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MODELING AIDS VACCINES: THE CELLULAR LEVEL
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This paper discusses current strategies for the development of AIDS vaccines which allow
immunization to disturb the natural course of HIV at different detailed stages of its life cycle.
Mathematical models describing the main biological phenomena (i.e. virus and vaccine induced
T4 cell growth; virus and vaccine induced activation of latently infected T4 cells; incremental
changes in immune response as infection progresses; antibody dependent enhancement and
neutralization of infection) and allowing for different vaccination strategies serve as a back-
ground for computer simulations. The mathematical models reproduce updated information on
the behavior of immune cells, antibody concentrations and free viruses. The results point to some
controversial outcomes of an AIDS vaccine such as an early increase in virus concentration
among vaccinated when compared to nonvaccinated individuals.
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Considerable effort 1s now being directed
toward the development of AIDS vaccines
(Cohen, 1990). Initial speculations about the
development and testing of these vaccines point
to plausible beneficial as well as undesirable
outcomes of vaccination programs at the indi-
vidual and population levels. At the individual
level, AIDS vaccines may enhance disease,
induce immune suppression, show antibody-
mediated enhancement of virus infection (Levy,
1988), and promote neurologic dysfunction
(Fauci, 1988). Altematively, a vaccine might
benefit the vaccinated individual by slowing
or preventing development of disease without
protecting against becoming infected. This
could result in either an increase or a decrease
in the duration and degree of infectiousness of
the vaccinated persen for other individuals. The
mechanisms of proposed AIDS vaccine candi-
dates (Koff & Hoth, 1988) might, therefore,
change transmussion, resulting in possibly un-
expected and undesirable indirect effects at the
population level.

Clinical manifestations of AIDS are attrib-
uted to a disruption of the equilibrium among
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the various cells and their roles in the immune
system and subsequent attack by opportunistic
infections (Levy, 1989). HIV-1 infection is as-
sociated with depletion of the CD4 subset of
T lymphocytes, which is also the primary re-
ceptor for HIV binding. The relative density
and integrity of each component of the im-
mune system play an important role in the
determination of the clinical aspects and level
of infectiousness of infected individuals. Re-
cent advances 1n the molecular biology of HIV
make 1t possible that vaccine development
strategies focus on specific components or
cellular interactions of the immune system
network. As a consequence, the description of
parameters important for tracing the progres-
sion of the disease in the population must also
reflect changes at the cellular level for each
epidemiological category of risk.

On tke other hand, vaccination strategies
must take into consideration characteristics that
affect the population as a whole, such as pre-
vaccination baseline immunity, resistance and
prevalence of infection as well as the domi-
nant modes of transmission. The outcome of a
vaccination program among a population still
largely uninfected might differ from onc in a
population with a high level of transmission
and prevalence. Moreover, different risk groups
contribute distinctively to the overall transmis-
sion pattern and might require different levels
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of attention. Two major pattens of transmis-
sion have been described. The first one con-
tains a strong heterosexual component and is
observed in African countries. Alternatively,
in Europe and North America transmission
among homosexuals and intravenous drug us-
ers dominate the pattern. We can speculate
that in some areas, such as Brazil, where blood
transfusion has been implicated as an impor-
tant mode of transmission, a third major epi-
demiological pattern may emerge. Different
vaccines might be more effective in risk groups
with different modes of transmission, depend-
ing on their exact mechanism of action at the
individual and cellular level.

Transmission of virus between individuals
can be either cell-free or cell-associated
(Bolognesi, 1989a). Within individuals, trans-
mission can also be by free virus or cell-to-
cell contact. Current strategies for the devel-
opment of AIDS vaccines are based on various
approaches that allow immunization to disturb
the natural course of the HIV at different de-
tailed stages of its life cycle. Vaccines target-
ing specific inter- or intra- person transmission
mechantsms might have different epidemio-
logical consequences for morbidity patterns.
Therefore we can talk about different AIDS
vaccines with different epidemiological char-
acteristics.

