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Understanding the mechanisms

and limitations of immune

control of HIV

Summary: A large number of experimental studies have been performed
over the past decade in an attempt to develop a vaccine for human
immunodeficiency virus (HIV). These studies have used a variety of
approaches aimed at stimulating both antibody-mediated and cell-
mediated immunity. Many of these experiments have been performed in
macaque models of HIV. Analysis and modeling of the results of these
studies provide the opportunity to investigate the mechanisms and
limitations of viral control by humoral and cell-mediated immunity. These
studies suggest that CD8þ T cells do ‘too little too late’ to prevent the
establishment of viral infection and latency. By contrast, passively
administered antibody acts extremely early to reduce the initial inoculum
and slow viral growth. In both cases, reduction in peak viral load appears
crucial to the maintenance of CD4þ T cells in acute infection and for
effective long-term viral control. The insights gained from studies of simian
human immunodeficiency virus infection have important implications for
HIV vaccination. However, important questions remain as to whether
differences in pathogenesis in HIV will lead to different ‘rules of
engagement’ for immune control of virus.

Keywords: HIV, vaccine, SHIV, cytotoxic T lymphocyte, antibody, mathematical
modeling

Introduction

An estimated 40 million people are currently infected with

human immunodeficiency virus (HIV), with 5 million new

infections and 3.1 million deaths in 2005. The vast majority of

new infections occur in the developing world, where access to

anti-retroviral drugs is limited. A vaccine for HIV presents the

best possibility of halting the spread of the virus. Presently,

work is progressing on trials of HIV vaccines in both humans

and primates. HIV infection can be considered as having three

key components: (i) the virus, (ii) the host target (CD4þ T)

cells, and (iii) the host immune response to the virus. To

understand the dynamics of the host–pathogen interaction in

HIV-infected individuals, it is necessary to develop a quantita-

tive understanding of the various components and their

interrelationship. For example, how effectively and by what
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mechanism do CD8þ T cells control virus? Howmuch antibody

is required to control virus, and how does it act? Quantitative

analysis of these components will lead to a broader under-

standing of the host–pathogen interaction in HIV.

The importance of modeling in understanding HIV is

illustrated by previous work analyzing viral dynamics in HIV

infection. Although a general overview of viral load changes in

HIV had been known for many years, the first mathematical

models of viral kinetics in infected individuals revolutionized

our knowledge of HIV infection (1, 2). The high rate of viral

turnover and the existence of distinct compartments of infected

cells, for example, has important implications for understanding

the effects and limitations of drug therapy (1, 3–5). Similarly,

quantitative analysis of the rate of turnover of CD4þ T cells and

the rates of replacement of these cells following anti-retroviral

therapy provides insights into the dynamics of virus–target cell

interactions and the course of immune reconstitution follow-

ing therapy (6–9).

Quantitative models of the first two components of the host–

viral interaction – virus and CD4þ T cells – have elucidated key

aspects of HIV infection important for the design of therapy

protocols. Only limited quantitative studies of the effects of the

specific immune control of the virus have been possible largely

because of technological limitations. Early in vitro methods of

measuring T-cell–mediated immune responses such as cyto-

toxicity (chromium release) assays and proliferation assays

were not able to provide a direct quantitative measure of the

immune response. Limiting dilution assays for assessing the

numbers of responding cells were difficult and unreliable (10,

11). However, recent developments have provided the ability to

directly measure the number of responding cells. Major

histocompatibility complex (MHC) class I tetramers provide

the ability to sort and count antigen-specific CD8þ T cells (12).

Similarly, intracellular cytokine staining and enzyme-linked

immunospot assays allow measurement of the number of

responding cells based on their functional status (10, 11). Thus,

it is possible to follow changes in the number of responding T

cells and in their function.

The advent of these techniques led to a better understanding

of T-cell–mediated immune responses in HIV infection, and

virus-specific CD8þ T cells are thought to play an important role

in the control of viral growth in both acute and chronic HIV

infection. The importance of virus-specific CD8þ T cell is

suggested by several lines of evidence: (i) the decline in virus in

acute infection coincides with the peak in virus-specific CD8þ

T-cell numbers (13, 14), (ii) depletion of CD8þ T cells leads to

increases in virus (15, 16), (iii) infusion of virus-specific CD8þ

T cell leads to a decrease in viral load (17), (iv) viral ‘escape’ of

virus-specific CD8þ T-cell recognition leads to increasing viral

loads (18–20), and (v) human studies have suggested an

association between virus-specific CD8þ T-cell numbers and

disease outcome in HIV infection (21).

