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Introduction

Mpycobacterium tuberculosis is a remarkably successful human pathogen, infecting nearly 1/3 of the
world’s population, and causing an estimated 9 million new cases and 1.4 million deaths each year (1).
Our understanding of the immunologic factors contributing to this success is incomplete. Most infected
individuals acquire partially protective pathogen-specific immune responses that permit them to remain
disease-free for a lifetime. However, in some individuals, disease due to reactivation will occur, often
without apparent predisposing defects in immune function. Indeed, it is precisely in these cases with
unimpaired cellular immune responses that lung destruction can be greatest, TB transmission most
problematic, and relapse-free cure most difficult to achieve. This chapter will examine aspects of the
human immune response to M. tuberculosis as they relate to TB pathogenesis, protection, and

treatment.

Early responses to mycobacterial infection

Cellular immune responses to a wide range of intracellular pathogens including M. tuberculosis progress
in two stages. Initial innate responses involve the direct production of cytokines, including tumor
necrosis factor (TNF), interleukin 12 (IL-12) and others, by infected macrophages activated via toll-like
and other pattern receptors (2-4). These signals are then amplified by adaptive responses of pathogen-
specific T lymphocytes recruited to the site of infection. Interferon (IFN) y produced by these cells serves
both to augment the production of inflammatory mediators, and to activate intracellular antibacterial
mechanisms by activation of Janus kinases (JAK) and subsequent phosphorylation of signal transducer
and activator of transcription (STAT, particularly STAT-1) (5,6). The absolute requirement for IFNy
signaling in this process is evident in persons with hereditary lack of the IFN receptor (7,8) or with
acquired high titer neutralizing IFNy antibodies (9). Both defects cause disseminated infections due to
mycobacteria (Mtb and NTM), Cryptococcus, Histoplasma, Salmonella, Burkholderia, and Penicillium.
This spectrum of disease overlaps with that due HIV-1, in which it is due mainly to depletion of antigen-

specific IFNy-producing CD4 T lymphocytes (10).

Early T cell responses to M. tuberculosis infection in the human lung have been studied by Silver et al
following segmental bronchoscopic challenge with PPD (11-13). In this model, Mtb-infected healthy

individuals show enhanced production of IFNy by lung-resident memory T cells. These cells normally



comprise approximately 10% of the mononuclear cells obtained by bronchoalveolar lavage, but quickly
double in number in response to antigenic challenge. Responding cells also produce the IFNy-inducible
CXCR3 ligands interferon induced protein 10 (IP10, also known as CXCL10) and monokine induced by
interferon y (MIG). These chemokines facilitate the further recruitment of CD4+ T cells to the site of

antigen challenge. CC chemokines do not appear to be involved in this process.

Several in vitro models have been used to further examine the antimycobacterial activity of these early
cell interactions (14-16). The models have consisted of either whole blood or mononuclear cells to which
M. tuberculosis or M. bovis BCG is added. After a period of culture, the extent of mycobacterial growth
or death is measured by one of several methods (CFU counting, reporter phages, tritiated uracil
incorporation, or time to detection in automated liquid culture). Findings in these models have been
consistent with clinical observations regarding mycobacterial immunity. Superior restriction of
intracellular mycobacterial growth has generally been observed in cultures of Mtb-infected or BCG-
vaccinated healthy persons (14,17). Impaired responses are found in cultures in HIV-infected persons;
these improve with anti-retroviral therapy (18). IFNy and TNF are required in these models as they are in
vivo, as the addition of neutralizing antibodies interferes with inhibition of growth. However, addition of
exogenous cytokine has no clear effect on growth inhibition, which instead appears to require direct
cell-to-cell contact without involvement of a recognized pair of ligands. Furthermore, the extent of
growth inhibition in these models appears unrelated to either the number of IFNy-producing cells or the
amount of IFNy produced (18,19). These observations are nonetheless consistent with longitudinal
studies of close contacts of TB cases, in which the diagnosis of active tuberculosis is often preceded by
striking increases in the proportions of Mtb-reactive IFNy-producing CD4 T cells (20-22). This has
dampened enthusiasm for IFNy as an immune correlate of protection from TB, and focused attention
instead on the potential role of growth inhibition assays as an alternative means for early evaluation of

new TB vaccines (23) NB: citation is a placeholder.

Granuloma formation and mycobacterial persistence

As a group, these in vitro models have consistently revealed that the early macrophage-T cell
interactions result in inhibition of mycobacterial growth, but they also have revealed the apparent lack
of expression of true bactericidal activity. The persistence of viable M. tuberculosis despite the early

cellular immune response is likely the key factor driving the formation of the dense, fibrous,



multilayered structures that are characteristic of human TB granulomas (figure 1). Mature TB
granulomas contain a core of acidic caseous material lacking oxygen and nutrients, incapable of
supporting mycobacterial replication (24). Mycobacterial survival under these harsh circumstances is
facilitated by a dormancy response that limits bacterial cell wall synthesis, cell division, and dependence
on aerobic respiration (25,26). The extent to which the granulomatous host response is ultimately
successful in eradicating latent Mtb infection is not known. One study of 22 adults with LTBI re-
examined 19 years after an initial positive tuberculin skin test (TST) found that most had maintained
reactivity despite a lack of recognized ongoing exogenous re-exposure (27). Indeed, only 1 of the 22
subjects showed evidence of boosted responses on repeated testing, a phenomenon thought to reflect
re-expansion of otherwise waning T cell recall responses due to exogenous antigen. The remarkable
longevity of these TST responses supports the concept of continued endogenous antigenic re-exposure

due to mycobacterial persistence in persons with LTBI.