We present in this paper a formulation for
an AIDS vaccine model where transition rates
among compartments are described as a func-
tion of the density of specific cells of the
immune system. This approach, which takes
place at the cellular level, is the first step
toward a population model in which transition
rates also reflect relevant characteristics of each
epidemiological category of risk, such as sexual
behavior. Such a population model would pro-
vide the basic structure for discussing demo-
graphic consequences of an AIDS vaccination
program. As an example, such a model would
allow us to explore the different consequences
of vaccines delivered indiscriminately to the
whole population as compared to strategies
targeting specific risk groups. When formu-
lated at the population level, an AIDS vaccine
model will help understanding important meth-
odological issues in the evaluation and testing
of AIDS vaccines.

" In the next section, we present the model
of the interaction of the virus and the vaccine
antigen with the immune system. In the third
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section, we present the initial numerical stud-
ies of the effect of vaccination on the course
of HIV infection. In the discussion, we delin-
eate the consequences of these results and
directions for further exploration.

MODEL

The deterministic, compartmental model
developed by Perelson (1989) describing the
interaction of the immune system with HIV
contains many of the aspects required for the
study of AIDS vaccine mechanisms. Perelson’s
model is based on the life history of HIV and
reproduces certain features of AIDS such as
“the long latent pertod, the almost complete
absence of free virus particles, the low fre-
quency of infected T4 cells and the slow T4
cell depletion seen during the course of the
disease” (Perelson, 1989, p. 350). While his
model is constructed with a discussion of the
basic biological puzzles faced by AIDS re-
searcher in mind, the equations are intention-
ally general. This allows description of the
potential biological phenomena produced by
vartous vaccine candidates or phenomena pre-
dicted by the various vaccine development
strategies.

In what follows, we describe each of our
compartments and corresponding equations
making explicit the modifications we intro-
duced to the general model described in
(Perelson, 1989). Compartments represented in
this system are T4 cells that can be susceptible
(1), latently infected (T*), or actively infected
(T**), free virus (v), vaccine antigen (vac),
syncytia (S), neutralizing antibody (4,) and
enhancing antibody (4 ).

Susceptible T cells — The dynamics of the
susceptible T4 cell compartment are described

by:
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T denotes the total concentration of
uninfected T4 cells which are produced ac-
cording to the first term in equation 1, se™Y",
wheres s is the rate of supply of new T4 cells.
This rate is diminished by the total free virus
load (v) by the factor e¥". T4 cells die at a
rate 4 which is estimated as the inverse of the
lifetime of uninfected cells.
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The third term in equation 1 accounts for
virus-induced T4 cell stimulation and prolif-
eration. This rate is denoted by r. When virus
1s absent, the term

1
1+el Vo —pov)

Is approximately zero, since V_ is large posi-
tive, and no activation takes place. When virus
load 1s high compared to V , this term ap-
proaches 1. Then the T4 cells proliferate pro-
portionally to ». The virus-induced stimulation
1s also modulated by the total amount of sus-
ceptible (7) and infected (7*) T4 cells. As the
concentration of these cells approaches T, _,
virus-induced T4 cell stimulation slows. The
term
1 T4T*

Tﬂ"l ax

varies between 0 and 1. T, ., p, and V_ are
parameters that regulate these behaviors.

Vaccine antigen (vac) can also stimulate
susceptible T4 cell growth in a manner analo-
gous to that of the virus antigen. The T4 cell
growth rate is multiplied by

1
1+EE Vuuc-Fuacva-c)

which approaches zero, when the concentra-
tion of vaccine antigen is low, and 1 other-
wise. Expression of the growth rate is also af-
tfected by the total concentration of susceptible
and latently infected T4 cells as previously de-
scribed. V. and P are regulating param-

vac
eters analogous to V and p,.

Viruses infect T4 susceptible cells accord-
ing to the rate k. Both virus and vaccine anti-
gens can induce antibodies 4, that enhance the
infection rate (Bolognesi, 1989b). The factor

E——
| 1+E(Anh-d4¢)?

which assumes values in the interval (1, 2),
accounts for this by increasing from 1 to 2 as
the concentration of antibodies that enhance
the infection rate increases. 4 , is the regulat-
ing parameter for this process.