Advances in techniques for measuring CD8þ T-cell immune

responses have also coincided with the evolution of a new

generation of vaccines that permit induction of high levels of

antigen-specific CD8þ T cells. Antigen delivery systems

involving DNA, live viral vectors, or chemical adjuvants have

been used to generate antigen-specific CD8þ T-cell responses

directed toward HIV proteins (reviewed in 22). Virus-specific

memory CD8þ T cells induced by vaccination are thought to be

useful in controlling infection both because of their increased

numbers and because of their more rapid activation in response

to antigen (23). Several studies in primates suggest that the

presence of such vaccine-induced CD8þ T-cell responses prior

to infection leads to significantly reduced viral loads and

acquired immunodeficiency syndrome mortality in infected

animals (24–27), consistent with human studies, which have

shown that lower HIV viral loads are associated with increased

survival (28). However, these vaccines do not appear to be able

to prevent persistent infection. It is unclear whether this

inability to prevent chronic infection is a quantitative limitation

(not enough specific CD8þ T cells, not enough epitopes

targeted) or a qualitative limitation (this type of immune

response is inherently unable tomediate immunity). Moreover,

there seem to be significant differences between the efficacies of

vaccines in different animal models of HIV. Quantitative

analysis of the dynamics of the virus–T-cell interaction provides

an opportunity to address these issues and to advance our

understanding of the possibilities and limitations of this new

generation of vaccines.

A kinetic analysis of immune control

Viral control by CD8þ T cells: too little too late

A number of studies of DNA or viral vectors in macaques have

shown high levels of virus-specific CD8þ T cells following

vaccination. Infectious challenge of these macaques has shown

reduced peak viral load and chronic viral load, although it

appears that this does not mediate ‘sterilizing immunity’ or lead

to viral elimination (24, 25, 27). Why memory T cells are

unable to control early viral infection but control much higher

viral loads later in infection poses an important question.

Kinetic analysis of viral growth in early HIV infection provides

insights into this phenomenon. This analysis shows that viral

growth in the first 10 days following infection is not

significantly affected by vaccination and the presence of high
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numbers of virus-specific CD8þ T cells (29, 30) (Fig. 1). That is,

viral load is not significantly different between control and

vaccinated animals on day 10 postinfection, nor is there any

correlation between virus-specific CD8þ T-cell numbers

immediately prior to infection and viral loads 10 days after

infection (31). Thus, during the first 10 days of infection, the

presence of vaccine-induced virus-specific CD8þ T cells (at

levels as high as 25% of total CD8þ T cells) has little impact on

viral kinetics. However, after day 10, viral growth is

significantly reduced in vaccinated animals, and vaccination

leads to lower peak viral loads and inmany cases long-term viral

control (29, 31).

Analysis of the number of virus-specific CD8þ T cells

(detected by MHC class I tetramer) present prior to infection

and their subsequent kinetics suggests a simple explanation for

this delay in viral control: virus-specific CD8þ T-cell numbers

are not significantly increased above their preinfection levels

until 10 days after infection, whether the animal was vaccinated

or not (29, 32). Amore precise timing of this initial increase can

be estimated by taking the intersection of the original number

of tetramer-positive cells with the growth curve of tetramer-

positive CD8þ T cells after day 10 (29). Such an analysis

provides no evidence that memory T-cell responses are

activated earlier than naive T-cell responses; growth in both

populations commences around day 10. Further analysis

suggests that this delay before the initial growth in T-cell

numbers is also seen in mucosal tissues (30, 32) and is not

overcome by higher T-cell numbers (31). On the contrary,

higher preinfection T-cell numbers led to a greater delay (31),

suggesting that competition for a limiting resource, such as

antigen-presenting cells, may be playing a role. In fact, spatial

models in which T cells move randomly at rates measured in vivo

by two-photon microscopy die at some rate, proliferate only

after encountering an antigen-presenting dendritic cell ex-

pressing the appropriate cognate peptide–MHC class I complex

on its surface, also exhibit substantial delays before net T-cell

expansion is observed (Jin B, Raychaudhuri S, Perelson AS,

Chakraborty AK, manuscript submitted). Thus, the physical

processes involved in antigen capture, processing, and pre-

sentation, and the need for T cells to interact with the

appropriate antigen-presenting cell may limit the speed at

which CD8þ T-cell responses occur, particularly at the early

stages of infection when antigen levels are low.