However, to be of clinical consequence, this persistence must be accompanied by the capacity to
reactivate. The most relevant data in this regard come from experience with anti-TNF monoclonal
antibodies (mAbs) garnered prior to widespread implementation of LTBI testing and treatment. It is now
recognized that the TNF mAbs constitute a strong risk for reactivation of LTBI, which, if untreated,
produces LTBI reactivation rates many times that in the general population (28). Most of that risk is
concentrated in the first few months of anti-TNF treatment (29), suggesting a model in which the
subsequent decline of TB cases is due to depletion of “reactivatable” LTBI. A formal analysis of these
data using hidden Markov modeling indicated a strikingly low proportion of susceptible individuals
(0.015%) and a very high monthly rate of reactivation (20%) (30). The proportion of susceptible
individuals could increase, of course, should immunosuppressives with greater potential for LTBI
reactivation be developed in the future. In any case, these findings support the concept that over time,
the human immune response can indeed eradicate many instances of latent Mtb infection, but that the

process is at best a slow one.

Reducing the risk of reactivation

The greatest body of experience in the detection of latent TB infection prior to treatment with biologic

(anti-cytokine) therapies exists for the TST, which unfortunately neither distinguishes persistent M.

tuberculosis infection from immunologic memory of resolved prior infection, nor from sensitization due



to non-tuberculous mycobacteria or BCG. However, studies in TB-endemic regions indicate that in the
absence of exposure to an index TB case within a household, TST responses in BCG-vaccinated decline in
a majority of infants to <5mm within the first year of life (31). Large reactions in adults from TB endemic
regions are unlikely to be due to childhood BCG vaccination, but instead are more likely to reflect true

M. tuberculosis infection (32,33).

Among all current treatments for chronic inflammatory conditions such as RA, anti-TNF mAbs pose the
greatest TB reactivation risks, which are 2 to 14-fold those of soluble TNF receptor, and are
accompanied by greater risk of extrapulmonary and/or disseminated disease (29,34,35). The reduced
ability of soluble TNF receptor to reactivate LTBI is consistent with its lack of efficacy in chronic
granulomatous inflammatory conditions (36-38). Corticosteroids pose a dose-dependent TB risk, with
those of daily doses 215mg comparable to TNF mAbs (adjusted OR=7.7, 95% Cl 2.8 to 21.4) (35,39). The
TB risks posed by other, newer therapies are less well understood. A recent post-marketing survey of
tocilizumab (anti-IL-6 antibody) in Japan reported 4 TB cases among 3881 treated patients, a rate of 220
cases per 100,000 patient-years (40). Like TNF mAbs, TB cases appeared early during treatment,
consistent with reactivation. In contrast, a prospective study of abatacept (which blocks the interaction
of monocyte CD80/86 with CTLA-4 on lymphocytes, preventing activation) found no TB cases, vs. 2 in
infliximab-treated controls (41). Unlike anti-TNF mAbs, abatacept has no effect on bacillary number or
animal survival in a murine model of chronic Mtb infection (42). Tofacitinib, a Janus kinase (JAK)
inhibitor, has been reported to cause dose-dependent increases in bacillary numbers in a chronic murine
Mtb infection model (43). However, an analysis of TB incidence in global tofacitinib phase 2, 3 and
extension trials in RA found that TB case rates in treated patients were reduced in relation to those in
the general population, and that incident cases occurred late during treatment, consistent with
progression of new infection rather than reactivation (44). These findings may indicate that the TB risk
of tofacitinib is low and/or that cases have been preventive by an effective LTBI screening and treatment

program.

TST responses are reduced in rheumatoid arthritis (RA), both due to underlying disease activity and to a
lesser extent to its treatment (45-47). TST sensitivity may be increased by reducing the threshold for
positivity (5mm) and by repeated testing (boosting), 7-10 days after a negative test. Both strategies
increase test sensitivity at the cost of reduced specificity (48,49). Sensitivity can be further improved by

chest radiography to identify regional scarring and hilar lymphadenopathy. LTBI screening strategies



should in practice attempt to balance the risks of over-diagnosis (unnecessary treatment and its
associated toxicities) with those of under-diagnosis (disseminated, rapidly progressive TB). In this
context RA patients treated with anti-TNF mAbs represent a “worst case” scenario in which it may be

appropriate to accept reduced specificity in return for enhanced sensitivity.

The most comprehensive data regarding management of infection risks of biologic therapies come from
European country-wide case registries. In Spain, the implementation of boosted TST with a 5mm
threshold coupled with 9 months of isoniazid treatment reduced TB incidence due to the TNF mAb
infliximab by 74%, with no TB cases occurring in INH-treated patients (50). INH was well tolerated:
elevated transaminases occurred in only 7/324 patients, with no hospitalizations, liver failures, or
deaths. Treatment of these 324 individuals appeared to prevent approximately 7 TB cases. The
corresponding French experience using a single (unboosted) 5mm TST also found no TB cases in INH-
treated patients (51). However, in contrast, 30 of 45 TB cases in persons with known TST results
occurred in those with reactions <5mm. The inadequate sensitivity of a single TST, even with a 5mm
threshold, was subsequently confirmed in follow-up data from Spain, in which TB cases arose only from

patients in whom the second TST was omitted or ignored (52).

These experiences argue strongly against the sole use of single TST screening prior starting anti-TNF
treatment, even with a 5mm threshold. They also provide interesting insights into INH treatment of
LTBI. Large preventive therapy studies in the 1970s and 80s established efficacy rates of 65% and 75%
for isoniazid treatment durations of 24 and 52 weeks, respectively; in contrast, a 12 week regimen was
only 21% effective (53,54). The Spanish experience, in which 9 months of treatment with INH was
started 1 month prior to starting anti-TNF treatment, indicates that concomitant TNF blockade does not
interfere with treatment of latent TB infection. It also indicates that TB prevention does not require the
eradication of latent infection prior to starting TNF blockade, but merely that preventive treatment is in
place. Current recommendations for 1 month of INH prior to starting anti-TNF therapy are therefore

useful mainly to ensure adequate INH tolerability.

