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Most people get Epstein—Barr virus (EBV) infection at young age and are asymptomatic. Primary EBV
infection in adolescents and young adults, however, often leads to infectious mononucleosis (IM) with
symptoms including fever, fatigue and sore throat that can persist for months. Expansion in the number of
CD8' T cells, especially against EBV Iytic proteins, are the main cause of these symptoms. We propose
a mathematical model for the regulation of EBV infection within a host to address the dependence of
IM on age. This model tracks the number of virus, infected B cell and epithelial cell and” GBI
responses to the infection. We use this model to investigate three hypotheses for the high incidence of
IM in teenagers and young adults: saliva and antibody effects that increase with age, high cross-reactive
T-cell responses and a high initial viral load. The model supports the first two of these hypotheses and
suggests that variation in host antibody responses and the complexity of the pre-existing cross-reactive
T-cell repertoire, both of which depend on age, may play important roles in the etiology of IM.

Keywords infectious mononucleosis; mathematical model.

1. Introduction
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Epstein—Barr virus (EBV) is a member of the herpesvirus family infects over 90% of humans worldwide
and can persist for the lifetime of the person (Rickinson & Ki2@01). EBV is transmitted by intimate
contact, mainly through saliva and oropharyngeal secrefioliman,2006). Within a host, the virus
primarily targets two cell types, B cells and epithelial cells. EBV enters B cells and epithelial cells
through different routes using different glycoprotein complexes on its envelofi-EFletcher,2007).
Host saliva and antibodies, like IgA and 1gG, to viral glycoproteins can decrease the infection of B cells
but enhance the infection of epithelial cel&iXbey & Yao,1992;Turk et al.,2006).

EBV can establish long-term infections in B cells, driving an infected B cell through stages of
latent infection where the viral genome remains inside the cell. The virus stays quiescent and remains
invisible to the immune response within memory B cells. These latently infected memory B cells can
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beactivated, becoming plasma-like B cells within which virions replicate and burst out (lytic infection).
Infection of epithelial cells typically results in Iytic replication with viruses bursting out and cell death
(Hutt-Fletcher2005). Infections of both cell types are importantiragitro experiment shows that virus
produced from one cell type preferentially infects the other (Borza & Hutt-Flet2éR).

Most people get EBV infection at young age and are asymptomatic. Adolescents and young adults
infected with EBV develop infectious mononucleosis (IM) in up to 50% of cases, with symptoms
including fever, fatigue and sore throat that can persist for momthslinan, 2006; Cohen,2005).

These symptoms are caused mainly by expansion in the number of C®lls, especially against
EBYV lytic proteins expressed during lytic replication and production of viridtislop et al.,2007).

Since its discovery more than 40 years ago, EBV has attracted many empirical studies of its ability to
persist within one host and its association with cancers. However, EBV infects only humans and a lim-
ited range of host cells and lacks a good animal models to investigate EBV infectitvo (Rickinson,

2005). Most hypotheses and conclusions about EBV infection are based on studies of cell cultures in
epithelial and B cell lines. Viral loads and infected cell data must be obtained from saliva and blood
collected from infected people. Many aspects of EBV infection still remain open questions including
what factors affecting the dynamics of infection that may lead to IM.

In our previous work, we developed a mathematical model of the within-host dynamics to study
EBV long-term infection and viral evolutiotHuynh & Adler, 2010). In this study, we extend the within-
host model to include features of immune system thought to be important in IM: the role of antibodies
in shifting infections between the two cell types and the effect of specific and cross-reactive T-cell
responses. The model tracks the number of viruses, infected B cells and epithelial cells, specific CD8
T cells and cross-reactive CD8 cells responding to the infection.

We use this model to investigate the following three hypotheses:

e Saliva and antibody effects
Host saliva and antibodies to EBV proteins promote infection of epithelial cells which, in turn, can
induce an elevated CO8T-cell response against lytic infection. This hypothesis comes from obser-
vations that some unknown factor in host saliva and antibodies to viral proteins have been observed
to enhance epithelial cell infection and that salivary IgA level increases withJadgrfadelet al.,
2008;Sixbey & Yaq 1992;Turk et al.,2006;Weber-Mzellet al.,2004).

e Cross-reactive T-cell responses
Continuous exposure to different pathogens as people age can increase the complexity of the pre-
existing memory T-cell repertoire. Adolescents infected with EBV may recruit large numbers of
cross-reactive memory T cells previously created in response to other viral infections. These cross-
reactive memory T-cell responses may be easier to be activated than naive T cells but less efficient
in controlling the infection than primary responses from naive T céllatéet al., 2005;Rickinson
& Kieff, 1996).

e Theinitial viral load
High viral challenges in adolescents, often acquired via kissing, may induce aggressive CD8+ T-cell
response (Hislopt al.,2007).

