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Cytotoxic T lymphocyte (CTL or CDS) responses are a major branch of the immune system
involved in controlling viral infections. Murine models have shown that the development of
effective and sustained CDS cell responses requires CD4 T cell help. However, the precise
mechanism in which CD4 cells provide help for CDS cell responses is still controversial. In the
literature, mainly two mechanisms are discussed. According to the “classical” pathway, CD4
cells secrete cytokines, such as IL-2, which promote the responsiveness of the CD§ cells.
According to the “CD4-APC-CDS8” pathway, CD4 cells specifically activate antigen presenti-
ng cells (APCs), and APCs specifically interact with CDS cells, thereby delivering help. Here,
we derive kinetic models in order to describe and compare both pathways of help. We find that
the two pathways might have different roles in different situations. The classical pathway is
more efficient at inducing CD8 cell expansion at high virus loads, while the CD4-APC-CD8
pathway is more efficient at inducing CDS cell proliferation at low virus loads. From this, it
follows that the classical pathway might be needed in order to kick-start a CDS cell response in
the acute phase of the infection, while the CD4-APC-CD8 pathway is needed in order to
ensure virus clearance when virus load is reduced by the immune system. These findings have
implications for the interpretation of experimental data from virus infection in helper-deficient
hosts. In particular, the models offer further suggestions for the development of treatment
regimes aimed at achieving immunological control of HIV infection which has been shown to
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crucially depend on the availability of helper cell responses.

Introduction

The CD4 T cell population is a central compon-
ent of the immune system responsible for orches-
trating specific immune responses. Although
T helper cells can have effector function them-
selves and directly inhibit viral replication
(Christensen et al., 1999), their main role is to
provide help for B cell and cytotoxic T cell re-
sponses (CTL). B cells secrete antibodies which
can inhibit free virus particles, while CTL lyse
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infected cells or secrete chemokines inhibiting
viral replication. The CTL response is thought to
be a major component of the immune system
responsible for fighting viral infections (Jeffery
et al., 1999; Kagi et al., 1996; Schmitz et al., 1999).
Absence of CD4 T cell help can result in impaired
anti-viral CTL responses, and renders the im-
mune system unable to control viral replication in
the long term. This has been studied extensively
with murine LCMYV infection. Although the
primary CTL response in class II knockout mice
is similar to that observed in wild-type mice,
the absence of CD4 cell help can result in strongly
impaired CTL responses in the memory phase
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FIG. 1. Schematic diagram of the two pathways of help explored in this paper. (a) According to the classical pathway, CD4
T cells secrete IL-2 which promotes proliferation of CDS8 cells. (b) According to the CD4-APC-CD8 pathway, CD4 cells
activate APCs which in turn specifically interact with CDS§ cells, delivering help.

of the infection, accompanied by uncontrolled
viral growth (Andreasen et al, 2000; Borrow
et al., 1996, 1998; Thomsen et al., 1996, 1998).
Viruses with a tropism for T helper cells can
potentially impair the CD4 cell response, resulting
in compromised CTL and persistent infection.
This seems to be the case with HIV (Kalams &
Walker, 1998; Rosenberg et al., 1997). In most
patients, already the acute phase is characterized
by the marked absence of significant levels of
specific CD4 cell proliferative responses and rela-
tively weak CTL activity (Lifson et al., 2000;
Rosenberg et al., 2000). On the other hand, long-
term non-progressors are characterized by the
presence of significant levels of CD4 cell prolif-
erative responses and show high levels of CTL
despite extremely low viral loads (Harrer et al.,
1996a, b). The precise mechanisms underlying
CD4 cell help for CD8 cell responses are still
unclear. Traditionally, the main role of CD4 T
cells was thought to be the secretion of cyto-
kines upon contact with antigen. These cyto-
kines, especially IL-2, are thought to stimulate
CD8 cells, promoting their expansion and

maintenance. This mechanism will be referred to
as the “classical pathway” [Fig. 1(a)]. However,
recently, it has become clear that a more comp-
licated pathway might be involved in the genera-
tion of help for CDS cell responses (Ridge et al.,
1998; Schoenberger et al, 1998). Experiments
suggest that CD4 T cells can specifically interact
with antigen presenting cells (APC), thereby ac-
tivating them. Activated APCs in turn can spe-
cifically interact with CD8 T cells, delivering help
in the form of costimulatory signals. We will refer
to this mechanism as the CD4-APC-CDS path-
way [Fig. 1(b)]. A better understanding of the
mechanisms underlying help, as well as the rela-
tive roles of these different pathways are impor-
tant not only from a conceptual point of view,
but also in the context of vaccination and im-
muno-therapy. From this outline it is clear that
the mechanisms underlying CD4 cell help for
CDS8 cell responses are complex and involve
many different components. Hence, mathemat-
ical models can help us to improve our under-
standing of these processes (De Boer & Perelson,
1994). We formulate kinetic models describing
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potential interactions involved in help for CDS8
cell responses. We start by deriving kinetic mod-
els for the CD4-APC-CD8 pathway, and com-
pare this to a model describing the classical
pathway of help. We find that both pathways
could be important in different situations. The
CD4-APC-CD8 pathway induces efficient CTL
expansion at low virus loads, while the classical
pathway more efficiently induces CD8 cell re-
sponses at high virus loads. We discuss the signif-
icance of these findings in relation to different
stages of the infectious process, and interpret
data on virus infections in helper-deficient hosts.
Finally, the models suggest an experimental test
in order to evaluate the role of the two pathways
in viral infections.

