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Background. To better understand the pathogenesis of pericardial tuberculosis (PCTB), we sought to characterize the systemic 
inflammatory profile in people with human immunodeficiency virus type 1 (HIV-1) with latent TB infection (LTBI), pulmonary TB 
(PTB), or PCTB.

Methods. Using Luminex, we measured the concentration of 39 analytes in pericardial fluid (PCF) and paired plasma from 18 
PCTB participants, and plasma from 16 LTBI and 20 PTB participants. Follow-up plasma samples were also obtained from PTB and 
PCTB participants. HLA-DR expression on Mycobacterium tuberculosis–specific CD4 T cells was measured in baseline samples 
using flow cytometry.

Results. Assessment of the overall systemic inflammatory profile by principal component analysis showed that the 
inflammatory profile of active TB participants was distinct from the LTBI group, while PTB patients could not be distinguished 
from those with PCTB. When comparing the inflammatory profile between PCF and paired blood, we found that the 
concentrations of most analytes (25/39) were elevated at site of disease. However, the inflammatory profile in PCF partially 
mirrored inflammatory events in the blood. After TB treatment completion, the overall plasma inflammatory profile reverted to 
that observed in the LTBI group. Lastly, HLA-DR expression showed the best performance for TB diagnosis compared to 
previously described biosignatures built from soluble markers.

Conclusions. Our results show that the inflammatory profile in blood was comparable between PTB and PCTB. However, at the 
site of infection (PCF), inflammation was significantly elevated compared to blood. Additionally, our data emphasize the potential 
role of HLA-DR expression as a biomarker for TB diagnosis.
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Tuberculosis (TB) is the leading cause of death among people 
with human immunodeficiency virus type 1 (HIV-1) [1]. 
Moreover, 15%–20% of all TB cases in developing countries are 
accounted for by extrapulmonary TB (EPTB) [2, 3], which dis-
proportionately affects immunocompromised patients [4, 5]. 

Pericardial TB (PCTB), a severe form of EPTB, is the most com-
mon cause of pericarditis in TB-endemic countries in Africa and 
Asia [6, 7]. PCTB-related morbidity is significant, with mortality 
(which generally occurs early in the onset of the disease) as high 
as 26% and increasing to approximately 40% in cohorts of pre-
dominantly people with HIV (PWH) [8].

HIV impairs both innate and adaptive immune responses, 
with the most obvious immune defect being a progressive re-
duction in absolute CD4+ T-cell numbers and systemic hyper-
activation [9]. HIV-1 has also been shown to alter the balance 
of Mycobacterium tuberculosis (Mtb)–specific T-helper subsets, 
through the reduction of Th17 cells and T regulatory (Treg) 
cells [10–12], suggesting that HIV shifts Mtb-specific responses 
toward a more pathogenic/inflammatory profile [10].

Pulmonary TB (PTB)–induced systemic inflammation has 
been studied extensively showing high concentrations of acute 
phase proteins and proinflammatory cytokines including 
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C-reactive protein (CRP), serum amyloid P component (SAP), 
interferon gamma (IFN-γ), interferon γ–induced protein 10 
(IP-10), chemokine (C-C motif) ligand 1 (CCL1), and tumor ne-
crosis factor alpha (TNF-α) in serum/plasma of active TB partic-
ipants in comparison to other respiratory diseases, latent 
tuberculosis infection (LTBI), or healthy controls [13–16]. 
Furthermore, in patients with PTB admitted to intensive care 
units, serum levels of inflammatory factors such as interleukin 
(IL)–1, IL-6, IL-10, IL-12, and IL-4 are upregulated compared 
to healthy controls [17]. Based on these results, several host in-
flammatory marker signatures have been proposed as biomark-
ers for TB diagnosis and the monitoring of treatment response, 
with superior performance compared to smear microscopy [13, 
14, 18, 19].

However, the influence of HIV-1 coinfection on the immune 
response to Mtb in the context of PTB and EPTB remains poor-
ly understood. Moreover, studies assessing immune responses 
at site of disease are scarce [20–22]. These studies reported 
higher levels of cytokines/chemokines at the site of disease in 
comparison to paired peripheral blood with exception of a 
few analytes, such as IFN-γ, IL-1β, and IL-8, which were report-
ed to be significantly higher in peripheral blood instead [20– 
22]. Thus, in the current study, we measured 39 soluble mark-
ers in blood and at site of disease (pericardial fluid [PCF]) to (1) 
compare the systemic cytokine environment between pulmo-
nary and pericardial TB (PCTB) patients coinfected with 
HIV-1; (2) define the relationship between HIV viral load 
and the inflammatory profiles; (3) define whether peripheral in-
flammation signatures mirror those at site of infection; (4) as-
sess the impact of TB treatment on systemic inflammation; and 
(5) evaluate the performance of previously described blood- 
based biomarkers to discriminate latent from active TB.

METHODS

Study Population

Participants were recruited between June 2017 and April 2019. 
Patients with suspected PCTB were recruited from the Groote 
Schuur Hospital Cardiology Unit. Only adults (≥18 years of 
age) who were undergoing pericardiocentesis as part of the rou-
tine management of their pericardial effusion were included. 
The PCTB group included patients with either definite (Mtb 
culture positive in pericardial fluid [PCF], n = 9) or probable 
PCTB (n = 9). Probable PCTB was defined based on evidence 
of pericarditis with microbiologic confirmation of Mtb infec-
tion elsewhere in the body and/or an exudative, lymphocyte- 
predominant pericardial effusion with elevated adenosine de-
aminase (≥35 U/L), according to Mayosi et al [23]. Only 3 
PCTB patients were HIV negative and 2 PCTB patients with 
HIV were on antiretroviral therapy (ART) at the time of enroll-
ment. Paired PCF and blood were collected at the same time for 
PCTB patients.

