1duosnue Joyiny 1duosnuep Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
Curr Top Microbiol Immunol. Author manuscript; available in PMC 2015 December 05.

-, HHS Public Access
«

Published in final edited form as:
Curr Top Microbiol Immunol. 2015 ; 390: 211-240. doi:10.1007/978-3-319-22822-8 9.

Infectious Mononucleosis

Samantha K. Dunmire,
Center for Immunology, University of Minnesota, Minneapolis, MN 55455

Kristin A. Hogquist, and
Center for Immunology, University of Minnesota, Minneapolis, MN 55455

Henry H. Balfour Jr.
Department of Laboratory Medicine and Pathology, Department of Pediatrics, University of
Minnesota, University of Minnesota Medical School, Minneapolis, MN 55455

Samantha K. Dunmire: dunmi002@umn.edu; Kristin A. Hogquist: hogqu001@umn.edu; Henry H. Balfour:
balfo00O1@umn.edu

Abstract

Infectious mononucleosis is a clinical entity characterized by sore throat, cervical lymph node
enlargement, fatigue and fever most often seen in adolescents and young adults and lasting several
weeks. It can be caused by a number of pathogens, but this chapter only discusses infectious
mononucleosis due to primary Epstein-Barr virus (EBV) infection. EBV is a y-herpesvirus that
infects at least 90% of the population worldwide. The virus is spread by intimate oral contact
among teenagers and young adults. How preadolescents acquire the virus is not known. A typical
clinical picture with a positive heterophile test is usually sufficient to make the diagnosis, but
heterophile antibodies are not specific and do not develop in some patients. EBV-specific antibody
profiles are the best choice for staging EBV infection. In addition to causing acute illness, there
can also be long-term consequences as the result of acquisition of the virus. Several EBV related
illnesses occur including certain cancers and autoimmune diseases, as well as complications of
primary immunodeficiency in persons with the certain genetic mutations. A major obstacle to
understanding these sequelae has been the lack of an efficient animal model for EBV infection,
although progress in primate and mouse models has recently been made. Key future challenges are
to develop protective vaccines and effective treatment regimens.

1 Introduction

Infectious mononucleosis is a clinical entity characterized by sore throat, cervical lymph
node enlargement, fatigue and fever. It can be caused by a number of pathogens, but this
chapter considers it as disease resulting from primary Epstein-Barr virus (EBV) infection
and is focused on the immunocompetent host. Infectious mononucleosis was the name
coined by Sprunt and Evans (Sprunt 1920) to describe a syndrome that resembled an acute
infectious disease accompanied by atypical large peripheral blood lymphocytes. These
atypical lymphocytes, also known as Downey cells (Downey 1923), are actually activated
CD8 T lymphocytes, most of which are responding to EBV-infected cells. Infectious
mononucleosis is medically important because of the severity and duration of the acute
illness and also because of its long-term consequences especially the development of certain
cancers and autoimmune disorders.
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2 Epidemiology of Primary EBV Infection
2.1 Age-specific Prevalence of EBV Antibodies

EBYV infection is extremely common worldwide and approximately 90% of adults become
antibody-positive before the age of 30 (de-The et al. 1975; Venkitaraman et al. 1985; Levin
et al. 2010). A recent example is that 1037 (90%) of 1148 subjects 18 and 19 years old
participating in the U.S. National Health and Nutrition Examination Surveys (NHANES)
between 2003 and 2010 had IgG antibodies against EBV viral capsid (VCA) antigen,
indicative of prior infection (Balfour et al. 2013).

The prevalence of EBV antibodies in preadolescent children is lower, varying from 20% to
80% depending on age and geographic location. Factors clearly related to early acquisition
of primary EBV infection include geographic region (reviewed in (Hjalgrim et al. 2007), and
race/ethnicity (Balfour et al. 2013; Condon et al. 2014). Other factors implicated are
socioeconomic status (Henle et al. 1969; Hesse et al. 1983; Crowcroft et al. 1998), crowding
or sharing a bedroom (Sumaya et al. 1975; Crowcroft et al. 1998), maternal education
(Figueira-Silva and Pereira 2004), day care attendance (Hesse et al. 1983), and school
catchment area (Crowcroft et al. 1998).

Regarding race/ethnicity, it was recently shown that antibody prevalence across all age
groups of U.S. children 6 to 19 years old enrolled in NHANES between 2003 and 2010 was
substantially higher in non-Hispanic blacks and Mexican Americans than non-Hispanic
whites (Balfour et al. 2013). The greatest disparity in antibody prevalence was among the
younger children, especially the 6- to 8-year-olds. Interestingly, the difference in antibody
prevalence between whites and non-whites diminished during the teenage years. Thus,
family environment and/or social practices may differ among white and non-white families,
which could account for this disparity in antibody prevalence in younger children. Within
each race/ethnicity group, older age, lack of health insurance, and lower household
education and income were statistically significantly associated with higher antibody
prevalence.

These NHANEsS findings were confirmed (Condon et al., 2014) and extended to include
younger children (18 months to 6 years of age) living in the Minneapolis-St. Paul
metropolitan area. The Twin Cities study showed that the divergence in age-specific
antibody prevalence between blacks and whites was clearly apparent by the age of 5 years.

The age at which primary EBV infection is acquired may be increasing in developed
countries (Morris and Edmunds 2002; Takeuchi et al. 2006; Balfour et al. 2013). This is
important to monitor because there is a complex interplay between age of acquisition,
symptomatic versus asymptomatic infection, and the subsequent risk of EBV-associated
cancers or autoimmune diseases. For example, younger age at the time of primary EBV
infection among Kenyan infants was associated with elevated levels of EBV viremia
throughout infancy, leading the investigators to postulate that these infants were at higher
risk for endemic Burkitt lymphoma (Piriou et al. 2012; Slyker et al. 2013). Another study
found that Greenland Eskimo children acquired primary EBV infection at an earlier age and
had higher titers of IgG antibody against VCA than age-matched Danish children (Melbye et
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al. 1984). The authors speculated that early infection with “a large inoculum of EBV”
explained why Eskimos were at high risk for nasopharyngeal carcinoma versus Danes who
were not. Nevertheless, late acquisition of primary EBV infection is also detrimental in
several contexts. Adolescents and young adults are more likely to experience infectious
mononucleosis during primary infection than children (Krabbe et al. 1981). Furthermore,
multiple sclerosis (MS) is an inflammatory autoimmune disease that involves EBV infection
and risk of MS is higher amongst individuals who have experienced infectious
mononucleosis (Ascherio and Munger 2010). Infectious mononucleosis also increases the
risk of Hodgkin’s lymphoma (Hjalgrim et al. 2000). Thus, since age of primary EBV
infection is an important factor in infectious mononucleosis, it is an important consideration
for EBV related diseases.