The CD4-APC—-CDS8 Pathway

According to the CD4-APC-CD8 pathway,
CD4 T cells specifically activate APCs, and ac-
tivated APCs then specifically interact with CD8
cells, promoting their expansion. This is me-
diated by receptor-ligand interactions, such as
CD40-CD40L or B7-CD28 (Borrow et al., 1998;
Thomsen et al.,, 1998; Andreasen et al., 2000).
Thus, the CD4-APC-CD8 pathway can be rep-
resented by the following reaction scheme:

ky
Th + A=ThA,
k,
ks
ThA — Th + A*,

k
CDS8 + A*— CD8A*, (1)

5

k
CDSA* - (n + 1)CD8 + A*,

ks

A* — A,

where Th stands for helper cells, A stands for
APC, and a star represents an activated state.
Every CDS cell that binds to an activated APC
and that itself will get activated will through
proliferation give rise to n new CDS cells. Note
that in assuming this we have aggregated CD8

activation and proliferation in one process.
The k; are reaction constants. It is assumed that
the number of APCs is small and that this limits
the reactions. The kinetics of these reactions are
given by

% = — ky[A][Th] + k,[ThA] + k;[A*],
dLA™T _  [ThA] — k. [A*][CDS]

+ (ks + k¢) [CD8A*] — k,[A*],
L 4 k) [ThAT — K [AT (TR
A8k, 1an1 e8]

dt

+ (ks + (n + 1)ke) [CD8A*],
ETAL_ J [AICT] — (ks + k) [THAL,
DN | e

— (ks + k) [CD8A*],

where the square brackets denote concentrations
of cell types or complexes of cells. We next
assume that the kinetics of complexes are fast
compared to the other reactions. This amounts
to the assumptions that k, + k3> k; and
ks + k¢ > ks. Under these assumptions both
complexes go to their quasi-steady state and the
concentration will approximately be [ThA] =
(k1/(k2 + k3)) [Th][A] and [CD8A*] = (ka/(ks +
ke)) [A*][CD&]. This reduces the kinetics to

d[A] _ k1k3x
dt  ky + ks

[A] + k,[A*],

d[A*]  kyksx
dt ko + ks

[A] — ks [A¥],

d[CD8] _  kaks

*
dr kot kg LV 1ICDS]
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Note that the concentration of free helper cells is
constant under these assumptions. Let the total
number of helper cells be given by x =
[Th] 4 [ThA]. Under the assumptions made, the
number of helper cells in complexes is small com-
pared to the number of free helper cells. We can
therefore assume that [Th] = x. The total num-
ber of APCs is given by y= [A] + [A*] +
(kix/(ka + k3)) [A] + (ka/(ks + ke)) [A*][CDS].
Note that the number of free APCs, [A] + [A*],
is constant and the ratio of free activated to free
non-activated APCs will equilibrate. At equilib-
rium we find

[A*]

k1k3xy
ky(ky + k3) + kiksx(1 + (ka/(ks + k) [CD8]) + kik;x

_ exy
T+ ex( + f2) +fix

where ¢ = kiks3/k,(k, + k3) is the net reaction
constant of APC activation, ¢ = nkske/(ks + k¢)
1s the net reaction constant of CD8 activation,
fu = kq/(k, + k3)is a proportionality constant for
the Th-APC complex, and f. = ky/(ks + k¢) is
a proportionality constant for the CD8-APC
complex.

