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Adjunctive treatment with antiinflammatory corticosteroids like
dexamethasone increases survival in tuberculosis meningitis. Dexa-
methasone responsiveness associates with a C/T variant in Leuko-
triene A4 Hydrolase (LTA4H), which regulates expression of the
proinflammatory mediator leukotriene B4 (LTB4). TT homozygotes,
with increased expression of LTA4H, have the highest survival when
treated with dexamethasone and the lowest survival without.
While the T allele is present in only a minority of the world’s pop-
ulation, corticosteroids confer modest survival benefit worldwide.
Using Bayesian methods, we examined how pretreatment levels of
cerebrospinal fluid proinflammatory cytokines affect survival in
dexamethasone-treated tuberculous meningitis. LTA4H TT homozy-
gosity was associated with global cytokine increases, including tu-
mor necrosis factor. Association between higher cytokine levels and
survival extended to non-TT patients, suggesting that other genetic
variants may also induce dexamethasone-responsive pathological
inflammation. These findings warrant studies that tailor dexameth-
asone therapy to pretreatment cerebrospinal fluid cytokine concen-
trations, while searching for additional genetic loci shaping the
inflammatory milieu.
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Tuberculous meningitis is the most lethal form of tuberculosis,
with a mortality of 25 to 40% in drug-sensitive HIV uninfected

adults (1–3). Drug-resistant infection and HIV coinfection leads
to even higher mortality (1, 3). Because multiple investigations
suggest that dysregulated inflammation plays a role in mortality
from this disease, corticosteroids, which are broadly acting anti-
inflammatory drugs, are now routinely used as adjunctive therapy
to antitubercular antibiotics (4–6). The relatively modest reduction
of mortality with corticosteroids suggests that tuberculous menin-
gitis may elicit different inflammatory responses, with corticoste-
roids helping those with high levels of inflammation. Genetic
variation is likely to control these heterogeneous responses and a
common functional variant in the Leukotriene A4 Hydrolase
(LTA4H) gene is associated with responsiveness to dexametha-
sone, a potent corticosteroid (7–9). LTA4H is a key enzyme in
arachidonic acid metabolism that catalyzes the production of
leukotriene B4, a proinflammatory lipid mediator with pleiotropic
inflammatory effects (10, 11). A C/T transition in the promoter
modulates the LTA4H gene and, thereby, protein expression. Con-
sistent with its expression mediating an inflammatory milieu, CC and
TT homozygotes have the lowest and highest LTA4H expression,
respectively, with intermediate expression in CT heterozygotes. TT
homozygotes have the greatest survival benefit from dexamethasone

while suffering the highest mortality among those not given this
drug (8).
The role of LTA4H in controlling inflammation and survival

in the context of mycobacterial infections was first identified in a
zebrafish forward genetic screen, where animals with both low
and high LTA4H expression were more susceptible to Myco-
bacterium marinum infection than their wild-type counterparts
(8, 12). In the zebrafish, high LTA4H-mediated susceptibility is
due to its increased product LTB4 inducing excessive tumor
necrosis factor (TNF) (8). TNF causes pathogenic programmed
necrosis of macrophages in M. marinum-infected zebrafish as
well as Mycobacterium tuberculosis-infected human macrophages
(13, 14).

Significance

Despite appropriate antibiotic treatment, tuberculous meningitis
carries a high mortality ascribed to overexuberant inflammation.
Genetic variations in the enzyme, LTA4H, alter inflammation, with
individuals carrying the inflammation-associated LTA4H variant
benefitting from antiinflammatory steroids administered along-
side antibiotics. A prior study found poor correlation between
LTA4H genotype and cerebrospinal fluid levels of cytokines, key
mediators of inflammation. The study used “frequentist” statisti-
cal methods that can fail to detect true differences. Using Bayesian
statistics, which can detect significant differences not found by
frequentist methods, we found good correlation between LTA4H
genotype and cytokine levels, and cytokine levels and outcome
even independent of LTA4H genotype. These findings suggest
that LTA4H and additional inflammation factors affect outcome
and suggest tailoring steroid therapy to cytokine levels.
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Because tuberculous meningitis is characterized by a necrotizing
granulomatous reaction and macrophage-rich meningeal exudates
(15, 16), we wanted to determine if the LTA4H TT genotype
mediates increases in cerebrospinal fluid (CSF) cytokines and if
these increases are associated with dexamethasone responsiveness.
Consistent with the findings of Tobin et al. (8), analysis of a second
Vietnam tuberculous meningitis cohort, where all individuals had
been treated with dexamethasone, showed that LTA4H TT HIV-
uninfected individuals had increased survival over their non-TT
counterparts (7, 9). The same study also determined CSF cyto-
kine levels to test the prediction that TT individuals have a
hyperinflammatory CSF profile reflected by elevated cytokines (7).
The original analysis of the cytokine profiles in this study was
conducted using linear trend tests and found that the median levels
of all 10 assayed cytokines were increased in TT compared to CC
and CT patients, but in a multiple-comparison test only the inter-
leukins (IL) IL-1β, IL-2, and IL-6 increases achieved statistical
significance (7).
Here, we have reanalyzed the cytokine data from these HIV-

