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Objective: We aimed to identify plasma cytokine biomarkers that differentiate the infection stages of
Mycobacterium tuberculosis (MTB).
Methods: This study included a total of 227 subjects consisting of active tuberculosis (ATB) patients,
latent tuberculosis infection (LTBI) individuals, and healthy controls (HC). We analyzed the expressions of
38 plasma cytokines in the discovery cohort to identify the biosignatures for differentiating MTB infection
states, area under the curve (AUC) were used to evaluate the diagnostic efficiency. The AUC of unique
plasma biomarker was confirmed in the validation cohort.
Results: In the discovery cohort, the AUC of the 8-marker biosignature (eotaxin, MIP-1«, MDC, IP-10,
MCP-1, IL-1¢, IL-10, and TNF-«) in diagnosing ATB was 1.0. The sensitivity and specificity of the 5-marker
biosignature (IP-10, MCP-1, IL-1¢, IL-10, and TNF-«) in diagnosing LTBI were 94% and 81.25%, respectively.
The AUC of the 3-signature biosignature (eotaxin, MDC, MCP-1) in differentiating ATB from LTBI was 0.94,
with the sensitivity and specificity of 87.76% and 91.84%, respectively. Moreover, among all the single
cytokine biomarkers, MCP-1 exhibited the highest AUC in diagnosing ATB (0.98) and differentiating ATB
from LTBI (0.91). In the subsequent validation cohort analysis, we identified that the AUC of MCP-1 in
diagnosing ATB and differentiating ATB from LTBI were 0.97 and 0.89, respectively, which was generally
consistent with the results of the discovery cohort.
Conclusion: Cytokine levels in plasma can be used as biosignatures to diagnose ATB. The cytokine con-
centrations vary during the different stages of MTB infection, which might serve as biomarkers in differ-
entiating ATB from LTBI. Future studies with a larger population and data from multiple institutions are
needed to validate our findings.

© 2018 The British Infection Association. Published by Elsevier Ltd. All rights reserved.
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agent.! It is estimated that about one-third of the world's pop-
ulation is infected with MTB.? Infected patients may experience
asymptomatic elimination, latent infection, or active pulmonary
and extrapulmonary tuberculosis. About 5-10% of individuals with
LTBI progress to ATB in their lifetime .23

Diagnosis of TB status is challenging due to its diverse clini-
cal forms and outcomes.> Current laboratory TB diagnostic meth-
ods include acid-fast staining, bacterial culture, and PCR amplifi-
cation. MTB culture is the gold standard for TB diagnosis, while
its main limitation is the long response time taken. Identification
of the acid-fast bacilli in sputum is the most widely used diag-
nostic test for ATB, but sputum smear microscopy has low sensi-
tivity. PCR for MTB is typically based on the WHO-recommended
Xpert MTB/RIF method, which is limited by its low sensitivity in
smear negative or in HIV-TB co-infected subjects.”>® Recently, the
interferon-gamma (IFN-y) release assay (IGRA) has been broadly
applied to diagnose MTB infection. However, IGRA is also unable
to differentiate latent from active TB.”

MTB-induced immune response is complicated and not fully
understood, which hinders the development of new immunologi-
cal approaches to detect TB. Studies on cytokines have enhanced
our understanding on the immune response: pro-inflammatory cy-
tokines (such as IFN-y, TNF-o and IL-1), anti-inflammatory cy-
tokine (such as IL-4 and IL-10), regulatory cytokines (such as IL-
13 and IL-17) and chemokines (such as MIP-1, IP-10 and MCP-1)
are involved in the development of TB.3® We sought to determine
whether other cytokine responses or combinations thereof, could
improve the performance of IFN-y in IGRA. We hypothesized that
combinations of multiple cytokines could be more sensitive for
MTB infection than a single immune marker, and potentially dis-
tinguish individuals with ATB disease from persons with LTBI.

Materials and methods
Ethics statement

The study was conducted between July 2014 and January 2017
at Daping Hospital of Army Medical University (Third Military
Medical University), Chongqing, China. The protocol of this study
was approved by the ethics committee of Daping Hospital. Written
informed consent was obtained from all participants.

Study subjects

The discovery cohort consisting of a total of 149 study sub-
jects, including 50 patients with ATB, 49 subjects with LTBI, and
50 healthy controls. In an independent validation cohort, 28 ATB
patients, 24 LTBI subjects, and 26 healthy controls were enrolled.
The inclusion criteria for each participant group were as follows.
All participants were adults (> 18 years of age). ATB patients were
diagnosed according to World Health Organization criteria, on the
basis of clinical symptoms, positive sputum smears for acid-fast
bacilli and/or MTB positive cultures, and confirmed by chest X-ray
(CXR). Actually, ATB individuals were all newly diagnosed patients
with active pulmonary tuberculosis and with no record of previ-
ous active tuberculosis disease. LTBI subjects were individuals who
had history of close contact with ATB patients, and displayed posi-
tive results of IGRA (T-SPOT.TB), but showed no signs or symptoms
of ATB disease and had negative cultures for MTB. Healthy con-
trols were individuals who had no history of close contact with
TB patients, and displayed normal chest radiograph, negative T-
SPOT.TB and TST and no clinical symptoms of ATB. Exclusion cri-
teria comprised: subjects with pregnancy and complications such
as renal or liver disorders, HIV infection, cancer, autoimmune dis-
eases, allergic diseases, diabetes mellitus and those receiving im-
munosuppressive therapy (such as glucocorticoids) or having re-

ceived immunomodulator or anti-TB therapy. Each subject donated
a 10 ml heparinized and 2 m1 EDTA-treated peripheral-blood sam-
ple. Heparinized blood samples were used to accomplish T-SPOT.TB
assay within 24h. The EDTA-blood samples were centrifuged
within 30 min of collection, and plasma was stored at —80 °C until
further cytokines analysis.