We denote the number of CD8 T cells by
z = [CDS8] + [CD8A*]. Under the assumption
that the number of CDS§ cells in complexes is
negligible compared to the total number, we can
assume that [CD8] =z The proliferation of
these cells is described by

cexyz
1 +ex(l +fiz) + fiux

2)

This is a form of the proliferation function that
generalizes several functions which have been
described previously. For instance, by assuming
that the amount of help, x is constant we find

ay
p+z

where o = c/f.,, p = 1/(exf.) + (¢ + f)/(ef.). This
proliferation function has been derived by

Fishman & Perelson (1993), De Boer & Perelson

3)

(1994) and Borghans et al. (1999). Another pos-
sible assumption is that the help is vanishingly
small, which amounts to linearizing the prolifer-
ation function in x in the neighbourhood of
x = 0, which results in

cexyz 4)

which is arguably the simplest possible functional
form (Nowak & Bangham, 1996; Wodarz &
Nowak, 1999). In the derivation of the general
proliferation function it was assumed that
k, + k3 > ky and ks + kg > k4. Hence, it is natu-
ral to assume that f;, and f, can be ignored, which
results in

cexyz
1 +ex’

)

This functional form has also been used to de-
scribe CTL dynamics (Wodarz et al, 1999;
Wodarz & Nowak, 2000). In the rest of this paper
we will use this particular functional form. The
rate of CTL activation and proliferation is thus
a saturating function of the number of helper cells
with 1/¢ as the half saturation constant. In the
presence of large amounts of help, the rate of
CTL proliferation approximates cyz, where the
parameter ¢ denotes the CTL responsiveness.
This parameter includes a variety of factors
which influence the ability of the CTL to respond
to antigen, determined by the T cell receptor and
the MHC type of the host. The level of help is
given by the number of helper cells, x, as well as
the efficacy of those helper cells, &. The higher the
efficacy of help, ¢, the lower the number of helper
cells, x, required to induce maximal stimulation
of the CTL response.

If we then assume that CD8 cells die with a rate
bz we get the kinetics

dz _ cexyz
dt 1+ ex

— bz (6)

In this model, the CTL response becomes estab-
lished if ex > b/(cy — b), where y denotes virus
load in the absence of a CTL response. In other
words, the CTL response only becomes estab-
lished if the amount of CD4 cell help lies above
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FIG. 2. The effect of help on virus load. (a) Virus load
decreases asymptotically with increasing degrees of help.
Virus load approaches a value of b/c for high degrees of help.
(b) Increasing the rate of virus-induced APC activation also
results in an asymptotic decrease in virus load. For large
values of k, virus load approaches a value of b/c. Parameter
values were chosen as follows. (a) ¢ =1; b =0.1; ¢ = 0.01;
(b)c=0.1; b =0.5; ¢ =0.01; x = 0.

a critical threshold. This result makes sense in
that an immune response is wasted when trig-
gered by too low concentrations of antigen. Equi-
librium virus load in the presence of CTL is given
by ¥ =b(1 + exX)/ceX. As shown in Fig. 2, an
increase in the amount of help reduces virus load
down to an asymptote, at which the helper-
induced stimulation of the CTL response
has reached its maximum. At the asymptote,

y =b/c.

The equilibrium viral load is determined by
other immunological processes. Within the frame-
work presented here we can model the prolifer-
ation of T helper cells in response to activation by
APCs. If we assume that T cell proliferation is
proportional to the amount of T cells in com-
plexes we find that T cell proliferation is given by
¢xy, where ¢ is the proliferation rate. If the death
rate of T cells is given by { we can write for the
T cell dynamics

dx

o= bxy— v Y

Direct Activation

Although the presence of CD4 + T cells is re-
quired for efficient generation of CTL responses
in many virus infections, experiments suggest
that APCs could be stimulated and activated
directly without the need for CD4 T cells.
It is thought that direct activation of APCs can
be induced experimentally by crosslinking of
CD40 on the APCs (Ridge et al., 1998; Schoen-
berger et al, 1998). In vivo, experiments
suggest that viral infection of APCs has a
similar effect (Andreasen et al, 2000). We
can modify the above model to account for
a CD4 cell-independent component of the CTL
response.

If APCs can also become stimulated and
activated directly by the virus without the need
for T helper cells, the following reaction should
be appended to the reaction scheme (1):

ks
A - A% (3)

where kg is a reaction constant. After making
the same quasi-steady-state assumptions as in the
previous section, this changes the kinetics of the
APCs to

d[A] _ k1k3x

& = Tk [A] + k7 [A*] — ks[AT,  (9)

d[A*] _ k1k3x N
a kg kA TR IATT + ks[AD (10)
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The total number of APCs, y, is preserved and
the number of activated APCs will equilibrate to

(ex + k)y
+(ex + k(1 + foz) + fux’

[A*] =+

where k = kg/k-. By ignoring the terms contain-
ing f. and f, this reduces to

o extk)y
[A*] = 1 +ex+k

The proliferation rate of T cells in this case be-
comes c(ex + k)y/(1 + ex + k). The parameter
k represents the rate of helper-independent
activation of APC. This description does not
rely on the detailed mechanism by which helper-
independent expansion of the CTL population is
achieved, a topic which is still open to debate
(Andreasen et al., 2000). The effect of direct stimu-
lation is effectively that k/e less CD4 cells are
needed in order to achieve the same amount of
help. In the model, a sustained CTL response
becomes established if x + k/e > b/e(cy — b),
where J stands for the level of antigen in the
absence of CTL. In other words, even if CD4 cells
are absent, the CTL response can still invade if
the rate of helper-independent activation of APC,
k, is sufficiently high. Equilibrium virus load
in the presence of CTL is given by y = b(1 +
eX + k)/c(ex + k). As shown in Fig. 2(b), higher
rates of virus-induced activation of APCs reduce
virus load down to an asymptote at which y = b/c.

