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Immunoregulation in TB: Observations and Implications

Jerrold J. Ellner, M.D.

Abstract

Regulation of the immune response during active tuberculosis (TB) has been partly deciphered. In pulmonary TB there is transient
systemic immunosuppression due to overexpression of transforming growth factor beta and interleukin-10. This is superimposed on
a primary T-cell defect. Locally there is intense inflammation (lung, pleural fluid) with overexpression of immunosuppressive factors
(bronchoalveolar lavage) and extensive apoptosis. These observations suggest that immune therapies should be aimed at neutralizing
the negative regulatory factors rather than accentuating an already intense immune response. Also a partially effective vaccine carries
the potential risk of exacerbating disease. Clin Trans Sci 2010; Volume 3: 23-28
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Introduction

There are approximately 9.2 million cases and 1.8 million
deaths due to tuberculosis (TB) annually. Ninety-five % of the
cases and 99% of the deaths occur in resource-poor settings, a
disproportionate number in Sub-Saharan Africa. The global health
problem of TB aggravated by the HIV pandemic and the spread of
drug-resistant disease has heightened interest in the development
of new diagnostics, preventions, and interventions. The current
vaccine, Mycobacterium bovis BCG has shown partial protection
in adults and has had little impact on the public health problem
of TB. Developing an effective vaccine has been hampered by
limited understanding of the immunopathogenesis of TB and
protective immunity in humans. In fact, TB poses a number of
paradoxes to the immunologist that are relevant both to strategies
to develop a preventive vaccine as well as immunotherapy.

Systemic Response in TB

The natural history of TB begins with infection with M. tuberculosis
(Mtb). The normal host contains this infection and enters a period
of clinical latency that may last years or decades. During this
period, the tuberculin skin test (TST) and interferon-gamma
release assays are positive but the person has no symptoms.
Progression from infection to disease is more likely when there
is overt immunosuppression or medical comorbidities (diabetes
mellitus, chronic renal failure, silicosis, old age) but often
activation of the TB (termed “re-activation”) occurs without a
clear precipitating event or condition. The first paradox is that TB
develops despite the presence of delayed type hypersensitivity and
a protective immune response that has held the latent infection in
abeyance for years. The second paradox is that at the time of the
diagnosis of TB there is depression of the TST in 20-25% of patients
with pulmonary TB. Negative TSTs are even more common in
miliary TB and extra-pulmonary disease involving serosal surfaces
(meningitis, pleural disease, peritonitis). In pulmonary TB the
likelihood of a negative TST and the extent of suppression of
in vitro responses varies with the extent of disease. It is greater in
moderately and far-advanced TB graded radiographically than
in minimal TB where immunosuppression is rarely seen. With
treatment of TB, the TST usually reverts to positive.

The immunologic basis of the transient immunosuppression
that is a concomitant of active TB has been deciphered. The
depression of the TST is associated with selective depression of
in vitro responses to antigens derived from Mtb. This includes
PPD or Mtb-culture filtrate-induced blastogenesis,' production
of IL-2? and interferon-gamma.*>* Partial restitution of T-cell

responses occurs following removal of adherent cells (mostly
blood monocytes) by adherence to plastic surfaces and nylon wool
columns.! Suppression also can be reconstituted in cell mixing
experiments by adding back plastic adherent cells."** The finding
that blood monocytes participated in a regulatory circuit that was
antigen specific led to experiments designed to define the basis for
antigen specificity given the fact that monocytes do not express
antigen receptors. Several observations are pertinent. First, various
constituents of Mtb culture filtrate provide a direct activating
signal to human monocytes.”® Second, stimulation through Mtb
culture filtrate antigen 85B proceeds through binding of cell
surface fibronectin.® And third, monocytes express Fcgamma
receptors that are increased in TB® and modify cellular interactions
in response to antigen bound in immune complexes.'

