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A syndemic is defined as the convergence of two or more
diseases that act synergistically to magnify the burden of dis-
ease. The syndemic interaction between the human immuno-
deficiency virus (HIV) and tuberculosis (TB) epidemics has
had deadly consequences around the world. This review exam-
ines current knowledge of the state and impact of the HIV-TB
syndemic and reviews epidemiological, clinical, cellular, and
molecular interactions between HIV and TB.

Scale of the Problem: Millions Affected and Millions of
Lives Lost

HIV-associated TB contributes substantially to the burden
of TB-associated morbidity and mortality. Of the estimated
33.4 million people living with HIV in 2008, nearly 30% were
estimated to have latent or active TB infection (111, 249, 250,
262). Conversely, of the 9.4 million cases of incident TB world-
wide, an estimated 1.4 million (15%) were coinfected with HIV
in 2008 (250). HIV infection is the strongest known risk factor
for TB. High HIV prevalence rates are significantly correlated
with high TB incidence rates (Fig. 1) (263). The confluence of
the two epidemics has hit hardest in sub-Saharan Africa, which
constituted 79% of all cases of incident TB in persons with
HIV infection in 2007 (62, 263). South Africa alone accounted
for 24% of all incident HIV-associated TB cases worldwide in
2008, even though its estimated population is less than 1% of
the global population (262). Of the 15 countries with the high-
est estimated TB incidence rates in 2007, over half were sub-
Saharan African countries with HIV prevalence rates of over
10% in the general population (263).

HIV-associated TB accounts for a disproportionate share of
TB-associated mortality. In 2008, HIV-associated TB ac-
counted for 29% of deaths among incident TB cases, even
though it contributed to 15% of all incident TB cases (Fig. 2)
(111, 263). The estimated case-fatality rate of incident TB was
more than 2-fold higher for people infected with HIV (37%)
than for those without HIV (16%) (Fig. 2) (111, 263). The
higher case-fatality rate of TB in HIV-infected individuals is
likely due to a combination of factors associated with HIV
coinfection: (i) the rapid progression of disease due to the
failure of immune responses to restrict the growth of Myco-
bacterium tuberculosis, (ii) delayed diagnosis and treatment
of TB infection due to atypical presentation and lower rates of
sputum smear positivity (33, 53, 122), (iii) delayed diagnosis of
HIV infection due to stigma or insufficient uptake of HIV
testing in TB clinics (122, 262), (iv) delayed start or lack of
access to combination antiretroviral therapy (ART) (122), and
(v) higher rates of multidrug-resistant (MDR) TB (MDR-TB)
leading to a delayed initiation of effective therapy (104).
Deaths due to TB accounted for one-quarter of the estimated
2 million HIV-related deaths worldwide in 2008, and TB is the
leading cause of death for people living with HIV in low- and
middle-income countries (155, 250, 262, 263). In 2007, the
burden of deaths from HIV-associated TB was highest in

Republic of Tanzania, Mozambique, Uganda, and Kenya and
accounted for the majority of TB-associated mortality in most
of these countries (Table 1) (262, 263).

Urban Population Growth May Escalate the
HIV and TB Syndemic

In 2008, the composition of the world’s population tipped
such that the majority lived in urban areas instead of rural
areas for the first time in history. Urban population growth in
Africa and Asia is expected to drive the majority of future
global population growth, with concomitant increases in slum
areas and levels of urban poverty (251). In developing coun-
tries, the majority of urban populations live in slums: 72% of
the urban population in sub-Saharan Africa and 56% in South
Asia (251). Key features of slum life, such as crowded housing,
working conditions with poor ventilation, poor nutrition, and
lack of access to quality health care, continue to drive TB
transmission (20, 209, 251). The association between poverty,
urbanization, housing density, and TB incidence is well docu-
mented (27, 50, 164, 207). The level of poverty, as measured by
the gross domestic product per capita, is directly related to the
incidence of TB (133). Many socioeconomic determinants of
TB are also drivers of risk behaviors for HIV transmission,
such as injection drug use and commercial sex work. A pro-
spective study from New York City found significantly higher
rates of TB, AIDS, and death for substance users on welfare
than for the general population of New York City (risk ratios
of 15, 10, and 5, respectively) (100). In addition, HIV-infected
persons living in resource-constrained settings face socioeco-
nomic and behavioral barriers to HIV testing and access to
antiretroviral treatment (16). Without adequate urban plan-
ning and investment in equitable urban health care systems,
including integrated TB and HIV programs, the rise in slum
areas and urban poverty will continue to propel the transmis-
sion of HIV-associated TB and its associated morbidity and
mortality.

Population Mobility Can Shape the Dynamics of
Transmission of HIV and TB

Globalization and increasing population mobility have
shaped the HIV-TB syndemic. Annual global human migration
is estimated to include approximately 84 million migrant work-
ers, 51 million internally displaced persons (e.g., displaced by
natural disasters and conflict), 17 million refugees and asylum
seekers, 2.4 million immigrants, 2.1 million international stu-
dents, and 924 million tourists or business travelers (167).
Immigration can increase TB in populations with previously
low TB prevalences. For example, in Madrid, the proportion of
immigrants in a cohort of TB-HIV-coinfected patients in-
creased from 8% in 1999 to 39% in 2006 (253). Likewise, in a
French cohort of HIV-infected patients enrolled in care, over
half of those with HIV-TB coinfection were immigrants, the
majority from sub-Saharan Africa (5). Traditionally, reactiva-
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Global HIV Prevalence and TB Incidence in 2007
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FIG. 1. Higher HIV prevalence rates are associated with higher TB incidence rates. We used data from 132 countries from the UNAIDS/WHO
2008 report on the global AIDS epidemic for HIV prevalence (250) and from the WHO 2009 report on global tuberculosis control for TB incidence
(263) and generated a scatter plot showing a positive linear correlation. The Pearson correlation coefficient (r) was 0.799, with a (two-tailed) P value

of <0.01 using SPSS statistical software.

tion TB was thought to be the cause of active TB in immigrants
who originated from areas with high TB prevalences and who
are now living in countries with low TB prevalences (26). How-
ever, cluster analyses in Spain suggested that recent transmis-
sion can be a significant cause of TB infections in immigrants
(11, 174). While immigration can influence the dynamics of the
HIV-TB syndemic, its effect is less marked than that of the
smaller-scale internal migration of selected high-risk popula-
tions, such as migrant workers in South Africa. South African
migrant workers who lived in overcrowded hostels and had sex
with commercial sex workers were at a high risk of acquiring
and transmitting HIV and TB in the cities where they worked,
and they subsequently transmitted the infections to their
wives and families during regular visits back to their home-
towns (2). On the other hand, the impact of individuals dis-
placed by conflicts and natural disasters, such as the 2010 Haiti
earthquake, on the transmission dynamics of the HIV-TB syn-
demic remains unknown.

TB AND HIV: INTERACTIONS AT THE
POPULATION LEVEL

Individuals with a new diagnosis of TB are nearly 19 times
more likely to be coinfected with HIV than those without TB
(0.8% HIV prevalence in adults aged 15 to 49 years and 15%
HIV prevalence in incident TB cases) (249, 250). Conversely,
people living with HIV are 20 to 30 times more likely to

develop TB than those without HIV. The TB incidence rate
ratio (IRR), the relative risk of TB developing in HIV-infected
persons compared to that in HIV-uninfected persons, varies
according to HIV prevalence. Countries with a generalized
HIV epidemic have a TB IRR of 20.6. Countries with concen-
trated HIV epidemics (HIV prevalence, 0.1% to 1%) have a
TB IRR of 26.7, and countries with a low prevalence of HIV
infection (HIV prevalence less than 0.1%) have a TB IRR of
36.7 (111, 263). This apparently paradoxical inverse relation-
ship between TB IRR and HIV prevalence likely depends on
the interplay between local TB incidence and prevalence rates
in the general population, the rate of detection of new TB
cases, and other associations between HIV and TB transmis-
sion that increase the likelihood of coinfection (20, 62). For
example, countries with a generalized HIV epidemic may have
high rates of malnutrition and poverty, barriers to basic health
care, and high rates of TB exposure (20), leading to a high
cumulative lifetime risk for incident TB regardless of HIV
status. Therefore, these countries may have less divergence in
the incidence rates of TB in HIV-infected individuals com-
pared with the general population. On the other hand, in
countries with concentrated or low-prevalence HIV epidemics,
the drivers of TB transmission may be more closely linked with
specific risk factors for HIV infection (for example, living in
grouped housing such as jails, shelters, and psychiatric wards
and injection drug use), and thus, the incidence rate of TB

1sanb Ag #T0Z ‘82 ydJe uo /610 wse 1w/ :dny woly papeojumod


http://cmr.asm.org/
http://cmr.asm.org/

354 KWAN AND ERNST

9,400,000

CLIN. MICROBIOL. REV.

1,800,000

I l HIV infected

- HIV negative

37% estimated TB case fatality
rate among HIV infected

>

16% estimated TB case fatality
rate among HIV negative

Incident TB cases

TB-related deaths

Global Estimated Incident TB Cases and TB-Related Deaths in 2008

FIG. 2. HIV-associated TB contributes disproportionately to TB-related deaths. (Data are from WHO Global Tuberculosis Control: a Short
Update to the 2009 Report [262].) Although HIV-associated TB accounted for 15% of all incident TB, it contributed to 29% of deaths among
incident TB cases in 2008. The estimated case-fatality rate of incident TB was more than 2-fold higher for people infected with HIV (37%) than

for those without HIV (16%).

infection in HIV-infected individuals is much higher than that
in the general population.

HIV Is a Driver of the TB Epidemic

Evidence that HIV serves as a driver of TB at the population
level has been noted by multiple epidemiological studies (15,
20). In the United States, numbers of observed TB cases had
been declining from 1980 to 1985 but increased by 20% from
1985 to 1992, with an estimated 51,700 excess TB cases attrib-
uted to the growing HIV epidemic (Fig. 3) (44). The largest
increases in rates of TB occurred in areas and populations
heavily affected by the HIV epidemic at the time: New York
(84%), California (54%), urban areas (29%), and the 25- to
44-year age group (55%). In San Francisco, the HIV epidemic
contributed an additional 14% of TB cases from 1991 to 2002.
Most of these cases were due to a reactivation of latent TB,
although 41% were attributed to recent transmission (70). In
England and Wales, nearly one-third of the increase in num-
bers of cases of TB from 1999 to 2003 occurred in HIV-

infected patients (8). In South Africa, the burgeoning HIV
epidemic was associated temporally with a worsening of the TB
epidemic in a periurban community. As the HIV prevalence
rate increased from 6.3% in 1996 to 22% in 2004, annual TB
notification rates increased 2.5-fold, culminating in a stagger-
ing 1,468 TB cases per 100,000 persons in 2004. For each 1%
increase in HIV prevalence, TB notification rates increased by
55 cases per 100,000 persons in 1998 to 1999 and increased by
81 cases per 100,000 persons in 2004 (154). Biologically, this
association makes sense: increasing numbers of individuals
immunocompromised by HIV infection lead to a larger reser-
voir of individuals susceptible to reactivation TB and result in
more TB cases.

Does HIV Alter the Transmission Dynamics of TB?

At the community level, the relationship between HIV and
the transmission of TB as measured by the annual risk of TB
infection (ARTI) is unclear. Traditionally, TB surveillance
programs use the ARTI as an indicator to monitor TB trans-

TABLE 1. Estimated burden of HIV and tuberculosis in 2007 in select countries®

TB incidence rate

No. of incident (per 100,000

Country

HIV prevalence

% HIV-infected

No. of TB-related individuals of

deaths in HIV-

HIV prevalence

in adult in incident TB

TB cases population per yr) population (%) cases (%) infected individuals all EE;rt?:ted
South Africa 460,600 948 18.1 73 93,700 84
Nigeria 460,149 311 3.1 27 58,970 43
India 1,962,000 168 0.3 5.3 29,500 9
Zimbabwe 104,400 782 15.3 69 28,410 80
Ethiopia 314,267 378 2.1 19 23,280 31
United Republic of Tanzania 120,291 297 6.2 47 19,830 63
Mozambique 92,296 431 12.5 47 17,480 64
Uganda 101,785 330 5.4 39 16,110 56
Kenya 132,357 353 NA 48 14,590 60

“ Based on references 250 and 263.
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FIG. 3. Estimated excess TB cases attributed to the worsening HIV
epidemic in the United States from 1985 to 1992. (Reprinted from
reference 44.)

mission in the community (218). The ARTI is calculated as the
prevalence of positive tuberculin skin tests (TSTs) in school-
children divided by their average age. One early study in Kenya
found that the ARTI increased from 1986 to 1996 in a setting
of high HIV prevalence, which suggested an increased rate of
transmission of TB (202). However, another study in Tanzania
found a decrease in the ARTI in the context of a rising HIV
prevalence from 1983 to 2003 (81). A third study from South
Africa found that the ARTI was unchanged from 1999 to 2005,
while the HIV prevalence increased from 14% to 23% during
that period (187).

In light of other studies showing HIV to be a driver of TB
incidence, these conflicting findings may be due to the failure
of the ARTT to accurately reflect ongoing TB transmission in
the adult population. The use of the ARTI to monitor TB
transmission in the community assumes that the TST positivity
rate in children is proportional to the incidence rate of primary
TB infection in children and that the TB incidence in children
is reflective of TB transmission in the general population. The
first assumption may be problematic in areas with widespread
Mpycobacterium bovis BCG vaccination or where M. bovis is
endemic (218). The second assumption assumes generalizabil-
ity despite a nonrepresentative sample selection, which may be
problematic due to variable levels of social mixing between
TB-HIV-coinfected adults and the young children used to de-
termine the ARTI. In support of this, a South African study
investigated the change in TB notification rates by age group
from 1996 to 2004, a period in which adult HIV prevalence
increased from 6% in 1996 to 22% in 2004. The burden of
excess TB cases was greatest in adults; adolescents also expe-
rienced a significant rise in notified TB cases. However, chil-
dren did not have a significant increase in TB notification rates
despite the rise in HIV prevalence and excess TB cases in
adults (154). Due to the limited generalizability, the ARTI may
not be an accurate measure of TB transmission in the general
population.