The specificity of testing for latent TB infection can be improved by the use of the antigens ESAT-6, CFP-
10, and TB7.7, which are encoded by genes absent from all BCG strains (55). T cell responses to these
antigens are detected by in vitro assays by the release of IFNy, either by ELISA (Quantiferon TB Gold In-
tube [QFT-GIT], Cellestis) or by ELISPOT (T spot-TB, Oxford Immunotech). Some studies have reported



reduced sensitivity of testing with ESAT-6 and CFP-10 compared to TST although others have not
(33,56). In the largest reported global study of the use of TST and QFT-GIT prior to anti-TNF mAb
treatment (golimumab) involving 2282 patients, single (unboosted) TST and QFT-GIT were concordant in
only a minority of those with either test positive (k =.22) (57). Five TB cases, diagnosed from 3 to 11
months after starting anti-TNF treatment (median, 7 months), occurred among 2210 patients treated for
1 year (58). Of these, 2 had positive unboosted TST results at screening (range 0 to 15mm, median
3mm); all had negative QFT-GIT results. Further studies are warranted to determine if a lower threshold
for QFT-GIT positivity (e.g., 0.1 rather than the current 0.35) might be more appropriate for testing in

this high-risk patient population.

Enhancing the effects of concurrent TB chemotherapy

The goals of adjuvant immunotherapy in TB include enhanced bacillary clearance and reduced lung
damage. The largest published randomized controlled trial of adjunctive IFNy in TB compared the effects
of standard therapy plus IFNy 200 pg given thrice weekly for 4 months by aerosol or by subcutaneous
injection vs. standard therapy alone in a total of 89 patients with drug-sensitive pulmonary TB (59).
There was no effect of either adjunctive treatment on sputum culture conversion or high resolution
chest computed tomography. A study conducted by Intermune compared aerosolized IFNy 500 ug thrice
weekly vs. placebo for 6 months in a total of 80 patients with MDR-TB, all of whom also received
standardized therapy with second-line drugs (60). The study was halted prematurely by its external
monitoring board due to a trend toward increased mortality in the experimental arm (10 deaths, vs. 5 in
controls, P=0.14), with no effect on sputum culture or chest radiography. The study findings have never
been published. Several other studies with fewer than 10 subjects per arm in which adjunctive IFNy or
IFNo. was given by aerosol or subcutaneous injection have reported inconsistent results (61-65). These
clinical findings mirror the lack of consistent effect of added IFNy on intracellular M. tuberculosis using in
vitro models. One additional study examined the effects of interleukin 2 (IL-2), a cytokine that promotes
T cell proliferation and differentiation. Adjunctive IL-2 (225,000 1U) given subcutaneously twice daily for
1 month vs. placebo in 110 patients with drug sensitive TB tended to delay rather than enhance sputum

culture conversion (66).

These findings stand in contrast to those of a study of high dose methylprednisolone, a corticosteroid

with broadly immunosuppressive properties. This trial examined the effects of adjunctive



methylprednisolone 2.75 mg/kg/d for one month vs. placebo in 189 subjects with drug-sensitive TB (67).
The methylprednisolone dose, which was selected as that required to reduce TNF production at least by
half, was tapered to zero during the subsequent month, with subjects receiving on average a cumulative
dose of 6500 mg, substantially greater than in any prior TB trials. Fifty percent of prednisolone-treated
subjects converted to sputum culture negative after 1 month vs. 10% in the placebo arm (P=0.001). The
magnitude of this effect is greater than has been reported in any other studies of adjunctive TB
immunotherapy. No serious opportunistic infections occurred. However, other early serious adverse
events, consisting of expected gluco- and mineralocorticoid toxicities (hypertension, edema,
hyperglycemia, and one death due to hypertensive crisis) occurred significantly more often in the
prednisolone arm. Two other prospective randomized trials of adjunctive corticosteroids given at lower
doses have observed similar, albeit smaller, salutary effects on sputum culture, chest radiography and
symptoms (68,69), as has one small trial of adjunctive etanercept (soluble TNF receptor) 25 mg twice
weekly for month (70). These findings support the concept that adjunctive treatments to dampen the
inflammatory response during early TB treatment may improve outcomes, possibly by facilitating drug
entry into lung lesions and by enhancing the susceptibility of sequestered mycobacteria to the
bactericidal activity of these drugs by restoring aerobic patterns of mycobacterial respiration,

metabolism, biosynthesis and growth (71).

Reducing the risk of TB recurrence

TB patients who appear cured at end of treatment (EOT) are face 2 distinct risks for recurrent disease:
relapse and reinfection. Relapses occur due to mycobacteria that persist despite treatment. The risk of
relapse increases as treatment is shortened (72) and decreases with time since EOT (73). In contrast, the
risk of recurrence due to reinfection increases with local TB prevalence (74) and is unaffected by time
since EQT (75,76). Studies using molecular typing methods to distinguish these 2 mechanisms have
revealed that immune impairment due to HIV-1 significantly increases the risk of disease due to
reinfection but has little or no impact on relapse (75,76). The largest study of recurrent TB to date,
conducted in South African gold miners, examined rates of initial and recurrent TB in 663 men classified
according to HIV status (77). Recurrences >2 years after initial episodes were examined separately, as
these are substantially more likely due to reinfection. In this heavily Mtb-exposed population, the risk of
recurrent TB due to reinfection posed by prior TB was equal to, and additive with, that of HIV-1 infection

(table 1).



The immunologic basis of this TB susceptibility is not understood, and may be heterogenous and/or
multi-factorial. Nonetheless, individuals with prior TB represent an important and attractive target for
novel TB vaccines, which may be expected to protect against both reactivation of persistent infection
(relapse) and progression of new infection to disease (reinfection). Vaccination conceivably could serve
as the last component of a 3 phase strategy of combined TB immuno/chemotherapy program (table 2),
to contain persisting dormant mycobacteria and enhance protection against new infection without

exacerbating immunopathology or interfering with chemotherapy.

Preventing immune reconstitution phenomena

Paradoxical immune-mediated TB exacerbation is recognized to occur in several settings. It was first
described in anergic TB patients with far advanced pulmonary disease whose chest radiographs
unexpectedly worsened early during treatment as their skin tests returned to positive (78). Similar cases
were subsequently reported in which CNS tuberculomas appeared and progressed despite initiation of
appropriate treatment (79). Miliary and early meningeal disease were often present in these subjects at
diagnosis. These exacerbations were attributed to treatment-related reversal of disease-associated

immunosuppression, but the underlying mechanisms were not well understood.

