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Follicular dendritic cells (FDC) provide a reservoir for HIV type 1
(HIV-1) that may reignite infection if highly active antiretroviral
therapy (HAART) is withdrawn before virus on FDC is cleared. To
estimate the treatment time required to eliminate HIV-1 on FDC,
we develop deterministic and stochastic models for the reversible
binding of HIV-1 to FDC via ligand–receptor interactions and
examine the consequences of reducing the virus available for
binding to FDC. Analysis of these models shows that the rate at
which HIV-1 dissociates from FDC during HAART is biphasic, with
an initial period of rapid decay followed by a period of slower
exponential decay. The speed of the slower second stage of
dissociation and the treatment time required to eradicate the FDC
reservoir of HIV-1 are insensitive to the number of virions bound
and their degree of attachment to FDC before treatment. In
contrast, the expected time required for dissociation of an indi-
vidual virion from FDC varies sensitively with the number of
ligands attached to the virion that are available to interact with
receptors on FDC. Although most virions may dissociate from FDC
on the time scale of days to weeks, virions coupled to a higher-
than-average number of ligands may persist on FDC for years. This
result suggests that HAART may not be able to clear all HIV-1
trapped on FDC and that, even if clearance is possible, years of
treatment will be required.

The pool of HIV type 1 (HIV-1) on follicular dendritic cells
(FDC) is an important reservoir that has the potential to

perpetuate infection (1–3). Although antiretroviral therapies
that block viral replication have no direct effect on viral clear-
ance, these therapies are associated with loss of HIV-1 from
FDC (4–7). Cavert et al. (4) observed that the amount of HIV-1
on FDC, estimated as '1011 virions, decreased by up to 5-fold
during the first 2 d of potent antiretroviral therapy and by up to
more than four orders of magnitude after 6 mo. This clearance
of FDC-associated HIV-1 during antiretroviral therapy sug-
gested that HIV-1 might be eradicated from the FDC reservoir,
and an estimate of 30 mo to eradication was proposed (4).

To evaluate further the prospect of eradicating or substantially
reducing FDC-associated HIV-1 through highly active antiret-
roviral therapy (HAART), we develop and analyze two related
mathematical models for the reversible binding of HIV-1 to FDC
via ligand–receptor interactions. One model is a deterministic
mass-action model that allows us to follow the time course of
dissociation for a population of virions initially on FDC when
therapy reduces the pool of virus available for binding to FDC.
This model is useful for examining early events during treatment.
The other model is a stochastic model that allows us to determine
the distribution of dissociation times for individual virions. This
model is useful for examining late events during treatment and
assessing the treatment time required to eliminate HIV-1 on
FDC. These models also allow us to determine how physical
quantities, such as the surface density of receptors or the valence
of a virion, influence the dissociation process.

The mathematical models developed here are based on our
current understanding of the physical chemistry of antigen
trapping by FDC (8). HIV-1 is held on the surface of FDC
through interactions with complement receptors (9) and possibly

Fc receptors that bind antibodies attached to HIV-1. FDC
express complement receptors CR1, CR2, and CR3 (10). These
receptors bind proteolytic fragments of complement component
C3 (11): CR1 binds C3b; CR2 binds iC3b, C3dg, and C3d; and
CR3 binds iC3b. Ligands of CR2 have been detected on plasma
virus (12, 13). One mechanism that contributes to C3 deposition
on HIV-1 is direct binding of C1q to sites on the HIV-1
transmembrane glycoprotein gp41 (14), which leads to activation
of complement via the classical pathway (15). In our models, we
focus on interactions of CR2 on FDC with terminal C3 frag-
ments (C3dg and C3d) on HIV-1. By focusing on this subset of
interactions involved in binding of HIV-1 to FDC, we obtain a
minimal estimate of the treatment time required to eliminate
FDC-associated HIV-1.

Models
Models are based on the reaction scheme illustrated in Fig. 1. We
treat CR2 as a monovalent cell-surface receptor, which is
consistent with the observed stoichiometry of CR2 binding to
C3dg (16), and we treat a complement coated virion as a
multivalent ligand that expresses a set of equivalent binding sites
for CR2. The assumption of equivalent sites is a useful simpli-
fication (17). We characterize the number of CR2-binding sites
on a virion by the effective valence n, which is defined as the
maximum number of sites on the virion at which CR2 can bind
simultaneously (17). Although we develop our models in terms
of interactions between CR2 and terminal fragments of C3, the
models are also valid for the interaction of Fc receptors with
antigen–antibody complexes.

