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Human immunodeficiency virus (HIV) and simian immunodeficiency virus (SIV) infections result in
chronic virus replication and progressive depletion of CD4+ T cells, leading to immunodeficiency and
death. In contrast, ‘natural hosts’ of SIV experience persistent infection with high virus replication but
no severe CD4+ T cell depletion, and remain AIDS-free. One important difference between pathogenic
and non-pathogenic infections is the level of activation and proliferation of CD4+ T cells. We analysed
the relationship between CD4+ T cell number and proliferation in HIV, pathogenic SIV in macaques,
and non-pathogenic SIV in sooty mangabeys (SMs) and mandrills. We found that CD4+ T cell prolifer-
ation was negatively correlated with CD4+ T cell number, suggesting that animals respond to the loss of
CD4+ T cells by increasing the proliferation of remaining cells. However, the level of proliferation seen
in pathogenic infections (SIV in rhesus macaques and HIV) was much greater than in non-pathogenic
infections (SMs and mandrills). We then used a modelling approach to understand how the host prolif-
erative response to CD4+ T cell depletion may impact the outcome of infection. This modelling
demonstrates that the rapid proliferation of CD4+ T cells in humans and macaques associated with
low CD4+ T cell levels can act to ‘fuel the fire’ of infection by providing more proliferating cells for infec-
tion. Natural host species, on the other hand, have limited proliferation of CD4+ T cells at low CD4+ T
cell levels, which allows them to restrict the number of proliferating cells susceptible to infection.
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Ki-67 antigen/analysis; human/simian immunodeficiency virus; mathematical model

1. INTRODUCTION
Human immunodeficiency virus (HIV) types 1 and 2 have
entered the human population in the last century as a
result of cross-species transmission of the closely related
simian immunodeficiency viruses—SIV,, and SIVg,,—
that infect chimpanzees (Pan troglodytes) and sooty manga-
beys (Cercocebus atys; SM), respectively (Hahn ez al. 2000).
SIVgnm is also the precursor of SIV,,., which induces an
AIDS-like disease in Asian macaques and represents the
most commonly used animal model for studies of AIDS
pathogenesis and vaccines (Hirsch ez al. 1989).
Pathogenic HIV infection of humans and SIV infection
of macaques are characterized by an acute phase lasting
for four to six weeks, with high viral loads, profound
depletion of CD4+ T cells in mucosal sites and moderate
depletion of CD4+ T cells in blood (Smit-McBride ez al.
1998; Guadalupe er al. 2003; Brenchley er al. 2004;
Mattapallil ez al. 2005). This is followed by a chronic
phase, which corresponds to a prolonged period of inter-
mediate viral loads and slowly progressive CD4+ T cell
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depletion occurring in the context of a highly dynamic
process of CD4+ T cell turnover in the blood and
lymphoid tissues (Mohri er al. 2001; Ribeiro er al.
2002). The final phase of disease is characterized by
increasing viral loads, severe CD4+ T cell depletion
and development of opportunistic infections. While HIV
infection of humans and SIV infection of macaques
generally follow a similar course, the rates of disease
progression are usually faster in SIV-infected macaques.

Studies of SIV infection in ‘natural host’ non-human
primate species such as SMs and mandrills (Mandrillus
sphinx, MND) revealed that these animals also develop
chronic infection with high viral loads (Onanga et al.
2002; Silvestri er al. 2003). However, in stark contrast
to pathogenic HIV/SIV infections, natural SIV hosts
maintain healthy CD4+ T cell levels and avoid immuno-
deficiency (Broussard er al. 2001; Silvestri er al. 2003).
This peculiarly benign course of infection is thought to
reflect a non-pathogenic virus—host equilibrium that has
been established over a prolonged period of coevolution.
However, it is unclear whether changes in the virus, in
the host response or in both may be responsible for this
adaptation. One viral feature that would explain the
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non-pathogenic infection of natural SIV hosts would be
that the virus has evolved a mode of intracellular replica-
tion that is not cytopathic for the infected cell. However,
recent studies have shown that the in vivo longevity of
infected cells in these natural hosts is comparable to
that observed in pathogenic infection (Silvestri 2005;
Gordon et al. 2008). Several important differences
have also been observed between pathogenic and non-
pathogenic infections (Gordon et al. 2008; Pandrea
et al. 2008a; Sodora et al. 2009): natural hosts show
lower levels of immune cell activation during chronic
infection (Chakrabarti ez al. 2000; Sumpter et al. 2007;
Paiardini er al. 2009a), and lower expression of CCR5
on CD4+ T cells (Veazey et al. 2003).

