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HIV-1 infections cannot be completely eradicated by drug therapy, as the virus persists in reservoirs. Low-level plasma viremia
has been detected in patients treated for over 7 years, but the cellular compartments that support this low-level viremia have not
been identified. The decay of HIV-1 during treatment appears to occur in four phases, with the 3rd and 4th phases occurring
when the virus is below the limit of detection of conventional assays. Here, we focus on the 3rd phase of decay, which has been
estimated to have a half-life of 39 months. We show that follicular dendritic cells (FDC), which have been identified as an HIV
reservoir, can be the main source of the low-level viremia detected during the 3rd phase of decay and contribute to viremia at
even longer times. Our calculations show that the kinetics of leakage of virus from FDC is consistent with three types of available
clinical data.

Highly active antiretroviral therapy (HAART) is effective in
suppressing progression of HIV infection. In the first few

months of suppressive therapy, the plasma HIV-1 RNA load ex-
periences a biphasic decay (1–5). The first phase has a short half-
life (1 to 2 days) and is attributed to the loss of infected activated
CD4� T cells. The second phase has a half-life of 1 to 4 weeks and
has been attributed to the loss of long-lived infected cells such as
resting CD4� T cells or macrophages (4, 6). The presence of other
decay phases has been suggested (5, 7), and a recent study by
Palmer et al. (8), using a very sensitive assay with a lower limit of
quantification of 0.63 HIV RNA copies/ml (9), identified a third
and fourth decay phase in patients on suppressive therapy for 7
years (Fig. 1). Phase 3 had a half-life, �3, of 39 weeks (supported by
a recent study [10]), and phase 4 showed a nearly constant plasma
viral load for the period studied out to 7 years. Overall, the median
plasma viral load, V(t), for patients on suppressive therapy can be
represented by the following equation:

V�t� � V1�t� � V2�t� � V3�t� � V4�t� � V1�0�e��1t

� V2�0� e��2t � V3�0� e��3t � V4�0� (1)

where t is the time on therapy, V1(t) through V4(t) designate the
contributions to the plasma viral load of the virus generated by
the compartments 1 through 4, V1(0) through V4(0) designate the
contributions of the virus generated by compartments 1 through 4
to the baseline viral load, �i � ln2/�i is the decay rate constant of
phase i, and �i is the half-life of decay phase i, i � 1, . . ., 3.

The cellular compartments responsible for decay phases 3 and
4 have not been identified. Palmer et al. (8) suggest that candidates
for “compartment 3” and “compartment 4” are sanctuary sites
with suboptimal drug penetration, long-lived productively in-
fected cells, and latently infected CD4� cells. Another candidate is
follicular dendritic cells (FDC), which can bind virus and later can
release that virus into the circulation (11, 12). Among these can-
didates, latently infected CD4� cells have attracted the most at-
tention (13). However, the residual viremia in plasma samples
from patients on long-term suppressive therapy can be genetically
distinct from viral sequences identified in latently infected CD4�

cells (14), suggesting that the source of the third or fourth decay
phases may be not only latently infected CD4� cells.

Here, we probe the possibility that FDC-associated virus is the
main biological source of decay phase 3 virus. FDC reversibly bind
virions on their surface and can slowly release them back into the

circulation (12). In the asymptotic phase of HIV infection, the
pool of virus stored on FDC is estimated to be �1011 HIV RNA
copies (i.e., 5 � 1010 virions), greatly exceeding the viral load in
infected cells or in plasma (15). During HAART, the viral load is
reduced significantly, and most trapped virions dissociate from
FDC. Nevertheless, due to the multivalent nature of FDC-HIV
binding, i.e., the ability of each virion to bind multiple surface
receptors on FDC, abundant virions remain trapped for a pro-
longed time, serving as an HIV-1 reservoir that hinders the erad-
ication of HIV-1 (16–22).

Using a modeling approach, we study the dynamics of HIV-1
virions on FDC and quantify the contribution of FDC to the
plasma viral load. Taking into account variations in the FDC sur-
face receptor density and in the number of FDC binding sites per
virion, we obtain a model for the time-dependent decay of the
FDC viral pool and show that FDC may serve as compartment 3.
We also show that our model is consistent with data from an older
study in which the amount of FDC-associated virus was quantified
in patients on HAART through longitudinal tonsillar biopsies
(12). Knowing the sources of virus contributing to persistent
viremia is an important step toward the goal of viral eradication.