A more direct method to investigate the transmission of TB
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in HIV-infected patients is to evaluate close contacts of index
cases. Although initial studies of close contacts of TB patients
with HIV infection had conflicting results, more recent studies
suggested that TB patients coinfected with HIV may be less
infectious than TB patients without HIV infection. A prospec-
tive cohort study in the Dominican Republic of over 800
household contacts of 58 HIV-infected and 116 matched HIV-
uninfected index cases with newly diagnosed smear-positive or
culture-positive pulmonary TB found that HIV-infected index
cases were half as likely as HIV-uninfected index cases to
transmit TB to their close contacts, even after controlling for
the degree of smear positivity (89). Similarly, in Brazil, a pro-
spective cohort study of 360 contacts of 86 patients with smear-
positive pulmonary TB found a significantly decreased risk of
TST conversion in contacts of HIV-infected index cases, with
an odds ratio (OR) of 0.24 (95% confidence interval [CI], 0.09
to 0.65) (36). A meta-analysis of eight studies comparing the
prevalences of TST positivity among household contacts of TB
index cases found a lower rate of TST positivity among con-
tacts of HIV-infected than among contacts of HIV-uninfected
index TB cases (64). A cross-sectional study evaluating the
prevalence of positive TSTs in pediatric contacts of adults with
TB and HIV infection in Botswana found a lower proportion
of TST positivity in children exposed to adult index cases with
CD4 counts of <200 cells/pl than in those exposed to index
cases with CD4 counts of =200 cells/ul (145). In summary,
HIV-infected patients with pulmonary TB are less likely than
HIV-uninfected patients to transmit TB to their household
contacts, and patients with advanced AIDS may be less infec-
tious than patients with earlier stages of HIV infection. Possi-
ble explanations for the decreased transmission of TB by HIV-
infected patients include less frequent cavitary TB, lower
sputum bacillary burden, weakened cough with more severe
disease, and greater social isolation.

With or without HIV, TB Infectiousness Is Highly Variable

The transmission of TB is a product of the infectiousness of
the index case and the duration of infectiousness (80), both of
which can be affected by HIV. Data at the population level
obscure the extreme variability of infectiousness of TB in in-
dividuals. Seminal studies by Riley et al. in the 1950s revealed
a marked variability in the infectiousness of TB patients. In
these classical studies, guinea pigs were contained in a pent-
house exposed to exhaust air from a TB ward, and their TST
conversion was monitored. Only 3 of 77 patients were respon-
sible for over 73% of TB infections in guinea pigs, and half of
all TB infections in guinea pigs were caused by one patient with
laryngeal TB (91). Similarly, Escombe et al. recreated the in
vivo sampling model using guinea pigs housed above a me-
chanically ventilated HIV-TB ward in Lima, Peru (86, 87). Of
the nearly 100 TB-HIV-coinfected inpatients, only 10 were
responsible for all characterized cases of TB infections in the
guinea pigs. In addition, of the 125 TB-infected guinea pigs for
which TB drug susceptibility and spoligotype results were avail-
able, 98% were matched to the drug susceptibility and spoli-
gotype patterns of TB from one single HIV-infected patient.
TB infectiousness varies widely between different TB-HIV-
coinfected patients and is correlated with proven determinants
of TB transmission, such as sputum smear positivity, lung cavi-
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tation, laryngeal TB, cough frequency, and sputum volume and
consistency (86, 87, 92, 165, 206). HIV can affect TB transmis-
sion dynamics by altering the traditional determinants of TB
transmission. For example, in HIV-infected individuals, TB is
more likely to manifest with a lower frequency of cavitation, as
smear-negative pulmonary TB, or as extrapulmonary TB (dis-
cussed further below) (15, 33, 214).

HIV and the Mean Duration of Infectiousness of TB

A longer duration of infectiousness leads to higher rates of
transmission of TB (80). Two studies, one of South African
gold miners and one of workers in Harare, Zimbabwe, dem-
onstrated a significantly shorter mean duration of infectious-
ness of TB in HIV-infected patients than in patients without
HIV (58, 59). In a cross-sectional and longitudinal cohort study
of over 1,600 South African gold miners recruited from their
annual routine fitness-to-work examination from 2000 to 2001,
Corbett et al. found a significantly shorter mean duration of
infectiousness, defined as smear positivity, in HIV-infected
individuals with TB (2 months) than in individuals with TB
without HIV infection (14 months) (59). This difference was
attributed to the higher rate of progression of TB disease and
symptoms and the more rapid presentation and diagnosis of
TB in gold miners with HIV infection in the absence of anti-
retroviral treatment. Similarly, a study of workers recruited
from occupational health clinics in Harare found the mean
duration of infectiousness of smear-positive pulmonary TB to
be 1.5 months for HIV-infected patients, compared to 12
months for those without HIV (58). A subsequent community-
based study of suburban Harare, where the HIV prevalence is
21%, estimated a mean duration of infectiousness of TB of 4.5
months for HIV-infected individuals, compared with nearly a
year for HIV-uninfected individuals (57).

In contrast, a cross-sectional active case-finding survey of
HIV and TB in a periurban slum community in South Africa
found the estimated duration of undiagnosed and infectious
TB to be slightly higher for HIV-infected persons (~12
months) than for individuals without HIV (~9 months) (270).
Although the existing TB control program detected 67% of
smear-positive TB cases in persons without HIV, it performed
poorly for the detection of TB in HIV-infected persons. Of the
HIV-infected persons with smear-positive pulmonary TB iden-
tified by the survey during a 4-month period in 2005, only 33%
had been identified through the existing TB control program’s
passive case-reporting system. Thus, the longer duration of
infectious TB in HIV-infected persons was driven mainly by a
higher proportion of undiagnosed TB in HIV-infected persons,
likely as a result of increased barriers to care for HIV-infected
persons in this periurban slum community.

Taken together, these studies suggest that the mean dura-
tion of infectiousness of TB can be markedly affected by access
to care and rapidity of diagnosis (80). Where HIV-infected
individuals have access to care and are enrolled in a care
program and/or where active TB case finding exists, the mean
duration of infectiousness of TB is shorter than that of TB in
persons without HIV due to a combination of a higher rate of
progression, earlier presentation to the health care system, and
more rapid diagnosis. The combination of the absence of avail-
able care, socioeconomic barriers to care, and passive TB case
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finding is associated with a longer duration of undiagnosed and
infectious TB in both HIV-infected and -uninfected persons,
which is more detrimental to HIV-infected persons, who die
from TB more rapidly.

In summary, HIV is a driver for TB epidemics by increasing
the incidence of TB and TB-related deaths in a population of
immunodeficient individuals susceptible to both primary and
reactivation TB. However, it remains unclear how much HIV-
associated TB contributes to the transmission of TB in the
community. HIV may decrease the infectiousness of TB due to
a lower likelihood of cavitary disease and higher frequency of
smear-negative pulmonary TB and extrapulmonary TB, which
lower the mycobacterial load in the sputum. HIV may also
decrease the mean duration of infectiousness of TB because of
earlier presentation and diagnosis and shorter time to death in
persons infected with HIV. On the other hand, barriers to
health care access are associated with a longer mean duration
of infectiousness of TB in HIV-infected persons. The trans-
mission of TB from HIV-uninfected TB cases, who are more
likely to have smear-positive and cavitary pulmonary TB and a
longer duration of infectiousness, to susceptible HIV-infected
individuals clearly serves as a major driving force for the
HIV-TB syndemic (61).

Hospitals, Clinics, and Prisons Have Fueled the Syndemic

Poorly ventilated enclosed facilities, such as hospitals, clin-
ics, and prisons, where people congregate or stay and share the
same air can promote the transmission of TB. That hospitals
and prisons with poor or inconsistent infection control prac-
tices can serve as locations for the spread of TB to persons
infected with HIV was documented in the early 1990s in New
York and Florida (38, 41, 43, 97, 98). Undiagnosed TB can be
highly prevalent in reception areas of clinics where susceptible
HIV-infected patients intermingle. In Port-au-Prince, Haiti, a
cross-sectional study of 28,261 patients at an HIV voluntary
counseling and testing (VCT) center found that 3,708 (13%)
patients reported having a cough for at least 5 days, and of
these patients, 925 (25%) were diagnosed with suspected or
confirmed TB by sputum acid-fast bacillus (AFB) smear, cul-
ture, or chest radiography (138). Another study from Santo
Domingo, Dominican Republic, found that almost 10% of
individuals presenting for HIV testing at a VCT center had
undiagnosed active TB (90). In resource-poor settings, the
potent mix of high TB prevalence and high HIV prevalence,
inconsistent infection control practices, delayed diagnoses, and
crowding in poorly ventilated clinics, hospitals, and prisons
make such facilities important sites of disease transmission.
The role of exogenous infection and nosocomial transmission
has been noted in the spread of multidrug-resistant (MDR) TB
and extensively drug-resistant (XDR) TB (XDR-TB) in HIV-
infected individuals in Tugela Ferry, a rural area of South
Africa (12, 103). Together, these studies highlight the need for
effective infection control and ventilation as components of
comprehensive strategies to prevent the spread of TB and
drug-resistant TB to HIV-infected patients in waiting rooms,
clinics, and hospital wards (18, 268).

In the United States, the latest CDC guidelines recom-
mend the use of airborne precautions with airborne infec-
tion isolation (AII) negative-pressure rooms with at least 12
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air changes per hour (ACH) and fitted N95 masks as part of
the package of interventions to prevent the transmission of
TB in health care settings and correction and detention
facilities (39, 42). However, respiratory masks may not be
used in a timely fashion due to delayed diagnosis, and neg-
ative-pressure ventilation rooms may not be adequately
maintained, even if available (88, 268). A study from Lima,
Peru, measured air changes per hour and estimated the TB
transmission risk for a variety of hospital rooms, including
“old-fashioned” rooms with large open windows and high
ceilings (built pre-1950), “modern” hospital rooms (built in
1970 to 1990), and more recently constructed mechanical
ventilation negative-pressure isolation rooms (built post-
2000). Surprisingly, naturally ventilated “old-fashioned”
rooms with open windows and doors fared best, with 40
ACH on average, followed by naturally ventilated “modern”
rooms, with 17 ACH on average. The worst performers were
mechanically ventilated negative-pressure rooms, with an
average ACH well below the minimum 12 ACH recom-
mended. In these mechanical ventilation isolation rooms, air
extraction and supply fans were found to be unprotected by
filters and had poorly maintained motors and corroded fan
blades. The calculated risk of TB transmission was three
times higher in mechanical ventilation rooms than in “old-
fashioned” natural ventilation rooms with large open win-
dows, open doors, and high ceilings. This study highlights
the limitations of importing technology from developed
countries without first adapting to the realities of a re-
source-poor setting and provides evidence that natural ven-
tilation may be a cost-effective way to reduce the risk of
nosocomial transmission of TB (88).

TB AND HIV: INTERACTIONS AT THE LEVEL
OF THE INDIVIDUAL

Effect of Tuberculosis on HIV

Preliminary data from observational and retrospective stud-
ies have suggested that TB accelerates the progression of dis-
ease in HIV (13, 168, 259). A retrospective study of over 200
patients found a higher mortality rate and a higher incident
rate of new AIDS-defining opportunistic infections for HIV-
TB-coinfected patients than for HIV-infected patients without
active TB who were matched for CD4 cell counts (259). A
prospective observational study for South Africa found higher
rates of non-TB AIDS-defining illnesses and higher mortality
rates for HIV-infected patients with TB than for HIV-infected
patients without TB. The difference in survival was significant
with higher CD4 counts (>200 cells/ul) and most pronounced
with CD4 counts of >400 cells/ul (13). Similarly, a prospective
cohort study in Uganda that evaluated the impact of TB on the
survival of HIV-infected patients found a 3-fold-higher risk of
death for patients whose CD4 counts were greater than 200
cells/ul but did not find a significant effect of TB on mortality
for patients with advanced immunodeficiency (260). Whether
TB accelerates the progression of disease in HIV remains
unproven, as observational data do not establish causality (60).
However, there are additional observations that support the
hypothesis that TB accelerates the virologic course of HIV
(69).
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The development of TB is associated with increased HIV
replication, as measured by the viral load at the site of TB
infection in the lungs as well as by the plasma viral load (246,
247). As described in more detail below, M. tuberculosis acti-
vates HIV transcription and enhances viral entry in vitro (55).
The heterogeneity of HIV harvested from pulmonary segments
infected with TB is higher than that from segments without TB,
which is suggestive of higher levels of replication at sites of TB
infection (55). However, this finding may be due to the effect of
inflammation on HIV replication rather than a specific effect
of TB on HIV. Additionally, observational data have shown a
higher level of systemic HIV heterogeneity in HIV-TB-coin-
fected patients than in CD4-matched HIV-infected patients
without active pulmonary TB (55). It is thought that the in-
creased proinflammatory response with active TB plays a role
in increasing HIV transcription, as higher levels of tumor ne-
crosis factor alpha (TNF-a) are associated with higher viral
loads in patients coinfected with HIV and TB (245). On the
other hand, the treatment of active TB did not show a signif-
icant difference of CD4 counts or HIV viral load in a prospec-
tive cohort of 111 TB-HIV-coinfected patients in South Africa
(197).

