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Summary: Several lines of evidence suggest that HIV-1 is present in the thymus
during HIV-1 infection. Precursors to mature CD4* T lymphocytes develop in the
thymus, which suggests that thymic infection may play a role in the CD4™ T-cell
decline observed during the course of pediatric HIV-1 infection. We illustrate, through
mathematical modeling, the potential effects of thymic infection on the course of
pediatric AIDS disease progression. We find that infection in the thymus not only can
supplement peripheral infection but can help explain the faster progression in pediatric
cases, as well as the early and high viral burden. Key Words: Thymus—AIDS—Ordi-
nary differential equations—Immunology—HMIV—Pediatric AIDS—Mathematical

modeling.

HIV-1-induced immunosuppression is associated with
the decline in the level of CD4* T lymphocytes (1).
Within the thymus, thymocytes proliferate and differen-
tiate into CD4* T cells (2-4). Human thymopoiesis in
SCID-hu mice is suppressed by HIV-1 infection, and
HIV-1 infection of the thymus may impede regeneration
of the peripheral CD4" T cells (5). Su et al. (6) showed
that HIV-1 not only infects and kills CD4* thymocytes
but may also augment apoptosis of uninfected CD4" thy-
mocytes. Virus isolates that can infect the earlier, less
mature thymocytes were shown to cause a more severe
disruption of CD4* T-cell generation in the thymus (6).
Thymic epithelial cells can also be infected (7), and this
in turn could promote intrathymic spread of HIV-1. Un-

.der these conditions, normal nurturing of the developing

T cells cannot occur, and patients with AIDS may have
smaller than normal thymuses (8,9).
Others have shown (10-13) that vertical transmission

of HIV-1 may result in the infection of fetal thymocytes,

which can contribute to postnatal HIV-1 associated
pathologic conditions. HIV-1-infected children usually
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progress to AIDS more quickly than adults (14-17). Thy-
mic dysfunction has been a major hypothesis in the study
of disease dynamics, and it is thus our aim to explore this
phenomenon. - T

In this work, we explore the consequences of HIV-1
infection of the thymus. We develop mathematical mod-
els of interacting immune cells and virus that capture
pediatric disease dynamics. One novel finding is that
thymic infection can augment peripheral HIV-1 infec-
tion; the infected thymus can act as a source of both
infectious virus and infected T cells; this may explain the
higher viral loads in pediatric patients (18-21). In the
following sections, we present a model of thymic infec-
tion by HIV-1, addressing pediatric infection, briefly
analyze it, and then examine numerical results. We pro-
ceed to combine this thymic model with an existing
model for the interaction between HIV-1 and peripheral
T cells and explore how the infection of the thymocyte
population affects the overall dynamics of pediatric in-
fection. We compare our results with available data.

'MODEL OF THYMIC INFECTION WITH HIV-1
Model Formulation

Our model includes thymocytes, the precursors to
CD4* T cells, with T, denoting the number of uninfected




romze

" tivated much of the time (3 7), they are likely to bécome
" productively infected rather than latently infected. Our
model also-considers Vi, the total population of HIV-1
particles in the thymus.
The equations describing the time evolution of these
populations are as follows:

dr, +T;
——dT =5 STPTP - elTp + rPTP 1- Tm - BPVTTP
P

(1]
dry
—(i—t— = BPVTTP - 87,-,1;_ esz* [2]
vy
_dr = SV+ NTB%.T:_ CVVT— BPVTTP [3]

In Equation 1, which describes the change in the un-
infected thymocyte population over time, s is a source
term representing the rate of homing of bone marrow-
derived hemopoietic stem cells to the thymus. Because
these cells do not express high levels of CD4, they are
less likely to be infected; hence, we assume they supply
the thymus at a constant rate. We include the consider-
able loss of precursor cells due to reasons other than
infection by HIV-1 (i.e., thymic selection processes) at
per cell rate 8, (4,24,25). The next term represents ex-
port to the periphery at per cell rate e,. The extensive
proliferation in the thymus is included, at maximum per
cell rate r,. Proliferation is represented in logistic form,
to ensure that the maximal allowable number of thymo-
cytes is never exceeded (26). That is, the growth rate
(denoted by r,) is multiplied by a term that approaches
zero when the total number of thymocytes approaches
the carrying capacity, 7,"“". Finally, thymocytes become
infected at a rate proportional to the virus population,
with a rate constant B,. Equation 2 models the rate of
change of the infected thymocytes; thus, the generation
of infected cells, from Equation 1, is the source term in
Equation 2. This is followed by a death term of infected
thymocytes cells at per cell rate 877, and their export with
per cell rate e,..

In Equation 3, thymic virus, V5 is assumed to be
supplied from the periphery at a constant rate sy. Virus is
produced by infected thymocytes, at rate Ny3,., where
Ny is the average number of viral particles an “infected
thymocyte produces during its lifetime. We also assume
loss of virus from the thymus at per virion rate cy. This

_,mfected thymocytes Because almost all thymocytes ex--
press CD4 at some point during their’ maturatlon (22,23), -

loss could’ result from clearance (e.gi phagecytosis)

- within the thymus or to export from the thymus to the .
. periphery. The last term represents ‘the rate of loss of free -

thymlc vxrus pamcles due to. mfectmn of T cells

Parameter Estimates

We first estimate the input of precursor celis into the
thymus. Homing of hemopoietic stem cells in mice oc-
curs at rates of 100 to 200 cells/day (27). Because the
human thymus is 3 to 4 orders of magnitude larger than
the mouse thymus, we take the source rate in adult hu-
mans to be s = 10° day™"'.