MATERIALS AND METHODS
Clinical specimens. The data from the work of Palmer et al. (8) that we
analyze were previously published and kindly provided by F. Maldarelli.
The data came from the Abbott M97-720 trial (8), where 100 antiretrovi-
ral-naive patients received lopinavir-ritonavir (400/100 mg twice daily)
with stavudine and lamivudine twice daily for up to 7 years (8, 23). Among
the 62 patients who completed 7 years of treatment, 47 patients controlled
viremia without “blips.” To exclude blips, plasma HIV-1 RNA had to
remain at �50 copies/ml by standard Amplicor assay at all visits after
week 96. When the 47 patients were further tested by single-copy assay
(SCA) (9), 6 participants with inefficient amplification of pretherapy
HIV-1 RNA by SCA were excluded for further analysis, and one additional
patient had invalid SCA results with internal standard values unaccept-

Received 27 February 2013 Accepted 1 May 2013

Published ahead of print 8 May 2013

Address correspondence to Alan S. Perelson, asp@lanl.gov.

Copyright © 2013, American Society for Microbiology. All Rights Reserved.

doi:10.1128/JVI.00556-13

July 2013 Volume 87 Number 14 Journal of Virology p. 7893–7901 jvi.asm.org 7893

http://dx.doi.org/10.1128/JVI.00556-13
http://jvi.asm.org


ably low for all samples. As a result, 40 patients with 293 samples were used
for longitudinal analyses (8).

The data from the work of Cavert et al. (12) that we fitted were previ-
ously published and kindly provided by A. Haase. They were collected
using in situ hybridization and computer-assisted quantitative image
analysis to measure HIV-1 RNA in virion-antibody immune complexes
deposited on FDC (15). Tonsil biopsy specimens were obtained from 34
patients in a treatment combining ritonavir, zidovudine, and lamivudine.
Participants underwent tonsil biopsy 2 weeks before and 2 days, 22 days,
and 24 weeks after treatment commenced. Each tonsil biopsy specimen
was cut in half. One portion was fixed and embedded in paraffin; the other
portion was flash-frozen for later extraction and assay of viral nucleic
acids. Paraffin blocks were then sectioned and hybridized in situ to a
35S-labeled RNA probe complementary to �90% of the sequences in
HIV-1 RNA. After autoradiography, the hybridization signal overlying
FDC or monocytes (MNCs) was quantitated by computer-assisted image
analysis (15). Sequential tissue samples suitable for evaluation from 10
individuals were obtained.

While the HIV RNA densities on FDC were measured (12), the total
amount of HIV on FDC in a patient can be only estimated. To assess the
general decay behavior of HIV on FDC, we assume that the measured
baseline HIV RNA density on FDC of a patient when multiplied by the
surface area of the FDC in the body corresponds to a total of 1011 HIV
RNA copies in the patient, as previously estimated (15).

Model of virion-FDC binding. HIV-1 virions are held on the FDC
surface through interactions between the proteolytic fragments of com-
plement C3 (C3dg and C3d) and complement receptors, especially CR2,
on FDC, as well as antibodies on HIV-1 and Fc receptors on FDC (11,
24–26). Although there may be multiple types of bonds holding a virion to
the FDC surface, for simplicity we shall refer only to the C3-CR2 interac-
tion. The binding between virions and FDC surfaces is multivalent. A
virion can have many bound C3 fragments and therefore can bind to i �
1, 2, . . ., n CR2 receptors at the same time. The total number of possible
bonds between a virion and FDC is called the valence, and hence, in our
model, HIV is treated as an n-valent particle.

To account for multivalent binding and dissociation of HIV-1 virions,
Hlavacek et al. (11, 24–26) developed the following mass-action model:

dB1 ⁄ dt � �krB1 � �n � 1�kxRB1 � 2k�xB2 � �VR

dBi ⁄ dt � �n � i � 1�kxRBi�1 � ik�xBi � �n � i�kxRBi
� �i � 1�k�xBi�1 i � 2, . . . , n � 1

dBn ⁄ dt � kxRBn�1 � nk�xBn

(2)

and

RT � R � �
i�1

n

iBi (3)

where Bi is the surface density of virions bound to i receptors, RT is the
total surface density of receptors that HIV can bind (e.g., the average
number of CR2 per unit area on FDC), R is the surface density of unbound
receptors, V is the concentration of free virions in plasma and other ex-
tracellular body fluids, kx is the single site forward rate constant for for-
mation of a new bond between a virion and the FDC surface, k	x is the
single site reverse rate constant for a bond to break, kr is the effective rate
constant for the detachment of a virion from FDC, and 
 is the forward
rate constant describing the binding of virion to the FDC surface (Fig. 2).
The association and dissociation terms in equation 2 include factors that
account for the number of free and bound sites on a virion. Free virions
can get trapped on FDC even during therapy, as reflected by the 
VR term
in the first line of equation 2.

The bound states of virions {Bi} on FDC together could be viewed as an
energy well trapping the virions. Hlavacek et al. (26) found that the rate
that virions leave FDC depends sensitively on the density of unbound
receptors, R, to which they can reattach. Indeed, a higher R leads to a
stronger attraction and/or a deeper energy well, making it more difficult
for trapped virions to leave.

