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Abstract 

Initiation of antiretroviral therapy (ART) in HIV patients may result in the restoration of 

pathogen-specific immune responses which cause immunopathology. This clinical 

phenomenon is referred to as immune restoration disease (IRD) and can occur in 

response to a variety of pathogens. Immune restoration disease associated with 

Mycobacterium tuberculosis (TB-IRD) is the most common form of IRD and presents 

as tuberculosis-associated immune reconstitution inflammatory syndrome (TB-IRIS), in 

which there is a paradoxical worsening of treated tuberculosis (TB) in HIV patients who 

commence ART while receiving anti-TB therapy. Tuberculosis also presents more 

frequently during the first three months of ART (ART-associated tuberculosis [ART-

TB]) and some cases exhibit an atypical inflammatory response similar to TB-IRIS. 

This ‘unmasking’ of unrecognised TB may also be a form of IRD in most, if not all, 

patients.  

In the first part of my thesis, I investigated whether assessment of plasma biomarkers 

may elucidate more about the immunopathogenesis, prediction and diagnosis of TB-

IRD within a cohort of HIV patients from Cambodia, of whom 15 developed TB-IRIS 

and 11 developed ART-TB. Levels of cytokines and chemokines important in the 

immune response against M. tuberculosis were assayed in unstimulated plasma from a 

whole blood interferon-γ (IFN-γ) release assay (IGRA). TB-IRIS was associated with 

perturbations of inflammatory mediators produced by cells of the innate immune 

system, while ART-TB was associated with elevated levels of IL-18. Using ROC 

analyses, pre-ART levels of IL-18, CCL2 and CXCL10 were strongly predictive of TB-

IRIS (Chapter 2). A previous study found that IFN-γ responses to purified protein 

derivative (PPD) and region of difference 1 (RD1) antigens may aid in the prediction 

and diagnosis of ART-TB. Within the same cohort of patients, I assayed levels of IFN-

γ-inducible chemokines, CXCL9 and CXCL10, in plasma from whole blood IGRAs 

cultured with PPD and RD1 antigens (Chapter 3). ART-TB was characterised by 

elevated responses to PPD and RD1 antigens suggesting that ART-TB is associated 

with a prominent T cell response against mycobacterial antigens. T cell responses 

against mycobacterial antigens were less prominent in TB-IRIS. Using ROC analyses, 
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CXCL10 responses to RD1 antigens were shown to be a better predictor of ART-TB 

than IFN-γ responses and may aid in the diagnosis of ART-TB (Chapter 3).  

I also established that levels of IL-5 and IFN-γ in plasma from IGRAS stimulated with 

phytohaemagglutinin positively correlated suggesting that TB-IRIS and ART-TB are 

not associated with an imbalance in type 1 and type 2 T helper cytokine responses 

(Chapter 4). To further examine the role of biomarkers in IRD, I measured plasma 

levels of pro-inflammatory cytokines and chemokines in HIV patients enrolled into the 

INITIO study. Within this cohort, high pre-ART levels of CXCL10 were associated 

with ‘non-viral forms’ of IRD (Chapter 5).  

The second part of my thesis investigated the production of pro-inflammatory and 

regulatory cytokines in patients with HIV and/or TB. Regulation of IFN-γ production by 

IL-10 was also investigated in patients with untreated HIV infection or active TB and 

healthy controls. I demonstrated that TB-IRIS and ART-TB were not associated with a 

deficiency in the production of IL-10 in IGRAs stimulated with PPD or an imbalance in 

the production of IFN-γ and IL-10 (Chapter 7). I also demonstrated that IL-10 is 

produced mainly by monocytes and macrophages in patients with HIV, HIV/MAC or 

HIV/TB (Chapter 8). In cultured peripheral blood mononuclear cells (PBMC) from 

patients with untreated HIV infection, IFN-γ production was suppressed by the addition 

of small amounts of IL-10. IFN-γ production by cells from patients with active TB was 

more resistant to the effects of IL-10 (Chapter 9). Consistent with this finding was that a 

high concentration of neutralising antibodies to IL-10 was needed to increase IFN-γ 

production by PBMC in untreated HIV patients suggesting that endogenous production 

of IL-10 was high in these cultures (Chapter 9). Production of this cytokine by 

monocytes and its effects on IFN-γ production should be examined further. 

In summary, Part 1 of this thesis demonstrates that plasma biomarkers may aid in better 

understanding the immunopathogenesis of TB-IRIS and ART-TB, as well as in 

prediction and diagnosis. Part 2 of this thesis investigates the role of IL-10 in the 

pathogenesis of TB-IRD and provides an insight into the production and regulation of 

IL-10 in patients with HIV and/or TB. 
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1.1 HIV 

1.1.1 Introduction 

Human immunodeficiency virus (HIV) is a human retrovirus and is the cause of 

acquired immune deficiency syndrome (AIDS). It belongs to the lentivirus family of 

viruses which also includes feline immunodeficiency virus, simian immunodeficiency 

virus and bovine immunodeficiency virus. Two genetically distinct forms of HIV exist, 

HIV-1 and HIV-2. HIV-1 is more infectious than HIV-2 (Gilbert et al. 2003) and is 

largely responsible for the worldwide pandemic. HIV-1 consists of three distinct virus 

groups, M (the Main group), O (the Outlier group) and N (the Non-M, Non-O group). 

The M group of viruses consists of 11 clades with Clade C, A and B being the most 

common. Clade C is most common in Sub-Saharan Africa, China, India and Ethiopia. 

Clade A is prevalent in West Africa, while Clade B is found in western and central 

Europe, the Americas, Australia and South Africa. HIV-2 is commonly found in West 

Africa and India (Stebbing & Moyle 2003).  

Throughout the world, 33.3 million people are currently estimated to be living with 

HIV. It is estimated that there were 2.6 million new infections in 2009 with 1.8 million 

deaths (World Health Organisation 2010a). As of 31 December 2010, there were an 

estimated 21 391 people living with HIV in Australia (The Kirby Institute 2011). 
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Figure 1.1 The global prevalence of HIV/AIDS in 2009 (Source: UNAIDS) (World Health Organisation 2010a). 
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1.1.2 Structure of HIV 

The HIV-1 virion is spherical and contains a cone shaped core surrounded by a lipid 

envelope derived from the plasma membrane of the host cell.  

The HIV-1 genome is encoded by approximately 9kb of RNA and has nine open 

reading frames. Three of these encode the Gag, Pol and Env polyproteins which are 

cleaved by the viral protease to yield the mature proteins. The four Gag proteins: matrix, 

capsid, nucleocapsid proteins and p6 form the core of the virion. The two Env proteins, 

gp120 and gp41 form the outer membrane envelope and are required for cellular entry  

of HIV (Frankel & Young 1998).  

The three Pol proteins, protease, reverse transcriptase and integrase are located within 

the core of the virus. The protease enzyme cleaves the Gag, Pol and Env polyproteins 

into functional proteins and enzymes to produce an infectious HIV virion. Reverse 

transcriptase is responsible for reverse transcribing the viral RNA genome into DNA, 

while integrase aids in integrating the viral genome into the host DNA (Frankel & 

Young 1998). 

Six accessory proteins are also produced by HIV-1: Vif, Vpr, Nef, Tat, Rev and Vpu. 

Vif, Vpr and Nef are found within the virion while Tat and Rev provide gene regulatory 

functions. Vpu is involved in the assembly of the virion. Also located within the core of 

the virus are two copies of genomic RNA (Frankel & Young 1998). 

1.1.3 HIV life cycle 

HIV invades cells which express the CD4 receptor (CD4+ T cells, macrophages and 

dendritic cells) through two molecules on the HIV-1 envelope, the external glycoprotein 

gp120, and the transmembrane protein gp41. Gp120 attaches to the cell membrane by 

first binding to the CD4 receptor and interacting with co-receptors CCR5 or CXCR4 to 

trigger irreversible conformational changes in the cell membrane. This induces a 

conformational change in gp41, causing the virus envelope to fuse to the cell membrane 

(Simon, Ho & Abdool Karim 2006).  
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The viral core is then released into the cytoplasm whereby the viral genome is reverse 

transcribed into DNA by reverse transcriptase. During this process, viral variants are 

generated as reverse transcriptase is error prone and has no proofreading ability. The 

viral protein integrase inserts the viral genome into gene-rich transcriptionally active 

domains of the host’s DNA. An integrase binding host factor LEDGF/p75 (lens 

epithelium-derived growth factor) facilitates integration into the DNA transforming the 

cell into a potential virus producer (Simon, Ho & Abdool Karim 2006). HIV mRNA is 

transcribed by host RNA polymerase which can serve as genomic RNA in new virions 

or mRNA for viral proteins. Viral proteins are assembled close to the cell membrane 

and cleavage of the Gag-Pol polyprotein by the viral protease produces mature 

infectious virions which bud off the infected cell (Simon, Ho & Abdool Karim 2006).  

1.1.4 Natural history of infection 

Early infection with HIV-1 is characterised by large-scale viral replication and a rapid 

depletion of CD4+ T cells in gut-associated lymphoid tissue (GALT). Depletion occurs 

preferentially within the CCR5+ CD4+ T cell subset presumably due to activation-

induced cell death or direct viral infection (Guadalupe et al. 2003; Brenchley et al. 

2004; Mehandru et al. 2004). However, increased CD4+ T cell proliferation is also 

evident in GALT during early stages of HIV-1 infection presumably in response to 

HIV-1 infection (Guadalupe et al. 2003). Acute HIV-1 infection is also characterised by 

extremely high frequencies of latently infected CD4+ T cells (Blankson et al. 2000). 

A chronic phase of infection then follows which is characterised by systemic immune 

activation which may be due to increased translocation of gastrointestinal microbial 

products (Brenchley et al. 2006). HIV-associated immune activation results in the 

accumulation of effector T cells within lymph nodes and destruction of lymphoid tissue 

which impairs lymphocyte homeostasis and antigen presentation (Brenchley et al. 

2004). The chronic infection phase is also associated with increased frequencies of T 

cells expressing activation markers and exhibiting a memory phenotype, increased 

production of proinflammatory cytokines and increased turnover of T and B 

lymphocytes, natural killer (NK) cells and accessory cells (Douek, Roederer & Koup 

2009). Reduced T-helper function to multiple T cell stimuli, impaired antigen-
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presentation and disruption of immunoregulatory cytokine expression and production 

has also been reported (Shearer 1998).  

During disease progression, HIV-1 infection is not limited to cells expressing the CCR5 

co-receptor. The use of CXCR4 as a co-receptor for cellular entry occurs during the late 

stages of HIV-1 infection and is associated with an increase in HIV-1 viral load, a 

decline in CD4+ T cell numbers and clinical progression to AIDS (Connor et al. 1997; 

Daar et al. 2007; Waters et al. 2008; Goetz et al. 2009).  

 

 

Figure 1.2 The course of HIV-1 infection. Adapted from Grossman et al. 2006. 
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1.1.5 The onset of AIDS and AIDS-defining illnesses 

The onset of AIDS occurs when a HIV patient has a CD4+ T cell count below 200 

cells/µl or experiences an AIDS-defining illness such as an opportunistic infection or 

tumour associated with advanced HIV infection (Castro et al. 1992). Patients with AIDS 

suffer from opportunistic infections, neoplasms, cachexia, HIV nephropathy and AIDS-

related encephalopathy. Common opportunistic infections include Mycobacterium 

tuberculosis, Pneumocystis jeroveci pneumonitis, cerebral toxoplasmosis and 

disseminated Mycobacterium avium complex infection. Common neoplasms include 

Kaposi’s sarcoma and non-Hodgkins lymphoma. AIDS patients can also experience 

HIV-associated neurocognitive disorder, peripheral neuropathy and HIV wasting 

syndrome (cachexia) (Castro et al. 1992). 

1.1.6 Cytokine responses are dysregulated during untreated HIV-1 infection 

Production of the acute phase protein serum amyloid A is the first sign of an immune 

response against HIV and occurs before plasma viral RNA is detected and prior to any 

increases in cytokine levels (Kramer et al. 2010). As plasma viraemia increases during 

acute HIV-1 infection, rapid and transient rises in plasma levels of IFN-α and IL-15 

occur along with large increases in levels of CXCL10, TNF-α and CCL2. Plasma levels 

of IL-6, IL-8, IL-18 and IFN-γ slowly increase with a late peaking increase in IL-10 

(Stacey et al. 2009). This exaggerated cytokine response may promote immune 

activation, viral replication and CD4+ T cell loss (McMichael et al. 2010). 

1.1.6.1 A Th1 to Th2 switch during HIV-1 disease progression remains 

controversial 

It has been hypothesised that type 1 T helper (Th1) cytokine responses are important in 

controlling HIV-1 replication during early infection with a shift towards a Th2 cytokine 

response resulting in a loss of cell-mediated immunity, increased viral replication and 

progression to AIDS. Although Th1 immune responses are impaired during HIV 

infection, the issue of whether Th2 responses predominate remains controversial. 
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Progression of HIV infection has been associated with reduced cellular production of 

IL-2, IL-12 and IFN-γ and increased cellular production of IL-4, IL-6 and IL-10 (Clerici 

et al. 1993; Clerici & Shearer 1993; Clerici et al. 1994; Clerici & Shearer 1994; 

Barcellini et al. 1994; Clerici et al. 1996; Klein et al. 1997). The cytokine profile of 

HIV patients who are long-term non-progressors is also characterised by relatively high 

levels of IL-2 and IFN-γ and low levels of IL-4 and IL-10, while the opposite is seen in 

HIV-infected individuals with progressive infection (Clerici et al. 1996a). However, 

these reports were based on observations of cytokine production following in vitro 

stimulation of peripheral blood mononuclear cells (PBMC) which may not necessarily 

reflect cytokine production in vivo. Other studies have found no switch from a Th1 

phenotype to a Th2 phenotype during HIV disease progression (Graziosi et al. 1994; 

Romagnani et al. 1994; Fakoya et al. 1997; Sanders, Cruse & Lewis 2008), while a Th0 

pattern of cytokine secretion has also been observed (Meyaard et al. 1994). An in vitro 

study suggests that the early phase of HIV-1 infection is characterised by secretion of 

IL-4 and IL-10 (Meroni et al. 1996). Discrepancies in the reporting of in vitro 

production/expression of cytokines in HIV infection may be due to differences in 

experimental design such as varying stimuli and incubation times, varying cytokine 

assay sensitivities, differences in sample size, mRNA versus protein and bulk cells 

versus purified cell cultures. 

HIV-1 patients with a CD4+ T cell count ≥200 cells/µl had significantly higher levels of 

IL-2 compared to patients with a CD4+ T cell count <200 cells/µl, while patients with a 

CD4+ T cell count <200 cells/µl had significantly higher levels of IL-10 compared to 

patients with a CD4+ T cell count ≥200 cells/µl (Orsilles et al. 2006). The authors argue 

that these results suggest a skewing of Th1 to Th2 cytokine responses during disease 

progression, but IL-10 is produced by a broad variety of cells of the innate and adaptive 

immune system (Saraiva & O'Garra 2010) (Refer to Chapter 8).  
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1.2 ANTIRETROVIRAL THERAPY 

Since its introduction in the late 1990s, combination antiretroviral therapy (ART) has 

greatly reduced HIV-associated morbidity and mortality by suppressing viral replication 

and increasing CD4+ T cell numbers (Palella et al. 1998; Lohse et al. 2007; Bhaskaran 

et al. 2008). Over time, treatment regimens have gradually become more convenient, 

better tolerated and less toxic and have shown improved virologic, immunologic and 

clinical responses. Current World Health Organisation guidelines recommend that all 

HIV-1 patients commence ART when their CD4+ T cell count falls below 350 cells/µl 

(World Health Organisation 2010a). 

1.2.1 Types of ART 

There are currently six classes of antiretroviral drugs for the treatment of HIV infection: 

nucleoside reverse transcriptase inhibitors, non-nucleoside reverse transcriptase 

inhibitors, protease inhibitors, fusion inhibitors, CCR5 antagonists and integrase 

inhibitors (Volberding & Deeks 2010). 

1.2.2 ART results in a biphasic repletion of CD4+ and CD8+ T cells  

Following ART, peripheral CD4+ T cell counts rise for around three to five years. The 

initial rise is very rapid and occurs within the first three to six months of treatment. It 

primarily results from a release of memory CD4+ T cells sequestered within lymphoid 

tissues (Pakker et al. 1998; Bucy et al. 1999). A second slower rise then occurs where 

CD4+ counts stabilise after four to six years. During this rise, naïve CD4+ T cells as well 

as memory T cells contribute to the reconstitution of the immune system. Repletion of 

CD4+ T cells is associated with a decrease in CD4+ T cell activation markers (Autran et 

al. 1997; Johnson & Parkin 1998; Pakker et al. 1998; Bucy et al. 1999; Battegay et al. 

2006). It appears that thymic output is the main source of CD4+ T cell repopulation in 

patients responding to ART (De Rossi et al. 2002; Dion et al. 2007), although extra-

thymic pathways of T cell production may be important in severely immunodeficient 

patients starting ART (Fernandez et al. 2006a). CD4+ T cell recovery following ART is 

also associated with a decrease in T cell apoptosis with or without a reduction in HIV-1 

viral load (Johnson & Parkin 1998; Chavan et al. 1999). In contrast, increased apoptosis 
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of PBMCs and CD8+ T cells and increased TRAIL receptor 1 expression is associated 

with poor CD4+ T cell recovery during ART (Hansjee et al. 2004). 

CD8+ T cell numbers recover the most during the first few months of ART (Autran et 

al. 1997; Pakker et al. 1998). Despite an initial increase in CD8+ T cells, CD8+ T cell 

numbers decline during the late phase of immune recovery due to a loss of CD8+ 

memory cells (Pakker et al. 1998). ART also results in a decrease of CD8+ T cell 

activation markers (Autran et al. 1997).  

1.2.3 ART results in a partial restoration of pathogen-specific cellular and 

humoral immune responses 

ART leads to a functional reconstitution of the immune system through the restoration 

of pathogenic-specific cellular and humoral immune responses. Despite this, most HIV 

patients are unable to achieve immune responses seen in HIV-uninfected patients, 

although immune recovery is dependent on pre-ART CD4+ count. 

In patients with a CD4+ T cell count between 50 and 400 cells/µl, CD4+ T cell 

proliferative responses against Candida albicans, pokeweed mitogen, streptokinase and 

tetanus toxoid were greatly enhanced after 48-108 weeks of ART and were comparable 

with proliferative responses in non-HIV controls. However, there was a gradual 

reduction in responses after 72 weeks of ART (Rinaldo et al. 1999). IFN-γ and CCL5 

production to Gag, Env and Pol proteins were not significantly increased after ART, 

while T cell proliferation was increased in response to Pol after ART before decreasing 

(Rinaldo et al. 1999). M. tuberculosis-specific CD4+ T cells from chronically infected 

HIV-1 patients with a CD4+ T cell count >300 cells/µl retain impaired IFN-γ secreting 

capacity despite an improvement in CD4+ T cell numbers following ART  (Sutherland 

et al. 2006).  
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1.2.4 Restoration of pathogen-specific immune responses is impaired in severely 

immunodeficient HIV-1 patients starting ART 

In people who are severely immunodeficient upon starting ART, recovery of pathogen-

specific immune responses is slower and although responses may improve, they do not 

recover to levels observed in non-HIV controls. In patients with a median CD4+ T cell 

count <100 cells/µl, immune responses to M. tuberculosis were restored after ART but 

not to levels seen in non-HIV controls (Schluger, Perez & Liu 2002). Furthermore, the 

immune response to M. tuberculosis did not improve in a proportion of patients with a 

pre-ART CD4+ T cell count <50 cells/µl despite a rise in CD4+ T cell numbers and a 

suppression of HIV-1 viral load (Hsieh et al. 2000). 

Immune responses to immunisation with the tetanus toxoid and hepatitis A vaccine after 

24 and 48 weeks of ART remained deficient in a majority of HIV-1 patients who had a 

CD4+ T cell count <50 cells/µl before the start of ART (Lederman et al. 2003). In HIV-

1 patients with a nadir CD4+ T cell count <100 cells/µl, IFN-γ responses to Candida 

antigens increased slowly over eight years of ART, while responses were not restored at 

all in some patients. Few HIV-1 patients achieved IFN-γ responses to Candida antigens 

seen in non-HIV controls (Burgess et al. 2006). HIV-1 patients with <50 CD4+ T 

cells/µl pre-ART had a slow recovery of CD4+ T cell responses to cytomegalovirus 

(CMV) during ART (Gerna et al. 2001; Keane et al. 2004).   

1.2.5 Ongoing immune activation is associated with poor recovery of CD4+ T 

cells in some HIV-1 patients after the commencement of ART 

Ongoing immune activation after the start of ART has been associated with impaired 

recovery of CD4+ T cell numbers in some HIV-1 patients despite a suppression of HIV-

1 viral load. Patients who fail to recover CD4+ T cell numbers on ART usually have 

higher proportions of activated CD4+ and CD8+ T cells compared to patients who do 

recover CD4+ T cell numbers (Almeida, Price & French 2002; Hunt et al. 2003; 

Fernandez et al. 2006b; Piconi et al. 2010; Nakanjako et al. 2011). Poor recovery of 

CD4+ T cells has also been associated with increased apoptosis and increased activity of 

regulatory T cells (Lim et al. 2007; Piconi et al. 2010; Nakanjako et al. 2011). 
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Serum markers of immune activation, IgA, IFN-α, CCL2, sTNFRII and sTRAIL 

remained elevated in HIV-1 patients after six years of ART compared non-HIV-1 

controls, suggesting that immune activation persists during long-term ART despite a 

successful control of HIV-1 viral load (French et al. 2009). 
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1.3 IMMUNE RESTORATION DISEASE 

Immune restoration disease (IRD, also known as immune reconstitution disease and 

immune reconstitution inflammatory syndrome) is a clinical phenomenon which occurs 

in immunosuppressed patients whose immune function is rapidly restored after starting 

ART. It is characterised by atypical opportunistic infections, exaggerated or atypical 

inflammatory reactions or worsening of pre-existing diseases. IRD is considered to be 

the result of restoring an immune response against a pathogen, as opposed to failure of 

that immune response (immunodeficiency disease), which results in immunopathology 

and can occur in response to a previously treated opportunistic infection or an 

unmasking of a subclinical infection (French et al. 2000; French, Price & Stone 2004; 

Lawn & Wilkinson 2006; French 2009). This will be described in greater detail in 

Section 1.6 where IRD associated with Mycobacterium tuberculosis will be described. 

1.3.1 Clinical features and risk factors 

Immune restoration disease can occur in up to one-third of HIV patients after they 

commence antiretroviral therapy. It is associated with a variety of opportunistic 

infections such as M. tuberculosis, M. avium complex, Cryptococcus neoformans, and 

herpes viruses. It usually occurs within the first three months of ART, but can occur 

later. Risk factors include the commencement of ART soon after being diagnosed with 

an opportunistic infection, a pronounced decrease in HIV RNA levels after starting 

ART, a pre-ART CD4+ count <100 cells/µl, younger age and with a low pre-ART CD4+ 

T cell percentage and a low ratio of CD4+:CD8+ T cells (French et al. 2000; Jevtović et 

al. 2005; S.A. Shelburne et al. 2005; Ratnam et al. 2006; Manabe et al. 2007; Murdoch 

et al. 2008; Smith et al. 2009; Muller et al. 2010). Mortality is usually restricted to 

patients with neurological complications but morbidity is often substantial (Burman et 

al. 2007; Murdoch et al. 2008; Smith et al. 2009). 

Genetic factors are also important in the development of IRD but have not been studied 

adequately. The absence of the C allele  at IL-6-174 in association with the TNFA-

308*1 allele is associated with a 3-fold higher risk of mycobacterial IRD (Price et al. 

2002). HLA-B44 and major histocompatibility complex ancestral haplotypes HLA-A2, 
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-B44, -DR44 and a single nucleotide polymorphism in the 3’UTR of the IL-12B gene is 

associated with an increased risk of herpes-virus associated IRD (Price et al. 2001; Price 

et al. 2002). Genetic markers may also be useful in identifying HIV patients at risk of 

developing IRD.  

1.3.2 Immunopathogenesis 

The immunopathogenesis of IRD varies according to the causative pathogen. IRD 

associated with mycobacterial infection parallels the restoration of delayed-type 

hypersensitivity immune responses, granulomatous inflammation and an overproduction 

of Th1 cytokines (French, Mallal & Dawkins 1992; French et al. 2000; Phillips et al. 

2005; Bourgarit et al. 2006; Elliott et al. 2009). In an experimental model which 

mimicked mycobacterial IRD, T cell deficient mice infected with M. avium were 

injected with a small number of purified CD4+ T cells. This resulted in weight loss, 

impaired lung function and rapid mortality with IFN-γ being an important mediator of 

disease. It was speculated that M. avium-infected mice may be sensitive to the 

detrimental effects of IFN-γ due to an absence of pre-existing M. avium-specific CD4+ 

T cells (Barber et al. 2010). 

Cryptococcal IRD is also associated with an overproduction of Th1 cytokines (Tan et al. 

2008; Boulware et al. 2010a; Boulware et al. 2010b), while IRD associated with 

Kaposi’s sarcoma is linked with an increase in IL-6 and TNF-α levels and a decrease in 

VEGF levels (Tamburini et al. 2007). In contrast, IRD associated with hepatitis C virus 

in Australian patients was characterised by raised titres of hepatitis C virus (HCV)-core 

antibody and levels of sCD26, a marker of T cell activation (Stone et al. 2002a). 

Australian HIV/HCV patients who experienced liver enzyme elevation after starting 

ART also had higher levels of total HCV antibody which was associated with immune 

reconstitution (Cameron et al. 2011). An Indonesian study also found HCV-IRD to be 

associated with elevated levels of sCD26, sCD30 and CXCL10 but low levels of total 

anti-HCV antibody (Yunihastuti et al. 2011). 

IRD associated with hepatitis B virus (HBV) is associated with elevated levels of 

chemokines associated with the recruitment of monocytes and T cells to the liver (Crane 
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et al. 2009). IRD caused by varicella-zoster virus or JC polyoma virus is associated with 

a CD8+ T cell response in the central nervous system (Miralles et al. 2001; Clark et al. 

2004). 
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1.4 TUBERCULOSIS 

Tuberculosis (TB) is mostly caused by the slow growing intracellular bacillus 

Mycobacterium tuberculosis. It infects phagocytic antigen-presenting cells in the lung 

including alveolar macrophages, lung macrophages and dendritic cells (DCs) and 

commonly manifests as pulmonary TB (Flynn & Chan 2001; North & Jung 2004). 

In 2010, there were an estimated 8.8 million new TB cases with 1.45 million deaths. 

The World Health Organisation estimates that the largest number of new TB cases in 

2010 occurred in the South-East Asia region which accounted for 59% of cases 

globally, followed by Africa (26%) (World Health Organisation 2011). 

1.4.1  Natural history of infection 

Infection with M. tuberculosis occurs through the inhalation of airborne droplets 

containing M. tuberculosis as a result of an infectious person coughing or sneezing 

(Kaufmann & Stenger 2009). Primary infection is usually asymptomatic and most 

people (90%) mount an effective cell-mediated immune response which confines the 

infection to the lungs. However, this response is usually not sufficient to clear the 

bacteria, so a high proportion of people remain latently infected (Flynn, Chan & Lin 

2011). Secondary TB arises from reactivation of dormant primary lesions later in life 

when the immune system is compromised. Secondary TB is typified by caseation and 

cavitation in the upper lobes as well as expectoration of tubercle bacilli, fever, night 

sweats and weight loss. 

1.4.2 Immune response to M. tuberculosis 

Upon inhalation, M. tuberculosis travels to distal regions of the lung and is 

phagocytosed by antigen-presenting cells in the lung such as alveolar macrophages, 

lung macrophages and DCs. However, M. tuberculosis is able to survive inside 

monocytes and macrophages by impeding the natural formation of its phagosome, 

restricting acidification within the phagosome to a pH of 6.4 and preventing fusion of 

the phagosome with lysosomes (Pethe et al. 2004; Walburger et al. 2004).  
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Figure 1.3 The estimated incidence of TB in 2010 (World Health Organisation 2011).



Chapter 1 

18 

1.4.3 Cell-mediated immunity is important in controlling M. tuberculosis 

infection 

Following infection with M. tuberculosis, IL-12p40 mediates the migration of M. 

tuberculosis-infected DCs from the lung parenchyma to draining lymph nodes where 

they present fragments of M. tuberculosis to naïve CD4+ T cells (Khader et al. 2006). 

IL-12p40 is also critical in activating CD4+ T cells to produce interferon-gamma (IFN-

γ). IFN-γ stimulates phagolysosome formation in infected macrophages exposing M. 

tuberculosis to reactive nitrogen intermediates and other free radicals which kill the 

mycobacteria (Nathan & Shiloh 2000; Chan, Chan & Schluger 2001; Khader et al. 

2006). IFN-γ also induces expression of MHC class II molecules which are necessary 

for antigen processing and presentation to CD4+ T cells. CD4+ T cells can kill M. 

tuberculosis-infected cells and activate CD8+ T cells and γδ T cells to control M. 

tuberculosis infection (Harding & Boom 2010). Defects in genes encoding IFN-γ or its 

receptor predispose humans to serious mycobacterial infections (Newport et al. 1996; 

Ottenhoff, Kumararatne & Casanova 1998; Jouanguy et al. 1999; Dupuis et al. 2000). 

In humans, pulmonary TB was associated with low-level IFN-γ production by CD8+ T 

cells (Aktas et al. 2009) which may indicate that CD4+ T cells are the major source of 

IFN-γ during the initial response to TB.  

1.4.4 Th17 cells are important in the immune response to M. tuberculosis 

Th17 cells are a distinct subset of CD4+ T cells and produce IL-17A, IL-17F, IL-21 and 

IL-22 (Ouyang, Kolls & Zheng 2008). IL-17 and IL-22 may be important in the 

adaptive immune response to M. tuberculosis as they constituted more than 20% of the 

total frequency of specific cytokine-producing CD4+ T cells (Scriba et al. 2008). Higher 

frequency of Th17 cells in pleural effusions and higher levels of IL-17 in peripheral 

blood are also present in TB patients compared to patients without TB (Pasquinelli et al. 

2009; Wang et al. 2011). The loss of Th1/Th17 T cells may be a risk factor for the 

development of active TB in patients with HIV infection, as a reduced number of 

Th1/Th17 cells were associated with impaired production of IFN-γ and IL-2 in response 

to PPD (Clark et al. 2011). 
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IL-22 aids in the immune response against M. tuberculosis by enhancing 

phagolysosomal fusion of M. tuberculosis-infected macrophages (Dhiman et al. 2009). 

Compared to IL-17, IL-22 may have a distinct role in TB infection as it is produced by a 

distinct subset of CD4+ T cells and unlike IL-17 its production is not affected by IFN-γ 

(Scriba et al. 2008). 

1.4.5 Pattern recognition receptors mediate the recognition of M. tuberculosis 

The immune response to M. tuberculosis is initiated through two families of pattern 

recognition receptors: the nucleotide oligomerisation domain (NOD)-like receptors and 

Toll-like receptors (TLR). NOD2 recognises muramyl dipeptide (MDP) which is a 

peptidoglycan found on M. tuberculosis. This results in a NF-κB mediated 

inflammatory response and the activation of the inflammasome (Delbridge & O'Riordan 

2007; Yang et al. 2007). 

TLR1 and TLR2 activate macrophages to produce TNF-α through the recognition of 

lipoarabinomannan (LAM) and a variety of mycobacterial lipids (Underhill et al. 1999). 

Production of IL-12 and transcription of inducible nitric oxide synthase also occurs 

through the binding of 19kDa lipoprotein of M. tuberculosis to TLR2 (Brightbill et al. 

1999). Polymorphisms in the human TLR2 gene are associated with increased 

susceptibility to mycobacterial disease (Bochud, Hawn & Aderem 2003; Ben-Ali et al. 

2004; Ogus et al. 2004; Motsinger-Reif et al. 2010). In addition, the intracellular 

persistence of M. tuberculosis and continual shedding of cell wall ligands by viable M. 

tuberculosis can result in prolonged TLR2 signalling leading to an inhibition of MHC 

class II expression and antigen processing in macrophages. This may result in reduced 

antigen presentation by macrophages impairing CD4+ T cell recognition of infected 

macrophages and promoting immune evasion of M. tuberculosis (Fulton et al. 2004; Pai 

et al. 2004). 
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1.4.6 Granulomas limit infection with M. tuberculosis 

Activated macrophages secrete inflammatory mediators such as TNF-α, CCL2 and 

CXCL10 which leads to the recruitment of neutrophils, NK cells and CD4+ and CD8+ T 

cells (Russell 2007). These cells also produce TNF-α which amplifies cellular 

recruitment to the infection site and results in the formation of a granuloma. The 

granuloma acts to limit the spread of M. tuberculosis and allows the immune response 

to focus on the site of mycobacterial infection. The granuloma consists of a cluster of 

infected macrophages surrounded by foamy macrophages and other mononuclear 

phagocytes. Surrounding this is a layer of lymphocytes and a fibrous cuff of collagen 

which delineates the structure from the host tissue (Ulrichs & Kaufmann 2006; Russell 

2007). During disease progression, the centre of the granuloma loses its vascular 

appearance and becomes necrotic. The granuloma wall breaks down and the bacteria are 

released into the airways where they can be transmitted. Transmission is associated with 

high levels of matrix metalloproteinase 9 (MMP9) in the serum implying that tissue 

breakdown is an active, destructive process (Russell 2007). 
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Figure 1.4 The formation and pathology of the granuloma. Adapted from Russell 2007. 
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1.4.7 Diagnosis 

After symptom questionnaires, sputum microscopy detecting acid fast bacilli is the 

simplest and most widespread method available for the diagnosis of TB. It has a 

sensitivity of 34-80% (Davies & Pai 2008) but does not perform as well in patients co-

infected with HIV, as these patients are more likely to have smear-negative pulmonary 

disease or extra-pulmonary disease (Reid & Shah 2009). Chest radiography has been 

used to supplement TB diagnosis, especially in people with smear-negative TB. 