Participants with LTBI or PTB were recruited at the Ubuntu 
Clinic, Site B, a community health clinic located in Khayelitsha, 
Cape Town, South Africa. Patients included in the PTB group 
(n = 20) were all ART-naive PWH, tested sputum Xpert MTB/ 
RIF (Xpert, Cepheid, Sunnyvale, California) positive, and had 
clinical symptoms and/or radiographic evidence of TB. All 
were infected by drug-sensitive isolates of Mtb and had received 
no more than 1 dose of antitubercular treatment at the time of 
baseline blood sampling. Participants included in the LTBI 
group (n = 16) were all PWH, asymptomatic, had a positive 
IFN-γ release assay (QuantiFERON-TB Gold In-Tube, 
Qiagen, Hilden, Germany), tested sputum Xpert MTB/RIF 
negative, and exhibited no clinical evidence of active TB. 
Seventy-five percent of the LTBI participants were ART naive. 
None of the participants included in the study reported a pre-
vious history of TB.

Sputum and PCF Mtb culture, CD4 cell count, and HIV viral 
load (VL) were performed by the South African National 
Health Laboratory Services. Patients with active TB (PTB or 
PCTB) were followed up over the duration of their antitubercu-
lar treatment and additional blood draws were performed at 
week 6 for PCTB, week 8 for PTB, and week 24 for both disease 
groups. All participants were adults (age ≥18 years).

Patient Consent Statement

All participants provided written informed consent. The study 
design was approved by the University of Cape Town Human 
Research Ethics Committee (050/2015 and 271/2019).

Pericardial Fluid, Blood Collection, and Whole Blood Assay

Pericardial fluid was obtained at the time of pericardiocentesis, 
placed in sterile Falcon tubes, and transported to the laboratory 
at 4°C. Blood was collected in sodium heparin tubes and pro-
cessed within 3 hours of collection. The whole blood or whole 
PCF assays were adapted from the protocol described by 
Hanekom et al [24]. In brief, 0.5 mL of whole blood or 1 mL 
of whole PCF was stimulated with a pool of 300 Mtb-derived 
peptides (Mtb300, 2 μg/mL) [25] at 37°C for 5 hours in the 
presence of the co-stimulatory antibodies anti-CD28 and 
anti-CD49d (1 μg/mL each; BD Biosciences, San Jose, 
California) and brefeldin A (10 μg/mL; Sigma-Aldrich, St 
Louis, Missouri). Unstimulated cells were incubated with 
co-stimulatory antibodies and brefeldin A only. Red blood cells 
were then lysed in a 150 mM NH4Cl, 10 mM KHCO3, and 
1 mM Na4 ethylenediaminetetraacetic acid solution. Cells 
were stained with a Live/Dead near-infrared dye (Invitrogen, 
Carlsbad, California) and fixed using a transcription factor fix-
ation buffer (eBioscience, San Diego, California), cryopre-
served in freezing media (50% fetal calf serum, 40% RPMI, 
and 10% dimethyl sulfoxide) and stored in liquid nitrogen until 
use. Mtb300 was used for T-cell stimulation as it is a compre-
hensive “megapool” of Mtb peptides that captures a large 
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fraction of the Mtb-reactive T-cell response. Thus, high fre-
quency of Mtb-responding cells will confer a better accuracy 
to define the activation profile on those cells [26].

Cell Staining and Flow Cytometry

Cryopreserved cells were thawed, washed, and permeabilized 
with a transcription factor perm/wash buffer (eBioscience). 
Cells were then stained at room temperature for 45 minutes 
with the following antibodies: CD3 BV650 (OKT3; 
BioLegend, San Diego, California), CD4 BV785 (OKT4; 
BioLegend), CD8 BV510 (RPA-T8; BioLegend), HLA-DR 
BV605 (L243; BioLegend), IFN-γ BV711 (4S.B3; BioLegend), 
TNF-α PE-Cy7 (Mab11; BioLegend eBioscience), and IL-2 
PE/Dazzle (MQ1-17H12; BioLegend). Samples were acquired 
on a BD LSR-II and analyzed using FlowJo (version 10.8.1, 
FlowJo, Ashland, Oregon). The gating strategy is presented in 
Supplementary Figure 1. A positive cytokine response was de-
fined as at least twice the background of unstimulated cells. To 
define the phenotype of Mtb300-specific CD4 T cells, a cutoff of 
30 events was used [27].

Luminex Multiplex Immunoassay

Using Luminex technology, we measured the levels of 39 ana-
lytes using antibodies supplied by Merck Millipore (Billerica, 
Massachusetts) and R&D Systems (Minneapolis, Minnesota). 
The analytes measured were identified in literature with poten-
tial for TB diagnosis, monitoring of TB treatment response, or 
fibrosis-related analytes. The analytes measured included gran-
zyme B, IL-2, IL-8, IL-12p40, macrophage colony-stimulating 
factor (M-CSF), TNF-α, transforming growth factor beta 
(TGF-β), complement component 3 (C3), complement compo-
nent 4 (C4), CRP, SAP, IL-22, Galectin-3, intercellular adhe-
sion molecule 1 (ICAM-1), neural cell adhesion molecule 1, 
granulocyte colony-stimulating factor (G-CSF), IFN-γ, IL-6, 
IL-10, IL-27, vascular endothelial growth factor (VEGF), 
monokine induced by gamma (MIG), monocyte chemoattrac-
tant protein 2 (MCP-2), granulocyte chemoattractant protein 2, 
chemokine (C-X-C motif) ligand 11 (CXCL11), macrophage 
inflammatory protein 1 beta (MIP-1β), CCL1, IP-10, cluster 
of differentiation 163 (CD163), interleukin 6 receptor alpha 
(IL-6Rα), cluster of differentiation 30 (CD30), interleukin 2 re-
ceptor alpha (IL-2Rα), apolipoprotein A-I (ApoA-I), apolipo-
protein C-III (Apo-CIII), oncostatin M (OSM), interleukin 
33 receptor (IL-33R), osteopontin (OPN), platelet-derived 
growth factor BB, and thrombomodulin. All samples were eval-
uated undiluted or diluted according to the manufacturer’s rec-
ommendations. Samples were randomized to assay plates with 
the experimenter blinded to sample data. All assays were per-
formed and read at University of Cape Town on the Bio-Plex 
platform (Bio-Rad), with the Bio-Plex Manager Software (ver-
sion 6.1) used for bead acquisition and analysis.