Model of virion leakage to plasma. Let VFDC stand for the concentra-
tion of virions in plasma that have dissociated from FDC. When virions
dissociate from FDC, we assume that they become diluted in the extracel-
lular body fluid and become subject to clearance at rate c per virion. Then
according to our model

d

dt
VFDC � krB1

area

volume
� cVFDC (4)

where the volume of extracellular fluid in a person is taken as 15 liters, and
the total FDC surface area is estimated such that the total FDC viral load
before therapy is �i�1

n Bi�0�·area � 1011 virions (12, 15). In our calcula-
tions, the representative surface area of FDC in the whole human body is
a few thousand cm2, corresponding to �109 FDC with a surface area of a
few hundred �m2 per cell (24, 27).

Parameter values. The parameter values used in our calculations are
summarized in Table 1. Following the work of Hlavacek et al. (26), the
average CR2 density is �RT� � 9.6 � 109 cm	2 (28–30); the number of
sites available on a virion to bind CR2 is estimated to be between 10 and
100 (31–33), and we explore using an average value �n� � 20. The
estimates for the dissociation rate constants, kr � k	x � 0.1 s	1 (34), and
the attachment rate constant, 
 � 3.6 � 10	11 ml s	1, are also taken from
the work of Hlavacek et al. (26). We choose the surface association con-
stant, i.e., the cross-linking rate constant kx, to be 10	12 	 10	11 cm2 s	1,
which is in the range of values estimated by Hlavacek et al. (26, 34–37). By
trying different values of kx, we find that the viremia data in the work of
Palmer et al. (8) and Maldarelli et al. (38) can be simultaneously fitted
using kx � 0.38 k	x/�RT�, i.e., kx � 3.96 � 10	12 cm2/s. The clearance
rate of free virions is chosen to be c � 23 day	1, as previously estimated
(39).

In the patients studied by Palmer et al., the median baseline viral load

FIG 1 Four-phase decay of plasma viral load. The median viral load decay
observed by Palmer et al. (8) is shown by the thick black line. The four phases
are indicated by the arrows, and the four corresponding terms in equation 1 are
shown by solid (green), dashed (red), dash-dotted (blue), and dotted (black)
lines, respectively, where we use V1(0) � 105 copies/ml, V2(0) � 103.2 copies/
ml, V3(0) � 11.6 copies/ml, and V4(0) � 1.5 copies/ml, as well as half-lives
�1 � 1.5 days, �2 � 4 weeks, and �3 � 39 weeks, as reported in the work of
Palmer et al. (8).

FIG 2 Multivalent binding and unbinding steps between an HIV-1 virion
(circle) and surface receptors on FDC. Free virions attach to the FDC surface
and first form a single bond with rate constant 
. This bond can break with rate
constant kr, releasing the virion back into solution. Once the virion is bound to
the surface, the rate constant to form an additional bond is kx, and the reverse
rate constant is k	x. Equation 2 in Materials and Methods describes the kinet-
ics of these reactions and includes statistical factors that incorporate the num-
ber of ways that bonds can form and break.
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is V � 105 copies/ml (8). When exploring the effect of other baseline viral
loads with our model, we need to rescale all four terms in equation 1. Since
V1 dominates the viral load at the beginning of therapy, we set V1 � V(0).
To determine how V2, V3, and V4 are rescaled, we examine the viral load at
week 4 (dominated by V2), week 60 (dominated by V3 � V4), and week
350 (dominated by V4). From the linear regression lines fitted to the data
in the work of Palmer et al. (8), shown in Fig. A1 in the Appendix, we find
that a 10-fold change in the baseline viral load translates into a 10-fold
change of V1, a 3.2-fold change in V2, a 2.2-fold change in V3, and a
1.6-fold change in V4.

Variation of parameters. The number of binding sites per virion, i.e.,
its valence n, most likely varies from virion to virion, as it depends on the
number of C3 fragments deposited on a virion. Similarly, the CR2 surface
density on FDC, RT, is expected to vary from cell to cell. We assume that
RT is lognormally distributed, which is the characteristic distribution of
many types of cell surface receptors, such as receptors on T lymphocytes
(40–42). Thus, the variation of CR2 surface density RT on FDC is given by

f�RT� �
1

�2��RT

exp��
1

2�2�ln
RT

�RT�	2
 (5)

where ln RT has a normal distribution with mean �RT� and standard
deviation �. The number of binding sites on a virion is estimated to be
between 10 and 100 (26), and we assume that the number follows a nor-
mal distribution,

p�n� �
1

�2��n

exp��
�n � �n��2

2�n
2 
 (6)

with mean �n� and standard deviation �n. The parameter values � � 0.1
and �n � 7.0 (see Fig. 8) are chosen as explained below.