Mass-Action Model. A mass-action model based on Fig. 1, which
is closely related to earlier models for multivalent ligand–
receptor binding and viral attachment to cell surfaces (17, 18),
is defined by

dB1/dt 5 2krB1 2 ~n 2 1!kxRB1 1 2k2xB2

dBi/dt 5 ~n 2 i 1 1!kxRBi21 2 ik2xBi 2 ~n 2 i!kxRBi

1 ~i 1 1!k2xBi11 i 5 2, . . . , n 2 1

dBn/dt 5 kxRBn21 2 nk2xBn [1]

and

RT 5 R 1 O
i51

n

iBi, [2]

where Bi is the surface density of virions bound at i sites, R is the
surface density of unbound CR2, RT is the total surface density

Abbreviations: HIV-1, HIV type 1; FDC, follicular dendritic cells; HAART, highly active
antiretroviral therapy.

‡To whom reprint requests should be addressed. E-mail: asp@lanl.gov.

The publication costs of this article were defrayed in part by page charge payment. This
article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
§1734 solely to indicate this fact.

PNAS u December 21, 1999 u vol. 96 u no. 26 u 14681–14686

M
ED

IC
A

L
SC

IE
N

CE
S

A
PP

LI
ED

M
A

TH
EM

A
TI

CS



of CR2 (i.e., the average number of CR2 per unit area on FDC),
kx is the single site rate constant for addition of a receptor to a
HIV-CR2 complex, k2x is the single site rate constant for
removal of a receptor from a HIV–CR2 complex, and kr is the
effective rate constant for detachment of a virion from FDC,
which in general depends on the diffusion properties of HIV-1
and the surface density of CR2 (19, 20). The association and
dissociation terms in Eq. 1 include factors that account for the
number of free and bound sites on a virion. Drug treatment
begins at time t 5 0. We assume that therapy, in combination
with viral clearance, eliminates the pool of virus available for
binding to FDC. This assumption is reflected in Eq. 1 by the
absence of terms for attachment of HIV-1 to FDC. Because
some attachment of HIV-1 to FDC can be expected during
HAART, Eq. 1 underestimates the number of virions on FDC
at any given time. We also assume that RT in Eq. 2 is constant,
because antigens, including HIV-1, are retained on the surface
of FDC without significant internalization (8, 9, 21).

To calculate the time course of dissociation induced by
therapy, we solve the initial value problem defined by Eqs. 1 and
2 after parameter values and an initial condition are specified.
We consider the limiting initial condition of receptor saturation,
in which each CR2 is bound to a single virion (R 5 0, B1 5 RT,
and Bi 5 0 for i 5 2, . . . , n at t 5 0), and a more realistic initial
condition, in which virions are attached to multiple receptors in
a pretreatment steady state. The pretreatment state is deter-
mined by solving the steady-state form of Eqs. 1 and 2 when an
associative rate aVR is included in the expression for dB1ydt,
where a is an apparent rate constant for association, and V is the
steady-state concentration of free virus. (The steady-state form
of Eq. 1 is obtained by setting dBiydt 5 0 for all i.) The value of
aV is chosen so that the number of bound virions per receptor,
Si51

n BiyRT, is equal to a specified value.

Birth–Death Model. A stochastic model, based on the scheme in
Fig. 1, allows us to estimate the expected time that an individual
virion remains bound to FDC during treatment. A virion with i
of n sites bound to CR2 can participate in either of two
transitions: a bond can break, resulting in i 2 1 bound sites, or
a bond can form, resulting in i 1 1 bound sites. The rate of
transition to the state with i 2 1 bound sites is kr for i 5 1 and
ik2x for i . 1, and the rate of transition to the state with i 1 1
bound sites is (n 2 i)kxR.