Effect of HIV on Tuberculosis: Increased Susceptibility and
Accelerated Progression

The relative risk of TB doubles in the first year after HIV
infection, when CD4 counts are still preserved, and continues
to increase during the years after seroconversion as CD4
counts decrease (234). HIV increases the risk of progression to
active TB in both primary TB infection and the reactivation of
latent TB. In populations of immunocompetent people, 3 to
5% will develop active TB in the first 2 years after TB infection
(99, 188, 219, 228). HIV coinfection impairs the ability of the
immune response to contain TB (discussed further below) and
increases the likelihood of developing active TB during the
initial period of TB infection (99). During a TB outbreak in an
HIV housing facility in San Francisco, half of the HIV-infected
persons who were exposed became infected with TB, as evi-
denced by the development of a newly positive TST or active
TB. Of the HIV-infected residents who were infected with M.
tuberculosis, 73% (11 of 15) developed active TB within the
first 6 months of TB infection (67).

In persons with latent TB, HIV infection accelerates and
augments progression to reactivation TB. For HIV-unin-
fected individuals with latent TB infection (LTBI), the life-
time risk of developing active TB due to reactivation is 8 to
10%. In contrast, this risk is approximately 10% per year for
HIV-infected persons (128, 142, 227, 228). A prospective
study of injection drug users (IDUs) enrolled in a metha-
done maintenance program in New York City found that
active TB developed in 7 of 49 HIV-infected subjects with a
prior positive purified protein derivative (PPD) test and in
none of 62 HIV-uninfected subjects with a prior positive
PPD test (227). Similarly, a San Francisco study of injection
drug users enrolled in a methadone maintenance program
found that the rate of developing reactivation TB was over
10 times higher for HIV-infected TST-positive patients (5.0
per 100 person-years) than for TST-positive patients with-
out HIV (0.4 per 100 person-years) (66).
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FIG. 4. As the CD4 cell count declines, the frequency of cavitation in pulmonary TB decreases. Data were pooled from 12 studies (6, 19, 34,
66, 71, 105, 143, 144, 159, 199, 208, 210) that examined the frequency of lung cavitation associated with CD4 counts in patients coinfected with
HIV and pulmonary TB. Patients whose CD4 count was above 200 cells/w.l had a 4-fold-higher odds of having cavitary pulmonary TB than those

with CD4 counts below 200 cells/wl (odds ratio, 4.44; 95% CI, 3.36, 5.88).

HIV-infected patients appear to be at a higher risk for re-
infection with TB, likely because of an impaired capacity to
mount long-lasting protective immune responses (115). DNA
fingerprinting studies of South African gold miners cured of a
first episode of culture-positive TB, who developed recurrent
TB, subsequently found that 69% (11 of 14) of culture-positive
recurrences in HIV-infected patients were due to reinfection
(45). DNA fingerprinting of another cohort of South African
mine workers with recurrent TB found that HIV infection was
a risk factor for recurrent TB due to reinfection but not relapse
(235).

Effect of HIV on Tuberculosis: Atypical Presentation and
Extrapulmonary TB

The clinical presentation of TB in HIV-infected persons has
been reviewed extensively elsewhere (15, 33, 142, 239). HIV-
infected patients with TB commonly present with subacute
systemic and respiratory symptoms, including fever (88%),
weight loss (79%), cough (79%), and diarrhea, which last 6
weeks on average (33). Lower CD4 counts are associated with
more severe systemic symptoms (33). At all stages of HIV
infection, pulmonary TB is the most common form of TB (33).
In general, HIV-infected patients with high CD4 counts have
clinical manifestations of TB similar to those of TB patients
without HIV infection. Chest X-ray (CXR) findings for HIV-
infected individuals with CD4 counts of >350 cells/pl with
pulmonary TB are typically upper lobe infiltrates, cavitations,

and/or pleural disease, similar to those with pulmonary TB
reactivation in HIV-uninfected patients (33, 102, 210, 214).
Additionally, after the initiation of antiretroviral therapy
(ART), patients can also present with TB-associated immune
reconstitution inflammatory syndrome (discussed further be-
low).

In HIV-infected patients with pulmonary TB, the likelihood
of cavitation is correlated with the CD4 count (6, 19, 34, 68, 71,
105, 143, 144, 159, 199, 208, 210). We collated data from 12
studies that examined the frequency of lung cavitation associ-
ated with CD4 counts in patients coinfected with HIV and
pulmonary TB and found 4-fold-higher odds of having cavita-
tion in patients whose CD4 counts were above 200 cells/pl than
for those with CD4 counts below 200 cells/pl (odds ratio, 4.44;
95% CI of the OR, 3.36, 5.88) (Fig. 4). Atypical CXR findings
are associated with an altered immunity to reactivation and
primary TB infection in HIV-infected patients (110). As the
CD4 count falls below 200 cells/pl, HIV-infected patients with
pulmonary TB are more likely to have atypical CXR findings,
including pleural effusion, lower or middle lobe infiltrates,
mediastinal adenopathy, interstitial nodules, or a normal CXR
(33, 117, 144, 210, 214). One retrospective study of 133 HIV-
infected patients with culture-confirmed pulmonary TB found
that 21% of patients with CD4 counts below 200 cells/pl had
normal CXR findings, compared with 5% of patients with CD4
counts above 200 cells/pl (117). Cavitary lesions due to TB are
rare in patients with advanced HIV, and the presence of cav-
itary lesions in patients with CD4 counts of less than 200
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cells/pl should prompt a search for other etiologies (33, 102,
161, 210).

Although pulmonary TB is the most common presenta-
tion regardless of the stage of HIV infection, persons with
advanced immune suppression are more likely to have ex-
trapulmonary TB than are HIV-infected persons with rela-
tively intact immunity or persons without HIV (15, 33, 83,
136). Unlike persons without HIV, in whom extrapulmonary
TB is usually found in the absence of pulmonary TB, HIV-
infected persons with extrapulmonary TB are more likely to
have concomitant pulmonary TB (15, 212, 229, 255). Symp-
toms of extrapulmonary TB (with or without concomitant
pulmonary TB) in a cohort of 199 HIV-infected patients
included fever (95%), respiratory symptoms (66%), lymph-
adenopathy (62%), gastrointestinal symptoms (37%) with
diarrhea and abdominal pain, and neurological symptoms
(29%), including confusion and headache (229). Common
sites of infection in extrapulmonary TB with HIV coinfec-
tion include the following (in decreasing order of frequency):
disseminated TB involving bone marrow, blood, or liver; gen-
itourinary TB; peripheral lymphadenitis; pleural TB; medias-
tinal TB with mediastinal lymphadenopathy and/or pericardi-
tis; central nervous system (CNS) TB with meningitis or
parenchymal infection with tuberculous abscesses and tuber-
culomas; mediastinal and pericardial TB (229); intra-abdomi-
nal lymphadenitis or peritonitis; musculoskeletal abscesses or
osteomyelitis; or infection at other sites, including the adrenal
glands and the gastrointestinal tract (15, 33, 229, 255).

Effect of HIV on Tuberculosis: Higher Mortality

Tuberculosis in a patient with HIV is curable. However,
HIV increases the mortality rates associated with TB. A pro-
spective 12-year study in San Francisco showed that the TB
case-fatality rate was significantly higher for patients coin-
fected with HIV than for HIV-uninfected patients (22% and
10%, respectively) in the era prior to ART and that the higher
TB case-fatality rate for HIV-infected patients persisted even
after the availability of ART in 1997 (70). A study from Cote
d’Ivoire showed that mortality rates for coinfected patients
prior to the availability of antiretroviral treatment were related
to the degree of immune deficiency (7). At follow-up 6 months
after the initiation of TB treatment, patients whose CD4
counts were less than 200 cells/ul had a mortality rate of 10%,
and those with CD4 counts of between 200 and 499 cells/pl had
a mortality rate of 4%, which were 28 and 12 times higher,
respectively, than the mortality rate for TB patients without
HIV. In other resource-limited settings, the reported case-
fatality rates prior to the availability antiretrovirals were ex-
tremely high: in the Central African Republic, the case-fatality
rate was as high as 58% for HIV-infected patients, compared
to 20% for HIV-uninfected patients at 24 months after the
initiation of TB treatment (198).

Treatment with Antiretroviral Therapy Decreases
Incidence of TB

Treatment with antiretroviral therapy (ART) is associated
with a decreased incidence of TB. Lawn et al. found that TB
incidence rates trended down during the first 5 years of a South
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FIG. 5. TB incidence rates decrease with recovery of CD4 cell
counts during antiretroviral therapy. TB incidence is defined as inci-
dent TB cases per 100 person-years, with 95% confidence intervals
shown. The blue line represents baseline TB incidence (0.7 cases/100
person-years) in adults without HIV in a comparable neighboring
community. (Adapted from reference 156 with permission of the
publisher.)

African antiretroviral program, from 3.35/100 person-years in
the first year of ART to 1.01/200 person-years in the fifth year
(156). The use of ART and immunological recovery, a rise in
CD#4 counts, significantly decreased the incidence of TB, with
the greatest effect on patients with restored CD4 cell counts
above 500 cells/ul (14, 113, 151, 156, 223). Additionally, treat-
ment with ART and the restoration of cell-mediated immunity
are associated with less extrapulmonary involvement in TB
infection (112). However, despite ART treatment, the overall
TB incidence rate for HIV-infected patients still remained
approximately 10-fold higher than that for adults without HIV
(156). Even for patients on ART who attained CD4 cell counts
above 500 cells/pl, TB incidence rates still remained 2-fold
higher than those for adults without HIV (Fig. 5).

Screening and Diagnosis of TB in HIV-Infected Patients

Current U.S. guidelines recommend that all persons should
be tested for latent TB infection (LTBI) with either a tuber-
culin skin test (TST) or gamma interferon (IFN-vy) release
assays (IGRAs) at the time of HIV diagnosis (4, 142). For
those who test positive, a CXR should be obtained. For those
with CXR abnormalities and for those who have a normal
CXR for whom suspicion of disease is high (patients with
symptoms and those originating from an area where the dis-
ease is endemic), U.S. guidelines recommend that three spu-
tum samples for AFB smear and culture should be obtained in
the morning on different days as part of the initial evaluation
for suspected pulmonary TB (142). On the other hand, the
WHO recommends symptomatic screening for active TB in
HIV-infected patients (261, 267). However, there is no univer-
sal agreement on what screening involves, with many national
programs screening for cough alone (217). Since a significant
proportion of HIV-infected patients with active TB have less
specific symptoms or have no symptoms, screening for cough
alone will miss the majority of patients with culture-confirmed
TB (217). Cain et al. designed an algorithm for TB screening
for people infected with HIV that uses a combination of three
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predictors: cough of any duration, fever of any duration, or
night sweats lasting 3 weeks or more during the previous 4
weeks (35). In this study population from Cambodia, Thailand,
and Vietnam, combination symptom screening was found to
have 93% sensitivity and 36% specificity, with a 97% negative
predictive value and a 21% positive predictive value for cul-
ture-positive pulmonary TB. Similarly, Corbett et al. assessed
the efficacy of provider-initiated symptom screening for TB in
HIV-infected patients in Zimbabwe and found that assessing
for the presence of any cough, drenching night sweats, or
weight loss yielded a sensitivity of 75% and a specificity of
82%, with a 99.2% negative predictive value and a 10.2%
positive predictive value for TB (both culture-positive and cul-
ture-negative TB) (63). The use of a combination of symptoms
to screen for TB appears to be an effective and practical
method to rule out active TB in HIV-infected patients.

However, symptom screening for active TB has a low spec-
ificity, with a low positive predictive value, and therefore, the
diagnosis of active TB presently relies on microscopy and cul-
turing of appropriate specimens. In the study by Cain et al.
mentioned above, only 9% of the persons who screened posi-
tive for TB symptoms had a positive AFB smear with concen-
trated sputum, and the rest relied on culture for the diagnosis
of TB. Because HIV-infected patients with culture-confirmed
pulmonary TB have a lower frequency of cavitary lesions, they
have a lower rate of sputum smear positivity (33, 83). However,
when adjusted for the presence of cavities, the yield of a spu-
tum smear from HIV-infected persons can be similar to that of
a sputum smear from HIV-uninfected persons (33, 175, 233).
Smith et al. found the sensitivity of fluorescent microscopy of
a single concentrated sputum smear to be 60% for HIV-in-
fected persons with culture-confirmed pulmonary TB. With the
presence of cavitary lesions, the sensitivity of a single sputum
smear increased to 85% (233). In the United States, approxi-
mately 25% of HIV-infected persons with culture-confirmed
pulmonary TB have negative sputum smears (142).

However, other studies have found the sputum smear to be
much less sensitive, and the results have varied widely. Due to
operator dependence on sample collection and processing and
interpretation of sputum smears, the sensitivity of the sputum
smear ranges from 20% to 60% in resource-constrained set-
tings (37, 217, 236). An evaluation of sputum smears and
cultures from HIV-infected persons with culture-confirmed TB
in Thailand and Vietnam found the sensitivity of three sputum
smears to be only 38% (195, 211). More recently, a multicenter
prospective study of 1,748 HIV-infected patients from Cam-
bodia, Thailand, and Vietnam found the sensitivity of either of
the first two concentrated sputum smears positive for acid-fast
bacilli to be 38% for culture-positive TB (35). In this study
population, for which the prevalence of TB was 15%, the
positive predictive value of either of the first 2 positive sputum
smears was 84%, and the negative predictive value was 90%.

