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Adaptive immunity
Strong and effective HIV-1-specific CD4+ and CD8+ 
T cell responses are generally regarded as the backbone 
of antiviral immune activity in elite controllers, and they 
might define the biological characteristics of an effec-
tive T cell response against HIV-1. Although the T cell 
responses of elite controllers typically do not differ from 
those of non-controller patients in terms of the number 
of targeted epitopes, as measured by interferon-γ (IFNγ) 
secretion24, they can be qualitatively differentiated using 
several parameters (FIG. 1).

CD8+ T cells. The most dominant functional characteris-
tic that distinguishes HIV-1-specific T cells in elite con-
trollers from those in HIV-1 progressors is their ability 
to effectively inhibit HIV-1 replication in ex vivo-infected 
autologous CD4+ T cells48,49. This inhibitory activity, which 

can be seen in many — but not all — HIV-1 controllers, 
seems to be mediated mostly by CD8+ T cells targeting 
the viral Gag protein, and it probably represents the net 
result of diverse phenotypic, functional, structural and 
gene expression characteristics of these T cells.

On a phenotypic and gene expression level, the 
expression of transcripts that are involved in lympho-
cyte exhaustion and senescence is lower in HIV-1-
specific T cells from elite controllers than from HIV-1 
progressors50. HIV-1-specific CD8+ T cells from elite 
controllers synthesize greater amounts of cytotoxic 
granule components, such as granzyme, perforin and 
granulysins, which enable greater cytotoxic activity  
and can synergistically induce apoptosis in target 
cells34,51,52. The increased expression of these cyto-
toxic granule components seems to be partly under 
the control of T-bet (also known as TBX21), which is 
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Time course of an HIV infection

O
’B

ri
en

 &
 H

en
dr

ic
ks

on
, G

en
om

e 
Bi

ol
. 2

01
3

Slow decline of CD4+ T cells: AIDS due to loss of immunity

Fairly stable viral setpoint for many years: time to AIDS 

B-cell lymphoma [12,15]. Further, AIDS patients on 
HAART live longer when they are heterozygous for the 
CCR5-∆32 mutation, due to faster HIV viral load sup-
pres sion, and progress to AIDS more slowly than CCR5+/+ 
patients on HAART (Figure 1c) [16]. It is clear that latent 
HIV continues its pathogenesis in these patients, even in 

the presence of effective anti-retroviral treatment. We 
therefore need to develop better AIDS therapies.

CCR5 in clinical practice
Individuals homozygous for CCR5-∆32 seem to be 
relatively healthy into advanced age, suggesting that 

Box 1. The stages of AIDS progression

AIDS is one of the most intensively studied diseases in history, providing not only a rich description of the steps in steady progression 
to immune collapse and death, but also discrete stages that can be investigated for host genetic influence. The process begins when 
a person becomes exposed to HIV-1, which can occur through sexual contact with an infected partner, intravenous injection with 
contaminated needles used to deliver addictive drugs, or receipt of contaminated blood or blood products (for example, clotting Factor 
VIII and IX in the case of hemophiliacs). Once an individual becomes infected, HIV-1 seeks out and overtakes CD4-bearing T-lymphocytes 
to produce a struggle between viral production (tracked as the viral load – the virus titer in circulating blood) and immune defenses that 
struggle to control viral proliferation in the beginning weeks. With more than 1 billion new HIV copies produced each day by an acutely 
infected person, and with new mutational variants arising at a rate of one every second virus copy, immune control is no mean feat. 
Nonetheless. in most infected people the viral load settles to a chronic plateau level, which varies among individuals from 1 x 103 to 1 x 105 

virions/ml (known as the viral set point). Over time the virus gradually destroys the CD4 lymphocytes and the blood count drops to below 
200 CD4+ cells/mm3. The time in which CD4 cell depletion occurs can vary from within a year of infection to more than 20 years later, with 
the mean time at approximately 10 years post infection. Once the CD4 cell counts drop, the patients succumb to a variety of normally 
innocuous infections (Candida, Pneumocystis carinii, cytomegalovirus, herpes, tuberculosis and others) and to rare cancers such as Kaposi’s 
sarcoma and B cell lymphomas. If left untreated, these infections and cancers almost invariably lead to death.

In 1996, a powerful triple drug anti-retroviral therapy was initiated and offered a milestone in AIDS treatment and prognosis. In most 
patients receiving this treatment, known as highly active anti-retroviral therapy (HAART), the viral load drops to below detectable levels. 
As promising as these treatments became, there were caveats. Many people (20 to 40%) do not tolerate the drugs and develop adverse 
reactions. The treatment does not clear HIV from many tissues, and suspension of treatment therefore invariably results in viral load 
rebound in the blood. Last, in spite of viral replication repression, there is still slow viral-induced pathology and so many patients continue, 
albeit more slowly, to progress to AIDS and death.

