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HIV-1 Dynamics in Vivo: Virion Clearance
Rate, Infected Cell Life-Span, and
Viral Generation Time

Alan S. Perelson, Avidan U. Neumann, Martin Markowitz,
John M. Leonard, David D. Ho*

A new mathematical model was used to analyze a detailed set of human immunodefi-
ciency virus-type 1 (HIV-1) viral load data collected from five infected individuals after the
administration of a potent inhibitor of HIV-1 protease. Productively infected cells were
estimated to have, on average, alife-span of 2.2 days (half-life t, , = 1.6 days), and plasma
virions were estimated to have a mean life-span of 0.3 days (t,, = 0.24 days). The
estimated average total HIV-1 production was 10.3 X 10° virions per day, which is
substantially greater than previous minimum estimates. The results also suggest that the
minimum duration of the HIV-1 life cycle in vivo is 1.2 days on average, and that the
average HIV-1 generation time—defined as the time from release of a virion until it infects
another cell and causes the release of a new generation of viral particles—is 2.6 days.
These findings on viral dynamics provide not only a kinetic picture of HIV-1 pathogenesis,
but also theoretical principles to guide the development of treatment strategies.

Hiv-1 replication in vivo occurs contin-
uously at high rates (1, 2). Ho et al. (1)
found that when a protease inhibitor was
administered to infected individuals, plas-
ma concentrations of HIV-1 decreased ex-
ponentially, with a mean t,;, of 2.1 * 0.4
days. Wei et al. (2) and Nowak et al. (3)
found essentially identical kinetics of viral
decay after the use of inhibitors of HIV-1
protease or reverse transcriptase. The viral
decay observed in these studies was a com-
posite of two separate effects: the clear-
ance of free virions from plasma and the
loss of virus-producing cells. To under-
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stand the kinetics of these two viral com-
partments more precisely, we closely mon-
itored the viral load in five HIV-1-infect-
ed patients after the administration of a
potent protease inhibitor. Using a mathe-
matical model for viral dynamics and non-
linear least squares fitting of the data, we
obtained separate estimates of the virion
clearance rate, the infected cell life-span,
and the average viral generation time in
vivo.

Ritonavir (4, 5) was administered orally
(600 mg twice daily) to five infected pa-
tients, whose base-line characteristics are
shown in Table 1. After treatment, we mea-
sured HIV-1 RNA concentrations in plas-
ma at frequent intervals (every 2 hours until
the sixth hour, every 6 hours until day 2,
and every day until day 7) by means of an
ultrasensitive modification (I, 5) of the
branched DNA assay (6). Each patient re-
sponded with a similar pattern of viral de-
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cay: an initial lag followed by an approxi-
mately exponential decline in plasma viral
RNA (see Fig. 1 for examples).

After ritonavir was administered, a de-
lay in its antiviral effect was expected
because of the time required for drug ab-
sorption, distribution, and penetration
into the target cells. This pharmacokinetic
delay could be estimated by the time
elapsed before the first drop in the titer of
infectious HIV-1 in plasma (Table 1 and
Fig. 1B). However, even after the pharma-
cokinetic delay was accounted for, a lag of
~1.25 days was observed before the plas-
ma viral RNA concentration fell (Fig. 1).
This additional delay is consistent with
the mechanism of action of protease in-
hibitors, which render newly produced
virions noninfectious but do not inhibit
either the production of virions from al-
ready infected cells or the infection of new
cells by previously produced infectious
virions (7). In our previous study (1), this
additional delay was missed because mea-
surements were less frequent (every 3
days), and the results were fitted to a
single exponential, which was sufficient to
provide minimum estimates of HIV-1 ki-
netics. In contrast, in the present study,
we obtained 15 data points during the first
7 days, which allowed a careful analysis of
the results by means of a new mathemat-
ical model of viral kinetics.

We assumed that HIV-1 infects target
cells (T) with a rate constant k and causes
them to become productively infected cells
(T*). Before drug treatment, the dynamics
of cell infection and virion production are
represented by

d *——k\/l 3T* 1
At B (D
—dv——NSI*— V 2
dt ¢ (2)



where V is the concentration of viral parti-
cles in plasma, & is the rate of loss of virus-
producing cells, N is the number of new
virions produced per infected cell during its
lifetime, and c is the rate constant for virion
clearance (8). The loss of infected cells
could be the result of viral cytopathicity,
immune elimination, or other processes
such as apoptosis. Virion clearance could be
the result of binding and entry into cells,
immune elimination, or nonspecific remov-
al by the reticuloendothelial system.

We assumed that ritonavir does not
affect the survival or rate of virion produc-
tion of infected cells, and that after the
pharmacological delay, all newly produced
virions are noninfectious. However, infec-
tious virions produced before the drug ef-
fect are still present until they are cleared.
Therefore, after treatment with ritonavir,

dT*
o =kV|T — 8T* (3)
v,
=, 4)
dVy
T = NJT* — CVNI (5)

where V| is the plasma concentration of
virions in the infectious pool [produced
before the drug effect; V(¢ = 0) = V],
Vi is the concentration of virions in
the noninfectious pool [produced after the
drug effect; V(¢ = 0) = 0], and ¢t = O is
the time of onset of the drug effect. In
our analyses, we assumed that viral inhi-
bition by ritonavir is 100%, although the
model can be generalized for nonperfect
drugs (9).