THE CLASSICAL PATHWAY

For the classical pathway of T cell prolifer-
ation it is assumed that CD8 T cells require
contact with the antigen and exposure to
cytokines, denoted as I, in order to proliferate.
The cytokines are released by CD4 cells upon
contact with antigen. This amounts to the follow-
ing reaction scheme:

ky
Th + A*=ThA,
ky

k
ThA— Th+ A + 1,

k
CDS$ + A= CDSA, (11)
ks

k
CDSA +1 > (n+ 1)CD8 + A + 1,

ko

I —.

with kinetics:

% — — k,[ThI[A] + (ks + k3)[ThA]

— ko [CDS8][A] + (ks + k¢ [T])[CD8A],
d[thh] — K, [ThI[A] + (k> + ks)[ThA],
dLCDST_ _ k, rcpsira]

dt
+ (ks + (n + 1) ke [1]) [CD8A],
% — ky[Th][A] — ko[I],
% =k, [CDS][A] — (ks + ks [1]) [CD8A],
d [E?A] = k; [Th][A] — (k, + k3)[ThA].

Under the assumption that k, + k3 > k; and
ks + kg[1] > ks we can also assume that the
complexes CD8A and ThA go to their quasi-
steady states: [CD8A] = (k4/(ks + ke[1])
[CD8][A], and [ThA] = (k/(k, 4 k3)) [Th][A].
Under these assumptions the free Th, denoted as
x, and APC, denoted as y, populations are con-
stant (note that this tacitly assumes that the num-
ber of Ths and APCs in complexes is neglegible
compared to the number of free cells). The kinet-
ics simplify to

d[CD8] _ nkyke[1]
dt ks + ke[1]

[CD8]y,

d[1
% = ksxy — ko[I].
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If, in addition, we assume that the cytokine con-
centration goes to equilibrium, then by denoting
[CDS8] = z we get the proliferation rate

yxy’z

, 12
1+ nxy (12)

where ) = nkykgks/ksko and n = kgks/ksky. Ac-
cording to this expression, the efficacy of such
a response depends on the amount of antigenic
stimulation. If the antigen concentration is large
the proliferation function goes to (y/n)yz and
the effect of help disappears. In other words,
the response is likely to be effective at high virus
loads. However, for low antigen concentrations
we find yxy?z. For low help we recover the same
expression. Note that this differs from the prolif-
eration function derived before. Under the classi-
cal pathway the proliferation is much lower for
low amounts of antigen and an immune response
will be slow. The T helper cell proliferation will
not be affected by this different pathway.

The kinetics of the classical pathway are com-
pared to those of the CD4-APC-CDS8 pathway
in Fig. 3, plotting the rate of CTL proliferation as
a function of antigen concentration. While the
rate of CTL proliferation is a linear function of

antigen concentration under the CD4-APC-
CDS8 pathway, the relationship is not linear un-
der the classical pathway. The classical pathway
induces CTL proliferation more efficiently at
high antigen concentrations, while the CD4-
APC-CD8 pathway induces CTL proliferation
more efficiently at low antigen concentrations
(Fig. 3). This observation follows from the deriva-
tion of the proliferation responses. The maximum
response under the CD4-APC-CDS8 pathway
is ¢y, while under the classical pathway the
maximum response is given by y/ny. Since
¢ = nkgke/(ks + k¢) < nk, = y/n the maximum
response of the classical pathway exceeds that of
the CD4-APC-CD8 pathway.

