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Inflammatory markers in the cerebrospinal
fluid linked to mortality in tuberculous
meningitis
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This study examines the role of host inflammation in the high mortality of tuberculous meningitis (TBM) and identifies potential bio-
markers associated with improved survival. We conducted a case-control study involving 131 patients in a discovery cohort, 81 TBM
patients in a validation cohort, and 43 non-infected controls from a referral hospital in Indonesia. We measured 94 inflammation-re-
lated proteins in cerebrospinal fluid (CSF) and performed genome-wide quantitative trait loci (QTL) mapping. Sixty-seven proteins
were found to be differentially expressed between TBM patients and controls, with 64 proteins elevated in patients. Five proteins,
including vascular endothelial growth factor (VEGF) and matrix metalloproteinase-10 (MMP-10), were identified as predictors of
180-day mortality in TBM patients. The validation cohort confirmed that MMP-10, but not VEGF, was predictive of mortality.
Genome-wide QTL mapping identified two genome-wide significant and four suggestive genetic loci associated with CSF MMP-
10, which also predicted survival in an additional cohort of 218 patients. High CSF concentrations of MMP-10, along with specific
genetic loci, may be associated with survival in TBM patients, suggesting a potential role for MMP-10 in disease pathogenesis and
warranting further investigation into its utility in host-directed therapies.
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Introduction

Tuberculous meningitis (TBM) is the most devastating form
of tuberculosis, resulting in death or severe disability in ap-
proximately half of all patients.' Understanding the factors
that affect mortality is crucial for developing new therapeut-
ic strategies. An ineffective host immune system contributes
to the poor outcome of TBM, either through inadequate kill-
ing of Mycobacterium tuberculosis, or through an inappro-
priate inflammatory response leading to tissue damage
(immunopathology).> Corticosteroids, aimed at limiting
damaging inflammation, have been shown to reduce patient
mortality.> However, disability is not prevented with corti-
costeroids, and some patients still develop severe immuno-
pathology despite corticosteroid treatment, underlining the
need for additional host-directed therapies. Profiling inflam-
matory proteins in the cerebrospinal fluid (CSF) could help
unravel the mechanisms of immunopathology and identify
novel therapeutic targets. Yet, studies examining individual
inflammatory mediators in relation to clinical outcomes
have not shown consistent results. For example, in a pro-
spective study, high IFN-y in CSF predicted a favourable out-
come in HIV-negative patients, but not with HIV,* while
another study reported the opposite.’
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Therefore, the aim of this study was to obtain a broader
characterization of the inflammatory response in CSF in
TBM using an unbiased proteomics approach, and to evaluate
the association between these inflammatory markers and mor-
tality. To this purpose, we measured a large panel of inflamma-
tory proteins in CSF and linked their concentrations to survival
in a prospective cohort of TBM patients. Subsequently, we va-
lidated our findings in a second cohort of TBM patients.
Finally, we investigated whether single nucleotide polymorph-
isms (SNPs) associated with CSF proteins that predicted sur-
vival (i.e. protein quantitative trait loci (QTLs)) were also
predicted survival in an independent set of TBM patients.

Materials and methods

Study participants with suspected meningitis were included in
a prospective cohort from the Hasan Sadikin Hospital
(Bandung, Indonesia) from 31 October 2006 to 16 June
2016.° Patients were diagnosed as definite TBM cases with
a CSF culture or PCR positive for M. tuberculosis, and as
probable TBM cases when they presented with clinically sus-
pected disease, a CSF leukocyte count >5 per puL and a CSF:
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blood glucose-ratio lower than 0.5.° To ensure consistent clin-
ical and laboratory handling procedures, controls were se-
lected from patients who presented with symptoms
mimicking meningitis but were ultimately diagnosed with
non-infectious conditions, such as metabolic abnormalities.
These controls had a negative M. tuberculosis culture and nor-
mal routine CSF characteristics: CSF leukocyte count <5 per
uL and a CSF:blood glucose-ratio higher than 0.5. HIV co-
infection, which significantly impacts immune response and
mortality of TBM, was an exclusion criterion for the study.
All participants underwent a comprehensive clinical
evaluation, including a detailed medical history, general
physical examination, and neurological examination.
Neurological findings, such as signs of meningeal irritation
(e.g. neck stiffness, Kernig’s sign and Brudzinski’s sign), cra-
nial nerve deficits, focal neurological deficits, and altered
mental status, were systematically recorded. CSF samples
were collected at the time of diagnosis and analysed for rou-
tine parameters, including white cell count (total and differ-
ential counts for mononuclear and polymorphonuclear
cells), protein concentration, and glucose levels. Gram stain-
ing and cryptococcal antigen testing were performed to ex-
clude bacterial and cryptococcal meningitis, respectively.
Acid-fast bacilli staining, Gene-Xpert, and culture were con-
ducted to confirm M. tuberculosis infection. From the pro-
spective cohort, 131 TBM patients and 43 controls were
selected as the discovery cohort for proteomic analyses,
and an additional 81 TBM patients were included for valid-
ation. Genotype data from 209 patients were used for QTL
mapping, and genetic validation was performed in another
218 TBM patients. Patients were included under the project
‘Optimization of Diagnosis of Meningitis’, approved by the
Ethical Committee of Hasan Sadikin Hospital/Faculty of
Medicine of Universitas Padjadjaran, Bandung, Indonesia
(449/UN6.C1.3.3/KEPK/PN/2015).