If only a small fraction of CR2 are bound to HIV-1, such that
R ' RT (a condition that will eventually be reached as virus
dissociates), then R can be replaced with RT in the transition rate
equations, and these equations then lead to the following system
of linear algebraic equations (22):

ti 5
1

li 1 mi
1

li

li 1 mi
ti11 1

mi

li 1 mi
ti21 for i 5 1, . . . , n,

[3]

where ti is the expected time required for a virion bound at i sites
to dissociate from FDC during treatment, t0 5 0, li 5 (n 2
i)kxRT, m1 5 kr, and mi 5 ik2x for i . 1. The first term in Eq. 3,
1y(li 1 mi), is the expected time required for a virion initially
bound at i sites to make a transition. The next term is the
probability that the transition is formation of a bond, liy(li 1
mi), multiplied by the expected time required for dissociation
after this transition, ti11. The last term is the probability that the
transition is the opening of a bond, miy(li 1 mi), multiplied by
the expected time required for dissociation after this transition,
ti21. From the analytical solution of Eq. 3 (22), we find:

ti <
1
kr
F ~1 1 KxRT!n 2 1

nKxRT
G [4]

where Kx 5 kxyk2x. This equation is exact for the special case i 5
1. For other values of i, Eq. 4 underestimates the expected
dissociation time (see Appendix).

The expected lifetime of a virion on FDC does not tell the
whole story; some virions will dissociate sooner and others later.
The probability that a virion remains bound to FDC after a
specified treatment time is obtained by solving the forward
Kolmogorov equations (22) for the reaction scheme illustrated in
Fig. 1:

dPi1/dt 5 2krPi1 2 ~n 2 1!kxRTPi1 1 2k2xPi2

dPij/dt 5 ~n 2 j 1 1!kxRTPi, j21 2 jk2xPij 2 ~n 2 j!kxRTPij

1 ~ j 1 1!k2xPi, j11 for i 5 2, . . . , n 2 1

dPin/dt 5 kxRTPi,n21 2 nk2xPin [5]

with the initial condition Pii 5 1 and Pij 5 0 for j Þ i at t 5 0.
Here, Pij is the probability that a virion bound initially at i sites
is bound to FDC at j sites after treatment time t. The probability
that a virion starting with i attachments is still bound after time
t is given by Sj51

n Pij. This sum can also be interpreted as the
fraction of virions initially bound at i sites that remain bound to
FDC after time t.

Parameter Estimates. Valence. Thieblemont et al. (23) quantified
the deposition of C3byiC3b on recombinant HIV-1 glycoprotein
gp160 in the presence of normal human serum. A binding
stoichiometry of 1:1 was estimated. Because there are 72 spikes
on an ideal immature virus (24), which corresponds to 216 gp160
molecules (25), a virion has the potential to bind several hundred
C3 fragments. We focus on values of n between 10 and 100.

Receptor surface density. The surface density of CR2 on FDC
is unknown; however, it is higher than that on B cells (10). The
number of CR2 per B cell is between 10,000 and 30,000 (26, 27).
On the basis of 30,000 CR2 per B cell and a B cell diameter of
10 mm, the surface density of CR2 on B cells is approximately
9.6 3 109 receptors per square centimeter. Thus, RT . 1.6 3
10214 molycm2.

Equilibrium crosslinking constant. An estimate of the crosslink-
ing constant Kx can be obtained from the relation Kx 5 Kyd (28),
where K is the equilibrium constant for binding of CR2 to
C3dgyC3d in solution, and d is a length that characterizes the
volume in which CR2-binding sites are restricted when a com-
plement-opsonized virion is anchored to the cell surface. The
affinity of CR2 for C3dg determined by sucrose gradient ultra-
centrifugation is 3.64 3 104 M21 (16). The affinity of CR2 for
C3d is reportedly the same as that for C3dg (29). Thus, K 5
3.64 3 104 M21. This is perhaps an underestimate, because the
affinity of CR2 for iC3b determined by BIAcore measurement
is 8 2 34 3 106 M21 (30), and CR2 has been found to bind
C3dgyC3d and iC3b with similar affinities (31, 32). We take d 5
120 nm, the diameter of a mature virion (33), because no

Fig. 1. Reaction scheme. Complement opsonized virus is held on FDC
through interactions between CR2 and terminal C3 fragments on HIV-1.
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CR2-binding site can be further than this distance from the
anchor point. By using this value of d, we underestimate the value
of Kx, because some CR2-binding sites will be at distances less
than 120 nm. Thus, Kx . 3 3 1012 cm2ymol and KxRT . 0.05.