The natural death rate for thymocytes is much higher
than that of peripheral T cells. Data obtained in mice, and
subsequent mathematical analysis, indicate that 87- is at
least 0.7 day™' (24,25,27). We take the death rate of
human uninfected thymocytes to be ST 0.7 day™". The
death rate of infected thymocytes should be at least as
high. Published work (28) gives a minimum estimate for
the death rate of infected peripheral T cells to be 0.5
day™', and the death rate for thymocytes due to infection
is likely to be higher, inasmuch as they are more sensi-
tive to induced cell death (6). Taking all these factors
into account, we choose 8, = 1.5 day'1

The number of thymocytpes in the human thymus has
been estimated, maximally, based on mouse data, to be
on the order of 5 x 10'° (29); hence, we use this value for
T, although it may be smaller. We choose our initial
condition for the number of thymocytes in an uninfected
individual to be less than the maximal value, namely
T,(0) = 2.5 x 10'°. The growth rate of thymocytes is on
the order of 1 .0/day™" to 1.5/day™" (24); here, we choose

= 1.5 day™".

The thymic export rates of uninfected and infected
CD4" T cells, e, and e,, respectively, are estimated based
on numbers of new thymic emigrants. Shortman et al.
(27) showed in mice that at most 0.5% to 2% of any
cohort of thymocytes leave the thymus and enter the.
CD4" or CD8" mature T-cell population in the periphery.
Our choice of e; = 0.04 day™' for the per-cell rate of
thymic export of CD4"* T cells is based on the fact that it
gives a reasonable uninfected steady state thymus size.

No available data consider the rate at which infected
thymocytes are exported to the periphery, if at all. We
assume that it is either equal to or smaller than the export
rate of uninfected thymocytes, because infected thymo-
cytes may not be as responsive to maturation signals as
uninfected thymocytes. In our simulations, we used e, =
0.02 day™! < e,; however, choosing e, = 0 has little
effect on the overall dynamics.
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matcly 1% to 2% of thymocyscs become infected per day
(23). However, the in vivo extracellular.concentration of
virus may "be lower’ than “that” of in vitro. mfecuon, and
evidence Suggests that cells in vivo produce: fewer virus
particles before they die than cells in vitro (30), possibly
as a result of elimination of infected cells by immune
response mechanisms. In any case, the available data do
not enable us to determine independently the rate con-
stant for infection (B,) and the number of virus particles
produced per infected thymocyte (N7). In our simula-
tions, the choices of B, are on the order of 107'" day™',
and Ny is on the order of 100, based on data from Haase
et al. (30). This resulted in realistic disease dynamics
(discussed later).

No data are available on the rate of transport of free
virus between the blood and the thymus. If no virus
enters the thymus, that is, sy, = 0, then, with our default
parameters, infection in the thymus is not sustained and
the system (1-3) moves toward the uninfected steady
state. In our simulations, we used values of s, up to the
order of 10° day™', that is, up to 10% of the estimated
daily production of HIV-1 (31). Finally, the sum of viral
clearance within the thymus and viral export from the
thymus is estimated through simulations to be on the
order of ¢, = 100 day™'. These parameter definitions
and default values as described previously are given in
Table 1. The effects of varying the parameters for which
"data are scarce were studied through simulations and are
presented later in this paper. A brief mathematical analy-
sis of the model is presented in the Appendix.

Thymus Model Simulations-

.~We examine numerical solutions of Equations 1, 2,
'and 3. Parameter values are listed in Table 1 unless oth-
erwise specified. In Flgurc 1,'we show simulations: with

Ny =100and B, = 7.5 x 1071 day™', and two extreme
cases of viral influx into the thymus: s, = 10° day™
(Fig. 1A) and s, = 10 day™' (Fig. 1B). Figure 1 shows
that the value of s, > 0 has a negligible effect on the
final, infected steady state, and only a small effect on the
time to reach this steady state. In the model, infection in
the adult thymus happens quickly, that is, within 2 to 4
weeks, which agrees with data reported by Autran et al.
(32). The total number of precursor cells drops to half of
the initial value within a month after virus is introduced
into the thymic environment and stabilizes at this level.
This is consistent with findings on autopsies of HIV-1-
seropositive and AIDS patients, indicating that the deple-
tion of the thymus is at most on the order of twofold (33).
In the simulation, the viral load in the thymus becomes
very large during this first month, increasing from zero to
the order of 10°. This large viral load is also consistent
with recent measurements of viral load in lymphoid tis-
sue as well as modeling approximations (30,34-36).

The parameters Ny and 8, must lie in a certain param-
eter region for thymic infection to be established (see
Appendix for mathematical discussion). Figure 2A shows
the dependence of the steady state on the value of Ny For
a fixed value of B, = 7.5 x 107" day™, as the value of
the viral production per cell, Ny, increases up to 200, the
infection becomes more severe and is also established

TABLE 1. Variables and parameters for the thymus model, Equations | through 3

Dependent Variables : Initial Values
T, = Uninfected precursors to CD4" T cell population 2.5x 10"
T* = Infected precursors to CD4" T cell population 0.0 -
r = HIV population in thymus compartment 0.0
Parameters and Constants Values
8;, = death rate of precursor cell population 0.7 day™'
87 = death rate of infected precursor population 1.5 day-1
r, . = rate of growth for the precursor population 1.5 day™'
Ny = number of free virus produced per T 100
T/ = maximum precursor population level 5x 10"
s = source term for hemopoietic cells 1 x 10 day™!
e, = rate precursor cells differentiate into CD4* T cells 0.04 day™'
e, = rate infected precursor cells differentiate into T* 0.02 day™
B, = rate precursor cells become infected by free virus 0.5 x 10! day"
¢y = rate free virus cleared from thymus® 100 day™
sy = rate virus flows into thymus® up to 10° day™

Tper = 2.5 x 10"°W(DR(): a gg-dependmt precursor maximum

R(r) = 0.01 x (0.2825¢%%"

¥ 4+ 0.1358): ratio of thymus weight to body weight

W = (3.01-04\") body weight in kg at age ¢

@ Parameter is used in the thymus-only model but not in the full, combined model.
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FIG. 1. The thymic infection model. Numerical solution of the
thymus model, Equations 1 through 3, with parameter values as
given in Table 1. To examine different viral flow rates from the
periphery into the thymus, we compare (A) s,,= 10°, (B) s, = 10.
In either case the steady state value for the thymocyte popula-
tions is the same after 30 days.

faster based on high viral loads and T-cell counts (data
not shown). Conversely, with a low value of N, on the
order of 10, the infection level is so low that the number
of thymocytes is hardly decreased.