In one study using data collected from three IM and three asymptomatic donors, the levelstof CD8
T cells during the primary infection were observed to be between 4 and 26 folds higher in IM cases than
in asymptomatic caseSilinset al., 2001). Our goal of applying the model in studying these hypotheses
is not to predict the exact level of antibody effect, cross-reactive memory"CDh&ll response or
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initial viral load that induces IM but to help in formulating questions and providing insights for specific
biological study of IM in the laboratory.

2. Model

Addressing the three hypotheses for the causes of IM requires consideration of antibody effects and state
variables representing cross-reactive T-cell responses to latent and lytic infection. Our mathematical
model (Fig.1 and @.1)) tracks two types of target cells, B cells and epithelial cells, viruses, two types of
specific cytotoxic T cells (CTLs) attacking latently infected B cells) @nd lytically infected cellsTa),
respectively, and two types of cross-reacting CTLs against latefgly &nd lytically (T4c)-infected

cells. B cells is classified further into four state variables: naive B cBY3, (atently infected B cells

(By), latently infected memory B cell8g) and lytically infected B cells or plasma cellB4). B, and Bz
represent different stages of latenBy.are newly infected cells, expressing EBV latent gefiém(ley-

Lawson 2005) and thus can be recognized and killed by effector T cells. B3 represents the next stage
of latency with no expression of viral gene and hence no T cell response to these infected memory cells
(Thorley-Lawson2005).

Infection of epithelial cells often results in virus replication and production. Epithelial cells do not
ordinarily harbour latent virus, which has been observed only in the cases of cancer like nasopharyn-
geal carcinoma. The model thus includes only two state variables: uninfected epitheliaEggks @

Iytically infected epithelial cellsE4). Viruses are classified into virus derived from B ceNg) and

virus derived from epithelial cellsvg) since virus produced from one cell type preferentially infects

the other Borza & Hutt-Fletcher2002). Cytotoxic T-cell responses against viral latent and lytic pro-
teins have been detected in EBV positive individuals (Ceital.,2010). Expression of EBV proteins

can also stimulate cross-reactive response from CD&ells specific to influenza viruC{ute et al,,

2005). Four state variables for T-cell responses are included to examine the effect of these response
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Fic. 1. Model of EBV infection of B cells and epithelial cells. Antibodies like IgA can shift the viral target from B cells to
epithelial cells. Activation of cross-reactive memory T cells{ and T4c) that are not efficient in killing infected cells may
contribute to the pathology of IM.
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on the dynamics of infection. The model consists of a system of twelve ordinary differential

equations:

dB;

s di1(Bo — B1) — f(@)uepVEB1 — f(@)uBbVeBi,

dB;

el p(f(@uepVEBL+ f(@)upVEB1) — (d2 + C) Bz — k2B2Tz — y2k2 B2 T,
dBs3

— =c¢B rBs—srB

dt 2 + I b3 3,

dB

d_t4 =1Bg — d4Bs — kaBsTs — y4KaByTyc,

dE;
e de(Eo — E1) — h(@)ueVBE1 — h(@) ueeVEEL,

dEs
e h(@) upeVBE1 + h(@)geVEEL — (de + 7 )Eq — KaE4Ts — yakaE4Tac, (2.1)
dvg
—— =ndy4Bs —d, Vg,

dt Na4 B4 B
dVg
— = Es —d,VE,

at ny E4 E

dT,

e (1= 02)p2Tnw(B2) + 02 Tow(By) — 6T,
dT:

o = oamb2Tuw(Bo) + MO Toowo (By) — MoTae,

dTs

ri (1 — 04)paTn[w (Ba + Ea)] + 04Ta[w (Bs + Eq)] — 074,
dT4c

e 04mMp4Tm[w (Ba + E4)] + MOsTac[w (B4 + E4)] — moTyc.

