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Reduction of HIV Concentration During
Acute Infection: Independence from a
Specific Inmune Response

Andrew N. Phillips

After infection with the human immunodeficiency virus (HIV), the concentration of the virus
inthe person’s plasma increases. The subsequent decrease in concentration a few weeks
later was thought to result from an HIV-specific immune response. This purported causal
relation is investigated with a model of the dynamics of early HIV infection that incor-
porates no increase in the rate of removal of free virions or virus-infected cells. A pattern
of changes-in virus concentration similar to that observed in patients is predicted by the
model. Thus, the reduction in virus concentration during acute infection may not reflect
the ability of the HIV-specific immune response to control virus replication.

Within a few months of infection with
HIV, the concentration of the virus in plas-
ma tends to increase transiently (I, 2). It
has been assumed that the concentration
then falls because of the host’s HIV-specific
immune response, which has been demon-
strated in some patients around this time
(3). A mathematical model of the popula-
tion dynamics of early HIV infection was
defined to investigate this causal relation.
The model considers a notional repre-

sentative quantity of tissue or blood that
would on average contain 1000 CD4 lym-
phocytes in an uninfected individual. This
could be, for example, 1 mm? of peripheral
blood or a much smaller volume of T cell-
rich areas of lymph nodes. The total
(whole-body) inoculum of HIV was as-
sumed to consist of 100 virions, but there
were initially no infected cells. The model
is defined by four equations describing the
interrelated changes over time in the num-
ber of activated, uninfected CD4 lympho-
cytes (R), latently infected cells (L), active-
ly infected cells (E), and free virions (V).
These equations can be explained as fol-
lows. Activated, uninfected CD4 lympho-
cytes arise at a constant rate I't, where I is
the rate at which new, uninfected CD4
lymphocytes arise and 7 is the proportion
that are activated, and they are removed by
HIV-independent death at rate p or by
infection at rate BV

dR

E:FT_MR—BRV (1)
Upon infection, a proportion p of cells be-
come latently infected, and these are re-
moved either by HIV-independent cell
death or by activation at rate a

dL

i pBRV — pnL — oL (2)

Actively infected cells are generated imme-
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diately after infection or from the activa-
tion of latently infected cells before they die
at rate 9

Z—f —(1—p)BRV + aL —3E  (3)
Free virions are produced at rate 7 by ac-
tively infected cells and removed at rate o

dv

i wE — oV (4)
Imporantly, the appearance of an immune
response to HIV some weeks to months
after infection is ignored; the rates of re-
moval of free virions (o) and infected cells
(8) were assumed to remain constant over
time from infection.

This model is similar to basic versions of
models of HIV infection previously defined
by others (4, 5) and is adapted from the
model presented by McLean et al. (4). The
model, however, has not previously been
used to study primary (acute) HIV infec-
tion. The patterns generated by the model
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(Fig. 1, with parameter values from Table 1)
approximate those actually observed in pa-
tients (I, 2, 6), with a transient peak in
virus concentration (to a concentration
equivalent to about 107 RNA copies per
milliliter) a few weeks after infection and a
corresponding rapid decline in CD4 lym-
phocyte count that then stabilizes.