Figure 2B presents the case in which the value of N is
fixed, Ny = 100, and B, is varied from 10" day™" to 9
x 107" day™'. As B, is reduced, the approach to the
steady state slows down (not shown) and the final level
of infection decreases. For sufficiently low values of B,
the infection does not become established in the thymus.

The dependence of the steady state values on other
parameters is summarized in Table 2. Obviously, in-

creasing the default death rate or the-export rates of

thymocytes results in lower steady state levels of thymic -
infection, as does a reduction in the thymocyte popula- -
tion growth rate. One parameter for which we have no
data is ¢, the rate of viral clearance within the thymus

and/or export from the thymus. It is clear, however, that
with higher values of ¢, the infection will be slower, and
vice versa. The issue of viral traffic between the thymus
and periphery is explored in more detail later in this

paper.

1 N; varies, B, fixed

10 T
10 G
e 10
%
5 10°
@
z 10° Thymocytes 1
z [3—F]Infected thymocytes
3 # Thymic virus
=10 .
10° — = —
0 50 100 150 200

A N T

10“ B, \rana N, fixed

[3—FElInfected thymocytes
—© Thymic virus

Steady Stale Population Size
—
o
T

1 g 5 7 9
B, x 10" /day

FIG. 2. This figure explores the role of the parameters Ny and
B, on infection. (A) For a fixed value of B, = 7.5 x 107" day™', as
the value of the viral production per cell, Ny, increases from 10 to
200 the infection becomes more severe. Conversely, with a low
value of Ny, of the order of 10, the infection level is so low that the
number of thymocytes is unaffected. (B) For a fixed value of Ny
= 100, as the value of the viral infection rate, B, increases from
9 x 107" to 107" day™' the steady state level of infection de-
creases. For low enough values of B, the infection does not
establish in the thymus.
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“TABLE 2. Paran.-tete‘r‘ bséﬁsin’viry of the thyhus model, Eﬂ'eét on
steady state of change in default value® when parameter is:
increased (doubled) and decreased (halved)

=7 Parameter ., _Increase . . . Decrease
s LI T NC "NC
5, SS (L) SS (H)
e LSS NC
e LSS NC
" SS (H) LSS
™ SS (H) SS(L)
B, LSS NI
Byt SS (L) SS (H)
sy NC NC
Ny LSS HSS
cy NI LSS

NC, No substantial change in steady state (SS) value; LSS, a lower
SS is reached (all variables); HSS, a higher SS is reached (all vari-
ables); SS (L), T, remains in SS, but Vi, T¥, are at a lower SS value;
SS (H), T, remains in SS, but Vy, T}, are at a higher SS value; NI, no
infection in thymus by day 60. ..

2 Default values are shown in Table 1.

These different steady state outcomes resemble the
experimentally observed virus strain—dependent differ-
ence in the levels of infection (8). The model thus sug-
gests that a low virus production is not powerful enough
to cause substantial infection of the thymus and depletion
of thymocytes. The infected thymus, however, could still
export virus and infected T cells to the periphery. Be-
cause of the immune elimination of HIV-infected cells,
the average viral production, Ny, is probably lower in the
thymus than that observed in vitro or in hu-SCID im-
plants. Additionally, we expect viral production in thy-
mocytes to be lower than that in peripheral T cells, be-
cause thymocytes are more easily triggered into pro-
grammed cell death (i.e., apoptosis), especially as a
result of cross-linking of their CD4 surface molecules
(37,38). Thus, simulations with higher values of N, may
represent the situation in vitro and in the hu-SCID model,
whereas lower values may represent the situation in the
infected human thymus (Fig. 24).

- ’Pediatric Infection With HIV-1 in the Thymus

As more information becomes available about HIV
and AIDS, it is clear that pediatric infection is not only
an increasing problem but also seems to have a different
pathway to disease than adult infection (14-~17). The
main transmission route is vertical, from mother to child
during pregnancy or at birth, although cases exist in
which children become seropositive after birth. Because
the child’s immune system, including the thymus, is in
the early stages of development, differences may be
expected between adult and pediatric infection, HIV-1

patients, CD4* T-cell numbers in the peripheral blood

- - decrease from about 2000/mm> at birth to <500/mm’
" within a year, compared with a decrease from about

3000/mm> at birth to about 1800/mm> at 2 years in
healthy infants (14-17,39,40).

To explore the dynamics of pediatric infection, we
must adjust for the pediatric physical proportions, and for
the fact that the pediatric patient is undergoing tremen-
dous growth. Using data (41-44), we estimate the change
in size of the pediatric thymus with respect to age as
follows. Total body weight as a function of age is found
in standard growth charts from birth (45). A reasonable
fit to these data is obtained using the function W(z) =
3.0+ 0.4‘/;), where W(¢) is body weight in kilograms and
t is age in days (Fig. 3B). Data from Cardarelli (42) on
the thymus weight as a fraction of body weight can be fit
with the function R(z) = 0.002825¢°%°'*8'; + 0.001358
(Fig: 3A) (46). Converting units, 10> -+ W()R(?) is the
thymus weight in grams. We assume that the number
of thymocytes scales with thymus weight until pu-
berty. We therefore replace the constant, maximum thy-
mocyte population size, T,'*, in Equation 1 by the func-
tion T;"%%(r) = 2.5 x 10®2W()R() (Fig. 30); the adult
thymus weighs about 20 grams and contains about 5 x
10'© cells at its peak size (i.e., contains 2.5 x 10° cells/g).

