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ABSTRACT Accurate diagnosis and early treatment of tuberculosis (TB) and latent
TB infection (LTBI) are vital to prevent and control TB. The lack of specific biomark-
ers hinders these efforts. This study’s purpose was to screen immunological markers
that discriminate Mycobacterium tuberculosis infection outcomes in a setting where it
is endemic, Ethiopia. Whole blood from 90 participants was stimulated using the
ESAT-6/CFP-10 antigen cocktail. The interferon gamma (IFN-vy)-based QuantiFERON
diagnostic test was used to distinguish between LTBI and uninfected control cases.
Forty cytokines/chemokines were detected from antigen-stimulated plasma superna-
tants (SPSs) and unstimulated plasma samples (UPSs) using human cytokine/chemo-
kine antibody microarrays. Statistical tests allowed us to identify potential biomark-
ers that distinguish the TB, LTBI, and healthy control groups. As expected, the levels
of IFN-y in SPSs returned a high area under the receiver operating characteristic
curve (AUC) value comparing healthy controls and LTBI cases (Z = 0.911; P < 0.001).
The SPS data also indicated that interleukin 17 (IL-17) abundance discriminates LTBI
from healthy controls (Z = 0.763; P = 0.001). RANTES and MIP-13 were significantly
elevated in SPSs of TB-infected compared to healthy controls (P < 0.05), while IL-
12p40 and soluble tumor necrosis factor receptor Il (STNF-RIl) were significantly in-
creased in active TB cases compared to the combined LTBI and control groups (P <
0.05). Interestingly, quantitative changes for RANTES were observed using both SPSs
and UPSs, with P values of 0.013 and 0.012, respectively, in active TB versus LTBI
cases and 0.001 and 0.002, respectively, in active TB versus healthy controls. These
results encourage biomarker verification studies for IL-17 and RANTES. Combinations
of these cytokines may complement IFN-y measurements to diagnose LTBI and dis-
tinguish active TB from LTBI cases.
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uberculosis (TB) is an infectious disease transmitted through inhalation of droplet

nuclei into the lung alveoli. Disease outcome is dependent on the ability of the host
to elicit a potent cell-mediated immune response which develops 3 to 8 weeks after the
initial infection and results in macrophage activation (1). In more than 90% of all cases,
cell-mediated immune responses effectively control disease progression and result in
latent TB infection (LTBI) (2). Less than 10% of these, equivalent to 8 to 12 million new
cases, advance to active TB and cause 3 million deaths globally each year (3). TB
remains a formidable threat to human health and necessitates steps toward accelerated
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development of new vaccines, drugs, and diagnostics. As shown for interferon gamma
(IFN-v), assays to detect LTBI with relatively high specificity and sensitivity can be
developed. Novel biomarkers targeting host immune responses against Mycobacterium
tuberculosis may result in improved clinical tests (4).

Rapid M. tuberculosis detection and the identification of TB symptoms are critical to
effective control of this disease. However, many people with active TB do not experi-
ence symptoms in early stages of the disease and may not seek care or are not correctly
diagnosed when seeking care, thus serving as reservoirs for M. tuberculosis transmis-
sion. Early and specific diagnosis of active TB is important to slow the interhuman
transmission. The standard diagnostic test, acid-fast staining followed by microscopic
detection of the bacterium, has poor sensitivity and is unsuitable to monitor therapeu-
tic effects, because it is restricted to viable M. tuberculosis cells in the sample (5, 6). The
time frame of sputum cultures to observe the pathogen’s growth in vitro, more than 6
weeks, is too long. The recently developed GeneXpert MTB/RIF test has a few disad-
vantages, including low sensitivity in smear-negative samples (68%), a short shelf life,
high cost, requirement for a stable electric supply, and a critical temperature ceiling (7).
Human immune response-associated tests are an alternative to fill the current void of
rapid TB diagnostics for use at the point of care.