Genetic researchers noted epidemiological differences in four principal stages: (1) HIV acquisition of infection; (2) the rate of progression 
to AIDS among HIV-infected individuals; (3) the nature of the AIDS-defining condition displayed; and (4) the outcome of HAART, viral load 
suppression, adverse events and AIDS progression post-treatment [5-10] (Table 1). Case–control and survivor analyses (in the form of Cox 
proportional hazards models) parsed into alternative SNP alleles or genotypes allow for statistical comparison for differences in patient 
populations that exhibit better or worse outcome for each stage, leading to gene/SNP association.

Source: An and Winkler [5], reproduced with permission.

O’Brien and Hendrickson Genome Biology 2013, 14:201 
http://genomebiology.com/2013/14/1/201

Page 2 of 13

CD4 loss: 50-100 cells/year



Viral load predicts rate of disease progression

From: Mellors et al. Science 1996

low V load

high V load



justed], and P ! 0.005, slope ! "0.43, and 95% CI ! "0.72 to
"0.14 [adjusted]).

For both HIV-1C proteins and their subregions, unadjusted
and adjusted analyses resulted in similar associations and/or
trends (Fig. 1 and 2, Tables 1 and 2).

T-cell responses and viral load in relation to MHC class I

supertypes. Previously, we identified HLA class I alleles and/or
antigen specificities that are most common in the Botswana
population (49, 50). This allowed us to determine how HLA
alleles common in Botswana are represented within the major
HLA class I supertypes (62, 63). The distribution of the Bo-
tswana HLA alleles within MHC class I supertypes highlighted
specifics of the common HLA alleles in the Botswana popula-
tion (Table 3). Based on a cumulative allele frequency, the A24
supertype included the HLA alleles that were most common in
Botswana (the cumulative frequency of A23 and A30 antigen
specificities was 37.2%), followed by the A2, B27, B44, and B58
supertypes that were accountable for a frequency of about 20%
each in the Botswana population. However, four HLA class I
supertypes—A1, A3, B7, and B62—included HLA alleles that
were seen at a relatively low frequency in Botswana (cumula-
tive frequency of #20%). Based on this analysis, we selected
five of the most representative major HLA class I supertypes in
Botswana, namely, A2, A24, B27, B44, and B58, and analyzed
associations and trends between HIV-1C-specific T-cell re-
sponses and plasma viral load within these HLA supertypes.
About 97.8% of the study population was covered by at least
one HLA allele belonging to the A2, A24, B27, B44, or B58
HLA supertypes.

Distinct patterns of correlation were found within different

FIG. 1. Association between HIV-1C-specific T-cell responses and plasma viral load. Regression curves represent results of unadjusted and
adjusted analyses. Corresponding statistics are shown in Table 1.

TABLE 1. Association between HIV-1C-specific T-cell responses
and plasma viral load

Protein

Unadjusted analysis (Spearman
rank correlation coefficient)

Adjusted analysis
(linear regression)

Slope
estimate 95% CIa P Slope

estimate 95% CIa P

Gag "0.31 "0.52, "0.05 0.020 "0.27 "0.51, "0.04 0.025
Pol "0.01 "0.25, 0.22 0.90 0.12 "0.21, 0.45 0.47
Vif "0.10 "0.36, 0.18 0.47 "0.58 "1.57, 0.41 0.24
Vpr "0.20 "0.45, 0.07 0.15 "0.39 "1.90, 1.11 0.60
Tat 0.02 "0.24, 0.29 0.86 "0.15 "0.88, 0.58 0.68
Rev "0.05 "0.31, 0.23 0.75 "0.25 "0.96, 0.45 0.47
Vpu "0.04 "0.30, 0.22 0.76 0.49 "1.77, 2.75 0.66
Env 0.01 "0.29, 0.31 0.94 0.04 "0.39, 0.48 0.85
Nef 0.24 "0.03, 0.48 0.079 0.38 0.00, 0.75 0.049
HIV-1C "0.16 "0.35, 0.03 0.11 "0.04 "0.15, 0.07 0.45

a Minimum, maximum.
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Immune response does not correlate with viral load

From: Novitsky et al. J Virol. 2003
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Caricature scheme
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Mathematical model

Set δI > δT to allow for cytopathic effects of the virus

Mathematical model

dT

dt
= ⌅ � ⇤TT � ⇥TV ,

dI

dt
= ⇥TV � ⇤II � kEI ,

dV

dt
= pI � ⇤V V ,

dE

dt
= �EI � ⇤EE .

