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Abstract
Failure to fully reconstitute the immune system is a common clinical problem in HIV
patients who were severely immunodeficient before responding to combination
antiretroviral therapy (CART). This can manifest as a deficiency in the number or
function of CD4+ T-cells and occurs most often in patients who had a nadir CD4+ T-cell
count below 100/μl when CART was commenced. Observational studies of large cohorts
of HIV patients, such as the D:A:D study, have demonstrated that patients with low CD4+
T-cell counts have increased rates of death compared with patients who have normal
CD4+ T-cell counts. Furthermore, individual case studies suggest that impaired recovery
of pathogen-specific immune responses during CART is associated with opportunistic
infections or disease progression. This thesis addresses possible causes of deficiencies in
CD4+ T-cell number or function in HIV patients who were very immunodeficient prior to
treatment and are responding (virologically) to CART.
Firstly, the role of the thymus in producing naïve CD4+ T-cells and the effects of
persistent immune activation on the recovery of CD4+ T-cell numbers were assessed in
patients with either low or high CD4+ T-cell counts after long-term CART. Patients with
low CD4+ T-cell counts had smaller thymuses, fewer naïve CD4+ and CD8+ T-cells and
fewer T-cell receptor excision circles (TREC) in CD4+ and CD8+ T-cells per ml of blood
than patients with high CD4+ T-cell counts. However, some patients with no detectable
thymus had high numbers of naïve and TREC-bearing T-cells. Proportions of CD4+ Tcells expressing HLA-DR (a marker of immune activation) or CD57 (a marker of immune
senescence) correlated with total, naïve and memory CD4+ T-cell counts, suggesting
CD4+ T-cell activation drives the depletion of T-cells. This was clearest in patients with a
small/undetectable thymus. Furthermore, an analysis of polymorphisms in genes
associated with immune activation and/or inflammation demonstrated an association
between low CD4+ T-cell counts and carriage of BAT1(1,2) or IL6-174(2,2). BAT1*2
marks the central MHC region of a conserved haplotype (HLA-A1,B8,BAT1*2,TNFA308*2,DR3,DQ2) and individuals carrying this haplotype are considered immunologically
hyperactive. Homozygous carriage of IL6-174*2 is associated with lower transcription
and plasma levels of IL-6, which may lead to increased apoptosis of memory and/or
effector T-cells. Thus, the recovery of CD4+ T-cell numbers in severely immunodeficient
HIV patients with a virological response to CART is probably limited by failure to restore
thymic function as well as persistently increased immune activation (which may itself be
vi

influenced by genetic factors). The data are also consistent with extra-thymic T-cell
production contributing to the naïve T-cell pool in some patients.
In the second section of this thesis, cytomegalovirus (CMV) was used as a test antigen to
assess recovery of CD4+ T-cell function via IFN-γ production. Proportions of antigen
presenting cell (APC) subpopulations were examined in HIV patients with low or high
CMV-specific CD4+ T-cell responses after long-term CART.

HIV patients had

significantly lower proportions of plasmacytoid dendritic cells (pDC) than HIV-negative
controls. Furthermore, the proportions of pDC were positively correlated with CMVspecific CD4+ T-cell responses in HIV patients. Proportions of myeloid dendritic cells
(mDC) were significantly higher in HIV patients than controls, and were also increased in
patients with low CMV-specific CD4+ T-cell responses. Proportions of M-DC8+ dendritic
cells or CD14+ monocytes did not differ between patients and controls, nor were they
associated with CMV-specific CD4+ T-cell responses.
Quantitation of cytokine (interferon-α, tumour necrosis factor-α, interleukin (IL) -12, IL23, IL-15, IL-18 and IL-10) mRNA in unstimulated, purified populations of the APC
described above revealed few significant differences between patients with low or high
CD4+ T-cell IFN-γ responses to CMV. The only notable difference was the slight
elevation of IL-15 mRNA levels in patients compared to controls. Since patients in the
high responder group had the highest levels of IL-15 mRNA, this association may reflect
the anti-apoptotic properties of IL-15.
These studies provide valuable insights into the causes of persistent CD4+ T-cell
deficiency and dysfunction in HIV patients on CART and may lead to better monitoring
and treatments.
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Chapter 1
1.1

Review of the literature

The intent of this literature review

In the 25 years since the acquired immunodeficiency syndrome (AIDS) was first
reported, its causative pathogen, human immunodeficiency virus (HIV) has emerged as
the cause of a major global health threat. The introduction of combination antiretroviral
therapy (CART) in 1996 has had a dramatic effect on the impact of the pandemic,
though its effects have been limited by poor availability of therapy in resource poor
settings. It is hoped that the benefits of CART will be more widely felt as it is
distributed on a more global scale in the years to come. However, CART is not a
panacea. Drug toxicity, immune restoration disease and failure to achieve, or loss of
viral or immunological responses limit its efficacy in some individuals. Specifically, the
inability of some HIV patients to recover either sufficient CD4+ T-cell numbers or
function with CART will be addressed in this thesis. Therefore, the intent of this
literature review is to;
a) Provide an introduction to the epidemiology, structure and lifecycle of HIV, as well
as its pathogenic effects on the immune system during untreated infection.
b) Examine CART as a treatment strategy, discuss mechanisms of immune
reconstitution and examine the development of unfavourable responses to CART.
c) Summarise the aims of the experimental work presented in this thesis.

1.2

An introduction to HIV

1.2.1

Epidemiology

To date, 65 million people have been infected with HIV and 25 million people have lost
their lives to AIDS. Although global HIV incidence rates are now stabilising following
their peak in the late 1990s, actual numbers of people living with HIV continue to rise
as a result of population growth and the prolongation of life by CART. Worldwide in
2005, 38.6 million individuals (almost half of whom were women) were living with
HIV, with 4.1 million new infections and 2.8 million AIDS related deaths taking place.
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The regional HIV/AIDS statistics for the end of 2005 are presented in Table 1.1. SubSaharan Africa remains the most affected region in the world, although growing
epidemics are developing in Eastern Europe and Central Asia (Figure 1.1)
In Australia, an estimated 16000 adults and children were living with HIV in 2005.
Although annual diagnoses declined in the late 1990s, they are now approaching earlier
levels with 820 new cases in 2004. HIV infections in Australia are largely attributable
to sexual transmission (mostly between men). Whilst patterns in indigenous and nonindigenous Australians are similar, a recent study (Wright et al., 2005) revealed that
from 1985-2005 in Western Australia, HIV diagnoses were more common in indigenous
Australians compared to non-indigenous Australians. Furthermore, women in Western
Australia were 18 times more likely to be infected with HIV if they were indigenous.
Hence one cannot conclude that HIV infection is “controlled” in Australia.

1.2.2

The structure and genomic organisation of HIV

A lentivirus of the Retroviridae Family, HIV is a spherical, enveloped virion with an
icosahedral capsid (Figure 1.2 A). The lipid, bi-layered viral envelope is derived from
the host cell and contains the viral glycoproteins gp120 and gp41 which mediate viral
entry. Within the viral envelope, the matrix formed by protein p17 holds the genome
containing, protein p24 capsid in place. The HIV genome consists of 2 single, linear
RNA strands which are tightly bound to the nucleocapsid proteins p6 and p7. Also
housed inside the capsid are the viral enzymes essential to the development of the
virion, reverse transcriptase, protease and integrase (Figure 1.2 B).
Two distinct HIV viruses exist (HIV-1 and HIV-2). While they differ in origin and gene
sequence, both viruses cause AIDS following a similar spectrum of symptoms. HIV-1 is
considered more virulent than HIV-2 and generally results in a more rapid progression
to AIDS (Marlink et al., 1994, Jaffar et al., 1997). HIV-1 is the prevalent virus in
Australia and the subject of this thesis. The HIV-1 genome encodes for the classic
retroviral structural genes gag, pol and env as well as 6 accessory gene products, tat,
rev, vif, vpu, vpr and nef which have defined functions (Figure 1.3).
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Table 1.1

Regional HIV/AIDS statistics for the end of 2005.
People living with HIV

New infections

AIDS deaths

Sub-Saharan Africa

24.5 million

2.7 million

2 million

Asia

8.3 million

930 000

600 000

Latin America

1.6 million

140 000

59 000

2 million

65 000

30 000

1.5 million

220 000

53 000

Middle-East & North Africa

444 000

64 000

37 000

Caribbean

330 000

37 000

27 000

Oceania

78 000

7 200

3 400

38.6 million

4.1 million

2.8 million

North America, Western & Central Europe
Eastern Europe & Central Asia

Total

Adapted from the UNAIDS 2006 report on the global AIDS epidemic.
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Figure 1.1

Worldwide HIV prevalence rate in adults

Sub-Saharan Africa is the most affected region in the world followed by South East
Asia. The fastest growing epidemic is developing in Eastern Europe (UNAIDS 2006
report on the global AIDS epidemic).
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Figure 1.2

The structure of the HIV virion

A. http://www.stanford.edu/group/virus/retro/2005gongishmail/HIV.html
B. Schematic of HIV virion adapted from http://www.niaid.nih.gov/factsheets/howhiv

5

Chapter 1

Figure 1.3

Organisation of the HIV-1 genome

The long-terminal repeats (LTR) control integration and gene expression. The gag
(group specific antigen) gene encodes the matrix protein (p17), capsid protein (p24) and
nucleocapsid proteins (p6 & p7) which provide the basic physical infrastructure of the
virus. The pol (polymerase) gene encodes the viral enzymes required for reproduction,
protease (p10), reverse transcriptase (p66 & p51) and integrase (p32). The env
(envelope) gene encodes the envelope surface glycoprotein (gp120) and transmembrane
glycoprotein (gp41). The accessory genes include vif (viral infectivity factor) required
for infectivity of cell free virus, vpr (virus protein R) which has an undetermined
function, tat (transactivator of transcription) which influences the function of distal
genes and controls transactivation of all HIV proteins, rev (differential regulator of
expression of virus protein genes) involved in the regulation of late gene expression,
vpu (virus protein U) required for efficient viral release, and nef (negative regulator
factor) which retards HIV replication.
http://www.stanford.edu/group/virus/retro/2005gongishmail/HIV.html
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1.2.3

The lifecycle of HIV

HIV most commonly enters the blood stream via genital or colonic mucosa during
sexual intercourse or other blood to blood contact. Infection begins via cognate
recognition of the HIV envelope protein gp120 with the host cellular receptor CD4
found on T-cells, cells of the monocyte/macrophage lineage and dendritic cells. Fusion
of the virion to the target cell is further mediated by the viral membrane glycoprotein
gp41 and chemokine co-receptors on the host cell surface. The co-receptors commonly
utilised by the so-called macrophage tropic (syncytium inducing) and T-cell tropic (nonsyncytium inducing) variants are CCR5 and CXCR4, respectively (reviewed in
Simmons et al., 2000). Isolates able to use CCR5 for entry are termed R5 tropic, while
CXCR4 using strains are X4 tropic. Other co-receptors for HIV-1 entry include CCR3,
CCR2b and the orphan receptor Bonzo (reviewed in Simmons et al., 2000). CCR5
probably facilitates replication in T-cells of mucosal tissues (notably the gut) during
primary infection (Brenchley et al., 2004b).
Fusion of the viral and cellular membranes leads to the release of the diploid HIV
genome and viral enzymes into the cytoplasm of the target cell where the viral genomic
RNA is transcribed into a single stranded complementary DNA (cDNA) copy by the
reverse transcriptase enzyme. The cDNA copy then serves as a template to produce a
linear double stranded DNA molecule which is transported to the nucleus and integrated
into the target cell genome in a process mediated by the integrase enzyme. Once
integrated, the viral genome transcribes viral messenger RNA (mRNA) and genomic
RNA using host RNA polymerases. Translation of viral messages and cleavage of
polyproteins by the protease enzyme ultimately results in production of the structural
proteins, assembly of the core particle and release of viral progeny by budding. This
process is depicted in Figure 1.4.

1.2.4

The natural history of HIV-1 infection

During primary HIV-1 infection, up to 80% of infected individuals experience nonspecific symptoms such as fever, fatigue, enlarged lymph nodes, sore throat and rash.
During this phase a transient viraemia is accompanied by a decrease in the numbers of
circulating CD4+ T-cells and concomitant increase CD8+ T-cells, as well as a rapid
depletion of CD4+ T-cells in mucosal tissues (Brenchley et al., 2004b). The appearance
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Figure 1.4

The replicative lifecycle of HIV.

HIV replicates within living host cells using the cells genetic machinery to produce new
infectious virions (Weiss, 2001).
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of HIV-1 specific CD8+T-cells coincides with the fall in viraemia (Borrow et al., 1994,
Koup et al., 1994). After resolution of the acute infection, untreated individuals will
experience a chronic asymptomatic phase for a median time of about 10 years. During
this period, little free or cell-associated virus is detectable but CD4+ T-cell death occurs
at a slightly higher rate than T-cell production. Consequently, peripheral blood CD4+ Tcell numbers progressively decline and minor infections at skin and mucosal surfaces
may occur. When CD4+ T-cell numbers drop below 200 cells/μl, the onset of more
serious opportunistic infections and malignancies signals the onset of AIDS. Without
treatment, death usually occurs within 2 years of an AIDS diagnosis. The effect of HIV
on different cell subpopulations during the natural course of HIV infection is shown in
Figure 1.5.

1.2.5

HIV-1 infection induces a severe immune dysregulation

1.2.5.1 HIV infection is characterised by a depletion of CD4+ T-cells
HIV induces a depletion of CD4+ helper T-cells from the peripheral blood and
throughout the secondary peripheral and gut-associated lymphoid tissues where the
majority of these cells reside (Schacker et al., 2002, Brenchley et al., 2004b, Mehandru
et al., 2004). The virus preferentially infects activated memory CD4+ T-cells expressing
CCR5 (Brenchley et al., 2004a, Chiu et al., 2005, Zhou et al., 2005). Within days of
infection, a profound and sustained depletion of CD4+ T-cells from mucosal surfaces
such as the gut (where CCR5 expressing, activated CD4+ T-cells constitute the majority
cell population) has been reported (Lim et al., 1993, Clayton et al., 1997, Ullrich et al.,
1998, Guadalupe et al., 2003, Brenchley et al., 2004b, Mehandru et al., 2004). Although
most patients remain asymptomatic after acute infection, altered T-cell dynamics
induced by the elimination of mucosal CD4+ T-cells probably influences the overall
course of the disease (Picker et al., 2004). Numbers of peripheral blood CD4+ T-cells
decline gradually during chronic infection. Despite not reflecting the true impact of HIV
on the immune system, these provide the only feasible guide to the onset of clinical
immunodeficiency.
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CD8+ T-cell count
CD4+ T-cell count
Viraemia

Mucosal CD4+ T-cell count

Figure 1.5

The kinetics of HIV disease.

The natural history of typical HIV-1 infection depicting changes in plasma HIV-1 viral
load, peripheral blood CD4+ and CD8+ T-cell counts and mucosal CD4+ T-cell numbers.
Adapted from (Grossman et al., 2006).
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1.2.5.2 HIV affects other cells of the immune system
Antigen presenting cells (APC), which encompass dendritic cells (DC), monocytes and
B-cells, act as initiators of primary adaptive immune responses and are among the first
cells encountered by HIV. DC may act as reservoirs of infectious HIV, facilitating
transmission of the virus to T-cells during antigen presentation (Geijtenbeek et al.,
2000). Recent data suggests that human blood DC (plasmacytoid DC (pDC) and
myeloid DC (mDC)) are susceptible to HIV infection as they express CD4 and low
levels of CCR5 and CXCR4 (Patterson et al., 2001, Donaghy et al., 2003). Numbers of
pDC and/or mDC are reduced in untreated HIV disease (Grassi et al., 1999, Donaghy et
al., 2001, Jones et al., 2001, Pacanowski et al., 2001, Soumelis et al., 2001, Barron et
al., 2003, Almeida et al., 2005, Killian et al., 2006). As pDC produce large amounts of
Interferon (IFN) -α (which mediates innate antiviral immune responses), one
consequence of reduced numbers of circulating pDC may be poor control of HIV-1
viraemia (Soumelis et al., 2001).
Reports on the functional impairment of DC from HIV-infected individuals have been
conflicting. Donaghy et al reported that the ability of both pDC and mDC to stimulate
T-cell proliferation is impaired in untreated HIV infection (Donaghy et al., 2003).
However, in two other studies functional defects were not observed at all (Cameron et
al., 1992) or were only apparent in patients with low CD4+ T-cell counts (Hsieh et al.,
2003). Therefore, infection, depletion and dysfunction of DC may contribute to the
immunosuppression associated with HIV disease (see Section 1.2.5.4). The role of
human blood DC (and their associated cytokines) in the generation of acquired immune
responses will be addressed in this thesis ( Chapter 6 and Chapter 7).
HIV does not replicate in B-cells, yet alterations in B-cell phenotype and function (due
to viral protein toxicity and cytokine dysregulation) occur in HIV infection (reviewed in
De Milito, 2004). HIV-induced B-cell dysfunction manifests as a lack of specific
antibody responses, hypergammaglobulinaemia and polyclonal B-cell activation.
Ultimately HIV infection leads to memory B-cell depletion (De Milito et al., 2001) and
impaired antibody production to new and recall antigens. Depressed responses to novel
antigens may reflect defective T-helper functions; whilst hypergammaglobulinaemia
should be considered in the context of chronic immune activation (see Section 1.2.5.3).
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HIV-1 infection also causes a loss of CD8+ T-cells. Although total numbers of
peripheral blood CD8+ T-cells increase during the chronic phase of HIV infection, naïve
and resting memory CD8+ T-cells are reported to progressively decline (Roederer et al.,
1995, Roederer et al., 1997a), possibly reflecting damage to the thymus (see Section
1.2.6.2). However, the majority of CD8+ T-cells are not eliminated until late in infection
(Margolick et al., 1994).
1.2.5.3 HIV infection is associated with an activated immune system
Persistent HIV-1 replication leads to chronic activation of the immune system. This is
reflected in an increased frequency of T-cells expressing activation markers such as
HLA-DR, CD38 and Fas (leads to apoptosis in conjunction with its ligand, FasL)
(reviewed in Fauci, 1996, Benito et al., 1997, Al-Harthi et al., 2004, Benito et al.,
2005b). This state of chronic immune activation is also associated with a sustained rise
in turnover (proliferation and death rates) of both CD4+ and CD8+ T-cells (Hazenberg et
al., 2000a, Mohri et al., 2001). The increased proliferation of T-cells in turn assists viral
replication. Subsequently, T-cell activation and turnover correlates well with disease
progression (Simmonds et al., 1991, Giorgi et al., 1999) and the rate of CD4+ T-cell loss
(Deeks et al., 2004).
Lymphocytes and monocytes from HIV infected individuals also display increased
production of pro-inflammatory cytokines such as Interleukin (IL) -1β, IL-6, IL-18 and
Tumour necrosis factor (TNF) -α (reviewed in Connolly et al., 2005). The overexpression of these cytokines promotes replication of HIV and the maintenance of an
activated immune state, both of which can contribute to disease progression. The
mechanisms by which these cytokines stimulate HIV-1 replication remain under
investigation but may involve increased expression of chemokine receptors.
1.2.5.4 HIV infection leads to abnormalities in T-cell function
The depletion of the CD4+ T-helper subset in HIV infection limits the elimination of
virally-infected cells by CD8+ T-lymphocytes and impairs antibody production by Bcells. HIV-specific CD4+ T-cells are lost in most patients soon after primary infection.
For example, lymphoproliferative responses to HIV proteins are weak or non-existent
soon after HIV exposure (Musey et al., 1999, Malhotra et al., 2003). As HIV disease
progresses, proliferative responses against common recall antigens and mitogens are
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also lost. The loss of antigen-specific immune responses compromises control of HIV
itself and predisposes patients to opportunistic infections.
It has been proposed that HIV-1 disease promotes a shift from a predominantly type-1
(T1; IFN-γ, TNF-α, IL-12) cellular immune response to a type 2 (T2; IL-4, IL-5, IL-10,
IL-13) immune response (reviewed in Clerici and Shearer, 1993, reviewed in D'Elios
and Del Prete, 1998). For example, unstimulated PBMC from untreated HIV patients
show little expression of IFN-γ or IL-2 mRNA, whereas mRNA for IL-4 and IL-10 is
readily detectable (Imami et al., 1999). However, subsequent studies have not provided
conclusive supporting evidence for this hypothesis. Whilst T1 cytokine production is
depressed during HIV-1 infection (Nunnari et al., 2003), T2 responses may be
maintained. This is supported by evidence that IFN-γ producing cells are decreased in
HIV-1 infected patients compared to controls, but IL-4 producing cells do not differ
(Meynard et al., 1996). Impaired IL-12 production is also evident in untreated HIV-1
infected patients (Ma and Montaner, 2000, Nunnari et al., 2003). This is of interest
given the role of IL-12 in the generation of IFN-γ.

1.2.6

Immunopathogenesis of HIV disease

Having described what HIV infection does to the immune system, I will now summarise
mechanisms likely to underly these changes. HIV-1 depletes both infected and
uninfected CD4+ T-cells. Current evidence suggests that accelerated destruction may
not be the only cause of their depletion – ie: sources of T-cell production must also fail.
Furthermore, it is likely that the mechanisms of T-cell loss differ according to the tissue
environment and stage of infection. Probable mechanisms of HIV-1 induced CD4+ Tcell depletion are outlined below.
1.2.6.1 Accelerated destruction of mature CD4+ T-cells
1.2.6.1.1 Destruction of infected cells is important during acute HIV infection
CD4+ T-cell depletion may occur as a result of the direct lysis of infected cells. Viral
replication in the host cell leads to a build up of unintegrated linear viral DNA which
causes toxicity and subsequent cell death (reviewed in Levy, 1993, Ho et al., 1995, Wei
et al., 1995). Furthermore, continuous budding of virions from the host cell disrupts the
plasma membrane, affecting cell viability (Fauci, 1988, Cao et al., 1996). The viral Vpu
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protein may also induce membrane permeability leading to cell death (Gonzalez and
Carrasco, 2001).
Structural and accessory proteins encoded by HIV-1 may regulate the virally-mediated
apoptosis of infected cells. For example;
1. The Nef (Xu et al., 1999, Zauli et al., 1999), Env (Oyaizu et al., 1994, Tateyama
et al., 2000) and Tat (Westendorp et al., 1995) proteins can up-regulate
expression of the death receptor Fas and its ligand (FasL).
2. The Tat protein can upregulate expression and consequently increase activity of
initiator caspase 8 (Bartz and Emerman, 1999) as well as inducing changes to
levels of pro-apoptotic (Bax, Bim) and anti-apoptotic (Bcl-2) molecules (Sastry
et al., 1996, Chen et al., 2002).
3. HIV protease can decrease Bcl-2 levels (Strack et al., 1996)
4. The Vpr protein can arrest infected cells in the G2 phase of the cell cycle which
subsequently induces apoptosis (Stewart et al., 1997, Watanabe et al., 2000).
Furthermore, the host’s immune response may assist CD4+ T-cell depletion via the
antigen specific CD8+ cytotoxic T-cell mediated lysis of infected cells (Autran et al.,
1996, McMichael and Rowland-Jones, 2001).
Given the rapid rate of CD4+ T-cell loss (particularly from mucosal tissues), direct viral
mechanisms and cytotoxic T-cell mediated destruction of infected CD4+ T-cells are
likely to be the most important causes of CD4+ depletion during acute infection
(Brenchley et al., 2006).

1.2.6.1.2 Induction of death in uninfected cells is important in chronic HIV
infection
It has long been maintained that the frequency of CD4+ T-cell infection by HIV in vivo
is too low to account for all of the CD4+ T-cell loss that occurs during chronic infection
(Embretson et al., 1993, Chun et al., 1997, Douek et al., 2002). Furthermore it does not
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account for the loss of naïve CD8+ T-cells that parallels the decline in naïve CD4+ Tcells during chronic infection (Gruters et al., 1991, Rabin et al., 1995, Roederer et al.,
1995). In fact, most apoptotic CD4+ T-cells in peripheral blood and lymph nodes during
chronic HIV infection are not infected (Finkel et al., 1995, Selliah et al., 2003).
There are 2 mechanisms by which uninfected CD4+ T-cells might die. Firstly, HIV
proteins released into the extracellular environment are capable of inducing apoptosis in
uninfected cells (reviewed in Alimonti et al., 2003). Secondly, a potentially more
important mechanism for the loss of uninfected T-cells is activation induced cell death.
Early studies suggested that the chronic immune activation induced by HIV (see Section
1.2.5.3) was the immune system’s attempt to replace cells lost to virus-mediated death
by increasing rates of homeostatic proliferation (Ho et al., 1995, Wei et al., 1995,
Perelson et al., 1996). However, more recent data suggests that increases in turnover of
T cells are a consequence of immune activation (Kovacs et al., 2001, Grossman et al.,
2002). Upon activation, most T-cells undergo several rounds of division and then die
(some will re-enter the resting memory T-cell pool). Therefore chronic immune
activation induced by HIV may drive the terminal differentiation of naïve and resting
memory T-cells and increase the fraction of T-cells going into apoptosis. The degree of
this immune activation correlates well CD4+ T-cell depletion (Bofill et al., 1996, Deeks
et al., 2004, Wilson et al., 2004).
Although immune activation leads to the activation and apoptosis of CD4+ and CD8+ Tcells, numbers of CD8+ T-cells do not decline at the same rate as CD4+ T-cells.
Although numbers of CD8+ T-cells increase as a result of an effector T-cell response
against HIV, this suggests that direct infection also contributes to the loss of CD4+ cells
in chronic HIV infection. Nevertheless, recent evidence suggests that the high rates of
T-cell death in chronic HIV infection follow HIV induced T-cell activation. For
example;
1. Simian immunodeficiency virus (SIV) -infected macaques exhibit a persistently
activated immune system and rapidly progress to AIDS, while SIV-infected
sooty mangabeys show normal T-cell division rates and do not progress to AIDS
(Chakrabarti et al., 2000).
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2. HIV-2 infection is associated with lower levels of immune activation, which
may explain the slower decline of CD4+ T-cells compared to HIV-1 infection
(Michel et al., 2000).
3. The rapid loss of CD4+ T-cells is associated with a particular HLA type (A1 B8
DR3), known as the 8.1 ancestral haplotype (AH). Individuals with this
haplotype are considered immunologically hyperactive (Steel et al., 1988).
Genes responsible for this effect have been mapped to a region between HLA-B
and the complement genes, a region that spans the TNF loci (reviewed in Price
et al., 1999). Studies described in Chapter 4 extend this work.
During the latter stages of infection, X4 tropic isolates may also induce fusion between
infected cells and uninfected neighbouring cells leading to the formation of syncytia
with shortened life spans. This correlates with increased depletion of T-cells (Richman
and Bozzette, 1994, Sylwester et al., 1997), but the correlation may be coincidental as
the proportions of cells that become syncytia are not large.
1.2.6.2 Impaired production of CD4+ T-cells
Under normal conditions, the destruction of CD4+ T-cells would trigger compensatory
feedback signals that promote T-lymphopoiesis. However, HIV infection may also have
direct and indirect pathogenic effects on the progenitor cells from which mature T-cells
arise. HIV is present in the bone marrow and may affect the capacity of CD34+
progenitor cells to develop into mature cells. This may lead not only to a decreased
supply of new CD4+ T-cells to the periphery but also of other cell populations (Clark et
al., 2000). Hence, individuals presenting with late stage infection are often not just
lymphopaenic, but also anaemic, neutropaenic and thrombocytopaenic.
The thymus is the primary lymphoid organ where T-cell maturation and the generation
of their diverse receptor repertoire takes place (Figure 1.6). Thymocytes are permissive
to HIV infection (especially X4 variants) which can affect thymic function (Bonyhadi et
al., 1993, Douek et al., 1998). As HIV infected naïve T-cells are rarely found in the
periphery (Brenchley et al., 2004a) it is likely that thymocyte infection depletes the
supply of naïve T-cells to the periphery. Over time the capacity of the thymus to replace
cells lost to infection and activation driven exhaustion declines, reducing the peripheral
T-cell pool (Douek et al., 1998). Residual thymic function (assessed by computed
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A

B

Figure 1.6

C

The thymus architecture

The human thymus is a bilobed organ located in the thoracic cavity, overlying the heart
and major blood vessels. Within each lobule the lymphoid cells (thymocytes) are
arranged into an outer cortex and an inner medulla. The tightly packed cortex contains
the majority of immature, proliferating thymocytes, while more mature cells are found
in the medulla (A). The human thymus involutes with age. A cross-section of thymus
from a young individual is shown in B. In the adult thymus there is an involution of the
thymus with replacement by adipose tissue. The cortex is largely reduced and the less
cellular medulla is still apparent (C). In figures B and C, the cortex, medulla and areas
of adipose tissue are represented by the letters C, M and A, respectively.
A: http://training.seer.cancer.gov/module_anatomy/unit8_2_lymph_compo4_thymus.html
B: Slide 52 http://neurobio.mcphu.edu/Education/IFM/Microanatomy/RareSlides/labs/L6
C: Slide 24 http://neurobio.mcphu.edu/Education/IFM/Microanatomy/RareSlides/labs/L6
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tomography (CT) scanning of thymic tissue) has been associated with slower
progression of HIV-1 disease (McCune et al., 1998, Vigano et al., 1999), and thymic
atrophy with the loss of CD4+ T-cells (Douek et al., 2001, Dion et al., 2004).
However one cannot assume that thymic size correlates precisely with thymic function.
A more direct measurement uses T-cell receptor excision circles (TREC) as a marker of
T-cells that have recently exited the thymus. TREC are circular excision products
formed during T cell receptor rearrangement in the thymus (Poulin et al., 1999). In most
HIV-1 infected adults and children TREC numbers are significantly decreased (Douek
et al., 1998, Zhang et al., 1999, Douek et al., 2000) and may have prognostic value
(Hatzakis et al., 2000). However, some infected patients with low TREC have higher
CD4+ T-cell counts, perhaps because TREC are diluted by peripheral cell division
(Hazenberg et al., 2000b). Therefore, chronic immune activation rather than thymic
dysfunction may drive TREC counts down in HIV infection (Hazenberg et al., 2000b).
Current markers of thymic function will be discussed in further in Section 1 of this
thesis as thymus function on CART will be addressed.
Immune activation associated with chronic HIV infection is also associated with
collagen deposition and fibrosis in supporting lymphoid tissues. This may affect the
survival of T-cells in such an environment and has been associated with reductions in
the size of the total and naïve CD4+ T-cell populations (Schacker et al., 2002, Schacker
et al., 2006).
1.2.6.3 Sequestration of CD4+ T-cells in lymphoid tissues
The normal immune response to HIV (whereby CD4+ T-cells traffic to and are retained
within lymphoid organs to encounter HIV antigen) is likely to lead to the redistribution
of CD4+ T-cells to lymphoid organ early in the course of infection (Grossman and
Herberman, 1997, Rosenberg and Janossy, 1999, Kirschner et al., 2000). Ongoing viral
replication and the persistence of antigen within lymphoid organs may lead to the
prolonged capture of CD4+ T-cells within these sites. Thus, the proportion of CD4+ Tcells in circulation will decrease giving the appearance of loss. HIV induced immune
activation may also lead to sustained abnormalities in cell trafficking. Increased
expression of pro-inflammatory cytokines in lymph nodes changes the expression of
cell surface adhesion molecules which mediate sequestration (Andersson et al., 1998,
Bucy et al., 1999). Hence, HIV-associated immune activation has been linked to the
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abnormal accumulation of effector T-cells within lymph nodes (Brenchley et al.,
2004b).

