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ABSTRACT

The advent of combined antiretroviral therapy (cCART) has improved the quality of life
of human immunodeficiency virus (HIV)-infected individuals by suppressing viral
replication leading to reconstitution of the immune system. However, patients initiated
on cART at an immunodeficient state i.e. CD4+ T-cell counts <200 cells/uL, may
experience immune reconstitution inflammatory syndrome (IRIS) characterized by
exaggerated inflammatory responses against an existing opportunistic infection (OI).
Tuberculosis (TB) represents the most common OI among individuals with HIV
infection, especially in resource-limited settings. TB-associated IRIS (TB-IRIS) often
manifests as paradoxical deterioration of treated TB (also known as paradoxical TB-
IRIS), or rapid onset of newly diagnosed TB following cART initiation (also known as

unmasking TB-IRIS).

Notwithstanding that 10-30% of TB-HIV co-infected patients may develop TB-IRIS,
there has not been a report from Malaysia, heretofore. Hence, a retrospective
investigation was conducted. The prevalence of TB-IRIS was 16% among TB-HIV co-
infected patients at the University Malaya Medical Centre (UMMC). Only disseminated
TB was predictive of TB-IRIS (OR=10.7, P=0.032), and that the mortality rates were
similar between patients with TB-IRIS (n=1, 5.9%) and TB-HIV without IRIS (n=5,

5.7%). CD4+ T-cell recovery following ART was not different between the two groups.

TB-IRIS reportedly occurs within the first month of ART, and hence it is cumbersome
to distinguish it from relapsed or newly acquired TB. Therefore, there is an urgent need
to identify appropriate laboratory markers to predict and characterize TB-IRIS. In a
prospective cohort at UMMC, a case-control study that comprised the following study

groups was established:



(1) TB-IRIS (case)

(2) TB no IRIS (control)

(3) No TB or IRIS (control)
The levels of twelve cytokines/pro-inflammatory mediators at baseline and at the event
of TB-IRIS (or equivalent time-point for control) were compared among the three
groups. We found that the plasma IL-18 was higher in TB-IRIS patients at pre-cART
and during the event. CXCL10 was higher pre-cART (P<0.001), mainly in paradoxical
TB-IRIS patients, and during TB-IRIS (P<0.001), whereas CXCLS8 was only higher
during TB-IRIS (P<0.001). In contrast, IFN-y was lower before and during TB-IRIS.
Receiver operating curve (ROC) analysis showed that CXCLI10 (AUC=0.884,

P<0.0001) and IL-18 (AUC=0.99, P<0.0001) at pre-cART were predictive of TB-IRIS.

Since IL-18 is the signature cytokine for inflammasome activation in
monocyte/macrophage, next we investigated the role of inflammasome activation and
pyroptosis in the pathogenesis of TB-IRIS. HIV-TB patients exhibited higher
proportions of monocytes expressing activated caspase 1 (caspl) pre-cART, compared
to HIV patients without TB; patients who developed TB-IRIS exhibited increased caspl
levels following initiation of cART. TB-IRIS patients also had increased NLRP3 and
AIM? inflammasome mRNA, compared to controls. Expression of cell death markers
(7-AAD and Annexin V by PBMC and plasma mitochondrial DNA (mtDNA) levels)
was also higher in TB-IRIS patients. Plasma nitric oxide (NO) levels were lower pre-
cART in TB-IRIS patients suggest inadequate inflammasome regulation. Expression of
IL-18Ra on CD4+ T cells and NK cells was higher in TB-IRIS patients post cART,
providing evidence that receptiveness against IL-18 further increase inflammasome

activation and pyroptosis in monocytes.



ABSTRAK

Kemunculan rawatan kombinasi antiretroviral (cART) telah meningkatkan kualiti hidup
bagi individu yang dijangkiti human immunodeficiency virus (HIV) dengan menyekat
replikasi virus serta pemulihan sistem imun. Walau bagaimanapun, pesakit yang
mulakan cART pada tahap imundeficien (jumlah CD4+ sel T <200/uL) mungkin akan
mengalami penyakit inflamasi imun pemulihan (Immune Reconstitution Inflammatory
Syndrome, IRIS) sering berlaku dengan respons inflamasi yang keterlaluan terhadap
jangkitan oportunis yang sediaada (opportunistic infection, OI). Tuberculosis (TB)
merupakan OI yang paling biasa di kalangan individu HIV, terutamanya di kawasan
sumber penetapan terhad. IRIS berkaitan dengan TB (TB-IRIS) berlaku dengan
kemerosotan paradoks pada penyakit TB yang telah dirawat (dikenali sebagai
paradoxical TB-IRIS), ataupun berlakunya diagnosis TB baru sebaik sahaja cART

dimulakan (juga dikenali sebagai unmasking TB-IRIS).

Walaubagaimanapun dilaporkan bahawa 10-30% daripada pesakit dijangkiti TB-HIV
mungkin boleh mendapat TB-IRIS, akan tetapi tiada laporan dari Malaysia sebelum ini.
Oleh itu, satu siasatan retrospektif telah dijalanakan. Prevalens untuk TB-IRIS anatara
pesakait TB-HIV ialah 16%. Diseminasi TB dapat meramal TB-IRIS (OR=10.7,
P=0.032). Kadar kematian adalah sama antara pesakit-pesakit TB-IRIS (n=1, 5.9%) dan
TB-HIV (n=5, 5.7%). Tiada perbezaan dengan pemulihan CD4+ sel T antara dua

kumpulan selepas menyusuri cART.

TB-IRIS sering dilapor berlaku antara bulan pertama selepas cART, dan ini adalah
sukar untuk membezakan TB yang sediada ataupun TB yang baru dijangkiti. Oleh
demikian, adalah perlunya untuk mencari tanda-tanda makmal yang boleh menjangka
dan menyifatkan TB-IRIS. Dalam kohot prospektif di UMMC, satu kajian kes-kontrol

terdiri daripada kumpulan-kumpulan kajian sedemikian telah diadakan:



(1) TB-IRIS (kes)

(2) TB tanpa IRIS (kontrol)

(3) Tanpa TB atau IRIS (kontrol)
Tahap-tahap dua belas sitokin-sitokin/ penyusur pro-inflamatori sebelum cART dan
semasa TB-IRIS (ataupun titik sewaktu untuk control) telah dibandingkan antara tiga
kumpulan yang disebut tadi. IL-18 didapati adalah lebih tinggi pada pesakit-pesakit TB-
IRIS sebelum cART dan semasa tindak balas. CXCL10 pula lebih tinggi sebelum cART
terutamanya semasa TB-IRIS pardoks (P<0.001), CXCL8 pula hanya lebih tinggi
semasa TB-IRIS (P<0.001). Dengan membuat analisis receiver operating curve (ROC),
CXCL10 (AUC=0.884, P<0.0001) dan IL-18 (AUC= 0.99, P<0.0001) sebelum cART.

Kedua-duanya dikenali sebagai tanda jangkaan TB-IRIS.

Memandangkan IL-18 merupakan satu-satunya sitokin penting dalam aktivasi
inflamasom dalam monosit dan makrofaj, kami seterusnya menyiasat peranan aktivasi
inflamasome dan pirotopsis dalam patogenesis TB-IRIS. Pesakit-pesakit HIV-TB
mempaparkan nisbah lebih tinggi untuk monosit yang mengekspres caspase 1 aktif
(caspl) sebelum cART, jika dibandingkan dengan pesakit-peakit HIV tanpa TB; caspl
untuk pesakit TB-IRIS meningkat pengekspressan paling tinggi. Pesakit-pesakit TB-
IRIS juga ada peningkatan ekspresi mRNA bagiNLRP3 dan AIM2, berbanding
kontrol-kontrol. Ekspresi tanda sel mati (7-AAD dan Annexin V bagi PBMC dan DNA
mitokondria (mtDNA) dalam plasma) juga tinggi antara pesakit TB-IRIS. Tahap Nitrik
oxide (NO) dalam plasma lebih rendah pada pesakit TB-IRIS menyumbangkan bukti
kekurangan regulasi terhadap inflamasom. Ekspresi IL-18Ra pada CD4+ T sel dan sel
NK adalah tinggi dalam pesakit TB-IRIS selepas cART, memberi bukti bahawa
penerimaan terhadap IL-18 semakin meningkat aktivasi inflamasom dan piroptosis

dalam monosit.
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CHAPTER 1

BACKGROUND AND REVIEW OF LITERATURE

1.1  Epidemiology of HIV and Tuberculosis

1.1.1 HIV Pandemic — A Major Global Concern

Human immunodeficiency virus (HIV-1), the etiology cause of acquired
immunodeficiency syndrome (AIDS) continues to remain a major global health
challenge (UNAIDS 2012) ever since it’s initial description made more than two
decades ago. Estimates suggest that over 34 million people are infected with HIV-1, and
approximately 67% (22.5 million in 2009) of this population belongs to sub-Saharan
Africa (UNAIDS 2010). The past 10 years has witnessed unprecedented advances in the
improvement of global health and sustenance of development. An UNAIDS report
shows that the incidence of HIV in adults and children has markedly declined to 2.5
million in 2011, ~20% lower than in 2001 (UNAIDS 2012). Further, the mortality rates
due to AIDS-related ailments have also been reported to decline since the mid-2000s,
largely due to increased accessibility to combined antiretroviral therapy (cART) (WHO
2011). By 2015, at least 8 million people living with HIV/AIDS are expected to receive
cART in low-and middle-income countries, although an additional 7 million people

were enrolled for treatment (WHO 2011).

1.1.2 Epidemiology of Tuberculosis

Tuberculosis (TB) is a bacterial disease described in humans since antiquity, and still
remains a major health challenge in most of the developing countries in the modern era.
The disease results from an infection with Mycobacterium tuberculosis (MTB) (and
occasionally by M. bovis and M. africanum), and is spread almost exclusively via the

respiratory route (Zumla et a/ 2001). TB occurs when a person acquires the tubercle
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bacilli, which is usually cleared or controlled by the immune system. Nonetheless, the
organism is able to persist in a dormant or latent state in lung tissues for years without
causing any overt disease in ~90% of the infected individuals (Harries et a/ 2004). More
than a third of the world’s population is infected with MTB, with ~95% of the cases and
~98% of all TB deaths occurring mostly in the developing world. Worldwide estimates
suggest that over 1.7 million people succumb to TB disease annually. In 2009 alone,
>9.4 million incident cases of TB were recorded globally (equivalent to 137 cases per
100,000 population). Of note, southern Africa has the highest prevalence of HIV in
newly diagnosed TB cases, and thus reportedly had the worst burden of HIV/TB co-

infections in 2009 (UNAIDS 2010) .

1.1.3 Dual Epidemic: The Epidemiology of HIV and Tuberculosis Infections in
Malaysia

South East Asia has ~1.7 million people living with HIV infection accounting for ~5%
of the total pool of HIV-infected individuals reported from all over the world (UNAIDS
2012). Ever since her first case of AIDS documented in 1986, Malaysia has witnessed
over 16,340 deaths due to the pandemic in the past 28 years strategies have been
successfully implemented to treat HIV infection and have resulted in markedly
increased survival rates in infected individuals (MOH 2014) . A recent annual report
suggests that the incidence rates of HIV infection in Malaysia have witnessed a sharp
decline from 6978 cases in 2002 to 3393 in 2013, with more than half reported in 2002
(Figure 1.1) (MOH 2014) . However, with no foreseeable cure HIV/AIDS continues to
pose a serious threat, mainly to young adults aged between 30 and 49 years in the

country (MOH 2014).
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Figure 1.1: Reported HIV and AIDS-Related Deaths in Malaysia (1986 — 2013).

Figure adapted from Global AIDS Response Progress Report 2014, Malaysia, page 13.

Ever since it’s introduction in 2002, cART coverage could only reach ~45% (17,369
individuals) of the HIV-infected population in Malaysia until 2013. Although the
epidemic was reported to be highly concentrated amongst the injecting drug use (IDU)
community, recent reports suggest that trend in the mode of transmission has shifted
largely to the sexual route (Fu et al 2012). Therefore, HIV infection among IDUs has
seen a dramatic decline from 70-80% in the 1990s to 21.5% in 2013 (MOH 2014). At
least 80% of the cumulative cases documented in Malaysia are males and the incidence
rates appear to rise significantly among females over the years (MOH 2014). Estimates
show that since the late 1990s, there has been a continued and rapid spread of HIV
among females, with seroprevalence rates increasing from 5% in 1990 to 21% in 2011
(UNAIDS 2013). With the scaling-up of prevention-of-mother-to-child-transmission
(PMTC) programmes in antenatal care settings, neonates with HIV infection has

occurred at the rate of 1% in 2010 (MOH 2014).

The annual TB case notification rates in Malaysia have decreased from 92 per 100,000

in 2001 to 80 per 100,000 population in 2012 (The World Bank 2014). The actual
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incidence rates of TB has been found to be ~16,000 to 20,000 cases each year (MOH
2014). In 2012, ~6% (1347 cases) of the total 22,124 TB-infected individuals were co-

infected with HIV where 32% were receiving cART (WHO 2014) (Figure 1.2).
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Figure 1.2: New TB, HIV and Prevalence of TB-HIV Co-Infection, Malaysia
(1999-2013).
Figure adapted from Global AIDS Response Progress Report 2014, Malaysia, page 22.

1.2 Virology of HIV

1.2.1 HIV Genomic Organization and Structure

HIV-1 is a retrovirus consisting of an outer envelope, a nucleocapsid layer, two
identical strands of RNA, viral enzymes and proteins (Figure 1.3). The virion is
spherical in shape with a diameter of 100-120nm, and is surrounded by a lipoprotein
membrane envelope (env) derived from the infected host cell during viral budding. The
envelope contain glycoprotein (gp) spikes integrated into the envelope, and is composed
of a trimer of the external (gp120) and transmembrane (gp41) subunits (Wyatt et al
1998). The matrix protein p17 is anchored to the internal face of the envelope. Beneath

the envelope lies a cone-shaped capsid (composed of protein p24) that consists of two
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genomic single-stranded positive sense RNA strands (diploid genome), each consisting
of ~9.7 kilobases, and tightly bound to nucleocapsid proteins p6 and p7, and viral
enzymes (Gelderblom et a/ 1989; Arnold et al 1991). There are 9 viral genes, viz., the
structural env, gag, pol, the regulatory rev, nef, tat, and the accessory vpr, vpu, vif genes

(Subbramanian et al 1994; Frankel et al 1998; Seelamgari et al 2004).

1.2.2 Life Cycle of HIV

The HIV-1 viral surface protein gpl120 binds to the cluster of differentiation 4 (CD4)
receptor on the target host cell, inducing a conformational change that enables binding
to either a CCR5 or CXCR4 B—chemokine co-receptor (Deng et al 1996; Simmons et al
1998). The CD4 is expressed on the surface of T lymphocytes, monocytes,
macrophages, microglial and dendritic cells (DCs) (Wyatt et al 1998). Based on this
tropism, HIV-1 can be broadly divided into two categories, those using the CCRS5 co-
receptor (RS viruses) and those that use the CXCR4 co-receptor (X4 viruses) [reviewed
in (Gorry et al 2011)]. During acute infection, the RS virus utilizes the CCRS5 co-
receptor that is primarily expressed on activated memory CD4+ T cells and
macrophages. During the later stages of HIV disease, ~50% of individuals experience a
shift in viral tropism to a predominately X4 type or mixed R5/X4 (dual tropic) virus
populations. This switch-over to use CXCR4 (expressed mainly on naive T-cells), is
usually accompanied by a rapid decline in CD4+ T-cell numbers and clinical
progression to AIDS (Wyatt et al 1998; Berger et al 1999; Moore et al 2007). After
binding to the cell surface, fusion of viral and cell membranes allows viral entry into the
cell. By reverse transcription, the RNA genome is subsequently transcribed into a DNA
intermediate (un-integrated provirus) that is transported into the nucleus for integration
with the host cell genome by viral integrase [reviewed in (Gorry et al 2011)]. The

process of reverse transcription is highly error-prone, likely resulting from defective
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proof-reading ability of viral RT. As a consequence, the virus is highly mutagenic,

allowing it to evade neutralizing antibodies (nAb) and develop resistance to

antiretroviral (ARV) agents (Preston et al 1988; Roberts et al 1988; Coffin 1995).

Following integration, production of viral proteins and assembly of new virions takes

place at the cell surface [reviewed in (Gorry ef al 2011)] (Figure 1.4).
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Figure 1.4: Life Cycle of HIV in Target CD4+ T Cells.

HIV-1 enters target cell by fusion. Subsequent steps in the viral life cycle involve

reverse transcription of viral RNA, integration of proviral DNA into the host nuclear

DNA, and assembly of viral proteins into new virions budding from the cell surface

(Figure adapted from (Barre-Sinoussi et al 2013).
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1.2.3 Natural History of HIV Infection

Following infection with HIV-1, the virus rapidly multiplies in the infected host, and
reaches high levels in plasma within weeks of transmission (Figure 1.5) (Daar et al
1991). Concurrent to the rapid rise in viremia, the CD4+ T-cell counts decline (Picker
2006). During the primary infection phase, a vast majority of infected subjects develop
clinical symptoms, called acute retroviral syndrome (ARS) or seroconversion illness,
typically characterized by fever, fatigue, sore throat, myalgia, headache,
lymphadenopathy and rash (Tindall et al 1991; Schacker ef al 1996). During this stage,
the infected individuals pose an increased risk for disease transmission owing to the
high levels of plasma viremia. After an additional period of a few weeks, PVL begins to
decrease as HIV-specific immune responses develop (Koup et a/ 1994). During the
subsequent phase chronic of infection, plasma viremia stabilizes at a viral set-point,
which varies significantly between individuals. The viral set point is predictive of long-
term clinical outcomes, where higher levels of viral set-point is associated with a faster
depletion of CD4+ T cells and progression to AIDS (Mellors ef al 1996; Lefrere et al
1998). During chronic infection, patients have few clinical symptoms. However, virus
replication proceeds rapidly in the blood and lymphoid tissues as CD4+ T cells are
continuously destroyed and replenished (Embretson et a/ 1993; Ho et al 1995). Over the
years, the CD4+ T-cell counts undergo gradual depletion to <200 cells/ul, and the
infected individuals becomes susceptible to opportunistic infections (OlIs) or cancers

leading to terminal AIDS (Selik 2014).

32



1200 - Primary paaa __40F

Infection + Acute HIV syndrome
€ 11001 IWide dissemination of wirus
€ 1000 Seeding of kmphoid organs T
- - = Opportunistic 108 =
000 - dseases 1 ;
) M Clinical latency z
-g 800 L b -
S 700t - -]
."'é 600 - >
(1
E 500 |- 104 5
E- =
B 400 E
300 - : 5
= S Viral set-point 109 3
§ 200}
© 100}
0 1@ ) [ NN Y TN M M M| 104
0 3 6 9 12 1 2 3 4 &§ 8 7 8 9 10 N
eeks Years
Acute Chronic AIDS

Figure 1.5: Natural History of HIV-1 Infection.
The course of HIV-linfection is typically divided into (i) primary infection, (ii) clinical
latency and (iii) advanced disease according to the status of viral replication and CD4+

T-cell counts of the infected individual. (Figure adapted from (Pantaleo ef al 1993).

1.2.4 Mechanisms of CD4+ T-Cell Depletion

1.2.4.1 HIV-Mediated Direct and Indirect Killing of CD4+ T Cells

Acute HIV infection is characterized by rapid depletion of memory CD4+ T cells in the
gut mucosa (Douek et al 2003). HIV preferentially infects memory CD4+ T cells owing
to their increased activation state and higher expression of CCRS (Brenchley et al
2004). HIV-infected cells are also susceptible to apoptosis via Fas-Fas-ligand (FasL)
interactions as HIV appears to enhance the surface expression of these molecules
(Estaquier et al 1996). However, subsequent studies have shown that during chronic
HIV infection more CD4+ T-cell death occurs by direct infection (Haase 1999;

Rodriguez et al 2006, Mellors et al 2007). Furthermore, increased death rate is observed
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also in non-target cells, such as CD8+ T cells and macrophages (Hellerstein et a/ 1999),
suggesting the likely involvement of an alternate mechanism. One process whereby
HIV triggers apoptosis in uninfected bystander T cells is via the onset of generalized

chronic immune activation (CIA) (Gougeon et al 1996).

Generalized CIA during chronic HIV infection is characterized by increased expression
of immune activation markers e.g. HLA-DR, CD69, CD38 on CD4+ and CD8+ T cells,
macrophages, NK cells and DCs (reviewed in (Bosinger et al 2011; Miedema et al
2013; Paiardini et al 2013)). The depletion of CD4+ T cells has been linked with
increased levels of these immune activation markers including HLA-DR and CD69
expressions on CD4+ and increased HLA-DR and CD38 expressions on CD8+ T cells
(Leng et al 2001; Sousa et al 2002; Hazenberg et al 2003; Deeks et al 2004).
Generalized CIA could result from exposure to gp120, Vpr, Nef, Tat and HIV protease,
which could also cause apoptosis of uninfected bystander CD4+ T cells. The
mechanisms of induction of CD4+ T-cell apoptosis by HIV proteins are outlined in
Table 1.1.

It has also been suggested that generalized CIA results from breakdown of the mucosal
barrier due to massive depletion of CD4+ T cells at the gastrointestinal tract. This may
lead to translocation of microbial products, such as bacterial lipopolysaccharide (LPS),
peptidoglycan (Brenchley 2007), bacterial DNA (16s rDNA) (Jiang et al 2009), from
the gut lumen into the systemic circulation, causing generalized immune activation via

stimulation of Toll-like receptors (TLRs) (Brenchley et al 2006).
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Table 1.1: Mechanisms of HIV-Protein-Mediated CD4+ T-Cell Death

HIV Proteins Mechanisms References
gp120 e Cross-linking with CD4 without TCR | (Marschner et a/ 2002)
ligation and induction of apoptosis (Arthos et al 2002)

¢ Increase of Fas/FasL expression
e Increase of Bax and decrease of Bcl-2

gp4l e Induction of multinucleated syncytia (Ferri et al 2000a)
apoptosis (Ferri et al 2000b)
e Induction of hemi-fusion-mediated (Blanco et al 2003)
apoptosis
Tat ¢ Increase expression of Fas/FasL (Sastry et al 1996)
e Increase of pro-apoptotic Bax and (Li-Weber et al 2000)
decrease of anti-apoptotic Bcl-2
Nef ¢ Increased expression of Fas/FasL (Xu et al 1999)
e Membrane disorder and lysis of (Zauli et al 1999)
bystander CD4+ T cells (Azad 2000)
Vpr o Arrest of cell cycle (Watanabe et al 2000)
e Mitochondria disruption (Azad 2000)

e Membrane disorder and lysis of both (Roumier et al 2002)
CD4+ T-cells and bystander cells

Protease e Inactivation of anti-apoptotic Bcl-2 (Strack et al 1996)
e Activation of pro-apoptotic pro- (Nie et al 2002)
caspase-8

1.2.4.2 Fibrosis of Lymphoid Tissues
Effective immune responses against infection involve the capture and processing of
antigens by mucosal resident DCs followed by their maturation and migration to
regional lymph nodes where antigen will be presented to antigen-specific naive T cells
(Banchereau et al 1998; Stoll et al 2002). However, DCs infected by HIV at mucosal
surfaces migrate to lymph nodes are capable of transmitting HIV to interacting CD4+ T
cells and follicular DCs residing in lymph nodes (Granelli-Piperno et al 1999). As such,
a large number of activated CD4+ T cells are inappropriately attracted to and retained in

lymph nodes (Biancotto et a/ 2007). Chronic inflammation in lymph nodes can also
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increase deposition of collagen in lymph nodes, leading to fibrosis and disruption of
lymphoid architecture (Schacker et al 2002). This likely affects the ability of lymphoid
tissue to support homeostasis, and therefore, the level of fibrosis correlates inversely

with CD4+ T-cell numbers in infected patients (Schacker 2008; Zeng et al 2011).

1.2.4.3 Impairment of Haematopoietic Progenitor Cells
Mechanisms of CD4+ T-cell depletion described in the previous section affect mature
CD4+ T cells. HIV infection is also associated with impaired production and
differentiation of CD34+ haematopoietic progenitor cells (HPCs) from the bone marrow
and thymocyte proliferation (Dion et al 2004), leading to reduced frequencies of recent
thymic CD4+ emigrants and naive CD4+ T cells in the peripheral circulation (Bonyhadi
et al 1993; Su et al 1995). HIV-mediated depletion of CD34+CD4+ cells could also
occur due to a combination of direct HIV infection or indirect mechanisms. Impairment
occurs in accessory cells of the bone marrow (e.g. T cells, monocytes, macrophages,
micro-vascular endothelial cells and stromal cells) to regulate the development of
haematopoietic cells (Moses et al 1998; Alexaki et al 2008). Furthermore, cells that
differentiated from HPCs in the bone marrow can be infected, and could serve as HIV
reservoirs throughout the body. The differentiation of naive T cells in the thymus is
critical during early life. Although thymic function decreases with age, production of
naive T cells is maintained in late adulthood. HIV infection causes thymocyte depletion
and loss of thymic epithelium leading to thymus involution (Bonyhadi et al 1993;
McCune 1997). Expression of T-cell receptor (TCR) rearrangement excision circles (a
marker of thymic function) was lower in HIV-infected children and adults compared to
age-matched uninfected controls. The thymus also contributes to complete immune
reconstitution in children and partial recovery in adults initiated with cART (Douek et

al 1998; Correa et al 2002). In HIV-infected individuals with a sustained response to
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cART, CD4+ T-cell counts are determined by thymus function and immune activation

(Fernandez et al 2006).

1.2.5 AIDS

Patients with AIDS develop Ols, malignancies, cachexia, HIV nephropathy and
encephalopathy. The common Ols include MTB, Prneumocystis jirovecii pneumonitis
(PCP), cerebral toxoplasmosis and disseminated M. avium-intercellulare-scrofulaceum
(MAI) complex infection. Common malignancies include Kaposi's sarcoma and non-
Hodgkins lymphoma. Besides, HIV-infected patients also experience non-AIDS
manifestations, namely neurocognitive disorders, peripheral neuropathy and HIV
wasting syndrome (Selik 2014). The time from primary infection to development of

AIDS is highly variable, but on average is ~8-10 years (Pantaleo et al 1993)

1.3 Antiretroviral Therapy

cART suppresses the replication of HIV allowing recovery of the immune system.
Nonetheless, HIV is not completely eradicated by cART as it can integrate with the
genome of long-lived immune cells (e.g. memory T cells and DCs), which reportedly
act as persistent viral reservoirs, and therefore treatment is always life-long (reviewed
by (Apostolova et al 2011). Ideally, cART should be initiated as early as possible to
minimize damage caused to the immune system, and subsequent immune recovery.
Currently, the International AIDS Society-USA panel recommends the initiation of
cART in symptomatic patients regardless of CD4+ T-cell counts, and for asymptomatic
individuals with CD4+ T-cell counts <500 cells/ul (Hirnschall et a/ 2013; WHO 2013;
Vitoria et al 2014). Initiating cART at a CD4+ T-cell count of 500 cells/ul decreases

mortality and leads to improved prognosis cCART in <4 months (following the estimated
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date of HIV acquisition) is associated with enhanced likelihood of recovery of CD4+ T-

cell counts to 900 cells/ul (Le et al 2013).

1.3.1 Antiretroviral Therapy and Mode of Action

The standard cART regimen consists of a combination of at least three ARV agents to
effectively suppress virus replication and decrease the rate of HIV disease progression.
The currently available regimens includes nucleoside reverse transcriptase inhibitors
(NRTIs), non-nucleoside reverse transcriptase inhibitors (NNRTIs), protease inhibitors
(PIs), integrase inhibitors (Ils), and entry inhibitors (ElIs). Each ARV class targets a
different step in the viral life cycle (Figure 1.6). The most commonly used drugs belong
to the class of NRTI/NNRTIs and PIs. NRTI/NNRTIs inhibit HIV RT, which is
important for the transition of viral RNA to pro-viral DNA (De Clercq 1998; Squires
2001). PIs disrupt post-translational processing of viral proteins and enzymes (Randolph
et al 2004). There are newer drug classes such as integrase strand-transfer inhibitors,
entry inhibitors and CCRS5 antagonists (Greene 2004; Thompson ef al 2010). The newly
developed drugs namely PI darunavir and II raltegravir are better tolerated by HIV-
infected individuals compared with older drugs (Grinsztejn et al/ 2007; Ortiz et al 2008).

Nonetheless, the availability of these drugs is limited in resource-limited settings.
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Figure 1.6: Life Cycle of HIV and Mode of Action of Classes of Antiretroviral
(ARYV) Drugs.

The currently available ARV drugs can be divided into five classes according to the
mechanism of interruption of viral life cycle. RT inhibitors inhibit the enzymatic
function of viral reverse transcriptase, either compete with natural nucleosides (NRTIs)
or by reducing their catalytic activities (NNRTIs) that prevent completion of viral DNA
synthesis, thereby preventing the replication of HIV-1. PlIs inhibits enzymatic function
of HIV-1 protease thereby preventing the generation and maturation of newer virions.
IIs prevent the integration of viral DNA into the host genome. FIs prevent fusion
between viral envelope and host cell membrane; whilst CCRS inhibitors block the
interaction between HIV and CCRS5 co-receptor on the host cell membrane thereby

prevent the entering of HIV-1 into cells.
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1.3.2 Differential Rates of CD4+ T-Cell Recovery Following Initiation of cART
In HIV-Infected Individuals

The advent of combination ART (cART) in 1996 has resulted in substantial
improvement in the prognosis of HIV-1-infected individuals (Egger et al 1997; Hogg et
al 1999). As well as leading to sustained reduction in the incidence of AIDS-related
Ols, the introduction of cART substantially decreased the rates of HIV-associated
mortality. Furthermore, cART has also reduced the risk of acquisition of TB in 59-80%
of the HIV-infected individuals (Egger et al 1997; Badri et al 2002; Maartens et al
2007). Integrated anti-tubercular (ATT) and cART (as opposed to sequential) therapies
are associated with >50% reduced rates of mortality (Abdool Karim et a/ 2010).
However, not all HIV-infected patients on successful cART (i.e. suppressed plasma
HIV RNA levels) achieve optimal CD4+ T cell restoration (e.g. >500 cells/ul after 6
months). Several factors appear to contribute to poor immune recovery including
advanced age (Kaufmann et al 2005), low baseline (Kaufmann et a/ 2005; Le Moing et
al 2007; Moore et al 2007) or nadir CD4+ T-cell counts (Negredo et al 2010) (Schacker
et al 2010), residual HIV replication (Sigal et a/ 2011), CIA (Fernandez et al 2006;
Piconi et al 2010), high rates of apoptosis (Massanella et al/ 2010), abrogated thymic
functions (Franco et al 2002; Rubio et a/ 2002; Krathwohl et al 2006), gender (Hunt et
al 2003; Gandhi et al 2006), and genetic polymorphisms associated with increased
apoptosis (Nasi et al 2005; Haas et al 2006). While all these factors are known to
influence immune reconstitution, there could also be other factors likely contributing to

this process.
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1.3.3 Reconstitution of CD4+ T-Cell Counts may not be Associated with
Restoration of CD4+ T-Cell Functions
Reconstitution of CD4+ T-cell counts may not be always associated with restoration of
T-cell functions. Rather, HIV-infected patients with increased, but stable CD4+ T-cell
counts after cART may still display suboptimal CD4+ T-cell responses. This has also
been shown in individuals with low nadir CD4+ T-cell counts (Moore et al 2007; Piconi
et al 2010). Responses to tetanus toxoid, CMV, candida and MTB antigens were still
lower than the median in healthy controls even after >1 year on cART (Lederman et al
2003; Keane et al 2004; Burgess et al 2006; Sutherland et al 2006). Poor antigen-
specific CD4+ T-cell responses may reflect limited recovery of TCR repertoire

following initiation of cART (Connors et al 1997).

1.3.4 Immune Activation is Alleviated by cCART but not Normalized

Spontaneous CD4+ T-cell apoptosis and levels of expression of cellular markers of
immune activation (CD38 and HLA-DR) were reduced after cART, and remained
higher than healthy controls (Roger et al/ 1999; Almeida et al 2002). An immediate
decrease in Ki67 expression (marker of cell proliferation) on naive T-cells after
initiating cART has also been reported (Hazenberg et al 2003). Patients with effective
suppression of viral replication but persistent immune activation experience recovery of
CD4+ T cells at a slow pace on short-term (median of 21 months) and long-term
(median of 103 months) cART (Hunt et a/ 2003). Plasma LPS levels have also been
reported to decrease following cART but not normalized (Brenchley et al 2006).
Decreased levels of LPS (mediator of immune activation) have also been associated

with better CD4+ T-cell recovery on cART (Brenchley et al 2006).
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1.3.5 Adverse Clinical Events

Emergence of HIV drug resistance resulting from mutations has become a major
concern in the long-term management of patients receiving cART (Gilks et al 2006).
Lists of mutations associated with cART drug resistance are regularly updated by the
International AIDS Society-USA Drug Resistance Mutations Group (Johnson et al
2013). The direct consequence of drug resistance is treatment failure because the
existing drug regimen has poor or no marked effect on the resistant HIV strain. Further,
there are also complications resulting from use of cART viz., drug toxicity, drug-drug
interactions (e.g. with ATT) and/or increased inflammation. Phenotypic changes include
altered distribution of subcutaneous fat, impaired endothelial functions, low levels of
high-density lipoprotein (HDL) cholesterol and increased risk of CVD (Dube et al
2010). The use of some NRTIs has been associated with lipodystrophy and metabolic
syndromes, whilst some NNRTIs can cause severe skin reactions, hepatotoxicity and
psychosis. Stavudine (NRTI) and indinavir (PI) potentiate sensory neuropathy in HIV-

infected patients (Pettersen et al 2006; Smyth et a/ 2007).

Results from the Strategies for Management of Anti-Retroviral Therapy (SMART)
study that enrolled patients with plasma HIV RNA levels <400 copies/ml to investigate
the role of immune activation in treatment outcome showed that patients had increased
levels of high sensitivity C-reactive protein (CRP) and IL-6 (markers of acute
inflammation); D-dimer (marker of coagulation and fibrolysis) and cystatin C (marker
of impaired renal function) compared to the general population (Neuhaus ef a/ 2010) at
baseline. Elevation of these markers is associated with mortality and non-AIDS-
defining illnesses like cardiovascular and renal diseases (Panichi et al 2001; Pepys et al
2006). Higher pre-cART sCD14 levels are also reported to independently predict
mortality (Sandler et al 2012). HIV-infected patients who experienced new AIDS-

related Ols or mortality showed higher baseline levels of plasma immune activation
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markers; soluble TNF receptor (sTNFR) family, soluble CD40L and IL-6 compared to
controls (Kalayjian et a/ 2010). Furthermore, subjects that are severely immunodeficient
(nadir CD4+ T-cell count <100 cells/pl) initiating cART are susceptible to development
of immune reconstitution disorders (Manabe et al 2007). The most common ones are
characterized by inflammatory processes due to restoration of host responses against
pathogen-specific antigens. Further, patients may also show atypical presentations
resulting from Ols such as mycobacterial, cryptococcal or herpes infections. The
constellation of these symptoms is called as immune restoration disease (IRD) or

immune reconstitution inflammatory syndrome (IRIS) (French 2009).

14 Immune Reconstitution Inflammatory Syndrome (IRIS)

1.4.1 History of IRIS

The first report of restored pathogen-specific immunity resulting in immuno-
pathological reactions was reported in 1992, when atypical presentations of
Mycobacterium avium-intercellulare-scrofulaceum complex (MAC) were seen in
patients on AZT monotherapy (French et al 1992). MAC as an OI usually presents as
disseminated infection, and is associated with anergy towards mycobacterial antigens.
However, in the case of IRIS, MAC infection presents as localized infection, and is
associated with recovery of delayed type hypersensitivity (DTH) reactions to
mycobacterial antigens (French et al 1992). IRIS typically occurs within the first few
months of initiating cCART and can be associated with various bacterial, invasive fungal
and chronic viral infections. In general, the pathogenesis of IRIS is thought to be owing
to restoration of pathogen-specific immune responses that are pathological rather than
protective (reviewed by (French 2009). However, subsequent investigations have
suggested that innate immunity could also be involved (Tan et al 2011; Barber et al

2012; Pean et al 2012; Tran et al 2014).
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1.4.2 RIS - Clinical Manifestations

Ever since the first report of MAC-IRIS (French et al 1992), the clinical spectrum
consisted of ~25 different infections, 2 tumors and 18 other non-infectious (French
2007) manifestations. Of the different pathogens commonly associated with IRIS are
mycobacteria such as MAC, MTB and M. leprae as well as viruses namely, herpes,
hepatitis B, hepatitis C, and JC viruses (Shelburne et al 2002; French et al 2004; Lawn
et al 2006). The onset of IRIS following commencement of cART may also be
associated with certain autoimmune diseases and sarcoidosis, both of which appear to
present an immunopathogenesis that is distinct from the classical IRIS (French 2009).
The clinical manifestations of IRIS associated with various infectious pathogens are

summarized in Table 1.2.
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Table 1.2 Manifestations of IRIS Associated with Various Pathogens

Pathogens IRIS Manifestations Reference

Mpycobacterium Lymph node enlargement, (Viskovic et al 2013)

tuberculosis pulmonary infiltrates, pleural
effusion, cutaneous abscess (Lawn et al 2005)
Tachycardia
Meningitis, tuberculoma, (Pepper et al 2009)
radiculomyelitis

Mpycobacterium avium Lymph node enlargement, (Viskovic et al 2013)
pulmonary infiltrates, pleural
effusion, cutaneous abscess. (Kishida et al 2008)
Tuberculoma

Mpycobacterium leprae  Pulmonary infiltrates, (Batista et al 2008)
hyperaesthesic skin lesions with
granulomatous changes

Cryptococcus Lymphadenitis, cavitary (Lortholary et al 2005)

neoformans pneumonia, meningitis,
cryptococcoma

Candidia sp. Meningitis with vasculitis

Pneumocystis jirovecii  Exacerbation of pneumonitis (Crothers et al 2003)
after cART

Cytomegalovirus CMV retinitis after cART (Mutimer et al 2002)
Immune recovery uveitis (Robinson et al 2000)
Encephalitis, myelitis (French et al 2000)

Human herpesvirus-8 Kaposi’s sarcoma-associated (Bower et al 2005)

(Kaposi's sarcoma— edema after cART

associated herpes virus)

Varicella-Zoster virus Dermatomal or multidermatomal (Song et a/ 2010)
zoster (Clark et al 2004)
Myelitis (Newsome et al 2009)

Brain vasculitis

HCV

Hepatitis flare and/or liver
enzyme level elevation after
cART

(John et al 1998)

HBV

Hepeatitis flare and/or liver
enzyme level elevation after
cART

(Crane et al 2009)

JC

Progressive multifocal leuko-
encephalopathy-associated IRIS

(Gray et al 2005)

Toxoplasma gondii

Retinitis
Toxoplasmic encephalitis

(Sendi et al 2006)
(Martin-Blondel et al
2011)

Leishmania sp.

Uveitis
Worsening of tegumentary
lesions

(Blanche et a/ 2002)
(Posada-Vergara et al
2005)
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Of the various clinical manifestations reported, IRIS that involve central nervous system
(CNS) is associated with greater clinical severity or morbidity and mortality rates as
compared to other IRIS types (French 2009). In countries with high- and middle-
income, it has been reported that ~16% of people diagnosed with cryptococcal
meningitis experienced CNS-IRIS (C-IRIS) with average mortality rate of 20% (Muller
et al 2010). In resource-limited countries, C-IRIS is associated with >25% mortality,
and represents an important cause of early mortality after cART in these countries
(Haddow et al 2010). In addition, early initiation of cART in patients with treated
cryptococcal meningitis has been associated with higher mortality rates (Makadzange et

al 2010).

One report suggests that ~68% of adults may likely develop asymptomatic JC
polyomavirus (JCV) infection by 59 years of age (Egli et al/ 2009). Due to
immunodeficiency, the JCV reactivates causing lytic infection in oligodendrocytes in
the white matter of brain resulting in progressive multifocal leukoencephalopathy
(PML). There is no established treatment for JCV infection, and therefore cART is the
only effective therapy for PML in patients with HIV. However, ~15% of patients
experience an exacerbation of PML after commencement of cART (Martin-Blondel et

al 2011).

1.4.3 Incidence of IRIS

The incidence rates of IRIS in HIV-infected persons from different populations
reportedly range from 2-43 % (Breton ef a/ 2004). The incidence for IRIS was 11% in
South Africa (Eshun-Wilson ef al 2010), 17% in Thailand (Manosuthi et a/ 2009), 18%
in Brazil (Dibyendu et al 2011), 19% in India (Agarwal et al 2012), and 26% in
Cambodia (Laureillard ef al 2013). A meta-analysis has estimated that the mortality

rate of TB-related IRIS is ~3.2% on average (Muller ef al 2010). Due to lack of

46



appropriate facilities to diagnose OIs (particularly TB prior to cART), after
commencement of cART represents a significant concern amongst HIV-infected
patients in resource-limited countries with incidence ~20 times higher than that from
resource-rich nations (Lawn et a/ 2008; Meintjes et a/ 2008). Table 1.3 summarizes the
various studies and the global incidence of TB-IRIS reported from across the world

until 2010.
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Reference

Tuberculosis-Associated IRIS
(Narita et al 1998)

(Wendel ez al 2001)
(Navas et al 2002)
(Breton et al 2004)
(Kumarasamy et al 2004)
(Michailidis ez al 2005)
(Bourgarit et al 2006)
(Manosuthi et al 2006)
(Lawn et al 2007)
(Park et al 2007)
(Serra et al 2007)
(Manosuthi et al 2009)
(Eshun-Wilson et al 2010)
(Agarwal et al 2012)
(Laureillard et al 2013)

Table 1.3: Summary of Reported Global Incidence of TB-IRIS

Country

USA
USA
Spain
France
India
UK
France
Thailand
South Africa
South Korea
Brazil
Thailand
South Africa
India

Cambodia

Study period  Mean age
(years)
1996-97
1996-2000
1995-98 36.3(..)
1996-2001 35.0(..)
2000-03 34.0(..)
2001-03 374 (..)
39.1 (10)
2003-04 34.5(..)
2002-05
1998-2005 38.0(..)
2000-03
2006-07 35 (31-42)
2003-08 36 (..)
2006-08 39 (35-45)
2006-09 36 (7.9)

Median CD4
count (IQR)

35 (18-215)
100 (..)
122 (..)