Thedynamics of B cells obey these assumptions:

Naive B cells have an initial population size Bf andturnover rated;. They encounter and are
infected byVg andVg with ratesf (a) Vg i gp and f (a) Ve uep, respectively, wherd (a) represents
the inhibiting effect of host saliva and antibody responses on infection of B @8} (

An infection of a naive cellB;, may give rise to one or more latently infected cess, due to the
limited proliferation of these newly infected cells, wherés the proliferation factor. ThedB, cells

die at rated, andare recognized and killed by specific or cross-reactive effector T cells dtrate

x2k2, respectively. They can also enter the latently infected memory state, driven by EBV turning
off its gene expression, at rate

Infected memory cellsBsz, obey homeostatic regulation similar to normal memory B cells. They
are invisible to the immune system and undergo cell division withrratehere one cell goes into
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Iytic infection and one stays in the memory state. The sateepresents the death &; dueto
homeostatic regulation of memory cells, wheiis the regulation factor. For a normal homeostasis,
s = 2 balances the proliferation rate af @Macallanet al.,2005).

e Lytically infected B cells,Bg, arise from lytic reactivation of memory infected B cells at ratelie
and release viruses at ratgandcan be killed by specific or cross-reactive effector T cells atkate
or y4ka, respectively.

Here, yj (j = 2or 4), with 0 < xj < 1, characterizes the efficiency of cross-reactive T cells in
killing infected cells, compared to specific T cells. The smaflgis the more inefficient cross-reactive
T cells are in killing infected cells.

The dynamics of epithelial cells assume the following:

e Uninfected epithelial cells have initial population sizeEf with turnover ratede. They encounter
and are infected byg and Vg with ratesh(a)Vguge and h(a)Ve ue, respectively. Hereh(a)
represents the enhancement effect of host saliva and antibody responses on infection of epithelia
cells 2.4).

e Lytically infected epithelial cellsEg, die at natural ratel, die due to virus bursting out at rate
and can be killed by specific or cross-reactive effector T cells akiabe y4ka, respectively.

WO} papeo|umoq

The effects of host saliva and antibody responses on the infection of the two cell types are represente
by the functionsf andh and included as parameters in the cell-specific infection terms. This is based
on the observation that saliva from infected people and antibodies to viral glycoproteins interfere with
infection of B cells and enhance infection of epithelial cellsrk et al.,2006). From limited data in this
in vitro study, we obtain the linear relationship betwefeandh that can be described in the following
equation:

h=1+41—Aaf, (2.2)

wherel ~ 32. The functiond andh carry no units. Without the antibody effedt,= 1 andh = 1. With
antibody effectsf decreases to represent decreased efficiency in infection of B cellsianckases to
represent increased efficiency in infection of epithelial cells. To model the dependeficandth on
antibody response, we assume that the two functions take on the forms

2
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a
ra?
h@ =1+ N (2.4)

where a representdhe strength of saliva and antibody effects. We will referat@s the antibody
effect from now on because the factor(s) in saliva that can enhance infection of epithelial cells remain
unknown. The functiond (a) andh(a) take the form of Hill functions, wherg is the maximum level
of the antibody effect on the infection of epithelial cells aAds the level ofa where the effect on
the infection of B cells and epithelial cells is half maximal. &icreasesf (a) decreases whila(a)
increases before saturating. This saturating form assumes that a certain level of antibody response is
required to have strong effects on the infection of both cell types.

Free virusesYg andVg, are produced from B cells and epithelial cells at ratdsandny, respec-
tively, wheren is the average burst size. These viruses die atdat€o model the CTL response, we
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separateéhe specific responses against laté@i) @nd lytic (T4) infection coming from naive T cells and
the cross-reactive respons@sdandT,c) coming from the memory T cells specific to other encountered
pathogens.

We assume that the naive and memory populatidggsand Ty, are fixed at constant levels due to
homeostatic regulation of these two pools of T cells (Stockimgeal., 2004) and also for the mathe-
matical convenience of the model. Upon stimulation by viral antigéadecomeeffector cells against
latent or lytic infection at rat¢l — o2)¢2 or (1 — o4)¢p4, respectively, wherej is the fraction of cross-
reactive T-cell response. With further stimulation by viral antigens from infected cells, the activated
effector cells,To andTy, can proliferate with rate® andéy, respectively. Each type of effector cell dies
at a similar ratej. Activation and proliferation of CTLs saturate as a function of the available infected
cells

Bj
K—{—Bj’

w(Bj) = (2.5)
where K is the number of infected cells at which activation or proliferation is half maximal and is
assumed to be the same for both responses.