However, interpretation of chest radiographs in patients co-infected with HIV is 

difficult, as findings vary based on the disease stage. Interpretation of chest radiographs 

is further complicated by high rates of other HIV-related pulmonary diseases. 

The tuberculin skin test (TST) is the oldest method of diagnosing M. tuberculosis 

infection. However, false-positive TST responses may result from contact with 

environmental mycobacteria that share common antigens with M. tuberculosis or from 

prior BCG vaccinations and false negatives may result from errors in the placement of 

the skin test antigen and reading of results. HIV-associated immunosuppression may 

also blunt the immune response to tuberculin producing false-negative results. Follow-

up is poor because of the need for patients to return after 48-72 hours for test reading 

(Reid & Shah 2009). 

Due to advances in immunology and genomics, two whole-blood interferon-γ release 

assays (IGRAs) have recently been developed which measure IFN-γ production by T 

cells in response to M. tuberculosis antigens: the Quantiferon-TB GoldTM In-Tube 

(QFTGIT) assay (Cellestis Ltd, Carnegie, Australia) and the T-SPOT®.TB assay 

(Oxford Immunotec, Oxford, United Kingdom). The QFTGIT uses heparinised whole 

blood which is cultured with antigens encoded by the region of difference 1 domain of 

the M. tuberculosis genome (ESAT-6, CFP-10 and TB7.7). IFN-γ levels to these 

antigens are measured using an ELISA and compared with IFN-γ production in 

response to a positive (phytohaemagglutinin) and negative control (nil) tube. The T-

SPOT®.TB assay is a simplified enzyme-linked immunospot (ELISPOT) method which 

enumerates effector T cells that respond to stimulation with ESAT-6 and CFP-10. 

IGRAs have a higher specificity and sensitivity compared to TST, only require one 
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patient visit and results are not affected by prior BCG vaccination (Mazurek et al. 2001; 

Pai, Zwerling & Menzies 2008). However, they are unable to distinguish between latent 

and active infection in areas with high rates of HIV and/or M. tuberculosis (Mendelson 

2007; Cattamanchi et al. 2010; Syed Ahamed Kabeer et al. 2010). 

Nucleic acid amplification assays are also useful in the diagnosis of M. tuberculosis. 

Recently developed assays are highly sensitive and specific for M. tuberculosis   and 

enable results to be obtained within approximately two hours (Causse et al. 2011).   
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1.5 CO-INFECTION WITH HIV AND TUBERCULOSIS 

Tuberculosis is the leading cause of death among people living with HIV in Africa and 

a major cause of death elsewhere. It is also the most common disease presenting among 

people receiving ART. At least one third of the 33.2 million people living with HIV are 

infected with TB and are 21-34 times more likely to develop TB than those without HIV 

and one in four people with HIV will die due to TB. In 2010, 350 0000 people died of 

HIV-associated TB (World Health Organisation 2011).  

1.5.1 HIV infection promotes the progression of active TB 

HIV impairs the immune response to M. tuberculosis infection by causing the depletion 

M. tuberculosis specific CD4+ T cells (Geldmacher et al. 2008; Geldmacher et al. 2010) 

and impairing macrophage apoptosis and TNF-α production (Patel et al. 2007). The 

granulomatous response to M. tuberculosis is also impaired. As HIV infection 

progresses, granulomas are characterised by the absence of Langerhans giant cells and 

activated macrophages, reduced cellular recruitment, reduced numbers of CD4+ T cells 

and increased numbers of acid fast bacilli (Lucas et al. 1993). Progression of HIV 

disease is also associated with decreased TST responses, impaired tissue containment of 

mycobacteria leading to increased miliary and extrapulmonary disease (Gilks et al. 

1990). Subsequently, a high HIV-1 viral load may be a risk factor for the onset of TB in 

HIV-1 infected patients (Day et al. 2004).  
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Figure 1.5 The estimated HIV prevalence in TB cases in 2010 (World Health Organisation 2011) 
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1.5.2 Tuberculosis is associated with increased HIV-1 replication 

Infection with M. tuberculosis increases HIV-1 replication in vivo and in vitro (Goletti 

et al. 1996; Mancino et al. 1997; Toossi et al. 2001a; de Castro Cunha et al. 2005). M. 

tuberculosis and PPD-induced HIV-1 replication correlated with increased CD4+ T cell 

activation and cell death, suggesting that CD4+ T cell activation during an M. 

tuberculosis-specific immune response leads to an increase in HIV-1 replication (Goletti 

et al. 1996). Transcriptional activity of HIV-1 is also enhanced in HIV-1 patients with 

active M. tuberculosis infection during early HIV-1 disease, as HIV-1 viral load was 

significantly higher only in TB patients with CD4+ T cell counts >500 cells/µl (Toossi et 

al. 2001b). This suggests that M. tuberculosis infection may be important in the 

progression of HIV-1 disease and indicates that many HIV-1 infected individuals 

develop TB before they become immunodeficient. 

The increase in HIV viraemia that occurs in association with M. tuberculosis infection 

may result from up-regulation of CXCR4 and CCR5 on CD4+ T cells thereby causing 

an acceleration of HIV-1 infection (Juffermans et al. 2001). Whole blood samples from 

TB patients and healthy controls were cultured with LAM in vitro and expression of 

CXCR4 and CCR5 measured. Expression of CXCR4 and CCR5 were elevated in 

patients with TB and after in vitro stimulation of whole blood with LAM in healthy 

controls (Juffermans et al. 2001). 

M. tuberculosis may also exacerbate HIV-1 infection through DC-mediated HIV-1 

trans-infection of CD4+ T cells. HIV-1 trans-infection by DCs is increased following 

exposure to M. tuberculosis along with suppression of major histocompatibility 

complex (MHC) class II processing and presentation of HIV antigens by DCs to CD4+ 

T cells (Reuter et al. 2010). This may contribute to a decline in CD4+ T cells and a 

decrease in the immune control of both M. tuberculosis and HIV-1. 
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1.5.3 Cytokine responses in HIV-1/TB co-infection 

HIV-1/TB co-infection is also associated with increased immune activation. HLA-DR 

expression on both CD4+ and CD8+ T cells and expression of FcγRI and FcγRIII on 

monocytes was increased in patients with M. tuberculosis compared to healthy controls. 

Serum levels of TNF-α, β2-microglobulin and neopterin were elevated in TB and HIV-

1/TB patients compared to healthy controls (Vanham et al. 1996). 

During TB, elevated levels of pro-inflammatory cytokines such as TNF-α in 

conjunction with systemic immune activation is believed to be responsible for increased 

HIV-1 activity in HIV-1/TB co-infected patients (Toossi 2003). In HIV-1/TB patients, 

increased circulating levels of TNF-α during active TB correlated directly with HIV 

activity and a failure of TNF-α levels to decrease by ≥50% of pre-treatment levels 

during the first week of treatment may suggest a poor treatment response (Hsieh et al. 

1999). Neutralisation of TNF-α also significantly reduced HIV-1 production by HIV-1-

infected monocytes in response to PPD (Toossi et al. 1999).  

Increased levels of TNF-α, CCL2, and low levels of HIV-1 inhibiting β-chemokines, 

CCL3, CCL4 and CCL5 were also seen in the pleural fluid of HIV-1/TB patients 

compared to levels seen in plasma. There was also increased expression of CCR5 by 

mononuclear cells in the pleural fluid compared to mononuclear cells in the peripheral 

blood. This environment may contribute to increased viral infection of mononuclear 

cells and increased HIV-1 transcriptional activity at sites of active TB (Toossi et al. 

2001a). 

IFN-γ and TNF-α may be regulated differently in TB patients co-infected with HIV 

compared with patients mono-infected with TB. IFN-γ production by CD8+ T cells was 

similar between mono-infected and co-infected patients but co-infected patients had 

lower production of TNF-α by CD8+ T cells compared to patients mono-infected with 

TB (de Castro Cunha et al. 2005). 
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1.5.4 Treatment 

Current World Health Organisation guidelines now recommend that all patients with 

HIV-associated TB receive ART as soon as possible after starting anti-TB therapy, 

regardless of CD4+ T cell count (World Health Organisation 2010b). Recently published 

studies have supported earlier initiation of ART in HIV patients with CD4+ T cell 

counts <200cells/µl despite the increased risk of immune reconstitution inflammatory 

syndrome (Abdool Karim et al. 2011; Blanc et al. 2011) (Refer to Section 1.6.1). The 

World Health Organisation also recommends the implementation of the “Three Is” to 

reduce the burden of TB disease among HIV-infected individuals. The first is 

“Intensified Case Finding” for TB which involves regularly screening all people with or 

at a high risk of acquiring HIV-1 infection for the signs and symptoms of TB, followed 

by a prompt diagnosis and treatment. The second is “Isoniazid Preventive Therapy” 

(IPT). IPT can safely be given to people living with HIV without TB disease and can 

reduce the risk of developing TB by 33-67% by up to 48 months. TB “Infection control” 

is the third “I” as it is important in preventing the transmission of M. tuberculosis 

(World Health Organisation 2008). 
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1.6 IMMUNE RESTORATION DISEASE ASSOCIATED WITH 

MYCOBACTERIUM TUBERCULOSIS 

Combination ART has been very effective in decreasing the risk of TB and improving 

the survival of HIV-infected individuals (Kirk et al. 2000; Badri, Wilson & Wood 2002; 

Santoro-Lopes et al. 2002; Abdool Karim et al. 2010). However, it has also been 

associated with either a paradoxical worsening of tuberculosis in patients receiving 

treatment for TB after they start ART (paradoxical tuberculosis-associated immune 

reconstitution inflammatory syndrome, TB-IRIS) or a new presentation of tuberculosis 

which is “unmasked” following the commencement of ART (antiretroviral therapy-

associated tuberculosis, ART-TB) (Meintjes et al. 2008a). 

1.6.1 Paradoxical tuberculosis-associated immune reconstitution inflammatory 

syndrome 

TB-IRIS is characterised by fever, weight loss, intra-thoracic, intra-abdominal and 

cervical lymphadenopathy, worsening of pulmonary infiltrates, pleural effusions, 

peritonitis, meningitis, soft tissue and spleen abscesses, arthritis or osteomyelitis and 

gastro-intestinal disease (Meintjes et al. 2008a). Presentation is usually within the first 

month of ART (Narita et al. 1998; Wendel et al. 2001; Kumarasamy et al. 2004; 

Michailidis et al. 2005; S.A. Shelburne, 3rd et al. 2005; Bourgarit et al. 2006; 

Manosuthi et al. 2006; Lawn et al. 2007; Elliott et al. 2009; Manabe et al. 2009; Tieu et 

al. 2009; Abdool Karim et al. 2011; Havlir et al. 2011) but can be as late as six months 

after starting ART (Breton et al. 2004), and mean disease duration is 2.53 months 

(Olalla et al. 2002; Michailidis et al. 2005; Burman et al. 2007).  

The incidence of TB-IRIS varies from 4-43% of HIV patients with treated TB in 

different populations (Narita et al. 1998; Wendel et al. 2001; Breen et al. 2004; Breton 

et al. 2004; Michailidis et al. 2005; Bourgarit et al. 2006; Manosuthi et al. 2006; Lawn 

et al. 2007; Elliott et al. 2009; Abdool Karim et al. 2011; Ali & Klotz 2011; Blanc et al. 

2011; Havlir et al. 2011; Karmakar et al. 2011). Data from large prospective studies 

indicate that mortality associated with TB-IRIS is low (Abdool Karim et al. 2011; Blanc 

et al. 2011; Havlir et al. 2011; Worodria et al. 2011b) but morbidity is substantial. 
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Major risk factors for TB-IRIS have been identified as a low CD4+ T cell count prior to 

commencing ART (Narita et al. 1998; Michailidis et al. 2005; Lawn et al. 2007; Ali & 

Klotz 2011; Abdool Karim et al. 2011), disseminated and extrapulmonary TB (Breton et 

al. 2004; Michailidis et al. 2005; Manosuthi et al. 2006) and a short interval between 

starting anti-tubercular therapy and ART (Breen et al. 2004; Lawn et al. 2007; Elliott et 

al. 2009; Abdool Karim et al. 2011; Blanc et al. 2011; Havlir et al. 2011). Lower levels 

of antibodies to the phenolic glycolipid (PGL-Tb1) may predispose to the development 

of TB-IRIS (Simonney et al. 2008). 

 

Figure 1.6 Clinical features of “paradoxical” TB-IRIS. Adapted from Meintjes et al. 

2008. 
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Previous clinico-pathological and immunological studies suggest that TB-IRIS is 

associated with an acute exacerbation of TB-specific Th1 responses, characterised by an 

increase in levels of proinflammatory cytokines and increased delayed-type 

hypersensitivity skin test or T cell interferon-γ (IFN-γ) responses to mycobacterial 

antigens (Bourgarit et al. 2006; Meintjes et al. 2008b; Tan et al. 2008; Elliott et al. 

2009; Seddiki et al. 2009).  TB-IRIS is also associated with an increase in the number of 

activated tuberculin-specific effector memory CD4+ T cells and KIR-Vδ2+ TCR γδ+ T 

cells. Higher proportions of Vδ2+ TCR γδ+ T cells lacking KIR expression are present 

pre-ART and may identify patients at risk of developing TB-IRIS (Bourgarit et al. 

2009). 

However a rise in Th1 responses in people who do not develop TB-IRIS has also been 

observed during ART (Meintjes et al. 2008b; Elliott et al. 2009). A Thai study also 

found that no differences in levels of Th1 cytokines (IFN-γ, IL-2 and IL-12) existed 

between those who developed TB-IRIS and those who did not pre- and during ART 

(Tieu et al. 2009). This suggests that other aspects of the immune response restored 

against M. tuberculosis may be important in the development of TB-IRIS. 

One possibility is that TB-IRIS may be due to an imbalance between effector and 

regulatory T cell responses (Lim et al. 2008). However, studies examining T cell 

regulation have found that the frequency of regulatory T cells do not differ between 

HIV patients who developed TB-IRIS and those who did not (Meintjes et al. 2008b), 

while proportions of regulatory CD4+ T cells were elevated at the time of IRD 

compared to HIV patients with uneventful immune reconstitution (Tan et al. 2008; 

Seddiki et al. 2009). However, the function of regulatory T cells may be impaired in 

people who develop mycobacterial IRD compared to those who do not (Seddiki et al. 

2009). A recent study found that TB-IRIS and antiretroviral therapy-associated 

tuberculosis (ART-TB; Refer to Section 1.6.2) may be mediated by higher production of 

TNF-α and IL-12p40 in response to lipomannan which coincided with higher expression 

of TLR2 on myeloid DCs and monocytes. A corresponding rise in IL-10 production was 

not observed suggesting that IRD associated with M. tuberculosis may be mediated by 

excessive production of pro-inflammatory cytokines (Tan et al. 2011). Another possible 
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explanation of TB-IRIS is that it may be due to a depletion or dysfunction of cells of the 

innate immune system.  

Serum levels of IL-6 and TNF decreased during prednisone therapy in patients who 

developed TB-IRIS implicating these cytokines in pathogenesis (Tadokera et al. 2011) 

since prednisone reduces the need for hospitalisation and improves symptoms of TB-

IRIS (Meintjes et al. 2010). However, corticosteroids need to be used with caution as 

their use may worsen the condition of an already immunosuppressed patient and 

increase susceptibility to other infections such as Kaposi’s sarcoma and herpes virus 

reactivation (Elliott et al. 1992; Elliott et al. 2004). Corticosteroid treatment should also 

not be started until the results of drug-susceptibility testing are known (Meintjes et al. 

2009). 

1.6.2 Antiretroviral therapy associated tuberculosis 

Antiretroviral therapy-associated tuberculosis (ART-TB) refers to a new presentation of 

active tuberculosis in patients commencing ART who are not receiving treatment for 

tuberculosis (Meintjes et al. 2008a). It is more difficult to define as new episodes of TB 

may be a result of persisting immunodeficiency, pre-existing TB infection which has 

not been diagnosed due to the lack of sensitivity of current diagnostic tests or an 

unmasking of previously subclinical infection that is associated with heightened clinical 

manifestations of TB (“unmasking TB-IRIS”). Morbidity and mortality from ART-TB 

are also significant, as HIV patients who present with TB during the first three months 

of ART are 3.25 times more likely to die than HIV patients presenting with TB at other 

times (Koenig et al. 2009). A French study suggested that HIV patients of African 

origin, advanced HIV infection or a rapid increase in the percentage of CD4+ T 

cells/rapid decline in HIV viral load are more susceptible to “unmasking” TB-IRIS 

(Valin et al. 2010). Levels of C-reactive protein >5mg/L and a body mass index <18.5 

may also be risk factors for the development of ART-TB (Worodria et al. 2011a).  
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It appears that ART-induced restoration of Th1 cell responses is important in the 

pathogenesis of ART-TB. Furthermore, the QFTGIT assay may aid in the prediction 

and diagnosis of ART-associated TB (Elliott et al. 2009). Using receiver operating 

curve (ROC) analysis, Elliott et al. demonstrated that IFN-γ responses to RD1 antigens 

and PPD were strongly diagnostic of ART-TB (AUC=0.90). IFN-γ responses to RD1 

antigens and PPD were also strongly predictive of ART-TB (AUC=0.81 for both) when 

corrected for pre-ART CD4+ count (Elliott et al. 2009). In a case report of ART-TB, an 

imbalance in plasma levels of IFN-γ, IL-10 and TNF-α pre- and during ART may have 

been important in the development of ART-TB (Pornprasert et al. 2010). Effectors of 

the innate immune system have recently been implicated in the immunopathogenesis of 

“unmasking” TB-IRIS (Conradie et al. 2011).  
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1.7 AN INTRODUCTION TO THE CYTOKINES AND 

CHEMOKINES ANALYSED IN THIS THESIS 

 

Cytokines and chemokines which have been analysed in this thesis are described below. 

These cytokines/chemokines have been analysed as they have either been previously 

associated with the development of IRD associated with other pathogens (such as 

cytomegalovirus or hepatitis B), are markers of immune activation or are being 

measured as a comparison to other cytokines/chemokines being measured. 

1.7.1 CCL2 

CCL2 (also known as monocyte chemoattractant protein-1, MCP-1) is a 13kDa protein 

and is a potent chemoattractant of monocytes (Deshmane et al. 2009). It is mainly 

produced by monocytes and macrophages (Yoshimura et al. 1989a; Yoshimura et al. 

1989b) but can also be produced by endothelial cells, fibroblasts, epithelial cells and 

smooth muscle cells (Deshmane et al. 2009). CCL2 regulates the migration of 

monocytes, memory T lymphocytes and NK cells and appears to be important for 

monocyte extravasation through vascular endothelium (Weber et al. 1999; Deshmane et 

al. 2009). CCL2 mediates its effects through its receptors CCR2A and CCR2B. CCR2A 

is expressed on mononuclear cells and vascular smooth muscle cells while CCR2B is 

expressed on monocytes and activated NK cells (Deshmane et al. 2009). CCL2 

expression is regulated at a transcriptional level by TNF-α, IFN-γ and platelet-derived 

growth factor which stimulate production of CCL2. Retinoic acid, glucocorticoids and 

oestrogen inhibit CCL2 expression (Kumar & Boss 2000). 

CCL2 activates HIV transcription in vitro and its expression is up-regulated by the HIV 

transactivator protein Tat (Lim & Garzino-Demo 2000). Cerebrospinal fluid (CSF) 

levels of CCL2 were significantly higher in patients with HIV encephalitis than those 

without (Cinque et al. 1998). 
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In patients with TB, CCL2 production is increased at the site of M. tuberculosis disease 

(Lin et al. 1998), while serum levels of CCL2 are elevated in patients with TB with and 

without HIV infection (Juffermans et al. 1999; Hasan et al. 2005; Hasan et al. 2009). 

Production of CCL2 is induced by M. tuberculosis antigens in the regional lymphoid 

tissue of patients with pulmonary TB (Arias et al. 2007) and CCL2 is critical for the 

recruitment of monocytes to the pleural space of people with TB (Antony et al. 1993; 

Mohammed et al. 1998). Data from a murine model of pulmonary cryptococcal 

infection show that CCL2 affects trafficking of macrophages and T cells to the lung 

(Traynor et al. 2002).  

1.7.2 CXCL8 

CXCL8 (also known as Interleukin-8 or Neutrophil-activating Peptide-1) is an 8.4kDa 

protein which is a potent chemoattractant for neutrophils (Baggiolini, Walz & Kunkel 

1989). It is mainly produced by monocytes but can arise in any tissue where there are 

high levels of IL-1 or TNF-α. induced by infection, ischaemia or trauma (Baggiolini, 

Walz & Kunkel 1989; Baggiolini & Clark-Lewis 1992). Monocytes, alveolar 

macrophages and endothelial cells can also produce CXCL8 in response to LPS 

(Baggiolini, Walz & Kunkel 1989), while neutrophils are able to produce CXCL8 in 

response to endotoxin and opsonised particles (Bazzoni et al. 1991).  

The biological effects of CXCL8 are mediated through its binding to CXCR1 (IL-8RA) 

(Holmes et al. 1991) or CXCR2 (IL-8RB) (Murphy & Tiffany 1991). Binding induces 

cell-type-specific responses including neutrophil respiratory burst, lysosomal enzyme 

release, enhanced killing of various micro-organisms including M. tuberculosis and 

chemotaxis of neutrophils, T cells and basophils (Liles & Van Voorhis 1995). 

HIV infection is associated with increased circulating levels of CXCL8 (Matsumoto et 

al. 1993; Meddows-Taylor, Martin & Tiemessen 1999a), down-regulated expression of 

CXCR1 and CXCR2 and reduced PMN function (Meddows-Taylor, Martin & 

Tiemessen 1999a; Moore et al. 2001; Gordon et al. 2005; Heit et al. 2006). 
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Elevated serum levels of CXCL8 have also been reported in mono-infected TB patients 

(Juffermans et al. 1999). Neutrophils from HIV infected individuals with or without M. 

tuberculosis have a significantly reduced expression of CXCR1 and CXCR2 compared 

to uninfected individuals, reduced calcium mobilisation and chemotaxis in response to 

IL-8 and significantly  impaired degranulation ability in response to CXCL8 (Meddows-

Taylor, Martin & Tiemessen 1998; Meddows-Taylor, Martin & Tiemessen 1999b). 

Dysregulated production of CXCL8 in vivo may play a role in the disease pathogenesis 

of HIV and M. tuberculosis (Meddows-Taylor, Martin & Tiemessen 1999a). 

1.7.3 CXCR3 ligands: CXCL9 and CXCL10 

CXCL9 (also known as Monokine induced by gamma-interferon, MIG) and CXCL10 

(also known as interferon-γ-inducible protein-10, IP-10) are potent chemoattractants for 

activated T cells and NK cells. CXCL9 and CXCL10 are both inducible in macrophages 

by IFN-γ and bind to the CXCR3 receptor on activated T cells and NK cells (Liao et al. 

1995; Farber 1997). CXCR3 and its ligands have been implicated in many neurological 

diseases (Khan et al. 2000; Liu et al. 2000; Klein et al. 2005; Campanella et al. 2008; 

Amin et al. 2009), while inhibition of CXCL10 reduces T cell recruitment to affected 

tissues in various experimental models of inflammatory disease (Fife et al. 2001; Hyun 

et al. 2005; Nie et al. 2009). 

CXCL10 has opposing effects on CXCR3-bearing cells and CCR3-bearing cells. It 

promotes chemotaxis of CXCR3 cells and inhibits chemotaxis of CCR3+ T cells (a CC 

chemokine receptor preferentially expressed on Th2 cells) (Loetscher et al. 2001).  

Plasma levels of CXCL9 and CXCL10 are elevated in HIV patients with chronic or 

advanced infection compared to non-HIV controls (Brainard et al. 2007), while 

CXCL10 levels decrease after ART (Stylianou et al. 2000). CXCL10 stimulates HIV 

replication in monocyte derived macrophages and peripheral blood lymphocytes, while 

inhibition of CXCL10 or blocking of CXCR3 reduces viral replication (Lane et al. 

2003). HIV infection and Tat induce expression of CXCL9 and CXCL10 genes and 

mediates up-regulation of CXCL10 in immature DCs (Izmailova et al. 2003). CXCL9 
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and CXCL10 are responsible for the migration of cytotoxic T lymphocytes to the lungs 

of HIV-infected individuals (Agostini et al. 2000). 

CXCL10 regulates trafficking of effector T cells and NK cells to sites of inflammation 

(Robertson 2002; Dufour et al. 2002) and  has been implicated in the 

immunopathogenesis of M. tuberculosis through  the recruitment of effector T cells 

(Russell 2007). Serum levels of CXCL10 were elevated in TB patients with and without 

HIV infection (Juffermans et al. 1999; Azzurri et al. 2005), while CXCL10 may be 

useful in the monitoring of disease activity and treatment (Azzurri et al. 2005). A single 

nucleotide polymorphism (SNP) (-135G>A) located 14bp upstream of the NF-kβ 

binding site in the promoter region of the CXCL10 gene may be protective against TB 

(Tang et al. 2009).  

CXCL10 may be useful as an alternative or additional marker in the diagnosis of active 

TB using the QFTGIT assay in TB patients not infected with HIV-1 (Ruhwald et al. 

2007; Ruhwald et al. 2008; Syed Ahamed Kabeer et al. 2010; Ruhwald et al. 2011). 

Measurement of CXCL10 in conjunction with IFN-γ may also enhance the performance 

of QFTGIT assay in diagnosing M. tuberculosis infection in children (Petrucci et al. 

2008; Whittaker, Gordon & Kampmann 2008; Lighter et al. 2009). The QFTGIT assay 

may be less sensitive in children younger than 5 years of age, as they produce less IFN-

γ compared to older children and adults (Smith, Jacobs & Wilson 1997; Aubert-Pivert et 

al. 2000). 

CXCL10 may be better than IFN-γ in diagnosing M. tuberculosis infection in HIV 

patients, as it detects a greater number of HIV patients with TB compared to IFN-γ 

(Aabye et al. 2010; Kabeer, Sikhamani & Raja 2010). This may be because CXCL10 is 

mainly produced by monocytes/macrophages and may be less affected by HIV-induced 

CD4+ T cell depletion. CXCL10 is also produced in higher quantities than IFN-γ in 

antigen-stimulated whole blood cultures from TB patients with or without HIV infection 

(Ruhwald et al. 2007; Ruhwald et al. 2008; Aabye et al. 2010; Ruhwald et al. 2011). It 

therefore may be a more sensitive biomarker in diagnosing M. tuberculosis infection 

compared to IFN-γ.  
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1.7.4 IL-10  

Interleukin-10 is an important regulator of macrophages, T cells, B cells and NK cells. 

It was originally known as cytokine synthesis inhibitory factor, as it was found to inhibit 

the production of Th1 cytokines such as IFN-γ and IL-2 (Fiorentino, Bond & Mosmann 

1989). 

IL-10 levels are elevated during HIV infection but decrease on ART. Persistently 

elevated serum levels of IL-10 correlate with disease progression (Stylianou et al. 1999; 

Orsilles et al. 2006). IL-10 mRNA expression is increased in chronic HIV infection and 

mRNA levels correlate with plasma viraemia (Brockman et al. 2009). IL-10 may be 

involved in immune dysregulation in HIV infection, as exposure of DCs to HIV in vitro 

resulted in the secretion of large amounts of IL-10 resulting in the killing of mature DCs 

via NKG2D-dependent activation of NK cells. Immature DCs up-regulated class I MHC 

molecules and were protected from NK-mediated killing resulting in their accumulation 

in the lymph nodes where they may induce dysfunctional adaptive immune responses 

(Alter et al. 2010). IL-10 is also induced by programmed death-1 during HIV infection 

which leads to an inhibition of T cell proliferation and IFN-γ and IL-2 production (Said 

et al. 2010). Polymorphisms in the promoter region of the IL-10 gene may affect 

susceptibility to HIV infection. Carriers of the -592AA genotype in North American and 

South African cohorts were at a higher risk of HIV infection compared to those with the 

wild-type allele -592CC or -592CA (Shin et al. 2000; Naicker et al. 2009).  

In M. tuberculosis infection, IL-10 down-modulates the immune response to M. 

tuberculosis by inhibiting Th1 responses, down-regulating antigen presenting and co-

stimulatory molecules and impairing apoptosis of M. tuberculosis-infected alveolar 

macrophages (Gong et al. 1996; Hirsch et al. 1999; Bonecini-Almeida et al. 2004; 

Verreck et al. 2004; Almeida et al. 2009; Patel et al. 2009). IL-10 also promotes 

persistence of M. tuberculosis as it prevents phagosome maturation in M. tuberculosis-

infected human macrophages (O'Leary, O'Sullivan & Keane 2011). Autocrine 

production of IL-10 down-regulates the migration of mycobacterial infected DCs to 

draining lymph nodes and also inhibits DC-mediated IL-12 production in the draining 

lymph nodes (Demangel, Bertolino & Britton 2002). However, IL-10 may also protect 
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against immunopathology associated with the immune response against M. tuberculosis 

(Higgins et al. 2009). 

Studies on whether polymorphisms in the -592, -1082 promoter region of the IL-10 

gene affect susceptibility to M. tuberculosis infection are inconclusive and may be 

influenced by the ethnicity of the population studied (Shin et al. 2000; Delgado et al. 

2002; Lopez-Maderuelo et al. 2003; Shin et al. 2005; Oral et al. 2006; Oh et al. 2007; 

Ates et al. 2008; Selvaraj et al. 2008; Naicker et al. 2009; Mosaad et al. 2010; Zhang et 

al. 2011).  

It has been hypothesised that an imbalance between levels of IFN-γ and IL-10 may be a 

cause of IRD in HIV patients with restoration of mycobacteria-specific effector CD4+ T 

cell responses after the commencement of ART (Lim et al. 2008). IRD may also reflect 

a failure to produce sufficient IL-10 by regulatory T cells during mycobacterial IRD 

(Seddiki et al. 2009). 

1.7.5 IL-18 

Interleukin-18 was originally defined as an IFN-γ inducing factor (Okamura et al. 

1995). It has structural similarities with the IL-1 family of proteins and like IL-1β is 

synthesised as a 23kDa biologically inactive precursor peptide. It is then cleaved by 

caspase-1 to produce an 18kDa biologically active cytokine (Gu et al. 1997). IL-18 is 

mainly produced by monocytes, macrophages and DCs (Okamura et al. 1998). 

IL-18 induces IFN-γ production in conjunction with IL-12 but cannot induce IFN-γ 

production alone (Robinson et al. 1997). It is important in the clearance of intracellular 

pathogens (through the induction of IFN-γ) and viruses (through the induction of 

cytotoxic T cells) (Gracie, Robertson & McInnes 2003). IL-18 links the innate and 

adaptive immune systems through IFN-γ and the CD134 co-stimulatory pathway 

(Maxwell et al. 2006). IL-18 is also able to induce production of IL-13 mRNA and 

protein in NK and T cells conjunction with IL-2 (Hoshino, Wiltrout & Young 1999) and 

has been shown to induce the production of IgE, IL-4 and IL-13 in a murine model 
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(Yoshimoto et al. 2000). IL-18 may promote the differentiation of Th17 cells by 

amplifying the production of IL-17 in conjunction with IL-23 (Weaver et al. 2006). 

Serum levels of IL-18 are elevated in HIV-infected individuals compared to uninfected 

individuals (Torre et al. 2000; Ahmad et al. 2002; Stylianou et al. 2003), while IL-18 

levels decrease in patients responding to ART (Stylianou et al. 2003; Wiercinska-

Drapalo et al. 2004). Serum IL-18 levels correlate positively with HIV viral load and 

negatively with CD4+ T cell numbers (Song et al. 2006).  

IL-18 may inhibit HIV replication in PBMC (Choi, Dinarello & Shapiro 2001), but can 

stimulate HIV replication in monocytic and T-cell lines (Shapiro et al. 1998; Klein et al. 

2000). PBMC from HIV-infected individuals have a reduced ability to constitutively 

produce IL-18 in response to LPS, compared to uninfected patients (Ahmad et al. 2002). 

IL-18 is critical to controlling TB infection, via the production of IFN-γ (Sugawara et 

al. 1999; Robinson et al. 2010; Vankayalapati et al. 2000). In a murine model, a lack of 

IL-18 resulted in decreased IFN-γ production, a higher mycobacterial burden and PMN-

dominated lung immunopathology (Schneider et al. 2010). IL-18 is also important in 

the production of IL-32, a pro-inflammatory cytokine produced in response to M. 

tuberculosis or Mycobacterium bovis BCG which induces the production of TNF-α, 

CXCL2 and CXCL8 (Netea et al. 2006). 