Two additional mechanisms account for the
depletion of susceptible T4 cells. Syncytia can
form between susceptible T4 cells and actively
infected T cells (T**) proportional to the rate
k.. Already existent syncytia can also adhere
susceptible T4 cells directly proportional to the
rate k'.. These mechanisms are represented by
the last two terms in equation 1.

Latently infected T4 cells — Equation 2 de-
scribes the dynamics of latently infected T cells
(T%):

1
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T™* are produced by the infection of suscep-
tible T4 cells by virus as described above for
equation 1. Latently infected T4 cells die at
the same rate (uT) as susceptible T4 cells.

Latently infected T4 cells naturally progress
to actively infected cells at a rate k,. Antigen
(virus or vaccine) activation increases the rate
or progression by a factor dependent on the
total concentration of antigens. This process is
represented by the expression

1
1 + 1+E(—ﬂ —(Iﬂ U+JugcvaaC))

which increases from 1 to 2 as the total con-
centration of antigen increases. The activation
of latent T4 cells by viruses could be repre-
sented by a greater factor. ¥V, /, and /[, are
the regulating parameters for this process.

Latent T™ cells are also depleted by syncy-
tia formation with 7** cells proportional to
the rate constant k. and by binding directly to
syncytia (S) at a rate proportional to the con-
stant k',

Actively infected T4 cells — T** are the
viru-producing T4 cells obtained from the ac-
tivation of latently infected cells. This is de-
scribed by the first term in equation 3. Acti-
vated T** cells die at the rate i, and the con-
tingent of cells that participate in syncytia for-
mation are also depleted from this compart-
ment at a rate k_
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Free viruses — Viruses are produced from
actively infected T4 cells and syncytia when
these cells die at rates N u, and N u_ respec-
tively. Viruses are depleted by binding to T4
susceptible cells 1. I,

ko (1 - 1 )
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natural death () and antibody neutralization
(k,vA ).

L NuwpT™ + Nyp, 5 —

dt
1 (4)
kl'UT (l * 1+ E{Anb - A:))

1,0 — k,vA,

A summary of the activities of virus and
vaccine antigens is given in Table 1.

TABLE |
Viral and vaccine antigen activities

Activity Viral Vaccine antigen
parameter parameter

Infection-enhancing

antibodies sy 5.4¢

Neutralizing

antibodies st k, gae

T4 cell

proliferation Py, Vo Puacs Veas

Latent cell

activation I,V {vacs Vi

Inhibition of

T4 cell growth e n.a.

Infection of

T4 cells ' k, n.a.

Vaccine antigens - The possible actions of
the vaccine antigens on the immune system
have been designed to mumic those of the viral
antigen with the exception that vaccine anti-
gens cannot infect T4 cells or inhibit T4 cell
growth. By setting the parameters for the vac-
cine equal to those of the virus, the antigen
behaves similarly to the virus in those aspects.
Specific behaviors corresponding to subunit
vaccines can be simulated by setting certain
vaccine antigen parameters to zero.

Once ijected 1n the individual, vaccine an-
tigens show an exponential decay according to
equation 5.

dvac

dt

= —HlgVac (5)
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Syncytia — Actively infected cells can fuse
with other cells to form multinucleated giant
cells called syncytia. The expression below de-
scribes the dynamics of this compartment,
which contains terms described above in addi-
tion to the term descnbmg syncytia death (u,).
The dynamics is the same as proposed In

(Perelson, 1989).

dS
di

= k(T +TT™ - u,S (6

Neutralizing Antibodies — The humoral im-
mune response to the HIV challenge could in-
clude production of antibodies that neutralize
the virus, as well as antibodies that enhance
infection of susceptible T4 cells. Neutralizing
antibodies are expected to block cell infection
by HIV in opposition to the antibodies that
enhance the rate of cell infection. Descriptions
of possible mechanisms of the opposing action
of these two antibody types are found in

(Bolognesi, 1989a).