1.3

Treating HIV with CART

All mechanisms of CD4+ T-cell depletion (including indirect mechanisms) are driven by
HIV replication. The primary aim of CART is to restore cell-mediated immune
responses that are disrupted during chronic HIV-1 infection by limiting viral replication.
CART is the standard of care for HIV infected individuals worldwide. Significant
reductions in the morbidity and mortality associated with HIV-1 infection have been
observed since its introduction in 1996 (Palella et al., 1998, Valdez et al., 2001). CART
is usually a 3 or 4 drug combination including two nucleoside or nucleotide reverse
transcriptase inhibitors (NsRTI or NtRTI) and at least one protease inhibitor (PI) or nonnucleoside reverse transcriptase inhibitor (NNRTI). As this thesis addresses immune
reconstitution in HIV patients responding to CART, I will review the virological and
immunological effects of treatment.

1.3.1

Principles of CART

Reverse transcriptase inhibitors and PI act at two distinct stages in the life cycle of HIV1. Reverse transcriptase inhibitors suppress HIV replication by preventing the reverse
transcription of viral RNA to double stranded DNA, thereby halting the production of
new viral genetic material in the host cell. Two types of drugs target reverse
transcription. Nucleoside analogues such as zidovudine, didanosine, lamivudine,
abacavir and emtricitabine and nucleotide analogues (tenofovir) act by “mistakenly”
being incorporated into the DNA chain being produced by the reverse transcriptase
enzyme thus blocking further growth of the DNA chain. Non-nucleoside reverse
transcriptase inhibitors such as nevirapine and efavirenz act by binding to the reverse
transcriptase enzyme at a specific site and blocking its interaction with the viral RNA.
Protease inhibitors, such as saquinavir, lopinavir, ritonavir, nelfinavir and atazanavir)
prevent the viral protease enzyme from cleaving the polyprotein precursor molecule into
the individual core viral proteins, thus preventing the maturation of new infectious
virions.

19

Chapter 1

The fusion/entry inhibitor, enfuvirtide which acts outside of the host cell to prevent HIV
from successfully fusing with and infecting the target cell is also approved for use in
HIV infection. Clinical studies of a new class of drugs, integrase inhibitors, have also
shown promising results.

1.3.2

CART mediated immune reconstitution

The suppression of viral replication below levels detected by polymerase chain reaction
(PCR) based assays available in most clinical laboratories (ie: < 50 HIV RNA
copies/ml) by CART enables a rapid increase in peripheral blood CD4+ T-cell counts
affecting naïve and memory CD4+ T-cells and naïve CD8+ T-cells (Autran et al., 1997,
Pakker et al., 1998, Cohen Stuart et al., 2002). Improvements in B-cell function with
CART have also been reported (Jacobson et al., 2002) and there is an improvement in
the immune systems capacity to respond to opportunistic pathogens (Kelleher et al.,
1996, Autran et al., 1997, Li et al., 1998). However CART cannot eradicate the virus as
it persists in latent viral reservoirs such as long lived memory T-cells (Palella et al.,
1998, Pierson et al., 2000).
Whether CART promotes an increase in CD4+ T-cells in mucosal tissues such as the gut
is controversial. Studies in macaques and humans suggest that the initiation of treatment
during primary infection (when mucosal CD4+ T-cell depletion occurs) leads to a better
(but still incomplete) restoration of the intestinal T-cell pool (Guadalupe et al., 2003,
George et al., 2005). Others report that mucosal CD4+ T-cells are never restored even
after long term therapy and suppression of viral replication (Mehandru et al., 2004).
Current therapeutic guidelines do not recommend the initiation of CART during acute
HIV-1 infection, even when there is a sufficiently early diagnosis.
Reports on the number and function of DC during CART suggest that pDC and mDC
may be differentially reconstituted. Although numbers of pDC increase with therapy,
deficiencies in pDC numbers and IFNα production are not entirely reversed by effective
CART (Chehimi et al., 2002, Finke et al., 2004, Schmidt et al., 2006). Numbers of
mDC in HIV-infected individuals with undetectable HIV RNA are similar to controls
(Chehimi et al., 2002, Finke et al., 2004) but significant decreases persist in patients
with >5000 HIV-1 copies/ml (Chehimi et al., 2002). The inverse correlation with viral
load and mDC number, but not pDC number or IFNα secretion, suggests a role for
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mDC in viral control. My studies of DC number and function in patients stably treated
with CART are described in Chapter 6 and Chapter 7.
1.3.2.1 The mechanisms of immune reconstitution
The restoration of CD4+ T-cell counts with CART occurs in three phases. The initial
increase reflects the movement of sequestered T-cells out of the lymphoid compartment
and their redistribution into peripheral circulation (Autran et al., 1997, Cavert et al.,
1997, Lederman et al., 1998, Pakker et al., 1998, Sachsenberg et al., 1998, Tenner-Racz
et al., 1998, Bucy et al., 1999, Fleury et al., 2000). This early increase consists of
activated memory CD4+ T-cells that do not express proliferation markers such as Ki67,
suggesting that memory T-cell proliferation plays a limited role during this phase
(Hellerstein et al., 1999). The release of sequestered CD4+ T-cells from the lymphoid
compartment probably reflects decreased immune activation following CART induced
decreases in viral replication. Reductions in viral load are associated with decreased
levels of adhesion molecules (VCAM-1, ICAM-1) which normally mediate lymphocyte
sequestration into lymphoid tissues (Bucy et al., 1999). However, T-cell repopulation
during this early phase may also be related to the thymus as HIV patients with abundant
thymus tissue after 48 weeks of therapy had significantly larger increases in naïve CD4+
T-cells during the first 4 weeks of CART (Smith et al., 2000) The magnitude of CD4+
T-cell depletion at the initiation of CART and the rate of decline in the year prior to
treatment may influence CD4+ T-cell recovery during this phase (Renaud et al., 1999).
After the first 12 weeks of treatment, peripheral blood CD4+ T-cell counts continue to
rise, albeit at a considerably slower rate. During this phase, the proliferation and
expansion of pre-existing peripheral memory T-cells is thought to predominate (Walker
et al., 1998). This phase of immune recovery is strongly correlated with the degree of
reduction in viral replication (Renaud et al., 1999).
The final, sustained increase of CD4+ T-cells is attributed to the de novo production of
naïve T-cells which is positively associated with thymus size (Smith et al., 2000, de la
Rosa et al., 2002, Franco et al., 2002, Kolte et al., 2002, Rubio et al., 2002, RuizMateos et al., 2004). While progressive involution of thymic tissue has been described
as older HIV-1 patients progress to AIDS, significant increases in thymic volume have
been reported in some HIV-1 infected adults on CART (Rubio et al., 2002). HIV
patients with abundant thymic tissue (after 48 weeks of CART) have higher numbers of
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circulating naïve CD4+ T-cells (Smith et al., 2000) and thymic biopsies confirmed
active thymopoiesis in two patients receiving CART (Markert et al., 2001).
Furthermore, baseline thymic volume in a group of patients initiating CART predicted
CD4+ T-cell recovery over a median follow up period of 6 months (de la Rosa et al.,
2002). Numbers of TREC also increase during CART (Aladdin et al., 2003). Such
studies not only support the idea that the thymus is involved in T-cell development
throughout life, but also suggest that thymic function can be restored if critical defects
are resolved by CART. Bone marrow function also appears to improve after initiation of
CART (Dam Nielsen et al., 1998, Isgro et al., 2000). The role of thymic function in
CD4+ T-cell recovery in patients who achieve a virological response to CART will be
addressed in this thesis (see Chapter 2).
1.3.2.2 Control of immune activation contributes to immune reconstitution
A rapid decrease in the surface expression of T-cell activation markers (in parallel to the
control of viral replication) is seen on the initiation of CART (Autran et al., 1997,
Lederman et al., 1998, Landay et al., 2002, Hunt et al., 2003b, Al-Harthi et al., 2004,
Benito et al., 2005b). Reductions in Fas/FasL expression (Lederman et al., 1998, Sloand
et al., 1999) and rates of T-cell turnover (Hazenberg et al., 2000a, Mohri et al., 2001)
are also observed. Similarly, levels of plasma pro-inflammatory cytokines are also
reduced with CART. However, activation levels remain elevated compared to non-HIV
infected controls, even after long-term treatment (Almeida et al., 2002, Valdez et al.,
2002, Hunt et al., 2003b, Benito et al., 2005b).
CART mediated decreases in the activation and turnover of CD4+ T-cells are positively
associated with the recovery of CD4+ T-cells (Anthony et al., 2003, Mildvan et al.,
2004, Benito et al., 2005b). Therefore, the reduction of abnormal immune activation in
the T-cell compartment may prevent the accelerated apoptosis (Ensoli et al., 2000) and
facilitate the recirculation (see Section 1.3.2.1) of CD4+ T-cells. However, studies
assessing the role of activation in either the CD4+ or CD8+ T-cell subsets have provided
conflicting data. An inverse relationship between CD8+ T-cell activation and the
recovery of CD4+ T-cells is well established. However in one study, CD8+ T-cell
activation was only associated with late CD4+ T-cell gains (after 3 months of therapy).
CD4+ T-cell gains during the first 3 months of CART were instead associated with
activation of the CD4+ T-cell pool (Hunt et al., 2003b). In another study, CD8+ T-cell
activation did not affect recovery beyond the first year of successful CART (Benito et
22

Chapter 1

al., 2005a). The role of immune activation in CD4+ T-cell recovery in patients who
achieve a virological response to CART will be addressed in this thesis (see Chapter 3).
1.3.2.3 Reversal of HIV-induced immune dysregulation
The recovery of antigen-specific T-cell responses to persistent pathogens such as
Cytomegalovirus (CMV), Herpes Simplex Virus, Candida albicans, Mycobacterium
tuberculosis and tetanus toxoid occurs shortly after the commencement CART, even in
patients commencing CART with less than 100 CD4+ T-cells/μl (Autran et al., 1997,
Lederman et al., 1998, Rinaldo et al., 1999, Bart et al., 2000, Rizzardi et al., 2000). This
occurs concurrently with the increase in peripheral memory CD4+ T-cells and
normalisation of the inflammatory syndrome (Li et al., 1998). However, the level of
antigen-specific responses after CART can vary widely between individuals. This will
be discussed further in Section 1.4.4.2. Recovery of HIV-specific (gag) responses are
less common, particularly in patients who commence CART with less than 200 CD4+ Tcells/μl (Bart et al., 2000, Rizzardi et al., 2000).
CART may also reverse the T1/T2 cytokine dysregulation induced by HIV infection.
Levels of IL-4 production in phytohaemagglutinin-stimulated cultures decrease after 1
year of CART (Vecchiet et al., 2003). In another study, levels of IL-10 mRNA also fell
after 1 year of CART whereas levels of IL-12p40 mRNA and protein increased
(Taoufik et al., 2001). Imami et al. also demonstrated an increase in IFN-γ and IL-2
mRNA expression and a decrease in IL-4 and IL-10 mRNA levels from unstimulated
PBMC after CART (Imami et al., 1999).

1.4

Complications of CART

1.4.1

Side-effects and drug toxicity

Patients

receiving

CART

commonly

suffer

from

drug-induced

side-effects.

Gastrointestinal problems (typically occurring during the early stages of therapy) are the
most common of these and symptoms can include diarrhoea, nausea, loss of appetite
and abdominal pain. Importantly, gastrointestinal side affects can result in low plasma
drug levels which increase the risk of developing resistant viral strains (see Section
1.4.3). Hepatotoxicity (dependent upon the classes of drugs used and pre-existing liver
dysfunction) is also common with CART and can vary from mild and reversible
elevation of liver-specific enzymes to fatal liver failure (Bruno et al., 2006).
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Neurological complications during the initial weeks of treatment (mood fluctuations,
depression, paranoid delusions and insomnia) usually do not require the discontinuation
of treatment. However the development of antiretroviral associated toxic neuropathy is
more serious and has become increasingly prevalent in countries where neurotoxic
nucleoside analogues are used (Keswani et al., 2002).
Other

adverse

effects

of

CART

include

pancreatitis,

renal

complications,

haematological disorders (anaemia) and allergic reactions such as abacavir
hypersensitivity (reviewed in Boyd and Reiss, 2006). As a consequence of these sideeffects, many patients do not adhere to the recommended dosages of their medications
or stop CART altogether. Therefore, changes to drug combinations are common,
particularly during the initial years of treatment. Incomplete suppression of HIV
replication also allows the selection of drug resistant HIV variants.

1.4.2

Immune Restoration Disease

Up to 45% of HIV-1 infected patents given CART experience an episode of infectious
or inflammatory disease during the first 6 months of therapy at a time when numbers of
memory CD4+ T-cells are on the rise (reviewed in French et al., 2004). This probably
reflects the restoration of immune responses against pre-existing (often sub-clinical
infections) by opportunistic pathogens. However this immune response is dysregulated
and becomes immunopathological rather than protective (reviewed in Stone et al.,
2004). Hence, these disease episodes have been referred to as an immune restoration
disease (IRD) (French et al., 2000). These conditions are also referred to as immune
reconstitution inflammatory syndrome (IRIS).
Pathogens commonly associated with the development of an IRD include
Mycobacterium avium, Mycobacterium tuberculosis, Cryptococcus neoformans,
Cytomegalovirus, Hepatitis C virus, Hepatitis B virus and Varicella Zoster virus. Risk
factors for the development of IRD have been extensively studied (reviewed in French
et al., 2004). A CD4+ T-cell count below 50 cells/μl prior to CART is a risk factor, as is
an active or sub-clinical infection by an opportunistic pathogen. Genetic susceptibility
factors have also been implicated. The management of IRD involves anti-microbial
and/or anti-inflammatory therapy but usually does not require the cessation of CART.
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1.4.3

Virological Failure

In clinical practice, approximately 20% (but up to 60% in some studies) of HIV patients
receiving CART show virological failure, (generally defined as a persistent, detectable
HIV RNA) within 2 years of initiation of CART (Lucas et al., 1999, Phillips et al.,
2001). This can indicate poor adherence, drug malabsorption, adverse drug interactions
or insufficient dosing and will in most cases lead to a change in drug regimen. However,
ongoing viral replication in the presence of CART can lead to the selection of drugresistant virus which can have serious consequences. A recent study reported that the
emergence of drug resistance is associated with an increased risk of death among
patients starting CART (Hogg et al., 2006). However, 10-20% of patients receiving
CART experience discordant virological responses, where CD4+ T-cells counts continue
to increase even though viraemia is not controlled (Piketty et al., 1998, Grabar et al.,
2000, Piketty et al., 2001). The consequences of such a response are not well
characterised. In one study, no association with an increased risk of disease progression
at 6 months compared to complete responders was reported (Grabar et al., 2000). A
more recent study suggests that a higher degree of CD4+ T-cell recovery after 12
months of CART predicted a lower risk for clinical progression in such patients (Loutfy
et al., 2005).

1.4.4

Immunological Failure

1.4.4.1 Persistent deficiency of CD4+ T-cell numbers
A proportion of all HIV patients who achieve optimal suppression of HIV replication
with CART do not experience sufficient recovery of CD4+ T-cell numbers (Piketty et
al., 1998, Renaud et al., 1999, Grabar et al., 2000, Kaufmann et al., 2003, Kaufmann et
al., 2005). The incidence of this “immunological discordance” ranges from 8% in a
group of patients observed over 24 months of CART (Renaud et al., 1999) to 35% in a
group of patients who were stably treated for over 5 years (Kaufmann et al., 2005).
However, the definition of immunological discordance varies between studies. Patients
with poor recovery of CD4+ T-cell counts after CART have been defined as those
whose CD4+ T-cell counts remain below 200 cells/μl (Kaufmann et al., 2003) or 500
cells/μl (Kaufmann et al., 2005), or those who experience an increase from baseline of
less than 100 CD4+ T-cells/μl (Renaud et al., 1999, Dronda et al., 2002) or less than 50
CD4+ T-cells/μl (Grabar et al., 2000).
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Clinical studies suggest that HIV disease events are increased in patients with persistent
CD4+ T-cell deficiency (Piketty et al., 1998, Dronda et al., 2002). A prospective,
observational study of over 23,000 HIV patients (the D:A:D study) has indicated that
death occurs more often in patients with subnormal CD4+ T-cell counts (Weber et al.,
2005). Compared with patients whose latest CD4+ T-cell count was above 500/μL,
HIV/AIDS-related deaths occurred at an adjusted relative rate of 3.4 in patients whose
latest CD4+ T-cell count was below 350/μL and 96.4 in patients whose latest CD4+
count was below 50/μL. In contrast, Kaufmann et al. found no increase in the incidence
of HIV-related events among incomplete CD4+ T-cell responders compared with
complete CD4+ T-cell responders over 5 years of CART. However they defined
incomplete responders as patients with <500 CD4+ T-cell/μl after 4 yrs, which is
substantially higher than other studies (Kaufmann et al., 2005). Benveniste et al also
reported no increase in the incidence of opportunistic infections amongst patients with
CD4+ T-cell counts below 250 cells/μl after a median follow up of 26.7 months
(Benveniste et al., 2005).
The highest risk for an immunologically discordant response occurs in patients with
nadir CD4+ T-cell counts below 100/μL (Kaufmann et al., 2003, Kaufmann et al., 2005).
However some patients with nadirs below 100 CD4+ T-cells/μl do achieve normal CD4+
T-cell counts (>500 cells/μl) (Mussini et al., 2002). Other factors associated with poor
recovery of CD4+ T-cell counts include prior injecting drug use (Dronda et al., 2002),
older age (Viard et al., 2001), viral co-infection (Greub et al., 2000), non-suppressed
HIV replication and treatment interruption (Egger et al., 2002, Kaufmann et al., 2003).
The use of HIV protease inhibitors in a CART regimen is associated with increased
CD4+ T-cell counts, possibly through an anti-apoptotic effect (Phenix et al., 2000).
.
Poor recovery of CD4+ T-cells in HIV patients with a virological response to CART
may reflect low production of naïve T-cells by thymic pathways. For example, in a
cross-sectional study comparing patients with an increase of greater than 200 CD4+ Tcells/μl (CD4+ responders) and those with an increase of less than 100 CD4+ T-cells/μl
(poor responders) after a median of 160 weeks of therapy, poor responders had fewer
naïve CD4+ T-cells, fewer CD4+ T-cells containing TREC and minimal thymic tissue
compared with complete responders (Teixeira et al., 2001). Benveniste et al also
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demonstrated fewer TREC/μl blood in HIV patients with <250 CD4+ T-cells
(Benveniste et al., 2005).
Persistent immune activation may also limit the recovery of CD4+ T-cells during
CART. Poor recovery of CD4+ T-cell counts in HIV patients on CART correlates with
increased expression of CD38 and HLA-DR on T-cells (Hunt et al., 2003b, Mildvan et
al., 2004, Benito et al., 2005b) and increased CD4+ T-cell turnover (Anthony et al.,
2003). Immune activation may act by inducing apoptosis, as immunological discordance
is associated with increased levels of spontaneous and Fas-induced apoptosis of PBMC
(Hansjee et al., 2004, Benveniste et al., 2005).
Chapters 2, 3 and 4 of this thesis will address the role of the thymus and immune
activation in the repopulation of CD4+ T-cell counts in HIV patients responding
virologically to CART.
1.4.4.2 Persistent deficiency of CD4+ T-cell function
Soon after CART became available in 1996, it became apparent that antigen-specific
lymphoproliferation responses rise as patients respond to CART (Komanduri et al.,
1998, Li et al., 1998, Keane et al., 2000) indicating the recovery of protective responses
against opportunistic pathogens. The production of interferon (IFN)-γ by CD4+ T-cells
in short term cultures is less markedly affected than lymphoproliferation in HIV patients
on CART (Keane et al., 2000). However, the level of these responses varies widely
between individuals and, despite substantial increases in CD4+ T-cell counts, a small
proportion of patients remain susceptible to opportunistic infections. For example in a
prospective study of 612 patients, AIDS-defining illnesses only occurred in 5% of
patients, but 40% of these occurred at higher than expected CD4+ T-cell counts (Koletar
et al., 2004).
Available data suggests that such patients have persistently impaired cellular immune
responses. For example, the T-cells of patients with recurrent CMV retinitis do not
produce cytokines when incubated with CMV antigens (Komanduri et al., 2001). Other
individual case studies show that CMV-specific T-cell responses (assessed by IFN-γ or
TNF-α flow cytometry or lymphoproliferation) after CART are not related to T-cell
subset counts or HIV viral loads, but impaired responses may promote CMV disease
(Jacobson et al., 2001, Johnson et al., 2001, Jouan et al., 2001, Lilleri et al., 2003).
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The recovery of antigen-specific T-cell responses is poorest amongst patients who had
low nadir CD4+ T-cell counts before commencing CART (Weinberg et al., 2001,
Lederman et al., 2003), despite recovery of CD4+ T-cell counts. In these circumstances,
studies from our group and others show that lymphoproliferation or IFN-γ responses to
CMV antigens and IFN-γ responses to Candida antigens increase slowly over the first
three to five years of CART, but remain low compared to healthy controls (Gerna et al.,
2001, Keane et al., 2004, Burgess et al., 2006). This is the scenario addressed in my
thesis.
Many factors may limit memory T-cell responses in HIV patients responding to CART.
For example;
1. Persistent viral infections such as HIV are characterised by differentiation of
central memory T-cells towards a state of replicative senescence, defined by
shortened telomeres and cell surface expression of CD57 (Legac et al., 1992,
Mollet et al., 1998, Brenchley et al., 2003). CD57+CD8+ T-cells have poor
proliferative capacity, are susceptible to apoptosis and may suppress cytotoxic
T-cell activity (Mollet et al., 1998, Montagnoli et al., 2002), but CD57+CD4+ Tcells can produce IFN-γ in response to mycobacterial antigens (JimenezMartinez et al., 2004). Proportions of CD57+CD8+ T-cells declined on CART
but did not correlate with IFN-γ responses to Candida (Burgess et al., 2006).
2. Regulatory T-cells (defined by the phenotype CD25+CD4+) can inhibit CMVand Candida- specific proliferative responses (Montagnoli et al., 2002, Weiss et
al., 2004), but their effects on antigen-specific IFN-γ responses are not clear.
3. IFN-γ responses to a broad range of antigens may be limited by reduced
numbers of dendritic cells (Finke et al., 2004), with alterations in the production
of cytokines such as IL-23 (Lee et al., 2004). This will be addressed in this
thesis ( Chapter 6 and Chapter 7).
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1.5

Aims of the thesis

It remains unclear why some HIV patients receiving CART have a sub-optimal
immunological response. A better understanding of the immunological mechanisms
behind a poor recovery of CD4+ T-cell number or function (despite suppression of HIV
replication) with CART may enable the early identification of individuals unable to
respond to CART. Therefore, the specific aims of the experimental work presented in
this thesis were;
Section 1 (Chapters 2-5): The role of the thymus and immune activation in the
recovery of CD4+ T-cell counts in HIV patients with advanced immunodeficiency prior
to CART.
1. Identify HIV patients with advanced immunodeficiency prior to CART (nadir
CD4+ T-cell count < 100/μl) who had poor or good recovery of CD4+ T-cell
counts after at least one year of CART and six months of complete suppression
of viral replication (<50 HIV RNA copies/ml).
2. Compare markers of thymus function between these two groups to assess the
relationship between CD4+ T-cell recovery and thymus size, total and naïve
CD4+ T-cell counts and TREC content of T-cells.
3. Assess T-cell markers of immune activation, proliferation and senescence to
address the relationship between the recovery of total, naïve and memory CD4+
T-cell numbers and persistent immune activation.
4. Determine whether polymorphisms in genes known to affect immune activation
and/or HIV disease progression are associated with poor recovery of CD4+ Tcell counts on CART.
Section 2 (Chapters 6-8): The role of APC number or function in the recovery of
CMV-specific effector CD4+ T-cell function in HIV patients with high CD4+ T-cell
counts and suppression of viral replication after long-term CART
1. Identify CMV-seropositive, HIV patients with low or high CMV-specific CD4+
T-cell responses (assessed by IFN-γ ELISpot) who began CART with <50 CD4+
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T-cells/μl, had maintained a plasma viral load below 50 HIV RNA copies/ml for
more than 12 months after at least 36 months on treatment.
2. Determine if low proportions of peripheral blood antigen presenting cell subsets
are associated with low CMV-specific effector CD4+ T-cell function.
3. Assess the relationship between mRNA levels of cytokines produced by purified
APC and T-cells relevant to CMV-specific effector CD4+ T-cell function.
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Chapter 2