Statistical Analyses

Statistical tests were performed in Prism (version 9.1.3, 
GraphPad Software, San Diego, California). Nonparametric 
tests were used for all comparisons. The Kruskal-Wallis test 
with Dunn multiple comparison test was used for multiple 
comparisons, the Spearman rank test for correlation, and the 
Mann-Whitney and Wilcoxon matched pairs test for un-
matched and paired samples, respectively. When the measured 
analyte was below the limit of detection in >20% of the samples 
(ie, M-CSF and IL-10), the analyte was not included in the cor-
relation with plasma HIV VL and HLA-DR expression on 
Mtb-specific CD4 T cells. Unsupervised hierarchical clustering 
analysis (HCA, Ward method) and principal component anal-
ysis (PCA) were carried out in JMP (version 16.0.0; SAS 
Institute, Cary, North Carolina). For HCA and PCA, the min- 
max normalization method (i.e., feature scaling, analyte value – 
min / max – min) was used to scale data in the 0 to 1 range. The 
predictive abilities of combinations of analytes were investigat-
ed by general discriminant analysis in JMP. The diagnostic abil-
ity of HLA-DR expression on Mtb-specific CD4 T cells was 
assessed by receiver operating characteristic (ROC) curve anal-
ysis. Optimal cuto⍰ values and associated sensitivity and spe-
cificity were determined based on the Youden index [28]. 
Analyte network analysis was performed using Gephi (version 
0.9.2; University of Technology of Compiègne, Compiègne, 
France). A P value of <.05 was set as the significance threshold 
following Benjamini-Hochberg multiple testing correction [29] 
with a false discovery rate of 5%.

RESULTS

Study Population

The clinical characteristics of participants are presented in 
Table 1. Median age was comparable between the 3 groups. 
LTBI participants had a lower plasma HIV-1 VL compared to 
the PCTB and PTB groups (median log10 VL: 3.28 vs 4.68 
and 4.79 copies/mL, respectively). Aviremic participants repre-
sented 25%, 13.33%, and 0% of the LTBI, PCTB, and PTB 
groups, respectively; HIV-1–unsuppressed (i.e., log10 VL >3) 
individuals represented 56.25%, 73.33%, and 85% of the 
LTBI, PCTB, and PTB groups, respectively. As expected, 
LTBI participants were also characterized by higher absolute 
CD4 count compared to the PCTB and PTB groups (median 
CD4: 409 vs 141 and 176 cells/µL, respectively). 
Approximately one-third (5/16 [31.25%]) of LTBI participants 
had a CD4 count >500 cells/µL, while all PCTB and PTB pa-
tients had a CD4 count <500 cells/µL.

Comparison of the Systemic Inflammatory Profile Between LTBI, PTB, and 
PCTB

Plasma levels of 39 analytes, including cytokines, chemokines, 
apolipoproteins, chemokine and protein receptors, and 
fibrosis-related analytes, were measured in all participants 
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(the complete list of measured analytes is presented in the 
Materials and Methods). Assessing the overall systemic inflam-
matory profile using unsupervised hierarchical clustering 
(Figure 1A) and PCA (Figure 1B), we showed an evident sepa-
ration between LTBI and active TB participants (PCTB and 
PTB), driven by elevated levels of most of the measured inflam-
matory markers. However, there was no noticeable separation 
between the PCTB and PTB groups, suggesting comparable 
systemic inflammation in these groups. Individual analysis of 
measured analytes showed that 15 markers were significantly 
higher in both PTB and PCTB compared to the LTBI group, in-
cluding innate-related inflammation markers (eg, IL-6, TNF-α, 
and IL-8), acute phase protein (CRP), and chemokines (CCL1, 
MIG, IP-10, and CXCL11). VEGF also showed a similar profile, 
with the P value between LTBI and PTB being borderline sig-
nificant (P = .0503) (Supplementary Figure 2 and 
Supplementary Table 1). IL-6Rα and G-CSF were the only 
markers that were observed to be differentially expressed be-
tween PTB and PCTB (Supplementary Figure 2 and 
Supplementary Table 1), highlighting similarities between the 
different clinical forms of TB. Only 1 marker, OPN, showed in-
creased expression levels, only in the PCTB group compared to 
LTBI (P = .0063); no significant difference was observed for the 
PTB group (P = .374) (Supplementary Figure 2 and 
Supplementary Table 1). Elevated OPN levels have been 
associated with severe TB [30]. Next, we defined the interplay 
between markers, using network analysis (Fruchterman- 
Reingold algorithm, Figure 1C). In LTBI participants, TNF-α 
and MIP-1β were the most central nodes, showing the most 
connections (positive associations) with other analytes. In ac-
tive TB patients (both PTB and PCTB), the network structure 
was substantially altered; while MIP-1β remained a predomi-
nant node, TGF-β emerged as a new influential node, with mul-
tiple negative associations with analytes such as IL-12p40, 
ApoA-I, and G-CSF (Figure 1C). Overall, these results illustrate 
that active TB disease significantly increases systemic inflam-
mation and that PCTB and PTB participants share similar in-
flammatory signatures.