Numerical calculations and data fitting. Equations 2 to 4 assume that
there is a single value of RT for all FDC and a single value of n for all
virions. To include a distribution of values for these parameters in model
calculations (see Fig. 8), we include 80 discrete values of n (1 to 80), and 80
discrete bins of RT (from 0.02 �RT� to 1.6 �RT�). Thus, we generalize
equation 2 into 80 � 80 � 6,400 similar equations as described by equa-
tion A2 in the Appendix and revise equations 3 and 4 to equations A3 and
A4 accordingly. The generalized forms of equations 2, 3, and 4, i.e., equa-
tions A2, A3, and A4, respectively, are used in all our numerical calcula-
tions.

Using these 6,400 equations to perform calculations, we tune param-
eters �n, �, and kx to fit three kinds of clinical data, the viral decay on
therapy from the work of Palmer et al. (8) (see Fig. 4), the decay of HIV on
FDC from the work of Cavert et al. (12) (see Fig. 6), and the relationship
between baseline viremia and viremia at week 60 from the work of Mal-
darelli et al. (38) (see Fig. 7). Since Fig. 4 and 7 show measurements on the
same cohort of patients, we fit them with identical parameter values and
use the values as the default parameter values in other calculations such as
those for the amount of HIV bound to FDC at baseline (see Fig. 3). As the
data from the work of Cavert et al. (see Fig. 6) come from a different

cohort of patients treated with a different drug regimen, the parameter
values could differ from the default values; however, we try to make the
parameter differences as small as possible.

We use a grid search method with parameters {�n, �}. The observed
viremia data (see Fig. 4) can be fitted by different {�n, �} combinations
(see Table A1 in the Appendix), as long as kx is tuned to minimize

J �
1

N �
i�1

N

�log10V�ti� � log10V��ti��2
⁄ �i

2 (7)

where V(ti) is the calculated viral load at time ti, log10 V(ti) and εi are the
mean and standard deviation of the observed log10 V values at time ti, and
N is the total number of measurement time points.

After finding kx for a {�n, �} combination, we examine whether these
parameters give rise to a significant correlation between baseline and week
60 viremia (see Fig. 7). We find that 7 	 �n 	 11 is necessary for good
agreement with the data in Fig. 7. On the other hand, if our only criterion
were fitting the data in Fig. 6 well, we would choose �n 	 3 and � 	 0.1. In
order to get reasonable agreement with both the viral decline kinetics and
the correlation between baseline and week 60 viremia, we chose as default
parameter values {�n � 7, � � 0.1}. Meanwhile kx � 0.38 k	x/�RT�
minimizes the error between model predictions and the data from the
work of Palmer et al. (8). We also choose {�n � 3, � � 0.1} to fit to data
from the work of Cavert et al. (12) in Fig. 6 in order to make the difference
from the default values minimal.

When fitting to the viremia data of individual patients in Fig. 5, we use
the default values {�n � 7, � � 0.1} but allow small deviations from the
default kx value. We also find it necessary to tune V4 to capture the viral
load at �5 years of treatment for each patient.

RESULTS
Model. In order to analyze the contribution of virus dissociating
from FDC to long-term plasma viremia, we used the model shown
in Fig. 2 for the reversible binding of HIV to FDC. The mathemat-
ical details of the model and its underlying equations are given in
Materials and Methods. The model is a generalization of one de-
veloped by Hlavacek et al. (11, 24–26) that incorporates the fact
that different HIV virions may contain different numbers of sites
that can attach to FDC and that different FDC may have on their
surfaces different numbers of receptors capable of binding HIV-1
virions.

HIV-1 bound on FDC before therapy. During primary HIV-1
infection, the plasma viral load reaches a peak and then falls and
establishes a constant set point (baseline) level. Because no viral
load data were available for this cohort of patients during acute
infection, we used the data [and best fit curve of V(t)] for an
acutely infected patient studied in the work of Stafford et al. (43),
i.e., patient 5, who had a set point viral load of �105/ml (the
median set point viral load in the data from the work of Palmer et
al. [8] data), and use the generalized form of equations 2 and 3, i.e.,
equations A2 and A3, to calculate the corresponding number of
virions bound to FDC (dashed line in Fig. 3). We find that the FDC
viral load grows proportionally to the plasma viral load until V(t)
exceeds 105 copies/ml. After that, the FDC viral load is limited by
the available surface receptors on FDC, and the change of FDC
viral load is less significant than that of V(t). When V(t) decreases
after the viral load peak, the FDC viral load is predicted to also
decrease. Overall, the FDC viral load remains in equilibrium with
the plasma viral load before therapy.