2.2 Routes of Transmission of Primary EBV Infection

Kissing is the major route of transmission of primary EBV infection among adolescents and
young adults. This was elegantly documented by Hoagland’s careful clinical observations
(Hoagland 1955) and confirmed many decades later by a prospective study at the University
of Minnesota (Balfour et al. 2013). Penetrative sexual intercourse has been postulated to
enhance transmission (Crawford et al. 2006), but we have found that subjects reporting deep
kissing with or without coitus had the same risk of primary EBV infection throughout their
undergraduate years (Balfour et al. 2013).

The incubation period of infectious mononucleosis is approximately 6 weeks. Hoagland’s
clinical records suggested an incubation period of 32-49 days based on the dates of kissing
episodes until the onset of infectious mononucleosis (Hoagland 1955). A well-documented
case was reported by Svedmyr et al. (1984) in which the kissing event occurred 38 days
prior to onset of symptoms (Svedmyr et al. 1984). Behavioral data from our medical history
questionnaires collected during prospective studies are consistent with an incubation period
of 42 days (Balfour et al. Unpublished observations).

Besides deep kissing, primary EBV infection can also be transmitted by blood transfusion
(Gerber et al. 1969), solid organ transplantation (Hanto et al. 1981), or hematopoietic cell
transplantation (Shapiro et al. 1988), but these routes account for relatively few cases
overall. Alfieri et al. (1996) used polymorphisms in the EBV BAMHI-K fragment length and
size polymorphisms in EBV nuclear antigen (EBNA) -1, -2 and -3 proteins to identify the
specific blood donor responsible for transmitting EBV to a 16-year-old liver transplant
recipient who subsequently developed infectious mononucleosis.

The way young children contract EBV is unknown. A reasonable supposition is that they are
infected by their parents or siblings who are “carriers” of the virus and who intermittently
shed it in their oral secretions (Sumaya and Ench 1986). An extreme example of this is the
very early acquisition of EBV among three distinct Melanesian populations whose infants
have multiple caregivers that premasticate the baby’s food (Lang et al. 1977).

Curr Top Microbiol Immunol. Author manuscript; available in PMC 2015 December 05.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dunmire et al.

Page 4

3 Clinical Manifestations of Primary EBV Infection

3.1 Acute lliness

Our prospective studies have determined that 75% of young adults between the ages of 18
and 22 develop typical infectious mononucleosis after primary EBV infection.
Approximately 15% have atypical symptoms and 10% are completely asymptomatic
(Balfour et al. 2013); Balfour et al. Unpublished observations). There are two common
presentations among symptomatic patients. The first is the abrupt onset of sore throat, which
many patients say is the worst sore throat they have ever had. Patients may also notice a
swollen neck that results from cervical lymph node enlargement. Parenthetically, anterior
and posterior cervical nodes are usually equally enlarged. The second common presentation
is the gradual onset of malaise, myalgia (“body aches”) and fatigue. Table 3.1 shows the
frequency of signs and their median duration in 72 undergraduate students studied
prospectively. Most findings have a median duration of 10 days or less but fatigue and
cervical lymphadenopathy persist for a median of 3 weeks. Other findings, seen in fewer
than 20% of cases in our experience, include abdominal pain, hepatomegaly, splenomegaly,
nausea, vomiting, palatal petechiae, periorbital and eyelid edema, and rash. Rash is seen
more often in patients given penicillin derivatives, which is most likely due to transient
penicillin hypersensitivity (Balfour et al. 1972).

Subclinical hepatitis documented by elevated levels of alanine aminotransferase occurs in
approximately 75% of prospectively followed patients and, in some cases (5-10%), overt
hepatitis develops with tender hepatomegaly and jaundice (Balfour et al. Unpublished
observations).

Primary EBV infection in preadolescents has not been thoroughly investigated most likely
because prospective studies in young children are logistically difficult to conduct. The
assumption has been that the majority of primary EBV infections in children before puberty
are asymptomatic but that is not necessarily so. Young children, especially those under the
age of 4 years, may not develop a positive heterophile antibody response during primary
EBYV infection (Horwitz et al. 1981) and unless specific EBV assays are performed, the
diagnosis will be missed.

3.2 Complications of the Acute lliness

Fortunately, serious complications during the acute phase of primary EBV infection are rare.
Table 3.2 shows reported complications divided into those estimated to occur in at least 1%
of patients and those that are seen in fewer than 1% of cases (Hoagland and Henson 1957;
White and Karofsky 1985; Robinson 1988; Connelly and DeWitt 1994; Jenson 2000).
Splenic rupture is the most feared complication, which has kept many athletes out of
competition for weeks. Current consensus is that athletes may return to contact sports 3
weeks after onset of infectious mononucleosis provided they are afebrile, their energy has
returned to normal, and they have no other abnormalities associated with primary EBV
infection (Putukian et al. 2008).

Although most symptoms associated with infectious mononucleosis resolve in a matter of
months, there can be severe and lasting disease that develops following primary EBV
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infection. One of these complications may manifest in the form of chronic active EBV
(CAEBV). Patients presenting with CAEBV generally exhibit signs that can occur during
infectious mononucleosis such as fever, lymphadenopathy, splenomegaly and hepatitis, and
show markedly elevated levels of EBV DNA in the blood (Kimura et al. 2001). Less
frequently, patients may also present with lymphoma or hemophagocytic disease, a
complication of EBV that is discussed in greater detail below (Kimura et al. 2003).
Interestingly, in many cases of CAEBV outside of the United States, particularly in Japan,
EBV is reported to infect T or NK cells rather than its usual reservoir of B cells (Quintanilla-
Martinez et al. 2000; Kimura et al. 2001). Several instances of B cell tropic CAEBV have
also been reported, but these fall into the minority of documented incidences (Schooley et al.
1986; Kimura et al. 2003). While some patients have T or NK cell dysfunction, none of the
subjects in a National Institutes of Health (NIH) study had mutations typically associated
with EBV related immunodeficiencies and thus the disease observed in that study was
considered to be largely insidious. The most successful treatment for CAEBV has been
hematopoietic stem cell transplant. In the same NIH study, all but one of the patients who
presented with CAEBV died within an average of six years unless a transplant was received.
Those that survived all subsequently became negative for EBV DNA in the blood (Cohen et
al. 2011).

