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Ever since the advent of anti-tuberculosis chemotherapy in the late 1940s, physicians have
recognized that in some patients the symptoms and signs of tuberculosis worsen after the start
of treatment. These clinical manifestations have been called ‘paradoxical reactions’, because
they occur despite effective anti-microbial therapy. Their pathogenesis is poorly understood,
but they are broadly considered to be caused by excessive inflammation to dead and dying
bacteria [1]. Paradoxical reactions are observed to occur more frequently in those with lymph
node and disseminated tuberculosis and in those co-infected with HIV [2]. However,
paradoxical reactions that occur in HIV co-infected individuals recently started on
antiretroviral therapy (ART) have acquired a different moniker: immune reconstitution
inflammatory syndrome (IRIS) [3]. IRIS reactions are more common in individuals with very
low peripheral blood CT4+ T-cell counts and high plasma HIV loads, who are started on
ART shortly after anti-tuberculosis chemotherapy. Despite the fundamental importance of
ART to IRIS, paradoxical reactions and IRIS share many similarities. Both are paradoxical,
in that they occur in the face of effective anti-microbial (and antiretroviral) treatment; both
are believed to be the result of excessive inflammation; and both cause serious clinical

consequences when they involve the brain in association with tuberculous meningitis (TBM).

In this issue of the Journal of Infectious Diseases, Marais and colleagues describe an elegant
clinical investigation of the pathogenesis of TBM-associated central nervous system (CNS)
IRIS. HIV-associated TBM kills around half of all sufferers, and CNS IRIS is a major
contributor to the high mortality. The underlying inflammatory mechanisms leading to TBM-
associated IRIS are largely unknown, but in the current and two earlier publications Marais
and colleagues offer new and important insights [4, 5]. They prospectively followed 34 HIV-
1 infected South African adults treated for drug-sensitive TBM with standard anti-
tuberculosis chemotherapy and adjunctive prednisone (1.5mg/kg/day). Paired blood and

cerebrospinal fluid (CSF) samples were taken at presentation, after 2 weeks of anti-
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tuberculosis treatment and when ART was initiated, after 2 weeks of ART, and if CNS IRIS
occurred. IRIS developed in 16 subjects (47%), a median of 14 days after starting ART, with
symptoms and signs of worsening headache (n=12), new onset seizures (n=4), reduced
consciousness (n=6) and paraparesis (n=3). Brain imaging showed that these manifestations
were associated with tuberculoma development in six subjects, infarcts in four, and
hydrocephalus in two. These findings are well-described complications of TBM in HIV-
infected and uninfected individuals and can occur before or during anti-tuberculosis

treatment.

Marais et al. conducted careful longitudinal analyses of paired blood and CSF samples,
describing the relationships between the development of IRIS and CSF leucocyte numbers
and types, the concentrations of an array (>30) of blood and CSF inflammatory mediators,
and, in their current article, blood transcriptional profiles. They showed that TBM-associated
CNS IRIS has an inflammatory signature characterized by neutrophil and inflammasome-
mediated pro-inflammatory responses. There were two particularly surprising and important
observations. First, despite their and many others’ observations that TBM-associated
inflammation is highly compartmentalized to the brain, the inflammatory signatures of
neurological IRIS were clearly detected by transcriptional profiling of the blood. Second,
neurological IRIS was associated with marked neutrophil-dependent inflammatory activation
(but not inflammasome activation) that was detectable before the start of anti-tuberculosis
treatment and many weeks before the development of IRIS in both blood and CSF. These
findings are important because they may help clinicians predict who will develop IRIS, but
they also suggest early inflammatory responses to Mycobacterium tuberculosis infection,
independent of those driven by anti-tuberculosis and anti-retroviral treatment, may determine

much later treatment outcomes.
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The observed link between neutrophil-dependent inflammation and TBM-associated IRIS is
intriguing. The role of neutrophils in the pathogenesis of tuberculosis is controversial [6, 7].
Animal models of tuberculosis suggest neutrophils are protective against early infection [8],
but may exacerbate pathology in established disease [7, 9]. Data from humans are limited.
Higher blood neutrophil counts at tuberculosis diagnosis have been associated with reduced
risk of death in tuberculosis infection [10] and slower sputum conversion to negative during
therapy [11], and a neutrophil-driven, interferon (IFN)-inducible transcript signature in
human whole blood has been correlated with the clinical severity of lung tuberculosis [12].

Some of the most interesting data, however, come from clinical studies of TBM.

TBM is a relatively rare form of tuberculosis but its severity, combined with an ability to
characterize its inflammatory pathology and treatment response by serial CSF sampling and
brain imaging, havemade it a fruitful model for studying tuberculosis pathogenesis. It has
long been recognized that the absolute numbers of CSF neutrophils, and their proportions
relative to other leucocytes, can vary substantially before and after starting anti-tuberculosis
treatment [13]. In HIV-uninfected adults with TBM, paradoxical reactions and, in particular,
the development of brain tuberculoma, are associated with increased CSF neutrophil numbers
[14-16]. And in both HIV-infected and uninfected individuals higher numbers of CSF
neutrophils are associated with an increased likelihood of culturing M. tuberculosis from the

CSF [17, 18].