T-SPOT.TB assay

All participants underwent T-SPOT.TB assay (Oxford Immunotec
Ltd, UK) according to the manufacturer’s instructions. Briefly, pe-
ripheral blood mononuclear cells (PBMCs) were isolated from 10 ml
heparinized blood samples over Ficoll-Paque Plus (GE Healthcare
Bio-Sciences AB, Uppsala, Sweden) and resuspended in the AIM
V medium (Gibco, Grand Island, NE, USA) at the concentration
of 25x10°> per 100 pl. The PBMCs suspension was incubated
overnight at 37 °C with specific TB antigens, ESAT-6 and CFP-10,
in an enzyme-linked immune sorbent spot assay. The spots were
counted after enzyme-linked antibody and substrate were added.
More than six spots of either antigen were considered as posi-
tive, while six or less spots with both antigens were considered as
negative.

Cytokine measurement by the multiplex cytokine assay system

The concentrations of 38 cytokines, including EGF, FGF-2, eo-
taxin, TGF-«, G-CSF, Fit-3L, GM-CSF, fractalkine, IFN-«2, IFN-y,
GRO, IL-10, MCP-3, IL-12p40, MDC, IL-12p70, IL-13, IL-15, sCD40L,
IL-17A, IL-1RA, IL-1e, IL-9, IL-18, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7,
IL-8, IP-10, MCP-1, MIP-1«r, MIP-18, TNF-o¢, TNF-8 and VEGF, in
plasma were measured using a Human Cytokine/Chemokine Mag-
netic Bead Panel (HCYTMAG-60K-PX38, EMD Millipore Corporation,
Billerica, MA, USA) by liquid chip Luminex xMAP technique. The
manufacturer’s protocol was followed for the multiplex bead as-
says. The concentration of 38 markers used for the standard curve
in the Luminex assay ranged from 3.2 to 10,000 pg/ml.

ELISA

Plasma concentration of MCP-1 was determined using the Hu-
man CCL2/MCP-1 Quantikine ELISA Kit (R&D Systems, Minneapo-
lis, MN, USA), with 10 pg/ml being the minimum detectable dose.
In this ELISA kit, the proprietary capture monoclonal antibody and
the detection polyclonal antibody were both raised against natu-
ral and recombinant human MCP-1. Samples, reagents, and buffers
were prepared according to the manufacturer’s manuals. The con-
centration of MCP-1 used for the standard curve in the ELISA assay
ranged from 31.3-2000 pg/ml.

Chest radiographic severity score

ATB patients of validation cohort were classified regarding the
severity of disease according to pulmonary radiographic images us-
ing a double blind test and classified as minimal (stage 1, score 1),
moderate (stage 2, score 2) and advanced disease (stage 3, score
3), as described by Abakay et al.? Lesions were considered mini-
mal if there was no evidence of cavitation and the lesions were of
slight to moderate density located above the second chondroster-
nal junction. Moreover, the lesions must only involve a segment of
one or both lungs, and the combined extent of the lesions must
be smaller than the volume of a single lung. Disseminated lesions
of slight characterized moderate disease to moderate density in
one or both lungs, and the collective lesion volume cannot ex-
ceed that of a single lung. In moderate disease, the lesions may
also be densely packed so to appear confluent, but areas of high-
density lesions cannot take up more than one third of the volume
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Table 1
Baseline characteristics of the discovery cohort and validation cohort.

Characteristics Discovery cohort

Validation cohort

HC LTBI ATB HC LTBI ATB

Number 50 49 50 26 24 28

Age (years) 32.7+£223 352+14.8 342+12.8 41.2+£91 441+11.8 41.2+£13.6
Gender: male, n (%) 27 (54) 28 (57.1) 19 (38) 14(53.8) 13 (54.2) 15 (53.6)
TSPOT.TB: positive, n (%) 0 (0) 49 (100) 50 (100) 0(0) 24 (100) 28 (100)
TST: positive, n (%) 0 (0) 40 (81.6) 50 (100) 0(0) 20 (83.3) 28 (100)
TB culture: positive, n (%) NA 0 (0) 39 (78) NA 0(0) 24 (85.7)
Sputum smear: positive, n (%) NA 0(0) 50 (100) NA 0(0) 28 (100)

Note: Data were expressed as mean + standard deviation, Not Applicable (NA).

of one lung. Moreover, the total diameter of cavitations cannot ex-
ceed 4cm in patients with moderate disease. If lesions were found
to be more extensive than moderate disease, then it was consid-
ered advanced disease.