Thymic function in severely immunodeficient HIV-1
infected patients receiving stable and effective
CART

2.1

Introduction

CART increases blood CD4+ T-cell counts in most patients with HIV infection but a
normal count may not be achieved in patients who commence CART with a CD4+ Tcell count of <100/μL (Kaufmann et al., 2003, Kaufmann et al., 2005). This may
increase susceptibility to opportunistic infections (Dronda et al., 2002). Following the
initial redistribution and expansion of peripheral memory T-cells that occurs during the
first year of CART (Walker et al., 1998, Bucy et al., 1999), the recovery of CD4+ Tcells is attributed to the production of naïve T-cells, which is positively associated with
thymus size before and after CART in both children (Vigano et al., 2000, Clerici et al.,
2002) and adults (Smith et al., 2000, de la Rosa et al., 2002, Franco et al., 2002, Kolte
et al., 2002, Rubio et al., 2002, Ruiz-Mateos et al., 2004). Poor recovery of CD4+ Tcells in HIV patients who have received CART for several years may therefore reflect
impaired thymic function (Teixeira et al., 2001). However, some very immunodeficient
patients experience substantial increases in CD4+ T-cell counts on CART (‘CD4+ T-cell
exploders’), associated with increased naïve CD4+ T-cells and TREC content in CD4+
T-cells (a marker of recent thymic emigrants (RTE)), despite having minimal thymic
tissue (Mussini et al., 2002). Previous studies have not examined the relationship
between CD4+ T-cell recovery and thymic function in patients who had been very
immunodeficient before CART, so it is not clear how much thymic function contributes
to CD4+ T-cell recovery in such patients.
Factors likely to affect the improvement of thymic function in HIV patients on CART
include persistent viral replication (Douek et al., 1998), age (Kalayjian et al., 2003),
cytokines and hormones. IL-7 is critical in the maturation of thymocytes into mature Tcells and may increase in response to CD4+ T-cell depletion as part of a homeostatic
mechanism involving down-regulation of the pro-apoptotic protein Bcl-2 (Napolitano et
al., 2001). Ruiz-Mateos et al suggested that IL-7 may also initiate an increase in thymic
volume in CD4+ T-cell depleted HIV patients undergoing CART (Ruiz-Mateos et al.,
2003), though this was not confirmed in a subsequent publication by the same group
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(Ruiz-Mateos et al., 2004). Hormonal influences on thymic function in HIV patients
may include growth hormone (Napolitano et al., 2002) and testosterone (van den Brink
et al., 2004). Age-related involution of the thymus is thought to commence at puberty
due to increased production of sex steroids. Studies in mice have established that the
ablation of sex steroids (by surgical or chemical castration) reverses age related thymic
atrophy (Fitzpatrick et al., 1985, Nabarra and Andrianarison, 1996) and expands
peripheral T-cell numbers (Windmill and Lee, 1998).
Here, I compare HIV-1 infected patients with good or poor recovery of CD4+ T-cells,
who were matched for a nadir CD4+ T-cell count of <100/μL before commencing
CART, stable control of HIV replication and age, to determine the relationship of
thymus size with total and naïve CD4+ T-cell counts, TREC content of T-cells, and
serum levels of IL-7 and testosterone, after the first year of CART.
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2.2

Patients and Methods

2.2.1

Study population

All adult HIV-1 infected patients (n=78) with a nadir CD4+ T-cell count below 100/μl
who had received CART for over 12 months and had an undetectable plasma HIV RNA
level (< 50 copies/ml) for at least 6 months prior to the study were identified from a
cohort of over 500 patients in the HIV patient database of the Department of Clinical
Immunology, Royal Perth Hospital (RPH), Western Australia. CART was defined as
treatment with at least three antiretroviral drugs including a NNRTI or PI.
Patients were stratified into approximate tertiles according to current CD4+ T-cell
counts and percentages and the lowest and highest tertiles were compared to achieve the
greatest discrimination. Based on their willingness to participate, 15 patients from the
lowest tertile and 12 patients from the highest tertile were recruited for the study.
Patients in the lowest tertile consistently had <18% CD4+ T-cells and <300 CD4+ Tcells/μl and were defined as having poor CD4+ T-cell recovery, whereas patients in the
highest tertile consistently had >23% CD4+ T-cells and >400 CD4+ T-cells/μl and were
defined as having good CD4+ T-cell recovery (Figure 2.1). All patients were CMV
seropositive. CMV serostatus was determined by the detection of CMV-specific IgG
antibody (Department of Microbiology, RPH). Informed consent was obtained and
human experimentation guidelines of RPH and the University of Western Australia
(UWA) were followed.
All measurements described were performed from collection of a sample at a single
time point using freshly collected blood, cryopreserved peripheral blood mononuclear
cells (PBMC) or sera.

2.2.2

T-cell subsets

T-cell subsets were quantitated by flow cytometry using EDTA-treated whole blood by
staff of the Flow Cytometry Unit, Core Services Laboratory, RPH. CD4+ and CD8+ Tcells were quantitated by staining with CYTO-STAT triCHROMETM (CD8-FITC/CD4PE/CD3- PCy5). Naïve T-cells (CD4/CD8+, CD45RA+, CD62L+) were quantitated
using CD45RA-PE, CD62L-FITC and either CD4 or CD8 conjugated with PCy5.
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Figure 2.1

Selection of patients for study by CD4+ T-cell number and

percentage.
Patients were stratified into approximate tertiles according to CD4+ T-cell number and
percentage. Based on their willingness to participate, a subset of patients from the lower
tertile (<300 T-cells/μL, <18% [n=15]) and upper tertile (>400 T-cells/μL, >23%
[n=12]) were recruited for study.
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Memory T-cells (CD4/CD8+, CD45RO+) were quantitated using CD3-PCy5 and CD4or CD8-PE and CD45RO-FITC. All antibodies were purchased from Coulter and
analyses were performed on a Coulter EPICS-XL flow cytometer (Coulter, USA).
Results are presented as absolute number of T-cells/μl of whole blood.

2.2.3

HIV-1 RNA viral load

Plasma HIV RNA levels were determined by a quantitative reverse transcription
polymerase chain reaction assay performed by staff of the Department of Clinical
Immunology, RPH using Roche AmplicorTM Version 1.0 (Standard Protocol, 400750000 copies/ml) prior to 1998 or Roche AmplicorTM Version 1.5 (Ultrasensitive
Protocol, 50 - 75000 copies/ml) from 1998 onwards (Roche Diagnostic Systems, USA).

2.2.4

Assessment of thymus volume by CT scanning

Thymic volume was assessed on the day of sample collection by non-contrast spiral CT
scanning using 5mm contiguous slices taken at 1mm intervals from the sternal notch to
the middle chest. A measurement was made of thymus area on each CT slice with a
total volume being calculated proportional to presence on number of slices. Adipose
tissue was differentiated from thymic tissue on the basis of density and was excluded
from measurements. All measurements were made independently by both a
radiographer and radiologist (Department of Radiology, RPH) with a high degree of
concordance (r = 0.9, p < 0.001). Both were blinded to the clinical status of the patient.
Thymus volume is presented in cubic centimetres (cc). A representative scan is depicted
in Figure 2.2.

2.2.5

Isolation and preparation of PBMC

PBMC were separated from ACD-treated whole blood by Ficoll-PaqueTM density
centrifugation and washed twice in RPMI 1640 [supplemented with sodium bicarbonate
(2g/L), penicillin (150μg/ml) and gentamycin (16μg/ml)]. Viable cells were counted by
trypan blue exclusion and resuspended in freezing medium (10% dimethylsulphoxide
(DMSO) / 90% heat inactivated fetal calf serum (HI FCS)) at a minimum of 107 cells/ml
for storage in liquid nitrogen until required. Frozen PBMC were thawed quickly in a
37ºC waterbath, washed in cold RPMI 1640 and resuspended in 2ml of culture medium
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A

B

Figure 2.2

Assessment of thymic volume by CT scanning.

Thymic volume was assessed by non-contrast spiral CT scanning using 5mm
contiguous slices taken at 1mm intervals from the sternal notch to the middle chest (A).
A measurement was made of thymus area on each CT slice with a total volume being
calculated proportional to presence on number of slices (B).
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(RPMI 1640 with 5% human AB serum and 5x10-5 M 2-Mercaptoethanol) for counting.
Cell viability was always greater than 95% after thawing.

2.2.6

Collection of serum

Sera were collected by centrifugation at 3000 rpm for 15 minutes, aliquoted and stored
at - 80°C.

2.2.7

Quantification of TREC bearing T-cells

TREC were quantitated in CD4+ and CD8+ T-cells purified using Dynabeads M-450
CD4 and M-450 CD8 (Dynal, USA). After washing and thawing cells were resuspended
in 2% HI FCS/phosphate buffered saline (PBS) and cooled to 2-8°C. Anti- CD4 or CD8
conjugated Dynabeads were added to the sample and incubated at 4°C on an apparatus
that provided both tilting and rotation. The rosetted CD4+ or CD8+ T-cells were isolated
using a Magnetic Particle Concentrator (Dynal, USA) and washed 3 times with
2%FCS/PBS. The purity of the sorted cells was typically greater than 85% as evaluated
by flow cytometry. Following isolation, CD4+ and CD8+ T-cell fractions were
resuspended in a proteinase K lysis buffer (0.8mg/ml; Roche Diagnostic Systems, USA)
and incubated at 56°C for 1 hr followed by 10 min at 95°C. Samples were stored at 80°C until TREC analysis. Quantitation of TREC per 106 CD4+ or CD8+ T-cells was
performed by Ajantha Solomon (Monash University, Melbourne, Australia) using a
real-time PCR assay as described previously (Zhang et al., 1999). Results are expressed
as a concentration (TREC copies per 106 cells) or are adjusted for the number of CD4+
or CD8+ T-cells and expressed as total TREC per ml of blood [(TREC per 106 cells x
10-6) x (cells per μl x 103)].

2.2.8

Lymphocyte phenotype analysis of Ki67

Ki67 expression was assessed on cryopreserved PBMC using monoclonal antibodies
directed against: CD3, CD4 or CD8 and Ki67 (Immunotech, France) conjugated with
FITC, PE or PCy5 (Coulter, USA). Lymphocytes were distinguished from monocytes
on the basis of their forward and side light scatter. A minimum of 10,000 lymphocytes
per sample were analysed and gates were set using appropriate isotype controls. Cells
expressing Ki67 are presented as a percentage of CD4+ or CD8+ T-cells.
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2.2.9

Serological assays

Serum IL-7 levels were measured using a high sensitivity commercial enzyme-linked
immunosorbent assay (ELISA) (Quantikine HS Human IL-7 Immunoassay; R&D
Systems, USA) according to the manufacturer’s recommendations. This assay has a
lower detection threshold of 0.1 pg/ml.
Serum levels of testosterone were measured by a solid phase

125

I radioimmunoassay

(Coat-A-Count Total Testosterone kit, (0-55 nmol/l), Diagnostic Products Corporation,
USA) by staff of the Department of Core Clinical Pathology and Biochemistry, RPH.

2.2.10 Statistical analysis
Results are presented as median (range). Statistical significance was assessed by the
Mann-Whitney test for continuous variables or Fisher’s Exact test (where specified) for
categorical values. Correlation coefficients were determined by the Spearman’s Rank
Correlation test. For all tests, p < 0.05 was considered to represent a significant
difference.
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2.3

Results

2.3.1

Patient characteristics

Characteristics of the two patient groups at the time of study are summarised in Table
2.1. Most patients were male and groups were balanced for age and nadir CD4+ T-cell
counts. Absolute CD4+ T-cell numbers and percentages differed significantly (p<0.001),
reflecting the mode of recruitment. Absolute CD8+ T-cell numbers were similar in the
two groups (p=0.382).
All patients had been stably treated for > 12 months. The proportions of patients in the
low and high CD4+ T-cell groups receiving PI based CART were 40% and 58%,
respectively (Fisher’s Exact test; p=0.4). The median duration of treatment at
stratification was shorter in patients with low CD4+ T-cells (p<0.001). However, the
groups did not differ in time taken to achieve <50 HIV RNA copies/ml and patients
with low CD4+ T-cells had received CART for significantly longer than the time taken
for patients with high CD4+ T-cells to regain > 400 CD4+ T-cells/μl (Table 2.1).

2.3.2

More patients in the low CD4+ T-cell group had no detectable
thymus

Patients with low CD4+ T-cells had smaller thymuses (p=0.041) and were more likely to
have no detectable thymus (Fisher’s Exact test, p=0.049; Table 2.2). Thymic volume
did not correlate with CD4+ T-cell numbers (r=0.283, p=0.153, Figure 2.3 A), but a
weak correlation was observed between thymic volume and CD4+ T-cell percentage
(r=0.393, p=0.042, Figure 2.3 B). A CD4+ T-cell count above 400/μl and/or a CD4+ Tcell percentage above 23% was present in 5/17 (29%) and 5/17 (29%) athymic patients,
respectively (Figure 2.3 A and B). Thymus volume did not correlate with absolute
CD8+ T-cell numbers or percentage (p>0.5, data not shown). There was no association
between thymus volume and patient age (p>0.5). Of note, the patient with the largest
thymus (16cc) developed Graves’ disease during immune reconstitution, possibly
related to thymus dysfunction (French et al., 2004).
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Table 2.1

Characteristics of groups of patients with low or high CD4+ T-cell

numbers and percentages at the study time point.
Low CD4+ T-cells

High CD4+ T-cells

pa

15

12

-

Male:Female

14:1

12:0

-

Age (years)

49 (30-65)b

43 (34-62)

0.478

38 (0-84)

20 (0-48)

0.238

Current CD4+ T-cells/μl

195 (120-405)c

760 (392-1786)d

<0.0001

Current CD4+ T-cell %

12 (6-20)

27 (21-38)

<0.0001

Current CD8+ T-cells/μl

988 (336-2772)

1278 (448-1927)

0.382

Current CD8+ T-cell %

58 (25-84)

44 (31-61)

0.004

Months on CART

48 (12-82)

79 (55-83)

<0.001

-

23 (2-63)

<0.001e

7 (1-49)

4 (1-41)

0.280

n

Nadir CD4+ T-cells/μl

Months to > 400 CD4+ T-cells/μl
Months to < 50 HIV RNA copies/ml
a

p value obtained by Mann-Whitney test

b

values expressed as median (range)

c

2 patients had >300 CD4+ T-cells/μl at the study time point only

d

1 patient had <400 CD4+ T-cells/μl at the study time point only

e

compared with duration of CART in the low CD4+ T-cell group
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Table 2.2

Patients with low CD4+ T-cell numbers had smaller thymuses and

fewer naïve and TREC bearing T-cells.
Low CD4+ T-cells

High CD4+ T-cells

pa

0 (0-5.3)b

3.5 (0-15.6)

0.041

Patients with no detectable thymus

80%

42%

0.049c

CD4+CD45RA+CD62L+ (cells/μl)

24 (1-118)

283 (42-538)

<0.001

CD8+CD45RA+CD62L+ (cells/μl)

162 (47-416)

378 (81-733)

0.004

CD4+CD45RO+ (cells/μl)

142 (97-267)

385 (114-1197)

<0.001

CD8+CD45RO+ (cells/μl)

382 (205-776)

469 (109-1445)

>0.5

TREC copies per 106 CD4+ T-cells

2820 (100-73100)

19500(100-115000)

0.032

TREC copies per 106 CD8+ T-cells

100 (100-14400)

4550 (100-83500)

0.053

Total CD4+ TREC/ml blood

474 (12-14254)

14226 (39-129030)

0.001

Total CD8+ TREC/ml blood

100 (34-22939)

6977 (90-69806)

0.012

CD4+ T-cells expressing Ki67 (%)

1.8 (0.3-4.0)

0.8 (0.3-2.0)

0.077

CD8+ T-cells expressing Ki67 (%)

0.6 (0.1-5.1)

0.5 (0.2-1.2)

0.198

Thymic Volume (cc)

a

p value obtained by Mann-Whitney test unless specified

b

values expressed as median (range)

c

p value obtained by Fisher’s Exact test
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Figure 2.3

CD4+ T-cell numbers and percentages were high in some athymic

patients. Thymus volume did not correlate with CD4+ T-cell numbers (A; r=0.283,
p=0.153), but a weak correlation was observed between thymic volume and CD4+ T-cell
percentage (B; r=0.393, p=0.042). A proportion of patients had high CD4+ T-cell
numbers (> 400/μl) and/or percentages (> 23%) despite no detectable thymus.
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2.3.3

Naïve T-cell counts were lower in the low CD4+ T-cell patient group

Patients in the low CD4+ T-cell group had fewer naive CD4+ and CD8+ T-cells and
fewer memory CD4+ T-cells. Memory CD8+ T-cell counts did not differ between the
groups (Table 2.2). When the patient groups were combined, total CD4+ T-cell counts
correlated with naïve CD4+ (r=0.940, p<0.001; Figure 2.4 A) and naïve CD8+ (r=0.615,
p<0.001; Figure 2.4 B) T-cell counts. This suggests that thymopoiesis rather than CD4+
T-cell loss determined CD4+ T-cell counts in these patients. Consistent with this model,
there was a direct correlation between thymic volume and naïve CD4+ (r=0.440,
p=0.022; Figure 2.4 C) and naïve CD8+ (r=0.561, p=0.002; Figure 2.4 D) T-cell counts.
However naïve CD4+ and CD8+ T-cell counts above 200/μL were present in 3 of 17
(18%) and 6 of 17 (35%) athymic patients, respectively (Figure 2.4 C and D).

2.3.4

Patients in the low CD4+ T-cell group had fewer TREC bearing Tcells

The concentration of TREC can be reduced by cell division or cell death (Hazenberg et
al., 2000b), whilst total TREC numbers are affected by thymic output and T-cell death
but not T-cell proliferation (Lewin et al., 2002, Nobile et al., 2004). Here, the
concentration of TREC in the CD4+ T-cell subset was lower in the low CD4+ T-cell
patient group (p=0.032, Table 2.2). This trend was less apparent in the CD8+ T-cell
fraction (p=0.053). Patients with low CD4+ T-cell recovery also had fewer total TREC
per ml of blood in both the CD4+ (p=0.001) and CD8+ (p=0.012) T-cell subsets (Table
2.2). The fold difference between the low and high CD4+ T-cell groups (calculated from
the median for each group) was greater when TREC per ml of blood rather than TREC
per 106 T-cells were compared. Hence, the low TREC concentration observed in the low
CD4+ T-cell group is unlikely to be due to increased peripheral T-cell proliferation.
Absolute CD4+ T-cell counts correlated significantly with total TREC in the CD4+ Tcell fraction (r=0.497, p=0.008; data not shown), but not total TREC in the CD8+ T-cell
fraction (r=0.269, p=0.182; data not shown). Total TREC in CD4+ T-cells correlated
positively with naïve CD4+ T-cell numbers (r=0.648, p<0.001; Figure 2.5 A), as did
total TREC in CD8+ T-cells with naïve CD8+ T-cell numbers (r=0.521, p=0.006; Figure
2.5 B). There was no relationship between total TREC in CD4+ T-cells and thymus
volume (r=0.166, p=0.405; Figure 2.5 C), but TREC in CD8+ T-cells did correlate with
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Thymus volume correlated with naïve T-cell counts. Absolute CD4+

T-cell counts correlated with naïve CD4+ (A; r=0940, p=<0.001) and naïve CD8+ T-cell
counts (B; r=0.615, p<0.001).Thymic volume was positively correlated with both naïve
CD4+ (C; r=0.440, p=0.022) and naïve CD8+ (D; r=0.561, p=0.002) T-cell counts. A
proportion of patients had a high number of naïve T-cells despite no detectable thymus
(C and D).
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TREC are proportional to naïve T-cell counts but were high in some

athymic patients. Naïve CD4+ T-cells correlated with total CD4+ TREC (A; r=0.648,
p<0.001) and naïve CD8+ T-cells correlated with total CD8+ TREC (B; r=0.521,
p=0.006). Total CD4+ TREC did not correlate with thymus volume (C; r=0.166,
p=0.405) but total CD8+ TREC correlated with thymus volume (D; r=0.516, p=0.006).
A proportion of patients displayed high total TREC per ml of blood despite having no
detectable thymus (C and D).
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thymus size (r=0.516, p=0.006; Figure 2.5 D). Furthermore, patients with detectable
thymus tissue (n=10) were no more likely to have >20000 CD4+ TREC (3/10 vs. 2/17,
p=0.249) or CD8+ TREC (3/10 vs 3/17, p=0.387) per ml of blood than athymic patients
(n=17).
To further assess the role of peripheral T-cell proliferation on TREC numbers, cell
division was analysed via expression of the nuclear antigen Ki67 which is expressed
exclusively in proliferating cells. Low levels were observed in the two patient groups in
both CD4+ (p=0.077) and CD8+ (p=0.198) T-cells (Table 2.2). There was no correlation
between TREC concentrations or total TREC numbers and Ki67 expression in either the
CD4+ or CD8+ T-cell subsets (data not shown).

2.3.5

T-cell recovery and thymus volume did not correlate with high IL-7
or low testosterone

Serum IL-7 (Figure 2.6 A) or testosterone (Figure 2.6 B) levels did not differ between
the two patient groups. Serum IL-7 did not correlate with thymic volume (r=-0.066,
p=0.744), naïve CD4+ or CD8+ T-cell counts (r=-0.223, p=0.264; r=-0.288, p=0.145;
respectively) or total TREC numbers in CD4+ and CD8+ T-cells (r=-0.215, p=0.281; r=0.106, p=0.603; respectively). Serum testosterone levels did not correlate with thymic
volume (r=-0.030, p=0.887), naïve CD4+ or CD8+ T-cell counts (r=0.097, p=0.645;
r=0.012, p=0.955; respectively).
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Figure 2.6

CD4+ T-cell recovery did not correlate with high IL-7 or low

testosterone levels. Serum IL-7 levels did not differ between patients in the low and
high CD4+ T-cell groups (A; median (range) 12.2 (1.4 - 20.4) and 10.2 (5.8 - 33.0),
respectively; p=0.98). Serum testosterone levels did not differ between patients in the
low and high CD4+ T-cell groups (B; median (range) 15.0 (0.9 – 32.0) and 18.0 (8.0 34.0), respectively; p=0.32).
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2.4

Discussion

Despite optimal suppression of HIV replication CART, a proportion of HIV patients
who were severely immunodeficient before CART remain CD4+ T-cell deficient and
have an increased risk of subsequent HIV related events (Piketty et al., 2001, Dronda et
al., 2002, Kaufmann et al., 2003, Koletar et al., 2004). I assessed the effect of thymic
function on CD4+ T-cell recovery in patients with nadir CD4+ T-cell counts below
100/μL and examined factors which may affect thymus regeneration. Most HIV-1
patients with poor CD4+ T-cell recovery despite optimal viral suppression on CART had
no detectable thymus and fewer naïve and TREC bearing T-cells than patients with
good CD4+ T-cell recovery. Exceptions to this pattern could not be attributed to
variations in serum levels of IL-7 or testosterone.
Thymus volume was measured by spiral CT scan and thymic output via naïve and
TREC bearing T-cells. Assessment of thymus size and function was optimised in two
ways. Firstly, measurement of thymus volume was undertaken using a CT scan
technique that differentiated thymus tissue from fat. Secondly, the effect of proliferation
on the TREC content of T-cells was minimised by calculating TREC content per
volume of blood (Lewin et al., 2002, Nobile et al., 2004). Patients in the low CD4+ Tcell group were more likely to have no detectable thymus, less abundant thymic tissue
and fewer naïve and TREC bearing T-cells. These data suggest CD4+ T-cell recovery
during CART may be limited by thymic function. Whether this reflects an inability to
regenerate a functional thymus during CART or differences in thymic atrophy preCART can not be determined from this cross-sectional study. However, the similarly
low nadir CD4+ T-cell counts in the two study groups suggest a degree of thymus
damage in all patients prior to treatment. There was no obvious effect of age, though
the range was relatively narrow (85% of patients being 40-65 years old). A recent study
reported that although an age-dependant decrease in thymus size was observed in HIVuninfected adults, this same relationship was not observed in age-matched HIV-infected
patients (Harris et al., 2005).
In accordance with evidence that purified CD45RA+ CD62L+ T-cells are more likely to
carry TREC (Zhang et al., 1999), naïve T-cell counts correlated with TREC content of
T-cells and thymus volume. This suggests that the thymic tissue visualised by the CT
scanning technique used here is functional and actively involved in the renewal of the
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naïve T-cell pool. However, a subset of patients with abundant thymus tissue had low
numbers of naive and TREC bearing T-cells, suggesting that thymic tissue may have
poor function in some patients. The high numbers of naïve and TREC bearing T-cells
observed in some patients with no detectable thymus raises the possibility that T-cells
may be generated outside the thymus.
A reduction in the concentration of TREC in untreated HIV infection has been
attributed to dilution following proliferation of peripheral T-cells (Hazenberg et al.,
2000b). Here, the effects of peripheral T-cell proliferation were accounted for by
analysing total TREC numbers, rather than TREC content per T-cell, as they are
affected by thymic output and T-cell death but not T-cell proliferation (Lewin et al.,
2002, Nobile et al., 2004). Furthermore, similar and low levels of Ki67+ T-cells were
observed in patients with low and high CD4+ T-cell counts. Therefore, differences in
CD4+ T cell proliferation at the time of assay do not explain the different TREC
numbers in patients with low and high CD4+ T-cell counts.
Although most patients with no detectable thymus had low CD4+ T-cell counts, a subset
of patients with good CD4+ T-cell recovery and high numbers of naïve and TREC
bearing T-cells had no detectable thymus. As CD45RA is found on a subset of memory
T-cells which have reverted to a naive phenotype, cells were co-stained with CD62L to
identify true naïve T-cells (Roederer et al., 1997b). Furthermore, to exclude the effect of
T-cell redistribution from the lymph nodes to the periphery, which occurs during the
first year of treatment (Bucy et al., 1999), the patient cohort was analysed after a
median time of 69 months on CART (range 12-83). Therefore, the presence of naïve
and TREC bearing T-cells in the apparent absence of a thymus might be explained in
several ways. Firstly, remnants of involuted thymic tissue with a high capacity for
thymic output may have been present but not detected by our CT scanning technique.
Secondly, the preferential loss of TREC negative T-cells or the prolonged survival of
TREC positive T-cells in the absence of a thymus may increase the proportion of TREC
positive cells in the absence of any change in thymic output. Finally, the role normally
served by the thymus may have been taken over by other tissues thereby providing an
extrathymic pathway of T-cell maturation.
The presence of phenotypically naïve T-cells in athymic mice and humans suggests that
extrathymic pathways of T-cell development may exist (Eysteindottir et al., 2004).
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Possible sites include bone marrow, the liver, the intestine, mesenteric lymph nodes, and
peripheral lymphoid organs (e.g. Peyer’s patches) (Collins et al., 1996, Bas et al., 2003,
Guy-Grand et al., 2003, Klein et al., 2003). Although TREC and mRNA of
Recombination Activating Genes (RAG) and pre-T α-chain (which are required for Tcell receptor gene rearrangement) have not been demonstrated in various tissues of
juvenile macaques or children (Bas et al., 2003, Tuttleton Arron et al., 2005), they have
been detected in adult small intestine (Bas et al., 2003). Furthermore Bas et al
demonstrated a splice variant of the RAG-1 gene that is expressed in small intestinal
mucosa but not thymus (Bas et al., 2003). It is proposed that in the absence of a thymus
or as a result of thymic atrophy, haemopoietic stem cell precursors migrate from the
bone marrow to non-thymic tissues where they undergo maturation prior to trafficking
out to the periphery. The process may be less efficient than the thymic dependant
pathway, and in mice may involve a bias towards γδ T-cell production (Guy-Grand et
al., 2003). The finding that previously immunodeficient HIV patients with variable Tcell recovery on CART all have normal numbers of γδ T-cells would support this
(Mathiot et al., 2001).
Previous studies have shown an inverse relationship between circulating IL-7 levels and
CD4+ T-cell counts (Napolitano et al., 2001), as well as markers of thymic function
(Ruiz-Mateos et al., 2003). However I observed no correlation between serum IL-7
levels and total CD4+ T-cell counts, naïve T-cell counts, TREC concentrations or
thymic volume. I used the same commercial assay as described by others, but assessed
IL-7 in serum rather than plasma. However, this is unlikely to explain the discrepancy.
As IL-7 was readily detected in the serum of patients from both groups, the capacity of
the thymus to respond to the thymopoietic signals of IL-7 may limit thymic function
rather than the amount of circulating IL-7. A poor response to IL-7 may reflect agerelated thymic involution and the effect of HIV. Pre-CART IL-7 levels (Ruiz-Mateos et
al., 2003, Beq et al., 2004) or concentrations of intrathymic IL-7 (Phillips et al., 2004)
may be better indicators of the functional capacity of the thymus to restore the CD4+ Tcells. We also found no evidence to suggest that testosterone affected thymus
regeneration or CD4+ T-cell recovery in this patient population.
In summary, I present cross-sectional data showing a relationship between thymus
function and long-term CD4+ T-cell recovery in HIV patients. As all patients were
immunodeficient before CART, it is likely that all had some degree of thymus damage.
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As precise techniques to assess the thymus are now available, longitudinal studies from
the initiation of treatment have become feasible and will be informative. Furthermore,
some patients displayed high numbers of naïve and TREC bearing T-cells in the
absence of a thymus suggesting that extrathymic pathways of T-cell production may
expand in severely immunodeficient HIV patients commencing CART. This warrants
further investigation.