The rapid decline of the virus concentra-
tion after its high peak a few weeks after
initial infection (Fig. 1) was not a result of the
introduction of any immune response, as no
increases in the rates of removal of free virions
or virus-infected cells at the time of the peak
were incorporated into the model. The de-
crease was simply a result of population dy-
namics. The determinant of free-virus con-
centration over the short term is the number
of free virions produced by an average virion
during the course of a generation. This num-
ber rises rapidly in the first weeks after infec-
tion because free virions can find suitable
activated, uninfected cells to infect relatively
easily, and these newly infected cells in turn
produce more virions; the average number of
new virions produced per virion in one gen-
eration is above one, and therefore, their
number increases. Numbers of infected cells
and free virions thus become high. However,
the decline in the number of activated unin-
fected cells available (as a result of the pre-
mature death of cells that become infected)
means that free virions find it relatively more
difficult to find suitable uninfected cells to
infect and thus to reproduce themselves. At
some point the number of free virions pro-
duced by an average virion during the course
of a generation declines below one, and the
number of free virions thus begins to decrease.
After the initial peak of virus, the model
predicts an equilibrium state with total CD4
lymphocyte count [1000(1 — 1) + R + E +
L], R, E, L, and V remaining constant for an
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Fig. 1. Temporal changes in the number of (A) total CD4 lymphocytes [1000(1 — 1) + R + L + E]and free
virions (V) and (B) activated, uninfected CD4 lymphocytes (R), latently infected cells (L), and actively
infected cells (E) in the first 120 days after HIV infection as predicted by the model on the basis of a
simulation with iterations of step length 1 hour and 20 min. The total (whole-body) inoculum of HIV was
assumed to consist of 100 virions (and no infected cells); thus, there were initially 4 X 10~7 virions in the

quantity being considered.
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indefinite period. Thus, although this simple
model appears to capture the essential ele-
ments of primary HIV infection, it does not
explain (nor attempt to explain) how HIV
infection leads to gradual CD4 lymphocyte
depletion after acute HIV infection.

The underlying pattern of changes in
virus concentration is broadly similar to
that in Fig. 1 for parameter values such that
the number of free virions produced by an

i
T R 7

average virion during the course of one
generation is initially greater than one. If
this quantity is below one at infection, the
number of free virions falls to zero, and the
virus is eradicated. As a test of the robust-
ness of the model, the magnitude and time
span of the decline in free-virus concentra-
tion from its peak to the equilibrium value
was determined for various values of key
parameters (Table 2). Extreme low and

Table 1. The meaning of the parameters in the model and their values used in Fig. 1. All values are for a
small quantity of tissue that normally contains 1000 CD4 lymphocytes. Because there are a total of about
2.5 X 10" CD4 lymphocytes in the average uninfected individual (there are about 1000 cells/mm?, so
there are 5 X 10° cells in peripheral blood; only about 2% of cells are in peripheral blood (15, 17), thus the
total number is approximately 2.5 X 10'"), we are considering around 1/(2.5 X 108) of the whole body.

Sggl]' Interpretation Value (per day) Commments
r Rate at which uninfected CD4 1.36 Equivalent to 3.4 X 108 cells
lymphocytes arise per day in whole body;
chosen to be slightly lower
than estimates of 2 x 10° for
patients with more advanced
disease (15, 16)
W HIV-independent death rate of 1.36 X 1078 Average life span of unin-
uninfected CD4 lymphocytes fected CD4 lymphocytes, 2
years (18) (I' = 1000, so
normally rate of production
equals rate of death)
T Proportion of cells activated 0.2

B Rate of infection of CD4 lympho-
cytes per virion

0.00027 per virion

Cannot be directly estimated

p Proportion of cells becoming 0.1
latently infected upon infection
« Activation rate of latently 3.6 x 1072
infected cells
o Removal rate of cell-free virus 2 Average life span, 1/2 day
3 Removal (death) rate of actively 0.33 Average life span, 3 days;
infected CD4 suggested that lymphocytes’
average composite life span
of actively infected cells and
free virions is 2 days in the
presence of HIV-specific
immune response (15, 16)
™ Rate of production of virions 100 (79)

by an actively infected cell

Table 2. Decline in virus concentration (V) from peak for various permutations of extreme parameter
values illustrating the robustness of this phenomenon to different parameter values. Values of B were
chosen to be high enough to ensure that the virus was not eradicated.