Statistical analysis

Statistical analyses were performed using GraphPad Prism 6.0
software (GraphPad Software, San Diego, CA, USA). Data were
expressed as the mean + standard deviation or median (interquar-
tile range), depending on the data characteristics. For parametric
test, independent sample t test was employed for the comparison
between groups while one-way analysis of variance (ANOVA)
with Bonferroni was used for comparison among groups. As for
non-parametric test, comparisons were made using either by
Mann-Whitney U test for comparison between 2 groups or by
Kruskal-Wallis test with Dunn’s multiple comparisons for multiple
groups, categorical variables (frequencies) were compared with
X2 statistics or Fisher exact test. Diagnostic performance of each
cytokine was assessed by calculating the area under the receiver
operating characteristic (ROC) curve. Optimal cut-off values were
selected based on the Youden’s index, defined as the largest
difference between the sensitivity and 1-specificity, taken over all
points on the ROC curve. The AUC was compared by using paired z
test (DeLong test) in MedCalc software (version 14.8.1; Broekstraat,
Mariakerke, Belgium) to reveal diagnostic performance differences
between two indicators. Correlation analysis was carried out
using the Spearman test. Values of p <0.05 were considered as
statistically significant.

Additionally, the cytokine profile of each individual was as-
sessed to determine individual immune biosignatures. Initially, all
data were used to calculate the global median value of each
marker, which was used as a cut-off point to classify each individ-
ual as “low” or “high” producers of a given immune marker. Data
were organized in gray-scale diagrams to calculate the frequency
of high producers for each clinical group. Relevant data (>50%)
was highlighted in both bold and underline format. Radar charts
were performed in Microsoft Excel (Microsoft Office 2010, Las Ve-
gas, USA) to characterize the overall frequency of individuals with
high levels of each marker for each study group, showing potential
immune biomarker signature.

Finally, to understand how these markers could stratify our
groups, Heml (Heatmap Illustrator, version 1.0) software package
was used to plot the heatmap for log2 transformed values of
plasma levels.'®

Results
Demographic characteristics of the study population
The characteristics of the study population are summarized in

Table 1. In the discovery cohort, mean age of healthy controls, la-
tent TB subjects and ATB patients was 32.7 y (range 18-72 y), 35.2

y (range 23-68 y) and 34.2 y (range 21-63 y). Seventy-eight per-
cent of the ATB group was positive for MTB culture, and nearly 82%
of the LTBI group was positive for TST test. As for the validation
cohort, mean age of healthy controls, latent TB subjects and ATB
patients was 41.2 y (range 24-54 y), 44.1 y (range 19-57 y) and
41.2 y (range 20-66 y). Almost 86% of the ATB group was positive
for MTB culture, and 83% of the LTBI group was positive for TST
test. No significant inter-group differences were observed with re-
spect to age and gender of discovery cohort and validation cohort
(p > 0.05). Furthermore, there was no statistical difference between
the baseline data of the two cohorts (p > 0.05).

Plasma cytokine profile and its dynamic change response to TB
infection in the discovery cohort

To sum up, of the thirty eight cytokine indicators examined
in each group, two indicators (FIt-3L and IL-4) were excluded
from statistical analyses because their median levels were below
the detection level. Twenty eight indicators (EGF, FGF-2, TGF-c,
G-CSF, GM-CSF, fractalkine, IFN-cc2, IFN-y, GRO, MCP-3, IL-12p40,
IL-12p70, IL-13, IL-15, sCD40L, IL-17A, IL-1RA, IL-9, IL-18, IL-2,
IL-3, IL-5, IL-6, IL-7, IL-8, MIP-18, TNF-8 and VEGF) did not differ
among the three groups (data not shown). While the levels of
eotaxin, IL-10, MDC, IL-1«, IP-10, MCP-1, MIP-1 and TNF-« in
ATB and/or LTBI populations were significantly higher or lower
than the healthy controls (Fig. 1 and Table 2, p <0.05), indicating
that they may be used as biomarkers to identify MTB infection
subjects from healthy controls.

To fully characterize the immune profile of patients at differ-
ent stages of TB, we analyzed the 8 indicators mentioned above
of each subject. We compared cytokine production by individual
donors to the global median for the entire cohort of each marker
(Fig. 2). High producers, with production higher than the global
median, are depicted with a black square and those with a produc-
tion lower than the median are depicted as a white square. Healthy
control group presented frequencies of high producers lower than
50% for almost all of the analyzed markers, while in LTBI group
and ATB group, respectively, more than half of the indicators and
almost all markers had frequencies higher than 50%. For instance,
IL-10, IP-10, IL-1er, TNF-c¢, MDC, eotaxin and MCP-1 were at re-
spective frequencies of 50%, 64%, 78%, 96%, 68%, 68% and 96% for
ATB patients.