Increased CD4+ T cell proliferation is observed
during pathogenic infection with SIV and HIV
(Hazenberg er al. 2000; Sousa et al. 2002). In contrast,
infected SMs show only a minor increase in CD4+ T
cell proliferation, and infected MNDs show very little
change in CD4+4 T cell proliferation. While the
mechanisms underlying this phenotype are still poorly
understood, it has been proposed that reduced immune
activation plays a key role in protecting natural SIV
hosts from progression to AIDS (Silvestri er al. 2005).
Since CD4+ T cell proliferation and CCR5 expression
on CD4+ T cells are required for optimal virus replica-
tion, natural SIV infections should be associated with a
more limited availability of susceptible (proliferating)
cells for infection. Our modelling suggests that a strong
proliferation of CD4+ T cells in response to CD4+ T
cell depletion can paradoxically result in lower overall T
cell numbers. However, maintaining low levels of
CD4+ T cell proliferation despite low CD4+ T cell num-
bers may be a mechanism by which natural host species
such as SMs and mandrills control infection.

2. MATERIAL AND METHODS

(a) Experimental methods

We investigated the relationship between CD4+ T cell
counts and level of CD4+ T cell proliferation (measured in
terms of Ki67 expression) in natural and non-natural hosts
using the experimental data for rhesus macaques (RMs),
humans and SMs obtained from previously published
studies (figure la—c), and unpublished results in mandrills
obtained using the same protocols (figure 1d). Four RMs
were inoculated with SIV,,c030 (Engram ez al. 2009), while
31 of them were uninfected (Paiardini ez al. 20095). Of all
the 35 RMs, we had single data points from 30 RMs and
longitudinal data for five RMs. One hundred and seventeen
SMs were naturally infected with SIV, while 85 were unin-
fected (Sumpter et al. 2007; Brenchley ez al. 2008). Of all
the 202 SMs, we had single data points from 92 of them
and two or more points from the other 110. Twenty-three
mandrills were naturally infected with SIV, while 24 of
them were uninfected, and each animal was represented
by only one data point. All animals were housed at the
Yerkes National Primate Research Center and maintained
in accordance with National Institutes of Health (NIH)
guidelines. The data for HIV patients were pooled from
two studies (Paiardini ez al. 2005; Dunham ez al. 2008),
and represent 26 HIV-1-infected therapy-naive adults and
nine healthy HIV-uninfected controls, all of whom were
represented as single data points.
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We also analysed the relationship between CD4+ T cell
counts and level of CD4+ T cell proliferation in uninfected
RMs and SMs whose CD4+ T cells were depleted using
anti-CD4 antibodies (figure 2). Three uninfected RMs and
three uninfected SMs were treated with repeated infusion
of the humanized anti-CD4 monoclonal antibody Cdr-
OKT4A-hulgGlclone 12F11, and the fractions of CD3 +
CD4+ T cells were monitored over time by flow cytometry,
as previously described (Klatt er al. 2008). There were 13
measurements taken over a period of 200 days for each of
these animals.

(b) Mathematical model

Mathematical models of HIV infection have been used for
over a decade to shed light on a number of important features
of infection. We and others have recently investigated the role
of CD4+ T cell proliferation and preferential infection of
activated and proliferating cells in driving the observed
immune dynamics (Ribeiro ez al. 2006; Yates et al. 2007).
Thus, we adapted the standard model of HIV infection
(Perelson et al. 1996; Nowak & May 2000; Lloyd 2001;
Perelson 2002) to (i) allow only infection of proliferating
CD4+ T cells, where (ii) the proportion of proliferating
CD4+ T cells increases as CD4+ T cell count decreases.
The model can be expressed as a set of ordinary differential
equations:

dT

T A=86rT +pr(T)T — BVr(T)T,
ar
i

(2.1)

BVr(T)T — &,1 (2.2)

and

d—V—pI—cV.