In the study by Cain et al. described above, among patients
who screened positive for TB but had two negative sputum
smears, only mycobacterial culture was optimally effective in
diagnosing TB (35). Although culture is the “gold standard”
for the diagnosis of active TB, culture results take 2 to 6 weeks,
and culture is not currently an available diagnostic option in
most resource-constrained settings (264). In high-burden, re-
source-constrained countries, the main diagnostic approaches
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remain suboptimal, with smears of direct, unconcentrated spu-
tum examined by light microscopy and not followed by culture.
Thus, the majority of culture-confirmed pulmonary TB cases
are likely missed in resource-constrained settings because of
the reliance on direct sputum light microscopy as the diagnos-
tic approach.

Simple, rapid diagnostics that can replace direct sputum
smear microscopy are urgently needed for resource-con-
strained health care systems (232). Inexpensive light-emitting
diode (LED) microscopes have been developed recently,
which are more sensitive, are similar in specificity and require
less operator time than conventional light microscopy exami-
nation of Ziehl-Neelsen-stained direct smears (256). Micro-
scopic observation drug susceptibility (MODS) assays have
been developed for the diagnosis of TB and the detection of
drug-resistant TB (191, 192). MODS assays of sputum samples
of patients with HIV infection have 98% sensitivity and 100%
specificity for the detection of TB and provided results in 14
days for most samples (196, 216). The Xpert MTB/RIF assay is
a newly developed automated real-time PCR assay for TB and
resistance to rifampin (RIF) with fully integrated sample pro-
cessing, which can be performed by staff with minimal training
(25, 256). With the use of one direct sputum sample, the Xpert
MTB/RIF assay demonstrated 98.2% sensitivity for smear-pos-
itive TB; 72.5% sensitivity for smear-negative, culture-positive
TB; and a specificity of 99.2% (25). In South African study
populations with HIV prevalence rates of 71 to 76%, Xpert
MTB/RIF testing of three sputum samples (one direct and two
concentrated) has a sensitivity of greater than 95% for all
culture-positive TB cases, with 99 to 100% sensitivity for
smear-positive, culture-positive TB; 87 to 90% sensitivity for
smear-negative, culture-positive TB; and 97 to 98% specificity
(25). Sensitivity for rifampin resistance was 94 to 100% in
South African study populations (25). This highly sensitive and
easy-to-use diagnostic system has a rapid turnaround time of
less than 2 h and, in combination with MODS assays to detect
drug-resistant TB, has the potential to revolutionize the field of
TB diagnostics (25, 192, 256).

For extrapulmonary TB in HIV-infected patients, current
U.S. CDC guidelines recommend AFB smear and culture of
tissue or fluid aspiration or biopsy specimens and mycobacte-
rial blood cultures to evaluate for disseminated disease. Rec-
ommendations for the diagnosis of suspected TB in a person
infected with HIV in the United States are available from the
Department of Health and Human Services (DHHS)/CDC
guidelines for the management of opportunistic infections
(142). Clinicians in resource-constrained settings should refer
to the latest WHO guidelines for improving the diagnosis of
smear-negative pulmonary and extrapulmonary TB for HIV-
infected persons in resource-limited settings, which can be
found at the Evidence-Based Tuberculosis Diagnosis website
(http://www.tbevidence.org/guidelines.htm). The 2007 WHO
algorithms emphasize the timely diagnosis and treatment of all
cases of TB, including smear-negative pulmonary and extrapul-
monary TB. For smear-negative pulmonary TB, the revised
case definitions emphasize clinical judgment in conjunction
with the use of at least two sputum specimens for AFB stain-
ing, HIV testing, CXR, and sputum culture if possible (264).
For extrapulmonary TB, the revised case definitions and algo-
rithms emphasize HIV testing, sputum smears, CXR, clinical
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judgment, aspiration of the infected site for AFB staining, and
immediate initiation of TB treatment for disseminated TB, TB
meningitis, or TB-associated pleural effusion or pericardial
effusion (264).

IFN-vy Release Assays for HIV-Infected Patients

IFN-v release assays (IGRAs) are a recently introduced
modality for the detection of cellular immune responses to
M. tuberculosis antigens; three assays are currently commer-
cially available: QuantiFERON-TB Gold (QFT-G), Quanti-
FERON-TB Gold In-Tube (QFT-GIT) and T-SPOT.TB.
These assays detect the release of the cytokine gamma in-
terferon (IFN-v) from T lymphocytes after stimulation with
the M. tuberculosis-specific antigens early secretory antigen
target 6 (ESAT-6) and culture filtrate protein 10 (CFP-10)
and also TB antigen TB 7.7 for the QFT-GIT test (24, 74).
The QuantiFERON assays use anticoagulated whole blood
and measure the release of gamma interferon into the
supernatant by enzyme-linked immunosorbent assays
(ELISAs), while the T-SPOT.TB assay uses isolated blood
mononuclear cells and determines the number of gamma
interferon-secreting cells in the sample by using an enzyme-
linked immunospot (ELISPOT) technique (24, 74). Each
test is performed with a negative control and a positive
control, and results are reported as being indeterminate if
there is a high signal for the negative control or a low signal
for the positive control. The performance of IGRAs is im-
paired for HIV-infected patients with advanced immunode-
ficiency. Higher rates of indeterminate results are found for
patients with CD4 counts below 100 cells/pl, due to low
levels of IFN-vy in response to stimulation with the positive
control (24).

IGRAs are approved for the diagnosis of LTBI in HIV-
infected patients but lack specificity for the diagnosis of active
TB (4, 142, 177). For the T-SPOT.TB assay, the sensitivity was
between 79 and 95% and the specificity was between 64% and
100% for active TB in HIV-infected patients (74). The sensi-
tivity of the QFT-GIT test for culture-confirmed pulmonary
TB in HIV-infected patients ranged from 65% to 91% in
previously reported studies, and the likelihood of indetermi-
nate results increased with lower CD4 counts (1, 9, 74, 158,
177, 242, 254). Aabye et al. found that 22% of HIV-infected
patients with culture-confirmed pulmonary TB had indetermi-
nate results with the QFT-GIT test, and patients with CD4
counts below 300 cells/pl were nearly 3 times as likely to have
indeterminate results as patients with CD4 counts above 300
cells/pl (1). Even after excluding indeterminate results, the
QFT-GIT assay missed 12% of HIV-infected Tanzanian pa-
tients with culture-confirmed pulmonary TB. Similarly, in a
South African cohort of HIV-infected patients, the sensitivity
and specificity of the QFT-GIT test were 30% and 63%, re-
spectively, compared with sputum culture results. Of the HIV-
infected patients with culture-confirmed pulmonary TB, 50%
had false-negative QFT-GIT results and 20% had indetermi-
nate results. Of the HIV-infected patients who had negative
sputum culture results, 36.3% had positive QFT-GIT results,
probably due to latent TB infection (254). Thus, in a setting of
high TB prevalence (123), the utility of IGRAs to rule out
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active TB is limited by the inadequate negative predictive value
of the test.

At this time, although IGRAs are approved for the diagnosis
of LTBI, they are not recommended for the diagnosis of active
TB in HIV-infected persons (142). In countries with high TB
prevalences, the sensitivity and negative predictive value of the
IGRA are insufficient to rule out active TB infection in HIV-
infected patients. In countries with low TB prevalences, the
specificity and positive predictive value of the IGRA are in-
sufficient to rule in active TB. Additionally, IGRAs cannot
distinguish between latent and active TB, and the rates of
indeterminate results for HIV-infected patients are relatively
high, especially for patients with low CD4 counts.

Treatment of TB for HIV-Infected Patients: Rifampin
Combination Therapy Improves Survival

The principles of TB drug treatment in HIV-infected pa-
tients are the same as those for HIV-uninfected patients: (i)
daily rifampin (RIF) as a part of a 4-drug combination regimen
during the initial 2-month phase of treatment is critical and
life-saving, and (ii) rifampin given at least 3 times weekly as a
part of a 2-drug regimen during the continuation phase lowers
failure and relapse rates and prevents the development of
rifampin resistance (123, 239).

The use of bactericidal rifampin in both the initial and con-
tinuation phases of TB treatment is critically important, as its
use in TB chemotherapy regimens reduces mortality for HIV-
infected patients with pulmonary TB. In a randomized trial
comparing rifampin- to thiacetazone-based initial and contin-
uation phase regimens for pulmonary TB in HIV-infected pa-
tients, treatment with the rifampin-based regimen improved
survival (203). Daily dosing of rifampin in the initial phase of
treatment is critical to prevent the development of relapse or
treatment failure due to acquired rifampin resistance in HIV-
infected patients with TB (146, 160). Rifampin is also essential
as a part of the combination treatment regimen for the con-
tinuation phase. Two studies which compared the use of RIF
to the use of ethambutol (ETB) in the continuation phase after
initial treatment with isoniazid (INH)-RIF-pyrazinamide
(PZA)-ETB found that those on ETB-INH were 2 to 3 times
more likely to experience treatment failure or TB relapse than
those on RIF-INH for continuation therapy (135, 204). Several
meta-analyses have shown that treatment with a longer dura-
tion (6 months or longer) of a rifamycin drug (rifampin or
rifabutin [RfB]) resulted in lower rates of failure and recur-
rence and improved survival during treatment, compared to
only 2 months of treatment with a rifamycin drug (146, 150,
186). More recent data suggest that a duration of rifampin
treatment even longer than the recommended 6 months may
decrease failure and recurrence rates even further (146, 239).
In summary, the use of daily rifampin as part of a combination
regimen in the initial phase and the use of rifampin during the
continuation phase of treatment improve survival and reduce
rates of treatment failure, TB relapse, and the development of
acquired drug resistance in HIV-infected patients with pulmo-
nary TB.

For drug-susceptible TB in HIV-infected patients, U.S. CDC/
Infectious Diseases Society of America (IDSA) 2009 guidelines
and WHO 2009 guidelines recommended a 6-month regimen
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with an initial 2 months therapy consisting of INH, RIF or RfB,
PZA, and ETB, followed by 4 months of continuation therapy
with INH and RIF or RfB. For cavitary disease with a delayed
response to treatment or extrapulmonary TB, the guidelines rec-
ommended prolonged continuation therapy with INH and RIF or
RfB extended to 7 months, for a total of 9 months of treatment
(142). For extrapulmonary disease involving the central nervous
system (tuberculoma or meningitis) or bones and/or joints, the
guidelines recommended a 12-month course of total treatment.
Additionally, HIV-infected patients on INH should receive pyri-
doxine supplementation to minimize the risk of peripheral
neuropathy. Clinicians should refer to the U.S. CDC guidelines
for the prevention and treatment of opportunistic infections in
HIV-infected adults and adolescents for current and detailed
management recommendations. An online and downloadable
version of the guidelines is available (http://www.aidsinfo.nih
.gov/Guidelines/Default.aspx?Menultem= Guidelines). Addi-
tionally, the 2009 WHO TB treatment guidelines are available
at the WHO website (http://www.who.int/tb/publications/tb
_treatmentguidelines/en/index.html).

Rifampin Accelerates Metabolism of Protease Inhibitors,
Raltegravir, and Maraviroc

As potent inducers of the cytochrome P450 system, rifampin
and rifabutin have significant interactions with many medica-
tions, including antiretrovirals. Because protease inhibitors
(PIs) are substrates of CYP3A4, and rifampin induces
CYP3A4, the combination of rifampin with any protease in-
hibitor, with or without ritonavir (used to inhibit CYP3A4),
greatly accelerates the metabolism of protease inhibitors, re-
sulting in negligible concentrations of protease inhibitors in the
serum. Additionally, rifampin induces the activity of the
efflux pump P-glycoprotein (P-gp), which further accelerates
the elimination of protease inhibitors (123). In the presence
of rifampin, the area under the concentration-time curve
(AUC) of most protease inhibitors is decreased by over
90%. Even with ritonavir boosting, atazanavir, lopinavir,
and indinavir serum concentrations are decreased by 90%
(40). For this reason, the combination of rifampin and any
protease inhibitors with or without ritonavir boosting is con-
traindicated.

For integrase inhibitors and entry inhibitors, studies now
indicate that rifampin significantly accelerates the metabolism
of raltegravir and maraviroc and results in subtherapeutic lev-
els of the antiretroviral drugs when administered at standard
doses (85, 258). The use of rifampin with raltegravir or mara-
viroc should thus be avoided if possible. If coadministered with
rifampin, the dose of raltegravir or maraviroc must be in-
creased (85, 258). Rifabutin has less of an effect on raltegravir
metabolism and may be more appropriate for coadministration
(30).

Rifampin Can Be Used with Efavirenz

The preferred combined regimen for the concomitant treat-
ment of HIV and TB is efavirenz (EFV)-based antiretroviral
therapy (ART) with rifampin-based TB treatment (40). Rifam-
pin does reduce the AUC of EFV by 22% by inducing
CYP3A4 (40). However, a large prospective cohort study in
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South Africa and a randomized clinical trial in Thailand failed
to show any adverse effect on virologic suppression when a
standard dose of efavirenz (600 mg daily) was used with rifam-
pin (29, 170, 171). Although U.S. guidelines do not recom-
mend changing the dose of EFV when used with rifampin,
some experts recommend increasing the dose of EFV for pa-
tients weighing over 60 kg (40).