Identification of cytokine to distinguish ATB patients from healthy
controls

To visualize the ability of cytokines to discriminate between
ATB, LTBI and HC groups, heatmaps were plotted for the various
cytokines in ATB versus HC; LTBI versus HC and ATB versus LTBI
and compared the differentially expressed cytokines following ad-
justment for multiple comparisons. As shown in Fig. 3A, the cy-
tokines that are differentially expressed in ATB and HC groups
are eotaxin, IL-10, MDC, IL-1«, IP-10, MCP-1, MIP-1¢ and TNF-o.
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Fig. 1. Comparison of cytokine levels in discovery cohort. Graphs are included for the levels of the eight cytokine measured, including MIP-1« (A), IL-10 (B), IP-10 (C),
IL-1a (D), TNF-& (E), MDC (F), eotaxin (G) and MCP-1 (H). Each dot represents the values obtained from individual subjects (n=50, 49 and 50 for ATB, LTBI and HC groups,
respectively). Median values (horizontal bar within each group) and error bars (interquartile range) are shown. Horizontal lines indicate a statistically significant difference
between groups. P values were calculated using the Kruskal-Wallis test with Dunn’s multiple comparisons. (* p <0.05, ** p <0.01, *** p <0.001, **** p <0.0001).
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Fig. 2. Representation of a possible global signature of tuberculosis. (A) This diagram was designed using the value of the global median of each soluble mediator as the
cutoff point to mark each individual as “low” or “high” regarding their expression levels of a given analyte. Those marked in black correspond to values higher than the
overall median of the respective analyte, and blanks are those with less than the median values. Below each table are shown the frequency (%) of individuals with high
levels of mediators while the relevant data (>50%) are in bold and underlined format. (B) Radar charts summarize the signature of the mediators analyzed in pulmonary
tuberculosis, relative to control and latent subjects, wherein each axis shows the proportion of subjects with high levels of a given mediator. The relevant data (>50%) are
indicated by arrows (—). ATB: active TB patients, LTBI: latent TB infected subjects, HC: healthy controls.
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Table 2

Cytokine levels in ATB, LTBI and HC groups from the discovery cohort.
Cytokines Group p value

ATB (n=50) LTBI (n=49) HC (n=50) ATB vs LTBI ATB vs HC LTBI vs HC

Eotaxin 312 (129.5-518) 130 (105.3-196) 118.7 (82.34-148.6) < 0.01 < 0.0001 NS
IL-10 6.06 (2.03-15.29) 10.23 (2.65-14.54) 2.08 (1.95-5.68) NS < 0.01 < 0.001
MDC 517 (405.5-624.4) 397 (311.9-529.1) 369.4 (256.2-533.1) 0.04 < 0.01 NS
-1 42.84 (15.6-136) 24.72 (8.67-97.31) 5.62 (5.62-9.12) NS < 0.0001 < 0.0001
IP-10 688.4 (453.1-1217) 713 (430.3-1570) 374 (34.52-574.3) NS 0.0001 < 0.0001
MCP-1 4471 (335.4-605.7) 227 (167.7-289.4) 105.5 (64.05-179.1) < 0.0001 < 0.0001 < 0.0001
MIP-1« 3.96 (3-7.53) 6.57 (3.15-11.34) 7.87 (3.84-14.22) NS < 0.01 NS
TNF-a 14.11 (9.83-18.73) 15.07 (10.07-19.78) 7.04 (4.97-9.98) NS < 0.0001 < 0.0001

Note: Data were expressed as median levels (pg/ml) and interquartile range of cytokines measured in different subjects, p values were calculated using the Kruskal-Wallis

test with Dunn’s multiple comparisons, No Significance (NS).
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Fig. 3. The expression pattern of immunological markers determines a segregation profile for MTB infected subjects. Heatmaps of log2 transformed plasma levels of cytokines
for ATB vs HC, LTBI vs HC and ATB vs LTBI were shown in panel A, B, C, respectively, in which each row stands for a sample and each column stands for a cytokine. High
levels of cytokines are indicated in red and low levels of cytokines are indicated in blue, the white boxes are missing data. The annotation bar indicates if there is a significant

difference (SD) between two groups or not for each cytokine.

Among them, the expression level of MIP-1oe in ATB group was
lower than that in HC group, while eotaxin, IL-10, MDC, IL-1¢,
[P-10, MCP-1 and TNF-« in ATB group were higher than those
in HC group (Fig. 1, Table 2, p<0.05). ROC analysis was car-
ried out to compare the values of these eight cytokines and their
combinations in active TB diagnosis. The AUCs were 0.98 (MCP-
1), 0.88 (IL-1a), 0.82 (TNF-«), 0.79 (eotaxin), 0.74 (IP-10), 0.68
(MDC and MIP-1«), 0.66 (IL-10) and 1.00 (combination) (Fig. 4A,
Table 3), indicating that eight indicator combination is more con-

ducive to the detection of ATB than single cytokine. The cut-off
values of the eight cytokines in distinguishing between ATB and
HC were 242.9 pg/ml (MCP-1), 15.43 pg/ml (IL-1e¢), 10.56 pg/ml
(TNF-«), 200.3 pg/ml (eotaxin), 631.4 pg/ml (IP-10), 389.3 pg/ml
(MDC), 7.76 pg/ml (MIP-1¢), and 9.50 pg/ml (IL-10), respectively
(Table 3). The results of paired z-test of AUC showed statistically
significant bigger AUC for MCP-1 than other seven biomarkers
(Fig. 4B). Furthermore, combining the eight markers does not im-
prove the performance as compared to MCP-1 (z=1.53, p=0.13),