32 (15-131)

36 (15-69)

68 (29-133)

43 (23-92)

74 (55-110)
2 (12-62)

Number
of
patients

33
24
17
37
144
55
19
167
160
482
84
126
333
103
597

Number of
patients
developing
IRIS
12 (36%)
3 (13%)
6 (35%)
16 (43%)
11 (8%)
14 (25%)
7 (37%)
21 (13%)
19 (12%)
9 (2%)
10 (12%)
20 (16%)
35 (11%)
13 (12.6%)
15 (2%)

Death from
IRIS

2 (1%)
2 (1%)

5(5%)
6 (1%)
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Cryptococcal Meningitis IRIS

(Jenny-Avital et al 2002) USA

(Lawn et al 2005) South Africa

(Shelburne et al 2005) USA
(Sungkanuparph et al 2007) Thailand

(Bicanic et al 2009) South Africa
Immune Recovery Uveitis

(Nguyen et al 2000) USA

(Karavellas et al 2001) USA

(Banker et al 2002) India

(Arevalo et al 2003) Venezuela
(Ortega-Larrocea et al 2005) Mexico

(Lin et al 2008) Taiwan
Herpes Zoster IRIS

(Dunic et al 2005) Serbia
Kaposi's Sarcoma IRIS

(Bower et al 2005) UK

1998-2001
2002-05

2005-06

1995-98
1996-98
1998-2000
1998-2000
1996-2003
1995-2006

2000-01

1996-2004

Progressive Multifocal Leukoencephalopathy (PML)

(Vidal et al 2008) Brazil

2003-04

34.0 (..)

34.4 (6.9)

37.3

40.3

38.1

37.9(.)

37.3(.)

86 (46-146)

26 (.)

36.5 (22-63)

19.7
16.6 (..)

45 ()

10

434
59
52
65

33
30
12
32
43
41

115

150

12

5 (50%)
9 (2%)
18 (31%)
10 (19%)
11 (17%)

6 (18%)
19 (63%)
5 (42%)
12 (38%)
23 (53%)
10 (24%)

14 (12%)

10 (7%)

1 (8%)

6 (1%)
1 (2%)
0
3 (5%)
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Other IRIS
(French et al 2000)
(Jevtovic et al 2005)
(Shelburne et al 2005)
(Ratnam et al 2006)
(Murdoch et al 2008)
(Sharma et al 2008)

Australia
Serbia
USA
UK
South Africa

India

1996-97
1998-2004
1997-2003

2000-02

2006

2004-06

41.0

38.8

35.0
34

108

174 (82-285)
115 (51-173)

132
389
180
199
423

90

33 (25%)
65 (17%)
57 (32%)
44 (22%)
43 (10%)
20 (22%)

1 (<1%)
2 (1%)

2 (<1%)

Note: Data are mean (SD), median (IQR) or number (%), .. data not reported.
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1.4.4 General Clinical Diagnosis of IRIS

The International Network for the Study of HIV-associated IRIS (INSHI) established in
2006 to harmonize ongoing and future studies on IRIS world-wide employs a similar
clinical definition for the diagnosis of IRIS. To date, consensus clinical case-definitions
have been developed for TB-IRIS (Meintjes et al 2008) and cryptococcal IRIS (Haddow

et al 2010). Generally, definition of IRIS involves the following criteria:

1. Patients must have received cART and achieved a virological response (>1 logl0
decrease in plasma HIV RNA).

2. Clinical deterioration of an infectious or inflammatory condition must be
temporally related to the initiation of cART.

3. Symptoms cannot be explained by expected clinical course of associating
pathogen, drug toxicity, treatment failure and complete non-adherence.

4. Increase in peripheral blood CD4+ T-cell counts may be used as a marker of
immune reconstitution when plasma HIV RNA result is lacking. However, this
is not included as a criterion for IRIS as:

a) Some cases of IRIS occur without an increase in peripheral CD4+ T-cell
counts.

b) CD4+ T-cell counts in the peripheral blood may not reflect function or counts
present at the site of infection.

c) CD4+ T cells are not the only cellular mediators of IRIS. Other immune cells
can also contribute to development of IRIS.

The diagnosis criteria specific for TB-IRIS will be discussed later in the Section 1.5.1.
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1.4.5 Risk Factors Associated with Development of IRIS

Owing to lack of surrogate laboratory markers for IRIS, understanding of risk factors is
essential for the prompt identification of patients at high risk of developing IRIS after
initiation of cART, to be able to provide them with early intervention and clinical
monitoring modalities. The major risk factors for development of IRIS are low baseline
CD4+ T-cell counts (French et al 2000; Jevtovic et al 2005; Lawn et al 2007; Manabe
et al 2007; Manabe et al 2008). Other risks include a low baseline haemoglobin
(Robertson et al 2006; Letang et al 2010), rapid increase of CD4% after cART (Breton
et al 2004; Jevtovic et al 2005; Valin et al 2010) or rapid reduction in PVL (French et al

2000; Breton et al 2004; Manabe et al 2007; Letang et al 2010; Valin et a/ 2010).

Antigen burden has also been associated with the onset of IRIS, particularly in patients
with low CD4+ T-cell counts (He ef al 2013). Since IRIS results from dysregulation of
inflammation against residual antigens, patients with higher antigen load prior to cART
initiation are more susceptible to TB-IRIS. This has also been demonstrated in patients
with extrapulmonary and disseminated TB who are at increased risk for TB-IRIS
(Manosuthi et al 2006; Burman et al 2007; Lawn et al 2009). This is in line with a
finding where paradoxical TB-IRIS patients were 4.6-fold more likely than TB non-
IRIS patients to show TB lipoarabinomannan (LAM) antigen in urine specimens
(Conesa-Botella et al 2011). Furthermore, the level of LAM is inversely associated
with CD4+ T-cell counts. These data suggest that patients with higher pathogen loads
may display a higher magnitude of inflammation when the immune system undergoes

reconstitution.

Short interval between OI treatment and commencement of cART also has been
identified as a major risk factor for IRIS (Navas et a/ 2002; Lortholary et al 2005;
Michailidis et al 2005; Shelburne et al/ 2005; Burman et al 2007; Narendran et a/ 2013).

In patients treated with TB, commencement of cART during the first 4 weeks of TB
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treatment increases the risk of TB-IRIS by ~2.5-fold compared to cART
commencement 8§ weeks post-TB treatment (Abdool Karim et al 2010). Conversely, in a
Ugandan study, 22% of patients starting cART early (within 2 months) and 31% of
those starting late (after 2 months) developed TB-IRIS (Baalwa et a/ 2008). Therefore,
deferring cART 2 months after TB treatment would not necessarily prevent paradoxical
TB-IRIS. The ability to clear residual antigens during OI treatment may influence the

breadth of inflammation after immune reconstitution by cART.

1.4.6 Therapeutic Strategies for IRIS

While corticosteroids have been shown to reduced death and residual neurological
disabilities amongst survival of TB meningitis (HIV-negative) (Prasad et al 2008),
there have been little evidences to support their use in TB-IRIS. Available evidence
suggests that improvement of symptoms occurs in ~82% patients (N=19/23) who
developed TB-IRIS; of which 18 received corticosteroids (Pepper et al 2009). Another
study using double-blinded randomized placebo-controlled trial of patients with
paradoxical TB-IRIS found that the use of prednisolone (1.5 mg/kg/day for 2 weeks
0.75 mg/kg/day for 2 weeks) reduced the need for hospitalization and therapeutic
procedures, showed rapid recovery from symptoms, as well as improved quality of life
of patients with TB-IRIS although prednisolone did not reduce mortality rates (Meintjes

et al 2010).

Together, these studies suggest that use of corticosteroids could benefit TB-IRIS
patients only to a certain extent although inappropriate adjunct corticosteroid therapy
for patients with immunosuppression with underlying sub-optimally-treated TB or other
untreated Ols could be fatal (Pepper et al 2009). Further, usage of corticosteroid has
also been associated with progression of herpes zoster, Kaposi's sarcoma and

reactivation of latent infections (Elliott et al 1992; Volkow et al 2008). Therefore,
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potential complications in treating IRIS patients under corticosteroid therapy have
stressed the need for predictive and diagnostic markers for prompt recognition of TB-

IRIS.

Alternatively, other classes of immunosuppressive agents may also be use. In a case
report, Hardwick et. al. showed leukotrienes, a pro-inflammatory mediator primarily
produced by mast cells could also involved in the pathogenesis of IRIS, as Montelukast
(a leukotriene receptor antagonist) appeared to be effective in a syphilis-IRIS and two
TB-IRIS cases (Hardwick et al 2006). Nonetheless, the use of Montelukast as a

therapeutic regimen in clinical IRIS is limited.

1.5  Tuberculosis-Associated IRIS

Despite the diverse association and presentations, TB-IRIS still remains the most
commonly occurring form of IRD across the world, and is particularly common in
countries with a huge burden of both diseases (Burman et a/ 2007). Manifestations of
TB-IRIS range from mild symptoms such as fever, to life-threatening conditions such as
respiratory failure. In most cases, the clinical manifestations resemble the original
disease, such as fever, malaise, weight loss, cough etc. Commonly presenting features
include severe fever, cervical and intra-thoracic lymphadenopathy, and pulmonary
infiltrates (Dhasmana et a/ 2008). Tuberculoma, meningitis, cold abscess and ascites are

other less common manifestations (Meintjes et a/ 2008).

1.5.1 Definition of Tuberculosis-Associated IRIS
Due to diverse clinical presentations and diagnostic predicaments, there have been
difficulties to clearly define IRIS. There is seldom an investigation or biological test

available to confirm the diagnosis of paradoxical TB IRIS. Thus, confirmation relies
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largely on case-definitions inclusive of clinical and laboratory data (Dhasmana et al
2008). In most cases, diagnosis is mainly reliant on consistent history and exclusion of
alternative diagnoses such as non-compliance with treatment for OI, emergence of a
new OI, or drug toxicity (Meintjes et al 2008). In regions where drug-resistant TB is
common, extra efforts have to be made to exclude drug resistance as a cause for
deterioration (Dhasmana et a/ 2008). To a certain extent, lack of consensus case-

definitions and definitive diagnoses has considerably hindered research on IRIS.

General case-definitions have been previously proposed, and have seldom been
validated, and therefore there has been no consensus on their validity and applicability,
particularly in resource-constrained settings. To this end, the International Network of
HIV-associated IRIS (INSHI) has now modified the previously proposed case-
definitions for IRIS to make them applicable in resource-limited settings. The INSHI
definitions have since been independently validated by various international research
groups (Manosuthi et al 2009; Eshun-Wilson et a/ 2010; Haddow et al 2010). This
definition has 3 main components which includes (i) primary or antecedent
requirements, (ii) clinical criteria (viz., major or minor criteria) and (iii) exclusion of
possible diagnosis as confirmatory criteria in the definition of paradoxical TB-IRIS
(Meintjes et al 2008). The primary criteria in the diagnosis of paradoxical TB-IRIS are
microbiological confirmation of TB or strong clinical evidence of TB before starting
cART in addition to evidence of an initial response to ATT prior to the initiation of
cART. Clinical criterion also suggests that the onset of IRIS should be within 3 months
of initiating cART and one of the major or two of the minor criteria. The major criteria
include new or worsening lymph nodes or cold abscesses and radiological features
while minor criteria include worsening of clinical symptoms. The exclusion of
alternative explanations for clinical deterioration such as treatment failure, drug

resistance, poor adherence or drug toxicity or other OlIs form the third component of the
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INSHI case-definition for paradoxical TB-IRIS (Meintjes et al/ 2008). The major
revisions incorporated in the INSHI case-definitions that render them applicable in
resource-limited settings are the omission of changes in PVL/CD4+ T-cell counts as
necessary criteria in confirming IRIS and the inclusion of a time-frame for onset of

clinical manifestations for a diagnosis of TB-associated IRIS to be made (Meintjes ef al

2008).
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Table 1.4 Case-Definitions of Tuberculosis-Associated IRIS by INSHI (adapted from (Meintjes ez al. 2008)

A. Paradoxical TB-IRIS (both of the two following requirements must be met)

(a) Antecedent Requirements

Diagnosis of TB 1.

TB diagnosis was made before starting cART

and should fulfil WHO criteria

Initial Response to 2.

patient’s condition stabilized/improved on

TB Treatment appropriate TB treatment before cART initiation

e.g. cessation of night sweat, fever, cough, and weight loss.

(b) Clinical Criteria

The onset of TB-IRIS manifestations should be within 3 months of cART initiation, re-initiation, or regimen change because of treatment failure.
Of the following, at least one major criterion or two minor clinical criteria are fufilled:

1.

Major Criteria 2.

New or enlarging lymph nodes, cold abscesses,
or other focal tissue involvement
New or worsening radiological features of TB

3. New or worsening CNS TB

e.g. TB arthritis

examined by chest radiography, abdominal ultrasonography,
CT, or MRI
eg. meningitis or focal neurological syndrome

4. New or worsening serositis eg. pleural effusion, ascites, or pericardial effusion
1. New or worsening constitutional symptoms eg. fever, night sweats, or weight loss
2. New or worsening respiratory symptoms eg. cough, dyspnoea, or stridor
Minor Criteria 3. New or worsening abdominal pain Symptom accompanied by peritonitis, hepatomegaly,

splenomegaly, or abdominal adenopathy

(c) Exclude alternative explanations for clinical deterioration

1. Failure of TB treatment because of drug resistance
2.
3.
4,

Poor adherence to TB treatment
Another OI or neoplasm

Drug toxicity or reaction
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B. Unmasking TB-IRIS (provisional) (one of the of the following criteria must be met)

(a) Antecedent Requirements
Patient is not receiving treatment for TB when cART is initiated and then presents with active TB within 3 months of starting cART
1. Patient is not receiving treatment for TB when
Diagnosis of TB cART is initiated and
2. Presents with active TB within 3 months of
starting cART.

(b) Clinical Criteria
1. Heightened intensity of clinical manifestations,  e.g. TB lymphadenitis, TB abscesses with prominent acute
particularly if there is evidence of a marked inflammatory features, pulmonary TB complicated by
inflammatory component to the presentation. respiratory failure.

2. Clinical course that is complicated by a
paradoxical reaction after initiation TB
treatment
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Figure 1.7: Worsening Pulmonary Infiltrates and New Pleural Effusion

Note: A 49-year-old HIV-infected man with CD4 of 29 cells/ul was diagnosed with
drug-susceptible pulmonary TB (chest radiograph A). He started cART 2 weeks after
TB treatment. Two weeks later the patient developed recurrent TB symptoms,
worsening of pulmonary infiltrate and new pleural effusion due to paradoxical TB-IRIS
(chest radiograph B). The TB sputum culture and pleural aspirate TB culture were
negative at the time of TB-IRIS. (Figure adapted from Meintjes, G. PhD thesis, 2011.

Fig. 1 pg. 43)

59



1.5.2 Immunopathogenesis of Tuberculosis-IRIS

The immunopathogenesis of IRIS varies according to the causative pathogens.
Histopathological examinations have shown that IRIS provoked by viruses, such as JCV
(Gray et al 2005) and CMV (Mutimer et al 2002) is associated with infiltration of
inflammatory CD8+ T cells into the affected tissue or organ; whereas IRIS provoked by
fungi, such as Histoplasma sp. and Cryptococcus sp. (Lortholary et al 2005; Breton et al
20006); protozoans, such as Leishmania sp. (Blanche et al 2002); and by mycobacteria
such as M. tuberculosis, M. leprae (Batista et al 2008), is associated with
granulomatous inflammation. As IRIS usually occurs during the initial weeks to months
of effective cART during early phase of immune reconstitution (refer to Section 1.3.2),
it is believed that exaggerated inflammatory responses experienced by IRIS patients is
driven by rapid immune recovery. However, the precise pathogenic mechanisms are not
completely understood. The pathogenesis of TB-IRIS is related to recovery of MTB-
specific immunity, and previous studies have hinted the contribution of various
components and cells of the immune system to development of IRIS (discussed in

following sections).

1.5.2.1 Recovery of Delayed Hypersensitivity Responses
The first report to suggest that mycobacterial IRIS coincided with recovery of
mycobacteria-specific immune responses was in patients who developed a localized
form of MAC disease, such as lymphadenitis, after starting AZT mono-therapy in the
early 1990’s (French et al 1992). Reversion of tuberculin or MAC purified-protein
derivative (PPD) skin tests from being anergic to positive was observed among these
patients (French et al/ 1992). Furthermore, the same phenomena was also observed
among paradoxical TB-IRIS patients where patients anergic to PPD prior to cART

developed strong positive skin tests around the time of IRIS (Narita et al 1998). These
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results suggest that recovery of DTH responses may be associated with the onset of
IRIS. However, certain patients with MAC or TB-IRIS failed to experience CD4+ T-
cell count rise at the time of IRIS (Narita et a/ 1998; Phillips ef al 2005) suggesting that

IRIS may not be relevant to recovery of CD4+ T-cell counts in the periphery.

1.5.2.2 Recovery of MTB-Specific T-Cell Responses
Though paradoxical TB-IRIS is characterized as exuberant inflammation and elevation
of pro-inflammatory cytokines such as IL-6 (Stone et a/ 2002; Morlese et al 2003), the
cause of this inflammation was unknown. It has been suggested that TB-IRIS could be
associated with restoration of MTB-specific Thl responses with either recirculation or
proliferation of T cells after successful cART (Autran et al/ 1997; Bourgarit et al 2006).
In order to confirm this hypothesis, MTB-specific T cells in the peripheral blood has
been investigated extensively using enzyme-linked immunospot (ELISpot) assays,
whole blood IFN-y release assays (IGRA) and flow cytometry (Bourgarit et al/ 2006;
Meintjes et al 2008; Tan et al 2008; Bourgarit et al 2009; Elliott et a/ 2009; Tieu et al
2009; Antonelli et a/ 2010). Bourgarit et al. (2009) and others showed that TB-IRIS
could be associatepd with massive expansion of PPD-specific IFN-y-producing T cells.
Interestingly, such expansions were not evident in TB-IRIS patients when CMV
antigens or ESAT-6 were used as antigenic stimuli (Bourgarit et a/ 2006; Tan et al
2008; Elliott et a/ 2009). Furthermore, it was subsequently reported that these PPD-
specific T cells were highly activated, multifunctional (IFN-y+ TNF-o+ IL-2+), and
belongs to the CD4+ effector memory T cell phenotype (Antonelli et al 2010).
However, results from several other studies suggested otherwise. Two independent
studies from TB endemic regions (Malaysia and South Africa) have shown that though
PPD-specific IFN-y-producing T cell expansion was seemingly higher among TB-IRIS

patients, but such expansion may also occur in some of the TB no IRIS patients
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(controls). Furthermore, some patients who had high numbers of mycobacteria-specific
T cells on ELISpot failed to develop TB-IRIS (Meintjes et al 2008; Tan et a/ 2008). In
addition, a Thai study found no significant difference with the levels Thl cytokine (IL-
2, IL-12, and IFN-y) production following PPD and RD1 antigen stimulation between
patients who developed TB-IRIS and controls prior to cART or at time of IRIS (Tieu et
al 2009). Collectively, these data suggest that the expansion of IFN-y-producing T cells
may not be relevant to TB-IRIS. Studies that characterized the cellular immune

responses in IRIS are summarized in Table 1.5.

1.5.2.3 Exuberant y6T-Cell Responses
A part from most abundant aBT cells, others also observed an elevation in the frequency
of yoT cells among TB-IRIS patients both at baseline and at TB-IRIS event (Bourgarit
et al 2009). Since yOT cells can respond to mycobacterial phospho-antigens (Constant et
al 1994; Poquet et al 1996) and produce large amounts of IFN-y (Rojas et a/ 2005),
their elevation in TB-IRIS patients implicate their likely role in the pathogenesis of TB-

IRIS. However, these findings have not been replicated by more investigations.

1.5.2.4 Dysregulated Release of Cytokines
a) Diminished Th1/Th2 Homeostasis: Several studies have shown that TB-IRIS is
associated with elevation of a wide range of Thl cytokines including IL-2, IP-10, TNF-
a and IL-1PB (Bourgarit et al 2006)) but not Th2 cytokines, suggesting that TB-IRIS may
result from imbalance in Th1/Th2 cytokine secretion. However, later studies showed
that IFN-y and IL-5 concentrations in whole blood mitogen-stimulated cultures
demonstrated no differences in concentrations when comparing TB-IRIS cases and
controls, suggesting that TB-IRIS is seldom attributed to an imbalance in Thl- and Th2

homeostasis (Oliver et al 2010).
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b) Cytokine Storm: It has been suggested that paradoxical TB-IRIS is caused by
“cytokine storm” (Ruhwald et al 2007). However, data generated thus far are
heterogenous. Tadokera et al. (2011) showed that there were elevations in a wide range
of cytokines and chemokines among TB-IRIS patients when compared to TB-HIV co-
infected patients who did not develop IRIS. Of all cytokines, TNF-a, IFN-y and IL-6
remained significant after adjustment for multiple comparisons (Tadokera et al 2011)

suggesting that TB-IRIS could indeed be a cytokine storm.

¢) Perturbation in Adaptive and Innate Inflammatory Mediators: Data from
Haddow et al. 2011 did not demonstrate any elevation in pro-inflammatory cytokine
levels (including IL-1B, IFN-y, TNF-a and IL-6) among paradoxical TB-IRIS patients
as compared to TB-HIV controls. Conversely, they showed that TB-IRIS patients had
lower IL-10 and MCP (monocyte chemotactic protein)-1, as well as higher CRP:IL-10
ratio (inflammatory/anti-inflammatory ratio) relative to controls. These findings
reflected deficit in monocyte and regulatory T cell (Treg) activity as well as higher pro-
inflammatory roles among TB-IRIS patients (Haddow ef a/ 2011). As opposed to this
finding, another team found exuberant innate immune responses (Oliver et a/ 2010)
speculating that TB-IRIS could be associated with higher levels of CXCL10 and IL-18
and low levels of CCL2 in unstimulated samples. Though the findings for soluble
biomarkers are heterogenous reflecting the complexity of the various immune factors;
these data collectively suggest that TB-IRIS could be associated with dysregulated
cytokine productions. The plasma biomarkers proposed to be predictive of IRIS and
some other potential markers are summarized in Table 1.6.
1.5.2.5 Role of Innate Immune System
Considering the aforementioned findings, it is clear that recovery of mycobacteria-

specific T-cell frequencies and functions alone may not be sufficient to explain the
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occurrence of TB-IRIS and that recovery of innate immune functions may play an

important role in disease pathogenesis (Sereti et al 2010).

a) Role of Myeloid Cells: The finding of higher levels of CXCL10 and IL-18 in TB-
IRIS patients is an evidence for monocyte activation in TB-IRIS (Oliver et a/ 2010).
CXCL10 (also known as IFN-y-inducible protein-10 (IP-10)) is a chemoattractant for
effector T cells; whereas IL-18 is a macrophage-derived inducer of IFN-y that
contributes to protective responses to TB. The results were interpreted to indicate that
production of IL-18 and CXCL10 augments effector T-cell responses to MTB antigens
in TB-IRIS (Sereti et al 2010). A similar finding was also observed in a mouse model of
MAC-IRIS that demonstrated marked alterations in blood and tissue CD11b+ myeloid
cells (Barber et al 2010). In line with this, a case-control study on TB-IRIS from
Malaysia also suggested a role for TLR-2-induced pro-inflammatory cytokine
production by monocytes and DCs in TB-IRIS pathogenesis. At 24 weeks of cART,
TB-IRIS patients showed significant higher expression of TLR-2 on monocyte and
TNF-a production following lipomannan stimulation without concurrent increase in IL-

10 production (Tan et al 2011).

Evidence indicates that neutrophils may also contribute to the pathogenesis of TB-IRIS.
Compared with non-IRIS TB meningitis (TBM) patients, TBM-IRIS patients were
shown to have much higher neutrophil counts in their cerebrospinal fluid (CSF).
Furthermore, the combination of high CSF TNF and low IFN-y at TBM diagnosis

predicted development TBM-IRIS (Marais ef a/ 2013).

A recent microarray investigation of RNA from monocytes of patients with TB-IRIS
demonstrated that 100 genes related to “inflammatory disease”, “immunological

disease”, “cellular movement”, “hematological system development and function”, and

“immune cell trafficking” were perturbed to at least 1.5 folds in patients relative to

64



controls (Tran ef al 2014). These findings suggest that monocytes likely to involved in
thw pathogenesis of TB-IRIS. Another ther study have shown that CD14++CD16-
classical monocyte subsets, but not the CD16+ subsets is a predictor of TB-IRIS
(Andrade et al 2014). The study also suggested that immune activation may be caused

by mycobacterial antigens, which however requires more confirmed findings.

b) NK Cell Activation and Degranulation: Apart from myeloid cells, the involvement
of NK cells in TB-IRIS has also been examined. In one South African cohort, patients
with unmasking TB-IRIS showed increased expression of CD69 and HLA-DR on NK
cells (Conradie et a/ 2011). In a separate clinical trial in Cambodia, the ability of NK
cells to degranulate at baseline was found significantly higher in paradoxical TB-IRIS
than in non-IRIS controls (Pean et a/ 2012) demonstrating the potential role of NK cells

in the onset of clinical TB-IRIS.

1.5.2.6 Dysfunctions in Immune Regulation
a) Role of Tregs: Given the irrelevance of Th1/Th2 imbalance in the development of
TB-IRIS, it has been hypothesized that paradoxical TB-IRIS may reflect a relative delay
in the recovery rates of Treg cell numbers and functional deficit (Lim et a/ 2007; Lim et
al 2008). However, the data generated have been inconclusive thus far. Two studies
have demonstrated that deficiency of Tregs seldom play a role in TB-IRIS (Meintjes et
al 2008; Tan et al 2008). However, others have demonstrated an expansion of CD127°"
Foxp3+ CD25+ Tregs and a higher ratio of Treg to effector/memory subsets in TB-IRIS
patients (Seddiki et a/ 2009). Sediki et al also demonstrated (in vitro suppression
assays) a reduced functional ability and reduced release of IL-10 by suppressor cells in
TB-IRIS patients, suggesting that while Treg numbers are increased, therefore their

ability to down-regulate aberrant immune responses is impaired.
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b) Role of Killer Inhibitory Receptors (KIR): In spite of the elevated levels of yoT
cells, the cells also lacked killer inhibitory receptors viz., CD94/NKG2, CD158a and
CDI158b on mycobacteria-specific V82 TCR yd suggesting that this potent IFN-y-

producing cell may be deficiently regulated (Bourgarit et al 2009).

1.5.2.7 Immunopathogenesis of Unmasking TB-IRIS
“Unmasking” TB-IRIS is less well characterized than paradoxical TB-IRIS with fewer
cases reported. Cases described include patients presenting with rapid onset of severe
respiratory manifestations (Goldsack et al 2003; John et al 2005; Meintjes et al 2008),
one of whom required mechanical ventilation for adult respiratory distress syndrome
(RDS) associated with miliary TB (Goldsack ef al 2003). A fatal case of unmasking TB-
IRIS presenting after 6 weeks on cART was shown at post-mortem to have extensive
infiltrates involving the upper lobe of the right lung with histological appearance
compatible with bronchiolitis obliterans organizing pneumonia (BOOP) with
predominantly macrophages infiltration (Lawn et al/ 2009). Neutrophils are likely
involved given that suppurative lymphadenitis and abscess formations are frequently the
features of TB-IRIS (Lawn et al 2009). Complicated neurological involvement in
unmasking TB-IRIS cases has also been described, as pyomyositis has been by others

(Chen et al 2009).
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Table 1.5 Characteristics of Cellular Responses Causing IRIS Against Various Infectious Pathogens.

Pathogen(s) Assay Patients Grouping/ Median (IQR) Mechanism(s) of IRIS Reference(s)
Origin Study subjects(n) pre-cART CD4+
T-cells (cells/pnl)
M. tuberculosis ELISpot African P.TB-IRIS=7 32 1. 1 of PPD-specific IFN-y- (Bourgarit et al
producing T-cells in IRIS group.  2006)
TB no IRIS=12 60
2. T-cell response to ESAT-6 was not
significant
M. tuberculosis ELISpot South P.TB-IRIS=39 51 (29-106) 1. 1 of both ESAT-6 and PPD- (Meintjes et al
African (treated for TB specific [FN-y-producing T-cells  2008)
and HIV) in P.TB-IRIS group.
TB no IRIS=25
(treated for TB 45(23-122) 2. T of PPD-specific IFN-y-
and HIV) producing T cells also found in
non-IRIS groups.
TB no IRIS=31
(untreated for TB 195 (111-331)
and HIV)
Quanti Cambodian P.TB-IRIS=15 69 (41.5% were 1. Greater 1 in [FN-y and (Elliott et al
FERON- TB non-IRIS=55 <50 cells/uL) 2. PPD-skin test were positive at 2009)
TB Gold cART-assoc. week 12 and 24 in participants
In-Tube TB=11 with TB-IRIS.
assay 2. IFN-y responses to PPD & ESAT-
No TB no 6 corrected with pre-cART CD4+
IRIS=216 T-cell counts and were higher in

individuals with cART-
associated TB.
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M. tuberculosis FCM African TB-IRIS=11 TB-IRIS=37 Expansion of V52+ subset of (Bourgarit et al
TCRyd+ T-cells with down- 2009)
TB no IRIS=13 TB no IRIS=56 modulated killer inhibitory
receptor (KIR) in IRIS group.
M. tuberculosis FCM South Unmasking TB- Unmasking TB- 1 CD69 and HLADR surface (Conradie et al
African IRIS=18 IRIS=115 expression of NK cells in 2011)
unmasking TB-IRIS group.
TB no IRIS=31 TB no IRIS=61
HIV only=58 HIV only=118
M. tuberculosis FCM Cambodian TB-IRIS=37 TB-IRIS=27 1 degranulation activity by NK cells (Pean et al 2012)
in TB-IRIS group.
TB no IRIS=91 TB no IRIS=27
HIV only=49 HIV only=85
(p<0.001)
M. tuberculosis Microarray Ugandan TB-IRIS=18 TB-IRIS= 42 Dysregulation of the complement (Tran et al 2013)
system of monocytes in TB-IRIS
TB no IRIS=18 TB no IRIS=58 group.
M. tuberculosis FCM Indian P.TB-IRIS=26 200 Frequency of CD14++CD16- (Andrade et al
TB no IRIS=22 monocytes 1 in P.TB-IRIS group  2014)
North No TB no IRIS=8 compared to TB non-IRIS group.
American 32
MAC FCM Australian P.Mac-IRIS=8 P.Mac-IRIS=26 1. Expansion of Tregs in Mac-IRIS (Seddiki et al
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In vitro
suppression
assays

No Mac no
IRIS=8

No Mac no
IRIS=24

group.

2. Reduced of functional capacity of
suppressor cells and diminished
IL-10 among MAC-IRIS patients

2009)

M. avium

Mouse -
model

1. IRIS is associated with impaired,
rather than augmented, T-cell
expansion and function.

2. CD11b+ myeloid cells expansion
in peripheral and lung for MAC-
IRIS group.

(Barber et al
2010)

M. tuber-culosis
&
Crypto-coccus
IRIS

ELISPOT Malaysian

Chinese

P.IRIS=5

No IRIS=8

<200

1. TB-IRIS patients displayed
elevated IFN-y responses and/or
plasma IgG to PPD, but none
responded to ESAT-6.

2. Cryptococcus IRIS elevated IFN-y
responses to crypto antigens.

(Tan et al 2008)

Crypto-coccus
IRIS

IGRA South

African

P.C-IRIS=27

C no IRIS=63

C-IRIS=16

C no IRIS=36
p=0.015

Lower cryptococcus-specific IFN-y
responses pre-cART in cyptococcus
meningitis-IRIS (C-IRIS) compared
to CM no IRIS patients.

(Chang et al
2013)

Cross-IRIS
(Majority MAC-
IRIS)

FCM
-PMA
stimulation

American
(consisted of
African,
Latino,

IRIS=16

No IRIS=29

IRIS=19

No IRIS= 19

1. At pre-cART, IRIS patients
displayed higher frequencies of
effector memory, PD-1, HLA-
DR, and Ki67 CD4+ T-cells than

(Antonelli et al
2010)
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Caucasians, patients without IRIS.

& others)
2. Elevated PD-1 and Ki67
expression in regulatory T cells
of IRIS patients.
3. Higher frequencies of PD-1—
expressing effector memory
CD8+ T-cells were observed in
IRIS, compared with non-IRIS.
Cross-IRIS FCM American IRIS=19 IRIS=14; 1. Selective expansion of (Mahnke et al
(Majority MAC- (consisted of polyfunctional (IFN-y+ IL-2+ 2012)
IRIS) African, No IRIS=48 no [IRIS=22 TNF+ and IFN-y+ IL-2— TNF+)
Latino, (OI-matched) pathogen-specific CD4+ T cells
Caucasians, during the event in IRIS group
& others)
2. PD-1 expression was elevated pre-
cART in IRIS patients both on
CD4+ and CD8+ T cells and
majority expressing co-
stimulatory ICOS and inhibitory
CTLA-4 and LAG-3 molecules.
Cross-IRIS ' FCM Multicenter ~ IRIS=19 IRIS=18; T-cell activation phenotypes were (Grant et al 2012)
ooy Strategy similar (Ki67, CD25+, CD127+,
Trial No IRIS=39 no IRIS=14; HLADR+, CCR5+, CD57+,
(consisted of  (OI-matched) p=0.037 PD1+, and LAG3+) in IRIS and
American & non-IRIS group.
South African)
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Note: ELISpot= Enzyme-linked immunosorbent spot assay; IGRA= Interferon-gamma releasing assay; FCM= Flow cytometry; P.TB-IRIS=
Paradoxical TB-RIS; Mac= Mycobacterium avium-intercellulare-scrofulaceum complex; PMA= Phorbol acetate myristate; OI= Opportunistic

infection.
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Markers

Neopterin

Ferritin

Soluble/
sCD163

Soluble/
sCD14

Table 1.6

Immunological function(s)

A macrophage-specific activation marker triggered by Thl
cytokine IFN-y. An indicative marker for proinflammatory
immune responses. Serum neopterin is particularly high in
TB-HIV co-infected patients with CD4+ T-cell counts
<200mm’ (Immanuel et al 2005). Neopterin derivatives
might modulate immune response by interfering with the
cellular redox balance, activating redox-sensitive
transcription factors, or inducing in specific cell types
(Wirleitner et al 2005).

Ferritin plays an essential role in iron homeostasis by
binding and sequestering intracellular iron (Camaschella et
al 2009). Severe hyperferritinemia was found in patients
with TB infection (Visser et al/ 2011).

A haptoglobin-hemoglobin (Hp-Hb) scavenger receptor
(Kristiansen et al 2001; Schaer et al 2007), expressed by
monocytes and macrophages, is important in resolution of
inflammation (Schaer et al 2007). A recent study showed
that serum levels of sCD163 in HIV-infected individuals
were no different from non-HIV-infected individuals,
(Tippett et al 2011), explained by monocyte tolerance to
endotoxin. Further investigations into the effect of chronic
bacterial translocation on CD163 expression and shedding
in HIV-1 infection, and correlation with other markers of
inflammation, may uncover a better understanding of
chronic immune activation (CIA) in HIV-1 infection.

Andrade et al. (2014) found that sCD163 is significantly
higher in TB-IRIS patients compared to non-TB-IRIS at
pre-cART.

CDI14 act as membrane bound receptor for LPS-LBP
complex. The soluble form is shed of by activated
macrophages. [n vitro and mice experiments have shown
that sCD14 can exert both pro-inflammatory and anti-
inflammatory functions, depending on the circulating levels
of LPS and LPS-binding protein (Haziot et al 1994; Haziot
et al 1995).

Andrade et al. (2014) found that sCD14 was significantly
higher in TB-IRIS patients compared to non-TB-IRIS
during IRIS event.

Biomarkers Predictive and Characteristic of IRIS

References

Up to date, no
work has been
done to correlate
the serum levels
of neopterin
with IRIS.

Till date, no
work has been
done to correlate
ferritin with
IRIS.

(Andrade et al
2014)

(Andrade et al
2014)
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CCL2

TNF-a

IL-18

CXCL10

CXCLS8

Also known as monocyte chemoattractant protein-1 (MCP-
1). Induced by IL-18, IFN-B, IFN-y, TNF-a, 1L-4, IL-6, IL-
15 (Fantuzzi et al 2003). Constitutively expressed at high
levels on peripheral monocytes. It plays an important role in
mast cells recruitment and activation in the lung.

When compared to controls, CCL2 was found at low levels
in TB-IRIS patients and thought to be associated with
monocyte dysfunctions (Oliver et al 2010).

Mainly produced by CD14+CD16+DR++ pro-inflammatory
monocytes that accounts only for 10% of all monocytes
(Belge et al 2002). Unmasking TB-IRIS had higher plasma
CRP, TNF-a and CRP: IL-10 ratio during TB-IRIS onset
than controls (Haddow ef al 2011).

Pro-inflammatory cytokine belonging to the IL-1 family.
Produced constitutively by immune and non-immune cells:
monocytes/macrophages, APCs and epithelial cells.
Massively produced through the inflammasome pathway.
IL-18 stimulates IFN-y production, but can also acts in
synergy with IL-12 to sustain the Th-1 immune response,
induces chemokines and cell-adhesion molecules,
stimulates inflammatory cytokine secretion such as IL-1
and TNF-a (Nakanishi et a/ 2001; Mazodier et al 2005).

Andre et al (2012) found that PBMC-derived monocytes
exposed to combined IL-10 and IL-lo exhibit functional
impairment (Andre et a/ 2012). Production of IL-18 was
reported to be augmented in HIV infection (Sailer et al
2007; Iannello et al/ 2009) and shed off from membrane
upon antigenic stimulation (Bellora et al 2012).

Significantly elevated among TB-IRIS patients at pre-cART
(Oliver et al 2010) and 2 weeks post-cART (Conesa-Botella
et al 2012).

CXCL10 is secreted by several cell types in response to
IFN-y. These cells include CD4+ T cells, NK, NKT,
monocytes, pDCs. Therefore, CXCL10 is also known as
IFN-y-inducing protein-10 (IP-10).

TB-IRIS after commencing cART is associated with
increased CXCL10 responses to M. tuberculosis antigens
(Oliver et al 2010)

Also known as IL-8. Secreted by macrophages after
phagocytosis. A potent chemoattractant, which attracts
monocyte/macrophages, mast cells and regulate neutrophil
activation and degranulation. Macrophages carry out their

Oliver et al.
2010

(Haddow et a/
2011)

(Oliver et al
2010)

(Conesa-Botella
et al 2012)

(Oliver et al
2010)
(Conesa-Botella
et al 2012)

(Oliver et al

2012)

(Conesa-Botella
et al 2012)
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IL-10

IL-6

IFN-y

functions via phagocytosis and killing, or via the release of
reactive oxygen species (ROS) and cytokines such as
TNF-a and interleukin (IL)-12 ,IL-6, and IL-8 (Klimp et
al 2002; Fujihara et al 2003).

The serum concentrations of pro-inflammatory IL-1p, IL-6,
and IL-8 were greater at both baseline and at the time of
TB-IRIS (Conesa-Botella et al 2012).

A cross-IRIS study (predominantly Preumocystis jirovecii
pneumonia) found elevated CXCLS8 associated with IRIS at
pre-cART.

HIV-1 infection can result from impaired signals delivered
by the co-stimulatory CD28-B7 pathway and the altered
production of immunoregulatory cytokines, in particular IL-
10. HIV+ individuals have shown defects in IL-10
production by CD4+ and CD8+ T cells, whereas monocytes
constitute the major IL-10-producing cell type (Daftarian et
al 1995). The anti-inflammatory cytokine IL-10 suppresses
antigen-specific Thl responses (Torheim et al 2009).

Low levels of IL-10 during paradoxical TB-IRIS event have
also been reported (Haddow et al 2011).

IL-6 acts both as a pro-inflammatory and an anti-
inflammatory myokine. It could be produced by monocytes
upon stimulation by IL-32 (Kim et al/ 2005) and also
produced by pDCs, which will facilitate differentiation of
plasma cells.

Levels of IL-6 and soluble IL-6 receptor are increased in
patients who experience IRIS after cART (Stone et a/
2002). Higher concentrations of TNF, IL-6, and IFN-y in
serum were observed among TB-IRIS patients. Plasma IL-6
levels in HIV patients may differ significantly when
assayed by ELISA or multiplex bead array assays (MBAA)
(Cozzi-Lepri et al 2011).

A cytokine secreted by activated T cells and NK cells. IFN-
y-deficient mice were killed by a sub-lethal dose of the
intracellular pathogen M. bovis (Dalton et al 1993).

IFN-y production (IGRA assay) is regarded as the key
contributor of pathogen-specific Thl responses in TB-IRIS
(Bourgarit et al 2009). Direct measurement of IFN-y from
serum was significantly higher in TB-IRIS patients than
controls (Antonelli et al 2010; Tadokera et al 2011). High
baseline IFN-y and TNF were strong predictors of IRIS
(Grant et al 2012). Low IFN-y (IGRA assay) was found in
cryptococcosis-IRIS patients (Chang et al 2013)

(Grant et al
2012)

(Haddow et a/
2011)

(Stone et al
2002)

(Tadokera et al
2011)

(Cozzi-Lepri et
al 2011)

(Antonelli et al
2010)

(Tadokera et al
2011)

(Grant et al
2012)

(Chang et al
2013)
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IL-18
binding
protein (IL-
18BP)

Secreted by endothelial cells and macrophages upon
stimulation by IFN-y. It binds to neutralize IL-18 and thus
regulates downstream inflammatory responses by other
cells with IL-18 receptor. Isoforms ‘a’ (most abundant) and
‘¢’ are functional while isoforms ‘b’ and ‘d’ are not
(Dinarello et al 2013).

Oliver et al found that IL-18BP had no association with
TB-IRIS.