Nevirapine (NVP) is the most widely used nonnucleoside
reverse transcriptase inhibitor (NNRTI) in resource-con-
strained settings due to its lower price and availability in fixed-
dose combinations (29, 123). Unfortunately, rifampin reduces
the AUC of NVP by one-half (40). The use of NVP with
rifampin was associated with higher rates of virologic failure
starting at 6 months after the initiation of treatment in a South
African prospective cohort study (29). A randomized con-
trolled trial in Thailand comparing the use of EFV-based an-
tiretroviral treatment with NVP-based antiretroviral treatment
in conjunction with rifampin-based TB treatment found that
NVP had a 5-fold-higher risk of having drug levels below the
recommended minimum concentration at week 6 (171). Al-
though there was no detectable difference in virologic out-
comes with the use of EFV compared with the use of NVP in
patients taking concomitant rifampin, that study did show that
patients on EFV or NVP with drug levels below the recom-
mended minimum concentration were four times more likely
to develop HIV treatment failure. Some experts have sug-
gested avoiding the lead-in phase of NVP (commonly used to
decrease side effects) and starting NVP at the twice-daily full
dose with concomitant rifampin use in order to minimize the
pharmacokinetic impact of rifampin on NVP and to improve
virologic outcomes (52, 123). The use of NVP with rifampin-
based TB treatment remains an alternative, although inferior,
choice to the use of EFV and should be prescribed for coin-
fected patients who cannot take efavirenz and if rifabutin is not
available (40, 52, 123).

Rifabutin Can Be Used with Protease Inhibitors

For patients unable to use efavirenz (first trimester of preg-
nancy, efavirenz resistance, or other contraindications for efa-
virenz), U.S. CDC guidelines recommend the use of protease
inhibitor (PI)-based ART with rifabutin-based TB treatment
(40). Rifabutin is a much less potent inducer of CYP3A4 than
rifampin. On the other hand, the protease inhibitors are inhib-
itors of CYP3A4, in addition to being substrates of CYP3A4.
The net effect is that the concomitant use of rifabutin and
protease inhibitors increases levels of rifabutin, doubling the
AUC of rifabutin on average, and thereby increases signifi-
cantly the risk of rifabutin toxicities such as uveitis, neutrope-
nia, arthralgia, and hepatitis.

With the concomitant use of most ritonavir-boosted pro-
tease inhibitors, U.S. CDC guidelines recommend reducing the
dose of rifabutin (40). The use of PI-based antiretroviral treat-
ment with rifabutin-based TB treatment requires vigilant ad-
herence to both ART and TB treatment regimens. Incomplete
adherence to PI-based ART regimens, which may require
twice-daily dosing, could result in subtherapeutic levels of ri-
fabutin, even in the setting of directly observed TB treatment.
Subtherapeutic levels of rifabutin have been associated with
the development of acquired rifamycin resistance (257). This is
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TABLE 2. Interactions between antiretrovirals and rifampin or rifabutin®

363

HIV antiretroviral

Interaction with”:

Rifampin Rifabutin

Nonnucleoside reverse transcriptase inhibitors

Efavirenz EFV | RfB | |

Nevirapine NVP | | | RfB 1

Etravirine ETR | | | |? ETR | |,RfB |
Protease inhibitors

Atazanavir ATVr | | |} ATV 11111, RBT 1111

Darunavir DRV | | | |? RfB 1?

Fosamprenavir FPV | | | |? RfB 1 17?

Indinavir IDV and IDVr | | | | IDV | |,RIB 1111

Lopinavir LPVand LPVr | | | | LPV 1, REB1T 1111

Nelfinavir NFV | | | | NFV | |,RBB1 1117

Saquinavir SQvr | | | SQv |

Tipranavir TPV | | | |? RBT1T1 11

Ritonavir RTV | | RfB 11111 (by400%)
Integrase inhibitor

Raltegravir RAL | | | No known interaction
Entry inhibitors

Maravaroc MVC | || MVC | |?

Enfuvirtide No known interaction No known interaction

Nucleotide/nucleoside reverse transcriptase inhibitors

Abacavir
Didanosine
Emtricitabine
Lamivudine
Stavudine
Tenofovir
Zidovudine

No known interaction
No known interaction
No known interaction
No known interaction
No known interaction
No known interaction
AZT | |

No known interaction
No known interaction
No known interaction
No known interaction
No known interaction
No known interaction
No known interaction

“ Based on data from reference 17a and the Lexi-Comp Drug-Drug Interaction Analysis online program.

b | /71, Comin or AUC decreased/increased by up to 25%; | | /1 1, Cyin or AUC decreased/increased by 25 to 50%; | | { /1 1 1, Cyin or AUC decreased/
increased by 50 to 75%; | | | /7 1 1 1, Cmin or AUC decreased/increased by 75 to 100%; 1 1 1 1 1, Cmin 0or AUC increased; ATV, atazanavir; ATVr,
ritonavir-boosted atazanavir; DRV, darunavir; FPV, fosamprenavir; IDV, indinavir; IDVr, ritonavir-boosted indinavir; LPV, lopinavir; LPVr, ritonavir-boosted
lopinavir; NFV, nelfinavir; SQV, saquinavir; SQVr, ritonavir-boosted saquinavir; TPV, tipranavir; RTV, ritonavir; RAL, raltegravir; MVC, maravaroc; AZT,

zidovudine.

illustrated by case reports of the development of TB relapse
due to acquired rifampin resistance after treatment with every-
other-day rifabutin and ritonavir-boosted PI-based ART (28,
134). There remains a critical need to better understand the
pharmacokinetic interactions between rifabutin and protease
inhibitors in HIV-infected patients. Rifabutin drug concentra-
tion monitoring may be warranted during treatment when it is
feasible (28).

Despite the complexity of drug interactions, rifamycins are
crucial for the initial and continuation phases of treatment of
TB in HIV-infected patients; these drug interactions can be
managed and should not be avoided by delaying treatment.
Table 2 summarizes the pharmacokinetic and pharmacody-
namic drug-drug interactions between antiretrovirals and ri-
fampin or rifabutin. Detailed reviews of the interactions be-
tween rifampin and antiretrovirals have been reported
elsewhere (40, 178), and information on the management of
drug interactions for the treatment of HIV and TB coinfection
can be found at the CDC website (http:/www.cdc.gov/tb
/publications/guidelines/TB_HIV_Drugs/default.htm) (40).
Clinicians requiring more detailed information on specific
drug-drug interactions should consult the latest U.S. DHHS
guidelines for the use of antiretrovirals, which have detailed

tables on the pharmacokinetic interactions and dosage adjust-
ments needed for the coadministration of ARTs and antimy-
cobacterials (75). Additionally, online charts and interactive
tools are available at the Johns Hopkins HIV Guide website
(http://www.hopkins-hivguide.org/drug/) (17); the University of
California at San Francisco (UCSF) HIV InSite website (http:
//hivinsite.ucsf.edu/InSite ?page=ar-00-02), which has an excel-
lent database of antiretroviral drug interactions; the New York
City Bureau of Tuberculosis Control Clinical Policies and Pro-
tocols website (http://www.nyc.gov/html/doh/html/tb/tb.shtml);
and the University of Liverpool HIV-druginteractions.org
website (http://www.hiv-druginteractions.org/).

TB-Associated Immune Reconstitution
Inflammatory Syndrome

Immune reconstitution inflammatory syndrome (IRIS) is a
clinical deterioration after the initiation of ART due to inflam-
matory responses against pathogens or tumors. In TB-associ-
ated IRIS (TB-IRIS), the clinical presentation varies widely
and includes high fevers, worsening respiratory status, worsen-
ing or new lymphadenopathy, breakthrough meningitis, new or
worsening CNS lesions, radiological worsening of pulmonary
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infiltrates or pleural effusions, hepatosplenomegaly, or ascites
(54, 96, 123, 142, 182).

There are two clinical forms of TB-associated IRIS: para-
doxical TB-associated IRIS and unmasking TB-associated
IRIS. Paradoxical TB-associated IRIS is an exaggerated in-
flammatory response during TB treatment in a patient known
to have TB (142), while unmasking TB-associated IRIS is pre-
viously undiagnosed TB which is unmasked after the initiation
of ART. Incidence rates of paradoxical TB-IRIS range from
8% to 43%, and the majority of TB-IRIS occurs within the first
4 to 8 weeks after the initiation of ART (54, 73, 152, 182). In
North American TB Trials Consortium (TBTC) Study 23, of
137 patients who received ART during TB treatment, 25
(18%) developed TB-IRIS (26). In the Starting Antiretroviral
Therapy at Three Points in Tuberculosis (SAPIT) trial, IRIS
was diagnosed in 53 (12.4%) of 429 patients who had initiated
ART during TB treatment, of which 5 required corticosteroid
therapy, and there were no deaths attributable to IRIS (7).
Risk factors for TB-IRIS include starting ART within the first
2 months of TB treatment, extrapulmonary or disseminated
TB, low CD4 counts (<100 cells) at the start of ART, a viral
load of >10° log,, copies/ml at the start of ART, a rise in the
percentage of CD4 cells during ART, and decreasing viral load
during ART (54, 95, 142).

Because there is no definitive laboratory test for TB-IRIS,
TB-IRIS remains a clinical diagnosis after thorough investiga-
tion to exclude new opportunistic infections, TB treatment
failure, drug toxicity, and other possible causes of clinical de-
terioration in a patient on TB treatment who has initiated
antiretrovirals (54, 142, 230). In 2008, the International Net-
work for the Study of HIV-Associated IRIS (INSHI) proposed
revised case definitions for TB-associated IRIS for use in re-
source-limited settings (181). The case definition for paradox-
ical TB-IRIS uses three components: antecedent require-
ments, clinical criteria, and the exclusion of alternative
explanations for clinical deterioration. The two antecedent re-
quirements that must be met are that (i) the diagnosis of TB
must be made prior to starting ART and (ii) there must be an
initial response to TB treatment before ART initiation. Clin-
ical criteria are defined as the onset of TB-IRIS manifestations
within 3 months of ART initiation, reinitiation, or regimen
change because of treatment failure. Additionally, the patient
must have at least one major clinical criterion or two minor
clinical criteria. Major clinical criteria include (i) new or en-
larging lymph nodes, cold abscesses, or other focal tissue in-
volvement; (ii) new or worsening radiological features of TB;
(iii) new or worsening CNS TB; or (iv) new or worsening
serositis. Minor clinical criteria include (i) new or worsening
constitutional symptoms such as fever, night sweats, or weight
loss; (ii) new or worsening respiratory symptoms; or (iii) new
or worsening abdominal pain with peritonitis, hepatomegaly,
splenomegaly, or abdominal adenopathy. Finally, alternative
explanations for clinical deterioration must be excluded if pos-
sible, including a failure of TB treatment due to drug resis-
tance, poor adherence to TB treatment, another opportunistic
infection or neoplasm, or drug toxicity or reactions.

For unmasking TB-IRIS, the INSHI proposed the following
provisional definition: a patient not receiving TB treatment
when ART is initiated who then presents with active TB within
3 months of ART initiation and who has either a heightened
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intensity of clinical manifestations, particularly if there is evi-
dence of a marked inflammatory component to the presenta-
tion, or a clinical course that is complicated by a paradoxical
reaction once established on TB treatment (181). The 2008
INSHI case definition for TB-IRIS has been validated subse-
quently in a South African cohort of 498 TB-HIV-coinfected
patients against expert opinion and in a Thai cohort of 126
patients against the study definition confirmed by an external
reviewer (120, 172).

Although much remains unknown regarding the pathogen-
esis of TB-IRIS, a preliminary mechanism has been proposed.
After the initiation of ART in HIV-infected patients on treat-
ment for TB, the manifestations and severity of TB-IRIS likely
depend on interactions between the residual burden of M.
tuberculosis components, which serve as stimuli for the innate
immune response and/or specific T cell responses, the partially
reconstituted cellular immune response, and incomplete regu-
lation of the reconstituted immune system (95, 182). Risk fac-
tors for TB-IRIS, such as low CD4 cell counts, extrapulmonary
TB, and disseminated TB, are thought to reflect a high burden
of TB at the time of diagnosis, leading to a high residual
burden of M. tuberculosis components after the initiation of TB
treatment, which, in turn, stimulates and triggers an intense
reaction from the partially reconstituted and incompletely reg-
ulated innate and/or adaptive immune responses (95). Full
immune recovery in HIV-infected patients entails (i) reconsti-
tution of immune cells depleted by HIV infection, (ii) regen-
eration of lymphoid organs damaged by HIV-induced inflam-
mation, (iii) restoration of pathogen-specific cellular immunity,
and (iv) appropriate regulation of the reconstituted immune
system (95). The exaggerated granulomatous inflammatory re-
sponse in TB-IRIS is hypothesized to be due to the partial
reversal of HIV-induced immune defects and an imbalanced
regulation of effector and regulatory cellular immune re-
sponses against TB-specific antigens (95). TB-IRIS inflamma-
tion is characteristic of a Thl immune response, although a
Th17 response has not been excluded (82, 95, 184). Evidence
for immune dysregulation in TB-IRIS remains elusive: prelim-
inary studies have not been able to detect a difference in the
numbers of circulating regulatory T cells in patients with TB-
IRIS compared with those without TB-IRIS (95, 182). How-
ever, since these studies depended on the use of surface mark-
ers and not functional assays to quantify regulatory T cells, it
remains possible that a functional defect of regulatory T cells
contributes to IRIS.

The clinical course of paradoxical TB-IRIS is usually self-
limited, and symptoms can be managed with nonsteroidal anti-
inflammatory agents with the continuation of TB treatment
and ART (142, 182). However, supportive treatment may be
needed if symptoms are severe. The use of corticosteroids to
manage severe TB-IRIS has been recommended based on
anecdotal experience and case reports (54, 142, 182). More
recently, a double-blind placebo-controlled randomized trial
evaluating the use of prednisone for TB-IRIS in 109 study
participants in South Africa (median CD4 count, 53 cells/wl)
found a reduction in days of hospitalization and numbers of
procedures for study participants who received prednisone
(173, 185). There was no difference in mortality between the
two groups, although the study may have been underpowered
to detect a mortality difference, and patients with life-threat-
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ening TB-IRIS including neurological involvement, airway
compression, and respiratory failure were excluded. It is criti-
cally important to rule out other causes of clinical deteriora-
tion prior to the diagnosis of TB-IRIS, as the use of cortico-
steroids may worsen an undiagnosed underlying infection or
drug-resistant TB. In one cohort of 100 patients with suspected
TB-IRIS, 7 had an alternative opportunistic disease, and 13
had rifampin-resistant TB (183).