Equation 7 describes the dynamics of the
neutralizing antibody compartment. Neutraliz-
ing antibody is produced at a rate proportional
to the total concentration of antigens (s¥ v +

s ¢vac) and the number of T4 suscE:ptlbIc cells
(T) The proportionality parameters are s¥ and
s,"%¢. Antibody productmn ceases as its con-
cr:ntratlnn reaches a maximum (4, ). The

remaining two terms account for antibody
decay (u#,4,) and antibody consumed when

binding to virus k,v4

dA,
di

A
= (s;v+ 8, vac)T (1 - )
( ) Anmaz/ (7)

_nuﬂAﬂ = knvAn

Enhancing Antibodies — Equation 8 is analo-
gous to equation 7 1n that it describes the dy-
namics of the enhancing antibody compart-
ment. In the absence of these antibodies, HIV
infects T4 susceptible cells at a rate k,v7. when
the enhancing activity is present an extra
amount of infection occurs at a rate

kol (1+ el A b"Ac))

This 1s also the rate at which this antibody
type 1s consumed when performing the en-
hancing activity.
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dA,
dt

A,

Ai:mm::

= (st srvac)T (1- -2 ) — pd, -

(8)

1
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RESULTS

The numerical integration of the system of
differential equations 1-8 was done using
SimGauss (Ford, 1988), a simulation package
written in the Gauss language (Aptech, 1988)
for the MS DOS type computer environment.
The variable step size integration algorithm
chosen was the 2nd/3rd order Runge-Kutta-
Fehlberg which requires three derivatives evalu-
ations and is 3rd order accurate. With this
algorithm it is possible to control for two error
conditions, maximum and relative, which de-
fine the integration truncation error for each
state variable at each step, which in turn set
the vanable step size. Stability of the results
were verified by changing the integration al-
gorithms, the integration steps and error con-
stants 1n SimGauss and also by performing
key simulations in two other packages, Dy-
narrucal Software I and 11 (Schaffer, 1988) and
Mathematica (Wolfram, 1988).

Baseline equilibrium — The equilibrium
value (5.0 x 10%) reached by the T4 suscep-
tible cells compartment (7) in the absence of
virus is approximately the same as the one
found 1n (Perelson, 1989). The initial value for
T 1s 100 and zero for all other state variables.
Parameter values are as in Table II. Since we
introduced several other parameters in equa-
tions 1-8, the meaning of the old parameters
has also changed. Instead of reexpressing the
dimensions of old parameters we kept the same
absolute value as in (Perelson, 1989) for the
sake of comparability but represent our time
scale in arbitrary units.

Since ¥V, and V¥V, are large positive num-
bers, all terms 1n equation 1 are zero or nearly
zero in the absence of virus and vaccine. Thus
the equilibrium value of the susceptible T4
cells 1s determined solely by the rate of con-
stant influx from the bone marrow and the

death rate:

1 1o
0 = st oo () % (1- )
s—purio+rT T+ v X 11 T -+
1 T
To () < (- 7
rig T3 Vo x {1 T .
Tu s —S-

For the parameter values in Table II this gives a
predicted value of 7= 5.0 x 10°, which agrees
with the numerical results.

TABLE ]
Valties for model parameters

Parameter Value used Parameter Value used
5 1.5K4+07 ~ 1.0E-05
ity 0.003 P 4.5E-03
Ty 1.55+10 by 1.0E-10
Aoy 1.0E402 Aab 1.0E4+02
A 1.0E-11 k| 1.0E-11
ko 5.0E-06 i 0.05
fls 0.03 iy 0.1
N 750 N, 850
k., 1.0E+13 Sy 1.5E-10
s? 1.5E-10 svae 1.5E-10
3 1L.5E-10 §0%° 1.5E-10
Avmaz 1.0E-13 Anmar 1.0E-13
V] 1.0E-02 o (.03
v 1.0E-02 Viae 1.0E-02
P 1.0 Puac 1.0