Cross-reactive response€l. and Ty, are activated from the memory population at rajeng;,
wherem > 1is a measurement of how much faster a response can be activated from memory T cells
compared to activation from naive T cells. These cross-reactive memory cells are assumed to have faster
dynamics than specific T cells. Although they may be activated quickly and proliferate rapidly, they
die faster (by a factom). This comes from observations that memory cells respond with fast kinetics
(Kedl & Mescher 1998) but are also more susceptible to de@br{venkeet al,, 1999). Furthermore, T
cells obtained from acute IM patients have been shown to have high expression of programmed-death-1
(Hislopet al.,2007).

The systemZ.1) has two equilibria: an infection-free equilibrium and a persistent equilibrium. The
infection-free equilibrium is given by

Bi =By, Ej=Eo,

with other state variables equal zero. The stability of the infection-free equilibrium is determined by the
basic reproductive ratio, of EBV in a naive hobleffernanet al.,2005):

n ( pf(@)uspnBoc h(a)ﬂEeEOV)
2d2 \(s—1(d2+0) de+y

LN ( pt@uenBoc  h(@)ueeEoy )2 4pf (@) ienBoch(@) i e Eoy
22V \(s—D)(@d2+0)  (de+7y) (s— D@2+ 0)(de+ )
Infections of both B cells and epithelial cells contribute to the basic reproductive ratio of EBV. The

antibody effects,f (a) andh(a), shift the weight ofRy contrikution from B cells to epithelial cells.
If Rp < 1, the infection-free equilibrium is stable and the infection cannot establish within a host. If
Rp > 1, the infection-free equilibrium is unstable and EBV can establish a persistent infection, where all
state variables take on positive values. Talllesd?2 present the parameter values used for simulations
and analysis of the model.

Assuming no cross-reactive responses ¢4 = 0), the dynamics of viruses and T cells for the
cases without antibody effech (= 0) and with antibody effect (a= 10) are shown in Fig2(i and ii),

Ry =

(2.6)
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(2.1). We use many parameters from PathSim, where the rates are estimated and given in a unit of per 6
min (Shapiro et al.2008) and convert them into the unit of paimute

Parameter Description Value Value Reference

d1 Turnover rate of naive B cells /86000 mirrt (Shapiroetal., 2008)

HED B cell infection rate per 33x 10719 min~lvirus! (Shapiroetal., 2008)
epithelialcell virus

1Bb B cell infection rate per 1EL/100  min~virus™! (Hutt-Fletcher2005)
B-cell virus

p Proliferation factor 2 No unit (Shapiroet al.,2008)

do Deathrate of latently infected /1520 mirmr! (Shapiroetal., 2008)
B cells

c Rate of latently infected cells .001 mir1 (Shapiroetal., 2008¥
goinginto memory stage

ko Rateof latently infected 38x 108  minlcellr! (Shapiroetal., 2008}
B cells killed by T cells

r Rate of reactivation of lytic 8x10° min~—1 (Shapiroetal., 2008)
infection from latent infection

S Regulation factor of 2 Nounit  Macallanet al.,2005)
memory B cells

da Deathrate of Iytically infected 14320 mirrt (Shapiroetal., 2008)
cells due to viruses bursting out

kg Rateof lytically infected 76 x 1078 minlcelr! (Shapiroetal., 2008}

B cells killed by T cells

a The strength of antibody effect  Variable (0—40) No unit
A Level ofa where antibody effect 10 No unit
is half maximal
A Maximal level of antibody effect 32 No unit  T(rk et al.,2006)!

on epithelial cellinfection

TProbabilityof virus and cell encounter per minute multiplied by probability of infection and divided by the number of

viruses (~10).

e take this to be the same rate as the estimation of 0.1% of lymphocytes leaving the Waldeyer’s ring per minute.
§Probabilityof lymphocyte encounter per minute multiplied by the probability héakills its target and divided by the

number ofT; (~ 10%).

TEstimatedrom limited data given in ain vitro study (Borza & Hutt-Fletche2002).

respectiely. The antibody effect greatly increases the number of viruses being produced, with most of
this increase coming from epithelial cell viruses. Elevated number of T cells against viral lytic proteins

are induced during primary infection.

