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As a highly evolved pathogen, M. tuberculosis has devised strategies for persisting within the granuloma and avoiding elimination by the host response. In latent infection, the host and
bacillus coexist, with the granuloma serving as the site of
bacterial persistence and host resistance. Disruption of the
structure or function of the granuloma is likely to lead to
reactivation of latent M. tuberculosis infection, dissemination, and active disease.
The current human HIV/M. tuberculosis literature provides a
solid foundation for our current understanding of how these
pathogens interact in vitro and in vivo. Several hypotheses have
been generated to identify how HIV increases the risk of TB
and how M. tuberculosis infection may exacerbate HIV infection. Here, we summarize the data that underlie these
hypotheses (Table 1). However, it must be noted that these
hypotheses are based on indirect evidence, extrapolated
from experimentally tractable peripheral sampling to events in
M. tuberculosis-infected tissues. Although many of these hypotheses are likely valid, confirming the events occurring in
granulomas is a necessary next step. Focusing on confirming
these hypotheses at the tissue level in future HIV/M. tuberculosis coinfection studies may identify new mechanisms that
drugs and vaccines can target to prevent or cure TB in coinfected people.

The emergence of human immunodeficiency virus type 1
(HIV) has exacerbated an already enormous number of cases
of tuberculosis (TB) worldwide. TB affects HIV⫹ individuals
throughout all phases of HIV infection and is the leading killer
of HIV⫹ people (31). Of the 9.4 million individuals with new
cases of active TB each year, 1.4 million are HIV⫹ (39). It is
widely accepted that HIV causes a depletion of CD4 T cells,
which is likely to contribute to the susceptibility of coinfected
persons to TB, as this T cell subset is important in the control
of TB. However, HIV has effects on other cells, including
macrophages, and influences cytokine production, which may
also prevent a host from containing an initial or latent Mycobacterium tuberculosis infection. In this review, we highlight
gaps in the human coinfection literature that must be addressed to gain a more complete understanding of the interaction between the pathogens M. tuberculosis and HIV.
M. tuberculosis infects via the respiratory tract, encountering
alveolar macrophages in the airways and transiting to the lung
parenchyma, where innate and adaptive immune responses
cooperate to generate a granuloma. The granuloma is a structure composed of macrophages, lymphocytes, dendritic cells,
neutrophils, and sometimes fibroblasts, often with a necrotic
center. This structure serves to contain the bacilli and acts as
an immune microenvironment for cellular interactions that
limit M. tuberculosis replication. However, simple formation of
a granuloma is not sufficient for control of infection, as persons
with active TB have multiple granulomas in the lungs and
possibly other tissues. Instead, the granuloma must have optimal immunologic function to contain or eliminate the bacilli.

HIV/M. TUBERCULOSIS PATHOLOGY
It is well established that HIV impairs the ability to control
M. tuberculosis infection (32, 89, 95, 96, 108). Clinical studies
provide compelling evidence that HIV leads to an increased
risk of developing TB shortly after HIV infection. Among
miners in South Africa, HIV⫹ individuals were 2 to 3 times
more likely to develop TB than HIV⫺ miners within 2 years of
HIV seroconversion (32, 95) and after 11 years, half of the
HIV⫹ miners developed TB (32). Although HIV⫹ individuals
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Human immunodeficiency virus type 1 (HIV) and Mycobacterium tuberculosis have become intertwined over
the past few decades in a “syndemic” that exacerbates the morbidity and mortality associated with each
pathogen alone. The severity of the coinfection has been extensively examined in clinical studies. The extrapolation of peripheral evidence from clinical studies has increased our basic understanding of how HIV
increases susceptibility to TB. These studies have resulted in multiple hypotheses of how HIV exacerbates TB
pathology through the manipulation of granulomas. Granulomas can be located in many tissues, most
prominently the lungs and associated lymph nodes, and are made up of multiple immune cells that can actively
contain M. tuberculosis. Granuloma-based research involving both animal models and clinical studies is needed
to confirm these hypotheses, which will further our understanding of this coinfection and may lead to better
treatment options. This review examines the data that support each hypothesis of how HIV manipulates TB
pathology while emphasizing a need for more tissue-based experiments.
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TABLE 1. How does HIV increase TB risk?
Hypothesis and exptl evidence

Reference(s)

HIV replication is increased at sites of M. tuberculosis infection, leading to increased pathology
Greater HIV p24 levels and viral loads in BAL fluid cells from TB-involved lungs than in BAL
fluid from uninvolved lungs .......................................................................................................................................................................69
Greater HIV loads in pleural fluid than in plasma from individuals with pleural TB..........................................................................52
Greater HIV replication in stimulated macrophages infected with M. tuberculosis and HIV
than in macrophages infected with HIV alone .......................................................................................................................................43, 44

HIV manipulation of macrophage function prevents M. tuberculosis killing
HIV/M. tuberculosis-coinfected macrophages induce less TNF-dependent apoptosis than
macrophages infected with only M. tuberculosis......................................................................................................................................48, 72, 73
Coinfected macrophages release less TNF than macrophages infected with only M. tuberculosis ......................................................48, 73
HIV decreases the ability of M. tuberculosis-infected macrophages to acidify vesicles .........................................................................22, 67
HIV induces functional changes in M. tuberculosis-specific T cells that decrease their ability
to contain M. tuberculosis
Fewer IFN-␥⫹ M. tuberculosis-specific memory CD4 T cells after HIV infection in individuals
with latent TB..............................................................................................................................................................................................29, 30
Fewer IFN-␥–TNF–IL-2 polyfunctional BCG-specific CD4 T cells in airways of HIV⫹ individuals
than in those of HIV⫺ individuals ............................................................................................................................................................46
Lower IFN-␥ mRNA production and cellular proliferation in airways of patients with AIDS and
TB than in those of individuals with TB alone.......................................................................................................................................4, 17
Lower IFN-␥, TNF, and IL-2 production and cellular proliferation in M. tuberculosis-specific peripheral T cells
in HIV⫹ individuals than in HIV⫺ individuals with active TB.............................................................................................................30, 40, 65, 111

in these studies are more prone to developing TB, half of the
cases of TB were attributed to time and not HIV due to the
high incidence rate of TB among South African miners. It was
not determined whether TB was the result of reactivation of
latent infection or newly acquired M. tuberculosis infection. It
is important to differentiate between reactivation and newly
acquired TB because the mechanisms by which the human host
controls primary and latent infections, and the effects of HIV
on these mechanisms, may differ. Evidence from DNA fingerprinting (typing for IS6110 restriction fragment length
polymorphism) studies indicates that HIV⫹ people in regions where the disease is endemic, such as South Africa and
Malawi, are developing TB primarily by new infection rather
than by reactivation of a latent infection (18, 96). In this type
of study, the pattern of IS6110 sequences among M. tuberculosis isolates from patients within the cohort indicates whether
the TB case is newly acquired or a relapse of latent TB. HIV⫹
individuals are between 2.2 (18) and 5.5 (96) times more likely
to develop TB from a new source than are HIV-negative individuals.