The timing of the initial virus-specific CD8þ T-cell growth

coincides with the early viral control in macaques. Thus, for

example, if virus-specific CD8þ T-cell expansion is observed to

start at day 10, then there is little functional effect of virus-

specific CD8þ T cells on virus growth prior to day 10,

suggesting that a late ‘activation’ of virus-specific CD8þ T cells is

responsible for both the delay in virus-specific CD8þ T-cell

growth and effector function.

The delay in CD8þ T-cell activation following infection

might in some circumstances seem entirely trivial: viral control

is still initiated at low levels of virus, and peak viral loads are

significantly reduced. However, the ability of HIV-infected cells

to convert to latency can lead to persistent infection, even if

virus is controlled relatively early. The number of infected cells

present at the time of initial virus-specific CD8þ T-cell control

(;10 days) can be estimated from an understanding of viral

production and clearance rates. Such analysis suggests that

a minimum of;200,000 cells are productively infected on day

10, when virus-specific CD8þ T cells become active (29). Thus,

even if only 1/1000 productively infected cells converts to

latency, persistent infection will already be well established

prior to the time of virus-specific CD8þ T-cell activation. Thus,

the delay in growth of virus-specific CD8þ T cells and control of
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Fig. 1. Delayed CD8þ T-cell expansion and viral control. (A) The
number of virus-specific CD8þ T cells (p11cþ T cells, specific to the
p11c epitope in gag) in vaccinated animals is not significantly increased
from preinfection levels until day 10 postinfection. (B) Similarly, there
is no significant difference in viral loads between control and vaccinated
macaques up to day 10 postinfection. Data plotted are geometric mean
p11cþ T-cell number and viral load from Barouch et al. (24).
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virus provides a window of opportunity for the uncontrolled

viral growth in early infection and the establishment of a pool of

latently infected CD4þ T cells.

Other studies of viral and virus-specific CD8þ T-cell kinetics

provide important insights into the limitations of immune

control of simian human immunodeficiency virus (SHIV). A

delay in the control of viral growth is not restricted to SHIV as it

has also been observed in influenza (33, 34) and lymphocytic

choriomeningitis virus (LCMV) (35) infection in mice. In these

infections, the early viral load (up to approximately day 3) does

not differ between controls and vaccinees. However, vaccinated

animals bring the infection under control more rapidly after this

time. In the case of these acute infections, the absence of a latent

stage means that virus can be cleared by the virus-specific CD8þ

T-cell response, despite the uncontrolled period of early viral

growth. The ability of SHIV-infected cells to convert to latency

prior to the onset of virus-specific CD8þ T-cell–mediated

immunity suggests that virus-specific CD8þ T cells cannot

prevent viral persistence.

The inability of vaccination to prevent the establishment of

chronic infection in simian immunodeficiency virus (SIV)/

SHIV models appears to be a question of the kinetics of virus-

specific CD8þ T-cell growth. This finding suggests that current

virus-specific CD8þ T-cell–inducing vaccines may be inher-

ently restricted in their ability to recognize low levels of

infection and control early viral growth and thus may allow

viruses to ‘sneak through’ to establish persistent infection (36).

A threshold level of antigen to stimulate CD8þ T-cell

proliferation

The mechanisms of delay in the virus-specific CD8þ T-cell

control of SHIV infection could either be intrinsic to the T cells

(i.e. it always takes 10 days for CD8þ T cells to become activated

effectors) or be extrinsic to the T cells themselves (i.e. T cells

receive a delayed external signal to proliferate). It seems very

unlikely that a 10-day delay in virus-specific CD8þ T-cell

activation is intrinsic to macaque T cells because significant T-

cell proliferation can be observed as early as 1 week post-

vaccination (37). However, it seems quite likely that differences

in the delivery of external signals (i.e. antigenic stimulation) to

the virus-specific CD8þ T cell may explain the difference

between SHIV infection and vaccination: vaccination involves

the delivery of a large bolus of antigen, which would be

expected to stimulate a response soon after administration. By

contrast, infection involves the administration of small doses of

antigen, which replicate and increase in number over time. It is

unsurprising that virus-specific CD8þ T cells are unable to

recognize extremely small doses of antigen present at the time

of initial infection and that some ‘threshold’ level of antigen

may be required to trigger virus-specific CD8þ T-cell activation.