(Oliver et al
2012)
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1.6  Aims and Objectives:

Since TB-IRIS is the most common amongst all IRIS types, the current studies focus on

TB-IRIS in order to accumulate ample sample size for comparison with non-TB-IRIS

groups. The aims and specific objectives of this study are:

AIM 1) To examine the prevalence, clinical spectrum, risk factors, and impact of TB-
IRIS on CD4+ T-cell recovery at our setting.

AIM 2) To investigate plasma markers that characterize and predict TB-IRIS, as well as
marker(s) that differentiate unmasking and paradoxical TB-IRIS.

AIM 3) To investigate immune pathogenesis of TB-IRIS.

Specific objective 1: To investigate inflammatory pathway associated with TB-IRIS
(guided by results obtained in AIM 2)

Specific objective 2: To investigate the phenotypes and functions of lymphocytes
associated with TB-IRIS.

Specific objective 3: To investigate the regulatory mediators controlling inflammation

in non-TB-IRIS patients
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CHAPTER 2: MATERIALS AND METHODS

2.1 Study Population

For the retrospective investigation (Chapter 3), patients who received ATT at the Direct
Observed Therapy Strategy (DOTS) Clinic of UMMC (Kuala Lumpur, Malaysia),
between 1 January 2006 and 31 January 2010 were considered. Demographic
information, medical history before cART initiation, baseline laboratory information,
results of imaging studies, and information on clinical events after cART initiation were
retrieved from patients’ medical files. For the case-control study (Chapter 4 and 5), the
study participants were recruited from the Immune Reconstitution Cohort, a prospective
observatiponal study on immune reconstitution and it’s consequences in
immunodeficient HIV-infected patients initiating cART. Patients were enrolled at the
Infectious Disease out-patient Clinic of UMMC. Blood samples were collected at weeks
0, 6, 12, 24 and 48 plus an additional sample during an IRIS event from patients
(suspect). Samples were collected only once from healthy controls. Patients with no
evidence of IRIS and healthy controls were selected to match with IRIS patients by sex,
ethnicity and age. Institutional ethics approval (Ref. No. 661.8) was obtained for the
study and informed consent was given by all participants. The inclusion and exclusion

criteria for the observational cohort were as follows:

Table 2.1 Inclusion & Exclusion Criteria

Inclusion criteria Exclusion criteria
1) Age:>18 years old 1) Defaulted cART (non-adherence)
2) Starting cART with <200 CD4+ T 2) Autoimmune disease (e.g. Type-1
cells/pl Diabetes, SLE etc)
3) Naive for cART at enrolment 3) Immune cell-related malignancies such
as lymphoma
4) Pregnancy
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2.2 Specimens

Blood samples were collected in ethylene diamine tetra acetic acid (EDTA)-treated
tubes and centrifuged. Plasma was collected following centrifugation of whole blood at
1000g for 10 minutes and stored at -80°C until use. The remaining blood was diluted
(1:2) with phosphate-buffered solution (PBS; 1.44% w/v Na,HPO4, 0.24%w/v KH>POs,
0.2% w/v KCl, 8% w/v NaCl), and peripheral blood mononuclear cells (PBMCs) were
isolated using the Ficoll gradient technique (Ficoll®Paque Plus, GE Healthcare,
Uppsala, Sweden) following centrifugation at 700g for 20 minutes. The isolated cells
were washed twice in cold PBS, enumerated using an inverted microscope (by trypan
blue exclusion of non-viable cells) and stored in liquid nitrogen in suspensions of 10 x
10 cells/ml freezing media (10% dimethyl sulphoxide, DMSO; Sigma-Aldrich, St
Louis, MO) in heat-inactivated fetal calf serum, FCS (SAFC Biosciences, Lenexa, KS)

until further use.

2.3 Measurement of Plasma HIV RNA and CD4+ T-Cell Counts

Plasma HIV RNA levels and CD4+ T-cell counts were available from the clinical
diagnostic laboratory at pre-cART and at least twice during the first year of cART (i.e.
approximately week 12-24 and/or week 24-48). Plasma HIV RNA was measured using
the COBAS Amplicor HIV-1 Monitor Test, v.1.5 (Roche Diagnostics, Indianapolis, IN,
USA). Viral load was <50 HIV-1 RNA copies/ml is regarded as undetectable. CD4+ T-

cell counts were quantified by flow cytometry.

24  ELISA
Enzyme-linked immunosorbent assay (ELISA) was used to measure the concentration
of cytokines in plasma samples or culture supernatants. The optical density (OD)

generated is proportional to the concentration of the cytokines of interest and can be
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quantified in comparison to a standard of known concentration. ELISA methods

employed in Chapter 4 and Chapter 5 are described in detail in the respective sections.

The list of Quantikine® ELISA kits used is given below: sCD163, sCD14, IFN-y
(DC1630, DC140, and DIF50; R&D Systems, Minneapolis, MN, USA); IL-6, IL-10,
TNF-0, CCL2, CXCL8, CXCLI10 (550799, 550613, 550610, 559017, 550999, and
550926; BD Biosciences, San Jose, CA, USA). Absorbance was read at 450 nm using

Biotek™ Eon™ microplate spectrophotometers (Winooski, Vermont, USA).

Table 2.2: List of ELISA Kits and Lowest Detection Limit to Each Respective Kits.

Cytokines ELISA kit Catalog number Lowest detection limit
Ferritin Service provided by Clinical - -
Investigation Lab, UMMC
Neopterin IBL International RE59321 1.35 nmol/l
sCD163 Quantikine ELISA, R&D DC1630 1.56 ng/ml
Systems
sCD14 Quantikine ELISA, R&D DC140 250 pg/ml
Systems
1L-18 recombinant human IL-18, B001-5, D044-3, and 15.6 pg/ml
primary and secondary D045-6
antibodies from R&D Systems
IL-18BPa Quantikine ELISA, R&D DBP180 26.6 pg/ml
Systems
IFN-y Quantikine ELISA, R&D DIF50 15.6 pg/ml
Systems
CXCL10 BD Biosciences 550926 7.8 pg/ml
TNF-a BD Biosciences 550610 4.7 pg/ml
CCL-2 BD Biosciences 559017 15.6 pg/ml
IL-6 BD Biosciences 550799 9.4 pg/ml
CXCLS BD Biosciences 550999 9.4 pg/ml
IL-10 BD Biosciences 550613 7.8 pg/ml
IL-1B Quantikine ELISA, R&D DLBS50 3.9 pg/ml
Systems
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2.5  Flow Cytometry

Cryopreserved PBMC samples were used in our flow cytometric investigations. Briefly,
the PBMCs were thawed in RPMI and cell numbers were calculated. Subsequently, the
PBMCs were washed in FACS buffer (PBS, 0.5-1% BSA or 5-10% FBS) and stained
with conjugated monoclonal antibodies (mAbs) specific for cellular surface markers for
15 minutes at room temperature. If required, staining of intracellular markers were
performed using kits or reagents, according to manufacturer’s protocols. All staining
was performed in the dark. After staining, the cells were resuspended in 200ul FACS
buffer, fixed with a drop of 1% paraformaldehyde and kept at 4°C before data
acquisition. Data were acquired using a BD FACSCanto II flow cytometer (BD
Biosciences, San Jose, CA, USA) and analysed using the FlowJo program v.5.7.2 (Tree

Star, Ashland, OR, USA).

2.6 RNA Isolation and Quantitative RT-PCR

In Chapter 5, 2.5 x 10° PBMC were suspended in 1ml of RPMI/10% FCS in 24-well
plate and incubated for 2hr at 37°C with 5% CO: to facilitate monocyte adherence.
After 2hr, non-adherent cells were removed and the adherent monocytes were washed
twice with PBS. To the adherent monocytes, ice cold PBS was added and incubated in
ice for 30 min to render detachment of the monocytes. The cells were spun and cell
pellet was resuspended in 350ul of RLT-lysing buffer (Qiagen, Valencia, CA). Total
RNA was extracted from the lysates using the RNeasy Mini Kit (Qiagen) as per

manufacturer’s instructions and stored at -80°C until further use.

Predesigned TagMan® Gene Expression Assays were purchased from Applied

Biosystems as follow:
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Table 2.3: List of Quantitative PCR Assay.

Gene Amplicon (bp) Assay number Cat. #
NLRP1 82 Hs00248187 ml 4331182
NLRP3 84 Hs00918082 _m1 4331182
NLRC4 98 Hs00892666 m1 4331182

AIM2 106 Hs00915710 4331182
Casp-1 76 Hs00354836 ml 4331182

ASC 61 Hs00203118 4331182

TBP 91 Hs00427620 m1 4331182

SDHA 124 Hs00417200_m1 4331182

Additionally, mRNA for iNOS was quantified using the following primers:

iINOS-F 5-TAGAGGAACATCTGGCCAGG

iNOS-R 5-TGGCAGGGTCCCCTCTGATG
The RNA concentration was determined by a spectrophotometer and samples were
diluted to give a RNA working concentration of ~10ng/ul. First strand cDNA synthesis
was performed with High Capacity cDNA Reverse Transcription kit (ABI, cat.
4374966) using 2upg of total RNA according to the manufacturer’s instructions.
Quantitative real-time polymerase chain reaction (QPCR) was performed using TagMan
Gene Expression Master Mix and Gene Expression Assay Kits. Briefly, 1ul of Tagman
Gene Expression assay, 10ul of 2X buffer, 0.5ul of RT-enzyme and 8.5ul of diluted

mRNA were used for each reaction.

HPRT-1, TBP and SDHA were used as an endogenous control throughout. qQPCR was
performed on an ABI ViiA 7 real-time PCR system under the following thermal cycling
conditions: initiation/enzyme activation at 95°C for 15 seconds followed by 40 cycles

annealing-extension step at 60°C for 1 minute. Normalization was performed by
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averaging the Ct values of the two housekeeping genes. The expression levels of the

target mRNA in each sample were calculated by the 22 method.

2.7 Statistical Analysis

Data are presented as medians, interquartile range (IQR) and means + standard
deviation (SD) as indicated. Categorical variables were compared using chi-square or
Fisher’s exact test; whilst continuous variables with the Kruskal-Wallis test or Mann-
Whitney U-test where appropriate. Paired non-parametric variables were compared
using Wilcoxon signed-rank test. P values for multiple comparisons were adjusted by
Bonferroni correction (n-1) where n = number of comparisons. Statistical analysis and
figures were performed using GraphPad Prism 4.0 software (GraphPad, La Jolla, CA,

USA) and regression analyses were performed using SPSS v20.
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CHAPTER 3: TUBERCULOSIS-ASSOCIATED IMMUNE RECONSTITUTION
INFLAMMATORY SYNDROME IN TB-HIV CO-INFECTED PATIENTS IN

MALAYSIA: PREV, RISK FACTORS, AND TREATMENT OUTCOMES

3.1 Introduction

TB represents one of the major health concerns among HIV-infected patients, especially
across resource-limited countries. South-East Asia harbors >40% of the global burden
of TB cases (2012). In 2011, the incidence of TB in Malaysia was estimated at 81 cases
per 100,000 populations. Of a total of 21,000 TB cases, 1630 (9%) were co-infected
with HIV (WHO 2012). Concurrent treatment of TB and HIV infection remains a
challenge due to high pill burden, drug toxicity, drug-drug interactions and, TB-
associated immune reconstitution inflammatory syndrome (TB-IRIS), which affects up
to 30% of patients in resource-limited settings. There has been no data reported from

Malaysia.

TB-IRIS results from exaggerated inflammatory responses attributed to dysregulated
immune recovery after commencing cART (French 2009). This syndrome can either
present as a clinical deterioration of existing disease (paradoxical TB-IRIS) or
appearance of new disease associated with previously subclinical infection (unmasking

TB-IRIS) after initiation of cART (French 2009).

Notwithstanding that the symptoms and signs can be as mild as solitary lymph node
inflammation, TB-IRIS could also manifest as potentially life-threatening
complications, including meningitis and acute respiratory distress syndrome (ARS).
Hence, it is important that TB-IRIS be differentiated from the other clinical
complications of cART. Here, we retrospectively followed-up patients who were

initiated on ATT and cART at the UMMC. We aimed to investigate the prevalence of
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TB-IRIS, risk factors, and treatment outcomes including mortality rates and long-term

CD4+ T-cell recovery in the recruited patients.

3.2  Methods

3.2.1 Study Population and Setting

The source population for this retrospective cohort was patients who received ATT at
the Direct Observed Therapy Strategy (DOTS) Clinic at UMMC (Kuala Lumpur,
Malaysia), from 1 January 2006 to 31 January 2010. New patients with pulmonary TB
were given a standard 6-month ATT rpegimen that consisted of 2 months isoniazid,
rifampicin, pyrazinamide, ethambutol (H,R,Z,E) followed by 4 months of HR. Of the
1579 TB patients identified, 153 were recruited in the investigation who were co-
infected with HIV-1 and were on ATT. Patients with insufficient data, with existing
NTM infection, or who were transferred to another centre or died before receiving ATT
were excluded. Further, we also excluded 47 patients who did not commence cART due
to death, transfer to another centre or default from follow-up (Figure 3.1). All
participants with Malaysian nationality were BCG vaccinated and were screened and
treated according to the WHO Malaysia CPG guidelines for Management of
Tuberculosis (Malaysia Health Technology Assessment Section (MaHTAS) 2012). The

study was approved by the ethics committee of UMMC (reference number: 661.8).
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1579 patients registered at DOTS clinic, UMMC
1Jan 2006 - 31 Jan 2010

|

916 tested for HIV-1

v

168 HIV-1 seropositive

10 Started cART
/ \ Died (1)
Insufficient data (1)
2 cART 8 Unmasking > | Transferred to other centre (4)
Associated-TB TB-IRIS Atypical Mycobacterium  (9)
v v v
10 started ATT 143 started ATT
Died (14)
Insufficient data (12)
—> | Defaulted ATT (19)
Not on cART (2)
v
96 started ATT &cART
9 Paradoxical 87 Non-IRIS
TB-IRIS

Figure 3.1: Flow Diagram for Retrospective Study.
168 adult (>18 years old) HIV patients who registered at DOTS clinic from 31 Jan 2006
to 1 Jan 2010. DOTS: Direct Observed Therapy Strategy, ATT: Anti-tuberculosis
treatment, cART: combined Anti-retroviral therapy, UMMC: University Malaya

Medical Centre.
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3.2.2 Data Collection

Demographic information, medical history prior to cART initiation, baseline laboratory
information, results of imaging studies, and information on clinical events after cART
initiation were retrieved from medical files of the patients. We also examined the

medical files for 18-months post-cART to assess treatment outcomes.

3.2.3 Definitions

Based on the World Health Organization (WHO) criteria (WHO 2010), a case of TB
was defined as a patient who received a full course of ATT, while a definite case of TB
required MTB complex to be identified from clinical specimens, either by culture or by
a newer diagnostic method, such as molecular line probe assay. Extra-pulmonary TB
was defined as TB or definite TB (as defined above) that involves organs other than the
lungs, e.g. pleura, lymph nodes, skin, gastro-intestinal tract and meninges. Disseminated
TB was defined as TB or definite TB (as defined above) that involved more than one
organ. Previously published case-definitions were used to identify cases of TB-IRIS

(Meintjes et al 2008).

All possible TB-IRIS cases were evaluated by a committee that comprised of physicians
specializing in infectious diseases (n=2) or clinical immunology (n=1) to verify the
diagnosis. The cases were subsequently assigned to 1 of 4 groups:

(1) Non-IRIS: TB-HIV co-infected patients who did not develop inflammatory disease
after commencement of cART.

(2) cART-associated TB: HIV patients who presented with active TB after initiation of
cART but did not exhibit an exaggerated inflammatory reaction.

(3) Paradoxical TB-IRIS: TB-HIV co-infected patients with TB disease at baseline,
who were receiving ATT and who subsequently developed clinical deterioration within

the first 3 months of cART.

86



(4) Unmasking TB-IRIS: HIV patients with subclinical TB on commencement of
cART and was 'unmasked' within the first 3 months of cART associated with an

exaggerated inflammatory reaction.

Due to limitations in diagnostic capacity, alternative diagnoses (ie. drug toxicity,
failure/poor adherence to ATT) could not be completely ruled out for all events. Hence,
an event was regarded as "probable" when IRIS was the most likely cause of clinical
deterioration and as "possible" when IRIS was plausible where alternative explanations

were equally plausible (Lawn et al 2008; Haddow et al 2009).

3.2.4 Statistical Analysis

Our primary analysis compared between patients with non-TB-IRIS, paradoxical TB-
IRIS, and unmasking TB-IRIS. Comparison of categorical variables was tested using
chi-square test or Fisher's exact test while continuous variables (e.g., viral load, CD4)
were compared using the non-parametric Kruskal-Wallis test, as these variables did not

follow normal distribution.

Potential risk factors for TB-IRIS such as, pre-cART demographic variables, HIV
parameters, TB diagnosis, and time interval between ATT and cART were evaluated by
a simple logistic regression followed by adjusted logistic regression. The odds ratio and
95% confidence interval (95% CI) were estimated. Cox regression analysis was used to
assess longitudinal CD4+ T-cell recovery between TB-IRIS and non-TB-IRIS patients.
CDA4+ T-cell recovery was defined as the time taken to achieve CD4+ T-cell counts of
>500 cells/ul. All analyses were conducted using SPSS, v.20 and p values <0.05 was

considered as statistically significant.
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3.3  Results

3.3.1 Demographic and Baseline Characteristics

One hundred and fifty three patients who commenced ATT were included in the
baseline demographic analysis (Table 3.1); 125 (81.7%) were male; 62 were Chinese
(40.5%), median age was 39 years (inter-quartile range [IQR], 34-49). Patients co-
infected with HIV (n=153) had a median baseline CD4+ T-cell count of 52 cells/ul
(IQR= 12-130). Co-infections with HBV and HCV were 8.5% and 28.1% respectively.
Sputum AFB smear was positive in 34% (n=52) of patients and 48.4% (n=74) were
culture positive. Almost half the patients had disseminated TB (n=75, 49%). Tuberculin
skin test was only performed on 49 (32%) TB-HIV co-infected patients, of whom 8

(16%) showed induration diameter of >10mm (data not shown).

3.3.2 Incidence of TB-IRIS Events

Of the 153 TB-HIV cases enrolled, 106 commenced both cART and ATT. Twenty two
potential TB-IRIS cases were evaluated by the end-point review committee. Nine of the
96 (9.4%) cases were confirmed to have developed paradoxical TB-IRIS within 12
weeks of initiating cART: one patient developed both probable paradoxical TB-IRIS of
the lymph nodes and possible paradoxical TB-IRIS of the brain. In addition, 8 patients
developed unmasking TB-IRIS prior to recruitment into the study. There were
inadequate data to determine the prevalence of unmasking TB-IRIS. Further, two
patients developed cART-associated TB and were not considered for data analysis. The

remaining 87 patients experienced no adverse effects from starting cCART (Table 3.3).

Five cases were excluded due to rifampicin resistance (n=1), not fulfilling criteria for
TB-IRIS (n=2), decline in plasma HIV RNA of <llogio (n=1), and no viral load data at
disease onset (n=1). Clinical manifestations in patients with TB-IRIS are presented in

Table 3.2.
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Table 3.1: Demography of Study Participants.

Characteristics (n=153) Started ATT (%)
Gender, male 125 (81.7)
Age (year), median (IQR) 39 (34, 48.5)
Nationality/ethnicity
Immigrants’ 16 (10.5)
Malay 46 (30.1)
Chinese 62 (40.5)
Indian 26 (17)
Others 4(2.6)
Alcohol Use 25(12.3)
Smoking 72 (47.1)
Route of Transmission
Heterosexual 81 (53)
Drug addiction 42 (27.5)
MSM 2(1.3)
Unknown 28 (18.3)

HIV Monitoring, median (IQR)
Baseline CD4+ T-cell count (cells/pl)
Baseline viral load (copies/ml)

52 (12.8,130.3)
111335 (100000, 370262)

Other Medical Conditions & Co-Infections

Diabetic mellitus 20 (13.1)

Positive HBV surface Antigen 13 (8.5)

Positive anti-HCV Antibody 43 (28.1)
TB Diagnosis

Sputum AFB positive 52 (34)

TB culture positive 74 (48.4)
Forms of TB

Pulmonary TB 55 (36)

Extra-pulmonary TB 23 (15)

Disseminated TB 75 (49)
Drug-Resistant TB

MDR 2(1.3)

Note: TTmmigrants were Bangladeshi (n=1), Burmese (n=3), Philippino (n=2), Indian

(from mainland India) (n=3), Indonesian (n=2), Liberian (n=2), Nigerian (n=1), South

African (n=1) and Vietnamese (n=1).
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Table 3.2: Manifestations in Patients with TB-IRIS (n=17).

Manifestation No. of Patients (%)
Clinical
New-onset fever 8 (47.1)
New-onset cough 3 (17.6)
New-onset cervical adenopathy 2(11.8)
Worsening cervical adenopathy 4 (23.5)
New-onset subcutaneous cold-abscess 3(17.6)
Worsening cold abscess 1(5.9)
Radiological
New-onset intra-abdominal lymphadenopathy 10 (58.8)
New-onset pulmonary infiltrates 1(5.9)
New-onset pleural effusion 3(17.6)
Worsening meningitis 1(5.9)
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Table 3.3: Baseline Characteristics of Study Participants Stratified by TB-IRIS Status.

Characteristics Patients with TB at Baseline Before cART Unmasking TB-IRIS
(n=104)# Non TB-IRIS (n=87) Paradoxical TB-IRIS (n=9) (n=8) P Value

Male, n (%) 71 (81.6) 9 (100) 6 (75) 0.322
Age 39 (34, 47) 41 (30.5, 51) 40 (33.3, 53) 0.969
Pre-cART

CD4+ T-cell count 65.5 (14, 164.3) 12 (5, 69) 23(9.3,79.3) 0.04*

Viral load (log) 5.14 (5,5.6) 5(4.9,5.9) 5.2(5,5.8) 0.859
Baseline Haematology

Haemoglobin 109 (98, 127) 103 (96.9, 116) 94.5 (83.5, 106.3) 0.064

Total WBC 6.4 (4.8,7.9) 5.2 (15.5,28.5) 5.9(3,17.6) 0.722
Baseline Liver Function

Albumin 26 (22, 32) 23 (15.5, 28.5) 28.5(18.3, 29.8) 0.377

ALT 44 (32, 70) 52 (38.5, 74.5) 39 (31.8,61.5) 0.589

AST 39 (26, 60) 38 (33, 49.5) 47 (41, 69) 0.49

GGT 84 (50, 158.3) 133 (84.5, 285) 93 (26.3, 396) 0.288
Pre-cART CRP 4.8 (1.6,9) 4.6 (3.7,8.2) 12.6 (5.3, 15.2) 0.241
Other Medical Conditions & Co-Infections, n (%)

Diabetes mellitus 10 (11.5) 0(0) 3(37.9) 0.053

HBV 8(9.2) 0 (0) 0(0) 0.432

HCV 20 (23) 1(11.1) 1(12.5) 0.586
MTB Disease”, n (%)

AFB smear positive 26 (31.3) 4 (44.4) 1(12.5) 0.523

MTB culture positive 40 (46) 6 (66.7) 2 (25) 0.147

Disseminated TB 31 (35.6) 9 (100) 5(62.5) 0.001*
Interval (Day)
ATT to cART 61.5(30.3, 87) 36 (32, 65.5) - 0.159
cART to paradoxical TB-IRIS - 27 (12, 64.5) - -

cART to unmasking TB-IRIS

19 (14.5, 65.3)




Note: All data are expressed as median (IQR) unless specified. P values are calculated by chi-square test for categorical variable and
Kruskal-Wallis test for continuous variables. IQR, interquartile range. #Two cART-associated TB cases were excluded from TB-IRIS
analysis, *Fisher exact test, “Data on MTB disease were collected before cART in paradoxical TB-IRIS cases and at presentation in

unmasking TB-IRIS cases.

92



3.3.3 Analysis of Risk Factors for TB-IRIS

The pre-cART characteristics for non-TB-IRIS, paradoxical TB-IRIS, and unmasking
TB-IRIS patients are shown in Table 3.3. The three groups were similar with respect to
age, gender, pre-cART HIV viral load, total white blood cell count, liver function tests
and plasma CRP levels. Patients who developed TB-IRIS had significantly lower CD4+
T-cell counts at baseline than non-TB-IRIS patients (p=0.04). Furthermore, cases of
disseminated TB were more prevalent among TB-IRIS patients as compared to non-
IRIS patients (p=0.001). In addition, TB-IRIS patients had a trend of lower
haemoglobin levels at baseline (p=0.064) and lower rates of diabetes mellitus before
cART (p=0.053). cART was initiated at a median (IQR) duration of 61.5 (30.3-87) and
36 (32-65.5) days after ATT, for non-TB-IRIS and paradoxical TB-IRIS patients,
respectively (p=0.159). The median time to unmasking TB-IRIS development was 19

days (IQR=14.5-65.3).

Using a logistic regression model, we investigated the association of pre-cART
characteristics with subsequent development of TB-IRIS (Figure 3.2). The variables
that showed a significant (or trending towards significant) relationship with
development of TB-IRIS, (low haemoglobin, low CD4+ T-cell count, presence of
disseminated TB and lower rate of diabetes mellitus) were included in this predictive
model. Variables associated with increased risk of TB-IRIS in other studies (logio viral
load >5, AFB smear positivity and interval between ATT to cART) were also included
in the model. An increased risk of developing paradoxical TB-IRIS within the first 3
months of cART was associated with disseminated TB (OR=10.74 [95% CI=1.22,
94.3]; p=0.032). The association between TB-IRIS and lower haemoglobin level,
baseline CD4+ T-cell count <100 cells/ul and diabetes mellitus were not statistically

significant after adjustment for potential confounding factors (Figure 3.2).
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Figure 3.2
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Figure 3.2. Associations of Baseline Clinical and Laboratory Characteristics with

TB-IRIS Events Following the Commencement of cART.

The variables that showed a significant relationship with development of TB-IRIS (from

Table 3.1) i.e. haemoglobin, CD4+ T-cell counts and disseminated TB were included in

this predictive model. Additional variables that associated with increased risk of TB-

IRIS i.e. viral load and AFB smear positivity and interval from ATT to cART were also

included in the model. Association of all variables with risk for TB-IRIS was assessed

in simple logistic and adjusted logistic regression models. Odds ratios for values below

or above threshold levels were displayed in forest plot, median and 95% CI were

calculated. The Hosmer-Lemeshow value for this model was p=0.825. CI, Confidence

Interval; #, calculation did not include unmasking TB-IRIS cases; *, represent statistical

significant and p<0.05.
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3.3.4 Treatment Outcomes

The completion rate of ATT for patients with and without TB-IRIS was 70.6% vs
79.3%, respectively. The mortality rate was similar in TB-IRIS (n=1, 5.3%) and non-
TB-IRIS (n=5, 5.8%) patients. The TB-IRIS patient who died had unmasking TB-IRIS
that presented with an inflammatory syndrome and signs suggestive of TB in the second
month of cART. This patient commenced ATT only after AFB was detected at week 27
of cART. Treatment failure (smear positive on sputum) after the completion of ATT
was higher in TB-IRIS (n=2, 10.5%) compared to non TB-IRIS (n=3, 3.5%) patients.
Default rate on cART was similar in TB-IRIS and non TB-IRIS patients (n=1, 5.3%;

n=5, 5.8%), respectively.

3.3.5 CD4+ T-Cell Recovery on cART in TB-IRIS and Non-TB-IRIS Patients

To assess if TB-IRIS affects long term CD4+ T-cell recovery in TB-HIV co-infected
patients, survival analyses were performed to compare the time taken to achieve a
CD4+ T-cell count of >500 cells/ul in TB-IRIS and non-TB-IRIS patients (Figure 3.3).
The Cox regression survival plot showed that the rate of CD4+ T-cell recovery in TB-
IRIS patients was not significantly different from that of TB-HIV co-infected patients

who did not develop TB-IRIS (p=0.363).
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Figure 3.3
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Figure 3.3: Cox Regression Analysis of Time to Achieve CD4+ T-cell Counts of
>500/pl.
Cox regression survival plots of time taken to achieve a CD4+ T-cell count of >500
cells/ul were compared in TB-IRIS non-TB-IRIS patients, controlling for age, baseline
CDA4+ T-cell count and HIV viral load. The analysis showed that the rates of CD4+ T-
cell recovery were not significantly different between TB-IRIS and non-TB-IRIS

patients.
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3.4  Discussion

MTB is among the most frequently reported pathogens associated with IRIS. The
prevalence of TB-IRIS varies throughout the world and is highly dependent on the
population studied, specifically the degree of immunodeficiency and OI burden. Earlier
studies from developed countries reported a higher incidence of TB-IRIS (29-43%)
(Narita et al 1998; Breen et al 2004; Breton et al 2004; Michailidis et al 2005). For
resource-limited settings, the reported prevalence of TB-IRIS ranges between 12% in
South Africa (Lawn et al 2007) , 12-18% in Brazil (Serra et al 2007; Dibyendu et al
2011), 13% in India (Agarwal et al 2012), 5-13% in Thailand (Manosuthi et al 2006;
Aramaki et al 2010; Umphonsathien et al 2011), and 29% in Uganda (Baalwa et a/
2008). In this retrospective study, we report a prevalence of paradoxical TB-IRIS in
Malaysia of 9.4% (9 out of 96 patients), which is in line with data from other

developing countries.

Paradoxical and unmasking TB-IRIS are associated with the restoration of immune
responses against mycobacterial antigens, which culminates in an inflammatory
response that cause clinical disease. Currently available data suggest that both adaptive
and innate immune responses contribute to this process (Chang et al/ 2013). Perturbation
in innate immune responses has been clearly established in paradoxical TB-IRIS (Oliver
et al 2010). However, while Th1 responses reportedly increase, it still remain unclear as
to what extent this drives inflammation (Vignesh et a/ 2013). By contrast, markers of
heightened Thl responses against MTB antigens are more prominent than markers of

innate immune responses in unmasking TB-IRIS (Elliott et al 2009; Oliver et al 2012).

Diagnosis of HIV infection in resource-limited settings appears to be challenging and is
often delayed, with many patients seeking HIV care only after developing advanced
immunodeficiency, and presenting with one or more Ols. This has been clearly reflected

by the low CD4+ T-cell counts and high co-infection rates in our study population,
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whereby median baseline CD4+ T-cell count was 52 cells/ul, and 44% of TB-HIV co-
infected patients presenting with disseminated TB and 47% with multiple Ols (data not
shown). In the current study, a logistic regression model identified more advanced
immunodeficiency (low CD4+ T-cell counts), presence of disseminated TB, low
haemoglobin levels and diabetes mellitus as predictors of TB-IRIS. Whilst these
findings were in agreement with other studies (except with diabetes) (Martin-Blondel et
al 2012), unlike others, we found no association between high baseline viral load, or
interval between ATT to cART, and increased risk of TB-IRIS. For instance, it has been
demonstrated an independent association of a short interval between ATT to cART with
a relative risk of 20.2 (IQR=2.0-201.5) for developing TB-IRIS (Narendran et a/ 2013).
The discrepancy between that study and our investigation may have resulted from
differences in the interval between ATT and cART in the two studies [median (IQR)=28

(14-47) days compared with 57 days (31-85) in our study].

Our adjusted logistic regression model has demonstrated that disseminated TB was the
only independent factor associated with TB-IRIS. Interestingly, we found no
associations between lower baseline CD4+ T-cell counts, higher baseline viral load and
shorter interval between ATT to cART with increased risk of TB-IRIS. These findings
suggest an interaction between these variables and underline the importance of pre-
cART mycobacterial antigen load in the pathogenesis of TB-IRIS. In a rabbit model of
aerosol TB infection, the development and severity of TB-IRIS were dependent on the
antigen load at the time of immune reconstitution (Manabe et a/ 2008). Furthermore,
others have demonstrated that high urinary mycobacterial lipoarabinomannan (LAM)
levels before cART initiation in TB-HIV co-infected patients increased the risk of TB-
IRIS (Conesa-Botella et al 2011). Measures that reduce pathogen load in HIV-TB
patients prior to commencing cART might therefore decrease the risk of TB-IRIS.

However, delaying cART to reduce the mycobacterial antigen load with ATT in order to
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reduce the risk of TB-IRIS, is contra-indicated in patients with CD4+ T-cell counts
<50/ul because delaying of cART increases the overall mortality (Abdool Karim et a/
2010). Further research on possible measures to increase pathogen clearance before

cART initiation is urgently required.

The mortality rate for TB-IRIS patients (5.9%) in our study was similar to that for non-
TB-IRIS patients (5.7%) and lower than that documented by others, which have
reported mortality ranging between 10% and 38% (Manosuthi et a/ 2006; Lawn et al
2007; Dibyendu et al 2011; Agarwal et al 2012; Gupta et al 2012; Manosuthi W 2012).
Notably, the only fatal case of TB-IRIS in our study was observed in a patient with
unmasking TB-IRIS. Others have demonstrated that HIV-infected patients who
developed TB during the first 3 months of cART have a 3.5-fold increase in mortality
rates relative to patients presenting with TB at other times (Koenig et al 2009). Hence, it
is important to detect, and commence treatment for subclinical TB in patients with HIV

before commencement of CART (French 2012).

Using a Cox regression model, we showed that long term CD4+ T-cell recovery was not
significantly different between TB-IRIS and non-IRIS patients (p=0.363). This finding
is similar to that of others (Kumarasamy et a/ 2013), who have found that TB-IRIS
patients had higher CD4+ T-cell counts than non-TB-IRIS patients at the time of
initiating cART and at 6, 18 and 24 months following initiation of cART (p<0.05).
These findings suggest that TB-IRIS seldom have a negative impact on the recovery of

CD4+ T-cell levels.

Our investigations do have certain limitations, mainly the small sample size and
secondly, the retrospective nature, which potentially precluded us from having

documented the missed clinical events that were not recorded in the medical records.
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Similarly, clinical features that may have been potential risk factors for TB-IRIS have

not been recorded.

In conclusion, we have shown that TB-HIV co-infected patients presenting with
disseminated TB exhibit the highest risk for developing TB-IRIS. Treatment strategies
for enhancing effective pathogen clearance prior to commencing cART in HIV-TB co-

infected patients should be prioritized to prevent the development of TB-IRIS.
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CHAPTER 4: PLASMA IL-18 ARE A BIOMARKER OF INNATE RESPONSES
THAT PREDICT AND CHARACTERIZE TUBERCULOSIS-ASSOCIATED

IMMUNE RECONSTITUTION INFLAMMATORY SYNDROME

4.1 Introduction

Tuberculosis (TB) is the most common OI among individuals with HIV infection,
especially in resource-limited countries. The use of cART has reduced morbidity and
mortality in HIV-infected patients but may be complicated by an IRIS in patients who
commence cART with a low CD4+ T-cell counts (Chang et al/ 2014). Following
initiation of cART, 10-30% of TB-HIV co-infected patients experience a paradoxical
deterioration of treated TB, or a rapid onset of newly diagnosed TB associated with an
exaggerated inflammatory response, conditions that are referred to as paradoxical TB-
IRIS and unmasking TB-IRIS, respectively (Meintjes et a/ 2008). Since TB-IRIS
usually occurs within the first month of cART, it could lead to diagnostic predicaments
to distinguish between relapsed and newly acquired TB. Corticosteroid therapy is
effective in patients who experience severe TB-IRIS (Meintjes ef al 2010). Nonetheless,
the potential for adverse effects limit its use. Therefore, there is an urgent need for
laboratory markers to predict and identify TB-IRIS (Murdoch et al 2007; Meintjes et al

2010).

Risk factors for the development of an IRIS in HIV-infected patients are reported to be
a low CD4+ T-cell count at cART initiation (Grant et a/ 2010), robust immunological
and virological response to cART (Shelburne et al 2005), high antigenic burden of an
underlying OI at cART initiation (Breton et al 2004) and early initiation of cART after
OI treatment (Shelburne et al 2005; Lawn et al 2007). However, the immunological
mechanisms underlying the development of an IRIS are not clearly understood. Several

studies have demonstrated an expansion of MTB-specific IFN-y-producing T cells
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(Bourgarit et al 2006; Antonelli et al 2010) or elevation of polarized T-helper 1 (Thl)
responses (Mahnke et a/ 2012) among TB-IRIS patients. However, these responses may
also occur in non-IRIS patients (Meintjes et al/ 2008; Tan et al 2008), questioning their

relevance.

Accumulating evidence suggests that innate immune responses play a role in the
pathogenesis of TB-IRIS (Oliver et al 2010; Tan et al 2011; Barber et a/ 2012). A
recent microarray investigation of RNA from monocytes of patients with TB-IRIS
demonstrated that 100 genes related to “inflammatory disease”, “immunological
disease”, “cellular movement”, “hematological system development and function”, and
“immune cell trafficking” were perturbed at least 1.5 fold in patients relative to controls
(Tran et al 2014). These findings suggest that monocytes contribute to the pathogenesis
of TB-IRIS. Given the strong interplay between innate and adaptive immune responses,
the onset of TB-IRIS may stem from protective immune responses that are excessive in

magnitude resulting from dysregulation of the interaction between innate and adaptive

immune responses (Barber et a/ 2012).

Here, we sought to identify and compare plasma biomarkers of innate immune
responses that predict and characterize TB-IRIS, including interleukin (IL)-18, which is
increased in TB-IRIS patients (Oliver et al 2010) and is a signature cytokine of the
nucleotide-binding domain and leucine-rich repeat pyrin containing protein-3 (NLRP3)
inflammasome (Novick et al 2013). We established that elevated plasma levels of IL-18
and CXCLI10 predicted TB-IRIS and that levels of IL-18BPa, the most abundant splice
variant of IL-18 binding protein (IL-18BP) that regulates the biological activity of IL-18
(Novick et al 1999), may not be sufficient to regulate the biological functions of 1L-18.
These findings suggest that TB-IRIS is associated with an exaggerated inflammatory
response that includes increased IL-18 production, which may be inadequately

regulated.
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4.2 Methods

4.2.1 Study Groups and Design

The study was initially conducted on samples from patients selected from a prospective
observational cohort study of 200 HIV-infected cART-naive adults (>18 years)
initiating cART between 2005 and 2012, with a CD4+ T-cell count of <200 cells/puL at
the UMMC (Kuala Lumpur cohort) (Tan et al/ 2014). Symptomatic patients were
screened for TB by chest radiograph and/or sputum examination and those with TB
completed a median of 5 weeks (range 1-20 weeks) of ATT prior to cART initiation.
Participants were reviewed 4, 12, 24 and 48 weeks after cART initiation. Blood samples
were collected at each follow-up visit and additional samples were collected from those
who developed symptoms suggestive of paradoxical or unmasking TB-IRIS. Informed
consent was obtained from all participants and the study was approved by the Medical

Ethics Committee of the UMMC (MEC Ref. No: 673.33).

We excluded patients who were non-adherent to ATT or cART, non-responders due to
ATT or cART drug resistance, and those who developed malignancy or multiple
diagnoses of an IRIS. Paradoxical and unmasking TB-IRIS were later classified by an
expert panel, which was blinded from test results, according to diagnostic criteria of the
International Network for the Study of HIV-associated IRIS (Haddow et al 2009).
Demographic and clinical information on patients are listed in Supplementary Table
4.1. All cases where plasma samples were available for both baseline (within 2 weeks
before cART initiation) and TB-IRIS (within 2 weeks of symptom onset), or EQT in
controls, were included. Controls were matched 2:1 to TB-IRIS cases based on baseline
TB status, age and CD4+ T-cell counts (within 50 cells/ul).

Participants were classified into three groups according to the following definitions

(Haddow ef al 2011):
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1) TB-IRIS (case): HIV-infected patients who had TB prior to initiation of cART
and were treated with ATT, who subsequently experienced disease classified as
TB-IRIS (paradoxical TB-IRIS); or HIV-infected patients who had no evidence
of TB prior to initiation of cART and subsequently presented with TB that
exhibited exaggerated inflammation after commencing cART (unmasking TB-
IRIS).

2) TB no IRIS (control): HIV-infected individuals who had TB prior to initiation
of cART and were treated with ATT, with no clinical deterioration after
commencing ART.

3) No TB or IRIS (control): HIV-infected individuals who did not have TB prior

to initiation of cART and did not develop TB-IRIS after commencing cART.

To confirm the findings for IL-18, samples were analyzed from patients selected from a
randomized controlled clinical trial (NCT 933790) conducted at the National Institute
for Research in Tuberculosis (NIRT), Chennai, India (Chennai cohort) (Narendran ;
Andrade et al 2014). Fifty seven patients with newly diagnosed sputum culture-
confirmed pulmonary TB were enrolled. Patients (n=48) were selected based on the
criteria described elsewhere (Narendran et al 2013). Baseline investigations were
repeated at event in the paradoxical TB-IRIS group (n=26) and at week 6 of cART in

patients who had uneventful cART initiation (n=22).

4.2.2 Laboratory Investigations

In the Kuala Lumpur cohort, serum/plasma levels of neopterin (RE59321; IBL
International GmBH); sCD163, sCD14, IFN-y (DC1630, DC140, and DIF50; R&D
Systems); IL-6, IL-10, TNF-a, CCL2, CXCLS8, CXCLI10 (550799, 550613, 550610,
559017, 550999, and 550926; BD Biosciences) were measured by ELISA. The IL-18

ELISA kits consisted of recombinant human IL-18, primary and secondary antibodies
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(BOO1-5, D044-3, and D045-6; R&D Systems). The assay was performed on Nunc
Maxisorp™ 96-well plates (62407-162; Thermo Scientific). Ferritin levels were
measured in the clinical diagnostic laboratory of UMMC. IL-18BPa was assayed by
ELISA (DBP180, R&D Systems). All analytes were assayed according to
manufacturers’ protocols. The bio-availability of free circulating IL-18 (fraction of
cytokine not bound to its inhibitor, IL-18BP) was estimated using the law of mass
action (Novick et al/ 2001). Briefly, bioavailability of IL-18 was calculated using the
molecular weights of IL-18 (18.4 kDa) and IL-18BP (17.6 kDa) and their interaction at

a ratio of 1:1 with dissociation constant (Kd) of 0.4 nM (Kim et al 2000):

B [Lr’gm;rn’j - jRec‘q;Jr‘m'i

K;= -
! [Lr'gm;rd - Receptor]

and was applied as follows:

B -b + Vbi-4c
=

e

X

where y is [IL-18]fwce, b is [IL-18BP] —[IL-18] + Kd, ¢ is —Kd*[IL-18] and [ ] the molar

concentration of the analyte (Migliorini et a/ 2010).