CSF samples were centrifuged for 15 min at 1600 x g and the
supernatants were stored at —80°C.” The commercially
available ProSeek Multiplex Inflammation I panel (Olink
Proteomics, Uppsala, Sweden) was used to measure a panel
of 92 inflammation-related proteins in CSF. The procedure
of the multiplex proximity extension assay was performed
as previously described.® Briefly, proteins are recognized by
pairs of antibodies coupled to cDNA strands. These cDNA
strands bind when they are in close proximity, after which
they extend by a polymerase reaction. After detection and
normalization, this results in normalized protein expression
values, measured on a log,-scale. Proteins were excluded
from the analysis when the target protein was detected in
<75% of the samples. To validate our findings on vascular
endothelial growth factor (VEGF), VEGF was measured in
CSF samples of a larger validation cohort using the Simple
Plex cartridges run on the Ella platform (ProteinSimple,
San Jose, California, USA) following the manufacturer’s in-
structions. Additionally, levels of neuron-specific enolase
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(NSE), calprotectin (S100A8/A9), and IL-1Ra were mea-
sured in these CSF samples using enzyme-linked immuno-
sorbent assays (ELISAs) and were performed according to
the manufacturer’s protocol (R&D Systems, Minneapolis,
Minnesota, USA). Ella and ELISA data were log-transformed
before analysis. Serum and CSF albumin were measured in a
subgroup of patients as previously described.”

Data analyses of this study included protein, survival, and
QTL analysis. Protein values under the detection threshold
were replaced with the lower limit of detection values. All
computational analyses were performed in R 4.3.3. Protein
levels were compared between TBM patients and controls
using two-sample Wilcoxon tests. Proteins levels were then
correlated using Spearman’s Rank-Order correlation and
clustered using average hierarchical clustering using a max-
imum distance between proteins of 0.3, visualized using
the R package ‘corrplot’. Each cluster was represented by
the protein with the lowest distance to the other proteins in
that cluster. Due to high correlation between markers and
to avoid the burden of multiple testing corrections, only
the representatives were included in further analysis, which
enabled us to analyse groups of proteins rather than all mar-
kers individually.

The protein cluster representatives were correlated to rele-
vant measures of inflammation or brain damage using
Spearman correlation and analysed for survival using Cox
regression with R packages ‘survival’ and ‘survminer’. A
false discovery rates (FDR) based on Benjamini-Hochberg
procedure of <0.05 was considered significant. The proteins
that significantly predicted survival in the discovery cohort
were then tested in the validation cohort.

Genotyping was performed as previously described.” For im-
putation, we utilized an Indonesian-specific reference panel,
which was created by incorporating whole genome sequence
data from 217 Indonesian samples into the publicly available
1000 Genomes Project Phase 3 (1KGP3) East Asian reference
panel.'” Briefly, 4125096 SNPs with an imputation score
(R?) >0.8 and minor allele frequency >0.05 were included
in the analysis. To identify QTLs, log,-normalized protein ex-
pression values for CSF proteins were mapped to the genotype
data using a linear regression model with the R package
‘MatrixEQTL’. Visualization of the Manhattan plot was
performed using ‘qgman’. Sex and age were included in the
analysis as covariates. The threshold for genome-wide signifi-
cance was set at P<5x107% and P < 1x 10~ was consid-
ered as a suggestive association. We calculated a genetic risk
score based on the QTLs with a P <1 x 107> using the linear
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component of the Cox model, as in genetic risk score = 1X;.
+B2Xo+...+PpXp, where x; is the genotype data in dosages and
B4 is the coefficient resulting from fitting the Cox proportional
model.” The genetic patient cohort was stratified into high and
low risk groups according to the median of the genetic risk
score, and related to mortality.