Treatment of LTBI can prevent the development and reemergence of active TB. The
WHO has described the diagnosis and treatment of LTBI as a cornerstone of successful
reduction of the TB epidemic (8). A commonly used test to screen for LTBI is the IFN-vy
release assay (IGRA). The assay quantifies T cells that recognize and prevent the
bacterial spread in peripheral blood. It is an enzyme-linked immunosorbent assay
(ELISA) that determines if an individual has been infected with M. tuberculosis. A
positive test with elevated IFN-v levels suggests a persistent immune response caused
by active TB or LTBI. While specific and sensitive, this LTBI test does not discern latency
from active TB. This is a problem in high-TB-burden settings (9). Recent data suggest
that LTBI is a more complex phenomenon. Household and community contacts with
negative results in the IFN-y test may progress to active TB in a time frame of a few
months to a few years (10). The tests may also be indeterminate or negative for children
and immunocompromised patients infected with M. tuberculosis (11, 12). Furthermore,
imaging data pointed to individual granulomas that are not synchronized in their
metabolic activities and highlight the difficulties in discerning LTBI from an active TB
state within a single patient (2, 13). Quantitative surveys of other cytokines or chemo-
kines may bring more diagnostic specificity to cases of indeterminate IFN-y test results.

Quantitative blood plasma-based cytokine and chemokine studies for improved TB
diagnostics have yielded inconsistent results to date. They include cytokine (micro)
arrays using unstimulated plasma samples comparing patients with active TB, those
with LTBI, and healthy controls (14, 15) and samples derived from plasma stimulated
with TB-specific antigens (16-21). Rivera-Ordaz et al. used peripheral blood mononu-
clear cells from patients with active TB and LTBI to stimulate secretion of cytokines with
TB antigens and measured their abundances before and after stimulation (22). Luminex
or Milliplex technology-based multiplexed bead arrays were used in some of these
studies (14-16). Differences in the assay platforms used may contribute to the overall
inconclusive results on the association of cytokine abundance changes with TB out-
comes. Most studies did not include chemokines regulating T-cell activation, such as
RANTES (the full name is “Regulated on Activation, Normal T-Cell Expressed and
Secreted”). This signaling molecule is involved in the chemoattraction of memory T
cells. Except for IFN-vy, biomarker verification studies able to distinguish active-TB and
LTBI outcomes, requiring hundreds of clinical samples, have not been conducted to
date. We sought to assess whether Human Inflammation Antibody Array 3 (HIAA),
which measures 40 inflammatory cytokines and chemokines (classified by function in
Table 1) and is available from Ray Biotech, Inc., Norcross, GA, provides new insights into
biomarker candidates comparing blood plasma levels from TB patients prior to directly
observed treatment, short course (DOTS), or another antibiotic treatment with those
from LTBI individuals and healthy controls. This would set the stage for biomarker
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TABLE 1 Classification of 40 cytokines/chemokines based on their function

Type Cytokines/chemokines

Proinflammatory cytokines IFN-7y, IL-1@, IL-183, IL-6, IL-11, IL-12p40, IL-12p70, IL-16, IL-17, ICAM-1, TNF-«, TNF-3

Anti-inflammatory cytokines IL-4, IL-10, IL-13, TGF-B

Chemokines IL-8, eotaxin/CCL11, eotaxin-2/CCL24, CSF1, CSF2, CSF3, 1-309/CCL1, IP-10, MCP1,
MCP2, MIG, MIP-1¢«, MIP-18, MIP-18, RANTES/CCL5

Soluble receptors sIL-6R, sTNF-RI, sTNF-RII

Growth factors IL-3, II-7, IL-2, IL-15, PGDF-BB, TIMP-2

verification studies and, potentially, development of clinically useful tests for TB diag-
nosis.

RESULTS

Sociodemographic characteristics of study participants. Of the 90 study partic-
ipants, 16 (53.3%), 16 (53.3%), and 14 (46.7%) were males for active TB cases, LTBI
subjects, and healthy community controls, respectively. There was no significant gen-
der difference in the three groups (x? = 0.220; P = 0.896). The mean age of individuals
with active TB was 34.52 years, with a standard deviation (SD) of 17.48; the mean age
of individuals with LTBI was 37.15 years, with an SD of 11.69; and the mean age of
healthy control subjects was 35.71 years, with an SD of 12.52. There was no significant
age difference in the three groups (P = 0.685). One healthy subject was excluded from
the analysis due to outlier values in normality testing. Four smear- and culture-positive
cases were cases of infection with nontuberculous mycobacteria (NTM) based on
genotyping data; the involved subjects likewise were excluded from the analysis.