Not only are HIV⫹ individuals at greater risk of acquiring
M. tuberculosis and developing active TB, they have an increased risk of death due to TB (107, 108). Although it has
been well known over the past 25 years that HIV/M. tuberculosis coinfection is remarkably detrimental (70, 75, 89), the
mechanisms by which HIV disrupts function in both established and newly forming granulomas, leading to the increased
morbidity and mortality of coinfected people compared to
those of people with TB alone, remain to be determined (50).

EFFECTS OF HIV ON THE M. TUBERCULOSIS GRANULOMA
It has been proposed that the increase in pathology associated with HIV/M. tuberculosis coinfection is caused by a
functional disruption of the local immune response within
the granuloma (3, 20, 50, 83, 91). These disruptions presumably decrease the ability of the granuloma to contain M. tuberculosis, leading to increased bacterial growth with more mycobacterial dissemination and severe pathology. The cause of the
disruption can be divided into general and overlapping processes, including (i) an increase in the viral load within involved tissue, leading to (ii) a decrease in the total number of
CD4 T cells, along with (iii) a disruption of macrophage function and (iv) a perturbation of M. tuberculosis-specific T cell
function that lead to functional and detrimental changes within
granulomas. Here we review the available data on these HIVinduced changes (Table 1).
HIV REPLICATION AT SITES OF
M. TUBERCULOSIS INFECTION
Hypothesis: HIV replication increases at sites of M. tuberculosis infection, which leads to a reduction in the containment
of M. tuberculosis. HIV preferentially replicates within activated
CD4 T cells and macrophages. Because CD4 T cells and macrophages are major components of the granuloma and some
proportion of these T cells are likely to be activated (an ideal
situation for HIV uptake and replication), sites of M. tuberculosis infection are considered ideal for HIV replication. An
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HIV induces primary or reactivated TB through killing of CD4 T cells within granulomas
HIV⫹ individuals with fewer peripheral CD4 T cells are more prone to TB than HIV⫹
individuals with more CD4 T cells............................................................................................................................................................51
Correlation between acute peripheral CD4 T cell count and reactivation of latent TB.......................................................................23
Coinfected individuals have fewer BAL fluid CD4 T cells than individuals with TB alone.................................................................46, 49
Monkeys coinfected with SIVmac251 and M. tuberculosis have fewer CD4 T cells in granulomatous
tissue than monkeys with active TB alone...............................................................................................................................................23
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activated CD4 T cells (101) and CD14⫹ macrophages (52),
which are prevalent at sites of M. tuberculosis infection.
High viral titers are inversely proportional to peripheral
CD4 T cell counts and correlated with susceptibility to various
opportunistic infections (1, 9, 66) and advancement to AIDS.
One study concluded that there was a 5- to 160-fold increase in
plasma viral titers during acute infection with M. tuberculosis
(35), while another determined that viral titers were 2.5 times
higher in HIV⫹ individuals upon TB diagnosis (103). A transient increase in viral titers may occur in coinfected people
during acute TB due to an increase in activated CD4 T cells.
However, most of the clinical research has demonstrated that
plasma viral titers do not correlate with susceptibility to active
TB in coinfected people (51) or in monkeys infected with
simian immunodeficiency virus (SIV) and M. tuberculosis (23,
83). Likewise, treatment of TB does not necessarily lead to a
reduction in plasma viral loads (47); further supporting the
idea that the peripheral viral load does not by itself represent
susceptibility to TB.
Although little correlation between the plasma viral titer and
reactivation of TB has been observed in coinfected individuals,
high viral loads within involved tissues have been suggested as
a cause of the functional disruption within the granuloma (16,
35, 50). Nakata et al. determined that HIV replicates within
the lungs by measuring viral loads and p24 levels in bronchoalveolar lavage (BAL) fluid cells from coinfected individuals
(69). BAL fluid represents the airway environment, which may
be an initial site of M. tuberculosis replication, and is also a site
of M. tuberculosis replication during active TB but may not
accurately represent events within the granulomas in the lung
parenchyma. BAL fluid cells sampled from the airways of involved lungs of individuals coinfected with HIV and M. tuberculosis (radiographic evidence of TB infiltrate) had higher viral
titers and p24 levels than cells from the airways of uninvolved
lungs of the same persons (69). In this same study, the viral
load within BAL fluid cells was greater than that in plasma.