Application and Discussion
THE MEANING OF HELP

It is clear that CD4 T cell help plays an impor-
tant role in the generation of antigen-specific
immune responses. The exact mechanism by
which help is delivered is, however, still unclear.
In this paper, we used mathematical models in
order to analyse the role of help in the generation
of specific CD8 T cell responses. We investigated
two mechanisms of help which were introduced
in the literature. According to the “classical”
pathway, CD4 cells secrete cytokines such as
IL-2 which bind to and activate specific CD8
cells when exposed to antigen. According to the
“CD4-APC-CDS8” pathway, the CD4 cells spe-
cifically interact with and activate APCs. The
activated APCs in turn specifically interact with
the CD8 cells and thereby deliver the necessary
help. There is evidence supporting a potential
role for both of these mechanisms. Experiments
suggest that in the absence of any form of help,
CDS8 T cells become anergic within days follow-
ing antigenic challenge, not being able to sustain
their own proliferation (Deeths et al, 1999).
However, exogenous administration of IL-2
resulted in stimulation and proliferation of the
CDS8 T cells (Deeths et al., 1999). On the other
hand, experiments also suggest that help can be
administered directly by antigen presenting
cells in the absence of CD4 cells. CD4 cells are
thought to activate APCs through specific recep-
tor-ligand interactions, such as CD40 and
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CD40L. Crosslinking of CD40 on APCs results
in the delivery of help without the need for CD4
cells (Ridge et al., 1998; Schoenberger et al., 1998).
With these findings in mind, questions arise re-
garding the exact nature of help and the relative
roles of these two pathways. In this respect, our
modelling approach offers new insights. The
models suggest that the two pathways of help
might both be required in different situations
(Fig. 3). At high virus loads, the rate of CD8 cell
expansion is faster with the classical pathway
compared to the CD4-APC-CD8 pathway
(Fig. 3). On the other hand, at low loads, the rate
of CDS cell expansion is slower with the classical
pathway compared to the CD4-APC-CD8 path-
way (Fig. 3). This could translate to the following
situation during the infectious process. At the
beginning of the infectious process, during the
acute phase, the virus may replicate to relatively
high levels before the immune responses kick in
and start fighting the pathogen. Hence, the host is
faced with the need for specific CDS§ cells to
expand quickly in response to a relatively high
antigenic load. In this situation, the classical
pathway of help would be required to generate
the most efficient response which could quickly
reduce virus load. In this context it is interesting
that CDS cells seem to be able to generate “self-
help” for a limited period of time by secreting
IL-2 themselves (Deeths et al., 1999). This could
increase the capacity of the specific CDS8 cell
response to immediately expand in response to
an antigenic challenge. After a limited number of
cell divisions, the CDS8 cells seem to lose the
ability to produce IL-2 themselves, and depend
on IL-2 secretion from other immune branches,
such as CD4 helper cells (Deeths et al., 1999).
Following the primary immune response, virus
load starts to decline. Now a parameter region is
reached in which efficient immunological pres-
sure at low virus loads is required in order to
ensure a continued decline of the virus popula-
tion towards extinction. In this situation the clas-
sical pathway is unlikely to be sufficient, since it
results in slow CD8 cell dynamics at low loads.
Instead, the CD4-APC-CDS8 pathway will
become important to ensure efficient CDS cell
mediated immunity at low loads, and thus to
ensure extinction of the virus population. If
the CD4-APC-CDS8 pathway is not available,

modelling suggests that resolution of the infec-
tion is likely to be incomplete: although virus
load is initially reduced to low levels, immunolo-
gical pressure is lost at low loads, resulting in the
ability of the virus population to grow back and
establish a persistent infection.

These verbal arguments can be supported by
a simple model, taking both pathways of T cell
help into account. The model is given by the
following set of differential equations.

dx/dt = ¢pxy — x,

dy/dt = ry(1 — y/K) — pyz,

dz/dt = (cex + k) yz/(1 + ex + k)
+ (pxy22)/(1 + nxy) — bz.

The variable x stands for helper cells, y denotes
the replicating virus population, and z stands for
the CTL response. Virus replication is modelled
as a simple density-dependent growth process.
The helper cell population expands in response
to antigenic stimulation, and delivers help to
the CTL via both the classical and the CD4-
APC-CD8 pathway, as derived in this paper.
Figure 4 shows simulations of this model for
strong and weak helper cell responses. If the
helper cell response is strong, the outcome of the
model is suppression of virus load to low levels
[Fig. 4(a)]. If we assume that extinction occurs
below a threshold level of virus load, the CTL
response clears the pathogen. At the beginning
of the infectious process, the classical pathway
induces faster CTL proliferation than the
CD4-APC-CDS8 pathway [Fig. 4(a)]. However,
when virus load starts to decline to lower levels,
the CD4-APC-CDS8 pathway results in faster
induction of CTL proliferation which results in
the eventual clearance of the virus population
[Fig. 4(a)]. On the other hand, if the helper cell
response is weak, the CTL response fails to clear
the infection resulting in persistent virus replica-
tion [Fig. 4(b)]. Initially, the classical pathway
induces a relatively strong CTL responsiveness
[Fig. 4(b)]. This is because at high loads, CTL
proliferation resulting from the classical pathway
becomes less dependent on the amount of help.
However, immunological pressure is lost at lower
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FIG. 4. Simulation showing the relevance of the classical pathway and the CD4-APC-CDS pathway in the different stages
of the infectious process. (a) Simulation assuming a relatively strong helper cell response, resulting in resolution of the
infection. Initially, at high virus loads, the classical pathway is more efficient at inducing CTL proliferation. In the clearance
phase of the infection, the CD4-APC-CD8 pathway is more efficient at maintaining CTL proliferation at low virus load. Note
that we assume an extinction threshold for the virus, since the model is deterministic. (b) Simulation assuming a relatively
weak helper cell response. Although initially the classical pathway induces relatively strong degrees of CTL proliferation at
high virus loads, immunological pressure is lost at low loads, resulting in failure of the CTL response to resolve the infection.
Parameters were chosen as follows: y = 0.05;r =0.1; k =20;p=1;¢c=0.08;¢ = 1;7 = 0.08; 5 = 1; b = 0.1; for (a), ¢ = 0.02;
for (b) ¢ = 0.007: (===) classical pathway; (——) CD4-APC-CDS8 pathway.