. r Deoline Time
/o 1/8 (per (per B* in v d f()lf
day) day) (n- ecline
fold)t (days)t
1 hour 1 hour 10 1 0.1 3391 5.3
1 hour 1 hour 10 10 0.1 648 0.4
1 hour 1 hour 500 1 0.1 3499 0.5
1 hour 1 hour 500 10 0.1 744 0.4
1 hour 5 days 10 1 0.001 162 39
1 hour 5 days 10 10 0.001 12 13
1 hour 5 days 500 1 0.001 160 35
1 hour 5 days 500 10 0.001 16 14
5 days 5 days 10 1 0.001 53 35
5 days 5 days 10 10 0.001 7 17
5 days 5 days 500 1 0.0001 53 36
5 days 5 days 500 10 0.0001 7 17
*Expressed per 1 hour 20 min. ‘+Given by the maximum value of V divided by the equilibrium value of V. +Defined

as the time from the maximum value of V to first reaching a value of V less than two times the equilibrium value.
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high estimates of I, o, 8, and 7 were cho-
sen, and each permutation was assessed. In
each case, a value of 8 was chosen so that
the number of virions produced by an aver-
age virion during one generation was large
enough for the infection to persist. For each
set of parameter values, the pattern of
changes in virus concentration was essen-
tially similar to that shown in Fig. 1, with a
high peak soon after infection followed by a
fall to a relatively low equilibrium value.
Changes in the value of p, the proportion
of cells that become latently rather than
actively infected, also do not affect the
underlying pattern of changes in virus
concentration (including p = 0). Changes
in the size and constitution of the inocu-
lum make only a small difference to the
pattern, tending only to change slightly
the timing of the peak.

[t was assumed that only a proportion 7
of uninfected CD4 lymphocytes are suscep-
tible to infection by HIV at the time of
initial infection. This reflects the belief that
the infection rate of activated cells is far
greater than that of resting cells (7). Be-
cause the model only covers the short peri-
od around primary infection and does not
attempt to model the long-term effects of
HIV, it has simply been assumed that a
constant proportion (1 = 0.2) of cells ex-
isting at the time of infection and newly
generated cells are activated. This appar-
ently rather high value was chosen on the
basis that HIV increases T cell activation
(8). However, as might be anticipated, the
pattern of virus concentration generated
was similar if a lower value (t = 0.1) was
chosen. More sophisticated models allowing
for transient activation of cells (which in-
creases as a function of HIV concentration)
and separate models that explicitly account
for the proliferation of activated cells have
also been evaluated, and the changes in
virus concentration during the primary in-
fection period remain similar to those pre-
sented here. A further refinement was to
allow the rate of generation of new cells to
increase as the total count fell, to reflect the
homeostatic mechanism of the immune sys-
tem. Again, this did not markedly affect the
situation within the time span of primary
infection.

The magnitude of decline in virus con-
centration during acute HIV infection ap-
pears to vary substantially between patients,
with some patients showing less than a
10-fold decline and others over a 1000-fold
decline (1, 2, 9, 10). It is difficult to esti-
mate this quantity, however, because one
never knows how close the concentration is
to its peak value at the time a sample is
taken, and so underestimates are likely. The
report based on the largest study of patients
(n = 53) in primary HIV infection sug-
gested a mean decline of 10- to 100-fold in



HIV RNA copies per milliliter (10).

It has been generally believed that the
immune response to HIV is responsible for
the decline of virus concentration from the
high levels seen early in infection (1, 11).
In particular, appearance of a cytotoxic T
lymphocyte (CTL) response specific to cer-
tain HIV epitopes close to the time of the
peak of HIV virus level has been observed
(3, 12, 13). The results from this model
raise the possibility that the appearance of
the HIV-specific immune response is a con-
sequence of the high level of virus but is not
a major cause of the decline from this high
level. If this hypothesis is true, and the
prevailing view that the HIV-specific im-
mune response ‘“controls” HIV replication
is not, one might expect to find some pa-
tients in whom virus levels decline from a
high peak even in the absence of specific
immune responses. Suggestive evidence can
be found in the literature. One patient (of
five studied, patient AD11) experienced a
100-fold drop in virus concentration during
primary HIV infection even though there
was no detectable HIV-specific antibody or
CTL response (3). Another patient (again
of a total of five studied, HOBR) had no
CTL response while viremia was being
“controlled,” albeit “less efficiently” than
in patients with a response (13). Lastly,
data from three children infected during
childbirth showed no evidence of CTL re-
sponses or neutralizing antibodies, even
though the increase in virus concentration
consistent with primary viremia fell (14).

