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CD4� T-cell depletion during acute human immunodeficiency virus infection occurs predominantly in the
gastrointestinal mucosa. Using experimental data on SIVmac251 viral load in blood and CD4� T cells in
the jejunum, we modeled the kinetics of CD4� T-cell infection and death and estimated the viral infectivity. The
infectivity of SIVmac251 is higher than previously estimated for SHIV89.6P infection, but this higher infectivity
is offset by a lower average peak viral load in SIVmac251. Thus, the dynamics of target cell infection and death
are remarkably similar between a CXCR4- and a CCR5-tropic infection in vivo.

Depletion of CD4� T cells during acute human immunode-
ficiency virus (HIV) infection occurs throughout the body but
is greater in the gastrointestinal mucosa than in peripheral
blood, lymph nodes, or other organs (6, 13, 21). Similarly, in
simian immunodeficiency virus (SIV) infection of macaques,
extensive CD4� T-cell depletion in mucosal tissues is observed
(relative to peripheral blood) within the first few weeks (10, 15,
19, 20, 25–27). Targeting mucosal CD4� T cells is thought to
be due to the relatively high expression of CCR5 and T-cell
activation at this site and is independent of the route of chal-
lenge. Recently it has been shown that CD4� T-cell depletion
in the gut during acute SIV infection can be reduced by vac-
cination (18) and that preservation of CD4� T cells is associ-
ated with improved disease outcome (14). Thus, understanding
the determinants of CD4� T-cell infection and killing in the
gut may have important implications for both vaccination and
therapy for HIV.

We recently demonstrated a correlation between peak viral
load and CD4� T-cell depletion in peripheral blood following
SHIV89.6P infection (10). This relationship was predicted by
mathematical models of CD4� T-cell infection and death and
allowed estimation of the infectivity of virus. The relationship
between viral infectivity and peak viral load allows prediction
of the impact of a given reduction in viral load (for example,
through vaccination) on the extent of CD4� T-cell depletion
during acute infection (10). SHIV89.6P is a CXCR4-tropic
virus, and thus differs from CCR5-tropic SIVs and HIV in the
range of CD4� T cells it targets. In SHIV89.6P infection,
extensive CD4� T-cell depletion is observed in peripheral
blood, whereas significantly less depletion is observed in
peripheral blood with CCR5-tropic SIV and HIV infections.
There are two likely factors contributing to the observed re-

duction in CD4� T-cell depletion in SIV: (i) reduced infectivity
of virus for its target CD4� T cells and (ii) a reduced propor-
tion of the total CD4� T-cell pool available for infection (i.e.,
only CCR5� cells are targets for infection). By focusing on the
dynamics of CD4� T-cell infection and death in the gut, we are
able to directly estimate the infectivity of SIV for its target
cells. This study demonstrates that SIV is equally infectious for
its target cells and that the reduced depletion of CD4� T cells
can be explained simply on the basis of a reduced target cell
range.

MATERIALS AND METHODS

Animals. In this study, we analyze published data (18, 19) on CD4� T-cell
kinetics in the jejunum following SIV infection. Briefly, 20 rhesus macaques
(Macaca mulatta) were challenged intravenously with 100 monkey infectious
doses of uncloned pathogenic SIVmac251; 6 of these macaques received prior
vaccination with plasmid DNA encoding SIV envelope, Gag, and Pol, and were
boosted with recombinant adenovirus encoding the same antigens. Plasma and
jejunum tissue samples were collected at various time points by biopsy or nec-
ropsy, and CD4� T-cell percentages and plasma viral loads were determined
(18, 19).

Mathematical model. Here, we use the same mathematical model of CD4�

T-cell infection and death that we used previously to model the depletion of
CD4� T cells over time and estimate the infectivity of SHIV89.6P in blood (10).
Briefly, assuming that production and natural death of CD4� T cells are low
compared with the loss due to viral infection during acute SIV, we ignore the
relatively small magnitudes of uninfected cell turnover. Thus, the standard model
of HIV infection dynamics reduces to:

dT
dt

� �kVT (1)

dI
dt

� kVT � dII (2)

That is, uninfected CD4� T cells (T) decay as a function of viral levels (V) and
become infected cells (I), determined by the infectivity of virus (k). Once in-
fected, CD4� T cells die at a rate dI (1.49 day�1, as estimated independently) (5).
The total number of CD4 cells present at any time is:

Ttotal � T � I (3)

This model assumes mass-action kinetics for cell infection and that the system is
completely closed (that is, we neglect any lymphocyte redistribution as a possible
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cause of CD4 decline). We also use data for viral load in peripheral blood as a
substitute for viral load in the gut.