Diagnostic ability of 40 plasma supernatant cytokines/chemokines to discrim-
inate between subjects with LTBI and healthy controls. In this study, we used
antigen-stimulated blood plasma supernatants (SPSs) and unstimulated plasma sam-
ples (UPSs). Given that the definition of the LTBI group was based on IGRA results, we
expected IFN-y abundance levels derived from Human Inflammation Antibody Array 3
(HIAA) assays to return high P and area under the receiver operating characteristic
(ROC) curve (AUC) values in the comparison of the healthy control and LTBI groups.
Indeed, this was observed (Z = 0.91; P < 0.001). This finding is consistent with good
accuracy for quantification of IFN-y using the array. We generated ROC curves for all 40
cytokines and chemokines measured in SPSs to determine their discriminatory power
comparing the LTBI and healthy control cases. Single cytokines or chemokines were
predictors, with AUC values ranging from 0.39 for IL-6 to 0.76 for interleukin 17 (IL-17)
(see the supplemental material). Median abundances of IFN-y (as expected) and IL-1¢,
IL-2, and IL-17 were significantly higher in the LTBI group than in healthy controls (P <
0.05). The low P value for IL-17 (<0.01) suggests that this cytokine, measured in SPSs,
is a promising biomarker candidate, as it pertains to the detection of TB latency (AUC,
Z = 0.763 and P = 0.001) (Fig. 1). Given the IGRA-based definition of the LTBI cohort
and no additional clinical information to substantiate this diagnosis, a study with a
larger number of participants and more clinical information to support the distinction
of latent and active TB cases would be useful to determine if IL-17 is a diagnostic
biomarker of equal value to IFN-v.

Cytokine/chemokine abundance surveys comparing TB-infected subjects with
healthy controls and active TB cases with LTBI/healthy subjects. HIAA experiments
were performed comparing 29 data sets from healthy controls and 56 data sets from
TB-infected subjects (that is, 30 LTBI and 26 active TB cases) using SPSs as the sample
source. Independent-sample t tests were used to identify cytokines/chemokines with
statistically significant abundance differences. The abundances of IFN-vy (2.2-fold) and
the chemokines RANTES (1.8-fold) and MIP-18 (1.75-fold) were elevated in TB-infected
subjects versus the healthy control group (P < 0.05) (Fig. 2). The abundances of
IL-12p40 (3.5-fold) and soluble tumor necrosis factor receptor Il (sTNF-RII) (1.8-fold)
were increased in active-TB patients compared to joint LTBI and healthy groups (P <
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FIG 1 ROC curve for 40 cytokines/chemokines measured in stimulated plasma supernatants (SPSs) via the HIAA method comparing
LTBI and healthy community control groups. The 40 AUC values were analyzed by generating ROC curves for all 40 analytes. LTBI
subjects were positive for IFN-vy release in the QuantiFERON-TB ELISA (n = 30); healthy controls were negative (n = 26). Discriminatory
values were excellent for IFN-y (AUC = 0.911; P < 0.001) and also good for IL-17 (AUC = 0.763; P = 0.001).

0.05) (data not shown). Statistically significant quantitative differences for other cyto-

kines/chemokines were not determined in these two-cohort comparisons.
Differentially abundant cytokines/chemokines based on comparisons of all

three groups. As determined by the HIAA method, the abundance of RANTES was
significantly higher in subjects with active TB than in the LTBI group (P = 0.013) and in
those with active TB than in the healthy controls (P = 0.001) as measured in SPSs. For
active TB patients, the analysis yielded a significantly higher averaged abundance of
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FIG 2 Differential abundance values of cytokines/chemokines comparing all TB-infected cases (LTBI and active TB cases) with the healthy
control group measured at a fluorescence emission wavelength of 655 nm. As described in the legend to Fig. 1, the analytes were
measured in SPSs from the TB-infected group (n = 56) and healthy control group (n = 29). IFN-y, RANTES, and MIP-1 abundances were
moderately elevated in the TB-infected cohort, with statistical significance. Independent-sample t testing was performed, and P values
of <0.05 were considered statistically significant.
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FIG 3 Cytokine/chemokine abundances showing significant differences between the active-TB (n = 26), LTBI (n = 30), and control (n = 29) groups
in SPS measurements using one-way ANOVA. RANTES abundance differences were observed for active TB cases compared to both LTBI (P = 0.013)
and healthy controls (P = 0.001). MIP-13 (P = 0.006) and sTNF-RIl (P = 0.033) had different abundances for the active-TB versus healthy control
cases. The relative abundance of MCP-1 was significantly lower in active-TB cases than in LTBI cases (P = 0.018).