In the case of SHIV, this threshold would appear not to be

reached until around day 10 postinfection. This finding

suggests that achieving earlier virus-specific CD8þ T-cell

activation may require a higher sensitivity of T cells to low

doses of antigen. Thus, higher avidity T-cell responses may be

the key to earlier virus control. In this context, it is interesting to

consider that an inverse correlation has been observed between

antigen dose and T-cell avidity (38–40). Thus, there may be

a trade-off between the magnitude and timing of T-cell control

of virus. By contrast, repeated small doses of vaccine have been

suggested to increase the avidity of the response (41). However,

it remains to be seen whether a virus-specific CD8þ T cell of

sufficiently high avidity to prevent the establishment of latency

can be generated.

The establishment of memory

In acute infections of mice, such as LCMV, an early peak of

virus-specific CD8þ T cells is observed around days 7–10,

followed by a rapid decay of approximately 90% of cells and

a persistence of a stable memory pool (42). In SHIV, the peak in

virus-specific CD8þ T-cell number occurs later at around days

14–17 following infection, and there is a subsequent decay

until they reach approximately 5–40% of their peak levels (29)

(Fig. 2). The profile of decay of the cells is consistent with two

populations of virus-specific CD8þ T cells with different half-

lives: a short-lived putative ‘effector’ population with a half-life

of around 3 days and a long-lived putative ‘memory’ population

with a half-life of approximately 150 days (29) (Fig. 2A). In

vaccinated animals challenged with SHIV, the early phase of

decay of virus-specific CD8þ T cells is substantially slower, and

a larger proportion of cells appear to enter the memory pool

than in naive animals (29) (Fig. 2B). This enhanced memory

formation may result from a number of factors: (i) increased

CD4þ T-cell help (because of preservation of CD4þ T-cell

numbers in vaccinated animals) may enhancememory function

(43, 44), (ii) memory cells (produced by vaccination) may

have a slower decay rate than naive cells (in a primary

response)(45) perhaps because they have all already acquired

the appropriate phenotype for survival [such as interleukin-7

receptor expression (46)], and (iii) the persistence of antigen in

control animals may lead to ‘exhaustion’ of virus-specific CD8þ

T cells (although contraction of CD8þ T cells has in other

circumstances been found to be independent of antigen

persistence) (45).

In the later phase of T-cell memory formation, differences are

again observed between naive and vaccinated animals. In
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vaccinated animals, as observed above, there is a slow decay of

virus-specific CD8þ T cells with a half-life of approximately 150

days. By contrast, in many naive animals, there is an increase

rather than a decrease in virus-specific CD8þ T-cell numbers

over time (Fig. 2A). This increase in numbers parallels an

increase in viral load in these animals (Fig. 1); thus, it appears

that virus-specific CD8þ T-cell proliferation may be driven by

virus rather than controlling it (47). In some cases, the virus-

specific CD8þ T-cell numbers in naive animals in late disease

approach those seen in acute infection. However, unlike in

acute infection, this late increase in virus-specific CD8þ T cells

does not appear to control viral load. This increase in virus-

specific CD8þ T-cell numbers with advancing infection has also

been noted in both murine and human cytomegalovirus

infection and has been termed ‘memory inflation’ (48, 49).

The association between increased viral load and increased

virus-specific CD8þ T-cell numbers in advancing infection is

consistent with a model of virus driving T-cell proliferation but

is inconsistent with the role of T cells in controlling virus,

suggesting that virus-specific CD8þ T cells are a ‘passenger’

rather than a ‘driver’ of viral load (50). One explanation for this

inconsistency is that CD8þ T cells become increasingly less

effective in controlling virus (e.g. because of lack of CD4þ T-cell

help)(43, 44). Another explanation is that CD8þ T cells become

exhausted, possibly because of upregulation of programmed

death-1 (51), or progressive senescence of high-affinity

responses leads to ‘clonal succession’ toward poorly functional

T cells (52, 53). Reduced CD8þ T-cell function in advanced

disease has been observed in HIV (53, 54). However, other

more general mechanisms such as replicative senescence may

reduce the long-term efficacy of CD8þ T cells because of

chronic antigenic stimulation (52, 55–58).