In the Chennai cohort, IL-18 was assayed in cryopreserved EDTA-treated plasma using

an ELISA kit from R&D systems (7620), following the manufacturer’s instructions.

4.2.3 Statistical Analysis

The primary analysis was to compare biomarkers among the 3 groups of patients before
cART and at the time of TB-IRIS or equivalent time-point (EQT) in controls.
Comparisons of categorical variables were tested using chi-square test or Fisher's exact
test while continuous variables were tested using the non-parametric Kruskal-Wallis test
for multiple group comparisons. If significant differences were seen, each marker was

tested separately using Mann-Whitney U tests applying Bonferroni correction. The
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predictive power of pre-cART levels of biomarkers was examined using receiver
operating characteristic (ROC) analysis. A cut-off value was obtained from ROC
analysis and the odds-ratio for predicting TB-IRIS was calculated using a binary
regression model. Correlations were estimated using Spearman’s test. Statistical
analyses were performed using SPSS, ver.20 and Prism, version 5.02 (GraphPad)
softwares. Statistical significance was defined as p<0.05 except in analyses that
included a Bonferroni correction, where a p value of 0.0042 was considered to be

significant.

4.3  Results

4.3.1 Baseline Demography

The pre-cART characteristics for the Kuala Lumpur cohort patients categorized as TB-
IRIS (n=15) (comprising paradoxical TB-IRIS (n=9) and unmasking TB-IRIS (n=6), TB
no IRIS (n=14), and no TB or IRIS (n=15) are shown in Supplementary Table 4.1. We
observed that the three patient groups had similar pre-cART CD4+ T-cell counts
(p=0.189), CD4+ T-cell percentages (p=0.253), age (p=0.384) and HIV viral load
(p=0.739). Furthermore, no significant difference was observed in the interval from
ATT to cART initiation between patients with paradoxical TB-IRIS and the TB no IRIS
controls (p=0.493). However, there was a significant difference in the form of TB
disease at baseline between TB-IRIS and TB no IRIS patients (p<0.001), whereby
disseminated TB was more prevalent among TB-IRIS patients (66.7%) as compared to

TB no IRIS patients (33.3%).

4.3.2 Increased Plasma Levels of IL-18 and Decreased Levels of IFN-y Prior to

Initiation of cCART were Consistently Associated with TB-IRIS
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Comparison of all three study groups in the Kuala Lumpur cohort revealed that patients
experiencing TB-IRIS exhibited higher plasma IL-18 levels pre-cART compared to the
TB no IRIS or the no TB or IRIS controls (both p<0.0001 ) (Figure 4.1E). During the
TB-IRIS event (one sample was obtained per patient, ranging from 29-75 days post
cART initiation), levels of IL-18 remained higher in comparison with control groups

(p=0.0001 and <0.0001 respectively) (Figure 4.2E).

As compared to the TB no IRIS or the no TB or IRIS controls, TB-IRIS patients also
displayed lower plasma levels of IFN-y both pre-cART (p=0.003 and <0.0001,
respectively) and during TB-IRIS (p=0.0008 and <0.0001, respectively) (Figure 4.1F,
4.2F). There was no difference in IFN-y levels between TB no IRIS controls compared
with the no TB or IRIS controls at baseline and the event/EQT (Figure 4.1F, 4.2F).
Together, we showed that increased plasma levels of IL-18 and decreased plasma levels

of IFN-y prior to cART were associated with the subsequent development of TB-IRIS.

4.3.3 The Development of TB-IRIS was Associated With Increased Plasma Levels
of CXCL10 and CXCLS8
In view of the previous observation that plasma levels of the chemokines CXCL10 and
CCL2 were different in HIV patients with TB-IRIS compared to TB/HIV patients who
did not develop an IRIS (Oliver et al 2010). Next, we investigated if plasma levels of
CXCL10, CCL2 or CXCLS could be used as potential biomarkers for the prediction or
diagnosis of TB-IRIS. Pre-cART plasma levels of CXCL10 were increased in TB-IRIS
(p=0.0002) (Figure 4.1G). Further analysis of the data revealed that the higher
CXCLI10 levels were mostly in patients with paradoxical TB-IRIS (Supplementary
Figure 4.1). During TB-IRIS, CXCL10 and CXCLS8, were higher in TB-IRIS patients
(p<0.0001 and p<0.0001, respectively) compared to controls (Figure 4.2G, and 4.2K,

respectively).
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4.3.4 Higher Plasma Levels of sCD14 were Associated with HIV-TB Co-Infection
To determine if other biomarkers of monocyte and macrophage activation had the
potential to predict the onset of TB-IRIS, we also compared plasma levels of ferritin,
neopterin, TNF-a, IL-6, IL-10, soluble(s) CD163 and sCD14 in the different study
groups. None of these biomarkers were predictive to TB-IRIS (Figures 4.1A-D, H-L;
4.2A-D, H-L). Although sCD163 and sCD14 levels were higher in TB-IRIS patients
than no TB or IRIS controls, there were no significant differences between TB-IRIS and
TB no IRIS controls. Of note, we observed that, compared with the no TB or IRIS
controls, TB no IRIS controls also had higher levels of sCD14 at both pre-cART and
EQT (p<0.0001 and p<0.0001, respectively) (Figures 4.1D, 4.2D) These results suggest

that increased plasma levels of sCD14 are tightly associated with HIV-TB co-infection.

4.3.5 Plasma Levels of IL-18 and CXCL10 Prior to cART Initiation Predicted the
Development of TB-IRIS

Using ROC analyses, the plasma levels of both IL-18 and CXCL10 prior to cART

initiation were observed to be strong candidate biomarkers for predicting paradoxical

TB-IRIS (AUC=0.99, p<0.0001 and AUC=0.884, p<0.0001, respectively) (Figures

4.3A and 4.3B).

The lower AUC observed for CXCL10 compared with IL-18 may reflect the
observation that IL-18 levels were higher pre-cART in both paradoxical and unmasking
TB-IRIS whereas CXCL10 levels were higher in only paradoxical TB-IRIS
(Supplementary Figure 4.1). In contrast, plasma levels of IFN-y were not predictive to
TB-IRIS (Figure 4.3C). Based on the ROC analysis, we determined that a cut-off value
>8200 pg/ml for IL-18 was strongly predictive of TB-IRIS (OR 175; 95% CI=14-216,

p<0.0001).
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4.3.6 Plasma Levels of IL-18 Binding Protein may be Low in TB-IRIS Patients

Having demonstrated that plasma levels of IL-18 were elevated two-fold in patients
with both paradoxical and unmasking TB-IRIS both pre-cART and during TB-IRIS, and
given the role of IL-18 in the NLRP3 inflammasome (Dinarello et al 2013), we
hypothesized that IL-18, in particular, is linked to the immunopathogenesis of TB-IRIS.
IL-18 activity is regulated by IL-18BP, a soluble molecule that binds mature IL-18 with
high affinity and prevents its interaction with cell surface receptors. Hence, it restricts
the bio-availability of IL-18 (Novick et al 1999). Therefore, we next assessed the
circulating levels of this regulatory molecule, and demonstrated that although TB-IRIS
patients had higher plasma levels of IL-18BPa prior to cART initiation and during TB-
IRIS, the levels of free circulating IL-18 were higher in TB-IRIS patients compared to
controls (Figure 4.4A). ROC analysis showed that, like plasma IL-18 levels, free IL-18
levels were predictive of TB-IRIS (AUC=0.847, p=0.00026 (Figure 4.4B). These
observations suggest that the balance between IL-18 and IL-18BP in plasma may be
critical in setting the stage for TB-IRIS by determining the bio-availability of free IL-

18.

4.3.7 Higher Plasma IL-18 Levels in Paradoxical TB-IRIS were In Agreement
with the Chennai Cohort
To confirm the potential use of plasma IL-18 levels as a biomarker for predicting TB-
IRIS, we assayed plasma levels of this cytokine in an independent cohort of patients
from Chennai, South India. Consistent with the results observed in the Kuala Lumpur
patients, paradoxical TB-IRIS patients from Chennai exhibited higher plasma IL-18
levels pre-cART (p=0.0043) and during the TB-IRIS event (p=0.0004) compared to
HIV/TB patients who did not develop TB-IRIS (Figure 4.5A). In addition, the ROC

analysis also validated the observations in the Kuala Lumpur patients by demonstrating
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that plasma IL-18 levels predicted paradoxical TB-IRIS (AUC=0.742, p=0.004) (Figure
4.5B). A cut-off value of 520 pg/ml for IL-18 predicted TB-IRIS with an OR of 3.3
(95% CI=1-10, p=0.048) (Figure 4.5C). Therefore, the predictive value was lower than

that observed in the Kuala Lumpur cohort (Figure 4.3D).

4.4  Discussion

There are currently no biomarkers that predict TB-IRIS in HIV/TB patients.
Inflammation is a prominent feature of an IRIS, and monocytes/macrophages play a
critical role in both inflammatory responses and control of MTB infection. Thus, we
investigated plasma biomarkers associated with inflammation, with a particular focus on
monocytes/macrophages, in a case-control study of HIV/TB patients with either
paradoxical or unmasking TB-IRIS. We demonstrated higher plasma IL-18 levels
before cART and during TB-IRIS, when compared with controls, and confirmed this in
an independent cohort of HIV-infected patients with TB-IRIS. Furthermore, ROC
analyses demonstrated that IL-18 levels before cART were the strongest candidate
biomarker for predicting both paradoxical and unmasking TB-IRIS. However,
differences in the plasma IL-18 level that predicted TB-IRIS, and the certainty with
which this prediction could be made, were observed in the two cohorts of patients
studied. This finding might reflect the use of different assay methods or differences in

patient characteristics and requires further investigation.

Inflammation plays a pivotal role in defending the host from infectious agents, but can
become dysregulated and cause deleterious consequences to the host (Serhan et al
2007). In the absence of effective T-cell responses, the immune system ‘defaults’ to
innate immune responses and ‘upstream’ inflammatory markers produced by innate
immune cells are particularly important as they govern the downstream inflammatory

pathways (Mogensen 2009; Schenten et al 2011). In the current study, we observed that
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HIV-TB co-infection was associated with potent monocyte/macrophage activation, as
evidenced by elevation of sCD14 prior to cART initiation and during the TB-IRIS
event. However, this biomarker did not appear to be as informative as IL-18 for

predicting TB-IRIS.

Our findings confirm that plasma IL-18 levels are increased during TB-IRIS (Oliver et
al 2010) and, furthermore, provide evidence that they predict the development of both
paradoxical and unmasking TB-IRIS better than the other biomarkers examined in this
study. IL-18 is a potent pro-inflammatory cytokine predominantly produced by
activated monocytes/macrophages. It was initially discovered as IFN-y-inducing factor
(IGIF), and has a critical role in enhancing Th1 immune responses. IL-18 is present in
monocytes/macrophages as a biologically inactive precursor, pro-IL-18, and requires
further cleavage by intracellular cysteine protease caspase-1 via activation of the
NLRP3 inflammasome (Novick et al 2013). Biologically active IL-18 secreted by
monocytes/macrophages induces activation of NF-kB and FasL expression, as well as
induction of both CC and CXC chemokines from a wide range of cells (Dinarello et al
1998). Furthermore, IL-18 also enhances NK cell cytotoxicity, neutrophil activity and

IFN-y production by T cells and NK cells (Dinarello ef al 2013).

We would therefore expect the elevation of IL-18 to be accompanied by elevation of
IFN-y among TB-IRIS patients but observed that TB-IRIS was associated with lower
plasma IFN-y levels. Various findings for serum/plasma IFN-y levels have been
reported in different cohorts of TB-IRIS patients (Haddow et al/ 2011; Tadokera et al
2011; Conesa-Botella et a/ 2012), including two cohorts of patients also investigated
previously by a few other authors of our work (Andrade et al 2014). A study of
tuberculous meningitis (TBM)-IRIS patients reported similar findings to ours, whereby
low CSF IFN-y levels at TBM diagnosis predicted the development of an IRIS (Marais

et al 2013). Data from our own studies of TB-IRIS (this study and (Andrade et a/ 2014))
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suggest that plasma IFN-y levels are related to CD4+ T-cell counts pre-cART. Thus,
patients in the Chennai cohort (Andrade et al 2014) had the highest IFN-y levels and a
median baseline CD4+ T-cell count of ~200 cells/ul, patients in a South African cohort
(Andrade ef al 2014) had intermediate IFN-y levels and a median baseline CD4+ T-cell
count of ~100 cells/pl and patients in the Kuala Lumpur cohort reported here had the
lowest IFN-y levels and a median CD4+ T-cell count of ~50 cells/ul. Therefore, we
proposed that any effect of IL-18 activity on plasma IFN-y levels is over-ridden by the

effect of CD4+ T-cell deficiency.

IL-18 activity is regulated by IL-18BP, a soluble molecule that binds mature IL-18 with
high affinity and prevents its interaction with cell surface receptors, hence limiting its
biological activity (Novick et al 1999). The expression of IL-18BP is regulated by IFN-
y. The promoter region of the IL-18BP gene contains an IFN regulatory factor 1
response element that increases IL-18BP gene expression upon IFN-y stimulation (Muhl
et al 2000; Hurgin et al 2002). Therefore, IL-18 indirectly increases the production of
its own inhibitor in a negative feed-back loop (Boraschi et al 2006). We postulated that
the inflammatory response driven by increased IL-18 production among TB-IRIS
patients might be fuelled by a relative deficiency of IL-18BP and tested this by assaying
IL-18BPa levels and calculating free circulating IL-18 levels in plasma. We
demonstrated that free IL-18 levels were 40% higher in TB-IRIS patients compared to
controls. Published data indicate that IL-18BPa is usually present with a 20-fold molar
excess over IL-18 in the plasma of healthy individuals (Novick et al 2001). Another in
vitro study showed that at least a 2 molar excess of IL-18BP was required to neutralize
95% of IL-18 biological activity (Kim et al 2000). Therefore, our results suggest that
the biological activity of IL-18 may be inadequately regulated in patients with TB-IRIS.

We also observed increased production of CXCLI10 and CXCLS8 during TB-IRIS,

confirming the findings of others for CXCL10 (Oliver et al 2010). These chemokines
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reportedly play an important role in the recruitment and activation of T cells, NK cells
and neutrophils at the sites of infection (Hoffmann et al/ 2002; Christensen et al 2006;
Deshmane et a/ 2009). This finding is in line with histopathology findings in biopsy
material, which demonstrate that TB-IRIS is associated with granulomata characterized
by mixed inflammatory cell infiltrates (Lawn et a/ 2009; Martin-Blondel et al 2012).
Furthermore, TBM-IRIS patients also exhibit a marked increase in CSF neutrophils

(Marais et al 2013).

There are several limitations in this study. While the matching strategy led to cases and
controls having similar clinical characteristics, our control groups may have been
heterogeneous for non-IRIS events. Also due to the difficulties in defining latent TB
infection, we do not know how many of the no TB or IRIS controls were ever exposed
to MTB or had resolved previous infection. Finally, patient numbers were small and,
although our findings on IL-18 in Malaysian patients were confirmed by similar results
obtained in an independent cohort of HIV patients with paradoxical TB-IRIS in India,

caution must be exercised in interpreting the findings using ROC analyses.

In summary, our data underpin the role of innate immune responses in the
immunopathogenesis of TB-IRIS, particularly the role of IL-18, CXCL10 and CXCLS.
The elevation of IL-18 among TB-IRIS patients raises the possibility that the
pathogenesis of TB-IRIS includes an NLRP3 inflammasome disorder and, furthermore,
that the biological activity of IL-18 may be inadequately regulated by IL-18BP. Future
study of inflammasome activation and regulation in TB-IRIS is warranted. In addition,
plasma levels of IL-18 should be validated as a biomarker of TB-IRIS, and possibly

other types of IRIS in large prospective clinical studies.
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SUPPLEMENTARY TABLE 4.1: Clinical Characteristics of Paradoxical and Unmasking TB-IRIS after Commencement of

Combination Antiretroviral Therapy.

Study Patient Age Gender  Baseline CD4+ Clinical/Radiological TB Day b/w Clinical/Radiology Day b/w
Subject Group (years) T-Cell Count Presentation at Diagnosis Culture ATT and Manifestation of TB-IRIS cART and
(cells/ul) cART IRIS
#1 Paradoxical 45 M 49 Pulmonary TB with pleural Positive 39 High grade fever, increase in 21
TB-IRIS effusion and extensive mediastinal size of cervical lymph node
lymphadenopathy
#2 Paradoxical 44 M 3 Pleural TB , pericardial effusion, Not done 34 Fever (prolonged), increase in 74
TB-IRIS cervical and mediastinal size of supraclavicuar lymph
lymphadenopathy node
#3 Paradoxical 41 M 0 Pulmonary TB with Positive 29 Cold abscesses, 95
TB-IRIS supraclavicular, bilateral cervical hepatomegaly, new cervical
and axillary lymphadenopathy, lymph node, increase in size
of bilateral supraclavicular
lymph node
#4 Paradoxical 39 M 106 Cervical lymphadenopathy Not done 49 Recurrence of fever, increase 31
TB-IRIS in size of existing lymph node,
swelling of new
supraclavicular lymph node
#5 Paradoxical 32 M 116 Pulmonary TB with Positive 16 New lung lesions, increase in 49
TB-IRIS lymphadenopathy size of subcarinal lymph node,
new hypodense spleen lesions,
fever, cough with haemotypsis
#6 Paradoxical 44 M 57 Pleural TB and para-aortic lymph Positive 82 Fever, cough, new cervical 32
TB-IRIS node lymph nodes
#7 Paradoxical 43 M 35 Pulmonary TB with abdominal Positive 31 Increased pulmonary air space 35
TB-IRIS and mediastinal lymphadenopathy opacity
#38 Paradoxical 41 M 59 Pulmonary TB with Positive 36 Fever, worsening of 35
TB-IRIS lymphadenopathy, bowel wall pulmonary lesion, bowel wall

thickning at the proximal ileum

thickening in proximal iliem
and caecum, new mediastinal,
mesenteric and paracaval
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lymphadenopathy

#9 Paradoxical 37 116 Pulmonary TB with mediastinal, Negative 14 Low grade fever, increase in 28
TB-IRIS hilar, inguinal, paraaortic, axillary size of mediastinal, hilar,
lymphadenopathy axillary, paracaval, paraaortic,
iliac and inguinal lymph nodes
#10 Unmasking 34 24 Right apical ground glass changes Negative - High grade fever, cough, short 11
TB-IRIS and cavity. Multiple cavitating of breath, tachypnoeic, worsen
lesions bilaterally. consolidation cavity of right
lung
#11 Unmasking 31 0 Bilateral lower lobe haziness Negative - Bronchiectasis, cough, weight 77
TB-IRIS loss, chest pain accompanied
by breast lump (with biopsy
AFB positive)
#12 Unmasking 54 14 Mild scar over left lower zone Negative - Worsening lung lesions with 25
TB-IRIS fibrocystis, mediastinal
lymphadenopathy, cough,
prolonged fever
#13 Unmasking 44 16 Ground glass appearance Negative - High grade fever (prolonged), 8
TB-IRIS short of breath, new
mediastinal and bilateral hilar
lymph node, hepatomegaly
# 14 Unmasking 44 22 Right lung lesions and haziness, Negative - Worsening lung lesions, new 42
TB-IRIS submandibular lymph nodes splenic lesions,
supraclavicular, mediastinal,
para tracheal, pre-cardial, and
hilar lymph nodes
#15 Unmasking 43 15 Ground glass appearance Negative - Skin biopsy demonstrated 75
TB-IRIS necrotizing granulomatous

inflammation, cough, short of
breath
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Figure 4.1: Comparison of Plasma Levels of Biomarkers in TB-IRIS Patients and
Controls at Baseline.
(A) Ferritin, (B) Neopterin, (C) sCD163, (D) sCD14, (E) IL-18, (F) IFN-y, (G)
CXCL10, (H) TNF-a, (I) CCL2, (J) IL-6, (K) CXCLS, (L) IL-10. Levels of biomarkers
were compared across the 3 patient groups by Kruskal-Wallis test. Post-hoc Mann-
Whitney U tests were then performed for those biomarkers with a Kruskal-Wallis test p

value of <0.05.* p<0.0042 (adjusted for multiple comparisons).
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Figure 4.2
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Figure 4.2: Comparison of Plasma Levels of Biomarkers in TB-IRIS Patients and
Controls at Clinical Events.
(A) Ferritin, (B) Neopterin, (C) sCD163, (D) sCD14, (E) IL-18, (F) IFN-y, (G)
CXCL10, (H) TNF-a, (I) CCL2, (J) IL-6, (K) CXCLS, (L) IL-10. Levels of biomarkers
were compared across the 3 patient groups by Kruskal-Wallis test. Post-hoc Mann-
Whitney U tests were then performed for those biomarkers with a Kruskal-Wallis test p
value of <0.05. * p<0.0042 (adjusted for multiple comparisons).

117



Figure 4.3
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Figure 4.3: Receiver Operating Characteristic Curves for Prediction of TB-IRIS.

(A) IL-18, (B) CXCL-10, (C) IFN-y and (D) Cut-off of IL-18 value that predicts TB-IRIS. AUC, area under curve.
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Figure 4.4
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Figure 4.4: Plasma Levels of IL-18, IL-18BPa and Free Circulating IL-18 in TB-
IRIS Patients and Controls.

(A) Plasma levels at baseline and time of clinical event. Samples at time of TB-IRIS
episode were only collected for case patients; whilst samples in the control groups were
selected at an equivalent time-point (EQT) post-cART. Levels of biomarkers were
compared across the 3 patient groups and post-hoc Mann-Whitney U tests were then
performed for those biomarkers with a Kruskal-Wallis test p value of <0.05. * p<0.0042
(adjusted for multiple comparisons). (B) ROC analysis for the prediction of TB-IRIS
using pre-cART levels of free circulating IL-18. AUC, area under curve.
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Figure 4.5
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Figure 4.5: Plasma Levels of IL-18 and ROC Analysis for Chennai Cohort.

(A) Comparison of plasma levels of IL-18 between paradoxical TB-IRIS and TB no IRIS. Samples at time of TB-IRIS episode were only collected for
case patients; whilst samples in the control groups were selected at 6 weeks post-cART. (B) ROC analysis for the prediction of paradoxical TB-IRIS.
(C) Cut-off value of IL-18 that predicts TB-IRIS. W6, 6 weeks, AUC, area under curve. Levels of IL-18 was compared using Mann-Whitney U test, **

p<0.01, *** p<0.001.
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Supplementary Figure 4.1
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Supplementary Figure 4.1: Comparison of Plasma Levels of Biomarkers in TB-
IRIS Patients and Controls at Clinical Events.
(A) sCD14, (B) IL-18, (C) sCD163 and (D) CXCL10. Levels of biomarkers were
compared across the 3 patient groups by Kruskal-Wallis test. Post-hoc Mann-Whitney U
tests were subsequently performed for those biomarkers with a Kruskal-Wallis p value

of <0.05. * p<0.0042 (adjusted for multiple comparisons).
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CHAPTER 5: ABERRANT INFLAMMASOME ACTIVATION AND
PYROPTOSIS CHARACTERISE TUBERCULOSIS-ASSOCIATED IMMUNE

RECONSTITUTION INFLAMMATORY SYNDROME

5.1 Introduction

Prior studies have found multiple immunological abnormalities in association with TB-
IRIS, including hyperactivation of MTB antigen-specific T cells (Bourgarit et a/ 2006;
Tan et al 2008) leading to expansion of highly activated (Antonelli et al 2010)
polyfunctional CD4+ T cells (Mahnke et a/ 2012), excessive production of pro-
inflammatory cytokines (Tadokera et al 2011; Meintjes et al 2012; Narendran et al
2013; Ravimohan et al 2015), dysfunction of NK cells (Conradie et a/ 2011; Pean et al
2012), increased frequency of neutrophils (Marais et al 2013), and perturbation in NKT
cells (Bourgarit et al 2009; Wilkinson et al 2015). Nonetheless, the immunopathological
mechanisms underlying the development of TB-IRIS are not completely understood,
and the cross-talk between different arms of the immune system in TB-IRIS still remain

ambiguous.

Recent investigations suggest that TB-IRIS could be associated with expansion of
CD14++CD16- monocytes (Andrade ef al 2014) and activation of monocytes (Tan et al
2011; Tran et al 2014), which underline the importance of monocytes in TB-IRIS.
Furthermore, three geographically-independent HIV infection cohorts from Cambodia,
Malaysia, and India have reported that plasma levels of interleukin (IL)-18 could
potentially serve as a predictor and/or biomarker of TB-IRIS (Oliver et al 2010; Tan et
al 2015). IL-18 is a pro-inflammatory cytokine belonging to the IL-1 family, mainly
produced by monocytes/macrophages and other cells (Gracie et a/ 2003). IL-18 is
initially produced as pro-IL-18, a biologically inactive precursor, and is subsequently

processed by caspase 1 (caspl) to biologically active IL-18 (Novick et al 2013). The
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caspl itself is generated as a zymogen (inactive enzyme precursor), which is activated

via inflammasomes (Netea ef al 2010; Dinarello et al 2013).

5.1.1 Inflammasome: Composition, Structure and Function

The inflammasome is an intracellular multi-protein complex, which following activation
assemble together to mediate the secretion of inflammatory caspl, and eventual release
of IL-18 and IL-1B (Martinon et al 2002; Latz et al 2013). The name inflammasome is
derived from the word inflammation, which reflects the function of the complex, and
"some, is from the Greek word soma for body. The name also reflects similarities with
the apoptosome, which triggers apoptosis (Zou et al 1999). Typically an inflammasome

consist of three proteins; a scaffold, an adaptor and an effector.

Scaffold protein: Most scaffold protein of inflammasomes contains a member of the
nucleotide binding and oligomerization domain (NOD)-like receptor (NLR)
family. The domain organization of NLR usually includes (i) an amino-terminal
protein—protein interaction domain such as a caspase recruitment domain (CARD)
or pyrin domain (PYD); (ii) a NACHT domain that is required for nucleotide
binding and self-oligomerization; and (iii) a variable number of carboxy terminal
leucine-rich repeat (LRR) motifs involved in sensing pathogen molecules. Similar
to the role of mammalian TLRs at the cell surface, these NLRs are sensors for
pathogens-associated molecule patterns (PAMPs), and detect conserved microbial
components within the intracellular compartments (Kawai et a/ 2006). In addition
to these NLRs, the HIN-200 protein absent in melanoma 2 (AIM2), was recently
shown to trigger caspl activation in response to cytoplasmic double-stranded

DNA (dsDNA) (Burckstummer et a/ 2009; Hornung et al 2009) (Figure 5.1)

Adaptor protein: The apoptotic speck-like protein containing a CARD (ASC) is an

adaptor protein that plays a central role in the interaction between NLRs and

123



caspl in each of these inflammasome complexes. The ASC contains an N-
terminal pyrin domain and a C-terminal CARD domain. This allows one end of
ASC to bind the N-terminal pyrin domain of inflammasome-forming NLRs while
the other end bind the N-terminal CARD domain allowing recruitment of pro-

caspl (Lamkanfi et al 2009; Netea ef al 2010; Schroder ef al 2010) (Figure 5.1)

Effector protein: Formation of the inflammasome results in autocleavage of pro-caspl
to its active form. Subsequently, caspl will recruit inactive forms of the cytokines
pro-IL-1B and pro-IL-18 and processes them to their active forms (Netea et al
2010). Later, these cytokines are rapidly secreted into the extracellular
environment leading to inflammation and recruitment of inflammatory cells to the
site of injury (Lamkanfi et a/ 2009; Schroder et a/ 2010). To date, four different
receptors capable of initiating inflammasome assembly have been characterized.
Three belongs to the NLR family (NLRP1b, NLRP3 and NLRC4) and one is an
AIM2 protein, which is also a part of PYHIN (pyrin and HIN containing domain)

family of proteins (Lupfer et a/ 2012) (Figure 5.1).
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Figure 5.1
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Figure 5.1: Structure of Inflammasome Components.

A subset of NLR protiens (eg. NLRP1, NLRP3 and NLRC4) as well as the AIM2
protein can assembles to form scaffold of inflammasome complexes. NLRs contained a
PYD or CARD domain followed by NACHT and a variable number of LRRs. AIM2
characterized presence of N-terminal PYD domain followed by a HIN200, a DNA-
binding domain. The adaptor protein, ASC contains a PYD followed by CARD domain;
whilst the effector protein ie. pro-caspl contains a CARD domain followed by caspl.
Figure adapted from (Lamkanfi ef a/ 2012)

Abbreviations: NLR, Nod-like receptor; PYD, pyrin; CARD, caspase recruitment
domain; NACHT, nucleotide-binding and oligomerization domain; LRR, leucine-rich
repeat; AIM?2, absent in melanoma 2; ASC, apoptosis-associated speck-like protein
containing a CARD; CASP, caspase.
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5.1.2 Overview of Stimuli for Inflammasome Activation.
Depending of the type of stimuli, the NLR proteins (ie. NLRP1, NLRP3 and NLRC4)

well as the AIM2 assemble to form inflammasomes in a stimulus-specific manner.

NLRP1: Cells exposed to Bacillus anthracis lethal toxin (Boyden et al 2006),
leading to activation of mitogen-activated protein kinase kinase (MKK)
processing (Duesbery et al 1998), and K+ (Ali ef al 2011) and Ca+ (Fink et a/

2008; Muehlbauer et al 2010) effluxes may also activate NLRP1 inflammasome.

NLRP3: Cells exposed to various microbial PAMPs (Bauernfeind et al/ 2011; Bulua
et al 2011; Kayagaki et al 2011), endogenous DAMPs such as ATP, uric acid
crystals (Lamkanfi e al/ 2009; Kanneganti 2010) as well as other crystalline
particles/nanomaterials such as silica, asbestos (Tschopp et al 2010), or even UVB

radiation (Keller e a/ 2008) may activate the NLRP3 inflammasome.

NLRC4: Unlike the NLRP3 inflammasome, NLRC4 is less studied. The most
notable stimuli for NLRC4 are Gram-negative bacteria components ie. flagellin
and their type III secretion systems (Amer et al 2006; Miao et al 2006; Lamkanfi

et al 2007)

AIM2: AIM2 can be stimulated by cytosolic double-stranded DNA in the cells
mostly infected by bacteria such as Francisella tularensis (Fernandes-Alnemri et
al 2010; Jones et al 2010), and Listeria monocytogenes (Sauer et al 2010), as well
as certain DNA viruses, namely cytomegalovirus and vaccinia virus (Rathinam et

al 2010) or even cytosolic mitochondrial DNA (Nakahira et al 2011).
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Figure 5.2
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Figure 5.2 Composition and Stimuli of Distinct Inflammasomes.

The PYD domains of AIM2, NLRP1 and NLRP3 recruit the adaptor protein ASC.
Alternatively, NLRP1 and NLRC4 may directly interact with the CARD of caspl.
NLRC4 may also recruit caspl indirectly through formation of ASC dimer. a) The
NALP1 inflammasome recognizes the cytosolic lethal toxin of anthrax. b) The NALP3
inflammasome recognizes multiple PAMPs, DAMPs, as well as other crystalline
particle such uric acid, silica, and asbestos particles. ¢) The NLRC4 inflammasome
senses the cytosolic flagellins and type III or IV secretion system of Gram-negative
bacteria. d) AIM2 directly binds dsDNA in the cytosol to induce casp1 activation. Once
activated, the caspl will processes the pro-IL-1p and pro-IL-18 precursors to mature
cytokines and release into the systemic circulation. Figure adapted from (Lamkanfi et al
2012).

Abbreviations: NLR, Nod-like receptor; PYD, pyrin; CARD, caspase recruitment
domain; NACHT, nucleotide-binding and oligomerization domain; LRR, leucine-rich
repeat; AIM?2, absent in melanoma 2; ASC, apoptosis-associated speck-like protein
containing a CARD; CASP, caspase.
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5.1.3 Inflammasome Activation and Pyroptosis

Activation of the inflammasome is also associated with the onset of a form of cell death
termed pyroptosis (Fernandes-Alnemri et al/ 2007). Pyroptosis, by definition is a
proinflammatory cell death that requires caspl activity and is characterized mainly in
myeloid cells infected with pathogenic bacteria such as S. typhimurium and F.
tularensis (Jones et al 2010; Lamkanfi et al 2010; Miao et al 2011). However, such cell
death may also occur in cells of the central nervous and cardiovascular systems that are

often associated with disease conditions (Bergsbaken et al 2009).

Pyroptosis has also been implicated as a mechanism of clearance of intracellular
pathogens (Terra et al 2010). Bacterial pathogens that replicate within macrophages are
sensed by inflammasome leading to caspl activation, which eventually results in
pyroptosis. The bacteria are then released from macrophages, which markedly shorten
their ability to replicate in the intracellular compartment. The released bacteria are later
subjected to additional clearance mechanisms, including phagocytosis by neutrophils

(Miao et al 2011).

Pyroptosis is a programmed cell-death mode that morphologically distinctly from
apoptosis. Pyroptosis involve early plasma membrane rupture, loss of osmoregulation,
leading to cytoplasmic swelling andcell burst (Lamkanfi et al 2010), thereby releasing
the pro-inflammatory cytoplasmic contents into the extracellular space. As opposed to
apoptosis, the cell undergoes shrinkage, condensation and fragmentation of nuclear
DNA and formation of apoptotic body of which generally non-inflammatory (Taylor et
al 2008; Lamkantfi e al 2011). Nonetheless, apoptosis and pyroptosis also share certain
similarities in several biochemical features such as requirement of caspases (although
the caspases involved differ), nuclear condensation, and fragmentation of genomic DNA
(Lamkanfi ef a/ 2010). The comparison between apoptosis and pyroptosis are listed in

Table 5.1.
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Table 5.1: Comparison Between Apoptosis and Pyroptosis

Apoptosis Pyroptosis
Mode of cell death Programmed Programmed
Initiators TNF-a, Fas-L, TRAIL, DAMPs,
infectious pathogens microbial infections
Signalling pathway Mitochondrial pathway, = NLR-caspase-1 dependent

caspase-3, -6, -7 -

dependent

inflammasome

Terminal cellular events

Non-lytic cell shrinkage,
DNA fragmentation &

apoptotic bodies

Lytic, rapid loss of plasma
membrane integrity, pore
formation and swelling of

cells

Inflammation &

immunogenicity

Non-inflammatory

+

Pro-inflammatory

++

DAMPs & pro-inflammatory

mediators release

Ecto-CRT, HMGBI1 and
ATP released

HGMGI1 and ATP
released

IL-1a, IL-1B, IL-18, IL-6
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51.4 Aim
The goal of the study was to investigate the role inflammasome activation and

pyroptosis in monocytes derived from HIV-infected patients presenting with TB-IRIS.

5.2 Materials and Methods

5.2.1 Patient Enrolment and Selection of TB-IRIS Cases and Controls

Patients were selected from a prospective observational cohort study of 200 HIV-
infected cART-naive adults (>18 years) initiating cART between 2005 and 2012 at the
UMMC, and biological specimens (plasma and PBMCs) were collected as previously
described (Tan et al 2015). Participants were classified into three groups as TB-IRIS
(including both paradoxical and unmasking TB-IRIS cases), TB no IRIS (controls) and
no TB or IRIS (controls) according to the definitions previously described (Tan et a/

2015).

5.2.2 Collection of Peripheral Blood Mononuclear Cells

Ten milliliters of blood was collected from all subjects by venepuncture in lithium
heparin Vacutainer® tubes (BD Biosciences, Franklin Lakes, USA). PBMCs were
extracted from the whole blood samples within 3 hours post-collection by using density-
gradient centrifugation (Ficoll®Paque Plus, GE Healthcare, Uppsala, Sweden). The cell
viability was determined by trypan blue staining (0.4%). The cells were then were

resuspended in 10% DMSO in FBS and cryopreserved until use.

5.2.3 Antibodies and Immunophenotyping of Monocytes, T Cells and NK Cells
Immunostaining of monocytes and T cells was performed according to the
manufacturer’s protocol (BD Biosciences, USA). Fluorochrome-labelled monoclonal

antibodies (mAbs) against human CD14-Alexa Fluor 488 (cat. 557718), CD14-APC
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(cat. 555399), CD16-PE-Cy7 (cat. 557744), CD16-PE (cat. 55407), CD64-APC-H7
(cat. 561190), CD11B-PE (cat. 557701), CD69-APC-H7 (cat. 562884), CD38-PE (cat.
555460), CD56-PE-Cy7 (cat. 557747), CD36-PerCP-Cy5,5 (cat. 561536) were from
BD Pharmingen. The antibodies against human CD3-PerCP (cat. 347344), CD4-APC-
H7 (cat. 340584) and CD8-APC (cat. 340584) were procured from BD Biosciences. The

antibody against IL-18Ra, CD218-FITC (cat. 313810) was from BioLegend.

5.2.4 Assay of Activated Caspase 1

PBMCs (5x10%) were suspended in 100uL FACS buffer (5% FCS in PBS) and were
stained with FLICA® 660 Caspase 1 (ImmunoChemistry Technologies, Cat. #9122), a
fluorescent-labelled inhibitor of caspases probe, that specifically detects activated
caspl. The staining was done according to the manufacturer’s protocols. Briefly, cells
were incubated with FLICA-caspl reagent for 30 min at 37°C and washed 3 times in
washing buffer (Doitsh ef al 2014). Subsequently, cells were stained with anti-CD14
and anti-CD16 as described in the following sections, and events were acquired on a BD

FACSCanto™ II system (BD Biosciences, USA).

5.2.5 Assay of Cell Markers of Pyroptosis

Cellular expression of markers of apoptosis and pyroptosis was determined by flow
cytometry after staining of PBMC with FITC-annexin-V and 7-AAD (cat. 640922,
Biolegend, USA). Annexin V stains phosphatidylserine (PS), the inner leaflet of cell
membranes and expression is common to both apoptosis (Koopman et al 1994) and
pyroptosis (Miao et al 2011). Conversely, 7-AAD is an impermeable dye that does not
stain apoptotic cells and only stains pyroptotic cells by entering the cell through pores

on the cell membrane (Fink et a/ 2006; Miao et al 2011)
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5.2.6 Assay of Plasma Nitric Oxide and Cytokines
Plasma levels of NO were measured using Griess reagent procured from Promega (cat.
TB229). Data on plasma IFN-y and IL-18 have been previously published (Tan et al

2015).

5.2.7 RNA Isolation, cDNA Synthesis and Quantification of mRNA

Monocytes were enriched by a plastic adherence method (de Almeida et al 2000).
Briefly, 2.5x10° PBMCs were transferred into a polystyrene 24-well plate (BD, cat.
353047), and incubated at 37°C for 30 minutes in a 5% CO; incubator. Non-adherent
cells were washed three times with PBS. Adhered monocytes were gently harvested and
re-suspended in 380uL of RLT lysis buffer and RNA was extracted using RNAeasy
mini kit (Qiagen) according to the manufacturer's instructions. Total RNA
concentrations were measured at 260/280nm in a Take3 micro-volume plates (Bio-Tek).
First strand cDNA synthesis was performed with High Capacity ¢cDNA Reverse
Transcription kit (ABI, cat. 4374966) using 2ug of total RNA according to
manufacturer’s instructions.

The quantitative PCR assay of inflammasome related mRNA was performed in an ABI
ViiA 7 real-time PCR system using TagMan Gene Expression Master Mix and Gene
Expression Assay Kits (VLRPI: Hs00248187-m1, NLRP3: Hs00918082-m1, NLRC4:
Hs00892666 ml, AIM2: Hs00915710-m1, ASC: Hs00203118, Caspase-1:
Hs00354836-m1). iNOS mRNA was measured using iNOS-F 5-TAGAGG
AACATCTGGCCAGG and iNOS-R 5-TGGCAGGGTCCCCTCTGATG. TBP
(Hs00427620 m1) and SDHA (Hs00417200 m1l) were used as endogenous RNA
controls. The PCR were performed using the following thermal cycling profile: 10 min
of initiation at 95°C, followed by 40 cycles of denaturing at 95°C for 15 s and

annealing-extension at 60°C for 1 min. The expression levels of the target mRNA in
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2-ACt

each sample were calculated by the method. Normalization was performed by

averaging the Ct values of the two housekeeping genes (Belibasakis et al 2012).

5.2.8 Quantitation of Plasma mtDNA

Cell-free mtDNA was extracted using a previously published plasma fractionation
method (Lauring et al 2012). Pre-cART plasma levels of mtDNA obtained were
measured by quantitative real-time PCR as per standard defined protocols using a pair
of primer CoxF (5' ATG ACC CAC CAA TCA CAT GC 3"), CoxR (5' ATC ACA TGG
CTA GGC CGG AG 3") (Lauring et al 2012). Further, we also designed a TagMan®

probe targeting this region (5' FAM-CCA TGA CCC CTA ACA GGG GC-MGB 3')

5.2.9 Statistical Analysis

The primary analysis was to compare biomarkers among the three groups of patients
pre-cART and at the time of TB-IRIS, or between 4-12 weeks post-cART in controls.
Continuous variables were tested using the non-parametric 1-way ANOVA (Kruskal—
Wallis) for multiple group comparisons followed by pair-wise comparison by Mann-
Whitney U tests for biomarkers with a Kruskal-Wallis test p<0.05 (Figure 1B and 1D,
Figure 2, Figure 3B and 3D middle panel, Figure 4A and 4B, Figure 5, Figure 6B
lower panel and 6C). Three-way subset analyses for piechart were performed using non-
parametric 1-way, followed by pair-wise comparision using Mann-Whitney u test
(Figure 6B upper panel). Spearman rank tests were used to assess the correlation
between two continuous variables. Wilcoxon matched-pairs test for paired analyses for
pre- and post-cART (Figure 1C and Figure 6D-F). Spearman rank test was used to
compare the correlation between two continuous variables (Figure 1E, Figure 3C and
3D right panel, Figure 4C, Figure 5B as in heatmap). Statistical analyses were

performed using Prism, version 5.02 (GraphPad Software Inc., San Diego, California,
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USA). Binary regression was performed using SPSS, version 20 (Armonk, New York,
USA) and heatmap (Figure SB) was generated using Plotly (https://plot.ly/). Data are
expressed as mean + standard deviation and statistical significance was defined as

#p<0.05, **p<0.01, ***p<0.001, **** p<0.0001.