MIP-1B than in the control group (P = 0.006), but statistical significance was not
observed for the comparison of active TB versus LTBI. The abundance of sTNF-RIl was
also significantly increased in subjects with active TB versus healthy controls (P =
0.033). In contrast, MCP-1 was decreased in abundance in active TB compared to LTBI
cases (P = 0.018). Interestingly, IFN-y did not reveal abundance differences in the
comparison of active TB cases and the LTBI cohort (Fig. 3).

Cytokine/chemokine abundance profiles in unstimulated plasma samples. To
assess whether the stimulation of immune cells with M. tuberculosis antigens in blood
was essential to measure quantitative differences in cytokines/chemokines, analogous
experiments were performed using UPS aliquots. No IFN-y abundance differences were
observed comparing the healthy control and LTBI groups (P = 1.00), healthy control
and active TB groups (P = 0.706), and LTBI and active-TB groups (P = 0.691). In contrast,
consistent with the results observed in SPS analyses, abundance levels of RANTES were
also significantly elevated in active TB versus LTBI cases (P = 0.012) and in active-TB
versus healthy control cases (P = 0.002) using UPS aliquots in the HIAAs (Fig. 4). No
elevated abundances for TNF-RII, MCP-1, or MIP-18 in UPSs were detected in compar-
isons of the above-mentioned groups (P > 0.05). Accordingly, no other cytokines/
chemokines showed significant abundance differences in the disease group compari-
sons using UPSs (P > 0.05).

IL-8, MCP-1, MIP-1B, RANTES, and TIMP-2 showed highly significant differences (P <
0.01) in abundance following M. tuberculosis antigen stimulation (in SPSs) in active-TB
and healthy control cases (Fig. 5). Only macrophage colony-stimulating factor (M-CSF)
(P = 0.036) and MIP-1B (P = 0.012) showed significant changes in the LTBI versus
healthy control group (data not shown).
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FIG 4 Mean abundances of RANTES in TB patients, LTBI subjects, and negative controls in HIAA analysis
with unstimulated plasma samples measured at a fluorescence emission wavelength of 655 nm. RANTES
differentiated active TB cases from LTBI and negative controls in unstimulated plasma samples using a
one-way ANOVA test.

DISCUSSION

The currently used diagnostic tests for active TB (microscopy and culture) are not
sensitive enough and too slow for point-of-care applications, respectively (5, 6). Though
transcriptional signatures can distinguish active TB from LTBI (23, 24) and further
predict progression of LTBI to active TB (25), translating these signatures into tests for
diagnosis is challenging anywhere, but especially in resource-poor settings. The cur-
rently used diagnostic test for LTBI, an IGRA, has poor specificity for active TB in
high-burden settings. The QuantiFERON-TB Gold in-tube test (QFT-IT) is a third-
generation ELISA based on IFN release and was approved by the FDA for LTBI diagnosis.
Compared to previous tests, it has a clearer definition for positive versus negative
results and lower interference associated with Mycobacterium bovis BCG vaccination

4x1044 2.5x10 %+ = 1.5x10°+
. - L0008, a P=0.003
-] <0. S -
i o 5 1
=1 3x10° ¢ 210 g 1x10°- i
5 = =
° ‘5 1.5x1054 ‘5
%2x104- 2 g 5x10°5
> ©  1x1054 ©
s =" -
1x1044 c = J °
2 § 5x10% S 9
= =
0'_L|_ 0'_’_l_ -5><10‘ T T
Before  After Before  After Before  After
Stimulation Stimulation Stimulation
1.5x10°+ 8x10°5+
@ o
'-',_J P=0.007 a P=0.007
Z = 6x10°
S 1x10¢] =
5 k)
® 8 4x10°-
2 s
S 5x10° >
c € 2x10°%-
g [}
s o = $
0'_|'_I_ 0'_l_l_
Before  After Before  After
Stimulation Stimulation