1.7.6 IL-18BP 

IL-18 binding protein (IL-18BP) binds to IL-18 with a high affinity and prevents it from 

transducing signals via IL-18-specific receptors. The human IL-18BP gene encodes four 

different isoforms (IL-18BPa, b, c, d). IL-18BPa has the greatest affinity for IL-18 and 

accounts for most of the IL-18BP found in the circulation (Arend, Palmer & Gabay 

2008). Endothelial cells and monocytes/macrophages are important sources of IL-18BP. 

IFN-γ is a potent inducer of IL-18BP production and acts as a negative feedback 

mechanism to reduce IL-18 mediated immune responses (Hurgin, Novick & Rubinstein 

2002). Circulating levels of IL-18BP range from 0.5-7ng/ml in healthy individuals 
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(Arend, Palmer & Gabay 2008) while levels are diminished in HIV-infected individuals 

(Iannello et al. 2010). 

1.7.7 sCD26 

CD26 is a membrane associated peptidase that has dipeptidylpeptidase IV (DPPIV) 

activity in its extracellular domain. It is expressed by lymphocytes, macrophages and 

fibroblasts and is involved in the cleavage of various chemokines such as RANTES 

(regulated on activation normal T cell expressed and secreted, also known as CCL5) and 

eotaxin, altering their activity (Oravecz et al. 1997; Proost et al. 1999). It exists in a 

soluble form (sCD26) and is believed to promote Th1 cytokine responses, as it cleaves 

CCL5 and eotaxin stimulating Th1 chemokine receptors (Willheim et al. 1997). 

However, a study by Keane et al. suggested that elevated CD26 levels indicate 

generalized T cell activation, as CD26 did not correlate with IFN-γ production in PBMC 

cultures (Keane et al. 2001). Soluble CD26 has increased activity during HCV IRD 

which is believed to be due to T cell activation in the liver and not immune activation as 

sTNFRI and nitrate/nitrite were not increased (Stone et al. 2002a). 

1.7.8 sCD30 

CD30 is a 120kDa glycoprotein and is a member of the tumour necrosis factor (TNF) 

superfamily. It was originally found on Reed-Sternberg cells of Hodgkin lymphoma 

(Durkop et al. 1992) and has since been found to be expressed on the surface of 

activated T and B cells, NK cells and some nonlymphoid cells. CD30 can be cleaved 

from the cell surface via TNF-α converting enzyme into a soluble form, sCD30 

(Kennedy, Willis & Armitage 2006). Soluble CD30 is a marker of T cell activation as it 

has found to be produced by both Th1 and Th2 cells (Manetti et al. 1994; Bengtsson et 

al. 1995; Del Prete et al. 1995; Hamann et al. 1996; D'Elios et al. 1997; Munk, Kern & 

Kaufmann 1997; Gerli et al. 2000). 

Soluble CD30 is elevated during the acute phase of HIV infection, and may reflect a 

high rate of viral replication during initial infection (Pizzolo et al. 1997; Biswas et al. 

2006). Elevated sCD30 levels during early stages of HIV infection have been associated 
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with faster disease progression to AIDS (Pizzolo et al. 1994). In contrast, decreasing 

sCD30 levels are believed to indicate effective ART treatment and CD4+ T cell 

recovery in HIV-infected patients (Sadeghi et al. 2007). However, HIV patients who 

have a concomitantly larger reduction in sCD30 levels during ART may experience a 

higher rate of virological failure (Biswas et al. 2006). 

With regards to IRD, high plasma levels of sCD30 have been found in patients who 

have had CMV IRD before and during their first 12 months of ART, suggesting that 

sCD30 is a potential marker for CMV IRD (Stone et al. 2002b). Soluble CD30 levels 

also rose in HIV/HBV patients who developed a hepatic flare, compared to controls, 

suggesting that hepatic flare is associated with T cell activation (Crane et al. 2009). 

1.7.9 TNF 

TNF-α promotes HIV replication (Griffin et al. 1991; Naif et al. 1994; Herbein et al. 

2008) and raised serum levels of TNF-α and sTNFR during HIV infection may be a 

marker of disease progression and immunodeficiency (Aukrust et al. 1994; Bedini et al. 

1998). Levels of TNF-α and sTNFR decline on ART but remain higher compared to 

non-HIV controls (Aukrust et al. 1999). In addition, HIV patients who experienced 

treatment failure had higher levels of several TNF components after initiation of ART 

when compared with HIV patients who successfully responded to treatment (Aukrust et 

al. 1999).  

TNF-α is essential for granuloma formation and for the production of reactive nitrogen 

intermediates early in M. tuberculosis infection in mice (Flynn et al. 1995; Bean et al. 

1999; Kaneko et al. 1999). In TB patients receiving anti-TB therapy, failure of TNF-α 

levels to decrease during the first week of treatment may be associated with clinical 

deterioration and treatment failure (Bekker et al. 1998; Hsieh et al. 1999).  

In HIV/TB co-infection, increased levels of TNF-α in pleural fluid of HIV/TB patients 

may result in increased HIV replication at sites of active M. tuberculosis infection 

(Toossi et al. 2001a). TNF-α mediated apoptosis of M. tuberculosis-infected 
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macrophages is impaired by HIV which may contribute to the disease pathogenesis 

(Patel et al. 2007). HIV infection also results in increased necrosis within granulomas of 

TB patients which is associated with elevated TNF-α mRNA expression (Bezuidenhout 

et al. 2009). 

With regards to IRD, the absence of the C allele at IL6-174 in association with allele 1 

at TNFA-308 led to a 3-fold increase in the risk of developing mycobacterial IRD (Price 

et al. 2002).  
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1.8 AIMS OF THIS THESIS 

The immunopathogenesis of immune restoration disease associated with M. tuberculosis 

is not completely understood. A greater understanding may lead to improved treatments 

and risk reduction strategies.  

The specific aims of this thesis are: 

1. Within a cohort of HIV patients from Cambodia, investigate whether plasma 

biomarkers may elucidate more about the immunopathogenesis, prediction and 

diagnosis of IRD associated with M. tuberculosis by: 

• Measuring plasma levels of cytokines and chemokines important in the innate 

immune response to M. tuberculosis from unstimulated whole blood 

interferon-γ release assays 

• Examining IFN-γ-inducible chemokine responses to mycobacterial antigens 

(purified protein derivative and region of difference 1 antigens of the M. 

tuberculosis genome) 

• Examining the regulation of immune responses in HIV patients who develop 

IRD associated with M. tuberculosis by assessing production of IFN-γ and IL-

5 from mitogen-stimulated whole blood interferon-γ release assays. 

 

2. Investigate the immune mechanisms of immune restoration disease associated 

with infection by various opportunistic pathogens by measuring inflammatory 

mediators in plasma samples from patients enrolled into the INITIO study.  

3. Gain a better understanding of the production of pro-inflammatory and regulatory 

cytokines in patients with HIV and/or TB, as well as the regulation of IFN-γ 

responses by IL-10 in patients infected with HIV or TB. 
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Chapter 2 Mediators of innate and adaptive immune 

responses differentially affect immune restoration 

disease associated with Mycobacterium 

tuberculosis in HIV patients beginning 

antiretroviral therapy 

 

Oliver, BG, Elliott, JH, Price, P, Phillips, M, Saphonn, V, Vun, MC, Kaldor, JM, 

Cooper, DA & French, MA 2010, 'Mediators of innate and adaptive immune responses 

differentially affect immune restoration disease associated with Mycobacterium 

tuberculosis in HIV patients beginning antiretroviral therapy', J Infect Dis, vol. 202, no. 

11, pp. 1728-37. 

This chapter is presented in the form accepted for publication, with minor modifications 

to create a consistent format and minimise repetition. 
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2.1 INTRODUCTION 

Tuberculosis (TB) is the most common HIV associated opportunistic infection and the 

leading cause of morbidity and mortality in people living with HIV/AIDS in resource 

limited settings (World Health Organisation 2009). Combination antiretroviral therapy 

(ART) reduces the incidence of TB in HIV-1 infected individuals (Kirk et al. 2000; 

Badri, Wilson & Wood 2002; Santoro-Lopes et al. 2002). However, commencing ART 

may be associated with a paradoxical worsening of treated TB or presentation of new 

TB, conditions which have been referred to as tuberculosis-associated immune 

reconstitution inflammatory syndrome (TB-IRIS) and ART-associated tuberculosis 

(ART-TB), respectively (Meintjes et al. 2008a). These presentations of M. tuberculosis 

disease in HIV patients who have recently commenced ART have many characteristics 

of immune restoration disease (IRD), which is believed to result from the restoration of 

a pathogen-specific immune response that causes immunopathology (French et al. 2000; 

French, Price & Stone 2004; Price et al. 2009).  

TB-IRIS is a significant obstacle to the introduction of ART in populations in which 

HIV and M. tuberculosis infections are common. The incidence varies from 7-43% of 

HIV patients with treated TB in different populations (Narita et al. 1998; Wendel et al. 

2001; Breen et al. 2004; Breton et al. 2004; Michailidis et al. 2005; Bourgarit et al. 

2006; Manosuthi et al. 2006; Lawn et al. 2007; Elliott et al. 2009). It has protean 

clinical manifestations including fever, weight loss, intra-thoracic, intra-abdominal and 

cervical lymphadenopathy, worsening of pulmonary infiltrates, pleural effusions, 

peritonitis, meningitis, soft tissue and spleen abscesses, arthritis or osteomyelitis and 

gastro-intestinal disease (Meintjes et al. 2008a). Presentation is usually within the first 

month of ART (Narita et al. 1998; Wendel et al. 2001; Kumarasamy et al. 2004; 

Michailidis et al. 2005; S.A. Shelburne et al. 2005; Bourgarit et al. 2006; Manosuthi et 

al. 2006; Lawn et al. 2007; Elliott et al. 2009) but can be as late as 6 months after 

starting ART (Breton et al. 2004), and mean disease duration is 2.53 months (Olalla et 

al. 2002; Michailidis et al. 2005; Burman et al. 2007). Mortality rates are generally low 

but utilisation of health resources in resource-poor countries is substantial (Burman et 

al. 2007; Murdoch et al. 2008). A greater understanding of the immunopathogenesis of 

this type of IRD may lead to improved treatments and risk reduction strategies.  
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Major risk factors for TB-IRIS have been identified as a low CD4+ T cell count prior to 

commencing ART (Narita et al. 1998; Michailidis et al. 2005; Lawn et al. 2007), 

disseminated and extrapulmonary TB (Breton et al. 2004; Manosuthi et al. 2006; 

Michailidis et al. 2005) and a short interval between starting anti-tubercular therapy and 

ART (Breen et al. 2004; Lawn et al. 2007; Elliott et al. 2009). However, less is known 

about the underlying immunological mechanisms. Clinico-pathological and 

immunological studies suggest that mycobacterial IRD is associated with the recovery 

of type 1 helper T cell (Th1) responses against mycobacterial antigens, which are 

characterised by increased delayed-type hypersensitivity skin test or T cell interferon-γ 

(IFN-γ) responses to mycobacterial antigens (Narita et al. 1998; Bourgarit et al. 2006; 

Meintjes et al. 2008b; Tan et al. 2008; Bourgarit et al. 2009; Elliott et al. 2009), and 

possibly KIR-Vδ2+ TCR γδ+ T cell responses (Bourgarit et al. 2009) but not with a 

deficiency of circulating regulatory T cells (Meintjes et al. 2008b; Tan et al. 2008; 

Seddiki et al. 2009). However, some studies have not demonstrated a relationship 

between TB-IRIS and IFN-γ responses to M. tuberculosis antigens (Tieu et al. 2009) 

and some could not demonstrate a temporal relationship with disease onset (Meintjes et 

al. 2008b; Elliott et al. 2009). One possible explanation for this is the involvement of 

innate immune responses.        

IFN-γ responses to M. tuberculosis antigens in a cohort of Cambodian HIV patients 

with and without treated TB who commenced ART have previously been reported 

(Elliott et al. 2009). Within the same cohort of patients, levels of CCL2, CXCL10 (also 

known as IFN-γ-inducible protein 10 [IP-10]), CXCL9 (monokine induced by gamma 

interferon, MIG), CXCL8 (IL-8) and IL-18 which are critical for the initiation and 

maintenance of an effective immune response against M. tuberculosis infection (Russell 

2007) were examined. This study demonstrates that TB-IRIS is associated with 

differences in the production of IL-18, CXCL10 and CCL2 compared with controls, 

suggesting that the innate immune response associated with M. tuberculosis is perturbed 

and contributes to the disease phenotype. In contrast, ART-TB was associated with 

increased production of IL-18, consistent with our previous findings that restoration of 

T cell IFN-γ responses against M. tuberculosis antigens is prominent in this form of 

IRD (Elliott et al. 2009). 
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2.2 METHODS 

2.2.1 Cases and controls. 

Patients were recruited from the National Centre for HIV/AIDS, Dermatology and 

Sexually Transmitted Diseases Social Health Clinic in Phnom Penh, Cambodia, and 

were a subgroup of those reported previously (Elliott et al. 2009). Seventy five patients 

were being treated for active TB upon starting ART and 15 (20%) developed TB-IRIS 

at a median time of 10 days (range 7-89 days) after starting ART. Eleven out of 231 

patients (4.8%) with no prior history of TB developed ART-TB at a median time of 10 

days (range 1-28 days) after starting ART. We used case definitions of TB-IRIS and 

ART-TB proposed by the International Network for the Study of HIV-associated IRIS 

(Meintjes et al. 2008a). Each TB-IRIS and ART-TB case was matched with two 

controls by sex, pre-ART CD4+ T cell count and TB history. The study was approved 

by the Cambodian National Ethics Committee and the human research ethics 

committees of the University of New South Wales and Royal Perth Hospital. 

2.2.2 Assaying of chemokines and cytokines in plasma from whole blood 

cultures.  

Plasma from unstimulated tubes of Quantiferon-TB GoldTM in-tube (QFTGIT) assays 

(Cellestis, Carnegie, Australia) was collected pre-ART, after 4, 12 and 24 weeks of 

ART and at the suspected time of TB-IRIS or ART-TB and cryopreserved at -80oC. 

Levels of CCL2, CXCL8, CXCL9 and CXCL10 were assayed in plasma using BD 

Cytometric Bead Array Flex Sets (BD Biosciences, San Jose, CA). 300 events were 

collected per analyte using a BD FACSArray machine and BD FACSArray System 

Software v1.0.3 (BD Immunocytometry Systems, San Jose, CA). Analysis was 

performed using FCAP Array Software v1.0.1 (BD Biosciences). All samples were 

diluted 1/5 and the lowest limit of detection was 5pg/ml. The coefficient of variance 

ranged from 5.1% to 10.1% depending on the analyte measured.  

IL-18 levels were measured in plasma at a 1/3 and 1/9 dilution by ELISA (MBL, Japan) 

according to the manufacturer’s instructions. Absorbance was read at 450nm using a 

Asys HiTech Expert Plus v1.2 spectrophotometer (Asys HiTech GmbH, Austria). Data 
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was analysed using Mikrowin 2000 software (Mikrotek Laborsysteme GmbH, 

Germany). The lowest limit of detection and coefficient of variance for the IL-18 assay 

was 15.6pg/ml and 7.4%, respectively.  

2.2.3 Statistical analysis.  

Demographic characteristics of TB-IRIS and ART-TB cases and controls were assessed 

using the Mann-Whitney U test and Fisher’s exact test. Data was assessed for normality 

and log-normality using the Shapiro-Wilk W test and ln transformed when necessary. 

Mean levels of CCL2, CXCL8, CXCL9, CXCL10 and IL-18 (all ln-transformed) within 

TB-IRIS and ART-TB cases and their controls were compared over 24 weeks of ART 

using longitudinal random effects regression models (LR) using maximum likelihood 

estimation. Levels of CCL2, CXCL8, CXCL9, CXCL10 and IL-18 were compared pre-

ART and at the time of the TB-IRIS or ART-TB (or equivalent time-point post-ART for 

controls) within each group using the Wilcoxon signed-rank test. Levels were compared 

between TB-IRIS and ART-TB cases and controls pre-ART and at the time of TB-IRIS 

or ART-TB using the Mann-Whitney U test. The predictive power of pre-ART levels of 

CCL2, CXCL10, and IL-18 was examined using receiver operating characteristic 

(ROC) curves. Correlations were estimated using Pearson’s r for ln-transformed 

variables. Analyses were performed using STATA version 11 (Chicago, IL, USA) and 

Prism v5.02 (San Diego, CA, USA). Statistical significance was defined as P<0.05. 
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2.3 RESULTS 

2.3.1 Demographic characteristics of cases and controls.  

The demographic characteristics of TB-IRIS and ART-TB cases and controls are 

described in Table 2.1. As can be seen, cases and controls were well matched for age, 

pre-ART CD4+ T cell count and change in CD4+ T cell count during 24 weeks of ART. 

2.3.2 TB-IRIS and ART-TB were associated with increased levels of IL-18.  

Because TB-IRIS has been associated with increased numbers of circulating T cells that 

produce IFN-γ after stimulation with M. tuberculosis antigens (Meintjes et al. 2008b), 

we examined levels of IL-18 as this is a potent macrophage-derived stimulator of IFN-

γ production (Maxwell et al. 2006). IL-18 levels in plasma from unstimulated QFTGIT 

assays were higher in TB-IRIS cases (n=15) over 24 weeks of ART compared to 

controls (n=30) [P=0.002, odds ratio (OR)=2.42; 95% CI: 0.12-0.53; longitudinal 

regression (LR)] (Figure 2.1A) and at the time of TB-IRIS (P=0.002; Mann-Whitney) 

(Figure 2.2A). ART-TB cases (n=11) also had significantly higher levels of IL-18 

compared to controls (n=22) during 24 weeks of ART (P=0.002, OR=2.42; 95% CI: 

1.37-4.26; LR) (Figure 2.1B) but levels did not differ between ART-TB cases and 

controls at the time of ART-TB (Figure 2.2A). IL-18 levels were then compared in TB-

IRIS and ART-TB cases and found to be significantly lower in TB-IRIS cases during 24 

weeks of ART (P=0.03, OR=0.41; 95% CI: 0.19-0.90; LR) (Figure 2.3A). This did not 

reflect a difference in HIV disease severity because pre-ART CD4+ T cell counts and 

CD4+ T cell recovery were similar in TB-IRIS and ART-TB cases (P=0.80 and 0.39; 

Mann-Whitney) (data not shown).  

2.3.3 TB-IRIS was most clearly associated with increased levels of CXCL10.  

Levels of chemokines generally induced by IFN-γ (CXCL10 and CXCL9) were then 

examined (Farber 1997). When compared to controls, CXCL10 levels were higher in 

TB-IRIS cases during 24 weeks of ART (P=0.006, OR=2.34; 95% CI: 1.27-4.32; LR) 

(Figure 2.1C) and at the time of TB-IRIS (P=0.03; Mann-Whitney) (Figure 2.2B). 

CXCL10 levels at the time of TB-IRIS were similar to pre-ART levels in cases while in 
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controls, levels measured at an equivalent time-point to TB-IRIS cases were 

significantly lower than pre-ART levels (P<0.0001; Wilcoxon) (Figure 2.2B). In ART-

TB, CXCL10 levels were higher in cases compared to controls during 24 weeks of ART 

but the difference was not statistically significant (P=0.06, OR=1.59; 95% CI: 0.99-

2.55; LR) (Figure 2.1D). No change in CXCL10 levels between pre-ART and ART-TB 

time-points was seen in ART-TB cases or controls (Figure 2.2B).  

Levels of CXCL10 were also significantly higher in TB-IRIS cases compared to ART-

TB cases (P=0.001, OR=7.37; 95% CI: 2.19-24.77; LR) (Figure 2.3B).  

To determine if the production of other IFN-γ-inducible chemokines was also increased 

in TB-IRIS, we assayed levels of CXCL9 and found that they did not differ between 

TB-IRIS cases and controls during 24 weeks of ART. There was no difference in levels 

of CXCL9 between ART-TB cases and controls or between TB-IRIS and ART-TB 

cases during 24 weeks of ART, pre-ART or during the ART-TB episode. Levels of 

CXCL9 generally correlated with levels of CXCL10 within TB-IRIS and ART-TB 

cases and controls, though this was least notable for TB-IRIS cases (Table 2.2).  

2.3.4 CCL2 levels were decreased in patients with TB-IRIS.  

The innate immune response to M. tuberculosis also includes production of chemokines 

that are chemotactic for monocytes (Bhatt & Salgame 2007; Russell 2007). We 

therefore examined levels of CCL2 in plasma from the unstimulated whole blood 

cultures. CXCL8, which is chemotactic for neutrophils, was also examined for 

comparison. CCL2 levels were lower in TB-IRIS cases compared to controls over 24 

weeks of ART (P=0.006, OR=0.60; 95% CI: 0.41-0.87; LR) (Figure 2.1E) but did not 

differ significantly between ART-TB cases and controls (P=0.69, OR=1.07; 95% CI: 

0.78-1.46; LR) (Figure 2.1F). Levels of CCL2 were significantly lower in TB-IRIS 

cases pre-ART and at the time of TB-IRIS compared to controls (P=0.04 and P=0.008; 

Mann-Whitney) (Figure 2.2C). Levels of CCL2 and CXCL8 also did not differ between 

TB-IRIS and ART-TB cases during 24 weeks of ART. 
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2.3.5 Pre-ART levels of chemokine and cytokines predicted TB-IRIS and ART-

TB.  

Our finding that CCL2 production was lower in TB-IRIS patients pre-ART suggested 

that abnormalities of the innate immune system that are present prior to the 

commencement of ART may predispose to the development of TB-IRIS. As levels of 

CCL2, CXCL10 and IL-18 were significantly different between TB-IRIS and ART-TB 

cases and their controls before and/or during ART, we investigated whether pre-ART 

levels of CCL2, CXCL10 and IL-18 alone or in combination were predictive of TB-

IRIS or ART-TB after the commencement of ART using multivariate ROC curve 

analyses. We found that pre-ART levels of CCL2, CXCL10 and IL-18 alone showed 

moderate to good performance characteristics in the prediction of TB-IRIS [area under 

the curve (AUC), 0.79; 0.80; 0.72] (Figures 2.4A, 2.4C and 2.4E). When CCL2, 

CXCL10 and IL-18 were combined the ability to predict TB-IRIS was stronger (AUC, 

0.86) (Figure 2.4G). Pre-ART levels of CCL2 alone and IL-18, CXCL10 and CCL2 in 

combination showed moderate performance characteristics in the prediction of ART-TB 

(AUC, 0.69 for both) (Figures 2.4B and 2.4H), while pre-ART levels of IL-18 and 

CXCL10 alone were weakly predictive of ART-TB (AUC, 0.60; 0.58) (Figures 2.4D 

and 2.4F). 

2.3.6 Prediction of TB-IRIS and ART-TB increased when IFN-γ responses were 

modelled with CCL2, CXCL10 and IL-18.  

It has previously been shown that IFN-γ responses to RD1 antigens and PPD showed 

good performance characteristics in the diagnosis of ART-TB (Elliott et al. 2009). We 

therefore investigated whether pre-ART IFN-γ responses to RD1 antigens or PPD alone 

or in combination with CCL2, CXCL10 and IL-18 improved the prediction of TB-IRIS 

or ART-TB. In this dataset, pre-ART IFN-γ responses to RD1 antigens were moderately 

predictive of TB-IRIS (AUC, 0.76) (data not shown), while IFN-γ responses to PPD 

were weakly predictive (AUC, 0.60) (data not shown). Pre-ART IFN-γ responses to 

RD1 antigens and PPD alone were weakly predictive of ART-TB (AUC, 0.61; 0.62) 

(data not shown). When pre-ART IFN-γ responses to RD1 antigens and PPD were 

combined with CCL2, CXCL10 and IL-18, the ability to predict TB-IRIS and ART-TB 

increased (AUC, 0.90; 0.75 respectively) (Figure 2.5A and 2.5B). 
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Figure 2.1 Longitudinal analyses of mean levels of IL-18, CXCL10 and CCL2 in 

tuberculosis-associated immune reconstitution inflammatory syndrome (TB-IRIS) cases 

and controls (A, C and E) and antiretroviral therapy-associated tuberculosis (ART-TB) 

cases and controls (B, D and F) over 24 weeks of ART. Cases are denoted by a solid 

line and controls are denoted by a broken line. Differences in mean levels of IL-18, 

CXCL10 and CCL2 between cases and controls were calculated using a longitudinal 

random effects regression model using maximum likelihood estimation. 
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Figure 2.2 A comparison of levels of IL-18 (A), CXCL10 (B) and CCL2 (C) pre-ART 

and at the time of IRD in tuberculosis-associated immune reconstitution inflammatory 

syndrome (TB-IRIS) and antiretroviral therapy-associated tuberculosis (ART-TB) cases 

(shown in red) and controls (shown in blue). NOTE:  Samples at the time of IRD were 

collected at a median time of 15 days after the IRD episode was diagnosed (range 0-34 

days). Samples in the control groups were selected at an equivalent time-point (EQT) 

post-ART for when TB-IRIS or ART-TB was diagnosed in matched cases. Levels of IL-

18, CXCL10 and CCL2 were compared within cases or controls using the Wilcoxon 

signed-rank test. Levels were compared between TB-IRIS and ART-TB cases and 

controls pre-ART and at the time of TB-IRIS or ART-TB using the Mann-Whitney U 

test. 
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Figure 2.3 Longitudinal analyses of mean levels of IL-18 (A) and CXCL10 (B) in 

tuberculosis-associated immune reconstitution inflammatory syndrome (TB-IRIS) (solid 

line) and antiretroviral therapy-associated tuberculosis (ART-TB) cases (broken line) 

over 24 weeks of ART. Differences in mean levels of IL-18 and CXCL10 between 

cases and controls were calculated using a longitudinal random effects regression model 

using maximum likelihood estimation. It should be noted that due to differences in 

sample collection times between TB-IRIS and ART-TB cases and the use of a 

longitudinal regression model, mean levels of IL-18 and CXCL10 differ slightly to the 

mean levels seen in cases in Figures 2.1A-D. 
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Figure 2.4 Receiver operating characteristic curves for the prediction of tuberculosis-

associated immune reconstitution inflammatory syndrome (TB-IRIS) and antiretroviral 

therapy-associated tuberculosis (ART-TB) using pre-ART levels of CCL2 (A, AUC = 

0.79; B, AUC = 0.69), CXCL10 (C, AUC = 0.80; D, AUC = 0.60), IL-18 (E, AUC = 

0.72; F, AUC = 0.58) alone and CCL2, CXCL10 and IL-18 in combination (G, AUC = 

0.86; H, AUC = 0.69).  
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Figure 2.5 Receiver operating characteristic curves for the prediction of tuberculosis-

associated immune reconstitution inflammatory syndrome (TB-IRIS) (A, AUC = 0.90) 

and antiretroviral therapy-associated tuberculosis (ART-TB) (B, AUC = 0.75) when 

pre-ART IFN-γ responses to RD1 antigens and PPD are modelled with pre-ART levels 

of CCL2, CXCL10 and IL-18.  
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Table 2.1: Demographic characteristics of tuberculosis-associated immune reconstitution inflammatory 

syndrome (TB-IRIS) and antiretroviral therapy-associated tuberculosis (ART-TB) cases and controls 

  TB-IRIS  ART-TB 

  Cases Controls P  Cases Controls P 

Total 15 30   11 22  

Sex        

Male 11 22   8 16  

Female 4 8   3 6  

Age 35 (26-54) 36 (25-63) 0.66  35 (28-45) 38 (24-56) 0.53 

Pre-ART CD4+ count 45 (1-133) 44 (2-160) 0.83  37 (1-227) 38 (1-231) 0.91 

Change in CD4+ counta,b        

<100 cells/µl 8 18 1.00  4 10 1.00 

≥100 cells/µl 4 11 1.00  6 11 1.00 

NOTE:  achange in CD4+ T cell count from pre-ART to week 24; bCD4+ T cell count at week 24 was 

unavailable for 3 TB-IRIS cases, 1 TB-IRIS control, 1 ART-TB case and 1 ART-TB control. Fisher’s exact 

test was used for comparisons between change in CD4+ count during 24 weeks of ART and the Mann 

Whitney U test was used for all other comparisons. 
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Table 2.2: Correlations of levels of CXCL9 and CXCL10 within tuberculosis-associated immune 

reconstitution inflammatory syndrome (TB-IRIS) and antiretroviral therapy-associated tuberculosis 

(ART-TB) cases and controls over 24 weeks of ART 

  TB-IRIS   ART-TB 

  Cases Controls   Cases  Controls 

Weeks r P r P   r P r P 

0 0.59 <0.05 0.53 <0.01   0.41 0.21 0.44 <0.05 

4 0.4 0.18 0.56 <0.01   0.85 <0.01 0.34 0.12 

12 0.66 <0.05 0.42 <0.05   0.89 <0.001 0.65 0.001 

24 -0.28 0.39 0.39 <0.05   0.7 <0.05 0.7 <0.001 

NOTE:  Correlations were performed using the Pearson test. 
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2.4 DISCUSSION 

This substudy of a large prospective study of the immunopathogenesis of IRD 

associated with M. tuberculosis infection provides evidence that TB-IRIS is associated 

with perturbations of the innate immune response to M. tuberculosis. This study 

demonstrated that HIV patients who develop TB-IRIS have decreased levels of CCL2 

before and after ART and increased levels of IL-18 and CXCL10 and over 24 weeks of 

ART. These differences were also present at the time of TB-IRIS. Patients who develop 

ART-TB had higher levels of IL-18 and slightly increased CXCL10 levels. These data 

support our previous arguments that the immune response restored against M. 

tuberculosis antigens that causes the immunopathology of TB-IRIS partly results from 

factors that are additional to an increase in IFN-γ-producing T cells and that the 

immunopathogenesis of TB-IRIS and ART-TB may be different (Elliott et al. 2009).  

IL-18 in conjunction with IL-12 induces the production of IFN-γ, which activates 

macrophages to restrict the growth of M. tuberculosis (Schneider et al. 2010). Higher 

levels of IL-18 in TB-IRIS and ART-TB cases compared to controls suggest that IL-18 

may contribute to the sudden recovery of Th1 responses in these conditions. The effect 

of increased IL-18 levels in patients with TB-IRIS or ART-TB might be increased 

further by a deficiency of its natural antagonist IL-18-binding protein (IL-18BP) caused 

by HIV infection (Iannello et al. 2010). We examined this possibility by assaying pre-

ART levels of IL-18BP and calculated ‘free’ levels of IL-18 (Mazodier et al. 2005)  in 

the TB-IRIS and ART-TB cases and controls reported here but did not find any 

differences (For TB-IRIS: P=0.30, For ART-TB, P=0.72).  

CXCL10 regulates trafficking of effector T cells and NK cells to sites of inflammation 

(Robertson 2002; Dufour et al. 2002) and  has been implicated in the 

immunopathogenesis of M. tuberculosis, possibly by recruitment of effector T cells 

(Russell 2007). Our finding that CXCL10 levels are increased in TB-IRIS suggests that 

this condition is associated with increased recruitment of M. tuberculosis-specific 

effector T cells, a view that is strengthened by the finding that levels of CXCL8 (which 

is chemotactic for neutrophils) did not differ between TB-IRIS and ART-TB cases and 

their controls. It has been demonstrated that serum levels of CXCL10 are persistently 
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increased in HIV patients with hepatitis B virus infection who develop a ‘flare’ of 

hepatitis after commencing ART (which was argued to be the result of IRD) (Crane et 

al. 2009). We therefore suggest that increased CXCL10 production may be fundamental 

to the immunopathogenesis of some types of IRD and results in the recruitment of 

effector T cells, and possibly NK cells, to tissues infected by the triggering pathogen.  

Inhibition of CXCL10 can reduce T cell recruitment to affected tissues in various 

experimental models of inflammatory disease, including cerebral malaria (Nie et al. 

2009), autoimmune encephalomyelitis (Fife et al. 2001) and colitis (Hyun et al. 2005). 

While full details of the process are lacking, our hypothesis that CXCL10 may mediate 

effector T cell recruitment to tissues infected by mycobacteria raises the possibility that 

blocking the production or effects of CXCL10 might be a therapeutic approach for the 

prevention or treatment of TB-IRIS. Studies of inflammatory cell migration in human 

blood brain barrier-derived endothelial cells have demonstrated that statin therapy 

reduces inflammatory cell recruitment, in part by decreasing CXCL10 production 

(Ifergan et al. 2006). Statin therapy also suppresses CXCL10 production in Crohn’s 

disease (Grip & Janciauskiene 2009) and drugs that inhibit CXCR3, the main receptor 

for CXCL10 are under development (Knight et al. 2008). Furthermore, effector T cells 

also express CCR5 and preliminary data suggest that the function and/or trafficking of T 

cells is affected by CCR5 inhibitor therapy for HIV infection (Martin-Blondel et al. 

2009; Asmuth et al. 2010). Suppression of CXCL10 production might also be an effect 

of corticosteroid therapy in TB-IRIS. 