Set ⇤I > ⇤T to allow for cytopathic e�ects of the virus.
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Steady state

Steady state
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Only the rate at which immune cells are 

activated, α, determines the viral burden I.



Viral load (V), targets (T) and immune response (E) as a 
function of activation parameter (α)

When α>0.01 the immune response hardly changes, but the 
viral load (V or I) changes markedly. 

Patients having similar immune response can have 
very different viral loads!
What happens at α=10-4?

6.2 Separation of time scales 43
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Figure 6.2: The steady state of Eq. (6.2) as a function of the immune activation parameter ↵. When ↵
becomes too small the immune response cannot maintain itself, and the virus is controlled by target cell
availability. This new steady state for low ↵ can be computed by solving the steady state of Eq. (6.1)
for E = 0, and is therefore independent of ↵. The model is parameterized to represent 1 mL of blood
with a normal count of 1000 CD4+ T cells: � = 0.0001 per virion per day, �

T

= �
E

= �
I

= 0.1 per day,
�
V

= 100 per day, k = 1 per cell per day, p = 1000 per day and � = 100 cells per day.

From these steady states one can read that the size of the target cell population declines with
the viral load V̄ , i.e., the extend of liver damage, or of CD4+ T cell depletion, increases with
the viral load. Surprisingly, the steady state number of infected cells, Ī = �

E

/↵, only depends
on immune response parameters (Nowak & Bangham, 1996), which suggests that target cell
availability cannot have any contribution to the chronic viral load.

During the chronic phase HIV-1 infected patients have a quasi steady state viral load called
the “set point” (see Fig. 6.3). Di↵erent patients have enormously di↵erent set points, i.e., there
is more than a 1000-fold variation between patients. Patients with a high set point tend to
have a much faster disease progression than patients with a low viral burden (Mellors et al.,
1996). According to our model of Eq. (6.1) model the steady state number of infected cells
Ī = �

E

/↵. Because the expected life span of e↵ector cells, 1/�
E

, is not expected to vary much
between people, 1000-fold variations in Ī can only be explained by 1000-fold variations in ↵,
see Fig. 6.2 (Nowak & Bangham, 1996; Müller et al., 2001). The corresponding variation in
the immune response Ē is a saturation function of ↵, however. Patients di↵ering 10-fold in the
set point will therefore not di↵er 10-fold in the immune response Ē (see the saturated regime
in Fig. 6.2c). This provides an explanation for the paradoxical observation that patients with
low and high viral loads of HIV-1 and HTLV-I tend to have the same level of the CD8+ T cell
response to most proteins of the virus (Nowak & Bangham, 1996; Nowak & May, 2000; Novitsky
et al., 2003). Although the immune activation parameter, ↵, completely determines the steady
state viral load, it apparently has less e↵ect on the magnitude of the immune response (but see
De Boer (2012)).

6.2 Separation of time scales

For several viral infections it has been established that the kinetics of free viral particles is much
faster than that of infected cells. For instance, for both HCV and HIV-1 infections we know
that �

V

� �
I

(Perelson et al., 1996; Neumann et al., 1998). It is therefore quite reasonable to
assume that the virus equation is at quasi steady state. Setting dV/dt = 0 we employ that

V̄ =
p�E
↵�V



Viral load (V), targets (T) and immune response (E) as a 
function of activation parameter (α)

When α>0.01 the immune response hardly changes, but the 
viral load (V or I) changes markedly. 

Patients having similar immune response can have 
very different viral loads!

Bifurcation at α=10-4: Immune response disappears
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justed], and P ! 0.005, slope ! "0.43, and 95% CI ! "0.72 to
"0.14 [adjusted]).

For both HIV-1C proteins and their subregions, unadjusted
and adjusted analyses resulted in similar associations and/or
trends (Fig. 1 and 2, Tables 1 and 2).

T-cell responses and viral load in relation to MHC class I

supertypes. Previously, we identified HLA class I alleles and/or
antigen specificities that are most common in the Botswana
population (49, 50). This allowed us to determine how HLA
alleles common in Botswana are represented within the major
HLA class I supertypes (62, 63). The distribution of the Bo-
tswana HLA alleles within MHC class I supertypes highlighted
specifics of the common HLA alleles in the Botswana popula-
tion (Table 3). Based on a cumulative allele frequency, the A24
supertype included the HLA alleles that were most common in
Botswana (the cumulative frequency of A23 and A30 antigen
specificities was 37.2%), followed by the A2, B27, B44, and B58
supertypes that were accountable for a frequency of about 20%
each in the Botswana population. However, four HLA class I
supertypes—A1, A3, B7, and B62—included HLA alleles that
were seen at a relatively low frequency in Botswana (cumula-
tive frequency of #20%). Based on this analysis, we selected
five of the most representative major HLA class I supertypes in
Botswana, namely, A2, A24, B27, B44, and B58, and analyzed
associations and trends between HIV-1C-specific T-cell re-
sponses and plasma viral load within these HLA supertypes.
About 97.8% of the study population was covered by at least
one HLA allele belonging to the A2, A24, B27, B44, or B58
HLA supertypes.