{, 1.0 o 1.0

If ¥V, and V. were large negative numbers,
and 1n the absence of virus and vaccine, the
equilibrium solution for the susceptible T4 cells
would be similar to that of Perelson, if r in our
model 1s one half the value of » in Perelson’s
model. This can be shown by solving for the
equilibrium value of susceptible T4 cells, T,
from equation 1 in the absence of virus and
vaccine. Let 7’and r’’the parameters sensitive to
virus and vaccine antigen, respectively. Then at
equilibrium, assuming ¥, and V, . are large
negative numbers,

= - urto T () < (1 1)
0 = S—pTTu-{-TTu(l_l_EF' |1 Tm::.t. +

p 1 B Ty )
"o (o) < (-7

— 1 -
To == 5 (1 r 4 p t P L T {1"" + r" )T as

If r* = r*’ then it can be replaced by r, so
that »* + r’* = 2r, This is similar to the solu-
tion of Perelson’s equilibrium value of suscep-
tible T4 cells in the absence of virus.

Virus and vaccine challenges occurring
separately — When the individual is challenged
with a virus inoculation, the number of sus-
ceptible T4 cells increases to a level of 1.0 x
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T4 susceptible cells
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Fig. 1: T4 susceptible cells dynamics under virus and
vaccine inoculation. Virus inoculation occurs at time
1,500 with 1,500 virus particles. Vaccine inoculation
occurs at time zero with a concentration of 1.5 x 10°
arbitrary units. Simulation parameters are as in Table 11
and both challenges occur separarely. T, = 5.0 x 10°.
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Fig. 2: comparison of neutralizing and enhancing anti-
body dynamics when mduced by a virus antigen. In
both cases virus inocuium was 1,500 particles and oc-

curred at time 1,500. Parameter values and mmtial val-
ues as in previous figure.

1010 cells (Fig. 1). Once the T4 cells begin to
decrease, the population shows intense, irregu-
lar oscillatory behavior. The susceptible T4
cell population can reach extreme values as
low as 20 celis (not shown 1n the figure). Fig.
1 also shows the behavior of the susceptible
T4 cells when challenged with a vaccine an-
tigen that stimulates the immune system simi-
larly to the viral antigen. It induces both infec-
tion-enhancing and neutralizing antibodies, as
well as promotes T4 cell proliferation and
activates latently infected cells.

Concentration levels achieved by enhanc-
ing and neutralizing antibodies in response to
the virus are shown i1n Fig. 2. The same virus
concentration and inoculation time was used
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in both simulations.  The behavior of both
antibody types are in synchrony but neutraliz-
ing antibodies reach a higher concentration

level with the parameters used in the simula-
tion.

The concentration of neutralizing antibod-
1es oscillates in synchrony with the number of
viruses (Fig. 7) when these are the single stimu-
lus to antibody production. On the other hand,
vaccine antigens alone induce neutralizing an-
tibodies that decay as the vaccine antigen
decays. This behavior 1s the same for both
types of vaccines, neutralizing and enhancing.

The concentration of enhancing antibodies
also oscillates in synchrony with the number
of viruses (Fig. 7) when these are the single
stimulus to antibody production. The dynam-
ics of enhancing antibodies when induced by
the vaccine antigen follows the same course as
the other antibody type.

T4 susc cells behavior
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Fig. 3: T4 susceptible cells behavior when challenged
with neutralizing and enhancing vaccine antigen (Neut
+ Enh} and virus antigen (Neut + Enh + Virus). Vaccine
antigen was inoculated at time zero and virus at time
1,500. The virus inoculum was 1,500 particles. Param-
eter values and initial values as in previous figures.

