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SUMMARY

The paper describes the development and analysis of a mathematical framework for the study of the within-host population
dynamics of the interaction between macroparasites and the human immune system. Simple models of this interaction
based on the proliferation of T cell clones specific to parasite antigen, and the impact of clonal eXpansion on parasite
survival, capture the basic features of age-related changes in worm loads within human communitics. The model is
generalized to multiple epitopes on a single antigen, and reveals competitive exclusion amongst T cells, with a single clone
becoming immunodominant in the absence of cross-reacrive responses and genetic variation. The introduction of genetic
heterogeneity and concomitant variability in the immunogenicity of specitic epitopes induces additional complexity into

the dynamical interaction. Most importantly, multiple epitope

madels with antigenic variation suggest that the immuno-

dominant response may not necessarily be targeted at the epitope at which some strains show the greatest immunogenicity.
High immunogenicity at a particular epitope can be masked by genetic variability even though many of the variants are
more immunogenic at this epitope by comparison with the epitope to which the immurodominant immunofogical response

is directed.

Key words: antigenic variation, helminth antigens, immunolegical responses, immunodominance, mathematical models.

INTRGDUCTION

Advances in our basic understanding of parastte
immunology and in the molecular plus biochemical
techniques useful in the study of helminth antigens,
have raised hopes that progress in vaccine de-
velopment will aceelerate in the coming vears. Of
particular interest for schistosomes and other hel-
minth parasites in recent vears has been the identi-
fication of candidate vaccine antigens (secreted,
excreted, surface or membrane) and the mapping
the major B and T cell epitopes on the molect
using synthetic peptides and sequence informat
(Revnolds, Shoemaker & Harn, 1992). Progres:
the production of synthetic peptide-based vacei
has been advanced by the development of mule
peptides from a branching lvsine core (MAP
multiple antigen peptides) (Posnetr, McGrath
Tam, 1988).

These approaches to the construction of anti
presenting multiple epitopes to the immune svS
appear to hold much promise for helminth vacc
development in general. However, these techn
and conceptual advances can only be evaluated
experiments in which laboratory animal models
immunized with a candidate vaccine and eXPOose
infection (or repeated infection). In these circt
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stances, interpreting the efficacy of a synthetic
antigen will depend in part on an understanding of
the dyvnamics of the host immunotogical responses to
antigens that present multiple epitopes to the
immune svstern,

Applving population biclogical principles to the
study of the immune svstem has provided a new tool
to probe possible dvnamical phenomena within
immunological response mechanisms (for a recent
review see Anderson {1994 a) and references therein).
T s o method for
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epitopes) can fluctuate as a result of small changes in
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the immunogenicity of the different epitopes {(as a
resuft of antigenic variation induced by mutation or
recombination},

Ir: this paper we examine the population dynamics
of immunological responses to helminth parasite
antigens that present multiple epitopes to  the
immune svstem. Our aim is to understand the basic
population biology of this interaction with various
assurnptions concerning the evolution of the immune
response under repeated exposure to infection by a
genetically  heterogeneous  parasite population.
Simple mathematical models are used to study the
evolution of the immune svstem in individual hosts,
where genetic variations within the parasite popu-
lation is reflected in heterogeneity in the immuno-
genicities of particular epitopes on key antigens.

BASIC MODEL OF A CELLULAR
IMMUNOLOGICAL RESPONSE TO HELMINTII
ANTIGENS

How specific immunological resistance to helminth
parasite infection operates is still unclear and current
understanding rests heavily upon animal model
systems and in vrtro studies (Maizels er af, 1993).
Individual mechanisms rarcly operate in isolation
and resistance is effected bv a multicomponent
response. The prime candidates are the humoral and
cellular components most evident during infection
such as elevated levels of IgE and eosinophils, but
the topic is still one of much controversy {Aitcheil,
1979 Sher & Coffman, 1992 Butterworth ef al.
1992). T'wo subsets of differentiated helper T cells
('Thl and Th2), characterized by contrasting profiles
of secreted cvtokines, are believed to be cross.
inhibitory so that one cell tvpe will gain at the
expense of the other (Wynn er o/, 1993). In chronic
helminth infections the Th1/Th2 ratio is tvpically
profoundly imbalanced (Mossman & Coffman,
1989).

In our basic model of an immune response in hosts
repeatedly exposed to infection {as in most natural
settings of human exposure to helminth infection, ar
as in ‘trickle’ infection experimental design) we
build on past work in this area {Schweitzer &
Anderson, 1992 a: Nowak ef ai. 1993). Our aim is to
capture the essence of the parasite-host immuno-
togical defences: (i) the helminths
commonly exposed to the immune svstem  are
excreted, secreted and surtface molecules; (1) each
antigen has a number of surface epitopes; (i11) T cells
proliferate in response to parasite antigens; {iv) these
epitopes are subject to some genetic variation.

For simplicity we do not discriminate between the
humoral and cellular components, nor do we differen-
tiate between T cell subsets. Our knowledge of T cell
subsets is based primarily on studies in mouse
models. Studies of human, sheep and cattle T cell
subsets (the real targets of vaccination) are still

antigens  of
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developing. Not making a distinction between suh-
sets, though najve, is valid gi‘,’en that the Thl and
Th2 subsets may be 2 manifestations of a continuous
spectrum of I cells differentiated by their cvtokine
profiles (Kelso, 1993).

For simplicity in our basic framework we define a
population of 1" cells that are stimulated to undergo
clonal expansion (= proliferation) on contact with
parasite antigens (or via the presentation of such
antigens to the T cells by antigen-presenting cells}.
The abundance of these cells is therefore related to
the abundance of the parasite, and in rurn T cell
abundance is assumed to be proportional to the
effector arm of the immune response that is re-
sponsible for the destruction of the parasite within
the host. Again for simplicity, we assume that the
immune response acts to reduce parasite life-
expectancy as opposed to acting on mortality and
parasite establishment,

We begin by considering the simplest possible
system consisting of a single host exposed to
parasite where the immune response that is most
effective in reducing parasite life-expectancy is
directed against 1 epitope on a single antigen
{Schweitzer & Anderson, 19924). We define the
parasite abundance at time ¢ as p(¢) and the
abundance of T cells specific to the epitope on the
major parasite antigen as x(7). Assuming that the
host is repeatedly exposed to infection at a constant
rate A, that parasites die at a per capita mortality rate
¢ and that their net rate of death due to the immune
response is /ix(t) p(t), then a single pair of equations
to mirror the interaction between the parasite and
the host's immune response is as follows:

dp(t)/dt = 4 —ppit) —hix(t) p(e), (1)
dx(}jdt = cp(r) xit) — ba(r). (2}

Here the net rate of T cell proliferation is assumed to
be proportional to parasite (= antigen) density with
per capita rate ¢ (its magnitude can be taken as a
measure of the immunogenicity of the epitope on the
major parasite antigen, i.e, its ability to stimulate T
cell proliferation). Activated T cells are assumed to
have a life-expectancy of 1/h. In equation (1) the
magnitude of the parameter 4 defines the degree to
which the activated T cell can lead to the death of the
parasite via immune responses directed at the single
cpitope on the major parasite antigen.