uninfected adults with tuberculous meningitis using Bayesian
methods. Bayesian analysis can detect significant results and re-
lationships not detected by frequentist methods because they do
not impose a penalty for multiple comparisons and can effectively
detect significant differences that are hidden by type 2 errors in
frequentist analysis (9). Moreover, we don’t know the class of
distribution (e.g., normal, Gamma, and so forth) from which the
cytokine values come. Bayesian methods can identify the likely
class of distribution and take this information into account for the
analyses even without having surety about the correct class.
Using Bayesian methods (detailed in SI Appendix, Appendices S1

and S2), we find that survival in response to dexamethasone is as-
sociated with significant increases in all cytokines tested before or
at the start of treatment, representing innate proinflammatory,
helper T cell-associated and immunomodulatory classes. While the
LTA4H TT genotype was associated with increases in these cyto-
kines, we also found that increased cytokines are associated with
survival in an LTA4H-independent manner in this dexamethasone-
treated cohort.

Results
In Tuberculous Meningitis Patients, LTA4H TT Genotype Is Associated
with Increased CSF Levels of Multiple Cytokines, including TNF. Anal-
ysis of the CSF cytokine values from Thuong et al. (7) (Dataset
S1) showed that none followed a normal (Gaussian) distribution.
For nearly all values, log-skew-Student (log-noncentral-t distribu-
tion) was the preferred distribution class both in the dataset as a
whole and for the various subsets considered in our analyses (SI
Appendix, Appendix S2). Comparisons were performed using re-
stricted geometric means as is appropriate for such heavy-tailed
approximately logarithmically distributed data (see definitions of
statistical terms used in SI Appendix, Supplementary Box S1 and
Appendix S2). Furthermore, unlike the previous analysis, we made
no assumption that there would be a linear trend with the number
of T-alleles in a given patient. Using this method of analysis, we
found that TT patients had significant increases in all measured
CSF cytokines, except interferon-γ (IFN-γ) and IL-4, compared to
both CC and CT patients who had similar levels to one another
(Fig. 1A and Dataset S2). Similarly, a comparison of cytokine levels
in TT patients to those in combined non-TT (CT and CC) patients
showed that these levels in TT patients were significantly higher for
all cytokines except for IFN-γ and IL-4 (Fig. 1B). In both com-
parisons, IFN-γ and IL-4 were also increased though the differences
were not significant. The finding that a single T allele does not have
a discernible influence on inflammatory pathways is consistent with
the CC and CT patients in this cohort having similarly lower survival
than TT patients when all patients were receiving dexamethasone
therapy (7, 9). Thus, TT homozygosity is associated with increased
cytokine concentrations across the board, including cytokines that

are associated with: An acute inflammatory response (TNF, IL-1β,
and IL-6), T cell activation and regulatory T cell homeostasis (IL-2),
innate and adaptive type-1 immunity (IL-12 and IFN-γ), innate and
adaptive type-2 immunity (IL-4, IL-5, and IL-13), and immune
modulation (IL-10). Importantly, TNF, which drives the patho-
genesis caused by LTA4H excess in the zebrafish model of tuber-
culosis (8, 13, 14) is significantly increased in TT patients.

The LTA4H TT Genotype Exerts a Compensatory Regulation on CSF
Cytokine Levels in More Severe Disease. Tuberculous meningitis pa-
tients can present with a wide-ranging disease severity, reflected by
the presence or absence of focal neurological signs, or a general-
ized decrease in responsiveness including coma (17). The modified
British Medical Research Council (BMRC) tuberculous menin-
gitis grading system categorizes patients into three grades in in-
creasing order of severity (3, 17). Prior analysis of this cohort
found that disease grade was associated with a trend to increased
cytokines across the board with a significant increase for only one,
IFN-γ (7). Our analysis found all to be increased with increasing
grade, with significant increases between grades for 7 of the 10
(Fig. 2A and Dataset S2). Since there were increased cytokine
levels for both the TT genotype and for higher disease grades, we
predicted that these levels would be highest in TT patients in the
higher disease grades. Whereas non-TT patients had a similar
pattern of increased cytokines with increasing disease grade as the
overall cohort (Fig. 2B), we were surprised to find that in TT