51

Chapter 3

Chapter 3

Low CD4+ T-cell numbers in HIV patients receiving
stable and effective CART are associated with
CD4+ T-cell activation and senescence but not with
low effector memory CD4+ T-cell function

3.1

Introduction

Poor recovery of CD4+ T-cells in HIV patients with a virological response to CART
may reflect low production of naïve T-cells by thymic and/or extra-thymic pathways
( Chapter 2). Persistent immune activation may also play a critical role, because poor
recovery of CD4+ T-cell counts in HIV patients on CART correlates with increased
expression of CD38 and HLA-DR on T-cells (Hunt et al., 2003b, Mildvan et al., 2004,
Benito et al., 2005b) and increased CD4+ T-cell turnover (Anthony et al., 2003).
Mechanisms linking persistent immune activation with poor CD4+ T-cell recovery may
include increased susceptibility of T-cells to apoptosis (Benveniste et al., 2005) and/or
increased turnover of T-cells leading to the accumulation of senescent T-cells (Anthony
et al., 2003, Papagno et al., 2004). Senescent T-cells are effector memory T-cells at the
end of their replicative life. They are unable to proliferate (Brenchley et al., 2003), but
may retain the capacity to secrete interferon-γ (IFN-γ) (Jimenez-Martinez et al., 2004).
They accumulate in diseases characterised by chronic antigen exposure and immune
activation, including HIV infection, and may be defined by the absence of surface CD28
and/or expression of CD57 (Brenchley et al., 2003, van Baarle et al., 2005).
Here, I address the relationship between the recovery of naïve and memory CD4+ T-cell
numbers and persistent immune activation, CD4+ T-cell senescence and effector CD4+
T-cell function in two groups of previously immunodeficient HIV-1 infected patients
distinguished by their CD4+ T-cell gains following a stable virological response to
CART. Patients were also stratified according to thymus size to determine the effect of
immune activation and CD4+ T-cell senescence on CD4+ T-cell recovery in patients
with a small or undetectable thymus.
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3.2

Patients and Methods

3.2.1

Study Population

Adult HIV-1 infected patients were selected from the HIV patient database of the
Department of Clinical Immunology, RPH as described in Section 2.2.1.

3.2.2

T-cell subsets

T-cell subsets were quantitated by flow cytometry using EDTA-treated whole blood as
described in Section 2.2.2.

3.2.3

Isolation and preparation of PBMC

PBMC were separated from ACD-treated whole blood, cryopreserved and thawed when
required as described in Section 2.2.5.

3.2.4

Lymphocyte phenotype analysis

Expression of Ki67, HLA-DR, CD38 and CD57 was assessed by three-colour flow
cytometry on cryopreserved PBMC using combinations of three monoclonal antibodies
directed against CD3, CD4, CD8, Ki67, HLA-DR, CD38 or CD57 conjugated with
either FITC, PE or PCy5 (Coulter, France). Lymphocytes were distinguished from
monocytes by their forward and side light scatter and then gated on expression of CD3
(Figure 3.1 A). A minimum of 10,000 lymphocytes per sample were analysed and gates
were set using appropriate isotype controls. Representative flow cytometry scatter plots
depicting the expression of HLA-DR, CD38, Ki67 and CD57 by CD4+ T-cells are
shown in Figure 3.1 B. Cells expressing Ki67, HLA-DR, CD38 or CD57 are presented
as a percentage of CD4+ or CD8+ lymphocytes.

3.2.5

Assessment of thymus volume

Thymic volume was assessed by non-contrast spiral CT scanning as described in
Section 2.2.4.
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Figure 3.1

Gating of activated, proliferating or senescent CD4+ T-cells.

Lymphocytes were distinguished from monocytes by their forward and side light scatter
and expression of CD3 (A). Gates were then set using appropriate isotype controls to
visualise the distinct populations of HLA-DR+, CD38+, Ki67+ or CD57+ cells (B).
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3.2.6

Preparation of whole CMV virus

CMV strain AD169 was propagated in human skin fibroblasts infected at a high
multiplicity, harvested after 7 days and sonicated immediately in 0.1 M glycine buffer
(pH 9·5), by staff of the Department of Microbiology, RPH.

3.2.7

ELISpot assay for the detection of IFN-γ producing T-cells

Nitrocellulose-backed microtitre plates (Millipore, USA) were coated with 90μl antiIFN-γ antibody (15μg/ml; Mabtech, Sweden) in sterile 0.1M bicarbonate buffer (pH
9.5) overnight at 4ºC. After thawing and washing, PBMC were counted and
resuspended at 2 x 106 cells/ml in culture medium. Plates were washed x 6 with sterile
PBS before PBMC were added in duplicate at both 2 x 105 and 1 x 105 cells/well in the
presence of whole CMV. Cells were also stimulated with anti-CD3 (Mabtech, Sweden;
10ng/ml) as a positive control. After 20 hr of incubation (37ºC, 5% CO2), cells were
discarded and plates were washed x 6 with sterile PBS before incubation with
100μl/well biotinylated anti-IFN-γ (Mabtech, Sweden) for 2 hr at room temperature
(RT). Plates were washed x 6 with sterile PBS and incubated with streptavidin
horseradish peroxidase-conjugate (Genzyme, USA) for 1 hr at RT. Individual cytokine
producing cells were identified as dark spots after 10 min reaction with 3-amino-9ethylcabazole / H2O2. Finally, plates were washed with distilled water and left to dry.
Spots greater than 10 units in size and 20 units of intensity were counted using an AID
ELISpot Reader System (AID, Germany). Numbers of spots in unstimulated wells
(negative control) were subtracted from numbers in wells stimulated with whole CMV.
The selective stimulation of CD4+ T-cells by whole CMV was confirmed using PBMC
depleted of CD4+ or CD8+ T-cells using CD4 or CD8 Microbeads (Miltenyi Biotec,
Germany).

3.2.8

Statistical analyses

Results are presented as median (range). Patients were stratified on the basis of CD4+ Tcell counts, with patient characteristics and study variables compared using nonparametric statistics (Mann-Whitney and log-rank tests). To exclude confounding
effects of the duration of therapy, log-rank comparisons were adjusted within a Cox
regression framework by inclusion of months on CART as a covariate with a dummy
variable indicating group membership (performed Dr Ms Elizabeth McKinnon).
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Correlation across the combined study groups was assessed using Pearson’s correlation
coefficient. Fisher’s Exact test was used to assess the relationship between immune
activation or senescence and CD4+ T-cell

recovery in

patients

with

an

undetectable/small thymus or with a larger thymus. All tests were 2-sided and p ≤ 0.05
was considered to represent a significant difference.
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3.3

Results

3.3.1

Patient Characteristics

Characteristics of the low and high CD4+ T-cell patient groups relevant to this study are
presented in Chapter 2 (see Section 2.3.1, Table 2.1 and Table 2.2).

3.3.2

Low CD4+ T-cell counts were associated with high proportions of
CD4+ T-cells expressing markers of activation and senescence

Immune activation was assessed via expression of HLA-DR and CD38. In a univariate
analysis, the proportion of CD4+ T-cells expressing HLA-DR was higher in patients
with low CD4+ T-cell counts (log-rank test; p<0.001; Table 3.1). Proportions of CD8+
T-cells expressing HLA-DR did not differ between the groups (p=0.3). When the
groups were combined, the proportion of CD4+ T-cells expressing HLA-DR was a
strong univariate predictor of both total and naïve CD4+ T-cell counts (log10 scale). On
average a 50% decrease in total CD4+ T-cell counts followed every increase of 6.8% in
CD4+HLA-DR+ T-cells (r = -0.67, p=0.0002; Figure 3.2 A) and a 50% decrease in
naive CD4+ T-cell counts followed every increase of 2.9% in CD4+HLA-DR+ T-cells (r
= -0.78, p<0.0001; Figure 3.2 B). The proportion of CD4+ T-cells expressing HLA-DR
was also inversely correlated with numbers of memory CD4+ T-cells (r = -0.49, p=0.01;
Figure 3.2 C).
The proportion of CD4+ and CD8+ T-cells expressing CD38 was similar in the two
patient groups (p=0.2; Table 3.1). HLA-DR and CD38 expression correlated in the
CD8+ T-cell subset (r=0.739, p<0.0001; data not shown) but not the CD4+ T-cell subset
(p=0.6), so CD38 expression was not evaluated further.
Expression of the nuclear antigen Ki67 was used to assess T-cell turnover (Sawhney
and Hall, 1992, Orendi et al., 1998). The proportion of CD4+ T-cells expressing Ki67
was slightly increased in patients with low CD4+ T-cell counts (p=0.02; Table 3.1), but
Ki67 expression on CD8+ T-cells was similar in the two groups (p=0.1). When the
groups were combined, Ki67 expression on CD4+ T-cells correlated directly with
expression on CD8+ T-cells (r=0.769, p<0.001, data not shown) and was a weak
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Table 3.1

Expression of cellular markers of T-cell activation, turnover and

senescence in PBMC from patients with low or high CD4+ T-cell counts.
Low CD4+ T-cells

High CD4+ T-cells

(n=15)

(n=12)

p-valuea

Adjusted
p-valueb

HLA-DR

CD4

8.9 (2.5-20.5)c

2.9 (1.8-7.2)

<0.001

0.01

HLA-DR

CD8

8.7 (1.2-34.4)

6.4 (1.3-30.2)

0.3

0.05

CD38

CD4

5.1 (1.9-19.7)

7.4 (1.9-13.6)

0.2

0.008

CD38

CD8

2.3 (0.5-7.4)

1.4 (1.0-6.5)

0.2

0.1

Ki67

CD4

1.8 (0.3-4.0)

0.7 (0.3-2.0)

0.02

0.01

Ki67

CD8

0.6 (0.1-5.1)

0.5 (0.2-1.2)

0.1

0.06

CD57

CD4

7.7 (1.4-22.4)

1.7 (0.4-9.3)

<0.001

0.007

CD57

CD8

37.9 (13.0-58.5)

24.8 (11.0-43.4)

0.01

0.2

a

Log-rank test

b

Adjusted for months on CART, covariate-adjusted log-rank test (via Cox regression)

c

Percentage of CD4+ or CD8+ T-cells expressing HLA-DR, CD38, Ki67 or CD57

[median (range)]
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Figure 3.2

The proportion of CD4+ T-cells expressing HLA-DR was a strong

univariate predictor of total CD4+ T-cell counts (A; r= -0.67, p=0.0002), naïve CD4+ Tcell counts (B; r= -0.78, p<0.0001) and to a lesser extent memory CD4+ T-cell counts
(C; r= -0.49, p=0.01).
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univariate predictor of total CD4+ (r=-0.41, p=0.06; Figure 3.3 A) and naïve CD4+ (r=0.42, p=0.05; Figure 3.3 B) T-cell counts. Ki67 expression on CD4+ T-cells was not
correlated with memory CD4+ T-cell counts (r=-0.30, p=0.2; Figure 3.3 C).
CD57 expression was used as a marker of immunological senescence (Brenchley et al.,
2003, Papagno et al., 2004). The proportions of CD4+ and CD8+ T-cells expressing
CD57 were substantially higher in patients with low CD4+ T-cell counts than patients
with high CD4+ T-cell counts (p<0.001 and p=0.01, respectively; Table 3.1). When the
groups were combined, the proportion of CD4+ T-cells expressing CD57 was a strong
univariate predictor of both total and naïve CD4+ T-cell counts (log10 scale). On average
a 50% decrease in total CD4+ T-cell counts followed every increase of 9.1% in
CD4+CD57+ T-cells (r = -0.58, p=0.002; Figure 3.4 A) and a 50% decrease in naive
CD4+ T-cell counts followed every increase of 3.6% in CD4+CD57+ T-cells (r = -0.72,
p<0.001; Figure 3.4 B). The proportion of CD4+CD57+ T-cells was also inversely
correlated with memory CD4+ T-cell counts (r=-0.42, p=0.03; Figure 3.4 C).
Within the CD4+ T-cell subset there was a positive correlation between HLA-DR and
CD57 expression (r=0.447, p=0.022; data not shown). HLA-DR and Ki67 expression
(r=0.375, p=0.05; data not shown) and Ki67 and CD57 expression (r=0.330, p=0.09;
data not shown) were also moderately correlated.
Since levels of immune activation decrease with CART, we assessed whether the
difference in duration of CART between the two patients groups could explain the
differences in expression of HLA-DR, Ki67 and CD57. After adjusting for time on
CART, the proportion of CD4+ T-cells expressing HLA-DR (p=0.01), Ki67 (p=0.01)
and CD57 (p=0.007) remained higher in patients with low CD4+ T-cell counts (see
adjusted p values; Table 3.1). In multivariable regression analyses, the proportion of
CD4+ T-cells expressing HLA-DR and CD57 remained independent predictors of total
CD4+ (p=0.01 and p=0.05, respectively) and naïve CD4+ (p=0.0001 and p=0.0005,
respectively) T-cell counts, irrespective of duration of CART (p>0.4; data not shown).
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Figure 3.3

The proportion of CD4+ T-cells expressing Ki67 was a weak univariate

predictor of total CD4+ T-cell counts (A; r= -0.41, p=0.06), naïve CD4+ T-cell counts
(B; r= -0.42, p=0.05). The proportion of CD4+ T-cell expressing Ki67 was not
associated with memory CD4+ T-cell counts (C; r= -0.30, p=0.2).
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Figure 3.4

The proportion of CD4+ T-cells expressing CD57 was a strong univariate

predictor of total CD4+ T-cell counts (A; r= -0.58, p=0.002), naïve CD4+ T-cell counts
(B; r= -0.72, p<0.0001) and to a lesser extent memory CD4+ T-cell counts (C; r= -0.42,
p=0.03).
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3.3.3

Immune activation correlates with poor CD4+ T-cell recovery in
HIV-1 infected patients with a small or undetectable thymus

Late-phase CD4+ T-cell increases in HIV patients on CART are affected by thymic
production of naïve T-cells (Chapter 2, Teixeira et al., 2001). As thymus volume was
assessed in this cohort ( Chapter 2), I related immune activation and CD4+ T-cell
recovery in patients with an undetectable/small thymus [<2cc, median (range) 0 (01.6)cc; n=18] and those with a larger thymus [>2cc, median (range) 7.3 (3.0-15.6)cc;
n=8].
Amongst patients with a <2cc thymus (Figure 3.5, ○), those with a proportion of CD4+
T-cells expressing HLA-DR above the population median (ie: >5.2%, n=11) were more
likely to have a CD4+ T-cell count below the median (ie: <332 CD4+ T-cells/μl) than
patients with CD4+HLA-DR+ T-cells below the median (10/11 vs 2/7; Fisher’s Exact
test p=0.01; Figure 3.5 A). Similarly, patients with HLA-DR+ CD4+ T-cells above the
median were more likely to have a naïve CD4+ T-cell count (<84 naïve CD4+ T-cells/μl;
10/11 vs 3/7, p=0.05; Figure 3.5 B) and memory CD4+ T-cell count (<188 memory
CD4+ T-cells/μl; 9/11 vs 2/7, p=0.05; Figure 3.5 C) below the population median.
High proportions of Ki67+CD4+ T-cells (>0.93%; n=11) were not associated with low
total (8/11 vs 4/7, p=0.6; Figure 3.5 D), naïve (8/11 vs 5/7, p=1.0; Figure 3.5 E) or
memory (8/11 vs 3/7, p=0.3; Figure 3.5 F) CD4+ T-cell counts in patients with a
small/undetectable thymus.
However, high proportions of CD57+CD4+ T-cells (>4.2%; n=11) were moderately
associated with low total CD4+ (9/11 vs 3/7, p=0.1; Figure 3.5 G), naïve CD4+ (10/11 vs
3/7, p=0.05; Figure 3.5 H) and memory CD4+ (9/11 vs 2/7, p=0.05; Figure 3.5 I) T-cell
counts in patients with a small/undetectable thymus.
The outcome was less clear in patients with a larger thymus (>2cc; Figure 3.5, ●). Most
had low proportions of activated, proliferating or senescent CD4+ T-cells and high total,
naïve and memory CD4+ T-cell counts, so no correlations were identified between these
parameters.

63

Memory CD4+ T-cells/μl

Naive CD4+ T-cells/μl

Total CD4+ T-cells/μl

Chapter 3

1000

A

D

G

B

E

H

C

F

I

100
10
1

1000
100
10
1

1000
100
10
1
5

10

15

20

CD4+ HLA-DR+ T-cells (%)

Figure 3.5
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Expression of HLA-DR and CD57 on CD4+ T-cells was correlated

with total and naïve CD4+ T-cell counts in patients with a small/undetectable
thymus. Patients were divided according to those with a small/undetectable thymus
[<2cc thymus (○)] and those with a larger thymus [>2cc thymus (●)]. Horizontal lines
on plots represent the median total CD4+ (plots A, D and G), naïve CD4+ (plots B, E
and H) or memory CD4+ (plots C, F and I) T-cell counts for the combined cohort.
Vertical lines on plots represent the median proportions of CD4+HLA-DR+ (plots A, B
and C), CD4+Ki67+ (plots D, E and F) or CD4+CD57+ (plots G, H and I) T-cells for the
combined cohort. Athymic patients (○) with high levels of HLA-DR+ or CD57+ CD4+
T-cells were more likely to have low total CD4+ (A and G, respectively), naïve CD4+ (B
and H, respectively) and memory CD4+ (C and I, respectively) T-cell counts. These
trends were less apparent with the Ki67+CD4+ T-cells (D, E and F). Most euthymic
patients (●) had few HLA-DR+, Ki67 or CD57+ CD4+ T-cells and high total, naive and
memory CD4+ T-cell counts.
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3.3.4

CD4+ T-cell IFN-γ responses to whole CMV antigen were similar in
patients with low and high CD4+ T-cell counts

Numbers of CD4+ T-cells able to produce IFN-γ upon stimulation with CMV were
assessed by ELISpot assay as a marker of effector memory CD4+ T-cell function. No
differences were observed between the patient groups in IFN-γ responses to CMV
(Mann-Whitney test, p=0.268; Figure 3.6 A). After correction for CD4+ T-cell counts,
IFN-γ CD4+ T-cell responses to CMV were higher in patients with low CD4+ T-cell
counts (p=0.025; Figure 3.6 B).
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Low CD4+ T-cell counts were not associated with lower effector

memory T-cell function. Patients with low and high CD4+ T-cell counts had similarly
low frequencies of CD4+ T-cells able to respond to CMV when calculated per 200,000
PBMC (A). Responses to CMV were elevated in patients with low CD4+ T-cell counts
when data were adjusted relative to total CD4+ T-cell numbers (B).
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3.4

Discussion

Immune activation is a characteristic feature of untreated HIV disease and is associated
with the progressive depletion of CD4+ T-cells that follows HIV infection (reviewed in
Hazenberg et al., 2000, Hazenberg et al., 2003). T-cell activation decreases with CART,
but can persist in patients with a stable virological response and influence the recovery
of CD4+ T-cells (Almeida et al., 2002, Hunt et al., 2003b, Al-Harthi et al., 2004, Benito
et al., 2005a, Benito et al., 2005b). In particular, a link between CD8+ T-cell activation
and low CD4+ T-cell counts after CART has been established (Hunt et al., 2003a,
Benito et al., 2005b). Although Hunt et al (Hunt et al., 2003b) have associated CD4+ Tcell activation with low CD4+ T-cell gains during the first 3 months of CART, few
studies have assessed the effects of persistent CD4+ T-cell activation on CD4+ T-cell
recovery after long-term CART. Here, the relative frequency of CD4+ T-cells
expressing HLA-DR (a marker of immune activation) was increased in patients with
poor CD4+ T-cell recovery after a stable virological response to CART. Poor CD4+ Tcell recovery also correlated with increased proportions of CD57+ senescent T-cells, and
CD4+ T-cell activation and senescence were directly correlated. These effects were
independent of the duration of CART and most evident within the naïve CD4+ T-cell
subset. Therefore my data suggests that CD4+ T-cell activation (and associated T-cell
turnover) drives the depletion of naïve CD4+ T-cells by accelerating terminal
differentiation and senescence.
Unlike previous studies (Hunt et al., 2003b, Benito et al., 2005b), I found no association
between CD4+ T-cell recovery and proportions of CD38+ CD8+ T-cells. However, Hunt
et al demonstrated that the relative frequency of CD38+, HLA-DR+ CD8+ T-cells
declined with increasing duration of viral suppression (<1000 copies/ml) on CART
(Hunt et al., 2003b) while Benito et al only studied patients who had received CART
for 12 months (Benito et al., 2005b). In a more recent study Benito et al demonstrated
that CD4+ T-cell recovery beyond the first year of complete suppression of viral
replication is not influenced by CD8+ T-cell activation (Benito et al., 2005a). The
patients in my study had received CART for a median time of 69 months (range 12-83)
and had stable viral suppression (<50 copies/ml) for at least 6 months (median (range)
31 (9-82 months). Hence the relative frequency of HLA-DR+ and/or CD57+ CD4+ Tcells might be a more stable marker, or reflect a different cause, of immune activation
associated with poor CD4+ T-cell recovery in aviraemic patients. Causes of CD4+ T-cell
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activation in aviraemic patients might include reactivation of HIV in latently infected
CD4+ T-cells and/or exposure to non-infectious virions. These were associated with
HLA-DR expression on CD4+ T-cells (Chun et al., 2005, Holm and Gabuzda, 2005) but
not with CD38 expression (Holm and Gabuzda, 2005).
Proportions of CD4+ T-cells expressing CD57 increase in untreated HIV-1 patients as
disease progresses (Papagno et al., 2004) and do not normalise after 6 months of CART
(Palmer et al., 2005). CD4+ CD57+ T-cells display characteristics of replicative
senescence including a memory phenotype, poor IL-2 production, poor proliferative
capacity, short telomeres and frequent apoptosis (Palmer et al., 2005). The susceptibility
of CD57+ T-cells to activation-induced apoptosis (Brenchley et al., 2003, Palmer et al.,
2005, Shinomiya et al., 2005) may contribute to the depressed total and memory CD4+
T-cell counts observed here in patients with more CD57+ CD4+ T-cells. It would also
explain the increased CD4+ T-cell apoptosis reported in HIV patients with poor CD4+ Tcell recovery on CART (Benveniste et al., 2005).
The poor proliferation of CD57+ T-cells, even after stimulation with interleukin (IL)-2
(Brenchley et al., 2003), could be of clinical importance in HIV patients receiving IL-2
therapy, because patients with low baseline CD4+ T-cell counts generally respond less
well (Cordwell et al., 2004). The frequency of CD57+CD4+ T-cells might therefore
predict a response to IL-2 therapy.
Late-phase CD4+ T-cell increases in HIV patients receiving CART in part reflect thymic
production of naïve T-cells (Chapter 2, Teixeira et al., 2001). As thymic volume was
assessed in this patient cohort ( Chapter 2), I correlated immune activation and
senescence with CD4+ T-cell counts in patients with and without a thymus. In patients
with a small or undetectable thymus, HLA-DR expression on CD4+ T-cells was
inversely linked with CD4+ T-cell recovery. In contrast, most patients with a detectable
thymus had high CD4+ T-cell counts and low levels of immune activation. Further
studies are required to distinguish between an instructive model [ie: a larger thymus
provides better immune reconstitution which limits opportunistic infections and hence
reduces immune activation] and a model where the athymic patients only achieve good
CD4+ T-cell recovery if (for some other reason) they have low immune activation.
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Despite lower total CD4+ T-cell counts, HIV patients with poor CD4+ T-cell recovery
on CART produced similar CD4+ T-cell IFN-γ responses to CMV when compared to
patients with good CD4+ T-cell recovery (Figure 3). Low CD4+ T-cell counts also did
not reduce IFN-γ responses to Candida antigens (data not shown). Similarly, T-cell
lymphoproliferative responses to CMV and Candidin (Candida albicans antigen) in
HIV patients receiving CART are independent of CD4+ T-cell counts (Benveniste et al.,
2005). These observations might explain the discordance between low CD4+ T-cell
counts and an increased risk of opportunistic infections observed in HIV patients with a
virological response to CART (Benveniste et al., 2005, Kaufmann et al., 2005).
In conclusion, low CD4+ T-cell counts in patients with a virological response after longterm CART are associated with increased proportions of activated and senescent CD4+
T-cells. The effect is most apparent in patients with a small or undetectable thymus.
However, CD4+ T-cell IFN-γ responses to the antigens of a common opportunistic
pathogen (CMV) are similar in patients with low or high CD4+ T-cell counts after
CART.