Bootstrapping and confidence intervals. The analysis of data from the jejunum
is more complex than that of peripheral blood, since each animal has just two
samples taken during infection (in addition to a baseline sample), whereas for
peripheral blood data it is more practical to obtain considerably more samples
postchallenge. To obtain an accurate estimate of the distribution for viral infec-

tivity given the data, we applied a bootstrapping approach (7, 11). Bootstrapping
provides a reliable way to construct a confidence interval for a parameter by
resampling from the original data to create replicate data sets. We performed
10,000 simulations, executed with Matlab (version 7; Mathworks, MA). For each
simulation, we (i) sampled 20 animals (with replacement) from the pool of 20
macaques to generate a new data set (there are �7 � 1010 unique sampling
combinations), (ii) used the plasma viral load measured in each animal to predict

FIG. 1. Schematic diagram of our bootstrapping methodology to obtain an empirical probability distribution for the viral rate of infectivity. We
performed 10,000 simulations, and for each simulation, we sampled 20 animals (with replacement) from the pool of 20 macaques to generate a
new data set. From each generated data set, we calculated an optimal infectivity rate for the population of animals in the given data set, using the
plasma viral load measured in each animal and our mathematical model to predict the infection and death of jejunum CD4� memory T cells in
each sampled animal. We then determined the empirical distribution of the viral infectivity rate from the 10,000 simulations.

FIG. 2. CD4� T-cell depletion in the jejunum. The data of percentage of T cells in the jejunum that are CD4� memory cells for four typical
monkeys are shown (dark diamonds), along with our model prediction of the CD4� T cells based on our mean estimate of the infectivity across
all animals (black curve). Upper and lower 95% confidence interval values for the rate of infectivity across all animals are also shown (dashed
curves). The viral load for each animal is plotted in gray.
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the infection and death of jejunum CD4� memory T cells in each sampled
animal over the duration of infection [a piecewise linear expression of the log-
transformed viral load data was used for viral time courses, V(t), in the mathematical
model], and (iii) obtained an optimal infectivity rate (k) for the population of all
animals that produced the best fit of the predicted total CD4� T cells to the observed
CD4� T cells over the entire generated data set for the simulation. This procedure
is illustrated schematically in Fig. 1. To obtain the optimal infectivity rate, we set up
an array containing all data points from the sampled monkeys (the array con-
tained replicated data points associated with animals selected multiple times in
the generated data set); this data array contained time points and numbers of
CD4� memory T cells for the data during infection, linked to the corresponding
macaque. We also established an algorithm to compute an additional array of the
same length, containing the predicted total CD4� T cells from the mathematical
model, Ttotal, corresponding to the respective macaque and time point. The
predicted CD4� T-cell number, Ttotal (as defined in equations 1 to 3), strictly
depends on an (initially unknown) infectivity rate, the viral load time course
(from the measured viral load data) that corresponds specifically to the macaque
in question, and the baseline percentage of CD4� T cells in each animal (which
was used as the initial conditions in the mathematical model). We then used
Matlab’s built-in optimization function “lsqcurvefit” to determine the optimal
infectivity rate that minimizes the residual difference (sum of squares) between
the model-predicted CD4� T cells and the generated data array. To ensure the
robustness of our procedure, we also performed the optimization with different
algorithms and optimization tools, and we concluded that the small discrepancies
with these approaches were not significantly different. The 10,000 simulations
each generated an optimal infectivity, and these infectivity rates were sorted and
a 95% confidence interval was calculated using the bias- corrected and acceler-
ated method (described in detail in references 7 and 12).

RESULTS

We calculated a mean infectivity of 1.45 � 10�7 ml copy�1

day�1 (95% confidence interval, 0.58 to 2.33 � 10�7 ml copy�1

day�1). Figure 2 shows simulations for four animals using this
infectivity rate (along with the experimental data). This infec-
tivity parameter provides insights into the relationship between
peak viral load and CD4� T-cell depletion in jejunum (10) and
allows us to predict the impact of reductions in viral load (Fig.
3A). The average peak viral load for unvaccinated macaques
infected with SIVmac251 is approximately 4.57 � 107 copies
ml�1 (22). In the absence of interventions, this results in al-
most complete depletion of CD4� memory T cells in the jeju-
num as observed experimentally and predicted by our fits (Fig.
3A). Indeed, our modeling suggests that peak viral loads in
control animals are considerably greater than the “threshold”
level required to deplete the majority of CD4� memory T
cells (a threefold reduction in peak viral load would result in
�94% depletion of CD4 cells in the gut, and even a 10-fold
reduction in peak viral load would still result in �60%
depletion) (Fig. 3A).