Relationship Between Inflammatory Profile and HIV-1 VL

To examine the interplay between HIV-1 VL and cytokine pro-
file, we defined the associations between cytokine concentra-
tions and HIV-1 VL in plasma. Of the 39 measured analytes, 
12 markers positively associated with HIV-1 VL in the LTBI 
group (Figure 2A). Several of those have been previously re-
ported as HIV-1–associated systemic inflammation markers, 
including IL-2Rα [31], CXCL11 [32], IL-6 [33], IFN-γ [34], 
IP-10 [35], TNF-α [35], and CD30 [36]. In both the PTB and 
PCTB groups, most of these correlations were disrupted with 
6 analytes correlating with HIV-1 VL in the PTB group and 
only 1 in the PCTB group (Figure 2A). The only cytokine 
that maintained significant correlation with HIV-1 VL in all 
groups was IL-12p40, albeit the correlation strength was weaker 
in the disease groups (r = 0.83, P = .0002 vs r = 0.49, P = .028 in 
the PTB group and r = 0.63, P = .012 in the PCTB group) 
(Figure 2B). IP-10 concentration only showed a significantly 
positive correlation with HIV-1 VL in the LTBI group (r =  
0.82, P = .0002) and was largely disrupted in both the PTB 
and PCTB groups (r = 0.29, P = .26 and r = 0.25, P = .37, re-
spectively) (Figure 2B). No negative associations were observed 
in the LTBI and PTB groups; however, TGF-β showed a strong 
negative association with HIV-1 VL in the PCTB group (r =  
−0.65, P = .0133) (Figure 2A). These findings suggest that ac-
tive TB disease disrupts HIV-1–associated systemic inflamma-
tion. It is likely that the synergy between HIV and Mtb infection 
exacerbate inflammation, where metabolic changes are altered 
compared to HIV infection or TB alone.

Profile of Soluble Markers in Plasma Compared to Pericardial Fluid

To better understand compartmentalization, we compared the 
profiles of expression of the 39 measured analytes in plasma 
and PCF from PCTB participants, using HCA and PCA 
(Figure 3A and 3B). There was a clear separation between sam-
ple types, where PC1 accounted for 42% and PC2 11.2% of the 
variance (Figure 3B). Furthermore, visualizing sample cluster-
ing using a constellation plot, we observed that cluster 2 (com-
prised of PCF samples) was divided into 2 distinct subclusters, 

Table 1. Clinical Characteristics of Study Participants

Characteristic PCTB PTB LTBI

No. 18 20 16

Age, ya 36 (29–44) 39 (32–45) 37 (32–41)

Sex, female/male 8/10 8/12 16/0

HIV-1 status, negative/positive 3/15 0/20 0/16

CD4 count, cells/µLa 141 (61–195.3) 176 (107–246) 409 (264–524)

Log10 HIV-1 VL, mRNA copies/mLa 4.68 (2.903–5.278) 4.79 (4.23–5.11) 3.28 (1.44–4.18)

Mtb culture positive, No. (%) 9/16 (56.2) in PCFb 19 (95) in sputum 0 (0) in sputum

Abbreviations: HIV-1, human immunodeficiency virus type 1; LTBI, latent TB infection; mRNA, messenger RNA; Mtb, Mycobacterium tuberculosis; PCF, pericardial fluid; PCTB, pericardial 
tuberculosis; PTB, pulmonary tuberculosis; VL, viral load.  
aMedian (interquartile range).  
bMtb culture data were not available for 2 patients with PCTB.
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where cluster 2b was enriched in participants who were PCF 
culture positive (5/7 [72%]) compared to patients included in 
cluster 2a (4/12 [33%]) (Figure 3C). However, looking at indi-
vidual analytes, we did not find a significant difference between 
PCF culture-negative and PCF culture-positive samples (data 
not shown).

Univariate analysis of analytes showed that the concentra-
tions of 25 of the 39 measured analytes were significantly 
higher in PCF in comparison to paired plasma samples, 
only 9 of 39 were significantly higher in plasma compared 
to PCF, and 5 of 39 showed no significant difference in 

expression between the 2 sample types after correction of 
the P values for multiple testing (Supplementary Figure 3
and Supplementary Table 2).

To better understand the relationship between peripheral and 
site of disease inflammation, pairwise comparisons (plasma vs 
PCF) were assessed. Significant positive correlations were ob-
served for 18 of the 39 analytes (with r and P ranging from 
0.98 to 0.47 and <.0001 to .048, respectively); the highest 
Spearman rank r values for significant positive correlations 
were observed for ICAM-1, SAP, and ApoA-I (Figure 3D). A 
summarized representation of the associations between plasma 

Figure 1. Analyte profiles in the different tuberculosis (TB) groups at baseline. A, Non-supervised 2-way hierarchical cluster analysis (Ward method) was employed to 
evaluate the TB groups using the 39 measured analytes (see Materials and Methods for expansions of abbreviations of analytes). TB status (pericardial TB [PCTB] in re-
d, pulmonary TB [PTB] in blue, and latent TB infection [LTBI] in green) of each patient is indicated at the top of the dendrogram. Data are depicted as a heatmap colored 
from minimum to maximum normalized values for each marker. B, Principal component analysis on correlations based on the 39 analytes was used to explain the variance of 
the data distribution in the cohort. Each dot represents a participant. The 2 axes represent principal components 1 (PC1) and 2 (PC2). Their contribution to the total data 
variance is shown as a percentage. C, Analyte network analysis (Fruchterman-Reingold algorithm) in plasma of LTBI, PTB, and PCTB participants. Size of nodes indicates 
the number of connections. Size of edges indicates the Spearman r value (only r >0.6 was included). Blue lines: positive correlation. Red lines: negative correlation.
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and PCF for each analyte is shown in Figure 3D and individual 
correlation plots of all the significant associations are presented 
in Supplementary Figure 4. We then defined the interplay 
between markers in PCF, using network analysis 

(Fruchterman-Reingold algorithm, Figure 3E). OSM, MCP-2, 
and ApoA-I were the most central nodes, with OSM and 
MCP-2 showing positive associations with other analytes, where-
as ApoA-I showed mostly negative associations with analytes 

