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Abstract

Objectives. To better understand the pathogenesis of pericardial tuberculosis (PCTB), we
sought to characterize the systemic inflammatory profile in HIV-1-infected participants with
latent TB infection (LTBI), pulmonary TB (PTB) and PCTB.

Methods. Using Luminex, we measured 39 analytes in pericardial fluid (PCF) and paired
plasma from 18 PCTB participants, and plasma from 16 LTBI and 20 PTB. Follow-up
plasma samples were also obtained from PTB and PCTB participants. HLA-DR expression
on Mtb-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. In the
LTBI group, 12 analytes showed a positive association with plasma HIV-1 viral load, and
most of these associations were lost in the diseased groups. When comparing the
inflammatory profile between PCF and paired blood, we found that the concentrations of
most analytes (24/39) 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 those 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.

Conclusion. Our results describe the inflammatory profile associated with PTB and PCTB

and emphasize the potential role of HLA-DR as a promising biomarker for TB diagnosis.

Key words: Pericardial tuberculosis, Inflammatory profile, site of disease, diagnosis,

treatment response
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1. Introduction
Tuberculosis (TB) is the leading cause of death amongst human immunodeficiency virus
(HIV-1)-infected individuals [1]. Moreover, 15 to 20% of all TB cases in developing
countries are accounted for by extrapulmonary TB (EPTB) [2,3] which disproportionately
affects immunocompromised patients [4,5]. Pericardial TB (PCTB), a severe form of EPTB,
is the most common cause of pericarditis in TB endemic countries in Africa and Asia [6-8].
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
predominantly HIV-infected persons [9,10].
HIV impairs both innate and adaptive immune responses, with the most obvious immune
defect being a progressive reduction in absolute CD4+ T cell numbers and systemic hyper
activation [11]. HIV-1 has also been shown to alter the balance of Mtb-specific T helper
subsets, through the reduction of Th17 cells and T regulatory (Treg) cells [12—14], suggesting
that HIV shifts Mtb-specific responses toward a more pathogenic/inflammatory profile [12].
Pulmonary TB-induced systemic inflammation has been studied extensively showing high
concentrations of acute phase proteins and pro-inflammatory cytokines including C-reactive
protein (CRP), serum amyloid P component (SAP), interferon gamma (IFN-y), interferon
gamma-induced protein 10 (IP-10), chemokine (C-C motif) ligand 1 (CCL1) and tumor
necrosis factor alpha (TNF-a) in serum/plasma of active TB participants in comparison to
other respiratory diseases, LTBI or healthy controls [15—18]. Furthermore, in patients with
pulmonary TB 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
[19]. Based on these results several host inflammatory marker signatures have been proposed
as biomarkers for TB diagnosis and the monitoring of treatment response, with superior
performance compared to smear microscopy [15,16,20,21].
However, the influence of HIV-1 co-infection on the immune response to Mtb in the context
of pulmonary and extrapulmonary TB remains poorly understood. Moreover, studies
assessing immune responses at site of disease are scarce [22—24]. 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 interferon gamma (IFN-y), IL-1f
and IL-8 which were reported to be significantly higher in peripheral blood instead [22—24].
Thus, in the current study, we measured 39 soluble markers in blood and at site of disease
(pericardial fluid) to 1) compare the systemic cytokine environment between pulmonary and

pericardial TB (PCTB) patients coinfected with HIV-1, 2) define the relationship between
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HIV viral load and the inflammatory profiles, 3) define whether peripheral inflammation
signatures mirrors those at site of infection, 4) assess 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.
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91 2. Materials and methods

92 2.1. Study population

93  Participants included in this study (n = 54) were recruited from the Ubuntu Clinic, Site B,

94  Khayelitsha or the Groote Schuur Hospital Cardiology Unit (Cape Town, South Africa)

95  between June 2017 and April 2019. Participants were divided in three groups according to

96  their TB status: 1) Pericardial tuberculosis (PCTB, n=18), ii) Pulmonary tuberculosis (PTB,

97  n=20) and iii) Latent tuberculosis infection (LTBI, n=16).