To explain the increased production of CXCL10 in TB-IRIS cases compared to 

controls, IL-10 production in unstimulated and PPD-stimulated whole blood cultures 

was investigated, as IL-10 can suppress STAT transcription factors for specific 

promoter motifs on IFN-α and IFN-γ inducible genes (Ito et al. 1999). However, no 

differences in IL-10 production between TB-IRIS and ART-TB cases and controls were 

found (Please refer to Figure 7.1C and 7.1D in Chapter 7). This may be because TB-

IRIS and ART-TB do not reflect IL-10 deficiency or our culture conditions may have 

been inadequate to detect PPD-induced IL-10 production. Further investigation of this 

issue is needed. 
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Production of CCL2 is induced by M. tuberculosis antigens in the regional lymphoid 

tissue of patients with pulmonary TB (Arias et al. 2007) and CCL2 is critical for the 

recruitment of monocytes to the pleural space of people with TB (Antony et al. 1993; 

Mohammed et al. 1998). Data from a murine model of pulmonary cryptococcal 

infection also show that CCL2 affects trafficking of macrophages and T cells to the lung 

(Traynor et al. 2002). The finding that CCL2 levels were lower in TB-IRIS cases 

compared to controls prior to and after ART suggests that monocyte recruitment might 

be impaired and predispose to TB-IRIS, possibly by increasing the burden of M. 

tuberculosis.  

It has previously been reported that pre-ART IFN-γ responses to M. tuberculosis 

antigens may aid in the prediction and diagnosis of ART-TB (Elliott et al. 2009). Here, 

ROC curve analyses showed that the development of TB-IRIS and, to a lesser extent, 

ART-TB could be predicted by pre-ART levels of CCL2, CXCL10 and IL-18 and were 

additive to the predictive power of IFN-γ responses to RD1 antigens and PPD. 

Therefore, it is likely that both adaptive and innate immune responses to M. tuberculosis 

are occurring before ART is commenced, but are ineffective in controlling the infection, 

and that perturbations of the innate immune response contribute to the 

immunopathology of TB-IRIS during ART. These findings also suggest that pre-ART 

levels of CCL2, CXCL10, IL-18 may reflect different aspects of the 

immunopathogenesis of TB-IRIS as combination of data on all three cytokines 

improved the prediction of TB-IRIS. Furthermore, the difference in the ability of CCL2, 

CXCL10, IL-18 to predict TB-IRIS or ART-TB supports our hypothesis that the 

immune mechanisms involved in the development of TB-IRIS and ART-TB may be 

different (Elliott et al. 2009).  

The differences over 24 weeks between IL-18 and CXCL10 levels in HIV patients who 

developed TB-IRIS or ART-TB (Figure 2.3) also suggests that the immunopathogenesis 

of the two conditions differ. Increased levels of IL-18 in ART-TB cases compared to 

TB-IRIS cases might be explained by a predominant adaptive immune response, that 

includes the pronounced increase in IFN-γ responses to RD1 antigens that have 

previously been described (Elliott et al. 2009) and which ‘unmasks’ M. tuberculosis 
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infection following the commencement of ART. In contrast, higher levels of CXCL10 

in TB-IRIS cases compared to ART-TB cases may result in increased recruitment of 

effector T cells to sites of treated M. tuberculosis infection. 

This study has some limitations which need to be considered. The number of TB-IRIS 

and ART-TB cases was relatively small and we did not distinguish patients with 

differing disease presentations. In this study, an international consensus definition as the 

basis for diagnosing TB-IRIS and ART-TB was used (Meintjes et al. 2008a). The 

definition of TB-IRIS and ART-TB has been partially validated (Manosuthi et al. 2009; 

Haddow, Moosa & Easterbrook 2010) but futher studies are required to differentiate 

“unmasking” TB-IRIS from ART-TB. It is unclear if the levels of immune mediators in 

plasma from blood cultured for 18 to 24 hours reflect ex vivo production from cells in 

the cultured blood or in vivo production prior to collection of the blood, or both. This 

should be examined in future studies. Due to the difficulties in defining latent M. 

tuberculosis infection, it is not known how many of the ART-TB control group were 

ever exposed to M. tuberculosis, how many had resolved previous infection and how 

many harboured latent infection. Future studies should address this through careful 

analysis of clinical histories. 

These data provide an important insight into the immunopathogenesis of TB-IRIS and 

ART-TB, contributing to improved diagnosis and management of these conditions. New 

diagnostic and treatment strategies for TB-IRIS might be implemented based on the 

results of this study, which could reduce the morbidity and mortality associated with 

these conditions. This is particularly important as the incidence of TB-IRIS and ART-

TB is expected to increase sharply as ART becomes more readily available in regions of 

the world which have a high incidence of HIV and M. tuberculosis infection. 
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3.1 INTRODUCTION 

Mycobacterium tuberculosis disease is the leading cause of illness and death in patients 

with HIV infection (World Health Organisation 2011). M. tuberculosis-specific Th1 

cells are rapidly depleted during HIV infection (Geldmacher et al. 2008; Geldmacher et 

al. 2010) but cellular responses against M. tuberculosis are partly restored by 

antiretroviral therapy (ART) (Schluger, Perez & Liu 2002; Kampmann et al. 2006). 

However in some HIV patients, the restored immune response to M. tuberculosis may 

cause immunopathology known as immune restoration disease (IRD) (French 2009). 

Paradoxical worsening of treated tuberculosis after ART is a form of IRD known as 

tuberculosis-associated immune reconstitution inflammatory syndrome (TB-IRIS) 

(Meintjes et al. 2008a). Tuberculosis (TB) presenting during the first three months of 

ART might also be a form of IRD. Some cases present as ‘unmasking TB-IRIS’ 

whereby previously subclinical TB is ‘unmasked’ after starting ART and is 

characterised by prominent inflammation. However, previously undiagnosed or newly 

acquired TB may also present after ART initiation, independent of immune 

reconstitution. Therefore, cases of TB which present after ART have been referred to as 

antiretroviral therapy-associated tuberculosis (ART-TB) (Meintjes et al. 2008a). ART-

TB has been associated with increased interferon-gamma (IFN-γ) responses to 

mycobacterial antigens (Elliott et al. 2009). 

Data from large prospective studies indicate that mortality associated with TB-IRIS is 

low but morbidity is substantial in HIV/TB patients who have a low CD4+ T cell count 

upon starting ART (Narita et al. 1998; Michailidis et al. 2005; Lawn et al. 2007; Ali & 

Klotz 2011; Abdool Karim et al. 2011) and who have a short interval between starting 

anti-TB therapy and commencing ART (Breen et al. 2004; Lawn et al. 2007; Elliott et 

al. 2009; Abdool Karim et al. 2011; Blanc et al. 2011; Havlir et al. 2011). Morbidity 

and mortality from ART-TB are also significant, as HIV patients who present with TB 

during the first three months of ART are 3.25 times more likely to die than HIV patients 

presenting with TB at other times (Koenig et al. 2009).  
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The use of laboratory investigations to predict and diagnose TB-IRIS and ART-TB in 

HIV patients commencing ART might be improved by a better understanding of the 

immunopathogenesis of these conditions. TB-IRIS has been associated with increased 

pro-inflammatory and Th1 cytokine responses to mycobacterial antigens (Bourgarit et 

al. 2006; Elliott et al. 2009; Tan et al. 2008; Tadokera et al. 2011). However, increased 

Th1 responses to mycobacterial antigens have also been observed in HIV patients who 

do not develop TB-IRIS (Meintjes et al. 2008b; Tieu et al. 2009; Elliott et al. 2009), 

suggesting that other immune responses may be important (Oliver et al. 2010; Haddow 

et al. 2011). The immunopathogenesis of ART-TB is less well understood but has also 

been associated with a prominent Th1 response to mycobacterial antigens, particularly 

those encoded by the region of difference 1 (RD1) domain of the M. tuberculosis 

genome (Elliott et al. 2009). 

A whole blood IFN-γ release assay, the Quantiferon-TB GoldTM in-tube (QFTGIT) 

assay, has previously been used to examine IFN-γ responses to mycobacterial antigens 

[purified protein derivative (PPD) and RD1 antigens] in a cohort of Cambodian HIV 

patients with  or without treated TB (Elliott et al. 2009). The clinical utility of the 

QFTGIT assay might be improved by assaying chemokines that are induced by IFN-γ, 

such as CXCL9 (also known as monokine induced by gamma-interferon, MIG) and 

CXCL10 (also known as interferon-γ-inducible protein-10, IP-10). CXCL9 and 

CXCL10 are potent chemoattractants for activated T cells and NK cells (Groom & 

Luster 2011) and are important in a variety of inflammatory conditions (Agostini et al. 

2000; Khan et al. 2000; Liu et al. 2000; Harvey et al. 2003; Campanella et al. 2008; Nie 

et al. 2009; Amin et al. 2009). Within the same cohort of patients, CXCL9 and 

CXCL10 responses to PPD and RD1 antigens were examined to investigate their role in 

the immunopathogenesis of TB-IRIS and ART-TB. It was also determined if assaying 

these chemokines might improve the clinical utility of the QFTGIT assay in predicting 

and diagnosing M. tuberculosis disease in HIV patients commencing ART. 

.  
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3.2 MATERIALS AND METHODS 

3.2.1 Cases and controls. 

Patients were recruited from the National Centre for HIV/AIDS, Dermatology and 

Sexually Transmitted Diseases Social Health Clinic in Phnom Penh, Cambodia, and 

were a subgroup of those reported previously (Elliott et al. 2009). Seventy five patients 

were being treated for active TB upon starting ART and 15 (20%) developed TB-IRIS 

at a median time of 10 days (range 7-89 days) after starting ART. Eleven out of 231 

patients (4.8%) with no prior history of TB developed ART-TB at a median time of 10 

days (range 1-28 days) after starting ART. In this study, case definitions of TB-IRIS and 

ART-TB proposed by the International Network for the Study of HIV-associated IRIS 

were used (Meintjes et al. 2008a). Samples from all cases of TB-IRIS and ART-TB 

reported previously (Elliott et al. 2009) were assessed whereby each case was compared 

with two control patients who did not develop TB-IRIS or ART-TB and who were 

matched with controls by sex, pre-ART CD4+ T cell count and TB history. The study 

was approved by the Cambodian National Ethics Committee and the human research 

ethics committees of the University of New South Wales and Royal Perth Hospital. All 

patients provided written and informed consent. 

3.2.2 Assaying of plasma levels of CXCL10 and CXCL9 from whole blood 

cultures.  

Plasma samples from unstimulated and PPD and RD1-stimulated tubes of Quantiferon-

TB GoldTM in-tube (QFTGIT) assays (Cellestis, Carnegie, Australia) were collected pre-

ART, after 4, 12 and 24 weeks of ART and at the suspected time of TB-IRIS or ART-

TB and cryopreserved at -80oC. The QFTGIT assay was performed according to the 

manufacturer’s instructions. The response to PPD was measured by adding three drops 

of PPD to a second nil tube in accordance with the instructions for the second 

generation QuantiFERON-TB test (Mazurek et al. 2001). Levels of CXCL9 and 

CXCL10 were assayed in plasma using BD Cytometric Bead Array Flex Sets (BD 

Biosciences, San Jose, CA). 300 events were collected per analyte using a BD 

FACSArray machine and BD FACSArray System Software v1.0.3 (BD 

Immunocytometry Systems, San Jose, CA). Analysis was performed using FCAP Array 
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Software v1.0.1 (BD Biosciences). All samples were diluted at least 1/5 and the lowest 

limit of detection was 5pg/ml. To analyse the effect of PPD and RD1 antigens on 

CXCL10 and CXCL9 production, levels of CXCL10 and CXCL9 in unstimulated tubes 

were subtracted from levels measured in PPD- and RD1-stimulated tubes. 

3.2.3 Statistical analysis. 

Demographic characteristics of TB-IRIS and ART-TB cases and controls were assessed 

using the Mann-Whitney U test and Fisher’s exact test.  

Data was assessed for normality using the Shapiro-Wilk W test. As the data was not 

normally distributed, median levels of CXCL9 and CXCL10 were compared between 

TB-IRIS or ART-TB cases and matched controls pre-ART and after 4, 12 and 24 weeks 

of ART using the Mann-Whitney U test.  

For cases, levels of CXCL9 and CXCL10 were compared pre-ART and at the time of 

TB-IRIS or ART-TB using the Wilcoxon signed-rank test. For controls, levels of 

CXCL9 and CXCL10 were compared pre-ART and at an equivalent time-point post-

ART (EQT) for when matched cases were diagnosed with TB-IRIS or ART-TB using 

the Wilcoxon signed-rank test. Samples at the time of TB-IRIS or ART-TB were 

collected at a median time of 15 days after the disease episode was diagnosed (range 0-

34 days). The EQT samples from the control groups were collected at a median time of 

46 days post-ART (range 29-118 days). Levels were compared between TB-IRIS and 

ART-TB cases and controls pre-ART and at the time of TB-IRIS or ART-TB using the 

Mann-Whitney U test.  

Levels of CXCL10 and CXCL9 pre-ART and at the time of TB-IRIS or ART-TB (or 

EQT post-ART for controls) were assessed alone and in combination using receiver 

operating characteristic (ROC) curves to determine whether they may aid in prediction 

or diagnosis of TB-IRIS or ART-TB.  
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Correlations were estimated using the Spearman rank test. Analyses were performed 

using STATA version 11 (Chicago, IL, USA) and Prism v5.02 (San Diego, CA, USA). 

Statistical significance was defined as P<0.05. 



Chapter 3 

71 

3.3 RESULTS 

3.3.1 Demographic characteristics. 

Demographic characteristics of the TB-IRIS and ART-TB cases and controls have been 

reported previously (Oliver et al. 2010) (Refer to Chapter 2) and are summarised in 

Table 3.1. 

3.3.2 CXCL10 responses to PPD RD1 antigens differed between TB-IRIS and 

ART-TB cases and controls.  

CXCL10 responses to both PPD and RD1 antigens were increased over 24 weeks of 

ART in HIV patients who developed ART-TB compared to controls (PPD: for week 4: 

P=0.0009, for week 12: P=0.002, for week 24: P=0.02; RD1: for week 0: P=0.02, for 

week 4: P=0.001, for week 12: P=0.008, for week 24: P=0.03; Mann-Whitney) (Figure 

3.1A and 3.1C). In contrast, TB-IRIS cases demonstrated a significantly higher 

CXCL10 response to RD1 antigens pre-ART, which persisted after 4 weeks of ART (for 

week 0: P=0.04, for week 4: P=0.04; Mann-Whitney) (Figure 3.1D). CXCL10 

responses to PPD antigens were similar in TB-IRIS cases and controls (Figure 3.1B).  

ART-TB patients demonstrated higher CXCL10 responses to PPD and RD1 antigens at 

the time of their IRD when compared to controls at an equivalent time-point (EQT) 

post-ART (P=0.001 for both; Mann-Whitney) (Figure 3.2A and 3.2C). In patients who 

developed ART-TB and TB-IRIS, pre-ART CXCL10 responses to RD1 antigens were 

higher than controls (For ART-TB P=0.02; For TB-IRIS: P=0.04; Mann-Whitney) 

(Figure 3.2C and 3.2D). CXCL10 responses to PPD increased at an EQT post-ART 

within TB-IRIS controls compared to pre-ART levels (P=0.0002; Wilcoxon) (3.2B), 

while CXCL10 responses to PPD pre-ART and at the time of TB-IRIS did not differ 

within cases (P=0.12; Wilcoxon) (Figure 3.2B) but this may reflect smaller n values.  

IFN-γ responses to PPD and RD1 antigens in these patients have previously been 

reported (Elliott et al. 2009). In general, CXCL10 responses to PPD and RD1 antigens 

correlated with IFN-γ responses in TB-IRIS and ART-TB cases and their controls over 

24 weeks of ART (Table 3.2). A particularly strong correlation between IFN-γ and 
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CXCL10 responses to RD1 antigens was evident in patients who developed ART-TB 

over 24 weeks of ART (For week 0, 4, 12 and 24 of ART; r≥0.87, P<0.05) (Table 3.2). 

3.3.3  CXCL9 responses to RD1 antigens were higher in ART-TB cases 

compared to controls   

In ART-TB cases, CXCL9 responses to PPD were higher after 4 weeks of ART 

compared to controls (P=0.02; Mann-Whitney) (Figure 3.3A). Responses to RD1 

antigens were significantly higher in ART-TB cases compared to controls after 4, 12 

and 24 weeks of ART (for week 4: P=0.02, for week 12: P=0.048, for week 24: 

P=0.002) (Figure 3.3C). In contrast, CXCL9 responses to neither PPD nor RD1 

antigens differed between TB-IRIS cases and controls (Figure 3.3B and 3.3D).  

CXCL9 responses to PPD and RD1 antigens were significantly higher in ART-TB cases 

at the time of IRD compared to controls at an equivalent time-point post-ART (P=0.01 

for both; Mann-Whitney) (Figure 3.4A and 3.4C). CXCL9 responses to PPD and RD1 

antigens were also higher at the time of ART-TB compared to pre-ART in ART-TB 

cases (For PPD: P=0.01; For RD1: P=0.02; Wilcoxon) (Figure 3.4A and 3.4C). CXCL9 

responses to PPD increased at an equivalent time post-ART compared to pre-ART 

within TB-IRIS controls (P=0.002; Wilcoxon) (Figure 3.4B). Responses pre-ART and 

at the time of TB-IRIS did not differ within cases (P=0.21; Wilcoxon) but this may 

reflect smaller n values (Figure 3.4B). 

3.3.4 CXCL10 responses to RD1 antigens may predict ART-TB. 

Pre-ART levels of IL-18, CXCL10 and CCL2 in combination with IFN-γ responses to 

PPD and RD1 antigens in plasma from QFTGIT assays are predictive of TB-IRIS, 

while IFN-γ responses to PPD and RD1 antigens are predictive of ART-TB (Elliott et 

al. 2009; Oliver et al. 2010). Here, ROC analyses show that CXCL10 responses to RD1 

antigens were moderately predictive of ART-TB [area under the curve (AUC), 0.75] 

and were a better predictor than IFN-γ responses (AUC, 0.61) (Table 3.3). CXCL9 and 

CXCL10 responses to PPD and RD1 antigens were poorly predictive of TB-IRIS (Table 

3.3).   
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3.3.5 CXCL10 may be an alternative to IFN-γ in the diagnosis of ART-TB. 

IFN-γ responses to PPD and RD1 antigens in plasma from QFTGIT tubes may aid in 

the diagnosis of ART-TB (Elliott et al. 2009). Here, CXCL10 responses to PPD and 

RD1 antigens were assessed at the time of disease in TB-IRIS and ART-TB cases and at 

an equivalent time post-ART in matched controls. CXCL10 responses to PPD and RD1 

antigens were strongly diagnostic of ART-TB (AUC, 0.86; 0.85) but not TB-IRIS 

(AUC, 0.53; 0.56) (Table 3.4). The diagnostic ability of CXCL10 did not improve when 

combined with CXCL9 or IFN-γ responses (Table 3.4). 
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Table 3.1: Demographic characteristics of tuberculosis-associated immune reconstitution inflammatory syndrome 

(TB-IRIS) and antiretroviral therapy-associated tuberculosis (ART-TB) cases and controls. 

  TB-IRIS  ART-TB 

  Cases Controls P  Cases Controls P 

Total 15 30   11 22  

Male/Female 11/4 22/8   8/3 16/6  

Age (years) 35 36 0.66  35 38 0.53 

Pre-ART CD4+ count 45 44 0.83  37 38 0.91 

Change in CD4+ counta,b        

<100 cells/µl 8 18 1.00  4 10 1.00 

≥100 cells/µl 4 11 1.00  6 11 1.00 

NOTE. a Change in CD4+ T cell count from pre-ART to week 24; bCD4+ T cell count at week 24 was unavailable for 

3 TB-IRIS cases, 1 TB-IRIS control, 1 ART-TB case and 1 ART-TB control. Fisher’s exact test was used to compare 

changes in CD4+ count during 24 weeks of ART and the Mann Whitney U test was used for all other comparisons. 

The interval between the start of anti-TB therapy and ART in this subset of patients is not currently known, nor is the 

number of TB-IRIS or ART-TB cases who received corticosteroids. 
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Figure 3.1 A comparison of levels of CXCL10 in response to purified protein derivative 

(PPD) and region of difference 1 (RD1) antigens within antiretroviral therapy-

associated tuberculosis (ART-TB) cases and controls (Figure A and C) and 

tuberculosis-associated immune reconstitution inflammatory syndrome (TB-IRIS) cases 

and controls (Figure B and D) over 24 weeks of antiretroviral therapy. Cases are 

denoted by (•) and controls are denoted by (•). Differences in median levels of CXCL10 

between cases and controls were calculated using the Mann-Whitney U test. 
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Figure 3.2 A comparison of levels of CXCL10 in response to purified protein derivative 

(PPD) and region of difference 1 (RD1) antigens pre-antiretroviral therapy and at the 

time of immune restoration disease (IRD) within antiretroviral therapy-associated 

tuberculosis (ART-TB) (Figure A and C) and tuberculosis-associated immune 

reconstitution inflammatory syndrome (TB-IRIS) cases and controls (Figure B and D). 

Cases are denoted by (•) and controls are denoted by (•). NOTE: Samples denoted IRD 

were collected from TB-IRIS and ART-TB patients at a median time of 15 days after 

the IRD episode was diagnosed (range 0-34 days). Samples denoted EQT (equivalent 

time point) were obtained from the matched controls at an equivalent time point [46 

days post-ART (29-118 days)] relative to the diagnosis of ART-TB or TB-IRIS. Levels 

of CXCL10 and CXCL9 were compared between cases and controls using the Wilcoxon 

signed-rank test. Levels were compared between ART-TB or TB-IRIS cases and 

controls pre-ART and at the time of ART-TB or TB-IRIS using the Mann-Whitney U 

test. 
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Table 3.2: Correlations of CXCL10 and CXCL9 responses with IFN-γ responses to purified protein 

derivative (PPD) and region of difference 1 (RD1) antigens in tuberculosis-associated immune 

reconstitution inflammatory syndrome (TB-IRIS) cases and controls and antiretroviral therapy-associated 

tuberculosis (ART-TB) cases and controls over 24 weeks of antiretroviral therapy. 

    Weeks on ART 

    0 4 12 24 

CXCL10 vs IFN-γ PPD TB-IRIS Cases 0.65* 0.73* 0.68* 0.69* 

   Controls 0.12 0.63* 0.72* 0.54* 

  ART-TB Cases 0.60 0.66* 0.48 0.81* 

   Controls 0.21 0.58* 0.61* 0.31 

        

 RD1 TB-IRIS Cases 0.77* 0.77* 0.40 0.61* 

   Controls 0.55* 0.67* 0.79* 0.17 

  ART-TB Cases 0.87* 0.88* 0.90* 0.93* 

   Controls 0.40 0.52* 0.59* 0.71* 

        

CXCL9 vs IFN-γ PPD TB-IRIS Cases 0.13 0.70* 0.56* 0.88* 

   Controls -0.18 0.67* 0.77* 0.28 

  ART-TB Cases -0.32 0.47 0.07 0.53 

   Controls 0.10 0.47* 0.26 0.41 

        

 RD1 TB-IRIS Cases 0.04 0.25 0.00 0.50 

   Controls -0.20 -0.04 0.48* 0.35 

  ART-TB Cases 0.42 0.61 0.58 0.50 

   Controls 0.40 0.00 0.55* 0.46* 

NOTE:  Correlations were performed using the Spearman rank test. * indicates a significant correlation 

where P< 0.05. 
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Figure 3.3 A comparison of levels of CXCL9 in response to purified protein derivative 

(PPD) and region of difference 1 (RD1) antigens within antiretroviral therapy-

associated tuberculosis (ART-TB) cases and controls (Figure A and C) and 

tuberculosis-associated immune reconstitution inflammatory syndrome (TB-IRIS) cases 

and controls (Figure B and D) over 24 weeks of antiretroviral therapy. Cases are 

denoted by (•) and controls are denoted by (•). Differences in median levels of CXCL10 

between cases and controls were calculated using the Mann-Whitney U test. 
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Figure 3.4 A comparison of levels of CXCL9 (pg/ml) in response to purified protein 

derivative (PPD) and region of difference 1 (RD1) antigens pre-antiretroviral therapy 

and at the time of immune restoration disease (IRD) in antiretroviral therapy-associated 

tuberculosis (ART-TB) (Figure A and C) and tuberculosis-associated immune 

reconstitution inflammatory syndrome (TB-IRIS) cases and controls (Figure B and D). 

Cases are denoted by (•) and controls are denoted by (•). NOTE: Samples denoted IRD 

were collected from TB-IRIS and ART-TB patients at a median time of 15 days after 

the IRD episode was diagnosed (range 0-34 days). Samples denoted EQT (equivalent 

time point) were obtained from the matched controls at an equivalent time point [46 

days post-ART (29-118 days)] relative to the diagnosis of ART TB or TB IRIS. Levels 

of CXCL10 and CXCL9 were compared between cases and controls using the Wilcoxon 

signed-rank test. Levels were compared between ART-TB or TB-IRIS cases and 

controls pre-ART and at the time of ART-TB or TB-IRIS using the Mann-Whitney U 

test.  
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Table 3.3: Area under the curve values for receiver operating curve analyses of pre-ART antigen-

induced CXCL9, CXCL10 and IFN-γ levels in the prediction of tuberculosis-associated immune 

reconstitution inflammatory syndrome (TB-IRIS) and antiretroviral therapy-associated tuberculosis 

(ART-TB). 

 Responses to PPD  Responses to RD1 antigens 

 TB-IRIS ART-TB  TB-IRIS ART-TB 

IFN-γ 0.56 0.62  0.69 0.61 

CXCL10 0.61 0.58  0.69 0.75 

CXCL9 0.38 0.63  0.67 0.61 

IFN-γ + CXCL10 0.61 0.66  0.70 0.75 

IFN-γ + CXCL9 0.56 0.67  0.71 0.61 

IFN-γ + CXCL9 + CXCL10 0.61 0.71  0.71 0.75 

PPD: purified protein derivative; RD1: region of difference 1. ROC analyses were performed on 

pre-ART levels of IFN-γ, CXCL10 and CXCL9 within TB-IRIS and ART-TB cases and matched 

controls. 
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Table 3.4: Area under the curve values for receiver operating curve analyses of antigen-induced 

CXCL9, CXCL10 and IFN-γ levels in the diagnosis of tuberculosis-associated immune 

reconstitution inflammatory syndrome (TB-IRIS) and antiretroviral therapy-associated tuberculosis 

(ART-TB). 

 Responses to PPD  Responses to RD1 antigens 

 TB-IRIS ART-TB  TB-IRIS ART-TB 

IFN-γ 0.55 0.74  0.67 0.83 

CXCL10 0.53 0.86  0.56 0.85 

CXCL9 0.56 0.38  0.45 0.30 

IFN-γ + CXCL10 0.54 0.86  0.68 0.85 

IFN-γ + CXCL9 0.63 0.75  0.68 0.83 

IFN-γ + CXCL9 + CXCL10 0.61 0.87  0.68 0.85 

PPD: purified protein derivative; RD1: region of difference 1. ROC analyses were performed on 

levels of IFN-γ, CXCL10 and CXCL9 in samples collected at the time of IRD in TB-IRIS and 

ART-TB cases and at an equivalent time post-ART in matched controls. 
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3.4 DISCUSSION 

CXCL9 and CXCL10 responses to PPD and RD1 antigens of M. tuberculosis were 

assessed in plasma from the QFTGIT assays undertaken in HIV patients who developed 

IRD associated with M. tuberculosis and matched controls, to elucidate mechanisms of 

immunopathogenesis, prediction and diagnosis. Patients who developed ART-TB had 

higher CXCL10 responses to RD1 antigens pre-ART and higher CXCL10 responses to 

both RD1 antigens and PPD during 24 weeks of ART compared to controls. In addition, 

patients who developed ART-TB had higher CXCL9 responses to RD1 antigens during 

24 weeks of ART and higher responses to PPD at week 4 compared to controls.  In 

contrast, TB IRIS cases displayed higher CXCL10 responses to RD1 antigens than 

controls pre-ART that persisted only at week 4 and were less pronounced than in 

patients with ART-TB. In addition, both CXCL9 and CXCL10 responses to PPD did 

not differ between TB-IRIS cases and controls.  

As RD1 antigens are secreted by M. tuberculosis (Berthet et al. 1998), the prominent 

CXCL9 and CXCL10 responses to RD1 antigens in ART-TB cases may reflect an 

elevated antigen-specific T cell response against M. tuberculosis antigens. These 

findings therefore provide further evidence that ART-TB is associated with increased T 

cell responses to mycobacterial antigens (Elliott et al. 2009) and that most, if not all, 

cases are likely to be a form of IRD. As differences in antigen-induced CXCL9 or 

CXCL10 responses were less pronounced in patients who developed TB-IRIS compared 

to controls, this suggests that heightened T cell responses to mycobacterial antigens are 

less prominent in TB-IRIS than in ART-TB. However, two other possible explanations 

should also be considered. Firstly, differences in responses between ART-TB cases and 

controls may have been more apparent than between TB-IRIS cases and controls 

because ART-TB controls were not infected by M. tuberculosis so their T cell responses 

to PPD and RD1 antigens are low. Secondly, assays of CXCL9 and CXL10 in antigen-

stimulated whole blood cultures may not be sensitive enough to demonstrate differences 

in T cell responses between TB-IRIS cases and controls. Despite these caveats, these 

observations do suggest that there are differences in the immune response to 

mycobacteria in ART-TB and TB-IRIS.   
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It has previously been shown within this patient cohort that pre-ART IFN-γ responses to 

PPD and RD1 antigens, corrected for pre-ART CD4+ T cell count, are predictive of 

ART-TB (Elliott et al. 2009). Using ROC analyses, CXCL10 responses to RD1 antigens 

were moderately predictive of ART-TB. However, a univariate analysis demonstrated 

that pre-ART CXCL10 responses to RD1 antigens were higher in patients who 

subsequently developed TB-IRIS or ART-TB compared to matched controls. These 

findings indicate that T cell responses against M. tuberculosis are present before ART is 

commenced in patients who develop TB-IRIS or ART-TB. They also raise the 

possibility that demonstration of these responses might be used to detect ‘subclinical’ 

M. tuberculosis and predict the unmasking of that infection by restoration of an immune 

response against mycobacterial antigens.  

Pre-ART plasma levels of CXCL10 from unstimulated QFTGIT assays do not differ 

between TB-IRIS and ART-TB cases and controls (Oliver et al. 2010). This may 

indicate that ‘spontaneous’ production of CXCL10 in unstimulated QFTGIT assays 

does not differ within TB-IRIS and ART-TB cases compared to controls. In contrast, a 

greater amount of CXCL10 may be induced in response to RD1 antigens in patients 

who develop TB-IRIS or ART-TB pre-ART compared to controls.  

Relative to pre-ART levels, there was a significant rise in CXCL9 and CXCL10 

responses to PPD and CXCL9 responses to RD1 antigens in patients who developed 

ART-TB. However, CXCL10 responses to RD1 antigens pre-ART and at the time of 

ART-TB were similar within patients who developed ART-TB. This may be because 

pre-ART CXCL10 responses to RD1 antigens were high in ART-TB cases (compared to 

controls) and remained high at the time of ART-TB. 

IFN-γ responses to PPD and RD1 antigens in the QFTGIT assay  may aid in the 

diagnosis of ART-TB (Elliott et al. 2009). Preliminary analyses using ROC analyses 

indicate that CXCL10 responses to PPD and RD1 antigens may also be diagnostic of 

ART-TB. However, this will have to be confirmed in further prospective studies 

utilising larger cohorts of patients.  
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In patients with ART-TB, CXCL9 responses to PPD and RD1 antigens were higher at 

the time of ART-TB. These findings are similar to those for CXCL10 and further 

suggest that ART-TB is associated with increased Th1 responses against mycobacterial 

antigens (Elliott et al. 2009). CXCL9 responses to PPD and RD1 antigens did not differ 

between TB-IRIS cases and controls over 24 weeks of ART or at the time of TB-IRIS, 

suggesting that other aspects of the immune system are important in the development of 

TB-IRIS (Oliver et al. 2010).  

This study has some limitations which should be considered. The number of patients 

studied was small and larger cohorts of patients are required to validate the clinical 

utility of CXCL9 and CXCL10 in antigen-stimulated QFTGIT assays as a predictive or 

diagnostic tool for TB-IRIS and ART-TB. When comparing samples at the time of IRD 

and at an EQT in controls, the time at which samples were collected post-ART in 

controls did not strictly match the time post-ART at which TB-IRIS or ART-TB 

occurred in cases. This may have affected comparisons made between controls and 

cases at the time of TB-IRIS or ART-TB. In some TB-IRIS or ART-TB cases, samples 

collected at the time of disease were collected after the IRD episode was diagnosed. 

Levels of CXCL9 and CXCL10 measured may have subsequently been affected by 

treatment with corticosteroids but it is not currently known which patients received 

corticosteroids. It would have been informative to determine the cellular source of 

CXCL9 and CXCL10 in antigen-stimulated and unstimulated whole blood cultures, as 

their source may impact on the disease process. Mycobacterial load pre-ART was not 

examined in these patients and might be a determinant of pre-ART immune responses 

against mycobacteria and affect the immunopathogenesis of TB-IRIS and ART-TB. 

