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Abstract
TB causes 1.4 million deaths annually. HIV-1 infection is the strongest risk factor for TB. The
characteristic immunological effect of HIV is on CD4 cell count. However, the risk of TB is
elevated in HIV-1 infected individuals even in the first few years after HIV acquisition and also
after CD4 cell counts are restored with antiretroviral therapy. In this review, we examine features
of the immune response to TB and how this is affected by HIV-1 infection and vice versa. We
discuss how the immunology of HIV–TB coinfection impacts on the clinical presentation and
diagnosis of TB, and how antiretroviral therapy affects the immune response to TB, including the
development of TB immune reconstitution inflammatory syndrome. We highlight important areas
of uncertainty and future research needs.
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Background
TB causes 1.4 million deaths annually [1]. Despite increasing political and financial
commitment to reduce the impact of this disease over recent decades, morbidity due to TB
has escalated. In South Africa, a country with one of the highest TB burdens, the incidence
of TB quadrupled from a case notification rate of 163 per 100,000 of the population in 1986
to 628 per 100,000 of the population in 2006 [2]. This increase was driven by the emergence
of the HIV-1 epidemic. HIV-1 is now recognized as the strongest risk factor for TB. A
recent study demonstrated substantially higher TB rates in HIV-infected individuals despite
antiretroviral therapy (ART), with 2.70–25.49 TB cases per 100 person-years in HIV-
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infected individuals on ART compared with 0.62 cases per 100 person-years in HIV-
uninfected individuals living in the same community [3]. TB is the commonest cause of
death in HIV-infected individuals in Africa and a third of all TB deaths are in HIV-infected
patients [1,4].

A compromised immune response increases the risk of TB disease. Extremes of age,
malnutrition, chronic alcohol excess, diabetes and vitamin D deficiency are all associated
with some degree of impaired immune function [5–10]. In many populations affected
significantly by TB, HIV coexists with these socioeconomic and environmental factors,
affecting TB exposure, risk of infection and progression to disease, and potentially
exacerbating the problem (Figure 1) [6,7,11,12].

The epidemiological background
The epidemiological relationship between TB and HIV is complex. HIV-induced
progressive CD4 depletion is associated with increased risk of TB, disseminated TB and
death [13]. However, unlike other opportunistic infections, the risk of TB is elevated in
HIV-infected individuals throughout the course of HIV infection, even in the first few years
after acquisition, when the CD4 cell count remains high [14,15]. ART, while restoring
absolute CD4 cell numbers, does not completely reverse the effect of HIV on TB risk [16].
In addition, TB infection is associated with clinical progression of HIV-1 infection [17].
HIV–TB coinfected patients have been found to be at higher risk of new additional
opportunistic infections and mortality than HIV-infected patients without TB with the same
CD4 count [18–20]. All patients with active TB are now recommended to start ART,
irrespective of CD4 cell count [21].

The spectrum of immune responses to TB
Classically, Mycobacterium tuberculosis (M.tb.) exposure is considered to result in one of
three outcomes: uninfected, latently (quiescently) infected or actively infected (diseased).
Examining TB in the context of HIV-1 infection has contributed to a new paradigm of TB
infection proposing a continuum of immune responses in an infected individual correlating
with a spectrum of disease progression risk, rather than binary latently infected or diseased
states (Figure 2) [22–24]. At one end of the spectrum, it is proposed that an effective innate
immune response can clear the host of M.tb. without T-cell priming and without causing
clinical symptoms. At the other end of the spectrum, failure of both innate and acquired
immune responses leads to mycobacterial replication and symptomatic disease. ‘Latent’
infection, rather than simply describing the presence of nonreplicating bacteria is considered
to more accurately reflect a range of immune responses providing relative control of M.tb. It
is now recognized that subclinical TB can occur, particularly in HIV-infected individuals,
who may be sputum culture positive for M.tb., without manifesting signs or symptoms of
disease [24–26].

In addition, symptomatic active TB presents with a spectrum of pathology (Figure 2). At one
end, severe inflammatory TB disease occurs, attributed to exaggerated immune responses,
with severe destructive pulmonary pathology and cavitation. This may be paucibacillary and
is rarely seen in advanced HIV infection. At the other end of the spectrum disseminated TB
infection may occur, with a high M.tb. burden, but only a limited inflammatory response.
The latter is more frequently seen in advanced HIV. However, during the TB-associated
immune reconstitution inflammatory syndrome (TB-IRIS) when HIV-infected patients start
ART, inflammatory TB pathology may rapidly develop despite anti-TB therapy (paradoxical
TB-IRIS) or develop acutely in the absence of a previous TB diagnosis (unmasking TB-
IRIS) [27].
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If a declining absolute CD4 count is not solely responsible for TB risk, what is the defect
responsible in HIV infection? What is the mechanism by which HIV-1 and CD4 T-cell
decline confer a risk of disseminated and extrapulmonary forms of TB, while localized
inflammatory pathology is reduced, and why is TB harder to diagnose in HIV-infected
patients, despite higher mycobacterial loads? Why does ART fail to fully reverse TB risk,
and in some cases increase immunopathological features of TB disease? In this review we
consider these questions, examining firstly, features of the immune response to TB, and how
this is affected by HIV-1 infection and vice versa; secondly, how immune responses in
HIV–TB coinfection impact on clinical features of active TB and diagnosis; and thirdly, the
effect of ART on TB immunity, including immunological aspects of TB-IRIS. We highlight
important areas of uncertainty and future research needs.

Immune interactions: TB & HIV-1 infection
What features of the immune response are important in TB infection?

M.tb., the causative organism of TB infection, is spread by respiratory droplets, aerosolized
from a pulmonary TB patient when coughing, and inhaled by an exposed person. Not all
exposed individuals develop lasting immunological evidence of infection. The reported
incidence of ‘latent’ infection following exposure is wide (0–89%) depending on the
exposure, environment and population of study [28–30]. The immune response to TB
comprises ‘innate’ immune barriers such as the physical components of the airway, cilia and
mucus, cells resident in the lung (e.g., alveolar macrophages) and cells recruited rapidly to
the site of infection that can mount an immediate response (e.g., neutrophils); and ‘acquired’
cellular responses, that require prior sensitization or priming to effect immunity (e.g., those
of CD4 and CD8 T lymphocytes). Th1 cytokines (e.g., TNF-α and IFN-γ) are critical to TB
immunity, as demonstrated by mouse knockout models, and increased susceptibility to TB
in humans treated with anti-TNF-α agents and with genetic disorders associated with
defective IFN-γ function [31–36]. IFN-γ is produced largely by lymphocytes. It promotes
macrophage activation and plays a key role in granuloma formation [31,32,37]. B
lymphocytes are present within granulomas but their precise role in TB immunity is unclear
(as reviewed by Cooper [38]).

The central role of the TB granuloma—The histopathological hallmark of M.tb.
infection and the focal point of the immune response to M.tb. is the granuloma, a structure
characterized by epithelioid macrophages and Langhans giant cells, around which T
lymphocytes cluster. A center of caseous necrotic material distinguishes it from other
granulomatous diseases (e.g., sarcoid), although it is not always present. M.tb. granulomas
may be non-necrotic or fibrotic. Typically, few if any M.tb. bacilli are detectable at the
center of caseous granulomas. However, whether a granuloma provides an ‘effective’
immune response is controversial. Initially, they were believed to facilitate containment of
M.tb. bacilli and mycobacterial killing. However, some studies suggest that the granuloma
may facilitate microbial persistence by the recruitment of potential uninfected host cells to
the disease site, as reviewed by Paige and Bishai, and even favor mycobacterial transmission
by promoting host tissue damage (see also later section ‘Tissue destruction’) [39–42].
Parallels have been drawn with the role of the granulomatous inflammation in
schistosomiasis transmission, where a correlation has been shown between the magnitude of
the inflammatory reaction at the site of the schistosome eggs and the rate of schistosome
excretion (and hence transmission) [42].

A limited number of human studies have compared the histopathological features of
granulomas found in HIV-uninfected TB patients, with those found in TB patients with
advanced HIV. Early post-mortem studies of TB in advanced HIV infection in sub-Saharan
Africa demonstrated that the density of Langhans giant cells in TB lesions correlated with
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pre-mortem blood CD4 counts [43,44]. In patients with relatively preserved CD4 counts,
typical granuloma architecture may be seen. In advanced HIV infection, M.tb. lesions are
typically found to be multibacillary and highly necrotic, with ill-formed or absent
granuloma, and lacking in epithelioid and Langhans giant cells. Similar findings were
reported in a post-mortem study from Brazil examining pulmonary lesions in HIV–TB
coinfection and histopathological analysis of biopsy specimens from cases of TB
lymphadenitis [45–47]. The Brazilian study also reported increased polymorphonuclear cell
infiltration in HIV–TB coinfected granulomas and reduced TNF-α staining [45].