5.2.10 Ethics Approval
The study was approved by the Medical Ethics Committee of UMMC (MEC Ref. No:

673.33). Written informed consent was obtained from all the study participants.

5.3  Results
5.3.1 Development of TB-IRIS was Associated with Elevation of Activated Casp1l
In Monocytes Pre-cART

To determine if increased IL-18 production in TB-IRIS (Oliver et al 2010; Tan et al
2015) might reflect inflammasome activation, we first measured the expression of
activated caspl using a fluorescent-labelled inhibitor of caspases (FLICA)-caspl probe,
which only produces flurescence upon binding to activated caspl, in the PBMCs of HIV
patients with TB-IRIS, and controls with TB no IRIS, and no TB or IRIS (Figure 5.3A).
We found that before cART was commenced (pre-cART), the proportion of monocytes
expressing activated caspl was higher in patients with TB who subsequently developed
TB-IRIS (n=16) (median: 77.5; IQR: 71.5-88.4) or did not develop TB-IRIS (n=16)
(median: 81.1; IQR: 72.9-89.1) compared to those patients who did not have TB (n=19)
(median: 69.9; IQR: 54.9-75.3)(p=0.004). There were similar findings for lymphocytes.
These differences were not apparent during TB-IRIS or post-cART (between 4 and 12

weeks post-cART initiation) in controls (Supplementary Figure 5.1A).

Having shown that the proportion of monocytes and lymphocytes expressing activated

caspl was higher pre-cART in HIV patients with TB compared to those without TB, we
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next compared the expression level of activated caspl, assessed by mean fluorescence
intensity (MFI), in the TB-IRIS and TB no IRIS groups. There was no difference pre-
cART (Figure 5.3B) but expression of activated caspl was higher in TB-IRIS patients
(median=1050; IQR=1000-1134) during the TB-IRIS event compared to TB no IRIS
(median=897; IQR=784-985; p=0.005) and no TB or IRIS (median=792; IQR=734-839;
p<0.0001) patients post-cART (Figure 5.3B). We also examined the increase in
expression of activated caspl in monocytes of TB-IRIS patients, compared with pre-
cART values, and demonstrated an average increment of 1.15 fold (p=0.017, Wilcoxon
paired test) (Figure 5.3C). A similar pattern for increase in both proportions of caspl+
lymphocytes, and level of expression (MFI) of activated caspl in lymphocytes, was
also observed post-cART, although there was no difference between values pre-cART
and during TB-IRIS (Wilcoxon paired-test) (Supplementary Figure 5.1B, 5.1C). The
elevation of activated caspl expression among TB-IRIS patients at event was further
confirmed by an analysis of the level of casp/ in monocytes (Figure 5.3D). These
findings provide evidence that HIV-infected patients with TB have increased
proportions of monocytes expressing activated caspl before cART is commenced and
that the level of expression further increases and to a greatest degree in individuals who

develop TB-IRIS after commencement of cART.

To further examine the relationship between increased expression of activated caspl in
monocytes and development of TB-IRIS, we assessed the relationship of TB-IRIS with
activated caspl expression (MFI) in monocytes pre-cART in combination with other
risk factors previously identified (Tan et al/ 2015) (baseline CD4+ T-cell count, TB
clinical presentation (pulmonary versus extra pulmonary versus disseminated TB), and
the interval between anti-TB therapy and initiation of cART) using a binary regression
model (graph not shown) adjusted for gender and age. We found that the level of

activated caspl was associated with development of TB-IRIS to a greater degree than
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the other risk factors, whereby every increase of 150 units in MFI of caspl expression
was associated with increased risk of TB-IRIS by 2.49 [95% CI=1.03 - 6.02;
(p=0.043)]. Furthermore, activated caspl expression in monocytes was strongly
correlated with plasma IL-18 levels post-cART (r=0.64; p<0.0001) (Figure 5.3E).
Together, our findings indicate that HIV/TB co-infected patients exhibit increased
proportions of caspl+ monocytes pre-cART and that the level of activated caspl
expression increases to the greater degree in individuals who develop TB-IRIS after

commencement of cART.
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Figure 5.3
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Figure 5.3. Expression of Activated Caspase-1 in Monocytes and Lymphocytes of
HIV-Infected Patients with TB-IRIS, TB no IRIS and no TB or IRIS.
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(A) Representative FACS plots showing the distribution of monocyte subsets (top bars),
defined by CD14 and CD16 markers, and lymphocytes (bottom bars) expressing
activated caspl. (B) Percent of total monocytes and lymphocytes expressing activated
caspl and their respective mean fluorescence intensity (MFI) at baseline (pre-cART)

and at the time of IRIS or weeks 4-12 following cART in patients with TB-IRIS (post-

cART) (-n=16), TB no IRIS (-n=16) or no TB or IRIS (:In=l9). ©
Changes in activated caspl expression at baseline (pre-cART) and post-cART. (D)
Quantification of Caspl normalized against stable housekeeping genes 7BP and SDHA
in monocytes. (E) Correlation between plasma IL-18 levels and activated caspl
expression in monocytes (MFI) pre- and post-cART. Data were analyzed using Kruskal-
Wallis test across three patient groups. Post-hoc Mann-Whitney U tests were then
performed for those biomarkers with a Kruskal-Wallis test p value of <0.05. Wilcoxon
matched-pairs test for paired analyses within each study group. Spearman rank test to
compare the correlation between two continuous variables. *p<0.05, **p<0.01,

##5p<().001, ****p<0.0001.

Abbreviations: Caspl, caspase 1; TBP, TATA box binding protein; SDHA, succinate

dehydrogenase complex, subunit A
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5.3.2 The Onset of TB-IRIS was Associated with Upregulation of Inflammasome
Gene Expression
Given that inflammasomes are the activators of caspl, we next examined the
relationship between development of TB-IRIS and markers of inflammasome activation.
Firstly, we used qRT-PCR to analyse the differential expression of NLRPI, NLRP3,
NLRC4 and AIM2 mRNA in monocytes pre-cART and at the time of TB-IRIS or post-
cART in patients with TB no IRIS and no TB or IRIS. Pre-cART, NLRPI and NLRC4
levels were higher in TB no IRIS patients compared to TB-IRIS and no TB or IRIS
patients. 4A/M2 levels were higher in both TB-IRIS and TB no IRIS as compared to no
TB or IRIS, whilst NLRP3 was not different among the three groups of patients (upper
panel Figure 5.4A). During TB-IRIS, NLRPI, NLRP3, and AIM?2 levels were higher in
TB-IRIS patients compared to the other two groups post-cART (lower panel Figure
5.4A). In addition, when compared with the expression level of mRNA of the internal
reference genes (7BP and SDHA), expressions of NLRPI, NLRP3, NLRC4 and AIM?2
were 2.9-fold, 167-fold, 3.2-fold and 7.9-fold higher, respectively, during TB-IRIS.
When mRNA expression levels during TB-IRIS were compared to levels pre-cART, we
found that the fold-changes for NLRPI, NLRP3, NLRC4, and AIM2 were 1.1 fold, 1.6
fold, 1.3 fold and 2.2 fold, respectively (Figure 5.4B). These findings provide evidence
that TB-IRIS is associated with up-regulation of genes encoding components of the

NLRP3 and AIM2 inflammasomes, and possibly other inflammasomes.
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Figure 5.4
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Figure 5.4. Expression Profile of mRNA of Inflammasomes in Patients with TB-

IRIS, TB no IRIS and no TB or IRIS.

(A) Comparison of mRNA expression profile of 4 major inflammasomes NLRPI,

NLRP3, NLRC4 and AIM? across the three patient groups. Data were analyzed using the

Kruskal-Wallis test followed by a post-hoc Mann-Whitney U tests for those genes with
a Kruskal-Wallis test p value of <0.05. *p<0.05, **p<0.01, ***p<0.001. (B) Fold

change of inflammasome-related mRNA. The blue line indicates fold change = 1. 7,

normalized against housekeeping genes 7BP and SDHA; } levels of mRNA at event

normalized to baseline mRNA levels.

Abbreviations: NLRP, nucleotide-binding domain and leucine-rich repeat protein;

NLRC4, Nucleotide-binding oligomerization domain, NOD, (NOD)-like receptor C4;

AIM2, absent in melanoma 2.
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5.3.3 TB-IRIS was Associated with Markers of Cell Death with Changes of
Pyroptosis Most Conspicuous Pre-cART

Apart from it’s association with increased production of IL-18, caspl also facilitates
pro-inflammatory programmed cell death, termed pyroptosis (Bergsbaken et al 2009).
Therefore, we determined the proportion of expression of Annexin V and 7-
aminoactinomycin D (7-AAD) in PBMCs, monocytes and lymphocytes of TB-IRIS
patients and control groups. Pyroptosis is characterized by expression of 7-AAD
whereas apoptotic cell death is characterized by expression of Annexin V without 7-
AAD (Figure 5.5A) (Miao et al 2011). Pre-cART, proportions of 7-AAD+ PBMCs
were higher in TB-IRIS patients (median=6.3%, IQR=2.6-11.2%) compared to TB no
IRIS (median=4.4%, IQR=1.6-5.4%, p=0.046) and no TB or IRIS (median=1.6%,
IQR=1.1-2.9%, p=0.0001) patients (Figure 5B). At TB-IRIS event, proportions of 7-
AAD+ PBMC (median=4.4%, IQR=3.2-9) and Annexin V+/7-AAD- PBMC
(median=24.3%, IQR= IQR=22-28.4%) were higher among TB-IRIS patients as
compared to the TB no IRIS (median=2.2%, IQR=1.2-6%, p=0.036; median=13.3%,
IQR=9.2-18.4%, p<0.0001, respectively) and no TB or IRIS (median=1.4%, IQR=0.8-
3%, p=0.0005; median=11.1%, IQR=7.5-15.5%, p<0.0001 respectively) (Figure 5.5B).
There was also a similar trend in monocytes (Figure 5.5B) but not lymphocytes (data

not shown).

Next, we correlated the proportion of PBMCs expressing markers of cell death with
expression level (MFI) of activated caspl in monocytes. Activated caspl expression did
not correlate with markers of cell death pre-cART but correlated with molecules
associated with pyroptosis (r=0.502, p=0.0006) and apoptosis (r=0.468, p=0.0016)

during TB-IRIS (Figure 5.5C).

Pyroptosis appears to have an association with release of intracellular contents into the

systemic circulation (LaRock et a/ 2013), and hence we determined if an increase in
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inflammatory cellular components was evident in the plasma of TB-IRIS patients
compared with control groups. To address this, we used a well-evaluated method to
measure levels of cell-free mitochondrial DNA (mtDNA) (Lauring et a/ 2012), which
indicates disruption of the cellular membrane. Plasma cell-free mtDNA pre-cART was
higher in TB-IRIS patients (log copy number, median=3.8, IQR=3.4-4.1) compared to
TB no IRIS (log copy number, median=3.3, IQR=2.8-3.4; p=0.0008) and no TB or IRIS
(log copy number, median=3.4, IQR=3.1-3.6; p=0.005) patients. At event, the TB-IRIS
patients showed higher cell-free mtDNA in plasma compared to the other groups,
although this was not statistically significant (Kruskal-Wallis test, p=0.065) (Figure
5.5D, middle panel). Using the Spearman test, we also investigated the correlation of
plasma mtDNA with IL-18, activated caspl expression and markers of cell death. We
found that mtDNA levels correlated with IL-18 levels alone (r=0.4225, p<0.0001 for
combined pre- and post-cART values) (Figure 5.5D, right panel). Taken together, our
data suggest that TB-IRIS is associated with a higher degree of cell death amongst
PBMC, with changes of pyroptosis dominating pre-cART and evidence of both

pyroptosis and apoptosis post-cART.
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Figure 5.5
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Figure 5.5. Cellular Expression of Markers of Pyroptotic Cell Death Among
Patients with TB-IRIS, TB no IRIS and no TB or IRIS.
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(A) Representative FACS plots showing the distribution of pyrototic (7-AAD+) as well
as apoptotic (Annexin V+/7-AAD-) cell death. (B) Comparisons of percent of
pyroptotic cell death between patient groups TB-IRIS, TB no IRIS and no TB or IRIS.
(C) Correlation analysis between expression of activated caspl (log MFI) and markers
of pyroptosis and apoptosis in monocytes of all three patient groups. (D) Plasma levels
of mtDNA distinguished individuals with TB-IRIS and correlated with IL-18 levels.
Left panel: shows dynamic range for qPCR assay for mtDNA; middle panel: shows
comparison of plasma mtDNA level between the three clinical groups; right panel:
shows correlation between mtDNA and IL-18 at baseline. Data were analyzed using the
Kruskal-Wallis test across the three patient groups. Post-hoc Mann-Whitney U tests
were then performed only for those biomarkers with a Kruskal-Wallis test p value of
<0.05. Spearman rank test were used to assess the correlation between two continuous
variables. KW, Kruskal-Wallis test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

Abbreviations: 7-AAD, 7-Aminoactinomycin D; mtDNA, Mitochondrial DNA

5.3.4 TB-IRIS was Associated with Correlates of Decreased Regulation of
Inflammasome Activity
Activation of inflammasomes is a tightly regulated process, and two factors, interferon
(IFN)-y (Mishra et al 2013) and nitric oxide (NO) (Mao et al 2013; Mishra et al 2013;
Rayamajhi et al 2013) have been shown to down-regulate the activity of the NLRP3.
We previously reported that plasma INF-y levels were decreased among TB-IRIS
patients both pre-cART and at the time of TB-IRIS (Tan et al 2015). Here, we
investigated if plasma levels of NO were also lower amongst patients with TB-IRIS.
Using the Griess method (Mishra et al 2013), we measured plasma NO levels pre-cART
and found that they were lowest in TB-IRIS patients (median=30uM, IQR=16-46)

followed by TB no IRIS (median=47uM, IQR=23.7-66.7; p=0.0015) and no TB or IRIS
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(median=79 pM, IQR=66-107; p<0.0001). Nevertheless, plasma NO levels were not

different between the study groups post-cART (Figure 5.6A).

Next, we investigated if TB-IRIS patients had evidence of impaired NO production by
monocytes. To address this, we measured the mRNA levels of inducible nitric oxide
synthase (iNOS) using qRT-PCR. We found that the mRNA levels of iNOS were

comparable between the three groups pre- and post-cART (Figure 5.6B).

Finally, using Spearman correlation test, we investigated if plasma NO levels correlated
with plasma levels of IFN-y and IL-18 and expression of activated caspl in monocytes.
Pre-cART, NO levels correlated positively with IFN-y (r=0.51, p=0.0004) but inversely
with IL-18 (r=-0.44, p=0.003) and activated caspl expression (r=-0.53, p=0.0001)

(Figure 5.6C).

Together, these findings provide evidence that NO production is lower pre-cART in
HIV patients who subsequently developed TB-IRIS, in association with lower
production of IFN-y. The negative correlation of NO and IFN-y levels with IL-18 levels
and caspl expression in monocytes suggests that inflammasome activity is inadequately

regulated in patients who develop TB-IRIS after commencing cART.
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Figure 5.6
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Figure 5.6. Plasma Levels of NO and Cellular Expression of iNOS Among Patient
Groups, and Correlation with IFN-y, IL-18 and Caspase-1.

(A) Plasma levels of NO among TB-IRIS, TB no IRIS and no TB or IRIS pre-cART at
time of TB-IRIS or 4-12 weeks post-cART. (B) iNOS expression in monocyte among
the 3 groups of patients pre- and post-cART. (C) Correlation between plasma levels of
NO and plasma levels of IFN-y or IL-18 and monocyte expression of activated Caspl.
Data were analyzed using the Kruskal-Wallis test across the three patient groups. Post-
hoc Mann-Whitney U tests were then performed only for those biomarkers with a
Kruskal-Wallis test p value of <0.05. Correlation was analysed using Spearman's rank
test. *p<0.05, **p<0.01, ***p<0.001.

Abbreviations: Caspl, caspase 1; iNOS, inducible nitric oxide synthase
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5.3.5 Expression of CD64 on Monocytes was Associated with Monocyte
Expression of Caspl in TB-IRIS

Prior studies have shown that the development of TB-IRIS is independently associated
with expansion of CD14++CD16- monocytes (Andrade et al 2014), which prompted us
to investigate if monocyte activation in TB-IRIS is associated with markers of
inflammasome activation and pyroptosis in monocytes. Hence, we studied the surface
expression levels (MFI) of CD64 (Fcy receptor 1), CD11b, CD69 and CD38 on
CD14++CD16-, CD14++CD16+, and CD14+CD16++ monocyte subsets and compared
the data across the three clinical groups. We found that all these activation markers were
increased to a variable degree in all three monocyte subpopulations across the three
groups of patients, with CD64 expression showing consistent elevation in all three
monocyte subsets. CD64 expression was higher in TB-IRIS patients when compared to
no TB or IRIS pre-cART, and was also higher compared to TB no IRIS and no TB or

IRIS patients post-cCART (Figure 5.7A).

Next, we investigated if these monocyte activation markers correlated with activated
caspl expression levels (MFI) in CD14++CD16-, CD14++CD16+ and CD14+CD16++
monocyte subpopulations. Using Spearman correlation test, we found that the levels of
CD64 correlated with activated caspl expression in all the three monocyte
subpopulations (R=0.754 in CD14++CD16-, R=0.587 in CD14++CD16+ and R=0.558
in CD14+CD16++; p<0.0001 for all correlations) (Figure 5.7B). In contrast, there were
no correlations with the other monocyte activation markers. These findings suggest that
CD64 expression on monocytes is a correlate of activated caspl expression, and

possibly inflammasome activation, in TB-IRIS patients.
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Figure 5.7
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Figure 5.7. The Association Between Monocyte Activation and TB-IRIS and
Correlation with Caspase-1.

(A) Expression (mean fluorescence intensity, MFI) of monocyte activation markers
CDp64, CD11b, CD69 and CD38 on circulating CD14++CD16-, CD14++CD16+ and
CD14+CD16++ monocytes pre- and post-cART. (B) Heatmap depicting the overall

pattern of correlation between expression of monocyte activation markers and activated

caspl expression in respective monocyte subsets at pre- and post-cART. Data were

analyzed using the Kruskal-Wallis test across the three patient groups. Post-hoc Mann-

Whitney U tests were then performed only for those biomarkers with a Kruskal-Wallis

test p value of <0.05. Spearman rank test to compare the correlation between two

continuous variables. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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5.3.6 Development of TB-IRIS was Associated with Increased Expression of IL-
18Ra on NK Cells and CD4+ T Cells Post-cART
To assess the interplay between monocytes, T cells and NK cells in TB-IRIS, we also
assessed the frequency and activation status of NK cells and expression of IL-18Ra
(CD218) on CD4+ and CD8+ T cells, and NK cells by flow cytometry (Figure 5.8A).
First, we found that the frequency of circulating CD56+ NK cells was lower in TB-IRIS
patients compared with TB no IRIS and no TB or IRIS patients pre-cART. In addition,
surface expression of CD56 on NK cells post-cART was highest in the TB-IRIS group
compared to the other two groups (Figure 5.8B), suggesting that there was an increase
of terminally differentiated NK cells (Loza et a/ 2004) among TB-IRIS patients. We
also found that the proportion of IL-18Ra-expressing CD4+ T cells and NK cells were
higher among TB-IRIS and TB no IRIS patients compared with no TB or IRIS patients
pre-cART (Figure 5.8C). At TB-IRIS event, the proportion of both IL-18Ra+ CD4+ T
cells and CD56+ NK cells, and the level of IL-18Ra expressions on these cells were
also higher in TB-IRIS patients compared with TB no IRIS and no TB or IRIS patients
(Figure 5.8C). Using a Wilcoxon paired-test, we demonstrated that IL-18Ra was
increased post-cART compared to pre-cART in TB-IRIS patients. Changes in IL-18Ra
in the other two groups were not significant. (left panel of Figure 5.8D, E and F).
Taken together, our data indicate that the onset of TB-IRIS is associated with increased
proportions of terminally differentiated NK cells and higher expression of IL-18Ra on

CD4+ T cells and NK cells.
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Figure 5.8. Expression of CD218 (IL-18Ra) on T cells and NK cells of patients with
TB-IRIS, TB, no IRIS and no TB or IRIS.

(A) Representative FACS plots showing the distribution of CD4+ T cells, CD8+ T-cells
and NK cells expressing CD218. (B) Percent of circulating CD4+ T-cells, CD8+ T-cells
and CD3-CD56+ NK cells were compared pre-cART and at the time of TB-IRIS or
week 4-12 or following iniation of cART in patients with TB-IRIS (n=16), TB no IRIS
(n=16) or no TB or IRIS(n=19). (C) Percentage and MFI of total lymphocytes
expressing CD218. (D-F) Changes in CD218 expression following iniation of cART.
Data were analyzed using the Kruskal-Wallis test across the three patient groups. Post-
hoc Mann-Whitney U tests were then performed only for those biomarkers with a
Kruskal-Wallis test p value of <0.05. Wilcoxon matched-pairs test for paired analyses
within each study group. *p<0.05, **p<0.01, ***p<0.001.
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5.4  Discussion

The immunologic mechanisms underlying the development of TB-IRIS are not clearly
understood, and there are currently no effective therapeutic strategies to prevent the
onset of TB-IRIS. We have previously shown a robust association between increased
plasma IL-18 levels and TB-IRIS (Oliver et al 2010; Tan et al 2015), suggesting that
inflammasome activation may have a role in the immunopathogenesis of TB-IRIS.
Here, we have shown that HIV-infected patients with untreated or recently treated TB
exhibited an increased proportion of monocytes expressing activated caspl before
cART is commenced, and that the level of activated caspl expression increases further,
and to the greatest degree, in those patients who develop TB-IRIS after the initiation of
cART. Upregulation of NLR3 and AIM?2 inflammasomes during TB-IRIS provides
further evidence to inflammasome activation. These changes were associated with
evidence of pyroptotic cell death, including increased plasma mtDNA levels, before
cART was commenced providing evidence for both pyroptosis and apoptosis during
TB-IRIS. Lower pre-cART plasma levels of NO demonstrated here, and IFN-y
demonstrated previously (Tan et a/ 2015), in patients who developed TB-IRIS provide
evidence that inflammasome activity may be inadequately regulated. We also
demonstrated a correlation between activated caspl expression and CD64 expression in
monocytes suggesting that CD64+ monocytes might be a marker of inflammasome
activation in monocytes. Finally, plasma IL-18 levels correlated negatively with NO
levels but positively with mtDNA levels pre-cART and positively with caspl expression
in monocytes during TB-IRIS, providing evidence that IL-18 may be a marker of
inflammasome activation and pyroptosis. Futhermore, upregulation of IL-18Ra was
greatest on the CD4+ T cells and NK cells of patients with TB-IRIS providing further
evidence that IL-18 is directly involved in the inflammatory responses observed in TB-

IRIS.
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Cellular immune responses against MTB primarily involves the coordinated activity of
innate immune responses mediated by monocytes/macrophages and DCs, and adaptive
immune responses mediated by CD4+ and CD8+ T cells and non-classical T cells
(O'Garra et a/ 2013). In resting macrophages, MTB is capable of blocking phagosome-
lysosome fusion as well as inhibiting phagosome acidification (Vergne et al 2004;
Meena et al 2010) to ensure its intracellular survival and replication. These immune
evasion strategies may be overcome by IFN-y activation of macrophages along with NO
production (MacMicking et al 1997; Yang et al 2009; Gallegos et al/ 2011). However in
HIV-infected patients, CD4+ T-cell deficiency results in decreased IFN-y activation of
macrophages and intracellular killing of MTB (Diedrich ef al 2011; Tomlinson et al
2014) leading to accumulation of MTB intracellularly and eventual activation of
inflammasomes (Dorhoi et al 2012). Here, we provide evidence that failure to control
MTB replication in monocytes/macrophages because T cell responses are impaired by
HIV-induced CD4+ T cell depletion, leads to ‘default’ immune control mechanisms that
include inflammasome activation in monocytes, and that this is greatest in those

HIV/TB patients who subsequently develop TB-IRIS after cART is commenced.

We observed different inflammasome activation profiles between TB-IRIS and TB no
IRIS patients, whereby increased AIM2 and NLRP3 inflammasome activity was
observed in TB-IRIS patients whilst increased NLRP1 inflammasome activity was
observed in TB no IRIS patients. NLRP3 inflammasomes respond to LPS (Lamkanfi et
al 2009) and MTB-specific antigens, such as 6-kDa early secretary antigenic target
(ESAT-6) (Mishra et al 2010; Lee et al 2013); whereas AIM2 responds to dsDNA of
viral, bacterial and even host origin (Lamkanfi ez a/ 2009). One possible explanation for
activation of the AIM2 inflammasome observed in our study is that NLRP3
inflammasome and/or Caspl activation results in pyroptotic cell death leading to the

release of intracellular contents, including mtDNA, into the systemic circulation
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(Bergsbaken et al 2009). Consequently, the mtDNA activates the AIM2 inflammasome
of other monocytes, amplifying the inflammation cascade (Nakahira et a/ 2011). This
proposal is supported by our observation that increased pyroptotic cell death and cell-

free mtDNA in plasma were clearly evident among TB-IRIS patients.

We previously reported that plasma levels of IL-18 were higher in TB-IRIS patients
both pre- and post-cART compared to levels in control groups, and that the biological
activity of IL-18 was not adequately regulated by IL-18-binding protein (IL-18BP) (Tan
et al 2015). It is currently unclear why TB-IRIS patients do not show exaggerated
inflammatory responses before commencement of cART. Here, we have demonstrated
increased expression of IL-18Ra on T cells and NK cells among TB-IRIS patients
during TB-IRIS. Neutrophils also express IL-18Ra (Hirata et a/ 2008), and it is likely
that T cells, NK cells and neutrophils of TB-IRIS patients become more responsive to
IL-18 after commencement of cART. Our findings suggest a significant interaction
between monocytes/macrophages, T cells, NK cells and possibly neutrophils via the IL-

18 signalling pathway.

Although inflammasome activation and pyroptosis contribute to pathogen clearance and
induction of adaptive immune responses (Eisenbarth ez a/ 2008; Conforti-Andreoni ef al
2011), dysregulated NLRP3 inflammasome activity is regarded as deleterious in
patients with sepsis (Cinel et al/ 2009). We propose that this could also be the case with
TB-IRIS patients. As the pro-inflammatory effects of inflammasome activation can be
severe, their activation must be tightly regulated (Lamkanfi et a/ 2012). Both IFN-y and
NO are known to regulate inflammasome activity at different stages of activation. It has
been reported that NO is able to down-regulate the expression inflammasome-related
genes, including NLRP3, ASC, caspl (Mishra et al 2013), as well as inhibiting NLRC4
and AIM-2 inflammasome-mediated caspase-1 activation (Mao et a/ 2013). IFN-y, on

the other hand, has no appreciable effect in altering the expression of inflammasome-
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related genes but it does elicit a regulatory effect by inhibiting the docking of ASC and
caspl to the assembled inflammasome (Mishra ef al/ 2013). In the absence of effective
CD4+ T-cell responses, it is likely that the IFN-y and NO are not produced in sufficient
amounts to regulate caspl activity induced by NLRP3 and AIM2, thereby leading to the
excessive caspl activity seen in TB-IRIS patients. Contrary to the activation of NLRP3
and AIM2, the activation of NLRP1 observed in TB no IRIS patients appears to be less
pathogenic. One possible reason could be that NLRP1 is regulated by IL-18 (Masters et
al 2012) produced as a consequence of inflammasome activation, leading to less severe
inflammation. Together with our previous observation that plasma IFN-y levels were
low in patients with TB-IRIS (Tan et al 2015), our current data suggests that NLRP3

and AIM?2 activity in TB-IRIS patients is inadequately regulated by [FN-y and NO.

Detection of apoptosis and pyroptosis using annexin V and 7-AAD may have certain
limitations. Although it has previously been demonstrated that 7-AAD stains pyroptotic
cells by entering the cell through pores on the cell membrane (Fink et a/ 2006; Miao et
al 2011), apoptotic cells are destined to undergo secondary necrosis and could lose their
membrane intergrity to become 7-AAD+ (Zimmermann et al 2011; Zembruski et al
2012). In this context, it is possible that annexin V and 7AAD staining may not clearly
distinguish pyroptotic cells from cells that have undergone secondary necrosis. Unlike
in vitro studies where inhibitors of casp3 (e.g. DEVD-CHO) and inhibitors of caspl
(e.g. pralnacasan) can be employed to confirm the type of cell death (Callus et al 2007),
such an approach is seldom used to confirm in vivo cell death. An alternate approach
would be to use microarray strategies to analyse multiple genes involved in the different
pathways of cell death. Despite this uncertainty on the use of annexin V and 7AAD as
markers of the type of cell death, we showed that TB-IRIS is associated with a higher

level of mtDNA in plasma, in association with activated inflammasomes and that the
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amount of cell death correlated with the levels of caspl; which concertedly reflect the

pro-inflammatory nature of pyroptosis.

In conclusion, we have provided evidence for increased inflammasome activation and
pyroptosis in monocytes of HIV-TB patients, and that patients who develop TB-IRIS
show increased levels of inflammasome activation and cell death (pyroptosis and
apoptosis) after the commencement of cART. Furthermore, we have provided evidence
for the regulation of inflammasome activity by NO and IFN-y, which could be
ineffective in those HIV-TB patients who develop TB-IRIS. We interpret these findings
as evidence for increased inflammasome activation and pyroptosis in monocytes of
HIV-infected patients with TB, in an attempt to control mycobacterial replication when
T cell-dependent monocyte/ macrophage activation becomes less effective. This likely
primes the monocytes and macrophages to exaggerate the inflammatory responses when
HIV replication is suppressed by cART, which is the greatest in patients who develop

TB-IRIS.
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CHAPTER 6: CONCLUSIONS AND FUTURE STUDIES

There are three major themes studied in this thesis: 1) In Chapter 3, the prevalence and
risk factors associated with TB-IRIS were investigated. 2) In Chapter 4, the
immunological correlates of TB-IRIS were investigated and certain putative predictive
markers of TB-IRIS were identified and 3) in Chapter 5, the underlying immunological
mechanisms of development of TB-IRIS were studied, with special reference to the
roles of inflammasome and activation of monocytes. Our findings could likely provide
insights into the underlying mechanisms of IRIS pathogenesis, and help identify
specific predictive markers to promptly diagnose and treat TB-IRIS. This could also set
stage for the development of newer improved therapeutics in HIV-infected patients

commencing on cART.

6.1 Prevalence of TB-IRIS in UMMC, Malaysia

The prevalence of TB-IRIS varies throughout the world and is highly dependent on the
population studied, specifically the degree of immunodeficiency and OI burden. For
resource-limited settings, the prevalence of TB-IRIS ranges from 12% in South Africa
(Lawn et al 2007), 12-18% in Brazil (Serra et al/ 2007; Dibyendu et al 2011), 13-18% in
India (Agarwal et al 2012), 5-13% in Thailand (Manosuthi et a/ 2006; Aramaki et al
2010; Umphonsathien et a/ 2011), and 29% in Uganda (Baalwa et a/ 2008); However,
there has been paucity of data available from Malaysia. Here, we conducted a
retrospective investigation, and reported that the prevalence of TB-IRIS in Malaysia
was 16% (17 out of 106 patients), which is similar to other developing countries and the
mortality rate was <5.6%. Although the prevalence was seemingly low, the incidence of
IRIS is increasing, and represents a significant clinical problem due to the increased

access to cART especially in resource-limited countries.
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6.2 Risk Factors and Clinical Outcome of TB-IRIS.

As for the risk factors for development of TB-IRIS, our adjusted logistic regression
model has shown that disseminated TB was the only independent factor associated with
TB-IRIS. Unlike previously reported (reviewed in (Martin-Blondel et a/ 2012), we
found no associations between lower baseline CD4+ T-cell counts, higher baseline viral
load and shorter interval between ATT to cART with increased risk of TB-IRIS.
Nonetheless, the mortality rate for TB-IRIS was 5.9% and was similar as compared to
5.7% in HIV/TB co-infected patient without IRIS. The CD4+ T-cell recovery following
cART was not different between those who had TB-IRIS and those who did not, and is

consistent with previously reported by others (Bonnet ef a/ 2013).

6.3 Plasma Markers that Predict and Characterize TB-IRIS

Because TB-IRIS usually occurs within the first month of initiation of cART, it could
be difficult to distinguish from relapsed or newly acquired TB. Therefore, there is an
urgent need for laboratory markers to predict and identify TB-IRIS (Murdoch et al
2007; Meintjes et al 2010). In order to identify markers predictive of TB-IRIS, we
conducted a case-control study by comparing the levels of 12 cytokines/pro-
inflammatory mediators in plasma that included ferritin, neopterin, sCD163, sCD14, IL-
18, IFN-y, CXCL-10, TNF-a, CCL2, IL-6, CXCLS8 and IL-10. The levels of these
mediators were compared at pre-cART and post-cART across the three groups of
patients ie. i) TB-IRIS (case), ii) TB no IRIS (control) and iii) no TB no IRIS (control).
Using ROC analysis, the study indentified that IL-18 to be the best predictive marker

for development of TB-IRIS.

Prior studies have proposed several biomarkers for predicting TB-IRIS, including
plasma IFN-y (Haddow et al 2011), IFN-y after exposing T cells to ESAT-6 (IFN-y

releasing assay, IGRA, e.g. QuantiFERON®) (Bourgarit et al 2006), 1L-6, TNF-a
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(Tadokera et al 2011), CXCL10, CCL2, IL-18 (Oliver et al 2010; Conesa-Botella et al
2012), sCD163 and sCD14 (Andrade et al 2014). However, only CXCL10, CCL2, IL-
18 were analysed against their sensitivities and specificities by receiver operating
characteristic (ROC) analyses. Here, we investigated the potential of IL-18 using 3
specimens from three different geographical locations (i.e. Cambodia, Malaysia and

India), and demonstrated the robustness of IL-18 as predictive marker for TB-IRIS.

6.4  Role of High IFN-y Levels in TB-IRIS is Less Clear

IL-18 is a potent pro-inflammatory cytokine produced predominantly by activated
monocytes/ macrophages. IL-18 was initially discovered as an IFN-y-inducing factor,
and plays a critical role in augmenting Th1 responses. Hence, we speculated a far higher
role of IFN-y in the development of TB-IRIS. However, we found that the contribution
of IFN-y to development of TB-IRIS was relatively negligible. Our findings differ from
those of others for serum/plasma IFN-y levels (Haddow et al 2011; Tadokera et al 2011;
Conesa-Botella et a/ 2012) and production of IFN-y by IGRA (Bourgarit et al 2006;
Tan et al 2008; Bourgarit et al 2009; Elliott et al 2009; Vignesh et al 2013).
Nonetheless, the discrepancies could likely be attributed to differences in experimental
design (ex vivo stimulation, culture supernatant vs. plasma etc) as well as use of
analytical techniques (sandwich ELISA, cytokines beads array, ELISpot or intracellular
cytokine staining and flow cytometric analysis) to confirm the findings. Our finding is
supported by a recent study on tuberculous meningitis (TBM)-IRIS patients, which has
reported that low IFN-y levels in the CSF of TBM cases could predict IRIS (Marais et al

2013).

Interestingly, the plasma IFN-y levels in two of our cohorts (the KL cohort and the
Chennai cohort studied in Chapter 4) and a South Africa cohort (studied by one of our

collaborators) also appear to be associated with pre-cART CD4+ T-cell counts. Whilst
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the Chennai cohort [24] showed the highest levels of IFN-y and a median baseline
CD4+ T-cell count of ~200 cells/ml, the South African cohort [24] found intermediate
levels of IFN-y and a median baseline CD4+ T-cell count of ~100 cells/ml. Patients in
our Kuala Lumpur cohort (reported here) showed the lowest IFN-y levels and a median
CD4+ T-cell count of ~50 cells/ml. Therefore, the differences in plasma IFN-y levels in
the different cohorts could likely be owing to the residual CD4+ T-cell functions at pre-

cART.

6.5 High Intracellular Pathogen Load: Potential Trigger of TB-IRIS

The early secretary antigenic target (ESAT-6) represents a potent immunogenic antigen
derived from MTB. It is a virulence factor capable of modulating host immune
responses (Andersen et al 1995; Sorensen et al 1995). ESAT-6 reportedly inhibits /L-
12p40 expression by macrophages, and therefore may indirectly inhibit the ability of T
cells to produce IFN-y via reduced secretion of IL-12 by APCs (Pathak et a/ 2007).
Previous findings have also shown that ESAT-6 can directly inhibit IFN-y production
by T cells in a dose-dependent manner. Low concentrations of ESAT-6 could induce
IFN-y, but higher concentrations appear to inhibit IFN-y production via down-regulation
of ATF-2 and c-Jun, two promoters essential for production of IFN-y (Wang et al 2009).
Hence, low plasma IFN-y levels observed among TB-IRIS patients as evident from our
study, could in part be attributed to the inhibitory effects of ESAT-6. Furthermore, the
RD-1 locus of MTB genome has been associated with activation of caspl via
inflammasome pathways and release of IL-18 (Kurenuma et a/ 2009; Mishra et a/ 2010;
Welin et al 2011). Taken together, the increase of IL-18 and decrease of IFN-y levels
observed in our TB-IRIS patients could likely be due to the immunomodulating effects

of ESAT-6.
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6.6  Heightened Inflammasome Activity is Associated with TB-IRIS

We have previously shown a robust association between increased plasma IL-18 levels
and TB-IRIS (Oliver et a/ 2010; Tan et al 2015), which underpins the likely role of
inflammasome activation with development of TB-IRIS. In Chapter 5, we demonstrated
that TB-IRIS is associated with increased expression of activated caspl both before
cART and during TB-IRIS event that involves activation of NLRP3 and AIM2

inflammasomes.

Furthermore, it has also become clear that activated caspl could also results in
pyroptosis, a caspl-dependent pro-inflammatory cell death characterized by rupture of
plasma membrane, swelling of cells and release of pro-inflammatory intracellular
contents into the systemic circulation (Fink et al 2006; Bergsbaken et al 2009). The
release of pro-inflammatory intracellular contents (measured as cell-free plasma
mtDNA) will further activate bystander cells via TLRs (or inflammasomes) to promote

inflammation as observed in clinical TB-IRIS (Broderick et al 2014).

6.7  Regulation of Inflammasome Activation by IFN-y

Given that activation of inflammasome leads to potent immune responses, dysregulated
inflammasome activity reportedly results in deleterious effects in patients with sepsis
(Cinel et al 2009), and therefore are tightly regulated (Lamkanfi et al/ 2012). IFN-y and
NO are known to regulate inflammasome activity at different stages of activation. It has
been reported that NO is able to down-regulate the expression inflammasome-related
genes, including NLRP3, ASC, caspl (Mishra et al 2013), as well as to inhibit NLRC4
and AI/M-2-mediated caspl activation (Mao ef al 2013). Notwithstanding that IFN-y has
no appreciable effect in altering the expression of inflammasome-related genes, it does
elicit a regulatory effect by inhibiting the docking of ASC and caspl to the assembled

inflammasome (Mishra et al 2013).
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In the absence of effective CD4+ T-cell responses, it is likely that [IFN-y and NO are
not produced in sufficient amounts to regulate caspl activity induced by NLRP3 and
AIM2. Hence, this could result in excessive caspl activity as seen in TB-IRIS patients.
The role of IFN-y and NO in regulating the activation of inflammasome is theorized and

illustrated in Figure 6.1.
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Figure 6.1 Proposed Model of Inflammasome-Mediated Pathogenesis of TB-IRIS.

(1-2) In a microenvironment with low levels of IFN-y, MTB escape
monocyte/macrophage bactericidal effectors by interfering with phagosome-lysosome
fusion (Herbst et al 2011) survive and continue to replicate intracellularly (de
Chastellier 2009) leading to mitochondrial stress (Jamwal ef al 2013). (3) Accumulation
of intracellular MTB and release of mtDNA leads to the assembly of NLRP3 and AIM2
followed by activation of caspl. (4-5) IL-18 is a potent pro-inflammatory cytokine that
is initially synthesized in an inactive form (pro-IL18) requiring processing by caspl to

assume activity. (6-9) As well as processing IL-18, caspl also facilitates an
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inflammatory form of programmed cell death termed pyroptosis, leading to egress of
mtDNA into the systemic circulation, feeding back to amplify inflammatory responses.
(10) IFN-y and NO negatively regulate NLRP3 and AIM2.

Abbreviations: Caspl, caspase 1; MTB, Mycobacterium tuberculosis, mtDNA, ;
NLRP3, nucleotide-binding domain and leucine-rich repeat protein 3; AIM2, absent in

melanoma 2; NO, nitric oxide.

6.8 Regulation of Biological Activity of IL-18 by IFN-y

The highly potent pro-inflammatory cytokine IL-18 is produced at the downstream
aspect of inflammasome activation. A plethora of cells are known to express IL-18
receptor (CD218). In Chapter 5, we have shown that CD218 is elevated among TB-IRIS
patients following the initiation of cART. Nevertheless, the biological activity of IL-18
appears to be regulated by IL-18BP, a soluble molecule that binds mature IL-18 with
high affinity and prevents it’s interaction with cell surface receptors (competitive
inhibitor) to limit its biological activities (Novick et al 1999). Interestingly, the
expression of IL-18BP is induced by IFN-y. It has been shown that the promoter region
of IL-18BP contains an IFN regulatory factor 1 response element that increases IL-
18BP gene expression upon IFN-y stimulation (Muhl et a/ 2000; Hurgin et al 2002).
Therefore, IL-18 indirectly increases the production of it’s own inhibitor in a negative

feed-back loop (Boraschi et a/ 2006).