virus loads resulting in failure to suppress the
infection in the long term [Fig. 4(b)].

In summary, our mathematical models suggest
different roles for the two pathways of help: the
classical pathway is required to react quickly to
high virus loads. Hence, the classical pathway
could kick-start the CD8 cell response during the
initial phases of the infectious process. On the
other hand, the CD4-APC-CDS8 pathway is
required to ensure an efficient and fast response
at low virus loads. Hence, the CD4-APC-CDS
pathway is important to ensure viral clearance
following the acute phase of the infection.

EXPERIMENTS WITH HELPER-DEFICIENT HOSTS

In order to examine the role of help for the
resolution of viral infections, experiments have

been performed in hosts deficient in CD4 T cell
responses. Of particular interest are experiments
with  lymphocytic  choriomeningitis  virus
(LCMV) replicating in mice lacking major his-
tocompatibility class II molecules (Thomsen
et al., 1996). Such mice lack CD4 cell responses.
During the acute phase of the infection, the mu-
tant mice have a primary CDS cell response that
is comparable to wild-type animals. Conse-
quently, in both types of hosts, the initial vir-
aemia is reduced below the level of detection.
However, during the memory phase of the infec-
tion, class II deficient mice are characterized by
the absence of specific CDS cell responses, while
wild-type mice show vigorous memory CDS8 cell
responses. Consequently, virus load starts to re-
emerge 30-60 days post-infection in mutant mice,
while the virus remains undetectable for the time
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period of study in wild-type animals. The exact
time it takes for virus load to re-emerge in mutant
mice depends on the replication rate of the virus
(Thomsen et al., 1996; Planz et al., 1997). Faster
replicating strains of LCMV re-emerge faster
than slower replicating strains.

In the context of our models, two explanations
can be offered regarding the presence of normal
CD8 cell responses in class 11 deficient mice in the
acute phase of the infection. (i) As suggested by in
vitro experiments (Deeths et al., 1999), CDS cells
might be able to produce IL-2 themselves and
hence generate self-help for a limited number of
divisions. (ii)) LCMYV has a tropism for APCs,
such as dendritic cells and macrophages. Experi-
ments suggest that infection of APCs might result
in their activation, enabling them to deliver help
in the absence of CD4 cell responses (Andreasen
et al., 2000). Thus, during the acute phase of
infection when virus load reaches high levels,
many APCs are infected and become activated.
This results in the delivery of help. As the CD8
cell responses reduce virus load, the number of
infected APCs decreases, too. This results in loss
of the help at low virus load, and consequently in
re-emergence of viraemia and persistent infec-
tion. This is supported by a simulation of a model
assuming that APCs are directly activated by the
virus, resulting in the delivery of help (Fig. 5). In
the simulation, virus load is initially reduced to
low levels, followed by re-emergence of the virus.
In accordance with experiments, the model
further suggests that the time taken for virus
reemergence correlates with the replication rate
of the virus (Fig. 5).

The observation that viraemia re-emerges in
class II deficient mice after a certain period of
time implies that lack of help results in loss
of immunological pressure at low virus loads.
According to the model, this should be due to
a defect in the CD4-APC-CDS8 pathway. This
is supported by further experimental evidence
(Borrow et al., 1996, 1998; Thomsen et al., 1998).
Mice deficient in CD40L and infected with
LCMY show the same kind of behaviour as class
II deficient mice infected with LCMV. Activation
of APCs by CD4 cells is thought to require the
binding of CD40L (on CD4 cells) with CD40 (on
APCs). Hence, the CD4-APC-CDS8 pathway is
interrupted in CD40L — / — mice. On the other
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FIG. 5. Simulation of a model describing LCMV dynam-
ics in helper-deficient hosts. It is assumed that LCMYV infec-
tion results in the direct activation of APCs and the delivery
of help, as derived in this paper. The model is given by the
following pair of differential equations. dy/dt = ry(1 — y/k)