Estimates have suggested that infected
cells and free virions have a very short
half-life in HIV-infected persons (15, 16), a
mean of about 2 days for the sum of the
lifetimes of virus-producing cells and free
virions. We have chosen slightly slower
rates of removal of free virions (average life
span, 1/2 day) and virus-producing cells
(average life span, 3 days) because for much
of the period of infection being modeled
(up to the peak in free-virus concentra-
tion), no HIV-specific immune response is
thought to occur. No introduction of an
immune response at the time of the peak
(by increasing the values of ¢ and 8) has
been modeled because it was felt to be
important to study whether the virus could
decline in the absence of any change in the
rate of removal of free virions and virus-
infected cells.

In conclusion, simple modeling of the
population dynamics of acute HIV infec-
tion in the absence of any assumption of a
growing immune response suggests the pres-
ence of a transient peak of virus concentra-
tion. These results, and the lack of a detect-
able HIV-specific immune response at the
time of the decline from the initial virus
peak in some patients, raise the possibility
that the decline in virus level seen in acute

HIV infection is not a reflection of the
capacity of the HIV-specific immune re-
sponse to control virus replication.
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Dependence of Cyclin E-CDK2 Kinase Activity
on Cell Anchorage

Fang Fang,*t Gertraud Orend,* Nobumoto Watanabe,
Tony Hunter, Erkki Ruoslahtit

Most nonmalignant cells are anchorage-dependent; they require substrate attachment for
growth and, in some instances, survival. This requirement is lost on oncogenic transfor-
mation. The cyclin E-CDK2 complex, which is required for the G,-S transition of the cell
cycle, was activated in late G, phase in attached human fibroblasts, but not in fibroblasts
maintained in suspension. In transformed fibroblasts the complex was active regardless
of attachment. The lack of cyclin E-CDK2 activity in suspended cells appeared to result
from increased expression of CDK2 inhibitors and a concomitant decrease in phospho-
rylation of CDK2 on threonine-160. Suppression of cyclin E-CDK2 activity may thus
underlie the anchorage dependence of cell growth.

Most untransformed mammalian cells fail
to proliferate when they are prevented from
attaching to a solid substrate, a phenome-
non known as anchorage dependence of
growth (1). Loss of anchorage dependence
is the property of transformed cells that
correlates best with tumorigenicity in vivo
(2). Anchorage dependence has been at-
tributed to the arrest of cell cycle progres-
sion in late G, phase resulting from a lack of
substrate adhesion (3). Because the G, cy-
clins—cyclin D and cyclin E—together
with their associated cyclin-dependent ki-
nases (CDKs) are key regulators in the G,
phase (4), we investigated whether the ac-
tivation of CDK complexes with cyclin D
or cyclin E is controlled by cell anchorage.
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Both KD and IMR90 untransformed hu-
man diploid fibroblasts were synchronized in
G, by serum deprivation, split into attached
and suspended cultures (5), and exposed to
fetal bovine serum. Both cell lines failed to
initiate DNA synthesis when cultured in
suspension (6), confirming that nonadher-
ent cells are arrested before entering S phase.
Although attached and suspended cells differ
in size and shape, the protein contents per
cell were similar (6). Immunoblot analysis of
KD cell extracts showed that the expression
of cyclin DI and cyclin D3 (cyclin D2 is
absent from KD cells) did not differ between
attached and suspended cells during the G,
phase (Fig. 1A). The amounts of CDK4,
CDK35, and CDKS, all of which can associate
with cyclin D, were also similar under both
culture conditions. Moreover, in vitro reti-
noblastoma protein (Rb) kinase assays (7)
showed that cyclin D1 and CDK6 immu-
noprecipitates from G, phase cells were
equally active under the two culture con-
ditions (Fig. 1B). These observations con-
firm previous data (3) showing that cell
cycle progression through mid G, phase,
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