69

Chapter 4

Chapter 4

Recovery of CD4+ T-cells in HIV patients with a
stable virologic response to CART is associated
with polymorphisms of Interleukin-6 and central
major histocompatibility complex genes

4.1

Introduction

Host genotype can affect the progression of human immunodeficiency virus (HIV)
disease in untreated patients, but has not been thoroughly investigated as a factor
affecting CD4+ T-cell recovery in patients with a stable virologic response to
combination antiretroviral therapy (CART).
Immune activation is a major determinant of HIV-associated immunodeficiency (Sousa
et al., 2002, Hazenberg et al., 2003) and persists despite optimal control of HIV
replication on CART (Almeida et al., 2002). Therefore, I selected polymorphisms
known to affect immune activation and/or HIV disease progression for a study of
patients with a stable virologic response to CART who had good or poor CD4+ T-cell
recovery despite a stable virologic response to CART. I included genes encoding
cytokines and cytokine receptors (IL-12p40, TNF-α, IL-1α, IL-1β, IL-4, IL-6, IL-10, IL10R1) and chemokines and chemokine receptors (CCR5, CCR2 and SDF1).
TNFA and adjacent genes in the central major histocompatibility complex (MHC)
contain multiple polymorphisms in tight linkage disequilibrium associated with distinct
MHC haplotypes (Allcock et al., 2004). Hence, samples were typed for an allele in
intron 10 of the BAT1 gene that is unique to the HLA-A1,B8,DR3,DQ2 haplotype,
which is associated with rapid progression of untreated HIV disease (Steel et al., 1988,
reviewed in Price et al., 1999).
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4.2

Patients and Methods

4.2.1

Study Population

All HIV-1 infected patients who began CART with <100 CD4+ T-cells/μl and had
maintained a plasma HIV RNA level below 50 HIV RNA copies/ml for at least 6
months after at least 12 months on treatment were identified from a database of over
500 patients at RPH. CART was defined as treatment with at least three antiretroviral
drugs including a NNRTI or PI. The selected group of patients was divided into
approximate tertiles. Patients in the lowest tertile consistently had <18% CD4+ T-cells
and <300 CD4+ T-cells/μl (n=33) and were defined as having poor CD4+ T-cell
recovery whereas patients in the highest tertile consistently had >23% CD4+ T-cells and
>400 CD4+ T-cells/μl (n=37) and were defined as having good CD4+ T-cell recovery.
Both of these patient groups included the patients described in Chapters 2 and 3. Prior
approval was obtained from the Ethics Committee of RPH and informed consent was
obtained.

4.2.2

Genotyping

Genomic DNA was extracted from PBMC by staff of the Department of Clinical
Immunology (RPH) and stored at 4ºC prior to use. DNA (diluted to 20ng/μl) was
screened using established PCR-restriction fragment length polymorphism (RFLP),
PCR-confronting two pair primer (CTPP), Pyrosequencing or sequence specific priming
assays as described below. All genotyping was performed by myself with the assistance
of Mr Steven Roberts (Department of Clinical Immunology, RPH) and Miss Ann
Rosenow (School of Surgery and Pathology, UWA) unless specified.
IL1A+4845 alleles were assessed by PCR-RFLP using primers described previously
(Jouvenne et al., 1999). Briefly, 150ng DNA was placed in a 50μl reaction mix
containing 0.8mM dNTP, 2.0mM magnesium chloride (Mg2+), 40pmol primers (Table
4.1), 10mM Tris-HCl (pH 8.3), 50mM KCl, and 1U DNA polymerase (Invitrogen,
USA), [95°C 3 min, (94°C 30 sec, 56°C 1 min, 72°C 2 min) x 35 cycles, 72°C 5 min].
Amplicons were digested overnight with Fnu4HI (37°C). Allele 1 (G) produced bands
of 29 basepair (bp), 75bp and 124bp. Allele 2 (T) produced bands of 75bp and 153bp.
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IL1B+3953 alleles were assessed by PCR-RFLP. Briefly, 100ng DNA was placed in a
50μl reaction mix containing 0.8mM dNTP, 3.5mM Mg2+, 20pmol primers (Table 4.1),
10mM Tris-HCl (pH 8.3), 50mM KCl, and 1U DNA polymerase (Invitrogen, USA),
[95°C 2 min, (95°C 1 min, 62°C 1 min, 72°C 1 min) x 40 cycles, 72°C 5 min].
Amplicons were digested overnight with TaqI (65°C). Allele 1 (C) produced bands of
12bp, 85bp and 97bp. Allele 2 (T) produced bands of 12bp and 182bp.
IL4-589 alleles were assessed by PCR-RFLP using primers described previously
(Nakayama et al., 2000). Briefly, 100ng DNA was placed in a 50μl reaction mix
containing 0.8mM dNTP, 2.5mM Mg2+, 10pmol primers (Table 4.1), 10mM Tris-HCl
(pH 8.3), 50mM KCl, and 1U DNA polymerase (Invitrogen, USA), [95°C 3 min, (95°C
30 sec, 50°C 30 sec, 72°C 1 min) x 35 cycles, 72°C 5 min]. Amplicons were digested
overnight with AvaII (37°C). Allele 1 (C) produced bands of 18bp and 177bp. Allele 2
(T) produced a single undigested band of 195bp.
IL6-174 alleles were determined by PCR-RFLP (Fishman et al., 1998). Briefly, 100ng
DNA was amplified in a 50μl reaction mix containing 0.8mM dNTP, 2.5mM Mg2+,
10pmol primers (Table 4.1), 10mM of Tris-HCl (pH 8.3), 50mM KCl and 1U DNA
polymerase (Invitrogen, USA), [95°C 5 min, (95°C 1 min, 65°C 1 min 72°C 1 min) x 35
cycles, 72°C 10 min]. Amplicons were digested overnight with NlaIII (37°C). Allele 1
(G) produced bands of 13bp, 57bp and 233bp. Allele 2 (C) produced bands of 13bp,
57bp, 111bp and 122bp.
IL10-592 alleles were determined by PCR-RFLP. Briefly, 100ng DNA was amplified in
a 50μl reaction mix containing 0.8mM dNTP, 2.5mM Mg2+, 10pmol primers (Table
4.1), 10mM of Tris-HCl (pH 8.3), 50mM KCl and 1U DNA polymerase (Invitrogen,
USA), [95°C 5 min, (94°C 20 sec, 61°C 30 sec (-1°C each cycle), 72°C 20 sec) x 8
cycles, (94°C 20 sec, 54°C 30 sec, 72°C 20 sec) x 30 cycles, 72°C 2 min]. Amplicons
were digested overnight with RsaI (37°C). Allele 1 (C) produced a single undigested
band of 157bp. Allele 2 (A) produced bands of 137 and 20bp.
IL10-1082 alleles were determined by PCR-CTPP. Briefly, 100ng DNA was amplified
in a 50μl reaction mix containing 0.8mM dNTP, 1.5mM Mg2+, 10pmol F1 and R1
primers and 8pmol F2 and R2 primers (Table 4.1), 10mM Tris-HCl (pH 8.9), 50mM
KCl and 1U DNA polymerase (Invitrogen, USA), [95°C 5 sec, (94°C 20 sec, 65°C 30
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sec (-1°C each cycle), 72°C 20 sec) x 7 cycles, (94°C 20 sec, 58°C 20 sec, 72°C 20 sec)
x 30 cycles, 72°C 20 sec]. A control band of 335bp was produced in all samples. Allele
1 (G) produced a band of 150bp and allele 2 (A) a band of 226bp.
Non-synonymous IL10-R1+536 alleles were determined by PCR-CTPP using primers
described previously (Gasche et al., 2003). Briefly, 100ng DNA was amplified in a 50μl
reaction mix containing 0.8mM dNTP, 2.0mM Mg2+, 10 pmol primers (Table 4.1) and
1U DNA polymerase (Invitrogen, USA), [95°C 5 min, (94°C 20 sec, 69°C 20 sec (-1°C
each cycle), 72°C 20 sec) x 8 cycles, (94°C 20 sec, 62°C 20 sec, 72°C 20 sec) x 33
cycles, 72°C 5 min]. A control band of 464bp was produced in all samples. Allele 1 (A)
produced a band of 337bp and allele 2 (G) produced a band of 183bp.
Non-synonymous IL10R1+1112 alleles were determined by PCR-CTPP using primers
described previously (Gasche et al., 2003). Briefly, 100ng DNA was amplified in a 50μl
reaction mix containing 0.8mM dNTP, 2.5mM Mg2+, 10pmol primers (Table 4.1) and
1U DNA polymerase (Invitrogen, USA), [95°C 5 min, (94°C 20 sec, 67°C 20 sec (-1°C
each cycle), 72°C 20 sec) x 8 cycles, (94°C 20 sec, 60°C 20 sec, 72°C 20 sec) x 33
cycles, 72°C 5 min]. A control band of 515 bp was produced in all samples. Allele 1 (G)
produced a band of 318 bp and allele 2 (A) produced a band of 248bp.
TNFA-308 alleles were assessed by PCR-RFLP using primers described previously
(Wilson et al., 1992). Briefly, 100ng DNA was placed in a 50μl reaction mix containing
0.8mM dNTP, 2.5mM Mg2+, 10pmol primers (Table 4.1), 10mM Tris-HCl (pH 8.3),
50mM KCl, and 1U DNA polymerase (Invitrogen, USA), [95°C 5 min, (94°C 20 sec,
68°C 30 sec (-1°C each cycle), 72°C 20 sec) x 7 cycles, (94°C 20 sec, 60°C 20 sec,
72°C 20 sec) x 34 cycles, 72°C 2 min]. Amplicons were digested overnight with NcoI
(37°C). Allele 1 (G) produced bands of 20bp and 87bp. Allele 2 (A) produced a single
undigested band of 107bp.
TNFA-1031 alleles were assessed by PCR-RFLP using primers described previously
(Soga et al., 2003). Briefly, 100ng DNA was placed in a 50μl reaction mix containing
0.8mM dNTP, 2.5mM Mg2+, 10pmol primers (Table 4.1), 10mM Tris-HCl (pH 8.3),
50mM KCl, and 1U DNA polymerase (Invitrogen, USA), [95°C 3 min, (95°C 30 sec,
50°C 30 sec, 72°C 1 min) x 35 cycles, 72°C 5 min]. Amplicons were digested overnight
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with BbsI (37°C). Allele 1 (T) produced a single undigested band of 521bp. Allele 2 (C)
produced bands of 161bp and 360bp.
Insertion of an adenine (A) residue at BAT1(intron 10) was determined by PCR-RFLP
using primers described previously (Price et al., 1999). Briefly, 100ng DNA was placed
in a 50μl reaction mix containing 0.8mM dNTP, 3.0mM Mg2+, 10pmol primers (Table
4.1), 10mM Tris-HCl (pH 8.3), 50mM KCl, and 1U DNA polymerase (Invitrogen,
USA), [95°C 3 min, (94°C 30 sec, 62°C 30 sec, 72°C 30 sec) x 35 cycles, 72°C 3 min].
Amplicons were digested overnight with NcoI (37°C). Allele 1 produced a single
undigested band of 400bp. Allele 2 (A) produced bands of 135bp and 265bp.
IL12B 3’UTR alleles were determined by Miss Lydia Windsor (School of Surgery and
Pathology, UWA) via pyrosequencing as previously described (Windsor et al., 2004).
Alleles at CCR5Δ32, CCR5 59353, CCR2+190 (V64I), SDF1 3’UTR and CCR5 59029
were determined by staff of the Department of Clinical Immunology (RPH) using
sequence specific priming as described elsewhere (Kristiansen et al., 2001).
Cytokine/chemokine genotypes were defined as 1,1; 1,2 or 2,2, with allele 1 and 2
representing carriage of the common and rare alleles, respectively. Allele 2 at each
locus is defined in Table 4.3.

4.2.3

Statistical analysis

Age, nadir CD4+ T-cell counts and times on CART were compared by Mann-Whitney
test (Table 4.2). The association of cytokine and chemokine genotypes with the high
and low CD4+ T-cell counts was assessed individually using 2-sided Fisher’s exact tests
(Table 4.3) and overall in a multiple case-control logistic regression (by Professor Ian
James) with membership of the low and high CD4+ T-cell groups as the outcome. To
accommodate small numbers with the (2,2) genotypes at most loci, genotypes were
grouped as (1,1) vs (1,2 or 2,2). Exceptions were IL6-174, IL10-1082, CCR5 59029 and
CCR5 59353 where there were enough patients with the rare allele. It should be noted
that several instances of linkage disequilibrium between alleles affecting the same or
neighbouring genes were evident. While such associations are accommodated within the
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multiple regression model, the cohort was too small to allow the critical alleles to be
distinguished.

75

Chapter 4

Table 4.1

Primer sequences

Polymorphism
IL1A+4845
IL1B+3953
IL4-589
IL6-174
IL10-592
IL10-1082

IL10-R1+536

IL10-R1+1112

TNFA-308
TNFA-1031
BAT1(intron 10)

Primer Sequence (5’→ 3’)
F

ATGGTTTTAGAAATCATCAAGCCTAGGGCA

R

AATGAAAGGAGGGGAGGATGACAGAAATGT

F

CTCAGGTGTCCTCGAAGAAATCAAA

R

GCTTTTTTGCTGTGAGTCCCG

F

TAAACTTGGGAGAACATGGT

R

TGGGGAAAGATAGAGTAATA

F

TTGTCAAGACATGCCAAAGTGCT

R

GCCTCAGACATCTCCAGTCC

F

GTGCAGACTACTCTTACCCAC

R

CCAGAGACTGGCTTCCTACAG

F1

GAAGGCTCAATCAAAGGATCC

R1

TCTGTGGCTGGAGTCTAAAGT

F2

TTACCTATCCCTACTTCCCCT

R2

CTACTAAGGCTTCTTTGGGAG

F1

TCAGCCCTCAAGTCTCATGGTATTC

R1

TTGCTTCATCTACAAGGGCTCTGG

F2

GGGCGGGGCGGCRAATGACACATATGAAA

R2

GGGGCGGGGCGAAGTGACTGAAGATGCC

F1

CCCTTCATCTTCATCAGCCAGCGTC

R1

CTCAGGTAACCCTGGAATGCCACAG

F2

GCCGGGGGGGAGAACGCTGGGAAACG

R2

GGGGGCGGGCCACAGGGGGCTCCCT

F

AGGCAATAGGTTTTGAGGGCCAT

R

TCCTCCCTGCTCCGATTCCG

F

ACAAGGCTGACCAAGAGAGAA

R

GTCCCCATACTCGACTTTCAT

F

TGTAAAACGACGGCCAGTATCCCATCACATAGGTC

R

CAGGAAACAGCTATGACCGGCAGTAGTGTCTCCTT
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4.3

Results

Patients with the lowest and highest CD4+ T-cell recovery on CART were similar in
age, sex and nadir CD4+ T-cell counts (Table 4.2). The majority of patients were
Caucasian. Five (15%) and four (11%) patients from the low and high CD4+ T-cell
groups, respectively, were of Asian descent. Most patients acquired HIV-1 infection via
sexual activity. One patient from the low CD4+ T-cell group and three patients from the
high CD4+ T-cell group were infected by sharing of contaminated needles.
The proportions of patients in the low and high CD4+ T-cell groups receiving PI-based
CART were 52% and 68%, respectively. The median (range) duration of treatment at
stratification was shorter for patients with low CD4+ T-cell counts than for patients with
high CD4+ T-cell counts [50 (18-102) vs 88 (27-100) months; p=0.0005] but was
significantly longer than the time taken for patients with high CD4+ T-cell counts to
achieve >400 CD4+ T-cells/μl [23(1-63) months, p<0.0001]. Hence the groupings
reflect differences in CD4+ T-cell recovery that were stable over several years. Median
(range) increases in CD4+ T-cell counts and percentages differed significantly between
the low [177 (5-279) T-cells/μl and 8 (0-20) %] and high [651 (411-1266) T-cells/μl
and 23 (11-44) %] CD4+ T-cell groups (p<0.0001), reflecting the mode of selection. The
duration of plasma HIV RNA <400 copies/ml at the time of ascertainment was
moderately shorter in the low CD4+ T-cell group [median (range) 33 (14-100) vs 52
(12-95) months; p=0.01].
There were no genotypes where carriage of allele 2 was individually associated with
membership of the low CD4+ T-cell group, though BAT1(1,2) showed a marginal
association (Fisher’s Exact test, p = 0.06; Table 4.3). However with the small samples
size, our power to detect an odds ratio of 2 was only ~19-30%. Consequently some
effects may be missed in this analysis. The effects of the cytokine (receptor)
polymorphisms were then examined jointly by a multiple logistic regression. The BAT1
allele was included as it marks a conserved haplotype spanning the TNF cluster in the
central MHC, but three cytokine polymorphisms that were carried equally by both
patient groups (IL4-589, IL12B 3’UTR and TNFA-1031; Table 4.3) were excluded.
This showed an overall significant effect of cytokine genotype on CD4+ T-cell recovery
(p=0.05). The chemokine(receptor) alleles (CCR5Δ32, CCR5 59029, CCR5 59353,
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Table 4.2

Characteristics of HIV patients with differing CD4+ T-cell recovery

despite a virologic response to CART
Low CD4+ T-cells

High CD4+ T-cells

33

37

29:4

34:3

0.7

Age (years)

51 (26-66) b

45 (32-69)

0.13c

Nadir CD4+ T-cells/μl

25 (0-100)

28 (0-91)

0.9c

221 (42-299)

676 (441-1344)

NA

n
Male: Female

Current CD4+ T-cells /μl
a

p value obtained by Mann-Whitney test unless indicated

b

Median (range)

c

p value obtained by Fisher’s Exact test (2-sided)

pa

NA indicates not applicable, because this parameter was used to select the groups
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Table 4.3

Cytokine and chemokine genotypes in HIV patients with differing

+

CD4 T-cell recovery despite a virologic response to CART
Low CD4+ T-cells

High CD4+ T-cells

pa

IL1A+4845

(*T)b

39c

32

0.62

IL1B+3953

(*T)

27

35

0.61

IL6-174

(*C)

57

54

0.17

IL10-1082

(*A)

67

78

0.30

(*T), (*A)

27

43

0.21

IL10-R1+536

(*G)

36

49

0.34

IL10-R1+1112

(*A)

48

59

0.47

TNFA-308

(*A)

42

32

0.46

BAT1(intron 10)

(*A)

36

16

0.06

IL4-589

(*T)

36

32

0.80

IL12B 3’UTR

(*C)

39

35

0.81

TNFA-1031

(*C)

42

43

1.0

13

13

1.0

IL10-819, IL10-592d

CCR5 Δ32
CCR5 59353

(*C)

81

68

0.40

CCR5 59029

(*G)

61

78

0.27

CCR2 +190

(*A)

22

17

0.56

SDF1 3’UTR

(*A)

45

42

0.81

a

p value obtained by Fisher’s Exact test (2-sided)

b

Genotype defined as allele 2

c

Percentage of patients carrying allele 2 at each locus

d

Alleles in complete linkage disequilibrium (Valentin et al., 1998)
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CCR2+190, SDF1 3’UTR) were not significantly associated with CD4+ T-cell counts
when considered as a separate group (p = 0.4) or when added to the model including the
cytokine polymorphisms (p = 0.3). Hence chemokine(receptor) genotypes were also
excluded from further analyses.
Together BAT1, IL6-174, IL1A+4845, IL1B+3953, IL10-1082 and IL10-R1+1112 had
a significant effect on CD4+ T-cell counts (p = 0.03). The remaining cytokine
polymorphisms (IL4-589, IL10-592, IL10-R1+536, IL12B3’UTR, TNFA-308 and
TNFA-1031) did not improve the association (p = 0.7). Within the former group, the
effects of IL10-R1+1112 (p = 0.19), IL10-1082 (p=0.17), IL1A+4845 (p=0.16) and
IL1B+3953 (p=0.18) were only marginal after adjustment for the remaining alleles,
while BAT1 (p=0.048) and IL6-174 (p=0.055) were more significant.
IL6-174 and BAT1 were then considered in more detail. There was no significant
difference in CD4+ T-cell outcome between patients who were IL6-174 (1,1) and (1,2)
(p = 0.4). However BAT1(1,2) and IL6-174(2,2) were jointly associated with low CD4+
T-cell counts (p = 0.012). Only one patient carried both BAT1(1,2) and IL6-174(2,2), so
there is no evidence of an additive effect of these genotypes. Rather, the single binary
variable defined by carriage of either BAT1(1,2) or IL6-174(2,2) was predictive of poor
CD4+ T-cell recovery in patients with a virologic response to CART (OR = 4.2, p =
0.007, Fisher’s Exact test).
Twelve patients with low CD4+ T-cell counts carried BAT1*2 with TNFA-308*2. Of
these, 10 carried HLA-B8 and/or -DR3 indicating carriage of a segment of the
conserved MHC haplotype spanning the TNF cluster. A Thai patient in the low CD4+ Tcell group carried a similar conserved haplotype, HLA-A33, B58, BAT1(intron10)*2,
TNFA-308*2, DR3, DQ2, which is common in Asia (Allcock et al., 2004).
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4.4

Discussion

HIV-1 infected patients with a stable virologic response to CART were used to screen
polymorphisms in immune-related genes for an effect on CD4+ T-cell recovery. Patient
groups were matched for ethnicity, age and nadir CD4+ T-cell count. Effects of several
chemokine(receptor) polymorphisms have been documented in untreated HIV disease
(Easterbrook et al., 1999, O'Brien and Moore, 2000) and are thought to reflect the role
of chemokines in the entry of HIV into its target cells. This would be consistent with
our finding that polymorphisms at CCR5Δ32, CCR5 59029, CCR2+190 (V64I) or
SDF1 3’UTR did not associate with low CD4+ T-cell counts in aviraemic patients.
Cytokine polymorphisms with no affect on CD4+ T-cell counts included a
polymorphism in the IL12B gene (encoding IL12p40) which affects type 1 diabetes
(Windsor et al., 2004), selected because progression to AIDS is associated with a
decrease in IL-12 production (Ma and Montaner, 2000) and IL4-589, selected because
IL-4 is associated with rapid CD4+ T-cell depletion and faster progression to AIDS
(Valentin et al., 1998). IL1A+4845*2 impedes control of plasma viraemia in
immunodeficient HIV patients treated with CART (Price et al., 2004), but also did not
affect CD4+ T-cell counts.
IL-10 has the potential to affect HIV disease via inhibition of pro-inflammatory
cytokines. IL10-1082*G/A, IL10-819*C/T and IL10-592*C/A occur as three
haplotypes; GCC, ACC and ATA, with alleles at -819 and -592 in complete linkage
disequilibrium. ATA has been associated with high IL-10 mRNA responses in vitro,
suggesting a role for the -592 or -819 polymorphisms (Temple et al., 2003). Consistent
with high IL-10 production, homozygosity at IL10-592*A associates with rapid
progression to AIDS (Shin et al., 2000). Here we found no significant association with
IL10-819 or IL10-1082. Rare alleles of IL10-R1 (+536*G and +1112*A) are associated
with a loss of IL-10 function (Gasche et al., 2003), but did not affect CD4+ T-cell
counts in this study.
Poor CD4+ T-cell recovery was associated with carriage of IL6-174(2,2) or BAT1(1,2).
IL6-174 has a clear effect on the risk of several inflammatory conditions. Carriage of
allele 2 (C) is associated with resistance to juvenile chronic arthritis (Fishman et al.,
1998) and delayed onset and a reduced risk of the development of Alzheimer’s disease
(Papassotiropoulos et al., 1999). Homozygous carriage of allele 2 is associated with
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both lower transcription and plasma levels of IL-6 (Fishman et al., 1998, Rivera-Chavez
et al., 2003). We have reported similar carriage of IL6-174*2 in HIV patients and
seronegative controls (Price et al., 2002). However, the association of IL6-174 (2,2)
with low CD4+ T-cell counts on CART suggests that low production of IL-6 impedes
CD4+ T-cell recovery. In mice and humans, IL-6 increases the survival of memory
and/or effector CD4+ T-cells by reducing the level of apoptosis (Pajusto et al., 2004,
Rochman et al., 2005). Therefore, one interpretation of our findings is that low IL-6
production associated with carriage of IL6-174(2,2) increases CD4+ T-cell apoptosis.
Alternatively, as IL-6 receptors are expressed on thymocytes, the effect may be
mediated by a direct effect of IL-6 on T-cell repopulation (Betz and Muller, 1998). We
have shown an association between T-cell recovery and thymus function in these
patients ( Chapter 2).
Rapid loss of CD4+ T-cells and progression of untreated HIV disease has been
associated with the HLA-A1,B8,DR3 haplotype (Steel et al., 1988, reviewed in Price et
al., 1999), where studies of recombinant haplotypes implicate a gene between HLA-B
and the complement cluster (reviewed in Price et al., 1999). Candidate genes are
provisionally mapped to a conserved block spanning the TNF loci, marked by TNFA308*2 and more specifically by an insertion (A; allele 2) in intron 10 of BAT1 (40kb
telomeric of TNFA) (Allcock et al., 2004). Consistent with these findings, carriage of
TNFA-308*2, BAT1(intron 10)*2 impaired CD4+ T-cell recovery in patients with a
virologic response to CART. Most patients with TNFA-308*2,BAT1(intron 10)*2
carried other markers of the HLA-A1,B8,DR3,DQ2 haplotype. Individuals carrying this
haplotype are considered immunologically hyperactive (reviewed in Price et al., 1999),
and might, therefore, exhibit persistent immune activation despite stable CART. The
accelerated differentiation of naïve T-cells into effector memory T-cells and subsequent
activation induced cell death may impair CD4+ T-cell recovery in such individuals
(reviewed in Hazenberg et al., 2000, Hazenberg et al., 2003, Benveniste et al., 2005).
The results described in this chapter are based on a small defined cohort and require
confirmation. It is also possible that some effects have been missed due to the small
sample size. However, I have shown that CD4+ T-cell recovery on CART is influenced
by genetic factors that might affect immune activation and/or CD4+ T-cell apoptosis.
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Chapter 5

Thymic function and immune activation affect
CD4+ T-cell recovery: Summary and Future Studies
for Section 1