Figure 2. Univariate associations between human immunodeficiency virus type 1 (HIV-1) viral load (VL) and analyte concentrations in the different tuberculosis (TB) groups. 
A, Spearman rank values of the univariate correlation between each analyte (see Materials and Methods for expansions of abbreviations of analytes) and the HIV-1 VL in 
plasma samples of participants with latent TB infection (LTBI), pulmonary TB (PTB), and pericardial TB (PCTB). Red bars indicate positive correlations, Black bars indicate 
negative correlations, and gray bars indicate nonsignificant correlations. B, Examples of IL-12p40 (maintained relationship between the TB groups) and IP-10 (disrupted re-
lationship between the TB groups). The line indicates linear regression for statistically significant correlations.
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such as TGF-β, IP-10, and Apo-CIII (Figure 3E). Overall, these 
results show that inflammatory response at site of disease was 
greater than in blood. However, the inflammatory profile in 
PCF partially mirrored inflammatory events in blood.

Associations Between Systemic Inflammation and the Activation of 
Mtb-Specific CD4+ T Cells in Blood and at Site of Disease

HLA-DR expression on peripheral Mtb-specific CD4+ T cells 
has been shown to discriminate latent from active TB infection 

Figure 3. Analyte profiles in peripheral blood (plasma) and site of disease (pericardial fluid [PCF]) in participants with pericardial TB (PCTB). A, Nonsupervised 2-way hi-
erarchical cluster analysis (HCA, Ward method) was employed to evaluate the 2 sites using the 39 analytes. The sample type and Mycobacterium tuberculosis (Mtb) culture 
results (PCF in purple; plasma in red; Mtb culture negative in white and positive in black) of each patient is indicated at the top of the dendrogram. Data are depicted as a 
heatmap colored from minimum to maximum normalized values detected for each marker. B, Principal component analysis on correlations based on the 39 analytes was used 
to explain the variance of the data distribution in the subgroup. Each dot represents a participant. The 2 axes represent principal components 1 (PC1) and 2 (PC2). Their 
contribution to the total data variance is shown as a percentage. C, Constellation plot-cluster analysis based on all measured analytes. Each dot represents a participant 
and is color-coded according to sample type. Each cluster obtained for the HCA is identified by a number. D, Pairwise correlation of the 39 analytes (see Materials and 
Methods for expansions of abbreviations of analytes). Red bars indicate a positive correlation, black bars indicate a negative correlation, and gray bars indicate a nonsig-
nificant correlation. E, Analyte network analysis in PCF of participants with PCTB. Size of nodes indicates the number of connections. Size of edges indicates the Spearman 
r (only r >0.6 was included). Blue lines: positive correlation. Red lines: negative correlation.
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[37–39]. To better understand the relationship between inflam-
mation and T-cell activation, we measured the expression of 
HLA-DR on Mtb-specific CD4+ T cells in blood from LTBI, 
PTB, and PCTB participants, and PCF from PCTB participants. 
As expected, HLA-DR expression on peripheral Mtb-specific 
CD4+ T cells was significantly higher in the active TB groups 
(PTB and PCTB) compared to LTBI (median, 62.30% and 
70.85% vs 17.20%, respectively, P > .0001). Moreover, 
HLA-DR expression on Mtb-specific CD4+ T cells in PCF 
was significantly higher compared to blood in the PCTB group 
(medians, 78.30% vs 69.90%, respectively, P = .0341) 
(Figure 4A and 4B). We then assessed the association of 
HLA-DR expression on Mtb-specific CD4 T cells and the con-
centrations of each measured analyte at the site of disease (PCF) 
and in blood from PCTB participants as well as blood from PTB 
participants (Figure 4C). At disease site, we observed positive 
associations between HLA-DR expression on Mtb-specific 
CD4 T cells and 11 of the measured analytes, including CCL1 
and G-CSF (strong correlations with r value >0.7), and 9 
analytes (OSM, IL-8, IL-2, IL-2Rα, MIG, IL-12p40, MIP-1β, 
IFN-γ, and MCP-2) with moderate correlations (r value be-
tween 0.5 and 0.7). Negative associations were observed with 
C4 (r = −0.71, P = .002) and IL-6Rα (r = −0.54, P = .017) 
(Figure 4D). None of these associations were observed in pe-
ripheral blood (Figure 4C). In PTB participants, HLA-DR ex-
pression on peripheral Mtb-specific CD4+ T cells was 
associated with only 2 analytes, namely IP-10 (r = 0.57, 
P = .0102) and IL-6Rα (r = −0.54, P = .0174) (Figure 4C). 
These data suggest a coordinated and compartmentalized im-
mune response at the disease site.

Impact of TB Treatment on the Inflammatory Profile in Plasma

Monitoring of TB treatment response is challenging mainly due 
to the lack of specific and sensitive blood-based tools. In the 
current study, we examined the effect of TB treatment on 
the expression of inflammation markers. First, we compared 
the overall systemic inflammatory profile in participants with 
LTBI and in active TB patients (PTB and PCTB) 24 weeks after 
TB treatment initiation using unsupervised hierarchical clus-
tering (Figure 5A) and PCA (Figure 5B). No specific clustering 
was observed between the groups, showing a global normaliza-
tion of the inflammation signature at treatment completion. 
Furthermore, we performed univariate analysis comparing 
the level of expression of each analyte at baseline (before TB 
treatment initiation), week 6 or 8, and week 24 post–treatment 
initiation (Supplementary Figure 5 and Supplementary 
Table 3). Of the 39 measured analytes, 13 showed significant re-
duction between baseline, week 6/8, and/or week 24 in both the 
PTB and PCTB groups (Supplementary Figure 5A and 
Supplementary Table 3). An additional 8 analytes showed re-
duction between the 3 time points in the PTB group only 
(Supplementary Figure 5B and Supplementary Table 3).