A

B

Fig. 1. CSF cytokine levels grouped by LTA4H genotype. (A) Cytokine levels
in CSF from CC (n = 148), CT (n = 142), and TT (n = 16) patients. (B) Cytokine
levels compared between non-TT (n = 290) and TT (n = 16) genotypes.
Magenta lines indicate geometric means. Asterisks indicate probability that
right-hand group values are significantly greater than the left (* ≥ 0.95, ** ≥
0.99, *** ≥ 0.999, **** ≥ 0.9999). Unspecified comparisons are not
significant.
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patients, the pattern was reversed. The majority of the cytokines
were lower in grades 2 and 3 than in grade 1, significantly so in
many cases (Fig. 2C). The major shift occurred between grades 1
and 2. Grade 3 cytokines were not lower than grade 2; the levels

were either similar in these two grades or grade 2 levels were
nonsignificantly lower. These findings suggest the existence of
compensatory mechanisms in TT patients that limit extreme in-
creases in cytokine levels driven by increased disease severity.

A

B

C

D

E

F

Fig. 2. Cytokine levels by grade and by genotype. (A) All patients (grade 1 n = 109, grade 2 n = 141, grade 3 n = 55); (B) Non-TT patients (grade 1 n = 105,
grade 2 n = 133, grade 3 n = 51), and (C) TT patients (grade 1 n = 4, grade 2 n = 8, grade 3 n = 4). (D) Grade 1 patients; (E) grade 2 patients; (F) grade 3
patients. Magenta lines indicate geometric means. Asterisks indicate probability that right-hand group values are significantly greater than the left (* ≥ 0.95,
** ≥ 0.99, *** ≥ 0.999, **** ≥ 0.9999). Hash symbols indicate probability that left-hand group values are significantly greater than the right (# ≥0.95, ## ≥0.99).
Unspecified comparisons are not significant.
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Consistent with this hypothesis, when we compared cytokine levels
in non-TT to those in TT patients stratified by disease grade, cy-
tokine levels in TT patients were higher in all grades, with in-
creases that were the greatest and most significant in grade 1,
rather than in grades 2 and 3 (Fig. 2 D–F).

Both LTA4H TT-Dependent and -Independent CSF Cytokine Increases
Are Associated with Survival in Response to Dexamethasone. Thuong
et al. (7) compared cytokine levels independent of LTA4H ge-
notype in tuberculous meningitis survivors to nonsurvivors fol-
lowing adjunctive dexamethasone treatment and found that
survivors had increased cytokine levels. Our reanalysis confirmed
this result; all cytokines were significantly increased in survivors
compared to those who died (Fig. 3A). Because TT patients had
significantly increased survival with dexamethasone as compared
to non-TT patients (7, 9), we hypothesized that the increased cy-
tokine levels in survivors overall would be restricted to TT pa-
tients. However, even among non-TT patients only, survivors had
significantly increased cytokines across the board when compared
to those who died (Fig. 3B). We could not compare TT survivors
to nonsurvivors as the four TT patients who died did not have CSF

cytokine measurements. Comparison of TT survivors to non-TT
survivors revealed that most cytokines were significantly higher in
TT survivors than in the non-TT survivors (Fig. 3B). CC and CT
survivors each also had higher cytokines than nonsurvivors overall
and in all three disease grades (SI Appendix, Fig. S1). Together,
these analyses show that the default inflammatory response to
tuberculous meningitis includes global increases in CSF cytokines,
and suggest they are associated with a survival benefit from
dexamethasone. Overlaid on these are further increases mediated
by the LTA4H TT genotype.
The finding that the LTA4H TT patients have increased CSF

cytokines over their non-TT counterparts provides an explanation
for why they survive better when treated with dexamethasone than
their non-TT counterparts (8). However, we had now shown in
this study that among dexamethasone-treated tuberculous men-
ingitis patients, LTA4H TT-independent cytokine increases are
also associated with survival, raising the question of whether non-
TT patients might also benefit from dexamethasone. By the time
the cytokine analysis study was undertaken, adjunctive dexa-
methasone had become standard-of-care treatment so that all
patients were given this drug (7). Therefore, to answer the ques-
tion, we reanalyzed the survival data from the Tobin et al. (8)
study (Table 1), using recently described Bayesian methods, which
had compared survival of patients of the three LTA4H genotypes
with and without adjunctive dexamethasone (8, 9).
The survival of dexamethasone-treated CT heterozygotes was