The molecular mediators of immunosuppression in active TB
are transforming growth factor (TGF)—beta**!""'* and IL-10.*
These cytokines are overexpressed in TB patients compared to
TST positive healthy controls when peripheral blood mononuclear
cells (PBMC) are stimulated with Mtb antigens and suppression
is abrogated in part by neutralizing antibodies to either of these
factors.* Sequential studies in a cohort of HIV-uninfected patients
with pulmonary TB showed that the overexpression of TGF-beta
and IL-10 was transient; values had largely normalized at the end
of 3 months of treatment (Figure 1). Suppression of T-cell response
by these down-modulatory cytokines was superimposed on a
primary T-cell defect. There was a decrease in the frequency of
Mtb specific interferon-gamma producing cells and a protracted
depression of the expression of interferon-gamma. Even 18 months
after diagnosis and 12 months after completion of treatment for
TB, PBMC responses to Mtb antigens failed to achieve the levels
seen in healthy TST positive control subjects.

TGF-beta and IL10 also were overproduced in TB patients
with HIV infection (Table I). In this case, the primary T-cell
defect was profound. Neutralizing antibody failed to reconstitute
a response.

Programmed cell death may contribute to the primary T-cell
abnormality in TB. The immune activation in TB is associated
with increased spontaneous and Mtb antigen induced apoptosis
of T cells."*** This appears to proceed through several pro-
apoptotic ligands.”> Apoptosis involved decreased levels of bcl-
2 and increased TNFalpha, TGFbeta, and FasL. Apoptosis is
observed locally® as well as systemically. It may be that sites of
inflammation in TB are “killing fields” where there is selective
elimination of antigen responsive T cells.
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Figure 1. Cytokine profiles at diagnosis of tuberculosis and during and after
completion of antituberculous chemotherapy. Peripheral blood mononuclear
cells (PBMC) from human immunodeficiency virus (HIV) uninfected patients with
tuberculosis (n = 24) were obtained at time of diagnosis (TO) and at 3—18 months
(M) thereafter. Purified protein derivative-induced cytokine production (by ELISA) was
assessed in PBMC (I x 107 mL) cultures. Results represent mean + SE of cytokine
immunoreactivities. *» < 0.04. when compared with baseline immunoreactivity.
**p < 0.001. when compared with interferon (IFN)-y levels at baseline evaluation.
IL-10 = interleukin-10; TGF-/J = transforming growth factor-; TNF-o. = tumor necrosis
factor-o.. Reprinted from Reference 4 with permission.

Recently, well-defined regulatory T-cell populations have
been reported that can suppress or more appropriately regulate an
immune response. These regulatory T cells control the magnitude
of response of both Th1 and Th2 cells. There is, in fact, a renewed

TB patients

Levels of cytokines and markers of immune activation

IFN-y (ng/mL) 1.53 £ 0.282
TNF-o. (ng/mL) 3.91 £ 0.37°
TGF-B (ng/mL) 5.56 + 0.30°
IL-10 (ng/mL) 0.30 + 0.03¢
TNF-RII (ng/mL) 4.20 + 0.50
Neopterin (FU/mL) 10.4 £ 2.40

Modulation of PPD-stimulated IFN-y production by coculture with ne
PPD only 1.53 £0.28

PPD + o. TGP-3 5.02 *+ 1.09f

PPD + o IL-10 6.45 £ |3

PPD + (r)-IL-12 11.39 £ 1.70’

interest in understanding how the immune response is regulated,
particularly when challenged with a replicating pathogen. Tregs
can be defined phenotypically (CD4*CD25"s"* T cells) and
functionally (expression of IL-10, TGFbeta).'® Tregs have an
important role in the maintenance of tolerance to self and have
been shown to abrogate immune pathologies and auto-immune
diseases in vivo."” Recently, two groups reported the presence of
enhanced NatTregs in the peripheral blood of TB patients.'*!* With
increasing interest in regulatory T cells (Tregs), which produce
TGF beta and IL-10, their contribution vis-a-vis monocytes to
immunosuppression in TB needs to be further evaluated.