A numerical simulation of the thymus model with the
time varying 7,°*(#), assuming infection at birth, gives
the results shown in Figure 4. Infection within the grow-
ing pediatric thymus progresses more slowly than the
adult thymus, probably because infection has to ‘‘catch
up’’ with the fast production of new thymocytes. How-
ever, because the thymus plays a more significant role in
the production of T cells for the pediatric immune sys-
tem, thymic infection may still exacerbate the course of
HIV-1 infection, as shown later in this paper.

ROLE OF THYMUS IN OVERALL
IMMUNE DYNAMICS

Plasma-Thymus Combined Model

Perelson (47) presented a simple model for the inter-
actions. of HIV-1 with T cells. These results were later
extended analytically and some of the model’s behavior
is explored by simulation by Perelson et al. (48). The
model exhibited many of the characteristics of AIDS
seen clinically: the long latency period and the deple-
tion of CD4™ T cells. The source for CD4* T cells in
this model was either a constant, s7, or a phenomeno-
logically chosen function of the viral load, s,/0+V,
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FIG. 3. These are the functions used to determine the course of growth of the pediatric thymus: (A) A(f), (B) M9, (C) T."X(9, and (D)
Tomaxd0)- The functions A(f) = 0.002825¢0-°01481 4. 0,001358, Tedf) = 771 + 22586~"'3%° and M(f) = = 3+ 0.4Vt were estimated from data,
which are also shown. The function 7*(f) = 2.5 x 10'2W{0A(1) is explained in the section on Pediatric Infection with HIV-1 in the Thymus.

where 0 is constant, which decreased as the viral load
increased. This decreasing source is meant to account for
thymic infection. The model required that T cells first
become latently infected and then on activation become
productively infected. New data on the rapid dynamics of
HIV infection (29,32,49) suggest that some of the cells
bypass the latently infection stage. Here, following the
work of McLean et al. and Phillips (50,51), we incorpo-
rate this feature into the original model (47), and com-
bine the modified version of this model with our model
for thymic infection. The resulting model is novel in that
it considers the transport of cells and virus between the
blood and a lymphoid compartment and illustrates how
concentrations need to be scaled when tissue and blood
are studied.

Let T denote the peripheral blood concentration of

uninfected €D4" T cells, and let T* and L denote the
concentrations of productively infected and latently in-
fected CD4* T cells, respectively. The blood concentra-
tion of free virus particles is denoted by V. A summary of
the definitions and numerical information for the param-
eters and functions appearing in the new equations can
be found in Table 3, as well as a discussion in the fol-
lowing section. The new model of thymus-plasma dy—
namics is given by:

dT, ' T,+T}

E‘!'—s 8. T,-eT, +1,T, "'-'_ = -B,ViT,
' ‘4]

ary

?fppyfrp'arzi:-e‘zr: [31
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Time (days)

FIG. 4. Pediatric thymic infection. Numerical solution of the thy-
mus model (1)—(3) with the constants 7,,, and 7" replaced by
the functional forms shown in Figure 3. Pararneters are as in
Table 1, and the initial values are T,(0) =2 x 10'°, 7%, = 0, V/(0)
= 0. In the simulations described here, we assumed that the
mode of transmission is vertical, so that HIV is present in the
blood at birth. The values for total thymocytes, infected thymo-
cytes and thymic virus are given.

dar “Tel+TE
—=be,T, -a,rn l--—*--—— -BVT
dt T 7.0 ;.
6]
dL L
E-zbe;f;+a£.—3r+(l -fIBTV [8] ;

fff=~(r)az*—cv—;'-"-'( v-2)pr
£C

av.
T' ( v """') +~T(‘)GT‘T EVV,- B#V;,
10]
where
N(@E)=Nr(t)=Ny| 1+ 25 )
t)= 1= Y . a1l
T T 15 x 100+ )
(11]
Equations 4 and 5 are identical to Equations 1 and 2.
Equation 10 is similar to Equation 3, except the viral
transport between the thymus and the peripheral blood is
made more explicit, that is, sy, has been replaced by the
term g(V = V/Fy). These thymic equations, (4,5,10), are
written in terms of the total number of cells and virions
in the thymus, whereas the equations for 7, L, T* and V
in the periphery, Equations 6 through 9, are in units of
cells per cubic millimeter of blood; in our graphic output,
we present V in the standard units of virions per millili-

ter. Thus, to properly scale the exchanges of cells be-
tween compartments, we divide the number of thymic
cells exported to the blood by the total blood volume, B,
and multiply by 0.02, -because only about 2% of the
newly produced T cells remain in the blood. Hence, in
Equations 6 and 8, the thymic export terms, e,T, and
T are multiplied by b = 0.02/B. -

An analogous scaling is required in Equations 9 and
10 for the virus transport terms. For simplicity, we regard
the thymus as a well-mixed container of cells and fluids
(blood and extracellular fluid). We assume fluid flows
through the thymus at rate ¢ mm®/day carrying virus with
it. Thus, if the virus concentration is V virions/mm™ gV
virions enter the thymus each day. Assuming free virions
are distributed throughout the extracellular fluid of the
body, this causes a decrease in the extrathymic virion
concentration of gV/Fg where Fg. is the volume of
extracellular fluid in the body. Within the thymus the
number of free virions is V,, hence the virion concen-
tration is V/Fy, where Fy is the volume of thymic ex-
tracellular fluid. Fluid flow through the thymus at rate ¢
thus-carries qV,/Fy virions out of the thymus per day.
These virions get diluted in the extracellular fluid of the
body, and hence increase in the blood virus concentration
at rate gV /(FFgc).