- (2.3)

In our model, T is the number of all uninfected CD4+ T
cells (both proliferating and non-proliferating); I and 1" are
the levels of infected CD4+ T cells and virus, respectively;
A is the production rate of uninfected CD4+ T cells from
the thymus; 67 and J; are the death rates of uninfected and
infected CD4+ T cells, respectively; p and ¢ are the pro-
duction and clearance rates of virus, respectively; and S is
the infectivity of virus. The important change from the stan-
dard model of infection is the inclusion of a proliferation
function r(T), which represents the proportion of cells that
are proliferating at a given total number of uninfected
CD4+ T cells in the pool (T), and p is the division rate of
these cells. The absolute number P of cells that are proliferat-
ing at a given total CD4+4 T cell number is therefore the
product P= »(T)T. Our model assumes that only proliferating
CD4+ T cells can be infected, so that at any time the number
of uninfected cells susceptible to infection (or ‘targets for the
virus’) is equal to the number of proliferating cells P

Initially, as in figure 1, we have chosen the proliferation
function #(T") to have an exponential form, but have also
investigated other functional forms such as piecewise linear
or Hill function.

3. RESULTS AND DISCUSSION

(a) Mechanisms of T cell activation

and proliferation

HIV infection is characterized by a chronically high level
of CD4+ T cell proliferation. This level of T cell



Preservation of CD4 counts in SIV,,,,,

M. L. Chan ez al. 3775

proliferation function #(T) = Ce-Tk + D

(®)

—~
Q
=

35,

proportion of CD4+ T cells
proliferating (% Ki67+)

—~
o

~
(98]
W

25

20

15

proportion of CD4+ T cells
proliferating (% Ki67+)

@ r

. o)
r m(’fg\_}oo(pm Q %\ 0
o % o 90 o

O

2000 3000 0 500 1000 1500
total number of uninfected CD4+ T cells ul~! blood

0 1000

Figure 1. Relationship between CD4+ T cell number and proliferation level (by Ki67 expression): experimental data are shown
from pathogenic infection of (a) rhesus macaques (RMs) or () HIV infection, as well as natural host infection of (¢) sooty
mangabeys (SMs) or (d) mandrills. The experimental data for RMs, humans and SMs are obtained from previously published
studies (Paiardini ez al. 2005, 2009b; Sumpter ez al. 2007; Brenchley ez al. 2008; Dunham ez al. 2008; Engram ez al. 2009) and
for mandrills from unpublished results. All of the species except mandrills show a significant negative correlation between
CD4+ T cell count and the proportion of cells Ki67+ (Spearman correlation). The relationship between total CD4+ T
cell number and proliferation [r(T"), solid line] is fitted with an exponential function (top). Parameters for best fit of exponential
function to the data for each species, as well as the p-values, are shown in table 1. The baseline proliferation rate (D)—the aver-
age proliferation rate when CD4+ T cell counts are high (greater than or equal to 1000 cells per microlitre of blood for SM and
RM, and greater than or equal to 500 cells per microlitre of blood for humans)—is very similar between species. However, the

maximal proliferation (C + D) is higher in the more pathogenic hosts (RMs and humans) compared with SMs.

proliferation has been shown to predict the risk of disease
progression (Carbone et al. 2000). CD4+ T cell prolifer-
ation during HIV infection can arise from a number of
mechanisms: (i) antigenic stimulation, (ii) direct acti-
vation by the virus or its products, (iii) bystander
activation as a result of inflammatory cytokines or other
factors, (iv) microbial translocation from the intestinal
lumen to the systemic circulation and (v) homeostatic
T cell proliferation as a response to CD4+ T cell depletion
(Hazenberg et al. 2000; Douek ez al. 2001; Vlahakis ez al.
2001; Brenchley er al. 20065 Lee er al. 2009).

We investigated the relationship between CD4+ T cell
number and CD4+ T cell proliferation in non-pathogenic
and pathogenic infections. Previous studies have shown
that there is a negative correlation between CD4+ T
cell number and proliferation (Hazenberg et al. 2000).
To further investigate this phenomenon, we compared
the relationship between CD4+ T cell counts and level
of CD4+ T cell proliferation in SIV-infected natural
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host species (SMs and MNDs), SIV-infected RMs
(Macaca mulatta; RM), as well as HIV-infected humans
(figure 1). We observed a significant negative correlation
between CD4+ T cell number and CD4+ T cell prolifer-
ation in humans (Spearman r= —0.7434, p < 0.0001),
RM (r=-0.5585, p»<0.0001) and for SM
(r= —0.1902, p = 0.0004; table 1). However, in MND,
there was no significant correlation.