Results

For the proteomic analysis, 131 TBM patients and 43 con-
trols were included. Of those 131 TBM patients, 97 (74 %)
had definite TBM, as confirmed by CSF culture or PCR.
The patient characteristics of the cohort are summarized in
Supplementary Tables 1 and 2. In total, 94 inflammatory
proteins were measured in CSF. The quality of the measure-
ment was high and 99% of the samples passed quality con-
trol. Overall, 70 of the 94 (74%) proteins were detected in
at least 75% of the TBM patients’ CSF samples and were in-
cluded in downstream analysis. TBM patients had a distinct
CSF protein profile compared to controls. Of the 70 proteins,
67 (96 %) differed significantly between the controls and the
TBM group, with 64 proteins showing higher and 3 showing
lower concentrations in TBM patients compared to controls
(Fig. 1A and Supplementary Table 3).

Subsequently, we analysed global correlation patterns
among CSF proteins in TBM patients. Using Spearman cor-
relations and average hierarchical clustering, we identified
24 clusters of proteins, each represented by the protein
with the lowest relative distance to others in the cluster
(Supplementary Fig. 1). Most protein pairs showed positive
correlations, although proteins such as C-X-C motif ligand
(CXCL) 9, CXCL10 and fibroblast growth factor 5 showed
mainly inverse correlations with the other proteins. None of
the CSF protein concentrations correlated well (Spearman’s
rho >0.5) with CSF mononuclear cell count or polymorpho-
nuclear cell counts, indicating that CSF leukocytes are prob-
ably not the main source of these proteins. Four (17%)
protein cluster representatives showed strong correlations
(Spearman’s rho >0.5) with NSE, a well-established marker
for neuronal damage.'" Correlations were especially high for
CSF total protein (10 representatives with rho >0.5) (Fig. 1B
and Supplementary Table 3), which can serve as a proxy for
blood-CSF barrier disruption (correlation with CSF-serum
albumin gradient; Pearson r = 0.95, P <0.0001).'?

Among 131 TBM patients followed until 6 months
(94% complete follow-up), the mortality rate was 44%.

S. Dian et al.

Five protein cluster representatives significantly predicted sur-
vival in a Cox regression model after correction for multiple
testing (FDR < 0.05). All five had hazard ratios above 1, indi-
cating that higher CSF protein concentrations were associated
with increased mortality. These five CSF proteins were also
measured in the validation cohort of 81 TBM patients to assess
whether they similarly predicted survival (Table 1).

Of the five markers, matrix metalloproteinase-10
(MMP-10), was significantly associated with mortality in
the validation cohort (Table 1 and Fig. 2A and B). A 2-fold
increase in CSF MMP-10 levels corresponded to a hazard
ratio of 1.31 for 180-day mortality (95% CI 1.08-1.6,
P=6.1x1073,Fig. 2A). CSF MMP-10 levels also correlated
with CSF total protein (Spearman’s rho=0.57, P=1.2 X
107'%), CSF NSE (Spearman’s rho=0.48, P=4.0x 1077),
CSF  polymorphonuclear cell counts (Spearman’s
rtho = 0.42, P=4.9%x10"7) and CSF mononuclear cell
counts (Spearman’s rho =0.30, P=5.6 x 107%). One of the
markers identified in the discovery cohort, VEGF, could
not be validated. Given VEGF’s plausible biological role in
TBM, we explored whether the lack of validation was due
to limited sample size. Therefore, we measured VEGF in a to-
tal of 199 TBM patients that were not part of the discovery
cohort. However, VEGF did not predict survival in these pa-
tients (hazard ratio=1.03, P=0.51).

To investigate the genetic regulation of MMP-10 levels in CSF,
we performed genome-wide association analysis by correlating
SNP genotypes with CSF MMP-10 concentrations to identify
quantitative trait loci (pQTLs, Fig. 3A). Two loci were asso-
ciated with MMP-10 levels at genome-wide significant thresh-
old (P < 5x107%), and four additional loci showed suggestive
association (P < 1 x 107%; Supplementary Table 4). Given the
strong inter-correlation among CSF proteins (Supplementary
Fig. 1), we examined whether the identified MMP-10 pQTLs
were also associated with other protein cluster representatives
that significantly predicted mortality in the discovery cohort
(Supplementary Table 5). A few of these loci were shared, par-
ticularly with those regulating interleukin-7 (IL-7) and tumour
necrosis factor-like weak inducer of apoptosis (TWEAK)
(Supplementary Fig. 2).