The thymus is only roughly represented by a well-
mixed reservoir of virus particles, and hence the param-
eters g and Fy should be interpreted as *‘effective’” pa-
rameters that describe the transport process. Thus, g
summarizes flow of both blood and extracellular fluid
and F; is a scaling parameter that determines the con-
centration of virions carried out of the thymus. If we let
ky = g/Fgq then ky is the rate at which virions are
transported into the thymus. Because virions may be
trapped in the tissue, the effective concentration may be
less than the total number of virions divided by the true
extrathymic fluid volume. However, in the absence of
experimental measurements, we use the previously de-
scribed estimate for Fr.

In Equation 6, r represents the population growth rate
of T cells, which is again modeled as a logistic growth.
T cells have a finite life span and die with rate 8, per cell
(Equation 6). In Equation 7, latently infected T cells die
with a rate per cell 3,, which may be larger than §,. If
these cells express some viral proteins, immune mediated
destruction can augment their natural death rate.

The other terms in Equations 6 and 7 deal with the
effects of HIV. The term BVT models the rate that free
virus, V, infects CD4"* T cells. After a T cell has been
infected, it becomes a latently infected cell, L, with prob-
ability £, or a productively infected T cell, T*, with prob-
ability (1 - f). Equation 8 models the productively in-
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TABLE 3. Variables and parameters for the combined model, Equations 4-through 10
Dependent variables [nitial values
pe

T = Uninfected CD4* T cell population® 1173 mm™
L = Latently infected CD4* T cell population 0.0
T = Productively infected CD4" T cell population 0.0
v = HIV plasma population 1.0 x 10> mm™

Parameters and Constants Values
b = death rate of uninfected CD4* T cells 0.01 day™'

T
5, = death rate of latently infected CD4* T cells 0.01 day™!
8 = death rate of productively infected CD4"™ T cells 0.5 day™'
¢ = virus clearance rate in plasma 6 day™'
3y = virus clearance rate in thymus 4 day™'
8 = rate CD4* T cells become infected by free virus 9.5 x 1077 mm* day™'
a = rate T* cells convert to productively infected cells 3 x 107 day™
r = rate of growth for the CD4* T cell population 0.03 day™'
No = number of free virus produced by T* cells 0. 100, 150, 500
f = fraction of infections that lead to latently infected cells 0.05
q = rate fluid flows into and out of thymus 1 x Fre mm?* day™'
Adult Values
Tonex = maximum CD4* T cell population level 1.5 x 10* mm™>
B = blood volume 5 x 10°* mm’
Fec = vol. of total-body extracetlular fluid (5 x 10° mm?
Fr = vol. of thymic extracellular fluid 4300 mm*
i
b = 0.02 x e because only 2'% of thymocytes remain in blood mm™}
T e (1) = 771 + 22587130
B(1) = 7x10* W(r)
15 x 10° mm’ -
Fec(0) = _—70kg -W(n
4300 mm”*

Fr(t) = _(T’Z'I? W) R(D)

¢ Uninfected steady-state value.

fected CD4* T population. At rate al, latently infected
cells become productively infected. Productively in-
fected cells produce virus and die at per cell rate 3.

Equation 9 models the free virus population. We as-
sume that when a productively infected CD4"™ T cell
becomes stimulated through exposure to antigen, repli-
cation of the virus is initiated, and an average of N virus
particles are produced before the host cell dies. Because
of viral evolution in an infected host, we allow N to
increase over the course of infection to account for in-
creased efficiency of viral replication over the long-term
infection (see Eq. 11; discussed later). The next term,
—cV. accounts for viral loss due to decay of virions or
their clearance. A separate term is given for the loss of
virus as a result of transport into the thymus. Note that
there will be a net transport of virus into the thymus
when its blood concentration is higher than its thymic
concentration. The last term accounts for the loss of free
virus particles that infect T cells.

Pediatric Parameters for the Thymus-Plasma Model

To specify the model shown in Equations 4 through 10
as a pediatric model, we must ensure all the parameters

that may be age-dependent are modeled to represent pe-
diatric infection accurately. Therefore, we use T,*, the
carrying capacity for the thymocyte population, as de-
fined in the discussion of Pediatric Infection With HIV-1
in the Thymus (Fig. 3C). For this plasma-thymus model
of pediatric HIV-1 infection, we must also take into ac-
count other age-dependent functions.

First, the T-cell numbers change with respect to age.

We choose T, (1) = 771 + 2258¢™"1*® (Fig. 3D). This
function is obtained by fitting data from Bofill et al. (39)
and from McKinney and Wilfert (46) on changes in the
average T-cell count with age. In our model, the steady
state T-celil count is lower than T,,,,; however, the vari-
ability between humans is sufficiently wide that in using
this data we find that both T,,..(?) and the steady state
T-cell count lie within the observed range.
_ Second, the volume of extracellular fluid in the body,
Fgo must also be age dependent. For the average adult
weighing 70 kg, we assume Fzc = 15 x 10°mm?; how-
ever, for the age-dependent extraceilular fluid, we use
the age-dependent formula in Equation 12, recalling
from the section on Pediatric Infection With HIV-1 in the
Thymus that we estimated the age-dependent body
weight, W(r) (Fig. 3B):
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15 x 10°mm’
Feclt) = —0kg W() [12)

Third, based on the ratio of thymus weight (20 g) (52)
to total body weight (70 kg), we deduce that in an aver-
age adult, the thymic extracellular fluid volume is F =
4300 mm?; however, for the age-dependent thymic fluid,
we use the formula in Equation 13, recalling from the
section on Pediatric Infection With HIV-1 in the Thymus
that we estimated both R(r) and W(r) (Fig. 34, B):

4300mm”

Fr(1) = Okg W(z) - R(1) [13]

where R(r) is the thymus to body weight ratio.