Since then, paradoxical worsening has been described in new settings in which the factors responsible
for immune reconstitution are more apparent. Withdrawal of anti-TNF therapy is one such instance. In
the absence of data from either prospective studies or retrospective case reports, most
recommendations call for cessation of anti-TNF therapy in patients who develop TB. This strategy places
patients at risk of paradoxical responses due to re-expression of TNF-driven inflammation (80-84). Its
manifestations can include worsened fever, infiltrates, hypoxia, and lymphadenopathy, and the
appearance of new lesions in previously uninvolved organs, despite microbiologic evidence for an

appropriate response to treatment.

Similar paradoxical exacerbations, termed IRIS (immune reconstitution inflammatory syndrome) are also
now recognized in patients with AIDS and TB beginning treatment for both infections. IRIS risk is
greatest in patients with newly diagnosed TB and advanced AIDS in whom both treatments are started

within the first few weeks of diagnosis. A second scenario (termed unmasking IRIS or ART-TB) has also



been described, in which the diagnosis of TB only becomes apparent after HIV therapy has been
initiated. Some studies have linked immunopathogenesis of IRIS to rapid expansion of Th1 (IFNy-
producing) T cells (85,86), but others have not (87-89). Recent studies have also implicated heightened

CXC chemokine responses in IRIS pathogenesis (90,91).

Management of paradoxical responses varies greatly. Many TB-IRIS cases are mild and resolve
spontaneously without any specific treatment. More symptomatic cases appear to benefit from
treatment with corticosteroids (92). The most problematic cases are those involving the CNS as
tuberculomas or meningitis. Uncontrolled case reports indicate favorable therapeutic responses to anti-
TNF mAbs in patients with life-threatening paradoxical responses that had not responded adequately to
corticosteroids (93,94). Favorable responses to the immunomodulator thalidomide have also been
reported (95); however, a randomized placebo-controlled of adjunctive thalidomide in pediatric TB
meningitis was halted prematurely due to excess mortality in the thalidomide arm (96). Prevention of
IRIS by CCR5 inhibition has also been proposed, based the role of CCR5 in tissue homing of effector T
cells (97,98). However, a recent study to test this hypothesis found that the addition of maraviroc to

standard therapy in high-risk patients had no effect on TB-IRIS incidence (99).

Summary

Aspects of the cellular host response contribute to both protection and immunopathology in
tuberculosis. Optimal TB treatment may include adjunctive immune suppression during its initial phase
to accelerate bacillary clearance and limit lung damage, and immune enhancement during its final phase
to prevent recurrence. Chemokine inhibition may also help to prevent host-mediated tissue damage in
AIDS patients with TB. TB treatment may ultimately be shortened and improved by strategies that target

both the host and microbe.



Figures

Figure 1. Granuloma formation in the lung. The central region of multinucleated giant cells,
mycobacteria, and necrotic debris (right) is surrounded by concentric rings of tightly apposed epithelioid

cells and lymphocytes, with smaller numbers of neutrophils, plasma cells, and fibroblasts.



Tables

HIV+ HIV-
Rate (95% Cl)
Recurrence >2 years after initial episode: 24.4 (17.2-34.8) 4.3(2.2-8.3)
Recurrence (all): 19.7 (16.4-23.7) 7.7 (6.1-9.8)
Initial episode: 3.7 (3.3-4.1) 0.75 (0.67-0.84)

Table 1. Rates per 100 person years at risk (PYAR) and 95% confidence intervals (Cl) of initial and
recurrent episodes of pulmonary TB in South African gold miners classified according to HIV-1 status.
Recurrence rates were determined from cohorts of 342 HIV-infected and 321 HIV-uninfected subjects.
Recurrent episodes >2 years after initial episodes are mainly due to reinfection. These data indicate
persons with a prior TB episode, regardless of HIV status, are highly susceptible to recurrence due to

reinfection. From reference (77).



1: Immune

suppression

2: Transition

3: Immune

restoration

Immunotherapy:
Chemotherapy:

Goals:

Anti-TNF mAb
Intensive phase

Reduce inflammation, facilitate drug
entry, enhance drug action, prevent

resistance, accelerate cure

Sterilization phase

Ensure resolution of
inflammation and

eradication of infection

Table 2. Three phases of proposed combined TB immuno/chemotherapy.

Vaccine

Prevent

recurrence



10.

11.

12.

13.

Reference List

World Health Organization. Global Tuberculosis Report 2012. 2012. Report No.:
WHO/HTM/TB/2012.6. Available at
http://www.who.int/tb/publications/global report/gtbrl2 main.pdf

Wallis RS, Amir Tahmasseb M, Ellner JJ. Induction of interleukin 1 and tumor necrosis factor by
mycobacterial proteins: the monocyte western blot. Proc Natl Acad Sci U S A 1990;87:3348-52.

de Beaucoudrey L., Samarina A, Bustamante J, Cobat A, Boisson-Dupuis S, Feinberg J, et al.
Revisiting human IL-12Rbetal deficiency: a survey of 141 patients from 30 countries. Medicine
(Baltimore) 2010;89:381-402.

Azad AK, Sadee W, Schlesinger LS. Innate immune gene polymorphisms in tuberculosis. Infect
Immun 2012;80:3343-59.

Vairo D, Tassone L, Tabellini G, Tamassia N, Gasperini S, Bazzoni F, et al. Severe impairment of
IFN-gamma and IFN-alpha responses in cells of a patient with a novel STAT1 splicing mutation.
Blood 2011;118:1806-17.

Kristensen IA, Veirum JE, Moller BK, Christiansen M. Novel STAT1 alleles in a patient with
impaired resistance to mycobacteria. J Clin Immunol 2011;31:265-71.

Al-Muhsen S, Casanova JL. The genetic heterogeneity of mendelian susceptibility to
mycobacterial diseases. J Allergy Clin Immunol 2008;122:1043-51.

Sologuren I, Boisson-Dupuis S, Pestano J, Vincent QB, Fernandez-Perez L, Chapgier A, et al.
Partial recessive IFN-gammaR1 deficiency: genetic, immunological and clinical features of 14
patients from 11 kindreds. Hum Mol Genet 2011;20:1509-23.