Due to the difficulties in defining latent M. tuberculosis infection, it is not known how 

many of the ART-TB control group were ever exposed to M. tuberculosis, how many 

had resolved previous infection and how many harboured latent infection. Future studies 

should address this through careful analysis of clinical histories. 
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In summary, patients who developed TB-IRIS and ART-TB exhibited higher CXCL10 

responses to RD1 antigens of M. tuberculosis than controls before the initiation of ART. 

In patients who developed ART-TB, CXCL10 responses to RD1 antigens rose further 

on ART while CXCL10 responses to PPD and CXCL9 responses to both RD1 antigens 

and PPD also increased. In contrast, TB-IRIS was characterised by a higher CXCL10 

response to RD1 antigens pre- and after 4 weeks of ART but this response was not 

significantly higher than in matched controls at the time of disease onset.  Assessment 

of T cell responses to RD1 antigens by assaying CXCL10 in QFTGIT assays may have 

clinical utility in the demonstration of ‘subclinical’ M. tuberculosis. 
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4.1 INTRODUCTION 

Tuberculosis-associated immune reconstitution inflammatory syndrome (TB-IRIS) and 

antiretroviral therapy (ART)-associated TB (ART-TB) are a major cause of illness in 

HIV patients with Mycobacterium tuberculosis infection who commence ART 

(Meintjes et al. 2008a). TB-IRIS and many cases of ART-TB are forms of immune 

restoration disease (IRD), which is believed to result from the restoration of a pathogen-

specific immune response that causes immunopathology (French et al. 2000; French, 

Price & Stone 2004). Overall, IRD associated with M. tuberculosis infection is 

characterised by increased Th1 immune responses, notably interferon-γ (IFN-γ) 

production (Bourgarit et al. 2006; Meintjes et al. 2008b; Bourgarit et al. 2009; Elliott et 

al. 2009).  

Th1 cytokine responses are important in protection against M. tuberculosis infection 

through the actions of IL-12 and IFN-γ (Bhatt & Salgame 2007). Several papers 

postulate that infection with HIV leads to a shift from Th1 to Th2-type cytokine 

expression (Clerici & Shearer 1993; Klein et al. 1997; Lienhardt et al. 2002), which 

might contribute to increased incidence and severity of TB in HIV patients. If this is 

true, a reversal of the abnormal Th1/Th2 balance after commencing ART might 

contribute to the development of IRD. However, few studies report Th1/Th2 cytokine 

responses in HIV patients after they commence ART (Keane et al. 2004; Price et al. 

2006). Here, Th1 and Th2 polarisation of circulating T cells were investigated by 

assessing IFN-γ and IL-5 production in whole blood cultures from HIV-1-infected 

patients with and without disease associated with M. tuberculosis infection after 

commencing ART.  

 

 



Chapter 4 

88 

4.2 METHODS 

Plasma was obtained from whole blood IFN-γ release assays [Quantiferon-TB GoldTM 

in-tube (QFGIT); Cellestis, Carnegie, Australia) undertaken before and at 4, 12 and 24 

weeks of ART in 306 ART-naïve HIV-1 patients (Elliott et al. 2009). Seventy five 

patients had treated TB upon starting ART, of whom fifteen experienced TB-IRIS. 

Eleven patients with no history of TB were diagnosed with ART-TB after starting ART. 

Case definitions of TB-IRIS and ART-TB appear elsewhere (Meintjes et al. 2008a). 

Each TB-IRIS and ART-TB case was matched with two controls by sex, pre-ART CD4+ 

T cell count and TB history. Levels of IFN-γ and IL-5 were assayed in plasma from 

whole blood cultured for 24 hours with phytohaemagglutinin (PHA) or purified protein 

derivative (PPD).  

IFN-γ levels were measured by ELISA as per the QFGIT assay kit instructions. Levels 

of IL-5 were measured by BD Cytometric Bead Array Flex Sets (BD Biosciences, San 

Jose, CA). 300 events were collected using a BD FACSArray machine and BD 

FACSArray System Software v1.0.3 (BD Immunocytometry Systems, San Jose, CA). 

Analysis was performed using FCAP Array Software v1.0.1 (BD Biosciences). All 

samples were diluted 1:5 and the lowest limit of detection was 2.7pg/ml.  

Levels of IFN-γ and IL-5 were compared using a Mann-Whitney U test and a Kruskal 

Wallis (with Dunn’s post-test analysis) non-parametric test. Correlations were 

performed using the Spearman test. Statistical significance was defined as P<0.05. All 

patients provided written informed consent and the study was approved by the 

Cambodian National Ethics Committee and the University of New South Wales Human 

Research Ethics Committee.  
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4.3 RESULTS 

Levels of IFN-γ and IL-5 did not differ between TB-IRIS and ART-TB cases and their 

controls before or during 24 weeks of ART (Figure 4.1). However, levels of IL-5 were 

marginally higher in TB-IRIS controls compared to cases after 12 weeks of ART 

(P=0.07, data not shown) and in ART-TB controls compared to cases after 4 weeks of 

ART (P=0.10, data not shown).  

IL-5 levels rose significantly in TB-IRIS controls relative to baseline following the 

commencement of ART (for week 0 vs 4, P<0.05; for week 0 vs 12, P<0.05; for week 0 

vs 24, P<0.01; Kruskal-Wallis, Figure 4.1A), while levels remained low in TB-IRIS 

cases before and during 12 weeks of ART. Levels of IFN-γ did not change significantly 

relative to baseline in TB-IRIS cases or their controls during ART (Figure 4.1A). IL-5 

levels generally rose in ART-TB cases and controls after the commencement of ART, 

although the rise was not significant relative to baseline (Figure 4.1B). Levels of IFN-γ 

did not change relative to baseline in ART-TB cases or controls (Figure 4.1B).  

IFN-γ levels correlated directly with IL-5 in all groups studied, but the correlations were 

weak in the ART-TB cases (Table 4.1). It was notable that no group displayed an 

inverse relationship between IFN-γ and IL-5 before or during ART. Rather the capacity 

to secrete IL-5 rose during ART, while IFN-γ production remained similar. This may 

reflect a recovery of T cell function on ART. These findings are similar to a study of 

Australian HIV patients where IFN-γ responses to PHA remained steady while IL-5 

responses increased for the first 2 years on treatment (Keane et al. 2004).  
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Figure 4.1 Changes in levels of IFN-γ and IL-5 in (A) TB-IRIS cases and controls and 

(B) ART-TB cases and controls during 24 weeks of antiretroviral therapy. Trends are 

expressed in terms of the median and asterisks represent statistical significance relative 

to baseline: * represents P<0.05 and ** represents P<0.01. Small numbers of samples 

(1-3) were missing at later time points in all groups except for ART-TB controls. 
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Table 4.1: Correlations between IL-5 and IFN-γ levels within TB-IRIS and ART-TB cases and controls 

over 24 weeks of antiretroviral therapy. 

 pre-ART 4 weeks 12 weeks 24 weeks 

 r P r P r P r P 

TB-IRIS cases 0.14 0.61 0.75 <0.01 0.69 <0.01 0.87 <0.001 

TB-IRIS controls 0.31 0.09 0.26 0.2 0.35 0.07 0.51 <0.01 

ART-TB cases 0.11 0.74 0.14 0.71 0.21 0.55 0.26 0.46 

ART-TB controls 0.34 0.12 0.44 0.04 0.41 0.06 0.47 0.03 
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4.4 DISCUSSION 

These findings also support a previous study showing no inverse relationship between 

levels of IFN-γ and IL-5 in Australian HIV patients after commencing ART (Price et al. 

2006). This included measurement of mRNA for IL-4 and its inhibitor IL4δ2, as well as 

cells stimulated with anti-CD3 (Price et al. 2006). In this study, IL-4 could not be 

detected in PHA-stimulated cultures, possibly because many HIV patients were severely 

immunodeficient upon commencing ART (data not shown). 

Levels of IL-5 in plasma from PPD-stimulated whole blood cultures were also assayed 

in a subset of patients (4 TB-IRIS cases, 4 ART-TB cases and 16 matched controls) but 

levels were below the cut-off of the assay (<2.7 pg/ml, data not shown) in all samples. 

IFN-γ levels increased over 24 weeks of ART in the same samples in TB-IRIS cases 

and controls but remained stable in ART-TB cases and controls (data not shown). IFN-γ 

responses to PPD assessed in the entire cohort are reported elsewhere (Elliott et al. 

2009).  

These data provide an insight into the recovery of Th1- and Th2-polarised T cells in 

HIV-infected patients. The rise in IL-5 production during ART appears to reflect a 

recovery of T cell function. We find no evidence that a Th1/Th2 imbalance contributes 

to the susceptibility of HIV patients to M. tuberculosis disease pre-ART, TB-IRIS or 

ART-TB.  
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Chapter 5 An examination of serological markers of immune 

restoration disease amongst patients recruited as 

part of the INITIO study 

 

 

Oliver, BG, Price, P, Wand, H, & French, MA 2012, ‘Increased plasma CXCL10 

may be a marker of increased risk of immune restoration disease associated with non-

viral pathogens’, J Acquir Immune Defic Syndr, vol. 59, no. 3, pp. e47-e49. 

Part of the data presented in this chapter has been published, details of which are listed 

above.  
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5.1 INTRODUCTION 

Immune restoration disease (IRD) is a complication of antiretroviral therapy (ART) for 

HIV infection which results from a dysregulated restoration of pathogen-specific 

immune responses (Price et al. 2009). It may be difficult to distinguish from treatment 

failure, drug toxicity or other opportunistic infections especially in resource-limited 

settings. Plasma biomarkers may be useful in predicting or diagnosing IRD and may 

provide insights into its immunopathogenesis.  Published examples of plasma markers 

in HIV and cases of IRD are detailed below. 

1. Data from the Strategies for Management of Anti-Retroviral Therapy (SMART) 

study provided evidence that high levels of IL-6, C-reactive protein and D-dimer 

independently predicted the development of opportunistic infections and mortality in 

HIV patients (Kuller et al. 2008; Rodger et al. 2009). 

2. Pre-ART levels of C-reactive protein and D-dimer are elevated in HIV patients who 

later developed IRD, while D-dimer was also diagnostic of HIV patients who developed 

unmasking IRD (Porter et al. 2010).  

3. High pre-ART levels of C-reactive protein, D-dimer, IL-6 and hyaluronic acid are 

associated with an increased risk of AIDS, IRD or death during the first year of ART in 

HIV patients with good virologic responses (Boulware et al. 2011).  

4. High levels of Hepatitis C virus (HCV) core-specific IgG and sCD26 (DPPIV) are 

associated with HCV-IRD (Stone et al. 2002a). In a more recent study, HCV-IRD was 

associated with low levels of total anti-HCV antibody and rises in plasma levels of 

sCD26 and CXCL10 (Yunihastuti et al. 2011). Hepatitis B virus (HBV) IRD was 

associated with elevated levels of sCD30 at the time of IRD and persistently elevated 

levels of CXCL10 during ART (Crane et al. 2009). 
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5. IRD associated with cytomegalovirus (CMV) is associated with elevated levels of 

CMV-specific IgG during the first 12 months of ART and elevated levels of sCD30 pre- 

and during the first 12 months of ART (Stone et al. 2002b). 

6. Pre-ART IFN-γ responses to purified protein derivative (PPD) and region of 

difference 1 (RD1) antigens of the Mycobacterium tuberculosis genome, corrected for 

pre-ART CD4+ T cell count, are predictive of ART-TB (Elliott et al. 2009), while pre-

ART levels of CCL2, CXCL10 and IL-18 are predictive of TB-IRIS (Oliver et al. 

2010). Pre-ART CXCL10 responses to RD1 antigens were also elevated in patients who 

developed TB-IRIS and ART-TB compared to controls (Refer to Chapter 3). IFN-γ and 

CXCL10 responses to PPD and RD1 antigens may be diagnostic of ART-TB (Elliott et 

al. 2009) (Refer to Chapter 3).  In a recent study, TB-IRIS was associated with lower 

serum levels of IL-10 and CCL2, while unmasking TB-IRIS was characterised by 

elevated serum levels of TNF-α and C-reactive protein. Unmasking TB-IRIS was also 

associated with elevated serum levels of IFN-γ and C-reactive protein pre-ART 

(Haddow et al. 2011). 

7. Cryptococcal IRD is associated with elevated pre-ART levels of C-reactive protein, 

IL-17 and IL-4 and low pre-ART levels of vascular endothelial growth factor (VEGF), 

granulocyte colony-stimulating factor (G-CSF) and TNF-α (Boulware et al. 2010b). 

Compared with levels at the time of initial cryptococcal meningitis diagnosis, levels of 

IFN-γ, TNF-α, G-CSF, VEGF and CCL11 were elevated at the time of Cryptococcal 

IRD, while levels of CCL2 decreased (Boulware et al. 2010a).  

The INITIO Trial was an international randomised trial comparing three ART treatment 

strategies in ART-naïve HIV patients. Patients were allocated into three groups in a 

1:1:1 ratio and administered ART consisting of two nucleoside analogue reverse 

transcriptase inhibitors (didanosine and stavudine) with either a non-nucleoside reverse 

transcriptase inhibitor (efavirenz) or a protease inhibitor (nelfinavir), or both. Out of the 

three regimens, it was found that the didanosine, stavudine and efavirenz regimen was 

the most effective at suppressing HIV viral load and was also the best tolerated (Yeni et 

al. 2006). 
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Here, levels of plasma markers of immune activation [IL-6, IL-18, soluble (s) CD8, 

sCD26, sCD30, CXCL10, and VEGF] were measured pre- and during ART in plasma 

samples from patients recruited as part of the INITIO study to determine whether 

changes in levels of these markers may reveal more about the immunopathogenesis of 

IRD. I also sought to determine whether any of these immune markers may be 

predictive or diagnostic of IRD. 
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5.2 PATIENTS AND METHODS 

5.2.1 Patients. 

Forty three patients who had an infectious disease event during the first 24 weeks of 

ART were identified from the INITIO database. Twenty four patients were classified as 

having probable IRD as plasma HIV viral loads declined by >1 log10 and an infectious 

disease event occurred during the first 12 weeks of ART (French, Price & Stone 2004). 

Subjects selected for this study were grouped into ‘trios’ whereby an IRD patient was 

matched with two non-IRD patients for sex, pre-ART CD4+ T cell count  and country of 

origin (Table 5.1). However, plasma samples were missing from control patients for 

four IRD cases (Patient No: 21019, 41012, 41035 and 41065; Table 5.1) resulting in 

these cases only being matched with one control. Plasma samples were collected at 0, 4, 

8, 12 and 24 weeks of ART. Some patients also provided a plasma sample two weeks 

prior to starting ART.  

IRD presented as Kaposi’s sarcoma (KS) (n=7), Mycobacterium  avium complex 

(MAC) disease (n=5), Toxoplasma gondii disease (n=5), CMV disease (n=3), 

Pneumocystis carinii pneumonitis (n=3), progressive multifocal leucoencephalopathy 

(PML) (n=2), Cryptococcal meningitis (n=2), herpes simplex virus (HSV) disease 

(n=1), Mycobacterium tuberculosis disease (n=1), Candidiasis (n=1) and lymphoma 

(n=1). Demographic characteristics of IRD patients and controls are shown in Table 5.1. 

The median time of IRD onset was 6.5 weeks after the start of ART (range 1-24 weeks).  

Plasma samples were collected from study sites in Australia, France, Germany, Italy, 

New Zealand, Sweden and the United Kingdom and shipped to Perth. 

5.2.2 Study design. 

Markers of immune activation (IL-6, IL-18, sCD26, sCD30 and CXCL10) were 

measured in plasma samples from all patients pre- and during 24 weeks of ART. VEGF 

was measured in plasma samples from trios of patients who experienced KS IRD, as 

VEGF is implicated in the development of KS (Stebbing et al. 2003) and KS IRD 

(Tamburini et al. 2007). Levels of sCD8 were measured in CMV and PML IRD trios to 

determine if viral IRD is characterised by a heightened CD8+ T cell response. 
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Table 5.1:  Demographic and clinical characteristics of IRD patients and matched controls enrolled into the 

INITIO study  

        Pre-ART CD4+ count   

Patient No 
Country of 

origin 
IRD Viral/Non-viral Patient 

Control 

1 

Control 

2 

Time of IRD 

(weeks) 

11001 United Kingdom 
Mucocutaneous Herpes 

Simplex Virus 
Viral 136 130 133 6 

13006 United Kingdom 
Mycobacterium  avium 

complex (MAC) disease 
Non-viral 10 9 16 3 

21008 Germany Toxoplasma disease Non-viral 37 34 49 3 

21010 United Kingdom Kaposi’s sarcoma Viral 40 32 25 17 

21019 Germany MAC disease/Candida Non-viral 40 37 40 3,3 

21025 France MAC disease Non-viral 17 37 40 7 

22004 Italy CMV pneumonitis Viral 27 49 45 13 

23003 Sweden 

Toxoplasma disease 

Cryptococcal meningitis 

Kaposi’s sarcoma 

Both 80 60 40 2,2,19a 

23021 Sweden Lymphoma Viral 30 10 20 21 

23024 Sweden 
Cytomegalovirus (CMV) 

oesophagitis 
Viral 120 120 260 21 

24003 France 

Toxoplasmosis 

Pprogressive multifocal 

leucoencephalopathy 

(PML) 

Both 51 46 56 1,11 

31001 United Kingdom Pneumocystis pneumonia Non-viral 11 22 32 10 

31018 Australia Extra-pulmonary TB Non-viral 690 654 655 13 

31086 France 
CMV retinitis 

MAC diseasea 
Both 35 33 44 4,17 

31122 France Kaposi’s sarcoma Viral 240 238 252 4 

31143 France 
Kaposi’s sarcoma 

Toxoplasma disease 
Both 14 16 10 4,7 

34004 United Kingdom 

Pneumocystis pneumonia 

Candida 

Kaposi’s sarcoma 

Both 62 4 4 2,5,8b 

34023 France Kaposi’s sarcoma Viral 341 368 328 6 

34026 France PML Viral 140 131 144 14 

41012 Germany MAC disease Non-viral 11 10 16 16 

41015 France Cryptococcal meningitis Non-viral 15 13 10 20 

41035 New Zealand 
Pneumocystis 

pneumonitis 
Non-viral 54 40 66 24 

41065 Australia Toxoplasmosis Non-viral 8 7 10 15 

43001 United Kingdom Kaposi’s sarcoma Viral 50 50 80 1 

asamples were only available up to 12 weeks after ART; bsamples were only available at -2 and 0 wks. 
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5.2.3 Quantification of markers of immune activation in plasma. 

Levels of IL-6, CXCL10, and VEGF were measured using BD Cytometric Bead Array 

Flex Sets (BD Biosciences, San Jose, CA). 300 events were collected per analyte using 

a BD FACSArray machine and BD FACSArray System Software v1.0.3 (BD 

Immunocytometry Systems, San Jose, CA). Analysis was performed using FCAP Array 

Software v1.0.1 (BD Biosciences). All samples were diluted 1/5. The lowest limit of 

detection was 5pg/ml. 

IL-18 levels were measured by ELISA (MBL, Japan) according to the manufacturer’s 

instructions. Absorbance was read at 450nm using an Asys HiTech Expert Plus v1.2 

spectrophotometer (Asys HiTech GmbH, Austria). Data was analysed using Mikrowin 

2000 software (Mikrotek Laborsysteme GmBH, Germany). The lowest limit of 

detection and coefficient of variance for the IL-18 assay was 15.6pg/ml and 9.7%.  

sCD8 and sCD30 levels were measured by ELISA (Bender Medsystems; Vienna, 

Austria) according to the manufacturer’s instructions. Absorbance was read at 450nm 

(Asys HiTech GmbH) and data analysed using Mikrowin 2000 (Mikrotek Laborsysteme 

GmBH). The lowest limit of detection of the sCD8 and sCD30 assays was 15.6U/ml 

and 1.56U/ml respectively. The coefficient of variance for both the sCD8 and sCD30 

assays was 9.2%. 

sCD26 was measured by an enzyme capture assay. Half-volume 96 well plates were 

coated with anti-CD26 antibody (Pharmingen; CA, USA) in carbonate/bicarbonate 

buffer (pH=9.6) and incubated overnight at 4ºC. Plates were then blocked with 

PBS/1%BSA for one hour at room temperature. Pre-diluted samples and a pooled 

plasma standard were added and left for four hours at room temperature before being 

washed with PBS/0.05% Tween 20. Bound CD26 (DPPIV) enzyme activity was 

detected with a chromogenic substrate [Gly Pro pNA (Sigma, MI, USA)] for 4.5 hours 

at 37ºC in the dark. Absorbance was read at 405nm (Asys HiTech GmbH) and data 

analysed using Mikrowin 2000 software (Mikrotek Laborsysteme GmBH). The lowest 

limit of detection was 31.25U/ml and the coefficient of variance was 12.5%. 
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5.2.4 Statistical analysis. 

Differences between IRD cases and matched controls were assessed using a conditional 

logistic model. Comparisons of levels of immune markers between IRD and non-IRD 

patients were made using a non-parametric test (Mann-Whitney U test). Statistical 

significance was defined as P<0.05. The statistical analysis was performed by Dr 

Handan Wand from the Kirby Institute and Ben Oliver. 
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5.3 RESULTS 

5.3.1 Demographic characteristics of IRD and non-IRD patients. 

Age, sex, pre-ART CD4+ T cell count, HIV RNA load, smoking status and treatment 

arm for IRD cases and controls are described in Table 5.2. As can be seen controls were 

well matched for sex and CD4+ T cell count. No significant associations were seen with 

the development of IRD, although smoking displayed a weak association (P=0.08). 

Table 5.2: Characteristics of IRD cases and matched controls at study entry. Median values are cited with 

the 25th and 75th percentiles in parentheses. 

Category Subcategory IRD cases 

(n=23) 

Controls 

(n=42) 

P-value a 

     

Demographics Age  38 (34-44) 37 (32-50) 0.29 

 Female 26% 17% 0.28 

     

 Pre-ART  

CD4+ T-cells/µl 

40 (15-120) 41 (16-130) 0.95 

       

Current smoker  - 52% 17% 0.08 

     

Treatment arms ddI/d4T/EFV 26% 38% - 

 ddI/d4T/NFV 43.5% 38% 0.31 

 ddI/d4T/NFV/EFV 30% 24% 0.40 

a P-value obtained from univariate conditional logistic model.  
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5.3.2 Cytokine levels in all IRD cases and matched controls at study entry. 

Sample availability was limited as many patients did not have samples spanning the 

time of the IRD. This restricted analysis to pre-ART and four weeks post-ART. Plasma 

levels of IL-18, sCD26, sCD30 and CXCL10 were subsequently assessed pre-ART and 

changes were measured after 4 weeks of ART in IRD cases and matched controls. 

Levels of IL-6 and sCD8 were undetectable (<5pg/ml and <15.6U/ml respectively) and 

data were excluded from analysis. Pre-ART levels of IL-18, sCD26, sCD30 and 

CXCL10 were similar in IRD cases and controls when all cases of IRD were considered 

together (Table 5.3). Additionally, levels of cytokines/chemokines were similar pre-

ART and after 4 weeks of ART within IRD cases or matched controls (Table 5.3).  
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Table 5.3: Cytokine levels in all IRD cases and matched controls at study entry. Medians are cited 

with 25th and 75th percentiles in parentheses. 

  Markers IRD cases (n=23 ) Controls (n=42) p-value a 

IL-18 (pg/ml)     

                         Pre-ART  1,781 (1371,2590) 1,559 (1,137,2067) 0.24 

                         Change at week 4 -18.0 (-145,16) -19 (-458,69) 0.77 

sCD26 (U/ml)     

                          Pre-ART   998 (737,1137) 923 (724,1297) 0.76 

                          Change at week 4 -227 (-485,42) -7 (-273,148) 0.57 

sCD30 (U/ml)     

                          Pre-ART   111 (85,179) 142 (86,181) 0.47 

                          Change at week 4 -12 (-48,17) -3.0 (-28,11) 0.67 

CXCL10 (pg/ml)     

                          Pre-ART  1,502 (969,2307) 1145 (575,1,649) 0.18 

                          Change at week 4 -91 (-252,25) -65 (-534,59) 0.70 

ap-value obtained from univariate conditional logistic model. Controls were matched on sex, country, 

and pre-ART CD4+ count. 
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5.3.3 Pre-ART levels of CXCL10 differed between “non-viral” cases when 

compared to controls and “viral” cases. 

As small numbers of patients had each type of IRD, levels of plasma markers were 

compared when IRD were classified as “viral” or “non-viral”. IRD classified as “viral” 

were associated with KS, CMV, HSV or PML. “Non-viral” IRD were associated with 

Cryptococcus, MAC, M. tuberculosis, Candidiasis, P. carinii, and T. gondii (Table 5.1). 

Some patients experienced both a “viral” and “non-viral” IRD after starting ART and 

they (along with their matched controls) were excluded from this analysis. Controls 

were assigned as “viral” or “non-viral” according to the type of IRD of the matched 

IRD patient.  

Levels of IL-18, sCD26, sCD30 and CXCL10 before and after 4 weeks of ART were 

compared between “non-viral” IRD cases and matched controls (Table 5.4), “viral” IRD 

cases and controls (Table 5.5) and between “viral” IRD and “non-viral” IRD cases 

(Table 5.6). Pre-ART levels of CXCL10 were significantly higher in “non-viral” IRD 

cases when compared to controls (P=0.008) (Figure 5.1; Table 5.4). Pre-ART levels of 

CXCL10 did not differ between “viral IRD” cases and controls (P= 0.74) or between 

“non-viral” IRD cases and “viral” IRD cases (P= 0.21) (Figure 5.1). Pre-ART plasma 

levels of IL-18, sCD26 and sCD30 did not differ between “non-viral” IRD cases and 

controls (Table 5.4), “viral” IRD cases (Table 5.5) and controls or between “non-viral” 

IRD and “viral” IRD cases (Table 5.6). Levels of sCD26 were significantly higher in 

“viral” IRD cases compared to “non-viral” IRD cases after 4 weeks of ART (P=0.04) 

(Table 5.6).  
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Figure 5.1 Pre-ART levels of CXCL10 in “viral” and “non-viral” IRD cases (denoted 

by •) and matched controls (denoted by •). Levels of CXCL10 were compared between 

groups using a Mann-Whitney U test. 
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Table 5.4: Levels of IL-18, sCD26, sCD30 and CXCL10 in “non-viral” IRD cases and controls 

   “Non-viral” cases (n=10) “Non-viral” controls (n=14) P 

IL-18 Pre-ART 1821 (766-3171) 1946 (643-3752) 0.85 

  Week 4 1861 (1610-3082) 1720 (1259-3294) 0.61 

  Week 4-Pre-ART 0.33 [(-513)-714] -54.7 [(-1930)-931] 0.50 

sCD26 Pre-ART 843 (538-1117) 774 (534-1445) 0.90 

  Week 4 758 (37-770) 807 (529-1654) 0.26 

  Week 4-Pre-ART -15.4 [(-1080)-48.4] 37.4 [(-116)-209] 0.13 

sCD30 Pre-ART 135 (63.2-345) 129 (28.2-309) 0.56 

  Week 4 201 (9.91-466) 140 (33.4-362) 0.44 

  Week 4-Pre-ART 32.7 [(-66.1)-295] -3.44 [(-87.3)-55.8] 0.23 

CXCL10 Pre-ART 2104 (550-3611) 1065 (135-2859) 0.008 

  Week 4 1705 (67.3-2161) 1226 (73.6-2921) 0.91 

  Week 4-Pre-ART -63.3 [(-2104)-646] -15.3 [(-488)-342] 0.41 

Levels of IL-18, sCD26, sCD30 and CXCL10 are expressed as median (range). Levels were compared 

between non-viral cases and controls using a Mann-Whitney U test. 
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Table 5.5: Levels of IL-18, sCD26, sCD30 and CXCL10 in “viral” IRD cases and controls 

   “Viral” cases (n=9) “Viral” controls (n=18) P 

IL-18 Pre-ART 2120 (498-2817) 1654 (522-3556) 0.56 

  Week 4 1551 (722-2506) 1385 (503-3363) 0.63 

  Week 4-Pre-ART 1.81 [(-1201)-224] -17.7 [(-802)-964] 0.64 

sCD26 Pre-ART 1057 (673-1896) 1180 (515-1827) 0.78 

  Week 4 1166 (780-1326) 944 (567-1654) 0.59 

  Week 4-Pre-ART -87.8 [(-569)-439] -113 [(-559)-395] 0.83 

sCD30 Pre-ART 97.4 (61.5-540) 149 (37.6-226) 0.18 

  Week 4 112 (36.8-362) 146 (70.8-264) 0.79 

  Week 4-Pre-ART -11.6 [(-178)-53.3] -2.8 [(-118)-227] 0.39 

CXCL10 Pre-ART 969 (234-2988) 947 (39.4-2659) 0.74 

  Week 4 679 (179-3235) 867 (218-2883) 0.95 

  Week 4-Pre-ART -55.1 [(-291)-246] -25.7 [(-926)-1526] 0.86 

Levels of IL-18, sCD26, sCD30 and CXCL10 are expressed as median (range). Levels were compared 

between viral cases and controls using a Mann-Whitney U test. 
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Table 5.6: Levels of IL-18, sCD26, sCD30 and CXCL10 in “viral” IRD vs “non-viral” IRD cases 

   “Viral” cases (n=9) “Non-viral” cases (n=10) P 

IL-18 Pre-ART 2120 (498-2817) 1821 (767-3171) 0.82 

  Week 4 1551 (722-2506) 1861 (1610-3082) 0.22 

  Week 4-Pre-ART 1.81 [(-1201)-224] 0.33 [(-513)-715] 0.53 

sCD26 Pre-ART 1057 (673-1896) 843 (538-1117) 0.14 

  Week 4 1166 (780-1326) 758 (37-770) 0.04 

  Week 4-Pre-ART -87.8 [(-569)-439] -15.4 [(-1080)-48.4] 0.58 

sCD30 Pre-ART 97.4 (61.5-540) 135 (63.2-345) 0.38 

  Week 4 112 (36.8-362) 201 (9.91-466) 0.49 

  Week 4-Pre-ART -11.6 [(-178)-53.3] 32.7 [(-66.1)-295] 0.23 

CXCL10 Pre-ART 969 (234-2988) 2104 (550-3611) 0.21 

  Week 4 679 (179-3235) 1705 (67.3-2161) 0.67 

  Week 4-Pre-ART -55.1 [(-291)-246] -63.3 [(-2104)-646] 0.54 

Levels of IL-18, sCD26, sCD30 and CXCL10 are expressed as median (range). Levels were compared 

between viral and non-viral cases using a Mann-Whitney U test. 
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5.3.4 A longitudinal analysis of plasma biomarkers in selected types of IRD. 

Due to low patient numbers, this analysis was restricted to KS, mycobacterial or 

Toxoplasmosis IRD. There were too few samples after eight weeks of ART from 

mycobacterial and Toxoplasmosis IRD cases. The results for each type of IRD are 

described below. 

5.3.4.1 Kaposi’s sarcoma IRD 

Seven patients experienced KS IRD (Patients 43001, 31122, 34023, 21010, 31143, 

23003, 34004; Table 5.1), but only four patients provided plasma samples spanning the 

time of their IRD, i.e. one, four, four and six weeks of ART. Overall, levels of IL-18, 

CXCL10 and sCD30 fell in cases and controls after the commencement of ART (Figure 

5.2). Levels of sCD26 remained steady in cases and controls, while VEGF levels rose in 

cases but declined in controls (Figure 5.2). Levels of sCD30 were significantly lower in 

cases after 4 weeks of ART (P= 0.02) (Figure 5.3) and marginally lower pre-ART (P= 

0.10) (Figure 5.3) compared to controls. Levels of CXCL10, sCD8, sCD26 and VEGF 

were not significantly different between KS IRD cases and controls over 48 weeks of 

ART (data not shown). IL-6 was only detectable in one KS IRD patient two weeks prior 

to starting ART (26.2pg/ml, data not shown). 
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Figure 5.2 Changes in levels of IL-18, CXCL10, sCD30, sCD26 and VEGF in KS IRD 

patients and non-IRD controls over 24 weeks of ART. IRD patients are denoted by 

coloured lines and non-IRD patients are denoted by grey lines. Four of the seven KS 

IRD patients had samples spanning the time of IRD (denoted by �). The patient 

denoted by the blue line experienced Toxoplasma disease and Cryptococcal meningitis 

2 weeks after ART (denoted by    ), while the patient denoted by the light green line 

experienced Toxoplasma IRD after 7 weeks of ART (denoted by      ). 
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Figure 5.3 Levels of sCD30 in KS IRD and non-IRD controls over 24 weeks of ART. 

sCD30 levels were significantly lower in KS IRD cases (denoted by •) compared to 

controls (denoted by •) after four weeks of ART. Levels of sCD30 were compared 

between cases and controls using the Mann-Whitney U test. 
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5.3.4.2 Mycobacterial IRD 

Six patients experienced mycobacterial IRD (Patients 21025, 31086, 21019, 41012, 

13006, 31018; Table 5.1) after three, three, seven, thirteen, sixteen and seventeen weeks 

of ART. Of the six patients, three experienced MAC IRD, two experienced atypical 

mycobacterial disease and one experienced IRD associated with extra-pulmonary TB. 