Fourth, we can estimate the change in blood volume
with respect to age, assuming that total blood volume
scales with total body weight. For the average 70-kg
person the blood volume is 5 L, or 7 x 10* mm%/kg.
Thus, we assume the blood volume, B(r), expressed in
cubic millimeters, is B(t) = 7 x 10* W(s), where W(s) is
the age-dependent body weight described in the section
on Pediatric Infection with HIV-1 in the Thymus (Fig.
3B).

Fifth, we need to estimate the infection rate constant in
the pediatric thymus as well as in the plasma. The value
we used in the adult thymus model, Equations 1 through
3,is B, = 7.5 x 107" per day. In Figure 2B, we pre-
sented results for varying values of B, over the range 1
x 107""/day™" — 9 x 107'!/day™". This corresponds with
a range for the infection rate B, T,, of approximately 0.1
- 1.0 d™". For plasma infection, we must also estimate a
value for B, representing viral infection of plasma T
cells. A value that gave realistic output for these simu-
lations is B = 9.5 x 1077 mm?*/day. This implies that BT
(range, 10~*day™" to 1073/day™") is as much as 1000-
fold higher than B,T,. This large difference can be jus-
tified by the difference in T-cell density between the
thymus and the blood. Assuming that the density of the
human thymus is comparable with that of the murine
thymus, that is, 107 thymocytes in a volume of the order
of 10 mm? (27), we estimate the thymic density by 10°
cells/mm?, which is 1000-fold larger than the density of
T cells in the blood. Hence, a 1000-fold smaller thymic
infection rate is sufficient to maintain a similar level of
infection in both compartments.

Finally, other parameters in the model shown in Equa-
tions 6 through 9 were estimated previously in separate
studies by Perelson et al. (48). We summarize all param-
eter values in Tables 1 and 3. We now present the com-
bined model resuits.

Results of Pediatric Thymus-Plasma Model

A representative numerical simulation of pediatric in-
fection, in which ¥y = 350 (Eq. 11), is shown in Figure
5A, B. Pediatric-specific parameters are estimated in the
preceding section and all others are presented in Table 3.
The other parameter values were chosen based on pre-
vious modeling efforts (47,48), and recent experimental
studies (28,31).

The course of infection is more rapid than in adults. In
the thymus-only model, the thymic infection took 4
months to establish (Fig. 4); the effects on the thymus—
plasma dynamics are that thymic infection is increased,
taking place in <2 months. This may be accounted for by
the nonmechanistic way in which we modeled plasma-
viral input as constant in the thymic-only model (Equa-
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FIG. 5. The pediatric combined thymus-plasma model: a nu-
merical solution of the pediatric combined mode! using the func-
tions presented in Figure 3. Parameter values are as given in
Tables 1 and 3. (A) The dynamics in the thymus compartment.
(B) The dynamics in the plasma.
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tion 3) as compared with the more mechanistic combined
model (Equation 10). For lower values of N, we can
achieve slower disease progressions. These variable re-
sults are in agreement with the range of different clinical
pictures seen in pediatric patients (40). The dynamics of
this model yield a low plasma CD4™ T-cell count, to-
gether with an early and high viral load. These viral load
phenomena are characteristic of pediatric patients (18~
21,40). The simulations also exhibit an early and sudden
decrease in thymocyte numbers by approximately two-
fold, and a subsequent decrease in total peripheral CD4*
T cells over a 100-day disease duration. Only a small
fraction of CD4* T cells is latently or productively in-
fected at any given time, as has been seen experimentally
(53).

Kourtis et al. (14) explored the role of the thymus in
HIV-infected pediatric cases. They examined HIV-1-
infected infants whose T-cell and B-cell populations had
characteristics similar to that seen in infants with con-
genital thymus deficiency (DiGeorge syndrome), that is,
low CD4" and CD8" T-cell counts and low CDS5* B-cell
counts. They found that HIV-1-infected infants with this
phenotype, which is characteristic of thymic deficiency,
progressed to AIDS more rapidly than HIV-1-infected
infants without the phenotype. The data are shown in
Figure 6 and compared with the results of our model. Our
model captures the behavior of the clinical data. The
difference between the various pediatric cases may lie in
the time since infection. The earlier infection occurs dur-
ing pregnancy, the more severe the thymic damage will
be at birth, and hence the faster the progression to AIDS.
We capture this in our model by assuming the initial viral
burst size, N, is large (see plot in Fig. 6 with N, = 500).
In contrast, infection, and the resulting thymus infection,

which occurs later in fetal development or neonatally,
may correspond to a less severe postnatal infection. This
is captured by assuming a lower viral burst size at birth,

‘that is, Ny = 100. Further, the study by Kourtis et al. (14)

is consistent with the notion that the disease course in
infants can be severely augmented by infection in the
thymus. Note that varying the infection rate B can also
yield similar results as with varying Ny; hence, BN, dlc-
tates the strength of injection.

The transport of viral particles between the thymus
and periphery is also explored. Our basic assumption is
that the rate of transport of viral particles between the
blood and the thymic extracellular fluid depends on the
rate of fluid flow, g, into the thymus as well as the virion
concentration in the extracellular fluid. The rate of flow
is not known, and hence is one of the parameters we
studied in our simulations. Our results reveal an inter-
esting phenomenon. As long as g is large enough (=.01

X Fgd/day) thymic infection is quickly established and

the thymus becomes a source of virus. Under these cir-
cumstances, thymic infection may then augment periph-
eral infection. In this parameter regime, the higher ¢, the
faster the rate at which virus is transported out of the
thymus and hence the lower the thymic virus. This leads
to a slower infection in the thymus, so that by the end of
our simulation time (2 years for pediatric infection at
birth) the degree of infection in the thymus is lower (Fig.
7A). However, because of the increased transport of virus
into the periphery as ¢ increases, peripheral viral loads
increase and peripheral T-cell counts decrease (Fig. 7).
Data from Shearer et al. (40) show viral load levels ver-
sus time for a cohort of 106 children. Their viral loads
show an early rise and tendency toward an equilibrium
value on the average of 10°/ml. Our model gives a simi-