J. Luo, M. Zhang and B. Yan et al./Journal of Infection 78 (2019) 281-291

A ATB vs HC:ROC
100
N
2
£ 50
[}
=
[
(2]
0¥ : :
0 50 100
100% - Specificity%
C LTBI vs HC:ROC
X
2
>
@
c
Q
(2]
0 . !
0 50 100
100% - Specificity%
E ATB vs LTBI:ROC
100-
JJ_I_‘
R Jr
2
2 50
7]
[
Q
/2]
0 . )
0 50 100

100% - Specificity%

287

B ATB vs HC:AUC comparison
ok  Kkk
— Combination
— MCP-1
— IL-1a
— TNF-a Q
Eotaxin <
IP-10
MIP-1a
— MDC
IL-10 NI G SN I I O S T
'éz' A \'Q&'b S © .\c'&"\
o°é°
D LTBI vs HC:AUC comparison
1.0+ %
— Combination
— MCP-1
— TNF-a
— IL-1a 8 0.5-
IP-10 =
IL-10
0.0-
D IS & & N &
A d 3 N4 «QQ @CJQ 6\(\6&\0
00
F ATB vs LTBI:AUC comparison
1.0+4 ok bt
— Combination
~— MCP-1
Eotaxin "
— MDC <:t 0.5
0.0 T T T T
< PR N <>
4 S ‘ <©
&

Fig, 4. Receiver operator characteristic curves and its AUC pairwise comparison of cytokines in the discovery cohort. ROC analyses depicting the accuracy of single marker
and combinations of markers in distinguishing ATB and HC (A), LTBI and HC (C), ATB and LTBI (E). (B, D, F) The comparison among curves was done with Delong method, p
value was calculated by comparing differences between AUCs of each two cytokines, and error bars represent the upper limit of 95% confidence interval. (B)*** Compared to
8 single cytokines (MCP-1, IL-1¢, TNF-¢, eotaxin, IP-10, MDC, MIP-1¢ and IL-10), all p < 0.001; ** Compared to 7 single cytokines (IL-1¢, TNF-¢, eotaxin, IP-10, MDC, MIP-1«
and IL-10), all p <0.01. (D) ** Compared to 5 single cytokines (MCP-1, TNF-«, IL-1e, IP-10 and IL-10), all p <0.01. (F) **** Compared to eotaxin and MDC, all p <0.0001; **
Compared to eotaxin and MDC, all p <0.01.

Table 3

Diagnostic performance of each cytokine as individual biomarker for ATB and LTBI diagnosis in the discovery cohort.

Cytokines

ATB vs HC
AUC (cut-off, sensitivity, specificity, p)

LTBI vs HC
AUC (cut-off, sensitivity, specificity, p)

ATB vs LTBI
AUC (cut-off, sensitivity, specificity, p)

MIP-1a
IL-10

IP-10

TNF-o

IL-1

MCP-1

MDC
Eotaxin
Combination

0.68 (7.76 pg/ml, 52%, 80%, <0.01)

0.66 (9.50 pg/ml, 90%, 45.83%, < 0.01)
0.74 (6314 pg/ml, 86%, 57.14%, < 0.0001)
0.82 (10.56 pg/ml, 84%, 75%, < 0.0001)
0.88 (15.43 pg/ml, 92%, 78%, < 0.0001)
0.98 (242.9 pg/ml, 94%, 96%, < 0.0001)
0.68 (389.3 pg/ml, 54%, 80%, < 0.01)

0.79 (200.3 pg/ml, 96%, 59.18%, < 0.0001)
1,00 (NA, 100%, 100%, < 0.0001)

0.74 (915 pg/ml, 88%, 57.14%, < 0.0001)
0.75 (620.6 pg/ml, 84%, 55.1%, < 0.0001)
0.82 (11.08 pg/ml, 84%, 71.43%, < 0.0001)
0.80 (15.43 pg/ml, 92%, 62.5%, < 0.0001)
0.84 (133.4 pg/ml, 60%, 95.92%, <0.0001)

0.93 (NA, 94%, 81.25%, < 0.0001)

0.91 (312.7 pg/ml, 83.67%, 86%, < 0.0001)
0.65 (448 pg/ml, 65.31%, 68%, < 0.01)
0.72 (254.9 pg/ml, 95.92%, 55.1%, <0.001)
0.94 (NA, 87.76%, 91.84%, < 0.0001)

Note: P value was calculated as compared to the baseline area of 0.5, cut-off values were the concentrations of cytokines corresponding to the maximum Youden index (YI).
The combination was actually the prediction probability, which is obtained by logistic regression analysis of multiple cytokines and then the ROC curve of combination was
made by using the prediction probability. Since the prediction probability itself had no concentration unit, the cut-off values were not show.
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therefore, MCP-1 is a plasma biomarker which is more sensitive
and specific than the other seven for distinguishing active TB pa-
tients from healthy controls.