EBV may also cause hemophagocytic disease, which is alternately referred to in the
literature as EBV-associated hemophagocytic syndrome or EBV-associated hemophagocytic
lymphohistiocytosis (HLH). The relative rarity of any form of HLH stands as a barrier to
diagnosis, and thus cases of EBV-HLH are even more uncommon. The disease is
characterized by fever, splenomegaly and cytopenias, though the key laboratory signs are
high levels of ferritin and soluble CD25 (Jordan et al. 2011; Janka 2012). The distribution of
EBV-HLH seems to be similar to CAEBV, focused mainly in Asian populations and
infecting T or NK cells in those groups (Kawaguchi et al. 1993) though B cells are also
infected in other populations (Beutel et al. 2009). EBV-HLH may be related to one of
several primary immunodeficiencies discussed below, but EBV infection may be a
triggering event even in the absence of an identified genetic condition. Interestingly,
transcriptome profiling studies showed that the peripheral blood gene expression signature
observable during infectious mononucleosis highly resembles that of HLH (Dunmire et al.
2014). This reinforces links between primary EBV infection as a trigger in the initiation of
HLH.

X-linked lymphoproliferative syndrome (XLP) is a disease characterized by anemia,
hypergammaglobulinemia and lymphohistiocytosis. Generally the boys who present with
this disease exhibit massive cellular responses to primary EBV infection that result in
hemophagocytic pathology, even though they are simultaneously unable to control EBV
transformed B cells (Cannons et al. 2011). It was discovered that the main deficiency
involved with XLP is in the signaling lymphocytic activation molecule associated protein
(SAP), which is encoded by the human gene SH2D1A. Mutations in this gene disrupt the
ability of T cells and NK cells to interact with B cells, resulting in a lack of immunoglobulin
class switching and meaning that T cells and NK cells cannot efficiently recognize B cell
targets to induce death (Hislop et al. 2010; Zhao et al. 2012).
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3.3 EBV associated diseases

EBV has been shown to be the causative agent of about one percent of the worldwide human
cancer burden. In particular, EBV infection is associated with neoplasia of lymphoid and
epithelial origins including endemic Burkitt’s lymphoma (eBL) and Hodgkin’s lymphoma
(HL) in the case of the former, as well as nasopharygeal carcinoma and gastric carcinoma in
the case of the latter. EBV is considered the etiologic agent in 95% of cases of eBL, which
occur in regions where malaria is common (Brady et al. 2007). Likewise, EBV can be
detected in a high proportion of HL cases in underdeveloped nations, but accounts for less
than half of cases in Western countries (Flavell and Murray 2000). It is important to note
that incidence of infectious mononucleosis is exceptionally low in Southeast Asia and
equatorial Africa where EBV infection during childhood is nearly ubiquitous, thus it might
be extrapolated that infectious mononucleosis does not have a strong correlation with either
eBL or HL in these areas (de-The et al. 1978). Emerging evidence suggests that previous
presentation with infectious mononucleosis can increase the risk of HL (Hjalgrim et al.
2000). While associations between infectious mononucleosis and epithelial carcinomas have
not been explored, the presence of EBV in tumors from nasopharyngeal and gastric
carcinoma patients is well documented. About 10% of human gastric carcinomas are EBV
positive (lizasa et al. 2012). Like eBL and HL seen in underdeveloped nations,
nasopharyngeal carcinomas from endemic regions are virtually all positive for EBV DNA
(Raab-Traub 2002), with these tumors thought to be derived from a single EBV infected
epithelial cell (Raab-Traub and Flynn 1986; Pathmanathan et al. 1995).

It is possible that achieving a very high viral titer in the blood at any point in life predisposes
individuals to subsequent EBV related cancers. For example, patients who present with eBL
and endemic nasopharygeal carcinomas live in malaria endemic areas. Evidence shows that
patients being treated for malarial disease can have extremely high titers of EBV in the
blood (Nijie, 2009). Titers of this magnitude are seen exclusively in patients presenting with
infectious mononucleosis in developed countries. Thus, it may be possible to reduce
occurrences of cancer with prophylactic or therapeutic vaccines aimed at preventing primary
EBYV infection or at the very least reducing the set point at which the virus is maintained in
these individuals.

In recent years, infectious diseases have been emerging as possible triggers for autoimmune
disorders. EBV infection in particular has come to be highly associated with occurrence of
MS. EBV as a causation factor in MS was first proposed over thirty years ago (Warner and
Carp 1981). Many correlative observations for this trend exist, including a low incidence of
infectious mononucleosis and MS in developing countries, and MS usually first manifests
after the adolescent years during which EBV would be acquired, increasing at a rate of 11%
per year following primary EBV (Ascherio and Munger 2010). There is also a high
association between patients who recall having infectious mononucleosis and subsequent
development of MS (Alotaibi et al. 2004; Pohl et al. 2006; Banwell et al. 2007).
Furthermore, MS in EBV negative individuals occurs very infrequently (Levin et al. 2010;
Pakpoor et al. 2013).

A causative role for EBV was supported by examination of the antibody profiles of patients
with MS, scrutinizing the viral loads, epitope specificity, and quantity of antibodies,
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especially those against EBNA. The risk of MS increases positively with levels of
circulating anti-EBNA antibodies (Ascherio et al. 2001; DeLorenze et al. 2006; Levin et al.
2005; Sundstrom et al. 2004.) The ability to discriminate MS cases and controls was
substantially enhanced by the inclusion of quantitative measures of the anti-EBNA-1
response to EBV infection (Strautins et al. 2014). Interestingly, the strong genetic
association of MS with particular human leukocyte antigen (HLA) alleles primarily reflects
the association with anti-EBV responses (Rubicz et al. 2013). Researchers recently treated
an MS patient with autologous T cells expanded by exposure to EBV antigens. Transfer of
the EBV specific CD8 T cells resulted in a decrease in anti-EBV antibody as well as the size
and number of MS related lesions in the brain (Pender et al. 2014).