— pyz, dz/dt = (ck/(1 + k))yz — bz, where y represents the
virus population and z the CDS cell population. (a) Simula-
tion of a slowly replicating LCMYV strain. (b) Simulation of
a faster-replicating LCMYV strain. Parameters were chosen
as follows: p=0.1; ¢c=0.1; k=1, b =0.01; « =10; for
(a) r = 0.1; for (b) r = 0.5.

hand, the classical pathway is unlikely to be
deleted in these mutant mice. This interpretation
also fits in with the observation that efficient
CDS8 cell mediated immunity can be restored
in helper-deficient mice by cross-linking CD40
with antibodies (Ridge et al., 1998; Schoenberger
et al., 1998).

Implications for HIV Infection

CDA4 T cells are a major target for HIV replica-
tion. Clinical data from patients starting on
anti-retroviral therapy have revealed that
productively infected T cells have a relatively
short half-life of about 2 days (Ho et al., 1995;
Wei et al., 1995). Either viral cytotoxicity, and/or
immune-mediated cell killing contributes to the
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death of the CD4 T cells (Klenerman et al., 1996).
Hence, it is likely that during the initial stages of
the infection, when HIV viraemia rises to high
levels, most HIV-specific CD4 T cells become
infected and killed. In support of this notion,
clinical data from HIV-infected patients (Rosen-
berg et al., 2000) and experimental data from
SIV-infected macaques (Lifson et al., 2000) have
shown that significant levels of HIV-specific CD4
T cell proliferative responses are missing in typi-
cal infected individuals. This correlates with the
generation of only weak and inefficient CDS cell
responses (Rosenberg et al., 2000). Figure 6 shows
a simulation of an HIV-specific adaptation of the
models derived in this paper. The model assumes
that the target cells for the virus are immune cells,
such as APCs and helper cells, and that infection
of these cells induces immune impairment. For
fast HIV replication, the model suggests that
helper cell responses are significantly impaired,
weakening the CTL response. This leads to per-
sistent infection [Fig. 6(a)].

This is in contrast to long-term non-pro-
gressors, defined by the absence of pathology
after 15 years or longer. Such patients are charac-
terized by significant levels of HIV-specific CD4
cell proliferative responses, and high levels of
specific CDS8 cells despite very low virus loads
(Harrer et al., 1996a,b; Rosenberg et al., 2000).
According to the model (Fig. 6), this could occur
if the replication rate of HIV is low. Slow virus
spread results in only low amounts of helper cell
impairment, and consequently, in stronger CTL
responses. This leads to efficient suppression of
HIV load to low levels [Fig. 6(b)].

Recently, therapy regimes have been discussed
which can preserve specific CD4 cell responses,
resulting in improved immunity (Wodarz et al.,
1999; 2000; Lifson et al., 2000; Rosenberg et al.,
2000; Lori et al., 2000). This is achieved most
efficiently by treating early during the acute
phase of the infection (Watson et al., 1997;
Wodarz et al., 2000; Lifson et al., 2000; Rosenberg
et al., 2000). Early therapy results in immune
sensitization while preventing high degrees of
HIV-induced helper cell impairment. This is
thought to result in the availability of help and
the generation of an efficient and sustained CD8
cell response that can control viral replication in
the long term following the discontinuation of
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FIG. 6. Simulation of a model describing HIV dynamics,
based on the models derived in this paper. The model is
given by the following set of differential equations.
dx/dt = A 4+ ¢xy/(y + 1) — x — fxy, dy/dt = fxy —ay —
pyz, dz/dt = cexyz/(1 + ex) + (yxy*z)/(1 + nxy) — bz. The
variable x represents the population of uninfected helper
cells that are potential targets for HIV. The variable y de-
notes infected cells, and z denotes the CTL response. It is
assumed that the population of helper cells are both produc-
ed at a given rate, and expand in response to antigenic
stimulation. (Note that we assume that expansion saturates
with high antigen concentrations in order to avoid a positive
feedback between helper cell and virus growth.) Virus infec-
tion destroys the ability of these cells to deliver help. Hence,
the degree of helper cell impairment correlates with the
replication rate of the virus, . (a) A fast-replicating HIV
strain results in high degrees of helper cell impairment and
weak CTL-mediated immunity. This leads to persistent in-
fection. (b) A slowly replicating HIV strain results in less
helper cell impairment and stronger CTL-mediated immun-
ity. This can result in long-term control of the infection.
Parameters were chosen as follows: ¢ = 0.5; = 0.1;r = 0.1;
k=20p=1,¢c=0.1;e=1;y=0.1;7=1; b = 0.01; for (a)
p =0.7; for (b) f =0.1.