3. Application to IM

EBYV infection in children of young age is usually asymptomatic. Adolescents and young adults infected
with EBV may develop flu-like symptoms referred to as IM. These symptoms result from a massive
T-cell response to EBV a few weeks after the initial viral infection that can last from a few weeks to
several monthsGohen 2005). The T-cell responses against viral latent proteins are generally smaller in
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TABLE 2 Parameters for the dynamics of epithelial cells, virus and T-cell responses used in the model
simulationg(2.1)

Parameter Description Value Unit Reference

de Turnover rate of epithelial cells /6000 mirmr® (Shapiroetal., 2008

/U Be Epithelialcell infection rate 3 10711 min~Lvirus~! (Shapiroetal., 2008}
perB-cell virus

UEe Epithelialcell infection rate uBe/S  min~lvirus~! Hutt-Fletcher(2005)
perepithelial cell virus

y Death rate of infected epithelial /@000 mirmr®
cellsdue to viruses bursting out (Shapiroet al.,2008§

n Viral burst size 1000 viruseell~1  Shapiroetal. (2008)

d, Deathrate of virus 1/2160 mimrl  Shapiroetal. (2008)

gj Fractionof effector cells activated Variable (0—1)  No unit
from cross-reactive memory T cells

m Factor of faster response 5 No unit Kedl & Mescher(1998)
from memory T cells

b2 Rateof T-cell activation 1.95x 10°° min—1  Shapiroetal. (2008}
against latent infection

b4 Rateof T-cell activation 448 x 10°° min—1  Shapiroetal. (2008}
against lytic infection

0> Rateof T-cell proliferation 325x 107° min—!  Shapiroetal. (2008)
against latent infection

O Rateof T-cell proliferation 325x 107° min~1  Shapiroetal. (2008)
against lytic infection

K Number of infected cells when 10) Cell Jonesk Perelson(2005)
T-cell activation is half maximal

0 Death rate of T cells /156000 mir! Shapiroetal. (2008

TEstimatedtaken to be the same ds.

*Estimatedaken to be less thamgp (Turk et al., 2006).

SEstimatedaken to be less thadly (Borza& Hutt-Fletcher 2002).

ﬂProbabilityof lymphocyte encounter per minute multiplied by the probabilitffioctivation by B;, wherei = 2 or 4.
IProbabilityof lymphocyte encounter per minute multiplied by the frequency of cell division (every 8-12 h).

magnitudethan the T-cell responses against viral lytic proteins during the acute phase of IM. The acute
phase is followed by convalescence and eventually a virus carrier state where the gop8lation
resolves to a level comparable to that in asymptomatic cartittssop et al.,2007).

We use numerical solutions of our model to investigate the three hypotheses for the high prevalence
of IM in teenagers and young adults: saliva and antibody effects, cross-reactive T-cell responses and the
initial viral load. The total number of T cells (both specific and cross-reactive ones) and the lytic T-cell
ratio at the peak of infection are used as the two key measurements of IM. The lytic T-cell ratio is the
ratio between effector T cells responding against lytic infection and effector T cells responding against
latent infection,(T4 + Tac)/(T2 + Toc). A wide range of values of these two measurements has been
observed in IM patients. Individual epitope responses against latent and lytic infections can account for
0.1-5% and 1-40% of the total CD&-cell population, respectivelyHislop et al., 2007).

2102 ‘8T Afenuer uo yein Jo AiseAlun e /610'seulnolploxo quitew//:dny woi) papeojumoqg


http://imammb.oxfordjournals.org/

MATHEMATICAL MODELLING THE AGE DEPENDENCE OF EBV 9of 17

{1 (ii)
5=0,a=10

Free virus
Free virus

Number of CTL
Number of CTL

0 100 200 300 400 0 100 200 300 400
days days

Fic. 2. Dynamics of viruses and T cells in the case of no cross-reactive T-cell respepsesQ). (i) Without antibody effect
(a = 0). (ii) With antibody effect& = 10). The insets show the level of persistent virus for the two cases. Parameter values used
are shown in Table$ and2.

3.1 Antibody effects

AIUN T2 /B10'S[eulno ploxoquiwew//:dny wouj pepeojumoq

Race, sex and age are at least in part responsible for individual differences in antibody responsesQ
(Buckley & Dorsey 1971; Childerset al., 2003; Jafarzadetet al., 2008), which may influence the
outcomes of EBV infection. Titers of antibody responses specific to EBV viral capsid antigen, IgA <
and IgG, have been observed to increase with age and IgA attains its highest level during the onset of
disease within IM patientsE§dwards & Woodroaf1979;Oberendeet al, 1986). Furthermore, individ- S
uals are exposed to more pathogens as they age. EBV infection in young adults may activate antlbodyg
responses that are specific to other viruses but cross-reactive to EBV. As IgG and IgA responses to3
EBYV glycoproteins can enhance the lytic infection of epithelial cells, the probability of getting IM may
increase with age.