Different individuals may have different parasite
exposure rates /4 depending on manyv factors in-
cluding age (and hence time), sex and location. To
model these more carefully we can replace A1 by some
tunction A(f} to mirror an age dependency 1in
exposure or by a stochastic term to mirror variability
(Anderson & May, 1991), Very briefly, the model
predicts that if an immune response is activated then
exposure has minimal effect on the system provided
that the peak exposure rates are comparable in the
two models. However, if no response is present, then
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Age-structured parasite abundance

6 M T T T

c=0.1

Parasite abundance

Time=Age (Years)

50 60 70

Fig. 1. Numerical evolution of equations (1) and (2). Parameters used are A=1,4=02 h=01and b = 0-5, with

initial conditions p(0) = (-1 and X(0) = (03, In the

absence of an immune response parasite abundance increases until

P* = A/p =35, Using these paramercrs 4= 10 ¢, Increasing the immunogenicity ¢ above the value (] (ensuring # > 1)

activates the immune system,

p(1) roughly follows exposure which typically gives a
convex worm burden with a peak at ¢ = 1015 vears
depending on parameters and the funcrion A(#). For
simplicity we will ignore age dependency in exposure
and heterogencity - these tvpes require further ex-
planation in a future paper.

in the absence of an immune response the parasite
abundance within the host grows over time { = age)
to a stable equilibrium p* via the solution

p1) = p*[1—exp(—p1)], (3}
p*=0 =24/, )

at which point new arrivals balance net losses due to
mortality.

The system of equations (1) and {2} can be further
simplified by rescaling such that P(z) = PO, X1
=hx(t)/p and ¢ = ur. P(e) s simply the ratio of
parasite abundance divided by the level it would
attain in the absence of an immunological response
(hence it must be less than unity in value). Dropping
the prime gives

dP(t)/dt = 1 =P+ X)), (3
dX(D/dt = 2X(1) [ pP(1) ~ 1], (6)

where o« =b/y and g = cQ/b. "T'vpically for most
helminth parasites, their life-expectancy (1/4) will
be 1 vear or more, whilst that of activated T celis is
likely to be much shorter. Hence the value of 2 will
be much greater than unity.

The system has 2 possible stable (= stationarv)
points. The first of these is the state in which the

constant exposure of the parasite fails to activate the
Immune svstem such that X* = () and P* = 1. This
arises when < 1, and in biological terms it arises
when theantigen's epitopeisnotsufficiently immuno-
gene

c b0, {7)
We term this state the wnactivated state (it is a state
of tolerance).

The second equilibrium arises when B> 1 and
here the immune svstem is activated by the antigen’s
epitope and parasite abundance suppressed below
the value O = A/y. The worm burden rises rapidly
to a peak at approximately
t~ 1/plog 1/ (8)

and then exhibits damped oscillations to the stable
point P* = 1/3 X* = g | with period 7 such that

r=dn/[\ A, {9)
4= [X*+ 11 dav* (10)

provided 4 is negative. Fig. 1 records 3 numerical
evaluations of cquations (1) and (2) for 3 different
values of #, one in which the immune svstem 1s
unactivated (4 < 1) and the remaining cases with
sutficiently high degrees of immunogenicity to elicit
an immunological response. The changes in parasite
abundance over time can be viewed as changes with
age in parasite burden. The convex patterns recorded
for the two cases in which A >1 are similar in
qualitative form to many observed age-parasite
intensity curves for intestinal or other helminth
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Fig. 2. Age-related intensitv profiles of helminth

infections for Opisthorchis viverrini (Upatham ef al.

1992), Trichuris trichuria (Bundy, 1990Y and dscaris

lambricoides (Elkins, Haswell-Elkins & Anderson, 1986).

All three profiles show similar qualitative behaviour to

those of Fig. 1 generated by equations (1) and (2).

infections in human communities (Fig. 2) (Elkins,
Haswell-Elkins & Anderson, 1986 Bundv, 1990;
Upatham et al. 1992). Observed patterns of con-
vexity in worm load with age are thought to be the
result of a slow build up of immunity with an
increased duration of exposure to infection plus age-
related changes in the rate of exposure to infection
(Anderson & May, 1991).
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In evolutionary terms, this very simple mode!
helps to focus attention on the selective pressures
acting on both host and parasite. Note that the
parasite 13 never cleared by the immune response,
due to repeated exposure to infection and, with
short-lived 'T cells, the failure to generate lasting and
complete immunity to reinfection. However, parasite
abundance can be suppressed to very low levels (Fig.
1) us observed in natural svstems in the older age
classes (Fig. 2). It 15 in the host’s best interests to
suppress the parasite abundance 1o as low a level as
possible. This can be achieved either by raising the
rate, ¢, at which T cells proliferate or increasing their
life-expectancy (1/). The "I cell proliferation con-
stant consists of 2 components, the rate of cell
division and the sensitivity to unit quantities of
parasite antigen (i.e. immunogenicity).

As shown in equation (8) the peak worm burden
occurs at an age dependent on both ¢ and the number
of activated T' cells present prior to infection, 1f 'T°
cells are present in large numbers then infection can
be countered much earlier and the overall worm
burden minimized. Hence it is in the host's interest
to mount an effective immune response as quickly as
possible via the production of activated T cells early
in a child’s development.