Up to 35% of all HIV-1 infected individuals who achieve optimal suppression of viral
replication with CART do not adequately recover their CD4+ T-cell counts. Clinical data
suggest an increased risk of disease progression in such patients (reviewed in Section
1.4.4.1). Therefore, the development of therapeutic approaches to enhance CD4+ T-cell
recovery in HIV patients receiving CART is a necessity. The studies described in this
section of my thesis were designed to obtain a better understanding of the causes of
persistently low CD4+ T-cell counts in patients who were very immunodeficient prior to
treatment and had a good virological response to CART.
Data presented in Chapter 2 suggest that impaired restoration of thymus function can
limit the recovery of CD4+ T-cell numbers. Thymus function was estimated using
thymus size and numbers of naïve and TREC-bearing T-cells. Patients with low CD4+
T-cell counts (<300 cells/μl blood) had smaller/undetectable thymuses and fewer naïve
and TREC bearing T-cells. However, several patients with an undetectable thymus had
high numbers of naive and TREC-bearing T-cells, raising the possibility that small
amounts of metabolically active thymus tissue were not detected by the CT scanning
technique. The development of new techniques to assess thymus function might result
in a better understanding of how the naïve T-cell pool is regenerated in HIV patients
receiving CART.
A novel method to assess the metabolic activity of the thymus gland uses fluoro-deoxyglucose positron emission tomography (FDG-PET) scans (Nakahara et al., 2001). FDG
uptake can be quantitated in the morphologically normal thymus of young adults (Patel
et al., 1996) and data from a case study suggest that this technique can demonstrate
recovery of thymus metabolic activity after CART in HIV-infected individuals (Hardy
et al., 2004). Further evaluation of FDG-PET scanning as a means of assessing thymus
function during immune reconstitution is now planned for an extended cohort of the
patients described in Section 1 of this thesis. Furthermore, cell-surface CD31 (platelet
endothelial cell adhesion molecule-1) has now become accepted as a marker of T-cells
that have recently exited the thymus (Kimmig et al., 2002) and will be incorporated into
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future studies as the interpretation of numbers of T-cells with a naïve phenotype and
TREC bearing T-cells can be problematic (see Section 2.4).
The data presented in Chapter 2 also raises the possibility that T-cells may be produced
at extra-thymic sites. This is an established mechanism in mice but not in humans.
However, demonstration of a splice variant of recombination activating gene (RAG)-1
in human small intestine (Bas et al., 2003), suggests that TCR gene rearrangement (and
consequently, T-cell production) may occur in the human small intestinal mucosa.
Assessment of RAG-1 splice variant content in naïve T-cells from HIV-1 infected
individuals receiving CART may provide insight into the production of naïve T-cells in
extra-thymic sites. This may also become apparent in studies using FDG-PET.
In Chapter 3, an analysis of the levels of immune activation which persist in HIV
patients on CART demonstrated that immune activation may also influence the recovery
of CD4+ T-cell counts. Proportions of CD4+ T-cells expressing HLA-DR (a marker of
immune activation) or CD57 (a marker of immune senescence) were inversely
correlated with total, naïve and memory CD4+ T-cell counts. However, the relationship
was especially evident with naïve CD4+ T-cells suggesting that CD4+ T-cell activation
drives the differentiation/exhaustion of naïve CD4+ T-cells towards a senescent
phenotype. Higher levels of CD4+ T-cell activation and senescence probably result in
more CD4+ T-cell apoptosis. For example, rates of spontaneous apoptosis in PBMC can
remain elevated in HIV patients even after 48 months of suppressive CART, and predict
CD4+ T-cell recovery (Hansjee et al., 2004). This requires confirmation in parallel with
assessments of thymus function.
The causes of immune activation in chronic HIV infection remain unclear, however
Brenchley et al. have recently hypothesised that it may occur as a result of massive and
rapid depletion of CD4+ T-cells from gut mucosal epithelium during acute HIV
infection (Brenchley et al., 2006). This loss of CD4+ T-cells would lead to a breakdown
of the gut mucosal barrier and subsequent translocation of microbes/microbial products
into the circulation where the stimulation/activation of immune cells may occur
(Brenchley et al., 2007). Interestingly, in my studies, the negative association between
immune activation and CD4+ T-cell recovery was clearest in patients with a
small/undetectable thymus. Patients with a large/detectable thymus generally had low
levels of immune activation. In the context of the hypothesis by Brenchley et al, this
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may reflect better control of microbe- induced immune activation in patients with the
capacity for greater immune reconstitution (ie; those with a larger thymus).
The results described in Chapter 3 also confirm that the recovery of CD4+ T-cell counts
may not indicate restoration of CMV-specific CD4+ T-cell responses (reviewed in
Section 1.4.4.2). CD4+ effector T-cell responses may instead be limited by low APC
numbers and/or function or increased regulatory T-cell activity (an issue not addressed
in this thesis). These findings form the basis for the studies described in Section 2 of
this thesis.
In Chapter 4, an analysis of polymorphisms in genes associated with immune activation
and/or inflammation demonstrated an association between persistently low CD4+ T-cell
counts and carriage of BAT1 intron 10(1,2) (marking a MHC haplotype associated with
increased immune activation) or IL6-174(2,2) (marking increased transcription of a
gene associated with increased apoptosis of memory/effector T-cells). Therefore, levels
of immune activation and/or apoptosis in HIV patients on CART may be influenced by
genetic differences. These findings warrant confirmation in a larger cohort of patients,
as the immunogenetics of CD4+ T-cell recovery may illuminate the causes of
persistently low CD4+ T-cell counts. For example, a recent study of polymorphisms in
genes important in the expansion, survival and apoptosis of T-cells

demonstrated

associations, albeit modest, with polymorphisms in genes encoding TRAIL, TNF-α,
Bcl-2 interacting molecule (Bim), IL-15 and IL-15 receptor α (Haas et al., 2006). A
combination of polymorphisms in genes encoding Fas and FasL genes has also been
associated with the magnitude of the CD4+ T-cell response after CART (Nasi et al.,
2005).
In summary, the increase in CD4+ T-cell counts in HIV patients who were very
immunodeficient prior to CART probably reflects a balance of naïve T-cell production
in the thymus (or extra-thymic sites such as the gut) and T-cell loss resulting from the
effects of persistent immune activation. Improved methods of investigating T-cell
recovery now available may identify patients in whom immune based therapies (such as
recombinant IL-2, -7, -15 or growth hormone) may boost thymic function or T-cell
expansion. However, the results described here also suggest that some patients may
benefit more from strategies that limit immune activation and its associated T-cell loss.
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Chapter 6

CD4+ T-cell IFN-γ responses to CMV correlate with
proportions of pDC in the blood of HIV patients
receiving CART

6.1

Introduction

The reconstitution of antigen-specific immune responses is highly variable among HIV
patients receiving CART despite the normalisation of CD4+ T-cell numbers. For
example, a recent study from our laboratory showed that T-cell responses to CMV
(assessed by lymphoproliferation and IFN-γ production) increase after CART but
remain below the responses observed in healthy controls (Keane et al., 2004). Our
group has addressed a number of possible explanations for this finding:
1. In Chapter 3, I demonstrated that this is not associated with thymus function in
HIV patients on CART.
2. The effect was also evident with Candida antigens (Burgess et al., 2006),
showing that it is not unique to CMV and suggesting that it does not reflect a
lack of antigenic stimulation following suppression of latent CMV infection.
3. Low IFN-γ mRNA in PBMC did not correlate with increase mRNA of T2
cytokines, suggesting that T2 cytokines were not depressing the IFN-γ response
(Price et al., 2006).
Here, I address the possibility that CD4+ T-cell responses (assessed by IFN-γ responses
to CMV) may be limited by APC number or function. APC in blood include DC,
monocytes and B-cells. Of these only DC can determine the magnitude, polarity and
effector function of the T-cell response (reviewed in Lanzavecchia and Sallusto, 2001)
and prime naïve CD4+ T-helper cells and CD8+ cytotoxic T-cells (reviewed in
Banchereau et al., 2000). However, immature DC may also inhibit effector T-cell
function in an antigen-specific manner (Dhodapkar et al., 2001).
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Blood DC comprise 1-2% of PBMC and can be classified as myeloid DC (mDC),
plasmacytoid DC (pDC) or M-DC8+ DC. Blood mDC express CD11c, CD13, CD33 and
CD116 (the receptor for GM-CSF). They reside in peripheral tissues and migrate to
secondary lymphoid organs after intercepting invading pathogens. There, they secrete
IL-12 and present processed antigens to T-cells. Blood pDC express CD68, CD36 and
CD123 (the receptor for IL-3), but lack myeloid markers and do not express CD11c.
They migrate directly from blood to lymphoid tissue where upon stimulation they
produce high amounts of IFNα (Cella et al., 1999, Siegal et al., 1999), a potent inhibitor
of HIV replication (Baca-Regen et al., 1994). Numbers of both pDC and mDC are
reduced in untreated HIV infection (Section 1.2.5.2) and may be differentially
reconstituted during CART (Section 1.3.2).
Analysis of mDC and pDC in blood has historically been complicated by their low
frequencies and a lack of specific cell surface markers. Monoclonal antibodies are now
available to distinguish between these dendritic cell populations in fresh, uncultured
blood (Dzionek et al., 2000). Blood dendritic cell antigen (BDCA) -2 and BDCA-4 are
expressed on CD11c-, CD123bright pDC and BDCA-1 (CD1c) is expressed on CD11c+,
CD123dim mDC. BDCA-3 is expressed at high levels on a small subset of CD11c+,
CD123dim mDC that do not express CD1c and at low levels on pDC.
M-DC8+ DC are a unique subpopulation of human DC circulating in blood and account
for 0.5-1% of PBMC. Their most specific characteristic is the expression of a cell
surface protein recognised by the novel monoclonal antibody, M-DC8 (Schakel et al.,
1998). M-DC8+ DC also express CD16 (FcγRIII; a marker absent in the mDC and pDC
subsets) and are CD11c+, CD123dim. They are highly phagocytic and activate antigenspecific T-cells (Schakel et al., 1998). Effects of HIV upon M-DC8+ DC are uncertain.
Monocytes can also present antigen and play an important role as effectors of the
immune system. When activated they produce cytokines such as IL-12 and TNF-α
which are important in the priming and activation of CD4+ helper T-cells, respectively
(Mosmann and Sad, 1996, Trinchieri, 1997).
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Therefore, the aims of this study were to;
1. Assess whether low proportions of peripheral blood mDC, pDC, M-DC8+ DC or
monocytes exist/persist in HIV patients who have recovered CD4+ T-cell
numbers after long-term, stable CART.
2. Determine if low proportions of peripheral blood mDC, pDC, M-DC8+ DC or
monocytes are associated with low CMV-specific effector CD4+ T-cell function.
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Patients and Methods
6.1.1

Study population

Male, CMV-seropositive HIV patients who began CART with <50 CD4+ T-cells/μl, had
maintained a plasma viral load below 50 HIV RNA copies/ml for more than 12 months
after at least 36 months on treatment and for whom CMV-specific CD4+ T-cell
responses had previously been assessed by IFN-γ ELISpot (Chapter 2, Stone et al.,
2005) were identified from the HIV patient database of the Department of Clinical
Immunology, RPH. Individuals who had previously shown the lowest (n=12) and
highest (n=10) IFN-γ responses to CMV were invited to participate in this study (Figure
6.1). CART was defined as treatment with at least three antiretroviral drugs including a
nNRTI or PI. Informed consent was obtained from all patients and controls and the
human experimentation guidelines of RPH and UWA were followed.
Study groups comprised 18 HIV-positive patients (from the 22 identified above) and 10
HIV-negative controls who were also male and CMV seropositive. CMV serostatus
was determined by the detection of CMV-specific IgG antibody (Department of
Microbiology, RPH).

6.1.2

T-cell subsets

T-cell subsets were quantitated by flow cytometry using EDTA-treated whole blood
(Flow Cytometry Unit, Core Services Laboratory, RPH). CD4+ and CD8+ T-cells were
quantitated by staining with CYTO-STAT triCHROME™ (CD8-FITC/CD4-PE/CD3PCy5; Coulter, USA). Analyses were performed on a Coulter EPICS-XL flow
cytometer (Coulter, USA). Results are presented as absolute number of T-cells/μl of
whole blood.

6.1.3

HIV-1 RNA viral load

Plasma HIV RNA levels were determined by a quantitative reverse transcription
polymerase chain reaction assay performed by staff of the Department of Clinical
Immunology, RPH using Roche AmplicorTM Version 1.0 (Standard Protocol, 400750000 copies/ml) prior to 1998 or Roche AmplicorTM Version 1.5 (Ultrasensitive
Protocol, 50 - 75000 copies/ml) from 1998 onwards (Roche Diagnostic Systems, USA).
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Figure 6.1

Selection of patients for study.

HIV patients (n=22) for whom CMV-specific CD4+ T-cell responses had previously
been assessed by IFN-γ ELISpot (Chapter 2, Stone et al., 2005) and had shown the
lowest (n=10) and highest (n=12) IFN-γ responses to CMV were invited to participate
in the study. Forty-five spots (

) was chosen as the cutoff point for low and high

CMV-responders as this was the median number of IFNγ spots produced by thirteen
HIV-seronegative, CMV-seropositive controls (Stone et al., 2005). Patients who chose
to participate in the study are shown in blue (n=18; ).
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6.1.4

Isolation and preparation of PBMC

PBMC were separated from lithium heparin-treated whole blood by Ficoll-PaqueTM
density centrifugation and washed twice in RPMI 1640 [supplemented with sodium
bicarbonate (2g/L), penicillin (150μg/ml) and gentamycin (16μg/ml)]. Viable cells were
counted by trypan blue exclusion and cells required for enumeration (Sections 6.1.7 and
6.1.8) and isolation ( Chapter 7) of DC were put aside on ice. The remaining cells were
resuspended in 10% DMSO / 90% HI FCS at a minimum of 107 cells/ml for storage in
liquid nitrogen. When required, cryopreserved PBMC were thawed quickly in a 37ºC
waterbath, washed in cold RPMI 1640 and resuspended in 2ml of culture medium
[RPMI 1640 with 10% HI FCS] for counting. Cell viability was always greater than
95% after thawing.

6.1.5

Preparation of CMV antigen for ELISpot assay

CMV strain AD169 was kindly provided by Dr Hazel Freeland (Department of
Microbiology, RPH) and propagated in human skin fibroblasts infected at a high
multiplicity, harvested after 7 days and sonicated immediately in 0.1 M glycine buffer
(pH 9·5), by Assoc Prof Patricia Price (School of Surgery and Pathology, UWA).

6.1.6

ELISpot assay for the detection of IFN-γ producing T-cells

Nitrocellulose-backed microtitre plates (Millipore, USA) were coated with 90μl antiIFN-γ antibody (15μg/ml; Mabtech, Sweden) in sterile 0.1M bicarbonate buffer (pH
9.5) overnight at 4ºC. After thawing and washing, PBMC were counted and
resuspended at 2 x 106 cells/ml in culture medium. Plates were washed x 6 with sterile
PBS before PBMC were added in duplicate at both 2 x 105 and 1 x 105 cells/well in the
presence of whole CMV. Cells were also stimulated with anti-CD3 (Mabtech, Sweden;
10ng/ml) as a positive control. After 20 hr of incubation (37ºC, 5% CO2), cells were
discarded and plates were washed x 6 with sterile PBS before incubation with
100μl/well biotinylated anti-IFN-γ (Mabtech, Sweden) for 2 hr at RT. Plates were
washed x 6 with sterile PBS and incubated with streptavidin horseradish peroxidaseconjugate (Genzyme, MA, USA) for 1 hr at RT. Individual cytokine producing cells
were identified as dark spots after 5 min reaction with tetramethylbenzidine substrate
(Mabtech, Sweden). Finally, plates were washed with distilled water and left to dry.
Spots greater than 10 units in size and 20 units of intensity were counted using an AID
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ELISpot Reader System (AID, Germany). Numbers of spots in unstimulated wells
(negative control) were subtracted from numbers in wells stimulated with CMV. The
selective stimulation of CD4+ T-cells by whole CMV was confirmed using PBMC
depleted of CD4+ or CD8+ T-cells using CD4 or CD8 Microbeads (Miltenyi Biotec,
Bergisch-Gladbach, Germany).

6.1.7

Enumeration of pDC and mDC by flow cytometry

Freshly isolated PBMC were washed and resuspended in flow buffer (1% BSA/PBS) at
1x106 cells/100μl. BDCA-4-PE, BDCA-1-FITC (Miltenyi Biotec, Germany), CD19PCy5 and CD14-PCy5 (Coulter, USA) were added to 1x106 PBMC, vortexed and
incubated for 10 min on ice in the dark. Cells were washed at 4°C with cold flow buffer
and resuspended in 0.5ml flow buffer for analysis on a Coulter EPICS-XL flow
cytometer (Coulter, USA) within 1 hr. A minimum of 100,000 PBMC per sample were
analysed and gates were set using appropriate isotype control antibodies. Representative
flow cytometry scatter plots depicting the expression of BDCA-4 and BDCA-1 in
PBMC are shown in Figure 6.2. Cells expressing BDCA-4 and BDCA-1 are presented
as a percentage of PBMC.

6.1.8

Enumeration of M-DC8+ DC and monocytes by flow cytometry

Freshly isolated PBMC were resuspended in flow buffer at 1x106 cells/100μl. CD16PCy5, CD14-ECD (Coulter, USA) and anti-M-DC8 (kindly donated by Dr E. Peter
Rieber, Institute for Immunology, Medical Faculty, Technical University of Dresden,
Dresden, Germany) were added to 1x106 PBMC, vortexed and incubated for 30 min on
ice in the dark. Cells were washed twice at 4°C with cold flow buffer and resuspended
in 100μl flow buffer. Anti-mouse IgM-FITC (Coulter, USA) was added, tubes were
vortexed and incubated for 30 min on ice in the dark. Cells were washed twice at 4°C
with cold flow buffer and resuspended in 0.5ml flow buffer for analysis on a Coulter
EPICS-XL flow cytometer (Coulter, USA). A minimum of 100,000 PBMC per sample
were analysed and gates were set using appropriate isotype control antibodies.
Representative flow cytometry scatter plots depicting the expression of M-DC8 in
PBMC are shown in Figure 6.2. Cells expressing M-DC8 are presented as a percentage
of PBMC.
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Figure 6.2

BDCA-4

Enumeration of pDC (BDCA-4+) and mDC (BDCA-1+) by flow

cytometry
Viable PBMC were distinguished according to their forward and side scatter (A) from
which B-cells (a proportion of which express BDCA-1) and monocytes (a proportion of
which express BDCA-4) were excluded according to expression of CD19 and CD14,
respectively (B). Expression of BDCA-4 or BDCA-1 indicated the proportion of pDC
and mDC, respectively within the CD19-/CD14- population (C). The proportions of
pDC and mDC in PBMC was then determined by dividing the number of events in
quadrant 1 (q1) or quadrant 2 (q2), respectively by the total number of events gated in A
and multiplying by 100
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CD14

M-DC8

FSC

A

SSC

M-DC8

B

CD16
Figure 6.3

CD14

Enumeration of M-DC8+ DC and CD14+ monocytes by flow

cytometry
Viable PBMC were distinguished according to their forward and side scatter (A) from
which M-DC8+ DC and monocytes were identified on the basis of M-DC8 and CD14
expression, respectively (A). M-DC8+ DC co-expressed CD16 but not CD14 (B) as
described previously (Schakel et al., 2002).
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6.1.9

Statistical analysis

Results are presented as median (range). Statistical significance was assessed by the
Mann-Whitney test for continuous variables Correlation coefficients were determined
by the Spearman’s Rank Correlation test. For all tests, p < 0.05 was considered to
represent a significant difference.
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6.2

Results

6.2.1

Patient characteristics

Characteristics of the patient and control groups at the time of study are summarised in
Table 6.1. Patients and controls were balanced for age and had similar CD4+ T-cell
counts (Mann-Whitney test, p=0.204) indicating successful reconstitution of CD4+ Tcell numbers with CART in the HIV patients. However, CD8+ T-cells counts were
higher and an inverted ratio of CD4 to CD8 T-cells persisted in the patient group.
CD4+ T-cell responses to CMV were reassessed by ELISpot for this study. Overall,
patients (n=18) and controls (n=10) did not differ in their IFN-γ responses to CMV
[median (range) 206 (19-850) vs 202 (63-1106) spot forming cells, p=0.350; data not
shown). HIV patients were then divided into two groups [low responders (n=8) and high
responders (n=10)] (Figure 6.4). Low CMV responders had significantly less CMV
IFNγ spots than high responders [47 (19-76) vs 372 (203-850) spot forming cells,
respectively; p<0.0001] and controls [47 (19-76) vs 202 (63-1106) spot forming cells,
respectively; p=0.0003]. High responders did not significantly differ from the controls
(p=0.218).
The low and high responder patient groups were balanced for current CD4+ (p=0.408)
and CD8+ (p=0.274) T-cell counts and time on CART (p=0.633; Table 6.2). Nadir
CD4+ T-cells counts were slightly lower in the low responder group [8 (0-48) vs 31 (045) cells/μl; p=0.054].
A comparison of the CMV-specific CD4+ T-cell responses initially used to select the
patient group (prior study) and the CMV-specific CD4+ T-cell responses analysed here
(present study) was performed (Figure 6.5). A median (range) of 32 (23-38) months had
lapsed between the prior and present studies. IFN-γ responses to CMV were generally
stable over time as 17/18 patients remained in the same group. Overall, patient
responses were higher in the present study. However, this was evident with control
donors (data not shown) and probably reflects the use of different batches of CMV
antigen.
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Table 6.1

Characteristics of patients and controls at the study time point.
Patients

Controls

pa

18

10

-

51 (42-67)b

49 (32-59)

0.157

601 (209-1152)

796 (494-1260)

0.204

26 (11-44)

41 (33-54)

0.0004

941 (234-1840)

414 (208-735)

0.0017

Current CD8+ T-cells (%)

41 (21-60)

22 (14-35)

0.0004

Nadir CD4+ T-cells/μl

21 (0-48)

NA

-

Months on CART

103 (38-111)

NA

-

Months HIV RNA <50 copies/ml

62 (31-103)

NA

-

n
Age (years)
Current CD4+ T-cells/μl
Current CD4+ T-cells (%)
Current CD8+ T-cells/μl

a

p value obtained by Mann-Whitney test

b

values expressed as median (range)

NA = not applicable
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Figure 6.4

10000

1000

100

10

Low

High

Controls

CD4+ T-cell IFN-γ responses to CMV varied in HIV patients

CD4+ T-cell responses to CMV were reassessed by ELISpot for this study and HIV
patients (n=18) were divided into two groups [low responders (n=8) and high
responders (n=10)] based on the median IFN-γ response to CMV for controls (202
spots/2 x 10 PBMC). Low CMV responders had significantly fewer CMV IFN-γ spots
than high responders [median (range) 47 (19-76) vs 372 (203-850) spot forming cells,
respectively; p<0.0001] and controls [47 (19-76) vs 202 (63-1106) spot forming cells,
respectively; p=0.0003]. High responders did not significantly differ from the controls
(p=0.218).
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Table 6.2

Characteristics of the low and high CMV responder groups at the

study time point.
pa

Low CMV

High CMV

Responders

Responders

8

10

-

54 (42-67)b

51 (43-66)

0.829

594 (209-961)

652 (238-1152)

0.408

25 (11-39)

27 (12-44)

0.696

798 (468-1581)

1088 (234-1840)

0.274

40 (21-56)

43 (26-60)

0.762

8 (0-48)

31 (0-45)

0.054

Months on CART

103 (38-111)

102 (77-107)

0.633

Months HIV RNA <50 copies/ml

77 (37-101)

57 (31-103)

0.360

n
Age (years)
Current CD4+ T-cells/μl
Current CD4+ T-cells (%)
Current CD8+ T-cells/μl
Current CD8+ T-cells (%)
Nadir CD4+ T-cells/μl

a

p value obtained by Mann-Whitney test

b

values expressed as median (range)
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Prior Study

Figure 6.5

Present Study

CMV-specific IFN-γ CD4+ T-cell responses were stable over time

A comparison of the CMV-specific CD4+ T-cell responses initially used to select the
patient group (prior study) and the CMV-specific CD4+ T-cell responses analysed here
(present study) was performed. Low and high responder groups were distinguished
according to the median IFN-γ response produced by controls in the respective studies
[45 spots in the prior study and 202 spots in the present study (

)]. A median (range)

of 32 (23-38) months had lapsed between the prior and present studies. IFN-γ responses
to CMV were stable over time as 17/18 patients remained in the same group.
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6.2.2

CD4+ T-cell function does not correlate with CD4+ T-cell count

CD4+ T-cell IFN-γ responses to CMV were not associated with CD4+ T-cell count
(Spearman’s Rank Correlation test r=0.212, p=0.399; Figure 6.6 A) or percentage
(r=0.025, p=0.922; Figure 6.6 B) in HIV patients. CD4+ T-cell IFN-γ responses to CMV
were also not associated with CD4+ T-cell count (r=0.188, p=0.607; data not shown) or
percentage (r=-0.425, p=0.218; data not shown) in the healthy control group.

6.2.3

CD4+ T-cell IFN-γ responses to CMV correlate with proportions of
pDC in HIV patients on long-term effective CART

HIV patients had a significantly lower proportion of pDC than controls [0.22 (0.11-0.50
vs 0.40 (0.11-0.61, respectively; p=0.047; Figure 6.7 A] but the proportion of mDC was
significantly higher [0.22 (0.06-0.35) vs 0.17 (0.06-0.19), respectively; p=0.023; Figure
6.7 B]. Proportions of M-DC8+ DC [0.57 (0.28-3.37) vs 0.52 (0.27-0.82), respectively;
p=0.260; Figure 6.7 C] and monocytes [10.15 (5.87-19.22) vs 11.17 (9.0), respectively;
p=0.350; Figure 6.7 D] did not differ between patients and controls.
When HIV patients were assessed as a whole, their proportions of pDC were positively
correlated with IFN-γ ELISpot responses to CMV (r=0.633, p=0.005; Figure 6.8 A). A
similar trend was observed in controls, but this did not reach significance (r=0.474,
p=0.166, Figure 6.8 B). When HIV patients were divided into low and high CMV
responder groups (Figure 6.8 C), low responders had significantly fewer pDC than high
responders and controls (p=0.043 and p=0.034, respectively). The proportions of pDC
did not differ between high responders and controls (p=0.165).
The proportions of mDC were not associated with IFN-γ responses to CMV in patients
(r=-0.266, p=0.286; Figure 6.9 A) or controls (r=0.043, p=0.918; Figure 6.9 B),
although a negative trend was apparent in the patient group. When patient were divided
into low and high CMV responder groups (Figure 6.9 C), low responders had a
significantly higher proportion of mDC than high responders and controls (p=0.043 and
p=0.002, respectively). Proportions of mDC did not differ between high responders and
controls (p=0.280).
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Figure 6.6

CD4+ T-cell function may remain impaired despite the normalisation

of CD4+ T-cell counts in HIV patients receiving CART
CD4+ T-cell IFN-γ responses to CMV were not correlated with CD4+ T-cell count
(r=0.212, p=0.399; A) or percentage (r=0.025, p=0.922; B) in HIV patients.
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Patients
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Patients

Controls
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HIV patients had fewer pDC but more mDC than healthy controls

The proportion of pDC was significantly decreased in HIV patients compared to
controls [median (range) 0.22 (0.11-0.50) vs 0.40 (0.11-0.61), respectively; p=0.047;
A]. The proportion of mDC was significantly increased in HIV patients compared to
controls [0.22 (0.06-0.35) vs 0.17 (0.06-0.19), respectively; p=0.023; B]. Proportions of
M-DC8+ DC [0.57 (0.28-3.37) vs 0.52 (0.27-0.82), respectively; p=0.260; C] and
monocytes [10.15 (5.87-19.22) vs 11.17 (9.0), respectively; p=0.350; D] did not differ
between patients and controls.
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The proportion of pDC was positively correlated with CD4+ T-cell

IFN-γ responses to CMV in HIV patients.
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Low

High

Controls

HIV patients with low CD4+ T-cell IFN-γ responses to CMV had a

higher proportion of mDC than patients with high responses.
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The proportions of M-DC8+ DC were not associated with IFN-γ responses to CMV in
HIV patients (r=0.131, p=0.604; Figure 6.10 A) or controls (r=0.219, p=0.537; Figure
6.10 B). Furthermore, proportions of M-DC8+ DC did not differ between the low and
high responder groups (p=0.515), or between the low or high responder groups and
controls (p=0.203 and p=0.529, respectively; Figure 6.10 C).
The proportions of CD14+ monocytes were not associated with IFN-γ responses to
CMV in HIV patients (r=0.220, p=0.380; Figure 6.11 A) or controls (r=0.358, p=0.313;
Figure 6.11 B) groups. Proportions of CD14+ monocytes did not differ between the low
and high responder groups (p=1.0), or between the low or high responder groups and
controls (p=0.408 and p=0.481, respectively; Figure 6.11 C).
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The proportions of M-DC8+ DC were not associated with CD4+ T-

cell IFN-γ responses to CMV in HIV patients or controls.
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The proportions of monocytes were not associated with CD4+ T-cell

IFN-γ responses to CMV in HIV patients or controls.
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6.3

Discussion

In HIV patients receiving stable CART, improvements in the function of antigenspecific CD4+ T-cells can vary widely and may not be correlated with CD4+ T-cell
count (Chapter 2, Keane et al., 2004). The cause of this is unclear, but it may result in
an increased susceptibility to infections or cancer. For example, individual case studies
suggest that impaired reconstitution of immune responses to CMV (despite significant
recovery of CD4+ T-cell numbers and suppression of HIV replication) may lead to
CMV disease in HIV patients on CART (Johnson et al., 2001, Komanduri et al., 2001).
Asymptomatic CMV infection is common in both HIV patients and healthy control
subjects. Therefore CMV is an effective test antigen for comparing CD4+ T-cell
function between HIV patient and control groups.
DC represent the most efficient APC population. Impaired function of pDC and/or mDC
has been demonstrated in HIV infection (Donaghy et al., 2003) as well as other chronic
viral infections such as Hepatitis B virus (van der Molen et al., 2004) and Hepatitis C
virus (HCV) (Kanto et al., 1999, Auffermann-Gretzinger et al., 2001, Tsubouchi et al.,
2004). Here, I have assessed the association between proportions of peripheral blood
DC and CMV-specific CD4+ T-cell responses in a highly selected group of HIV patients
who were very immunodeficient prior to CART and had good recovery of CD4+ T-cell
counts after long-term CART. HIV patients co-infected with HCV were excluded from
the study to ensure that any effects observed were HIV related.
The patients studied here had very stable CMV-specific CD4+ T-cell responses over two
time points spanning a median time of 32 months. This suggests that any increase in
antigen-specific responses occurs during early CART and that responses then remain
stable with ongoing treatment duration. As described previously for CMV-specific
(Chapter 2, Keane et al., 2004) and HIV-1 specific immune responses (Siddique et al.,
2006), CMV-specific CD4+ T-cell IFN-γ responses did not correlate with CD4+ T-cell
count or percentage at the time of study. However nadir CD4+ T-cell counts were
slightly lower in the HIV patients with low IFN-γ responses to CMV. The restoration of
antigen-specific CD4+ T-cell responses was previously demonstrated to be less effective
in patients with nadir CD4+ T-cells counts below 50 cells/μl (Lange et al., 2002) and
low nadir CD4+ T-cell counts (<200 cells/μl) were also associated with low HIVspecific and mitogenic immune responses (Siddique et al., 2006). Interestingly, in the
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study described here all patients had nadir CD4+ T-cells <50 cells/μl which suggests
that subtle differences within this small range may reflect greater irreversible damage to
the immune system from which patients are unable to recover.
Proportions of both pDC and mDC decrease during untreated HIV infection and are
inversely correlated with plasma HIV-1 level (Donaghy et al., 2001) This is attributed
to the direct effects of HIV infection as both pDC and mDC express CD4 as well as the
HIV-1 co-receptors, CCR5 and CXCR4 (Donaghy et al., 2001, Patterson et al., 2001).
In this study, patients who had received CART for a median of 103 months had
significantly lower proportions of pDC but higher proportions of mDC than healthy
controls.