98  The PCTB group (n = 18) included patients with either definite (Mtb culture positive in

99  pericardial fluid (PCF), n = 9) or probable PCTB (n = 9). Probable PCTB was defined based
100  on evidence of pericarditis with microbiologic confirmation of Mtb-infection elsewhere in the
101  body and/or an exudative, lymphocyte predominant pericardial effusion with elevated
102  adenosine deaminase (>35 U/L), according to Mayosi et al [25]. Only three PCTB patients
103 were HIV negative. Paired PCF and Blood were collected at the same time for PCTB
104  patients. Patients from the PTB group (n = 20) were all HIV positive, tested sputum Xpert
105  MTB/RIF (Xpert, Cepheid, Sunnyvale, CA) positive and had clinical symptoms and/or
106  radiographic evidence of tuberculosis. All were infected by drug sensitive isolates of Mtb and
107  had received no more than one dose of anti-tubercular treatment (ATT) at the time of baseline
108  blood sampling. The LTBI group (n = 16) were all asymptomatic, had a positive IFN-y
109  release assay (IGRA, QuantiFERON-TB Gold In-Tube, Qiagen, Hilden, Germany), tested
110 sputum Xpert MTB/RIF negative and exhibited no clinical evidence of active TB. All LTBI
111  participants were HIV positive. Clinical characteristics of the study participants are shown in
112 Table 1. Sputum and PCF Mtb culture, CD4 count, and HIV VL were performed by the
113 South African National Health Laboratory Services. Active TB patients (PTB or PCTB) were
114  followed up over the duration of their ATT and additional blood draws were performed at
115  week 6 for PCTB, week 8 for PTB and week 24 for both diseased groups. All participants
116  were adults (age > 18 years) and provided written informed consent. The study was approved
117 by the University of Cape Town Human Research Ethics Committee (050/2015 and
118  271/2019).
119
120 2.2. Pericardial fluid, blood collection and whole blood assay
121 Pericardial fluid was obtained at the time of pericardiocentesis, placed in sterile Falcon tubes
122 and transported to the laboratory at 4°C. Blood was collected in sodium heparin tubes and
123 processed within 3 hours of collection. The whole blood or whole PCF assay were adapted

124 from the protocol described by Hanekom et al [26]. Briefly, 0.5 mL of whole blood or 1 mL
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125  of whole PCF were stimulated with a pool of 300 Mtb-derived peptides (Mtb300, 2 ug mL™")
126 [27] at 37°C for 5 hours in the presence of the co-stimulatory antibodies, anti-CD28 and anti-
127 CD49d (1 pg mL! each; BD Biosciences, San Jose, CA, USA) and Brefeldin-A (10 pg mL"!;
128  Sigma-Aldrich, St Louis, MO, USA). Unstimulated cells were incubated with co-stimulatory
129  antibodies and Brefeldin-A only. Red blood cells were then lysed in a 150 mM NH4CI, 10
130 mM KHCOs3 and 1 mM Na4EDTA solution. Cells were stained with a Live/Dead near-

131  infrared dye (Invitrogen, Carlsbad, CA, USA) and then fixed using a transcription factor

132 fixation buffer (eBioscience, San Diego, CA, USA), cryopreserved in freezing media (50%
133 fetal calf serum, 40% RPMI and 10% dimethyl sulfoxide) and stored in liquid nitrogen until
134 use.

135

136 2.3. Cell staining and flow cytometry

137  Cryopreserved cells were thawed, washed and permeabilized with a transcription factor

138  perm/wash buffer (eBioscience). Cells were then stained at room temperature for 45 min with
139 the following antibodies: CD3 BV650 (OKT3; BioLegend, San Diego, CA, USA), CD4

140 BV785 (OKT4; BioLegend), CD8 BV510 (RPA-TS; BioLegend), HLA-DR BV605 (L.243;
141  BioLegend), [IFN-y BV711 (4S.B3; BioLegend), TNF-a PE-Cy7 (Mab11; BioLegend

142 eBioscience) and IL-2 PE/Dazzle (MQ1-17H12; BioLegend). Samples were acquired on a
143 BD LSR-II and analysed using FlowJo (v10.8.1, FlowJo LCC, Ashland, OR, USA). A

144 positive cytokine response was defined as at least twice the background of unstimulated cells.
145  To define the phenotype of Mtb300-specific CD4 T cells, a cut-off of 30 events was used.
146

147 2.4. Luminex® Multiplex Immunoassay

148  Using Luminex® technology, we measured the levels of 39 analytes using antibodies

149  supplied by Merck Millipore (Billerica, Massachusetts, USA) and R&D Systems

150  (Minneapolis, MN, USA). The analytes measured included: Granzyme B (GrB), interleukin 2
151  (IL-2), interleukin 8 (IL-8), interleukin 12p40 (IL-12p40), macrophage colony-stimulating
152  factor (M-CSF), tumor necrosis factor alpha (TNF-a), transforming growth factor beta (TGF-
153  B), complement component 3 (C3), complement component 4 (C4), C-reactive protein (CRP),
154  serum amyloid P (SAP), interleukin 22 (IL-22), Galectin-3 (Gal-3), intercellular adhesion
155 molecule 1 (ICAM-1), neural cell adhesion molecule 1 (NCAM-1), granulocyte colony-

156  stimulating factor (G-CSF), interferon gamma (IFN-y), interleukin 6 (IL-6), interleukin 10
157  (IL-10), interleukin 27 (IL-27) and vascular endothelial growth factor (VEGF), monokine
158  induced by gamma (MIG), monocyte chemoattractant protein 2 (MCP-2), granulocyte
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159  chemoattractant protein 2 (GCP-2), chemokine (C-X-C motif) ligand 11 (CXCL11),