Next, we attempted to fit different relationships to the
experimental data in order to compare the infections.
Using a simple exponential relationship, we show rising
CD4+ T cell proliferation with lower CD4+ T cell
counts in SM, RM and human infection. A Mann-—
Whitney test showed that there was no significant
difference (p =0.5361) in Ki67 levels at high T cell
counts (above 1000 cells }Ll_l of blood) between SM
and RM, hence we constrained the baseline proliferation
levels of each species to be the average of those Ki67
values. Importantly, the maximal proliferation level
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Figure 2. Relationship between CD4+ T cell number and proliferation level (by Ki67 expression) after depletion of CD4+ T
cells with antibody: (a) three uninfected RMs and (b) three uninfected SMs were treated with repeated infusion of the human-
ized anti-CD4 monoclonal antibody Cdr-OKT4A-hulgGlclone 12F11, and the fractions of CD3+4,CD4+ T cells monitored
over time by flow cytometry (as previously described; Klatt ez al. 2008). Both Ab-depleted species show a significant negative
correlation between CD4+ T cell count and the proportion of cells Ki67+ (Spearman correlation), even in the absence of
virus. The relationship between total CD4+ T cell number and level of proliferation [r(7"), solid line] is likewise fitted with
an exponential function and the parameters, as well as the p-values, are shown in table 2.

Table 1. Summary of statistics and parameters of the exponential fit to figure 1. n.s., not significant; n.a., not applicable.

rhesus macaques (CI)

humans (CI)

sooty mangabeys (CI) mandrills (CI)

Spearman r —0.5585 —0.7434 —0.1902 0.1240

P <0.0001 <0.0001 0.0004 0.4065 (n.s.)
intercept C + D (%) 11 (7.8-14.0) 22 (12.4-31.5) 5.8 (4.1-7.4) n.a.
sensitivity & 977.5 (612.7-2319) 480.3 (280.4-1673) 277.4 (184.4-559.9) n.a.

baseline D (%) 2.8 2.1 2.9 4.0

Table 2. Summary of statistics and parameters of the
exponential fit to figure 2.

Ab-depleted SIV-
rhesus macaques

Ab-depleted SIV-
sooty mangabeys

(CDH (CD
Spearman r —0.6998 —0.6974
p <0.0001 <0.0001
intercept 27.2 (21.5-32.8) 16.6 (13.5-19.7)
C+ D (%)
sensitivity % 175.1 (107.0-481.8) 202.8 (139.0-374.7)
baseline D 7.6 2.6
(%)

of SM (i.e. intercept of 5.8%; confidence intervals
4.1-7.4%) was much lower than that for RM (11%;
confidence intervals 7.8—-14%) and HIV-infected
humans (22%; confidence intervals 12.4-31.5%). The
confidence intervals of the intercepts of the proliferation
function for SM and pathogenic hosts (HIV, RM) did
not overlap. We used generalized nonlinear regression in
order to demonstrate that the intercept C + D is indeed
significantly different between SM and RM, and between
SM and HIV. We compared the goodness-of-fit when
intercept and sensitivity are shared between the datasets
to the goodness-of-fit when they are determined
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independently for each dataset, and in both cases the fit
with different intercepts was significantly better (in both
cases p < 0.0001).

In addition, we noted that the fitting of the curves
of SM and RM included both cross-sectional and longi-
tudinal data, which raises the potential issue of
autocorrelation within the data. In order to make sure
that this did not bias the results, we repeated our analysis
using only one data point per animal (choosing the point
with lowest CD4+ T cell number, where there was
more than one point). This did not appreciably affect
the estimated relationship between CD4+ T cell count
and Ki67 expression.

