrete
Immunological Signatures. Int J Mol Sci. 2019;20(4).

465. Ndumbe PM, Cradock-Watson J, Levinsky RJ. Natural and artificial immunity to varicella zoster virus.
J Med Virol. 1988;25(2):171-8.

466. D'Arrigo I, Cl6 E, Bergstrom T, Olofsson S, Blixt O. Diverse IgG serum response to novel glycopeptide
epitopes detected within immunodominant stretches of Epstein-Barr virus glycoprotein 350/220: diagnostic
potential of O-glycopeptide microarrays. Glycocon;j J. 2013;30(7):633-40.

467. Jenkins N, Parekh RB, James DC. Getting the glycosylation right: implications for the biotechnology
industry. Nat Biotechnol. 1996;14(8):975-81.

468. Servat E, Ro BW, Cayatte C, Gemmell L, Barton C, Rao E, et al. Identification of the critical attribute(s)
of EBV gp350 antigen required for elicitation of a neutralizing antibody response in vivo. Vaccine.
2015;33(48):6771-7.

469. Jackman WT, Mann KA, Hoffmann HJ, Spaete RR. Expression of Epstein-Barr virus gp350 as a single
chain glycoprotein for an EBV subunit vaccine. Vaccine. 1999;17(7-8):660-8.

470. Jons D, Persson Berg L, Sundstrom P, Haghighi S, Axelsson M, Thulin M, et al. Follow-up after
infectious mononucleosis in search of serological similarities with presymptomatic multiple sclerosis. Mult
Scler Relat Disord. 2021;56:103288.

471. Liu H, Gemmell L, Lin R, Zuo F, Balfour HH, Jr., Woo JC, et al. Development of an Improved Epstein-
Barr Virus (EBV) Neutralizing Antibody Assay to Facilitate Development of a Prophylactic gp350-Subunit
EBYV Vaccine. Mediterr J Hematol Infect Dis. 2020;12(1):¢2020016.

472. Jarius S, Eichhorn P, Jacobi C, Wildemann B, Wick M, Voltz R. The intrathecal, polyspecific antiviral
immune response: Specific for MS or a general marker of CNS autoimmunity? J Neurol Sci. 2009;280(1-
2):98-100.

473. Huss A, Buttmann M, Brecht I, Weishaupt A, Otto M, Tumani H. Validation of a multiplexing
technique to determine the intrathecal, polyspecific antiviral immune response in multiple sclerosis. Expert
Rev Mol Diagn. 2016;16(12):1353-6.

474. Brecht 1, Weissbrich B, Braun J, Toyka KV, Weishaupt A, Buttmann M. Intrathecal, polyspecific
antiviral immune response in oligoclonal band negative multiple sclerosis. PloS one. 2012;7(7):e40431.
475. Kulakowska A, Mroczko B, Mantur M, Lelental N, Tarasiuk J, Kapica-Topczewska K, et al.
Multiplexing analysis of the polyspecific intrathecal immune response in multiple sclerosis. Methods.
2012;56(4):528-31.

476. Arrambide G, Tintore M, Espejo C, Auger C, Castillo M, Rio J, et al. The value of oligoclonal bands
in the multiple sclerosis diagnostic criteria. Brain : a journal of neurology. 2018;141(4):1075-84.

130



477. Hottenrott T, Schorb E, Fritsch K, Dersch R, Berger B, Huzly D, et al. The MRZ reaction and a
quantitative intrathecal IgG synthesis may be helpful to differentiate between primary central nervous
system lymphoma and multiple sclerosis. Journal of neurology. 2018;265(5):1106-14.

478. Hottenrott T, Dersch R, Berger B, Endres D, Huzly D, Thiel J, et al. The MRZ reaction helps to
distinguish theumatologic disorders with central nervous involvement from multiple sclerosis. BMC Neurol.
2018;18(1):14.

479. Venhoff N, Thiel J, Rizzi M, Venhoff A, Rauer S, Endres D, et al. The MRZ-Reaction and Specific
Autoantibody Detection for Differentiation of ANA-Positive Multiple Sclerosis From Rheumatic Diseases
With Cerebral Involvement. Front Immunol. 2019;10:514.

480. Feki S, Gargouri S, Mejdoub S, Dammak M, Hachicha H, Hadiji O, et al. The intrathecal polyspecific
antiviral immune response (MRZ reaction): A potential cerebrospinal fluid marker for multiple sclerosis
diagnosis. Journal of neuroimmunology. 2018;321:66-71.