Dissociation rate constants. Binding of iC3b to CR2 has been
monitored with the BIAcore instrument (30). Although a value
for the dissociation constant is not reported in this study, it is
apparent that iC3b dissociates from CR2 with a half-life of less
than 10 s. We estimate t1/2 5 5 s, which corresponds to a
dissociation rate constant of (ln 2)yt1/2 ' 0.1 s21. We assume that
kinetic interactions of CR2 with iC3b and C3dgyC3d are similar
and base our calculations on kr 5 k2x 5 0.1 s21.

Results
By focusing on interactions between terminal C3 fragments and
CR2 (Fig. 1), we have developed both a deterministic (Eqs. 1 and
2) and stochastic model (Eqs. 3–5) for binding of HIV-1 to FDC.
We now use these models to examine the effect of HAART on
dissociation of HIV-1 from FDC. In our models, therapy, in
combination with viral clearance, causes dissociation of HIV-1
from FDC by eliminating the pool of virus available for binding
to FDC.

Time Course of Dissociation. Cavert et al. (4) have shown that more
than 99.9% of HIV-1 on FDC is cleared after 180 d of potent
antiretroviral therapy. In some cases, the reduction in viral load
on FDC was greater than 10,000-fold. Fig. 2 shows a time course
of dissociation derived from our mass-action model that is
consistent with these observations. Similar time courses are
obtained with various combinations of parameter values (Table
1). Although Fig. 2 is based on particular parameter values, it
illustrates typical features of time courses derived from Eqs. 1
and 2.

The Rate of Dissociation Is Biphasic. Fig. 2 shows that there is an
early stage of fast decay, which lasts on the order of a week,
followed by a late stage of slower exponential decay, which lasts
many months. This late stage of decay is characterized by a
half-life of approximately 15 d, which is consistent with the
half-life calculated from the data of Cavert et al. (4) collected at
days 22 and 180 (the half-life for eight patients ranged from 26 d
to less than 15 d).

The Late Stage of Dissociation Is Insensitive to the Pretreatment
Steady State. To evaluate the importance of the pretreatment
steady state, we considered a range of initial conditions when
calculating time courses of dissociation. Time courses are shown
in Fig. 2a for two initial conditions. One time course corresponds
to the pretreatment state in which the number of bound virions
is initially equal to the number of CR2 receptors. The other
corresponds to a more realistic but still speculative pretreatment
state in which the number of bound virions is initially 20-fold less
than the number of CR2 receptors, and virions are initially
present in a distribution of bound states. With this latter initial
condition, the level of virus on FDC falls approximately 3-fold
during the first 2 d of therapy, consistent with the observations
of Cavert et al. (4). The influence of the initial condition rapidly
diminishes with time; the two time courses in Fig. 2a converge
within a day, which is typical. A time course similar to that shown
in Fig. 2b is obtained over a wide range of initial conditions. We
conclude that the pretreatment steady state has little influence
on the treatment time required to eliminate FDC-associated
HIV-1.

Expected Dissociation Time and Extinction Time. The vast majority of
virus is predicted to dissociate quickly (Fig. 2). Consequently,
except during the early stage of dissociation, the number of
bound virions should be much less than the number of CR2

receptors. Thus, the stochastic model (Eqs. 3–5), which is valid
when most receptors are free (R ' RT), should be applicable for
most of the dissociation process. By using this model, we find
that, regardless of the particular values of the valence, n, and
dimensionless crosslinking constant, KxRT, chosen to reproduce
the observations of Cavert et al. (4), the mean time a virion
remains bound to FDC is approximately 3 wk, and the expected
level of virus falls 1011-fold after approximately 18 mo of
treatment (Table 1, columns 3 and 4).