Levels of IL-18 did not differ between IRD cases and controls during 24 weeks of ART. 

No significant differences were seen in levels of CXCL10, sCD8, sCD26 and sCD30 

(with or without exclusion of the TB IRD trio). Overall, levels of IL-18, CXCL10 and 

sCD30 fell in cases and controls after the commencement of ART (Figure 5.4). Levels 

of sCD26 remained steady in cases and controls (Figure 5.4). IL-6 was only detectable 

in two IRD patients (range: 25.8 to 77.0pg/ml, data not shown).  



Chapter 5 

113 

 

Figure 5.4 Changes in levels of IL-18, CXCL10, sCD30 and sCD26 in six 

mycobacterial IRD patients and non-IRD controls over 24 weeks of ART. IRD patients 

are denoted by coloured lines and non-IRD patients are denoted by grey lines. All 

patients had samples spanning the time of IRD (denoted by �).  Patients denoted by the 

dark green, dark blue, purple, pink and brown lines experienced MAC IRD. The patient 

denoted by the light blue line experienced IRD associated with pulmonary TB. Candida 

IRD occurred after 3 weeks of ART in the patient denoted by the brown line (denoted 

by     ). The patient denoted by the dark blue line experienced IRD associated with 

CMV retinitis 4 weeks after starting ART (denoted by     ). 
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5.3.4.3 Toxoplasmosis IRD 

Five patients experienced cerebral toxoplasmosis IRD after one, two, three, seven and 

fifteen weeks of ART. However, plasma samples from the patient who experienced IRD 

after three weeks were only available at the commencement of ART and two weeks 

prior to starting ART. CXCL10 levels were marginally higher in IRD cases after twelve 

weeks of ART compared to controls (P= 0.10, data not shown), while sCD26 levels 

were significantly higher in IRD cases compared to controls after twelve weeks of ART 

(P= 0.009) (Figure 5.5). IL-18 levels were marginally higher in IRD cases after twelve 

weeks of ART compared to controls (P= 0.10, data not shown). No significant 

differences were seen in levels of sCD30 at any time-point. However, it must be noted 

that ‘n’ values in cases were low during ART so these data must be interpreted with 

caution. Levels of IL-18, CXCL10 and sCD30 fell in cases and controls after the 

commencement of ART (Figure 5.6), while levels of sCD26 remained steady (Figure 

5.6). Levels of IL-6 and sCD8 were undetectable (<25pg/ml).  

 

 

 

Figure 5.5 sCD26 levels were significantly higher in Toxoplasmosis IRD cases 

(denoted by •) compared to controls (denoted by •) after 12 weeks of ART 
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Figure 5.6 Changes in levels of IL-18, CXCL10, sCD30 and sCD26 in Toxoplasmosis 

IRD patients and non-IRD controls over 24 weeks of ART. IRD patients are denoted by 

coloured lines and non-IRD patients are denoted by grey lines. Four of the five 

Toxoplasmosis-IRD patients had samples spanning the time of IRD (denoted by �). 

The patient denoted by the blue line experienced Kaposi’s sarcoma after four weeks of 

ART (denoted by    ). The patient denoted by the brown line experienced Cryptococcus-

associated IRD at the same time as the Toxoplasmosis IRD episode (two weeks post-

ART) and also experienced KS IRD after nineteen weeks of ART (data not shown, as 

no samples were available spanning the time of KS IRD). The patient denoted by the 

green line experienced PML IRD after eleven weeks of ART (denoted by      ). 
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5.4 DISCUSSION 

In this study, plasma markers of immune activation were measured in an attempt to 

elucidate more about the immunopathogenesis, prediction and diagnosis of IRD. Within 

a subset of HIV patients enrolled into the INITIO study, pre-ART levels of CXCL10 

were elevated in patients who experienced “non-viral” forms of IRD compared to 

controls. Pre-ART levels of CXCL10 were also marginally higher in patients who 

developed “non-viral” forms of IRD compared to patients who experienced a “viral” 

form of IRD. 

Increased levels of CXCL10 are associated with the immunopathogenesis of IRD 

associated with Hepatitis B and M. tuberculosis (Crane et al. 2009; Oliver et al. 2010). 

Due to low patient numbers in this cohort, levels of CXCL10 were only able to be 

assessed for individual IRD in those patients who experienced IRD associated with 

Kaposi’s sarcoma, mycobacterial infection or T. gondii. CXCL10 levels did not differ 

between these IRD cases and controls pre- or during ART. However, when all patients 

within this cohort were classified as either a “viral” or “non-viral” IRD case or control, 

pre-ART levels of CXCL10 were elevated in patients who experienced a “non-viral” 

IRD compared to matched controls. This is interesting as I have previously shown using 

ROC analyses that CXCL10 is predictive of tuberculosis-associated immune 

reconstitution inflammatory syndrome (TB-IRIS) in unstimulated whole blood cultures 

(Oliver et al. 2010) (Refer to Chapter 2). Using ROC analyses, CXCL10 responses to 

RD1 antigens of the M. tuberculosis genome were also predictive of antiretroviral 

therapy-associated tuberculosis (ART-TB) (Refer to Chapter 3). Univariate analyses 

showed that CXCL10 responses to RD1 antigens were also higher in ART-TB and TB-

IRIS cases compared to controls pre-ART  suggesting that elevated levels of CXCL10 

may be associated with the development of ART-TB and TB-IRIS (Refer to Chapter 3). 

In contrast, pre-ART levels of CXCL10 were marginally lower in INITIO patients who 

developed a “viral” IRD compared to those who developed a “non-viral” IRD (Table 

5.6, P=0.06). Pre-ART CXCL10 levels did not differ between “viral” IRD cases and 

controls which is in agreement with a recent study of patients who developed HCV-IRD 

(Yunihastuti et al. 2011). Elevated pre-ART levels of CXCL10 in patients who develop 

a non-viral form of IRD may indicate a priming of monocytes/macrophages by 
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intracellular pathogens in these patients which subsequently results in a prominent 

inflammatory response following the initiation of ART. 

Soluble CD26 is a membrane associated peptidase which is considered to be a marker of 

T cell activation (McCaughan et al. 2000; Keane et al. 2001). Within the INITIO 

cohort, levels of sCD26 were significantly higher in patients who developed a “viral” 

form of IRD after 4 weeks of ART compared to patients with a “non-viral” IRD, 

suggesting a possible difference in the cellular response of viral and non-viral forms of 

IRD. Soluble CD26 has increased activity during or immediately following IRD 

associated with hepatitis C virus (HCV), which may indicate an increased level of T cell 

activation in the liver (Stone et al. 2002a; Yunihastuti et al. 2011). However, none of 

the HIV patients in this cohort were co-infected with HCV and no differences in levels 

of sCD26 were seen in patients who developed a “viral” IRD compared to matched 

controls. HIV patients who experienced IRD associated with T. gondii demonstrated 

higher plasma levels of sCD26 and marginally higher levels of IL-18 after 12 weeks of 

ART (after the time of the IRD occurrence for 3 of the 4 patients with available samples 

at that time, refer to Section 5.3.4.3). This may also indicate a heightened state of 

immune activation immediately following the IRD episode. Plasma levels of sCD8 were 

undetectable in patients who developed IRD associated with CMV and PML and in 

matched controls which suggests that sCD8 is either not measurable in plasma or levels 

were below the detectable limit of the assay.  

Little is known about the cytokine profile associated with KS IRD. In a case report of 

two HIV patients who developed KS at the same time as IRD associated with M. 

tuberculosis, plasma levels of IL-6 and TNF-α were elevated at the time when IRD and 

KS occurred. In contrast, levels of VEGF decreased relative to the time of TB diagnosis 

at the time when IRD and KS occurred (Tamburini et al. 2007). Here, IL-6 was 

measured in plasma samples from KS IRD cases and controls but was only detectable in 

one KS IRD patient. Levels of VEGF did not differ between KS IRD cases and controls 

before and during ART. Overall, levels of sCD30 were lower in KS IRD patients during 

ART compared to controls with levels being significantly lower after 4 weeks of ART. 

This differs from other viral types of IRD as levels of sCD30 are elevated in patients 
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who develop CMV IRD and HIV-HBV IRD (Stone et al. 2002b; Crane et al. 2009). 

Low levels of sCD30 in patients who develop KS IRD may be due to impaired function 

of T cells after starting ART, as levels generally remained lower in cases compared to 

controls over 48 weeks of ART (Figure 5.3).  

The inflammatory markers C-reactive protein and D-dimer are routinely measured in 

laboratory settings and may be useful in identifying HIV patients at risk of developing 

IRD (Porter et al. 2010). Here, I measured specific markers of immune function and 

activation, to determine their role in the immunopathogenesis, prediction and diagnosis 

of IRD. I have shown that these markers are not predictive or diagnostic of a single type 

of IRD but when patients were classified as either having a “viral” or “non-viral” IRD, 

pre-ART levels of CXCL10 were elevated in patients who developed a “non-viral” IRD 

compared to matched controls. The inability of specific markers of immune activation 

to predict or diagnose IRD, may be because the immunopathogenesis of different types 

of IRD varies (Price et al. 2009) This study also contained low numbers of patients 

which may have made it difficult to identify predictive markers of specific types of 

IRD. As this study consisted of measuring markers in plasma from peripheral blood, 

markers of IRD present at the site of infection may have been missed. Sample 

availability was also limited as many patients did not have samples spanning the time of 

the IRD. This restricted analysis to pre-ART and four weeks post-ART.  

Within the INITIO cohort, I have shown that pre-ART levels of CXCL10 were higher in 

patients who developed a “non-viral” form of IRD compared to matched controls, 

which indicate that high levels of CXCL10 may be a risk factor for the development of 

non-viral types of IRD. Compared to patients who developed a “non-viral” IRD, 

patients who developed a “viral” IRD had higher levels of sCD26 after 4 weeks of ART 

and marginally lower levels of CXCL10 pre-ART. These differences may indicate that 

the cellular responses involved in the development of “viral” and “non-viral” IRD 

differs.  
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Chapter 6 Final Discussion and Future Studies: Section I 
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6.1 INTRODUCTION 

Immune restoration disease (IRD) associated with Mycobacterium tuberculosis 

infection is associated with the recovery of type 1 T helper cell (Th1) responses against 

mycobacterial antigens, which are characterised by increased delayed-type 

hypersensitivity skin test or T cell interferon-γ (IFN-γ) responses to mycobacterial 

antigens (French, Mallal & Dawkins 1992; Narita et al. 1998; Bourgarit et al. 2006; 

Meintjes et al. 2008b; Tan et al. 2008; Bourgarit et al. 2009; Elliott et al. 2009). 

However, several studies in patients with tuberculosis-associated immune reconstitution 

inflammatory syndrome (TB-IRIS) have reported that Th1 responses against 

mycobacterial antigens also rise in HIV patients who do not develop IRD (Meintjes et 

al. 2008b; Elliott et al. 2009; Tieu et al. 2009). This suggests that other aspects of the 

immune response restored against M. tuberculosis are important in the development of 

TB-IRIS. 

In Chapters 2 and 3, I investigated the immune mechanisms involved in the 

development of TB-IRIS and antiretroviral therapy-associated tuberculosis (ART-TB). 

Plasma levels of cytokines and chemokines were measured in unstimulated and antigen-

stimulated tubes from Quantiferon-TB GoldTM in-tube (QFTGIT) assays (Cellestis, 

Carnegie, Australia) undertaken on blood collected from a cohort of Cambodian HIV 

patients with and without tuberculosis (TB) before and after 4, 12 and 24 weeks of 

antiretroviral therapy (ART). I also investigated whether plasma levels of cytokines 

from unstimulated and antigen-stimulated tubes may aid in the prediction and/or 

diagnosis of TB-IRIS and ART-TB. Within the same cohort, I investigated whether TB-

IRIS or ART-TB was associated with an imbalance in Th1/Th2 cytokine production in 

plasma from mitogen-stimulated tubes of the QFTGIT assay (Chapter 4). In Chapter 5, I 

investigated the role of biomarkers in the immunopathogenesis, prediction and 

diagnosis of IRD in patients enrolled into the INITIO study. Here I present the 

conclusions from this work. Broader conclusions incorporating Section 2 of this thesis 

will be presented in Chapter 10. 
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6.2 DISCUSSION AND FUTURE STUDIES 

6.2.1 Tuberculosis-associated immune reconstitution inflammatory syndrome 

may be associated with perturbations of inflammatory mediators 

produced by cells of the innate immune system. 

In Chapter 2, I showed that TB-IRIS may be associated with perturbations of the innate 

immune response against Mycobacterium tuberculosis (Figure 6.1).  

 

Figure 6.1 Paradoxical TB-IRIS may be associated with perturbations in the innate 

immune response to M. tuberculosis.  

These results suggest that TB-IRIS is the result of an immune response against 

mycobacteria that is mediated by antigen-specific T cells and/or monocytes and 

macrophages through increased production of IL-18 and CXCL10 and decreased 

production of CCL2. Pre-ART levels of CCL2 were lower in TB-IRIS patients 

suggesting that low levels of CCL2 predispose to TB-IRIS (Refer to Chapter 2).  
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Decreased levels of CCL2 during TB-IRIS may be associated with impaired recruitment 

of monocytes to sites of infection. Elevated plasma levels of IL-18 may explain the 

increased Th1 responses observed during TB-IRIS, while elevated levels of CXCL10 

may result in increased recruitment of effector T cells to sites of infection.  

Another study reported that serum levels of IFN-γ, IL-6 and TNF-α were elevated 

during TB-IRIS (Tadokera et al. 2011). Treatment of patients in this study with 

prednisone alleviated the symptoms associated with TB-IRIS and was associated with a 

decrease in serum levels of IL-6 and TNF-α implicating these cytokines in the 

immunopathogenesis of TB-IRIS. IL-6 and TNF-α are both produced by 

monocytes/macrophages (Discussed in Chapter 8) providing further evidence of 

monocyte/macrophage involvement in TB-IRIS.  

6.2.2 Future studies should investigate the contribution of 

monocytes/macrophages to the immunopathogenesis of TB-IRIS.  

HIV induces a variety of defects in the functions of monocytes including impairment of 

phagocytosis (Kedzierska et al. 2002; Mazzolini et al. 2010),  killing of intracellular 

pathogens (Biggs et al. 1995; Chaturvedi, Frame & Newman 1995),  chemotaxis (Wahl 

et al. 1989) and apoptosis (Guillemard et al. 2004) and increased cytokine production 

(Esser et al. 1996; Cozzi-Lepri et al. 2010). Apoptosis of M. tuberculosis-infected 

macrophages is also impaired in HIV infection (Patel et al. 2007). The impaired 

function of monocytes and macrophages may be reversed following antiretroviral/anti-

mycobacterial therapy which could result in an excessive activation in response to 

mycobacterial antigens thereby contributing to IRD (Van den Bergh et al. 2006). I have 

shown that TB-IRIS may be associated with perturbations of inflammatory mediators 

produced by cells of the innate immune system (Refer to Chapter 2), while South 

African and Malaysian studies also suggest that cells of the innate immune system (such 

as monocytes and myeloid dendritic cells) may be important in the development of TB-

IRIS (Tadokera et al. 2011; Tan et al. 2011). Furthermore, the onset of mycobacterial 

IRD is usually rapid and may occur before there is an increase in CD4+ T cell numbers 

(Phillips et al. 2005). This suggests that reconstitution of T cell responses against 

mycobacterial antigens is not the only factor in the development of TB-IRIS.  
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6.2.3 The findings of this thesis may have implications for the treatment of TB-

IRIS.  

TB-IRIS was associated with persistently elevated levels of CXCL10 which may 

mediate recruitment of effector T cells and NK to tissues infected by M. tuberculosis 

(Refer to Chapter 2). Inhibition of CXCL10 or CXCR3 (the main receptor for CXCL10) 

decreases recruitment of T cells in experimental models of inflammatory disease (Fife et 

al. 2001; Hyun et al. 2005; Schnickel et al. 2008; Nie et al. 2009; Sporici & Issekutz 

2010) and might be effective in modulating the inflammatory response during TB-IRIS. 

Statins can suppress CXCL10 production in patients with Crohn’s disease (Grip & 

Janciauskiene 2009) and also reduce recruitment of inflammatory cells by reducing 

CXCL10 production in experimental models of infection (Ifergan et al. 2006). 

However, statins suppress Th1 responses in animal models of autoimmune disease 

(Greenwood, Steinman & Zamvil 2006) and this could impair pathogen clearance. 

Drugs that inhibit CXCR3 are under development (Hayes et al. 2008; Knight et al. 

2008; Du et al. 2009; McGuinness et al. 2009; Wang et al. 2009; Crosignani et al. 

2010; Wijtmans et al. 2011), but their efficacy in humans has not yet been 

demonstrated. Effector T cells also express CCR5 and trafficking of effector T cells to 

sites of infection may be affected by CCR5 inhibitor therapy for HIV infection (Asmuth 

et al. 2010; Martin-Blondel et al. 2009). 

Steroids may also be useful in modulating the immune response during TB-IRIS 

(Tadokera et al. 2011), but need to be used with caution as they may worsen the 

condition of an already immunosuppressed patient and increase susceptibility to disease 

caused by opportunistic pathogens such as Kaposi’s sarcoma and herpes virus 

reactivation (Elliott et al. 1992; Elliott et al. 2004). Corticosteroid treatment should also 

not be used in TB patients who are resistant to first-line anti-tubercular therapy 

(Meintjes et al. 2009). 
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6.2.4 Differences in cytokine and chemokine responses to mycobacterial 

antigens in whole blood cultures were not observed at the time of TB-IRIS. 

Previous studies using the enzyme-linked immunosorbent spot (ELISPOT) assay found 

significantly higher Th1 responses to mycobacterial antigens in patients who developed 

TB-IRIS compared to controls (Bourgarit et al. 2006; Meintjes et al. 2008b). In this 

thesis, I measured CXCL9 and CXCL10 responses in PPD- and RD1-stimulated tubes 

from the QFTGIT assay in TB-IRIS cases and controls but did not find any differences 

in responses at the time of TB-IRIS (Refer to Chapter 3). It is feasible that the ELISPOT 

is more sensitive than the QFTGIT assay as it measures IFN-γ producing T cells from 

PBMC, while the QFTGIT assay measures IFN-γ production in whole blood cultures. 

Interestingly, I demonstrated higher levels of CXCL10 in plasma from unstimulated 

QFTGIT assays in TB-IRIS cases compared to controls at the time of TB-IRIS (Refer to 

Chapter 2). This may indicate that measuring ex vivo production of CXCL10 in plasma 

from unstimulated QFTGIT tubes may be better at detecting differences at the time of 

TB-IRIS compared to PPD and RD1-stimulated QFTGIT tubes. However, it is 

important to note that CXCL10 production in unstimulated tubes may also be affected 

by in vivo production prior to collection of blood. 

6.2.5 ART-TB is associated with a heightened type 1 T helper cell response 

against mycobacterial antigens, while T cell responses against 

mycobacterial antigens are less prominent in TB-IRIS. 

I found that ART-TB was associated with elevated levels of IL-18 in unstimulated 

QFTGIT plasma and heightened CXCL10 and CXCL9 responses against purified 

protein derivative (PPD) and region of difference 1 (RD1) antigens of the M. 

tuberculosis genome (Refer to Chapter 2 and Chapter 3). This suggests that ART-TB is 

associated with a heightened Th1 response against mycobacterial antigens as previously 

described in this cohort (Elliott et al. 2009). In contrast, T cell responses against 

mycobacterial antigens are less prominent in TB-IRIS (Elliott et al. 2009) (Refer to 

Chapter 3). This may indicate that the immune response to mycobacterial antigens 

differs between TB-IRIS and ART-TB. However, differences in responses between 
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ART-TB cases and controls may be more apparent than between TB-IRIS cases and 

controls as ART-TB controls are not infected with M. tuberculosis so their T cell 

responses to mycobacterial antigens would be low. Also, assays of CXCL9 and 

CXCL10 in antigen-stimulated whole blood cultures may not be sensitive enough to 

detect differences in in T cell responses between TB-IRIS cases and controls.  

6.2.6 The immune mechanisms involved in the development of TB-IRIS and 

ART-TB may be different.  

One interpretation of my data is that the immune mechanisms involved in the 

development of TB-IRIS and ART-TB may be different (Refer to Chapter 2). While 

ART-TB is associated with a heightened Th1 immune response against mycobacterial 

antigens including RD1 antigens, TB-IRIS is associated with perturbations of the innate 

immune responses, as well as T cell responses against mycobacterial antigens which are 

not dominated by a response against RD1 antigens. However it is important to note that:  

1. The clinical manifestations of TB-IRIS and ART-TB are similar so the down-

stream mechanisms are likely to be similar. 

2. Patients who developed TB-IRIS and ART-TB were compared with different 

controls. Some ART-TB controls may have no history of TB so their T-cell 

responses to PPD and RD1 are low. This makes the difference between ART-TB 

cases and controls greater than between TB-IRIS cases and their controls. 

ART-TB is currently difficult to define as it may be associated with a new presentation 

of TB after the commencement of ART, progression of subclinical TB or a new 

presentation of TB associated with heightened clinical manifestations (“unmasking” 

TB-IRIS) (Meintjes et al. 2008a). Within the Cambodian patients who developed ART-

TB, it is not known whether the development of ART-TB was due to “unmasking” TB-

IRIS, a new presentation of TB or progression of subclinical TB. Due to the difficulties 

in defining latent M. tuberculosis infection, we also do not know how many of the 

ART-TB control group were ever exposed to M. tuberculosis, how many had resolved 
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previous infection and how many harboured latent infection. Future studies should 

address this through careful analysis of clinical histories. Future studies should also 

consider defining cases of ART-TB that fulfil criteria for “unmasking” TB-IRIS and 

comparing them with non-IRIS cases of ART-TB. 

6.2.7 Cytokines and chemokines important in the immune response to M. 

tuberculosis may be important in the prediction and/or diagnosis of TB-

IRIS and ART-TB. 

In Chapter 2 and Chapter 3, I investigated whether pre-ART levels of 

cytokines/chemokines in plasma from unstimulated and antigen-stimulated QFTGIT 

assays may be useful in the prediction of TB-IRIS or ART-TB. Chapter 3 also 

investigated whether IFN-γ-inducible chemokine responses to mycobacterial antigens 

may be diagnostic of TB-IRIS or ART-TB. IFN-γ responses to PPD and RD1 antigens 

have previously been reported within the Cambodian cohort  and were shown to be 

strongly predictive and diagnostic of ART-TB (Elliott et al. 2009).  

Using ROC analyses, I found that pre-ART plasma levels of CCL2, CXCL10 and IL-18 

may be predictive of TB-IRIS in unstimulated QFTGIT assays within the subset of 

patients examined (Refer to Chapter 2). ROC analyses also showed that CXCL10 

responses to RD1 antigens were moderately predictive of ART-TB and were a better 

predictor compared to IFN-γ responses to RD1 antigens (Refer to Chapter 3). Pre-ART 

CXCL10 responses to RD1 antigens were elevated within TB-IRIS and ART-TB cases 

compared to controls (Refer to Chapter 3), suggesting that T cell responses against M. 

tuberculosis are present before ART is initiated. Elevated pre-ART CXCL10 responses 

to RD1 antigens in ART-TB patients may also be a useful tool in detecting subclinical 

M. tuberculosis in these patients. 

CXCL10 responses to PPD and RD1 were also elevated within ART-TB cases 

compared to controls at the time of ART-TB and were strongly diagnostic of ART-TB 

using ROC analyses. However for CXCL10 to be used as a diagnostic marker of ART-

TB, it would need to be confirmed that CXCL10 is able to differentiate ART-TB from 

other possible causes of disease such as other opportunistic infections, adverse drug 
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reactions or treatment failure. As this analysis was performed in a small number of 

patients, prospective studies utilising larger cohorts of patients need to be established to 

validate the predictive and diagnostic ability of CXCL10 in TB-IRIS and ART-TB. As 

this study was performed in HIV patients in Cambodia, future studies should also assess 

the predictive and diagnostic ability of CXCL10 in patients in Africa and other settings 

to determine whether ethnicity or environment affects the prediction or diagnosis of TB-

IRIS and ART-TB. 

6.2.8 An increased mycobacterial load may be a risk factor for the development 

of TB-IRIS and ART-TB.  

The development of TB-IRIS is associated with a short interval between starting anti-

TB therapy and ART and the presence of disseminated TB (Breen et al. 2004; Breton et 

al. 2004; Michailidis et al. 2005; Manosuthi et al. 2006; Lawn et al. 2007; Elliott et al. 

2009; Abdool Karim et al. 2011) which suggests that a high mycobacterial load may be 

a risk factor for the development of TB-IRIS. A positive pre-ART urinary 

lipoarabinomannan (LAM) test is predictive of TB-IRIS (Lawn et al. 2009; Conesa-

Botella et al. 2011) which also suggests that patients who develop TB-IRIS may have a 

higher pre-ART mycobacterial load compared to HIV/TB patients with uneventful 

immune reconstitution. In the study by Conesa-Botella et al., patients who developed 

TB-IRIS also had a shorter delay between starting anti-TB therapy and ART (Conesa-

Botella et al. 2011). It is not known if mycobacterial load is a risk factor for the 

development of ART-TB but elevated IFN-γ, CXCL10 and CXCL9 responses to RD1 

antigens (Elliott et al. 2009) (Refer to Chapter 3) in patients who develop ART-TB may 

be due to a higher burden of viable M. tuberculosis prior to commencing ART.  

6.2.9 TB-IRIS and ART-TB are not associated with an imbalance of Th1/Th2 

cytokine responses.  

I also sought to determine whether TB-IRIS and ART-TB were associated with an 

imbalance in Th1/Th2 cytokine responses by measuring levels of IFN-γ and IL-5 in 

plasma from phytohemagglutinin-stimulated QFTGIT assays (Refer to Chapter 4). 

Levels of IFN-γ and IL-5 did not differ between TB-IRIS and ART-TB cases and 
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controls before and after 4, 12 and 24 weeks of ART, suggesting that TB-IRIS and 

ART-TB are not associated with an imbalance of Th1/Th2 T cell polarisation. IL-5 

responses rose in all patients suggesting that T cell function recovered on ART. 

6.2.10 CXCL10 may be a marker of immune restoration disease (IRD) associated 

with non-viral pathogens in patients enrolled into the INITIO study. 

In Chapter 5, I examined plasma levels of pro-inflammatory cytokines/chemokines and 

markers of immune activation before and during ART in HIV patients who developed 

IRD and matched controls who were enrolled into the INITIO study. I found that 

increased plasma CXCL10 levels may be a predictor of immune restoration disease 

(IRD) associated with non-viral pathogens, as pre-ART levels of CXCL10 were 

elevated in HIV patients who developed non-viral forms of IRD compared to controls. 

These findings suggest that immune responses involved in the development of “viral” 

and “non-viral” IRD differ and that an immune response is present before ART is 

commenced, at least in IRD associated with non-viral pathogens.  

6.3 CONCLUSIONS 

In summary, I have shown in a cohort of HIV patients from Cambodia that TB-IRIS is 

associated with perturbations of mediators of innate immune responses before and after 

ART whereas ART-TB is associated with a heightened Th1 response against 

mycobacterial antigens, particularly RD1 antigens. Furthermore, cytokines and 

chemokines measured in tubes from unstimulated and antigen-stimulated QFTGIT 

assays may be useful in predicting and/or diagnosing TB-IRIS and ART-TB. In 

addition, data collected from patients enrolled into the INITIO study provides evidence 

that increased pre-ART plasma levels of CXCL10 may be predictive of IRD associated 

with other non-viral pathogens. 
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SECTION 2 

An investigation of the role of IFN-γ, IL-10 and TNF-α in the 

immunopathogenesis of immune restoration disease associated 

with Mycobacterium tuberculosis and the production and 

regulation of pro-inflammatory and regulatory cytokines in 

patients with HIV and/or tuberculosis 
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Chapter 7 Immune restoration disease associated with 

Mycobacterium tuberculosis is not associated with 

low levels of Interleukin-10 or an imbalance in 

Interferon-gamma and Interleukin-10 production 
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7.1 INTRODUCTION 

Impaired production of IL-10 by regulatory T cells has been associated with the 

development of mycobacterial immune restoration disease (IRD) (Seddiki et al. 2009). 

It has also been suggested that mycobacterial IRD may be due to an imbalance between 

IFN-γ and IL-10 cytokine responses to mycobacterial antigens (Lim et al. 2008). A 

recent study found that IRD associated with M. tuberculosis may be mediated by higher 

production of TNF-α and IL-12p40 in response to lipomannan coinciding with higher 

expression of TLR2 on myeloid dendritic cells and monocytes. A corresponding rise in 

IL-10 production in response to lipomannan was not observed suggesting that IRD 

associated with M. tuberculosis may be mediated by excessive production of pro-

inflammatory cytokines (Tan et al. 2011). 

IL-10 inhibits the production of Th1 cytokines such as IFN-γ and IL-2 (Fiorentino, 

Bond & Mosmann 1989). IL-10 may also impair the immune response against 

Mycobacterium tuberculosis, as it  suppresses trafficking of dendritic cells to draining 

lymph nodes during mycobacterial infection (Demangel, Bertolino & Britton 2002) and 

phagosome maturation of M. tuberculosis-infected macrophages (O'Leary, O'Sullivan & 

Keane 2011). Macrophage over-expression of IL-10 in transgenic mice has been 

associated with a significant reduction in reactive nitrogen intermediates and an 

exacerbation of chronic M. tuberculosis infection, despite an intact T cell immune 

response (Schreiber et al. 2009). However, IL-10 may also protect against 

immunopathology associated with the immune response against M. tuberculosis 

(Higgins et al. 2009). 

The pro-inflammatory cytokine TNF-α is important in the immune response against 

Mycobacterium tuberculosis, as it is required for granuloma formation and the 

production of reactive nitrogen intermediates early in infection (Flynn et al. 1995; Bean 

et al. 1999; Kaneko et al. 1999). TNF-α has also been implicated in the 

immunopathogenesis of tuberculosis-associated immune reconstitution inflammatory 

syndrome (TB-IRIS), as it is elevated in patients who develop TB-IRIS but declines 

upon prednisone therapy (Tadokera et al. 2011).  
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Here, IFN-γ, IL-10 and TNF-α production was investigated in unstimulated and purified 

protein derivative (PPD)-stimulated tubes from the Quantiferon-TB GoldTM in-tube 

assay in patients who developed TB-IRIS or antiretroviral therapy-associated 

tuberculosis (ART-TB) after commencing ART within a Cambodian cohort of HIV 

patients with and without treated tuberculosis (Refer to Chapters 2, 3 and 4). IL-10 and 

IFN-γ levels were also compared to determine whether TB-IRIS or ART-TB is 

associated with an imbalance in IFN-γ and IL-10 production. 
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7.2 METHODS 

7.2.1 Cases and controls. 

Patients were recruited from the National Centre for HIV/AIDS, Dermatology and 

Sexually Transmitted Diseases Social Health Clinic in Phnom Penh, Cambodia, and 

were a subgroup of those reported previously (Elliott et al. 2009) (Described in 

Chapters 2, 3 and 4).  

7.2.2 Assaying of plasma levels of IFN-γ, IL-10 and TNF-α in whole blood 

cultures. 

Plasma samples from unstimulated and PPD-stimulated tubes of the Quantiferon-TB 

GoldTM in-tube (QFTGIT) assay (Cellestis, Carnegie, Australia) were collected pre-

ART, after 4, 12 and 24 weeks of ART and at the time of suspected TB-IRIS or ART-

TB and cryopreserved at -80oC. Plasma levels of IFN-γ were measured by ELISA 

according to the manufacturer’s instructions for the QFTGIT assay (this was performed 

in Cambodia). Levels of IL-10 and TNF-α were assayed in plasma from unstimulated 

and PPD-stimulated tubes using BD Cytometric Bead Array Flex Sets (BD Biosciences, 

San Jose, CA). 300 events were collected per analyte using a BD FACSArray machine 

and BD FACSArray System Software v1.0.3 (BD Immunocytometry Systems, San 

Jose, CA). Analysis was performed using FCAP Array Software v1.0.1 (BD 

Biosciences). All samples were diluted at least 1/5 and the lowest limit of detection was 

5pg/ml.  

To analyse the effect of PPD on IFN-γ, IL-10 and TNF-α production, levels of IFN-γ, 

IL-10 and TNF-α in unstimulated tubes were subtracted from levels measured in PPD-

stimulated tubes. 

IFN-γ responses to PPD have been reported previously as International Units/ml 

(IU/ml) (Elliott et al. 2009). For the purposes of this thesis, IFN-γ responses were 

converted to pg/ml as IL-10 and TNF-α responses to PPD were measured in pg/ml. For 

IFN-γ: 1IU/ml=50pg/ml (National Institute for Biological Standards and Control, 

Hertfordshire, United Kingdom). 
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7.2.3 Statistical analyses. 

Levels of IFN-γ, IL-10 and TNF-α were compared between TB-IRIS or ART-TB cases 

and matched controls pre-ART and after 4, 12 and 24 weeks of ART using the Mann-

Whitney U test.  