To understand the possible biological relevance of these
QTLs, we explored if these SNPs were known expression
QTLs in blood using publicly available data source
(HaploReg v4.1)."* None of the identified loci were known
expression QTLs, suggesting they may exert tissue-specific
regulatory effects, possibly in the central nervous system.

We next examined whether the identified QTLs for CSF
MMP-10 could together predict patient survival. A genetic
risk score was calculated for each patient based on the
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Figure | Protein levels show large differences between patients and controls in CSF. (A) Volcano plot for individual proteins in CSF
with the fold change between TBM and non-infectious controls on the x-axis, and the FDR on the y-axis. Proteins significantly different between
TBM and controls (FDR < 0.05) are coloured in black (N = 67), while the statistically insignificant proteins are coloured in grey (N = 3). Each point
represents one protein. (B) Correlation plots for representatives of CSF protein clusters with CSF total protein (as a proxy for barrier disruption)
for 131 TBM patients, NSE (as proxy for brain damage), and CSF mononuclear and polymorphonuclear cell counts. Each data point on the x-axis

represents the Spearman’s rho value for a single protein.

genotypes at the six loci associated with CSF MMP-10 levels.
Patients were then stratified into low-risk and high-risk
groups based on the median genetic risk score for the cohort.
In the 209 TBM patients included for QTL mapping, pa-
tients carrying the ‘favourable’ genotypes, which correlates
to low levels of CSF MMP-10, exhibited significantly lower

mortality. In contrast, patients with an ‘unfavourable’ genet-
ic make-up, which links to high CSF MMP-10 concentra-
tions, showed higher mortality (P=0.012, Fig. 3B). We
attempted to validate this finding using a second group of
218 TBM patients (55% culture-confirmed) with 82 (38%)
recorded deaths (Supplementary Table 1). Consistent with
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Table | Cox regression for 180-day mortality for the protein cluster representatives
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Discovery cohort

Validation cohort

Representative Hazard ratio + 95% CI P-value FDR Hazard ratio +95% CI P-value
TWEAK 1.93 (1.37-2.72) 1.55% 107* 1.92% 1073 1.02 (0.58-1.78) 0.948
VEGF 1.57 (1.24-1.99) 1.62x 107 1.92x 1073 123 (0.86-1.75) 0.252
OPG 1.49 (1.18-1.88) 6.85% 107* 552x% 1073 .15 (0.86-1.54) 0.354
IL-7 1.60 (1.16-2.21) 3.92x 1073 2.35% 1072 1.73 (0.94-3.19) 0.079
MMP-10 131 (1.08-1.60) 6.11x 1073 2.93x 1072 1.49 (1.09-2.04) 0.012

The hazard ratio is calculated per 2-fold increase. Only the statistically significant protein representatives are included in this table. Discovery cohort, N = 130 with 57 events; Validation

cohort, N =81 with 26 events. Cl, confidence interval; FDR, false discovery rate.
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Figure 2 CSF MMP-10 concentrations predict survival in tuberculous meningitis. Kaplan—Meier graph with survival table for patients
of the protein discovery (N = 130, A) and the protein validation cohort (N =81, B) based on CSF MMP-10 concentrations divided in tertiles.

the discovery cohort, an ‘unfavourable’ genetic risk score,
indicating genotypes with elevated CSF MMP-10
levels, showed a trend of association with higher mortality
(P=0.092) (Fig. 3C). This suggests that a patient’s genetic
make-up may affect CSF MMP-10 levels, which may in
turn contribute to clinical outcome in TBM.

Discussion

By profiling a large panel of inflammatory proteins in the
CSF of HIV-negative TBM patients, we identified five pro-
teins including MMP-10 that were independently associated
with mortality. Notably, MMP-10’s predictive value was
confirmed in an independent patient cohort, highlighting
its potential as a biomarker for TBM prognosis.

MMP-10 (stromelysin-2) is a proteolytic enzyme that de-
grades multiple components of the extracellular matrix.'*
It is elevated in induced sputum and bronchoalveolar lavage
fluids of pulmonary tuberculosis patients compared to

controls,"® and has also been implicated in host immune re-
sponses to other pathogens.'® Furthermore, in HIV co-
infected TBM patients, CSF MMP-10 levels increased before
the onset of immune reconstitution inflammatory syndrome
following antiretroviral therapy,'” suggesting a role in
TBM-related immunopathology. As such, MMP-10 has
been hypothesized to play a role in immunopathology in
the context of tuberculosis but is less studied compared to
other MMP’s.'® MMP-10 can activate MMP-1, yet
MMP-1 was not predictive of mortality in our study, indicat-
ing the possible contribution of MMP-10 to mortality
through pathways independent of MMP-1 activation.
However, since the antibody-based assay used in our study
cannot distinguish between the pro-enzyme or the active
form of MMP-1, we cannot draw definite conclusions re-
garding the biological activity of MMP-1.