160  macrophage inflammatory protein 1 beta (MIP-1p), chemokine (C-C motif) ligand 1 (CCL1)
161  and interferon gamma-induced protein 10 (IP-10), cluster of differentiation 163 (CD163),
162  interleukin 6 receptor alpha (IL-6Ra), cluster of differentiation 30 (CD30), interleukin 2

163 receptor alpha (IL-2Ra), apolipoprotein A-I (ApoA-I), apolipoprotein C-III (Apo-CIII),

164  oncostatin M (OSM), interleukin 33 receptor (IL-33R), osteopontin (OPN), platelet derived
165  growth factor BB (PDGF-BB) and thrombomodulin (TM). All samples were evaluated

166  undiluted or diluted according to the manufacturer’s recommendations. Samples were

167 randomized to assay plates with the experimenter blinded to sample data. All assays were
168  performed and read at UCT on the Bio-Plex platform (Bio-Rad), with the Bio-Plex Manager
169  Software (v6-1) used for bead acquisition and analysis.

170

171 2.5. Statistical Analyses

172 Statistical tests were performed in Prism (v9.1.3, GraphPad Software Inc, San Diego, CA,
173 USA). Non-parametric tests were used for all comparisons. The Kruskal-Wallis test with
174  Dunn’s multiple comparison test was used for multiple comparisons, the Spearman rank test
175  for correlation and the Mann-Whitney and Wilcoxon matched pairs test for unmatched and
176  paired samples, respectively. When the measured analyte was below the limit of detection in
177  more than 20% of the samples (i.e., M-CSF and IL-10), the analyte was not included in the
178  correlation with plasma HIV VL and HLA-DR expression on Mtb-specific CD4 T cells.

179  Unsupervised hierarchical clustering analysis (HCA, Ward method), principal component
180  analyses (PCA) were carried out in JMP (v16.0.0; SAS Institute, Cary, NC, USA). For HCA
181  and PCA, the min-max normalization method (i.e., feature scaling, analyte value - min / max
182 - min) was used to scale data in the O to 1 range. The predictive abilities of combinations of
183  analytes were investigated by general discriminant analysis (GDA) in JMP. The diagnostic
184  ability of HLA-DR expression on Mtb-specific CD4 T cells were assessed by receiver

185  operator characteristics (ROC) curve analysis. Optimal cut off values and associated

186  sensitivity and specificity were determined based on the Youden’s Index [28]. Analyte

187  network analysis was performed using Gephi (v0.9.2, University of Technology of

188  Compiegne, Compiégne, France). The Bonferroni method [29] was used to adjust for

189  multiple comparisons. A p-value of <0.05 was considered statistically significant.
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190 3. Results

191 3.1 Study population

192 The clinical characteristics of participants are presented in Table 1. Participants (n = 54)
193  were classified into three groups according to their TB status: PCTB (n = 18), PTB (n = 20)
194  and LTBI (n = 16). Median age was comparable between the three groups. All participants
195  were HIV-infected except for three PCTB patients. LTBI participants had a lower plasma
196  HIV-1 viral load (VL) and higher absolute CD4 count compared to the PCTB and PTB

197  groups (median Logio VL: 3.28 vs 4.68 and 4.79 copies mL!, respectively and median CD4:
198 409 vs 141 and 176 cells mm, respectively, Table 1).

199

200 3.2 Comparison of the systemic inflammatory profile between LTBI, PTB and
201  PCTB.

202  Plasma levels of 39 analytes, including cytokines, chemokines, apolipoproteins, chemokine,
203  protein receptors, and fibrosis-related analytes, were measured in all participants (the

204  complete list of measured analytes is presented in the material and methods section).

205  Assessing the overall systemic inflammatory profile using unsupervised hierarchical

206  clustering (Fig. 1a) and principal component analysis (Fig. 1b) we showed an evident

207  separation between LTBI and active TB participants (PCTB and PTB), driven by elevated
208  levels of most of the measured inflammatory markers. However, there was no noticeable
209  separation between the PCTB and PTB groups, suggesting comparable systemic

210  inflammation in these groups. Individual analysis of measured analytes showed that 15

211  markers were significantly higher in both PTB and PCTB compared to the LTBI group,

212 including innate-related inflammation markers (such as IL-6, TNF-a, and IL-8), acute phase
213 protein (CRP) and chemokines (CCL1, MIG, IP-10 and CXCL11). VEGF also showed a
214  similar profile, with the p-value between LTBI and PTB being borderline significant (p =
215  0.0503) (Supplementary fig. 1 and Supplementary table 1). IL-6Ra and G-CSF were the
216  only markers that were observed to be differentially expressed between PTB and PCTB

217  (Supplementary fig. 1 and Supplementary table 1), highlighting similarities between the
218  different clinical forms of TB. Only one marker, OPN showed increased expression levels
219  only in the PCTB group compared to LTBI (p = 0.0063) while no significant difference was
220  observed for the PTB group (p = 0.374) (Supplementary fig. 1 and Supplementary table
221 1). Elevated OPN levels have been associated with severe tuberculosis [30]. Next, we defined

222 the interplay between markers, using network analysis (Fruchterman-Reingold algorithm,
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223 Fig. 1¢). In LTBI participants, TNF-o and MIP-13 were the most central nodes, showing the
224 most connections (positive associations) with other analytes. In active TB patients (both PTB
225 and PCTB), the network structure was substantially altered; and while MIP-13 remained a
226  predominant node, TGF-f3 emerged as a new influential node, with multiple negative

227  associations with analytes such as IL-12p40, ApoA-I or G-CSF (Fig. 1¢). Overall, these

228  results illustrate that active TB disease significantly increases systemic inflammation and
229  PCTB and PTB participants share similar inflammatory signatures.