different between the two studies, appearing more similar to that
of the TT patients in the Tobin et al. study (8) but more similar to
that of the CC patients in the Thuong et al. study (7). Therefore,
we reanalyzed both studies using Bayesian methods, separating
the non-TT patients into the individual CC and CT genotypes. In
the Tobin et al. study (8), in the absence of dexamethasone
treatment, TT patients had worse survival than both CC and CT
patients, with the difference being just short of being significant
(maximum posterior probability 0.946) (Fig. 4A; also see SI Ap-
pendix, Supplementary Box S2 for explanation of definitions and
abbreviations used in the Fig. 4 legend). There was no significant
difference between CC and CT patients (Fig. 4A). Among
dexamethasone-treated patients, TT survival was significantly higher
than CC survival (Fig. 4B). CT survival was in between the two,
significantly higher than CC and nonsignificantly lower than TT
(Fig. 4B). In the Thuong et al. study (7), CT survival was significantly
worse than TT and not significantly different from CC (Fig. 4C). We
confirmed this shift in CT survival between the two studies by a
direct comparison of the Tobin et al. and Thuong et al. studies (7, 8).
CT survival was significantly worse in the Thuong et al. study (7),
whereas CC and TT survival were not significantly different in the
two studies (Fig. 4 D–F).
Finally, we asked whether and how dexamethasone influenced

the survival of each genotype in the Tobin et al. study (8). Directly
comparing survival of each of the three genotypes with and without
dexamethasone, we found that TT patients derived the greatest
benefit from dexamethasone, CT patients had a smaller but still
significant benefit, and CC patients were neither helped nor harmed
by dexamethasone (Fig. 4 G–I).
In sum, because the CC and TT patients survived similarly in

response to dexamethasone in the Thuong et al. and Tobin et al.
studies, we can use the survival with and without dexamethasone in
the Tobin et al. study (8) together with the pretreatment cytokine
levels in the Thuong et al. study (7) to draw the following two
conclusions: 1) TT patients benefit very substantially from dexa-
methasone, consistent with their higher pretreatment cytokine lev-
els; and 2) among dexamethasone-treated patients, CC survivors
have higher pretreatment cytokine levels than nonsurvivors. These
two findings can be reconciled by a model (Fig. 5) where dexa-
methasone reduces the higher pretreatment cytokine levels in TT
patients to a level optimal for survival, whereas the lower cytokine
pretreatment levels in many of the CC patients are lowered further
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Fig. 3. Cytokine levels in survivors and nonsurvivors. (A) Cytokine levels in
patients who survived (S, n = 248) versus those who died (D, n = 57); (B)
separated by genotypes into non-TT (deaths, n = 57, survivors, n = 232) and
TT (all survived, n = 16). Magenta lines indicate geometric means. Asterisks
indicate probability that right-hand group values are significantly greater
than the left (* ≥ 0.95, ** ≥ 0.99, *** ≥ 0.999, **** ≥ 0.9999). Comparisons
performed for each cytokine: Non-TT dead vs. survived and non-TT survived
vs. TT survived. Cytokine levels between non-TT dead and TT survived were
not compared.
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by this treatment to suboptimal levels, so that there is no apparent
benefit of the drug to the overall cohort.

Discussion
Dysregulated intracerebral inflammation has long been thought to
be responsible for the high mortality and morbidity of tuberculous
meningitis. Multiple cytokines can be major effectors of dysregu-
lated immune responses, yet pretreatment cytokine data from tu-
berculous meningitis patients are limited (18, 19). Therefore, the
Thuong et al. study (7) where CSF cytokines were collected in
306 HIV-uninfected patients, all of whom were treated with dexa-
methasone, together with comprehensive clinical information and
survival analyses, provided an unprecedented opportunity. This
cohort allowed for an analysis of CSF cytokine concentrations in
tuberculous meningitis with respect to disease severity on presen-
tation and outcome following dexamethasone treatment. Moreover,
this study confirmed the survival benefit of the LTA4H TT geno-
type, providing the opportunity to ask if this hyperinflammatory
genotype was associated with increased cytokines. Comparison of
CSF cytokines applying frequentist statistical methods (linear trends
tests) to median cytokine values showed that increased pretreat-
ment levels of most (8 of the 10 tested) were significantly associated
with survival with dexamethasone, indicating that these higher levels
are pathogenic. All cytokines were increased with increased disease
grade, but only one of these, IFN-γ, was significantly increased in
those with grade 3 disease. The LTA4H TT genotype was also as-
sociated with global increases in cytokine concentrations across the
board in comparison to the non-TT genotype patients, but the
differences were significant in only 3 of the 10 cytokines. Given that
most cytokines are induced by interrelated and often shared signal
transduction networks, notably the NF-κB family of transcription
factors (20), these patchy statistically significant differences were
more likely to represent a type 2 statistical error than biologically
relevant patterns. Therefore, we turned to Bayesian methods to
reanalyze these data and looked for associations between pre-
treatment cytokine levels with disease severity, survival and LTA4H
genotype, not only singly, but also in combination.
Bayesian analysis shows that all cytokines tested, representing