The observations to this point clarify the basis for depressed
immune responses seen systemically in TB patients. It is of great
interest, however, to explore the local immune concomitants of
active TB.

Local Response—TB Pleurisy

The immune response in pleural fluid is of particular interest to
immunologists because in the absence of treatment, “self-cure”
is possible. Early studies indicated that the pleural immune
response was upregulated and unregulated compared to blood,
in part because immunosuppressive adherent monocytes were not
found in the pleural compartment.” Pleural fluid contains high
concentrations of cytokines, activated T cells, and pro-aptotic
molecules and there is an abundance of spontaneous apoptosis.?!
In HIV-uninfected TB patients, Mtb organisms are scarce. The
pleural effusion represents an in situ delayed-type hypersensitivity
reaction to Mtb antigens released into the pleural space. By
comparison, in the HIV-infected, there still is an upregulated and
unregulated response; however, Mtb organisms are present.

Local Response—The Lung

Bronchoalveolarlavage (BAL) showed that TB was associated
with an alveolitis restricted to involved segments of lung.?
T cell numbers were increased and T cells expressed activation

HIV/TB patients Control subjects

e =P <.008, when compared with levels of markers of activation in serum from healthy
PBMC cultured without antibody to TGF-B; g =P <.003, when compared with IFN-y pro

with IFN-y immunoreactivity in cultures containing PPD alone.

Neopterin and TNF-RII levels were assessed in scrum, and cytokinc immunoreactivities were measured in PPD-stimulated culture supernatants. Results are presented as mean £
SE. PPD = purified protein derivative; HIV = human immunodeficiency virus; TB = tuberculosis; IFN = interferon; TGF = transforming growth factor; IL = interleukin; TNF = tumor
necrosis factor; TNF-RIl = TNF receptor type 2; PBMC = peripheral blood mononuclear cells; a=P <.001, when compared with levels of cytokines/markers of immune activation
in supernatants/serum from control subjects; b = P < .02, when compared with TNF-oe immunoreactivity in supernatants from control subjects; ¢ = P < .01, when compared
with TNF-a. levels in supernatants from healthy control subjects; d = P < .03, when compared with cytokine immunoreactivity in culture supernatants from control subjects;

compared with levels of IFN-yin cultures without IL-10 antibody; i = P <.001, when compared with IFN-vy levels in cultures containing PPD alone; j = P <.001, when compared

1.03 + 0.33° 8.00 = 1.05

4.00 + 0.39¢ 2.78 £0.35

4.20 + 0.28¢ 3.20 £ 0.34

0.53 £ 0.09° 0.19 £ 0.02

7.30 £ 0.60° 2.40 £ 0.30

16.3 £ 2.20° 4.50 + 1.60
utralizing antibodies to TGF-B and IL-10 or (r)-IF-12

1.03 £ 0.33 8.00 = 1.05

1.66 + 0.208 14.3 £ 2.35

2.43 £ 0.74 15.04 £ 2.88

10.85 £ 2.13 28.83 £ 0.59

control subjects; f =P <.004, when compared with IFN-y production in supernatants of
duction in supernatants of PBMC cultured without antibody to TGF-B; h = P <.05, when

Table 1. PPD-stimulated production of cytokines and markers of immune activation in
modulation of IFN-y production by coculture with neutralizing antibodies to TGF-tf and

HIV-infected and -uninfected patients with TB and in PPD-positive control subjects and
IL-10 or (r)-IL-12. Reprinted from Reference 4 with permission.
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Figure 2. Giemsa (upper panel) and peroxidase (lower panel) stains of bronchoalveolar lavage (BAL) from TB patient and control. BAL from the involved segment shows
lymphocytic alveolitis. Approximately 40% of the bronchoalveolar cells are peroxidase positive moncyte-derived immature macrophages. Reprinted from Reference 22 with

permission.