From the parusite’s point of view, the objective is
to try and avoid activating the immune svstem
(thereby maximizing parasite burden’ which is best
achieved by reducing the immunogenicity of its
antigens.,

THE RATE OF T CELL PROLIFERATION

In our basic model the ner rate of T cell proliferation
was assumed to be directly proportional to the
density of the parasite within the host (i.e. the major
parasite antigen). Experimental studies suggest that
the rate of 'I" cell proliferation as a function of
antigen concentration can adopt a variety of forms
ranging from saruration to a constant at high antigen
concentrations to more complex patterns where the
rate rises to some maximum value at intermediate
antigen concentrations and then declines as antigen
concentratton rises further (Fig. 3). Such a response
suggests 'high-zone’ wlerance where 1" cells become
anergic (= unresponsive) at high antigen concen-
trations. "T'hese responses are commonly observed
in host parasite interactions {Jones et af. 1990
Maizels er al, 1993).

To mimic these more complex relationships
between T cell population and parasite abundance
we modify the basic maodel to

dpit)/dt
u’.\'(f)/df

A —ppit)—hx(t) pin), (I
dp(t) R(p)x(t) —bx(1), (12)
where the funcrion R(p) the density-
dependent proliferation rate and d is the maximum
per capita (per cell) rate of proliferation. We consider

I

denotes
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Fig. 3. Dose-response curves showing the infuence of
antigen (pigeon cytochrome ¢, Matis ef a/. (1982)
number of Plasmodium faleiparum-infected red blood
cells, Jones ef al. (1990)) on T cell proliferation rates. In
each case a characteristic peak proliferation rate with
high-zone tolerance (unresponsiveness) at high antigen
concentrations is seen. These profiles are modctled using
the function P(£) R,

3 forms of the function which saturate to the constant
value d at high antigen concentrations (R,-R,) and
1 convex function (R,} where

plt)
R _ A
PO R (p) Ty
e (13
Rip) = 2
PO RL(P) ey
P(f) Rq(P) = 1 767,;(1]:-5-

Here the scaling parameter £ detines the degree of
density dependence in 'I' cell proliferation (for R,
and R)), £ is the antigen level which gives a
proliferation rate 30", of the muaximum value. For
the convex function R, we define

2Ep(1}

R (#) = =27

(14

All 4 functions are plotted in Fig. 4. For the 3
saturating functions (R,—-R,) the immune system
remains unactivated provided y = d/b < 1. In other
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words, for the immune svstem to be activated {and
parasite burden suppressed below the level A/p), the
maximum 1" cell proliferation rate {4}, must exceed
the death rute of the cells (). Once activared,
however, the svstem shows a similar behaviour to the
carlier model, with the worm burden reaching a peak
at respectively

f~0/ly—1),
ty~d/y y—1. {(15)
L~ dlogy/ly—1],

and an increased tendency (over and above the basic
model) to undergo damped oscillations to the stable
suppressed state {see Mav (1973) for derivations to
this and more general results).

Of greater interest is the convex proliferation
function since this tvpe of pattern is often observed
(Fig. 3). As before, the immune system remains
unactivaced provided y € 1. However, wheny > 1, 3
stationary states are possible. For the rescaled
equations (see equations (3) and {6)),

dP(n/dt =1 - Pty [14+ X(1)], {16}
dX(t)Y/dt = aX(1) {yP(t) R(P)-1], a7

where v = d/b and the proliferation function R{(P)
has 4 new scale { = £/ (Q = A/u). The 3 equilibria
are given by

Py ={y+y ¥ 10

P¥ = y—n j/z—l]‘ (18)
= 1.

3

Assuming that 2{y €1 {i.e. that all 3 points are
positive}, stabithty analvsis shows that only PF and
P¥ are stable. This means that the steady state
attained depends on the initial conditions of the
svstern, Fig. 5 shows a phase portrait of the model’s
behaviour with the 1 stationary (= equilibrium)
states plotted with corresponding isoclines (dP(t)/dt
= dX(1)/dt = ). Four numerical solutions of equa-
tions (16} and (17) are presented with the following
initial conditions at time ¢ = (),

(X0 LU = (02,00, (2,0), (1, 1) and (2,1}, (19

The boundary that divides the phase plane into a
region whose initial values of P(O) and X(0) are
allocated to the state of an unactivated immune
svstemn (= high parasite burden and unactivated T
cells) and a region where thev are allocated to a
partial immunity state (= low parasite burden and
elevated T cell activity), and passes via the unstable
state (X7, P¥), is also plotted in Fig. 5. Without
activation the worm burden P(#) follows the solution
in eguation {3} which gives saturation when P{t) =
PY. With activation the worm burden again increases
until

t,~8/y {20)

and then oscillates to the stable equilibrium Pj.
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T cell proliferation rates in response to parasite abundance
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Fig. 4. Normalized per-cell T cell proltferation rates P(1) R,(P). We have chosen a scale £ = (/4 ensuring high-zone

tolerance. Saturation will alwavs induce oscillations in the immune response towards a stable equilibrium.

Phase portrait showing high and low zone tolerance

1 77
L]
\ /7
0.8\ ]
y \‘\ Yawa / / / /
5 ‘\ P2
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Intensity of immune response

Fig. 3. Phase portrait of twin-zone tolerance 1 cell proliteration. Isoclines (dP/dt = dX /dt = 0) are shown as short
dashed lines and the three fixed points are labeiled at the nterseetions of these lines. Parameters used are & = 10, v =
1-25 and ¢ = 0:30. The two critical trajectories ure shown as lonyg dushed lines. [nital background T cell levels to the
left of these lines lead to tolerance and the equilibrium P, Increasing initial activation switches on the immune
response and the svstem oscillaes to the stahle equilibrium P

Hence the unactivated state (= tolerance of high major antigen is too low (or the antigen is of low
parasite burden) mav arise because of high initial immunogenicity),

exposure to the parasite (sav soon after birth of a Multiple equilibria arising from simple models of
child in an area of endemic infection) or because the the interaction between macro-parasites and the

initial density of T cells specific to the parasite’s vertebrate immune system have been reported in a
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number of recent publications (Anderson, 1991,
1994 5, Schweitzer & Anderson, 1992 4).