More detailed analysis of the influence of HIV-1 infection on the TB granuloma has been
impaired by limitations of popular animal models of TB, including the mouse model, where
granulomas lack similar structure and caseation to that seen in human M.tb. infection. In a
recent review of this literature, Diedrich and Flynn highlight the paucity of studies assessing
the effect of HIV–TB coinfection on the granuloma and call for tissue-based studies and
representative granuloma models, in order to more closely mimic human tuberculosis
lesions and reflect the interactions that may take place between different cellular
components [48]. However, despite this, a large number of studies have examined the
impact of HIV-1 infection on specific aspects of the immune response that may influence
the granulomatous response to M.tb., and in the subsequent sections we review the evidence
relating to cells of the innate and acquired immune responses in turn.

TB, HIV & innate immunity
The majority of research into the mechanisms of susceptibility to TB in HIV-infected
patients has focused on defects in cell-mediated immunity, particularly relating to CD4 T-
cell number and function (examined in subsequent sections). However, the first immune
cells to encounter M.tb. are innate immune cells in the lung (e.g., alveolar macrophages and
dendritic cells). In recent years, as questions remained unanswered about the susceptibility
of HIV-infected patients to TB, greater attention has been paid to defects of the innate
immune system and interactions between innate and acquired immune responses.

Interference with macrophage function—Following pulmonary M.tb. infection,
alveolar macrophages phagocytose M.tb. bacilli. They are able to present peptide antigen to
T cells via MHC class II molecules and secrete cytokines, (e.g., IFN-γ and TNF-α), which
influence T-cell differentiation and cytotoxic responses.

An important feature of mycobacterial virulence is resistance to the bactericidal mechanisms
of phagocytic cells. M.tb. interferes with phagosomal maturation, is able to resist lysosomal
acidification, and potentially inhibits macrophage apoptosis (a process that facilitates
mycobacterial killing), therefore, promoting intracellular persistence [49–51].

Evidence suggests that HIV–TB coinfection may potentiate some of these mycobacterial
virulence factors. Some in vitro studies suggest that HIV-1 infection of human monocyte-
derived macrophages increases M.tb. growth, with reports also suggesting that HIV–TB
coinfection reduces macrophage viability and is associated with increased TNF-α and IL-10
production [52,53]. However, other studies have not found a significant effect of HIV-1
infection on M.tb. growth in human monocyte-derived macrophages [54,55]. A study of
alveolar macrophages from HIV–TB coinfected patients in Malawi demonstrated intact
phagocytosis [56]. However, intracellular M.tb. bacilli were found to reside in vacuoles at a
higher pH than that of neighboring M.tb.-uninfected vacuoles, and these vacuoles failed to
fuse with lysosomes and acidify. This study was limited by the lack of a TB-infected, HIV-
uninfected control group.
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There is an increasing body of evidence that suggests that TNF-α dependent macrophage
apoptosis is reduced in HIV–TB coinfection. Patel et al. demonstrated reduced M.tb.-
induced apoptosis of human alveolar macrophages in a HIV-infected donors compared with
HIV-uninfected donors [57]. Their studies suggest that HIV-1 infection inhibits macrophage
apoptosis in response to M.tb. infection by inducing IL-10, which reduces TNF-α
production and its proapoptotic effects via a BCL-3-mediated pathway. Kumawat et al. have
also demonstrated that HIV Nef protein directly reduces M.tb.-induced macrophage
apoptosis via the inhibition of TNF-α promoter activation and interference with TNF-α
mRNA stability [58].

The process of capture and degradation of cytoplasmic contents by autophagosomes
(double-membraned organelles), known as autophagy, is an important mechanism of
macrophage resistance to bacterial and viral infections and is likely to have a role in the
clearance of mycobacteria [49]. HIV proteins interfere with autophagy in a variety of cells
types, including CD4 T cells and macrophages, both promoting the early stages of
autophagy (which may facilitate HIV replication in some cells) and arresting maturation of
the autophagocytic process [59–61]. The active metabolite of vitamin D, 1α, 25-
dihydroxycholecalciferol, has recently been shown to induce autophagy in macrophages
coinfected with M.tb. and HIV-1, leading to reduced M.tb. growth and HIV replication [55].
This is interesting in light of epidemiological observations that vitamin D deficiency is
associated with an increased risk of TB and progression of HIV [12,62–65].

Neutrophils are innate immune cells that have been potentially underestimated in TB
pathogenesis (reviewed by Lowe et al.), despite their ability to phagocytose (although not
necessarily kill) mycobacteria and their presence at sites of TB disease [66–68]. Human
neutrophil peptides 1–3 have antimycobacterial activity in vitro [69]. Neutrophil activity in
TB has been associated both with increased severity of disease and with protection [69,70].
The presence of suppurative necrosis, rather than caseating granulomas found most
commonly in human TB lesions in advanced HIV, would suggest a prominent role for the
neutrophil in HIV–TB pathology, but this is yet to be defined.

HIV, TB & acquired immunity
CD4 T cells & susceptibility to TB infection: animal studies—The heightened
susceptibility of HIV-infected individuals to TB strongly implicates the CD4 T cell in a
protective immune response to TB, as the characteristic immunological effect of HIV is on
CD4 cell numbers, and CD4 T cells are the main cell type infected by HIV. CD4 T cells are
present on the periphery of TB granulomas, and when M.tb. is phagocytosed, antigen
presenting cells present mycobacterial peptide to CD4 T cells (via MHC class II), which
may then provide cytokine and chemokine signals to activate innate immune cells and
recruit cytotoxic lymphocytes and other cells to the disease site, as reviewed by Kwan and
Ernst [71].

Mogues et al. attempted to tease out the relative importance of different aspects of cell-
mediated immunity in a mouse model of M.tb. infection [72]. Mice devoid of any functional
T cells (thymectomy followed by monoclonal antibody infusions to CD4 and CD8)
succumbed rapidly to M.tb. infection, by comparison with wild-type mice, who appeared to
control the infection within 20 days and survived over 250 days. Mutant mice with defective
CD4 T-cell function were unable to control M.tb. infection, whereas those with CD8 T-cell
dysfunction (targeted disruption of the β2-microglobulin gene) controlled infection,
although notably with a higher bacillary burden than the wild-type mice. Similar results
were achieved using blocking antibody to CD4 and CD8 [72].
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The mouse model of TB, while regularly used to understand immune mechanisms, fails to
mimic human pathology. Mouse M.tb. granulomas lack the organization seen in humans and
mice do not develop caseous necrosis or cavitation [73]. Therefore, more recently
cynomolgus macaque models have been used to better mimic the spectrum of TB pathology
found in humans [74–77]. In macaques challenged with low dose aerosol M.tb. infection, a
latently infected state occurs in around 50% animals (defined as tuberculin skin test positive
and no clinical symptoms/signs of disease 8–10 months postinfection), which is then
maintained for many years [74,77]. Subsequent SIV infection has been used to model the
effect of HIV on latent TB [74,78]. After a dip in CD4 and CD8 cell numbers immediately
after SIV infection, T-cell numbers recover to pre-SIV levels in all macaques by 8 weeks.
All SIV–TB coinfected monkeys developed reactivation of latent TB within 47 weeks, with
some reactivating ‘early’ (12–17 weeks post-SIV infection), and some reactivating ‘late’
(26–47 weeks) [74]. There was a significant correlation between the extent of initial
peripheral CD4 and CD8 T-cell depletion in primary SIV infection and the time to
reactivation of latent TB. However, no differences were found in peripheral CD4 or CD8 T-
cell number between monkeys at the time of reactivation and just prior to necropsy, when
comparing either early with late reactivating SIV–TB macaques, or coinfected macaques
with SIV-uninfected macaques experiencing TB disease.

In these studies, the early-reactivating coinfected monkeys had lower frequencies of CD4 T
cells in the airways at 10 weeks post-SIV infection than later-reactivating monkeys (p =
0.05). Coinfected monkeys had significantly fewer CD4 T cells in lung granulomas than
M.tb. monoinfected monkeys with active TB and there was a trend towards fewer CD4 T
cells in the lung draining lymph nodes of coinfected versus either SIV- or M.tb.-
monoinfected monkeys.