markers. The BAL also contained increased numbers of immature
peroxidase positive macrophages (Figure 2). These are most
likely blood monocytes that are drawn by chemotaxins to the
inflammatory focus. In contrast to the blood, the frequency of
interferon-gamma producing cells as determined by ELISPOT
assay was increased compared to controls.”*** Multiple cell
types produced interferon-gamma in TB patients although
the predominant cell was CD4+CD45RO+.2* Mtb-induced IL-
12p70 was increased in bronchoalveolar cells from TB patients.**
Constitutive expression of IL12R betal and beta2 was found
in both TB patients and controls. It appears, therefore, that
interferon-gamma induction, per se and consequent to IL12R
engagement are unimpaired in TB patients. The implication is
either that the immune response in the lung dissociates from that
in the blood and represents a vigorous immune response, or that
locally active immunosuppressive mechanisms and mediators
may undermine immunity. As will be seen, recent evidence
supports the latter scenario.

Studies of induced and expectorated sputum provide
additional insights into immunoregulation locally. There are
high levels of interferon-gamma and tumor necrosis factor—
alpha in sputum.® These decline rapidly with treatment. In fact,
there is a good correlation between interferon-gamma levels
in the sputum and quantitative bacterial counts (Figure 3).
Recently, multiplexed RT-PCR has been performed on induced
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Figure 3. Correlation between IFN-y levels and mycobacterial load in sputum from
TB patients during the first 12 weeks of anti-Mtb treatment. Duplicate aliquots of
spontaneous and induced sputum from TB patients (n = f 5) were used for assess-
ment of IFN-7 levels by ELISA and quantitative mycobacterial culture. Results are
expressed as picograms of IFN-7/mL (left v axis) and log CFU (CFU, right y axis).
Sputum IFN-7 levels from healthy PPD-positive controls (n = 10) are included for
comparison. Cytokine data are presented as mean + SEM. B = induced sputum
from TB patients; (] = spontaneous sputum from TB patients; &% = induced sputum
from healthy controls. Reprinted from Reference 25 with permission.

sputum from TB patients.? Both genes for positive and negative
regulators of the immune response and effector molecules were
upregulated in TB (Figure 4). Thirty days after the initiation
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Figure 4. Lung immune response of TB cases, patients with occupational lung disease (OLD) and clinically well health care workers (HCW). lllustrated are the mRNA ex-

pression levels in log,

scale of the lung cells from patients with TB. patients with infectious OLD. and clinically well HCW quantified by real-time PCR relative to GADPH. The

scale of the horizontal axis for gene expression relative to GAPDH for each mediator was set to illustrate the lowest to the highest recorded levels. Linear bars represent the
median of the group. The findings were segregated by mediators that impair Th I-type immunity (A), promote Thl-type immunity (B). or affect both Thl-type or Th2-type cells
(€). Each symbol represents the value of one subject and the triangles designate HIV-1-coinfected patients. The two asterisks (**) alongside the name of the gene indicate a
significant difference between TB cases and OLD and HCW was observed (Kruskal-Wallis or Fishers’ exact test). The p values for the comparison between groups are shown
below the horizontal axis. A *p indicates that Fishers’ exact test was used for six of the 17 genes. Reproduced from Reference 26 with permission.

of treatment, many of the suppressive mediators declined to
control levels, whereas Th1-type and innate immune mediators
rose above pretreatment levels. The net result appeared to be
an overlayer of immunosuppression as indicated by decreased
alveolar macrophage production of the mediator NOS2 that
can be considered, in this context, the composite indicator of
immune reactivity.