4 Virus-Host Interactions during Primary EBV Infection

4.1 Incubation Period

The long incubation period of EBV continues to be poorly understood due to a lack of
samples obtained between the time of infection and presentation with EBV related
symptoms. During primary infection, viral replication is first detected in the oral cavity
(Balfour et al. 2013). The virus infects tonsillar epithelial cells as well as B cells in the
parenchyma of the tonsil (Wang et al. 1998). There may be a cyclic nature to the pattern of
infection in the oral cavity as it has been shown in vitro that virus derived from epithelial
cells has a much higher entry efficiency for infecting B cells and vice versa, resulting a
switched viral tropism depending on the cell type in which the virus replicates (Borza and
Hutt-Fletcher 2002). At some point during the incubation period, the virus moves from the
oral cavity to the blood. Little is known about the kinetics or means of this transition. A type
I interferon response was detected by gene expression profiling approximately 2 weeks prior
to symptom onset in some subjects experiencing primary EBV infection (Dunmire et al.
2014). Viral genomes can sometimes be detected in the peripheral blood as early as three
weeks prior to symptom onset and consistently at least one week prior to illness (Dunmire et
al. unpublished observations), where it is probably maintained latently in resting memory
phenotype B cells (Hadinoto et al. 2008).

4.2 Acute Infection

The kinetics of the EBV viral loads and EBV-specific antibody responses during primary
EBYV infection are illustrated in Figures 1 and 2. High viral loads in both the oral cavity and
blood are detected around the time of symptom onset in infectious mononucleosis and
accompanied by production of IgM antibodies to EBV VCA and an extraordinary expansion
of CD8 T lymphocytes (Balfour et al. 2013). While CD8 T cell responses during primary
EBYV infection have been thoroughly discussed elsewhere (Hislop et al. 2007; Odumade et
al. 2011), a brief discussion of CD8 T cell and B cell responses follows. Of particular
interest is the response of cytotoxic CD8 T cells, which have been shown to be important in
the control of EBV infected B cells as evidenced by the disease that occurs in patients who
lack elements of CD8 T cell function such as the ability to interact with and kill infected B
cells (Rigaud et al. 2006; Palendira et al. 2011).
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During infectious mononucleosis when there are very high numbers of circulating CD8 T
cells, many of these cells are EBV specific and directed toward lytically expressed proteins
from the immediate early and early stages of the lytic cycle with particular predilection for
the immediate early. Cells specific for some late antigens tend to emerge only after the
patient has been infected for some time as discovered by generating T cell clones from
infectious mononucleosis patients (Abbott et al. 2013). The case of latency, however, is
rather different and is often dependent on the relevant HLA type of the EBV infected
individual in question. Immunodominant epitopes for the most prevalent HLA types
generally include those derived from latently expressed proteins, especially EBNA-2 and
EBNA-3, although some patients develop a strong population of CD8 T cells specific for
less readily expressed antigens such as EBNA-1 (Blake et al. 2000; Hislop et al. 2007).

Both CD8 and CD4 T cells require cell-to-cell contact in order to become activated and
perform related functions (Adhikary et al. 2007; Merlo et al. 2010). Although total CD4
numbers do not increase appreciably during infectious mononucleosis, evidence exists to
support the concept that CD4 T cells are activated and help control infected B cells. Using
major histocompatability complex (MHC) Il tetramers, it was shown that several lytic
antigens are recognized by CD4 T cells during acute infection and that these cells are
maintained at low levels in the blood of EBV infected hosts (Long et al. 2013). That study
also revealed that the response to different antigens varies: CD4(+) T cell responses to
EBNAL did not develop until much later, which likely explains the delay in EBNAL IgG
antibody responses.

Natural killer (NK) cells are also emerging as important players during infectious
mononucleosis. Several immunodeficiences involving T and NK cells and/or their cytolysis
pathways result in severe EBV related outcomes (Menasche et al. 2005; Parvaneh et al.
2013). These include familial hemophagocytic lymphohistiocytosis 2 (FHL2), x-linked
lymphoproliferative syndrome (XLP), XIAP deficiency, and x-linked immunodeficiency
with Mg+2 defect (XMEN) disorders, and are discussed in detail in another chapter of this
book. The value of NK cells specifically, was suggested by the observation that NK cells
preferentially killed EBV infected cells as the virus entered the lytic cycle (Pappworth et al.
2007). The role of NK cells in vivo was investigated using a humanized mouse model, where
NOD-scid yc-/- (NSG) mice were reconstituted with CD34+ lin- hematopoietic stem cells
(Strowig et al. 2010; Ramer et al. 2011) and infected with the B95.8 strain of EBV and
monitored for signs of infectious mononucleosis such as CD8 lymphocytosis and viremia.
Animals depleted of NK cells experienced more severe EBV related disease (Chijioke et al.
2013). It is interesting to note that NK depletion after an established EBV infection did not
have significant effects, in contrast to the effect of depletion before infection. Given the gap
in the robustness of responses observed between tonsillar and peripheral blood NK cells, it is
possible that peripheral NK cells during the systemic infectious mononucleosis phase are
less important than those during early infection in the oropharynx (Strowig et al. 2008).
Indeed, studies in humans have disagreed about the state of NK cells in peripheral blood
during infectious mononucleosis. Work from Williams et al. showed an inverse correlation
between NK cell numbers in the periphery and virus in the blood (Williams et al. 2005). In
contrast, a larger prospective study found a positive correlation (Balfour et al. 2013). Thus,
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the interplay between NK cells and blood virus in human subjects needs further study. Of
course, the specific type or subset of NK cells may be more important than total numbers.
NKG2C+ NK cells were shown to specifically respond to and play a crucial role in
immunity to cytomegalovirus (Lopez-Verges et al. 2011). However, NKG2C+ NK cells do
no expand upon EBV infection (Hendricks et al. 2014). Rather NK cells expressing NKG2A
and CD54 could be found in higher numbers in the tonsils of EBV carriers (Lunemann et al.
2013) and in the peripheral blood during acute infection (Hendricks et al. 2014). In a study
of pediatric infectious mononucleosis patients, it was recently shown that CD56dim NKG2A
+ KIR- NK cells preferentially proliferate in response to EBV infected cells during acute
infection (Azzi et al. 2014).