Another study using macaques examined the effect of CD4 cell depletion by using
huOKT4A antibodies to deplete CD4 T cells in blood and tissues, rather than SIV infection
[75]. In CD4-depleted monkeys, an increased incidence of active TB following acute TB
infection was seen compared with nondepleted monkeys (80 vs 17%, respectively). In
monkeys with established latent M.tb. infection observed over 14 weeks, huOKT4A
antibody treatment resulted in reactivation in 50%, compared with 0% control monkeys.
Although all huOKT4A monkeys had lower frequencies of CD4 T cells in peripheral blood
mononuclear cells (PBMC), bronchoalveolar lavage (BAL) and hilar lymph nodes than non-
CD4-depleted monkeys at necropsy, significantly lower frequencies of CD4 T cells were
found in hilar lymph nodes of huOKT4A monkeys that reactivated TB compared with
huOKT4A monkeys that did not (3.7 vs 16.7%; p < 0.05).

A benefit of animal studies is the ability to control the timing of HIV/SIV and M.tb.
infection, allowing observation of early immunological events. Together these studies
highlight the importance of CD4 T cells in susceptibility to TB and suggest that
consideration of cell dynamics at the site of mycobacterial infection and local lymph nodes,
in addition to absolute peripheral blood CD4 T-cell numbers, may be valuable.

CD4 T cells & susceptibility to TB infection: human studies—Human studies have
examined immune responses at the site of active TB, as well as in peripheral blood.
Pulmonary and pleural TB are typically characterized by a CD4 lymphocyte infiltration at
the site of disease in HIV-uninfected populations. In HIV-infected patients with TB, a
comparatively reduced number of CD4 T cells are seen in BAL, despite the total number of
lymphocytes being increased relative to healthy controls [79,80]. Studies of human disease
have also attempted to characterize functional (in addition to quantitative) defects in CD4 T
cells in HIV–TB coinfection. This has been demonstrated in two ways: first, by examining
production of key cytokines (e.g., IFN-γ) by CD4 lymphocytes in response to stimulation by
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TB antigens [81–84]; and second, by examining the differences in differentiation phenotype
of prevalent T lymphocytes, from antigen-naive cells to antigen-specific memory cells
mainly found in lymphoid tissue, and terminally differentiated effector memory cells found
in the periphery and at disease sites [81,85,86].

In an example of the former approach, Geldmacher et al. performed a cross-sectional study
of PBMC from asymptomatic HIV-infected and -uninfected Tanzanian patients with no
signs of TB disease, and a small number of patients with active TB. CD4 T-cell IFN-γ
responses were measured by ELISpot and intracellular cytokine staining, performed after
overnight stimulation with purified protein derivative (PPD) and the M.tb.-specific antigen
ESAT-6 [81]. Chronic HIV-1 infection, in the absence of TB disease, was associated with
significantly decreased detectable IFN-γ responses. In active TB, these responses were
detectable in the majority of both HIV-infected and -uninfected patients. There was no linear
correlation between IFN-γ response and total CD4 cell count in M.tb.-infected or -
uninfected HIV-infected patients. In a longitudinal study, they examined five ‘latently’
M.tb.-infected HIV-uninfected subjects who acquired HIV infection. In four out of five of
these patients, detectable responses to M.tb. antigens diminished completely within 1 year of
seroconversion [81]. None of these four patients developed active TB within 4 years of
subsequent follow-up. However, one patient developed dramatically increased responses 1
year after seroconversion. This patient was concurrently diagnosed with active TB [81].

Similarly, Rangaka et al. found reduced IFN-γ responses to PPD in a whole-blood assay,
comparing HIV-infected with HIV-uninfected asymptomatic patients in a highly TB-
exposed population from Khayelitsha, South Africa [84]. However, in this study, ELISpot
responses to ESAT-6 (and additionally CFP10) were not different between HIV-infected and
HIV-uninfected individuals. PPD responses significantly correlated with CD4 count, but
ESAT-6 and CFP10 responses did not.

These studies suggest that M.tb.-specific CD4 T cells are depleted early in HIV infection.
Why should this be the case? CCR5 expression on the surface of these cells may have a role.
CCR5, a disease site homing receptor, is the most common coreceptor used by HIV virus to
enter cells. M.tb.-specific memory CD4 T cells from latently M.tb.-infected HIV-negative
individuals have been shown to frequently coexpress CCR5 (twice the frequency of the total
memory CD4 T-cell population), implying that M.tb.-specific CD4 T cells may be
particularly susceptible to HIV-1 infection. However, CMV-specific CD4 T cells are
depleted less rapidly after acute HIV infection than M.tb.-specific CD4 T cells, despite
similar CCR5 expression [81].

Other phenotypic features of these M.tb-specific T cells have been implicated in their
susceptibility, such as production of IL-2, which promotes CD4 T-cell proliferation and
increases susceptibility to direct HIV infection in cellular models [87]. CMV-specific CD4 T
cells produce less IL-2 and more MIP-1β, a CCR5 ligand, which may have a protective role
[87,88]. Geldmacher and Koup suggest that in the absence of clinical disease, M.tb.-specific
CD4 T cells more commonly express CD27, and lack CD57 (a senescence marker),
indicating a transitional or early differentiated phenotype, more commonly associated with
IL-2 production, whereas circulating CMV-specific CD4 T cells are more commonly
CD27−CD57+, a terminally differentiated phenotype [88]. This difference may correspond
to a difference between the two pathogens in the degree to which CD4 T cells are exposed to
antigen during latent or subclinical infection, with more persistent low-level antigen
exposure after infection with CMV compared with that following M.tb. infection.

In summary, the ideal target cell for HIV infection and depletion appears to be a CD4-and
CCR5-expressing T cell, producing abundant IL-2 and little MIP-1β. Increasing evidence
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suggests that these features are particularly prevalent in M.tb.-specific CD4 T-cell
populations and may explain their selective depletion early in the course of HIV infection.

The role of polyfunctional T cells—The role of differentiation phenotype of antigen-
specific CD4 T cells, influencing predominant cytokine production and susceptibility to
infection, is highlighted by an emerging debate on the role of polyfunctional CD4 T cells in
HIV–TB coinfection. Polyfunctional CD4 T cells are antigen-specific CD4 T cells that
coexpress IFN-γ, TNF-α and IL-2 and are considered to be an effector memory population,
– less well differentiated but with a more durable antigen-specific response – than terminally
differentiated effector cells [89]. Mansoor et al. studied infant immune responses following
BCG vaccination at birth [83]. In the peripheral blood of HIV-infected infants, they noted a
significant reduction in Th1 cytokine production (IFN-γ, TNF-α, IL-2) in response to
restimulation with BCG, compared with HIV-uninfected infants, and a significantly reduced
number of ‘polyfunctional’ CD4 T cells. Kalsdorf et al. showed that polyfunctional CD4 T
cells were reduced in BAL samples from HIV-infected compared with HIV-uninfected
healthy but highly TB-exposed patients [82].

In a study of pericardial TB, the phenotypic and functional qualities of CD4 T cells,
including polyfunctionality, were examined at the site of TB disease [85]. Measurement of
antigen-induced IFN-γ responses in peripheral blood and pericardial fluid, comparing HIV-
infected with -uninfected patients, revealed that pericardial fluid responses were elevated
compared with those of blood in both HIV-infected and -uninfected patients. However, in
HIV infection, pericardial fluid contained more polyfunctional and fewer terminally
differentiated CD4 T cells. We hypothesize that terminally differentiated effector cells,
which typically express more CCR5, are susceptible to lytic HIV infection, and are rapidly
depleted in HIV, leading to the migration of less well-differentiated, polyfunctional T cells
with a central or effector memory phenotype, to the site of disease. In addition, central
memory T cells are believed to serve as a reservoir of HIV infection, and may harbor virus
due to their long half-life [90,91]. It is possible that migration of these cells to sites of M.tb.
replication also leads to progression of HIV infection, as TB infection drives HIV
replication (see section ‘TB impacts on the immune response to HIV-1 infection’ later).

Polyfunctionality has been associated with TB protection in recent novel TB vaccine studies
[92]. However, this is controversial. A correlation with protection from TB disease in
humans has not yet been shown [89,92]. In Italian and Gambian patients, higher proportions
of polyfunctional CD4 T cells are found in peripheral blood of active pulmonary TB patients
following restimulation with M.tb. antigens, compared with latently infected controls, and in
the Italian study, these cell populations decreased with TB treatment, suggesting a
correlation with viable M.tb. burden [93,94]. However, a similar study in Cape Town, South
Africa reported conflicting results [95]. In this study, decreased peripheral blood
polyfunctional CD4 T-cell responses to restimulation with M.tb. antigens were found in
smear-positive compared with smear-negative pulmonary TB and latently infected patients,
with an increase in these cell populations with TB treatment. Interestingly, in this study a
much higher proportion of the overall CD4 T-cell response was attributed to polyfunctional
T cells for all studied groups, compared with findings in the previous studies. These
differences may reflect differences in methodology between studies or variability related to
the specific patient populations studied. However, in all cases it is unclear how peripheral
blood findings are reflective of cell populations at the site of disease.