Persistent deficiency of pDC but not mDC after CART have also been

reported elsewhere. However in one study, patients were only followed up for 8 months
of treatment (Schmidt et al., 2006) while in another two (Chehimi et al., 2002, Zhang et
al., 2006) duration of CART was not specified.
Persistent deficiency of pDC but not mDC after CART may be the result of preferential
infection of pDC during untreated infection. In two studies which differentiated between
pDC and mDC on the basis of CD11c expression, pDC were shown to express more
CD4, CCR5 and CXCR4 than mDC (Donaghy et al., 2001, Patterson et al., 2001).
Consequently pDC were more readily infected with both CCR5- and CXCR4-tropic
isolates of HIV than mDC in vitro (Patterson et al., 2001). Therefore, deficiency of pDC
after CART may reflect the extent of their depletion during untreated infection and their
impaired recovery on CART or continued activation/destruction resulting from
persistent HIV replication at undetectable levels. However, other possibilities have to
be considered as in a separate study that differentiated between pDC and mDC on the
basis of CD123 and CD11c expression respectively, mDC were more susceptible to a
CCR5-tropic HIV isolate than pDC (Smed-Sorensen et al., 2005). Furthermore, it is
estimated that only 1-3% of the mDC and pDC population can be productively infected
by HIV (Smed-Sorensen et al., 2005). Various studies have shown a decrease in
proportions of pDC but not mDC with age (Shodell and Siegal, 2002, Teig et al., 2002,
Narbutt et al., 2004). In this study patients and controls were age-matched. Therefore
persistent deficiency of pDC observed in HIV patients after CART may also be a
consequence of the “aged” immune system characteristic of HIV infection (Appay and
Rowland-Jones, 2002).
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Proportions of M-DC8+ DC did not differ between patients and controls in this study.
M-DC8+ DC express CD4 (Schakel et al., 1998) and low levels of CXCR4 but not
CCR5 (Almeida et al., 2005). M-DC8+ DC are also the only freshly isolated DC
population to express DC-SIGN (Engering et al., 2002) which binds HIV-1 but does not
facilitate its entry into the cell (Geijtenbeek et al., 2000). The avidity of viral gp120 for
DC-SIGN is greater than for CD4 (Geijtenbeek et al., 2000). Therefore, M-DC8+ DC
might be able to bind HIV (and enhance T-cell infection) but remain uninfected.
Consequently their numbers may not be affected by HIV infection. This is supported by
a study of untreated HIV patients who had slightly more M-DC8+ DC but significantly
fewer pDC and mDC than healthy controls (Almeida et al., 2005). The proportions of
peripheral blood monocytes also did not differ between patients and controls in this
study. This may be related to their general resistance to infection compared to tissue
macrophages and monocyte derived macrophages (Sonza et al., 1996). Activation may
also lead to their increased numbers in blood, thus compensating for their loss through
infection.
HIV patients with low CD4+ T-cell IFN-γ responses to CMV had a significantly lower
proportion of pDC but significantly higher proportion of mDC than patients with high
CMV responses. This suggests that the availability of pDC may be a limiting factor in
CMV-specific CD4+ T-cell responses in HIV patients receiving CART. Classically,
mDC and pDC were thought to selectively trigger T1 and T2 cytokine responses,
respectively. For example, mDC are considered major producers of IL-12 which
stimulates T-cell to produce IFN-γ, while pDC stimulate T-cells to produce T2
cytokines such as IL-4 (Rissoan et al., 1999, Matsuda et al., 2002). However, pDC also
produce large amounts of IFN-α in response to viral stimuli (Cella et al., 1999, Siegal et
al., 1999) which in turn promotes the IFN-α dependent T1 cytokine response and primes
T-cells to produce IFN-γ (Cella et al., 1999, Kadowaki et al., 2000, Facchetti et al.,
2003, Pichyangkul et al., 2003). Therefore, low frequencies of pDC (and subsequent
low production of IFN-α) may cause low production of IFN-γ in response to CMV.
IL-12 production by mDC (and subsequent production of IFN-γ by T-cells) generally
occurs in response to stimulation with bacterial products or via CD40L (Macatonia et
al., 1995, Cella et al., 1996, Jarrossay et al., 2001). As, responses to CMV were being
assessed in this study, the stimulation of IFN-γ production by mDC may not be as
relevant here as the IFN-α dependant pathway stimulated by pDC. Furthermore,
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Dhodapkar et al. have shown that immature DC can lead to antigen-specific inhibition
of effector T-cell function (Dhodapkar et al., 2001) and others have shown that
immature DC are capable of priming T-cells to produce the immunosuppressive
cytokine, IL-10 (Jonuleit et al., 2000). Therefore, the increased proportions of mDC in
the patients with low IFN-γ responses to CMV may have an immunosuppressive effect.
Alternatively, their proportions may be increased in these patients in a homeostatic
response to fill the niche left vacant by the deficiency of pDC.
In summary, the results presented in this chapter suggest that impaired CMV-specific
CD4+ T-cell responses may arise as a result of a deficiency of pDC leading to impaired
stimulation of CD4+ T-cells. Consequently the recovery of pDC numbers may be
predictive of the restoration of antigen-specific T-cell responses. In the next chapter I
will specifically address the cytokine producing capability of the APC subsets described
here.
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Chapter 7

Quantitation of cytokine mRNA in purified APC
and T-cells reveals changes associated with HIV
disease but does not explain low IFN-γ responses
to CMV

7.1

Introduction

APC regulate the differentiation and effector function of T-cells via the secretion of
cytokines and other soluble mediators. As the cytokine milieu is altered during HIV
infection (see Section 1.2.5), defects in cytokine production by APC may contribute to
the suppressed effector T-cell responses observed in some HIV patients responding to
CART. In Chapter 6, I assessed the relationship between proportions of peripheral
blood APC subsets and CMV-specific CD4+ T-cell responses in HIV patients who were
very immunodeficient prior to CART and had good recovery of CD4+ T-cell counts
after long-term treatment. This chapter addresses the relationship between cytokine
mRNA levels in each APC subset (described in Chapter 6) and CMV-specific CD4+ Tcell responses, using the same cohort of patients. Cytokines relevant to antigen
presentation by APC and effector T-cell function were assessed, as outlined below.
IFN-α (a member of the type 1 IFN family) is secreted in response to viral infections.
pDC are considered to be the principal IFN-α producing cells in blood, both
constitutively and in increased amounts after stimulation (Cella et al., 1999, Siegal et
al., 1999). In addition to its well characterised anti-viral properties, IFN-α promotes a
T1 cytokine response by priming T-cells to produce IFN-γ (Cella et al., 1999, Kadowaki
et al., 2000, Facchetti et al., 2003, Pichyangkul et al., 2003).
IL-12 is an important co-stimulatory cytokine involved in the development of cell
mediated immunity. It is produced primarily by APC and promotes the differentiation of
naïve T-cells into T1 cytokine producing cells. The IL-12 molecule consists of two
subunits p35 and p40, which must be co-expressed in the one cell (to form the p70
heterodimer.) for the formation of bioactive IL-12. The activity of IL-12 is mediated
through IL-12 receptors β1 and β2. IL-12 deficiency is well established as a
complication of HIV infection (Chougnet et al., 1996, Marshall et al., 1999).
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IL-23 is formed from IL-23p19 (a novel homologue of the IL-12p35 subunit) and the
p40 subunit of IL-12 and is derived primarily from monocytes and dendritic cells. IL-23
has very similar functions to IL-12, notably induction of IFN-γ production in T-cells.
However, IL-23 enhances memory rather than naïve T-cell proliferation and activation
(reviewed in Lankford and Frucht, 2003). IL-23 signals via the IL-12 receptor β1 chain
and its own IL-23 receptor. Our group has demonstrated low IL-23 mRNA levels in
HIV-infected individuals responding to CART (Lee et al., 2004).
IL-18 is a potent pro-inflammatory cytokine able to induce IFN-γ production from Tcells (reviewed in Dinarello, 1999). It interacts with its IL-18 receptor on the surface of
T-cells and is expressed constitutively by monocytes/macrophages and DC. IL-18 can
potentiate innate immunity by increasing the cytolytic potential of NK and T-cells and
hence regulates adaptive immune responses to pathogens (reviewed in Akira, 2000).
Circulating IL-18 levels are increased in immunodeficient HIV patients (Song et al.,
2006), where it appears to be produced primarily by platelets upon activation (Ahmad et
al., 2006).
IL-15 is a member of the common γ-chain family of cytokines. It uses the β-subunit of
the IL-2 receptor and its own unique α-chain as signaling components. IL-15 is well
known for its anti-apoptotic properties (Bulfone-Paus et al., 1997, Marks-Konczalik et
al., 2000) and its ability to maintain the memory CD8+ T-cell compartment (Ku et al.,
2000, Schluns et al., 2002). IL-15 may also play a central role in the immune response
against HIV as it has been shown to enhance the proliferation of peripheral blood
mononuclear cells to mitogen, recall antigens and HIV-specific antigens (Seder et al.,
1995, Chehimi et al., 1997). IL-15 is expressed in multiple tissues as well as in cells of
the monocyte/macrophage lineage and blood dendritic cells (Carson et al., 1995,
Jonuleit et al., 1997).
IL-10 plays an important role in immunoregulation by down-regulating expression of
T1 cytokines and inhibiting APC function. In HIV infection, IL-10 production is mainly
from monocytes (Hagiwara et al., 1996) and is elevated and may be associated with
disease progression (Clerici et al., 1994, Chehimi et al., 1996). To further assess the role
of regulatory cytokine/cell populations, mRNA levels of the transcription factor FoxP3
(marking regulatory T-cells, (reviewed in Sakaguchi, 2004)) were also assessed in
purified CD4+ and CD8+ T-cells.
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7.2

Patients and Methods

7.2.1

Study Population

Study groups comprised 18 male CMV-seropositive, HIV-1 positive patients (identified
from the HIV patient database of the Department of Clinical Immunology, RPH) and 10
age-matched, male, CMV-seropositive, HIV-1 negative volunteers (refer to Section
6.1.1).

7.2.2

Isolation and preparation of PBMC

PBMC were separated from lithium heparin-treated whole blood (see Section 6.1.4).

7.2.3

Isolation of APC and T-cell subsets

Populations of mDC (BDCA-1+), pDC (BDCA-4+), M-DC8+ DC (M-DC8+) and
monocytes (CD14+) were purified by sequential positive selections on the same freshly
isolated PBMC sample using conjugated magnetic bead kits (Miltenyi Biotec,
Germany), according to the manufacturer’s instructions unless variations are specified.
To increase the purity of each APC subpopulation, PBMC were first depleted of T-cells
and B-cells. Briefly, 20 x 106 PBMC were washed twice at 4ºC and resuspended in 1ml
cold buffer (filter sterilised 0.5% BSA/PBS with 2mM EDTA). Anti -CD3 (175μl) and
-CD19 (50μl) conjugated Dynabeads (Dynal, USA) were added to 20 x 106 PBMC and
incubated for 30 min at 4°C on an apparatus that provided both tilting and rotation.
Using a Magnetic Particle Concentrator (Dynal, USA) PBMC depleted of CD3+ and
CD19+ cells were collected, washed at 4ºC and resuspended in 200μl cold buffer.
BDCA-1+ mDC were isolated using the CD1c (BDCA-1) Dendritic Cell Isolation Kit.
The remaining cells were washed at 4ºC, resuspended in 300μl cold buffer and BDCA4+ pDC were isolated using the BDCA-4 Cell Isolation Kit. The remaining cells were
washed at 4ºC and resuspended in cold buffer with 10μl undiluted anti-M-DC8 (kindly
provided by Dr E. Peter Rieber, Institute for Immunology, Medical Faculty, Technical
University of Dresden, Dresden, Germany) to a final volume of 100μl. Cells were
incubated for 10 min at 4ºC, washed twice at 4ºC and incubated with 20μl rat antimouse IgM Microbeads for 15 min at 4ºC. The M-DC8+ cell population was then
positively isolated using a MS separation column. The remaining cells were washed at
4ºC, resuspended in cold buffer with 20μl CD14 Microbeads to a final volume of 100μl
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and incubated for 15 min at 4ºC. The CD14+ cell population was then positively
isolated using a MS separation column.
CD4+ and CD8+ T-cells were isolated by sequential positive isolations from the same
freshly isolated PBMC sample. 5 x 106 PBMC were washed twice at 4ºC, resuspended
in cold buffer with 20μl CD4 Microbeads (Miltenyi Biotec) to a final volume of 100μl
and incubated for 15 min at 4ºC. CD4+ T-cells were then positively isolated using a MS
separation column. The remaining cells were washed at 4ºC, resuspended in cold
MACS buffer with 20μl CD8 Microbeads to a final volume of 100μl and incubated for
15 min at 4ºC. CD8+ T-cells were then positively isolated using a MS separation
column.
All isolations were performed on an OctoMACS Separation Unit using filter sterilised
0.5% BSA/PBS with 2mM EDTA as the running and elution buffers. Purified cell
subsets for each patient and control were washed in MACS buffer, resuspended in 350μl
of RNA lysis buffer (Qiagen, USA) and stored at -80ºC until RNA extraction was
performed.

7.2.4

Analysis of isolated APC and T-cell subsets by flow cytometry

A small proportion of each purified cell subset was stained with CD11c-FITC (for
mDC), BDCA-2-FITC (for pDC), CD14-FITC (for monocytes), anti-M-DC8 followed
by anti-mouse IgM-FITC (for M-DC8+ DC), CD4-FITC (for CD4+ T-cells) or CD8FITC (for CD8+ T-cells) to assess purity. Flow cytometric analysis revealed that the
purity of all isolated APC populations was >80% (Figure 7.1). The purity of all isolated
CD4+ and CD8+ T-cell populations was >90% (data not shown).

7.2.5

Total RNA extraction and generation of cDNA by reverse
transcription

Total RNA was extracted from purified cell populations using RNeasy Mini Kit
(Qiagen, USA) and reverse transcribed into cDNA using Sensiscript® RT Kit (Qiagen,
USA) according to the manufacturer’s instruction. cDNA samples were stored at -80ºC
until required.
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7.2.6

Quantitation of mRNA levels by real-time PCR

mRNA levels for β-actin (housekeeping gene), IFN-α, IL-23p19, and IL-18 were
determined using quantitative real-time PCR. Briefly, each 20μl reaction mix contained
5μl cDNA, 1.25mM dNTP (Invitrogen, USA), 20pmol of each primer (Proligo,
Australia), 0.5x SYBR Green fluorochrome (Sigma, USA) and 1.5 unit Platinum Taq
DNA polymerase (Invitrogen, USA). The PCR protocol comprised an initial
denaturation step at 95°C for 310 sec, followed by 40 cycles of denaturation (95°C for
10 sec), annealing (62°C for β-actin, IFN-α and IL-18, 67ºC for IL-23p19, for 15 sec)
and extension (72°C 25 sec).
mRNA levels for IL-12p40 were determined using a semi-nested PCR protocol. For the
1st round PCR, each 20μl reaction mix contained 5μl cDNA, 0.5mM dNTP (Invitrogen,
USA), 20pmol of the forward and reverse outer primers (Proligo, Australia) and 1.5 unit
Platinum Taq DNA polymerase (Invitrogen, USA). PCR was performed on a MJ
Research PTC-200 DNA engine [95°C 5 min, (94°C 20 sec, 69°C 40 sec (-1°C each
cycle), 72°C 40 sec) x 7 cycles, (94°C 20 sec, 62°C 40 sec, 72°C 40 sec) x 25 cycles,
72°C 2 min]. For the 2nd round PCR, each reaction mix contained 5μl 1st round PCR
product (diluted 1:100), 1.25mM dNTP (Invitrogen, USA), 20pmol of the forward and
reverse inner primers (Proligo, Australia), 0.5x SYBR Green fluorochrome (Sigma,
USA) and 1.5 unit Platinum Taq DNA polymerase (Invitrogen, USA). The PCR
protocol was as described above for β-actin.
mRNA

levels

for

IL-10

receptor-α

(IL-10Rα)

were

determined

using

Hs_IL10RA_SG_1 Quantitect® Primer Assay (Qiagen, USA). Briefly, each 20μl
reaction mix contained 5μl cDNA, 1.25mM dNTP (Invitrogen, USA), 20pmol of each
primer (Qiagen, USA), 0.5x SYBR Green fluorochrome (Sigma, USA) and 1.5 unit
Platinum Taq DNA polymerase (Invitrogen, USA) [95°C 600 sec, (95°C 10 sec, 65°C
10 sec, 72°C 15 sec) x 40 cycles].
mRNA levels for IL-4 were determined using primers and probe described previously
(Dheda et al., 2005). Briefly, each 20μl reaction mix contained 5μl cDNA, 1.25mM
dNTP (Invitrogen, USA), 10pmol of each primer (Proligo, Australia), 0.2μmol of probe
(Proligo, Australia) and 1.5 unit Platinum Taq DNA polymerase (Invitrogen, USA)
[95°C 600 sec, (95°C 20 sec, 56°C 30 sec, 72°C 30 sec) x 40 cycles].
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Optimisation of these PCR protocols was achieved with assistance from Dr Silvia Lee
(School of Surgery and Pathology, UWA). Forward and reverse primer sequences are
shown in Table 7.1. β-actin primer sequences were provided by Dr Anothai Pocathikorn
(School of Surgery and Pathology, UWA).
mRNA levels for IL-12p35, IL-15, IL-10, IFN-γ and FoxP3 were determined using
Quantitect® sequence specific probes (Qiagen, USA) according to the manufacturer’s
instructions.
All real-time PCR was performed on a Rotorgene™ (Corbett, Australia). Quantitation
of specific mRNA was achieved using a standard curve generated for each cytokine
from amplification of serial 10-fold dilutions of pooled PCR products (Figure 7.2). For
each sample, the ratio of cytokine mRNA to β-actin mRNA was calculated and
expressed as arbitrary units. The lower limit of detection for the genes analysed was a
ratio of 0.00001.

7.2.7

Statistical Analysis

Results are presented as median (range) values unless otherwise stated. Statistical
significance was assessed by the Mann-Whitney test for continuous variables or
Fisher’s Exact test for categorical values. For all tests, p < 0.05 was considered to
represent a significant difference and p< 0.1 was noted as representing a marginal
difference.
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Table 7.1

Primer sequences

Primer
β-actin
IFN-α
IL-23p19
IL-12p40

IL-18
IL-4

Primer Sequence (5’→ 3’)
Forward

GATGACCCAGATCATGTTTGA

Reverse

GACTCCATGCCCAGGAAGGAA

Forward

TCCATGAGATGATCCAGCAG

Reverse

ATTTCTGCTCTGACAACCTCC

Forward

AGCAGCTCAAGGATGGCACTCAG

Reverse

CCCCAAATTTCCCTTCCCATCTA

Forward

TCACAAAGGAGGCGAGGTTC

Reverse outer

ATCAGAACCTAACTGCAGGG

Reverse inner

TGAACGGCATCCACCATGAC

Forward

GCTTGAATCTAAATTATCAGT

Reverse

GAAGATTCAAATTGCATCTTR

Forward

GCTGCCTCCAAGAACACAAC

Reverse

CTGTAGAACTGCCGGAGCAC

Probe

Fam-AAACCTTCTGCAGGGCTGCGAC
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A

B

Figure 7.2

Quantitation of specific mRNA

PCR products were serially diluted 1:10 and amplified by real-time PCR in the presence
of SYBR-Green I. (A) depicts an amplication plot of 7 serially diluted standards with
the cycle threshold depicted by the horizontal line. (B) depicts the standard curve
generated from this amplification plot.
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7.3

Results

7.3.1

Patient characteristics

Characteristics of the patient and control groups at the time of study are summarised in
Chapter 6 (refer to Section 6.2.1). HIV patients were divided into two groups based on
their CD4+ T-cell IFN-γ responses to CMV (low responders and high responders; Figure
6.4). The combined patient group is compared with controls, and patients with low and
high responses to CMV are compared.

7.3.2

Analysis

of

cytokine

mRNA

levels

in

the

purified

APC

subpopulations
Levels of IFN-α, IL-12p35, IL-23p19, IL-12p40, IL-18, IL-15, IL-10 and IL-10Rα
mRNA were detectable in all APC subpopulations from patients and controls unless
otherwise specified. Results are described separately for each APC population. Levels
of cytokine mRNA in each APC subset were not correlated with the proportions of the
subset in the parent PBMC preparation or with the percentage purity of each subset
(data not shown).
7.3.2.1 Analyses of pDC: IFN-α mRNA levels were lower in HIV patients
with high IFN-γ responses to CMV
mRNA levels for each cytokine assessed in the purified pDC subpopulation are
summarised in Table 7.2. Each cytokine is discussed briefly. Cytokines showing
significant differences are highlighted.
IFN-α mRNA was detectable in purified pDC from 17/18 patients and all controls and
levels were lower in patients than controls (Mann-Whitney test, p=0.020; Figure 7.3 A).
IFN-α mRNA levels did not differ between low CMV responders and high CMV
responders or controls. However, IFN-α mRNA levels in pDC from high responders
were significantly lower than the levels observed for controls (p=0.005; Figure 7.3 B).
IL-12p35 and IL-12p40 mRNA were only detectable in purified pDC from 2/18 patients
and 2/10 controls (though not the same patients or controls). IL-23p19 mRNA levels did
not differ across the groups. Levels of IL-18 mRNA were slightly lower in patients.
122

Chapter 7

Table 7.2

Cytokine mRNA levels in purified pDC from HIV patients and

controls

IFN-α
IL-12p35
IL-23p19
IL-12p40
IL-18
IL-15
IL-10
IL-10Rα
a
b

Low CMV

High CMV

Combined

Controls

Responders

Responders

Patients

(n=8)

(n=10)

(n=18)

(n=10)

2576 a

2293d

2404

2776

(1462-3824)

(0-3628)

(0-3824)

(2464-4981)

0

0

0

0

(0-0.049)

(0-0.031)

(0-0.049)

(0-0.026)

61.7

69.4

67.0

71.6

(42.0-91.5)

(32.6-106)

(32.6-106)

(46.3-137)

0

0

0

0

(0-0)

(0-8414)

(0-8414)

(0-234)

84.4

99.2

94.9

110

(56.2-132)

(77.0-122)

(56.2-132)

(61.7-173)

1.4

1.2

1.2

2.0

(0-9.5)

(0-6.1)

(0-9.5)

(0-4.3)

0

0

0

0.0007

(0-0.330)

(0-0.225)

(0-0.330)

(0-0.267)

19.9c

34.0

28.3

24.3

(12.4-33.9)

(16.8-65.7)

(12.4-65.7)

(12.9-55.6)

pb

0.020
0.601c
0.281
0.601c
0.089
1.0c
0.114c
0.905

results are presented as median (range)
p value (combined patients vs controls) assessed by Mann-Whitney test unless

specified
c

p value (combined patients vs controls) assessed by Fisher’s exact test

d

differed significantly from controls (Mann-Whitney test, p=0.005)
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Figure 7.3

Patients

Low

High

Controls

IFN-α mRNA levels in purified pDC were lower in HIV patients with

high IFN-γ responses to CMV
IFN-α mRNA was detectable in purified pDC from 17/18 patients and all controls and
levels were lower in patients than controls (A; p=0.020). IFN-α mRNA levels did not
differ between low and high CMV responders (p=0.101) or between low CMV
responders and controls (p=0.274). However, IFN-α mRNA levels in pDC from high
responders were significantly lower than the levels observed for controls (B; p=0.005).
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IL-15 mRNA was detectable in purified pDC from 13/18 patients and 7/10 controls. No
differences were evident between low and high CMV responders (detectable in 5/8 and
8/10 patients, respectively) or between low or high CMV responders and controls.
IL-10 mRNA was detectable in 6/18 patients and 7/10 controls. No differences were
evident between low and high CMV responders (detectable in 3/8 and 3/10 patients,
respectively) or between low or high responders and controls. IL-10Rα mRNA levels
did not differ across the groups.
7.3.2.2 Analyses of mDC: IL-15 mRNA levels were elevated in HIV patients
with high IFN-γ responses to CMV
mRNA levels for each cytokine assessed in the purified mDC subpopulation are
summarised in Table 7.3.
IFN-α mRNA levels were moderately lower in patients overall (p=0.058), but did not
differ between low and high CMV responders (p=0.897).
IL-12p35 was detectable in 6/18 patients and 3/10 controls (Fisher’s Exact test, p=1.0)
and did not differ between low and high CMV responders (detectable in 3/8 and 3/10
patients, respectively) or between low or high CMV responders and controls. IL-23p19
mRNA levels were slightly lower in patients compared to controls (p=0.089), but did
not differ between low and high responders (p=1.0) or between low or high responders
and controls (p=0.122 and p=0.190, respectively). IL-12p40 was only detectable in
2/18 patients and 2/10 controls. IL-18 mRNA levels did not differ across groups.
IL-15 mRNA was detectable in purified mDC from all patients and 8/10 controls.
Levels were slightly elevated in patients compared to controls (p=0.052; Figure 7.4 A).
HIV patients in the high responder group had higher levels of IL-15 mRNA than the
low responder group and the control group (p=0.015 and p=0.018, respectively; Figure
7.4 B).
IL-10 mRNA was detectable in purified mDC from 12/18 patients and 7/10 controls
(Fisher’s Exact test p=1.0) and did not differ between low and high CMV responders
(detectable in 6/8 and 6/10 patients, respectively) or between low or high CMV
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Table 7.3

Cytokine mRNA levels in purified mDC from HIV patients and

controls

IFN-α
IL-12p35
IL-23p19
IL-12p40
IL-18
IL-15
IL-10
IL-10Rα
a
b

Low CMV

High CMV

Combined

Controls

Responders

Responders

Patients

(n=8)

(n=10)

(n=18)

(n=10)