Identification of cytokine to distinguish LTBI subjects from healthy
controls

Heatmap analysis showed that the expression profiles of IL-10,
IL-1er, IP-10, MCP-1 and TNF-a were significantly different in LTBI
group as compared to HC group (Fig. 3B). Actually, the expression
levels of these five cytokines in LTBI group were higher than those
in HC group (Fig. 1B-1E, H, Table 2). ROC analysis showed that the
AUCs were 0.84 (MCP-1), 0.82 (TNF-«), 0.80 (IL-1e), 0.75 (IP-10),
0.74 (IL-10) and 0.93 (combination) (Fig. 4C, Table 3). The cut-off
values of the five cytokines in distinguishing between LTBI and
HC were 133.4 pg/ml (MCP-1), 11.08 pg/ml (TNF-«), 15.43 pg/ml
(IL-1), 620.6 pg/ml (IP-10), and 9.15 pg/ml (IL-10), respectively
(Table 3). Then AUC comparison was used to evaluate the diag-
nostic utility of cytokine (single and combination), which indicated
combination had a significant higher AUC than single cytokine (Fig.
4D, p <0.01), and there was no difference in AUC between single
cytokine (Fig. 4D, p > 0.05). Therefore, IL-10, IL-1¢, IP-10, MCP-1
and TNF-o could be used as plasma biomarkers for distinguish-
ing latent TB infection subjects from healthy controls, and combin-
ing the five markers could significantly improve the specificity and
sensitivity.

Identification of cytokine to distinguish ATB patients from LTBI
participants

As the results showed in Fig. 1 and Table 2, the expression
levels of eotaxin, MDC and MCP-1 in ATB group were signifi-
cantly higher than those in LTBI group (p <0.05). Consistent with
this, heatmap analysis also showed that the expression profiles
of these three cytokines were significantly different in ATB group
as compared to LTBI group (Fig. 3C). ROC analysis showed that
the AUCs were 0.91 (MCP-1), 0.72 (eotaxin), 0.65 (MDC) and 0.94
(combination) (Fig. 4E, Table 3), indicating that three indicator
combination is more conducive to discriminate between ATB and
LTBI than single cytokine. The cut-off values of the three cy-
tokines in distinguishing between ATB and LTBI were 312.7 pg/ml
(MCP-1), 254.9 pg/ml (eotaxin), and 448 pg/ml (MDC), respectively
(Table 3). AUC comparisons showed statistically significant bigger
AUC for MCP-1 than other two biomarkers (Fig. 4F). In addition,
combining the three markers does not improve the performance
as compared to MCP-1 (z=1.90, p=0.06), therefore, MCP-1 is a
plasma biomarker which is more sensitive and specific than the
other two for distinguishing ATB patients from LTBI participants.

The diagnostic efficacy of MCP-1 in the validation cohort and the
correlation between hematological indices and imaging-based TB
severity

MCP-1 differentiates MTB infection states

Based on the results of the discovery cohort, only one candi-
date biomarker, MCP-1, was able to differentiate between any two
groups among the ATB, LTBI, and HC groups; thus, it was selected
for further validation in our study. Peripheral blood from 28 ATB
patients, 24 individuals with LTBI, and 26 HC were collected (base-
line data were showed in Table 1). EDTA-anticoagulant plasma was
separated and evaluated for the expression of MCP-1 by ELISA. Re-
sults showed that the ATB group exhibited a significantly higher
MCP-1 level compared to both the LTBI group and the HC group
(ATB: 395.3 (322.7-534) pg/ml; LTBI: 204.9 (119.7-314.4) pg/ml;
HC: 164.9 (136.2-200.1) pg/ml; ATB vs LTBI, p <0.0001; ATB vs
HC, p<0.0001). However, MCP-1 concentrations were not sig-
nificantly different between the LTBI group and the HC group
(Fig. 5A, p > 0.05). Furthermore, ROC curve analysis was performed

to evaluate the diagnostic efficacy of MCP-1. Results showed that
the AUC of MCP-1 in differentiating ATB from HC was 0.97, with
the sensitivity and specificity of 96.15% and 96.43%, respectively
(Fig. 5B). The AUC of MCP-1 in differentiating ATB from LTBI was
0.89, with the sensitivity and specificity of 79.17% and 92.86%, re-
spectively (Fig. 5C). These results were consistent with the MCP-1
data in the discovery cohort, suggesting that MCP-1 can be used as
a single biomarker to differentiate the MTB infection stages.