To examine this hypothesis with our model, we vary the strength of the antibody efjeahd
study its influence on the total number of T cells and the lytic T-cell ratio Bigneasured at the peak
of infection. The total number of T cells increases with the levehdfut then decreases whenis
large. At high levels of antibody response, infection of B cells is strongly suppressed while the effect
on enhancement of lytic infection of epithelial cells saturates, leading to a decreased total number of
T cells (Fig.3(i)) and increased lytic T-cell ratio (Fig(ii)).

A

2102 ‘8T

3.2 Cross-reactive T-cell responses

Massive expansion of CD8T cells responding to EBV causes the symptoms of Bilifs et al,
2001). It has been proposed that the high susceptibility of teenagers and young adults to IM may be
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() (i)

Total number of T cells at peak
w
4]
Lytic T cell ratio at peak

2 0.5
0 10 20 30 40 0 10 20 30 40

strength of antibody effect (a) strength of antibody effect (a)

FiG. 3. Antibody effects on the total number of T cell®d Toc + T4 + T4¢) and the lytic T-cell ratio (T4 + Tac)/(T2 + Tog)) in
the absence of cross-reactive T cettg & 0). (i) Total number of CD8 T cells at the peak of infection. (i) The lytic T-cell ratio
at peak: ratio between the number of T cells against Iytic infecfiah énd the number of T cells against latent infectidn)(
evaluated at the peak of infection. Parameter values are shown in Tedniel.

due to a more complex memory CD8 repertoire than in young children. As individuals age, the memory
CD8 repertoire gets more complex due to exposure to different pathogens. Adolescents infected with
EBV may recruit a large number of cross-reactive memory T cells previously created in response to
other viral infections Rickinson & Kieff, 1996). In fact, it has been shown that memory GDBcells
specific to influenza virus can be activated and respond to stimulation by EBV lytic pro@ire (
et al.,2005). Both the magnitude and the efficiency of cross-reactive T cells in killing infected cells may
contribute to the etiology of IM. The level of cross-reactive memory T cell can increase with age. These
memory cells may be faster at activation and proliferation compared to naive T\&llm{Fernandes
et al.,2000) but less efficient in controlling the infectioforley-Lawson2005).

A large fraction of CD8 T cells created during the course of IM respond to lytic infection (5-50%
compared to 1-3% for T cells responding to latent infecti@glianet al., 1998;Hislop et al., 2002).
Since EBV has many more lytic genes than latent genes (Robe2308), it is likely that there are more
cross-reactive T cells to EBV lytic infection than to latent infection. We first assume cross-reaction of
only T-cell responses against lytic infection. To address this assumption with our model, awe-sét
and consider five different values @f, 0, 0.3, 0.6, 0.8 and 1. Ass4 increases, the fraction of Iytic T-cell
response coming from cross-reactive memory T cells increasesy At 1, there is no specific lytic
T-cell response; all lytic T cells are cross-reactive.

To facilitate comparison with the antibody effect (FR), we present the effects of cross-reactive
T cells on the development of IM using similar plots, with five curves in each representing different
values of the level of cross-reactive lytic T cellg) (Fig. 4). This figure also illustrates the impact of
xa, the efficiency of cross-reactive T cells in killing Iytically infected cells, on the two measurements
of IM. Across all levels of antibody effectg), the increase iw4 greatly elevates the total number of
T cells and the lytic T-cell ratio. This effect, however, diminishesiasncreases. A4 = 1, cross-
reactive lytic T cells are as efficient as specific T cells in killing infected cells. In fact, due to their faster
response, cross-reactive T cells reduce the overall T-cell responses and the probability of IM.