In order to examine differences in levels of IFN-γ, IL-10 and TNF-α at the time of TB-

IRIS and ART-TB, levels of IFN-γ, IL-10 and TNF-α were compared pre-ART and at 

the time of TB-IRIS or ART-TB in cases using the Wilcoxon signed-rank test. For 

controls, levels of IFN-γ, IL-10 and TNF-α were compared pre-ART and at an 

equivalent time-point post-ART (EQT) for when matched cases were diagnosed with 

TB-IRIS or ART-TB using the Wilcoxon signed-rank test. Samples at the time of TB-

IRIS or ART-TB were obtained at a median time of 15 days after the disease episode 

was diagnosed (range 0-34 days). Samples in the control groups at the EQT were 

obtained at a median time of 46 days post-ART (range 29-118 days). Levels were 

compared between TB-IRIS and ART-TB cases and controls pre-ART and at the time 

of TB-IRIS or ART-TB using the Mann-Whitney U test.  

To investigate whether TB-IRIS or ART-TB was associated with an imbalance in 

regulatory and effector cytokines, IFN-γ responses and IL-10 responses to PPD were 

correlated within TB-IRIS and ART-TB cases and controls during 24 weeks of ART 

using the Spearman rank test. Analyses were performed using Prism v5.02 (San Diego, 

CA, USA) and statistical significance was defined as P<0.05. 
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7.3 RESULTS 

7.3.1 IFN-γ levels in unstimulated whole blood cultures were elevated within 

TB-IRIS cases compared to controls but IL-10 and TNF-α levels did not 

differ. 

In this subset of patients, plasma levels of IFN-γ from unstimulated QFTGIT assays 

were significantly higher in TB-IRIS cases pre-ART and after 4 weeks of ART (for pre-

ART: P=0.03; for week 4: P=0.006; Mann-Whitney) (Figure 7.1A). IFN-γ levels were 

also higher in TB-IRIS cases compared to matched controls at the time of TB-IRIS 

(P=0.03; Mann-Whitney) (Figure 7.2A). In contrast, plasma levels of IFN-γ from 

unstimulated QFTGIT assays did not differ between ART-TB cases and controls during 

24 weeks of ART or at the time of ART-TB (Figure 7.1B and Figure 7.2B). 

Plasma levels of IL-10 did not differ between TB-IRIS or ART-TB cases and controls 

during 24 weeks of ART or at the time of the disease episode (Figure 7.1C and 7.1D 

and Figure 7.2C and 7.2D). Levels of TNF-α were significantly higher in TB-IRIS cases 

after 24 weeks of ART compared to controls (P=0.04; Mann-Whitney) (Figure 7.1F) 

but levels did not differ between cases and controls at the time of TB-IRIS or ART-TB 

(Figure 7.2E and 7.2F). 

7.3.2 IFN-γ levels in PPD-stimulated whole blood cultures were elevated within 

TB-IRIS and ART-TB cases compared to controls but IL-10 and TNF-α 

levels were not different. 

Plasma levels of IFN-γ from PPD-stimulated QFTGIT assays increased in both TB-IRIS 

cases and matched controls during ART but were significantly higher in TB-IRIS cases 

after 24 weeks of ART (P=0.01; Mann-Whitney) (Figure 7.3A). This finding confirms 

previous reports from this cohort based on all patients receiving treatment for 

tuberculosis (Elliott et al. 2009). IFN-γ responses to PPD were higher in ART-TB cases 

after 4 and 12 weeks of ART compared to controls (for week 4: P=0.03; for week 12: 

P=0.04; Mann-Whitney) (Figure 7.3B).  
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When IFN-γ levels in PPD-stimulated QFTGIT assays were compared at the time of 

TB-IRIS or ART-TB in cases and at an equivalent time-point post-ART in matched 

controls, TB-IRIS controls had a significant rise in IFN-γ responses to PPD at an 

equivalent time-point post-ART compared to pre-ART levels (P=0.009; Wilcoxon) 

(Figure 7.4A). IFN-γ responses to PPD were elevated in ART-TB cases compared to 

controls at the time of ART-TB (P=0.03; Mann-Whitney) (Figure 7.4B).  

In contrast, IL-10 and TNF-α responses to PPD did not differ within TB-IRIS or ART-

TB cases and controls over 24 weeks of ART (Figure 7.3). IL-10 and TNF-α responses 

to PPD did not differ within TB-IRIS and ART-TB cases and controls pre-ART or at the 

time of TB-IRIS or ART-TB (Figure 7.4). However, TB-IRIS controls experienced a 

significant increase in levels of TNF-α in response to PPD at an EQT compared to pre-

ART responses (P=0.02; Wilcoxon) (Figure 7.4E). A similar trend was also seen in TB-

IRIS cases but the increase was not significant. This may be due to the larger ‘n’ values 

in the control group compared to cases. 

7.3.3 IFN-γ and IL-10 levels in unstimulated and PPD-stimulated plasma 

generally did not correlate in TB-IRIS and ART-TB cases or controls. 

Plasma levels of IFN-γ and IL-10 from unstimulated and PPD-stimulated QFTGIT 

assays generally did not correlate within TB-IRIS or ART-TB cases and controls over 

24 weeks of ART or at the time of TB-IRIS or ART-TB. However within TB-IRIS 

controls, plasma levels IFN-γ and IL-10 correlated in unstimulated QFTGIT assays after 

4 weeks of ART and pre-ART in PPD-stimulated QFTGIT assays (Table 7.1). 
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Figure 7.1 A comparison of levels of IFN-γ, IL-10 and TNF-α in plasma from 

unstimulated QFTGIT assays within tuberculosis-associated immune reconstitution 

inflammatory syndrome (TB-IRIS) cases and controls (Figure A, C and E) and 

antiretroviral therapy-associated tuberculosis (ART-TB) cases and controls (Figure B, D 

and F) over 24 weeks of antiretroviral therapy. Cases are denoted by (•) and controls are 

denoted by (•). Differences in median levels of IFN-γ, IL-10 and TNF-α between cases 

and controls were calculated using the Mann-Whitney U test. 
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Figure 7.2 A comparison of levels of IFN-γ, IL-10 and TNF-α in plasma from 

unstimulated QFTGIT assays pre-antiretroviral therapy and at the time of immune 

restoration disease (IRD) within tuberculosis-associated immune reconstitution 

inflammatory syndrome (TB-IRIS) cases and controls (Figure A, C and E) and 

antiretroviral therapy-associated tuberculosis (ART-TB) cases and controls (Figure B, D 
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and F). Cases are denoted by (•) and controls are denoted by (•). NOTE: Samples 

denoted IRD were collected from TB-IRIS and ART-TB patients at a median time of 15 

days after the IRD episode was diagnosed (range 0-34 days). Samples denoted EQT 

(equivalent time point) were obtained from the matched controls at an equivalent time 

point [46 days post-ART (29-118 days)] relative to the diagnosis of ART-TB or TB-

IRIS. Levels of IL-10 and TNF-α were compared between cases and controls using the 

Wilcoxon signed-rank test. Levels of IL-10 and TNF-α were compared between ART-

TB or TB-IRIS cases and controls pre-ART and at the time of ART-TB or TB-IRIS 

using the Mann-Whitney U test. 
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Figure 7.3 A comparison of levels of IFN-γ, IL-10 and TNF-α in response to purified 

protein derivative within tuberculosis-associated immune reconstitution inflammatory 

syndrome (TB-IRIS) cases and controls (Figure A, C and E) and antiretroviral therapy-

associated tuberculosis (ART-TB) cases and controls (Figure B, D and F) over 24 weeks 

of antiretroviral therapy. Cases are denoted by (•) and controls are denoted by (•). 

Differences in median levels of IFN-γ, IL-10 and TNF-α between cases and controls 

were calculated using the Mann-Whitney U test. 
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Figure 7.4 A comparison of levels of IFN-γ, IL-10 and TNF-α in response to purified 

protein derivative pre-antiretroviral therapy and at the time of immune restoration 

disease (IRD) within tuberculosis-associated immune reconstitution inflammatory 

syndrome (TB-IRIS) cases and controls (Figure A, C and E) and antiretroviral therapy-

associated tuberculosis (ART-TB) cases and controls (Figure B, D and F). Cases are 
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denoted by (•) and controls are denoted by (•). NOTE: Samples denoted IRD were 

collected from TB-IRIS and ART-TB patients at a median time of 15 days after the IRD 

episode was diagnosed (range 0-34 days). Samples denoted EQT (equivalent time point) 

were obtained from the matched controls at an equivalent time point [46 days post-ART 

(29-118 days)] relative to the diagnosis of ART-TB or TB-IRIS. Levels of IL-10 and 

TNF-α were compared between cases and controls using the Wilcoxon signed-rank test. 

Levels of IL-10 and TNF-α were compared between ART-TB or TB-IRIS cases and 

controls pre-ART and at the time of ART-TB or TB-IRIS using the Mann-Whitney U 

test. 
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 Table 7.1: Correlations (r) of plasma levels of IFN-γ and IL-10 levels from unstimulated and PPD-

stimulated QFTGIT assays in tuberculosis-associated immune reconstitution inflammatory syndrome (TB-

IRIS) cases and controls and antiretroviral therapy-associated tuberculosis (ART-TB) cases and controls 

over 24 weeks of antiretroviral therapy and at the time of TB-IRIS or ART-TB (IRD). 

 

Unstimulated QFTGIT assays 

  Weeks on ART  

  0 4 12 24 IRD 

TB-IRIS Cases -0.03 -0.14 -0.15 0.31 -0.10 

 Controls 0.33 0.38* -0.07 -0.29 0.31 

ART-TB Cases 0.35 0.02 -0.51 -0.26 0.04 

 Controls 0.07 0.25 0.20 0.23 0.20 

       

PPD-stimulated QFTGIT assays 

  Weeks on ART  

  0 4 12 24 IRD 

TB-IRIS Cases 0.11 -0.27 0.29 0.41 0.14 

 Controls 0.46* -0.01 0.19 0.19 0.13 

ART-TB Cases 0.21 -0.43 0.09 0.39 -0.47 

 Controls -0.17 -0.39 0.13 -0.15 -0.35 

NOTE: Correlations were performed using the Spearman rank test. * indicates a significant correlation 

where P < 0.05. 
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7.4 DISCUSSION 

In this study, I demonstrated that levels of IL-10 and TNF-α in unstimulated and PPD-

stimulated QFTGIT assays do not differ between TB-IRIS or ART-TB cases and 

controls over 24 weeks of ART. Furthermore, IL-10 and IFN-γ levels in unstimulated 

and PPD-stimulated plasma generally did not correlate within TB-IRIS or ART-TB 

cases and controls during ART. IFN-γ levels in unstimulated plasma were higher in 

patients who developed TB-IRIS compared to controls pre-ART and at the time of TB-

IRIS. In contrast, IFN-γ responses to PPD were higher in ART-TB patients at the time 

of ART-TB compared to controls at an equivalent time-point post-ART.   

In a recently published study, TB-IRIS was associated with lower plasma levels of IL-

10 and CCL2 at the time of TB-IRIS when compared with TB patients who did not 

experience IRIS after the same duration of ART (Haddow et al. 2011). I have also 

demonstrated CCL2 levels to be low at the time of TB-IRIS as well as pre-ART (Refer 

to Chapter 3) but do not demonstrate any differences in IL-10 within TB-IRIS or ART-

TB cases and controls. A failure to demonstrate any differences in levels of IL-10 may 

arise because other aspects of immune responses restored against M. tuberculosis are 

involved in the development of TB-IRIS and ART-TB (Elliott et al. 2009; Oliver et al. 

2010) (Refer to Chapter 2 and Chapter 3). Alternatively, these results may be explained 

by the fact that IL-10 was measured in plasma from a 24 hour whole blood culture. 

Levels of IL-10 may have been affected by cellular production or consumption during 

the 24 hour culture. In contrast, Haddow et al. measured IL-10 in plasma which was 

stored immediately after collection and not cultured with any antigen (Haddow et al. 

2011). As IL-10 was largely undetectable in plasma from unstimulated QFTGIT assays, 

the ability to measure IL-10 in plasma unstimulated QFTGIT tubes may also have been 

affected by the sensitivity of BD Cytometric Bead Array assay (discussed below).  

A study of two HIV patients suggested that IRD associated with Mycobacterium 

celatum or Mycobacterium  avium complex may be due to an imbalance in IFN-γ and 

IL-10 responses (Lim et al. 2008). An imbalance of IFN-γ and IL-10 levels was also 

evident pre-ART in patients who developed unmasking TB-IRIS (Haddow et al. 2011).  

Levels of IFN-γ and IL-10 were correlated within cases and controls over 24 weeks of 
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ART and at the time of TB-IRIS and ART-TB to determine whether TB-IRIS and ART-

TB were associated with an imbalance of IFN-γ and IL-10 production. Overall, levels of 

IFN-γ and IL-10 did not correlate except for within TB-IRIS controls where a 

significant positive correlation was observed pre-ART in PPD-stimulated plasma and 

after 4 weeks of ART in unstimulated plasma. If TB-IRIS or ART-TB was associated 

with an imbalance between IFN-γ and IL-10 levels one would expect that levels would 

negatively correlate at the time of the disease episode. This was observed within ART-

TB cases at the time of ART-TB, but was not significant. A non-significant negative 

correlation was also observed between IFN-γ and IL-10 levels within ART-TB controls 

at an equivalent time-point post ART. IFN-γ and IL-10 levels did not correlate within 

TB-IRIS cases or controls at the time of TB-IRIS or at an equivalent time-point post-

ART.  

In a subset of patients reported previously (Elliott et al. 2009), plasma levels of IFN-γ 

from unstimulated QFTGIT assays were higher in TB-IRIS cases compared to controls 

pre-ART and at the time of TB-IRIS. These findings indicate that IFN-γ levels in 

unstimulated plasma may aid in identifying patients at risk of developing TB-IRIS and 

also suggest that TB-IRIS is associated with an elevated T cell response, which could 

not be demonstrated in plasma from PPD-stimulated whole blood cultures. Plasma 

levels of IFN-γ from PPD-stimulated QFTGIT assays did not differ between TB-IRIS 

cases and controls pre-ART or at the time of TB-IRIS. In contrast, IFN-γ responses to 

PPD were elevated in ART-TB cases at the time of ART-TB compared to matched 

controls, suggesting that ART-TB may be associated with a heightened antigen-specific 

T cell response against mycobacterial antigens. Taken together, these findings also 

indicate that PPD-induced production of IFN-γ may be better at detecting differences in 

IFN-γ in patients who develop ART-TB, while ‘spontaneous’ production of IFN-γ in 

unstimulated QFTGIT assays may be better at detecting differences in levels of IFN-γ in 

patients who develop TB-IRIS.  

TNF-α has been implicated in the immunopathogenesis of TB-IRIS, as serum levels 

were elevated in patients who developed TB-IRIS but then declined during prednisone 

therapy (Tadokera et al. 2011). In this study, plasma levels of TNF-α from unstimulated 
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and PPD-stimulated QFTGIT tubes did not differ between TB-IRIS or ART-TB cases 

and controls. This may be due to the fact that plasma was obtained following a 24 hour 

culture with PPD whereby cellular production and use of TNF-α may have affected the 

levels of TNF-α available to be measured. The length of the whole blood culture and the 

immunocompetency of patients may have also affected TNF-α (and IL-10) production 

in this study (discussed below). TNF-α production did not vary after 4, 8 and 24 hours 

of stimulation of PBMC (as opposed to whole blood cultures) with Escherichia coli and 

Streptococcus pneumoniae in a study by Tan et al. suggesting  which indicate that TNF-

α levels may not vary during 24 hours of cell culture (Tan et al. 2010).  

In a case report of unmasking TB-IRIS, pre-ART plasma levels of IL-10 and TNF-α 

were elevated when compared to four patients with a previous history of M. tuberculosis 

but who did not develop IRIS. Levels of IL-10 and TNF-α then declined to levels seen 

in the control patients during the first three months of ART (Pornprasert et al. 2010). In 

this study, there was a marginal decline in levels of IL-10 in response to PPD during 24 

weeks of ART in ART-TB cases and controls relative to pre-ART levels (Figure 7.3). 

TNF-α levels remained similar within TB-IRIS and ART-TB cases and controls over 24 

weeks of ART (Figure 7.3). In contrast, plasma levels of TNF-α were higher in 

unmasking TB-IRIS cases compared to controls at the time of unmasking TB-IRIS 

(Haddow et al. 2011).   

In Chapter 9, PPD-induced production of IFN-γ, IL-10 and TNF-α in PBMC is 

investigated and cellular production of IFN-γ, IL-10 and TNF-α is prominent following 

a 6 hour culture but less evident following a 24 hour culture. In this study, the cellular 

source of IFN-γ, IL-10 and TNF-α was not able to be investigated as PBMC were not 

available. The ability to measure IL-10 and TNF-α (particularly in plasma from 

unstimulated QFTGIT tubes) may have also been affected by the sensitivity of the BD 

Cytometric Bead Array assay. The lowest limit of detection for IL-10 and TNF-α using 

the BD Cytometric Bead Array kits was 5pg/ml. However, in the study by Haddow et 

al., IL-10 and TNF-α were measured by a LINCOplex human cytokine kit on a 

Luminex-100 system with the lowest limit of detection being 0.64pg/ml and 3.2pg/ml 

respectively (Haddow et al. 2011).  
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Other studies have reported a higher amount of IL-10 and TNF-α production in response 

to PPD in whole blood cultures from patients who did not have HIV infection and 

patients with TB (Elliott et al. 1999; Sutherland et al. 2010). Production of IL-10 and 

TNF-α in response to PPD in the patients studied here may have been impaired to due to 

the effects of HIV and/or TB, as HIV-negative patients demonstrated higher production 

of IL-10 and TNF-α following a 24 hour blood culture. Mean production of IL-10 and 

TNF-α in HIV-negative patients was 108 and 102pg/ml respectively (Elliott et al. 1999) 

compared to 36 and 78pg/ml for patients in this study. Another possible explanation for 

the lower levels of IL-10 and TNF-demonstrated in this study is the length of the whole 

blood culture. A study which measured IL-10 and TNF-α production in response to PPD 

in TB patients reported the median production of IL-10 and TNF-α to be 97 and 346 

pg/ml respectively following a 7 day whole blood culture (Sutherland et al. 2010). A 

longer culture may therefore be required to demonstrate differences in production of IL-

10 and TNF-α in response to PPD.  

Furthermore, as levels of IL-10 and TNF-α were measured in plasma from a whole 

blood culture, this may not reflect levels of IL-10 and TNF-α at the site of disease i.e. in 

lymph nodes or pleural fluid. Production of IL-10 and TNF-α in lymph nodes or pleural 

fluid should be examined in future studies. 

In conclusion, plasma levels of IL-10 and TNF-α from unstimulated and PPD-

stimulated QFTGIT assays do not differ in HIV patients who developed TB-IRIS or 

ART-TB when compared with matched controls over 24 weeks of ART or at the time of 

disease presentation. These findings suggest that TB-IRIS and ART-TB are not the 

result of impaired immune regulation by IL-10 but limitations of the assay method must 

be taken into consideration when drawing conclusions. Furthermore, IFN-γ levels in 

plasma from unstimulated QFTGIT assays may aid in identifying patients at risk of 

developing TB-IRIS. Plasma from unstimulated QFTGIT assays may also be better at 

detecting differences in IFN-γ production in patients who develop TB-IRIS while 

plasma from PPD-stimulated QFTGIT assays may better at detecting differences in 

IFN-γ production in patients who develop ART-TB. 
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Chapter 8 An investigation of the cellular production of 

Interferon-gamma, Interleukin (IL)-6, IL-10, IL-17 

and Tumour necrosis factor-alpha  
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8.1 INTRODUCTION 

Tuberculosis-associated immune reconstitution inflammatory syndrome (TB-IRIS) and 

antiretroviral therapy-associated tuberculosis (ART-TB) have been reported to be due to 

an expansion of type 1 T-helper cell responses against mycobacterial antigens (Narita et 

al. 1998; Bourgarit et al. 2006; Meintjes et al. 2008b; Tan et al. 2008; Bourgarit et al. 

2009; Elliott et al. 2009). TB-IRIS is also associated with an increase in pro-

inflammatory cytokines and chemokines (Bourgarit et al. 2006; Tadokera et al. 2011; 

Oliver et al. 2010). (Refer to Chapter 2). However, few studies have identified what 

cells of the immune system are involved in the development of these conditions and 

whether key cytokines/chemokines are produced exclusively by T cells. One study 

suggests that TB-IRIS and ART-TB are associated with increased production of IL-

12p40 and TNF-α by myeloid dendritic cells and monocytes/macrophages stimulated 

with lipomannan, in conjunction with increased TLR2 expression to (Tan et al. 2011).   

IL-10, TNF-α and IL-6 were measured in a subset of plasma samples from HIV-infected 

patients in Cambodia collected from unstimulated, region of difference 1 (RD1)-, 

purified protein derivative (PPD)- and phytohaemagglutinin (PHA)-stimulated tubes 

from the Quantiferon-TB GoldTM in-tube (QFTGIT) assay (Cellestis, Carnegie, 

Australia). These patients were not diagnosed with TB-IRIS or ART-TB nor had they 

been selected as a matched control for studies described in Chapters 2, 3 or 4. Levels of 

IL-6, IL-10 and TNF-α were assayed in plasma using BD Cytometric Bead Array Flex 

Sets (BD Biosciences, San Jose, CA) as described previously (Refer to Chapter 7). 

These results are shown in Table 8.1. 

IL-6 and IL-10 levels were higher in plasma from PPD-stimulated tubes compared to 

plasma from PHA-stimulated tubes which suggested that IL-6 and IL-10 may be 

produced by cells other than T cells. I therefore investigated the cellular source of IL-6 

and IL-10. IFN-γ and IL-17 were also investigated as a comparison. 
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 Table 8.1: Plasma levels of IL-6, IL-10 and TNF-α in Cambodian HIV patients from unstimulated 

(Unstim), region of difference 1 (RD1)-, purified protein derivative (PPD)- or phytohaemagglutinin 

(PHA)-stimulated tubes from the Quantiferon-TB GoldTM in-tube assay. 

 IL-6 (pg/ml) 

Patient ID: Unstim RD1 PPD PHA 

1011 24 248 8853 7191 

1304 156 234 7058 6930 

1339 61 141 16810 10845 

1464 1046 317 24238 5369 

1471 739 402 13614 9074 

1514 651 111 7416 7794 

 IL-10 (pg/ml) 

Patient ID: Unstim RD1 PPD PHA 

1011 0 7 28.5 12 

1304 0 0 187 0 

1339 0 0 73 10 

1464 8 0 8 0 

1471 0 0 71 14 

1514 0 0 26 130 

 TNF-α (pg/ml) 

Patient ID: Unstim RD1 PPD PHA 

1011 11 32 121 276 

1304 0 0 71 614 

1339 0 0 87 121 

1464 319 34 207 64 

1471 41 22 58 122 

1514 271 50 57 277 

Samples used to measure IL-6, IL-10 and TNF-α were obtained from HIV patients who had not been 

diagnosed with TB-IRIS or ART-TB nor had they been selected as a matched control for studies 

performed in Chapter 2, Chapter 3 and Chapter 4.  
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8.2 METHODS 

Peripheral blood mononuclear cells (PBMC) from three HIV patients, three patients co-

infected with HIV and active Mycobacterium  avium complex infection (MAC) and 

three patients co-infected with HIV and active TB infection (all recruited from Royal 

Perth Hospital) were obtained from lithium heparin-treated blood samples using ficoll-

hypaque density gradients and cryopreserved in liquid nitrogen. All patients were on 

ART and/or anti-TB therapy when PBMC were collected. Unfortunately, PBMC from 

HIV patients who developed TB-IRIS or ART-TB were not available for this study. 

Thawed cells were cultured at 1x106 cells/ml in RPMI-1640 containing 10% foetal 

bovine serum (Foetal Bovine Serum, GIBCO, Invitrogen, Victoria, Australia). Cells 

were stimulated with purified protein derivative (PPD, 10µg/ml, Statens Serum Institut, 

Copenhagen, Denmark), anti-human CD3 (10ng/ml, Mabtech AB, Nacka Strand, 

Sweden) or phytohaemagglutinin (PHA, 0.5% v/v, Sigma-Aldrich, Missouri, U.S.A.) 

for 6 and 24 hours. Brefeldin A was added at the same time as PPD, anti-CD3 and PHA 

for cells cultured for 6 hours and for the last 4 hours of culture for cells cultured for 24 

hours. 

The following fluorochrome-conjugated monoclonal antibodies (mAbs) were used for 

surface staining of 1x106 PBMC: CD3-PE, CD4-PerCP, CD8-APCH7, CD14-PC7 (BD 

Pharmingen). The following fluorochrome-conjugated mAbs were used for intracellular 

staining of 1x106 PBMC: IFN-γ-AF47, IL-6-FITC, IL-10AF47, IL-17-FITC and TNF-

α-PE. All staining was performed at room temperature and in the dark as per the 

manufacturer’s instructions. Acquisition of data was performed on the same day as 

staining using a Becton Dickinson FACSCanto flow cytometer. 100 000 events were 

collected for lymphocytes and 200 000 events were collected for 

monocytes/macrophages. Files were exported in FCS3.0 format and analysed using the 

FlowJo program v7.2.5 (Tree Star, Ashland, OR, U.S.A.). 
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Results are presented as a proportion of the cell population of interest, not of total 

PBMC. This is because PBMC were cultured for six or twenty four hours so the 

frequencies of lymphocytes and monocytes/macrophages varied during the culture with 

anti-CD3 or PHA. Forward scatter and side scatter voltages were also adjusted so that 

lymphocytes and monocytes/macrophages were clearly visible on flow plots.   
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8.3 RESULTS 

The demographic and clinical characteristics of the patients used in this study are shown 

in Table 8.2. Patients were not matched by age, sex or CD4+ T cell count at the time the 

sample was given, as the availability of PBMC from HIV/MAC and HIV/TB patients 

was limited. Initially, PBMC from the three HIV/TB patients were cultured for 6 or 24 

hours before cytokine responses were measured. However, cellular production of IFN-γ, 

IL-17, IL-6, IL-10 and TNF-α decreased after 24 hours of culture compared to 6 hours 

of culture. This is shown in representative flow cytometry plots of IFN-γ, IL-17, IL-6 

and TNF-α production by CD4+ and CD8+ T cells and monocytes/macrophages from a 

HIV patient co-infected with TB (Patient 1) (Figures 8.1, 8.2, 8.3 and 8.4). IL-10 was 

only produced by monocytes after 6 hours of culture and is illustrated in Figure 8.5. 

Based on these results, it was decided to only culture PBMC from patients infected with 

HIV and HIV/MAC for 6 hours.  

Table 8.2:  Demographic and clinical characteristics of HIV, HIV/MAC and HIV/TB patients. 

Patient 

Group 
 

Age 

(years) 
Sex 

CD4+ T cell 

counta 

(cells/µl) 

Pre-ART CD4+ T 

cell count 

(cells/µl) 

Time on 

ART 

(months) 

HIV patients Patient 1 45 M 540 6 20 

 Patient 2 57 M 272 30 19 

 Patient 3 62 M 300 56 16 

HIV/MAC 

patients 
Patient 1 42 M 504 0 122 

 Patient 2 41 M 557 15 26 

 Patient 3 46 M 732 9 134 

HIV/TB 

patients 
Patient 1 68 M 403 14 16 

 Patient 2 32 F 460 340 14 

 Patient 3 29 M 380 360 11 

arefers to the CD4+ T cell count of the patient when PBMC were obtained.  
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Figure 8.1 IL-17 and IFN-γ production by CD4+ T cells after a 6 or 24 hour cell culture 

with no antigen (A), anti-CD3 (B), phytohaemagglutinin (PHA) (C) or purified protein 

derivative (PPD) (D). Cellular production of IL-17 and IFN-γ was measured from a 

HIV/TB patient (Patient 1). Data in Figures 8.2, 8.3, 8.4 and 8.5 are also from the same 

patient. 
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Figure 8.2 IL-17 and IFN-γ production by CD8+ T cells after a 6 or 24 hour cell culture 

with no antigen (A), anti-CD3 (B), phytohaemagglutinin (PHA) (C) or purified protein 

derivative (PPD) (D).  
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Figure 8.3 IL-6 and TNF-α production by CD14+ monocytes/macrophages after a 6 or 

24 hour cell culture with no antigen (A), anti-CD3 (B), phytohaemagglutinin (PHA) (C) 

or purified protein derivative (PPD) (D).  
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Figure 8.4 IL-6 and TNF-α production by CD4+ (A) and CD8+ (B) T cells after a 6 or 

24 hour cell culture with no antigen (Unstim) or anti-CD3. 
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Figure 8.5 TNF-α and IL-10 production by monocytes after a 6 hour cell culture with 

no antigen (Unstim) (A), phytohaemagglutinin (PHA) (B) or purified protein derivative 

(PPD) (C). 
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8.3.1 IL-17 production was produced by CD4+ and CD8+ T cells while IFN-γ 

was mostly produced by CD8+ T cells. 

IL-17 production was seen in a small proportion of CD4+ T cells (denoted by •) and 

CD8+ T cells (denoted by •) in all patient groups (Figure 8.6). IFN-γ production was 

most evident in response to anti-CD3 and PHA for all groups and was produced by a 

high proportion of CD8+ T cells (Figure 8.7).  
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Figure 8.6 Cellular production of IL-17 by CD4+ T cells (denoted by •) and CD8+ T 

cells (denoted by •) in response to no stimuli (Unstim), anti-CD3, phytohaemagglutinin 

(PHA) or purified protein derivative (PPD) in patients infected with HIV, HIV/MAC 

and HIV/TB.  
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Figure 8.7 Cellular production of IFN-γ by CD4+ T cells (denoted by •) and CD8+ T 

cells (denoted by •) in response to no stimuli (Unstim), anti-CD3, phytohaemagglutinin  

(PHA) or purified protein derivative (PPD) in patients infected with HIV, HIV/MAC 

and HIV/TB.  
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8.3.2 IL-6, IL-10 and TNF-α is produced by CD14+ monocytes/macrophages. 

IL-6 was produced by CD14+ monocytes/macrophages (denoted by •) in all three 

patient groups (Figure 8.8). A small proportion of CD4+ (denoted by •) and CD8+ T 

cells (denoted by •) produced IL-6 in HIV/TB patients following PHA-stimulation but 

IL-6 was not produced by CD4+ or CD8+ T cells in the other groups. Cellular 

production of IL-10 (Figure 8.9) was very low within all three groups but mostly 

originated from CD14+ monocytes/macrophages. TNF-α was produced mostly by 

CD14+ monocytes/macrophages in all three groups (Figure 8.10). 
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Figure 8.8 Cellular production of IL-6 by CD4+ T cells (denoted by •), CD8+ T cells 

(denoted by •) and CD14+ monocytes and macrophages (denoted by •) in response to no 

stimuli (Unstim), anti-CD3, phytohaemagglutinin (PHA) or purified protein derivative 

(PPD) in patients infected with HIV, HIV/MAC and HIV/TB.  
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Figure 8.9 Cellular production of IL-10 by CD4+ T cells (denoted by •), CD8+ T cells 

(denoted by •) and CD14+ monocytes and macrophages (denoted by •) in response to no 

stimuli (Unstim), anti-CD3, phytohaemagglutinin (PHA) or purified protein derivative 

(PPD) in patients infected with HIV, HIV/MAC and HIV/TB.  
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Figure 8.10 Cellular production of TNF-α by CD4+ T cells (denoted by •), CD8+ T cells 

(denoted by •) and CD14+ monocytes and macrophages (denoted by •) in response to no 

stimuli (Unstim), anti-CD3, phytohaemagglutinin (PHA) or purified protein derivative 

(PPD) in patients infected with HIV, HIV/MAC and HIV/TB.  
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8.4 DISCUSSION 

I show that IL-6 and TNF-α is produced by CD14+ monocytes/macrophages in HIV, 

HIV/MAC and HIV/TB patients, with a low frequency of CD4+ and CD8+ T cells also 

producing TNF-α in all groups. A very small proportion of CD14+ 

monocytes/macrophages produced IL-10 in all three groups. IL-10 was not produced by 

CD4+ or CD8+ T cells. These data suggest that the high levels of IL-6 and IL-10 

measured in PPD-stimulated Quantiferon tubes (compared to PHA-stimulated tubes) 

may be explained by increased monocyte activity. 

IL-10 was initially described as a “cytokine synthesis inhibitory factor” produced by 

Th2 cells which blocked the effects of Th1 cells (Fiorentino, Bond & Mosmann 1989). 

IL-10 was later discovered to be produced by all CD4+ T cell subsets including Th1 and 

Th17 cells. Other cells which produce IL-10 include CD8+ T cells, B cells, dendritic 

cells, macrophages, neutrophils, mast cells, natural killer cells and eosinophils (Saraiva 

& O'Garra 2010). Here, I show that IL-10 is produced by a small proportion of CD14+ 

monocytes/macrophages in response to anti-CD3, PHA and PPD and not CD4+ or CD8+ 

T cells in patients with HIV, HIV/MAC and HIV/TB. Other studies investigating IL-10 

production in PBMC from HIV patients have found that monocytes are the major IL-10 

producing cell type whereas T cells and monocytes are both required for IL-10 

production in HIV-negative individuals (Daftarian et al. 1995; Kumar et al. 1998). The 

production of IL-10 by monocytes in this study and the aforementioned studies suggest 

that this may be due to HIV-induced T cell depletion or a defect in IL-10 production by 

CD4+ and CD8+ T cells. 