During therapy, FDC may serve as compartment 3. After
therapy is initiated, virions gradually dissociate from FDC and
enter the extracellular body fluid. We reproduce two clinical ob-
servations with our calculations. First, we show that our model

TABLE 1 Parameter values used in the calculations

Parameter Definition Value

�n� Mean no. of C3 fragments per virion 20
�n SD of n 3.0–7.0
�RT� Mean surface density on CR2 receptors

on FDC
9.6 � 109 cm	2

� SD of RT 0.1
k	x Dissociation rate constant 0.1/s
kx Association rate constant 10	12-10	11 cm2/s
kr Detachment rate constant 0.1/s

 Attachment rate constant 3.6 � 10	11 ml/s
V0 Baseline virion RNA concn (median) 105

c Clearance rate constant of free virions 23/day
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can reproduce the plasma viral loads measured by Palmer et al. (8)
during the 3rd phase of viral decay, which has a half-life of 39
weeks. Second, we show that our model is consistent with the
decay of the viral pool on FDC in tonsillar lymphoid tissue, which
was shown to decrease by 2 to 4 orders of magnitude over the first
6 months of treatment (12).

To fit the plasma viral load data from week 60 to week 394 in
the work of Palmer et al., we note that for t � 60 weeks, V1(t) and
V2(t) are negligible so that V(t) in equation 1 becomes V(t) �
V3(t) � V4(t). As described in Materials and Methods, we use
equations A2 to A4, i.e., the generalized forms of equations 2 to 4,
respectively, to calculate VFDC(t), the contribution of virus that
dissociates from FDC to the plasma virion load, and find that
VFDC(t) can replace V3(t) in equation 1 in describing the long-
term plasma viral load data (Fig. 4). Therefore, the FDC reservoir
could be compartment 3 in the work of Palmer et al. (8) and hence
the only source or the major source of the low-level viremia during
the 3rd phase.

The V3 term is the largest among the four terms in Fig. 1 from
8 months to 2 years of therapy, suggesting that compartment 3 is
the major source of virus during this period. Due to the significant

variance of the plasma HIV RNA loads between individual pa-
tients, the time range of the 3rd phase is expected to vary strongly
between individual patients.

We can also fit the viral load data for individual patients (Fig.
5). However, the statistical noise near the detection limit of the
single-copy assay is significant. Since the data for individual pa-
tients are noisy, it is difficult to see the viral load trend for most
patients. Therefore, the collected data for all patients in Fig. 4 are
more informative. In Fig. 5, we show the fitting of two patients
whose viral load data are less noisy than others. Here, we adopt the
parameters used in Fig. 4, tuned kx slightly, and adjusted V4 to
obtain Fig. 5.

Next, we calculated the total viral load on FDC and compared
that with the data from the work of Cavert et al. (12), in which viral
loads on FDC were measured longitudinally by tonsillar biopsy.
We used the model parameters from Fig. 4, only tuning kx and �n

to obtain the fit in Fig. 6. Noticing that Fig. 4 and 6 describe
different quantities measured in different patient groups under
different drug therapies (lopinavir-ritonavir, stavudine, and
lamivudine for Fig. 4 [8] and ritonavir, zidovudine, and lamivu-
dine for Fig. 6 [12]), the consistency between parameters in Fig. 4
and 6 is quite significant. The fitting quality of Fig. 6 could be
improved if we do not require the parameters to be comparable to
those used in Fig. 4 and 5.

As illustrated in Fig. 6, the decay of HIV from FDC is rapid
during the first 2 weeks and then slows down steadily over the
subsequent several years of treatment. The decrease of the decay
rate is due to the variations of the FDC receptor densities and the
number of binding sites on virions. According to our model, a
virion with fewer binding sites can make fewer bonds with FDC
than can virions with more binding sites and hence is trapped on
the FDC network for a shorter time than are virions with more

FIG 3 Acute infection dynamics. The plasma viral RNA load in an acutely
infected patient (dots) and best fit curve (solid line) are taken from the work of
Stafford et al. (43). The density of virions bound to FDC (dashed line), calcu-
lated using the generalized form of equations 2 and 3, changes with the plasma
viral load. The parameter values used in the calculation, chosen to fit the
clinical data (8, 38), are �n � 7, association rate constant kx � 0.38 k	x/�RT�,
and those listed in Table 1.

FIG 4 Calculated VFDC � V4 can fit the long-term plasma viral load data. The
calculated values of VFDC � V4 are shown by the black solid line. The plasma
viral load data for the patients were reported by Palmer et al. (8). Each dot and
bar represent the average and standard deviation, respectively, of the logarith-
mic HIV RNA loads of all patient measured at a given treatment time. The
ability of VFDC � V4 to fit the data from the work of Palmer et al. (8) is
comparable to that of V3 � V4 (red dashed line). This indicates that the FDC
reservoir can be the dominating source of viremia during the 3rd phase of
decay. The parameters in the calculation are the same as in Fig. 3.

FIG 5 Plasma viral load data for two individual patients are fitted by VFDC �
V4. The calculated values of VFDC � V4 are shown by the solid line. Fitting
parameters are kx � 0.38 k	x/�RT� and V4 � 0.5 for patient 72127 and kx �
0.35 k	x/�RT� and V4 � 1.0 for patient 72191. The other parameters used in
calculations are the same as in Fig. 4. Note that the parameter values in the fits
are close to those used in Fig. 4.