We now add the possibility of cross-reactive T-cell responses against latent infection. -sipaores
the effects of this addition on the two measurements of IM. For each leve], afe setoy; = 0.204
to assume lower levels of cross-reactive T cells against latent infection compared to lytic infection. We
analysed and observed only minimal impacts of variation in the efficiency of cross-reactive T cells in
killing latently infected cells g2) on the results. We thus fixo = 0.5 for this analysis. In comparison
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FiG. 4. The effects of cross-reactive T-cell responses to viral lytic proteips-(0) on the total number of T cells and the Iytic
T-cell ratio during primary infection as a function of the strength of the antibody eff@ctpe five different degrees of cross-
reactive responses are shown in each plot. (i) Left column: low efficiency of cross-reactive lytic T cells in killing infected cells
(x4 = 0.1). (ii) Right column: cross-reactive T cells are as efficient as specific T cells in killing infected cglis (). Other
parameter values are shown in Tahlesnd?2.
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Fic. 5. The effects of both latent and Iytic cross reactive T cells £ 0) on the total number of T cells and the Iytic T-cell
ratio during primary infection as a function of the strength of the antibody efé@ctbe five different degrees of cross-reactive
responses are shown in the plots. For each levelpé, = 0.204. We sety, = 0.5 andy4 = 0.1. Other parameter values are
shown in Tabled and2.
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to the results presented in Fiyi), addition of cross-reactive T cells to latent infection does not induce
visible effect on the total number of T cells while the Iytic T-cell ratios are significantly reduced. This
implies that cross-reactive T-cell responses to latent infection do not induce the high lytic ratio observed
in IM patients.

3.3 High initial viral load

A third hypothesis suggests that transmission often occurs through kissing in adolescents which may
transmit a large number of viruses and hence lead to aggressive CD8+ T-cell responses. To anal-
yse this hypothesis, we numerically soh&1) with five different levels of the initial viral loady.

In comparison to antibody and cross-reactive T-cell effects, the initial viral load has very little effect on
either the total number of T cells or the Iytic T-cell ratio (F&).

3.4 Combined effects of antibody and cross-reactive T-cell responses

So far, our model supports the roles of antibody effects and the cross-reactive T cells in the development
of IM. To summarize our analysis of the two hypotheses, we define two new ratios. The relative Iytic
T-cell ratio gives the lytic T-cell ratio for given value ef anda compared with a baseline af = 0

anda = 0,
(T4 + T4c) / (T4 + T4c)
T2+ Tac T2+ Toc /5—0a=0

The relative total T-cell number gives the ratio between the total number of T cells given valugs of
anda and the one with a baseling = 0 anda = 0,

(T2 4+ Ta+ Toc + Tac)
(T2 + T4+ Toc + Tac)s;—0.a=0

We examine five different levels of cross-reactive T cells to lytic infectiay), four different levels of
cross-reactive T cell against latent infection)(dive different levels of the efficiency of lytic T cells in
killing infected cells §4) and fix yo = 0.5 (Fig. 7).
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FiG. 6. The effect of initial viral load ) on the total number of T cells and the lytic T-cell ratio during primary infection as
a function of the strength of the antibody effea).(We setsj = 0 which represents no cross-reactive T-cell response. Other
parameter values are shown in Tahlesnd?2.
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FiG. 7. Combined effects of antibodies with cross-reactive T cells on the relative T cell number and the relative lytic T cell ratio. 2
(i) a = 0. (i) a = 4. (ii) a = 10. (iv) a = 30. The green lines show the area of possible IM cases with high levels of the g
relative total T cell number and the relative lytic T cell rat¥). Four different colors (symbols) represents different levels of 3
cross-reactive latent T cells£). Symbol size represents different levels of cross-reactive lytic T egfls=(0.3,0.6,0.8,1). The =
label numbers next to the symbol represent the efficiency of lytic T cells in killing infected gg)lsW/e examine five different ﬁ';
levels of y4 (0.1,0.2,0.5,0.7,1) and only label the points of possible IM cases. The charactersd a represent the normal =]
N

condition ¢ = 0,a = 0) and the conditions with only antibody effects (= 0, a > 0), respectively.

IM is assumed to be possible when both ratios, the relative total T-cell number and the relative
lytic T-cell ratio are large £5). Studies give a wide range for these ratios (Cadital., 1998;Hislop
et al, 2002;Silins et al, 2001), so these threshold levels®$ are not to be conclusive. In the absence
of antibody effectsg¢ = 0), IM can only be explained with very high levels of cross-reactive Iytic
T cells together with a low efficiency of these cells in killing infected cells. In the absence of cross-
reactive T cells¢; = 0, a > 0), antibody effects induce increases in the total number of T cells and
the lytic T-cell ratio. However, these increases are not as significant as those induced by the combined
effects of antibodies with cross-reactive T cells. Thus, IM is characterized by high level of antibody
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effects, high level of cross-reactive T cells to Iytic infection and low efficiency of cross-reactive T cell
in killing infected cells. As individuals age, the levels of antibody effects and the cross-reactive T cells
increase; hence, the probability of IM increases if the cross-reactive T cells do not efficiently kill infected
cells.