Browne SK, Burbelo PD, Chetchotisakd P, Suputtamongkol Y, Kiertiburanakul S, Shaw PA, et al.
Adult-onset immunodeficiency in Thailand and Taiwan. N Engl ) Med 2012;367:725-34.

Geldmacher C, Schuetz A, Ngwenyama N, Casazza JP, Sanga E, Saathoff E, et al. Early depletion
of Mycobacterium tuberculosis-specific T helper 1 cell responses after HIV-1 infection. J Infect
Dis 2008;198:1590-8.

Walrath JR, Silver RF. The alphadbetal integrin in localization of Mycobacterium tuberculosis-
specific T helper type 1 cells to the human lung. Am J Respir Cell Mol Biol 2011;45:24-30.

Walrath J, Zukowski L, Krywiak A, Silver RF. Resident Th1-like effector memory cells in
pulmonary recall responses to Mycobacterium tuberculosis. Am J Respir Cell Mol Biol
2005;33:48-55.

Silver RF, Zukowski L, Kotake S, Li Q, Pozuelo F, Krywiak A, et al. Recruitment of antigen-
specific Thl-like responses to the human lung following bronchoscopic segmental challenge
with purified protein derivative of Mycobacterium tuberculosis. Am J Respir Cell Mol Biol
2003;29:117-23.


http://www.who.int/tb/publications/global_report/gtbr12_main.pdf

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Cheon SH, Kampmann B, Hise AG, Phillips M, Song HY, Landen K, et al. Bactericidal activity in
whole blood as a potential surrogate marker of immunity after vaccination against
tuberculosis. Clin Diagn Lab Immunol 2002;9:901-7.

Hoft DF, Worku S, Kampmann B, Whalen CC, Ellner JJ, Hirsch CS, et al. Investigation of the
relationships between immune-mediated inhibition of mycobacterial growth and other
potential surrogate markers of protective mycobacterium tuberculosis immunity. J Infect Dis
2002;186:1448-57.

Silver RF, Li Q, Boom WH, Ellner JJ. Lymphocyte-dependent inhibition of growth of virulent
Mycobacterium tuberculosis H37Rv within human monocytes: requirement for CD4+ T cells in
purified protein derivative-positive, but not in purified protein derivative-negative subjects. J
Immunol 1998;160:2408-17.

Kampmann B, Gaora PO, Snewin VA, Gares MP, Young DB, Levin M. Evaluation of human
antimycobacterial immunity using recombinant reporter mycobacteria. J Infect Dis
2000;182:895-901.

Tena GN, Young DB, Eley B, Henderson HF, Nicol M, Levin M, et al. Failure to control growth of
mycobacteria in blood from children infected with human immunodeficiency virus, and its
relationship to T cell function. J Infect Dis 2003;187:1544-51.

Larkin R, Benjamin CD, Hsu YM, Li Q, Zukowski L, Silver RF. CD40 Ligand (CD154) Does Not
Contribute to Lymphocyte-Mediated Inhibition of Virulent Mycobacterium tuberculosis within
Human Monocytes. Infect Immun 2002;70:4716-20.

Doherty TM, Demissie A, Olobo J, Wolday D, Britton S, Eguale T, et al. Immune responses to
the Mycobacterium tuberculosis-specific antigen ESAT-6 signal subclinical infection among
contacts of tuberculosis patients. J Clin Microbiol 2002;40:704-6.

Diel R, Loddenkemper R, Meywald-Walter K, Niemann S, Nienhaus A. Predictive value of a
whole blood IFN-gamma assay for the development of active tuberculosis disease after recent
infection with Mycobacterium tuberculosis. Am J Respir Crit Care Med 2008;177:1164-70.

Higuchi K, Harada N, Fukazawa K, Mori T. Relationship between whole-blood interferon-
gamma responses and the risk of active tuberculosis. Tuberculosis (Edinb ) 2008;88:244-8.

Fletcher HA, Tanner R, Wallis RS, Meyer J, Manjaly ZR, Harris S, et al. Inhibition of
mycobacterial growth in vitro is enhanced following primary BCG vaccination but not BCG
revaccination of human subjects. PLoS Med. In press 2012.

Chao MC, Rubin EJ. Letting sleeping dos lie: does dormancy play a role in tuberculosis? Annu
Rev Microbiol 2010;64:293-311.:293-311.

Majumdar SD, Vashist A, Dhingra S, Gupta R, Singh A, Challu VK, et al. Appropriate DevR
(DosR)-mediated signaling determines transcriptional response, hypoxic viability and virulence
of Mycobacterium tuberculosis. PLoS One 2012;7:e35847.



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Trauner A, Lougheed KE, Bennett MH, Hingley-Wilson SM, Williams HD. The dormancy
regulator DosR controls ribosome stability in hypoxic mycobacteria. J Biol Chem
2012;287:24053-63.

Havlir DV, van der Kuyp F, Duffy E, Marshall R, Hom D, Ellner JJ. A 19-year follow-up of
tuberculin reactors. Assessment of skin test reactivity and in vitro lymphocyte responses.
Chest 1991;99:1172-6.

Gomez-Reino JJ, Carmona L, Valverde VR, Mola EM, Montero MD. Treatment of rheumatoid
arthritis with tumor necrosis factor inhibitors may predispose to significant increase in
tuberculosis risk: a multicenter active-surveillance report. Arthritis Rheum 2003;48:2122-7.

Wallis RS, Broder MS, Wong JY, Beenhouwer DO. Granulomatous Infections Due to Tumor
Necrosis Factor Blockade: Correction. Clin Infect Dis 2004;39:1254-6.

Wallis RS. Mathematical modeling of the cause of tuberculosis during tumor necrosis factor
blockade. Arthritis Rheum 2008;58:947-52.

Mudido PM, Guwatudde D, Nakakeeto MK, Bukenya GB, Nsamba D, Johnson JL, et al. The
effect of bacille Calmette-Guerin vaccination at birth on tuberculin skin test reactivity in
Ugandan children. Int J Tuberc Lung Dis 1999;3:891-5.