Cytotoxic lymphocytes—CD8+ T lymphocytes are important in the human immune
response to a number of intracellular pathogens, especially chronic viral infections such as
HIV, and are dependent on CD4 T-cell help [96–98]. Although not as critical as CD4 T cells
for protection from M.tb., mouse and primate models have demonstrated a role for CD8+
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cytotoxic T lymphocytes in TB immunity [38,72,74,99]. CD8-depleted mice develop
chronic pulmonary TB with higher mycobacterial burdens but similar survival to wild-type
mice [72]. A model of latent TB infection in mice has implicated CD8 T cells as being
particularly important in control of chronic rather than acute infection [100].

The mouse model may not be appropriate for fully delineating CD8 T-cell responses, as
mice lack comparable expression of group 1 CD1 proteins that may present mycobacterial
lipid antigens to cytotoxic T cells, and also lack expression of the cytotoxic molecule
granulysin, which is released by cytotoxic T lymphocytes and has direct antimycobacterial
activity [101]. Indeed, studies using human cells have shown that perforin and granulysin
are important for CD8 T-cell-mediated target cell lysis in TB infection [101–103]. CD8+

effector memory T cells, which express cell surface TNF-α are a major source of granulysin
[104]. Anti-TNF-α therapy causes a reduction in this cell population, which may contribute
to the increased susceptibility of patients on this treatment to TB disease [104–106]. HIV
infection has a number of effects on CD8 T-cell function, including causing persistent
cellular activation and increasing proportions of intermediately differentiated CD8 T cells
[90,107,108]. Granulysin production by CD8 T cells has not been studied in HIV–TB
coinfection. However, HIV-1 infection of CD8 T lymphocytes suppresses the induction of
granulysin in response to IL-21 and IL-15 [109] and defective granulysin-mediated
cytotoxicity has been shown in HIV-associated cryptococcal infections [110]. In addition,
reduced IL-21 levels may potentiate defective cytolytic T-cell responses in HIV infection,
which could impact on antimycobacterial immunity. CD4 T-cell-derived IL-21 is essential
to sustain CD8 T-cell responses to chronic viral infections in mice and may have a role in
the control of human chronic infections, such as hepatitis B and C [111–113]. Low levels of
serum IL-21 are found in HIV infection, correlating with CD4 count [114].

Other cytotoxic lymphocytes are affected by both TB and HIV infections and may play a
role in HIV-mediated TB susceptibility. Invariant natural killer T (iNKT) cells express an
invariant T-cell receptor comprised of Vα24 coupled with Vβ11 in humans, which binds to
glycolipid antigen bound to CD1d molecules on APCs [115]. Activation leads to rapid
production of both Th1- and Th2-type cytokines without priming and cytotoxicity mediated
by perforin and granzymes [116]. This potent response, coupled with lack of requirement for
immune memory has lead to classification of iNKT cells as innate lymphocytes, with the
potential to bridge the gap between innate and acquired immunity [117]. HIV can
productively infect iNKT cells [118]. In human HIV infection, both CD4+ and CD4− iNKT
cell subsets are depleted, while institution of ART rapidly reconstitutes iNKT cells
populations in blood [119–121]. iNKT cells have the ability to directly restrict M.tb. growth
in culture [122]. In mouse models, iNKT cells have been shown to improve immune
responses to M.tb. infection, and these responses can be boosted by pharmacological
activation of these cells [123,124]. In human studies of TB, iNKT cell populations are
consistently found to be reduced in quantity and are functionally impaired [121,125,126].
However, studies examining iNKT cells in HIV–TB coinfection are lacking.

Similarly, NK cells have innate and cytotoxic activity, but their importance in HIV–TB
pathogenesis is not well defined. NK cells can lyse M.tb.-infected cells, via the activating
receptor NKp46 [127,128]. NK cells isolated from HIV-infected patients have reduced
expression of activating receptors, including NKp46, increased expression of inhibitory
receptors and are functionally impaired, compared with NK cells from healthy controls
[129,130]. Recent studies have implicated NK cell dysfunction in TB-IRIS (see later)
suggesting further study in this area is warranted [131,132].
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We have discussed immune effects of HIV infection that increase susceptibility to and
modulate TB infection. In the next section we examine how TB infection impacts on the
immune response to HIV infection.

TB impacts on the immune response to HIV-1 infection
What features of the immune response are important in HIV infection?

HIV predominantly infects CD4 T cells by binding to the CD4 receptor on the cell surface,
in addition to a coreceptor, usually the chemokine receptor CCR5 (predominantly expressed
by effector T cells, but also present on monocytes and macrophages) or CXCR4 (in later-
stage infections, usually expressed by naive T cells). This interaction allows fusion of the
viral envelope with the host cellular membrane and permits viral entry. Once inside the cell,
HIV viral RNA is transcribed into proviral DNA by HIV reverse transcriptase enzyme.
Proviral DNA is integrated into cellular DNA and transcribed by cellular RNA polymerase
II [133]. During primary HIV-1 infection, absolute CD4 T-cell numbers decline acutely as
viral titers in peripheral blood peak. This is largely due to infection and depletion of
transitional effector memory and fully differentiated memory CD4-and CCR5-expressing T
lymphocytes [134,135]. However, with the onset of a HIV-specific cell-mediated immune
response, in the form of HIV-1-specific cytotoxic CD8 T lymphocytes and with the
production of HIV-1 specific antibodies, some degree of control over viral replication
occurs. Additionally, cytotoxic CD4 T-cell responses may be important in controlling
infection at an early stage [136–138].

During the ‘chronic’ or asymptomatic period of HIV infection, persistent replication of HIV
occurs, and the CD4 count gradually declines. During this period, stronger HIV-specific
CD8 T-cell responses and preservation of central memory CD4 T-cell subsets are linked to
slower progression [96]. A persistent decline in CD4 cell numbers correlates with increasing
immunocompromise, susceptibility to opportunistic infections and eventual death in the
absence of ART.

Immune activation due to TB drives HIV replication
Proinflammatory cytokine production by innate immune cells in response to M.tb. may
facilitate progression of HIV infection (reviewed by Diedrich and Flynn [48]). Monocytes
from active pulmonary TB patients infected with HIV-1 support higher levels of HIV
replication than monocytes from PPD-positive healthy control donors [139]. Activated
monocytes, in addition to CD4 T lymphocytes, contribute significantly to increased plasma
HIV viral loads during TB infection [140]. M.tb. infection drives HIV-1 viral replication by
transcriptional activation in alveolar and pleural macrophages in respiratory TB, and is
dependent on macrophage–lymphocyte contact and M.tb.-induced inflammatory cytokines
and chemokines, such as TNF-α and MCP-1 [141–144]. Recent work has shown increased
expression of P-TEFb, activation of NF-κβ and loss of an inhibitory C/EBPβ, identifying
these as being the transcription factors involved in this process [66,141,145]. Increased viral
replication is associated with development of increased viral heterogeneity at the site of TB
disease and in blood, and may persist following completion of anti-TB therapy [17,146].

TB infection promotes cellular susceptibility to HIV
Chemokines induced by M.tb. infection of phagocytic cells may also be instrumental in
recruiting target cells susceptible to HIV (CCR5-expressing CD4 T cells and monocytes) to
the site of HIV-1 replication, further potentiating the increased HIV viral replication at TB
infection sites [147]. In addition, ex vivo studies of human CD4 T cells suggest that TB
infection may increase the susceptibility of CD4 T cells to new HIV infection by
upregulation of Toll-like receptor 2 (TLR2), through which activation of an HIV-long
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terminal repeat may occur, promoting HIV replication [148,149]. This potentially provides a
contributory explanation for the epidemiological associations between TB and HIV disease
progression, although further studies are required.

In summary, TB and HIV-1 infection have reciprocal detrimental immune effects. HIV
appears to have significant effects on cells of the innate immune system, particularly
macrophages, although evidence of this largely comes from in vitro experimental models of
HIV–TB coinfection. Cytotoxic lymphocyte function, particularly affecting cells that bridge
innate and acquired immune systems (e.g., NK and iNKT cells), appears to be impaired.
Further research to define this dysfunction is required. The key role of CD4 T cells has been
demonstrated in animal and human studies. Improved animal models, such as the macaque
model, and the addition of new cellular models, will be valuable to investigate the
interactions between immune cells involved in the granulomatous response to M.tb. and the
impact of HIV-1 infection on these interactions.