481. Stich O, Kluge J, Speck J, Rauer S. Oligoclonal restriction of antiviral immunoreaction in oligoclonal
band-negative MS patients. Acta Neurol Scand. 2015;131(6):381-8.

482. Balfour HH, Jr., Odumade OA, Schmeling DO, Mullan BD, Ed JA, Knight JA, et al. Behavioral,
virologic, and immunologic factors associated with acquisition and severity of primary Epstein-Barr virus
infection in university students. J Infect Dis. 2013;207(1):80-8.

483. Ruprecht K, Wildemann B, Jarius S. Low intrathecal antibody production despite high seroprevalence
of Epstein-Barr virus in multiple sclerosis: a review of the literature. Journal of neurology. 2018;265(2):239-
52.

484. Jacobi C, Lange P, Reiber H. Quantitation of intrathecal antibodies in cerebrospinal fluid of subacute
sclerosing panencephalitis, herpes simplex encephalitis and multiple sclerosis: discrimination between
microorganism-driven and polyspecific immune response. Journal of neuroimmunology. 2007;187(1-
2):139-46.

485. Bistrom M, Jons D, Engdahl E, Gustafsson R, Huang J, Brenner N, et al. Epstein-Barr virus infection
after adolescence and human herpesvirus 6A as risk factors for multiple sclerosis. European journal of
neurology. 2021;28(2):579-86.

486. Ascherio A, Munger KL, Lennette ET, Spiegelman D, Hernan MA, Olek MJ, et al. Epstein-Barr virus
antibodies and risk of multiple sclerosis: a prospective study. Jama. 2001;286(24):3083-8.

487. Sundstrom P, Juto P, Wadell G, Hallmans G, Svenningsson A, Nystrom L, et al. An altered immune
response to Epstein-Barr virus in multiple sclerosis: a prospective study. Neurology. 2004;62(12):2277-82.
488. Rosche B, Laurent S, Conradi S, Hofmann J, Ruprecht K, Harms L. Measles IgG antibody index
correlates with T2 lesion load on MRI in patients with early multiple sclerosis. PloS one. 2012;7(1):¢28094.
489. Dominguez-Mozo MI, Perez-Perez S, Villar LM, Oliver-Martos B, Villarrubia N, Matesanz F, et al.
Predictive factors and early biomarkers of response in multiple sclerosis patients treated with natalizumab.
Sci Rep. 2020;10(1):14244.

490. Warnke C, Stettner M, Lehmensiek V, Dehmel T, Mausberg AK, von Geldern G, et al. Natalizumab
exerts a suppressive effect on surrogates of B cell function in blood and CSF. Multiple sclerosis
(Houndmills, Basingstoke, England). 2015;21(8):1036-44.

491. Schliiter M, Oswald E, Winklmeier S, Meinl I, Havla J, Eichhorn P, et al. Effects of Natalizumab
Therapy on Intrathecal Immunoglobulin G Production Indicate Targeting of Plasmablasts. Neurol
Neuroimmunol Neuroinflamm. 2021;8(5).

492. Selter RC, Biberacher V, Grummel V, Buck D, Eienbroker C, Oertel WH, et al. Natalizumab treatment
decreases serum IgM and IgG levels in multiple sclerosis patients. Multiple sclerosis (Houndmills,
Basingstoke, England). 2013;19(11):1454-61.

131



493. Largey F, Jelcic I, Sospedra M, Heesen C, Martin R, Jelcic 1. Effects of natalizumab therapy on
intrathecal antiviral antibody responses in MS. Neurol Neuroimmunol Neuroinflamm. 2019;6(6).

494. Carrasco YR, Batista FD. B-cell activation by membrane-bound antigens is facilitated by the interaction
of VLA-4 with VCAM-1. Embo j. 2006;25(4):889-99.

495. Luna G, Alping P, Burman J, Fink K, Fogdell-Hahn A, Gunnarsson M, et al. Infection Risks Among
Patients With Multiple Sclerosis Treated With Fingolimod, Natalizumab, Rituximab, and Injectable
Therapies. JAMA Neurol. 2020;77(2):184-91.

496. Montgomery S, Hillert J, Bahmanyar S. Hospital admission due to infections in multiple sclerosis
patients. European journal of neurology. 2013;20(8):1153-60.

497. Warnke C, von Geldern G, Markwerth P, Dehmel T, Hoepner R, Gold R, et al. Cerebrospinal fluid JC
virus antibody index for diagnosis of natalizumab-associated progressive multifocal leukoencephalopathy.
Annals of neurology. 2014;76(6):792-801.

132