In Chapter 4, we theorized that the inflammatory response driven by augmented IL-18
among TB-IRIS patients might be fuelled by a deficiency of IL-18BP, and we examined
this possibility by assaying the plasma levels of IL-18BPa and the circulating IL-18
levels. We found that the circulating IL-18 levels were 40% higher in the plasma of TB-
IRIS patients relative to controls. Previously published data is in agreement with our
finding in that IL-18BPa could occur 20-fold molar excess than IL-18 in healthy

individuals (Novick et a/ 2001). Another in vitro study showed that at least a 2 molar
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excess of IL-18BP would be required to neutralize 95% of the biological activity of IL-
18 (Kim et a/ 2000). Hence, our results strongly suggest that the biological activity of

IL-18 may have been inadequately regulated.

Interestingly, we also observed over-production of three chemokines, CXCL10, CCL2
and CXCLS8 during TB-IRIS. These chemokines have been shown to play an important
role in the recruitment and activation of T cells, monocytes, macrophage and
neutrophils (Hoffmann et a/ 2002; Christensen et a/ 2006; Deshmane et al 2009) at the
site of inflammation. This finding is also in line with other histopathological findings in
stating that TB-IRIS could be associated with granulomata characterized by mixed
inflammatory cell infiltrates (Lawn et al 2009; Martin-Blondel et al 2012). The
association of these biomarkers with TB-IRIS immunopathology is summarized in a

model of disease pathogenesis (see Figure 6.2).
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Figure 6.2 Potential Mechanism of TB Antigen-Induced Immune Dysregulation

and Development of TB-IRIS

Monocyte
o ®
(\' \ /\
(e S oy L8
AT Jd O
IL-12 - © O Biological
- \ activity of
L — |18 well
® O™ regulated
i v ® by IL-18BP
T-cell \
' e

°® —
® FN-y o = L-188P
o ) > Lk

'y L
Shn o
ESAT-6 o0 5} ¢} ®

IFN-y

O s o =

Endothelial cells

@

Lw IL-18BP

Figure 6.2a. In the absence of a high mycobacterial load, there is a low level of ESAT-
6 and therefore the inhibitory effects of ESAT-6 is negligible, and hence the production
of IL-12 by macrophages, and IFN-y synthesis by T cells is relatively efficient (1-2).
ESAT-6 induces the production of IL-18 by monocyte/macrophages, and IL-18 will
further enhance the production of IFN-y by CD4+ T cells (3). Subsequently, IFN-y will
induce monocytes/macrophages and endothelial cells to produce IL-18-binding protein
(IL-18BP), a natural occurring regulatory protein that binds to IL-18 and neutralizes its
biological activity (4-5).
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Figure 6.2b. In the presence of high mycobacterial load and abundance of M.
tuberculosis antigens, ESAT-6 inhibits the production of IL-12 by macrophages,
inhibiting the capacity of T cells to produce IFN-y indirectly (a). ESAT-6 also inhibits
T cell production of IFN-y directly via down-regulation of ATF-2 and c-Jun (promoters
for IFN-y), leading to the reduced IFN-y levels in TB-IRIS patients (b). Whilst ESAT-6
induces the secretion of IL-18 by monocyte/macrophages (c), the IFN-y produced by T
cells is insufficient to induce production of IL-18BP (d). The biological activity of IL-
18 remains unregulated (e), leading to an exaggerated inflammatory response that
includes recruitment of neutrophils, T cells and monocytes resulting from increased

production of chemokines.

Abbreviations: ESAT-6, 6 kDa early secretory antigenic target; IFN-y, interferon-
gamma; IL-18BP, interleukin-18 binding protein, Neut., neutrophils; Mae,
macrophages; NK, natural killer cells; ATF-2, activating transcription factor 2; c-Jun,

protein encoded by JUN gene, subtype c.
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6.9 Conclusion and Future Studies

Collectively, our data suggests that in the absence of effective CD4+ T-cell responses
(reflected also by deficient IFN-y production), the innate immune "defaulted" to innate
immunity as evidenced by the exuberant activation of inflammasome and caspl activity
followed by excessive production of IL-18. The ensuing innate immune responses
become unregulated due to insufficient production of IFN-y, which in turn regulates the
activation of inflammasome as well as induction of I[L-18BP to modulate the biological

activities of IL-18.

Several animal models have been developed in the past to investigate into the roles of
IFN-y in TB-IRIS (Manabe et a/ 2008; Barber et al 2010). However, animal models to
conduct investigations on inflammasome and IL-18 have not been developed till date.
Furthermore, MCC950 has been recognized as a specific blocker that inhibits the
activation of NLRP3 but not the AIM2, NLRC4 or NLRP1 inflammasomes. The role of
NLRP3 in the development of TB-IRIS should also be investigated in animal models

using MCC950.

166



REFERENCES

(2012). "WHO. Global Tuberculosis Report.
http://www.who.int/tb/publications/global report/en/."

Abdool Karim, S. S., K. Naidoo, A. Grobler, N. Padayatchi, C. Baxter, A. Gray, T. Gengiah, G. Nair,
S. Bamber, A. Singh, M. Khan, J. Pienaar, W. El-Sadr, G. Friedland and Q. Abdool Karim
(2010). "Timing of initiation of antiretroviral drugs during tuberculosis therapy." N Engl
J Med 362(8): 697-706.

Agarwal, U., A. Kumar, D. Behera, M. A. French and P. Price (2012). "Tuberculosis associated
immune reconstitution inflammatory syndrome in patients infected with HIV:
meningitis a potentially life threatening manifestation." AIDS Res Ther 9(1): 17.

Alexaki, A. and B. Wigdahl (2008). "HIV-1 infection of bone marrow hematopoietic progenitor
cells and their role in trafficking and viral dissemination." PLoS Pathog 4(12):
€1000215.

Ali, S. R., A. M. Timmer, S. Bilgrami, E. J. Park, L. Eckmann, V. Nizet and M. Karin (2011).
"Anthrax toxin induces macrophage death by p38 MAPK inhibition but leads to
inflammasome activation via ATP leakage." Immunity 35(1): 34-44.

Almeida, C. A., P. Price and M. A. French (2002). "Immune activation in patients infected with
HIV type 1 and maintaining suppression of viral replication by highly active
antiretroviral therapy." AIDS Res Hum Retroviruses 18(18): 1351-1355.

Amer, A,, L. Franchi, T. D. Kanneganti, M. Body-Malapel, N. Ozoren, G. Brady, S. Meshinchi, R.
Jagirdar, A. Gewirtz, S. Akira and G. Nunez (2006). "Regulation of Legionella
phagosome maturation and infection through flagellin and host Ipaf." J Biol Chem
281(46): 35217-35223.

Andersen, P., A. B. Andersen, A. L. Sorensen and S. Nagai (1995). "Recall of long-lived immunity
to Mycobacterium tuberculosis infection in mice." J Immunol 154(7): 3359-3372.

Andrade, B. B., A. Singh, G. Narendran, M. E. Schechter, K. Nayak, S. Subramanian, S.
Anbalagan, S. M. Jensen, B. O. Porter, L. R. Antonelli, K. A. Wilkinson, R. J. Wilkinson, G.
Meintjes, H. van der Plas, D. Follmann, D. L. Barber, S. Swaminathan, A. Sher and I.
Sereti (2014). "Mycobacterial Antigen Driven Activation of CD14++CD16- Monocytes Is
a Predictor of Tuberculosis-Associated Immune Reconstitution Inflammatory
Syndrome." PLoS Pathog 10(10): e1004433.

Andre, M. C., C. Gille, P. Glemser, J. Woiterski, H. Y. Hsu, B. Spring, H. Keppeler, B. W. Kramer,
R. Handgretinger, C. F. Poets, K. Lauber and T. W. Orlikowsky (2012). "Bacterial

167



reprogramming of PBMCs impairs monocyte phagocytosis and modulates adaptive T
cell responses." J Leukoc Biol 91(6): 977-989.

Antonelli, L. R., Y. Mahnke, J. N. Hodge, B. O. Porter, D. L. Barber, R. DerSimonian, J. H.
Greenwald, G. Roby, J. Mican, A. Sher, M. Roederer and |. Sereti (2010). "Elevated
frequencies of highly activated CD4+ T cells in HIV+ patients developing immune
reconstitution inflammatory syndrome." Blood 116(19): 3818-3827.

Apostolova, N., A. Blas-Garcia and J. V. Esplugues (2011). "Mitochondrial interference by anti-
HIV drugs: mechanisms beyond Pol-gamma inhibition." Trends Pharmacol Sci 32(12):
715-725.

Aramaki, M., U. Silachamroon, V. Desakorn, A. n. W. Maek, J. Waiwaruwut, K. Jutiwarakun, J.
H. Kim and P. Pitisuttithum (2010). "Immune reconstitution inflammatory syndrome in
adult human immunodeficiency virus-infected patients in Thailand." Southeast Asian J
Trop Med Public Health 41(1): 138-145.

Arevalo, J. F., A. J. Mendoza and Y. Ferretti (2003). "Immune recovery uveitis in AIDS patients
with cytomegalovirus retinitis treated with highly active antiretroviral therapy in
Venezuela." Retina 23(4): 495-502.

Arnold, E. and G. F. Arnold (1991). "Human immunodeficiency virus structure: implications for
antiviral design." Adv Virus Res 39: 1-87.

Arthos, J., C. Cicala, S. M. Selig, A. A. White, H. M. Ravindranath, D. Van Ryk, T. D. Steenbeke, E.
Machado, P. Khazanie, M. S. Hanback, D. B. Hanback, R. L. Rabin and A. S. Fauci (2002).
"The role of the CD4 receptor versus HIV coreceptors in envelope-mediated apoptosis
in peripheral blood mononuclear cells." Virology 292(1): 98-106.

Autran, B., G. Carcelain, T. S. Li, C. Blanc, D. Mathez, R. Tubiana, C. Katlama, P. Debre and J.
Leibowitch (1997). "Positive effects of combined antiretroviral therapy on CD4+ T cell
homeostasis and function in advanced HIV disease." Science 277(5322): 112-116.

Azad, A. A. (2000). "Could Nef and Vpr proteins contribute to disease progression by
promoting depletion of bystander cells and prolonged survival of HIV-infected cells?"
Biochem Biophys Res Commun 267(3): 677-685.

Baalwa, J., H. Mayanja-Kizza, M. R. Kamya, L. John, A. Kambugu and R. Colebunders (2008).
"Worsening and unmasking of tuberculosis in HIV-1 infected patients after initiating
highly active anti-retroviral therapy in Uganda." Afr Health Sci 8(3): 190-195.

Badri, M., D. Wilson and R. Wood (2002). "Effect of highly active antiretroviral therapy on
incidence of tuberculosis in South Africa: a cohort study." Lancet 359(9323): 2059-
2064.

168



Banchereau, J. and R. M. Steinman (1998). "Dendritic cells and the control of immunity."
Nature 392(6673): 245-252.

Banker, A. S. and A. Patel (2002). "Effect of combination antiretroviral therapy on
cytomegalovirus retinitis." Indian J Ophthalmol 50(1): 29-33.

Barber, D. L., B. B. Andrade, |. Sereti and A. Sher (2012). "Immune reconstitution inflammatory
syndrome: the trouble with immunity when you had none." Nat Rev Microbiol 10(2):
150-156.

Barber, D. L., K. D. Mayer-Barber, L. R. Antonelli, M. S. Wilson, S. White, P. Caspar, S. Hieny, .
Sereti and A. Sher (2010). "Th1-driven immune reconstitution disease in
Mycobacterium avium-infected mice." Blood 116(18): 3485-3493.

Barre-Sinoussi, F., A. L. Ross and J. F. Delfraissy (2013). "Past, present and future: 30 years of
HIV research." Nat Rev Microbiol 11(12): 877-883.

Batista, M. D., A. M. Porro, S. M. Maeda, E. E. Gomes, M. C. Yoshioka, M. M. Enokihara and J.
Tomimori (2008). "Leprosy reversal reaction as immune reconstitution inflammatory
syndrome in patients with AIDS." Clin Infect Dis 46(6): e56-60.

Bauernfeind, F., E. Bartok, A. Rieger, L. Franchi, G. Nunez and V. Hornung (2011). "Cutting
edge: reactive oxygen species inhibitors block priming, but not activation, of the NLRP3
inflammasome." J Immunol 187(2): 613-617.

Belge, K. U., F. Dayyani, A. Horelt, M. Siedlar, M. Frankenberger, B. Frankenberger, T. Espevik
and L. Ziegler-Heitbrock (2002). "The proinflammatory CD14+CD16+DR++ monocytes
are a major source of TNF." J Immunol 168(7): 3536-3542.

Belibasakis, G. N. and A. Johansson (2012). "Aggregatibacter actinomycetemcomitans targets
NLRP3 and NLRP6 inflammasome expression in human mononuclear leukocytes."
Cytokine 59(1): 124-130.

Bellora, F., R. Castriconi, A. Doni, C. Cantoni, L. Moretta, A. Mantovani, A. Moretta and C.
Bottino (2012). "M-CSF induces the expression of a membrane-bound form of IL-18 in
a subset of human monocytes differentiating in vitro toward macrophages." Eur J
Immunol 42(6): 1618-1626.

Berger, E. A., P. M. Murphy and J. M. Farber (1999). "Chemokine receptors as HIV-1
coreceptors: roles in viral entry, tropism, and disease." Annu Rev Immunol 17: 657-
700.

169



Bergsbaken, T., S. L. Fink and B. T. Cookson (2009). "Pyroptosis: host cell death and
inflammation." Nat Rev Microbiol 7(2): 99-109.

Biancotto, A, J. C. Grivel, S. J. Iglehart, C. Vanpouille, A. Lisco, S. F. Sieg, R. Debernardo, K.
Garate, B. Rodriguez, L. B. Margolis and M. M. Lederman (2007). "Abnormal activation
and cytokine spectra in lymph nodes of people chronically infected with HIV-1." Blood
109(10): 4272-4279.

Bicanic, T., G. Meintjes, K. Rebe, A. Williams, A. Loyse, R. Wood, M. Hayes, S. Jaffar and T.
Harrison (2009). "Immune reconstitution inflammatory syndrome in HIV-associated
cryptococcal meningitis: a prospective study." J Acquir Immune Defic Syndr 51(2): 130-
134,

Blanche, P., B. Gombert, O. Rivoal, S. Abad, D. Salmon and A. Brezin (2002). "Uveitis due to
Leishmania major as part of HAART-induced immune restitution syndrome in a patient
with AIDS." Clin Infect Dis 34(9): 1279-1280.

Blanco, J., J. Barretina, K. F. Ferri, E. Jacotot, A. Gutierrez, M. Armand-Ugon, C. Cabrera, G.
Kroemer, B. Clotet and J. A. Este (2003). "Cell-surface-expressed HIV-1 envelope
induces the death of CD4 T cells during GP41-mediated hemifusion-like events."
Virology 305(2): 318-329.

Bonnet, M., E. Baudin, I. V. Jani, E. Nunes, F. Verhoustraten, A. Calmy, R. Bastos, N. B. Bhatt
and C. Michon (2013). "Incidence of paradoxical tuberculosis-associated immune
reconstitution inflammatory syndrome and impact on patient outcome." PLoS One
8(12): e84585.

Bonyhadi, M. L., L. Rabin, S. Salimi, D. A. Brown, J. Kosek, J. M. McCune and H. Kaneshima
(1993). "HIV induces thymus depletion in vivo." Nature 363(6431): 728-732.

Boraschi, D. and C. A. Dinarello (2006). "IL-18 in autoimmunity: review." Eur Cytokine Netw
17(4): 224-252.

Bosinger, S. E., D. L. Sodora and G. Silvestri (2011). "Generalized immune activation and innate
immune responses in simian immunodeficiency virus infection." Curr Opin HIV AIDS
6(5): 411-418.

Bourgarit, A., G. Carcelain, V. Martinez, C. Lascoux, V. Delcey, B. Gicquel, E. Vicaut, P. H.
Lagrange, D. Sereni and B. Autran (2006). "Explosion of tuberculin-specific Th1-
responses induces immune restoration syndrome in tuberculosis and HIV co-infected
patients." AIDS 20(2): F1-7.

Bourgarit, A., G. Carcelain, A. Samri, C. Parizot, M. Lafaurie, S. Abgrall, V. Delcey, E. Vicaut, D.
Sereni and B. Autran (2009). "Tuberculosis-associated immune restoration syndrome

170



in HIV-1-infected patients involves tuberculin-specific CD4 Th1 cells and KIR-negative
gammadelta T cells." J Immunol 183(6): 3915-3923.

Bourgarit, A., G. Carcelain, A. Samri, C. Parizot, M. Lafaurie, S. Abgrall, V. Delcey, E. Vicaut, D.
Sereni, B. Autran and P. S. Group (2009). "Tuberculosis-associated immune restoration
syndrome in HIV-1-infected patients involves tuberculin-specific CD4 Th1 cells and KIR-
negative gammadelta T cells." ) Immunol 183(6): 3915-3923.

Bower, M., M. Nelson, A. M. Young, C. Thirlwell, T. Newsom-Davis, S. Mandalia, T. Dhillon, P.
Holmes, B. G. Gazzard and J. Stebbing (2005). "Immune reconstitution inflammatory
syndrome associated with Kaposi's sarcoma." ) Clin Oncol 23(22): 5224-5228.

Boyden, E. D. and W. F. Dietrich (2006). "Nalp1b controls mouse macrophage susceptibility to
anthrax lethal toxin." Nat Genet 38(2): 240-244.

Breen, R. A,, C. J. Smith, H. Bettinson, S. Dart, B. Bannister, M. A. Johnson and M. C. Lipman
(2004). "Paradoxical reactions during tuberculosis treatment in patients with and
without HIV co-infection." Thorax 59(8): 704-707.

Brenchley, J. (2007). "Bacterial Translocation and T-cell Dysfunction in HIV." 4th IAS
Conference on HIV Pathogenesis, Treatment and Prevention, Sydney, 22-25 July:
TUSY402.

Brenchley, J. M., B. J. Hill, D. R. Ambrozak, D. A. Price, F. J. Guenaga, J. P. Casazza, J. Kuruppu, J.
Yazdani, S. A. Migueles, M. Connors, M. Roederer, D. C. Douek and R. A. Koup (2004).
"T-cell subsets that harbor human immunodeficiency virus (HIV) in vivo: implications
for HIV pathogenesis." J Virol 78(3): 1160-1168.

Brenchley, J. M., D. A. Price, T. W. Schacker, T. E. Asher, G. Silvestri, S. Rao, Z. Kazzaz, E.
Bornstein, O. Lambotte, D. Altmann, B. R. Blazar, B. Rodriguez, L. Teixeira-Johnson, A.
Landay, J. N. Martin, F. M. Hecht, L. J. Picker, M. M. Lederman, S. G. Deeks and D. C.
Douek (2006). "Microbial translocation is a cause of systemic immune activation in
chronic HIV infection." Nat Med 12(12): 1365-1371.

Breton, G., H. Adle-Biassette, A. Therby, J. Ramanoelina, L. Choudat, F. Bissuel, M. Huerre, F.
Dromer, B. Dupont and O. Lortholary (2006). "Immune reconstitution inflammatory
syndrome in HIV-infected patients with disseminated histoplasmosis." AIDS 20(1): 119-
121.

Breton, G., X. Duval, C. Estellat, X. Poaletti, D. Bonnet, D. Mvondo Mvondo, P. Longuet, C.
Leport and J. L. Vilde (2004). "Determinants of immune reconstitution inflammatory
syndrome in HIV type 1-infected patients with tuberculosis after initiation of
antiretroviral therapy." Clin Infect Dis 39(11): 1709-1712.

171



Broderick, L. and H. M. Hoffman (2014). "cASCading specks." Nat Immunol 15(8): 698-700.

Bulua, A. C., A. Simon, R. Maddipati, M. Pelletier, H. Park, K. Y. Kim, M. N. Sack, D. L. Kastner
and R. M. Siegel (2011). "Mitochondrial reactive oxygen species promote production of
proinflammatory cytokines and are elevated in TNFR1-associated periodic syndrome
(TRAPS)." J Exp Med 208(3): 519-533.

Burckstummer, T., C. Baumann, S. Bluml, E. Dixit, G. Durnberger, H. Jahn, M. Planyavsky, M.
Bilban, J. Colinge, K. L. Bennett and G. Superti-Furga (2009). "An orthogonal proteomic-
genomic screen identifies AIM2 as a cytoplasmic DNA sensor for the inflammasome."
Nat Immunol 10(3): 266-272.

Burgess, K., P. Price, I. R. James, S. F. Stone, N. M. Keane, A. Y. Lim, J. R. Warmington and M. A.
French (2006). "Interferon-gamma responses to Candida recover slowly or remain low
in immunodeficient HIV patients responding to ART." ) Clin Immunol 26(2): 160-167.

Burman, W., S. Weis, A. Vernon, A. Khan, D. Benator, B. Jones, C. Silva, B. King, C. LaHart, B.
Mangura, M. Weiner and W. EI-Sadr (2007). "Frequency, severity and duration of
immune reconstitution events in HIV-related tuberculosis." Int J Tuberc Lung Dis
11(12): 1282-1289.

Callus, B. A. and D. L. Vaux (2007). "Caspase inhibitors: viral, cellular and chemical." Cell Death
Differ 14(1): 73-78.

Camaschella, C. and E. Poggiali (2009). "Towards explaining "unexplained hyperferritinemia".
Haematologica 94(3): 307-309.

Chang, C. C., M. Crane, J. Zhou, M. Mina, J. J. Post, B. A. Cameron, A. R. Lloyd, A. Jaworowski,
M. A. French and S. R. Lewin (2013). "HIV and co-infections." Immunol Rev 254(1): 114-
142.

Chang, C. C,, A. Lim, S. Omarjee, S. M. Levitz, B. |. Gosnell, T. Spelman, J. H. Elliott, W. H. Carr,
M. Y. Moosa, T. Ndung'u, S. R. Lewin and M. A. French (2013). "Cryptococcosis-IRIS is
associated with lower cryptococcus-specific IFN-gamma responses before
antiretroviral therapy but not higher T-cell responses during therapy." J Infect Dis
208(6): 898-906.

Chang, C. C., V. Sheikh, I. Sereti and M. A. French (2014). "Immune Reconstitution Disorders in
Patients With HIV Infection: From Pathogenesis to Prevention and Treatment." Curr

HIV/AIDS Rep 11(3): 223-232.

Chen, W. L., Y. F. Lin, W. C. Tsai and Y. T. Tsao (2009). "Unveiling tuberculous pyomyositis: an
emerging role of immune reconstitution inflammatory syndrome." Am J Emerg Med
27(2): 251 e251-252.

172



Christensen, J. E., C. de Lemos, T. Moos, J. P. Christensen and A. R. Thomsen (2006). "CXCL10 is
the key ligand for CXCR3 on CD8+ effector T cells involved in immune surveillance of
the lymphocytic choriomeningitis virus-infected central nervous system." J Immunol
176(7): 4235-4243.

Cinel, I. and S. M. Opal (2009). "Molecular biology of inflammation and sepsis: a primer." Crit
Care Med 37(1): 291-304.

Clark, B. M., R. G. Krueger, P. Price and M. A. French (2004). "Compartmentalization of the
immune response in varicella zoster virus immune restoration disease causing
transverse myelitis." AIDS 18(8): 1218-1221.

Coffin, J. M. (1995). "HIV population dynamics in vivo: implications for genetic variation,
pathogenesis, and therapy." Science 267(5197): 483-489.

Conesa-Botella, A., M. M. Loembe, Y. C. Manabe, W. Worodria, D. Mazakpwe, K. Luzinda, H.
Mayanja-Kizza, M. Miri, O. Mbabazi, O. Koole, L. Kestens and R. Colebunders (2011).
"Urinary lipoarabinomannan as predictor for the tuberculosis immune reconstitution
inflammatory syndrome." J Acquir Immune Defic Syndr 58(5): 463-468.

Conesa-Botella, A., G. Meintjes, A. K. Coussens, H. van der Plas, R. Goliath, C. Schutz, R.
Moreno-Reyes, M. Mehta, A. R. Martineau, R. J. Wilkinson, R. Colebunders and K. A.
Wilkinson (2012). "Corticosteroid therapy, vitamin D status, and inflammatory cytokine
profile in the HIV-tuberculosis immune reconstitution inflammatory syndrome." Clin
Infect Dis 55(7): 1004-1011.

Conforti-Andreoni, C., P. Ricciardi-Castagnoli and A. Mortellaro (2011). "The inflammasomes in
health and disease: from genetics to molecular mechanisms of autoinflammation and
beyond." Cell Mol Immunol 8(2): 135-145.

Connors, M., J. A. Kovacs, S. Krevat, J. C. Gea-Banacloche, M. C. Sneller, M. Flanigan, J. A.
Metcalf, R. E. Walker, J. Falloon, M. Baseler, |. Feuerstein, H. Masur and H. C. Lane
(1997). "HIV infection induces changes in CD4+ T-cell phenotype and depletions within
the CD4+ T-cell repertoire that are not immediately restored by antiviral or immune-
based therapies." Nat Med 3(5): 533-540.

Conradie, F., A. S. Foulkes, P. lve, X. Yin, K. Roussos, D. K. Glencross, D. Lawrie, W. Stevens, L. J.
Montaner, |. Sanne and L. Azzoni (2011). "Natural killer cell activation distinguishes
Mycobacterium tuberculosis-mediated immune reconstitution syndrome from chronic
HIV and HIV/MTB coinfection." J Acquir Immune Defic Syndr 58(3): 309-318.

Constant, P., F. Davodeau, M. A. Peyrat, Y. Poquet, G. Puzo, M. Bonneville and J. J. Fournie
(1994). "Stimulation of human gamma delta T cells by nonpeptidic mycobacterial
ligands." Science 264(5156): 267-270.

173



Correa, R. and M. A. Munoz-Fernandez (2002). "Production of new T cells by thymus in
children: effect of HIV infection and antiretroviral therapy." Pediatr Res 52(2): 207-212.

Costin, J. M. (2007). "Cytopathic mechanisms of HIV-1." Virol J 4: 100.

Cozzi-Lepri, A., M. A. French, J. Baxter, P. Okhuysen, M. Plana, J. Neuhaus and A. Landay
(2011). "Resumption of HIV replication is associated with monocyte/macrophage
derived cytokine and chemokine changes: results from a large international clinical
trial." AIDS 25(9): 1207-1217.

Crane, M., B. Oliver, G. Matthews, A. Avihingsanon, S. Ubolyam, V. Markovska, J. J. Chang, G. J.
Dore, P. Price, K. Visvanathan, M. French, K. Ruxrungtham and S. R. Lewin (2009).
"Immunopathogenesis of hepatic flare in HIV/hepatitis B virus (HBV)-coinfected
individuals after the initiation of HBV-active antiretroviral therapy." J Infect Dis 199(7):
974-981.

Crothers, K. and L. Huang (2003). "Recurrence of Pneumocystis carinii pneumonia in an HIV-
infected patient: apparent selective immune reconstitution after initiation of
antiretroviral therapy." HIV Med 4(4): 346-349.

Daar, E. S., T. Moudgil, R. D. Meyer and D. D. Ho (1991). "Transient high levels of viremia in
patients with primary human immunodeficiency virus type 1 infection." N Engl J Med
324(14): 961-964.

Daftarian, M. P., F. Diaz-Mitoma, W. D. Creery, W. Cameron and A. Kumar (1995).
"Dysregulated production of interleukin-10 (IL-10) and IL-12 by peripheral blood
lymphocytes from human immunodeficiency virus-infected individuals is associated
with altered proliferative responses to recall antigens." Clin Diagn Lab Immunol 2(6):
712-718.

Dalton, D. K., S. Pitts-Meek, S. Keshav, I. S. Figari, A. Bradley and T. A. Stewart (1993). "Multiple
defects of immune cell function in mice with disrupted interferon-gamma genes."
Science 259(5102): 1739-1742.

de Almeida, M. C., A. C. Silva, A. Barral and M. Barral Netto (2000). "A simple method for
human peripheral blood monocyte isolation." Mem Inst Oswaldo Cruz 95(2): 221-223.

de Chastellier, C. (2009). "The many niches and strategies used by pathogenic mycobacteria for
survival within host macrophages." Immunobiology 214(7): 526-542.

De Clercq, E. (1998). "The role of non-nucleoside reverse transcriptase inhibitors (NNRTIs) in
the therapy of HIV-1 infection." Antiviral Res 38(3): 153-179.

174



Deeks, S. G., C. M. Kitchen, L. Liu, H. Guo, R. Gascon, A. B. Narvaez, P. Hunt, J. N. Martin, J. O.
Kahn, J. Levy, M. S. McGrath and F. M. Hecht (2004). "Immune activation set point
during early HIV infection predicts subsequent CD4+ T-cell changes independent of
viral load." Blood 104(4): 942-947.

Deng, H., R. Liu, W. Ellmeier, S. Choe, D. Unutmaz, M. Burkhart, P. Di Marzio, S. Marmon, R. E.
Sutton, C. M. Hill, C. B. Davis, S. C. Peiper, T. J. Schall, D. R. Littman and N. R. Landau
(1996). "Identification of a major co-receptor for primary isolates of HIV-1." Nature
381(6584): 661-666.

Deshmane, S. L., S. Kremlev, S. Amini and B. E. Sawaya (2009). "Monocyte chemoattractant
protein-1 (MCP-1): an overview." ) Interferon Cytokine Res 29(6): 313-326.

Dhasmana, D. J., K. Dheda, P. Ravn, R. J. Wilkinson and G. Meintjes (2008). "Immune
reconstitution inflammatory syndrome in HIV-infected patients receiving antiretroviral
therapy : pathogenesis, clinical manifestations and management." Drugs 68(2): 191-
208.

Dibyendu, D., R. N. Sarkar, S. Phaujdar, K. Bhattacharyya and H. K. Pal (2011). "Incidence and
risk factors of immune reconstitution inflammatory syndrome in HIV-TB coinfected
patients." Braz J Infect Dis 15(6): 553-559.

Diedrich, C. R. and J. L. Flynn (2011). "HIV-1/mycobacterium tuberculosis coinfection
immunology: how does HIV-1 exacerbate tuberculosis?" Infect Immun 79(4): 1407-
1417.

Dinarello, C. A., D. Novick, S. Kim and G. Kaplanski (2013). "Interleukin-18 and IL-18 Binding
Protein." Front Immunol 4: 289.

Dinarello, C. A., D. Novick, A. J. Puren, G. Fantuzzi, L. Shapiro, H. Muhl, D. Y. Yoon, L. L.
Reznikov, S. H. Kim and M. Rubinstein (1998). "Overview of interleukin-18: more than
an interferon-gamma inducing factor." ) Leukoc Biol 63(6): 658-664.

Dion, M. L., J. F. Poulin, R. Bordi, M. Sylvestre, R. Corsini, N. Kettaf, A. Dalloul, M. R. Boulassel,
P. Debre, J. P. Routy, Z. Grossman, R. P. Sekaly and R. Cheynier (2004). "HIV infection
rapidly induces and maintains a substantial suppression of thymocyte proliferation."
Immunity 21(6): 757-768.

Doitsh, G., N. L. Galloway, X. Geng, Z. Yang, K. M. Monroe, O. Zepeda, P. W. Hunt, H. Hatano, S.
Sowinski, I. Munoz-Arias and W. C. Greene (2014). "Cell death by pyroptosis drives CD4
T-cell depletion in HIV-1 infection." Nature 505(7484): 509-514.

Dorhoi, A., G. Nouailles, S. Jorg, K. Hagens, E. Heinemann, L. Pradl, D. Oberbeck-Muller, M. A.
Duque-Correa, S. T. Reece, J. Ruland, R. Brosch, J. Tschopp, O. Gross and S. H.

175



Kaufmann (2012). "Activation of the NLRP3 inflammasome by Mycobacterium
tuberculosis is uncoupled from susceptibility to active tuberculosis." Eur J Immunol
42(2): 374-384.

Douek, D. C,, R. D. McFarland, P. H. Keiser, E. A. Gage, J. M. Massey, B. F. Haynes, M. A. Polis,
A. T. Haase, M. B. Feinberg, J. L. Sullivan, B. D. Jamieson, J. A. Zack, L. J. Picker and R. A.
Koup (1998). "Changes in thymic function with age and during the treatment of HIV
infection." Nature 396(6712): 690-695.

Douek, D. C., L. J. Picker and R. A. Koup (2003). "T cell dynamics in HIV-1 infection." Annu Rev
Immunol 21: 265-304.

Dube, M. P. and F. R. Sattler (2010). "Inflammation and complications of HIV disease." J Infect
Dis 201(12): 1783-1785.

Duesbery, N. S., C. P. Webb, S. H. Leppla, V. M. Gordon, K. R. Klimpel, T. D. Copeland, N. G.
Ahn, M. K. Oskarsson, K. Fukasawa, K. D. Paull and G. F. Vande Woude (1998).
"Proteolytic inactivation of MAP-kinase-kinase by anthrax lethal factor." Science
280(5364): 734-737.

Dunic, 1., O. Djurkovic-Djakovic, S. Vesic, S. Zerjav and D. Jevtovic (2005). "Herpes zoster as an
immune restoration disease in AIDS patients during therapy including protease
inhibitors." Int J STD AIDS 16(7): 475-478.

Egger, M., G. D. Smith and A. N. Phillips (1997). "Meta-analysis: principles and procedures."
BMJ 315(7121): 1533-1537.

Egli, A., L. Infanti, A. Dumoulin, A. Buser, J. Samaridis, C. Stebler, R. Gosert and H. H. Hirsch
(2009). "Prevalence of polyomavirus BK and JC infection and replication in 400 healthy
blood donors." ) Infect Dis 199(6): 837-846.

Eisenbarth, S. C., O. R. Colegio, W. O'Connor, F. S. Sutterwala and R. A. Flavell (2008). "Crucial
role for the Nalp3 inflammasome in the immunostimulatory properties of aluminium
adjuvants." Nature 453(7198): 1122-1126.

Elliott, A. M., B. Halwiindi, A. Bagshawe, R. J. Hayes, N. Luo, J. O. Pobee and K. P. McAdam
(1992). "Use of prednisolone in the treatment of HIV-positive tuberculosis patients." Q
J Med 85(307-308): 855-860.

Elliott, J. H., K. Vohith, S. Saramony, C. Savuth, C. Dara, C. Sarim, S. Huffam, R. Oelrichs, P.
Sophea, V. Saphonn, J. Kaldor, D. A. Cooper, M. Chhi Vun and M. A. French (2009).
"Immunopathogenesis and diagnosis of tuberculosis and tuberculosis-associated
immune reconstitution inflammatory syndrome during early antiretroviral therapy." J
Infect Dis 200(11): 1736-1745.

176



Embretson, J., M. Zupancic, J. L. Ribas, A. Burke, P. Racz, K. Tenner-Racz and A. T. Haase (1993).
"Massive covert infection of helper T lymphocytes and macrophages by HIV during the
incubation period of AIDS." Nature 362(6418): 359-362.

Eshun-Wilson, I., F. Havers, J. B. Nachega, H. W. Prozesky, J. J. Taljaard, M. D. Zeier, M. Cotton,
G. Simon and P. Soentjens (2010). "Evaluation of paradoxical TB-associated IRIS with
the use of standardized case definitions for resource-limited settings." J Int Assoc
Physicians AIDS Care (Chic) 9(2): 104-108.

Estaquier, J., M. Tanaka, T. Suda, S. Nagata, P. Golstein and J. C. Ameisen (1996). "Fas-
mediated apoptosis of CD4+ and CD8+ T cells from human immunodeficiency virus-
infected persons: differential in vitro preventive effect of cytokines and protease
antagonists." Blood 87(12): 4959-4966.

Fantuzzi, L., F. Belardelli and S. Gessani (2003). "Monocyte/macrophage-derived CC
chemokines and their modulation by HIV-1 and cytokines: a complex network of
interactions influencing viral replication and AIDS pathogenesis." J Leukoc Biol 74(5):
719-725.

Fernandes-Alnemri, T., J. Wu, J. W. Yu, P. Datta, B. Miller, W. Jankowski, S. Rosenberg, J. Zhang
and E. S. Alnemri (2007). "The pyroptosome: a supramolecular assembly of ASC dimers
mediating inflammatory cell death via caspase-1 activation." Cell Death Differ 14(9):
1590-1604.

Fernandes-Alnemri, T., J. W. Yu, C. Juliana, L. Solorzano, S. Kang, J. Wu, P. Datta, M.
McCormick, L. Huang, E. McDermott, L. Eisenlohr, C. P. Landel and E. S. Alnemri (2010).
"The AIM2 inflammasome is critical for innate immunity to Francisella tularensis." Nat
Immunol 11(5): 385-393.

Fernandez, S., R. C. Nolan, P. Price, R. Krueger, C. Wood, D. Cameron, A. Solomon, S. R. Lewin
and M. A. French (2006). "Thymic function in severely immunodeficient HIV type 1-
infected patients receiving stable and effective antiretroviral therapy." AIDS Res Hum
Retroviruses 22(2): 163-170.

Fernandez, S., P. Price, E. J. McKinnon, R. C. Nolan and M. A. French (2006). "Low CD4+ T-cell
counts in HIV patients receiving effective antiretroviral therapy are associated with
CD4+ T-cell activation and senescence but not with lower effector memory T-cell
function." Clin Immunol 120(2): 163-170.

Ferri, K. F., E. Jacotot, M. Geuskens and G. Kroemer (2000a). "Apoptosis and karyogamy in
syncytia induced by the HIV-1-envelope glycoprotein complex." Cell Death Differ 7(11):
1137-1139.

177



Ferri, K. F., E. Jacotot, P. Leduc, M. Geuskens, D. E. Ingber and G. Kroemer (2000b). "Apoptosis
of syncytia induced by the HIV-1-envelope glycoprotein complex: influence of cell
shape and size." Exp Cell Res 261(1): 119-126.

Fink, S. L., T. Bergsbaken and B. T. Cookson (2008). "Anthrax lethal toxin and Salmonella elicit
the common cell death pathway of caspase-1-dependent pyroptosis via distinct
mechanisms." Proc Natl Acad Sci U S A 105(11): 4312-4317.

Fink, S. L. and B. T. Cookson (2006). "Caspase-1-dependent pore formation during pyroptosis
leads to osmotic lysis of infected host macrophages." Cell Microbiol 8(11): 1812-1825.

Franco, J. M., A. Rubio, M. Martinez-Moya, M. Leal, E. Merchante, A. Sanchez-Quijano and E.
Lissen (2002). "T-cell repopulation and thymic volume in HIV-1-infected adult patients
after highly active antiretroviral therapy." Blood 99(10): 3702-3706.

Frankel, A. D. and J. A. Young (1998). "HIV-1: fifteen proteins and an RNA." Annu Rev Biochem
67: 1-25.

French, M. A. (2007). "Disorders of immune reconstitution in patients with HIV infection
responding to antiretroviral therapy." Curr HIV/AIDS Rep 4(1): 16-21.

French, M. A. (2009). "HIV/AIDS: immune reconstitution inflammatory syndrome: a
reappraisal." Clin Infect Dis 48(1): 101-107.

French, M. A. (2012). "Immune reconstitution inflammatory syndrome: immune restoration
disease 20 years on." Med J Aust 196(5): 318-321.

French, M. A., N. Lenzo, M. John, S. A. Mallal, E. J. McKinnon, I. R. James, P. Price, J. P. Flexman
and M. L. Tay-Kearney (2000). "Immune restoration disease after the treatment of
immunodeficient HIV-infected patients with highly active antiretroviral therapy." HIV
Med 1(2): 107-115.

French, M. A,, S. A. Mallal and R. L. Dawkins (1992). "Zidovudine-induced restoration of cell-
mediated immunity to mycobacteria in immunodeficient HIV-infected patients." AIDS
6(11): 1293-1297.

French, M. A,, P. Price and S. F. Stone (2004). "Immune restoration disease after antiretroviral
therapy." AIDS 18(12): 1615-1627.

Fu, J. J., A. R. Bazazi, F. L. Altice, M. N. Mohamed and A. Kamarulzaman (2012). "Absence of
antiretroviral therapy and other risk factors for morbidity and mortality in Malaysian
compulsory drug detention and rehabilitation centers." PLoS One 7(9): e44249.

178



Fujihara, M., M. Muroi, K. Tanamoto, T. Suzuki, H. Azuma and H. lkeda (2003). "Molecular
mechanisms of macrophage activation and deactivation by lipopolysaccharide: roles of
the receptor complex." Pharmacol Ther 100(2): 171-194.

Gallegos, A. M., J. W. van Heijst, M. Samstein, X. Su, E. G. Pamer and M. S. Glickman (2011). "A
gamma interferon independent mechanism of CD4 T cell mediated control of M.
tuberculosis infection in vivo." PLoS Pathog 7(5): e1002052.

Gandhi, R. T., J. Spritzler, E. Chan, D. M. Asmuth, B. Rodriguez, T. C. Merigan, M. S. Hirsch, R.
W. Shafer, G. K. Robbins, R. B. Pollard and A. Team (2006). "Effect of baseline- and
treatment-related factors on immunologic recovery after initiation of antiretroviral
therapy in HIV-1-positive subjects: results from ACTG 384." ) Acquir Immune Defic
Syndr 42(4): 426-434.

Gelderblom, H. R., M. Ozel and G. Pauli (1989). "Morphogenesis and morphology of HIV.
Structure-function relations." Arch Virol 106(1-2): 1-13.

Gilks, C. F., S. Crowley, R. Ekpini, S. Gove, J. Perriens, Y. Souteyrand, D. Sutherland, M. Vitoria,
T. Guerma and K. De Cock (2006). "The WHO public-health approach to antiretroviral
treatment against HIV in resource-limited settings." Lancet 368(9534): 505-510.

Goldsack, N. R., S. Allen and M. C. Lipman (2003). "Adult respiratory distress syndrome as a
severe immune reconstitution disease following the commencement of highly active
antiretroviral therapy." Sex Transm Infect 79(4): 337-338.

Gorry, P. R. and P. Ancuta (2011). "Coreceptors and HIV-1 pathogenesis." Curr HIV/AIDS Rep
8(1): 45-53.

Gougeon, M. L., H. Lecoeur, A. Dulioust, M. G. Enouf, M. Crouvoiser, C. Goujard, T. Debord and
L. Montagnier (1996). "Programmed cell death in peripheral lymphocytes from HIV-
infected persons: increased susceptibility to apoptosis of CD4 and CD8 T cells
correlates with lymphocyte activation and with disease progression." J Immunol
156(9): 3509-3520.