PARASITE ANTIGENS WITH MULTIPLE
EPITOPLS

Surface, secreted or excreted parasite carbohvdrate
or protein antigens tvpically bear a number of
epitopes that are recognized by the T and B cells of
the host’s immune svstem. However, in a viral
infection, cvtotoxic T’ lymphocytes (CTL) recognize
onlyv a small number of the potential epitopes on the
parasite’s antigens. In some cases only a single
epitope is recognized and this phenomenon is known
as immunodominance (Townsend & Bodmer, 1989;
H:ll, Mulibacher & Blanden, 1993), Several explana-
tions have been put forward to explain immunodo-
minance and these include high affinity binding of a
particular epitope to the major histocompatibility
complex (MHC) molecule {an MHC-¢pitope com-
plex binds T cell antigen receptor with high affinity),
abundance of T cells with receptors specific to the
epitope, abundance of the epitope, the concentration
of the source protein, its intrinsic stability and
localization plus the presence of appropriate pro-
teolytic cleavage sites that lead to efficient antigen
processing (Sercarz et al. 1994). Recently Nowak er
al. have suggested an explanation based on the
population dyvnamic principle of competitive ex-
clusion, where one T cell specific to a particular
epttope wins in competition with other T cell clones
specific to other epitopes on the same antigen
{(Nowak ef al. 19953).

Much less is known about immunodominance
within immunological responses by humans rto
epitopes of macroparasites, However, work on
candidate helminth vaccines with antigens  that
present multple epitopes in rodent models suggests
that 1 epitope mav be recognized much more
strongly than others in a given strain of the rodent
host. With the same antigen, the pattern of recog-
nition may varv from host to host, or more
commeoenly  berween  different
(Revnolds, Dahl & Harn, 1694y,

In order to study the dynamics of '" cell responses
to multiple epitopes on a single helminth antigen we
extend the basic model to mirror N epitopes on the
antigen, each with its own immunogenicity, ¢, p(¢)
still denotes parasite abundance (assumed to be
directly proportional to antigen concentration) but
x,(1) now denotes T cells specific to epitope 7. For
stmplicity we use the basic assumption for 1" cell
proliferation with a per capita rate of ¢, p(1). Rescaling
the equations as before gives a coupled system of
N 41 equations,

mouse  strains

dP(t)/dt = 1~p(t)[1 Y 1)

‘Yf(t)]1

AX(0)/dt =2 X [BPM 1], i=1,..N. (22)
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the parameter a remains unchanged from the basic
model although 2, and X () will be epitope-specific
(= ¢, OQ/band X (1) = h, x,(£)/ ). Analvsis of these
equations shows that there are oniy 2 possible steady
states; (1) no activation of the immune systemn and
(2) immunodominance of 1 epitope,

No activation implies that no activated T cells are
present at equilibrium

P*=1, X*=0, /=1 N. (23)

This is stable provided all the #,; are less than unity

(1.e. when all epitopes are of weuk immunogenicity

relative to specific T cell expectancy),
Immunodominance of 1 epitope

Pr=1/pt XF=p -1, X*=0, i) (24

When activation of the immune system ocecurs (f, >
1), then it is possible that more than epitope mav
satisfy the constraint 4, > . In those circumstances,
it can be shown that complete exclusion oceurs such
that the response to only 1 epitope is elevated and all
others are zero. In other words, the action of rhe
immune system minimizes parasite abundance by
expanding only those 1" cells stimulated by the most
immunogenic epitope (i.e. maximum A3, Hence
maximum effect is produced by a minimum effort
(only 1T cell clone expanded). Because the immure
system is focussed on only 1 epitope, the responses to
the other N—1 c¢pitopes are ineffectual and thev
decay to zero. The resuit derived from the basic
madel {equations (1} and {2)) therefore holds with A
replaced with Max g7,

It s not clear whether immune
responses to helminth multi-epitope antigens are
indeed  characterized by such total immuno-
dominance of the response to a single epitope (as is
sometimes the case for viral antigens). One might
expect partial dominance of 1 epitope with other
epitope-specitic T ceils present in lesser quantities,
This could be induced by some form of cross-
reactivity between epitopes (ie. 1 T cell clone
responds, with different efficacies, to more than |
epitope) or as a result of genetically determined
variability between parasites in the immuno-
genicities of a given epitope,

at  present

PARASITY ANTIGENS WITH GENETIC
VARJATION AT A RINGLE CROSS-REACTIVE
EPITOPE

Genetic changes in the gene that encodes for a
specific epitope may arise via mutation events in
asexual reproduction and as a result of recombinarion
in sexual reproduction (the norm amongst helminth
parasites). We start by considering a single epitope
which mayv have » variants, § = 1,...,n. We now
require a subscript on the parasite abundance
variable p,(1) to denote antigenic variant 7. With the



1. J. Austin and R. M. Anderson

Total relative parasite abundance
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Fig. 6. Partial coexistence of a single cross-reacting
¢pitope with n = 4 variants. Parameters used are x — 30,
A =02, with inital conditions POy =0 and vi0) = 001,
The immunogenicities /i are randomly chosen to lie in
the range 0 < g, < 4. Only T cells Ay and oy are
activated and these oscillate with ditferent periods giving
the combmed ‘I cell response shown,

assumption that each variant is distinet and elicits a
variant-specific T cell response, the appropriate set
of scaled equations is

dP(N)/dt = 1B 1+ X,0), =1, .. .n (23)
dX,(0)/dt = 2 X ) [ g, P(t)—1]. (26}

For simplicity we have assumed that all parasite
variants have the same immigration and dearh rates
such that in the absence of an immune response P¥
=A/n =0

Inspection of these equations reveals that Pir) s
only coupled with a specific T cell, X0, with no
other 'I" cell equation involved. As such the model
behaves as »  independent single-epitope  hasic
madels as derailed in the first section of the paper.