Mechanisms of viral control

Viral load in acute SHIV infection peaks around days 14–17, and

this peak is followed by the decay of virus to a set point viral

level. The reason for viral decay in SHIV and HIV is usually

attributed to immune control of virus. An alternative to the

immune-mediated viral control of virus is a ‘target cell–limited’

model, in which viral growth is determined largely by the

availability of target CD4þ T cells for infection (59). In this

model, an early peak and drop in viral load is observed in the

absence of immune control simply because the virus ‘runs out’

of target cells to infect. A number of attempts have beenmade to

differentiate target cell–limited versus immune control models

of HIV infection (60–62) as this understanding has important

implications for vaccination. The almost complete depletion of

CD4þ T cells in acute SHIV infection of unvaccinated macaques

(24, 27) supports the notion that viral growthmay be target cell

limited in this infection and that massive infection and death of

CD4þ T cells may indeed be the factor limiting early viral

growth (Fig. 3). However, in vaccinated animals, viral growth is

constrained prior to the severe depletion of CD4þ T cells. Thus,

viral growth is controlled before the animal runs out of CD4þ T

cells to infect, suggesting a role for immune control of virus

following vaccination.

Experimental work in macaques shows that high virus-

specific CD8þ T-cell numbers are associated with a low peak

and chronic levels of viral load (24, 25, 27), although the

cellular andmolecularmechanisms bywhich this viral control is

achieved are unclear. There has been substantial debate on

whether the kinetics of virus during acute infection can be

explained either by cytolytic or non-cytolytic mechanisms of

immune control (59, 62, 63), and several different approaches

have been taken to investigate the effects of the CD8þ T-cell
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Fig. 2. Slow decay of memory CD8þ T cells in vaccines and memory

inflation in controls. (A) The rapid decay of virus-specific CD8þ T
cells from its peak in control animals is followed by a slow increase over
time (in parallel with increasing viral loads in these animals). This
increase has been termed ‘memory inflation’ (48). (B) In contrast, viral
control in vaccinated animals is associated with a slow decay of virus-
specific CD8þ T cells with a half-life of around 150 days. Data plotted
are p11cþ T-cell numbers from individual control (A) or vaccinated (B)
animals from Barouch et al. (24). The red solid lines represent model
fitting of the data using a two-phase decay model [as described in
Davenport et al. (29)]. In the lower panel, the decay of the rapidly
decaying (‘effector’ population) and the slowly decaying (‘memory’
population) are shown separately in blue.
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response on viral dynamics: depletion of CD8þ T cells (15, 16),

blocking of T-cell activation (62), and boosting of virus-specific

CD8þ T-cell responses through vaccination (29, 31).

HIV-infected cells may die because of a number of

mechanisms: direct viral cytopathic effect, activation-induced

death (because the virus preferentially infects activated cells,

which may have a short intrinsic survival time), and virus-

specific CD8þ T-cell–mediated killing of infected cells. If the

latter is the dominant effect mediating viral control, then we

should expect a slower decay of virus in the absence of CD8þ T

cells and a more rapid decay in the presence of higher virus-

specific CD8þ T-cell numbers. Thus, we analyzed the

mechanisms of CD8þ T-cell control of HIV following induction

of stronger virus-specific CD8þ T-cell responses through

vaccination. In these circumstances, despite a strong effect of

virus-specific CD8þ T-cell responses on total viral loads

(controlling virus to >2 logs lower than unvaccinated animals

in some cases), there is no significant change in the decay rate of

infected cells (29, 31) during acute infection (Fig. 3). Thus,

virus-specific CD8þ T-cell responses are controlling virus

without affecting the net decay rate of productively infected

cells. Vaccinated animals achieve lower viral loads because viral

decay continues for longer, not because it occurs more rapidly

(Fig. 1B).

A number of mechanisms could explain this apparent

paradox. First, in unvaccinated animals, virtually all CD4þ T

cells are infected at the peak of infection; thus, during the decay

phase of virus, there are few uninfected cells to infect. The

experimentally observed decay rate of virus is related to the net

rate of decay of infected cells (which reflects the balance
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between death rate of infected cells and infection of new cells).

In control animalswhere CD4þ T-cell depletion is almost 100%,

the ‘new’ infection rate of CD4þ T cells is almost zero and thus

the net decay rate of virus is very close to the actual death rate of

infected cells. By contrast, in vaccinated animals, CD4þ T cells

are not as severely depleted, and death of productively infected

CD4þ T cells may be balanced by reinfection of new cells. Thus,

the ‘real’ death rate of infected cells could be higher in

vaccinated animals, but this death is balanced by infection of

new CD4þ T cells during the period immediately after the peak

of viral load, so that the net decay rate appears unchanged.