975a

985

985

1618

(572-2107)

(357-3132)

(357-3132)

(846-1874)

0

0

0

0

(0-0.008)

(0-0.016)

(0-0.016)

(0-0.021)

26.2

29.6

27.7

39.4

(11.9-65.8)

(12.6-59.1)

(11.9-65.8)

(25.3-59.5)

0

0

0

0

(0-7.6)

(0-130)

(0-130)

(0-248)

187.0

198

197.6

202

(94.2-255)

(141.5-269.9)

(94.2-270)

(130-314)

2.8

3.7d,e

3.4

2.1

(1.8-4.0)

(2.5-6.3)

(1.8-6.3)

(0-4.8)

0.016

0.016

0.016

0.001

(0-0.069)

(0-0.221)

(0-0.221)

(0-0.241)

18.9

21.8

20.1

22.6

(0-30.7)

(14.1-59.4)

(1.0-59.4)

(12.5-40.8)

pb

0.058
1.0c
0.089
0.601c
0.755
0.052
1.0c
0.649

results are presented as median (range)
p value (combined patients vs controls) assessed by Mann-Whitney test unless

specified
c

p value (combined patients vs controls) assessed by Fisher’s exact test

d

differed significantly from the low responder group (Mann-Whitney test, p=0.015)

e

differed significantly from the control group (Mann-Whitney test, p=0.018)
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Figure 7.4

Patients

Low

High

Controls

IL-15 mRNA levels in purified mDC were increased in HIV patients

with high IFN-γ responses to CMV
Levels were slightly elevated in patients compared to controls (p=0.052; A). HIV
patients in the high responder group had significantly higher levels of IL-15 mRNA
than the low responder group and the control group (p=0.015 and p=0.018, respectively;
B).
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responders and controls. IL-10Rα mRNA was detectable in 17/18 patients and all
controls but levels did not differ across the groups.
7.3.2.3 Analysis of M-DC8+ DC: IL-10 mRNA was more frequently
detectable from HIV patients with low IFN-γ responses to CMV
mRNA levels of each cytokine assessed in the purified M-DC8+ DC subpopulation are
summarised in Table 7.4.
IFN-α, IL-23p19 and IL-18 mRNA levels in purified M-DC8+ DC did not differ across
the groups. IL-15 mRNA was detectable in 17/18 patients and all controls and IL-12p35
mRNA was detectable in 7/18 patients and 4/10 controls. Levels of these cytokines also
did not differ across groups. IL-12p40 mRNA was detectable in 3 patients and no
controls.
IL10 was detectable in purified M-DC8+ DC from 13/18 patients and 5/10 controls
(Fisher’s Exact test, p=0.412). However, a greater proportion of patients with low IFN-γ
responses to CMV had detectable IL-10 mRNA levels compared to patients with high
IFN-γ responses to CMV (8/8 low responders vs 5/10 high responders, p=0.036) and
controls (8/8 low responders vs 5/10 controls, p=0.036). IL10Rα mRNA levels did not
differ across groups.
7.3.2.4 Analysis of monocytes: IL-12p35 mRNA levels were lower in HIV
patients but were not associated with low IFN-γ responses to CMV
mRNA levels of each cytokine assessed in the purified CD14+ monocyte subpopulation
are summarised in Table 7.5
IFN-α mRNA levels were slightly lower in patients compared to controls (p=0.080) but
did not differ between low and high CMV responders.
IL-12p35 mRNA levels were lower in patients compared to controls (p=0.012) but did
not differ between low and high CMV responders (p=0.965). Both the low and high
responders had lower levels of IL-12p35 mRNA than controls (p=0.068 and p=0.015,
respectively). IL-23p19, IL-18, IL-15, IL-10 and IL-10Rα mRNA levels did not differ
across the groups. IL-12p40 mRNA was only detectable in 1 patient and 3 controls.
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Cytokine mRNA levels in purified M-DC8+ DC from HIV patients

Table 7.4
and controls

IFN-α
IL-12p35
IL-23p19
IL-12p40
IL-18
IL-15
IL-10
IL-10Rα
a
b

Low CMV

High CMV

Combined

Controls

Responders

Responders

Patients

(n=8)

(n=10)

(n=18)

(n=10)

1744a

1388

1614

1389

(926-2822)

(818-2842)

(818-2842)

(809-2785)

0

0

0

0

(0-0.062)

(0-0.015)

(0-0.062)

(0-0.023)

54.3

42.7

48.2

42.5

(26.5-102)

(28.9-97.1)

(26.5-102)

(26.4-101)

0

0

0

0

(0-1357)

(0-214)

(0-1357)

(0-0)

30.8

24.9

27.3

27.9

(20.1-42.6)

(18.8-72.6)

(18.8-72.6)

(23.5-68.2)

34.0

25.0

30.0

26.9

(0-51.8)

(0.1-43.4)

(0-51.8)

(17.0-55.9)

0.0006d,e

0.0012

0.0006

0.0013

(0.0001-0.12)

(0-0.071)

(0-0.124)

(0-0.055)

49.8

53.2

51.6

64.1

(14.9-102)

(23.2-102)

(14.9-102)

(28.8-116)

pb

0.829
1.0c
0.719
0.533c
0.375
0.792
0.412c
0.204

results are presented as median (range)
p value (combined patients vs controls) assessed by Mann-Whitney test unless

specified
c

p value (combined patients vs controls) assessed by Fisher’s exact test

d

differed significantly from the high responder group (Fisher’s Exact test, p=0.036)

e

differed significantly from the control group (Fisher’s Exact test, p=0.036)
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Table 7.5

Cytokine mRNA levels in purified CD14+ monocytes from HIV

patients and controls

IFN-α
IL-12p35
IL-23p19
IL-12p40
IL-18
IL-15
IL-10
IL-10Rα
a
b

Low CMV

High CMV

Combined

Controls

Responders

Responders

Patients

(n=8)

(n=10)

(n=18)

(n=10)

2407a

1789

2196

3017

(1590-2889)

(1242-4025)

(1242-4025)

(1611-4080)

0.020d

0.020e

0.020

0.036

(0.010-0.124)

(0.014-0.065)

(0.010-0.124)

(0.026-0.107)

77.9

65.4

75.0

88.9

(51.1-117.4)

(41.0-148.4)

(41.0-148.4)

(41.1-130.5)

0

0

0

0

(0-0)

(0-6833)

(0-6833)

(0-14806)

159.2

173.9

170.9

155.8

(103.9-249.0)

(126.9-214.9)

(103.9-249.0)

(114.3-198.1)

69.9

59.1

61.8

71.0

(29.7-152.7)

(41.3-101.6)

(29.7-152.7)

(54.0-83.3)

0.066

0.054

0.059

0.063

(0.006-0.140)

(0.012-0.499)

(0.006-0.499)

(0.037-0.365)

15.9

18.1

16.2

13.5

(9.3-38.8)

(2.2-56.7)

(2.2-56.7)

(3.8-32.0)

pb

0.080
0.012
0.649
0.116c
0.401
0.581
0.204
0.755

results are presented as median (range)
p value (combined patients vs controls) assessed by Mann-Whitney test unless

specified
c

p value (combined patients vs controls) assessed by Fisher’s exact test

d

differed moderately from the control group (Mann-Whitney test, p=0.068)

e

differed significantly from the control group (Mann-Whitney test, p=0.015)
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7.3.3

Analysis of cytokine mRNA levels in the T-cell subsets

Levels of IFN-γ, IL-4, IL-10RA and FoxP3 mRNA were assessed in purified,
unstimulated CD4+ and CD8+ T-cells and are summarised in Table 7.6.
IFN-γ mRNA levels in CD4+ T-cells did not differ between patients and controls,
however, IFN-γ mRNA levels were elevated in HIV patients with high IFN-γ responses
to CMV when compared with controls (p=0.052). IL-4 mRNA levels did not differ
across the groups in the CD4+ or CD8+ T-cell populations.
FoxP3 mRNA levels were moderately increased in HIV patients in both CD4+ cells
[0.485 (0.157-3.241) vs 0.306 (0.097-0.986), respectively; p=0.1] and CD8+ cells [0.045
(0.004-0.187) vs 0.013 (0.002-0.050), respectively; p=0.023], but did not differ between
patients with low or high IFN-γ responses to CMV (Table 7.6 and Figure 7.5).
IL-10Rα mRNA levels did not differ between patients and controls in either CD4+ or
CD8+ T-cells (p=0.221 and p=0.375, respectively), nor were any differences evident
when patients were assessed according to those with low or high IFN-γ responses to
CMV.
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Cytokine mRNA levels in purified CD4+ and CD8+ T-cells from HIV

Table 7.6

patients and controls
Low CMV

High CMV

Combined

Controls

Responders

Responders

Patients

(n=8)

(n=10)

(n=18)

(n=10)

0.152a

0.258c

0.198

0.115

(0.038-0.826)

(0.097-0.556)

(0.038-0.826)

(0.052-0.347)

0.157

0.124

0.137

0.126

(0.077-0.289)

(0.064-0.245)

(0.064-0.289)

(0-0.297)

0.530

0.454

0.485

0.306

(0.157-0.853)

(0.175-3.241)

(0.157-3.241

(0.097-0.986)

20.13

14.76

16.81

11.46

(2.59-98.29)

(5.55-172.8)

(2.59-172.8)

(1.53-55.56)

0.512

0.573

0.573

0.325

(0.105-1.473)

(0.190-0.858)

(0.105-1.473)

(0.104-0.738)

0.145

0.123

0.123

0.111

(0.060-0.374)

(0.076-0.264)

(0.060-0.374)

(0.048-0.240)

0.047d

0.041e

0.045

0.013

(0.009-0.113)

(0.004-0.187)

(0.004-0.187)

(0.002-0.050)

13.89

12.02

13.58

17.71

(1.45-26.87)

(0.81-46.46)

(1-46.46)

(5.03-43.83)

pb

CD4+ T-cells
IFN-γ
IL-4
FoxP3
IL10Rα

0.157
0.867
0.1
0.221

CD8+ T-cells
IFN-γ
IL-4
FoxP3
IL10Rα
a

results are presented as median (range)

b

p value (combined patients vs controls) assessed by Mann-Whitney test

c

differed moderately from the control group (Mann-Whitney test, p=0.052)

d

differed significantly from the control group (Mann-Whitney test, p=0.027)

e

differed moderately from the control group (Mann-Whitney test, p=0.089)

0.240
0.684
0.023
0.375
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Figure 7.5

Patients

Controls

Low

High

Controls

FoxP3 mRNA levels were slightly elevated in HIV patients compared

to controls but were not associated with IFN-γ responses to CMV.
FoxP3 mRNA levels were moderately increased in HIV patients in both purified CD4+
T-cells (p=0.1; A) and CD8+ T-cells (p=0.023; B), but did not differ between patients
with low or high IFN-γ responses to CMV (C and D).
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7.4

Discussion

The production of cytokines such as IL-12, IL-23, IFN-α and IL-10 by APC is essential
to the generation and regulation of adaptive immune responses. This study was designed
to determine whether defects in cytokine production by APC may be a cause of the
effector memory CD4+ T-cell dysfunction that persists in a proportion of HIV patients
responding to CART (Chapter 2, Keane et al., 2004). APC function was assessed by
characterising cytokine mRNA expression in unstimulated, purified populations of
blood pDC, mDC, M-DC8+ DC and CD14+ monocytes to create a snapshot of the
immune system of patients with low and high IFN-γ responses to CMV.
In Chapter 6, I demonstrated an association between low proportions of pDC and low
IFN-γ responses to CMV. As pDC are the principal producers of IFN-α upon viral
stimulation (Cella et al., 1999, Siegal et al., 1999) and IFN-α can prime T-cells to
produce IFN-γ (Cella et al., 1999, Kadowaki et al., 2000, Facchetti et al., 2003,
Pichyangkul et al., 2003), I hypothesised that IFN-α mRNA levels in pDC might be
depressed in patients with low IFN-γ responses to CMV. Although low IFN-α mRNA
levels were observed overall in pDC from HIV patients, they were not associated with
low IFN-γ responses to CMV. Instead, IFN-α mRNA levels were significantly lower in
the patients with good IFN-γ responses to CMV (Figure 7.3). A recent series of studies
by Herbeuval and colleagues suggest that the role of IFN-α in HIV infection may be
complex. IFN-α can induce expression of TNF-related apoptosis inducing ligand
(TRAIL) and subsequent apoptosis in CD4+ T-cells (reviewed in Herbeuval and
Shearer, 2006), suggesting that IFN-α may contribute to HIV disease progression.
IL-12 and IL-23 production by DC or monocytes/macrophages can induce IFN-γ
production from T-cells. mDC are considered to be principal producers of IL-12
(Rissoan et al., 1999, Matsuda et al., 2002), but M-DC8+ DC can also induce a strong
T1 immune response by producing IL-12p70 in response to LPS and CD40 ligation (de
Baey et al., 2001). IL-12 deficiency is an established complication of untreated HIV
infection and has been linked to poor IFN-γ production by T-cells and an enhanced
susceptibility to opportunistic infections (Chougnet et al., 1996, Marshall et al., 1999).
Here low or undetectable IL-12p25 mRNA levels were not associated with low IFN-γ
production in response to CMV. However, IL-12p35 mRNA levels from purified
CD14+ monocytes were depressed in the combined HIV patient group.
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As IL-23 enhances memory rather than naïve T-cell proliferation, IL-23 may be more
important than IL-12 in the generation of T-cell responses in HIV infected patients on
CART (reviewed in Lankford and Frucht, 2003). Our group has previously shown
reduced expression of IL-23p19 mRNA in adherent cells and unfractionated PBMC
from HIV patients. We hypothesised that reduced expression of IL-23 in immune
reconstituted HIV patients might limit production of IFN-γ by memory T-cells (Lee et
al., 2004). Here, IL-23p19 mRNA was detectable in all APC subsets analysed and
levels were slightly lower in mDC from HIV patients. However, IL-23p19 mRNA
levels were relatively low in mDC compared to the other APC populations and a similar
trend was not apparent in those populations. The discrepancy between this and the prior
study may have arisen because several of the patients assessed by Lee et al. had
detectable HIV-1 RNA and a shorter duration of treatment. Alternatively immune
activation caused by adherence fractionation may have affected the results. It should be
noted that Lee et al (2004) also found lower IFN-γ mRNA levels in unstimulated PBMC
from patients compared with controls. This was not observed in the present study, so an
association between IL-23p19 and IFNγ mRNA levels remains.
Biologically active IL-12 and IL-23 molecules are only formed upon binding of the IL12p35 or IL-23p19 subunits with the p40 subunit of IL-12 (reviewed in Brombacher et
al., 2003, reviewed in Lankford and Frucht, 2003). Here, IL-12p40 mRNA was not
detectable in APC from most patients and controls. Hence we cannot extrapolate from
IL-12p35 and IL-23p19 mRNA levels to production of bioavailable IL-12 or IL-23 from
APC after stimulation/activation.
Good IFN-γ responses to CMV in HIV patients were associated with elevated IL-15
mRNA levels. IL-15 is known for its anti-apoptotic influence on T-cells (Bulfone-Paus
et al., 1997, Marks-Konczalik et al., 2000) and its ability to regulate expansion of the
memory CD8+ T-cell subset (Ku et al., 2000, Schluns et al., 2002) but its effects on
CD4+ T-cells are less clear. A recent study demonstrated that IL-15 administered to SIV
infected rhesus macaques (who were virologically suppressed) increased in vivo
proliferation of both CD4+ and CD8+ effector memory T-cells with little effect on naïve
or central memory T-cell subsets (Picker et al., 2006). Furthermore, IL-15 can enhance
activation and effector function of both CD4+ and CD8+ human effector memory Tcells, assessed by production of IFN-γ and TNF-α after anti-CD3 stimulation (Mueller
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et al., 2003). These authors also reported a role for IL-15 in the inhibition of Fasinduced apoptosis in HIV-infected individuals. Therefore, my data suggest a role for IL15 in the survival and IFN-γ production of effector memory CD4+ T-cells in patients
with high IFN-γ responses to CMV. However, the levels of IL-15 mRNA detected in the
mDC population were low compared to the M-DC8+ DC and CD14+ monocyte
populations. Therefore, the effect of elevated IL-15 mRNA levels in the mDC
subpopulation requires further investigation.
An analysis of the regulatory cytokine IL-10 demonstrated that patients with low IFN-γ
responses to CMV were more likely to have detectable IL-10 mRNA levels in the MDC8+ DC population. This suggests a role for IL-10 in the suppression of IFN-γ
responses to CMV. However, a similar trend was not observed in the CD14+ monocyte
population. IL-10 was only detectable from all patients and controls in the monocyte
subpopulation and proportions of monocytes in PBMC were much higher than
proportions of M-DC8+ DC (Chapter 6). Hence it is difficult to predict the effects of
elevated IL-10 mRNA levels in M-DC8+ DC.
An analysis of FoxP3 mRNA expression (as an indicator of regulatory T-cell activity)
demonstrated slightly elevated levels in CD4+ T-cells from HIV infected patients,
suggesting that regulatory T-cells may remain increased in HIV patients after a median
of 103 months on CART. We have previously shown that the frequency of circulating
regulatory T-cells remains high, despite decreases in immune activation in a cohort of
patients followed longitudinally for 1 year (Lim et al., 2006). Here, FoxP3 was also
elevated in the CD8+ T-cell subset from HIV patients, but a regulatory function for
FoxP3+ CD8+ T-cells is yet to be established. However, FoxP3 mRNA levels were not
elevated in patients with low IFN-γ responses to CMV suggesting that the low effector
memory CD4+ T-cell IFN-γ responses to CMV observed in this patient cohort are not a
consequence of suppression by a regulatory T-cell population.
Finally, low IFN-γ responses to CMV were not associated with elevated levels of IL-4
supporting a previous study by our group which demonstrated that deficiencies in IFN-γ
responses do not correlate with a persistent increase in T2 cytokines (Price et al., 2006).
In conclusion, the results described here do not demonstrate any clear trends suggestive
of a role for dysfunctional cytokine production from APC as a cause of low CMV136
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specific IFN-γ responses in HIV patients responding to CART. However, a possible role
for depressed IL-15 in limiting survival and IFN-γ production of effector memory CD4+
T-cells or for IL-10 in suppressing IFN-γ production from T-cells warrants further
investigation.
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Chapter 8

Proportions of APC may determine CMV-specific
CD4+ T-cell IFN-γ responses: Summary and Future
Studies for Section 2

Antigen-specific CD4+ T-cell function may remain depressed in HIV patients receiving
CART despite control of viral replication and the recovery of CD4+ T-cell numbers
(reviewed in Section 1.4.4.2). As the interaction between APC and T-cells is crucial to
antigen-specific T-cell responses, studies in Section 2 of this thesis were designed to
establish whether the proportions or function of different APC subsets were associated
with low CMV-specific CD4+ T-cell responses (as assessed by IFN-γ production in an
ELISpot assay) in HIV patients responding to CART.
In Chapter 6, I demonstrated a direct relationship between the proportions of pDC in
PBMC CD4+ T-cell IFN-γ responses to CMV. As pDC are important producers of IFNα and data in Chapter 7 showed that IFN-α mRNA levels were depressed in HIV
patients compared to controls, reduced proportions of pDC potentially reflects the
importance of the IFN-α dependent T1 cytokine response which primes T-cells to
produce IFN-γ (Cella et al., 1999, Kadowaki et al., 2000, Facchetti et al., 2003,
Pichyangkul et al., 2003). However, IFN-α mRNA levels in purified pDC were not
lower in HIV patients who had low CMV-specific CD4+ T-cell IFN-γ responses
(Chapter 7). Therefore, low frequencies of pDC rather than deficient IFN-α production
from pDC appear to limit CD4+ T-cell IFN-γ responses to CMV.
In future, the role of pDC dysfunction should be assessed in more detail. The low
proportions of circulating pDC in patients with low IFN-γ responses to CMV observed
here, may be the result of pDC activation and migration into lymphoid tissue (reviewed
in Herbeuval and Shearer, 2006). One of the effects of pDC activation by HIV is
increased production of IFN-α. In addition to its anti-viral properties and role in priming
CD4+ T-cells to produce IFN-γ, IFN-α production by pDC stimulates the expression of
TRAIL by CD4+ T-cells in HIV patients, which promotes loss of CD4+ T-cells through
activation induced cell death (reviewed in Herbeuval and Shearer, 2006). I did not
observe a difference in pDC IFN-α mRNA levels between patients with low and high
CMV-specific CD4+ T-cell responses, though levels were lower than controls in patients
with high CMV-specific CD4+ T-cell responses. Nevertheless, the relationship between
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pDC activation and TRAIL expression in PBMC, possibly mediated by IFN-α, requires
further investigation because TRAIL may have a role in memory T-cell homeostasis.
Thus, TRAIL expressed by CD8+ T-cells that are primed in the absence of CD4+ T-cell
'help' ('helpless memory CD8+ T-cells') mediates activation induced cell death of these
cells preventing clonal expansion after restimulation (Janssen et al., 2005). Memory
function of CD4+ T-cells may be similarly regulated. Although this has not been
demonstrated directly, apoptosis of unstimulated PBMC has been correlated with low
lymphoproliferative responses to CMV (Weinberg et al., 2004). Therefore, IFN-α
induced expression of TRAIL could act as a negative regulator of CD4+ T-cell effector
memory function in HIV patients receiving CART.
Data presented in Chapter 6 also demonstrated that proportions of mDC were increased
in HIV patients with low CMV-specific CD4+ T-cell responses. This may reflect a
suppressive role for mDC in HIV patients. In a preliminary study of

two CMV

seropositive healthy controls, CMV-specific CD4+ T-cell IFN-γ responses were
assessed in PBMC depleted of pDC, mDC, M-DC8+ DC or CD14 monocytes. The
results suggest that mDC do not have a suppressive function in vitro (data not shown).
Their role may be different in HIV patients.
Overall, data presented in Chapter 7 do not suggest that the production of cytokines
important in priming effector memory CD4+ T-cells to produce IFN-γ is deficient is
patients with low CD4+ T-cell IFN-γ responses to CMV. An association with expression
of IL-15 mRNA in purified mDC was evident, but levels of IL-15 mRNA were low.
Nevertheless, the IFN-γ ELISpot assay reflects effector memory T-cells and IL-15 is
important for their survival and production of IFN-γ (Marks-Konczalik et al., 2000,
Mueller et al., 2003), so a flow cytometric assessment of proportions of effector
memory [CCR7- CD45RO+ CD4+, (reviewed in Sallusto et al., 2004)] T-cells in patients
with low CMV-specific CD4+ T-cell IFN-γ responses is warranted.
As IFN-γ responses to antigens of other pathogens and lymphoproliferative responses to
CMV can also remain low despite long-term CART (reviewed in Section 1.4.4.2), the
studies described here should be extended to correlate production of other cytokines (eg:
IL-2) and responses to other antigens with the proportions of circulating pDC and mDC.
Cryopreserved cells are available from the cohort described here for these studies.
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In conclusion, patients who begin CART with advanced immunodeficiency may recover
CMV-specific CD4+ T-cell function. However, responses remain low in a subset of
patients. As this may relate to persistently low proportions of pDC, immunotherapeutic
interventions to increase the numbers or function of pDC may assist immune recovery
in HIV patients responding virologically to CART. For example, Flt-3 ligand expands
mDC and pDC populations in mice (Maraskovsky et al., 1996) and progenipoeitin-1 (a
member of a new family of chimeric human Flt-3 and G-CSF receptor agonists) can
increase both mDC and pDC in SIV-infected macaques (Koopman et al., 2004).
However, targeted interventions such as these require a detailed knowledge of the
immunological scenario unfolding in the patient.
On a shorter time scale, immunological markers that associate with persistently low
immune responses may be used to select patients for continued treatment of
opportunistic infections. By considering only patients who began treatment with low
CD4+ T-cell counts and achieved a stable virological response, this work provides
meaningful insight into one immunological scenario. The remaining cryopreserved cells
and cDNA preparations are now a valuable resource for further study.
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The contribution of this thesis to HIV medicine

In the 10 years since the introduction of CART, the prognosis for HIV-1 infected
individuals has significantly improved. For example, in a study of 1255 HIV patients
across the United States, rates of death decreased from 29.4 to 8.8 per 100 person years
between 1995 and 1997 when protease inhibitors (and CART) became available (Palella
et al., 1998). However, the response to CART can vary between individuals. Toxicities,
hypersensitivity and Immune Restoration Disease associated with CART were briefly
reviewed in Section 1.4. However this thesis focuses on suboptimal responses to CART
manifested as a limited recovery of CD4+ T-cell number or function, as these have been
associated with an increased risk of opportunistic infections and other causes of death.
Section 1 of this thesis addressed the causes of poor recovery of CD4+ T-cell counts in
HIV patients responding virologically to CART. The association of persistently low
CD4+ T-cell counts and a small thymus/poor thymus function (Chapter 2) or elevated
levels of immune activation (Chapter 3) suggests that the cause of poor CD4+ T-cell
recovery in patients receiving CART might be identified by assessing cell surface
markers of immune activation or recent thymic emigrants in whole blood. Data
described in Chapter 4 support the future use of genetic markers of an inflammatory
phenotype to identify patients at risk of poor CD4+ T-cell recovery when they begin
treatment. Clinicians could then target such patients for early treatment or more potent
antiretroviral regimes. For example, the use of protease inhibitors is associated with
better CD4+ T-cell recovery, perhaps due to an anti-apoptotic effect of PI therapy
(Phenix et al., 2000).
Section 2 of this thesis assessed deficiencies in the number or function of APC as a
possible cause of low CD4+ T-cell function after CART. Results demonstrated an
association between low CD4+ T-cell function (as assessed by IFN-γ production in
response to the test antigen, CMV) and low proportions of pDC in PBMC. As the CD4+
T-cell count may not be an accurate predictor of CD4+ T-cell function, an assessment of
immunological markers (such as proportions of pDC) may enable the targeting of
selected patients for continued treatment for opportunistic infections.
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One important risk factor associated with a suboptimal immunological response to
CART is a very low nadir CD4+ T-cell count. In addition to selecting patients on the
basis of a stable, virological response to long-term CART, the studies described here
were performed in patients with advanced immunodeficiency prior to CART.
Specifically, the selection criteria included nadir CD4+ T-cell counts below 100 (Section
1) or 50 (Section 2) CD4+ T-cells/μl of whole blood. In the developed world, CART is
usually commenced before or at the time of a CD4+ T-cell count of 200 cells/μl. This is
considered important to the rapid restoration of both memory and naïve CD4+ T-cells
(Kaufmann et al., 2000). My studies are particularly relevant to HIV patients
commencing CART in the developing world where patients are often very
immunodeficient when therapy is commenced.
The World Health Organisation / United Nations AIDS “3 by 5” initiative to increase
access to treatment in low and middle income countries fell short of its targets. About
75% of individuals in need of treatment worldwide currently have no access to it. The
World Health Organisations’s new goal of “Universal Access by 2010” should greatly
expand the number of HIV patients commencing CART. Many of these individuals will
be very immunodeficient.
While the immediate priority of the global community should be expanding the
availability of CART across the developing world, thought should also be given to
ensuring that patients experience the best possible response to CART. A better
understanding of the immunological mechanisms behind a suboptimal immunological
response to CART may enable prediction of individuals not responding, or at risk of not
responding, to CART. In the short term, such patients may be assisted by selection of
potent CART regimes to improve control of immune activation and continued
prophylaxis for opportunistic infections. As research into immunotherapies grows,
additional therapies may include growth hormone, IL-2, IL-7 or IL-15 to improve
thymus function or expand the peripheral T-cell pool, or therapeutic vaccines.
Ultimately, clinicians may use a number of simple laboratory markers of immune
recovery in addition to the CD4+ T-cell count to ensure that their patients stay healthy
and live longer.
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