This study was one of the first to demonstrate that HIV may
replicate more at sites of disease. Other studies have confirmed
that sites of M. tuberculosis infection have increased viral replication in coinfected patients (15, 16, 102). Pleural fluid from
coinfected subjects has higher viral titers (102) and greater
HIV heterogeneity (16) than plasma from the same patients.
Increases in viral titer and heterogeneity within M. tuberculosisinvolved tissue may increase viral fitness (15) and decrease the
ability to contain both infections. On the contrary, granulomas
from cynomolgus macaques coinfected with SIVmac251 and
M. tuberculosis displayed SIV viral loads similar to those of
uninvolved tissues, albeit with substantial variability (23). Since
these monkeys had very low plasma and PBMC viral loads,
they may not represent exactly what is occurring within coinfected humans.
These studies provide a basic framework for our understanding of how M. tuberculosis manipulates HIV replication. However, no clinical studies have demonstrated that granulomas
provide this ideal environment for HIV replication, which emphasizes the need for clinical researchers to determine whether
the granuloma environment is influencing virus replication directly and the need for animal models of coinfection.
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increased viral load within involved tissue would likely cause a
disruption in equilibrium between granuloma function and mycobacterial growth. The available literature supports the idea
that M. tuberculosis infection leads to increased viral replication in vitro, ex vivo, and in vivo.
M. tuberculosis increases HIV replication in stimulated coinfected macrophages in vitro. Multiple studies have been performed to determine whether M. tuberculosis influences HIV
replication. The data on the replication of HIV within M.
tuberculosis-coinfected macrophages is controversial, supporting both increases (34, 43, 44, 80) and decreases (33) in viral
replication. In vitro studies have demonstrated the importance of the macrophage activation state and the presence
of proinflammatory cytokines in inducing HIV replication.
THP-1 macrophages in contact with lymphocytes or neutrophils induce viral replication (43, 44). These coinfected macrophages increase HIV replication when the CCAAT enhancer binding protein beta (C/EBPb) transcription factor is
inhibited and an increase in NF-B production is induced, and
NF-B binds to the HIV long terminal repeat and initiates
viral transcription. HIV replication decreased in the presence
of neutralizing antibodies to tumor necrosis factor (TNF) and
interleukin-6 (IL-6) and increased in the presence of antibodies to IL-10 and transforming growth factor ␤ (34), which
further supports the idea that coinfected activated macrophages increase HIV replication. However, the increase in
viral replication may be M. tuberculosis strain specific, since
clinical strains of M. tuberculosis can manipulate replication of
HIV to different degrees. For example, strain CDC1551, which
is a clinical strain but is considered less virulent (81), induces
more HIV replication than the more virulent clinical strain
HN878 in coinfected peripheral blood mononuclear cells
(PBMC) (80). M. tuberculosis has also been shown to decrease
HIV replication in coinfected macrophages. Monocyte-derived
macrophages incubated with heat-inactivated M. tuberculosis
prior to HIV infection prevented viral replication despite an
increase in CCR5, a coreceptor used by HIV to infect cells
(33). However, most of the data support the increase in HIV
replication, and this may be deleterious to the coinfected
individual because the increase in HIV replication enhances
the transmission of HIV to autologous T cells in vitro (59)
and M. tuberculosis-specific CD4 T cells in vivo (29). The
increase in HIV transmission may be caused by an increase
in T cell proliferation and viral release occurring when T
cells are incubated with HIV/M. tuberculosis-coinfected
macrophages rather than macrophages infected with HIV
alone (59).
M. tuberculosis microenvironments increase HIV replication
ex vivo and in vivo. The immune environment created by M.
tuberculosis also promotes viral replication ex vivo. M. tuberculosis causes an increase in inflammatory cytokines in vivo,
which can lead to activation of T cells and macrophages, which
induces replication of HIV. Garrait et al. determined that
incubation of HIV-infected PBMC with pleural fluid from individuals with TB induces more replication than incubation
with pleural fluid from individuals without TB (28). This increase in replication was dependent on IL-6 and TNF, which
supports the notion that activated cells induced by proinflammatory environments may increase HIV replication. This supports work that confirmed that HIV replication increases in
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tion of CD4 T cell depletion. Another study demonstrated that
similar numbers of granulomas were observed in HIV⫹ and
HIV⫺ patients with pleural TB (41). No difference in the
number of bacilli assessed by staining of culture-positive tissues
was observed between the two groups. However, individuals
with ⬍100 CD4 T cells/l blood were more likely to have
acid-fast bacilli within biopsied granulomas than individuals
with ⬎100 CD4 T cells/l. A threshold CD4 T cell count may
be needed to prevent bacterial growth in coinfected individuals. Taken together, these studies demonstrate that the peripheral decrease in T cells correlates with a decrease within the
granuloma during AIDS. If this correlation also occurs
throughout the course of HIV infection, this may also explain
why coinfected individuals with fewer CD4 T cells are more
prone to developing active TB (51). Many coinfected people
present with TB well before the development of AIDS, so
these granulomas may not represent what is occurring in most
coinfected people. We observed significantly fewer CD4 and
CD8 T cells within lung granulomas of coinfected monkeys
than in granulomas from those with active TB alone (23). The
decrease in lung T cell numbers was independent of peripheral
CD4 T cell counts, which means that HIV may selectively kill
T cells directly involved in maintaining granulomas (i.e., activated T cells at the site) prior to loss of peripheral T cells and
signs of AIDS.