Different genetic variants will often have an
underlving structural similarity and it mav be the
case that the gene that encodes for a particular
cpitope differs by only 1 base-pair substitution
between 2 variants. Such simiarity may induce
cross-reactivity between variants where | ‘T cell
clone ts stimulated by and responds to more than |
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variant. 'T'o mimic this biological situation we can
add an extra cross-coupling term to our expression
for dB(t)/dt of the form 820 P(1). This is a very
simple term since the degree of Cross-reactivity is
assured to be the same between all variants. We do,
howesver, assume that the value of § is verv small, We
could instead have made a more complicated {and
perhaps more realistic) assumption with a term such
as AB( X, ;| X,(#). Unfortunately, the introduc-
tion of such a term into the more complex multiple-
epitope models means we lose much of the analvtical
predictability of the model (such a treatment will be
given elsewhere). The simple assumption, however,
serves to illustrate the impact of cross-reactivity and
can be viewed as 1 form of background mmunity to
antigens or epitopes that are conserved across all
variants. As such its impact on parasite mortality is
proportional to the sum over all strains.
The modified model is

dE(H)/dt = 1 —P(t)[1+ X ()]

=8N P, i=1,...n (27)
i

dX(0)/dt = 2 X,(1) [, P() —1]. (28)

Analysts of this svstem reveals 3 possible equilibrium
scenarios, namelyv; (1) no activation of T cells, (2)
coexistence of 'I" cells specific to all genetic variants
and (3) partial coexistence of only I cells specific to
suome variants,

No activation, as illustrated in the basic model,
implies no activated T cells present at equilibrium.
With cross-reactivity created by immune responses
to conserved regions of parasite antigens (conserved
across variants), there is still some degree of extra
mortahity imposed on the total parasite population
within the host, even when specific T cell abundances
are zero. In rhe unactivated srate the parasite variant
abundances are

P¥=1ti{l+dn], i=1 .. .»n (29)

It cun be shown that all genetic variants will fail to
activate specific responses provided the parameters
#; remain below some critical value g, for all variants

Sist+dn, i=1,..n {30)

In the basic model the condition was simply g <1,
hence the evolution of genetic diversity increases the
itkelihood that the epitope in question will not
activate specitic immunological responses. Here is a
simple but powerful reason for sex or mutation
events generating diversity in parasite antigen epi-
topes!

Coexistence of all the different 'T' cell clones specific
to particular variants is now possible, in contrast o
the multiple-epitope model. With all epitope parasite
variants present and their respective 'T" cell popula-
tions present, the equilibrium states are

Pr=1/p, XF=pll=0PY—1, i=1...n 31)
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where P} is given by
Pi=N1/4. (32)
o

Coextstence of all variants is stable provided that alf
/3, are greater than 1 +én. Damped oscillations to the
steady state mav occur with periods

r=4%m/v —4), i=1,...n (33
4, = b1 =3P —a g —4PE 1], (34

provided that x is large enough o ensure that all A,
are negative.

The fact that each variant will oscillate with a
different period 7, means that the combined ‘T cell
response (X, (1)) will consist of manyv peaks and
troughs as each variant reaches a maxima and minima
at different time-intervals.

Partial coexistence can oceur if only m of the total
n variants satisfy the constraint £,>148n Fig. 6
records a numerical realization of partial coexistence
with parameter values n =4, § = ( 2, a=30, 4 =
1-8 and

A= (02420, 0-9575, 37873, 2:9031), (35)

Only g, and g, are above the critical value of 1-8 and
hence only these variants stimulate specific T' cell
responses. The stability of the partial coexistence
state 1s important. Helminth puarasite antigen epi-
topes may have many closely related genetic v driants,
some of which may not be sufficiently immunogenic
to stimulate specific 'T" cell or B cell responses. The
model shows that those variants will coexist with
other more immunogenic variants.

PARASITE ANTIGENS WITH GLENETIC
VARIATION AT MULTIPLE CROSS-REACTIVE
EPITOPES

The previous section revealed that the introduction
of antigenic variation reduced the likelihood of
an unactivated provided
reactivity between variants occurred. To mimic
reality more closely we need to extend this analvsis to
encompass multiple epitopes with genetic vartability
possible at each epitope on the parasite antigen.

For simplicity we shall assume that the parasite
antigen of interest has only 3 epitopes although a
generalization to an arbitrary number will be given
elsewhere. Each of these 3 epitopes is subject to
genetic variation. Combining the ideas of the Jast two
$ections we now require a total of 3 subscripts on
b1}, 1 for each epitope. Each epitope will activare its
own set of 'I" cells which we shall denote by (e, v IG:
and z,(t). Hence the antigen variant 2T a(,tcd on
by T cells x, at epitope 1, ¥; at epitope 2 and =, at
epitope 3. It there are N eplmpu: each with ¢,
different variants, there will of course be a total

iImmune system Cross-

N
Te,=ecpe,. .. e, (36}

pol
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different antigenic variants, where €, € and e, are
the number of variunts for cpitapes 1, 2 and 3
respectively. Bach of these parasites has many
epitopes which means there is an additional form of
cross-reactivity. All variants p,, . are acted on by T
cells x, independent of the other 2 epitope variants,
This cross-reactivity will have Important ¢onse-
quences when we come to look at the dvnamics of the
system. Of course introducing this cross- coupling
increases the number of equations such that the roral
number of equations required to model the system is
N
A+ Yo, =000,
# -1

ey te e, et tey, (37)

all of which are coupled through the multiple T ceil
actions.

For simplicity we assume that all T cells again
have the same lifetime 1/b and all antigenic parasite
variants have the same immigration and death rates
such that p¥ = Q, in the absence of an immuno-
logical response, independent of i, Jj and k. With
these assumptions the simplest rescaled equations
governing the immunc system and antigenic variants
are

dEu (0 dt = 1 =B (O[X A0+ Y+ Z,(1)]

=8P (1), {38)
dX(0/dt = aXNAO [P Pyyu) — 1] =1, ey €,
(39)
dY(}/dt = 2 YO {7 Pyl 1], j=1, ey, (40)
dZA.{r)/dz:a” PPl — 1], k=1,
(41)
As in the previous scction, a subscript + denotes a

summation over all possible variants and hence the
cross-reactivity term involving P, should be
written as

oy

Poxtl = & ¥ ¥

— ok

=1 Lw=d

P,.(t). (42)

The rescaled immunogenicities f7 are both epitope-
and variant-specific which means ' refers to the
immurnogenicity of the the variant of epitope 1 ete,
and therefore

b= Qb (43)

implving that each antigenic variant has its own
Immunogenicity c¥. Keeping so manyv independent
parameters in the model clearly makes the analvsis
although we can again divide the
behaviour of the model into tolerance and immune-
activated states.

much harder,

Intmune unresponsiveness (anergy)

Looking at the full equations we can identify an
unactivated immune system as a possible equi-
Librium. If we set all T cell levels to zero and sum
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over all antigenic variants the equation for dF, (r)/dt
= () gives

Pro=1/11+8.17], XN*= Y¥=2¥=0, {44)

independent of /, fand . This is exactly analogous to
the case of a single epitope with antigenic variants.
Instead of n, there are now . 1 variants which means
that cross-reactivity responses will have an even

greater combined effect since we known that
AT = oa (45)

The unactivated state will be stable if no epitopes
activate an immune response. This requires that for
each epitope p and variant g4

BeseJl+aA71/ 4 p=1, .1,
(46)

Comparing this with equation (30), this stability
condition has an extra factor ¢ o4 which will make
the unactivated state much l(,ss likely when many
epitopes are present.