multiple functional classes—innate proinflammatory, Th1- and
Th2-associated, and immunomodulatory—are associated with
survival in this dexamethasone-treated cohort. This global induc-
tion of cytokines is consistent with the induced inflammatory trig-
ger mediating effects upstream of a common signaling axis for all of
them without significant additional downstream regulation. The
finding that the LTA4H TT genotype further increases all 10 cy-
tokines is consistent with prior work showing that LTB4 binding to
its receptors activates the NF-κB pathway (21). This enhancement

in NF-κB activity may not only boost the transcription of inflam-
matory cytokines, but may also induce immunomodulatory cyto-
kines. For example, the IL-10 locus contains an NF-κB binding
motif that enhances IL-10 transcription in macrophages, cells with
a critical, early involvement in tuberculosis pathogenesis (8, 12, 22).
Importantly, TNF, which has been implicated in the pathogenesis
of tuberculosis, including tuberculous meningitis (13, 14, 23), ap-
pears to be dysfunctionally increased both in an LTA4H-
independent and -dependent manner. Finally, this work high-
lights the role of the previously described regulatory circuits that
dampen LTA4H TT-mediated inflammation in the context of one
of the most lethal infectious diseases of humans (11, 24).

Association of Increased CSF Cytokines and Survival even Independent
of LTA4H Genotype.Our initial goal in performing these analyses was
to ask whether the LTA4H TT genotype is associated with global
increases in pretreatment CSF cytokines, as would be predicted by
its activation of the NF-κB pathway (21). LTA4H TT individuals
with tuberculous meningitis have a striking survival benefit from
dexamethasone, which causes a global reduction in cytokines, and
we find that the TT genotype is indeed associated with higher
pretreatment CSF cytokines across the board. However, even in
Europe and Africa where the LTA4H T allele is much rarer (10%
frequency) than in Asia (up to 33%; from https://tinyurl.com/
y4c232e3) (8, 9, 25), multiple small studies have a modest survival
benefit from corticosteroids comparable to that seen in Asia (4, 5,
26, 27). In fact, the earliest studies suggesting corticosteroid benefit,
which gave the impetus for the larger randomized controlled trial in
Vietnam (6), were done in patient populations that were mostly of
European descent, in which the LTA4H TT homozygote genotype
frequency would have been rare (1 to 4% of population) (25–27).
Perhaps our most important finding is that even among LTA4H
non-TT individuals, higher CSF cytokines are associated with higher
survival in response to dexamethasone. However, when we analyze
a prior cohort that enables comparison of survival with and without
dexamethasone (but lacks CSF cytokine analysis), we find that while
TT patients gain a major survival advantage from dexamethasone,
non-TT patients’ survival is neither helped nor harmed by it.
These two findings can be reconciled in two ways. The first is

predicated on the idea that a major mechanism of dexamethasone’s
survival benefit is through its cytokine-reducing effect (28, 29). Non-
TT pretreatment CSF cytokines are lower on average than TT, and
the currently used dexamethasone dosages may decrease their cy-
tokine levels to suboptimal levels (Fig. 5). In optimal concentrations,
many of these cytokines play a role in the host responses that
eliminate bacteria, and this function may be lost if they are lowered
below a threshold. The model that dexamethasone optimizes TT

Table 1. Patient cohort characteristics

Thuong et al. (7) 2017 Tobin et al. (8) 2012

Total n 306 179
Age (y)

Median (range) 39 (18–87) 34 (15–83)
BMRC tuberculous meningitis grade

No. (% of total)
1 109 (35.6) 43 (24.0)
2 141 (46.1) 84 (46.9)
3 56 (18.3) 52 (29.1)

Overall mortality
No. (%) 57 (18.6) 38 (21.2)

LTA4H rs17525495 genotype
No. (% of total)