Lalvani A, Nagvenkar P, Udwadia Z, Pathan AA, Wilkinson KA, Shastri JS, et al. Enumeration of
T cells specific for RD1-encoded antigens suggests a high prevalence of latent Mycobacterium
tuberculosis infection in healthy urban Indians. J Infect Dis 2001;183:469-77.

Ponce de Leon D, cevedo-Vasquez E, Alvizuri S, Gutierrez C, Cucho M, Alfaro J, et al.
Comparison of an Interferon-gamma Assay with Tuberculin Skin Testing for Detection of
Tuberculosis (TB) Infection in Patients with Rheumatoid Arthritis in a TB-Endemic Population. J
Rheumatol 2008;35:776-81.

Dixon WG, Watson K, Lunt M, Hyrich KL, Silman AJ, Symmons DP. Rates of serious infection,
including site-specific and bacterial intracellular infection, in rheumatoid arthritis patients
receiving anti-tumor necrosis factor therapy: Results from the British Society for
Rheumatology Biologics Register. Arthritis Rheum 2006;54:2368-76.

Salmon-Ceron D, Tubach F, Lortholary O, Chosidow O, Bretagne S, Nicolas N, et al. Drug-
specific risk of non-tuberculosis opportunistic infections in patients receiving anti-TNF therapy
reported to the 3-year prospective French RATIO registry. Ann Rheum Dis 2011;70:616-23.

Baughman RP, Lower EE, Bradley DA, Raymond LA, Kaufman A. Etanercept for refractory
ocular sarcoidosis: results of a double-blind randomized trial. Chest 2005;128:1062-47.

Sandborn WJ, Hanauer SB, Katz S, Safdi M, Wolf DG, Baerg RD, et al. Etanercept for active
Crohn's disease: a randomized, double-blind, placebo-controlled trial. Gastroenterology
2001;121:1088-94.

Utz JP, Limper AH, Kalra S, Specks U, Scott JP, Vuk-Pavlovic Z, et al. Etanercept for the
treatment of stage Il and Ill progressive pulmonary sarcoidosis. Chest 2003;124:177-85.



39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Jick SS, Lieberman ES, Rahman MU, Choi HK. Glucocorticoid use, other associated factors, and
the risk of tuberculosis. Arthritis Rheum 2006;55:19-26.

Koike T, Harigai M, Inokuma S, Ishiguro N, Ryu J, Takeuchi T, et al. Postmarketing surveillance
of tocilizumab for rheumatoid arthritis in Japan: interim analysis of 3881 patients. Ann Rheum
Dis 2011;70:2148-51.

Schiff M, Keiserman M, Codding C, Songcharoen S, Berman A, Nayiager S, et al. Efficacy and
safety of abatacept or infliximab vs placebo in ATTEST: a phase Ill, multi-centre, randomised,
double-blind, placebo-controlled study in patients with rheumatoid arthritis and an
inadequate response to methotrexate. Ann Rheum Dis 2008;67:1096-103.

Bigbee CL, Gonchoroff DG, Vratsanos G, Nadler SG, Haggerty HG, Flynn JL. Abatacept
treatment does not exacerbate chronic Mycobacterium tuberculosis infection in mice.
Arthritis Rheum 2007;56:2557-65.

Maiga M, Lun S, Guo H, Winglee K, Ammerman NC, Bishai WR. Risk of tuberculosis reactivation
with tofacitinib (CP-690550). J Infect Dis 2012;205:1705-8.

Winthrop KL, Park SH, Gul A, Cardiel M, Gomez-Reino JJ, de Leon DP, et al. Tuberculosis and
tofacitinib therapy in patients with rheumatoid arthritis. ACR/ARHP Annual Meeting 2012;
Abstract 1278.

Ponce de Leon D, cevedo-Vasquez E, Sanchez-Torres A, Cucho M, Alfaro J, Perich R, et al.
Attenuated response to purified protein derivative in patients with rheumatoid arthritis: study
in a population with a high prevalence of tuberculosis. Ann Rheum Dis 2005;64:1360-1.

Coaccioli S, Di Cato L, Marioli D, Patucchi E, Pizzuti C, Ponteggia M, et al. Impaired cutaneous
cell-mediated immunity in newly diagnosed rheumatoid arthritis. Panminerva Med
2000;42:263-6.

Paimela L, Johansson-Stephansson EA, Koskimies S, Leirisalo-Repo M. Depressed cutaneous
cell-mediated immunity in early rheumatoid arthritis. Clin Exp Rheumatol 1990;8:433-7.

Richards NM, Nelson KE, Batt MD, Hackbarth D, Heidenreich JG. Tuberculin test conversion
during repeated skin testing, associated with sensitivity to nontuberculous mycobacteria. Am
Rev Respir Dis 1979;120:59-65.

Thompson NJ, Glassroth JL, Snider DEJ, Farer LS. The booster phenomenon in serial tuberculin
testing. Am Rev Respir Dis 1979;119:587-97.

Carmona L, Gomez-Reino JJ, Rodriguez-Valverde V, Montero D, Pascual-Gomez E, Mola EM, et
al. Effectiveness of recommendations to prevent reactivation of latent tuberculosis infection
in patients treated with tumor necrosis factor antagonists. Arthritis Rheum 2005;52:1766-72.

Tubach F, Salmon D, Ravaud P, Allanore Y, Goupille P, Breban M, et al. Risk of tuberculosis is
higher with anti-tumor necrosis factor monoclonal antibody therapy than with soluble tumor
necrosis factor receptor therapy: The three-year prospective french research axed on
tolerance of biotherapies registry. Arthitis Rheum 2009;60:1884-94.



52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Gomez-Reino JJ, Carmona L, Angel DM. Risk of tuberculosis in patients treated with tumor
necrosis factor antagonists due to incomplete prevention of reactivation of latent infection.
Arthritis Rheum 2007;57:756-61.

Comstock GW, Baum C, Snider DE, Jr. Isoniazid prophylaxis among Alaskan Eskimos: a final
report of the Bethel isoniazid studies. Am Rev Respir Dis 1979;119:827-30.