The Persistence of a Virion on FDC Is Sensitive to Its Valence. Because
the valence of a virion is related to the number of C3 fragments
deposited on the virion through a random process, we expect a
distribution of valences for virions on FDC. The influence of a
virion’s valence on its expected dissociation time is illustrated in
Fig. 3. In Fig. 3a, the expected dissociation time for a virion is
plotted as a function of valence for two fixed values of KxRT. As
can be seen, the expected retention time increases exponentially
with increasing valence for each case. Thus, a virion with
higher-than-average valence will take much longer to dissociate
than a virion with average valence. Note that the time scale in

Fig. 2. Dissociation of HIV-1 from FDC during HAART. The number of bound
virions per CR2 on FDC, Si51

n BiyRT, is plotted as a function of time t. Treatment
begins at t 5 0. For t . 0, we assume there is no attachment of HIV-1 to FDC.
The time course of dissociation during (a) the first 2 d of treatment or (b) the
first 200 d of treatment is determined from Eqs. 1 and 2 with n 5 20, KxRT 5
1.1427 and kr 5 k2x 5 0.1 s21. After the value of n is specified, the value of KxRT

is chosen so that the level of virus on FDC after 180 d of treatment is
10,000-fold less than that after 2 d of treatment. The dotted line in a is based
on the initial condition B1 5 RT (each receptor is initially bound to a single
virion). The solid line is based on a more realistic initial condition, which is
determined from the steady-state form of Eqs. 1 and 2 with the associative rate
aVR (aV 5 3.5576 3 1026 s21) added to the expression for dB1ydt in Eq. 1. With
this initial condition, Si51

n BiyRT 5 0.05, and virions are distributed in various
bound states at t 5 0.
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this figure ranges from 1 d to more than 25 yr, but the valences
considered range from 16 to 28 (circles) and 47 to 86 (squares).

Fig. 3b illustrates that dissociation time is a sensitive function of
KxRT when valence is held fixed, and that it is also a sensitive
function of valence over a wide range of values for KxRT.

To quantify the variability in valence required to substantially
increase the treatment time required to eradicate FDC-
associated HIV-1, we interpret each valence given in column 1
of Table 1 as the mean valence for a population of virions. For
each case, we then use Eq. 4 to determine the valence required
to increase the mean lifetime of a virion from 21 d to 1 yr and
from 21 d to 10 yr. For example, if we use the same dimensionless
crosslinking constant KxRT 5 1.1427 that was determined on the
basis of n 5 20, we find that for a virion with valence n 5 24, the
expected dissociation time increases to 370 d and for a virion
with valence n 5 28, the expected dissociation time increases to
18 yr. Results are summarized in columns 5 and 6 of Table 1. We
conclude that the valence of a virion need not be much larger
than the mean valence that characterizes the initial population
on FDC to increase the expected dissociation time for a virion
by an order of magnitude or more.

The Probability That a Virion Remains Bound to FDC Declines Expo-
nentially with Time. The dissociation time can vary for identical
virions; some will dissociate faster and some slower than the
expected dissociation time. As illustrated in Fig. 4, and as is
typical for cases that we have considered, the probability that a
virion remains attached to FDC declines exponentially with
treatment time. Furthermore, the rate of exponential decay is
inversely proportional to the expected lifetime of a virion, t1. As
a result, the treatment time required to reduce an initial pool of
N virions to a single virion is approximated by the simple formula
t1 ln N. This formula indicates that the treatment time required
to reduce a pool of 108 virions to a single virion is '18 t1, whereas
the treatment time required to reduce a pool of 1011 virions to
a single virion is '25 t1. We conclude that the treatment time
required to eradicate the FDC pool of HIV-1 is relatively
insensitive to the number of virions in this pool.

The formula t1 ln N can be used to estimate the time required
to extinguish a pool of virions with higher-than-average valence.
For example, if we consider virions with valence n 5 73 and KxRT
5 0.2826 (cf. Table 1), then t1 5 1.2 years (Eq. 4) and the
extinction time for a pool of 106 virions is 1.2 ln (106) ' 16 yr.
The pool size of 106 virions considered here is rather small
compared with the estimated total viral burden of 1011 virions (3)

Fig. 3. Influence of (a) valence n and (b) dimensionless crosslinking constant
KxRT on the expected dissociation time of an individual virion, t1. In a, t1 is
plotted as a function of n for KxRT 5 1.1427 (circles) and KxRT 5 0.2826 (squares)
(cf. Table 1). In b, t1 is plotted as a function of KxRT for n 5 10, . . . , 100.
Dissociation times are determined from Eq. 4 with kr 5 0.1 s21.