230

231 3.3 Relationship between inflammatory profile and HIV viral load

232 To examine the interplay between HIV viral load (VL) and cytokine profile, we defined the
233 associations between cytokine concentrations and HIV VL in plasma. Of the 39 measured
234 analytes, 12 markers positively associated with HIV VL in the LTBI group (Fig. 2a). Several
235  of those have been previously reported as HIV-associated systemic inflammation markers,
236  including IL-2Ra [31], CXCL11 [32], IL-6 [33], IFN-y [34], IP-10 [35], TNF-a [35], and
237  CD30 [36]. In both the PTB and PCTB groups, most of these correlations were disrupted
238  with six analytes correlating with HIV VL in the PTB group and only one in the PCTB group
239  (Fig. 2a). The only cytokine which maintained significant correlation with HIV VL in all
240  groups was IL-12p40, albeit the correlation strength was weaker in the diseased groups (r =
241  0.83,p=0.0002 vs r=0.49, p = 0.028 in the PTB group and r = 0.63, p = 0.012 in the PCTB
242 group) (Fig. 2b). IP-10 concentration only showed a significantly positive correlation with
243 HIV VL in the LTBI group (r = 0.82, p = 0.0002), and was largely disrupted in both the PTB
244 and PCTB groups (r = 0.29, p = 0.26 and r = 0.25, p = 0.37, respectively) (Fig. 2b). No

245  negative associations were observed in the LTBI and PTB groups, however, TGF- showed a
246  strong negative association with HIV VL in the PCTB group (r = -0.65, p = 0.0133) (Fig. 2a).
247  These findings suggest that active TB disease disrupts HIV-associated systemic

248  inflammation.

249

250 3.4 Profile of soluble markers in plasma compared to pericardial fluid

251  To better understand compartmentalization, we compared the profiles of expression of the 39
252 measured analytes in plasma and PCF from PCTB participants, using hierarchical clustering
253  analysis and PCA (Fig. 3a and b). There was a clear separation between sample types, where
254  PCI accounted for 42% and PC2 11.2% of the variance (Fig. 3b). Furthermore, visualizing
255  sample clustering using a constellation plot, we observed that cluster 2 (comprised of PCF

256  samples) was divided into 2 distinct sub-clusters, where cluster 2b was enriched in
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257  participants who were PCF culture positive (5/7, 72%) compared to patients included in

258  cluster 2a (4/12, 33%) (Fig. 3¢). However, looking at individual analytes, we did not find
259  significant difference between PCF culture negative and PCF culture positive samples (data
260  not shown).

261  Univariate analysis of analytes showed that the concentrations of 25 out of the 39 measured
262  analytes were significantly higher in PCF in comparison to paired plasma samples, only 9/39
263  were significantly higher in plasma compared to PCF, and 5/39 showed no significant

264  difference in expression between the two sample types after correction of the p-values for
265  multiple testing (Supplementary fig. 2 and Supplementary table 2).

266  To better understand the relationship between peripheral and site of disease inflammation,
267  pairwise comparisons (plasma vs PCF) were assessed. Significant positive correlations were
268  observed for 18 out of the 39 analytes (with r and p ranging from 0.98 - 0.47 and <0.0001 -
269  0.048, respectively), the highest Spearman’s rank r values for significant positive correlations
270  were observed for [CAM-1, SAP, and ApoA-I (Fig. 3d). A summarized representation of the
271  associations between plasma and PCF for each analyte is shown in fig. 3d and individual
272 correlation plots of all the significant associations are presented in supplementary fig. 3. We
273  then defined the interplay between markers in PCF, using network analysis (Fruchterman-
274  Reingold algorithm, Fig. 3e). OSM, MCP-2 and ApoA-I were the most central nodes, with
275  OSM and MCP-2 showing positive associations with other analytes. While ApoA-I showing
276  mostly negative associations with analytes such as TGF-$, IP-10 and Apo-CIII (Fig. 3e).

277  Overall, these results show that inflammatory response at site of disease was greater than in
278  blood. However, inflammatory profile in PCF partially mirrored inflammatory events in

279  blood.

280

281 3.5 Associations between systemic inflammation and the activation of Mtb-

282  specific CD4+ T cells in blood and at site of disease.