FIG. 6. This figure compares three
different model runs with data from
the study of Kourtis et al. (14). The
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Pediatric thymic dynamics
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FIG. 7. The role of viral transport into and out of the thymus is
studied. All parameters are fixed, and only the quantity ¢/Fgs is
varied. The steady state levels for each of the populations are
given. Shown are the dynamics for the combined thymic-plasma
model of pediatric HIV-1 infection. (A) The thymic compartment
dynamics. (B) The plasma comparntment dynamics. The pediatric
runs are over a 2-year period since birth.

lar dynamic, with viral loads leveling to 107/ml. The
reason for the difference in quasi-steady state viral loads
is unknown. One possibility is that the rate of viral ex-
change between the thymus and the body is lower than
we have assumed. Thus, if we lower the value of ¢/F¢.
(Fig. 7) we can obtain similar quasi-steady state viral
levels. Another possibility is that one or more parameters
that describe viral dynamics or the immune response to
the virus are different in children than in adults. Data
from clinical trials of combination therapy in pediatric
patients should soon be available and should yield esti-
mates of the relevant dynamic parameters in children.
We again explore the role of the infection rate, Bp, in
the infection dynamics. We fix all parameters and vary

only the rate constant, B,. Figure 8 shows how the num-
ber of CD4™ T cells in an HIV infant up to 2 years after
birth varies with B, The higher B, the stronger the
infection is, and also the faster the decrease to lower
T-cell numbers. The dependence on the value of B is
similar, though weaker.

Reports have been published of HIV-1-positive in-
fants that appear to have cleared HIV and eventually
have become HIV-1-negative (54,55). Although labora-
tory errors cannot be completely ruled out, these results
raise the possibility that in some children infection is
transient. The phenomenon of transient infection occurs
in our model if NB is lower than a critical value, where
N is the viral burst size and B the rate of infection per T
cell. If either N or 3 are typically lower in infants than in
adults, then transient infection could be more common in

" Thymus dynamics

10 T

1

10

Steady State Population Size
-
[=)

A B, x 10% day

Plasma dynamics

2000 — : ‘ 80
ﬁé 1500 ¢
5 H
g 1000 5
3
& 500 >
&

o
12
B P, x 107 /day

FIG. 8. The pediatric-combined model’s dependence on the in-
fection rate B, is explored. The steady state values of (A) total
thymocytes, infected thymocytes and thymic virus, and (B) T cells
and plasma virus are shown as B, varies.
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infants than in adults. Lower viral production (¥) might
occur because the viral strain present is a slow/low
strain; and lower values of B might occur if immune
activation is lower in these infants than adults.

DISCUSSION

The aim of this study was to examine the role that
HIV-1 infection of the thymus plays in the overall dy-
namics of pediatric HIV infection. We used mathemati-
cal modeling of the dynamics of uninfected and infected
thymocytes, and of the virus in the thymus, to study
HIV-1 infection of the precursors to CD4* T cells. Inas-
much as almost all thymocytes express some level of the
CD4 cell surface molecule, which may render them sus-
ceptible to HIV-1 infection, all thymocyte subsets were
treated as one population. The parameters governing un-
infected thymocyte death, differentiation into mature T
cells, and population growth are average values based on
previous experimental and theoretical studies and re-'
sulted in realistic dynamics of the thymocyte population.
Conversely, the parameters governing the infection of*
thymocytes, and the dynamics of the virus and infected
thymocytes are not yet fully known. Data are available
from two experimental systems, in vitro infection of thy-
mocytes, and infection of human fetal thymus implants
in SCID mice. However, the rate of infection and viral
production in these systems probably give an overesti-
mate of the rate of disease progression in the intact hu-
man thymus in vivo, in which the immune response to
HIV-1 may, to some extent, keep the infection in check.
Rates of viral production estimated for mature T cells are
also likely to give an overestimate of viral production by
thymocytes. Because of their short life span and higher
sensitivity to the induction of apoptosis, each infected
thymocyte is likely to produce fewer viral particles be-
fore it dies than an infected T cell. Nevertheless, we used
these parameters as a starting point for our exploration of.
the model and studied the sensitivity of the results to
variations of these parameters.

Several important points emerge from our study. First,
to achieve a reduction of about twofold in thymocyte
numbers, as observed in autopsies of patients (42), it is
sufficient to assume a viral production which is equal or
less than that estimated for peripheral T cells in lym-
phoid tissue (N, on the order of 100), and a low rate
constant for thymic infection (B, on the order of 10~'°
day™). It is not unreasonable to accept that a low intra-
thymic infection rate could suffice to maintain infection,
because the thymus is a dense tissue in which thymo-
cytes are closely packed together. Indeed, in our model,
B,T, is of order 1 infection event per virion per day,

which is actually higher than the corresponding quantity
for peripheral T cells, BT, which is on the order of 107
infection events per virion per day. This difference is
explored in section on Pediatric Parameters for the Thy-
mus-Plasma Model.

Second, the results are highly sensitive to the value of
either Ny or B,—realistic dynamics are obtained only in
a narrow regime of the parameter space. The combina-
tion of these two parameters determines the fate and
rapidity of the infection in the model. The product N,
can be viewed as a measure of HIV’s virulence. If N8,
is less than a critical value, then thymic infection is not
established. A similar result was previously obtained for
peripheral infection in models (47,48,56). Thus, the
model suggests that a critical level of virulence is needed
for HIV-1 to establish an infection in the thymus suc-
cessfully, as well as a similar critical level in the periph-
ery.

Third, the results are also sensitive to the rates of viral
clearance and export. Obviously, the faster the rate the
virus is cleared from the thymus, the slower the infection
is, and a fast rate of clearance could even account for a
decay of the infection.