Representative plots of analytes, including CXCL11, MIG, 
IL-6, and CRP, depict the significant reduction of expression 
of analytes with TB treatment from baseline, week 6/8 to end 
of treatment (week 24) in both PTB and PCTB groups 
(Figure 5C). These data suggest that the overall inflammatory 
profile normalized upon TB treatment completion in both 
PTB and PCTB.

Comparison of HLA-DR Expression and Biosignatures Derived From 
Soluble Analytes in Discriminating LTBI From Active TB

Previous studies have shown the potential of blood-based 
markers to distinguish LTBI from active TB, including bio-
signatures derived from soluble markers and HLA-DR expres-
sion on Mtb-specific CD4 T cells [13, 14, 18, 19, 37]. While this 
study was not specifically designed to assess the performance of 
biosignature due to the limited number of participants includ-
ed, we explored this aspect, wherein we assessed the ability of 
HLA-DR expression on Mtb-specific CD4 T cells to distinguish 
LTBI from PTB, PCTB, or any active TB (PTB + PCTB) and 
compared it with previously described biosignatures that in-
cluded analytes measured in this study. We generated ROC 
curves from data obtained in Mtb-specific CD4 T cells. 
Consistent with previous reports, HLA-DR expression on 
Mtb-specific CD4 T cells showed a great capability to distin-
guish LTBI from PTB (P < .0001; area under the curve 
[AUC] = 0.97 [95% confidence interval {CI}, .92–1.00]; sensi-
tivity: 97.75%, specificity: 100%, at an optimal cutoff of 
48.5%) (Supplementary Figure 6A and 6B). Moreover, 
HLA-DR expression on Mtb-specific CD4 T cells also discrim-
inated LTBI from PCTB (P < .0001; AUC = 0.94 [95% CI, .82– 
1.00]; sensitivity: 93.75%, specificity: 100%, at an optimal cutoff 
of 46.9%) and LTBI from any active TB (P < .0001; AUC = 0.96 
[95% CI, .90–1.00]; sensitivity: 94.29%, specificity: 100%, at an 
optimal cutoff of 46.9%) (Supplementary Figure 6A and 6B).

We assessed the performance of previously described soluble 
biosignatures in our data set and compared the performance of 
these soluble biosignature performance to HLA-DR expression 
on Mtb-specific CD4 T cells. We identified 6 published bio-
signatures that include analytes measured in this study: 
IL-12p40 + IL-10 [19]; IFN-γ + IL-10 + IL-12p40 [19]; TNF-α  
+ IL-12p40 [19]; CCL1 + CRP [13]; CCL1 + TNF-α [14]; and 
IL-6Rα + IL-2Rα [18].

These biosignatures discriminated LTBI from PTB with 
AUCs ranging from 0.72 to 0.98 and corresponding sensitivity 
and specificity ranging from 55% to 85% and 75% to 100%, re-
spectively. They also discriminated LTBI from PCTB with 
AUCs ranging from 0.64 to 1.00 and corresponding sensitivity 
and specificity ranging from 61.11% to 83.33% and 62.5% to 
93.75%, respectively, while they discriminated LTBI from 
any active TB (PTB + PCTB) with AUCs ranging from 0.69 
to 0.98 and corresponding sensitivity and specificity ranging 
from 52.63% to 76.32% and 62.50% to 100%, respectively 
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Figure 4. Univariate associations between HLA-DR expression on Mycobacterium tuberculosis (Mtb)–specific CD4 T cells and analyte concentrations in the different tu-
berculosis (TB) groups. A, Representative flow cytometry plots of the expression of HLA-DR on Mtb-specific CD4 T cells. B, Expression of HLA-DR on Mtb-specific CD4 T cells 
in response to Mtb300. C, Spearman rank values of the univariate correlation between each analyte (see Materials and Methods for expansions of abbreviations of analytes) 
and between Mtb-specific CD4 T-cell activation (HLA-DR) level at the site of disease (pericardial fluid [PCF]) in participants with pericardial TB (PCTB), in blood of participants 
with PCTB and pulmonary TB (PTB), respectively. Red bars indicate a positive correlation, black bars indicate a negative correlation, and the gray bars indicate nonsignificant 
correlation. D, Representative graphs showing the positive (CCL1 and G-CSF) and negative (C4) correlation to HLA-DR frequency at the site of disease (PCF). Statistical com-
parisons were performed using a Kruskal-Wallis test, adjusted for multiple comparisons (Dunn test) for blood latent TB infection (LTBI) vs PTB vs PCTB, Wilcoxon test for blood 
PCTB vs PCF PCTB, and the Mann-Whitney test to compare blood LTBI and PCF PCTB.
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(Table 2). Detailed performances of these signatures in com-
parison to HLA-DR expression on Mtb-specific CD4 T cells 
are shown in Table 2.

None of these biosignatures outperformed HLA-DR expres-
sion on Mtb-specific CD4 T cells in discriminating LTBI from 
the disease groups (Table 2). These findings suggest that 

Figure 5. Analyte profiles in the different tuberculosis (TB) groups before, during, and after TB treatment. A, Nonsupervised 2-way hierarchical cluster analysis (Ward 
method) was employed to grade the TB groups using the 39 analytes (see Materials and Methods for expansions of abbreviations of analytes). TB status (pericardial TB 
[PCTB] in red, pulmonary TB [PTB] in blue, and latent TB infection [LTBI] in green) of each patient is indicated at the top of the dendrogram. Data are depicted as a heatmap 
colored from minimum to maximum normalized values detected for each marker. B, Principal component analysis on correlations based on the 39 analytes was used to explain 
the variance of the data distribution in the cohort. Each dot represents a participant. The 2 axes represent principal components 1 (PC1) and 2 (PC2). Their contribution to the 
total data variance is shown as a percentage. C, Representative graphs showing the change of concentrations of CXCL11, MIG, IL-6, and CRP with treatment and no statistical 
difference between week 24 (W24) post–treatment initiation and LTBI in both PTB and PCTB groups, respectively. Statistical comparisons were performed using a Friedman 
test, adjusted for multiple comparisons (Dunn test) for baseline (BL) vs week 6 (W6)/week 8 (W8), BL vs W24, and W6/W8 vs W24, and the Mann-Whitney test to compare 
LTBI with W24. P values were adjusted using the Benjamini-Hochberg multiple testing correction.
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HLA-DR is a better biomarker than soluble markers for dis-
criminating between the different TB groups.