283  HLA-DR expression on peripheral Mtb-specific CD4+ T cells has been shown to

284  discriminate latent from active TB infection [37-39]. To better understand the relationship
285  between inflammation and T cell activation, we measured the expression of HLA-DR on
286  Mtb-specific CD4+ T cells in blood from LTBI, PTB, PCTB and PCF from PCTB

287  participants. As expected, HLA-DR expression on peripheral Mtb-specific CD4+ T cells was
288  significantly higher in the aTB groups (PTB and PCTB) compared to LTBI (medians:

289  62.30% and 70.85% vs 17.20%, respectively, p >0.0001). Moreover, HLA-DR expression on
290  Mtb-specific CD4+ T cells in PCF was significantly higher compared to blood in the PCTB
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291  group (medians: 78.30% vs 69.90%, respectively, p= 0.0341) (Fig. 4a and b). We then

292  assessed the association of HLA-DR expression on Mtb-specific CD4 T cells and the

293  concentrations of each measured analyte at the site of disease (PCF) and in blood from PCTB
294  participants as well as blood from PTB participants (Fig. 4c). At disease site, we observed
295  positive associations between HLA-DR expression on Mtb-specific CD4 T cells and 10

296  analytes, including CCL1, G-CSF, OSM, IL-8, IL-2 and IL-2Ra (with r value > than 0.6).
297  Negative associations were observed with C4 (r =-0.71, p = 0.002) and IL-6Ra (r =-0.54, p
298  =0.017) (Fig. 4d). None of these associations were observed in peripheral blood (Fig. 4¢). In
299  PTB participants, HLA-DR expression on peripheral Mtb-specific CD4+ T cells associated
300  with only 2 analytes, namely IP-10 (r = 0.57, p = 0.0102) and IL-6Ra (r =-0.54, p = 0.0174)
301  (Fig. 4¢). These data suggest a coordinated and compartmentalized immune response at the
302 disease site.

303

304 3.6 Impact of TB treatment on the inflammatory profile in plasma

305  Monitoring of TB treatment response is challenging mainly due to the lack of specific and
306  sensitive blood-based tools. In the current study, we examined the effect of TB treatment on
307  the expression of inflammation markers. First, we compared the overall systemic

308  inflammatory profile in participants with LTBI and in aTB patients (PTB and PCTB) 24

309  weeks after TB treatment initiation using unsupervised hierarchical clustering (Fig. Sa) and
310  principal component analysis (Fig. Sb). No specific clustering was observed between the

311  groups, showing a global normalization of the inflammation signature at treatment

312 completion. Furthermore, we performed univariate analysis comparing the level of

313  expression of each analyte at baseline (before TB treatment initiation), week 6 or 8 and week
314 24 post treatment initiation (Supplementary fig. 4 and Supplementary table 3). Of the 39
315  measured analytes, 13 showed significant reduction between baseline, week 6/8 and/or week
316 24 in both the PTB and PCTB groups (Supplementary fig. 4a and Supplementary table 3).
317  An additional eight analytes showed reduction between the three time points in the PTB

318  group only (Supplementary fig. 4b and Supplementary table 3).

319  Representative plots of analytes including, CXCL11, MIG, IL-6 and CRP depict the

320  significant reduction of expression of analytes with TB treatment from baseline, week 6/8 to
321  end of treatment (week 24) in both PTB and PCTB groups (Fig. 5¢). These data suggest that
322 the overall inflammatory profile normalized upon TB treatment completion in both PTB and
323  PCTB.

324
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325 3.7 Comparison of HLA-DR expression and biosignatures derived from soluble
326  analytes in discriminating LTBI from active TB

327  Previous studies have shown the potential of blood-based markers to distinguish LTBI from
328  aTB, including biosignatures derived from soluble markers and HLA-DR expression on

329  MTB-specific T cells [15,16,20,21,37,38]. Although this study was not designed as a

330 diagnostic study, we explored this aspect, wherein we assessed the ability of HLA-DR

331  expression to distinguish LTBI from PTB, PCTB or any aTB (PTB + PCTB) and compared it
332 with previously described biosignatures that included analytes measured in this study. We
333 generated receiver operating characteristic (ROC) curves from data obtained in Mtb-specific
334 CDA4 T cells. Consistent with previous reports, HLA-DR expression on Mtb-specific CD4 T
335  cells showed a great capability to distinguish LTBI from PTB (p<0.0001, area-under-the-
336  curve (AUC) =0.97, 95% CI: 0.92 — 1.00, sensitivity: 97.75%, specificity: 100%, at an

337  optimal cut-off of 48.5%) (Supplementary fig. 5a and b). Moreover, HLA-DR expression
338  also discriminated LTBI from PCTB (p<0.0001, AUC = 0.94, 95% CI: 0.82 — 1.00,

339  sensitivity: 93.75%, specificity: 100%, at an optimal cut-off of 46.9%) and LTBI from any
340 aTB (p<0.0001, AUC = 0.96, 95% CI: 0.90 — 1.00, sensitivity: 94.29%, specificity: 100%, at
341  an optimal cut-off of 46.9%) (Supplementary fig. Sa and b).