In the next section we consider in more detail the clinical implications of the immune
response to HIV-1 and M.tb. infection, and how it affects patient presentation, diagnosis and
management with ART.

Clinical implications of the immune response in HIV-associated TB
HIV infection has exemplified how the state of the immune system impacts not only on the
risk of TB disease and HIV progression, but also on the clinical presentation, diagnosis and
treatment of TB in HIV-1 infected individuals [150].

The clinical presentation of TB in HIV-infected patients
Pulmonary TB is the most common form of active TB, classically presenting with chronic
productive cough, fever, weight loss and night sweats, and may be accompanied by
hemoptysis and pleuritic chest pain. Localized pulmonary inflammation is visible on chest
radiograph, typically affecting lung apices, and frequently cavitation, the hallmark of
pulmonary TB. Although TB may infect any organ and miliary TB (disseminated TB) is
sometimes reported, these manifestations are less frequent in immunocompetent patients.

Since the early days of the HIV epidemic it has been clear that active TB in advanced HIV
infection does not follow this typical pattern, reviewed recently by Schutz et al. [150].
Pulmonary disease is more likely to be widespread, often causing lower zone infiltration and
rarely causing cavitary lung disease in patients with CD4 counts below 200 cells/mm3.
Chest radiographic changes may be absent in sputum culture-positive TB. In addition, TB is
more likely to present with extrapulmonary forms, particularly lymphadenitis, meningitis,
gastrointestinal and disseminated TB. Clinical manifestations of TB in HIV-infected patients
with relatively preserved CD4 counts follow a much more typical pattern of predominantly
classical pulmonary disease, as described above.

Mechanisms of divergent immunopathology in HIV-associated TB
Although, in the absence of HIV infection, the risk of developing active TB following
infection is lower, when it does occur M.tb. bacilli tend to be locally contained (mainly at
pulmonary sites). The ensuing immune response may be highly inflammatory, damaging
local tissue, with devastating physiological effects and promotion of TB transmission
through the formation of cavities. In advanced HIV, the balance appears to be tipped in
favor of M.tb. growth and dissemination, while resulting in less inflammatory pathology and
therefore reduced cavitation and transmissibility.
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The prominent spectrum of TB pathology in HIV-infected patients and the relationship of
these manifestations to CD4 count suggests that divergent immune responses are
responsible. Studies in immunocompromised animals have failed to adequately model
clinical and pathological features of human HIV–TB coinfection. Disruption of T-cell
function in murine models of TB produces some similar features, with fulminant
disseminated infection, rather than the controlled contained disease seen in wild-type mice
[72]. However, it is hard to interpret these findings, as pulmonary disease in
immunocompetent mice does not accurately model human pulmonary TB, particularly due
to lack of cavitation in most strains [151].

CD4 depletion in the macaque model of acute TB infection causes more widespread
dissemination of primary infection than in wild-type monkeys, with greater bacterial burden
and increased pathology [75]. Similarly to advanced HIV infection in humans, no chest
radiographic abnormalities were found, despite elevated erythrocyte sedimentation rates,
higher mycobacterial burdens and macroscopically greater pathology at necropsy, although
cellular architecture of the TB granulomas in CD4-depleted and control monkeys was
similar.

CD8-depleted macaques also exhibit more extensive TB lesions compared with non-CD8-
depleted macaques following high-dose M.tb. infection. In the CD8-depleted monkeys,
histopathology was similar to advanced HIV–TB in humans: granulomas were less well-
organized and more necrotic, with reduced lymphocytic infiltration [43,152].

In the SIV–TB model of TB reactivation described above, gross pathology scores, bacterial
number scores and percentages of positive samples on mycobacterial culture were similar
when comparing active infection in SIV–TB coinfected macaques and TB-monoinfected
macaques. However, it is worth noting that these monkeys had similar peripheral CD4
counts to TB mono-infected monkeys and therefore were not representative of advanced
HIV infection. A wide range of granuloma types were present in these coinfected monkeys,
from necrotic to fibrotic, with strikingly more fibrotic granulomas in late-reactivating SIV-
infected monkeys compared with early-reactivating coinfected monkeys or monoinfected
monkeys [74].

Recent investigation of matrix metalloproteinase (MMP) activity in TB has elucidated the
mechanisms of cavitation in TB and shed some light on clinical differences in TB
immunopathology in HIV-uninfected and -infected patients. MMPs are a family of zinc-
dependent proteases, including collagenases, gelatinases and elastases. They are produced
by a range of innate immune cells, epithelial cells and fibroblasts and are upregulated in
response to TB infection, without compensatory upregulation of the endogenous tissue
inhibitors of MMPs (TIMPs) [153,154]. Together the MMPs are capable of degrading
components of the extracellular matrix and are strongly implicated by animal and human
studies in M.tb. virulence, correlating with severity of disease in CNS TB, severity of
pulmonary inflammatory pathology and the presence of cavitation in pulmonary TB [155–
158].

HIV infection is known to modulate MMP production in cellular models and in some HIV-
associated neurological conditions [159–161]. Recently we demonstrated that concentrations
of MMP-1 (interstitial collagenase) and MMP-2 (gelatinase A) in induced sputum samples
from TB patients correlated with the severity of tissue destruction, mycobacterial load in
sputum and the presence of cavitation in a mixed HIV-infected and uninfected population
[158]. Reduced levels of MMP-1, -2, -8 and -9 were found in induced sputum of TB patients
with advanced HIV compared with HIV-uninfected TB patients, suggesting that modulation
of TB-driven MMP activity by HIV infection may explain the reduced focal inflammatory

Walker et al. Page 12

Future Virol. Author manuscript; available in PMC 2013 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



pathology and cavitary lesions seen in advanced HIV. MMPs are important in a diverse
range of normal immune functions and are immunomodulatory [162,163]. They activate and
are activated by a range of inflammatory cytokines and chemokines, including IL-1β and
TNF-α and can affect leukocyte migration [164–167]. In a zebrafish model of TB
employing Mycobacterium marinum, ESAT-6-dependent production of MMP-9 was shown
to promote macrophage recruitment to granulomas, bacterial dissemination and virulence
[40]. MMP dysregulation may provide one mechanism for divergent pathology in HIV–TB
coinfection. Other immune regulatory factors (e.g., TGF-β) are modulated by HIV–TB
coinfection (see also Table 1) [168]. However, the implications of these findings on
pathogenesis is not well understood. Further work exploring the impact of TB and HIV on
these pathways may elucidate immunomodulatory therapeutic interventions.

Immunity & TB diagnosis
Despite increased mycobacterial burdens and more widespread disease in HIV-infected TB
patients, confirmation of diagnosis is more elusive [150]. Considering that the mainstay of
TB diagnosis for many decades has been smear microscopy for acid-fast bacilli in sputum,
this is not so surprising. Cavitation correlates well with smear positivity, as M.tb. bacilli
enter the airways through pulmonary parenchymal destruction, and such destructive
pulmonary TB lesions are rare in advanced HIV. New PCR-based diagnostic tests
(GeneXpert®) have improved sensitivity over sputum smear microscopy for pulmonary TB
in HIV-infected patients [169]. However, many patients with clinical symptoms of TB fail to
have a diagnosis confirmed by smear (and in some instances even culture) and clinicians
often treat empirically [170].

Assessment of the immune response to mycobacterial antigens has been historically utilized
in diagnosis of latent TB. The tuberculin skin test measures a delayed-type hypersensitivity
reaction to mycobacterial PPD injected subcutaneously. A positive response indicates
immune sensitization and correlates with M.tb. exposure. However, HIV-infected patients
with latent and active TB may have an absent response. Therefore, reliability among HIV-
infected individuals is reduced [171,172].

Improved understanding of the immune response to TB has heralded the development of
new immunodiagnostics, relying on detection of IFN-γ produced by PBMC or whole blood
stimulated with M.tb. antigens, by IFN-γ release assay (e.g., ELISpot, QuantiFERON®-
Gold). There was some initial optimism that these may be more reliable than skin tests in
HIV-infected individuals for diagnosing ‘latent’ or ‘active’ infection [173]. Studies have not
fully substantiated this (reviewed by Oni and Wilkinson) [174]. Little additive value is
evident over standard TB diagnostics, in high HIV incidence areas [26]. Meta-analyses of
test performance as a predictor of future active TB have demonstrated a weak-to-moderate
association, with a relative risk of 2–3 in a mixed HIV-infected and -uninfected population
and conclude that a lack of sufficient data exists in HIV-infected patients [175,176]. A
recent longitudinal study of South African adolescents demonstrated an eightfold increase in
risk of TB disease within 2 years in QuantiFERON TB Gold in-tube converters [177].
However, this study was in a largely HIV-uninfected population.