EBYV also seems to have evolved mechanisms to interfere with the activation of NK cells
during viral replication. The protein encoded by the EBV open reading frame BILF1
downregulates expression of HLA-A and HLA-B on the surface of infected cells but not
HLA-C, which is inhibitory to NK cells (Griffin et al. 2013). Several specific populations of
NK cells have been implicated in limiting the transformation of B cells by EBV in vitro.
When exposed to dendritic cells (DCs) prepared with EBV, CD56bright CD16- NK cells
were preferentially primed and were able to limit B cell transformation in vitro in an
interferon (IFN) v dependent manner. Interestingly, tonsillar NK cells were much more
efficient than NK cells derived from peripheral blood (Ferlazzo et al. 2004; Strowig et al.
2008). Further understanding of NK cell recognition of EBV infected cells and their
responses during human infection are needed at this point.

Despite our growing understanding of the innate and adaptive immune response to EBV, it
remains unclear why primary EBV infection leads to infectious mononucleosis in
adolescents yet is most often asymptomatic in young children. It is possible that adolescents
receive a larger initial virus inoculum when transmission occurs through deep kissing. Our
data did not find any correlation between virus copy number in the oral cavity and severity
of illness (Balfour et al. 2013), however peak virus copy number in the oral cavity may not
directly reflect the initial virus inoculum, nor is it possible to measure the initial virus
inoculum with natural infection. Another idea put forward is that infectious mononucleosis
in adolescents may reflect the response of cross-reactive memory CD8 T cells. For example
influenza specific CD8+ T cells might cross-react with EBV (Clute et al. 2005) and as
adolescents are presumably more likely to have high numbers of influenza specific CD8+ T
cells, they could react more strongly with EBV. However, we have not seen evidence of
influenza-EBV dual specific CD8+ T cells in our cohort (Odumade et al. 2012) and it
remains debatable whether pre-existing (cross-reactive) CD8+ T cell immunity to EBV
would increase or decrease infectious mononucleosis. A CD8+ T cell peptide epitope
vaccine was effective in generating EBV specific CD8+ T cell responses, and there was no
incidence of infectious mononucleosis in the vaccinated group, although the study was small
(Burrows et al. 1990). An exciting proposition has arisen from recent data that implicate an
NKG2A+ NK cell as important in EBV control (Azzi et al. 2014; Hendricks et al. 2014).
Azzi and colleagues showed that CD56dim NKG1A+ KIR- NK cells were found at
significantly lower levels in the peripheral blood of adolescents and adults compared to
children, suggesting that decreased NK mediated immune control of EBV could explain why
adolescents and adults experience infectious mononucleosis more frequently than children.
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4.3 Convalescence

During the convalescent period of infectious mononucleosis (3 to 6 months postinfection),
the number of CD8+ T cells declines to normal levels (Balfour et al. 2013). Previous work
in mouse suggested that infection with hepesviruses may cause long term changes to the
“readiness” of host immune cells, thus priming them for subsequent bacterial infections
(Barton et al. 2007). These effects were later shown to be transient in that model (Yager et
al. 2009), but work in human subjects showed that there were no long-term gene expression
changes observable in peripheral blood mononuclear cells following acquisition of EBV
(Dunmire et al. 2014). The virus is maintained in resting memory-like B cells. Probably the
most interesting phenomenon that occurs during this phase of infection is related to the
levels of antibody that are produced and maintained by latently infected hosts.

Some peculiar trends exist in the antibody response to EBV. For example, antibodies against
EBNA-1 display an unusually long delay between virus acquisition and the presence of anti-
EBNA-1 IgG, as it generally appears only after a patient with infectious mononucleosis has
convalesced (Henle et al. 1987; Hille et al. 1993). This is especially odd given the high
levels of class switched antibody toward EBV antigens that can be measured in many
patients presenting with infectious mononucleosis, including responses to latently expressed
gene products of EBNA-2 and EBNA-3 (Long et al. 2013) (Figures 1 and 2). The delayed
kinetic might be associated with alanine-glycine rich regions within the structure of
EBNA-1’s protein product, which has been shown to inhibit proteosomal processing of
relevant epitopes (Levitskaya et al. 1997). That this is the case, however, is not clear and
may have to do more with accumulation of protein released from cells for cross presentation.
In contrast, high levels of antibody specific for the immediate early antigen BZLF1 are
maintained for the life of the host. This is likely because BZLF1 is expressed by cells
undergoing viral reactivation and thus is more frequently presented to B cells in latently
infected hosts in comparison to proteins that are coded for later in the viral replication
process (Massa et al. 2007).

5 Diagnosis of Infectious Mononucleosis Due to EBV

Infectious mononucleosis due to EBV should be suspected in patients, especially teenagers
and young adults, who present with an acute illness characterized by sore throat, cervical
lymphadenopathy, fever and fatigue. Clinical signs that make the diagnosis more likely are
exudative pharyngitis with swelling of the uvula and tonsils; periorbital and eyelid edema;
and symmetrical cervical and postauricular lymphadenopathy.

A heterophile test using one of number of commercially available antibody Kits is most often
done to support the clinical diagnosis (Table 5.1). Heterophile tests are relatively
inexpensive and easy to perform. However, heterophile antibodies by definition are not
specific. They are IgM class antibodies directed against mammalian erythrocytes. False
positive heterophile tests have been reported in a myriad of conditions including other acute
infections, autoimmune disease, and cancer (Sadoff and Goldsmith 1971; Phillips 1972;
Horwitz et al. 1979; Hendry and Longmore 1982; Fisher and Bhalara 2004). Although
heterophile tests are most commonly used to diagnose infectious mononucleosis, the U.S.
Centers for Disease Control and Prevention has recently advised against them “for general
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use” because of their non-specificity and the possibility of false negative results especially in
young children (Centers for Disease Control and Prevention 2014). In our experience,
however, if the clinical picture is typical of infectious mononucleosis and the heterophile
antibody test is positive, no additional diagnostic procedures are necessary.