Another interesting question is the impact of the immune and
inflammatory response in the lung of patients with pulmonary

26 CTIS VOLUME 3 -ISSUE 1

TB on the response to antituberculous chemotherapy. It is
of interest that clinical trials in HIV-infected and also when
corticosteroids are used as adjunctive therapy are associated
with accelerated sterilization of the sputum.? Therefore, once
TB ensues the local protective immune response that held the
latent focus in quiescence no longer promotes bacterial clearance.
In fact, it may impede responses to TB treatment leading to the
requirement for longer duration of therapy and greater risk of
treatment failure.
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Trials of Inmunotherapies

There is renewed interest in immune therapies because of the
advent of extensively drug resistant (XDR)—TB. A treatment
shortening role in drug susceptible TB also is possible. However,
trials in drug susceptible TB are complicated because of the
narrow window to observe an effect—that is in rates of sputum
sterilization. In a trial of heat-killed Mycobacterium vaccae as
an adjunct to therapy, there appeared to be acceleration of both
sputum and radiographic clearance.”’ However, this was not
confirmed in other trials.* Nor was there modulation of multiple
immunologic parameters that were studied.” A recent trial of
Mpycobacterium vaccae for treatment of latent TB infection appears
to show efficacy.’ This trial used 5 intradermal doses of M. vaccae
and was intended to boost the response to prior vaccination with
BCG. Unfortunately, the product is unstandardized and may not
be available as an intervention.

A controlled trial of subcutaneous IL-2 as an adjunct to
treatment of pulmonary TB failed to show efficacy.®® A trial was
conducted of aerosolized interferon-gamma in MDR-TB although
the results have not been published presumably because of the
lack of efficacy. An additional trial is in progress.

Conclusions

Dr. Izuo Tsuyuyguchi once characterized the immune response
in TB “like an orchestra without a conductor” Indeed, pulmonary
TB is characterized by activation of the immune system and
concomitant activation of immunoregulatory circuits. Immune
modulation may be important in limiting the damage to the lung or
preventing adult respiratory distress syndrome (SIRS). Mediators
such as the pro-fibrotic TGF-beta may lead to immunopathology.
The net result, however, is progressive infection unchecked by
the immune system.

Consequences and Implications

It seems unlikely that cytokine or immunomodulatory therapy
aimed atincreasing interferon-gamma in the lung will be successful.
The pathophysiology of TB is characterized by abundant Th1
cytokines but their activity is masked by immunosuppression.
What are the implications for immunotherapy of TB? Interventions
aimed at modifying the immunoregulatory circuits deserve
consideration. In this regard, it is of note that naturally occurring
inhibitors of TGFbeta exist (latency associate peptide) and that
calcium channel blockers (Losarten) also may downregulate
TGFbeta production.

What are the implications for vaccine development? Mtb is a
facultative intracellular organism with a complex life cycle in the
infected host. The natural history of TB includes a long period
of stand-off between the host immune response and bacterial
replication known as clinical latency. The immune response may
be a double-edged sword conferring protection against activation
of a latent focus but contributing to the immunopathogenesis
and immunopathology of active disease. The cautionary note
is that a partially effective vaccine could produce more local
inflammation leading to pathology, morbidity, and suboptimal
response to chemotherapy.

There are unanswered questions. Is immunosuppression
that occurs in TB the cause of consequence of the disease? The
antigen specificity of some of the regulatory circuits bespeaks
the cause. What is the basis for the prolonged T-cell dysfunction
during and after treatment of TB? The cells repopulating the
host immune and inflammatory response may be protective.
This acquired immunodeficiency may contribute both to relapse

WWW.CTSJOURNAL.COM

of TB and to reinfection disease. The latter is known to occur
more frequently after TB is treated. Do genetic factors determine
immunoregulatory activity, thereby influencing risk of TB?

Lastly, a great deal of effort appropriately is directed toward
identifying correlates of protective immunity. Leads may be
possible in the immune reconstitution that occurs when TB is
treated with chemotherapy and when TB/HIV is treated with
antiretroviral therapy.
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