FIG 6 The decay of the FDC viral pool in the first months and years of treat-
ment. The solid lines show the model calculation. The averages and standard
deviations of the logarithm of the measured HIV RNA on FDC (12) are shown
by dots and bars, respectively. We use parameter values �n � 3.0 and associa-
tion rate constant kx � 0.55 k	x/�RT� in the calculation. The other parame-
ters used in calculations are the same as those in Fig. 4. The decay of the FDC
viral pool slows down steadily over 5 years (right).
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binding sites. Thus, as the virions with fewer binding sites disso-
ciate, the virion population becomes dominated by virions with
more binding sites and virion decay slows. Similarly, FDC with
lower CR2 surface densities trap virions for a shorter time than do
FDC with higher CR2 densities. Thus, as virions dissociate from
FDC with low CR2 densities, the decay slows as the dissociation
becomes more dependent on dissociation from FDC with high
receptor densities. The time-dependent virion decay allows us to
fit both the FDC viral pool data from the work of Cavert et al. (12),
in which virus has an average half-life of 2 to 3 weeks during the
first 6 months of treatment, and the plasma viral load data from
the work of Palmer et al. (8), in which virus decays with a half-life
of 39 weeks at treatment times greater than 60 weeks.

Dependence of viral load at week 60 on baseline viral load:
agreement with data. Maldarelli et al. (38) reported that the
plasma viremia at week 60 of treatment is correlated with the
baseline viremia. Our model explains this correlation. Patients
with higher baseline viral loads deposit more virus on FDC, and
hence, as virus dissociates during treatment, more virus remains at
week 60 in patients with high baseline viral loads. A comparison of
our model predictions with the data from the work of Maldarelli
et al. is shown in Fig. 7. Since according to our model FDC are the
dominant contributor to the plasma viral load at week 60, we use
the generalized form of equations 2 to 4 to find VFDC and replace
V3(60) with VFDC(60) in the predicted viral load V(t) (see equa-
tion 1 in Materials and Methods and also see Fig. A1 in the Ap-
pendix). The predicted relationship between the viral load at 60
weeks and the baseline viral load shown in Fig. 7 further supports
the hypothesis that FDC are a long-term reservoir for HIV-1.

The positive correlation is not surprising since higher baseline
viremia results in a larger FDC viral pool throughout treatment.
Notice, however, that a difference of 2 log units in baseline viremia
translates to a difference of only �1 log unit in week 60 viremia.
This is due to the fact that a higher baseline viral load leads to a
higher density of occupied CR2 receptors and this in turn leads to
a higher leakage rate of FDC virions from patients with higher
baseline viral loads. By week 60, this partly reduces the difference
in FDC viral loads between patients and hence leads to relatively
small differences in plasma viral loads among patients.

Sensitivity analysis. Parameters �n and � characterize the
widths of the distributions of the number of sites on HIV that can
bind FDC and the receptor density on FDC, respectively. If their
values are changed, we can tune the association rate constant kx

and still fit the viremia data in Fig. 4 with similar fitting quality. We
use various values of �n and � and find the best fit value of kx for
each case (see Table A1 in the Appendix). Note that the kx values in
Table A1 in the Appendix all agree with the estimated lower limit
kx � 0.05 k	x/�RT� determined by Hlavacek et al. (26).

DISCUSSION

The low-level plasma viremia observed to persist during more
than 7 years of therapy was suggested to come from two uniden-
tified sources: “compartment 3” and “compartment 4” (8). Here,
we quantitatively confirmed the possibility that FDC serve as com-
partment 3. In agreement with clinical data, our calculations pre-
dict an early fast decay of the FDC viral pool during the first 6
months of treatment, followed by a slower leakage of virions from
FDC to produce an extended low-level plasma viremia. Our cal-
culations also agree with the observed correlation between plasma
viral loads at baseline and at week 60 of therapy.

There are several tunable parameters in our model. The distri-
butions of binding sites on HIV and of receptors on FDC shown in
Fig. 8 contain two parameters, and the association rate constant is
another tunable parameter. In addition, several other parameters
are based on rough estimates. Although we found a set of param-
eters compatible with currently available clinical data, we have not
performed an exhaustive study to determine the range of param-
eters that agree best with the data. In this paper, we focused on the
average trend of plasma viral loads for 40 patients. The individual
patient data at these low viremia levels are too noisy to be infor-
mative. Moreover, our model has certain simplifications. For in-
stance, we ignored B cells, which may also reversibly bind HIV
virions (44). We also used a virion clearance rate of 23 day	1,
which was estimated in plasma (39). It is possible that the viral
clearance rates are different in lymph nodes and blood (45), so
that the overall average clearance rate may differ from the value
that we used. To accommodate this, other parameters can be
tuned to fit the data. For example, if the virion clearance rate is
changed to 100 day	1 (45), by changing the standard deviation of
the receptor density distribution from 0.1 to 0.25 we obtain a fit to
the long-term viremia data with this higher virion clearance rate
comparable to that shown in Fig. 4.