No single antibody test is perfect for confirming the diagnosis of primary EBV infection.
Most patients (75%) will have VCA IgM antibodies at the onset of clinical illness and 95%
eventually make them (Table 5.1). In prospective studies of EBV-naive college students, we
detected VCA IgM by EIA as early as 8 days before onset of symptoms. The median first
day of detection was 2 days after onset of illness (Figure 1). However, a problem with IgM
class antibody tests in general is cross-reactivity with related pathogens. In the case of VCA
IgM antibodies, false positive results have been reported especially with cytomegalovirus
infections (Guerrero-Ramos et al. 2014).

Depending on the assay platform and antigen used in the assay, VCA IgG antibodies are
first detected during the first month of illness. IgG class antibody against the p18 component
of VCA develops later than against the p23 component (see Figure 2). Using an EIA with
p18 as the antigen, we found in prospective studies that the median first day of detection
after onset of illness was 31 with a very wide range of 1-118 days. Everyone who
experiences a primary EBV infection develops 1gG antibodies to VCA (Balfour et al. 2013),
so this is the best single test to verify a previous EBV infection. It is superior to EBNA-1
antibody tests because 5-10% of patients never make EBNA-1 antibodies. Trends in viral
load and antibody titer are shown in figures 1 and 2.

Antibodies against EBNA-1 are slow to appear with a median first day of detection of 91
days (Figure 1). Because of this, the presence of EBNA-1 antibodies during an acute illness
rules out primary EBV infection. In general, the vast majority of EBV infections in
immunocompetent patients can be staged by assaying a blood sample for VCA IgM, VCA
IgG and EBNA-1 antibodies and interpreting the results as shown in Table 5.2. Western
blots or immunoblots can be used to confirm results of screening tests and also stage EBV
infections (Schubert et al. 1998; Bauer 2001).

Measurement of 1gG antibodies against EBV early antigen (EA) are not useful for the
diagnosis of primary infection because only 60-80% of acutely ill patients are positive and
EA antibodies can be found for years in 20% of healthy individuals (Hess 2004; Centers for
Disease Control and Prevention 2014). When the available antibody data do not distinguish
the stage of an EBV infection, 1gG avidity assays may be useful (Schubert et al. 1998;
Nystad and Myrmel 2007). The principle is that during the course of infection, antibodies
with high binding strength to their target are selected. In other words, 1gG antibodies during
the acute phase of infection do not bind to their target as tightly as antibodies produced
during convalescence. Low avidity antibodies can be dissociated from their target by
exposure to urea or another chaotropic reagent. Avidity is determined by comparing the
amount of antibody detected with and without urea treatment.

The best test for diagnosing and monitoring EBV infections in the immunocompromised
host is the blood viral load (or quantitative EBV DNAemia assay) usually performed on a
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PCR platform (Holman et al. 2012). Most of these infections are not primary but there are a
few that are and result in classic infectious mononucleosis. The monitoring concept is to
anticipate the risk of impending EBV disease based on sequential changes in blood viral
load. A threshold amount, which varies from center to center, is established that triggers
intervention with changes in immunosuppressive and/or antiviral drug regimens.

6 Genetic susceptibility

Given the disparities in antibody prevalence among populations of different racial
backgrounds observed in surveys of children in the United States, there may exist variances
in the genetic susceptibility of certain race/ethnicities to EBV. This theory is supported by
the incidence of infectious mononucleosis in family groups. A study examining infectious
mononucleosis concordance in twins from the California Twin Program found monozygotic
twins were twice as likely to both develop infectious mononucleosis than dizygotic twin
pairs. When the analysis was limited to same sex dizygotic twins, the risk in those groups
was higher (Hwang et al. 2012). These findings were then further expanded to include first-
degree relatives in a large study of Danish families surveyed by governmental registries. The
rate ratios for same sex twins were highest, followed by groups of siblings (Rostgaard et al.
2014). It is important to note that siblings tend to have similar environments and behaviors,
which may explain why the degree of concordance is so high.

Further evidence lends credence to a genetic basis for susceptibility to infectious
mononucleosis. Recently, the HLA locus was identified as a major factor influencing
antibodies to EBNA-1 in large Mexican American families (Rubicz et al. 2013). Although
the authors interpreted this genetic influence on susceptibility to EBV infection, not all
individuals who are infected with EBV make a strong antibody response to EBNA-1.
Therefore it is possible that the HLA locus influences the response to infection rather than
the infection rate per se. In regard to infectious mononucleosis, the effect on adaptive
response to primary infection may be sufficient to achieve a change in whether or not
primary infection is symptomatic. Class Il MHC is also required for viral entry into the cell,
although whether or not there are alterations in viral entry efficiency between HLAS
prevalent in different racial groups has not been explored.

7 Prevention of Primary EBV Infection

Given the disease burden associated with acute and chronic EBV diseases, development of
an EBV vaccine has long been a priority for researchers in the field. The National Cancer
Institute recommended that more clinical trials be conducted to test the safety and efficacy
of a vaccine to prevent infectious mononucleosis and cancers caused by EBV (Cohen et al.
2011).

Although the first phase 1 trial for a prophylactic EBV vaccine occurred almost twenty years
ago (Gu et al. 1995), there has been relatively little progress since. In total, three
prophylactic vaccines have been tested in humans, and although all proved at least
moderately immunogenic, none provided sterilizing immunity (Balfour 2014). However,
sterilizing immunity is probably not necessary to impact symptomatic disease caused by
primary EBV infection. For example, a phase 2 trial in Belgium showed that vaccination
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with a gp350 subunit adjuvanted vaccine could reduce the number of cases of infectious
mononucleosis (Sokal et al. 2007).

Whether or not a vaccine exclusively targeting gp350 is sufficient to prevent EBV related
disease, however, is unknown. In the case of epithelial neoplasia, it seems less convincing
on the grounds that gp350 is not strictly required for viral entry into epithelial cells and can
be achieved via the viral proteins gH and gL, albeit less efficiently (Hutt-Fletcher 2007).
Increasing the range of the vaccine to include other proteins necessary for this entry such as
the aforementioned gH or gL, especially given what is known concerning the switch tropism
of EBV between B cells and epithelial cells, might greatly improve the efficacy of a vaccine
with the goal of preventing EBV positive lymphomas and carcinomas.