However, this scenario seems unlikely as it would require an

exact balance between the increased death rate of infected CD4þ

T cells and the infection rate of uninfected CD4þ T cells to

observe the same net decay rate. An alternative explanation for

the unchanged decay rate of virus in vaccinated animals is that

virus-specific CD8þ T cells control virus through non-cytolytic

mechanisms such as inhibition of viral production or viral

infectivity by, for example, impairment of viral entry into cells

by chemokines or inhibition of intracellular viral production by

cytokines. However, it seems somewhat counterintuitive that

cytotoxic T lymphocytes may play a predominantly non-

cytolytic role in HIV. A final explanation, which incorporates

traditional cytolytic mechanisms, is that virus-specific CD8þ T

cells are only able to kill a cell during a short ‘window’ period

soon after viral protein production and antigen presentation

begins (Fig. 4). However, as viral products build up and the cell

prepares for viral budding, viral proteins such as nef may

downregulate MHC class I expression (64), leading to a loss of

virus-specific CD8þ T-cell recognition. In this scenario,

although virus-specific CD8þ T cells mediate viral control

through cytolysis, they do not directly kill productively infected

cells, instead eliminating cells early in their life cycle. Thus, they

do not affect the observed decay rate of productively infected

cells. All these mechanisms are consistent with the data, and

further experimentation and modeling are required to

differentiate these possibilities.

Antibody acts early

Most vaccination strategies induce both virus-specific T-cell and

antibody responses to the virus, and it is thus hard to tease apart

the differing effects of these immune mechanisms on viral load.

Passive administration of antibody provides an opportunity to

investigate the effects of antibody alone and has been shown to

be capable of producing ‘sterilizing immunity’ to SHIV in some

animals. Analysis of the viral kinetics of those animals that

became infected following vaccination shows, in contrast to

CD8þ T-cell–mediated immunity, that antibody acts early

(Fig. 5). An approximately 700-fold difference in viral load is

observed as early as day 7 postchallenge (65). However

somewhat surprisingly, antibody appears to have a relatively

weak effect on reducing the viral growth rate, reducing it by

only 25%. This effect would be expected to reduce the viral load

at day 7 by only approximately eightfold (65). Thus, the effects

of antibody on viral growth cannot account for the 700-fold

reduction in viral load at day 7, and there must also have been

a significant (nearly 100-fold) reduction in the initial inoculum

of virus that was able to reproduce after entering the host. Thus,

it seems the dominant effect of antibody is to neutralize the

initial inoculum at the time of viral entry, but if this

neutralization is not achieved, antibody is unable to prevent

subsequent viral growth.

The passively administered antibody has a short half-life

(approximately 1–2 weeks); thus, its protective effect is rapidly

Initial infection Early infection:

Viral proteins produced 

and presented on MHC class I.

No active viral production.

Late infection:

Downregulation of presentation

of viral antigens.

Active viral production.

Time since infection

'Window period'

for CTL killing

Fig. 4. The ‘window period’ hypothesis for
CD8þ T-cell killing in SHIV infection. The
experimental data are not consistent with
increased killing of productively infected cells.
Therefore, CD8þ T-cell control of virus must
either be mediated by non-cytolytic mecha-
nisms or killing of infected cells must occur in
a ‘window period’ of infection prior to when
cells become productively infected.
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lost. However, antibody-treated animals had significantly

reduced viral loads during late infection, when antibody had

been largely cleared (66). This outcome suggests that despite

the transient nature of passive antibody, its presence early in

infection is able to ‘program’ the long-term outcome of

infection, most likely through the preservation of CD4þ T-cell

numbers and the subsequent increased ‘help’ for both CD8þ T-

cell responses and endogenous antibody responses.