342  We assessed the performance of previously described soluble biosignatures our data set to
343  and compared soluble biosignature performance to HLA-DR expression. We identified six
344  different published biosignatures which include analytes measured in this study: [IL-12p40 +
345  IL-10] [21], [TIFN-y + IL-10 + IL-12p40] [21], [TNF-a + IL-12p40] [21], [CCL1 + CRP] [15],
346 [CCL1 + TNF-a] [16], and [IL-6Ra + IL-2Ra] [20].

347  These biosignatures discriminated LTBI from PTB with AUCs ranging from 0.72-0.9 and
348  corresponding sensitivity and specificity ranging from 55% - 85% and 75% - 100%,

349  respectively. They also discriminated LTBI from PCTB with AUCs ranging from 0.64 - 1.00
350  and corresponding sensitivity and specificity ranging from 61.11% - 83.33% and 62.5% -
351  93.75%, respectively, while they discriminated LTBI from any aTB (PTB + PCTB) with

352 AUCs ranging from 0.69 - 0.98 and corresponding sensitivity and specificity ranging from
353 52.63% - 76.32% and 62.50% - 100%, respectively (Supplementary table 4). Detailed

354  performances of these signatures in comparison to HLA-DR expression are shown in

355 supplementary table A.4.

356  None of these biosignatures out-performed HLA-DR expression in discriminating LTBI from
357  the diseased groups (Supplementary table 4). These findings suggest that HLA-DR is a

358  better biomarker than soluble markers for discriminating between the different TB groups.
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359 4. Discussion

360  EPTB represents a small but significant proportion of all TB cases globally, particularly in
361  HIV-infected patients and is frequently difficult to diagnose. However, immune and

362  inflammatory responses at the site of disease remains understudied. In this study, we

363  compared the TB-associated inflammatory response in HIV-infected participants between
364 latent, pulmonary, and pericardial TB infection. We also compared the inflammatory

365  signature in blood and at site of disease (i.e., PCF) in PCTB patients. Moreover, we measured
366 HLA-DR expression on Mtb-specific CD4 T cells from whole blood and compared its

367  diagnostic potential to previously described biosignatures derived from different

368  combinations of soluble markers.

369  We show that PTB in HIV-infected patients is characterized by increased systemic

370  inflammation compared to LTBI persons. This is in accordance with previous reports

371  showing elevated inflammatory markers (such as CRP, IP-10, IFN-y, CCL1, and VEGF) in
372  unstimulated plasma or serum in aTB compared to LTBI or other respiratory diseases

373  regardless of HIV status [15,16,18]. In HIV negative individuals, distinct inflammatory

374  profiles in PTB versus extra pulmonary TB have been reported, which were speculated to be
375  the consequence of differences between disseminated versus more localized infection [40].
376  However, here, we observed a similar inflammatory profile in HIV-infected PTB individuals
377  and HIV-infected PCTB individuals. These differences may be explained by the different
378 analytes measured in the Vinhaes et al [40] study and the current study, with only seven

379  analytes overlapping between the two studies (namely, IL-2, IL-6, IL-8, IL-10, IL-27, TNF-a,
380  and IFN-y). Moreover, the Vinhaes et al [40] study included patients with different types of
381  EPTB (including Pleural TB, TB lymphadenitis and Miliary TB) while our study focused
382  exclusively on PCTB patients.

383  To improve our understanding of immunological mechanisms at the disease site, we

384  compared inflammatory profile at disease site and in plasma. A study by Matthews et al [22],
385  assessing the inflammatory response at the disease site, showed compartmentalization of
386 inflammatory proteins (including IL-6, IL-8 and IFN-y) in PCF compared to blood. Our

387  results are in accordance with this study, showing that inflammation was greater at the site of
388  disease compared to the periphery and further demonstrate that there was a partial mirroring
389  of the innate-associated inflammatory response (such as CCL1, IL-12p40, TGF-p and IL-8)
390  between blood and disease site. Interestingly, Th1 cytokines levels (IFN-y and IL-2) in PCF

391  did not correlate with plasma levels. We previously reported that there was no correlation
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392  between the frequency of Mtb-specific CD4 T cells in blood and PCF [41] and recent data
393  from murine model suggests that the rate of migration of T cell to the disease site is mostly
394  regulated by the pattern of chemokine receptors they expressed [42].

395  TB diagnosis is challenging due to the lack of rapid, accurate, blood-based diagnostic tests.
396 HLA-DR expression on Mtb-specific CD4 T cells has been shown to be a robust marker in
397  discriminating latent TB from aTB [37-39] and EPTB [43]. In this study, we observed HLA-
398 DR to be significantly highly expressed in blood of aTB compared to LTBI, it was also

399  highly expressed, at the site of disease (PCF) in PCTB participants compared to blood of the
400  same participants. Our findings are in agreement with previously published studies [37—

401  39,43] and further suggest that the extent of activation of infiltrating CD4 T cells associate
402  with the inflammatory profile at the disease site.