This last finding is especially pertinent given the observations of Marais and colleagues. M.
tuberculosis load is hard to measure accurately from clinical specimens, especially in CSF
where bacterial numbers are usually very low. But the ability to culture bacteria, and the
time-to-positivity of the culture, can provide an indication of likely bacterial numbers. In
those who developed IRIS, M. tuberculosis was cultured from CSF taken before and after 2

weeks of anti-tuberculosis treatment in 94% and 44% of patients respectively, compared to
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35% and 0% in those without IRIS. Drug resistance did not explain these differences. When
these observations are seen alongside those made in HIV-uninfected patients with TBM, the
similarities are striking. Post-treatment inflammatory reactions, in both patient populations,
appear linked to neutrophil-mediated inflammation, high bacterial loads and, possibly, slow

bacterial killing in the CSF.

Where do these new data leave clinicians and researchers? The inflammatory ‘signature’ of
TBM-associated CNS IRIS appears to be present long before it actually develops, indicating
the potential for clinical risk stratification. Marais et al. found that IRIS was associated with
an array of increased CSF inflammatory mediators before the start of anti-tuberculosis
treatment, including pro-inflammatory cytokines, chemokines, matrix metalloproteinases
(MMPs), and various neutrophil-associated mediators [4, 5]. The best predictors of IRIS,
however, appeared to be absolute CSF neutrophil counts, IFN-y and TNF-o concentrations
before the start of anti-tuberculosis treatment, and CSF neutrophil counts and S100A8/A9
concentrations after two weeks of ART. S100A8/A9 (or calprotectin) is a heterodimer of two
calcium-binding proteins S100A8 and S100A9, which promotes recruitment of neutrophils
and monocytes by inducing production of proinflammatory cytokines and chemokines [19,
20]. S100A8/A9-producing neutrophils have been found within inflammatory lung
granulomas of patients with active tuberculosis, and serum S100A8/A9 concentrations
positively correlate with neutrophil numbers in peripheral blood and lung pathology [21].
Whether S100A8/A9 concentrations can be used as a potential biomarker of inflammation,

disease severity, and IR1S/paradoxical reaction risk needs further investigation.

A pre-treatment inflammatory signature that predicts subsequent IRIS also introduces the
possibility that human genetic variants may predispose some patients to IRIS-associated
hyper-inflammatory responses to M. tuberculosis infection. If true, it may enable additional

risk stratification. A recent investigation from India reported that the severity of IRIS in all
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forms of tuberculosis was associated with polymorphisms in the gene encoding Leukotriene
A4 hydrolase (LTA4H) [16]. The biological plausibility of this observation is supported by a
previous study in which LTA4H variants were linked to pre-treatment CSF inflammatory
phenotype, dexamethasone responsiveness, and survival in HIV-uninfected Vietnamese

adults with TBM [22].

Finally, it must be hoped that greater understanding of the inflammatory mechanisms
underpinning IRIS and other paradoxical reactions will lead to improved prevention and
treatment. As Marais and colleagues discovered, adjunctive corticosteroids did not appear to
prevent IRIS in their cohort (at the doses given), although others have shown they quicken
symptom resolution in the treatment of non-CNS tuberculosis-associated IRIS [23].
Alternative agents with the potential to target neutrophil-mediated inflammation may be more
effective than corticosteroids. Animal models of tuberculosis have suggested a number of
widely available drugs, approved for other indications, that could be re-purposed as
neutrophil-directed therapies. For example, roflumilast is a type 4 phosphodiesterase inhibitor
approved to treat chronic obstructive pulmonary disease, but in a murine tuberculosis model
it blocked neutrophil recruitment, reduced pro-inflammatory cytokines production and, in
combination with isoniazid, resulted in a 0.5-1og10 reduction in lung bacillary load compared
to isoniazid monotherapy [24]. Doxycycline is an approved broad-spectrum antibiotic and
MMP inhibitor that, given the strong links between CSF MMP-9 concentrations and IRIS and
survival from TBM [25, 26], may also have a role in treatment [27]. Lastly, the non-steroidal
anti-inflammatory drug ibuprofen was found to ameliorate neutrophil mediated inflammation
and resulted in a one-log reduction in pulmonary mycobacterial load and increased survival
of mice infected with M. tuberculosis [28]. All these agents have the potential to move
rapidly into clinical trials in humans and highlight the value of meticulous clinical studies of

the type exemplified by Marias and colleagues. Unpicking the paradox of treatment-
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associated inflammatory deterioration in TBM promises to lead to its better prevention and

treatment.
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