Taken together, these studies demonstrate that CD4 (and
possibly CD8) T cells play a very important role in preventing
the development of TB in coinfected individuals. However, more
studies are needed to confirm that T cell depletion is occurring
within granulomas. Future studies may also provide a correlation
of peripheral, airway, and granuloma T cell counts, which may be
used as a biomarker of disease progression.
CHANGES IN MACROPHAGE FUNCTION
Hypothesis: the ability of HIV to manipulate macrophage
function inhibits killing of intracellular M. tuberculosis. Alveolar macrophages are presumably the first group of cells infected with M. tuberculosis and are the primary immune cells
within the airways. They can act as a reservoir for both HIV
and M. tuberculosis. Following the entry of M. tuberculosis into
the parenchyma, monocytes migrate to the lungs and differentiate into different macrophage types within the granuloma. All
of these macrophage types may be susceptible to HIV infection, as well as M. tuberculosis infection. HIV envelope phenotyping has suggested that HIV infects activated (HLADR⫹) alveolar macrophages (CD14⫹ CD36⫹), as well as
lymphocytes (CD26⫹), in the pleural fluid (52) or airways (45)
of coinfected individuals. Since HIV has been shown to infect
macrophages in vivo, HIV is likely to disrupt the function of M.
tuberculosis-infected macrophages (44, 45, 67, 72, 73), leading
to granuloma dysfunction and increased bacterial growth and
dissemination.
HIV decreases responsiveness to M. tuberculosis ex vivo.
Macrophage apoptosis appears to be a critical immune response to M. tuberculosis during coinfection (61, 72, 73, 76).
Although it is not fully understood, HIV infection of alveolar
macrophages from healthy adults (73) or HIV⫹ adults (72)
is associated with reduced M. tuberculosis-induced apoptosis
compared to that of macrophages infected with M. tuberculosis
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Hypothesis: HIV induces active or reactivated TB by reducing CD4 T cells within granulomas. CD4 T cells are essential
for the containment of M. tuberculosis and the long-term survival of infected mice, which was demonstrated by a significant
decrease in survival time and an increase in the bacterial burden in major histocompatibility complex class II and CD4⫺/⫺
mice (10). HIV and SIV cause substantial reductions in peripheral, mucosal, and gut CD4 T cells shortly after infection
by preferentially infecting activated CD4 T cells (11, 62, 86,
105) and resting memory CD4 T cells (8, 55). Studies have
determined that SIV, and presumably HIV, kills up to 60% of
the gut CD4 T cells within the first 10 days of infection, with an
80% reduction of these cells by 2 weeks postinfection (11, 62).
The affected cells are mostly effector memory T cells (55, 105),
which are abundant at these sites. Because HIV depletes these
cells within the periphery, gut, and mucosal tissue (86, 104), it
has been hypothesized that HIV-induced depletion of CD4 T
cells within granulomas leads to a direct disruption of the
containment of M. tuberculosis infection (49, 50).
HIV-induced decreases in peripheral CD4 T cells correlate
with susceptibility to TB. The peripheral CD4 T cell count is a
standard measure of disease progression in HIV-infected individuals, and this has been reported for many HIV/M. tuberculosis coinfection studies (7, 23, 30, 40, 51). HIV⫹ individuals
are more susceptible to TB than HIV⫺ people are, regardless
of their peripheral CD4 T cell counts (88, 89), although susceptibility increases with decreasing peripheral CD4 T cell
counts. HIV⫹ individuals with ⬍200 CD4 T cells/l blood are
more susceptible to TB than HIV⫹ individuals with ⬎500 CD4
T cells/l blood, regardless of antiretroviral therapy (51). Similarly, an acute and transient decrease in peripheral CD4 T
cells after SIVmac251 inoculation in monkeys with latent TB
significantly correlated with time to development of reactivation TB (23). The reduction in CD4 T cell counts was not
confined to the periphery, as coinfected monkeys with reactivated latent TB within 17 weeks of SIVmac251 inoculation had
a trend toward fewer BAL fluid CD4 T cells than monkeys with
reactivated latent TB after 26 weeks. A lower frequency of
BAL fluid CD4 T cells has also been noted in HIV⫹ individuals
with TB than in HIV⫺ individuals with TB (7, 46, 49) and also
in HIV⫹ individuals without TB who live in areas with high TB
incidence rates than in HIV⫺ individuals in the same community (46).
Depletion of T cells in TB granulomas of AIDS patients and
SIV-coinfected monkeys. Histological analysis was used to provide the first data on CD4 counts in granulomas in AIDS
patients with TB (91). Lymph node biopsy specimens from
patients with AIDS and tuberculous adenitis had fewer CD4 T
cells than individuals without AIDS and tuberculous adenitis.
In the absence of CD4 T cells within the granulomas, CD8 T
cells were distributed throughout the granuloma without being
confined to the periphery, as is normally observed. This suggests that CD4 T cells help maintain the architecture and
integrity of the granuloma during coinfection. The reduction in
CD4 T cell counts within granulomas of AIDS patients is not
surprising because one characteristic of AIDS patients is having ⬍200 CD4 T cells/l blood and likely reflects a long dura-
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CHANGES IN M. TUBERCULOSIS-SPECIFIC
T CELL RESPONSES
Hypothesis: HIV impairs the function of M. tuberculosisspecific T cells within involved tissue. T cell-mediated responses are essential to protection against disease due to both
M. tuberculosis and HIV. T cells release cytokines, including
gamma interferon (IFN-␥), TNF, and IL-2, as well as a variety
of cytolytic molecules that are important in controlling both M.
tuberculosis and HIV. HIV can exhaust HIV-specific and nonspecific T cells (25, 82), which has led to the hypothesis that
HIV reduces the number and functionality of M. tuberculosisspecific T cells in coinfected individuals (30, 40, 46, 65, 111).