Gracie, J. A., S. E. Robertson and I. B. Mclnnes (2003). "Interleukin-18." ) Leukoc Biol 73(2):
213-224.

Granelli-Piperno, A., V. Finkel, E. Delgado and R. M. Steinman (1999). "Virus replication begins
in dendritic cells during the transmission of HIV-1 from mature dendriticcellsto T
cells." Curr Biol 9(1): 21-29.

Grant, P. M., L. Komarow, J. Andersen, |. Sereti, S. Pahwa, M. M. Lederman, J. Eron, I. Sanne,
W. Powderly, E. Hogg, C. Suckow and A. Zolopa (2010). "Risk factor analyses for

179



immune reconstitution inflammatory syndrome in a randomized study of early vs.
deferred ART during an opportunistic infection." PLoS One 5(7): e11416.

Grant, P. M., L. Komarow, M. M. Lederman, S. Pahwa, A. R. Zolopa, J. Andersen, D. M. Asmuth,
S. Devaraj, R. B. Pollard, A. Richterman, S. Kanthikeel and I. Sereti (2012). "Elevated
interleukin 8 and T-helper 1 and T-helper 17 cytokine levels prior to antiretroviral
therapy in participants who developed immune reconstitution inflammatory syndrome
during ACTG A5164." J Infect Dis 206(11): 1715-1723.

Gray, F., C. Bazille, H. Adle-Biassette, J. Mikol, A. Moulignier and F. Scaravilli (2005). "Central
nervous system immune reconstitution disease in acquired immunodeficiency
syndrome patients receiving highly active antiretroviral treatment." ) Neurovirol 11
Suppl 3: 16-22.

Greene, W. C. (2004). "The brightening future of HIV therapeutics." Nat Immunol 5(9): 867-
871.

Grinsztejn, B., B. Y. Nguyen, C. Katlama, J. M. Gatell, A. Lazzarin, D. Vittecoq, C. J. Gonzalez, J.
Chen, C. M. Harvey, R. D. Isaacs and T. Protocol (2007). "Safety and efficacy of the HIV-
1 integrase inhibitor raltegravir (MK-0518) in treatment-experienced patients with
multidrug-resistant virus: a phase Il randomised controlled trial." Lancet 369(9569):
1261-1269.

Gupta, P., V. K. Vijayan and S. K. Bansal (2012). "Changes in protein profile of erythrocyte
membrane in bronchial asthma." ) Asthma 49(2): 129-133.

Haas, D. W., D. E. Geraghty, J. Andersen, J. Mar, A. A. Motsinger, R. T. D'Aquila, D. Unutmaz, C.
A. Benson, M. D. Ritchie, A. Landay and A. C. T. Group (2006). "Immunogenetics of CD4
lymphocyte count recovery during antiretroviral therapy: An AIDS Clinical Trials Group
study." J Infect Dis 194(8): 1098-1107.

Haase, A. T. (1999). "Population biology of HIV-1 infection: viral and CD4+ T cell demographics
and dynamics in lymphatic tissues." Annu Rev Immunol 17: 625-656.

Haddow, L. J., R. Colebunders, G. Meintjes, S. D. Lawn, J. H. Elliott, Y. C. Manabe, P. R.
Bohjanen, S. Sungkanuparph, P. J. Easterbrook, M. A. French and D. R. Boulware
(2010). "Cryptococcal immune reconstitution inflammatory syndrome in HIV-1-
infected individuals: proposed clinical case definitions." Lancet Infect Dis 10(11): 791-
802.

Haddow, L. J., R. Colebunders, G. Meintjes, S. D. Lawn, J. H. Elliott, Y. C. Manabe, P. R.
Bohjanen, S. Sungkanuparph, P. J. Easterbrook, M. A. French, D. R. Boulware and H. I.
V. a. |. International Network for the Study of (2010). "Cryptococcal immune
reconstitution inflammatory syndrome in HIV-1-infected individuals: proposed clinical
case definitions." Lancet Infect Dis 10(11): 791-802.

180



Haddow, L. J., O. Dibben, M. Y. Moosa, P. Borrow and P. J. Easterbrook (2011). "Circulating
inflammatory biomarkers can predict and characterize tuberculosis-associated
immune reconstitution inflammatory syndrome." AIDS 25(9): 1163-1174.

Haddow, L. J., P. J. Easterbrook, A. Mosam, N. G. Khanyile, R. Parboosing, P. Moodley and M. Y.
Moosa (2009). "Defining immune reconstitution inflammatory syndrome: evaluation of
expert opinion versus 2 case definitions in a South African cohort." Clin Infect Dis
49(9): 1424-1432.

Hardwick, C., D. White, E. Morris, E. F. Monteiro, R. A. Breen and M. Lipman (2006).
"Montelukast in the treatment of HIV associated immune reconstitution disease." Sex
Transm Infect 82(6): 513-514.

Harries, A. D., F. Gausi, R. Chimzizi and F. M. Salaniponi (2004). "Characteristics and outcome
of tuberculosis patients whose sputum smears are positive at or after 5 months of
treatment." Int J Tuberc Lung Dis 8(3): 384-387.

Hazenberg, M. D., S. A. Otto, B. H. van Benthem, M. T. Roos, R. A. Coutinho, J. M. Lange, D.
Hamann, M. Prins and F. Miedema (2003). "Persistent immune activation in HIV-1
infection is associated with progression to AIDS." AIDS 17(13): 1881-1888.

Haziot, A., G. W. Rong, V. Bazil, J. Silver and S. M. Goyert (1994). "Recombinant soluble CD14
inhibits LPS-induced tumor necrosis factor-alpha production by cells in whole blood." J
Immunol 152(12): 5868-5876.

Haziot, A., G. W. Rong, X. Y. Lin, J. Silver and S. M. Goyert (1995). "Recombinant soluble CD14
prevents mortality in mice treated with endotoxin (lipopolysaccharide)." J Immunol
154(12): 6529-6532.

He, B., Y. Zheng, M. Liu, G. Zhou, X. Chen, D. Mamadou, Y. He, H. Zhou and Z. Chen (2013).
"Identifying risk factors of immune reconstitution inflammatory syndrome in AIDS
patients receiving highly active anti-retroviral therapy." Braz J Infect Dis 17(2): 170-
173.

Hellerstein, M., M. B. Hanley, D. Cesar, S. Siler, C. Papageorgopoulos, E. Wieder, D. Schmidt, R.
Hoh, R. Neese, D. Macallan, S. Deeks and J. M. McCune (1999). "Directly measured
kinetics of circulating T lymphocytes in normal and HIV-1-infected humans." Nat Med
5(1): 83-89.

Herbst, S., U. E. Schaible and B. E. Schneider (2011). "Interferon gamma activated
macrophages kill mycobacteria by nitric oxide induced apoptosis.” PLoS One 6(5):
e19105.

181



Hirata, J., J. Kotani, M. Aoyama, S. Kashiwamura, H. Ueda, Y. Kuroda, M. Usami, H. Okamura
and S. Marukawa (2008). "A role for IL-18 in human neutrophil apoptosis." Shock
30(6): 628-633.

Hirnschall, G., A. D. Harries, P. J. Easterbrook, M. C. Doherty and A. Ball (2013). "The next
generation of the World Health Organization's global antiretroviral guidance." J Int
AIDS Soc 16: 18757.

Ho, D. D., A. U. Neumann, A. S. Perelson, W. Chen, J. M. Leonard and M. Markowitz (1995).
"Rapid turnover of plasma virions and CD4 lymphocytes in HIV-1 infection." Nature
373(6510): 123-126.

Hoffmann, E., O. Dittrich-Breiholz, H. Holtmann and M. Kracht (2002). "Multiple control of
interleukin-8 gene expression." J Leukoc Biol 72(5): 847-855.

Hogg, R. S., B. Yip, C. Kully, K. J. Craib, M. V. O'Shaughnessy, M. T. Schechter and J. S. Montaner
(1999). "Improved survival among HIV-infected patients after initiation of triple-drug
antiretroviral regimens." CMAJ 160(5): 659-665.

Hornung, V., A. Ablasser, M. Charrel-Dennis, F. Bauernfeind, G. Horvath, D. R. Caffrey, E. Latz
and K. A. Fitzgerald (2009). "AIM2 recognizes cytosolic dsDNA and forms a caspase-1-
activating inflammasome with ASC." Nature 458(7237): 514-518.

Hunt, P. W,, S. G. Deeks, B. Rodriguez, H. Valdez, S. B. Shade, D. |. Abrams, M. M. Kitahata, M.
Krone, T. B. Neilands, R. J. Brand, M. M. Lederman and J. N. Martin (2003). "Continued
CD4 cell count increases in HIV-infected adults experiencing 4 years of viral
suppression on antiretroviral therapy." AIDS 17(13): 1907-1915.

Hurgin, V., D. Novick and M. Rubinstein (2002). "The promoter of IL-18 binding protein:
activation by an IFN-gamma -induced complex of IFN regulatory factor 1 and
CCAAT/enhancer binding protein beta." Proc Natl Acad Sci U S A 99(26): 16957-16962.

lannello, A., S. Samarani, O. Debbeche, C. Tremblay, E. Toma, M. R. Boulassel, J. P. Routy and A.
Ahmad (2009). "Role of interleukin-18 in the development and pathogenesis of AIDS."
AIDS Rev 11(3): 115-125.

Immanuel, C., L. Victor, K. S. Chelvi, C. Padmapriyadarsini, F. Rehman, S. lliayas and S.
Swaminathan (2005). "Serum neopterin levels in HIV infected patients with & without
tuberculosis." Indian J Med Res 121(4): 220-225.

Jamwal, S., M. K. Midha, H. N. Verma, A. Basu, K. V. Rao and V. Manivel (2013). "Characterizing
virulence-specific perturbations in the mitochondrial function of macrophages infected
with Mycobacterium tuberculosis." Sci Rep 3: 1328.

182



Jenny-Avital, E. R. and M. Abadi (2002). "Immune reconstitution cryptococcosis after initiation
of successful highly active antiretroviral therapy." Clin Infect Dis 35(12): e128-133.

Jevtovic, D. J., D. Salemovic, J. Ranin, I. Pesic, S. Zerjav and O. Djurkovic-Djakovic (2005). "The
prevalence and risk of immune restoration disease in HIV-infected patients treated
with highly active antiretroviral therapy." HIV Med 6(2): 140-143.

Jiang, W., M. M. Lederman, P. Hunt, S. F. Sieg, K. Haley, B. Rodriguez, A. Landay, J. Martin, E.
Sinclair, A. I. Asher, S. G. Deeks, D. C. Douek and J. M. Brenchley (2009). "Plasma levels
of bacterial DNA correlate with immune activation and the magnitude of immune
restoration in persons with antiretroviral-treated HIV infection." J Infect Dis 199(8):
1177-1185.

John, L., J. Baalwa, P. Kalimugogo, E. Nabankema, B. Castelnuovo, G. Muhindo, R. Colebunders
and A. Kambugu (2005). "Response to 'Does immune reconstitution promote active
tuberculosis in patients receiving highly active antiretroviral therapy?' AIDS, 22 July
2005." AIDS 19(17): 2049-2050.

John, M., J. Flexman and M. A. French (1998). "Hepatitis C virus-associated hepatitis following
treatment of HIV-infected patients with HIV protease inhibitors: an immune
restoration disease?" AIDS 12(17): 2289-2293.

Johnson, V. A, V. Calvez, H. F. Gunthard, R. Paredes, D. Pillay, R. W. Shafer, A. M. Wensing and
D. D. Richman (2013). "Update of the drug resistance mutations in HIV-1: March
2013." Top Antivir Med 21(1): 6-14.

Jones, J. W., N. Kayagaki, P. Broz, T. Henry, K. Newton, K. O'Rourke, S. Chan, J. Dong, Y. Qu, M.
Roose-Girma, V. M. Dixit and D. M. Monack (2010). "Absent in melanoma 2 is required
for innate immune recognition of Francisella tularensis." Proc Natl Acad SciU S A
107(21): 9771-9776.

Kalayjian, R. C., R. N. Machekano, N. Rizk, G. K. Robbins, R. T. Gandhi, B. A. Rodriguez, R. B.
Pollard, M. M. Lederman and A. Landay (2010). "Pretreatment levels of soluble cellular
receptors and interleukin-6 are associated with HIV disease progression in subjects
treated with highly active antiretroviral therapy." J Infect Dis 201(12): 1796-1805.

Kanneganti, T. D. (2010). "Central roles of NLRs and inflammasomes in viral infection." Nat Rev
Immunol 10(10): 688-698.

Karavellas, M. P., S. P. Azen, J. C. MacDonald, C. L. Shufelt, C. Y. Lowder, D. J. Plummer, B.
Glasgow, F. J. Torriani and W. R. Freeman (2001). "Immune recovery vitritis and uveitis
in AIDS: clinical predictors, sequelae, and treatment outcomes." Retina 21(1): 1-9.

183



Kaufmann, G. R., H. Furrer, B. Ledergerber, L. Perrin, M. Opravil, P. Vernazza, M. Cavassini, E.
Bernasconi, M. Rickenbach, B. Hirschel, M. Battegay and H. I. V. C. S. Swiss (2005).
"Characteristics, determinants, and clinical relevance of CD4 T cell recovery to <500
cells/microL in HIV type 1-infected individuals receiving potent antiretroviral therapy."
Clin Infect Dis 41(3): 361-372.

Kawai, T. and S. Akira (2006). "TLR signaling." Cell Death Differ 13(5): 816-825.

Kayagaki, N., S. Warming, M. Lamkanfi, L. Vande Walle, S. Louie, J. Dong, K. Newton, Y. Qu, J.
Liu, S. Heldens, J. Zhang, W. P. Lee, M. Roose-Girma and V. M. Dixit (2011). "Non-
canonical inflammasome activation targets caspase-11." Nature 479(7371): 117-121.

Keane, N. M., P. Price, S. Lee, C. A. Almeida, S. F. Stone, |. James and M. A. French (2004).
"Restoration of CD4 T-cell responses to cytomegalovirus is short-lived in severely
immunodeficient HIV-infected patients responding to highly active antiretroviral
therapy." HIV Med 5(6): 407-414.

Keller, M., A. Ruegg, S. Werner and H. D. Beer (2008). "Active caspase-1 is a regulator of
unconventional protein secretion." Cell 132(5): 818-831.

Kim, S. H., M. Eisenstein, L. Reznikov, G. Fantuzzi, D. Novick, M. Rubinstein and C. A. Dinarello
(2000). "Structural requirements of six naturally occurring isoforms of the IL-18 binding
protein to inhibit IL-18." Proc Natl Acad Sci U S A 97(3): 1190-1195.

Kim, S. H., S. Y. Han, T. Azam, D. Y. Yoon and C. A. Dinarello (2005). "Interleukin-32: a cytokine
and inducer of TNFalpha." Immunity 22(1): 131-142.

Kishida, S. and A. Ajisawa (2008). "Probable cerebral Mycobacterium avium complex-related
immune reconstitution inflammatory syndrome in an HIV-infected patient." Intern
Med 47(14): 1349-1354.

Klimp, A. H., E. G. de Vries, G. L. Scherphof and T. Daemen (2002). "A potential role of
macrophage activation in the treatment of cancer." Crit Rev Oncol Hematol 44(2): 143-
161.

Koenig, S. P., C. Riviere, P. Leger, P. Joseph, P. Severe, K. Parker, S. Collins, E. Lee, J. W. Pape
and D. W. Fitzgerald (2009). "High mortality among patients with AIDS who received a
diagnosis of tuberculosis in the first 3 months of antiretroviral therapy." Clin Infect Dis
48(6): 829-831.

Koopman, G., C. P. Reutelingsperger, G. A. Kuijten, R. M. Keehnen, S. T. Pals and M. H. van Oers
(1994). "Annexin V for flow cytometric detection of phosphatidylserine expression on
B cells undergoing apoptosis." Blood 84(5): 1415-1420.

184



Koup, R. A., J. T. Safrit, Y. Cao, C. A. Andrews, G. McLeod, W. Borkowsky, C. Farthing and D. D.
Ho (1994). "Temporal association of cellular immune responses with the initial control
of viremia in primary human immunodeficiency virus type 1 syndrome." ) Virol 68(7):
4650-4655.

Krathwohl, M. D., T. W. Schacker and J. L. Anderson (2006). "Abnormal presence of
semimature dendritic cells that induce regulatory T cells in HIV-infected subjects." J
Infect Dis 193(4): 494-504.

Kristiansen, M., J. H. Graversen, C. Jacobsen, O. Sonne, H. J. Hoffman, S. K. Law and S. K.
Moestrup (2001). "Identification of the haemoglobin scavenger receptor." Nature
409(6817): 198-201.

Kumarasamy, N., S. Chaguturu, K. H. Mayer, S. Solomon, H. T. Yepthomi, P. Balakrishnan and T.
P. Flanigan (2004). "Incidence of immune reconstitution syndrome in HIV/tuberculosis-
coinfected patients after initiation of generic antiretroviral therapy in India." J Acquir
Immune Defic Syndr 37(5): 1574-1576.

Kumarasamy, N., K. K. Venkatesh, R. Vignesh, B. Devaleenal, S. Poongulali, T. Yepthomi, T. P.
Flanigan, C. Benson and K. H. Mayer (2013). "Clinical outcomes among
HIV/tuberculosis-coinfected patients developing immune reconstitution inflammatory
syndrome after HAART initiation in South India." J Int Assoc Provid AIDS Care 12(1): 28-
31.

Kurenuma, T., . Kawamura, H. Hara, R. Uchiyama, S. Daim, S. R. Dewamitta, S. Sakai, K.
Tsuchiya, T. Nomura and M. Mitsuyama (2009). "The RD1 locus in the Mycobacterium
tuberculosis genome contributes to activation of caspase-1 via induction of potassium
ion efflux in infected macrophages." Infect Immun 77(9): 3992-4001.

Lamkanfi, M., A. Amer, T. D. Kanneganti, R. Munoz-Planillo, G. Chen, P. Vandenabeele, A.
Fortier, P. Gros and G. Nunez (2007). "The Nod-like receptor family member
Naip5/Bircle restricts Legionella pneumophila growth independently of caspase-1
activation." ) Immunol 178(12): 8022-8027.

Lamkanfi, M. and V. M. Dixit (2009). "The inflammasomes." PLoS Pathog 5(12): e1000510.

Lamkanfi, M. and V. M. Dixit (2010). "Manipulation of host cell death pathways during
microbial infections." Cell Host Microbe 8(1): 44-54.

Lamkanfi, M. and V. M. Dixit (2011). "Modulation of inflammasome pathways by bacterial and
viral pathogens." ) Immunol 187(2): 597-602.

Lamkanfi, M. and V. M. Dixit (2012). "Inflammasomes and their roles in health and disease."
Annu Rev Cell Dev Biol 28: 137-161.

185



LaRock, C. N. and B. T. Cookson (2013). "Burning down the house: cellular actions during
pyroptosis." PLoS Pathog 9(12): e1003793.

Latz, E., T. S. Xiao and A. Stutz (2013). "Activation and regulation of the inflammasomes." Nat
Rev Immunol 13(6): 397-411.

Laureillard, D., O. Marcy, Y. Madec, S. Chea, S. Chan, L. Borand, M. Fernandez, N. Prak, C. Kim,
B. Dim, E. Nerrienet, T. Sok, J. F. Delfraissy, A. E. Goldfeld, F. X. Blanc and C. S. Team
(2013). "Paradoxical tuberculosis-associated immune reconstitution inflammatory
syndrome after early initiation of antiretroviral therapy in a randomized clinical trial."
AIDS 27(16): 2577-2586.

Lauring, A.S., T. H. Lee, J. N. Martin, P. W. Hunt, S. G. Deeks and M. Busch (2012). "Lack of
evidence for mtDNA as a biomarker of innate immune activation in HIV infection."
PLoS One 7(11): e50486.

Lawn, S. D., L. G. Bekker and R. F. Miller (2005). "Immune reconstitution disease associated
with mycobacterial infections in HIV-infected individuals receiving antiretrovirals."
Lancet Infect Dis 5(6): 361-373.

Lawn, S. D., L. G. Bekker, L. Myer, C. Orrell and R. Wood (2005). "Cryptococcocal immune
reconstitution disease: a major cause of early mortality in a South African antiretroviral
programme." AIDS 19(17): 2050-2052.

Lawn, S. D., D. J. Edwards, K. Kranzer, M. Vogt, L. G. Bekker and R. Wood (2009). "Urine
lipoarabinomannan assay for tuberculosis screening before antiretroviral therapy
diagnostic yield and association with immune reconstitution disease." AIDS 23(14):
1875-1880.

Lawn, S. D., L. Myer, L. G. Bekker and R. Wood (2007). "Tuberculosis-associated immune
reconstitution disease: incidence, risk factors and impact in an antiretroviral treatment
service in South Africa." AIDS 21(3): 335-341.

Lawn, S. D., H. Wainwright and C. Orrell (2009). "Fatal unmasking tuberculosis immune
reconstitution disease with bronchiolitis obliterans organizing pneumonia: the role of
macrophages." AIDS 23(1): 143-145.

Lawn, S. D. and R. J. Wilkinson (2006). "Immune reconstitution disease associated with
parasitic infections following antiretroviral treatment." Parasite Immunol 28(11): 625-
633.

Lawn, S. D., R. J. Wilkinson, M. C. Lipman and R. Wood (2008). "Immune reconstitution and
"unmasking" of tuberculosis during antiretroviral therapy." Am J Respir Crit Care Med
177(7): 680-685.

186



Le Moing, V., R. Thiebaut, G. Chene, A. Sobel, P. Massip, F. Collin, M. Meyohas, F. Al Kaied, C.
Leport, F. Raffi and A. C. S. Group (2007). "Long-term evolution of CD4 count in
patients with a plasma HIV RNA persistently <500 copies/mL during treatment with
antiretroviral drugs." HIV Med 8(3): 156-163.

Le, T., E. J. Wright, D. M. Smith, W. He, G. Catano, J. F. Okulicz, J. A. Young, R. A. Clark, D. D.
Richman, S. J. Little and S. K. Ahuja (2013). "Enhanced CD4+ T-cell recovery with earlier
HIV-1 antiretroviral therapy." N Engl J Med 368(3): 218-230.

Lederman, H. M., P. L. Williams, J. W. Wu, T. G. Evans, S. E. Cohn, J. A. McCutchan, S. L. Koletar,
R. Hafner, E. Connick, F. T. Valentine, M. J. McElrath, N. J. Roberts, Jr., J. S. Currier and
A.C.T.G.S. Team (2003). "Incomplete immune reconstitution after initiation of highly
active antiretroviral therapy in human immunodeficiency virus-infected patients with
severe CD4+ cell depletion." J Infect Dis 188(12): 1794-1803.

Lee, H. M., J. Kang, S. J. Lee and E. K. Jo (2013). "Microglial activation of the NLRP3
inflammasome by the priming signals derived from macrophages infected with
mycobacteria." Glia 61(3): 441-452.

Lefrere, J. J., F. Roudot-Thoraval, M. Mariotti, M. Thauvin, J. Lerable, J. Salpetrier and L.
Morand-Joubert (1998). "The risk of disease progression is determined during the first
year of human immunodeficiency virus type 1 infection." J Infect Dis 177(6): 1541-
1548.

Leng, Q., G. Borkow, Z. Weisman, M. Stein, A. Kalinkovich and Z. Bentwich (2001). "Immune
activation correlates better than HIV plasma viral load with CD4 T-cell decline during
HIV infection." J Acquir Immune Defic Syndr 27(4): 389-397.

Letang, E., J. M. Almeida, J. M. Miro, E. Ayala, I. E. White, C. Carrilho, R. Bastos, T. Nhampossa,
C. Menendez, T. B. Campbell, P. L. Alonso and D. Naniche (2010). "Predictors of
immune reconstitution inflammatory syndrome-associated with kaposi sarcoma in
mozambique: a prospective study." J Acquir Immune Defic Syndr 53(5): 589-597.

Li-Weber, M., O. Laur, K. Dern and P. H. Krammer (2000). "T cell activation-induced and HIV
tat-enhanced CD95(APO-1/Fas) ligand transcription involves NF-kappaB." EurJ
Immunol 30(2): 661-670.

Lim, A., L. D'Orsogna, P. Price and M. A. French (2008). "Imbalanced effector and regulatory
cytokine responses may underlie mycobacterial immune restoration disease." AIDS Res
Ther 5: 9.

Lim, A, D. Tan, P. Price, A. Kamarulzaman, H. Y. Tan, |. James and M. A. French (2007).
"Proportions of circulating T cells with a regulatory cell phenotype increase with HIV-
associated immune activation and remain high on antiretroviral therapy." AIDS 21(12):
1525-1534.

187



Lin, Y. C., C. H. Yang, C. P. Lin, C. M. Yang, M. S. Chen, M. Y. Chen, W. H. Sheng, C. C. Hung and
S. C. Chang (2008). "Cytomegalovirus retinitis and immune recovery uveitis in AIDS
patients treated with highly active antiretroviral therapy in Taiwanese." Ocul Immunol
Inflamm 16(3): 83-87.

Lortholary, O., A. Fontanet, N. Memain, A. Martin, K. Sitbon and F. Dromer (2005). "Incidence
and risk factors of immune reconstitution inflammatory syndrome complicating HIV-
associated cryptococcosis in France." AIDS 19(10): 1043-1049.

Loza, M. J. and B. Perussia (2004). "The IL-12 signature: NK cell terminal CD56+high stage and
effector functions." J Immunol 172(1): 88-96.

Lupfer, C. R. and T. D. Kanneganti (2012). "The role of inflammasome modulation in virulence."
Virulence 3(3): 262-270.

Maartens, G. and R. J. Wilkinson (2007). "Tuberculosis." Lancet 370(9604): 2030-2043.
MacMicking, J., Q. W. Xie and C. Nathan (1997). "Nitric oxide and macrophage function." Annu
Rev Immunol 15: 323-350.

Mahnke, Y. D., J. H. Greenwald, R. DerSimonian, G. Roby, L. R. Antonelli, A. Sher, M. Roederer
and |. Sereti (2012). "Selective expansion of polyfunctional pathogen-specific CD4(+) T
cells in HIV-1-infected patients with immune reconstitution inflammatory syndrome."
Blood 119(13): 3105-3112.

Makadzange, A. T., C. E. Ndhlovu, K. Takarinda, M. Reid, M. Kurangwa, P. Gona and J. G. Hakim
(2010). "Early versus delayed initiation of antiretroviral therapy for concurrent HIV
infection and cryptococcal meningitis in sub-saharan Africa." Clin Infect Dis 50(11):
1532-1538.

Malaysia Health Technology Assessment Section (MaHTAS), M. D. D., Ministry of Health
Malaysia. (2012). Clinical Practice Guidlines: Management of Tuberculosis.

Manabe, Y. C., J. D. Campbell, E. Sydnor and R. D. Moore (2007). "Immune reconstitution
inflammatory syndrome: risk factors and treatment implications." J Acquir Immune
Defic Syndr 46(4): 456-462.

Manabe, Y. C., A. K. Kesavan, J. Lopez-Molina, C. L. Hatem, M. Brooks, R. Fujiwara, K.
Hochstein, M. L. Pitt, J. Tufariello, J. Chan, D. N. McMurray, W. R. Bishai, A. M.
Dannenberg, Jr. and S. Mendez (2008). "The aerosol rabbit model of TB latency,
reactivation and immune reconstitution inflammatory syndrome." Tuberculosis (Edinb)
88(3): 187-196.

188



Manosuthi, W., S. Kiertiburanakul, T. Phoorisri and S. Sungkanuparph (2006). "Immune
reconstitution inflammatory syndrome of tuberculosis among HIV-infected patients
receiving antituberculous and antiretroviral therapy." J Infect 53(6): 357-363.

Manosuthi W, M. W., Lueangniyomkul A, Thongyen S, Likanonsakul S, Suwanvattana P,
Thawornwan U, Suntisuklappon B, Nilkamhang S, Sungkanuparph S; TIME Study Team.
(2012). "Time to initiate antiretroviral therapy between 4 weeks and 12 weeks of
tuberculosis treatment in HIV-infected patients: results from the TIME study." J Acquir
Immune Defic Syndr 60(4): 377-383.

Manosuthi, W., H. Van Tieu, W. Mankatitham, A. Lueangniyomkul, J. Ananworanich, A.
Avihingsanon, U. Siangphoe, S. Klongugkara, S. Likanonsakul, U. Thawornwan, B.
Suntisuklappon and S. Sungkanuparph (2009). "Clinical case definition and
manifestations of paradoxical tuberculosis-associated immune reconstitution
inflammatory syndrome." AIDS 23(18): 2467-2471.

Manosuthi, W., H. Van Tieu, W. Mankatitham, A. Lueangniyomkul, J. Ananworanich, A.
Avihingsanon, U. Siangphoe, S. Klongugkara, S. Likanonsakul, U. Thawornwan, B.
Suntisuklappon, S. Sungkanuparph and N. R. S. Team (2009). "Clinical case definition
and manifestations of paradoxical tuberculosis-associated immune reconstitution
inflammatory syndrome." AIDS 23(18): 2467-2471.

Mao, K., S. Chen, M. Chen, Y. Ma, Y. Wang, B. Huang, Z. He, Y. Zeng, Y. Hu, S. Sun, J. Li, X. Wu,
X. Wang, W. Strober, C. Chen, G. Meng and B. Sun (2013). "Nitric oxide suppresses
NLRP3 inflammasome activation and protects against LPS-induced septic shock." Cell
Res 23(2): 201-212.

Marais, S., G. Meintjes, D. J. Pepper, L. E. Dodd, C. Schutz, Z. Ismail, K. A. Wilkinson and R. J.
Wilkinson (2013). "Frequency, severity, and prediction of tuberculous meningitis
immune reconstitution inflammatory syndrome." Clin Infect Dis 56(3): 450-460.

Marschner, S., T. Hunig, J. C. Cambier and T. H. Finkel (2002). "Ligation of human CD4
interferes with antigen-induced activation of primary T cells." Immunol Lett 82(1-2):
131-139.

Martin-Blondel, G., M. Alvarez, P. Delobel, E. Uro-Coste, L. Cuzin, V. Cuvinciuc, J. Fillaux, P.
Massip and B. Marchou (2011). "Toxoplasmic encephalitis IRIS in HIV-infected patients:
a case series and review of the literature." ) Neurol Neurosurg Psychiatry 82(6): 691-
693.

Martin-Blondel, G., P. Delobel, A. Blancher, P. Massip, B. Marchou, R. S. Liblau and L. T. Mars
(2011). "Pathogenesis of the immune reconstitution inflammatory syndrome affecting
the central nervous system in patients infected with HIV." Brain 134(Pt 4): 928-946.

Martin-Blondel, G., L. T. Mars and R. S. Liblau (2012). "Pathogenesis of the immune

189



reconstitution inflammatory syndrome in HIV-infected patients." Curr Opin Infect Dis 25(3):
312-320.

Martinon, F., K. Burns and J. Tschopp (2002). "The inflammasome: a molecular platform
triggering activation of inflammatory caspases and processing of prolL-beta." Mol Cell
10(2): 417-426.

Massanella, M., E. Negredo, N. Perez-Alvarez, J. Puig, R. Ruiz-Hernandez, M. Bofill, B. Clotet
and J. Blanco (2010). "CD4 T-cell hyperactivation and susceptibility to cell death
determine poor CD4 T-cell recovery during suppressive HAART." AIDS 24(7): 959-968.

Masters, S. L., M. Gerlic, D. Metcalf, S. Preston, M. Pellegrini, J. A. O'Donnell, K. McArthur, T.
M. Baldwin, S. Chevrier, C. J. Nowell, L. H. Cengia, K. J. Henley, J. E. Collinge, D. L.
Kastner, L. Feigenbaum, D. J. Hilton, W. S. Alexander, B. T. Kile and B. A. Croker (2012).
"NLRP1 inflammasome activation induces pyroptosis of hematopoietic progenitor
cells." Immunity 37(6): 1009-1023.

Mazodier, K., V. Marin, D. Novick, C. Farnarier, S. Robitail, N. Schleinitz, V. Veit, P. Paul, M.
Rubinstein, C. A. Dinarello, J. R. Harle and G. Kaplanski (2005). "Severe imbalance of IL-
18/1L-18BP in patients with secondary hemophagocytic syndrome." Blood 106(10):
3483-3489.

McCune, J. M. (1997). "Thymic function in HIV-1 disease." Semin Immunol 9(6): 397-404.
Meena, L. S. and Rajni (2010). "Survival mechanisms of pathogenic Mycobacterium
tuberculosis H37Rv." FEBS J 277(11): 2416-2427.

Meintjes, G., S. D. Lawn, F. Scano, G. Maartens, M. A. French, W. Worodria, J. H. Elliott, D.
Murdoch, R. J. Wilkinson, C. Seyler, L. John, M. S. van der Loeff, P. Reiss, L. Lynen, E. N.
Janoff, C. Gilks and R. Colebunders (2008). "Tuberculosis-associated immune
reconstitution inflammatory syndrome: case definitions for use in resource-limited
settings." Lancet Infect Dis 8(8): 516-523.

Meintjes, G., S. D. Lawn, F. Scano, G. Maartens, M. A. French, W. Worodria, J. H. Elliott, D.
Murdoch, R. J. Wilkinson, C. Seyler, L. John, M. S. van der Loeff, P. Reiss, L. Lynen, E. N.
Janoff, C. Gilks, R. Colebunders and H. I. V. a. |. International Network for the Study of
(2008). "Tuberculosis-associated immune reconstitution inflammatory syndrome: case
definitions for use in resource-limited settings." Lancet Infect Dis 8(8): 516-523.

Meintjes, G., K. H. Skolimowska, K. A. Wilkinson, K. Matthews, R. Tadokera, A. Conesa-Botella,
R. Seldon, M. X. Rangaka, K. Rebe, D. J. Pepper, C. Morroni, R. Colebunders, G.
Maartens and R. J. Wilkinson (2012). "Corticosteroid-modulated immune activation in
the tuberculosis immune reconstitution inflammatory syndrome." Am J Respir Crit
Care Med 186(4): 369-377.

190



Meintjes, G., K. A. Wilkinson, M. X. Rangaka, K. Skolimowska, K. van Veen, M. Abrahams, R.
Seldon, D. J. Pepper, K. Rebe, P. Mouton, G. van Cutsem, M. P. Nicol, G. Maartens and
R. J. Wilkinson (2008). "Type 1 helper T cells and FoxP3-positive T cells in HIV-
tuberculosis-associated immune reconstitution inflammatory syndrome." Am J Respir
Crit Care Med 178(10): 1083-1089.

Meintjes, G., R. J. Wilkinson, C. Morroni, D. J. Pepper, K. Rebe, M. X. Rangaka, T. Oni and G.
Maartens (2010). "Randomized placebo-controlled trial of prednisone for paradoxical
tuberculosis-associated immune reconstitution inflammatory syndrome." AIDS 24(15):
2381-2390.

Mellors, J. W., J. B. Margolick, J. P. Phair, C. R. Rinaldo, R. Detels, L. P. Jacobson and A. Munoz
(2007). "Prognostic value of HIV-1 RNA, CD4 cell count, and CD4 Cell count slope for
progression to AIDS and death in untreated HIV-1 infection." JAMA 297(21): 2349-
2350.

Mellors, J. W., C. R. Rinaldo, Jr., P. Gupta, R. M. White, J. A. Todd and L. A. Kingsley (1996).
"Prognosis in HIV-1 infection predicted by the quantity of virus in plasma." Science
272(5265): 1167-1170.

Miao, E. A., C. M. Alpuche-Aranda, M. Dors, A. E. Clark, M. W. Bader, S. I. Miller and A. Aderem
(2006). "Cytoplasmic flagellin activates caspase-1 and secretion of interleukin 1beta via
Ipaf." Nat Immunol 7(6): 569-575.

Miao, E. A,, J. V. Rajan and A. Aderem (2011). "Caspase-1-induced pyroptotic cell death."
Immunol Rev 243(1): 206-214.

Michailidis, C., A. L. Pozniak, S. Mandalia, S. Basnayake, M. R. Nelson and B. G. Gazzard (2005).
"Clinical characteristics of IRIS syndrome in patients with HIV and tuberculosis." Antivir
Ther 10(3): 417-422.

Miedema, F., M. D. Hazenberg, K. Tesselaar, D. van Baarle, R. J. de Boer and J. A. Borghans
(2013). "Immune activation and collateral damage in AIDS pathogenesis." Front
Immunol 4: 298.

Migliorini, P., C. Anzilotti, F. Pratesi, P. Quattroni, M. Bargagna, C. A. Dinarello and D. Boraschi
(2010). "Serum and urinary levels of IL-18 and its inhibitor IL-18BP in systemic lupus
erythematosus." Eur Cytokine Netw 21(4): 264-271.

Mishra, B. B., P. Moura-Alves, A. Sonawane, N. Hacohen, G. Griffiths, L. F. Moita and E. Anes
(2010). "Mycobacterium tuberculosis protein ESAT-6 is a potent activator of the
NLRP3/ASC inflammasome." Cell Microbiol 12(8): 1046-1063.

191



Mishra, B. B., V. A. Rathinam, G. W. Martens, A. J. Martinot, H. Kornfeld, K. A. Fitzgerald and C.
M. Sassetti (2013). "Nitric oxide controls the immunopathology of tuberculosis by
inhibiting NLRP3 inflammasome-dependent processing of IL-1beta." Nat Immunol
14(1): 52-60.

Mogensen, T. H. (2009). "Pathogen recognition and inflammatory signaling in innate immune
defenses." Clin Microbiol Rev 22(2): 240-273.

MOH (2014). "Global AIDS Response Country Progress Report."

Moore, R. D. and J. C. Keruly (2007). "CD4+ cell count 6 years after commencement of highly
active antiretroviral therapy in persons with sustained virologic suppression.” Clin
Infect Dis 44(3): 441-446.

Morlese, J. F., C. M. Orkin, R. Abbas, C. Burton, N. A. Qazi, M. R. Nelson, N. Imami and B. G.
Gazzard (2003). "Plasma IL-6 as a marker of mycobacterial immune restoration disease
in HIV-1 infection." AIDS 17(9): 1411-1413.

Moses, A., J. Nelson and G. C. Bagby, Jr. (1998). "The influence of human immunodeficiency
virus-1 on hematopoiesis." Blood 91(5): 1479-1495.

Muehlbauer, S. M., H. Lima, Jr., D. L. Goldman, L. S. Jacobson, J. Rivera, M. F. Goldberg, M. A.
Palladino, A. Casadevall and J. Brojatsch (2010). "Proteasome inhibitors prevent
caspase-1-mediated disease in rodents challenged with anthrax lethal toxin." AmJ
Pathol 177(2): 735-743.

Muhl, H., H. Kampfer, M. Bosmann, S. Frank, H. Radeke and J. Pfeilschifter (2000). "Interferon-
gamma mediates gene expression of IL-18 binding protein in nonleukocytic cells."
Biochem Biophys Res Commun 267(3): 960-963.

Muller, M., S. Wandel, R. Colebunders, S. Attia, H. Furrer and M. Egger (2010). "Immune
reconstitution inflammatory syndrome in patients starting antiretroviral therapy for
HIV infection: a systematic review and meta-analysis." Lancet Infect Dis 10(4): 251-261.

Murdoch, D. M., W. D. Venter, C. Feldman and A. Van Rie (2008). "Incidence and risk factors
for the immune reconstitution inflammatory syndrome in HIV patients in South Africa:
a prospective study." AIDS 22(5): 601-610.

Murdoch, D. M., W. D. Venter, A. Van Rie and C. Feldman (2007). "Immune reconstitution
inflammatory syndrome (IRIS): review of common infectious manifestations and
treatment options." AIDS Res Ther 4: 9.

192



Mutimer, H. P., Y. Akatsuka, T. Manley, E. L. Chuang, M. Boeckh, R. Harrington, T. Jones and S.
R. Riddell (2002). "Association between immune recovery uveitis and a diverse
intraocular cytomegalovirus-specific cytotoxic T cell response." J Infect Dis 186(5): 701-
705.

Nakahira, K., J. A. Haspel, V. A. Rathinam, S. J. Lee, T. Dolinay, H. C. Lam, J. A. Englert, M.
Rabinovitch, M. Cernadas, H. P. Kim, K. A. Fitzgerald, S. W. Ryter and A. M. Choi (2011).
"Autophagy proteins regulate innate immune responses by inhibiting the release of
mitochondrial DNA mediated by the NALP3 inflammasome." Nat Immunol 12(3): 222-
230.

Nakanishi, K., T. Yoshimoto, H. Tsutsui and H. Okamura (2001). "Interleukin-18 regulates both
Th1 and Th2 responses.” Annu Rev Immunol 19: 423-474.

Narendran, G. (2009). "Comparing Daily vs Intermittent Regimen of ATT in HIV With Pulmonary
Tuberculosis." Retrieved Aug 8, 2014, from http://clinicaltrials.gov/ct2/show/NCT00.

Narendran, G., B. B. Andrade, B. O. Porter, C. Chandrasekhar, P. Venkatesan, P. A. Menon, S.
Subramanian, S. Anbalagan, K. P. Bhavani, S. Sekar, C. Padmapriyadarshini, S. Kumar,
N. Ravichandran, K. Raja, K. Bhanu, A. Mahilmaran, L. Sekar, A. Sher, |. Sereti and S.
Swaminathan (2013). "Paradoxical tuberculosis immune reconstitution inflammatory
syndrome (TB-IRIS) in HIV patients with culture confirmed pulmonary tuberculosis in
India and the potential role of IL-6 in prediction." PLoS One 8(5): e63541.

Narita, M., D. Ashkin, E. S. Hollender and A. E. Pitchenik (1998). "Paradoxical worsening of
tuberculosis following antiretroviral therapy in patients with AIDS." Am J Respir Crit
Care Med 158(1): 157-161.

Nasi, M., M. Pinti, R. Bugarini, L. Troiano, E. Lugli, C. Bellodi, C. Mussini, V. Borghi, T. Trenti, F.
Balli, R. Esposito and A. Cossarizza (2005). "Genetic polymorphisms of Fas (CD95) and
Fas ligand (CD178) influence the rise in CD4+ T cell count after antiretroviral therapy in
drug-naive HIV-positive patients." Immunogenetics 57(9): 628-635.