Timing of Initiation of Antiretrovirals during
Treatment for Tuberculosis

The decision regarding when to start ART for people with
active TB has to weigh the risk of TB-IRIS or adverse effects
of drugs against the risk of HIV disease progression. Recent
studies have demonstrated that starting ART during treatment
for TB reduces mortality in ART-naive patients despite the
increased risk of TB-IRIS (3, 22, 75, 142, 266). Observational
data from South Africa revealed that 71% of deaths in TB-
HIV-coinfected patients on TB treatment occurred in patients
waiting to start ART who had CD4 counts of less than 100
cells/ul or WHO stage 4 disease (157). A prospective cohort
study of HIV-infected TB patients in Thailand found that
those who received ART during TB treatment had one-sixth
the risk of death compared to those who did not receive ART
(222). A retrospective cohort analysis of 1,003 Thai patients
coinfected with HIV and TB found that the initiation of ART
within 6 months of TB diagnosis reduced mortality (169). Sim-
ilarly, a retrospective analysis from Spain found that TB-HIV-
coinfected patients who started ART within 8 weeks of initia-
tion of TB treatment had a significant reduction in mortality
(9.3% mortality with starting ART within 8 weeks and 19.7%
mortality with starting ART after 8 weeks), even though there
was no difference in median initial CD4 counts between the
two groups (253). A comparison of three hypothetical cohorts
of TB-HIV-coinfected patients in whom ART was initiated
during the first 8 weeks or during weeks 8 through 24 or not
initiated during TB treatment predicted that early ART initi-
ation had the highest survival benefit (33 estimated deaths per
1,000 patients) compared to the group with deferred ART
treatment (48 estimated deaths per 1,000 patients) and com-
pared to those who did not initiate ART (147 estimated deaths
per 1,000 patients) (225).

The SAPIT trial, conducted in Durban, South Africa,
showed that for TB-HIV-coinfected patients with CD4 counts
of up to 500 cells/pl, the initiation of ART during TB treat-
ment reduced mortality compared to waiting for the comple-
tion of TB treatment before the initiation of ART. The SAPIT
trial was an open-label randomized controlled trial designed to
address the optimal timing for the initiation of antiretroviral
therapy with 642 TB-HIV-coinfected patients randomized to
one of three arms (3). The first arm was assigned to start ART
within 4 weeks after the start of TB treatment (integrated
therapy). In the second arm, ART was started within 4 weeks
after the completion of the 2-month intensive phase of TB
treatment (integrated therapy). In the third arm, ART was
started after the completion of 6 months of TB treatment
(sequential therapy). Baseline characteristics, including CD4
counts and viral loads, were similar between the two integrated-
therapy groups and the sequential-therapy group. During a
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planned interim analysis, the researchers found that starting
ART during TB treatment (integrated therapy) reduced mor-
tality by 56% compared with sequential therapy. When strati-
fied by CD4 counts, this mortality reduction was significant for
CD4 counts of less than 200 cells/ul and for CD4 counts of
between 200 and 500 cells/pl. The data and safety-monitoring
committee therefore recommended that all patients in the
sequential-therapy group be started on ART as soon as possi-
ble prior to the completion of the SAPIT study.

The Cambodian Early versus Late Introduction of Antiret-
roviral Drugs (CAMELIA) clinical trial showed significantly
increased survival with the initiation of ART at 2 weeks com-
pared to 8 weeks after starting TB treatment in severely im-
munocompromised patients with HIV infection. The study
participants were 661 ART-naive Cambodian adult patients
coinfected with TB and HIV whose CD4 counts were less than
200 cells/ul who were randomized to groups starting ART
either 2 weeks or 8 weeks after the start of TB treatment. By
the end of the 50-week follow-up period, there was a 33%
difference in mortality, with 59 deaths in 332 patients in the
early arm and 87 deaths in 329 patients in the late arm. A
retrospective review of 69 patients with HIV and TB coinfec-
tion found that an earlier initiation of ART after 2 weeks of TB
treatment in patients with CD4 counts below 100 cells/pl had
a significant mortality reduction compared with patients with
CD4 counts below 200 cells/pl who started ART after 8 weeks
of TB treatment (4.5% versus 27.7%, respectively; P = 0.03)
(243). Some experts on the U.S. guideline panel recommend
an initiation of ART after 2 weeks of TB treatment for those
with CD4 counts below 100 cells/pl (75).

Drug-Resistant Tuberculosis and HIV: a Deadly Syndemic

Multidrug-resistant TB (MDR-TB) is defined as resistance
to at least 2 drugs, including isoniazid (INH) and rifampin
(RIF), while extensively drug-resistant TB (XDR-TB) is a TB
isolate resistant to INH and RIF plus any fluoroquinolone and
at least one of the three injectable second-line drugs (capreo-
mycin, kanamycin, or amikacin) (127, 265). Of the estimated
450,000 cases of MDR-TB in 2008, 360,000 cases (80%) were
incident TB cases (accounting for 3.6% of all incident TB
cases), and 94,000 (20%) were acquired MDR-TB in patients
who had been previously treated for TB (265). XDR-TB is
estimated to account for 5.4% of all MDR-TB cases (172, 265).
Deaths from MDR-TB were estimated to be 150,000 patients,
with 53,000 (35%) of the deaths in HIV-coinfected patients
(265). HIV and MDR-TB appear to have a syndemic relation-
ship, although data are limited (265). The 2010 WHO report
on global surveillance for drug-resistant TB has data available
for only eight countries, mostly from Eastern Europe and
North America. The burden of MDR-TB and XDR-TB in
HIV-infected patients in much of Africa remains unknown.

The deadly synergy between HIV and drug-resistant TB is
most clearly illustrated by the XDR-TB outbreak in Tugela
Ferry, KwaZulu Natal, South Africa. Gandhi et al. investigated
the prevalence rates of MDR-TB and XDR-TB in a region
with HIV prevalence rates of 20% in maternity wards and 37%
among women receiving antenatal care (103, 104). Of the 1,539
patients tested, 542 (35%) had culture-positive TB, with
MDR-TB in 221 (41%) of those with culture-positive TB. Of
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the MDR-TB cases, 53 (24%) had XDR-TB, of which all of the
44 patients who were tested for HIV were infected with HIV,
with a median CD4 count of 63 cells/nl. The mortality rate
associated with XDR-TB was 98% (52 of 53 patients), with a
median survival time of 16 days from the time of specimen
collection to death. Seventy percent of patients with XDR-TB
died within 30 days from the time of sputum collection before
the diagnosis of XDR-TB was even made or confirmed. This
deadly outbreak was likely due to nosocomial transmission:
most of the patients had not been treated for TB previously,
two-thirds of the patients had been hospitalized in the previous
2 years, 2 health care workers died from XDR-TB during this
outbreak, and 85% of the genotyped XDR-TB samples were of
the same KwaZulu-Natal (KZN) genetic family of strains.

A subsequent retrospective study of all patients with
MDR-TB or XDR-TB from Tugela Ferry from 2005 to 2007
found that of the 272 MDR-TB and 382 XDR-TB cases, 90%
and 98% were coinfected with HI'V with median CD4 counts of
41 cells/pl and 36 cells/pl and median HIV viral loads of
160,000 and 135,500 log,, copies/ml, respectively (103, 104).
The majority of patients were not receiving ART at the time of
TB diagnosis. By 30 days after sputum collection, 40% of
patients with MDR-TB and 51% of patients with XDR-TB had
died. Since the diagnosis of MDR-TB or XDR-TB can take
weeks to months after sputum collection to establish, approx-
imately one-half of these coinfected patients had died before
the diagnosis was confirmed, and they never received second-
line TB treatment. Only 37% of those with MDR-TB and 25%
of those with XDR-TB were referred for second-line TB treat-
ment. Additionally, delays in establishing the diagnosis of
MDR-TB or XDR-TB meant delays in or lack of infection
control: many of these patients were hospitalized in communal
wards with other patients. Overall mortality rates were ex-
tremely high: up to 76% of HIV-infected patients with
MDR-TB and 85% of HIV-infected patients with XDR-TB
died within 1 year of sputum collection.

TB AND HIV: INTERACTIONS AT THE CELLULAR AND
MOLECULAR LEVELS

Mechanisms of Immunity to Mycobacterium tuberculosis

The cellular and molecular mechanisms of innate and adap-
tive immunity to M. tuberculosis are incompletely understood.
Nevertheless, work with humans and experimental animals has
identified some of the major cellular elements, interactions,
and essential molecular mediators that participate in the im-
mune control of M. tuberculosis infection and that are direct or
indirect targets of HIV.

M. tuberculosis is a facultative intracellular pathogen. Evi-
dence that M. tuberculosis resides in macrophages has been
known at least since the studies of Sabin and colleagues in the
1920s (65, 220), although the spectrum of cells in which the
bacteria reside in vivo has been recently found to include
myeloid dendritic cells (129, 244, 269). Macrophages and den-
dritic cells serve as cells that present antigen to T lymphocytes
and secrete cytokines that direct the differentiation and mod-
ulation of T lymphocytes. As an intracellular pathogen, M.
tuberculosis is inaccessible to antibodies for most of its life
cycle, and therefore, T lymphocytes, particularly CD4 and CD8
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T cells, have essential roles in adaptive immunity to M. tuber-
culosis. Experiments in mice have demonstrated that the ab-
sence or depletion of CD4 T cells leads to a poor control of M.
tuberculosis growth in the lungs and to accelerated death (194).
M. tuberculosis-infected CD8 T cell-deficient or -depleted mice
survive longer than CD4-deficient mice but succumb earlier
than M. tuberculosis-infected immunocompetent mice (194).
Likewise, the depletion of CD4 (76) or CD8 (48) cells from M.
tuberculosis-infected macaques compromises the control of
bacterial replication. Therefore, it is not surprising that HIV-
infected humans are more susceptible to TB and that mortality
and frequency of disseminated and extrapulmonary TB are
inversely related to CD4 T cell counts (153). CD4 T cells
recognize foreign peptides bound to human leukocyte antigen
(HLA) class II molecules on the surface of antigen-presenting
cells. In macrophages infected with M. fuberculosis, most (200)
but not all (252) of the bacteria reside in membrane-bound
phagosomes, which, through a vesicular pathway, deliver pep-
tide antigens bound to HLA class II molecules to the cell
surface. Thus, the predominant intracellular location of the
bacteria is consistent with a central role for CD4 cells in the
immune control of TB. Consequently, it is highly likely that a
CD4 T cell deficiency in HIV-infected people is the predom-
inant and direct cause of the dramatic increase in susceptibility
to TB.

In addition to CD4 T cells, several specific cytokines, espe-
cially interleukin 12 (IL-12), gamma interferon (IFN-vy), and
tumor necrosis factor (TNF), are essential for human immu-
nity to M. tuberculosis. Studies of HIV-uninfected humans with
recurrent and severe infections with mycobacteria of low vir-
ulence, such as Mycobacterium avium complex, Mycobacterium
fortuitum, and the attenuated vaccine strain M. bovis BCG,
have revealed mutations in the gene encoding a subunit of the
IFN-vy receptor (139), and further studies have revealed IFN-y
receptor mutations in certain HIV-negative patients with se-
vere and/or recurrent TB (139, 140). These findings clearly
demonstrate a critical role for the cytokine IFN-v in the im-
mune control of TB in humans and are consistent with the
results of experiments with mice that revealed essential roles
for IFN-y (56, 94) and IFN-y receptors (72) in the control of
M. tuberculosis infection.

HIV Effects on TB Immunity: CD4 T Cell Depletion

The best-characterized and most important effect of HIV on
immunity to TB and other infections is the depletion of CD4 T
cells from secondary lymphoid tissues, peripheral blood, and
mucosal sites such as the intestinal lamina propria (118, 180).
HIV depletes CD4 T cells by several mechanisms, but the
induction of apoptosis of directly infected and bystander (i.e.,
not productively infected) cells exerts the greatest quantitative
effect (reviewed in reference 124). A recent study using human
lymphoid aggregated cultures (HLACs) revealed a marked
and selective depletion of CD4 T cells after inoculation with a
CXCR4-tropic HIV-1 strain. Despite the extensive depletion
of CD4 cells from the cultures, no more than 5% of the CD4
cells exhibited evidence of productive infection. The vast ma-
jority of cell death occurred in CD4 cells that were abortively
infected (i.e., bystander cells). Additional studies revealed that
incomplete reverse transcription intermediates triggered
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caspase 3-dependent apoptosis accompanied by the caspase
1-dependent release of IL-1B. In other words, after HIV had
entered bystander CD4 T cells and hijacked the cell’s reverse
transcription machinery, the host bystander CD4 T cells sensed
the partial HIV DNA transcripts and induced apoptosis in
order to block further reverse transcription and replication of
HIV. These in vitro studies provide a molecular mechanism for
the profound depletion of abortively infected CD4 T cells as
well as a mechanism for an accompanying inflammatory re-
sponse that may contribute further to the manifestations of
HIV infection (78). Additional mechanisms of CD4 T cell
destruction, such as targeting by antibodies and by autoreactive
T cells, have been described but are thought to make smaller
contributions to the overall loss of CD4 T cells. In addition to
increased CD4 T cell death induced by HIV, a decreased
thymic output of naive CD4 T cells in HIV-infected subjects
results in an inability to replace CD4 T cells at the rate that
they are destroyed (125, 126).