In a recent longitudinal study of chronically HIV-infected individuals in Durban, South
Africa, RD-1 antigen responses were monitored using ELISpot assays every 3 months for up
to 2 years. There was a high degree of individual variability in T-cell antigen response over
time, without a correlation with stage of HIV disease, ARV status or development of active
TB [178]. Only just over half of the ELISpot responses were considered to be consistently
positive or negative, and individually in these patients there was a large degree of variability
in the number of spot-forming cells, despite not meeting criteria for a change in result from
positive to negative. This study demonstrates the complexity of antigen-specific IFN-γ
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responses to M.tb. in HIV infection and cautions against overinterpretation of IFN-γ
responses in cross-sectional studies.

It is likely that a fine balance of pro-and anti-inflammatory factors within TB granulomas
and in the immune response to M.tb. is required for optimum containment of TB, without
the exaggerated inflammatory response that is associated with the local tissue destruction
that characterizes TB in HIV-uninfected individuals. It has been shown that the magnitude
of the immune response can correlate with smear positivity, and this relates to difficulty in
diagnosis of TB infection in HIV-infected individuals. Currently available
immunodiagnostics do not appear to be reliable in HIV-infected patients. Improved
understanding of immunity in HIV–TB coinfection is required to aid development of TB
diagnostics suitable for HIV-infected patients and therapeutics to target TB tissue
destruction.

In the next section we address the effects of ART on the immune response to TB. As ART is
now recommended for all HIV-infected patients with TB, and as ART coverage improves
globally, this becomes an increasingly important area for consideration.

The effect of ART on the immune response to TB
ART suppresses HIV-1 viral replication, increases CD4 T-cell numbers and in some studies
has been shown to reduce CD8 T-cell activation [179–181]. The past decade has seen great
advances in ART coverage amongst HIV-infected individuals worldwide. Clear mortality
and morbidity benefits have been demonstrated by starting ART following a TB diagnosis.
In patients with CD4 counts less than 50 cells/mm3, there is a reduction in mortality and
progression to AIDS if ART is started at 2 weeks of TB treatment compared with later time
points [182,183]. A new diagnosis of TB is now considered an indication for ART initiation
[182–184]. However, in TB-endemic settings, despite ART-mediated CD4 T-cell
reconstitution and HIV viral suppression, an increased risk of active TB remains [3]. How
does ART affect the immune response to TB and what is lacking?

Several studies have suggested that early reconstitution of CD4 T-cell numbers is comprised
largely of memory cells rather than naive cells, suggesting redistribution from lymphoid
sites [86,179,181]. This is followed by reconstitution of the naive T-cell population. A study
of T-cell subsets in ART-experienced patients in Denmark demonstrated persistent deficits
in absolute CD4 T-cell numbers, and subsets (particularly naive CD4 T cells) compared with
healthy blood donors, despite up to 14 years of ART with HIV viral suppression [90]. The
same study demonstrated differences in the CD8 T-cell maturation pathway, with increased
frequencies and proportions of intermediately differentiated (CD45R A−, CD27+, CD28−,
CCR7−) CD8 T cells and increased frequencies and proportions of activated CD8 T cells
(CD38+, HLA-DR+) in ART-treated patients compared to HIV-negative controls [90].

ART improves antigen-specific CD4 T-cell responses to a number of antigens, including
PPD, compared with pre-ART responses [180,185]. However, despite total CD4 T-cell
reconstitution and suppression of HIV-1 viral replication, ART-treated patients have
significantly depleted M.tb.-stimulated IFN-γ responses and frequencies of PPD-specific
IFN-γ-secreting CD4 T cells, compared with HIV-uninfected individuals [186,187]. Our
group studied CD4 T-cell reconstitution in detail over the first 48 weeks of ART [86]. In this
study, central memory CD4 T cells expanded significantly by 12 weeks. By 36 weeks of
ART, naive T cells had also expanded. However, the frequency of terminally differentiated
CD4 T cells, including PPD-responsive cells, was less dynamic, and by 12 weeks
represented a significantly reduced proportion of total CD4 T cells that was sustained for 48
weeks (although absolute numbers did increase). At week 48, the proportion of CD4+ T cells
producing IFN-γ was lower than in healthy HIV-uninfected controls [86].
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A study of ART-treated patients with a previous history of treated TB found profoundly
reduced ESAT-6 and Ag85B responses in these patients but strong nonspecific
mycobacterial (PPD) CD4 T-cell IFN-γ and proliferative responses, when compared with
HIV-uninfected patients with previous TB [188]. It suggests that repeat exposure to
environmental, nonpathogenic mycobacteria boosts the nonspecific mycobacterial immune
response, without causing infection. However, in the context of repeat exposure to the more
virulent M.tb., HIV-infected patients succumb to TB disease rather than developing
immunity.

The effects of ART on cells of the innate immune system, cytotoxic T cells and regulatory
cells are less well defined (Table 1) [60,108,189–191]. Despite successful ART, tissue
macrophages contain a reservoir of HIV virus that is considered important in failure of viral
eradication by ART and in the pathogenesis of HIV-related neurological conditions that may
manifest despite ART [190,192]. The impact of this reservoir on TB immunity in ART-
treated patients is not clear.

TB-associated immune reconstitution inflammatory syndrome
In settings where TB is endemic, TB-IRIS is a frequent early complication of ART. TB-IRIS
reflects an immunopathological reaction to mycobacterial antigens driven by the recovering
immune system. Paradoxical TB-IRIS is better characterized: it occurs in HIV-infected
patients on TB treatment when they start ART, who experience recurrence or worsening of
TB symptoms and clinical or radiological features during the first weeks on ART. The other
form, unmasking TB-IRIS, is less well defined and describes patients with unrecognized TB
at ART initiation, who present with an exaggerated inflammatory presentation of TB during
early ART [193].

Paradoxical TB-IRIS occurs in approximately 15.9% of patients who start ART while on
treatment for TB (95% CI: 9.7–24.5) [194]. The onset of symptoms is typically 1–4 weeks
after ART is initiated [27]. Common features are recurrence of TB symptoms, fevers,
worsening radiographic pulmonary infiltrates, enlarged lymph nodes, serous effusion
enlargement and the formation of tuberculous abscesses [27,195]. Potentially life-
threatening manifestations include: enlarging intracerebral tuberculomas, meningitis, renal
involvement with renal failure, splenic rupture and cardiac tamponade due to rapid
enlargement of pericardial effusions [196–200]. Death due to paradoxical TB-IRIS is
infrequent in reports in the literature [194], but patients commonly require hospital
admission and diagnostic and therapeutic procedures consuming health care resources [201].
There is one randomized controlled trial of treatment: patients who received prednisone for
4 weeks (2 weeks at 1.5 mg/kg/day, followed by 2 weeks at 0.75 mg/kg/day) had significant
reduction in duration of hospitalization and outpatient therapeutic procedures, and more
rapid symptom improvement compared to those who received placebo [202]. It is
recommended that ART is not interrupted other than in cases where TB-IRIS is imminently
life-threatening, such as cases where there is CNS involvement with depressed level of
consciousness [203]. Risk factors most consistently associated with paradoxical TB-IRIS are
low CD4 count, disseminated TB and the short interval between starting TB treatment and
ART [27,204].

During initial ART there is a rapid increase in CD4 T-lymphocyte count in most patients. In
the first month of ART, the increase is approximately 75–100 cells/μl [205]. The majority of
this initial increase is due to the redistribution of memory T cells from sites of immune
activation into peripheral blood [181]. Initial investigations of the pathogenesis of
paradoxical TB-IRIS thus focused on T cells, and particularly mycobacterial-specific T
cells. Bourgarit et al. demonstrated an association between TB-IRIS and prominent
expansions of PPD-specific IFN-γ-producing T cells. Similar expansions were not seen for
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CMV-specific or ESAT-6-specific T cells in TB-IRIS patients [206]. Similar findings were
reproduced in other studies [207]. Subsequently, Bourgarit et al. have reported that these
PPD-specific T cells are polyfunctional, coexpressing IFN-γ+ TNF-α+ and IL-2+, are of the
CD4+ effector memory phenotype and are highly activated [208].