Many studies have examined PPD-induced cytokine production by PBMC from TB 

patients (with and without HIV) (Hirsch et al. 1999; Rojas et al. 1999; Gil et al. 2004; 

Sahiratmadja et al. 2007) but studies on what cells are involved in cytokine production 

are limited. In patients with tuberculous pleuritis, IL-10 mRNA was expressed in CD14+ 

pleural fluid cells suggesting that macrophages may produce IL-10 in response to 

mycobacterial antigens (Barnes et al. 1993). I also show that IL-10 is produced by 

monocytes but did not investigate mRNA production because PBMC available from 

HIV/MAC and HIV/TB patients were limited. IL-10 is also produced by monocytes and 
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myeloid dendritic cells in response to lipomannan in HIV patients with and without TB 

(Tan et al. 2011). 

IL-12p40 induction in THP-1- or PBMC-derived macrophages stimulated with PPD is 

down-regulated when macrophages were co-cultured with M. tuberculosis heat shock 

protein 60 (Mtbhsp60) (Khan et al. 2008). This was also associated with an increase in 

IL-5 production and a decrease in IFN-γ production suggesting that Mtbhsp60 may 

suppress the Th1 response to PPD. It may have been useful to measure levels of IL-10 

in supernatants from macrophages as IL-10 regulates Th1 responses (Fiorentino, Bond 

& Mosmann 1989) and may have also contributed to a decrease in IFN-γ production.  

It has previously been demonstrated that monocytes/macrophages from tuberculin-

positive healthy subjects or patients with TB had higher production of IL-6 and TNF-α 

compared to tuberculin-negative healthy subjects in response to lipopolysaccharide or 

muramyl dipeptide (components of the bacterial cell wall of M. tuberculosis). The 

number of IL-6 and TNF-α secreting cells in response to LPS or muramyl dipeptide-

stimulated mononuclear cells were also higher in tuberculin-positive healthy subjects or 

patients with TB compared to tuberculin-negative healthy subjects (Ogawa et al. 1991). 

In this study, IL-6, and TNF-α was produced by monocytes/macrophages in response to 

PPD in HIV, HIV/MAC and HIV/TB patients. TNF-α was produced by a particularly 

high frequency of monocytes/macrophages in HIV/TB patients compared with HIV and 

HIV/MAC patients (Figure 8.10).  

These findings should be confirmed in larger numbers of patients including patients 

with TB-IRIS and ART-TB. It would have been useful to analyse cellular production of 

IL-6, IL-10 and TNF-α production in PBMC from TB-IRIS or ART-TB patients in this 

study but PBMC from patients in the Cambodian cohort were not available. Despite 

this, data from HIV/TB patients suggest that IL-6, IL-10 and TNF-α production during 

TB-IRIS or ART-TB may largely be due to monocytes and macrophages. 
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Chapter 9 A pilot study of the effects of Interleukin-10 on 

Interferon-gamma production by PBMC from 

patients with untreated HIV or active tuberculosis  
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9.1 INTRODUCTION 

Interferon-γ (originally known as macrophage-activating factor) induces antimicrobial 

mechanisms and up-regulates antigen processing in macrophages (Schroder et al. 2004). 

In untreated HIV infection, serum levels of IFN-γ are elevated (Sinicco et al. 1993; 

Biglino et al. 1996), while IFN-γ responses to antigens and mitogens are reduced in 

HIV patients compared to non-HIV controls prior to the commencement of ART 

(Rinaldo et al. 1999). IFN-γ production is crucial for controlling mycobacterial 

infections (Cooper et al. 1993; Flynn et al. 1993; Jouanguy et al. 1999). In patients with 

active TB, IFN-γ production and IFN-γ receptor signalling in response to 

Mycobacterium tuberculosis and/or Bacillus Calmette-Guérin is reduced compared to 

controls but normalises during anti-TB therapy (Sahiratmadja et al. 2007; Hasan et al. 

2009). 

IL-10 is an important regulator of macrophages, T cells, B cells and natural killer cells, 

and inhibits the production of IFN-γ (Fiorentino, Bond & Mosmann 1989). Plasma 

levels of IL-10 and IFN-γ are elevated in HIV patients during the early stages of HIV 

infection (Norris et al. 2006) and persistently elevated serum levels of IL-10 correlate 

with HIV disease progression (Stylianou et al. 1999; Orsilles et al. 2006). IL-10 mRNA 

expression in PBMC is increased in chronic HIV infection and correlates with plasma 

viraemia (Brockman et al. 2009). 

IL-10 may impair the immune response against M. tuberculosis, as it  suppresses 

trafficking of dendritic cells to draining lymph nodes during mycobacterial infection 

(Demangel, Bertolino & Britton 2002) and phagosome maturation in M. tuberculosis-

infected macrophages (O'Leary, O'Sullivan & Keane 2011). Sputum levels of IL-10 

correlated with levels of CFP32, an M. tuberculosis antigen, in pulmonary TB patients 

suggesting an association between increased IL-10 production and a failure to control 

M. tuberculosis infection (Huard et al. 2003). Whether this is a cause or consequence of 

M. tuberculosis replication is uncertain but studies undertaken in patients with TB 

suggest that M. tuberculosis infection  impairs  Th1 immune responses  by increasing 

levels of extracellular immunosuppressive molecules such as IL-10, TGF-βRII, natural 
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IL-1R antagonist and IDO in lung cells (Almeida et al. 2009). Inducing the production 

of IL-10 and other immunosuppressive molecules may therefore be an immune evasion 

strategy used by M. tuberculosis. 

Here, data are presented on a pilot study which examines the regulation of IFN-γ 

production by recombinant IL-10 (rIL-10) and neutralising antibodies to IL-10 (anti-IL-

10) in cultures of peripheral blood mononuclear cells (PBMC) from four patients with 

untreated HIV infection, four patients with active TB and four healthy control subjects. 

The intention was to examine the regulation of IFN-γ production in PBMC cultures 

from patients who developed immune restoration disease associated with M. 

tuberculosis (TB-IRD) and in appropriate controls but PBMC from these patients did 

not become available to me.  
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9.2 MATERIALS AND METHODS 

9.2.1 Sample collection and cell culture. 

PBMC from four subjects with no history of HIV or TB (healthy controls), four patients 

with untreated HIV infection and four patients with active TB (recruited from Royal 

Perth Hospital) were obtained from lithium heparin-treated blood samples using ficoll-

hypaque density gradients. Demographic and clinical characteristics of the subjects 

investigated are shown in Table 1. 

Cells were cryopreserved in liquid nitrogen and subsequently cultured at 1x106 cells/ml 

in RPMI-1640 containing 10% foetal bovine serum (Foetal Bovine Serum, GIBCO, 

Invitrogen Corporation, Victoria, Australia). Cultures were stimulated with 

cytomegalovirus (CMV) antigen (Keane et al. 2004), purified protein derivative (PPD, 

10µg/ml, Statens Serum Institut, Copenhagen, Denmark), anti-human CD3 (10ng/ml, 

Mabtech AB, Nacka Strand, Sweden), phytohaemagglutinin (PHA, 0.5% v/v, Sigma-

Aldrich, Missouri, U.S.A.)  or Staphylococcal enterotoxin B from Staphylococcus 

aureus (SEB, 10µg/ml, Sigma-Aldrich, Missouri, U.S.A.).  

To investigate the effects of IL-10 on IFN-γ production, PBMC from four healthy 

controls were co-cultured with different concentrations of recombinant human 

Interleukin-10 (rIL-10) or monoclonal mouse anti-human IL-10 (anti-IL-10) (R&D 

systems, Minneapolis, U.S.A.). This was performed to determine the optimal range of 

concentrations at which a linear relationship was observed between IFN-γ production 

and differing concentrations of rIL-10 or anti-IL-10. Based on the findings of these 

studies in healthy controls, PBMC from four patients with untreated HIV infection and 

four patients with active TB infection were co-cultured with rIL-10 at a final 

concentration of 0, 0.39, 0.78, 1.56, 3.12, 6.25, 12.5 and 25ng/ml and anti-IL-10 at 0, 

1.56, 3.12, 6.25, 12.5, 25, 50 and 100ng/ml. After 24 hours, levels of IFN-γ were 

measured in cell culture supernatants by ELISA (BD Biosciences, U.S.A.).  
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To investigate endogenous IL-10 production, levels of IL-10 were measured in cell 

culture supernatants from PBMC which had been cultured for 24 hours with no stimuli, 

CMV, PPD, anti-CD3, PHA and SEB only (i.e. without rIL-10 or anti-IL-10) by ELISA 

(R&D systems, U.S.A.). 

9.2.2 Statistical analysis. 

The concentration of rIL-10 and anti-IL-10 required to increase or decrease IFN-γ 

production by two-fold was calculated by interpolation (Figure 9.1). Differences in 

concentrations of rIL-10 and anti-IL-10 required to alter IFN-γ production by two-fold 

between patient groups were compared using the Mann-Whitney U test. Statistical 

significance was defined as P<0.05. 
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9.3 RESULTS 

9.3.1 Demographic and clinical characteristics.  

Demographic and clinical characteristics of subjects are shown in Table 9.1. Subjects 

used for this study were not matched by age, sex or ethnicity, as PBMC from untreated 

HIV and TB patients were limited.  HIV patients were not receiving ART when PBMC 

were collected, but TB patients were on anti-TB therapy.  

Table 9.1: Demographic and clinical characteristics of healthy controls, untreated HIV 

patients and active TB patients 

Patient Group  

Age 

(years) Sex 

CD4+ T cell count 

(cells/µl) 

Healthy controls Patient 1 25 M N/A 

 Patient 2 57 F N/A 

 Patient 3 33 M N/A 

 Patient 4 33 F N/A 

Untreated HIV patients Patient 1 33 M 1110 

 Patient 2 32 M 980 

 Patient 3 33 M 352 

 Patient 4 42 M 968 

Active TB patients Patient 1 53 M N/A 

 Patient 2 37 M N/A 

 Patient 3 32 M N/A 

 Patient 4 32 F N/A 

N/A: Not available 
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9.3.2 Production of IFN-γ in PBMC cultures was related to the concentration of 

rIL-10 or anti-IL-10 in culture. 

IFN-γ production by PBMC from all donors generally decreased in response to 

increasing concentrations of rIL-10, while IFN-γ production increased as PBMC were 

cultured with increasing concentrations of anti-IL-10 (Figure 9.1). Overall, IFN-γ 

production in response to CMV and PPD was higher in patients with active TB 

compared to patients with untreated HIV infection. IFN-γ was generally not produced in 

response to CMV and PPD in healthy controls. However, one healthy control 

demonstrated a high amount of IFN-γ production when PBMC was cultured with CMV 

in the presence of neutralising antibodies to IL-10. In PBMC cultured with anti-CD3, 

PHA and SEB, IFN-γ production was highest in healthy controls, followed by patients 

with untreated HIV infection and then patients with active TB.  

9.3.3 Human recombinant IL-10 was more potent at inhibiting IFN-γ 

production in untreated HIV patients.  

The concentrations of rIL-10 required to decrease production of IFN-γ by two-fold are 

shown in Figure 9.2. For all four healthy controls and one untreated HIV patient, the 

concentration of rIL-10 required to halve IFN-γ responses to PPD could not be 

calculated, as no IFN-γ was detected in cultures without rIL-10. For two untreated HIV 

patients, the concentration of rIL-10 required to halve IFN-γ responses to PPD could not 

be calculated as IFN-γ production was not detectable following the addition of rIL-10. 

No IFN-γ was produced when PBMC were co-cultured with CMV or in the absence of 

no stimuli at any concentration of rIL-10 so these data are not presented. 

Human rIL-10 was more potent at inhibiting IFN-γ production in response to anti-CD3, 

PHA and SEB in untreated HIV patients compared to healthy controls (P=0.03 for all). 

The concentration of rIL-10 required to halve IFN-γ induced by SEB was significantly 

higher in healthy controls compared to active TB patients (P=0.03).  Human rIL-10 may 

be more potent at inhibiting IFN-γ production in response to PPD in untreated HIV 

patients compared to patients with active TB, but there were too few responses from 

HIV patients to make a formal comparison (Figure 9.2). 
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9.3.4 Neutralising antibodies to IL-10 were more potent at increasing 

production of IFN-γ in PPD-stimulated PBMC cultures from TB patients. 

The concentrations of anti-IL-10 required to double production of IFN-γ are shown in 

Figure 9.3. The concentration of anti-IL-10 required to double IFN-γ production to PPD 

could not be calculated for one untreated HIV patient as IFN-γ was not produced by 

PBMC cultured without anti-IL-10. For another untreated HIV patient, the 

concentration of anti-IL-10 required to double IFN-γ production could not be calculated 

as IFN-γ was not detectable following the addition of rIL-10. No IFN-γ was produced 

when PBMC were co-cultured with CMV or in the absence of no stimuli at any 

concentration of anti-IL-10 so these data are not shown. 

Anti-IL-10 was more potent at doubling production of IFN-γ in response to PPD in TB 

patients compared to healthy controls (P=0.03). Anti-IL-10 may be more potent at 

increasing IFN-γ production in response to PPD in TB patents compared to HIV 

patients although there were an insufficient number of responses in untreated HIV 

patients to make a formal comparison. A higher concentration of anti-IL-10 was 

required to double production of IFN-γ in response to anti-CD3, PHA and SEB in 

PBMC from HIV patients compared to healthy controls and TB patients (P=0.03 for 

all). A higher concentration of anti-IL-10 may be required to double production of IFN-

γ in response to PPD compared to the other donors. However, there were too few 

responses in untreated HIV patients for a formal comparison to be made (Figure 9.3). 

9.3.5 Endogenous production of IL-10 in response to PPD, anti-CD3 and PHA 

was higher in patients with active TB compared to healthy controls. 

Endogenous production of IL-10 was measured in supernatant from PBMC cultured 

with no stimuli, CMV, PPD, anti-CD3, PHA and SEB only (i.e. without rIL-10 or anti-

IL-10) in all donors. Levels of IL-10 measured in cell culture supernatant from PBMC 

cultured with PPD, anti-CD3 and PHA only were higher in patients with active TB 

compared to healthy control subjects (P=0.03 for all) (Figure 9.4). Levels of IL-10 

measured in cell culture supernatant from PBMC cultured with PPD, anti-CD3, PHA 

and SEB were also higher in patients with untreated HIV infection compared to healthy 
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control subjects (P=0.03 for all) (Figure 9.4). Endogenous production of IL-10 was 

higher in untreated HIV patients compared to those with TB in response to PHA and 

SEB (P=0.03 for both) (Figure 9.4). Endogenous IL-10 production was not detected in 

supernatants from PBMC cultured with no stimuli or CMV in all donors, so these data 

are not shown. 
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Figure 9.1 Levels of IFN-γ production (pg/ml) in PBMC cultures supplemented with 

human rIL-10 (ng/ml) or human anti-IL-10 (ng/ml) from healthy controls (denoted by 

•), patients with untreated HIV infection (denoted by •) and patients with active TB 

(denoted by •). Cultures were stimulated with cytomegalovirus (CMV), purified protein 

derivative (PPD), anti-CD3, phytohaemagglutinin (PHA) or Staphylococcal enterotoxin 

B (SEB).  
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Figure 9.2 Concentrations of rIL-10 (ng/ml) required to decrease production of IFN-γ 

by two-fold in response to purified protein derivative (PPD), anti-CD3, 

phytohaemagglutinin (PHA) or Staphylococcal enterotoxin B (SEB) in healthy controls 

(denoted by •), patients with untreated HIV infection (denoted by •) and patients with 

active TB (denoted by •). The concentration of rIL-10 required to decrease IFN-γ 

production by two-fold in response to PPD could not be calculated for all four healthy 

controls and three patients with untreated HIV (Refer to Section 9.3.3). Concentrations 

of rIL-10 were compared between groups using the Mann-Whitney U test. 
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Figure 9.3 Concentrations of anti-IL-10 (ng/ml) required to increase production of IFN-

γ by two-fold in response to purified protein derivative (PPD), anti-CD3, 

phytohaemagglutinin (PHA) or Staphylococcal enterotoxin B (SEB) in healthy controls 

(denoted by •), patients with untreated HIV infection (denoted by •) and patients with 

active TB (denoted by •). The concentration of anti-IL-10 required to increase IFN-γ 

production by two-fold in response to PPD could not be calculated for two patients with 

untreated HIV (Refer to Section 9.3.4). Concentrations of anti-IL-10 were compared 

between groups using the Mann-Whitney U test. 
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Figure 9.4 Endogenous production of IL-10 (pg/ml) by PBMC cultured with purified 

protein derivative (PPD), anti-CD3, phytohaemagglutinin (PHA) or Staphylococcal 

enterotoxin B (SEB) in healthy controls (denoted by •), patients with untreated HIV 

infection (denoted by •) and patients with active TB (denoted by •). IL-10 levels were 

compared between groups using the Mann-Whitney U test. 
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9.4 DISCUSSION 

The results of this pilot study suggest that IFN-γ production by PBMC from patients 

with untreated HIV infection is more sensitive to the effects of IL-10 compared to 

healthy controls. Moreover, higher concentrations of anti-IL-10 are required to increase 

production of IFN-γ in patients with untreated HIV infection in response to anti-CD3, 

PHA and SEB compared to healthy controls and patients with active TB. In patients 

with active TB, a higher concentration of rIL-10 may be required to halve IFN-γ 

responses to PPD compared to healthy controls, while a lower concentration of anti-IL-

10 was required to double endogenous IFN-γ production.  

Interestingly, endogenous production of IL-10 was significantly higher in patients with 

untreated HIV infection compared to healthy controls in response to PPD, anti-CD3, 

PHA and SEB (Figure 9.4). This may explain why less additional exogenous IL-10 was 

required to suppress IFN-γ production (Figure 9.2) and why large amounts of anti-IL-10 

were needed to increase IFN-γ production (Figure 9.3) in HIV patients.   

Endogenous production of IL-10 in response to PPD was significantly higher in patients 

with active TB compared to healthy controls. However, a lower concentration of anti-

IL-10 was required to double IFN-γ production in TB patients compared to healthy 

controls. This may indicate that IFN-γ production in TB patients is more sensitive to 

inhibition of IL-10 response to PPD compared to healthy controls despite high levels of 

endogenous IL-10. Endogenous production of IL-10 in response to anti-CD3 and PHA 

was also significantly higher in patients with active TB compared to healthy controls. 

However, the amount of anti-IL-10 required to double production of IFN-γ was similar 

between the two groups. This may indicate that factors other than IL-10 may be 

important in regulating IFN-γ production in PBMC from patients with active TB in 

response to stimulation with mitogens. 

IFN-γ production is diminished in response to heat-killed M. tuberculosis in PBMC 

from HIV/TB patients compared to patients with TB alone. This may be mediated by 

IL-10, as antibodies to IL-10 resulted in significant increases in IFN-γ production 

(Zhang et al. 1994). Unfortunately PBMC from HIV/TB patients were not available 
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here but the results presented suggest that IFN-γ production in response to PPD may be 

less readily suppressed by IL-10 in patients with untreated HIV infection (Figure 9.3). 

However, this requires confirmation in future studies. 

Reduced IFN-γ responses to PPD in HIV patients may be associated with increased IL-

10 production compared to HIV-negative subjects as reported here (Figure 9.4) and by 

others (Elliott et al. 1999). Here, IFN-γ production by PBMC cultured with PPD 

(without rIL-10 or anti-IL-10) was only detectable in two out of four untreated HIV 

patients, while IFN-γ production could be measured in all four non-HIV controls (data 

not shown). These differences may be attributed to increased production of IL-10 in 

PBMC cultured with PPD only (i.e. without rIL-10 or anti-IL-10) in HIV patients 

compared to healthy controls (Figure 9.4). 

A study by Zhang et al. demonstrated that diminished IFN-γ production by PBMC from 

HIV/TB patients cultured with M. tuberculosis may be due to IL-10 originating from 

monocytes and macrophages rather than T cells (Zhang et al. 1994). Other studies also 

show that monocytes and macrophages are the major source of IL-10 in HIV-infected 

patients (Daftarian et al. 1995; Kumar et al. 1998). I have shown in Chapter 8 that 

monocytes are the main source of IL-10 in HIV and HIV/TB patients and may therefore 

contribute to increased production of IL-10 in response to PPD in HIV and HIV/TB 

patients shown here and by others (Zhang et al. 1994; Elliott et al. 1999). Here, IFN-γ 

production increased in all patients groups in response to anti-IL-10. This may be due to 

anti-IL-10 enhancing IL-12 production by monocytes (Gong et al. 1996). 

This was a pilot study and should be repeated using larger numbers of donors. It would 

have been informative to examine IFN-γ production in response to rIL-10 and anti-IL-

10 in patients who developed TB-IRD but PBMC from such patients were not available. 

However, IL-10 levels in serum and in cell culture supernatants from M. tuberculosis-

stimulated PBMC were higher in patients who presented with TB-IRIS compared to 

non-IRIS patients (Tadokera et al. 2011). IL-10 production by PBMCs from TB patients 

may have been affected as these patients were receiving anti-TB therapy at the time 

PBMC were collected. As anti-TB therapy alters the immune response to TB, future 
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studies should investigate IL-10 production in PBMC from patients with untreated TB. 

Expression of IL-10 mRNA was not investigated here due to the limited availability of 

PBMC but should also be examined in future studies.  

In conclusion, I show that endogenous IFN-γ production by PBMC from patients with 

untreated HIV infection may be more readily suppressed by IL-10 compared to healthy 

controls. Moreover, IL-10 may be less readily suppressed in patients with untreated HIV 

infection, as a higher concentration of anti-IL-10 was required to double production of 

IFN-γ. These observations might be explained by untreated HIV patients having higher 

levels of endogenous IL-10 production compared to healthy controls. In contrast, IFN-γ 

production in patients with active TB was more resistant to the effects of rIL-10 and 

more sensitive to inhibition of IL-10 by neutralising antibodies compared to healthy 

controls or untreated HIV patients. 
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Chapter 10 Final Discussion and Future Studies: Section II  
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10.1 INTRODUCTION 

In Section 2 of my thesis, production of pro-inflammatory and regulatory cytokines was 

investigated in patients with HIV and/or tuberculosis (TB). In Chapter 7, I investigated 

IFN-γ, IL-10 and TNF-α production in plasma from unstimulated and purified protein 

derivative (PPD)-stimulated tubes from the Quantiferon-TB GoldTM in-tube (QFTGIT) 

assay (Cellestis, Carnegie, Australia) in patients who developed tuberculosis-associated 

immune reconstitution inflammatory syndrome (TB-IRIS) or antiretroviral therapy-

associated tuberculosis (ART-TB) and matched controls. In Chapter 8, I investigated 

cellular production of IFN-γ, IL-6, IL-10, IL-17 and TNF-α in HIV patients with or 

without a mycobacterial co-infection. In Chapter 9, I investigated the regulation of IFN-

γ production by IL-10 in cultures of PBMC from patients with untreated HIV infection 

or active TB and healthy controls. Here, I present the conclusions from this work and 

discuss them in relation to the findings from Section 1. 

10.2 FINAL DISCUSSION AND FUTURE STUDIES 

10.2.1 TB-IRIS and ART-TB are not associated with a deficiency in IL-10 

production or an imbalance in IFN-γ and IL-10 production. 

Previous studies have suggested that mycobacterial immune restoration disease (IRD) is 

associated with an imbalance in levels of IFN-γ and IL-10 before or during IRD (Lim et 

al. 2008; Haddow et al. 2011) or a failure by regulatory T cells to produce sufficient IL-

10 (Seddiki et al. 2009). In Chapter 7, I measured levels of IL-10 in plasma from PPD-

stimulated QFTGIT assays (using samples from the same subset of Cambodian HIV 

patients described in Chapters 2, 3 and 4) and compared IL-10 responses to PPD with 

IFN-γ responses to PPD reported previously (Elliott et al. 2009). TB-IRIS and ART-TB 

were not associated with lower production of IL-10 in comparison with controls or an 

imbalance in the production of IFN-γ and IL-10 in response to PPD before or during 

IRD. Unlike previous studies which measured IL-10 production in PBMC stimulated 

with mycobacterial antigens (Lim et al. 2008; Seddiki et al. 2009), I assayed levels of 

IFN-γ and IL-10 in plasma from a whole blood culture stimulated with PPD. Haddow et 

al. demonstrated that levels of IL-10 in plasma were lower in patients who developed 

TB-IRIS compared to non-IRIS controls (Haddow et al. 2011). I also assayed IL-10 in 
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plasma from unstimulated QFTGIT assays but many samples had levels which were low 

or undetectable. My study did not provide additional evidence of low IL-10 production 

in patients who develop TB-IRIS but it is possible that the findings of previous studies 

were not confirmed because different culture conditions and/or IL-10 assay methods 

were employed. 

10.2.2 Assessment of IFN-γ and IFN-γ-induced chemokines in plasma from 

unstimulated and antigen-stimulated QFTGIT assays provides different 

findings in TB-IRIS and ART-TB.   

Plasma levels of CXCL10 from unstimulated QFTGIT assays were significantly higher 

in TB-IRIS cases compared to controls at the time of TB-IRIS (Figure 2.2) whereas 

CXCL10 responses to PPD and region of difference 1 (RD1) antigens of the M. 

tuberculosis genome did not differ at the time of disease (Figure 3.2). These findings 

may indicate that TB-IRIS is associated with greater ‘spontaneous’ production of IFN-γ 

and CXCL10 in unstimulated QFTGIT assays compared to controls, whereas 

production of IFN-γ and CXCL10 by antigen-specific T cells in PPD-stimulated 

QFTGIT assays does not differ. Therefore, measurement of CXCL10 and IFN-γ in 

plasma from unstimulated QFTGIT assays, as opposed to plasma from antigen-

stimulated QFTGIT assays, may better demonstrate abnormalities of cytokine and 

chemokine production at the time of TB-IRIS  

In Chapter 2, I demonstrated that TB-IRIS was associated with elevated levels of IL-18 

and CXCL10 and lower levels of CCL2 in plasma from unstimulated QFTGIT assays, 

suggesting that there are perturbations of innate immune responses. Increased IFN-γ 

levels in plasma from unstimulated QFTGIT during TB-IRIS might be an indicator of a 

T cell response against mycobacterial antigens that could not be demonstrated using 

antigen-stimulated whole blood cultures or the involvement of other cells that produce 

IFN-γ, such as NK cells. 

In contrast to TB-IRIS, IFN-γ responses to PPD at the time of ART-TB were higher in 

ART-TB cases compared to controls (Figure 7.4), while IFN-γ levels in unstimulated 

plasma did not differ at the time of ART-TB (Figure 7.2). CXCL10 responses to PPD 
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were also higher in ART-TB cases compared to matched controls at the time of ART-

TB (Figure 3.2), while plasma levels of CXCL10 in unstimulated QFTGIT assays did 

not differ (Figure 2.2). These data may indicate that ART-TB is associated with 

increased production of IFN-γ and CXCL10 in response to PPD by antigen-specific T 

cells compared to controls. Therefore, PPD-induced production of IFN-γ and CXCL10 

by antigen specific T cells may be better at detecting differences in cytokine and 

chemokine responses in patients who develop ART-TB.  

10.2.3 The culture conditions of the QFTGIT assay may preclude demonstrating 

differences in plasma levels of IL-10 and TNF-α. 

Plasma levels of IL-10 and TNF-α from unstimulated and PPD-stimulated QFTGIT 

assays were similar in TB-IRIS or ART-TB cases and controls (Refer to Chapter 7). 

However, levels from unstimulated QFTGIT assays were undetectable (<5pg/ml) while 

levels of IL-10 and TNF-α from PPD-stimulated QFTGIT assays were lower compared 

to levels measured in whole blood cultures in previous studies (Elliott et al. 1999; 

Sutherland et al. 2010). Longer cultures may be required to assess IL-10 and TNF-α 

production in whole blood cultures from HIV patients.  

10.2.4 Future studies should examine cellular production of IL-6, IL-10, TNF- α, 

IL-18, CXCL10 and CCL2 in patients who develop TB-IRIS. 

In Chapter 8, I showed that monocytes are the major cellular source of IL-6, IL-10 and 

TNF-α in patients with HIV, HIV/Mycobacterium avium complex (MAC) and HIV/TB. 

PBMC from patients within the Cambodian cohort were not available, although results 

from HIV/TB patients suggest that IL-6, IL-10 and TNF-α may originate from 

monocytes in patients who develop TB-IRIS or ART-TB. Future studies should 

investigate cellular production of IL-6, IL-10 and TNF-α in large prospective studies of 

TB-IRIS or ART-TB, as these cytokines correlate with mycobacterial IRD (Lim et al. 

2008; Seddiki et al. 2009; Tadokera et al. 2011). 

In Chapter 2, I showed that IL-18, CXCL10 and CCL2 may be important in the 

immunopathogenesis of TB-IRIS. However it is unclear if changes in levels of IL-18, 
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CXCL10 and CCL2 are a cause or consequence of TB-IRIS. A previous study 

implicated IL-6 and TNF-α in the immunopathogenesis of TB-IRIS, as levels were 

elevated in sera but declined following prednisone therapy (Tadokera et al. 2011). 

Serum levels of IL-18, CXCL10 and CCL2 were not investigated by Tadokera et al. but 

it would have been interesting to determine whether levels increased or decreased 

during TB-IRIS and whether levels were modulated by prednisone therapy. 

10.2.5 Endogenous production of IFN-γ in response to IL-10 varies in patients 

with untreated HIV infection or active TB. 

In Chapter 9, I investigated the regulation of IFN-γ by IL-10 in a small pilot study using 

PBMC from four patients with untreated HIV infection, four patients with active TB 

infection and four healthy control subjects.  

Endogenous IFN-γ production in patients with untreated HIV infection may be more 

sensitive to small increases in recombinant IL-10 (rIL-10) in response to PPD, anti-

CD3, phytohaemagglutinin (PHA) or Staphylococcal enterotoxin B (SEB) compared to 

healthy controls. IL-10 may also be more difficult to suppress in patients with untreated 

HIV infection, as a higher concentration of neutralising antibodies to IL-10 (anti-IL-10) 

was required to double production of IFN-γ. These effects may be due to untreated HIV 

patients having higher levels of endogenous IL-10 in response to these stimuli compared 

to healthy controls.  In contrast, IFN-γ production in patients with active TB was more 

resistant to the effects of rIL-10 and more sensitive to inhibition of IL-10 compared to 

healthy controls or untreated HIV patients. 

I originally intended to investigate the regulation of IFN-γ by IL-10 in PBMC from 

patients who developed TB-IRIS or ART-TB but PBMC from these patients were not 

available. Future studies should investigate the regulation of IFN-γ by rIL-10 and anti-

IL-10 by PBMC from these patients as well as appropriate controls. This may result in 

an improved understanding of the effects of IL-10 on IFN-γ in IRD associated with 

Mycobacterium tuberculosis. 
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10.2.6 Other considerations for future studies. 

Recent studies have used multiplex bead array assays (MBAA) to measure levels of 

cytokines and chemokines in plasma (Haddow et al. 2011; Tadokera et al. 2011). 

Multiplex bead array assays are more sensitive than CBA and ELISA and may be better 

at measuring levels of cytokines which are traditionally difficult to detect in plasma 

(such as IL-10 and TNF-α). However, care should be taken when comparing plasma 

levels of cytokines/chemokines in HIV patients as levels may differ when measured by 

ELISA or MBAA (Cozzi-Lepri et al. 2010). 

Genetic factors are also important in the development of IRD but have not been studied 

adequately. The absence of the C allele  at IL-6-174 in association with the TNFA-

308*1 allele is associated with a 3-fold higher risk of mycobacterial IRD (Price et al. 

2002). Buffy coats were available from 282 out of the 306 Cambodian HIV patients 

recruited. I did not investigate whether genetic markers may affect susceptibility to TB-

IRIS or ART-TB as buffy coats were available for only 10/15 TB-IRIS patients and 

7/11 ART-TB cases.  

10.3 CONCLUSIONS 

In Section 2 of my thesis, I was unable to show that TB-IRIS and ART-TB are 

associated with a deficiency in IL-10 production or an imbalance in the production of 

IFN-γ and IL-10 using plasma from PPD-stimulated QFTGIT assays. However, IFN-γ 

levels in plasma from unstimulated and PPD-stimulated QFTGIT assays differed in 

patients who developed TB-IRIS or ART-TB. Production of IFN-γ in unstimulated 

QFTGIT assays may better differentiate patients who develop TB-IRIS from those who 

don’t, while PPD-induced production of IFN-γ in QFTGIT assays may better 

differentiate patients who develop ART-TB from those who don’t. In a pilot study, I 

showed that monocytes are the major cellular source of IL-6, IL-10 and TNF-α in 

PBMC from patients with HIV, HIV/MAC and HIV/TB. I also found that the effect of 

IL-10 on IFN-γ production differed between patients with untreated HIV and those with 

active TB, suggesting that regulation of IFN-γ may differ between the two disease 

states. Cellular production of cytokines is an important aspect of the 
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immunopathogenesis of TB-IRIS and should be investigated in greater depth in future 

studies. 
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