CC 148 (48.4) 84 (46.9)
CT 142 (46.4) 73 (40.8)
TT 16 (5.2) 22 (12.3)
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cytokine levels while reducing non-TT levels too much can be
tested when the results of an ongoing randomized clinical trial of
dexamethasone for non-TT patients become available (trial reg-
istration: NCT03100786) (30). Non-TT survivors in the control
arm would not be expected to have higher cytokine levels than
nonsurvivors. Our findings could pave the way for stratification of
patients for dexamethasone therapy both by LTA4H genotype and
by CSF cytokine levels, potentially indicating higher and lower
doses of the drug or no drug at all. Because corticosteroids exhibit
a dose-dependent degree of immunosuppression of cytokines,
including TNF (31), it is possible that the lower non-TT grades
may benefit from lower doses of these drugs.
Alternatively, it is possible that the much greater benefit of

dexamethasone on TT survival derives from its countering other

inflammatory pathways activated by LTB4, including neutrophil
chemotaxis and degranulation, and production of reactive oxy-
gen and nitrogen species (10), which would also be inhibited by
corticosteroids (28, 29).

Regulatory Networks May Keep LTA4H TT Cytokine Increases in Check.
The finding that disease severity increases cytokine levels in non-TT
but not in TT patients suggests LTA4H TT-specific compensatory
mechanisms that appear to dampen disease grade mediated cyto-
kine increases. LTB4 mediates its activity through two receptors,
BLT1 and BLT2 (32). BLT1, the high-affinity receptor, is associ-
ated with proinflammatory responses, and is itself down-regulated
by increased inflammatory determinants, including TNF (11, 24).
One could imagine a scenario where the interplay between disease

Fig. 4. Effect of dexamethasone and LTA4H rs17525495 genotype on survival probability of patients from Tobin et al. (8) and Thuong et al. (7). Mean
posterior survival probability curves; inset plots represent mean posterior hazard rates for the first 30 d. Shaded areas represent the 95% Bayesian confidence
limits for posterior probability. (A) In Tobin et al. (8) (No Dex), TT survival was nonsignificantly reduced compared to non-TT (maximum probability 0.946). (B)
In Tobin et al. (8) (Dex), TT survival was significantly greater than non-TT from day 40 onwards (maximum probability 0.976, survival gap 17%). Probability
that TT hazard rate (Inset) is lower than non-TT is >0.95 from day 2 to day 252 (maximum probability 0.972, peak ratio 7.5 at day 97). CT survival was sig-
nificantly greater than CC from day 3 onwards (maximum probability 0.999, survival gap 23%), and CT hazard rate significantly lower than CC from day 1
onwards (maximum probability 0.996, ratio peaks at 12 on day 3 and remains >3 throughout). (C) In Thuong et al. (7) patients (Dex), CC and CT survival
comparisons do not differ significantly (maximum probability 0.91). TT survival was significantly greater than CC from day 42 onwards (maximum probability
0.987, survival gap 12%). Probability that TT hazard rate is lower than CC is >0.95 days 15 to 138 (maximum probability 0.991, ratio peaks at 3.4 on day 62 and
remains >1 until day 250). TT survival was also significantly greater than CT from day 53 to day 254 (maximum probability 0.964, survival gap 9%). Probability
that TT hazard rate is lower than CT is >0.95 from day 7 to day 73 (maximum probability 0.979, ratio peaks at 2.9 on day 22 and remains >1 to day 234). (D) In
CC (+Dex) patients, survival was nonsignificantly greater in the Thuong et al. (7) cohort (maximum probability 0.939, survival gap 9%). (E) In CT (+Dex)
patients, survival was significantly greater in the Tobin et al. (8) cohort from day 5 onwards (maximum probability 0.993, survival gap 11%). Tobin CT (+Dex)
hazard rate was significantly lower than Thuong CT from day 2 to day 45 (maximum probability 0.997, peak ratio 9.8 on day 4). (F) In TT patients (+Dex),
survival was nonsignificantly greater in the Tobin et al. (8) cohort (maximum probability 0.90, survival gap 6%). (G) Tobin CC patient survival did not differ
significantly with and without Dex treatment (maximum probability 0.80). (H) Tobin CT patient survival was significantly greater with Dex from day 7 to day
88 (maximum probability 0.964, survival gap 11%). CT (+Dex) hazard rate was significantly lower than CT (No Dex) from day 3 to day 18 (maximum probability
0.967, peak ratio 9 on day 2 and remains >1 throughout). (I) Tobin TT patient survival was significantly greater with Dex from day 1 onwards (maximum
probability 0.997, survival gap 41%). TT (+Dex) hazard rate was significantly lower from day 1 onwards (maximum probability 0.996, peak ratio 35 on day 2).
See SI Appendix, Supplementary Box S2 for explanation of definitions and abbreviations used.
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severity and TT-driven cytokine increases are sufficiently high so as
to down-regulate BLT1, which would halt LTB4–BLT1-mediated
cytokine increases. Moreover, BLT1 down-regulation would pro-
mote LTB4 interactions with its BLT2 receptor which, having an
∼50-fold lower affinity (32), would ordinarily not be in play.
LTB4–BLT2 interactions can promote both pro- and antiin-
flammatory responses in different scenarios (11, 24, 32, 33).
Germane to this study, LTB4–BLT2 interactions are reported to
down-regulate macrophage activation as well as all four cytokines
tested (TNF, IL-1β and IL-6, and IFN-γ) in a mouse inflammatory
colitis model (33). Even if the interaction results in proin-
flammatory responses, the substantial reduction in binding affinity
would be expected to result in reduced downstream effects. We
hope to be able to evaluate these potential compensatory mech-
anisms further in both zebrafish and human studies.