HIV decreases peripheral M. tuberculosis-specific T cell responses. Numerous studies have examined M. tuberculosis-specific T cell responses in individuals infected with M. tuberculosis
by stimulating PBMC, BAL fluid, or pleural fluid cells with
purified protein derivative (PPD) or culture filtrate protein
(CFP) (both are mixtures of mycobacterial proteins and lipids),
killed M. tuberculosis, or peptide pools from immunogenic M.
tuberculosis-specific proteins ESAT-6, CFP10, and Ag85 (4, 17,
29, 30, 40, 65, 111). Zhang and colleagues demonstrated that
PBMC stimulated with heat-killed M. tuberculosis from coin-
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fected individuals proliferated significantly less, released less
IFN-␥, and expressed less IL-2 and IL-12 mRNA than those
from TB-only patients (111). PBMC from HIV/PPD⫹ (latently
infected) individuals who were stimulated with whole M. tuberculosis lysate, ESAT6, or Ag85B proliferated less and released less IFN-␥ than PBMC from HIV⫺ PPD⫹ individuals
(65). Likewise, PBMC stimulated with killed M. tuberculosis
released less TNF without a decrease in IFN-␥ release in
coinfected individuals with active TB than in people with TB
alone (40). These decreases were not observed in mitogen- or
Candida albicans antigen-stimulated cells, which supports the
idea that HIV is specifically manipulating M. tuberculosis-specific T cells. It should be noted that a few studies have demonstrated that coinfected individuals can have a high number
of peripheral IFN-␥-releasing M. tuberculosis-specific T cells
even with a low number of CD4 T cells (13, 71, 79). However,
most of these data support, at least peripherally, the idea that
HIV impairs the ability of T cells to respond to M. tuberculosis.
The reduction in the observable number of peripheral M. tuberculosis-specific CD4 T cells may result from their direct
infection by HIV in coinfected individuals (29).
One inherent limitation of HIV/M. tuberculosis coinfection
clinical research is that it is difficult to assess changes in an
immunologic response before and after HIV infection. One
excellent study addressed this limitation by examining changes
in the number of M. tuberculosis-specific peripheral CD4 T
cells in individuals with latent M. tuberculosis infection before
and after HIV seroconversion (30). They determined that within
3 months after HIV seroconversion, a dramatic decrease in peripheral M. tuberculosis-specific memory (CD27⫹ CD45RO⫹)
CD4 T cells releasing IFN-␥ occurred in 4 out of 5 individuals.
Although only 5 individuals with latent TB became HIV seropositive during this study, it is the first to demonstrate that
HIV specifically reduces M. tuberculosis-specific T cells over
time. Changes in the peripheral responses have provided evidence to support the hypothesis that HIV depletes and/or
functionally disrupts M. tuberculosis-specific T cells. However,
since TB is rarely a systemic disease, it remains to be seen
whether these peripheral changes are replicated within involved tissue. An alternative hypothesis is that HIV causes
increased M. tuberculosis replication in tissues and peripheral
cells migrate to the lungs in response to increased antigen,
which would appear as a reduction in peripheral responses but
may not indicate a true loss of specific responses.
HIV reduces M. tuberculosis-specific T cell responses in the
airways. Incubation of BAL fluid cells from HIV⫹ individuals
(previously vaccinated with BCG, an avirulent vaccine strain of
M. bovis) with BCG resulted in significantly fewer IFN-␥- and
TNF-releasing BCG-specific CD4 T cells than when cells from
HIV⫺ individuals were used (46). This depletion also occurred
in IFN-␥⫹ TNF⫹ IL-2⫹ polyfunctional CD4 T cells within the
HIV group. Although these individuals did not have any signs
of TB at the time of collection or in the past, this study demonstrates that HIV specifically impairs the function of both
mono- and polyfunctional mycobacterium (BCG)-specific T
cells even without active TB.
The reduction in BAL fluid T cell responses to mycobacteria
also occurs in individuals coinfected with HIV and M. tuberculosis. AIDS patients with pulmonary TB have a lower ability
to produce IFN-␥ mRNA in isolated BAL fluid cells than
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alone. Exogenous HIV Nef protein added to M. tuberculosisinfected macrophages inhibits ASK1/p38 mitogen-activated
protein kinase signaling, which leads to a decrease in TNF
release and TNF-dependent apoptosis (48), suggesting that
infectious virus is not necessary for inducing this functional
change within a macrophage. This is important because HIV
is a retrovirus with an error-prone reverse transcriptase that
causes numerous site mutations that render most viral buds
noninfectious (54). Since phagolysosome fusion is inhibited in
M. tuberculosis-infected alveolar macrophages from HIV⫹ individuals (67), apoptosis may be used as a last resort of infected macrophages. This allows other activated macrophages
to engulf the nearby apoptotic bodies, which may lead to
killing of the mycobacteria and enhanced induction of T cell
responses (42). M. tuberculosis-induced apoptosis in macrophages is complex and may not always be beneficial to the host.
Some evidence suggests that an increase in apoptosis occurs in
alveolar macrophages from AIDS patients with pulmonary TB
compared to that in individuals with only pulmonary TB (77).
An increase in apoptosis may be beneficial to the pathogens
because it would allow them to exit macrophages capable of
killing. This may also lead to increased dissemination of M.
tuberculosis and HIV.