403  Several biosignatures consisting of host soluble inflammatory markers have been described
404  as promising tools for TB diagnosis [15,16,20,21]. Here, we used our cohort as a validation
405  cohort to compare their performance in discriminating LTBI from aTB, and several

406  previously identified biosignatures continued to show promise in our cohort. However, none
407  of these biosignatures showed better performance compared to the measure of HLA-DR

408  expression on Mtb-specific CD4 T cells, which met the WHO target product profile (TPP)
409  recommendations for a point of care non-sputum-based triage test [44]. These data further
410  emphasize the role of HLA-DR as a promising biomarker for TB diagnosis.

411  Sputum culture conversion at two months post treatment initiation remains the most widely
412 used tool for the evaluation of TB treatment response [45,46]. However, in individuals with
413 PCTB who are sputum smear or culture negative for Mtb, monitoring of treatment response is
414  solely assessed clinically as there are no validated blood biomarkers to assist in this regard.
415  Changes in blood biomarker levels during antitubercular treatment in either PTB or EPTB
416  cases has been previously reported in a number of prospective studies [18,47-58], showing
417  the normalization of several inflammatory markers (such as CRP, IP-10, CCL1, IFN-y and
418  TNF-0) after successful TB treatment. Our findings are in accordance with these results and
419  add to the current knowledge, showing that the concentrations of several of the biomarkers
420  tested (21 out of 39 and 13 out of 39) decreased at treatment completion to levels observed in
421  LTBI participants in both the PTB and PCTB groups, respectively. The discrepancy in the
422  normalization of inflammatory profile after treatment between PTB and PCTB could be

423 related to disease severity, where disseminated disease has been shown to present with

424  elevated systemic bacterial burden and higher mortality [59] and limited drug penetration at
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425  the site of disease. Thus, our study confirms that measuring blood biomarkers may have

426  utility to monitor treatment response in both pulmonary and extra-pulmonary TB.

427  Our study has several limitations. First, most of the participants were HIV infected, we were
428  thus unable to define the impact of HIV infection on TB-induced inflammatory profiles.

429  Second, we did not have long-term follow-up clinical data to identify potential TB relapse, so
430  long-term outcome could not be related to inflammatory profiles. Third, the current study was
431  not designed to identify novel diagnostic markers, thus we confined our analysis to

432  previously described blood-based biomarkers. However, further assessments of HLA-DR
433  expression on Mtb-specific CD4 T cells are required in well-designed diagnostic studies.

434  Finally, further experiments including patients with non-tuberculous pericardial effusion will
435  be necessary to define whether the observed inflammatory signatures in plasma and at site of
436  disease are TB specific. Regardless of the limitations, our results show that in a largely HIV-
437  infected cohort with advanced immunosuppression, PCTB and PTB share similar

438  inflammatory signature and aTB disrupts the relationship between HIV VL and soluble

439  analytes. These results also reveal that profiles of markers at the site of disease are distinct
440  from peripheral blood though some markers strongly correlate. Furthermore, upon

441  completion of TB treatment, levels of soluble analytes normalized and lastly, we showed that
442  in HIV-infected patients, assessing the expression of HLA-DR on Mtb-specific CD4 T cells
443 had a better potential to discriminate PCTB and PTB from LTBI compared to biosignatures

444  derived from soluble markers.
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721  Table 1. Clinical characteristics of study participants.

722
PCTB PTB LTBI
N 8 20 16
Age (years) T 36 [29 — 44] 39 [32 — 45] 37 [32 - 41]
Gender (F/M) 8/10 8/12 16/0
HIV status (Neg/Pos) 3/15 0/20 0/16
CD4 count (cellsymm3) t 141 [61 — 195.3] 176 [107 — 246] 409 [264 — 524]
Logl0 VL (mRNA 4.68[2.903 - 5278] 479[423-5.11] 328 [1.44— 4.18]
copies/mL) T
1(;/01;1) Culture positive (0, o165 56 904) in PCF§ 19 (95%) in sputum 0 (0%) in sputum
723

724  LTBI = Latent TB infection, PCTB = Pericardial TB, PTB = Pulmonary TB, F = Female, M
725 = Male, VL = HIV viral load, NA = not applicable

726  tMedian and interquartile range.

727  iMtb culture data were not available for two PCTB patients.

728
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729  Figure legends:

730  Figure 1. Analyte profiles in the different TB groups at baseline. (a) A non-supervised
731  two-way hierarchical cluster analysis (HCA, Ward method) was employed to evaluate the TB
732 groups using the 39 measured analytes. TB status (PCTB in red, PTB in blue and LTBI in
733 green) of each patient is indicated at the top of the dendrogram. Data are depicted as a

734 heatmap colored from minimum to maximum normalized values for each marker. (b)

735  Principal component analysis (PCA) on correlations based on the 39 analytes was used to
736  explain the variance of the data distribution in the cohort. Each dot represents a participant.
737  The two axes represent principal components 1 (PC1) and 2 (PC2). Their contribution to the
738  total data variance is shown as a percentage. (¢) Analyte network analysis (Fruchterman-
739  Reingold algorithm) in plasma of LTBI, PTB and PCTB participants. Size of nodes indicate
740  the number of connections. Size of edges indicate the spearman r value (only r > 0.6 were
741  included). Blue lines: positive correlation. Red lines: negative correlation.