A tight causal relationship between T-cell expansions and paradoxical TB-IRIS has been
questioned on the basis of other findings. In a study published by our group in cross-
sectional analyses, patients with TB-IRIS sampled after 2 weeks on ART were found to have
higher median ELISpot responses to a broad range of mycobacterial antigens including
ESAT-6 (in contrast to Bourgarit et al.’s findings) when compared with control groups
[209]. However, the responses were heterogeneous in both cases and controls: some cases
showed no expansions and some controls (who did not develop TB-IRIS on ART) showed
high levels of IFN-γ-producing T cells in response to mycobacterial antigens. Thus, even
though mycobacterial-specific T cells likely play a role in the development of TB-IRIS, the
findings suggested they were neither a sufficient nor necessary factor in the development of
the condition. This conclusion was reinforced by the findings of a longitudinal study where,
in the initial 8 weeks of ART, in both TB-IRIS cases and non-IRIS controls, dynamic
expansions and contractions of mycobacterial-specific IFN-γ-producing T cells were
evident, with few significant differences between the groups [209]. A Thai study also found
no significant differences in concentrations of Th1 cytokines (IL-2, IL-12 and IFN-γ)
following PPD and RD1 antigen stimulation between patients who developed TB-IRIS and
controls prior to ART and at time of IRIS [210]. Elliott et al. demonstrated similar increases
in PPD-specific IFN-γ T-cell responses in both IRIS cases and controls with HIV-associated
TB patients who started ART but did not develop IRIS until week 12 [211]. Only at 24
weeks were the responses greater in IRIS cases than controls, long after the onset of the
clinical features of TB-IRIS (median: 10 days), suggesting that other immune mechanisms,
such as innate immune cells and Tregs, are important in pathogenesis.

Several investigators have explored the role of innate immune cells in TB-IRIS. Pean et al.
demonstrated that those HIV-associated TB patients who developed TB-IRIS had higher
expression of the degranulation surface marker CD107a on NK cells prior to starting ART
than controls who did not develop IRIS [131]. They hypothesize that this reflects higher
innate immune responses prior to ART in TB-IRIS cases, and that this may play a role in
pathogenesis through increased lysis of M.tb.-infected cells by NK cells and thus higher
mycobacterial antigen load. High levels of NK cell activation have also been described to be
associated with unmasking TB-IRIS [132]. In a case report of fatal unmasking TB-IRIS, the
patient’s dense pulmonary cellular infiltrate was almost entirely composed of CD68+

myeloid cells [212].

A study of five cases of TB-IRIS and nine matched non-IRIS controls suggested a role for
TLR2-induced proinflammatory cytokines produced by monocytes and dendritic cells in
TB-IRIS pathogenesis. At 24 weeks on ART, TLR2 expression on monocytes and
lipomannan-induced TNF-α production was significantly higher in TB-IRIS cases.
Lipomannan is a TLR2 ligand. Lipomannan-induced TNF-α and IL-12p40 responses
paralleled TB-IRIS in certain patients with high TLR2 expression on monocytes and
myeloid dendritic cells, without a parallel increase in IL-10 production [213]. In a study of
TB meningitis IRIS, cerebrospinal fluid neutrophil counts were significantly higher at
baseline in patients with TB meningitis who developed IRIS, and were more tightly related
to clinical improvement prior to ART and deterioration with IRIS than cerebrospinal fluid
lymphocyte counts [200]. The suppurative lymphadenitis and abscess formation that is often
seen in TB-IRIS also suggests a role for neutrophils.
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Ruhwald and Ravn have suggested that paradoxical TB-IRIS is precipitated by a ‘cytokine
storm’ [214]. TB-IRIS was accompanied by elevated Th1 and inflammatory cytokines and
chemokines, but not Th2 cytokines in one study [206]. In a study conducted by our group,
cytokine concentrations were studied in patients who developed TB-IRIS and compared
with controls (patients with HIV-associated TB who did not develop TB-IRIS on ART) at 2
weeks on ART [215]. A wide range of cytokines and chemokines were elevated after in
vitro restimulation, but most consistently, and additionally significantly elevated in serum,
were TNF-α, IFN-γ and IL-6. Many of the cytokines increased in TB-IRIS are of myeloid
origin. We have also demonstrated that these cytokines are decreased by corticosteroid
treatment [216]. Oliver et al. demonstrated that TB-IRIS was associated with elevated
CXCL10 and IL-18 concentrations and lower levels of CCL2 in unstimulated samples, and
therefore suggested that pertubations of the innate immune responses may contribute to
pathogenesis [217]. A more recent study by the same group demonstrated higher levels of
CXCL10 in whole blood cultures stimulated with RD1 antigens at baseline and at week 4,
further suggesting a role for this chemokine in pathogenesis [218].

Findings thus suggest a role for innate immune cells and cytokines and chemokines
associated with these cells in TB-IRIS pathogenesis. This concurs with findings from an M.
avium mouse model of IRIS. T-cell-deficient mice infected with M. avium developed an
IRIS-like deterioration after CD4 injections, characterized by weight loss, impaired lung
function and rapid death. This syndrome correlated with marked alterations in blood and
tissue CD11b+ myeloid cells [219]. On the basis of their findings these investigators
hypothesized that IRIS results from hyper-responsiveness of the innate immune system to T-
cell help, in the context of recovery of the immune system from a state of prior
immunosuppression that permitted the accumulation of large amounts of microbial antigen
[220].

An alternative hypothesis has proposed that a delay in recovery of Treg numbers and
function, compared with proinflammatory responses is responsible for paradoxical TB-IRIS
[214]. However, studies have demonstrated no deficiency of Tregs in TB-IRIS patients and
IRIS patients in general [207,209,221]. Seddiki et al., in fact, demonstrated higher levels of
CD127loFoxp3+CD25+ Tregs, in addition to an increased ratio of Treg to effector/memory
subsets, in patients with IRIS related to nontuberculous mycobacterial infection compared
with controls [222]. In this same study, impaired function of and IL-10 secretion from
suppressor cells in IRIS patients was demonstrated by in vitro suppression assays,
suggesting that despite quantitative increases in Treg numbers, functional ability is impaired.
In support of this, a study of two patients with mycobacterial IRIS demonstrated impaired
IL-10 and increased IFN-γ production [223]. The authors suggested that an imbalance of
regulatory and effector cytokine responses may be the cause of IRIS [223]. Low pre-ART
levels of inhibitory NK receptors (CD94/NKG2, CD158a/h and CD158b) on mycobacterial-
specific Vδ2 TCRγδ T cells have been shown to predict paradoxical TB-IRIS [224]. Thus,
while no study has clearly shown a deficiency in Treg numbers in mycobacterial IRIS,
certain studies suggest there may be functional impairment of regulatory components of the
immune system that contributes to dysregulated inflammation.

In summary, ART leads to reconstitution of CD4 T-cell populations, initially memory T
cells early after initiation and later naive CD4 T cells. Persistent impairments of M.tb.-
specific CD4 T-cell populations may be evident despite long-term ART. ART initiation is
complicated in a substantial proportion of cases by TB-IRIS, where TB inflammatory
pathology may increase or occur where it was previously not clinically evident. TB-IRIS
poses specific diagnostic and treatment challenges. Immunopathological mechanisms are
incompletely defined, but there is increasing evidence that innate immune dysfunction plays
a role. Further research is needed on this condition.
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Conclusion
The immunological advances in understanding of TB and HIV infection individually need to
be combined in work that describes the complex interactions between these two deadly
pathogens, and the effects of ART. This should occur in appropriate animal models (ideally
nonhuman primates) and on human samples, allowing advances to rapidly translate into
clinical solutions. Specific diagnostics and treatment for TB-IRIS are critically lacking, as
are treatments that limit TB immunopathology. Improved understanding of protective
immunity will enhance vaccination strategies. Understanding the complex interactions
between the individual components of innate and acquired immune responses to TB and
HIV infection is likely to be the next step forward.

Future perspective
Mortality occurs at both ends of the immunological spectrum of TB: at one end an HIV-
uninfected patient dies from asphyxiation from acute massive hemoptysis due to cavitary
TB; at the other end, and far more frequently, a HIV-infected patient with disseminated TB
dies from overwhelming infection with less evidence of focal pathology. There is no clear
sign that the HIV–TB epidemic is slowing, especially considering the emergence of
increasingly drug-resistant strains of M.tb.