The correlation between CD4+ T cell numbers and
proliferation has also been attributed to direct viral effects
or antigenic stimulation (since virus level and CD4+ T
cell number are also correlated; Cohen Stuart er al.
2000; Hazenberg er al. 2000; Biancotto er al. 2008).
Therefore, we also analysed the relationship between
viral load and CD4+ T cell proliferation in non-
pathogenic (SM) and pathogenic (RM) infections. We
found that the level of proliferation of CD4+ T cells
was not significantly correlated to viral load in SM
(Spearman r = 0.2260, p = 0.0749), and was surprisingly
significantly negatively correlated to viral load in RM
(Spearman r= —0.5397, p=0.0001). The negative
correlation seems to be driven mainly by the acute
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Figure 3. Higher proliferation leads to fewer remaining uninfected CD4+ T cells. (@) The relationship between the total
number of uninfected CD4+ T cells and the proportion of these cells that are proliferating. Curves for pathogenic infection
(peak proliferation 25%) are shown as dashed-dotted lines, and those for non-pathogenic infection (peak proliferation 5%)
are shown as solid lines. () The relationship between the total number of uninfected CD4+ T cells and the number of pro-
liferating CD4+ T cells (i.e. obtained from the curve in (a) by multiplying the proportion of proliferating cells by the number of
uninfected cells). The equilibrium number of proliferating (i.e. susceptible) uninfected cells is 17 cells pl~! of blood. This level
is reached when the total pool (proliferating and non-proliferating) of uninfected CD4+ T cells is 847 cells ul ™! of blood for
non-pathogenic infection, as shown by the solid line (with 2.0% proliferating), and 117 cells wl~' of blood for pathogenic
infections, as shown by the dashed-dotted lines (with 14.8% proliferating). Equilibrium is shown as dashed line.

phase of infection around the peak viral load, when the
viral levels are very high without a corresponding high
level of CD4+ T cell activation. When we took into
account only the chronic phase (56 days post-infection
or later), there was no significant correlation between
viral load and the level of proliferation of CD4+ T cells
in either SM or RM (p=0.132 and p=0.0896,
respectively).

Conversely, if CD4+ T cell proliferation is driven by
the decrease in CD4+ T cell numbers and not viral
load, this suggests that a higher proportion of CD4+ T
cells will proliferate at low CD4+ T cell numbers even
without infection. We therefore analysed the relationship
between CD4+ T cell proliferation and CD4+ T cell
number in uninfected RM and SM whose CD4+ T
cells were depleted wusing anti-CD4 antibodies
(figure 2). We observed a strong negative correlation
between CD4+ T cell number and proliferation in the
complete absence of virus (Spearman r= —0.6974
and —0.6998 for antibody-depleted uninfected SM and
RM, respectively, and p < 0.0001 for both), supporting
the interpretation that the decrease in CD4+ T cell num-
bers can be an independent driver of T cell proliferation.
Interestingly, the level of proliferation of CD4+ T cells as
a function of CD4+ T cell number appeared to be even
higher in uninfected animals treated with antibodies
when compared with the SIV-infected animals (table 2).
Generalized nonlinear regression analysis shows that
the intercept C + D is significantly different between anti-
body-depleted and infected SM (p < 0.0001), as well as
between antibody-depleted and infected RM (p <
0.0001). A limitation of our analysis of antibody-depleted
animals is that it relies on frequent measurements
of CD4+ T cell number and proliferation from only
three animals in each group. As the longitudinal data
for these animals were pooled together, temporal
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autocorrelation may exist in the analysis. Nevertheless,
the increase in CD4+ T cell proliferation in response to
antibody depletion of CD4+ T cells suggests that this
can be driven by a homeostatic response to the loss of
CD4+ T cells, and occurs independent of SIV infection.

(b) Modelling the impact of T cell proliferation

on infection

Since pathogenic and non-pathogenic infections differ
significantly in the way proliferation increases at low
CD4+ T cell levels, we used modelling to understand
how the relationship between CD4+ T cell number and
proliferation alone may impact the outcome of infection
(figure 3a), even when the virus—host interactions that
are influenced by immune response (contained in the
‘infection parameters’ 3, 65, p and ¢) are the same in
both hosts.