MCP-1 is positively correlated with imaging-based TB severity but
does not correlate with hematologic indices

Thus far, our current data had demonstrated that MCP-1 could
be used to as a single biomarker to diagnose ATB and differen-
tiate ATB from LTBI. Next, we evaluated the correlation between
MCP-1 concentration in ATB patients and lung injury severity. A
senior radiologist read and analyzed the chest X-ray images of the
ATB patients. The lung injury severity was evaluated and scored to
3 levels based on the X-ray images. Spearman correlation analy-
sis showed that MCP-1 plasma concentration positively correlated
with the lung injury severity (Fig. 6). This finding suggested that
the increase of plasma MCP-1 level in the ATB patients positively
correlated with disease progression, and MCP-1 may serve as a
prognostic marker for the severity of TB infection. Moreover, pre-
vious studies have reported that the counts of peripheral leuko-
cytes, red blood cells, and platelet may affect the plasma/serum
levels of cytokines.!'-'* Among the three groups in the valida-
tion cohort, the counts of neutrophils, lymphocytes, monocytes,
and platelets were statistically different between groups (Table 4).
However, Spearman correlation analysis showed that the counts of
total or subtype white blood cells, red blood cells, or platelets were
not correlated with the plasma concentration of MCP-1 (Table 5,
p > 0.05), which indicated the differential levels of MCP-1 among
MTB infection populations were not caused by differences of blood
cells counts. The non-correlation between plasma MCP-1 level
and the counts of peripheral nucleated cells, red blood cells, and
platelets is an advantage of using plasma MCP-1 as a TB diagnos-
ing biomarker.

Discussion

Accurate diagnosis of ATB disease and determine the stages of
MTB infection are important to decrease transmission of TB, but
current diagnostic tests are inadequate. Though IGRA are also un-
able to differentiate ATB from LTBI, the increased specificity and
sensitivity of IGRA to diagnose MTB infection has been recognized.
Multi-cytokine biosignatures may be the direction of diagnosis ATB
and LTBL

In this study, we evaluated the diagnostic efficacies of single
and multiple plasma cytokines in diagnosing the stages of MTB
infection among Chinese adult patients. The results showed that
the plasma cytokine secretion characteristics can differentiate bet-
ween the ATB, LTBI, and HC groups. Among the 38 plasma cy-
tokines tested in the ATB, LTBI, and HC groups, we identified
8 biosignatures that differentiate the ATB group and/or the LTBI
group from the HC group. In the subsequent independent analysis
among the validation cohort, we focused on the biomarker MCP-1
that was capable of differentiating between any two groups among
the ATB, LTBI, and HC groups.

In the discovery cohort (149 individuals), using the Luminex
liquid chip, we identified 8, 5, and 3 cytokine biomarkers that
were differentially expressed between the ATB and HC groups, the
LTBI and HC groups, and the ATB and LTBI groups, respectively. As
shown in the radar map and heat-map, the differential cytokines
expression among the three groups could be used to differenti-
ate between the different stages of TB infection. In the analysis of
the ATB and HC groups, the AUC of a single cytokine in diagnosing
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Table 4
Hematological parameters of the validation cohort.

Laboratory findings: median (interquartile range) Group p value
ATB (n=28) LTBI (n=24) HC (n=26) ATB vs LTBI ATB vs HC LTBI vs HC

WBC 10°/L 5.99 (4.93-8.07) 6.26 (5.23-8.29) 5.26 (4.91-6.27) NS NS NS
Neutrophil 10°/L 3.94 (2.57-5.54) 4.36 (3.07-6.43) 3.19 (2.79-3.66) NS NS 0.02
Lymphocyte 10°/L 1.38 (0.99-1.74) 1.57 (1.05-1.85) 1.74 (1.50-2.07) NS 0.02 NS
Monocyte 10°/L 0.44 (0.30-0.54) 0.39 (0.27-0.62) 0.29 (0.23-0.33) NS 0.01 0.02
Eosinophil 10°/L 0.12 (0.08-0.30) 0.08 (0.02-0.32) 0.11 (0.08-0.13) NS NS NS
Basophil 10°/L 0.04 (0.02-0.05) 0.03 (0.01-0.04) 0.03 (0.02-0.04) NS NS NS

RBC 10%2/L 4.21 (3.91-4.53) 4.32 (3.65-5.01) 4.69 (4.25-5.08) NS NS NS
Platelet 10°/L 257.0 (176.3-307.0) 231.0 (186.5-261.3) 197.0 (164.3-217.3) NS 0.01 0.02

NS: No Significance.

ATB ranged from 0.66 to 0.98, with the sensitivity of 52-96% and
the specificity of 46-96%. The ROC and AUC analysis showed that
the diagnostic efficacy of MCP-1 was significantly higher than that
of the other 7 cytokines. Additionally, we demonstrated that the
8-biomarker combination may be used to diagnose ATB from HC,
with the sensitivity and specificity of 100%. This suggested that the
8-cytokine combination could be used as a biosignature to differ-
entiate between ATB and HC.

Differentiating ATB from LTBI is very challenging in laboratory
diagnosis. Here we identified 3 biomarkers that differentiated ATB
from LTBI, including MDC, eotaxin, and MCP-1. Of the three, MCP-1
exhibited higher diagnostic efficacy than the other two. Moreover,
the 3-biomarker combination increased the sensitivity (88%) and
specificity (92%) of differentiating ATB from LTBI, which are supe-

rior to these reports.’>~!7 The results above demonstrated that the
expression pattern of multiple plasma cytokines can be used as the
biosignature to differentiate between ATB and LTBI.