LTA4H TT-Dependent and LTA4H-Independent TNF Dysregulation.Our
finding that dexamethasone is associated with increased survival in
both LTA4H TT and non-TT patients is tantalizing from a thera-
peutic standpoint. In the zebrafish, high LTA4H increases disease
severity through increasing TNF, which in excess causes increased
disease pathogenesis through a newly identified programmed
macrophage necrosis (13, 14). We were particularly interested in
this question because in the zebrafish, several pathway-specific
drugs that inhibit macrophage necrosis without being broadly
antiinflammatory have been identified, all of which have a decades-
long history of use in humans for other conditions (13, 14).
Therefore, unlike glucocorticoids, these drugs would be beneficial
to those with excessive TNF while being neutral to the other pa-
tients, as they target the downstream effects of excess TNF, without
broadly reducing overall cytokines to levels which are detrimental
to survival.

Conclusions and Implications for Future Studies.The use of Bayesian
methods has enabled important insights into the induction and
regulation in tuberculous meningitis and the possible detrimental
effects of their dysregulation. On-going randomized control trials
that will enroll >1,200 participants are examining the role of
adjunctive dexamethasone adults with tuberculous meningitis,
stratifying participants according to HIV infection and LTA4H
genotype (30, 34). Pre- and posttreatment CSF cytokine analysis
will be performed in all participants (30, 34). These trials will
allow for validation of the analyses presented here as well as test
the models and hypotheses that have arisen from them. Finally,
some (though not all) studies done over decades across the globe
have found adjunctive corticosteroid treatment to have a modest
early benefit in the contagious and most common form of

tuberculosis, that involving the lung, both in reducing inflam-
mation and bacterial burdens (35–38). Spatial studies of human
tuberculous granulomas find that necrotic tuberculous granulo-
mas are enriched for LTA4H and TNF as compared to non-
necrotic granulomas from the same lung, making it plausible that
corticosteroids exert their effects through these determinants
(39). The analytical methods developed here could be readily
tailored to examine the role of corticosteroids as drugs that may
improve outcome in pulmonary TB as well.

Materials and Methods
The anonymized tuberculous meningitis patient cohort CSF cytokine-level data
used here has been previously described (7, 9) (Table 1 and Dataset S1). The
tuberculous meningitis cohort used for survival analysis has also been previ-
ously described (6, 8) (Table 1 and Dataset S1). Patients were admitted to one
of two tertiary care referral hospitals in Ho Chi Minh City, Vietnam: PhamNgoc
Thach Hospital for Tuberculosis and Lung Disease (Hospital 1) or the Hospital
for Tropical Diseases (Hospital 2). Patients were grouped on study entry
according to the modified BMRC tuberculous meningitis grade: Patients with a
Glasgow Coma Scale (GCS) score of 15, with no focal neurologic signs, were
designated grade 1; patients with GCS score of either 11 to 14, or 15 with focal
neurologic signs, were designated as grade 2; and patients with GCS scores of
10 or less were designated as grade 3 (6). The Tobin et al. (8) study had a
higher proportion of patients with more severe disease (Table 1 and Dataset
S1). Patients with cytokine measurements were classified as having definite,
probable, or possible tuberculous meningitis in accordance with published
diagnostic criteria (40). Patients in the Tobin et al.(8) study all had definite
tuberculous meningitis. LTA4H rs17525495 genotypes were determined by
Taqman assay (7, 8). There was no significant difference in the frequency of
the three LTA4H genotypes, CC, CT, and TT between the Thuong et al. (7) and
Tobin et al. (8) patients when the comparisons were restricted to the individual
grades. When all grades were combined, Thuong et al. (7) had more CT pa-
tients (P 0.96), Tobin et al. (8) had more CC patients with the difference being
not quite significant, and there was no difference between the TT patients in
the two studies.