IUAT Committee on Prophylaxis. Efficacy of various durations of isoniazid preventive therapy
for tuberculosis: five years of follow-up in the IUAT trial. International Union Against
Tuberculosis Committee on Prophylaxis. Bull World Health Organ 1982;60:555-64.

Behr MA, Wilson MA, Gill WP, Salamon H, Schoolnik GK, Rane S, et al. Comparative genomics
of BCG vaccines by whole-genome DNA microarray. Science 1999;284:1520-3.

Brock I, Weldingh K, Leyten EM, Arend SM, Ravn P, Andersen P. Specific T-cell epitopes for
immunoassay-based diagnosis of Mycobacterium tuberculosis infection. J Clin Microbiol
2004;42:2379-87.

Hsia EC, Schluger N, Cush JJ, Chaisson RE, Matteson EL, Xu S, et al. Interferon-gamma release
assay versus tuberculin skin test prior to treatment with golimumab, a human anti-tumor
necrosis factor antibody, in patients with rheumatoid arthritis, psoriatic arthritis, or ankylosing
spondylitis. Arthritis Rheum 2012;64:2068-77.

Hsia EC, Cush JJ, Matteson EL, Beutler A, Doyle MK, Hsu B, et al. A comprehensive tuberculosis
screening program in patients with inflammatory arthritides treated with golimumab, a
human anti-TNF antibody, in phase 3 clinical trials. Arthritis Care Res (Hoboken ) 2012;10.

Dawson R, Condos R, Tse D, Huie ML, Ress S, Tseng CH, et al. Immunomodulation with
recombinant interferon-gammalb in pulmonary tuberculosis. PLoS One 2009;4:e6984.

InterMune Enrolls First Patient in Phase Il Trial in Multidrug-Resistant Tuberculosis. 2000 Aug
1. Available at
http://www.thefreelibrary.com/InterMune+Enrolls+First+Patient+in+Phase+ll+Trial+in...-
2063778269

Palmero D, Eiguchi K, Rendo P, Castro ZL, Abbate E, Gonzalez ML. Phase Il trial of recombinant
interferon-alpha2b in patients with advanced intractable multidrug-resistant pulmonary
tuberculosis: long- term follow-up. Int J Tuberc Lung Dis 1999;3:214-8.

Condos R, Rom WN, Schluger NW. Treatment of multidrug-resistant pulmonary tuberculosis
with interferon- gamma via aerosol. Lancet 1997;349:1513-5.

Giosue S, Casarini M, Alemanno L, Galluccio G, Mattia P, Pedicelli G, et al. Effects of
aerosolized interferon-alpha in patients with pulmonary tuberculosis. Am J Respir Crit Care
Med 1998;158:1156-62.

Suarez-Mendez R, Garcia-Garcia |, Fernandez-Olivera N, Valdes-Quintana M, Milanes-Virelles
MT, Carbonell D, et al. Adjuvant interferon gamma in patients with drug - resistant pulmonary
tuberculosis: a pilot study. BMC Infect Dis 2004;4:44.


http://www.thefreelibrary.com/InterMune+Enrolls+First+Patient+in+Phase+III+Trial+in...-a063778269
http://www.thefreelibrary.com/InterMune+Enrolls+First+Patient+in+Phase+III+Trial+in...-a063778269

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Koh WJ, Kwon 0J, Suh GY, Chung MP, Kim H, Lee NY, et al. Six-month therapy with aerosolized
interferon-gamma for refractory multidrug-resistant pulmonary tuberculosis. J Korean Med Sci
2004;19:167-71.

Johnson JL, Ssekasanvu E, Okwera A, Mayanja H, Hirsch CS, Nakibali JG, et al. Randomized Trial
of Adjunctive Interleukin-2 in Adults with Pulmonary Tuberculosis. Am J Respir Crit Care Med
2003;168:185-91.

Mayanja-Kizza H, Jones-Lopez EC, Okwera A, Wallis RS, Ellner JJ, Mugerwa RD, et al.
Immunoadjuvant therapy for HIV-associated tuberculosis with prednisolone: A phase Il clinical
trial in Uganda. J Infect Dis 2005;191:856-65.

Bilaceroglu S, Perim K, Buyuksirin M, Celikten E. Prednisolone: a beneficial and safe adjunct to
antituberculosis treatment? A randomized controlled trial. Int J Tuberc Lung Dis 1999;3:47-54.

Horne NW. Prednisolone in treatment of pulmonary tuberculosis: a controlled trial. Final
report to the Research Committee of the Tuberculosis Society of Scotland. Br Med J
1960;5215:1751-6.

Wallis RS, Kyambadde P, Johnson JL, Horter L, Kittle R, Pohle M, et al. A study of the safety,
immunology, virology, and microbiology of adjunctive etanercept in HIV-1-associated
tuberculosis. AIDS 2004;18:257-64.

Wallis RS. Reconsidering adjuvant immunotherapy for tuberculosis. Clin Infect Dis
2005;41:201-8.

Wallis RS. Sustainable tuberculosis drug development. Clin Infect Dis 2012;epub ahead of
print.

Nunn AJ, Phillips PP, Mitchison DA. Timing of relapse in short-course chemotherapy trials for
tuberculosis. Int J Tuberc Lung Dis 2010;14:241-2.

Wang JY, Lee LN, Lai HC, Hsu HL, Liaw YS, Hsueh PR, et al. Prediction of the tuberculosis
reinfection proportion from the local incidence. J Infect Dis 2007;196:281-8.

Sonnenberg P, Murray J, Glynn JR, Shearer S, Kambashi B, Godfrey-Faussett P. HIV-1 and
recurrence, relapse, and reinfection of tuberculosis after cure: a cohort study in South African
mineworkers. Lancet 2001;358:1687-93.

Crampin AC, Mwaungulu JN, Mwaungulu FD, Mwafulirwa DT, Munthali K, Floyd S, et al.
Recurrent TB: relapse or reinfection? The effect of HIV in a general population cohort in
Malawi. AIDS 2010;24:417-26.