HIV appears to manipulate both apoptosis (72, 73) and
the ability of macrophages to acidify M. tuberculosis-infected
phagosomes (22, 67). These changes in macrophage function
may increase the risk of developing active or reactivated TB in
coinfected patients. One limitation of many of the studies
addressing how HIV and M. tuberculosis change macrophage
function is the use of cell lines or monocyte-derived macrophages (26, 35, 43) rather than alveolar macrophages (44, 67,
68, 72, 73) or macrophages from granulomatous tissue. It is
possible that alveolar macrophages respond differently than
macrophages recruited to granulomas, as these environments
are very different and represent different stages of the infectious process.
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Antiretroviral treatment increases M. tuberculosis-specific T
cell responses. Antiretroviral treatment has been used to treat
individuals who are coinfected with both HIV and M. tuberculosis. Wilkinson et al. determined that antiretroviral treatment
of coinfected individuals led to an increase in the percentage of
naive (CD27⫹ CD45RA⫹) CD4 T cells at 36 weeks after antiretroviral therapy and a sustained increase in central memory
(CD27⫹ CD45RA⫺) CD4 T cells by 12 weeks posttreatment
(109). The increase in central and naïve CD4 T cells correlates
with an increase in ESAT-6/CFP10-specific T cells 48 weeks
after antiretroviral treatment. Surprisingly, a decrease in
IFN-␥ release was observed when PPD was used as a stimulator in this study. Another study followed coinfected patients
for 12 months and found an increase in polyfunctional effector
memory (CD27⫺ CD45RO⫹) and terminal memory (CD27⫺
CD45RO⫺) CD4 T cell responses to PPD (98). Although antiretroviral therapy increases T cell responses in coinfected
patients, these responses are significantly weaker than those of
individuals with TB alone (85). Although antiretroviral therapy
increases M. tuberculosis-specific T cell responses in coinfected
individuals, this increase in M. tuberculosis-specific T cell responses may not always ameliorate TB pathology and may
actually exacerbate TB (see the section on immune reconstitution inflammatory syndrome [IRIS] below) (2, 24).
IRIS further complicates the coinfection. Highly active antiretroviral treatment (HAART) ameliorates the symptoms of
HIV-induced disease through a dramatic reduction in plasma
viremia and restoration of CD4 T cell levels (106). Individuals
on HAART are still more susceptible to TB than HIV⫺ individuals (51). This susceptibility to TB is inversely proportional
to the peripheral CD4 T cell count (51). Individuals coinfected
with HIV and TB on HAART have a delayed increase in M.
tuberculosis-specific T cell responses and may not reach levels
observed in HIV⫺ adults (85).
Coinfected individuals on HAART may have excessive inflammation during immune reconstitution, and they may suffer
from TB-associated IRIS, which occurs in two forms. Paradoxical TB IRIS occurs in patients on TB treatment before
HAART. Unmasking TB IRIS occurs in patients who are not
on TB treatment when they start HAART and may represent
either reactivation of latent infection or enhanced symptoms
from TB that was not previously diagnosed as active disease
or was subclinical (63). This is believed to be the result of
increased inflammation in the tissues, which can enhance
the symptoms of TB or possibly even trigger reactivation.
The available data on IRIS in M. tuberculosis-infected persons
strongly suggest that excessive inflammation in the setting of
subclinical or latent M. tuberculosis infection is detrimental to
control of the infection (2, 6, 24, 99). The excessive inflammation may be caused by an increase in the antigenic burden,
perhaps by reconstituting CD4 T cell effector function in the
granuloma, which can kill M. tuberculosis and release antigen
(5); dysregulation of cytokine responses (99); and/or an increase in T cell migration and activation at the site of infection
(2, 6, 24). Higher concentrations of TNF, IL-6, and IFN-␥ were
observed in patients with TB IRIS than in individuals with TB
alone (99). The increases in cytokine release may be due to the
increase in Th1 responses such as IFN-␥ release by T cells (6,
24) and T cell activation (HLA-DR⫹) (2) observed in individuals who develop IRIS shortly after HAART initiation. One
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individuals with pulmonary TB alone (17). The functional
changes in the context of HIV are not limited to cytokine
release. Less proliferation of pulmonary lymphocytes from
BAL fluid stimulated with either PPD or an avirulent M. tuberculosis strain was observed in individuals with AIDS and TB
than in individuals with TB alone (4). T cell responses in AIDS
patients may not recapitulate what is occurring within HIV⫹
individuals prior to the significant depletion of CD4 T cells
associated with AIDS. However, the BAL fluid studies suggest
that HIV disrupts multiple pulmonary T cell functions that
may be required to prevent reactivation of latent M. tuberculosis infection.
HIV changes the cytokine profile within granulomas. In situ
hybridization and immunohistochemistry have been used to
identify changes in cytokine expression within coinfected granulomas (3, 20). Although these techniques cannot determine
changes in the function of M. tuberculosis-specific T cells, they
provide an overall summary of how cells are responding within
the context of granulomas. Bezuidenhout et al. determined
that the same number of granulomas within HIV⫹ and HIV⫺
individuals with pleural TB express Th1 (IFN-␥, IL-12, TNF)
or Th2 (IL-4, IL-10) mRNA (3). However, it was determined
that granulomas within HIV⫹ patients expressed more IFN-␥,
TNF, IL-12, and IL-4 mRNA than granulomas from HIV⫺
individuals. The increase in TNF mRNA expression correlated
with an increase in necrotic granulomas within the coinfected
patients. This does not necessarily mean that the M. tuberculosis-specific T cells are producing more cytokines in coinfected granulomas. It is possible that the increase in HIV
antigens within the granulomas causes an increase in HIVspecific T cell activity too, which cannot be determined without
antigen-specific functional assays. The increase in cytokine
mRNA expression may also be the result of more cells within
the granulomas of coinfected individuals than in those of
HIV⫺ individuals. If the increase in cytokine mRNA leads to
increased inflammation, excessive pathology or changes in
granuloma function and architecture may occur that inhibit the
control of M. tuberculosis infection. Contrary to the previous
result, another immunohistochemistry study determined that
granulomas from HIV⫹ individuals with TB expressed less
TNF and had more extensive necrosis than granulomas from
individuals with TB alone (20). The decrease in TNF expression may be due to a functional disruption or a decrease in the
number of T cells and infected macrophages within the granulomas. Due to the highly invasive nature of granuloma-based
studies and the difficulties in obtaining autopsy tissues (and
selection bias to these samples), the one solution is the use of a
realistic animal model. These studies may elucidate the mechanistic changes that occur within the granuloma as a result of
HIV infection and identify targets for preventive or intervention therapies.