In the discovery cohort, the ROC and AUC analysis showed that
MCP-1 was the only biomarker that exhibited the highest diag-
nostic efficacy among all cytokines. MCP-1 also differentiated be-
tween different MTB infection stages (ATB, LTBI, and HC). To vali-
date these results, we recruited a validation cohort comprising 78
individuals. Since the reliability, reproducibility and sensitivity of
ELISA were comparable to Luminex method,'®'? and based on cost
considerations, we selected ELISA other than the Luminex technol-
ogy to analyze the MCP-1 levels of the validation cohort. The re-
sults in the validation cohort were generally consistent with the
results in the discovery cohort. In addition, we also discovered
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Table 5
Correlations of MCP-1 with hematological parameters in validation cohort.
Measurements ATB: MCP-1 LTBI: MCP-1 HC: MCP-1
(pg/ml) (pg/ml) (pg/ml)
1(p) 1(p) 1(p)
WBC 10°/L 0.34(0.08) —0.04(0.86) —0.05(0.80)
Neutrophil 10°/L 0.16(0.40) 0.01(0.94) —0.17(0.40)
Lymphocyte 10°/L 0.30(0.12) —0.09(0.65) 0.17(0.40)
Monocyte 10°/L —0.03(0.88) —0.14(0.51) —-0.02(0.92)
Eosinophil 109/L 0.27(0.17) 0.01(0.97) —-0.07(0.74)
Basophil 10°/L 0.04(0.06) —0.06(0.76) —0.19(0.34)
RBC 10%2/L 0.32(0.09) 0.14(0.49) 0.21(0.31)
Platelet 10°/L —0.12(0.55) 0.06(0.76) 0.37(0.07)

r(p): Spearman correlation coefficient (p value).

that the plasma MCP-1 level was not correlated with the count
of leukocytes, red blood cells, or platelet in the peripheral blood,
which further supports the advantages of using MCP-1 as a single
TB diagnostic biomarker. Moreover, our data indicated that MCP-
1 concentration was positively correlated with the imaging-based
lung injury severity in ATB patients. This correlation is consistent
with the results of Ganachari et al.,’’ wherein the high TB sever-
ity was associated with the high MCP-1 level. This suggests that
MCP-1 may serve as a biomarker that monitors TB progression.
The 8 cytokines that differentiate between ATB, LTBI and HC
included 5 chemokines (eotaxin, MDC, MIP-1¢, IP-10, and MCP-
1), 2 pro-inflammatory cytokines (IL-1ov and TNF-«), and 1 anti-
inflammatory cytokine (IL-10). All of the 8 cytokines are related to
the TB development process.® Among them, MCP-1 is a key medi-
ator in the inflammatory process as its signaling induces the pro-
duction of many pro-inflammatory cytokines.?! Furthermore, MCP-
1 could induce the formation of granuloma and inhibits the spread
of MTB.22 Some publications have suggested that the 8 cytokines
we studied here may be used as biomarkers for ATB and/or LTBI
diagnosis and differential diagnosis. The results in our research
were basically consistent with some reports,'®17:23-28 while some
data were not fully consistent with other published papers.?9-3!
We speculate that the reasons may be related to the racial differ-
ence of the study subjects,? the type difference of plasma sample
29.33 and the results may also be affected by HC selection bias.>*
Notably, IGRA have better sensitivity and specificity compared
to traditional diagnosis methods.?>3¢ However, neither clinical
methods (such as IGRA), nor TST, differentiate ATB and LTBI,?’ thus

no methods can validate the clinical TB diagnosis. The innova-
tion of the present study was that we identified three plasma cy-
tokines that differentiated ATB from LTBI, including MDC, eotaxin,
and MCP-1. Of the three biofactors, MCP-1 exhibited the highest
diagnostic efficacy, and differentiated ATB from HC. In addition, we
demonstrated that plasma MCP-1 level was not correlated with the
blood cell counts (Table 5). Therefore, MCP-1 could make up for
the disadvantages of other clinical methods such as IGRA, and be-
come a single plasma biomarker that diagnoses and differentiates
ATB from LTBIL

This study has the following three limitations: first, the cy-
tokines we screened may not be TB-specific biomarker. Because
a control population (with lung diseases in whom TB disease is
excluded) was lacking, other bacterial infection/inflammation may
also induce the production of these cytokines by macrophages,
dendritic cells, lymphocytes, NK cells, and other immune cells. Fu-
ture studies are needed to include patients with other types of in-
fection to assess whether these markers can differentiate TB from
other bacteria-induced pneumonia. Second, the size of the study
population was small. A future study with a larger size of study
population is needed to validate our conclusion. Third, because the
data from the discovery cohort demonstrated that MCP-1 was ca-
pable of differentiating the different stages of TB infection, we only
tested the expression of MCP-1 in the validation cohort, which was
also due to the high cost of ELISA testing. More cytokines will be
validated in the future study with a larger sample size. Because
of our limited knowledge of host immune responses to MTB infec-
tion and the resultant lack of adequate biomarkers for the different
phases of infection, the mechanism of cytokines in pathogenesis of
TB need to be discovery.

Collectively, we identified 8 cytokines that differentiate stages
of TB infection (ATB and LTBI). Our study suggests that a test with
these combined biomarkers can accurately diagnose ATB and LTBL
Our findings also revealed the potential value of MCP-1 in diagnos-
ing ATB, differentiating ATB from LTBI, and evaluating the progress
of ATB.
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