Virus and vaccine challenges occurring to-
gether — Virus and vaccine antigens can either
be inoculated together or delayed by any time
interval. Fig. 3 summanzes susceptible T4 cells
behavior when challenged with both virus an-
tigen (a virus inoculum of 1,500 particles at
ttme 1,500) and a vaccine antigen that induces
neutralizing antibodies (Virus + Neut), virus
plus a vaccine antigen that induces both neu-
tralizing and enhancing antibodies (Virus +
Neut + Enh) and virus antigen alone (Virus).
The neutralizing vaccine induces neutralizing
antibodies and stimulates susceptible T4 cell
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T4 lat cells behaviocor
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Fig. 4: latently infected T4 cells behavior when chal-
lenged with virus antigen and neutralizing vaccine an-
tigen (Virus + Neut), neutralizing and enhancing vac-
cine antigens (Virus + Neut + Enh) and virus antigen
alone (Virus)., Vaccine antigen was inoculated at time
zero and virus at time 1,500, The virus inoculum was
1,500 particles. Parameter values and imnitial values as
in previous figures,

T4 act cells behavior
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Fig. 5: actively infected T4 cells bahavior when chal-
lenged with virus antigen and neutralizing vaccine an-
tigen (Virus + Neut), neutralizing and enhancing vac-
cine antigens (Virus + Neut + Enh) and virus antigen
alone (Vimrus). Vaccine antigen was inoculated at time
zero and virus at time 1,500. The virus inoculum was
1,500 particles. Parameter values and initial values as
in previous figures.

production, but does not activate latently in-
fected T4 cells or induce enhancing antibod-
ies. The enhancing and neutralizing vaccine
induces both antibody types as well as stimu-
lates susceptible T4 cell proliferation and ac-
tivates latently infected T4 cells. Vaccination
with the enhancing antigen speeds up the course
of the virus infection in the initial stages. These
patterns can be compared with Fig. 1 when the
antigens are inoculated one at a time.

Figs 4, 5 and 6 are analogous to Fig. 3 and
show now the behavior of latently and actively

Syncytium cells

" Virus + Neut + Ernn
1E6 ¢}

Virus + Neut

Syncytium

Time (arbitrary units)

Fig. 6: syncytium compartment behavior when chal-
lenged with virus antigen and neutralizing vaccine an-
tigen {(Virus + Neut), neutralizing and enhancing vac-
cine antigens (Virus + Neut + Enh) and virus antigen
alone (Virus). Vaccine antigen was inoculated at time
zero and virus at time 1,500. The virus mmoculum was
1,500 particies. Parameter values and initial values as
in previous figures.
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Fig. 7: establishment of virus infection after inoculation
of virus antigen and neutralizing vaccine antigen (Virus
+ Neut), neutralizing and enhancing vaccine antigens
(Virus + Neut + Enh) and virus antigen alone (Virus).
Vaccine antigen was inoculated at time zero and virus
at time 1,500, The virus inoculum was 1,500 particles.
Parameter values and initial values as in previous fig-
ures.

infected T4 cells as well as syncytia. The con-
centrations of susceptible and latently infected
T4 cells are out of phase with each other.
When virus 1s inoculated in an individual who
was previously vaccinated with an antigen that
induces both neutralizing and enhancing anti-
bodies, virus infection establishes earlier, and
the number of virus particles is initially higher.
The presence of neutralizing antibodies causes
little changes in the natural course of infection
paradoxically advancing the establishment of
infection for a few time units. This behavior,
seen 1n Fig. 7, also determines the pattern
shown in previous figure.
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Neutralizing antibody
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Fig. 8: neutralizing antibody behavior after inoculation
of virus antigen and neutralizing vaccine antigen (V +
N), neutralizing and enhancing vaccine antigens (V + N
+ E) and virus antigen alone (V). Vaccine antigen was
inoculated at time zero and virus at time 1,500. The

virus inoculum was 1,500 particles. Parameter values
and initial values as in previous figures. Extreme values
are not shown in figure.
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Fig. 9: enhancing antibody behavior after inoculation
of virus antigen and neutralizing vaccine antigen (V +
N), neutralizing and enhancing vaccine antigens (V + N
+ E) and virus antigen alone (V). Vaccine antigen was
inoculated at time zero and virus at time 1,500. The
virus inoculum was 1,500 particles. Parameter values
and initial values as in previous figures. Extreme values
are not shown in figure.