A significant amount of evidence supports the hypothesis
that HIV reduces M. tuberculosis-specific T cell functions.
However, most of these studies have confirmed these changes
within the periphery or BAL fluid cells, which may interact
differently within the structured environment of a granuloma.
No clinical studies have examined functional T cell changes
within granulomatous tissue, which could be addressed with an
animal model.
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ANIMAL MODELS: THEIR POTENTIAL TO ADDRESS
GAPS IN THE HUMAN HIV/M. TUBERCULOSIS
COINFECTION LITERATURE
The available human data have shaped our current understanding of how HIV manipulates M. tuberculosis infection and
disease. Building on the solid base of knowledge these studies
have provided will substantially increase our understanding of
HIV/M. tuberculosis coinfection. A priority should be to increase the number of studies that focus on tissue events, especially at the granuloma level, in HIV/M. tuberculosis-coinfected
people. The difficulties in obtaining such samples are obvious.
Appropriate and relevant animal models may be the next best
choice for determining the events that occur in the tissues and
granulomas of coinfected individuals. The TB field has several
experimental animal models. The advantages of an animal
model include the abilities to control the timing, dose, and
strain of infection, to sample or necropsy at predetermined
time points, and to obtain tissue at necropsy. Currently, there
are only a few animal models available for studying interactions between HIV and M. tuberculosis. These models may be
able to address some of the gaps in the human HIV/M. tuberculosis coinfection literature.
Mouse models. Mouse models have been invaluable for addressing immunological and pathogenesis questions about TB.
Genetic similarities and the availability of genetically manipulated strains and reagents, low cost, and relatively easy maintenance make them ideal for most TB research facilities. A
disadvantage of the mouse model is that TB in mice is a
chronic infection that differs from both active and latent TB in
humans. Murine models have demonstrated the importance of
IFN-␥, TNF, activated macrophages, and CD4 T cells, among
other factors, in controlling TB (10, 78, 84). However, mice are
not susceptible to HIV and there is not a suitable homologous
murine virus, so wild type mice are not ideal candidates for
coinfection research.
The most basic HIV/M. tuberculosis mouse model is one in
which mice are rendered CD4 T cell deficient through either
antibody-mediated depletion or genetic manipulation (10, 84).
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Because CD4 T cells are depleted during HIV infection, it is
logical to study CD4-deficient mice as a model of HIV/M.
tuberculosis coinfection. CD4 T cell-deficient mice are more
susceptible to advanced TB than wild type mice, supporting the
importance of CD4 T cells in containing primary and chronic
TB. However, the disease associated with HIV is not entirely
caused by depletion of CD4 T cells. Viral particles can induce
nonspecific apoptosis (110), disruption of lymph node architecture (14), and T cell anergy (82) and affect macrophages, all
of which effects have been associated with HIV pathology.
These aspects of HIV infection cannot be recapitulated in CD4
T cell-depleted mice.
To address how viral proteins, specifically, HIV Nef, manipulate immunological responses, Nef transgenic mice have been
developed (36–38). These mice express Nef in CD4 T cells,
macrophages, and dendritic cells and subsequently develop an
AIDS-like disease characterized by CD4 T cell depletion, as
well as lung, heart, and kidney diseases (36, 37). This transgenic mouse model demonstrates that Nef expression within
CD4 T cells is a major determinant of the pathogenicity of
HIV infection (38). Nef expression within CD4 T cells causes
increased activation and apoptosis, which eventually leads to
their depletion. Future TB studies may be able to use this
transgenic mouse to determine how Nef expression changes
immunologic responses to TB.
Another mouse model that may increase our understanding
of how HIV manipulates TB pathology involves humanized
bone marrow-liver-thymus (BLT) mice reconstituted with human hematopoietic stem cells, which produces human lymphoid tissues (97). Human CD4 T cells reconstitute the gastrointestinal and female reproductive tracts, causing these
mice to be susceptible to rectal (97) and vaginal (21) HIV
inoculation. HIV infection results in systemic viral loads, a
depletion of systemic CD4 T cells, and T cell activation similar
to what is observed in humans with HIV (21, 97). Infecting
these mice with HIV and M. tuberculosis may identify how HIV
behaves within granulomas. Prophylaxis has been shown to
reduce infection rates in these mice (21), which indicates that
antiretroviral effectiveness in the context of a HIV/M. tuberculosis coinfection may be studied in these mice. The use of
HAART in coinfected mice may make it possible to address
how HIV induces functional changes in M. tuberculosis-specific
T cells within granulomas but also how the virus changes granuloma formation and architecture. BLT mice may be used to
identify immunologic targets that can be examined within more
expensive primate models or clinical studies.
NHP models. Nonhuman primates (NHP) have helped elucidate our understanding of HIV (27, 60, 74) and M. tuberculosis (12, 56–58) infections. Serial blood, BAL fluid, and lymph
node biopsy samples can be obtained from NHP during the
course of infection, and all tissues are available at necropsy,
addressing an inherent limitation of clinical studies. This
model may be ideal for approaching questions that cannot be
answered in clinical studies.