4. Discussion

IM is characterized by a large T-cell response, primarily to the Iytic phase of the infection and thus
can result from two broad changes in the course of acute infection. First, the virus could be biased
towards creating a large fraction of lytically infected cells. EBV alternates between infecting B cells
(its primary target), with either latent or lytic infection, and epithelial cells (important in viral persis-
tence and shedding), as lytic infection only. Any factor that biasses infection towards epithelial cells
can increase the importance of lytic infection and potentially increase the probability of IM. Switching
between B cell and epithelial cell virus is modulated by antibody responses and unknown constituents in
the saliva (Turket al.,2006). Hosts with increased IgA antibodies may be prone to large expansions of
T cell against viral lytic proteins. Second, a host could have a less efficient T-cell response against the
virus. EBV infection can activate cross-reactive memory T cells that are specific to other pathogens
(Cluteet al.,2005). If these cells are activated in large number but recognize and kill target cells ineffi-
ciently, IM may result. The high initial viral load hypothesis cannot produce large expansions of T cells
and thus cannot be used to explain the age dependence of IM.

In economically developed countries, IM has highest incidence in the 15- to 25-year-old age group.
In developing countries like Brazil, the age distribution of IM is shifted downwards with mean age of
IM around 13 yearsNiederman & Evansl997). If people in developing countries are exposed to more
diseases at an earlier age, they could have both higher antibody level and a larger pre-existing memory
CD8 repertoire compared to age matched counterparts from developed countries. Together, these effects
may explain the difference in age distribution of IM.

We built the component of antibody effects in our model based om asitro study of the host
saliva and antibody effects on the infections of B cells and epithelial cells with limited data from saliva
samples of infected and uninfected individuals (Tetkal., 2006). The goal of our study was not to
predict the exact level of antibodies that induces large expansion of T cells and symptoms of IM but
to identify the potential risks in their effects. Our model highlights a need for further studies on the
constituents of the saliva influencing infection of the two cell types, and studies to compare the levels
of antibodies, especially IgA, to EBV viral capsid antigens and glycoproteins during the acute phase
of infection between asymptomatic and symptomatic patients. These studies would help to identify the
existence of thresholds of antibody levels or other factors in the host saliva that direct the course of
infection.

We have used our model to show that both the magnitude and the quality of T cells in killing the
infected cells are critical determinants of the outcomes of the infection. Indeed, our result suggests
that large expansion of CO8T cells occur only when they are inefficient at killing. A study on mice
has shown that infection with lymphocytic choriomeningitis virus, Pichinde virus or vaccinia virus can
activate cross-reactive T cells that are specific to one of these virBstis ét al,, 1998). These cross-
reactive responses are fast, functionally efficient, and hence help to clear the secondary virus infection.
Study of T-cell responses to dengue virus has shown that different cross-reactive T-cell clones can have
very different efficiencies in recognizing and killing the infected celfarie et al., 2007). In vitro
study has shown that EBV antigen can activate cross-reactive T cells that are specific to influenza-A
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virus, but the killing efficiency of these cells has not yet been determiGededet al., 2005). As the
pre-existing memory CD8 repertoire evolves with age, we do not know how the functional efficiency
of these memory cells changes. Further studies to compare the recognizing and killing efficiency of
effector T cells during primary infection of EBV between different age groups and between healthy and
IM patients are needed to address this question and to validate the results of our model.

Studies have also suggested that genetic factors can contribute to differences in efficiency of T-cell
responses to EBV, which implies difference in susceptibility to IM between individivadé\(lay et al.,
2007). Individuals with certain human leukocyte antigen (HLA) class | alleles are linked to higher risk
of IM. HLA class | plays a key role in the process of antigen presentation by infected cells to T cells
(Farrell 2007). Hence, a difference in HLA alleles can induce different rates at which T cells can be ac-
tivated, proliferate, recognize and kill infected cells. Similar to the way we model the cross-reactive
T-cell responses, we can utilize our model to address this hypothesis on the genetic predisposition
to IM.

Even though IM is rarely lethal, it may induce long-term effects on the population of T &ellsce
etal, 2006;Hislopet al, 2007). IM is strongly correlated with increased risk of EBV-positive Hodgkin’s
lymphoma in the years after infectiohljalgrim et al., 2003). Understanding risk factors for IM may
help to investigate the long-term effects of the disease and its association with more serious disease lik
cancers.
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