The blood, brain and CSF are different compartments of
the central nervous system, separated by the blood-brain
and blood-CSF barriers. The blood-brain barrier is a
highly selective barrier essential for maintaining cerebral
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Figure 3 Genetic variants predict MMP-10 concentrations in CSF from tuberculous meningitis patients. (A) Manhattan plot
showing the genome-wide QTL mapping results for CSF MMP-10 concentrations in TBM patients of the genetic discovery cohort (N =209; three
patients were excluded from the analysis because of missing genetic data); horizontal lines correspond to P < 5 x 1078 and P < | x 107>, Each data
point indicates the —log ¢ P-value of a single SNP in relation to MMP-10 protein levels. (B and C) Survival according to the genetic risk score for the
genetic discovery cohort (B, N =209), and the genetic validation cohort (C, N=218).

homeostasis. Disruption of these barriers is a hallmark of
neuroinflammation during CNS infections, and in vitro stud-
ies have implicated MMPs in blood-brain barrier disrup-
tion."” Numerous MMPs have been shown to be elevated
in TBM'® and we observed that CSF MMP-10 concentra-
tions correlated with CSF total protein, a surrogate for
blood-CSF barrier dysfunction, which correlates to CSF/ser-
um albumin quotient.'* This supports the hypothesis that
MMP-10 may contribute to TBM immunopathology by in-
ducing barrier disruption. Of note, MMP-10 also correlated
to NSE, which may reflect neuronal destruction. As dexa-
methasone decreases the secretion of MMP-1, MMP-3 and
MMP-9,2%?! it should be investigated whether the beneficial
effect of corticosteroid treatment in TBM could partially be

explained by reducing the expression of MMPs. Then, spe-
cific MMP inhibitors could be a promising approach to fur-
ther reduce mortality.

MMP-10 was strongly associated with TBM mortality
and correlated with elevated CSF protein levels, suggesting
a broader role in immunopathology. Its correlation with
multiple inflammatory proteins and the high inter-protein
correlation observed in CSF indicate that MMP-10 may be
part of a coordinated inflammatory response rather than act-
ing alone. Shared genetic regulation across several
mortality-associated proteins supports the presence of pleio-
tropic effects, where single variants influence multiple pro-
teins. These trans-regulatory mechanisms may reflect
upstream control by immune-related pathways, potentially
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amplifying inflammation and contributing to disease sever-
ity. While these findings highlight the genetic architecture
underlying CSF immune responses in TBM, replication in
larger, independent cohorts is needed, particularly given
the limited sample size and lack of brain-specific regulatory
data. Understanding these shared genetic networks may
help identify central targets for therapeutic intervention.

Our study has several limitations. We did not include plas-
ma measurements or calculate the albumin quotient to dir-
ectly estimate blood-brain barrier leakage. Nor did we
perform longitudinal sampling, which may have provided
better predictive insights. However, previous metabolomic
study has shown the CSF metabolome to be more inform-
ative than plasma in TBM patients,” leading us to prioritize
studying the immune response in the CSF compartment.
Also, we could not examine brain tissue to establish the cel-
lular source of detrimental MMP-10 production, because
brain autopsy is not part of Indonesian medical practice. In
addition, studying members of the matrix metalloproteinase
family other than MMP-1 and MMP-10 could provide add-
itional insights in the proteolytic pathways involved.'®
Although we validated our proteomic findings in a second
group of patients, validation of genetic findings was not stat-
istically significant. This needs further study in larger cohorts
and as well as in patients from a different geographical set-
ting or genetic background. Lastly, it may be of interest to
replicate our findings in other CNS infections.

In conclusion, elevated CSF MMP-10 concentrations are as-
sociated with increased mortality in TBM, possibly because of
its effect on blood-brain barrier integrity, leading to immuno-
pathology. Our data suggest that CSF protein concentrations in
TBM are under strong genetic influence, likely contributing to
the variable outcome of TBM. Future studies should examine
the possible benefit of targeting MMPs in TBM. Combined
with timely diagnosis, appropriate supportive therapy,”* and
intensified antibiotic treatment®>** these and other strategies
to limit immunopathology may help improve outcome of this
most deadly manifestation of tuberculosis.
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Supplementary material is available at Brain Communications
online.
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