Distinct patterns of correlation were found within different

FIG. 1. Association between HIV-1C-specific T-cell responses and plasma viral load. Regression curves represent results of unadjusted and
adjusted analyses. Corresponding statistics are shown in Table 1.

TABLE 1. Association between HIV-1C-specific T-cell responses
and plasma viral load

Protein

Unadjusted analysis (Spearman
rank correlation coefficient)

Adjusted analysis
(linear regression)

Slope
estimate 95% CIa P Slope

estimate 95% CIa P

Gag "0.31 "0.52, "0.05 0.020 "0.27 "0.51, "0.04 0.025
Pol "0.01 "0.25, 0.22 0.90 0.12 "0.21, 0.45 0.47
Vif "0.10 "0.36, 0.18 0.47 "0.58 "1.57, 0.41 0.24
Vpr "0.20 "0.45, 0.07 0.15 "0.39 "1.90, 1.11 0.60
Tat 0.02 "0.24, 0.29 0.86 "0.15 "0.88, 0.58 0.68
Rev "0.05 "0.31, 0.23 0.75 "0.25 "0.96, 0.45 0.47
Vpu "0.04 "0.30, 0.22 0.76 0.49 "1.77, 2.75 0.66
Env 0.01 "0.29, 0.31 0.94 0.04 "0.39, 0.48 0.85
Nef 0.24 "0.03, 0.48 0.079 0.38 0.00, 0.75 0.049
HIV-1C "0.16 "0.35, 0.03 0.11 "0.04 "0.15, 0.07 0.45

a Minimum, maximum.
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Immune response does not correlate with viral load

From: Novitsky et al. J Virol. 2003
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Perturb the steady state by treatment (ART)

Treatment:

What can this downslope δ tell us?

Ho and Perelson, Nature 1995, Science 1998

δ

Mathematical model

dT

dt
= ⌅ � ⇤TT � ⇥TV ,

dI

dt
= ⇥TV � ⇤II � kEI ,

dV

dt
= pI � ⇤V V ,

dE

dt
= �EI � ⇤EE .

Set ⇤I > ⇤T to allow for cytopathic e�ects of the virus.
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Separation of time scales: QSSA

Separation of time scales: QSS

Setting dV/dt = 0 we OBTAIN that V = (p/⇤V )I, i.e., the
virus load becomes proportional to the concentration of in-
fected cells.

Substituting V = (p/⇤V )I into the model yields

dT

dt
= ⌅ � ⇤TT � ⇥⇤TI ,

dI

dt
= ⇥⇤TI � ⇤II � kEI ,

dE

dt
= �EI � ⇤EE ,

where ⇥⇤ ⇥ p⇥/⇤V .

84

Setting dV/dt=0 we obtain V=(p/δV)I, 
i.e., V becomes proportional to I:

where β’=pβ/δV



Separation of time scales: E=constant

Separation of time scales: QSS

Setting dV/dt = 0 we OBTAIN that V = (p/⇤V )I, i.e., the
virus load becomes proportional to the concentration of in-
fected cells.

Substituting V = (p/⇤V )I into the model yields

dT

dt
= ⌅ � ⇤TT � ⇥⇤TI ,

dI

dt
= ⇥⇤TI � ⇤II � kEI ,

dE

dt
= �EI � ⇤EE ,

where ⇥⇤ ⇥ p⇥/⇤V .
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Setting δ = δI + kE we obtain fromSeparation of time scales: E remains constant
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which we have seen before and has one steady state:
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Use this model to infer viral dynamics from data

Nature 1995

This paper changed the field: HIV-1 is not slow at all.
Utterly simple model teaches us a new biology.
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Famous papers:
HIV is not slow

but has a 
generation 

time of 1-2 days

I(t) = I(0)e��t



Employing the fitness R0

Emploing the fitness R0

Since

R0 =
�⇤⇤

⇥T ⇥

this can be rewritten into

T̄ =
⇤

⇥TR0
=

K

R0
and Ī =

⇤

⇥

�

1�
1

R0

⇥

where K is the “carrying capacity” of the target cells.

If R0 ⇥ 1 the steady state density of infected cells, remains
fairly independent of �⇤
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In this model

and we can rewrite the steady state as:

where K is the carrying capacity of the target cells.

If R0>>1 the steady state of the infected cells
should remain approximately σ/δ