therapy. Such effects can also be augmented and
achieved by structured therapy interruptions
(Wodarz et al., 1999; Rosenberg et al., 2000; Lori
et al., 2000). Repeated therapy interruptions fol-
lowed by reapplication of treatment have been
shown to result in an increase in specific CD4 cell



430 D. WODARZ AND V. A. A. JANSEN

responses and in improved CDS8 cell mediated
control of HIV and SIV infection (Rosenberg
et al., 2000; Lori et al., 2000). However, success of
such therapy regimes depends on the repertoire
of CD4 T cell specificities which are available and
which can be induced. Hence, beyond a certain
time threshold in the disease process, this reper-
toire will be extinct and significant levels of CD4
T cell responses cannot be induced anymore.
How early treatment has to be started for inter-
ruptions to have a positive effect on the immune
system is currently unclear. For further progress
in HIV therapy, the exact nature of the defect in
T cell help is an important question. Experi-
mental evidence interpreted in the light of our
models suggests that the defect lies in the
CD4-APC-CD8 pathway. Clinical data from
HIV-infected patients (Kalams et al., 1999) sug-
gest that immunological pressure is weak at low
virus loads. When virus load is reduced to low
levels during drug therapy, the number and func-
tion of specific CD8 T cells significantly declines.
On the other hand, long-term non-progressors,
or individuals with improved immunological
control following structured therapy interrup-
tions are characterized by relatively high levels of
CDS8 cells despite very low virus loads. The model
further suggests that the classical pathway of help
is unlikely to contribute to the long-term control
of HIV, since it does not contribute to efficient
CDS8 cell mediated immunity at low virus loads.
Indeed, it is likely that in typical HIV-infected
patients, the classical pathway of help could be
functional. Secretion of cytokines such as IL-2 is
not so much restricted by the specificity of the
CD4 T cells. Cytokines can be secreted by non-
specific CD4 T cells as a result of bystander
activation. Thus, as long as the overall CD4 cell
count is not depleted, cytokine secretion is likely
to be functional. This can, in turn, maintain a
specific CD8 cell response in the presence of
relatively high degrees of antigenic stimulation
throughout the chronic phase of the infection.
Such a response can offer limited CD8 cell
mediated control of HIV replication. These
arguments have important implications for the
design of immuno-therapeutic approaches with
the aim of inducing long-term control of HIV
infection. Administration of immuno-stimulatory
cytokines, such as IL-2, is predicted to have little

effect on the degree of virus control. While it
would help to maintain CDS8 cell responses
throughout the chronic phase of the infection,
these CDS cells would still be unable to provide
efficient immunological pressure at low virus
loads. Efficient CDS cell responses at low loads,
required for control, could be achieved only by
enhancing the CD4-APC-CDS cell pathway of
help. In this respect, research should be aimed at
directly inducing and activating the APCs, rather
than at boosting specific CD4 T cell responses (as
done with structured therapy interruptions). The
reason is that during the disease process, the
repertoire of CD4 T cells that has the potential to
specifically react in response to HIV will become
depleted. However, APCs are not specific and do
not get significantly depleted during the course of
the infection. Hence, as long as HIV-specific CD8
cell responses are around, direct therapeutic ac-
tivation of APCs could result in the delivery of
help which could result in improved control of
the infection. Such direct, CD4 cell-independent
induction of APCs could result in improved im-
munity even during later stages of the disease, as
long as HIV-specific CD8 T cell responses are
still available.

AN EXPERIMENTAL TEST

In this paper we have used mathematical mod-
els in order to analyse the role of CD4 cell help in
the context of CD8 cell responses. We construc-
ted models describing both the classical pathway
of help, and the CD4-APC-CD8 pathway. The
models suggested that the classical pathway is
more efficient at reacting in response to high
antigen loads, while the CD4-APC-CD8 path-
way is more efficient at exerting strong CDS§ cell
mediated activity at low antigen loads. This not
only has important conceptual implications for
understanding the role of help in the generation
of CD8 cell responses, but also provides
important new insights into possible immuno-
therapeutic strategies aimed at controlling
immuno-suppressive infections such as HIV. The
models also suggest a simple experimental test in
order to distinguish the importance of the two
pathways of help in infections. The rate of CD8
cell proliferation should be measured as a
function of antigen load (Fig. 3). If the
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CD4-APC-CD8 pathway is more important,
then CDS8 cell proliferation should be a linear
function of load. On the other hand, if the classi-
cal pathway is more important, then CDS cell
proliferation is not a linear function of antigen
load, and for low antigen load this relation is
quadratic. It might also be interesting to test this
relationship separately for low and high antigen
loads, since the models suggest that the relative
importance of the two pathways of help might
depend on the level of antigen load against which
the CDS cells have to react (Fig. 6).
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