Following vaccination with an antigen that
induces both types of antibodies, the neutral-
izing antibodies tend to decrease until they are
stimulated by the growing virus (Fig. 8). Since
infection establishes earlier in the presence of
enhancing antibodies, neutralizing antibodies
induced by virus antigen also appear earhier (V
4+ N + E). When just a neutralizing vaccine 1s
used (V + N), the concentration of these anti-
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bodies follows almost the same course seen in
a natural infection (V). The dynamics of en-
hancing antibodies (Fig. 9) follows a similar
pattern, except that the initial concentration of

these antibodies 1s zero when a neutralizing
vaccine 1s used.

DISCUSSION

Perelson’s equations “‘sketch the beginnings
of a general model that can potentially ac-
count for many of the immunological conse-
quences of HIV infection” (Perelson, 1989, p.
353). Starting from a modification of these
equations we developed a model containing
variables relevant to the simulation of immu-
nological changes in the individual after a vac-
cination occurs. We introduced new variables
and reexpressed old variables changing the
predictive properties of the model.

Our modifications include the following:

1. introduction of additional compartments:
— a vaccine antigen compartment.

— a neutralizing antibody compartment.

— an infection enhancing antibody compart-
ment.

2. additional viral properties:

— tnduction of susceptible T4 cell prolifera-
tion.

— activation of latently infected T4 cells.

— neutralization through binding to neutraliz-
ing antibodies.

— antibody-enhanced virus infection of suscep-
tible T4 cells.

3. vaccine antigen interaction with the immune
system:

— vaccine-induced susceptible T4 cell prolif-
cration.

- vaccine-induced activation of latently infected
T4 cells.

— vaccine stimulation of infection-enhancing
antibodies.

— vaccine stimulation of neutralizing antibod-
1es.

In addition to a viral antigen we also model
a vaccine antigen compartment which shows a
very simple dynamics. This approach allows
us to investigate the sensitivity of the system
to the initial dosage of the vaccine and the
time constant of the exponential decay. The
source of the different aspects of immunity
(Table I) induced by a vaccine are coupled to
just one compartment. The vaccine can have
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all the properties of the viral antigen except it
cannot infect T4 cells or slow their growth
rate. The properties can each be analyzed sepa-
rately.

Virus and vaccine antigens stinulate T4
cell proliferation. This mimics an essential
property of the immune system behavior miss-
ing in the simplified version of Perelson’s
general model (Perelson, 1989), but that is
contained in other simple models (Cooper,
1986; Anderson, 1989). With most infections,
an increase in T4 cell concentration activates
various aspects of the immune protection. In
the context of HIV infection, however, an in-
crease 1n these cells also increases the number
of host cells for virus infection. The equations
proposed here help to understand the final
balance determining whether infection will be
established tn the face of these opposing forces.
The increase in the number of T4 cells after
vaccination explains why viral infection estab-
lishes among vaccinated individuals earlier than
among nonvaccinated ones even when the
vaccine does not induce an enhancement of
infection (Fig. 7). Thus a vaccine might have
the undesirable effect of helping the virus
overcome an otherwise protective immune re-
sponse against HIV,

Virus and vaccine antigens also activate
latently infected T4 cells. The mechanism i1s
described as part of the physiopathology of
HIV infection and suggested as a potential un-
desirable outcome of a vaccine (Levy, 1989;
Rosenberg & Fauci, 1989). This infection en-
hancing effect of the vaccine 1s to be distin-
guished from the enhancing antibodies de-
scribed below. The effects can be uncoupled
from one another in our simulations.

The vaccine antigen might stimulate the
immune system in two directions. On one hand,
neutralizing antibodies are produced which in-
activate free viruses (Putney et al., 1986;
Rusche et al., 1987). On the other hand, en-
hancing antibodies increase the biding rate of
HIV to T4 cells by possibly facilitating cell
attachment (Bolognest, 1989a; Levy, 1989).

Our model is appropriate to study the equit-
librium conditions and to analyze the sensitiv-
ity of a system that is governed by the final
~ balance of at least four opposing biological
ideas: antigen-stimulated increase in T4 cells;
antigen-dependent activation of latent cells;

neutralization of free virus; and antibody en-
hancement of infection.