Several NHP models of HIV/M. tuberculosis coinfection
have been developed (19, 23, 83, 92–94, 112). SIV-infected
rhesus macaques have been inoculated with BCG (19, 92–94)
or M. tuberculosis (83). These models have recapitulated the
decrease in peripheral mycobacterium-specific T cell responses
observed in HIV/M. tuberculosis-coinfected humans. The similar-
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possibility is that the increase in Th1 function is caused by a
defect in regulatory T cell function (87); however, recent studies have reported no difference in the number of regulatory T
cells between coinfected individuals with IRIS and those without IRIS (64, 100). It should be noted that it is not known
whether these mechanistic changes are the cause or the result
of IRIS, so no predictive clinical biomarker has been identified.
Although the mechanisms that lead to IRIS-associated TB
are not fully understood and have been reviewed more fully
elsewhere (53, 63, 90), this unfortunate side effect of HAART
demonstrates that preventing TB is not as straightforward as
simply replacing CD4 T cells in the periphery or even in the
granuloma (63). Instead, a balance of pro- and anti-inflammatory responses is necessary for optimal control of M. tuberculosis at the granuloma level. The resurgence of immune responses following HAART is likely deficient in reconstituting
that balance in some individuals. Again, data are lacking on
granulomas and tissues in TB IRIS patients, and we currently
have no animal model where this phenomenon can be studied.
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ities between these results and those of human coinfection studies
demonstrate the validity of the NHP as an animal model of
coinfection. We recently reported a cynomolgus macaque
model of SIV-induced reactivation of latent TB which should
be very useful in understanding how HIV manipulates TB
immunology and pathology (23). This model examined aspects
of coinfection that have not been addressed in human studies.
For example, the severity of the initial but transient reduction
in peripheral T cell numbers during acute SIV infection was
correlated with time to reactivation, and reductions in T cell
numbers also occurred within lung granulomas of coinfected
monkeys compared to those of monkeys with active TB without SIV (23). Data extrapolated from this model and clinical
studies helped elucidate a potential mechanism for the reactivation of latent TB granuloma (Fig. 1). These models have the
potential to be used for immunomodulation-, vaccine-, and
antiretroviral-based studies to study the efficacy of therapies
against TB in the context of coinfection.
Animal models will allow us to assess HIV-induced changes
in M. tuberculosis-specific immune responses that may lead to
reactivation of TB and increased susceptibility to TB in HIV⫹
individuals. Although every animal model has its limitations,
we hope that these new mouse and NHP models will provide
evidence supporting or refuting the various hypotheses of how
HIV manipulates TB pathology. Increasing our basic understanding of how these pathogens interact in vivo will help us
uncover possible treatments for coinfected people.

HOW CAN TISSUE-BASED STUDIES
IMPROVE TREATMENT?
Future studies may demonstrate that a high level of HIV
replication within the granuloma correlates to granuloma dysfunction and mycobacterial growth. This is important because
it is unknown whether antiretrovirals reduce viral loads within
granulomas or even if they penetrate granulomas in the appropriate concentrations in coinfected patients. Drug concentrations in granulomas can be quantified by direct measurement in animal models, and this may be necessary to determine
the best treatment for coinfected persons, taking into account
the penetration of granulomas, viral loads, and granuloma
types. A further important factor is that understanding the
correlation between viral titers within BAL fluid and plasma
with viral titers in granulomatous tissue will provide a better
opportunity to assess the efficacy of HAART in coinfected
individuals and possibly identify biomarkers of drug efficacy.
These studies will be essential for the development of tractable
biomarkers in the blood that translate to granuloma dysfunction and predict outcomes for coinfected individuals.
However, if clinical and animal-based studies demonstrate
that HIV does not replicate specifically within granulomas, the
functional change in the immune response may occur in the
lymph nodes, where priming of the initial and perhaps ongoing
T cell responses occurs. The thoracic lymph nodes are a common site of M. tuberculosis infection and may actually be a site
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FIG. 1. Proposed mechanism of HIV-induced reactivation of latent TB. (Stage 1) Necrotic granuloma functioning “normally” in an individual
with latent TB. (Stage 2) HIV enters the granuloma and induces functional changes within T cells and macrophages. HIV also kills activated T
cells. (Stage 3) The decrease in T cell number and increase in cellular dysfunction lead to a functional disruption of the granuloma. This may lead
to increased dissemination. (Stage 4a) Granulomas functionally disrupted shortly after HIV infection leads to continued M. tuberculosis dissemination and early TB reactivation. (Stage 4b) Fibrotic granulomas temporarily reestablish granuloma containment, which prevents reactivation.
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of reactivation of latent infection (56). This may be validated
by correlating changes in M. tuberculosis-specific T cell function with the viral loads within these lymph nodes. If a positive
correlation is present, drug effectiveness may be determined by
examining changes in the viral loads within these tissues during
drug treatment.
CONCLUSION
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The mechanisms by which HIV disrupts TB granuloma function and leads to increased morbidity and mortality have been
extrapolated from clinical and animal studies (Fig. 1) but remain poorly understood. Changes in T cell and macrophage
function within granulomas need to be examined in future
clinical and animal studies to elucidate possible mechanisms by
which HIV disrupts TB immune pathology. These studies may
provide insight into potential drug and/or vaccine therapies. In
addition, it is important to understand the parallels between
responses in easily obtained samples (like blood) and tissue
responses so that one can correctly interpret blood-based data.
Only through studies that correlate blood and tissue responses
can we begin to search for biomarkers of disease status that can
be used in vaccine and drug studies.
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