HIV virions trapped on FDC have been found to remain infec-
tious for at least 9 months in vivo (19). However, the fraction of
virions that remain infectious has not been quantified. As multi-
drug therapy may effectively suppress viral replication, our model
calculates the plasma viral load that comes from FDC-trapped
virions, assuming that virions do not cause infection or replica-
tion. Thus, our calculation results on levels of persistent viremia
do not depend on the fraction of infectious virions.

An open question is which compartment is the main contrib-
utor to the fourth stage of viral decay. Even if we change parame-

FIG 7 Relationship between the plasma viral load at baseline and week 60 of
treatment. The calculated plasma viral load at week 60 (solid line) assuming
that V3 is contributed by FDC is consistent with the data (dots) and linear
regression (dashed line) in the work of Maldarelli et al. (38). The parameters in
the calculation are the same as those in Fig. 4.

FIG 8 Lognormal distribution of RT and normal distribution of n. The stan-
dard deviations are � � 0.1 and �n � 7.0, respectively.
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ters in various ways, our calculations using the FDC reservoir as
the only viral source could not reproduce the fourth decay stage. It
is possible that a reservoir, such as latently infected CD4� cells, is
the source of fourth-phase virus. One way to evaluate this possi-
bility is to determine whether the half-life of latently infected
CD4� cells matches that of the viremia decay stage 3 or 4. The
half-life of latently infected cells has been estimated to be 44
months (46). On the other hand, there are also reports of shorter
half-lives of latently infected cells, ranging from 4.6 months (47),
to 
11 months (48), to 6 months (49). Strain et al. (50) and
Fischer et al. (51) suggest that the decay of latently infected cells
may progressively slow, and Archin et al. (52) suggested that there
may be a pool of latently infected cells that are extremely stable
and hardly decay at all. If the half-life of latently infected CD4�

cells reaches a few years, they may serve as the source of persistent
viremia. Such a long half-life might be realized if the pool of la-
tently infected CD4� cells is replenished or maintained by divi-
sion of latently infected CD4� cells without activation (53–56), as
has been shown to occur by Chomont et al. (57). Thus, latently
infected cells may well be compartment 4. To clarify this question,
it will be important to directly measure the decay of viral RNA on
FDC in lymphoid tissue biopsy specimens and the decay of la-
tently infected cells in the same patients over a period of years on
potent therapy. Also, sequencing the virus on FDC and the virus
released after activation of latently infected cells from these pa-
tients may shed light on the source of persistent viremia.

We cannot rule out other possible explanations for the source
of third-phase viremia. For example, Althaus and De Boer (58)
proposed that there exist subpopulations of latently infected cells
with different activation rates. Latently infected cells that have
very low activation rates could then contribute to long-term
viremia. Via simulations, Althaus and De Boer show that their
model can give rise to viral decays on treatment that slow and
hence resemble both second- and third-phase decays. To maintain
a large enough latent reservoir in the face of loss by activation,
Althaus and De Boer need to hypothesize that activated CD4 T
cells that are producing virus revert to a latent state (58) and re-
populate all of the different latently infected subpopulations.
Whether some productively infected cells live long enough for this
to be a sufficient source of latently infected cells in patients on
ART for over 7 years is unclear, but nonetheless, this work high-
lights that other hypothesized mechanisms can predict third-
phase decay. Experiments, such as those proposed in the para-
graph above, will be needed to distinguish among hypotheses.
Another way to test our model is to measure the FDC viral pool at
longer treatment times than those in the work of Cavert et al. (12),
e.g., after 1 or 2 years. According to our prediction (Fig. 6), the
measured value should be much higher than that obtained by
naive extrapolation from the earlier data points. If the measured
data disagree with this prediction, our model can be rejected.

Long-term viral decay data were collected during therapy
weeks 60 to 110 in the work of Maldarelli et al. (38), where the
decay third-phase half-life was estimated as 69 weeks (95% confi-
dence interval, 38 to 408 weeks) and hence was slower than that in
the work of Palmer et al. (8) (half-life, 39 weeks; 95% confidence
interval, 25 to 90 weeks), although the confidence intervals over-
lapped. Given the noisy nature of the single-copy assay data, we
focused on the decay rate obtained by Palmer et al. (8) because
they collected more data that covered a significantly longer time
period (60 to 380 weeks). To reproduce a lower decay rate, as in

the work of Maldarelli et al. (38), our parameter values would
need to be revised. Also, because of the large 95% confidence
intervals for the experimentally determined third-phase decay
rates, one should recognize that our best-fit parameter estimates
should not be taken too literally but rather are used to exemplify
the ability of this theory of HIV interaction with FDC to account
for these slow third-phase viral decays.