8 Treatment

There is no currently accepted specific treatment for infectious mononucleosis. While it is
clear that acyclovir and valacyclovir and have an antiviral effect in vivo, a clinical benefit
has not been convincingly demonstrated to date (Tynell et al. 1996). Ganciclovir and
valganciclovir have been used treat EBV infections in immunocompromised hosts but there
are no controlled trials demonstrating clinical efficacy. Corticosteroids are often prescribed
to treat inflammatory complications such as airway obstruction or autoimmune phenomena
such as anemia and thrombocytopenia, but the value of these drugs is controversial and they
may impair clearance of the viral load (Luzuriaga and Sullivan 2010).

9 Animal Models of Infectious Mononucleosis

9.1 Humanized mice

One of the major barriers to studying many human viruses is the lack of a small animal
model. EBV belongs in this group because it only infects primates. Although studies have
been performed with murine gammaherpesvirus-68 (MHV-68) there are important genetic
differences between that virus and EBV. In order to directly evaluate the effects of EBV on
various lymphoid compartments in vivo, efforts toward developing feasible methods for
modeling human infections have resulted in the creation of humanized mice. Humanized
mice have only become a viable option for studying human diseases within the last ten years
or so due to low engraftment of human cells even in animals with severe combined
immunodeficiency (SCID) or knockout of one of the recombinase activating genes (RAG).
With the advent of common gamma chain (a receptor component for IL-2, 4, 7, 9, 15, and
21) knockouts, engraftment improved dramatically.

The two types of mice most commonly employed are the previously mentioned NSG and the
BALB/c RAG-/- yc-/-. Cells derived from either human fetal liver, human fetal thymus, or
CD34+ hematopoietic stem cells are then transferred into neonatal mice to reconstitute their
immune systems (Leung et al. 2013). Of these two mouse strains, the NSG mouse has more
complete reconstitution of the T and NK compartments and could be maintained for 22
weeks with latent virus detectable and without developing tumors or other EBV related
pathology (Strowig et al. 2009). This model has also been shown to give an approximation
of human immune components (Strowig et al. 2010; Ramer et al. 2011). Mice are bred onto
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a transgenic HLA background. This then allows for thymic selection of the human derived
cells and later specific responses during infection of these animals with EBV (Yajima et al.
2008; Shultz et al. 2010). It is important to note, however, that study of EBV within this
context may neglect important aspects of interplay between EBV and epithelial cells, which
have been shown to be important during the replication of EBV, chiefly within the
oropharynx (Borza and Hutt-Fletcher 2002). Nevertheless, humanized mice represent a
significant step forward to investigating cellular responses in vivo.

In particular, the roles of certain subsets of cells have been interrogated through the
depletion of these populations prior to infection with EBV. A significant gap in our
understanding of the early innate response to EBV existed and had only been addressed in
vitro prior to the advent of this model. Using the NSG mouse and virus obtained from the
B95-8 cell ling, investigators can now effectively emulate events that occur early during
infection in the peripheral blood. Humanized mice exhibit classical features of infectious
mononucleosis such as elevated CD8 counts and high levels of IFNy (Chijioke et al. 2013).
Specific deletion of subsets of NK cells could then be performed to examine which were
most important during the response to primary EBV infection. Furthermore, the roles of
adaptive immune cells may be examined as well. Investigators looking at CD4 and CD8 T
cells found EBV specific T cells were HLA restricted and responded to autologous
lymphoblastioid cell lines. When either CD4 or CD8 T cells were depleted from these mice
they developed EBYV related pathologies (Strowig et al. 2009). These results are not
particularly surprising given the same might be observed in primary human
immunodeficiencies as previously described, but provided important evidence that the
humanized mouse can be an appropriate tool for asking questions about the response to
EBV. Mouse models, however, neglect nearly all aspects of initial infection as events in the
oral cavity cannot occur as EBV does not have tropism for murine epithelial cells. In order
to examine infection of the tonsil and oral epithelium, primate models might be preferred as
there is established infection in the oral cavity similar to EBV in humans.

Studies from Japan have suggested that EBV infection may be modeled in rabbits
(Takashima et al. 2008; Okuno et al. 2010). Animals in these studies were alternately
inoculated intravenously, intranasally, and perorally with EBV derived from the B95-8 cell
line. Most animals had only transient levels of virus detectable in the blood, but two had
consistent viral titers. Both T and B cells appeared to be infected in these incidences
(Takashima et al. 2008; Okuno et al. 2010). It is important to note that while early antigen
IgG titers were maintained, VCA 1gG antibodies were transient even when very high
quantities of virus were used (Okuno et al. 2010). Though not a model of infection with a
great deal of similarity to infectious mononucleosis, rabbits may still provide interesting
insight with regard to the kinetics and magnitude of antibody responses to EBV, which has
implications for the development and testing of humoral component vaccines such as the
gp350 subunit vaccine.
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9.3 Non-Human Primates

Non-human primates are the other major option for investigating EBV infection in vivo. The
gamma herpes virus lymphocryptovirus (LCV) exists in two types: that which infects old
world and new world primates. The LCV that infects old world primates has higher genetic
similarity to EBV than new world LCV. The open reading frames of rhesus LCV have 28—
98 % amino acid identity with EBV (Wang 2013). Thus, rhesus LCV is used to model EBV
in rhesus macaques. The symptoms of EBV and LCV are very similar, and LCV can be
given orally to emulate natural infection routes in humans. One difference is that the
incubation period of LCV is generally shorter, lasting about three weeks rather than six.

LCV can be manipulated using a bacterial artificial chromosome system to allow for
mutation of the LCV genome. This enables researchers to examine the possible effects of
EBV homologues in vivo. For example, BARF-1 has been shown to bind and inhibit the
signaling of colony stimulating factor 1 (Elegheert et al. 2012; Shim et al. 2012), which can
promote the maturation and maintenance of type | interferon producing plasmacytoid DCs
(Fancke et al. 2008). Knocking out BARF-1 in LCV resulted in more favorable outcomes
and lower viral loads in infected rhesus macaques (Ohashi et al. 2012).

The LCV model can also be used to test potential prophylactic or therapeutic vaccines. An
LCV gp350 subunit vaccine protected against infection and reduced the viral set point in
rhesus macaques (Sashihara et al. 2011). More recently, Leskowitz and colleagues showed
that an adenovirus based vaccine encoding LCV EBNA-1 induced expansion of CD4+ and
CD8+ T cells specific for EBNA-1 in rhesus macaques with natural persistent LCV infection
(Leskowitz et al. 2014).