742

743  Figure 2. Univariate associations between HIV VL and analyte concentrations in the
744  different TB groups. (a) Spearman’s rank values of the univariate correlation between each
745  analyte and the HIV VL in LTBI participants, PTB participants, and PCTB participants

746  plasma samples. Red bars indicate positive correlations, Black bars indicate negative

747  correlations, and grey bars indicate non-significant correlations. (b) Depicts the examples of
748  IL-12p40 (maintained relationship between the TB groups) and IP-10 (disrupted relationship
749  between the TB groups). The line indicates linear regression for statistically significant

750  correlations.

751  Figure 3. Analyte profiles in peripheral blood (Plasma) and site of disease (Pericardial
752  fluid) in PCTB participants. (a) A non-supervised two-way hierarchical cluster analysis
753  (HCA, Ward method) was employed to evaluate the two sites using the 39 analytes. The

754 sample type and Mtb culture results (PCF in purple, Plasma in red; Mtb culture negative in
755  white and positive in black) of each patient is indicated at the top of the dendrogram. Data are
756  depicted as a heatmap colored from minimum to maximum normalized values detected for
757  each marker. (b) Principal component analysis (PCA) on correlations based on the 39

758  analytes was used to explain the variance of the data distribution in the subgroup. Each dot
759  represents a participant. The two axes represent principal components 1 (PC1) and 2 (PC2).
760  Their contribution to the total data variance is shown as a percentage. (¢) Constellation Plot-

761  cluster analysis based on all measured analytes. Each dot represents a participant and is color-
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762  coded according to sample type. Each cluster obtained for the HCA is identified by a number.
763  (d) Pairwise correlation of the 39 analytes. Red bars indicate a positive correlation, Black
764  bars indicate a negative correlation, and grey bars indicate a non-significant correlation. (e)
765  Analyte network analysis in PCF of PCTB participants. Size of nodes indicate the number of
766  connections. Size of edges indicate the spearman r (only r > 0.6 were included). Blue lines:
767  positive correlation. Red lines: negative correlation.

768

769  Figure 4. Univariate associations between HLA-DR and analyte concentrations in the
770  different TB groups. (a) Representative flow cytometry plots of the expression of HLA-DR.
771  (b) Expression of HLA-DR on Mtb-specific CD4 T cells in response to Mtb300. (¢)

772  Spearman’s rank values of the univariate correlation between each analyte and between Mtb-
773  specific CD4 T cell activation (HLA-DR) level at the site of disease (PCF) in PCTB

774  participants, in blood of PCTB and PTB participants, respectively. Red bars indicate a

775  positive correlation, Black bars indicate a negative correlation, and the grey bars indicate
776  non-significant correlation. (d) Representative graphs showing the positive (CCL1 and G-
777  CSF) and negative (C4) correlation to HLA-DR frequency at the site of disease (PCF).

778  Statistical comparisons were performed using a Kruskal-Wallis test, adjusted for multiple
779  comparisons (Dunn’s test) for blood LTBI vs PTB vs PCTB, Wilcoxon test for blood PCTB
780  vs PCF PCTB and the Mann-Whitney test to compare blood LTBI and PCF PCTB.

781  Figure 5. Analyte profiles in the different TB groups before, during and post TB

782  treatment. (a) A non-supervised two-way hierarchical cluster analysis (HCA, Ward method)
783  was employed to grade the TB groups using the 39 analytes. TB status (PCTB in red, PTB in
784  blue and LTBI in green) of each patient is indicated at the top of the dendrogram. Data are
785  depicted as a heatmap colored from minimum to maximum normalized values detected for
786  each marker. (b) Principal component analysis (PCA) on correlations based on the 39

787  analytes was used to explain the variance of the data distribution in the cohort. Each dot

788  represents a participant. The two axes represent principal components 1 (PC1) and 2 (PC2).
789  Their contribution to the total data variance is shown as a percentage. (¢) Representative

790  graphs showing the change of concentrations of CXCL11, MIG, IL-6 and CRP with

791  treatment and no statistical difference between week 24 post-treatment initiation and LTBI in
792  both PTB and PCTB groups, respectively. Statistical comparisons were performed using a
793  Friedman test, adjusted for multiple comparisons (Dunn’s test) for BL v W6/W8, BL v W24
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794  and W6/W8 v W24 and the Mann-Whitney test to compare LTBI with W24, p-values were
795  adjusted using the Bonferroni method.
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Fig. 5
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