We first modelled the disease course in a pathogenic
‘human-like’ infection, where the maximal proliferation
of CD4+ T cells was 25 per cent. This resulted in an
acute phase of infection leading to an equilibrium level
of 17 uninfected proliferating CD4+ T cells per microli-
tre of blood (figure 3b). We then modelled the same
infection in a non-pathogenic ‘SM-like’ host, where the
maximal CD4+ T cell proliferation was only 5 per cent.
This decrease in the proliferative response to CD4+ T
cell loss in the SM-like host led to a large increase in
the total number of uninfected CD4+ T cells present in
chronic infection (847 versus 117 cells per microlitre of
blood; solid and dashed-dotted lines in figure 35). Upon
analysis, the mechanisms for this are easily understood.
In our model, only the proliferating CD4+ T cells are
susceptible to infection, whereas the non-proliferating
cells are not. The number of these proliferating (i.e. sus-
ceptible) cells at the viral set point depends only on
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Figure 4. Course of infection with different levels of proliferation: using identical infection parameters but varying the maximal
proliferation, we found that a higher proliferation of CD4+ T cells at low CD4+ T cell counts (dashed-dotted line, pathogenic
infection) led to fewer remaining uninfected CD4+ T cells and higher viral loads in chronic infection. By contrast, low pro-
liferation (solid line, non-pathogenic infection) led to preservation of uninfected CD4+ T cells. The viral load in the non-
pathogenic model was lower than the pathogenic, consistent with the experimentally observed difference in viral loads between
RMs and SMs. Parameters: A = 10 cells p,l_1 di, p=0.7 d™1, k=200 cells le_l, B=3.3x 105 ml per RNA copy per day,
8;=0.8d"!, p=2.8 x 10° RNA copies per cell per day, c =20d"".

infection parameters (Pegm = 8;¢/pf3), and is independent
of the host proliferation level. Thus, the same equilibrium
number of uninfected proliferating CD4+ T cells (17
cells per microlitre of blood) is seen in the two hosts
(figure 3b). The number of uninfected proliferating cells
is maintained at a steady state because any increase in
proliferating cells would increase the number of infected
cells as well as the viral load. This will in turn infect
more proliferating cells, and bring the system back to
equilibrium. However, the different rates of CD4+ T
cell proliferation in HIV and SM lead to this equilibrium
level being achieved in two different ways: in the low pro-
liferation (SM-like) situation, the 17 proliferating cells
represent 2 per cent of a total pool (proliferating and
non-proliferating) of 847 uninfected CD4+ T cells per
microlitre of blood. However, in the high proliferation
(HIV in humans or SIV in RMs) situation, this same
number of proliferating cells is reached when the total
pool is 117 uninfected CD4+ T cells per microlitre of
blood (of which 14.8% are proliferating). For identical
infection parameters, changing only the maximal level
of proliferation reproduces the observed CD4+ T cell
behaviours of SM and HIV infection. Thus, our model
shows that, paradoxically, a higher level of CD4+ T cell
proliferation ultimately leads to fewer remaining unin-
fected CD4+ T cells (figure 4a).

In the model, the massive shrinkage of the pool of all
uninfected CD4+ T cells in the pathogenic host
was accompanied by an increase in viral load (3.4 x 10°
compared with 2.9 x 10* in the non-pathogenic
host), when starting with identical infection parameters
(figure 4b). This difference in set-point viral loads is
similar to the difference in viral loads between RMs
and SMs seen in our experimental datasets (average
viral loads between 50 and 150 days post-infection are
2.9 x 10° and 3.0 x 10* for RMs and SMs, respectively).
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Thus, the modelled viral loads closely fit the experimental
data from infected SMs and RMs when identical infection
parameters are used.

It has been suggested that the maintenance of CD4+
T cells in SMs, compared with RMs and HIV-infected
individuals, may be attributed to the longer lifespan of
their infected cells or a more effective immune control
of the virus. However, the lifespans of infected cells of
both SM and humans were found to be in the same
order of about 1 day, as deduced from the decline in
viral replication following anti-retroviral therapy in both
groups (Ho et al. 1995; Wei et al. 1995; Perelson et al.
1996; Silvestri 2005; Gordon er al. 2008). At the same
time, previous studies have found no conclusive evidence
that the adaptive immune responses of SMs are different
from those mounted against pathogenic infections in RMs
and humans (Sodora et al. 2009). The high viraemia in
naturally infected SMs shows that immune control is
incomplete and only exerts a partial immune pressure
on the virus (Silvestri 2005; Silvestri er al. 2007; Pandrea
et al. 2008b; Paiardini et al. 2009¢). Other studies have
also shown that the suppression of viral replication by
CD8+ T cells in SMs is less or comparable to RMs
(Dunham ez al. 2006; Sodora et al. 2009). Furthermore,
the extent of clonal expansion of SIV-specific CD8+ T
cells in SMs, as well as the range of epitopes of SIV that
they can recognize, are similar or smaller than those in
pathogenic infections in RMs and humans (Dunham
et al. 2006; Sodora et al. 2009).