If the total number of variants is very large then
the total antigen level tends to the limit

lim Py, = 1/8, (47)
AT

independent of 4", This will only
provided that the stabilitv conditions

Sl<ed {48)

can be satisfied. Tf all epitopes have lar ge e, values
then the unactivated state might be stable; h(m ever,
if 47 1s dominated by just one or two epitopes then
the inequality becomes verv restrictive and a faillure
to activate the immune svstem is unlikely. Of course
if no cross-reactivity is present then 4 =0 which
means that in the large

be possible

“limit the unactivated state
will not arise irrespective of the vartabilitv  dis-
tribution.

From these results we can see thut adding antigenic
diversity at many epitopes produces quantitatively
the same level of inactivation as that predicted at one
epitope, although the unactivated stare is much less
likelv to be stable, If evolutionary pressures on the
helminth are trving to avoid recognition bv the
Immune system we might expect the generation of
new antigenic variants to be unfavourable. In fact we
will see that there is a mechanism wherebv gen-
erating new variants enables the helminth to avold
activating the full immune response,

Immunadominance and partial coexistence

Increasing the number of epitopes and the number
of variants at each reduces the likelihood that the
parasite avoids recognition by the host's immune
system. What happens when the svstem is activated ?
From the simple models wirh no antigenic variation,
only T cells specific to the most immunogenic
epitope will proliferate. Furthermore T cells specific
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to variants of the same epitope can coexist. These
two observations suggest that some form of selection
by the immune svstem {and the parastte) will take
place once many genctically variable epitopes are
present on the parasite antigens,

Analysis of the model reveals that selection does
take place such that some T cell clones will
proliferate and some parasites with particular sets of
epitope variants will predominate {despite equal
recruitment for all tvpes). despite the
presence ot immunodominance reflected by the high
abundances of specific T cell clones, coexistence can
oceur,

However,

At equilibrium, for all T cell clones (e.g. epitope
1), the equation dX (7)/dt = () implies that either

:**:l/ﬂ or

(and similarly for epitopes 2 and 3). Ideallv we need
an expression for total parasite abundance (summing
across the variant tvpes at each epitope) in the closed
form

X*=0 (49)

PL* = EI l/ﬁfl- (50)

il

This requires that all T celi clones (x,) be present at
equilibrium, which in turn requires

XNV

If this holds then equation (50) is correct,
More gencrally, the immune system is trying to

el + r=1,..e. {51)

minimize the total worm burden given the speci-
fications of the immunogenicities of the variants at
each epitope and the cell proliferation and death
rates. This implies competition between T cell clones
and hence some form of immunodominance of clones
to a particular epitope.

The model suggests that the immunodominant
epitope will be that which has a full set of activated
T cells to each of the genetic variants and the lowest
reciprocal # sum where

Pl =Min S 1740, (32)
a1

In rhe muluple epitope model without genetic
variation no coexistence between T cell clones
specific to the different epitopes is pessible. Once
variation arises coexistence is possible with a number
of distinct epitopes activating reasonable immune
responses. More formally this can be seen from the
tact that the sums PX P%.y and P¥,. may each
contain a different number of elements. For example,
if epitope 1 is immunodominant (as assumed in
equation (51)), then to a good approximation the
SUMMmAtions over parasite variants at the other two
epitopes are:

1[')*

o = Pli/e, and Pl ~ Plwxl s (53)
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Fig. 7. Switching in tmmunodominance from epitope 2
(most immunogcnic) to epitope 1 {less immunogenic).
Initially there is a single parasite variant P, present
which elicits an immune responsc from both epitope |
and 2-specific T celjs. Epitope 2 has the highest
immunogenicity and is therefore immunodominant. At
time ¢t = 5, a second genetic variant is generated at thus
epitope (introducing P, wnto the parasite populdtion}.
This causes a switch in immunodominance and an
Increase in parasite abundance. Parameters used are x =
Sand § =02, The immunogenicities are 3! = (3-7180
and /% = (5-0, 3-7811}. Initial conditions are those of
Fig. 6.

T cell clones ¥; and z. will also be present at
equilibrium provided

Bz P = €0/ Phan- P+ 1, (34)

where a subscript a denotes an approximation, ( This
approximation holds good except in the case when i
ts only slightly smaller than the critical value
€,/ Phxy, I which case the other T cel] clones persist
even though thev are ruled out by the approxi-
mation.)

A series of important biological insights are
generated from this analvsis of a rather complex
biological model {i.e. multiple epitopes and multiple
genetic variants deriving from variations at each
epitope). First, coexistence between all variants in
the genetically diverse parasite population is possible
although T cell clones specific to every one of the
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Fig. 8. Coexistence of three T cell responses to an
antigen with 1" = 10 variants, Parameters used are o =

30 and § = 02 with initial conditions Pl =0, X(0) =
);(O) = Z.(0) = 001. The immunogenicities j’f})‘ for
epitope p-variant g are randomly chosen to lie in the
range () < F) < 3. Epitope 2 (v)) 15 immunodoeminant
although T cells responding to the other twWo epitopes
are also present at equilibrium,

vAriants may not be activated and hence detectable.
Secondly, the epitope with the most immunogenic
puarasite variant mav not stimulate the strongest and
most effective (in terms of reducing parasite burden)
immune response. At Arst sight these results appear
counter-intuitive. The reason lies in equation {52)
and the surrounding biological interpretation of this
result. The immune system is acting to trv and
minimize the total worm burden and in doing so
selects the epitope which elicits a T cell response to
all vartants and in which the sum of the individual
Immunogenicities 1o each variant is greatest (given
equal parasite strain life-expectancies, rates of re-
cruttment and T cell clone life-expectancies). Hence,
& lowly immunogenic epitope mav be targeted
instead of a highly immunogenic one if the former
has few variants and the latter many. In other words,
the parasite may evade immunological responses to a
highly immunogenic antigen epitope by evolving
high mutation rates in the gene that encodes for that
part of the antigen (or other genetic mechanisms to
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Table 1. Immunogenicities used in simulation of coexistence