The effect of vaccination strategies on the
establishment and course of infection can be
investigated in various ways. The timing of
vaccination in relation to virus infection, and
the dosage and frequency of revaccination could
affect the efficacy of the vaccine in preventing
infection and disease. Individuals can be vac-
cinated prior to virus inoculation, concomitant
with infection or succeeding 1t at different
stages of infection, as an immunotherapy. In
all simulations presented here, vaccination
precedes virus inoculation by the same time
interval.

Our model can be extended in several dif-
ferent directions. We could include three more
important antigen-specific T cell subsets, such
as T, for the T cells responding just to virus
antigens, T, . for the T cells responding only
to vaccine antigens, and T, representing T
cells that respond to external challenges, tu-
berculosis for example. In the present formu-
lation, T, and T, are combined in the same
compartment, and there are no ¢xternal sources
disrupting the immune system equilibrium be-
sides HIV and vaccine. Exposure to other n-
fectious agents might change the course of HIV
infection through activation of latent cells
(Fauci, 1988; Smith et al., 1988; Rosenberg &
Fauci, 1989). Immune models incorporating
T4 cells, HIV, and opportunistic infections have
been shown to exhibit chaotic behavior (Ander-
son, 1989; Reibnegger et al., 1989). This could
have profund consequences for the efficacy of

a vaccine antigen in preventing disease.

One drawback of the model 1s that it lacks
immune memory. This could be added by a
compartment of T cells or cells that produce
antibodies that differentiate only after initial
HIV activation, but that then continually re-
produce.

In addition to the humoral responses repre-
sented in our equations, the cellular immunity
is also active during HIV infection (Bolognesi,
1989a). We have not allowed for any of the
protective mechanisms of cellular immunity in
this model. In his general formulation of an
AIDS immune model, Perelson (1989) points
out several possibilities to include:

1. T cell growth as a function of antigen
concentration (already present in our equa-
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tions), lymphokines and antigen presentation
by macrophages.

2. Loss of uninfected T4 cells through auto-
immune mechanisms. Various immune system
effector functions need to be explicitly incor-
porated in the model: antibody and comple-
ment, antibody-dependent cellular cytotoxicity

(ADCC) or cytotoxic T lymphocytes (CTL).

3. Loss of actively infected cells by mecha-
nisms of cell mediated immunity (CTL, ADCC,
natural killer cells, etc).

Virulence is assumed constant in the present
formulation of the AIDS vaccine model. Bio-
logical evidence points to the fact that when
antibodies to p24 start going down, virus den-
sity begins to increase (Weber et al., 1987). It
is possible to represent an increase in viru-
lence as time progresses by making virus re-
lease per active cell (¥ and N) explicit func-
tions of time or of other proxy variables indi-
cating changes in the level of immunological
protection. For example, we could change N
and N_ after an incubation period of 8 years or
as a function of the level of antibodies to p24.

A final point relevant to modeling an AIDS
vaccine concerns the relationship between the
mode of transmission and the mechanism of
vaccine action. Infection can be transmitted
from person to person cither as free or cell-
assoclated virus, so both humoral and cell-
mediated immunity are of interest. In the pre-
liminary results presented in this paper, trans-
mission occurred only through inoculation of
free virus. Antibodies as modeled here are
likely to be the primary defense against an
inifial 1nvasion by free virus. Other ways to
challenge a previously immunized organism
could be simulated through an increase in 7%
T** or § compartments directly. Each of these
challenges might describe what most probably
occurs in different epidemiological risk groups,
e. g, I'V drug users and homosexuals. Vaccines
that block transmission by cell-to-cell contact,
or stimulates elimination of infected cells
would be especially relevant for these situa-
tions. Lattle 1s known about the fate of cell
associated virus when transmitted to a suscep-
tible host. It could have a crucial hole in de-
termining the efficacy of an HIV vaccine. The
use of models like the one described in this
paper might help us to gain a better under-
standing of the effects of a vaccine on the
natural history of the virus in a host.

C. Struchiner & M. Halloran
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