(c¢) Generality of the model

The model above used an exponential function to charac-
terize the relationship between CD4+ T cell number and
the proportion of proliferating cells, and demonstrated
how differences in the peak level of CD4+ T cell
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Figure 5. Functions used to describe the relationship
between CD4+ T cell number and proliferation level:
Using the data points for RMs as an example, the simple
exponential (solid line), Hill function (dashed line) and
piecewise linear (dashed-dotted line) functions were fitted
to describe the relationship between CD4+ T cell number
and proliferation level. However, the same divergent behav-
iour between pathogenic and non-pathogenic infection is
observed regardless of the form of the functions used in the
model.

proliferation can determine disease outcome. In addition
to the peak proliferation levels, natural SIV hosts also
differ in the shape of the curve (determined by the sensi-
tivity ‘#’), which effectively determines how steeply the
CD4+ T cell proliferation level rises to its peak as
CD4+ T cell number declines. SMs show little increase
in CD4+ T cell proliferation until low CD4+ T cell
levels are reached (k=277.4), compared with RMs
(k=0977.5), while MNDs appear not to respond to
depletion at all (figure 1 and table 1). We modelled how
the shape of the curve affected the outcome, and found
that a lower sensitivity led to higher set-point CD4+ T
cell levels, even if the peak level of proliferation were the
same. This suggests that the sensitivity of the proliferative
response to CD4+ T cell depletion (independent of the
maximum proliferation level) can also determine the
difference between pathogenic and non-pathogenic
infection.

The exponential function used to compare CD4+ T
cell proliferation in pathogenic and non-pathogenic infec-
tion is one of many possible relationships. However, the
outcome was not dependent on the use of an exponential
function, as different functions (such as the Hill function,
or piecewise linear relationship; Hazenberg er al. 2000)
for the relationship between CD4+ T cell levels and
level of proliferation also produced the same divergent
behaviour between pathogenic and non-pathogenic
infection (figure 5).

(d) T cell proliferation and disease course in HIV
infection

Our experimental data and modelling suggest that the
level of CD4+ T cell proliferation is negatively correlated
with CD4+ T cell number, and it plays a key role in
determining the differences in the outcome between

Proc. R. Soc. B (2010)

pathogenic HIV/SIV infection in RMs and humans, and
non-pathogenic SIV infection in SMs and MNDs. Even
with similar viral cytopathicity, a low level of CD4+ T
cell proliferation leads to higher set-point total CD4+ T
cell levels in natural hosts.

CD4+ T cell proliferation may play a dual role during
infection. On the one hand, increased proliferation of
CD4+ T cells in response to low CD4+ T cell numbers
acts to replace CD4+ T cells and restore homeostasis. On
the other hand, increasing the proliferation of CD4+ T
cells also provides more cells that are susceptible to infec-
tion. The high level of CD4+ T cell proliferation in RMs
essentially ‘fuels the fire’ of infection by producing a large
proportion of proliferating cells that are susceptible to
SIV infection. Conversely, although the low homeostatic
proliferation in SM slows the replacement of CD4+ T
cells, it leads to a higher equilibrium level of uninfected
cells during infection.

Our studies of the relationship between CD4+ T cell
number and proliferation in HIV-infected individuals
involved pooling data from a number of subjects to deter-
mine a ‘population average response’ (figure 1d). The
significant deviation observed in the data suggests that
individual variation in the proliferation level of CD4+ T
cells in the human population may be a contributor to
the observed different rates of disease progression in
HIV. This is consistent with the observation that CD4+
T cell activation and proliferation is an independent pre-
dictor of CD4+ T cell depletion in HIV infection (i.e.
those with higher activation tend to end up with low
set-point levels of CD4+ T cells; Carbone et al. 2000).
Studies of natural hosts of SIV infection can therefore
provide important insights into the pathogenesis of HIV
infection, and suggest that variation in the proliferation
level of CD4+ T cells may be an important determinant
of outcome. Future work is required to determine
whether manipulation of the level of CD4+ T cell pro-
liferation may provide a potential mechanism to improve
outcomes in HIV.
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