Epttope  Variants ¢, A i qu LU/
liv) 3 (725 (1:3430, 19070, :2963) +0434
2y 2 (483 9076, 1-0511) 2-0532
3(z,) + 0967 (02615, 3.0, I'1116, 1-4037) 57681

generate variability in the epitope). Conversely, the
parasite can direct the immune response to a low
Immunogenic epitope via conservation of the genetic
material coding for it. We refer to this phenomenon
as the process of masking potentrally immuno-
dominant epitopes by antigenic variation. Third,
and related to the second point, a single non-varving
epitope (a conserved epitope) can dominate the
Immune response even when more immunogenic
variants exist at other epitopes.

An illustration of the last two points is presented
in Fig. 7 where a numerical simulation of the model
presented in equations (38-41) is depicted (for
simplicity we have restricted the model to only 2
epitopes}. The graph records the parasite population
growth in a single host where at time { =0 the
parasite population is genetically homogeneous and
the host’s response is directed at 2 epitopes on a
single antigen. Epitope 2 is immunodominant (i.e.
has greater immunogenicity, ¢, > e ) and the T cell
clones specific to this epitope outcompete those
targeted at epitope | (competitive exclusion). At
time t=3, a new genetic variant emerges with
variation at epitope 2 (now 2 strains in the popu-
lation). The new variation at epitope 2 is still more
immunogenic than the conserved epitope 1, but the
condition defined in equation (52) now produces a
shift in immunodominance to epitope 1 (the less-
immunogenic epitope) with a consequent elevation
in the total parasite burden. 'Thus in this example we
see antigenic variation acting to ‘mask’ the most
immunogenic epitope to the benefit of the parasite’s
overall abundance within the host. Note, however,
that this will not alwavs occur. The quantitative
details of the relative immunogenicities of the
variants and the number present in the populatton
for each epitope at the time of emergence influence
which epitope is targeted by the immune svstem
{equation (51)). We consider each of the 2 biological
phenomena outlined here in greater detail in the
following subsections.

Coexisting T cell responses fo more than | epitope. In
the example presented in Fig. 7, the parameter
values chosen resulted in competitive exclusion
between the T cells specific to each of the two
epitopes. Coexistence can occur and a specific
example serves to tllustrate this phenomenon. Sup-
pose epitope 1 (in a 3-epitope antigen) has a lowest i
sum (equation (52)) and all its variants stimulate
measurable T cell responses. Then equation {54)

implies that if the other two epitopes have a least 1
variant wich #7 > ¢ P¥__ then they will have at least
Iset of T cell clones activated at equilibrium.

Fig. 8 records an example of coexisting 1" cell
responses to 3 epitopes on a single antigen (summed
responses to all variants at each epitope). We
randomly selected the number of variants ar each
cpitope and the individual £7 (= immunogenicities)
values which lie in the interval 0-3, such that the
htghest immunogenicity is always exactly 3:0. We set
the cross-reactivity parameter § (extra death rate
imposed by immune response to conserved antigens,/
epitopes) to a low value of 0-2 and x to 30. There are
a total of .47 = 24 parasite antigenic variants which
means that T cell activation s possible provided
equation {46) is satisfied, i.e.

By > = e 1402 24]/24 = 02417, (55)

The parameter values chosen for the simulation are
shown in Table 1. T cell clones to all variants can be
activated and proliferate except to variants xy and z,.
Epitope 2 has the lowest reciprocal Jsumand T cell
clones proliferate ro all variants (i.e. equation (51) is
sutisied). The average (scaled) worm burden is
therefore

P o/ = 20332/24 = V0836, (56)

Having determined the value of P}, and demon-
strated that epitope 2 will be immunodominant, we
can predict the likelihood of coexistence between T
cell clones to the 3 epitopes by estimating critical Yife
values {equation (54)).

P 43N and 7 ~ 1:9482, (

L

7)
Considering Table 1 and equation (37) we can see
that g1 > g% and g% > 3,

clones to x, and 2, will be present at equilibrium,
also g 1s very close to its crittcal value, and in the

which means that T cell

numerical results x; T cells are also present. This
specific example clearly illustrates how immuno-
dominance and coexistence of a subset of T cell
clones can occur concomitantly,

Masking of immunodommant epitopes. For the co-
existence of T cell clones specific to all the epitopes
present on an antigen we require that at least |
variant on each epitope has a degree of immuno-
genicity greater than a specified value {equation
(534)). Now suppose that the most immunogenic
epitope is subject to a great deal of genetic diversity.
In the absence of variation we would expect this
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Epitope 2 (¥, is the most immunogenic aithough no
epitope 2-specific T cells are present at equilibrium.

epitope to be immunodominant. However, as noted
earlier, high diversity can act to mask immuno-
dominance.

Again a simple numerical example well illustrates
this phenomenon (Fig. 9). Retaining the parameter
values of the previous example (Fig. 8), but choosing
a new set of 4 values and numbers of variants, we

arrive at a set of . 4" = 16 antigenic variants where T
cell activation requires
A= pr=e [1402x 16]/16 = 0:2623¢,. (38)

‘The specific 2 values and their reciprocal sums are
shown in Table 2. All the T cell clones exXeept v, can
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on the surface of an antigen with .1 = 4 variants.
Parameters used ure x = 30 and & = 0-2 with initial
conditions P (0) = 0, X(0) = Y0} = Z,(0) = 0-01. The
Immunogenicities A7 are randomly chosen to lie in the
range 0 < 2 < 3. Epitope 2 (1) is immunodominant and
no other ‘I cells are present, even though cpitope 3 {s,)
13 the most immunogenic.

proliferate and epitope 3 is the immunodominant
epitope (lowest reciprocal # sum and all its 'T' cells
can proliferate). Estimating the total worm burden
and approximate critical 7 values for the persistence
of each T cell ¢clone at equilibrium gives

PY ./t =00579 (59
with approximate critical

A~ 21584

» values
and =~ 43169, (60

For epitope 1, onlv T cell clones to variant x, will be
present and, more importantly, none of the T cell