The Tobin et al. (8) study used for survival analysis comprised patients from a
trial where patients were randomized to get either dexamethasone for the
first 6 to 8 wk or placebo (6, 8). Patients with moderate to severe disease
(grades 2 and 3) were given intravenous treatment for 4 wk (0.4 mg/kg/d week
1, 0.3 mg/kg/d week 2, 0.2 mg/kg/d week 3, and 0.1 mg/kg/d week 4), followed
by oral administration for 4 wk, starting at 4 mg/d and decreasing by 1 mg
each week. Patients with mild disease (grade 1) received 2 wk of intravenous
treatment (0.3 mg/kg/d week 1, 0.2 mg/kg/d week 2), followed by oral therapy
for 4 wk, starting at 0.1 mg/kg/d in week 3, then a total of 3 mg/d in week 4,
decreasing by 1 mg/week. All patients in the cohort used for cytokine analysis
were treated with adjunctive dexamethasone as above. CSF specimens had
been collected on enrollment and cytokines had been measured in 306 of 404
patients (7) (Dataset S1). CSF for cytokine measurements was available in a
smaller proportion of patients admitted to Hospital 1 than Hospital 2 (162 of
190 [55.9%] vs. 144 of 149 [96.6%]) (SI Appendix, Table S1).

Further analysis showed that Hospital 1 TT patients were significantly less
likely to have had cytokine measurements than non-TT patients (SI Appendix,
Table S2). There was no such bias in relation to survival status or disease grade
severity (SI Appendix, Table S2). To determine if the Hospital 1 collection bias
in the TT vs. non-TT patients changed the analysis, all data were analyzed for
the whole cohort and Hospital 2 alone (Dataset S2). Of the 350 comparisons,
349 yielded similar patterns in the two datasets, with some loss of significance
when considering Hospital 2 alone due to reduced patient numbers. The only
comparison where there was a change in the direction was IL-5, grade 1 versus
grade 2, which was significantly greater in grade 2 than in grade 1 in Hospital
2 alone, and nonsignificantly greater in grade 1 than grade 2 in the overall
cohort. The analyses for the overall cohort are presented in Figs. 1–3.

As described in Thuong et al. (7), 10 cytokines (TNF, IL-1β, IL-6, IL-12, IFN-γ, IL-
2, IL-4, IL-5, IL-13, and IL-10) were measured in the stored CSF samples by
Luminex multiplex bead array analysis. The cytokine levels reported in the
previous study were reanalyzed using Bayesian methods comparing restricted
geometric mean values from groups of patients separated by HIV status, sur-
vival status (“survivors” are patients who were either known to have survived
or, if lost to follow-up, were censored at the time of last recorded outcome),
BMRC tuberculous meningitis grade, and LTA4H rs17525495 genotype (SI Ap-
pendix, Appendix S2). A number of CSF samples yielded cytokine concentrations
that were outside the linear ranges of the assays and had been assigned
specified high or low fixed values. To handle apparent limits to the measurable
value, resulting in many observations of the maximum and minimum seen

Fig. 5. Proposed model of dexamethasone-mediated effects on survival
probability interacting with LTA4H rs17525495 genotypes.
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value, these maximal and minimal values were spread in a process called
dithering (SI Appendix, Appendix S2). The geometric means of both the
undithered and dithered data are in SI Appendix, Table S2. The geometric
means indicated in Figs. 1–3 are based on the undithered data. Significance
analyses for all comparisons were performed on both dithered and undithered
data (Dataset S2) and the results from the analyses of the dithered data are
presented in Figs. 1–3. In 869 of the 890 comparisons, the significance for the
majority of comparisons did not change between analysis of undithered and
dithered data. Of the 21 comparisons that were changed by dithering,

significance was lost upon dithering in 15 and gained upon dithering in 6. The
instances where significance changed upon dithering are color-coded blue and
marked with a minus sign in the less-significant cell in Dataset S2.

The Bayesian methods used for the survival analysis in Fig. 4 are detailed in
Whitworth et al. (9).

Data Availability. All study data are included in the article and supporting
information.
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