During the early stages of HIV infection, the CD4 T cell
population in the intestinal lamina propria is depleted prefer-
entially and markedly; a large fraction of the cells lost in this
initial phase of infection are CD4 Th17 effector memory cells
(31). Th17 cells recognize bacterial and fungal (and, less com-
monly, viral) antigens, secrete IL-17 and IL-22, and contribute
to immunity to yeasts, extracellular bacteria (114, 166, 190),
and, possibly, M. tuberculosis (226). After the initial phase of
massive depletion of intestinal Th17 cells, the cells that are
most markedly depleted from peripheral blood and secondary
lymphoid tissues are effector memory cells, without known
specificity for those with Th1, Th2, or Th17 phenotypes (21).
The loss of CD4 effector memory cells can account for the
decrease in the immune control of latent infections and allows
the reactivation of TB and opportunistic infections such as
cytomegalovirus (CMV) and Pneumocystis jirovecii. With late-
stage infection, perhaps due to the cumulative effect of de-
creased thymic output and due to the emergence of HIV that
utilizes CXCR4 as a coreceptor, naive CD4 T cells also de-
crease in number and frequency, which can contribute to in-
effective responses to new infections and vaccinations.

HIV Effects on TB Immunity: CD4 T Cell Dysfunction

In addition to quantitatively depleting the CD4 cell popula-
tion, HIV infection also impairs the qualitative function of the
remaining CD4 T cells. An early study characterized functional
responses (assayed as IL-2 production) of peripheral blood T
cells from HIV-infected patients with CD4 T cell counts of
=400/nl and described a time-dependent progression of de-
fective responses, with a loss of responses to foreign recall
antigens (influenza virus and tetanus toxoid) that preceded the
loss of allogeneic responses or responses to phytohemaggluti-
nin (PHA), a polyclonal T cell activator (51). This pattern is
consistent with an early loss of memory CD4 cell function,
followed by the loss of responses by naive CD4 T cells.

More recently, CD4 cells from HIV-infected patients who
had undetectable HIV in plasma after treatment with ART for
a minimum of 1 year were found to exhibit defective IFN-y
secretion in response to stimulation with M. tuberculosis puri-
fied protein derivative (PPD) (241). Defective IFN-y responses
could not be attributed to a lack of PPD-responsive CD4 cells,
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as CD4 cells from ART-treated patients were able to prolifer-
ate in response to PPD. The defective IFN-y responses ob-
served were more severe in chronically infected, ART-treated
patients than in a group with primary HIV infection, suggest-
ing that chronic infection caused a persistent defect that was
not restored with effective HIV treatment. Deficient IFN-y
responses were restored by the addition of IL-12 to the assays,
indicating that the PPD-reactive cells had the capability of
producing IFN-y but did not do so under the conditions of the
assays used. Further investigations of in vitro responses to M.
tuberculosis antigens by cells from ART-treated chronically
infected patients will be necessary to understand the clinical
relevance of these findings.

In vitro studies have also revealed that HIV infection de-
creases the surface expression of the CD4 molecule through an
effect of the HIV negative factor (Nef) protein on the endo-
cytosis of CD4 molecules at the cell surface (10). Perhaps even
more significant are the observations that the HIV Nef protein
downregulates HLA classes I and II at the cell surface (47),
which, in turn, has been found to impair antigen-specific T cell
activation in vitro (240). The HIV Nef protein has also been
reported to downregulate the surface expression of the co-
stimulatory molecules CD80 and CD86 on antigen-presenting
cells, which results in an impaired activation of naive CD4 T
cells (46). By disrupting antigen presentation and by under-
mining the essential molecular interactions critical for CD4
cell recognition and stimulation, HIV has evolved the ability to
evade the host immune system and, incidentally, to impair host
CD4 T cell recognition of non-HIV antigen-bearing target
cells, such as those infected with M. tuberculosis, as well. While
the results of these in vitro studies are clear, the quantitative
contribution of these mechanisms to the pathogenesis of HIV
infection or HIV-related opportunistic infections such as TB in
vivo is less well defined.

HIV Effects on TB Immunity: Evidence for and against
Selective Depletion of M. tuberculosis-Specific T Cells

Since TB occurs with an increased incidence early after HIV
infection, prior to a measurable depletion of CD4 T cells from
peripheral blood (234), there is substantial interest in deter-
mining whether HIV infection disproportionately depletes M.
tuberculosis-specific CD4 T cells. However, the available stud-
ies have yielded conflicting results. One study found that the
frequency of IFN-y-producing CD4 T cells responsive to the
highly immunogenic ESAT-6 or CFP-10 peptide or to an
ESAT-6/CFP-10 fusion protein exhibited a negative correla-
tion with the total CD4 T cell count in HIV-infected, antiret-
roviral-naive subjects, implying that CD4 T cells responsive to
these antigens are relatively spared during the progressive de-
pletion of total CD4 T cells by HIV (121). In contrast, another
study analyzed the frequency of IFN-y-secreting cells after
stimulation with recombinant ESAT-6 or CFP-10 proteins and
reported that a lower proportion of HIV-infected individuals
had specific responses above a defined cutoff of responding
cells (109). In that cross-sectional study, those authors found
no correlation between the number of ESAT-6- or CFP-10-
responsive cells and the total CD4 T cell count in HIV-infected
or -uninfected subjects. Since the subjects in the cross-sectional
study were not selected in advance for evidence of latent TB
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infection, it is unclear how the results might have been con-
founded by including subjects that were not infected with M.
tuberculosis. In an additional effort, those investigators per-
formed longitudinal studies of 5 subjects with latent TB infec-
tion at high risk for HIV infection and analyzed CD4 memory
T cell (CD4" CD27~ CD45RO™) responses to ESAT-6, CFP-
10, or PPD. This revealed that when expressed as a fraction of
CD4 memory cells, the frequency of IFN-y-producing cells
declined with time after HIV seroconversion in 4 of the 5
subjects, none of whom developed active TB during the period
of follow-up. Ironically, the fifth subject, for whom the fre-
quency of M. tuberculosis antigen-responsive IFN-y-producing
cells did not decline, developed active TB, which was accom-
panied by an increased frequency of M. tuberculosis antigen-
responsive IFN-y-producing CD4 memory cells. An additional
recent study provided compelling evidence for the selective
depletion of M. tuberculosis-specific CD4 cells in HIV-infected
individuals by comparing the frequencies of CD4 cells specific
for M. tuberculosis or for CMV antigens (108). That study also
revealed that M. tuberculosis-specific cells more frequently ex-
pressed IL-2, while CMV-specific cells expressed macrophage
inflammatory protein 1 (MIP-1B), and IL-2 promoted HIV
infection, while MIP-1B blocked infection, providing a poten-
tial mechanism for the selective infection and depletion of M.
tuberculosis-specific CD4 cells compared with CMV-specific
cells. Taken together, these results indicate that (i) some indi-
viduals maintain populations of M. tuberculosis-specific CD4 T
cells even while their overall population of CD4 T cells is
declining, (ii) certain individuals disproportionately lose M.
tuberculosis-specific CD4 T cells capable of secreting IFN-y
early in the course of HIV infection, (iii) there is substantial
variation between HIV-infected individuals in the rate of loss
of M. tuberculosis-specific CD4 T cells, and (iv) IFN-y produc-
tion by antigen-specific peripheral blood T cells is an imperfect
correlate of protective immunity to M. tuberculosis, at least in
the context of HIV coinfection. A resolution of the discordant
results reported thus far will benefit substantially from further
studies with well-characterized subjects, standardized assay
conditions, an examination of a broader repertoire of M. fu-
berculosis antigens, and the use of M. tuberculosis peptide-
loaded HLA tetramers to probe the frequency of antigen-
specific T cells so that their frequency can be compared to their
functional responses.

While the above-mentioned studies of peripheral blood T
cell responses yielded conflicting results regarding the early
loss of peripheral blood CD4 T cell responses to M. tubercu-
losis antigens, a recent study of lung cells from HIV-infected
persons in an area with a high prevalence of TB revealed
evidence for an especially marked effect of HIV infection on
M. tuberculosis-specific CD4 T cells in the lungs (141). As
expected, the HIV-infected subjects studied had fewer periph-
eral blood CD4 T cells than did the HIV-negative controls
(median, 226 versus 786 cells/pl, respectively). The frequency
of CD4 T cells (as the percentage of total T cells) in bron-
choalveolar lavage (BAL) fluid was lower in the lungs than in
the blood of both HIV-infected and -uninfected subjects, with-
out a disproportionate reduction in HIV-infected subjects.
However, M. tuberculosis antigen-specific CD4 T cells were
significantly less frequent in BAL fluid from HIV-infected sub-
jects than in BAL fluid from subjects without HIV. The use of
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intracellular cytokine staining (ICS) to quantitate the fre-
quency of polyfunctional (IFN-y-, TNF-, and/or IL-2-produc-
ing) mycobacterial antigen-specific CD4 T cells also revealed a
significant reduction in the amount of polyfunctional CD4 T
cells in BAL fluid of HIV-infected versus HIV-negative sub-
jects. These important studies provide evidence that local
adaptive immune responses to mycobacterial antigens are dis-
proportionately reduced compared with peripheral blood cell
responses in HIV-infected individuals and provide evidence
that compromised local lung adaptive immune responses may
contribute to susceptibility to a reactivation of latent TB, es-
pecially early after HIV infection.

HIV Effects on TB Immunity: Are M. tuberculosis-Specific
CDS8 T Cells Affected?

While a crucial role for CD4 T cells in human immunity to
M. tuberculosis is widely accepted, strong evidence that CD8 T
cells contribute to the control of TB in humans is emerging.
Human CDS8 T cells specific for M. tuberculosis antigens are
capable of recognizing and lysing M. tuberculosis-infected cells
in vitro (49, 137, 238) and contribute to the killing of mycobac-
teria, in part through the action of a cytolytic T cell granule
protein, granulysin (237). CD8 T cells are essential for protec-
tive immunity to M. tuberculosis in mice (194) and nonhuman
primates (48), suggesting that they contribute to the control of
TB in humans. Moreover, recent work has revealed evidence
that the treatment of rheumatoid arthritis patients with the
anti-TNF monoclonal antibody infliximab specifically depletes
a subset of CD8 T cells that express granulysin and contributes
to mycobacterial killing in in vitro assays (32, 189). Taken
together, these observations provide strong evidence that CDS8
T cells are important for immunity to M. tuberculosis in hu-
mans.

HIV may indirectly cause a loss of M. tuberculosis antigen-
specific CD8 T cells through the depletion of M. tuberculosis
antigen-specific CD4 T cells. In mice, CD4 T cells contribute to
the optimal development and maintenance of functional CD8
T cells (176), and in humans with HIV, the number of CD8 T
cells specific for a CMV epitope was found to correlate with
the number of CMV-responsive CD4 T cells (149), consistent
with a need for CD4 cells to maintain CDS cells in humans.
Recent experiments with mice have established that interleu-
kin-21 (IL-21) is the major mediator produced by CD4 T cells
that promotes optimal CD8 T cell functions during chronic
viral infection (84, 101, 272). Circulating IL-21 concentrations
are reduced in HIV-infected subjects and correlate with CD4
T cell counts (130, 131), indicating that CD4 T cells are an
important source of IL-21 in humans as well as in mice. Taken
together, there is evidence that HIV infection can indirectly
lead to the depletion of CD8 T cells that recognize microbial
antigens, and this may contribute to susceptibility to opportu-
nistic infections, including TB. With the identification of a
large number of specific T cell epitopes from M. tuberculosis
(23) and multiple methods of identifying and characterizing
the functional activity of antigen-specific CD4 and CDS8 T cells,
testing the hypothesis that HIV infection depletes M. tubercu-
losis-specific CDS in addition to CD4 T cells can be readily
accomplished.
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HIV Effects on TB Immunity: Effects of Antiretroviral
Therapy on Restoration or Recovery of Immunity to TB

As noted previously, there is strong evidence that ART re-
duces the incidence of TB but that ART does not reduce the
incidence of TB to that found for HIV-uninfected populations
(156) (Fig. 5). This is compatible with several possible expla-
nations: (i) ART and the suppression of viremia do not restore
CD4 cells to the quantitative level needed for normal immunity
to TB, (ii) there is a qualitative defect in CD4 T cell effector
functions that persists and causes increased susceptibility to
TB, (iii) CD4 T cells with antigen receptors specific for M.
tuberculosis epitopes are deleted from the overall population of
T cells or are rendered tolerant, (iv) other essential functional
components of adaptive immunity to TB (such as M. tubercu-
losis antigen-specific CD8 T cells) are not reconstituted by
ART, or (v) some combination of these. Little evidence to
support or refute any of these possibilities is currently avail-
able, although one study has revealed evidence of a specific
impairment of IFN-y secretion by M. tuberculosis antigen-spe-
cific T cells that persisted after ART and the control of HIV
(241). Whether this contributes to ongoing susceptibility to TB
after ART will require further study.

In addition to its importance for the design of optimal ap-
proaches to prevent TB in ART-treated individuals, the obser-
vation that immunity to M. tuberculosis is not restored to base-
line after ART treatment provides a unique opportunity to
discover and validate immunological correlates of immunity to
TB. Prospective immune profiling of ART-treated individuals
in areas with a high TB prevalence, correlated with the devel-
opment of TB or not, may provide strong evidence for re-
sponses associated with protective immunity. Such discoveries
would have great value in guiding the design and testing of the
next generation of vaccines against TB.