FIG 5 Plasma cytokine/chemokine abundance differences comparing SPSs (after stimulation) and UPSs
(before stimulation) as sample sources. Normalized relative abundance values were measured at a fluo-
rescence emission wavelength of 655 nm. The paired t test was used for statistical analyses. A P value
of <0.01 was considered highly significant. IL-8, MCP-1, MIP-13, RANTES, and TIMP-2 are analytes quantified

compared to the negative control.
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and NTM infections (26-28). IFN-vy is a powerful proinflammatory cytokine that plays a
major role in maintaining TB latency through macrophage activation and in overcom-
ing phagosome maturation blocking, nitrogen and oxygen radical production, and
promotion of antigen recognition by enhancing major histocompatibility complex class
Il (MHC-II) expression on antigen-presenting cells (29, 30). Pai et al. reviewed 20 studies
and concluded that the specificity of IGRAs for the detection of LTBI is high (31).

We screened 40 cytokines/chemokines, including IFN-y, via antibody arrays to
identify biomarker candidates in a first step (the discovery stage) toward the develop-
ment of a diagnostic test able to distinguish active TB from LTBI and LTBI from healthy
controls with improved specificity and sensitivity. Using SPSs, measurements of IFN-y
were largely consistent with QFT-IT data (the LTBI group was defined based on the
QFT-IT). IFN-7 levels had the highest P and AUC values for healthy control and LTBI
samples. In our HIAA-based experiments, the cytokine with the 2nd highest AUC value
was IL-17, an immunological marker also potentially useful to identify latently TB-
infected human subjects.

IL-17 is a proinflammatory cytokine produced by Th17 and gamma delta lympho-
cytes and plays a major role in TB protection via recruitment of neutrophils, macro-
phages, and Th1 lymphocytes to the site of infection. This mechanism appears to
contribute to inhibiting M. tuberculosis dissemination (32). While some studies reported
increased release of IL-17 in patients with active TB (33, 34), other studies described
increased release of IL-17 in LTBI patients (35) and a decreased release of IL-17 in
patients with active TB (36). Our findings suggest that IL-17 levels are increased in LTBI
cases compared to those of negative controls and active TB. Our data agree with other
results (35) from which it was concluded that following Mycobacterium bovis BCG
vaccination and infection with M. tuberculosis, IL-17 acts as an effector similar to IFN-y
and, together with IFN-v, contributes to TB protection.

IFN-y and IL-2 were also reported to inhibit Th17 differentiation and IL-17 produc-
tion, data that are not consistent with the average abundance increases of IFN-v, IL-1q,
and IL-2 in parallel with IL-17 in LTBI patients (as observed in our survey). This may be
explained by the absence of significant changes in abundance of transforming growth
factor B1 (TGF-B1), a cytokine with a key role in Th17 cell differentiation through its
ability to inhibit the differentiation of Th1 cells (37-39). Elevated abundance of IL-17 in
LTBI patients may point to the involvement of neutrophils, which play a role in
protection from acute TB and the manifestation of latency. The exact role of altered
IL-17 expression in the context of inflammatory versus protective effects at the tissue
site of TB infection remains to be determined.

Combining the active TB and LTBI groups into one group, the chemokines RANTES
and MIP-18 showed statistically significant differences, in addition to IFN-y, compared
to the healthy group. Combining the LTBI and healthy control groups, the cytokines
IL-12p40 (3.5-fold) and sTNF-RIl were significantly decreased compared to the levels in
active-TB patients. Although preliminary, the data suggest additional opportunities to
explore cytokines and chemokines for the rapid diagnosis of active TB from M.
tuberculosis antigen-stimulated blood samples to replace or complement acid-fast
staining and the diagnosis-delaying M. tuberculosis culture tests.