Glynn JR, Murray J, Bester A, Nelson G, Shearer S, Sonnenberg P. High rates of recurrence in
HIV-infected and HIV-uninfected patients with tuberculosis. J Infect Dis 2010;201:704-11.

Markman M, Eagleton LE. Paradoxical clinical improvement and radiographic deterioration in
anergic patients treated for far advanced tuberculosis. N Engl J Med 1981;305:167.



79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Chambers ST, Hendrickse WA, Record C, Rudge P, Smith H. Paradoxical expansion of
intracranial tuberculomas during chemotherapy. Lancet 1984;2:181-4.

Belknap R, Reves R, Burman W. Immune reconstitution to Mycobacterium tuberculosis after
discontinuing infliximab. Int J Tuberc Lung Dis 2005;9:1057-8.

Arend SM, Leyten EM, Franken WP, Huisman EM, van Dissel JT. A patient with de novo
tuberculosis during anti-tumor necrosis factor-alpha therapy illustrating diagnostic pitfalls and
paradoxical response to treatment. Clin Infect Dis 2007;45:1470-5.

Fonseca JE, Canhao H, Silva C, Miguel C, Mediavilla MJ, Teixeira A, et al. [Tuberculosis in
rheumatic patients treated with tumour necrosis factor alpha antagonists: the Portuguese
experience]. Acta Reumatol Port 2006;31:247-53.

Strady C, Brochot P, Ainine K, Jegou J, Remy G, Eschard JP, et al. [Tuberculosis during
treatment by TNFalpha-inhibitors]. Presse Med 2006;35:1765-72.

Garcia-Vidal C, Rodriguez FS, Martinez LJ, Salavert M, Vidal R, Rodriguez CM, et al. Paradoxical
response to antituberculous therapy in infliximab-treated patients with disseminated
tuberculosis. Clin Infect Dis 2005;40:756-9.

Bourgarit A, Carcelain G, Martinez V, Lascoux C, Delcey V, Gicquel B, et al. Explosion of
tuberculin-specific Thl-responses induces immune restoration syndrome in tuberculosis and
HIV co-infected patients. AIDS 2006;20:F1-F7.

Grant PM, Komarow L, Lederman MM, Pahwa S, Zolopa AR, Andersen J, et al. Elevated
Interleukin 8 and T-Helper 1 and T-Helper 17 Cytokine Levels Prior to Antiretroviral Therapy in
Participants Who Developed Immune Reconstitution Inflammatory Syndrome During ACTG
A5164. J Infect Dis 2012.

Tieu HV, Ananworanich J, Avihingsanon A, Apateerapong W, Sirivichayakul S, Siangphoe U, et
al. Immunologic markers as predictors of tuberculosis-associated immune reconstitution
inflammatory syndrome in HIV and tuberculosis coinfected persons in Thailand. AIDS Res Hum
Retroviruses 2009;25:1083-9.

Elliott JH, Vohith K, Saramony S, Savuth C, Dara C, Sarim C, et al. Inmunopathogenesis and
diagnosis of tuberculosis and tuberculosis-associated immune reconstitution inflammatory
syndrome during early antiretroviral therapy. J Infect Dis 2009;200:1736-45.

Meintjes G, Wilkinson KA, Rangaka MX, Skolimowska K, van VK, Abrahams M, et al. Type 1
helper T cells and FoxP3-positive T cells in HIV-tuberculosis-associated immune reconstitution
inflammatory syndrome. Am J Respir Crit Care Med 2008;178:1083-9.

Oliver BG, Elliott JH, Price P, Phillips M, Cooper DA, French MA. Tuberculosis After
Commencing Antiretroviral Therapy for HIV Infection Is Associated With Elevated CXCL9 and
CXCL10 Responses to Mycobacterium tuberculosis Antigens. J Acquir Immune Defic Syndr
2012;61:287-92.



91.

92.

93.

94.

95.

96.

97.

98.

99.

Meintjes G, Skolimowska KH, Wilkinson KA, Matthews K, Tadokera R, Conesa-Botella A, et al.
Corticosteroid-modulated immune activation in the tuberculosis immune reconstitution
inflammatory syndrome. Am J Respir Crit Care Med 2012;186:369-77.

Meintjes G, Wilkinson RJ, Morroni C, Pepper DJ, Rebe K, Rangaka MX, et al. Randomized
placebo-controlled trial of prednisone for paradoxical tuberculosis-associated immune
reconstitution inflammatory syndrome. AIDS 2010;24:2381-90.

Blackmore TK, Manning L, Taylor W, Wallis RS. Therapeutic use of infliximab in tuberculosis to
control severe paradoxical reaction involving the brain, lung, and lymph nodes. Clin Infect Dis
2008;47:€79-e82.

Wallis RS, van Vuuren C, Potgieter S. Adalimumab treatment of life-threatening tuberculosis.
Clin Infect Dis 2009;48:1429-32.

Schoeman JF, Fieggen G, Seller N, Mendelson M, Hartzenberg B. Intractable intracranial
tuberculous infection responsive to thalidomide: report of four cases. J Child Neurol
2006;21:301-8.

Schoeman JF, Springer P, van Rensburg AJ, Swanevelder S, Hanekom WA, Haslett PA, et al.
Adjunctive thalidomide therapy for childhood tuberculous meningitis: results of a randomized
study. J Child Neurol 2004;19:250-7.

Lederman MM, Penn-Nicholson A, Cho M, Mosier D. Biology of CCR5 and its role in HIV
infection and treatment. JAMA 2006;296:815-26.

Thomas S, Baumgart DC. Targeting leukocyte migration and adhesion in Crohn's disease and
ulcerative colitis. Inflammopharmacology 2012;20:1-18.

Sierra Madero JG, Tierney A, Rassool M, Azzoni L, Sereti |, Andrade-Villanueva J, et al. Efficacy
and safety of maraviroc to prevent immune reconstitution inflammatory synderome in high-
risk subjects initiating ART: 24 week results of a randomized, placebo-controlled trial.
Conference on Retroviruses and Opportunistic Infection 2013;20 Abstract 182-LB.