Table 2. Immunogenicities used in simulation of rmasking of

mmunodominance

Epitope Variants e, i A 23‘1—1 Ljpr
Téx,) 2 0-525 (2-6301, 0-8596) 1-5407
2(_1,'}.) 4 1-050 (20803, 2-6911, 30, 0-9867) 2-1991
3(=,) 2 0-525 (26311, 1-8298) 0-9266
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Table 3. Immunogenicities used in simulation of
single epitope immunodominance

Epitope Variants e g7 2 }::’11 1/
1{x) 2 323 (2311, 2073) 09114
201 1 02625 (2:2438) (0-4453
KEE-] 2 (325 (2:2313, 3.0) 07815

clones to the 4 varjants of epitope 2 will be present at
equilibrium (i.e. 82 > 3-0). In other words, some of
the immunogenic variants at the epitope 2 site will
not elicit the expansion of specific T cell clones, The
potentally immunodominant epitope is masked by
epitope 3 which has a limited number of variants by
comparison with epitope 2.

variant immunodominance.

Single The role of
masking a potentially immunodominant but variable
epitope is made even easier if only 1 wvariant is
present at one of the other epitopes. In the example
detailed above, suppose that epitope 2 is conserved
(only 1 variant). In this situation there will be only 1
immunogenicity £, and if its reciprocal is smaller
than the sums of the Immunogenicity reciprocals at
the other 2 epitopes then epitope 2 will be immuno-
dominant. If the Immunogenicity of the conserved
epitope is exactly one half of the highest immuno-
genicity of the variants at all other epitopes, and if all
other variants have at least 2 variants, this implies
that no other T cell clones will be activated (i.e.
immunodominance of epitope 2 with complex ex-
clusion of T cell clones to all variants at other
epitopes),

An example of this phenomenon is plotted in Fig.
10 with numerical values simitar to the two previous
examples (Figs 8 and 9) but with new randomly
generated e, and #¥ values shown in Table 3.

All epitopes other than 2 fail to activate an immune
response and we are left with a single epitope which
is immunodominant, despite the fuct that variants at
other epitopes have greater immunogenicities, This
dynamical outcome which induces masking s an
obvious advantage to a helminth parasite. For highly
immunogenic epitopes, high genctic variability in
the gene that codes for this site which induces
distinctive variants that can potentially ehicit 1 cell
proliferation acts to shift the focus of the mmune
system to less immunogenic sites.

DISCUSSION

We started with a very simple model of the
interaction between a parasite expressing 1 major
antigen with a single epitope and the human immune
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system. The insights gained from the simple model
facilitated the analysis and mterpretation of much
more complex models representing multiple antigens
and genetic variation at each epitope. A number of
important hiological insights emerge from these
analvses. First, in the absence of genetic variation or
significant degrees of cross-reactivity of immune
responses across different epitopes, competitive
exclusion results in the interaction berween different
T cell clones specific to each epitope with the clone
that induces the maximum depression of the parasire
population ‘winning’ and becoming immuno-
dominant. Once a degree of CTosSs-reactivity occurs
then coexistence of different T cell clones may occur
but again the immunodominant clone will be the one
which most effectively controls parasite abundance.
Although the focus of our models has been on a
single antigen with multiple epitopes, simtlar conclu-
sions cmerge if we consider multiple antigens each
with a single major epitope. The response to ]
antigen (whether humoral or cellular) is lkely to
dominate in accord with its success in limiting
parasite abundance.

However, helminth parasites are characterized, in
part, by their ability to produce very large numbers
of transmission stages by sexual reproduction. In the
make up of the organism a great deal is invested in
sex and reproduction. The adult sexually repro-
ducing parasite lives in a very hostile environment
and is confronted with a wide range of mmmunological
responses targeted at kev antigens that are central to
parasite survival and transmission. One consequence
of sex is the generarion of variation in these antigens
and undoubtedly this is of great importance to the
long-term persistence of parasite populations within
their human host. In areas of endemic infection with
filarial worms, intestinal helminths and schistosome
flukes the majority of people harbour worms for the
major part of their lives,

The simple conclusions concerning the dvnamical
interaction between the parasite and the human host
Immune system change radically onee genetic vari-
ation is taken into aceount. This greatly enhanced
dynamical complexity very much parallels that
discovered recently for antigenic variation in viruses
and immunological responses to this variation
(Nowak et al. 19954). In many ways, however, the
complexity is somewhat caster to unravel for hel-
minths due to the basic immigration (= infection) -
death nature of the processes that influence popu-
lation growth in the host. For multiple epitope
antigens, the immunodominant epitope, in terms of
the abundance of activated T or B cells to that
epitope, may not necessarily be the epitope with the
genetic variant of the greatest immunogenicity. The
Immune system is still striving to minimize parasite
abundance, but genetic variation at the most immuno-
genic epitope can result in a shift in immuno-
dominance to a less immunogenic site. This shift
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may be of advantage to the parasite since the
targeting of the immune response to a less immuno-
genic (but more conserved) site will result in greater
parasite abundance than would be the case if the
response staved focussed on the site with more
Immunogenic variants (but greater variability). The
strategy for the parasite is clear-generate variability
at immunogenic sites on antigens of kev importance
to survival and transmission. Similar conclusions
apply if we consider multiple antigens with genetic
variability at a single epitope on each. The phenom-
enon of ‘masking’ tmrnunogenic site by a conserved
epltope or antigen is an interesting one. Chne test of
this prediction would be the detection of immuno-
dominant responses to conserved antigen epitopes in
humans in areas of endemic helminth infection.
Another would be (in the same setting) the identi-
fication of highly immunogenic but variable epitopes
that do not elicit immunodominant responses,

In conclusion, the aim of this paper has been to
construct a theoretical framework with which to
begin to explore the population dynamics of the
within-host interaction between helminth parasites
and vertebrate hosts. The framework generated is
capable of addressing problems involving multiple
antigens, multiple epitopes on each antigen and
antigenic variation generated by recombination (or
mutation). Although a simple beginning, the current
framework reveals much dynamical complexity and,
in particular, some counter intuitive notions con-
cerning immunodominance and immunogenicity, In
a further paper we will examine the implications of
these results for the choice of antigens and epitopes
for candidate helminth vaccines.
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