Early programming of the outcome of infection

In HIV, the target cells for infection, CD4þ T cells, are also

central to the development of a potent immune response. Thus,

early depletion of CD4þ T cells can effectively abrogate the later

development of protective immunity. In contrast, even

a relatively minor increase in the number of CD4þ T cells that

‘survive’ initial infection can lead to a significant improvement

in outcome (67). There may be a delicate balance between

immune control and immunodeficiency soon after infection

(68). In SHIV-89.6P infection, for example, it appears that if

a critical level of CD4þ T cells can be maintained in acute

infection (approximately 20 cells/ml), then the animals go on to

do well (Fig. 6). Animals that experience a loss of CD4þ T cells,

having less than approximately 20 cells/ml, experience

a continued decline in CD4þ T-cell numbers and an increase

in viral load, whereas those that have CD4þ T-cell responses

above this level experience a long-term recovery in CD4þ T

cells. This observation is made even in control animals, where

a small proportion of animals maintain CD4þ T-cell numbers

above this threshold in acute infection and go on to maintain

long-term CD4þ T-cell counts. Vaccination acts to decrease

average peak viral load and CD4þ T-cell depletion, hence

increasing the proportion of animals that maintain CD4þ T cells

above this threshold. Passive antibody therapy (65) or anti-

retroviral drug therapy (69) have similar effects.

The importance of the level of CD4þ T-cell depletion in acute

infection to long-term outcome led us to study the kinetics

CD4þ T-cell depletion in SHIV infection (70). We found a very

close correlation between the peak viral load observed in acute

infection and the level of CD4þ T-cell depletion over the

subsequent days (70). Modeling of the relationship between

viral load and CD4þ T-cell infection and death allowed us to

estimate the ‘viral infectivity’ (Fig. 7). Knowledge of viral

infectivity allows prediction of the level of CD4þ T-cell

depletion that will be seen for a given peak viral load and

conversely allows the prediction of how effective a reduction in

viral load will be at preserving CD4þ T-cell numbers (Fig. 8).

Preservation of CD4þ T cells in acute infection has important

downstream consequences for immunity to SHIV: CD4þ T-cell

help may facilitate the development of both CD8þ T-cell

memory responses as well as antibody responses to the virus,

which may in turn lead to better viral control, reduced chronic

CD4þ T-cell depletion, and effective recovery (Fig. 9). Reduced

viral loads may also lead to a decreased risk of developing

immune escape variants of SHIV because there is a smaller viral
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Fig. 5. Antibody acts early after infection. Viral loads are reduced
approximately 700-fold in antibody-treated animals (red) compared
with controls (blue) as early as day 7 after infection, the viral growth
rate is only reduced approximately 25%. The reduced viral growth rate
can only account for around eightfold of the difference in viral load at
day 7, suggesting that antibody treatment reduced the initial viral
inoculum by approximately 100-fold (dashed red line). Data plotted are
geometric mean viral load following intravaginal infection for control
animals and those treated with �2 monoclonal antibodies from Mascola
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Fig. 6. Early CD4þ T-cell depletion determines long-term outcome

in SHIV infection. SHIV infection results in early and profound
depletion of CD4þ T cells. The extent of this early depletion is a major
determinant of long-term outcome. A drop in CD4þ T cells to below
10–20 cells/ml (shaded area) is followed by a long-term decline in
CD4þ T cells. By contrast, animals that maintain CD4þ T cells above this
level experience a long-term recovery in CD4þ T cells. Data plotted are
CD4þ T-cell counts from individual control and vaccinated animals
from group A of Shiver et al. (27).
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population in which mutations can develop. Thus, viral control

over a short period during acute infection can tip the balance in

favor of immune control. The profound long-term impact of

lowering viral loads in acute SHIV infection provides room for

optimism that a similar phenomenon may exist in the case of

HIV infection.

In SHIV infection, profound CD4þ T-cell depletion is

observed in the peripheral blood of infected animals during

the first few weeks of infection. The CXCR4 tropism of SHIV-

89.6P allows it to target essentially all CD4þ T cells (71).

However, in early HIV and in many SIV infections, the virus is

CCR5 tropic and thus its target cell range is restricted to CCR5þ

(predominantly memory and activated) CD4þ T cells (72).

During acute infectionwith CCR5-tropic viruses, relatively little

depletion of total CD4þ T-cell numbers is observed in

peripheral blood (73, 74), suggesting that the dynamics of

CD4þ T-cell depletion may not be as straightforward as those

observed in CXCR4-tropic SHIV infection. Studies of the

depletion of memory cells in peripheral blood suggest that

depletion of these cells is also relatively mild (75). However,

a profound depletion of CD4þ T cells is observed in the gut

during CCR5-tropic SIV (76, 77) and HIV infection (78, 79).