Table 1. Persistence of HIV-1 on FDC

Nominal
(mean)
valence n

Best-fit
crosslinking

constant KxRT

Expected
dissociation
time t1, days

Extinction
time, days

Smallest valence for which

t1 . 1 yr t1 . 10 yr

10 3.840 21 555 12 14
20 1.1427 21 561 24 28
30 0.6533 21 562 37 41
40 0.45527 21 564 49 55
50 0.34885 21 564 61 69
60 0.2826 21 564 73 83
70 0.23742 21 564 85 96
80 0.20468 21 565 97 110
90 0.17986 21 565 109 124
100 0.1604 21 566 121 137

The values of n and KxRT given in each row result, according to Eqs. 1 and 2, in a 10,000-fold drop in viral load
on FDC between days 2 and 180 of treatment, consistent with the drop observed by Cavert et al. (4). A fitting
procedure (bisection) was used to determine KxRT after a nominal value was specified for n. The expected
dissociation time t1 in column 3 is calculated from Eq. 4. The extinction time in column 4 is the time required to
reduce the mean number of bound virions from 1011 virions, which is the estimated total number of virions on FDC
(3), to a single virion. The extinction time is calculated from Eq. 5 with the initial condition P11 5 1 (each virion
is initially bound at a single site). The valences given in columns 5 and 6 are the smallest valences for which t1 is
greater than or equal to 1 yr and 10 yr, respectively, according to Eq. 4 (on the basis of the value of KxRT in column
2). All calculations assume kr 5 k2x 5 0.1 s21.
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but presumably still large enough to perpetuate infection, given
the highly infectious nature of HIV-1 on FDC (2).

Discussion
Complement receptors, interacting with C3 fragments, play an
important role in trapping HIV-1 on FDC (9). It is likely that
most C3 fragments on FDC-associated virus are processed to
generate CR2 ligands, because Factor I, which cleaves C3b to
generate iC3b and C3dg (34), is present in lymphoid follicles in
close association with FDC (35), and also because CR1, which
is a cofactor for Factor I (34), is abundant on FDC (10). Thus,
the receptor most likely to be involved in long-term retention of
HIV-1 on FDC is CR2, the receptor on FDC that binds the
terminal products of C3 cleavage (C3dg and C3d) (11). Focusing
on the interaction of CR2 on FDC with terminal C3 fragments
on HIV-1 (Fig. 1), we developed a mass-action model (Eqs. 1 and
2) and a stochastic birth–death model (Eqs. 3–5) for the binding
of HIV-1 to FDC. We then used these models to determine how
retention of HIV-1 on FDC is influenced by antiretroviral
therapy that reduces the pool of virus available for binding to
FDC. The binding parameters in our models can be estimated
from available data, but each of these parameters is uncertain to
some extent. Although these parameters are clearly important
and deserve further study, our key results are largely indepen-
dent of particular parameter values.

The mass-action model, with reasonable parameter values
(Table 1; Fig. 2), is capable of reproducing the observations of
Cavert et al. (4) of fast and then slow decay of FDC-associated
HIV-1 with loss of more than 99.9% of virions after 6 mo of
therapy. Analysis of this model shows that dissociation of HIV-1
from FDC during therapy is expected to be biphasic (Fig. 2). This
can be attributed to multivalent binding. Initially, each virion is
held on FDC via some average number of bonds. As bonds
break, some virions dissociate, which increases the number of
receptors available to interact with virions that remain on FDC.
Thus, as the extent of dissociation increases, the average number
of bonds that hold a virion on the cell surface also increases, and
as a result the rate of dissociation slows. The rate of dissociation
reaches a steady level when the surface density of unbound
receptors approximates the total surface density of receptors
(R ' RT). We also found that the slow phase of decay is
insensitive to the initial pretreatment steady state (Fig. 2a). As
a result, it is not essential to fully characterize the pretreatment
steady state. These results together indicate that estimates of the
treatment time required to clear HIV-1 on FDC can be obtained

by focusing on the period after most of the virus has dissociated,
the period during which our stochastic model is applicable.