Navas, E., P. Martin-Davila, L. Moreno, V. Pintado, J. L. Casado, J. Fortun, M. J. Perez-Elias, E.
Gomez-Mampaso and S. Moreno (2002). "Paradoxical reactions of tuberculosis in
patients with the acquired immunodeficiency syndrome who are treated with highly
active antiretroviral therapy." Arch Intern Med 162(1): 97-99.

Negredo, E., M. Massanella, J. Puig, N. Perez-Alvarez, J. M. Gallego-Escuredo, J. Villarroya, F.
Villarroya, J. Molto, J. R. Santos, B. Clotet and J. Blanco (2010). "Nadir CD4 T cell count
as predictor and high CD4 T cell intrinsic apoptosis as final mechanism of poor CD4 T
cell recovery in virologically suppressed HIV-infected patients: clinical implications."
Clin Infect Dis 50(9): 1300-1308.

193



Netea, M. G., A. Simon, F. van de Veerdonk, B. J. Kullberg, J. W. Van der Meer and L. A. Joosten
(2010). "IL-1beta processing in host defense: beyond the inflammasomes." PLoS
Pathog 6(2): €1000661.

Neuhaus, J., D. R. Jacobs, Jr., J. V. Baker, A. Calmy, D. Duprez, A. La Rosa, L. H. Kuller, S. L. Pett,
M. Ristola, M. J. Ross, M. G. Shlipak, R. Tracy and J. D. Neaton (2010). "Markers of
inflammation, coagulation, and renal function are elevated in adults with HIV
infection." J Infect Dis 201(12): 1788-1795.

Newsome, S. D. and A. Nath (2009). "Varicella-zoster virus vasculopathy and central nervous
system immune reconstitution inflammatory syndrome with human immunodeficiency
virus infection treated with steroids." J Neurovirol 15(3): 288-291.

Nguyen, Q. D, J. H. Kempen, S. G. Bolton, J. P. Dunn and D. A. Jabs (2000). "Immune recovery
uveitis in patients with AIDS and cytomegalovirus retinitis after highly active
antiretroviral therapy." Am J Ophthalmol 129(5): 634-639.

Nie, Z., B. N. Phenix, J. J. Lum, A. Alam, D. H. Lynch, B. Beckett, P. H. Krammer, R. P. Sekaly and
A. D. Badley (2002). "HIV-1 protease processes procaspase 8 to cause mitochondrial
release of cytochrome c, caspase cleavage and nuclear fragmentation." Cell Death
Differ 9(11): 1172-1184.

Novick, D., S. Kim, G. Kaplanski and C. A. Dinarello (2013). "Interleukin-18, more than a Thl
cytokine." Semin Immunol 25(6): 439-448.

Novick, D., S. H. Kim, G. Fantuzzi, L. L. Reznikov, C. A. Dinarello and M. Rubinstein (1999).
"Interleukin-18 binding protein: a novel modulator of the Th1 cytokine response."
Immunity 10(1): 127-136.

Novick, D., B. Schwartsburd, R. Pinkus, D. Suissa, |. Belzer, Z. Sthoeger, W. F. Keane, Y.
Chvatchko, S. H. Kim, G. Fantuzzi, C. A. Dinarello and M. Rubinstein (2001). "A novel IL-
18BP ELISA shows elevated serum IL-18BP in sepsis and extensive decrease of free IL-
18." Cytokine 14(6): 334-342.

O'Garra, A., P. S. Redford, F. W. McNab, C. I. Bloom, R. J. Wilkinson and M. P. Berry (2013).
"The immune response in tuberculosis." Annu Rev Immunol 31: 475-527.

Oliver, B. G, J. H. Elliott, P. Price, M. Phillips, D. A. Cooper and M. A. French (2012).
"Tuberculosis after commencing antiretroviral therapy for HIV infection is associated
with elevated CXCL9 and CXCL10 responses to Mycobacterium tuberculosis antigens."
J Acquir Immune Defic Syndr 61(3): 287-292.

Oliver, B. G., J. H. Elliott, P. Price, M. Phillips, V. Saphonn, M. C. Vun, J. M. Kaldor, D. A. Cooper
and M. A. French (2010). "Mediators of innate and adaptive immune responses

194



differentially affect immune restoration disease associated with Mycobacterium
tuberculosis in HIV patients beginning antiretroviral therapy." J Infect Dis 202(11):
1728-1737.

Oliver, B. G., J. H. Elliott, V. Saphonn, M. C. Vun, M. A. French and P. Price (2010). "Interferon-
gamma and IL-5 production correlate directly in HIV patients co-infected with
mycobacterium tuberculosis with or without immune restoration disease." AIDS Res
Hum Retroviruses 26(12): 1287-1289.

Ortega-Larrocea, G., E. Espinosa and G. Reyes-Teran (2005). "Lower incidence and severity of
cytomegalovirus-associated immune recovery uveitis in HIV-infected patients with
delayed highly active antiretroviral therapy." AIDS 19(7): 735-738.

Ortiz, R., E. Dejesus, H. Khanlou, E. Voronin, J. van Lunzen, J. Andrade-Villanueva, J. Fourie, S.
De Meyer, M. De Pauw, E. Lefebvre, T. Vangeneugden and S. Spinosa-Guzman (2008).
"Efficacy and safety of once-daily darunavir/ritonavir versus lopinavir/ritonavir in
treatment-naive HIV-1-infected patients at week 48." AIDS 22(12): 1389-1397.

Paiardini, M. and M. Muller-Trutwin (2013). "HIV-associated chronic immune activation."
Immunol Rev 254(1): 78-101.

Panichi, V., M. Migliori, S. De Pietro, D. Taccola, A. M. Bianchi, M. Norpoth, M. R. Metelli, L.
Giovannini, C. Tetta and R. Palla (2001). "C reactive protein in patients with chronic
renal diseases." Ren Fail 23(3-4): 551-562.

Pantaleo, G., C. Graziosi and A. S. Fauci (1993). "New concepts in the immunopathogenesis of
human immunodeficiency virus infection." N Engl ) Med 328(5): 327-335.

Park, W. B., P. G. Choe, J. H. Jo, S. H. Kim, J. H. Bang, H. B. Kim, N. J. Kim, M. D. Oh and K. W.
Choe (2007). "Tuberculosis manifested by immune reconstitution inflammatory
syndrome during HAART." AIDS 21(7): 875-877.

Pathak, S. K., S. Basu, K. K. Basu, A. Banerjee, S. Pathak, A. Bhattacharyya, T. Kaisho, M. Kundu
and J. Basu (2007). "Direct extracellular interaction between the early secreted antigen
ESAT-6 of Mycobacterium tuberculosis and TLR2 inhibits TLR signaling in
macrophages." Nat Immunol 8(6): 610-618.

Pean, P., E. Nerrienet, Y. Madec, L. Borand, D. Laureillard, M. Fernandez, O. Marcy, C. Sarin, K.
Phon, S. Taylor, G. Pancino, F. Barre-Sinoussi and D. Scott-Algara (2012). "Natural killer
cell degranulation capacity predicts early onset of the immune reconstitution
inflammatory syndrome (IRIS) in HIV-infected patients with tuberculosis." Blood
119(14): 3315-3320.

195



Pean, P., E. Nerrienet, Y. Madec, L. Borand, D. Laureillard, M. Fernandez, O. Marcy, C. Sarin, K.
Phon, S. Taylor, G. Pancino, F. Barre-Sinoussi, D. Scott-Algara and t. Cambodian Early
versus Late Introduction of Antiretroviral Drugs study (2012). "Natural killer cell
degranulation capacity predicts early onset of the immune reconstitution
inflammatory syndrome (IRIS) in HIV-infected patients with tuberculosis." Blood
119(14): 3315-3320.

Pepper, D. J., S. Marais, G. Maartens, K. Rebe, C. Morroni, M. X. Rangaka, T. Oni, R. J. Wilkinson
and G. Meintjes (2009). "Neurologic manifestations of paradoxical tuberculosis-
associated immune reconstitution inflammatory syndrome: a case series." Clin Infect
Dis 48(11): e96-107.

Pepys, M. B., G. M. Hirschfield, G. A. Tennent, J. R. Gallimore, M. C. Kahan, V. Bellotti, P. N.
Hawkins, R. M. Myers, M. D. Smith, A. Polara, A. J. Cobb, S. V. Ley, J. A. Aquilina, C. V.
Robinson, I. Sharif, G. A. Gray, C. A. Sabin, M. C. Jenvey, S. E. Kolstoe, D. Thompson and
S. P. Wood (2006). "Targeting C-reactive protein for the treatment of cardiovascular
disease." Nature 440(7088): 1217-1221.

Pettersen, J. A., G. Jones, C. Worthington, H. B. Krentz, O. T. Keppler, A. Hoke, M. J. Gill and C.
Power (2006). "Sensory neuropathy in human immunodeficiency virus/acquired
immunodeficiency syndrome patients: protease inhibitor-mediated neurotoxicity."
Ann Neurol 59(5): 816-824.

Phillips, P., S. Bonner, N. Gataric, T. Bai, P. Wilcox, R. Hogg, M. O'Shaughnessy and J. Montaner
(2005). "Nontuberculous mycobacterial immune reconstitution syndrome in HIV-
infected patients: spectrum of disease and long-term follow-up." Clin Infect Dis 41(10):
1483-1497.

Picker, L. J. (2006). "Immunopathogenesis of acute AIDS virus infection." Curr Opin Immunol
18(4): 399-405.

Piconi, S., D. Trabattoni, A. Gori, S. Parisotto, C. Magni, P. Meraviglia, A. Bandera, A. Capetti, G.
Rizzardini and M. Clerici (2010). "Immune activation, apoptosis, and Treg activity are
associated with persistently reduced CD4+ T-cell counts during antiretroviral therapy."
AIDS 24(13): 1991-2000.

Poquet, Y., F. Halary, E. Champagne, F. Davodeau, M. L. Gougeon, M. Bonneville and J. J.
Fournie (1996). "Human gamma delta T cells in tuberculosis." Res Immunol 147(8-9):
542-549,

Posada-Vergara, M. P,, J. A. Lindoso, J. E. Tolezano, V. L. Pereira-Chioccola, M. V. Silva and H.
Goto (2005). "Tegumentary leishmaniasis as a manifestation of immune reconstitution
inflammatory syndrome in 2 patients with AIDS." ) Infect Dis 192(10): 1819-1822.

196



Prasad, K. and M. B. Singh (2008). "Corticosteroids for managing tuberculous meningitis."
Cochrane Database Syst Rev(1): CD002244.

Preston, B. D., B. J. Poiesz and L. A. Loeb (1988). "Fidelity of HIV-1 reverse transcriptase."
Science 242(4882): 1168-1171.

Randolph, J. T. and D. A. DeGoey (2004). "Peptidomimetic inhibitors of HIV protease." Curr Top
Med Chem 4(10): 1079-1095.

Rathinam, V. A., Z. Jiang, S. N. Waggoner, S. Sharma, L. E. Cole, L. Waggoner, S. K. Vanaja, B. G.
Monks, S. Ganesan, E. Latz, V. Hornung, S. N. Vogel, E. Szomolanyi-Tsuda and K. A.
Fitzgerald (2010). "The AIM2 inflammasome is essential for host defense against
cytosolic bacteria and DNA viruses." Nat Immunol 11(5): 395-402.

Ratnam, I., C. Chiu, N. B. Kandala and P. J. Easterbrook (2006). "Incidence and risk factors for
immune reconstitution inflammatory syndrome in an ethnically diverse HIV type 1-
infected cohort." Clin Infect Dis 42(3): 418-427.

Ravimohan, S., N. Tamubhla, A. P. Steenhoff, R. Letlhogile, K. Nfanyana, S. L. Bellamy, R. R.
MacGregor, R. Gross, D. Weissman and G. P. Bisson (2015). "Immunological profiling of
tuberculosis-associated immune reconstitution inflammatory syndrome and non-
immune reconstitution inflammatory syndrome death in HIV-infected adults with
pulmonary tuberculosis starting antiretroviral therapy: a prospective observational
cohort study." Lancet Infect Dis 15(4): 429-438.

Rayamajhi, M. and E. A. Miao (2013). "Just say NO to NLRP3." Nat Immunol 14(1): 12-14.

Roberts, J. D., K. Bebenek and T. A. Kunkel (1988). "The accuracy of reverse transcriptase from
HIV-1." Science 242(4882): 1171-1173.

Robertson, J., M. Meier, J. Wall, J. Ying and C. J. Fichtenbaum (2006). "Immune reconstitution
syndrome in HIV: validating a case definition and identifying clinical predictors in
persons initiating antiretroviral therapy." Clin Infect Dis 42(11): 1639-1646.

Robinson, M. R,, G. Reed, K. G. Csaky, M. A. Polis and S. M. Whitcup (2000). "Immune-recovery
uveitis in patients with cytomegalovirus retinitis taking highly active antiretroviral
therapy." Am J Ophthalmol 130(1): 49-56.

Rodriguez, B., A. K. Sethi, V. K. Cheruvu, W. Mackay, R. J. Bosch, M. Kitahata, S. L. Boswell, W.
C. Mathews, D. R. Bangsberg, J. Martin, C. C. Whalen, S. Sieg, S. Yadavalli, S. G. Deeks
and M. M. Lederman (2006). "Predictive value of plasma HIV RNA level on rate of CD4
T-cell decline in untreated HIV infection." JAMA 296(12): 1498-1506.

197



Roger, P. M., J. P. Breittmayer, C. Arlotto, P. Pugliese, C. Pradier, G. Bernard-Pomier, P.
Dellamonica and A. Bernard (1999). "Highly active anti-retroviral therapy (HAART) is
associated with a lower level of CD4+ T cell apoptosis in HIV-infected patients." Clin
Exp Immunol 118(3): 412-416.

Rojas, R. E., K. A. Chervenak, J. Thomas, J. Morrow, L. Nshuti, S. Zalwango, R. D. Mugerwa, B. A.
Thiel, C. C. Whalen and W. H. Boom (2005). "Vdelta2+ gammadelta T cell function in
Mycobacterium tuberculosis- and HIV-1-positive patients in the United States and
Uganda: application of a whole-blood assay." J Infect Dis 192(10): 1806-1814.

Roumier, T., H. L. Vieira, M. Castedo, K. F. Ferri, P. Boya, K. Andreau, S. Druillennec, N. Joza, J.
M. Penninger, B. Roques and G. Kroemer (2002). "The C-terminal moiety of HIV-1 Vpr
induces cell death via a caspase-independent mitochondrial pathway." Cell Death
Differ 9(11): 1212-1219.

Rubio, A., M. Martinez-Moya, M. Leal, J. M. Franco, E. Ruiz-Mateos, E. Merchante, A. Sanchez-
Quijano and E. Lissen (2002). "Changes in thymus volume in adult HIV-infected
patients under HAART: correlation with the T-cell repopulation.” Clin Exp Immunol
130(1): 121-126.

Ruhwald, M. and P. Ravn (2007). "Immune reconstitution syndrome in tuberculosis and HIV-co-
infected patients: Th1 explosion or cytokine storm?" AIDS 21(7): 882-884.

Sailer, C. A., G. B. Pott, C. A. Dinarello, S. M. Whinney, J. E. Forster, J. K. Larson-Duran, A.
Landay, L. Al-Harthi, R. T. Schooley, C. A. Benson, F. N. Judson, M. Thompson, F. J.
Palella and L. Shapiro (2007). "Whole-blood interleukin-18 level during early HIV-1
infection is associated with reduced CXCR4 coreceptor expression and interferon-
gamma levels." J Infect Dis 195(5): 734-738.

Sandler, N. G. and D. C. Douek (2012). "Microbial translocation in HIV infection: causes,
consequences and treatment opportunities." Nat Rev Microbiol 10(9): 655-666.

Sastry, K. J., M. C. Marin, P. N. Nehete, K. McConnell, A. K. el-Naggar and T. J. McDonnell
(1996). "Expression of human immunodeficiency virus type | tat results in down-
regulation of bcl-2 and induction of apoptosis in hematopoietic cells." Oncogene 13(3):
487-493.

Sauer, J. D., C. E. Witte, J. Zemansky, B. Hanson, P. Lauer and D. A. Portnoy (2010). "Listeria
monocytogenes triggers AIM2-mediated pyroptosis upon infrequent bacteriolysis in
the macrophage cytosol." Cell Host Microbe 7(5): 412-419.

Schacker, T. (2008). "The role of secondary lymphatic tissue in immune deficiency of HIV
infection." AIDS 22 Suppl 3: S13-18.

198



Schacker, T., A. C. Collier, J. Hughes, T. Shea and L. Corey (1996). "Clinical and epidemiologic
features of primary HIV infection." Ann Intern Med 125(4): 257-264.

Schacker, T. W., R. J. Bosch, K. Bennett, R. Pollard, G. K. Robbins, A. C. Collier, R. M. Gulick, J.
Spritzler, D. Mildvan and A. C. T. Group (2010). "Measurement of naive CD4 cells
reliably predicts potential for immune reconstitution in HIV." J Acquir Immune Defic
Syndr 54(1): 59-62.

Schacker, T. W., P. L. Nguyen, G. J. Beilman, S. Wolinsky, M. Larson, C. Reilly and A. T. Haase
(2002). "Collagen deposition in HIV-1 infected lymphatic tissues and T cell
homeostasis." J Clin Invest 110(8): 1133-1139.

Schaer, C. A,, F. Vallelian, A. Imhof, G. Schoedon and D. J. Schaer (2007). "CD163-expressing
monocytes constitute an endotoxin-sensitive Hb clearance compartment within the
vascular system." J Leukoc Biol 82(1): 106-110.

Schaer, D. J., A. I. Alayash and P. W. Buehler (2007). "Gating the radical hemoglobin to
macrophages: the anti-inflammatory role of CD163, a scavenger receptor.”" Antioxid
Redox Signal 9(7): 991-999.

Schenten, D. and R. Medzhitov (2011). "The control of adaptive immune responses by the
innate immune system." Adv Immunol 109: 87-124.

Schroder, K. and J. Tschopp (2010). "The inflammasomes." Cell 140(6): 821-832.

Seddiki, N., S. C. Sasson, B. Santner-Nanan, M. Munier, D. van Bockel, S. Ip, D. Marriott, S. Pett,
R. Nanan, D. A. Cooper, J. J. Zaunders and A. D. Kelleher (2009). "Proliferation of
weakly suppressive regulatory CD4+ T cells is associated with over-active CD4+ T-cell
responses in HIV-positive patients with mycobacterial immune restoration disease."
Eur J Immunol 39(2): 391-403.

Seelamgari, A., A. Maddukuri, R. Berro, C. de la Fuente, K. Kehn, L. Deng, S. Dadgar, M. E.
Bottazzi, E. Ghedin, A. Pumfery and F. Kashanchi (2004). "Role of viral regulatory and
accessory proteins in HIV-1 replication." Front Biosci 9: 2388-2413.

Selik, R., Mokotoff ED, Branson B, Owen SM, Whitmore S, Hall HI (2014). "Revised Surveillance
Case Definition for HIV Infection — United States, 2014."

Sendi, P., F. Sachers, H. Drechsler and P. Graber (2006). "Immune recovery vitritis in an HIV
patient with isolated toxoplasmic retinochoroiditis." AIDS 20(17): 2237-2238.

Sereti, I., A. J. Rodger and M. A. French (2010). "Biomarkers in immune reconstitution
inflammatory syndrome: signals from pathogenesis." Curr Opin HIV AIDS 5(6): 504-510.

199



Serhan, C. N., S. D. Brain, C. D. Buckley, D. W. Gilroy, C. Haslett, L. A. O'Neill, M. Perretti, A. G.

Rossi and J. L. Wallace (2007). "Resolution of inflammation: state of the art, definitions
and terms." FASEB J 21(2): 325-332.

Serra, F. C., D. Hadad, R. L. Orofino, F. Marinho, C. Lourenco, M. Morgado and V. Rolla (2007).

"Immune reconstitution syndrome in patients treated for HIV and tuberculosis in Rio
de Janeiro." Braz J Infect Dis 11(5): 462-465.

Sharma, A., S. Makrandi, M. Modi, A. Sharma and Y. Marfatia (2008). "Immune reconstitution
inflammatory syndrome." Indian J Dermatol Venereol Leprol 74(6): 619-621.

Shelburne, S. A., 3rd, J. Darcourt, A. C. White, Jr., S. B. Greenberg, R. J. Hamill, R. L. Atmar and
F. Visnegarwala (2005). "The role of immune reconstitution inflammatory syndrome in

AIDS-related Cryptococcus neoformans disease in the era of highly active antiretroviral
therapy." Clin Infect Dis 40(7): 1049-1052.

Shelburne, S. A, 3rd, R. J. Hamill, M. C. Rodriguez-Barradas, S. B. Greenberg, R. L. Atmar, D. W.
Musher, J. C. Gathe, Jr., F. Visnegarwala and B. W. Trautner (2002). "Immune
reconstitution inflammatory syndrome: emergence of a unique syndrome during
highly active antiretroviral therapy." Medicine (Baltimore) 81(3): 213-227.

Shelburne, S. A, F. Visnegarwala, J. Darcourt, E. A. Graviss, T. P. Giordano, A. C. White, Jr. and
R. J. Hamill (2005). "Incidence and risk factors for immune reconstitution inflammatory
syndrome during highly active antiretroviral therapy." AIDS 19(4): 399-406.

Sigal, A., J. T. Kim, A. B. Balazs, E. Dekel, A. Mayo, R. Milo and D. Baltimore (2011). "Cell-to-cell

spread of HIV permits ongoing replication despite antiretroviral therapy." Nature
477(7362): 95-98.

Simmons, G., J. D. Reeves, A. McKnight, N. Dejucq, S. Hibbitts, C. A. Power, E. Aarons, D. Schols,
E. De Clercq, A. E. Proudfoot and P. R. Clapham (1998). "CXCR4 as a functional
coreceptor for human immunodeficiency virus type 1 infection of primary
macrophages." J Virol 72(10): 8453-8457.

Smyth, K., J. S. Affandi, J. C. McArthur, C. Bowtell-Harris, A. M. Mijch, K. Watson, K. Costello, I.
J. Woolley, P. Price, S. L. Wesselingh and C. L. Cherry (2007). "Prevalence of and risk

factors for HIV-associated neuropathy in Melbourne, Australia 1993-2006." HIV Med
8(6): 367-373.

Song, J. Y., J.S. Lee, H. W. Jung, H. J. Choi, J. S. Eom, H. J. Cheong, M. H. Jung and W. J. Kim
(2010). "Herpes zoster among HIV-infected patients in the highly active antiretroviral
therapy era: Korean HIV cohort study." J Acquir Immune Defic Syndr 53(3): 417-418.

200



Sorensen, A. L., S. Nagai, G. Houen, P. Andersen and A. B. Andersen (1995). "Purification and
characterization of a low-molecular-mass T-cell antigen secreted by Mycobacterium
tuberculosis." Infect Immun 63(5): 1710-1717.

Sousa, A. E., J. Carneiro, M. Meier-Schellersheim, Z. Grossman and R. M. Victorino (2002). "CD4
T cell depletion is linked directly to immune activation in the pathogenesis of HIV-1
and HIV-2 but only indirectly to the viral load." ) Immunol 169(6): 3400-3406.

Squires, K. E. (2001). "An introduction to nucleoside and nucleotide analogues." Antivir Ther 6
Suppl 3: 1-14.

Stoll, S., J. Delon, T. M. Brotz and R. N. Germain (2002). "Dynamic imaging of T cell-dendritic
cell interactions in lymph nodes." Science 296(5574): 1873-1876.

Stone, S. F., P. Price, N. M. Keane, R. J. Murray and M. A. French (2002). "Levels of IL-6 and
soluble IL-6 receptor are increased in HIV patients with a history of immune
restoration disease after HAART." HIV Med 3(1): 21-27.

Strack, P. R., M. W. Frey, C. J. Rizzo, B. Cordova, H. J. George, R. Meade, S. P. Ho, J. Corman, R.
Tritch and B. D. Korant (1996). "Apoptosis mediated by HIV protease is preceded by
cleavage of Bcl-2." Proc Natl Acad Sci U S A 93(18): 9571-9576.

Su, L., H. Kaneshima, M. Bonyhadi, S. Salimi, D. Kraft, L. Rabin and J. M. McCune (1995). "HIV-1-
induced thymocyte depletion is associated with indirect cytopathogenicity and
infection of progenitor cells in vivo." Immunity 2(1): 25-36.

Subbramanian, R. A. and E. A. Cohen (1994). "Molecular biology of the human
immunodeficiency virus accessory proteins." J Virol 68(11): 6831-6835.

Sungkanuparph, S., U. Jongwutiwes and S. Kiertiburanakul (2007). "Timing of cryptococcal
immune reconstitution inflammatory syndrome after antiretroviral therapy in patients
with AIDS and cryptococcal meningitis." J Acquir Immune Defic Syndr 45(5): 595-596.

Sutherland, R., H. Yang, T. J. Scriba, B. Ondondo, N. Robinson, C. Conlon, A. Suttill, H. McShane,
S. Fidler, A. McMichael and L. Dorrell (2006). "Impaired IFN-gamma-secreting capacity
in mycobacterial antigen-specific CD4 T cells during chronic HIV-1 infection despite
long-term HAART." AIDS 20(6): 821-829.

Tadokera, R., G. Meintjes, K. H. Skolimowska, K. A. Wilkinson, K. Matthews, R. Seldon, N. N.
Chegou, G. Maartens, M. X. Rangaka, K. Rebe, G. Walzl and R. J. Wilkinson (2011).
"Hypercytokinaemia accompanies HIV-tuberculosis immune reconstitution
inflammatory syndrome." Eur Respir J 37(5): 1248-1259.

201



Tan, D. B., A. Lim, Y. K. Yong, S. Ponnampalavanar, S. Omar, A. Kamarulzaman, M. A. French
and P. Price (2011). "TLR2-induced cytokine responses may characterize HIV-infected
patients experiencing mycobacterial immune restoration disease." AIDS 25(12): 1455-
1460.

Tan, D. B., Y. K. Yong, H. Y. Tan, A. Kamarulzaman, L. H. Tan, A. Lim, I. James, M. French and P.
Price (2008). "Immunological profiles of immune restoration disease presenting as
mycobacterial lymphadenitis and cryptococcal meningitis." HIV Med 9(5): 307-316.

Tan, H. Y., Y. K. Yong, B. B. Andrade, E. M. Shankar, S. Ponnampalavanar, S. F. Omar, G.
Narendran, A. Kamarulzaman, S. Swaminathan, |. Sereti, S. M. Crowe and M. A. French
(2015). "Plasma interleukin-18 levels are a biomarker of innate immune responses that
predict and characterize tuberculosis-associated immune reconstitution inflammatory
syndrome." AIDS 29(4): 421-431.

Tan, H. Y, Y. K. Yong, S. H. Lim, S. Ponnampalavanar, S. F. Omar, Y. K. Pang, A. Kamarulzaman,
P. Price, S. M. Crowe and M. A. French (2014). "Tuberculosis (TB)-associated immune
reconstitution inflammatory syndrome in TB-HIV co-infected patients in Malaysia:
prevalence, risk factors, and treatment outcomes." Sex Health.

Taylor, R. C., S. P. Cullen and S. J. Martin (2008). "Apoptosis: controlled demolition at the
cellular level." Nat Rev Mol Cell Biol 9(3): 231-241.

Terra, J. K., C. K. Cote, B. France, A. L. Jenkins, J. A. Bozue, S. L. Welkos, S. M. LeVine and K. A.
Bradley (2010). "Cutting edge: resistance to Bacillus anthracis infection mediated by a
lethal toxin sensitive allele of Nalplb/Nlrp1b." J Immunol 184(1): 17-20.

The World Bank. (2014). ""The World Bank. Incidence of tuberculosis (per 100,000 people)."
Retrieved 22 August, 2014, from." from
http://data.worldbank.org/indicator/SH.TBS.INCD.

Thompson, M. A,, J. A. Aberg, P. Cahn, J. S. Montaner, G. Rizzardini, A. Telenti, J. M. Gatell, H. F.
Gunthard, S. M. Hammer, M. S. Hirsch, D. M. Jacobsen, P. Reiss, D. D. Richman, P. A.
Volberding, P. Yeni, R. T. Schooley and A. S.-U. S. A. International (2010).
"Antiretroviral treatment of adult HIV infection: 2010 recommendations of the
International AIDS Society-USA panel." JAMA 304(3): 321-333.

Tieu, H. V., J. Ananworanich, A. Avihingsanon, W. Apateerapong, S. Sirivichayakul, U.
Siangphoe, S. Klongugkara, B. Boonchokchai, S. M. Hammer and W. Manosuthi (2009).
"Immunologic markers as predictors of tuberculosis-associated immune reconstitution
inflammatory syndrome in HIV and tuberculosis coinfected persons in Thailand." AIDS
Res Hum Retroviruses 25(11): 1083-1089.

Tindall, B. and D. A. Cooper (1991). "Primary HIV infection: host responses and intervention
strategies." AIDS 5(1): 1-14.

202



Tippett, E., W. J. Cheng, C. Westhorpe, P. U. Cameron, B. J. Brew, S. R. Lewin, A. Jaworowski
and S. M. Crowe (2011). "Differential expression of CD163 on monocyte subsets in
healthy and HIV-1 infected individuals." PLoS One 6(5): €19968.

Tomlinson, G. S, L. C. Bell, N. F. Walker, J. Tsang, J. S. Brown, R. Breen, M. Lipman, D. R. Katz, R.
F. Miller, B. M. Chain, P. T. Elkington and M. Noursadeghi (2014). "HIV-1 infection of
macrophages dysregulates innate immune responses to Mycobacterium tuberculosis
by inhibition of interleukin-10." ) Infect Dis 209(7): 1055-1065.

Torheim, E. A,, L. C. Ndhlovu, F. O. Pettersen, T. L. Larsen, A. R. Jha, K. M. Torgersen, D. Kvale,
D. F. Nixon, K. Tasken and E. M. Aandahl (2009). "Interleukin-10-secreting T cells define
a suppressive subset within the HIV-1-specific T-cell population." Eur J Immunol 39(5):
1280-1287.

Tran, H. T., R. Van den Bergh, M. M. Loembe, W. Worodria, H. Mayanja-Kizza, R. Colebunders,
F. Mascart, P. Stordeur, L. Kestens, P. De Baetselier and G. Raes (2013). "Modulation of
the complement system in monocytes contributes to tuberculosis-associated immune
reconstitution inflammatory syndrome." AIDS 27(11): 1725-1734.

Tran, H. T., R. Van den Bergh, T. N. Vu, K. Laukens, W. Worodria, M. M. Loembe, R.
Colebunders, L. Kestens, P. De Baetselier and G. Raes (2014). "The role of monocytes in
the development of Tuberculosis-associated Immune Reconstitution Inflammatory
Syndrome." Immunobiology 219(1): 37-44.

Tran, H. T., R. Van den Bergh, T. N. Vu, K. Laukens, W. Worodria, M. M. Loembe, R.
Colebunders, L. Kestens, P. De Baetselier, G. Raes and T.-I. S. Group (2014). "The role
of monocytes in the development of Tuberculosis-associated Immune Reconstitution
Inflammatory Syndrome." Immunobiology 219(1): 37-44.

Tschopp, J. and K. Schroder (2010). "NLRP3 inflammasome activation: The convergence of
multiple signalling pathways on ROS production?" Nat Rev Immunol 10(3): 210-215.

Umphonsathien, W. and S. Sungkanuparph (2011). "Early initiation of antiretroviral therapy in
HIV/Tuberculosis co-infection and immune reconstitution inflammatory syndrome." J
Infect Dis Antimicrob Agents 28: 15-23.

UNAIDS (2010). "Global Report: UNAIDS Report on the Global AIDS epidemic 2010."

UNAIDS. (2012). "UNAIDS World AIDS Day Report 2012." Retrieved 22 Dec, 2014, from
http://www.unaids.org/sites/default/files/media asset/JC2434 WorldAIDSday results

en_1.pdf.

UNAIDS (2012). "UNAIDS, Global report: UNAIDS report on the global AIDS epidemic 2012,
Joint United Nations Programme on HIV/AIDS (UNAIDS): Geneva.".

203



UNAIDS. (2013). "Global report: UNAIDS report on the global AIDS epidemic 2013. Retrieved 20
August, 2014, from ", from
http://www.unaids.org/en/media/unaids/contentassets/documents/unaidspublicatio
n/2013/2013 HIV-Asia-Pacific_en.pdf.

Valin, N., J. Pacanowski, L. Denoeud, K. Lacombe, V. Lalande, L. Fonquernie, P. M. Girard and J.
L. Meynard (2010). "Risk factors for 'unmasking immune reconstitution inflammatory
syndrome' presentation of tuberculosis following combination antiretroviral therapy
initiation in HIV-infected patients." AIDS 24(10): 1519-1525.

Vergne, I, J. Chua, S. B. Singh and V. Deretic (2004). "Cell biology of mycobacterium
tuberculosis phagosome." Annu Rev Cell Dev Biol 20: 367-394.

Vidal, J. E., A. C. Penalva de Oliveira, M. C. Fink, C. S. Pannuti and J. R. Trujillo (2008). "Aids-
related progressive multifocal leukoencephalopathy: a retrospective study in a referral
center in Sao Paulo, Brazil." Rev Inst Med Trop Sao Paulo 50(4): 209-212.

Vignesh, R., N. Kumarasamy, A. Lim, S. Solomon, K. G. Murugavel, P. Balakrishnan, S. S.
Solomon, K. H. Mayer, C. R. Swathirajan, E. Chandrasekaran, A. Pradeep, S. Poongulali,
C. A. Benson and M. A. French (2013). "TB-IRIS after initiation of antiretroviral therapy
is associated with expansion of pre-existent Th1 responses against Mycobacterium
tuberculosis antigens." J Acquir Immune Defic Syndr: [Epub ahead of print].

Vignesh, R., N. Kumarasamy, A. Lim, S. Solomon, K. G. Murugavel, P. Balakrishnan, S. S.
Solomon, K. H. Mayer, C. R. Swathirajan, E. Chandrasekaran, A. Pradeep, S. Poongulali,
C. A. Benson and M. A. French (2013). "TB-IRIS after initiation of antiretroviral therapy
is associated with expansion of preexistent Th1 responses against Mycobacterium
tuberculosis antigens." J Acquir Immune Defic Syndr 64(3): 241-248.

Viskovic, K. and J. Begovac (2013). "Tuberculosis-Associated Immune Reconstruction
Inflammatory Syndrome (TB-IRIS) in HIV-Infected Patients: Report of Two Cases and
the Literature Overview." Case Rep Infect Dis 2013: 323208.

Visser, A. and A. van de Vyver (2011). "Severe hyperferritinemia in Mycobacteria tuberculosis
infection." Clin Infect Dis 52(2): 273-274.

Vitoria, M., N. Ford, M. Doherty and C. Flexner (2014). "Simplification of antiretroviral therapy:
a necessary step in the public health response to HIV/AIDS in resource-limited
settings." Antivir Ther 19 Suppl 3: 31-37.

Volkow, P. F., P. Cornejo, J. W. Zinser, C. E. Ormsby and G. Reyes-Teran (2008). "Life-
threatening exacerbation of Kaposi's sarcoma after prednisone treatment for immune
reconstitution inflammatory syndrome." AIDS 22(5): 663-665.

204



Wang, X., P. F. Barnes, K. M. Dobos-Elder, J. C. Townsend, Y. T. Chung, H. Shams, S. E. Weis and
B. Samten (2009). "ESAT-6 inhibits production of IFN-gamma by Mycobacterium
tuberculosis-responsive human T cells." ) Immunol 182(6): 3668-3677.

Watanabe, N., T. Yamaguchi, Y. Akimoto, J. B. Rattner, H. Hirano and H. Nakauchi (2000).
"Induction of M-phase arrest and apoptosis after HIV-1 Vpr expression through
uncoupling of nuclear and centrosomal cycle in Hela cells." Exp Cell Res 258(2): 261-
269.

Welin, A., D. Eklund, O. Stendahl and M. Lerm (2011). "Human macrophages infected with a
high burden of ESAT-6-expressing M. tuberculosis undergo caspase-1- and cathepsin B-
independent necrosis." PLoS One 6(5): e20302.

Wendel, K. A,, K. S. Alwood, R. Gachuhi, R. E. Chaisson, W. R. Bishai and T. R. Sterling (2001).
"Paradoxical worsening of tuberculosis in HIV-infected persons." Chest 120(1): 193-
197.

WHO (2010). "World Health Organization. Guidelines for treatment of tuberculosis, 4th
edition.": 1-147.

WHO (2011). "WHO, UNAIDS, and UNICEF, Global HIV/AIDS response. Epidemic update and
health sector progress towards Universal Access. Progress report Summary."

WHO (2012). "World Health Organization. Tuberculosis country profiles. Malaysia.
www.who.int/tb/data."

WHO. (2013). "Consolidated guidelines on the use of antiretroviral drugs for treating and
preventing HIV infection." Retrieved 26 January 2014, 2014, from
www.who.int/hiv/pub/guidelines/arv2013.

WHO (2014). World Health Organization. Tuberculosis country profiles of Malaysia.

Wilkinson, K. A., N. F. Walker, G. Meintjes, A. Deffur, M. P. Nicol, K. H. Skolimowska, K.
Matthews, R. Tadokera, R. Seldon, G. Maartens, M. X. Rangaka, G. S. Besra and R. J.
Wilkinson (2015). "Cytotoxic mediators in paradoxical HIV-tuberculosis immune
reconstitution inflammatory syndrome." J Immunol 194(4): 1748-1754.

Wirleitner, B., K. Schroecksnadel, C. Winkler and D. Fuchs (2005). "Neopterin in HIV-1
infection." Mol Immunol 42(2): 183-194.

Wyatt, R. and J. Sodroski (1998). "The HIV-1 envelope glycoproteins: fusogens, antigens, and
immunogens." Science 280(5371): 1884-1888.

205



Xu, J. P., X. Li, E. Mori, M. W. Guo, |. Matsuda, H. Takaichi, T. Amano and T. Mori (1999).
"Expression of Fas-Fas ligand in murine testis." Am J Reprod Immunol 42(6): 381-388.

Yang, C.S., J. M. Yuk and E. K. Jo (2009). "The role of nitric oxide in mycobacterial infections."
Immune Netw 9(2): 46-52.

Zauli, G., D. Gibellini, P. Secchiero, H. Dutartre, D. Olive, S. Capitani and Y. Collette (1999).
"Human immunodeficiency virus type 1 Nef protein sensitizes CD4(+) T lymphoid cells
to apoptosis via functional upregulation of the CD95/CD95 ligand pathway." Blood
93(3): 1000-1010.

Zembruski, N. C., V. Stache, W. E. Haefeli and J. Weiss (2012). "7-Aminoactinomycin D for
apoptosis staining in flow cytometry." Anal Biochem 429(1): 79-81.

Zeng, M., A. ). Smith, S. W. Wietgrefe, P. J. Southern, T. W. Schacker, C. S. Reilly, J. D. Estes, G.
F. Burton, G. Silvestri, J. D. Lifson, J. V. Carlis and A. T. Haase (2011). "Cumulative
mechanisms of lymphoid tissue fibrosis and T cell depletion in HIV-1 and SIV
infections." J Clin Invest 121(3): 998-1008.

Zimmermann, M. and N. Meyer (2011). "Annexin V/7-AAD staining in keratinocytes." Methods
Mol Biol 740: 57-63.

Zou, H., Y. Li, X. Liu and X. Wang (1999). "An APAF-1.cytochrome ¢ multimeric complex is a
functional apoptosome that activates procaspase-9." ) Biol Chem 274(17): 11549-
11556.

Zumla, A. and J. M. Grange (2001). "Multidrug-resistant tuberculosis--can the tide be turned?"
Lancet Infect Dis 1(3): 199-202.

206



LIST OF PUBLICATIONS

e Tan HY, Yong YK, Lim SH, Ponnampalavanar S, Omar SFS, Kamarulzaman A,
Crowe SM, French MA (2014). Paradoxical Tuberculosis-Associated IRIS
Among HIV Co-Infected Patients in Malaysia: Incidence, Risk Factors, and

Treatment Outcomes. Sexual Health (11):532-539.

e Tan HY, Yong YK, Andrade BB, Shankar EM, Ponnampalavanar S, Omar SFS,
Narendran G, Kamarulzaman A, Swaminathan S, Sereti I, Crowe SM, French MA
(2015). Plasma IL-18 Levels are a Biomarker of Innate Immune Responses that

Predict and Characterize Tuberculosis-Associated Immune Reconstitution

Inflammatory Syndrome. A/DS (29): 421-431.

e Tan HY, Yong YK, Shankar EM, Paukovics G, Ellegird R, Larsson M,
Kamarulzaman A, French MA, Crowe SM (2016). Aberrant Inflammasome
Activation and Pyroptosis Characterise Tuberculosis-Associated Immune
Reconstitution Inflammatory Syndrome. The Journal of Immunology, 196(10):

104052-4063.

207



APPENDICES

List of Presentations

e Tan HY, Yong YK, Ong LY, Lee YM, Omar SFS, Shasheela P, Pang YK,
Kamarulzaman A. Impact of Active Tuberculosis on the Immune Recovery of
HIV-Infected Individuals Receiving HAART. Oral-Poster Presentation at XVIII
International AIDS Conference (Vienna, Austria 18-23 July 2010). Abstract No.

WEPDAZ20.

e Tan HY, Yong YK, Shankar EM, Kamarulzaman A, Crowe SM, French MA.
Plasma Biomarkers of Innate Immune Responses Characterize and Predict
Tuberculosis-Associated Immune Reconstitution Inflammatory Syndrome
(TB-IRIS). Poster Exhibition at The 20" International AIDS Conference

(Melbourne, Australia, 20-25 July 2014). Abstract No. A64100640447.

Travel Scholarships

e Oral-poster presentation at XVIII International AIDS Conference (Vienna, Austria
18-23 July 2010). Abstract no. WEPDA?20.
Title: Impact of Active Tuberculosis on the Immune Recovery of HIV-Infected

Individuals Receiving HAART.

208