Assuming that the system is at quasi
steady state before drug treatment (10)
and that the uninfected cell concentration

Table 1. Summary of HIV-1 clearance rate, infected cell loss rate, and virion
production rate for the five patients. Base-line values are average of measure-
ments taken at days —7, —4, —1, and O; each virion contains two RNA copies.
Pharmacologic delay was estimated from the first drop in plasma infectivity for
patients 102, 105, and 107. Delay was estimated by best fit of viral load to Eq.

T remains at approximately its steady-
state value, T,, for 1 week after drug
administration (1, 5), we find from Egs. 3
through 5 that the total concentration
of plasma virions, V. = V| + Vy, varies
as

v _ v CVO
(t) = Vyexp(—ct) + s

{C%a[exp(—&) — exp(—ct)] — &t exp(—ct)}
(6)

which differs from the equation derived by
Wei et al. [(2); see (11)]. Allowing T to
increase necessitates the use of numerical
methods to predict V(t) but does not sub-
stantially alter the outcomes of the analyses
given below (12).

Using nonlinear regression analysis
(Fig. 1), we estimated ¢ and & for each of
the patients by fitting Eq. 6 to the plasma
HIV-1 RNA measurements (Table 1)
(12). The theoretical curves generated
from Eq. 6, using the best-fit values of ¢
and 8, gave an excellent fit to the data for
all patients (see Fig. 1 for examples).
Clearance of free virions is the more rapid
process, occurring on a time scale of hours.
Values of ¢ ranged from 2.06 to 3.81
day™!, with a mean of 3.07 = 0.64 day™!
(Table 1). The corresponding t;;, values
for free virions (¢, = In 2/c) ranged from
0.18 to 0.34 days, with a mean of 0.24 =
0.06 days (~6 hours). Confirmation of the
virion clearance rate was obtained from an
independent experiment that measured by
quantitative cultures (13) the rate of loss
of viral infectivity in plasma for patient
105 (Fig. 1B). The loss of infectious viri-
ons occurred by first-order decay, with a
rate constant of 3.0 day ™!, which is within
the 68% confidence interval of the esti-
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mated ¢ value for that patient (Table 1).

At steady state, the production rate of
virus must equal its clearance rate, cV. Us-
ing the estimate of ¢ and the pretreatment
viral concentration V,, we obtained an es-
timate for the rate of virion production
before ritonavir administration. Each pa-
tient’s plasma and extracellular fluid vol-
umes were estimated on the basis of body
weight. Total daily virion production and
clearance rates ranged from 0.4 X 10° to
32.1 X 10° virions per day, with a mean of
10.3 X 107 virions per day released into the
extracellular fluid (Table 1) (14). The rate
of loss of virus-producing cells, as estimated
from the fit of Eq. 6 to the HIV-1 RNA
data, was slower than that of free virions.
Values of 3 ranged from 0.26 to 0.68 day™!,
with a mean of 0.49 = 0.13 day™!; the
corresponding t, , values were 1.02 to 2.67
days, with a mean of 1.55 *= 0.57 days
(Table 1). A prediction of the kinetics of
virus-producing cells can be obtained by
solving Eq. 3 (15).

Several features of the replication cycle
of HIV-1 in vivo could be discerned from
our analysis. Given that ¢ and & represent
the decay rate constants for plasma virions
and productively infected cells, respective-
ly, then 1/c and 1/3 are the corresponding
average life-spans of these two compart-
ments. Thus, the average life-span of a viri-
on in the extracellular phase is 0.3 = 0.1
days, whereas the average life-span of a
productively infected cell is 2.2 * 0.8 days
(Table 2). The average viral generation
time 7 is defined as the time from the
release of a virion until it infects another
cell and causes the release of a new gener-
ation of viral particles; hence, 7 should
equal the sum of the average life-span of a
free virion and the average life-span of a
productively infected cell. This relation, T

6 for patients 103 and 104. Lower and upper 68% confidence intervals were
calculated by a bootstrap method (22) in which each experiment was simu-
lated 100 times. Total virion production was calculated from plasma and
extracellular fluid volumes estimated from body weights, assuming that plas-
ma and extracellular fluid are in equilibrium.

Estimates from fit of Wf) to plasma viral load

Virion clearance Infected cell loss Tgtal
virion
Pharm. pro-
Patient Base-line values delay Confidence interval Confidence interval duction
(hours) c - tio ) - (10° per
CD4cels ~ -lasma (day-") (days) (day~) t day)
(per mm?d) virions Lower Upper Lower Upper (dé/zs)
P (10° per ml) Y
102 16 294 2 3.81 1.93 7.038 0.18 0.26 0.24 0.30 2.67 12.9
103 408 12 6 2.73 2.04 3.70 0.25 0.68 0.63 0.73 1.02 0.4
104 2 52 2 3.68 2.53 6.19 0.19 0.50 0.47 0.54 1.39 2.9
105 11 643 6 2.06 1.42 3.76 0.34 0.53 0.48 0.60 1.31 32.1
107 412 7 2 3.09 2.56 4.55 0.22 0.50 0.48 0.52 1.39 3.1
Mean 170 216 3.6 3.07 2.10 5.05 0.24 0.49 0.46 0.54 1.55 10.3
+SD 196 235 2.0 0.64 0.42 1.34 0.06 0.13 0.13 0.14 0.57 1.7
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