Analysis of the stochastic model indicates that the expected
dissociation time for an individual virion is extremely sensitive to
the virion’s valence (Fig. 3), which is related to the number of C3
fragments available for interacting with CR2 on FDC. This raises
the possibility that virions with higher-than-average valence may
be retained on FDC for considerably longer times than would be
expected from the measured decay at early time points. Most
virions that dissociate early will have average or below average
valence. The results summarized in Table 1 indicate that the
variability in valence required to increase the mean dissociation
time of a virion from 21 d, the value consistent with a 10,000-fold
drop in virus after 6 mo of therapy (4), to 1 yr or 10 yr is small.
Thus, key information that determines whether HAART has the
potential to eradicate the FDC pool of virus is the distribution
of valences for virions on FDC. Unless the distribution is
extremely narrow, HAART is unlikely to completely clear
FDC-associated virus, even though it may reduce the viral load
substantially. Analysis of the stochastic model also indicates, as
illustrated in Fig. 4, that the treatment time required to reduce
a pool of N FDC-bound virions with the same valence to a single
virion is given approximately by the product of ln N and t1, the
expected dissociation time of an individual virion. This indicates
that the treatment time for eradication of HIV-1 from FDC is
relatively insensitive to the number of virions on FDC.

The treatment times estimated here are likely to be underes-
timates. Factors that can be expected to contribute to longer
treatment times, which we have not considered in our models,
include receptors other than CR2 that interact with HIV-1, such
as Fc receptors, and attachment of both previously dissociated
and newly generated HIV-1 to FDC during HAART, particu-
larly as recent results suggest that HAART may not fully block
viral replication (36, 37). Other complications not considered,
which may speed loss of HIV-1 from FDC, include turnover of
FDC, shedding of iccosomes (38), structural degradation of
virions, binding of virions to CD41 cells, uptake of virions by
antigen presenting cells, and secretion of soluble CR2 by lym-
phocytes (30) and FDC (39). Soluble CR2 might compete with
surface CR2 for sites on HIV-1 (40). However, surface receptors
are likely to have a considerable advantage in this competition
(41), because HIV-1 is tethered to the cell surface in the vicinity
of these receptors. Thus, surface CR2 receptors see a high local
concentration of HIV-1, which is not the case for soluble CR2
receptors.

We have focused on one aspect of HIV-1 trapping by FDC: the
interaction of CR2 with terminal C3 fragments. The models
developed here are the first for HIV-1 binding to FDC. Predic-
tive mathematical models such as these are perhaps the only
feasible approach available for investigating events after the viral
load on FDC falls to undetectable levels, levels that may still be
sufficiently high to perpetuate infection (42). The single most
important result obtained from analysis of these models is that
low-affinity interactions between HIV-1 and FDC are sufficient
to retain a fraction of HIV-1 on FDC for very long times, even
if the vast majority of virus dissociates quickly during HAART.
In light of this result, it would seem prudent to pursue inter-
vention strategies not only for ridding the body of latently
infected cells (43) but also for speeding the release of HIV-1
from FDC. One strategy that might be considered is a C3
competitor that binds to CR2 on FDC (44).

Appendix. The solution of Eq. 3 is:

ti 5 S 1
kr

2
1

k2x
DF1 1 O

k51

n21

p~1, k!G
1

1
k2x

F O
j51

i 1
j S 1 1 O

k51

n2j

p~ j, k!DG , [6]

Fig. 4. Fraction of virions initially on FDC that remain on FDC after treatment
time t. The quantity Sj

n
51 P1j, determined from Eq. 5, is plotted as a function

of t for three cases: n 5 60 (solid line), n 5 65 (broken line), and n 5 70 (dotted
line). In all cases, kr 5 k2x 5 0.1 s21 and KxRT 5 0.2826 (cf. Table 1).
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where

p~ j, k! 5
~n 2 j!~n 2 j 2 1!· · ·~n 2 j 2 k 1 1!

~ j 1 1!~ j 1 2!· · ·~ j 1 k!
~KxRT!k

For a virion that is initially bound at only a single site, Eq. 6
becomes

t1 5
1
kr
F1 1 O

k51

n21

p~1, k!G 5
1
kr
F ~1 1 KxRT!n 2 1

nKxRT
G [7]

Because t1 , ti for i . 1, Eq. 7 provides a lower bound on the
expected dissociation time for a virion initially attached to
CR2 at any number of sites. As can be easily confirmed,
ti ' t1.
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