Since the decay of the FDC viral pool slows down as virus is
eliminated from it, it could remain as a source for many years (26)
and rekindle the infection when treatment is interrupted if virions
remain infectious for these long periods. Thus, it may be impor-
tant to develop new drugs that drive HIV-1 virions out of the FDC
reservoir. Developing such drugs could be an important step to-
ward eliminating HIV infection. A potential drug for depleting
FDC virus may be one that blocks formation of the bond between
terminal C3 fragments and CR2 by binding to one or the other
protein. Possible candidates for this type of drug include proteins
that bind to C3, such as Sbi (59), Efb (60), Ehp (61), prion protein
(PrPSc) (62), and their engineered modifications, as well as pro-
teins that bind to CR2. These proteins provide another way to
verify our model. For example, in a nonhuman primate model, if
the 3rd decay phase can be significantly perturbed by the use of
any of these proteins as drugs, the role of FDC in long-term
viremia will be confirmed.

Appendix
Complete model equations, including a distribution of values
for the parameters RT and n. Equations 2 to 4 assume that there is
a single value of RT and n. To include a distribution of their values,
we need to rewrite equations 2 to 4. Whereas the distribution of RT

in Fig. 3 is continuous, for numerical calculations we choose to use
small discrete bins of surface receptor densities. Thus, we write
separate equations for HIV binding to cells with receptor density

RT
�j� � jR0 j � 1, 2, . . . (A1)

where R0 � 0.02 �RT�. Then, equations 2 and 3 are changed to

dB1
jn

dt
� �krB1

jn � �n � 1�kxR�j�B1
jn � 2k�xB2

jn � �V�n�R�j�

dBi
jn

dt
� �n � i � 1�kxR

�j�Bi�1
jn � ik�xBi

jn � �n � i�kxR
�j�Bi

jn

� �i � 1�k�xBi�1
jn i � 2, . . . , n � 1

dBn
jn

dt
� kxR�j�Bn�1

jn � nk�xBn
jn

(A2)

and

RT
�j� � R�j� � �

n�1,2, . . .
�
i�1

n

iBi
�j� (A3)

where Bi
jn is the surface density of virions with n binding sites

bound to i receptors on FDC that have a receptor surface density
RT

�j�. R(j) is the surface density of unbound CR2 on FDC with total
surface receptor density RT

�j�. V(n) is the concentration of virions
with n binding sites in body fluid and is determined using the
discrete form of equation 6:

V�n��t� �
V�t�

�2��n�n�
exp��

1

2�n
2�ln

n

�n�	2
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Similarly, using the discrete form of equation 5, equation 4
becomes

d

dt
VFDC � � �

j�1,2, . . .

1

�2��j

exp��
1

2�2�ln
jR0

�RT�	2

�

n�1,2, . . .
�
i�1

n d

dt
Bi

jn�t� ·
area

volume
� cVFDC (A4)

where area is the surface area of all FDC in the body and volume is the
total extracellular fluid volume in which HIV may disperse. In our
numerical calculations, both n and j run from 1 to 80. As a generalized
form of equation 2, equation A2 contains 80 � 80 � 6,400 equations,
each equation being similar to equation 2.

Correlations. To explore the correlation between the baseline
viral load and VFDC (Fig. 8), we need to rescale Vi(0), i � 1, . . ., 4
in equation 1 when baseline viral concentration differs from
V(0) � 105 ml	1. Since V1 dominates the viral load at the begin-
ning of therapy, we make V1(0) the same as V(0). To find V2(0),
V3(0), and V4(0), we look at several time points where the contri-
bution by another compartment dominates the total viral load in
equation 1, including week 4 (dominated by V2), week 60 (dom-
inated by V3 � V4), and week 350 (dominated by V4). Figure A1

shows the correlations between the viral loads at these time points
and the baseline viral load using the data in the work of Palmer et
al. (8) and the linear regression lines. Note that V3(60) � V(60) 	
V4(60), where V4(60) � V4(350). Assuming an exponential decay
for each Vi(t), an f-fold change in Vi(t) implies an f-fold change in
Vi(0). From the regression lines, we find that a 10-fold change in
the baseline viral concentration translates into a 10-fold change of
V1(0), a 3.2-fold change in V2(0), a 2.2-fold change in V3(0), and a
1.6-fold change in V4(0).

Sensitivity analysis. If the values of the parameters �n and �
are changed, we can tune the association rate constant kx and still
fit the viremia data in Fig. 4 with similar fitting quality. We use
various values of �n and � and find the best fit value of kx for each
case (Table A1). Note that the kx values in Table A1 are all above
the estimated lower limit kx � 0.05 k	x/�RT� determined by
Hlavacek et al. (26). J, given by equation 7, is the fitting quality,
and our fitting procedure aims to minimize J.
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