A major challenge for the future is to discover immune correlates of TB protection and TB
disease risk. Failure to define this conclusively has hindered TB prevention strategies,
including the design of new TB vaccines to replace BCG, which provides only short-lived
efficacy, preventing severe forms of extrapulmonary disease, and which is contraindicated in
HIV-infected patients [225,226]. New candidate vaccines are being developed and some are
currently being assessed in clinical trials, including HIV-infected patients, recently reviewed
by Rowland and McShane [225]. Hopefully, these studies will help define protective
immune responses and demonstrate whether polyfunctional immune responses correlate
with protection from TB disease. New immunodiagnostics appropriate for HIV-infected
populations would have the potential to improve disease outcomes through early diagnosis
and, if able to differentiate exposure, infection and disease, could improve delivery of
preventative measures such as isoniazid preventative therapy, to those in greatest need.

Our limited understanding of the immune response to TB has also hampered the
development of adjunctive immunomodulatory therapies to prevent the severe tissue
destruction frequently seen in pulmonary TB, CNS TB and particularly affecting the HIV-
infected TB population, TB-IRIS. As the ideal immune response associated with the
clearance of infection is not known, immunomodulatory therapy may be detrimental.
However, benefit with corticosteroid therapy in pericardial TB, CNS TB and TB-IRIS has
been demonstrated, and anecdotal evidence of response to other immunosuppressants, such
as thalidomide, exists [227–230]. With immunological advances in this field, development
of targeted immunomodulatory therapies may improve clinical outcomes.
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Executive summary

Epidemiology of HIV-associated TB

• HIV infection increases the risk of TB disease, even in individuals with
relatively preserved CD4 counts, and those on antiretroviral therapy (ART).

• A spectrum of immune responses to TB infection correlates with a spectrum of
clinical outcomes following infection, from elimination of infection through to
subclinical infection and symptomatic disease.

Immune interactions: TB & HIV-1 infection

• HIV-1 infection impacts on important components of the immune response to
TB.

• TB infection impacts on the immune response to HIV-1 infection, including:

– Driving transcriptional activation via production of inflammatory
cytokines and chemokines;

– Increasing cellular susceptibility to HIV-1 infection via increased
CCR5 expression and production of cytokines (e.g., IL-2 and Toll-like
receptor 2 upregulation).

Clinical implications of the immune response in HIV-associated TB

• A greater spectrum of clinical TB disease exists in HIV-1-infected patients,
including more disseminated but less inflammatory disease in advanced HIV-1
infection. The etiology of this is unclear, but likely involves a combination of
CD4 and CD8 T-cell dysfunction and dysregulation of innate immune factors,
such as matrix metalloproteinases.

• Diagnosis of TB infection is more challenging in HIV-1-infected patients.

• New immunodiagnostics have not been proven to be reliable in HIV-infected
populations.

The effect of ART on the immune response to TB

• ART leads to selective reconstitution of CD4 T-cell populations:

– Early memory T-cell reconstitution;

– Later naive T-cell reconstitution;

– Persistent impairment of Mycobacterium tuberculosis-specific CD4 T-
cell populations despite many years of therapy.

• ART initiation is associated with TB-associated immune reconstitution
inflammatory syndrome, reflecting an immunopathological reaction to
mycobacterial antigens driven by the recovering immune system:

– Precise immunopathological mechanisms remain unclear;

– Increasing evidence points to a role for innate immune dysfunction in
pathogenesis;

– Specific diagnostic tests are lacking;

– Immunomodulatory therapy with corticosteroids reduces morbidity but
more specific treatments are lacking.
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Future perspective

• Improved understanding of the immunopathology of HIV-associated TB has the
potential to improve preventative measures (e.g., assist vaccine design and
diagnostics, and to facilitate early treatment) and elucidate new
immunomodulatory therapies. Further research using appropriate animal models
and studying human disease is greatly needed.
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Figure 1. Major risk factors for TB disease
Environmental and host factors influence Mycobacterium tuberculosis exposure and the risk
of development of active TB once infected. Young age, with increased proximity to
infectious adults and a less developed immune response, confers increased risk of exposure
and progression to disease. Diabetes, malnutrition, vitamin D deficiency and HIV infection
impact on risk following exposure, probably by both increasing the likelihood of exposure
leading to chronic infection and progression of infection to active TB. These conditions are
affected by a complex interplay of host and environmental factors: for example, vitamin D
deficiency occurs as a result of insufficient environmental UVB exposure and also host
genetic factors that influence vitamin D metabolism. Host factors (e.g., immunosuppression
with anti-TNF-α therapy) also increase risk of progression of infection to TB disease.
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Figure 2. The spectrum of immune responses to TB correlates with a spectrum of outcomes of
Mycobacterium tuberculosis infection
HIV infection (and mycobacterial burden) impact on risk of progression towards disease.
Despite high mycobacterial burdens, characteristic inflammatory pathology (e.g., dense
pulmonary consolidation and cavitation) is rare in HIV when CD4 counts are <200 cells/
mm3. This may occur in those with relatively preserved CD4 counts or develop with ART,
in TB-associated immune reconstitution inflammatory syndrome.
†In HIV, evidence of T-cell memory may be lost.
ART: Antiretroviral therapy.
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Table 1

Effects of HIV and antiretroviral therapy on key immune factors in TB.

Immune cell Response in TB Effect of HIV Effect of ART

Macrophage Phagocytose mycobacteria
Produce IFN-γ and TNF-α
Secrete MMPs
Key role in granuloma formation:
epithelioid cell/Langhans giant cell
formation
Failure of apoptosis linked to
intracellular mycobacterial survival

Increased cellular activation
Disruption of autophagy
In HIV–TB coinfection:
Reduced IL-10-dependent macrophage
apoptosis and reduced TNF-α production
Increased M.tb. replication (not evident in
all studies)
Increased HIV-1 replication

Intracellular persistence of HIV-1 in
macrophages despite ART
Activation markers reduced by ART but
not to normal
Effect of ART on role of macrophages in
M.tb. immunity is not well defined

Neutrophil Phagocytose mycobacteria
Possible role in M.tb. killing via
neutrophil peptides (HNP 1–3,
cathelicidin LL-37 and lipocalin 2)

Impaired phagocytic ability and
chemotaxis
Increased apoptosis

Improved chemotaxis, but impairment of
phagocytosis persists despite ART
Protease inhibitors reduce neutrophil
apoptosis

NK cell Lysis of M.tb. infected cells in vitro Reduced functional NK cell populations
Reduced activation, more inhibitory
receptor expression

Reconstitution with functional deficits
Increased activation and degranulation
associated with TB-IRIS

CD4 T cell Recruited to disease site in response
to cytokine and chemokine signals
from infected antigen-presenting
cells; recognize peptide antigens
bound to MHC class II molecules:
Role in activation of phagocytic and
cytotoxic cells: produce Th1
cytokines (e.g., IFN-γ), which are
critical to immune response but may
also lead to immunopathology

Infected and depleted: transiently by
acute HIV infection; progressively and
irreversibly in chronic HIV infection
CCR5-expressing, IL-2-producing
M.tb.-specific CD4 T cells are
particularly susceptible to HIV infection
and depletion
In HIV–TB coinfection:
Reduced at disease sites in HIV–TB
coinfection
Functionally impaired: reduced IFN-γ
response to mycobacterial antigens shown
in some studies
Reduced IL-21 production may influence
CD8 T-cell function

Early reconstitution of memory T cells
(possibly from lymphoid sites); later
restoration of naive cells
Persistent deficit in CD4 T-cell subsets
despite long-term ART
Improvement in frequency and function
of M.tb.-specific CD4 T cells, although
reduced compared with HIV-uninfected
populations

CD8 T cell Lyse M.tb.-infected cells via release
of granular contents (e.g.,
granulysin) and restrict
mycobacterial growth

Increased cellular activation
Defective (granulysin mediated and IL-21
dependent) cytotoxic responses

Reduced cellular activation in some
studies
Other studies suggest persistent cellular
activation and disruption of cellular
maturation pathway

Tregs Expanded populations at TB disease
sites; produce IL-10

Reduced in total number by HIV but
increased in proportion
In HIV–TB coinfection:
Compartmentalization evident in pleural
fluid in HIV-associated pleural TB

Normalization of Treg numbers and
proportions with CD4 T-cell
reconstitution
Reduced IL-10 production in one study
of Mycobacterium avium IRIS, which
may indicate a defect in regulatory
responses to mycobacteria. Other studies
suggest no role in TB-IRIS

NKT cell Can restrict TB growth in vitro
Reduced frequency in active TB
infection with functional
impairment

Activated, productively infected and
depleted

Reconstituted rapidly

ART: Antiretroviral therapy; HNP: Human neutrophil peptide; IRIS: Immune reconstitution inflammatory syndrome; MMP: Matrix
metalloproteinase;

M.tb.: Mycobacterium tuberculosis; NKT: Natural killer T cell; TB-IRIS: TB-associated immune reconstitution inflammatory syndrome.
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