The most interesting findings in our study were those on two proinflammatory
chemokines, MIP-18 and especially RANTES. In infections with M. tuberculosis, RANTES
and MIP-18 potentially recruit and activate different types of leukocytes (40, 41). The
main cellular expression source of RANTES is T cells. RANTES is a chemoattractant for
CD4* T cells, CD45RO memory T cells, and mononuclear monocytes (42). RANTES is
thought to be primarily released by mononuclear phagocytes in response to M.
tuberculosis infection. The high levels of RANTES that we observed in SPSs of TB-
infected compared to noninfected individuals strengthen the notion that T lympho-
cytes can produce RANTES. Alveolar T lymphocytes, which are increased during active
TB, could be a source of RANTES once they are released into peripheral blood (43).
Interestingly, the ability of RANTES to differentiate active TB from negative controls as
well as active TB from LTBI has no complement to IFN-y quantification: IGRAs are
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unable to distinguish LTBI from active TB using SPSs. Equally important, quantitative
differences for RANTES in these group comparisons were significant not only when we
used SPSs but also when we used unstimulated plasma samples (UPSs). RANTES
quantification may ultimately result in simpler, less expensive clinical tests that do not
require M. tuberculosis antigen stimulation. Elevated levels of a chemokine without
antigen stimulation are the basis of more rapid tests to identify M. tuberculosis infec-
tions (44). MIP-18 abundance was significantly higher in TB-infected subjects than in
healthy controls, but not different in the active-TB and LTBI cohorts. We speculate that
MIP-18 expression is not induced in early and asymptomatic stages of M. tuberculosis
infection. Our findings are consistent with functional roles of RANTES and MIP-18 in the
pathogenesis of other infectious and noninfectious diseases (45, 46).

We show that IL-17 may be a complementary or alternative biomarker for LTBI
diagnosis. Since our LTBI group definition was based on IGRA data, we cannot
directly compare the specificity results for IFN-y and IL-17. Our cytokine/chemokine
array studies were conducted with a cohort of multiethnic pastoralist communities
in a specific geographic area. To generalize the importance of IL-17, RANTES, and
MIP-1B as candidate biomarkers differentiating TB disease states and/or LTBI from
healthy individuals, the cohorts will need to be expanded and diversified. If such
studies confirm some of our preliminary results, biomarker validation studies with
thousands of clinical samples can be conducted. The ultimate goals are specific, less
expensive, point-of-care immunological tests for diagnosis of TB in symptomatic
and asymptomatic stages.

MATERIALS AND METHODS

Study subjects. Ninety human subjects 18 to 80 years of age were enrolled under the study name
“Systems Biology for Molecular Analysis of Tuberculosis in Ethiopia” in the Southern Ethiopian South
Omo zone during 2014 and 2015. The zone is characterized by numerous ethnically distinct
pastoralist groups with different sociocultural practices and lifestyles and limited access to regular
health care. Human subject protocols and enrollment forms were carefully designed and approved
by the Ethics Committee of Addis Ababa University (AAU) and the Internal Review Board of the J.
Craig Venter Institute (JCVI) in January 2014 (see “Ethics statement” below). Patients with active
pulmonary TB were recruited from regional and local clinics before antibiotic treatment began and
from communities in selected districts in the South Omo zone. Approximately 3,300 apparently
healthy control subjects, some of whom were later diagnosed with LTBI, were recruited from the
same districts. The QFT-IT was used to screen healthy controls for evidence of LTBI, as recommended by
the Food and Drug Administration and Centers for Disease Control and Prevention in the United
States and by the WHO (26-28), following the manufacturer’s instructions. Medical data were
collected to rule out the possibility that the control/LTBI group had clinical signs and symptoms of
other respiratory diseases (26). Due to the remote setting and difficulties in recontacting and
communicating with the enrolled subjects, medical data were not collected after enrollment. The
active-TB group was defined via a positive test for acid-fast bacilli in microscopic examinations and
M. tuberculosis growth using Léwenstein-Jensen (LJ) medium cultures. Additional medical data were
also collected. Subjects suffering from allergies, serious malnutrition, malignancies, and immuno-
deficiencies (e.g., HIV patients, patients receiving immunosuppressive therapies, and patients with
congenital immunodeficiency) were excluded from the study.

Plasma samples. Three milliliters of whole blood was drawn from most of the enrolled subjects
via venipuncture and collected into heparin test tubes, followed by centrifugation for 15 min at
1,000 X g to recover the plasma fraction. The UPSs were stored at —80°C and shipped on dry ice
until further use.