10 Summary and Outlook

EBV is one of the most important human pathogens. Although this virus was discovered
more than 50 years ago and infects more than 90% of the worldwide population, there are
large gaps in our knowledge of its epidemiology and pathogenesis. Our future challenge is to
focus research on the following five gaps.

1. Wedon’t know how EBV is transmitted to young children.

2. We don’t know why some adolescents and young adults become very ill from a
primary EBV infection while others remain completely asymptomatic.

3. We don’t have an approved specific treatment for EBV infections.
4. We don’t have an approved EBV vaccine.

5. Finally, we don’t know the mechanism by which EBV induces malignancies or
autoimmune diseases. In terms of EBV-associated cancer, we do know a reasonable
amount about how this virus infects and transforms lymphocytes and epithelial
cells. What we don’t understand is how these cells escape immune recognition.
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Abbreviations

CAEBV Chronic active Epstein-Barr virus

DC Dendritic cells

EBNA Epstein-Barr nuclear antigen

EBV Epstein-Barr virus

eBL Endemic Burkitt’s lymphoma

EIA Enzyme immunoassay

HL Hodgkin’s lymphoma

HLA Human leukocyte antigen

HLH Hemophagocytic lymphohistiocytosis

IFN Interferon

LCV Lymphocryptovirus

MHC Major histocompatability complex

MS Multiple sclerosis

NK Natural Killer

NHANES National Health and Nutrition Examination Survey

NIH National Institutes of Health

NPC Nasopharyngeal carcinoma

SAP Signaling lymphocytic activation molecule associated protein

VCA Viral capsid antigen

XLP X-linked lymphoproliferative disease
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Figure 1. Kinetics of EBV viral load and antibody responsesin subjectswith primary EBV
infection

Depicted are viral loads in whole blood, saliva, and oral cell pellets (black lines) as well as
IgM and IgG antibodies to VCA and 1gG to EBNAL (colored lines). Note: the limit of
detection of the EBV viral genomes in blood was 200 copies per mL of whole blood.
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Figure 2. Kinetics of antibody responsesto additional EBV antigens as determined by

immunoblot

Depicted are viral loads in whole blood, saliva, and oral cell pellets (black lines) as well as
the relative kinetics of antibodies generated against the EBV antigens p18, p23, BZLF1,
p138, and p54 (colored lines). The gene name of each antigen and the stage of expression

(IE: immediate early, E: early, or L: late) are indicated in parentheses.
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Clinical features of primary EBV infections in 72 undergraduate students studied prospectively (48 women, 24
men; age range, 18-22 years)

Feature No. of Subjects (%) | Median Duration (Days)
Sore Throat 68 (94%) 10

Cervical Lymphadenopathy 58 (81%) 21

Fatigue 52 (72%) 20

Upper Respiratory Symptoms 46 (64%) 45

Headache 38 (53%) 9.5

Decreased Appetite 38 (53%) 9.5

Feels Feverish 34 (47%) 4

Myalgia (Body Aches) 33 (46%) 3
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Table 3.2

Complications during acute primary EBV infection

Frequency of Complications

Complication

21%

Airway obstruction due to oropharyngeal inflammation
Meningoencephalitis

Hemolytic anemia

Streptococcal pharyngitis

Thrombocytopenia

<1%

Conjunctivitis

Hemophagocytic syndrome

Myocarditis

Neurologic disorders (other than meningoencephalitis
Neutropenia

Pancreatitis

Parotitis

Pericarditis

Pnemonitis

Psychological disorders

Splenic rupture
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Table 5.1

Staging EBV Infection by enzyme immunoassay patterns

Stage of Infection VCA IgM VCA 1gG | EBNA-11gG
Naive Negative Negative Negative
Acute Primary@ 1-2+ Neg-1+ Negative
SubacuteP 3-4+ 2-4+ Negative—1+
Convalescent® Negative-3+ | 3-4+ Negative—2+
Pastd (90-95% of cases) | Negative 3+ 3-4+

Pastd (5-10% of cases) | Negative 3+ Negative

a .
0 to 3 weeks after onset of illness

b3 weeks to 3 months after onset of illness

C, .
3 to 6 months after onset of illness

d .
> 6 months after onset of illness
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Table 5.2
Diagnostic tests for EBV infections
Median Day
Proportion of Detoeic"tseeci g;ter
Test Advantages Disadvantages Patients IlIness (range
Positived of days until
detection) &
Nonspecific (false positives due to acute
Inexpensive, easy to perform, infections and autoimmune diseases);
Heterophile antibody becomes negative 3-12 months may be negative during first week of 85f% t(72%kthe 0 (-6-31)
postinfection iliness and persistently negative in irst week)
young childrenP
. Specific, becomes negative 3-12 Not usually performed at point of care 95% (85% the o
VCA IgM antibody months postinfection sites first week) 2(-21-20)
- Best test for diagnosis of past Not usually performed at point of care
VCA 1gG antibody EBV infection sites 100% 31 (1-118)
- Not usually performed at point of care
. Best test to distinguish acute from o .
EBNA-1 1gG antibody convalescent EBV infection sites; 5-10% Ofp%itilt?\%s never become 90-95% 91 (6-479)
. . . Absent in 20-40% of acute illnesses;
EA antibody A marker of acute infection persists for years in ~20% of cases Not tested Not tested
P Can be used to stage infection . . c
Immunoblot antibodies (acute, convalescent, past) Relatively expensive 100% 2 (-25-60)
Correlates with severity of
. illness; best test to monitor Viremia is short-lived and may be o
Blood viral load infection in the missed in immunocompetent patients 80% 4(-8-38)
immuncompromised host
) ] ] _Cannot be used to diagnose acute
Oral viral load Non-invasive, confirms past infection because virtually all antibody- 100% -4 (-21-31)

infection

positive adults shed oral virus
intermittently

aBased on prospective studies of EBV-naive college students who developed primary EBV infections (Balfour et al. 2005; Balfour et al. 2013a;
Balfour et al. Unpublished observations.

Although heterophile tests are most commonly used to diagnose infectious mononucleosis, the CDC has recently advised against them “for

general use.”(Centers for Disease Control and Prevention 2014).

C .
To one or more antigens.
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