Using a combined model of the dynamics of virus,
CD4* peripheral T-cell and thymocyte populations, we
show that the decline in CD4* peripheral T-cell levels, in
spite of the low fraction of productively infected cells in
the peripheral blood, is more readily modeled when we
take into account the depletion, as a result of infection of
CD4"* T-cell precursors in the thymus, as compared with
previous results in Perelson et al. (48). Thus, the thymic
production of T cells is important in pediatric patients, in
which HIV infection of the thymus has a more severe
effect than-in adult patients.

Rates of disease progression in infants are variable.
Some infants progress to AIDS rapidly after birth, others
somewhat more slowly; but in either case, children tend
to progress to AIDS much more rapidly than adults (14—
17). In most cases, the thymus of pediatric HIV-positive
patients does not have the chance to develop normally
(as seen in autopsies) (33) and therefore may contribute
to the more rapid CD4* T-cell depletion typical of pedi-
atric AIDS cases. This suggests that understanding the
events that alter the normal development of the thymus
may lead to a better understanding of pediatric infection
with HIV.

The rate of recovery of CD4* T cells after chemo-
therapy and irradiation (admijnistered to cancer patients)
is inversely correlated to patient’s age: in children, CD4*
T-cell levels may recover to pretreatment levels in a few
months, whereas in adults these levels rarely recover to-
pretreatment levels even 18 months after treatment (57).
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Examination of the ratio of naive (CD45RA+) to expe-
rienced (CD45RO+) peripheral CD4™ T cells in the re-
covering patients suggests that the activity of the thymus,

even residual activity sometimes seea-in adult patients, is -

crucial for CD4" T-cell recovery from severe depletion
(57). Thymic involution seems to affect the helper T-cell
compartment most (58). The thymic production of CD4*
T cells decreases with age, suggesting that the impor-
tance of the thymus in HIV-1 infection may also de-
crease as the individual ages. Even so, differences in
thymic production may explain part of the variability in
disease progression in adults as well as children.

In this context, recent findings (59—62) suggest that
mature, functional CD4" T cells within the thymus exert
several feedback effects on the developing thymocytes.
These effects include limiting the overall production of
thymocytes and controlling the CD4:CDS8 ratio of the T
cells that are produced. Analyzing experiments on CD4™
T-cell depletion in mice showed that these feedback ef-
fects would further decrease thymic production of CD4*
T cells (63). If similar feedback regulation occurs in the
human thymus, the destruction of this regulation may
further increase the CD4* T-cell depletion during HIV-1
infection.

Finally, the role of the secondary lymph system is
being increasingly recognized as the major site of HIV
infection dynamics. A model of viral dynamics and
transport between the blood and the lymphoid system
could better elucidate these overall dynamics. In particu-
lar, the role of the follicular dendritic cells in collecting
virions may play a key role in the viral dynamics in that
compartment. Moreover, an assumption inherent in our
model is that thymocytes are constantly activated. In sec-
ondary lymphoid tissue and plasma, only a small fraction
of lymphocytes are activated. Thus, the model presented
here cannot be applied without modification to multi-
compartment models of HIV infection that incorporate
lymph nodes and spleen. This difference may be a key
feature of any lymph system model of HIV progression.
A recent model by Stekel et al. (64) explores these fea-
tures.

To summarize, we have developed a mathematical
model of HIV infection of the thymus. The model sug-
gests that thymic infection can occur rapidly, and that the
thymus can serve as a reservoir for virus. Our numerical
studies point out the importance of gaining further infor-
mation about the parameters that govern the dynamics of
HIV infection, and, in particular, the transport of viral
particles between compartments. The role of the thymus
in infection may be the explanation for the early and high
viral loads seen in pediatric patients.

APPENDIX
Analysis of the Thymus Model

~In the absence of virus infection, we assume that the
thymocyte population is at its the steady state value:

Y 4sr,
7‘3=i—<e+ gz+——”.), [14]
l; 2’,: Tlv)na.\

where g=r, - 87‘,, — ¢,. For the parameter values in Table
I,g = 0.76 day™' and 7o = 2.5 x 10'%. We use this
uninfected steady state as the initial condition for simu-
lations of HIV infection.

We introduce infection by having peripheral virus en-
ter the thymus at a constant rate s,. Exploring the steady
states of Equations 1 through 3, we find two things. First,
with s, > 0, there is no uninfected steady state.

The steady states of the system are found by solving

T,+ T;;
Ots—STPTI,—elTp+ T, {1 —W— -8B, Vil
§ (15]
0=8,VsT,- 87,;)77; - e, T}, [16]
O=sy+ NTS-,,;,T','; = cyVr=B,VeT,. [17]
If we substitute
|
= [17a]
8-,}., +e,
equations (16) and (17) give
Tx=hB,T,V; (18]

and

v v
T= - =
cy+ B,T,(1 = hN7Bp)

(193

For V to be positive, it is sufficient that

+B,T
B[)N r< E%sf’ﬁ = (B,;N Peric [20]

p87‘,’,

The value of (B,Ny)crit varies depending on parameter
values. This is topic is explored further in the body of the
article. Note that the parameters cy, 37y and e,
are all critical and that each can result in a similar
dynamic scheme.

Because the steady state values VT and f’,’," depend on
the steady state value 7,,, it suffices to find the value for
T, and then calculate the other values. To this end, itis
necessary to determine the roots of a cubic expression in
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T (from Equation 15 with Equations 16 and 17, c|T3 +
czT +¢3T, + ¢, = 0, where the coefficients ¢, . . . ¢, are
complicated functions of the parameters. Multiple roots
for this equation may-exist. For the parameter values
discussed in the section Parameter Estimates, there are
two positive roots (steady states) and one negative root.
The values of N and B, determine which of the positive
roots is the stable steady state.
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