The rate of viral infectivity is higher for CCR5-tropic SIVmac251

infection than for CXCR4-tropic SHIV89.6P infection (1.45 �
10�7 ml copy�1 day�1 compared with 4.40 � 10�8 ml copy�1

day�1, a �3.3-fold greater infection rate). However, the peak
viral load in blood for CCR5-tropic SIVmac251 infections (4.57 �
107 copies ml�1) is approximately 2.7 times lower than for
CXCR4-tropic SHIV89.6P infection (mean of 1.22 � 108 cop-
ies ml�1) (10, 22). Although the infection rates differ consid-
erably, surprisingly, we find that if we align the infection curves
to account for the average peak viral load in control animals
in the respective models, reducing the viral load is expected
to have the same outcome, in terms of CD4� T-cell deple-
tion, in SHIV89.6P as in SIVmac251 infection (Fig. 3B). In
both systems, we predict that a 1-log10 reduction in peak
viral load will result in �60% CD4 depletion, and a 2-log10

FIG. 3. (A) The predicted relationship between peak viral load
and CD4� T-cell depletion in acute SIVmac251 infection (mean, solid
curve; 95% confidence interval, dashed curves) is shown. The dia-
mond points represent the experimental data from the 20 macaques
(filled diamonds correspond to monkeys in which the peak viral load
may not have been reached and the unfilled diamonds correspond
to monkeys in which the peak viral load had been reached). The
solid black line segment refers to the geometric mean peak viral
load in control animals challenged with SIVmac251. The vertical lines
indicate the effects of different reductions in peak viral load (the
thin line curve refers to a threefold reduction in viral load, and the
dashed curves refer to 1-log10, 2-log10, and 3-log10 reductions in
viral load). The predicted relationship is calculated by the following
equation: proportion of CD4 depleted � 1 � e�kVp�tp/lnVp�1/dv�, where
tp is the time of viral peak, Vp is the viral peak value, and dv is the
rate of postpeak viral decay (1.49 day�1) (5), and the proportion
depleted is calculated by the equation (baseline CD4 � minimum
CD4)/baseline CD4. Note that for illustration, the viral peak for each
monkey is used to provide a single data value (diamonds), but all viral
load values for each animal are used in the simulations in calculating
predicted infection dynamics and optimal infectivity rates. (B) Rela-
tionships between CD4� T-cell depletion and reduction in peak viral
load are compared between the CCR5-tropic SIVmac251 (solid curve)
and CXCR4-tropic SHIV89.6P (dashed curve) viruses. The curves are
aligned to show the effect of reducing the viral load from the average peak
viral load in controls (zero reduction, represented by the solid line, is
associated with the average viral peak in each of the respective viral
infections). The rate of infectivity, viral decay rate, and time of viral peak
resulting from infection with each virus contributes to the relationship
between viral peak and depletion of CD4� T cells; our presented rela-
tionships were found to be robust to changes in the viral decay rate and
time of viral peak (but primarily influenced by the rate of viral infectivity).
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reduction in viral load will result in depletion of only �10%
of CD4 cells (Fig. 3B). These reductions in viral loads are
achievable in many animal models with current vaccination
strategies (2–4, 16–18, 24).

DISCUSSION

The current study compares depletion of total CD4� T cells
in peripheral blood for the CXCR4-tropic SHIV89.6P with
depletion of memory CD4� T cells from the jejunum in the
CCR5-tropic SIVmac251. This is necessary because CCR5-
tropic viruses target only a subset of activated memory
(CCR5�) T cells. However, in each case we have compared
viral load with “target cell depletion” and have found similar
outcomes. Thus, the observed differences in CD4� T-cell de-
pletion in the blood between the two viruses can be attributed
solely to the effects of their different target cell ranges, as each
infects and depletes a similar proportion of its target cells.

Understanding the relationship between viral infectivity and
peak viral load provides insights into the level of viral control
needed to prevent CD4� T-cell depletion in acute SIV infec-
tion. We have previously demonstrated an �10-day delay in
the growth of CD8� T-cell numbers and the control of virus in
SHIV infection, suggesting that cytotoxic T lymphocytes do too
little too late to control the establishment of chronic viral
infection (8, 9). More recently, this has been confirmed in SIV
infection (1, 23). The results of our modeling suggest that, as
long as vaccination controls peak viral loads, this delay in viral
control will have relatively little effect on the ability of vaccines
to prevent CD4� T-cell depletion. Surprisingly, we have found
that the same reduction in peak viral load in CCR5-tropic
SIVmac251 will have a similar effect in preserving target cells to
that seen in CXCR4-tropic SHIV89.6P. Future work should ad-
dress whether the balance between infectivity and viral load is
similar in HIV infection and thus whether vaccination will have
the same impact on preserving CD4� T cells in HIV infection.
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