DISCUSSION

Extrapulmonary TB represents a small but significant propor-
tion of all TB cases globally, particularly in PWH, and is fre-
quently difficult to diagnose. However, immune and 
inflammatory responses at the site of disease remain under-
studied. In this study, we compared the TB-associated inflam-
matory response in PWH between latent, pulmonary, and 
pericardial TB infection. We also compared the inflammatory 
signature in blood and at site of disease (ie, PCF) in PCTB pa-
tients. Moreover, we measured HLA-DR expression on 
Mtb-specific CD4 T cells from whole blood and compared its 
diagnostic potential to previously described biosignatures de-
rived from different combinations of soluble markers.

We show that PTB in PWH is characterized by increased sys-
temic inflammation compared to persons with LTBI. This is in 
accordance with previous reports showing elevated inflamma-
tory markers (eg, CRP, IP-10, IFN-γ, CCL1, and VEGF) in un-
stimulated plasma or serum in active TB compared to LTBI or 
other respiratory diseases regardless of HIV-1 status [13, 14, 
16]. In HIV-1–negative individuals, distinct inflammatory 

profiles in PTB versus EPTB have been reported, which were 
speculated to be the consequence of differences between dis-
seminated versus more localized infection [40]. However, 
here, we observed a similar inflammatory profile in PTB indi-
viduals with HIV-1 and PCTB individuals with HIV-1. These 
differences may be explained by the different analytes mea-
sured in the Vinhaes et al [40] study and the current study, 
with only 7 analytes overlapping between the 2 studies (namely, 
IL-2, IL-6, IL-8, IL-10, IL-27, TNF-α, and IFN-γ). Moreover, 
the Vinhaes et al study included patients with different types 
of EPTB (including pleural TB, TB lymphadenitis, and miliary 
TB), whereas our study focused exclusively on PCTB patients.

To improve our understanding of immunological mecha-
nisms at the disease site, we compared inflammatory profile 
at disease site and in plasma. A study by Matthews et al [20], 
assessing the inflammatory response at the disease site, showed 
compartmentalization of inflammatory proteins (including 
IL-6, IL-8, and IFN-γ) in PCF compared to blood. Our results 
are in accordance with this study, showing that inflammation 
was greater at the site of disease compared to the periphery 
and further demonstrate that there was a partial mirroring of 
the innate-associated inflammatory response (eg, CCL1, 
IL-12p40, TGF-β, and IL-8) between blood and disease site. 
Interestingly, Th1 cytokine levels (IFN-γ and IL-2) in PCF 

Table 2. Comparing the Performance of HLA-DR Expression and Biosignatures From Literature in Discriminating Latent Tuberculosis (TB) Infection From 
TB Disease

Biosignature AUC Sensitivity, % (95% CI) Specificity, % (95% CI) Source

Performance of HLA-DR expression and biosignatures from literature in discriminating LTBI from PTB

HLA-DR on Mtb-specific CD4 cells 0.97 94.74 (75.36–99.73) 100 (78.47–100) Current study

CCL1 + CRP 0.98 65 (40.78–84.64) 100 (79.41–100) Mutavhatsindi et al [13]

IL-6Rα + IL-2Rα 0.95 75 (50.90–91.34) 93.75 (69.77–99.84) Eribo et al [18]

TNF-α + IL-12p40 0.92 85 (62.11–96.79) 93.75 (69.77–99.84) Sutherland et al [19]

CCL1 + TNF-α 0.92 65 (40.78–84.61) 93.75 (69.77–99.84) Chendi et al [14]

IFN-γ + IL-10 + IL-12p40 0.84 70 (45.72–88.11) 75 (46.62–92.73) Sutherland et al [19]

IL-12p40 + IL-10 0.72 55 (31.53–76.94) 87.50 (61.65–98.45) Sutherland et al [19]

Performance of HLA-DR expression and biosignatures from literature in discriminating LTBI from PCTB

HLA-DR on Mtb-specific CD4 cells 0.94 93.75 (71.6–99.68) 100 (78.47–100) Current study

CCL1 + CRP 1.00 83.33 (58.58–96.42) 100 (79.41–100) Mutavhatsindi et al [13]

IL-6Rα + IL-2Rα 0.96 72.22 (46.52–90.31) 87.50 (61.65–98.45) Eribo et al [18]

IFN-γ + IL-10 + IL-12p40 0.89 61.11 (35.75–82.70) 93.75 (69.77–99.84) Sutherland et al [19]

CCL1 + TNF-α 0.85 61.11 (35.75–82.70) 93.75 (69.77–99.84) Chendi et al [14]

TNF-α + IL-12p40 0.84 77.78 (52.36–93.59) 93.75 (69.77–99.84) Sutherland et al [19]

IL-12p40 + IL-10 0.64 77.78 (52.36–93.59) 62.50 (35.43–84.80) Sutherland et al [19]

Performance of HLA-DR and biosignatures from literature in discriminating LTBI from any active TB (PTB + PCTB)

HLA-DR on Mtb-specific CD4 cells 0.96 94.29 (81.39–98.98) 100 (78.47–100) Current study

CCL1 + CRP 0.98 71.05 (54.10–84.58) 100 (79.41–100) Mutavhatsindi et al [13]

IL-6Rα + IL-2Rα 0.95 76.32 (59.76–88.56) 93.75 (69.77–99.84) Eribo et al [18]