The gut is rich in CCR5þCD4þ memory T cells, which are the

main target cells for infection. It therefore seems likely that

a similar dynamic of massive target cell infection and death in

acute infection may exist in HIV and SIV infection, but in these

cases, it is limited to memory cells in the gut. Determining

whether the same relationship between peak viral load and
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Fig. 7. Kinetics of CD4þ T-cell depletion in
SHIV. SHIV viral load determines the rate of
CD4þ T-cell depletion in acute SHIV infection
(70). The equations describing the infection
and death of CD4þ T cells in acute SHIV
infection are shown below (see Fig. 3 for
description of parameters). The experimentally
observed viral load (blue, shown on right-hand
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cell infection in acute infection. The predicted
total CD4þ T-cell count [black line, the sum of
infected (red) and uninfected (green) cells] is
fitted to the experimentally observed CD4þ

T-cell count (black dots) by non-linear least-
squares regression where the infectivity
parameter (b) is allowed to vary. Data shown
are fit to one animal from Shiver et al. (27).
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Fig. 8. Peak viral load predicts CD4þ T-cell depletion in SHIV

infection. The peak viral load and extent of CD4þ T-cell depletion
1 week after this peak are plotted for individual control and vaccinated
animals [data from Shiver et al. (27)]. The best-fit curve for this
relationship is also plotted [detailed in Davenport et al. (70)]. This
relationship allows prediction of the extent of control of peak viral load
that is required to preserve CD4þ T-cell immunity.
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Fig. 9. Reduction in peak viral load leads to a cycle of viral control

in SHIV infection. The ability of vaccines to reduce peak viral load has
a profound effect on outcome in SHIV infection. Reduced peak viral
load leads to reduced CD4þ T-cell depletion, which is thought to lead
to better T-cell help for both antibody and CD8þ T-cell responses to
virus. Whether the relationship between early viral load and CD4þ

T-cell depletion is as strong in HIV as in SHIV is not known. Similarly,
it is not clear whether early CD4þ T-cell preservation can maintain
immune control of HIV during chronic infection.
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CD4þ T-cell preservation exists in HIV as in SHIV will be

important to understanding the likely impacts of reducing peak

viral loads in HIV. Thus, further studies of CD4þ T-cell

dynamics in CCR5-tropic SIV infection and HIV infection are

clearly required. In addition, a major difference between SHIV

infection and HIV infection is the potential for generation of

neutralizing antibodies to the former. In the case of SHIV, the

maintenance of CD4þ T-cell helpmay facilitate neutralization of

virus. However, it is unclear whether neutralizing antibodies

can be readily generated in HIV, whether CD4þ T-cell help is

present or not (80).

Implications of a kinetic understanding of immune control

An understanding of the dynamics of immune control of HIV

has important implications for rational vaccine design. In the

case of cell-mediated immunity, although CD8þ T-cell

responses appear unable to prevent chronic infection, their

ability to reduce peak viral loads and preserve CD4þ T-cell help

in acute infection may play a major role in improving the long-

term outcome of infection. Immune escape is a major factor

limiting the efficacy of virus-specific CD8þ T-cell–mediated

viral control, and again control of peak viral loads may reduce

the viral population in which mutation can occur and be

selected. Moreover, by focusing on epitopes where immune

escape inflicts significant ‘fitness costs’ to the virus, it may be

possible to select for weakened viral variants that have a reduced

ability to infect and kill CD4þ T cells. In the case of humoral

immunity, the ability of antibody to neutralize the initial

inoculum is crucial. However, given that the initial inoculum is

likely to be small following sexual transmission, neutralization

may be achieved with relatively low antibody titers. Finding

a conserved target for such antibodies remains an ongoing area

of research. However, if neutralization of the initial inoculum is

not possible, early control of viral load may still provide long-

term benefits by improving CD4þ T-cell help for the evolving

immune responses.

The benefits for the individual of a vaccine that reduces viral

load and preserves CD4þ T cells are amplified when the whole

population is considered. Several epidemiological models have

been developed to investigate the potential of ‘disease-

modifying’ vaccines (which do not prevent infection but slow

disease progression) to control the HIV epidemic (81–84).

These analyses suggest that such vaccines will have a profound

effect in slowing the epidemic, despite their inability to

prevent initial infection. However, reductions in viral load

of the order of 10-fold may be required to see significant

effects (81).
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