TB Effects on HIV: the Other Side of the Cellular and
Molecular Syndemic

As noted above, epidemiological and clinical studies have
provided evidence that active TB increases the likelihood of
death with HIV and also increases viral loads and viral het-
erogeneity, especially at sites of TB infection. Modeling this
phenomenon in vitro, several studies have revealed that M.
tuberculosis infection can increase HIV replication in CD4 T
cells and macrophages and have provided insight into multiple
underlying mechanisms.

Early after the recognition that TB and HIV were converg-
ing to amplify the problems that each of the epidemics posed
alone (231), peripheral blood monocytes from patients with
active TB were found to be more susceptible to productive
infection by HIV in vitro (247). Moreover, levels of HIV have
been found to be higher in M. tuberculosis-infected regions of
the lungs than in the uninvolved regions of the same patient
(274). Several subsequent studies have provided mechanistic
insights into this effect of TB. M. tuberculosis activates proin-
flammatory responses of macrophages by signaling through
Toll-like receptor 2 (TLR2) and TLR4 (179) and through
nucleotide-binding oligomerization domain 2 (NOD2) (77, 93)
and by inducing the secretion of the cytokine TNF. TLR2,
TLR4, NOD2, and TNF all signal through the host transcrip-
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tion factor NF-«kB (179), which directly activates the transcrip-
tion of HIV (79, 201, 205). Therefore, it is not surprising that
M. tuberculosis activates the production of HIV in macro-
phages.

Since the quantitative contribution of HIV production by
infected macrophages to the overall viral burden is uncertain,
it is important to consider that TB also increases the produc-
tion of HIV by T lymphocytes. In vitro stimulation with M.
tuberculosis antigens markedly increases viral production by
CD4 T cells from HIV-infected individuals, and this increase is
dependent on the prior sensitization of the T cell donor to M.
tuberculosis (116). Therefore, by providing a chronic source of
antigenic stimulation for M. tuberculosis-specific CD4 T cells,
active TB can dramatically increase the production of HIV.
Antigen activation can amplify the production of HIV in CD4
T cells by at least three mechanisms. First, T cell antigen
receptor (TCR) signaling activates the transcription factor
NFATec (nuclear factor of activated T cells-c), which activates
the reverse transcription of HIV (147). Second, TCR stimula-
tion, together with CD28 engagement, activates NF-kB (132),
which increases the transcription of HIV. Third, the activation
of T cells through the TCR increases the expression of the HIV
coreceptor CCRS5 (271), thereby increasing the susceptibility of
CD4 T cells to infection by HIV.

While the effects of M. tuberculosis infection noted above
provide strong evidence for multiple mechanisms in which
active TB can amplify the production of HIV in vivo and in
vitro, at least one mechanism that can actually inhibit HIV
production has been found. The chemokine ligands that use
CCRS (MIP-1/CCL3, MIP-1B/CCL4, and RANTES/CCLS)
effectively compete with HIV for CCRS and inhibit the infec-
tion of CCR5-expressing cells (148). M. tuberculosis is a potent
inducer of these chemokines in primary macrophages (221,
224), indicating that at least in certain local environments,
there may be inhibitory effects of M. fuberculosis that can
counter the effects that increase the production of HIV. While
polymorphisms in the genes encoding CCL3 and CCLS and
higher levels of secretion of these chemokines are associated
with slower progression to AIDS (107, 193, 273), it is likely that
for patients with active TB, the HIV-promoting effects of TB
overcome this potential inhibitory mechanism, thereby wors-
ening the course of HIV infection.

In addition to the known mechanisms for TB worsening
HIV, at least one additional mechanism should be considered.
TB is characterized histopathologically by the formation of
granulomas, which are organized aggregates in which macro-
phages, dendritic cells, T cells, and B cells are closely apposed
(215). Since the macrophages and dendritic cells in granulomas
include cells containing bacteria, some of which are also in-
fected with HIV, it is likely that M. tuberculosis-infected mac-
rophages are activated to produce HIV that is then available to
infect adjacent macrophages and CD4 T cells in the granu-
loma. Likewise, HIV-infected CD4 T cells that are activated by
the recognition of M. tuberculosis antigens presented by gran-
uloma macrophages and dendritic cells likely produce large
amounts of HIV, followed by the efficient infection of adjacent
CD4 T cells and macrophages in the granuloma. Since recent
studies of the early stages of HIV infection have revealed that
the local recruitment of CD4 T cells accelerates the early
spread and progression of HIV (118, 119), it is also possible
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that in TB, granulomas as aggregates of M. tuberculosis- and
HIV-infected cells provide a highly efficient site for the ampli-
fication of HIV. This hypothesis should be readily testable in
nonhuman primate systems and may provide an incentive to
modulate cell trafficking to granulomas as an adjunct to the
treatment of tuberculosis in HIV-coinfected individuals.

In summary, there is strong evidence that at the cellular and
molecular levels, HIV and M. tuberculosis interact to amplify
the effects of both pathogens, resulting in a cellular and mo-
lecular syndemic that is manifested by accelerated disease in
individuals and in a massive global public health catastrophe.

SUMMARY

The emergence of the HIV pandemic in human populations
already having a significant burden of TB has markedly wors-
ened the global TB epidemic, with more cases of TB in 2008
than in any year in history. Likewise, TB is a major cause of
death in people infected with HIV. The epidemiological, clin-
ical, immunological, and molecular biological studies done to
date have revealed that HIV and TB synergize with one an-
other at the population, individual, cellular, and molecular
levels. Without an adequate control of the TB-HIV syndemic,
the long-term TB elimination target set for 2050 will not be
reached (163). There is an urgent need for additional re-
sources and novel approaches for the diagnosis, treatment,
and prevention of both HIV and TB. Multidisciplinary ap-
proaches that consider HIV and TB together, rather than as
separate problems and diseases, will be necessary to prevent
the further worsening of the HIV-TB syndemic. Some of the
key topics that we think warrant intensified investigation in
order to better control the TB-HIV syndemic are discussed
here.

Prevention of TB Infection in HIV-Infected Persons

Understanding the reservoir of tuberculosis. In populations
with a high prevalence of HIV and TB, do most people with
HIV acquire M. tuberculosis from HIV-infected or from HIV-
uninfected individuals? If HIV-uninfected people are the
source of a disproportionately high fraction of TB transmis-
sion, then intensified case-finding and treatment efforts should
also be directed toward this group. On the other hand, are
there differences in genetic characteristics of TB strains that
infect HIV-infected individuals compared with those that in-
fect HIV-uninfected individuals?

Understanding factors affecting infectiousness and trans-
mission of TB. How can high-TB transmitters be identified
so that their contacts can be targeted for diagnostic and
prevention efforts? Are there correlates of high transmission
capability beyond the presence of pulmonary cavities, fre-
quent coughing, and smear positivity? Considerable evi-
dence indicates that individuals with active pulmonary TB
vary greatly in their efficiency of transmitting TB, but there
are few reliable tools to distinguish them. The discovery and
validation of bacterial strain characteristics and/or specific
host innate or adaptive immune responses that correlate
with efficient transmission would allow intensified preven-
tion efforts to be directed at these individuals and their
contacts.

CLIN. MICROBIOL. REV.

Tailoring infection control and ventilation practices to re-
source-poor settings. How can we adapt standard infection
control and ventilation practices to the realities of resource-
limited ambulatory clinics, hospitals, and prisons? Are there
cheaper and lower-maintenance methods for ensuring ade-
quate ventilation in waiting rooms, clinics, hospitals, and clin-
ics? Can we standardize and scale up infection control and
ventilation practices in resource-limited settings to prevent the
nosocomial spread of TB to HIV-infected patients?

Understanding susceptibility to TB infection. Does HIV
predispose an individual to TB by mechanisms beyond the
depletion of CD4 T cells? Since immune reconstitution with
ART reduces the risk of TB in HIV-infected people but does
not reduce the risk to that of people never infected with HIV,
it seems clear that there remain specific immune defects de-
spite the restoration of CD4 T cell counts. Well-planned pro-
spective studies of the course of immune reconstitution as-
sayed by high-resolution immunological assays may reveal
specific deficits that persist in those people treated with ART
who subsequently develop TB. Results of these studies would
not only inform future investigations of TB in HIV-infected
people but may also reveal unique mechanisms and correlates
of immunity to TB that will be valuable in designing TB vac-
cines and their trials. If an efficacious TB vaccine can be de-
veloped, the immunization of immunocompetent individuals
may decrease the incidence of TB in HIV-infected people.

Preventing Progression to Active TB in HIV-Infected
Persons with LTBI

Understanding the cellular and molecular pathophysiology
of TB infection in HIV-infected persons. Does HIV affect the
trafficking of M. tuberculosis in macrophages and dendritic
cells? Does HIV affect the survival and/or replication of M.
tuberculosis in macrophages and dendritic cells? Studies by
multiple investigators have revealed considerable data on the
trafficking of M. tuberculosis phagosomes and their interactions
with other vesicular organelles, and it is believed that interfer-
ence with phagosome maturation is an important determinant
of M. tuberculosis survival and persistence. However, there is
little, if any, information on whether or how the infection of
macrophages with HIV affects the maturation of M. tubercu-
losis-containing phagosomes. An intriguing combination of re-
cent findings suggests a potential mechanism whereby HIV
could alter phagosome maturation and promote the intracel-
lular survival of M. tuberculosis. A genome-wide RNA inter-
ference (RNAI) screen identified the endosomal sorting com-
plex required for transport (ESCRT) machinery, including the
protein tsgl101, as being essential for restricting the growth of
avirulent or attenuated mycobacteria (213), suggesting that
virulent M. tuberculosis may target this apparatus in order to
enhance its intracellular survival. Since HIV is known to utilize
tsgl01 in the process of viral budding (106), it is reasonable to
hypothesize that HIV may divert tsgl01 and the ESCRT ap-
paratus from mycobacterial phagosomes and thereby promote
the intracellular survival and replication of M. tuberculosis.

Developing algorithms to increase the sensitivity of detec-
tion of latent TB infection in HIV-infected persons. The latest
U.S. guidelines for the use of IGRAs in HIV-infected persons
suggest that both TSTs and IGRAs may be used in combina-
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tion to diagnose LTBI in a person with HIV when the initial
screening test is negative. Developing and standardizing a mul-
tistep testing algorithm for the screening of LTBI in HIV-
infected person will help improve the ability to diagnose and
treat LTBI in HIV-infected persons to prevent progression to
active disease.

Discovering biomarkers associated with increased risk for
progression to active TB. Of HIV-infected persons with LTBI,
what are the correlates of progression to active TB besides low
CD4 counts? Being able to identify markers associated with
progression to active TB will help better target more frequent
screening and treatment for LTBI.

Continued scale-up and support for antiretroviral treat-
ment. Treatment with ART decreases the incidence of TB, and
therefore, access to ART is an integral part of efforts to control
the TB-HIV syndemic.

Timely and Appropriate Treatment for HIV-Infected Persons
with Active TB

Improved and faster diagnostics for resource-limited set-
tings. Current diagnostic tests for TB are outdated, and over
the past decade, multiple organizations such as the Stop TB
Partnership, the Foundation for Innovative New Diagnostics,
the Global Laboratory Initiative, the World Health Organiza-
tion, and the Bill and Melinda Gates Foundation have invested
in and advocated for the development of new diagnostic tools
for TB. Additionally, the ability to obtain nearly full genome
sequences of bacterial isolates is rapidly improving, and costs
are progressively decreasing with new technological develop-
ments. The assiduous application of whole-genome sequencing
may reveal a much deeper understanding of the diversity and
complexity of M. tuberculosis strains and their adaptation to
specific host populations. An understanding of these factors is
likely to guide efforts to develop novel approaches to the di-
agnosis, prevention, and treatment of TB in HIV-infected in-
dividuals.

Understanding the relationship between drug-resistant TB
and HIV. Are HIV-infected patients more likely to be infected
with multiple strains of M. tuberculosis? What are the biolog-
ical mechanisms that contribute to the association of HIV and
drug-resistant TB? While the association of HIV and drug-
resistant TB can partially be attributed to the exposure of
HIV-infected people to others with drug-resistant TB in poorly
ventilated areas, it is plausible to hypothesize that biological
factors also play a role in driving this association. Are there
strains of M. tuberculosis that disproportionately affect HIV-
infected people that are especially prone to becoming drug
resistant? Are there host factors in HIV-infected people that
contribute to the development of primary drug resistance, for
example, a higher bacterial burden with a larger number of
spontaneously resistant bacteria than present in immunocom-
petent people? Is the fitness cost of certain drug resistance
mutations overcome by the immunodeficiency associated with
HIV infection so that the transmission of drug-resistant strains
to HIV-infected people is more efficient than that to immuno-
competent hosts?

Understanding drug-drug interactions between antiretrovi-
ral and TB medications. With the introduction of new protease
inhibitors, integrase inhibitors, and entry inhibitors for the
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treatment of HIV, investigations into the pharmacokinetic and
pharmacodynamic drug interactions between HIV medications
and TB medications are critically needed in order to minimize
drug toxicities, the development of HIV drug resistance, and
the development of TB drug resistance. Better data on the
drug-drug interactions between ARTs and second-line TB
drugs are also needed to minimize drug toxicities for the treat-
ment of MDR-TB and HIV.

CONCLUSIONS

The HIV-TB syndemic has had a major impact on human
health and disproportionately affects people in Africa. How-
ever, a high prevalence of TB anywhere in the world poses risks
to the health of people elsewhere, since TB is transmitted by
the aerosol route. While the scale of the HIV-TB syndemic
seems daunting, the application of existing knowledge and
techniques for the diagnosis, treatment, and prevention of TB
can make an impact. Further progress will require advances in
our understanding of the dual biology of HIV and TB coin-
fection as well as a better understanding of the interactions of
M. tuberculosis with HIV-infected and -uninfected humans and
their innate and adaptive immune systems.
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