CCL1 + TNF-α 0.89 60.53 (43.39–75.96) 93.75 (69.77–99.84) Chendi et al [14]

TNF-α + IL-12p40 0.88 76.32 (59.76–88.56) 93.75 (69.77–99.84) Sutherland et al [19]

IFN-γ + IL-10 + IL-12p40 0.85 68.42 (51.35–82.50) 87.50 (61.65–98.45) Sutherland et al [19]

IL-12p40 + IL-10 0.69 55.26 (38.30–71.38) 62.50 (35.43–84.80) Sutherland et al [19]

Abbreviations: AUC, area under the curve; CCL, C-C motif ligand; CI, confidence interval; CRP, C-reactive protein; IFN-γ, interferon gamma; IL, interleukin; LTBI, latent tuberculosis infection; 
PCTB, pericardial tuberculosis; PTB, pulmonary tuberculosis; TNF-α, tumor necrosis factor alpha.
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did not correlate with plasma levels. We previously reported 
that there was no correlation between the frequency of 
Mtb-specific CD4 T cells in blood and PCF [41], and recent 
data from murine model suggests that the rate of migration 
of T cells to the disease site is mostly regulated by the pattern 
of chemokine receptors they expressed [42].

TB diagnosis is challenging due to the lack of rapid, accurate, 
blood-based diagnostic tests. HLA-DR expression on 
Mtb-specific CD4 T cells has been shown to be a robust marker 
in discriminating latent TB from active TB [37–39] and EPTB 
[43]. In this study, we observed HLA-DR to be significantly 
highly expressed in blood of active TB compared to LTBI; it 
was also highly expressed at the site of disease (PCF) in 
PCTB participants compared to blood of the same participants. 
Our findings agree with those of previously published studies 
[37–39, 43] and further suggest that the extent of activation 
of infiltrating CD4 T cells is associated with the inflammatory 
profile at the disease site.

Several biosignatures consisting of host soluble inflammato-
ry markers (measured in blood) have been described as prom-
ising tools for TB diagnosis [13, 14, 18, 19]. Here, we used our 
cohort as a validation cohort to compare their performance in 
discriminating LTBI from active TB, and several previously 
identified biosignatures continued to show promise in our co-
hort. However, none of these biosignatures showed better per-
formance compared to the measure of HLA-DR expression on 
Mtb-specific CD4 T cells, which met the World Health 
Organization target product profile recommendations for a 
point-of-care, non-sputum-based triage test [44]. These data 
further emphasize the role of HLA-DR as a promising bio-
marker for TB diagnosis.

Sputum culture conversion at 2 months post–treatment ini-
tiation remains the most widely used tool for the evaluation of 
TB treatment response [45, 46]. However, in individuals with 
PCTB who are sputum smear or culture negative for Mtb, mon-
itoring of treatment response is solely assessed clinically as 
there are no validated blood biomarkers to assist in this regard. 
Changes in blood biomarker levels during antitubercular treat-
ment in either PTB or EPTB cases have been previously report-
ed in a number of prospective studies [16, 47–50], showing the 
normalization of several inflammatory markers (such as CRP, 
IP-10, CCL1, IFN-γ, and TNF-α) after successful TB treatment. 
Our findings are in accordance with these results and add to 
current knowledge, showing that the concentrations of several 
of the biomarkers tested (21 of 39 and 13 of 39) decreased at 
treatment completion to levels observed in LTBI participants 
in both the PTB and PCTB groups, respectively. The discrep-
ancy in the normalization of inflammatory profile after treat-
ment between PTB and PCTB could be related to disease 
severity, where disseminated disease has been shown to present 
with elevated systemic bacterial burden and higher mortality 
[51] and limited drug penetration at the site of disease. Thus, 

our study confirms that measuring blood biomarkers may 
have utility to monitor treatment response in both PTB and 
EPTB.

Our study has several limitations. First, most of the partici-
pants were PWH; we were thus unable to define the impact 
of HIV-1 infection on TB-induced inflammatory profiles. 
Second, it is possible that other comorbidities (eg, diabetes or 
hypertension) may also influence patients’ inflammatory pro-
file. Third, we did not have long-term follow-up clinical data 
to identify potential TB relapse, so long-term outcome could 
not be related to inflammatory profiles. Fourth, the current 
study was not designed to identify novel diagnostic markers; 
thus, we confined our analysis to previously described blood- 
based biomarkers. Further studies will be necessary to confirm 
the enhanced performance of HLA-DR over soluble biomark-
ers as a TB diagnostic tool. Fifth, as some LTBI participants 
may progress to active TB, it remains to be defined whether bio-
markers derived from the measurements of soluble factors or 
phenotype of Mtb-specific cells would be relevant for the iden-
tification of people who are at risk for progression. Sixth, as the 
Mtb300 pool includes Mtb-derived peptides, which are also 
found in nontuberculous mycobacteria (NTM), NTM coinfec-
tion in active TB patients remains a possibility. Finally, further 
experiments including patients with nontuberculous pericardi-
al effusion will be necessary to define whether the observed in-
flammatory signatures in plasma and at site of disease are TB 
specific.

Regardless of the limitations, our results show that in PWH 
with advanced immunosuppression, PCTB and PTB share sim-
ilar inflammatory signature in plasma, and active TB disease 
disrupts HIV-1–associated systemic inflammation. This immu-
nological interaction between HIV and Mtb could play a role in 
one disease accelerating the disease progression of the other. 
These results also reveal that the inflammatory profiles at the 
site of disease are distinct from peripheral blood, with elevated 
inflammation observed at the site of disease, though some 
markers strongly correlate between the 2 compartments. 
Furthermore, upon completion of TB treatment, levels of solu-
ble analytes normalized; last, we showed that in PWH, assessing 
the expression of HLA-DR on Mtb-specific CD4 T cells had a 
better potential to discriminate PCTB and PTB from LTBI 
compared to biosignatures derived from soluble markers.
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