Preparation of stimulated plasma samples for cytokine/chemokine assays. Whole-blood sam-
ples were collected from 90 enrolled participants (30 healthy controls, 30 individuals with LTBI, and
30 patients with active TB) and stimulated with the ESAT-6/CFP-10 antigen cocktail. Briefly, 1 ml of
heparinized blood was diluted in RPMI 1640 medium containing L-glutamine supplemented with
penicillin (100 U/ml) and streptomycin (100 wg/ml) to a final dilution of 1:10. The ESAT-6/CFP-10
cocktail was used to stimulate cytokine release from blood samples at a final 10-png/ml concentra-
tion. As positive and negative controls, phytohemagglutinin antigen (10 wg/ml) in RPMI 1640
medium and medium only were used, respectively. After 48 h of incubation at 37°C with 5% CO,,
these stimulated plasma supernatants (SPSs) were harvested and stored at —80°C and shipped on
dry ice until further use.

Measurement of cytokines and chemokines using an antibody microarray-based method. A
commercial product to measure inflammation-associated cytokines and chemokines in a microarray
format was used, the G-series HIAA 3 (Ray Biotech, Inc., Norcross, GA). Procedures recommended by
the manufacturer were employed to quantify the analytes from UPSs and SPSs, including the Ray
Biotech Q Analyzer program for data analysis. Briefly, frozen samples were thawed, vortexed, and
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centrifuged for 10 min at 10,000 X g to remove particulate matter. After 30 min of incubation with
a sample diluent, HIAA glass chips were washed, and each well was overlaid with 70 ul of UPS or
SPS, covered with adhesive film, and incubated at room temperature (RT) for 2 h. Following a wash
step with wash buffers | and Il, each subarray was covered with an equal volume (70 ul) of
biotin-conjugated anti-cytokine antibodies, incubated for 2 h at RT, washed with wash buffers | and
I, and incubated at 4°C overnight, followed by another wash step with wash buffer II. Alexa Fluor
647-conjugated streptavidin was added, followed by incubation for 2 h at RT. The fluorescence
signals (Cy5 range; 655-nm emission wavelength) were scanned and extracted using a Genepix
4000B laser scanner (Axon Instruments, Foster City, CA). Normalization steps included (i) subtracting
background signals, (ii) normalizing to positive controls, and (iii) comparing signal intensities for
antigen-specific array spots among different array images. Relative normalized abundance values for
all cytokine/chemokine analytes in all samples were computed. We chose fold change cutoff values
recommended by the manufacturer, 1.5 and 0.65 for increase and decrease in abundance, respec-
tively, for the analyte in group-based comparisons.

Statistical tests. Differences in cytokine/chemokine abundances among the active TB, LTBI, and
healthy subject cohorts were compared by one-way analysis of variance (ANOVA) using IBM SPSS
software version 20. Multiple comparisons were performed using the least significant difference
(LSD) post hoc test when the variance between samples was equal or Dunnett’s T3 test when the
variances were not equal. The independent-sample t test was used to identify differences in relative
analyte abundance levels comparing active TB with the combination of the other two groups. The
median analyte differences between groups were evaluated by a nonparametric analysis (Mann-
Whitney U test). Comparisons of data pertaining to SPSs (stimulated) and UPSs (unstimulated) in the
assays were performed using a paired-sample t test. P values of <0.05 were considered statistically
significant. GraphPad Prism 7 software was used for graphing the dot plots. Diagnostic values for 40
analytes measured in SPSs using the HIAA and of 1 analyte (IFN-vy) using the IGRA were determined
by AUCs.

Ethics statement. Ethical approval for the study was obtained from Addis Ababa University, Aklilu
Lemma Institute of Pathobiology Research and Ethics Committee, as well as from the National Research
Ethics Committee of Ethiopia (reference no. 3.10/785/07). Written consent was obtained from each study
participant after the objective of the study was clearly explained. Blood sample collection was under-
taken under aseptic conditions by licensed medical laboratory professionals. Volunteers with signs and
symptoms of active TB or any other disease during the enrollment period were treated in nearby health
facilities at the expense of this study.
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