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Introduction: There is active interest in leveraging host immune responses as biomarkers of
tuberculosis (TB) disease activity. We had previously evaluated an immunodiagnostic test called
the antibody in lymphocyte supernatant (ALS) assay. Here, we aimed to evaluate a panel of
inflammatory mediators and associate the responses with the ALS results to identify a biosig-
nature to distinguish TB cases from controls.

Methodology: In this case—control study, adults with TB were compared to controls who were
hospitalized for non-infectious conditions. Blood was collected at baseline and after 4 weeks
of TB treatment (from TB cases only). Peripheral blood mononuclear cells were isolated and
cultured without antigenic stimulation for 72 hours. Inflammatory mediators were measured
using the Multiplex cytokine kit and compared between TB cases and controls; among TB cases,
responses were compared over time. ALS and inflammatory mediator results were evaluated
using generalized discriminant analysis to identify the optimal biosignature to predict TB.
Results: When comparing inflammatory mediators between groups, IL-1ra, IL-1f, and
granulocyte macrophage-colony stimulating factor (GM-CSF) were lower in TB cases
(P<0.002). Fibroblast growth factor-basic significantly increased from baseline to week-4
(P=0.002). Generalized discriminant analysis yielded a model with IL-2, tumor necrosis
factor-alpha, vascular endothelial growth factor, and ALS, providing a sensitivity of 82.2%
and specificity of 76.2%.

Conclusion: Our results suggest that IL-1ra, IL-1f, and GM-CSF might be used as diagnostic
biomarkers to distinguish between TB cases and non-TB cases. We could not identify a group
of mediators that outperformed the diagnostic accuracy of the ALS alone.
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Introduction

Tuberculosis (TB) remains a global threat to human health. It is the leading cause of
death from a single bacterial pathogen, contributing to the demise of 1.7 million persons
in 2016.' TB diagnosis is still a challenge, and improved diagnostic methods are a key
part of achieving the End TB Strategy goals.? There is active interest in leveraging host
immune responses as biomarkers of disease activity which builds upon the growing
understanding of the mutually supportive roles between innate and adaptive immune
responses in the control of TB.3#

Plasmablasts are immature antibody-secreting cells, which have been used as the
basis for a novel blood-based TB diagnostic biomarker, the antibody in lymphocyte
supernatant (ALS) assay.’ ALS measures the incident secretion of mycobacterial anti-
bodies from plasmablasts within peripheral blood mononuclear cells (PBMCs) that
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are isolated and cultured without antigenic stimulation. The
ALS assay has been studied as a TB diagnostic among adults
from Bangladesh and Ethiopia, including HIV co-infected
adults.> "' We examined the performance of this assay in
Tanzania and found that it was 92% sensitive and 96% spe-
cific in predicting adults with TB vs hospitalized controls.'?
Additionally, B-cells can act as antigen-presenting cells that
trigger further proliferation and differentiation of T-cells as
well as the generation of plasmablasts.>

Cytokines and chemokines are inflammatory mediators
that are produced throughout the body by cells of diverse
embryological origin.!* Upon encountering Mycobacte-
rium tuberculosis (MTB) in the pulmonary alveoli, innate
immune responses are triggered when antigen-presenting
cells produce inflammatory mediators that work to coordi-
nate early host immune defense mechanisms. These inflam-
matory mediators include pro-inflammatory cytokines such
as tumor necrosis factor-alpha (TNF-o) and interferon-
gamma (IFN-y), cytokines such as I[L-12 and IL-23 which
through the priming and polarization of T-helper cells
orchestrate important roles for granuloma assembly and
anti-inflammatory cytokines such as IL-10 and transform-
ing growth factor beta which have the ability to inhibit the
synthesis of the major inflammatory mediators. Chemo-
kines include CXCL-3 macrophage inflammatory protein
(IMIP]-2PB) and CXCL-5 (ENA-78) which are associated
with recruitment of neutrophils and natural killer cells.!*!7
Understanding the inflammatory mediators in the early
course of TB may provide insight into the development of
immunologic biomarkers of disease activity.

Here, we present an evaluation of 24 cytokines, chemo-
kines, and growth factors detected from unstimulated PBMC
supernatants, with the aim of building upon the diagnostic
accuracy of the ALS assay among our previously described
cohort of adults from Tanzania with TB and TB/HIV.!? Also,
we evaluate if these inflammatory mediators can be used as
an early treatment-monitoring tool by comparing the differ-
ence between levels measured at baseline and 4 weeks after
the initiation of TB treatment.

Materials and methods
Study design and population

This is a sub-study of our recent investigation of the ALS
assay.!? Briefly, this was a case—control study conducted in
the Kilimanjaro region of Tanzania in which adults initiating
treatment for pulmonary TB were compared to hospitalized
controls without TB.

Adults presenting symptoms of pulmonary TB were
recruited from Kibong’oto Infectious Disease Hospital,
the national referral hospital for multi-drug resistant TB
(MDR-TB) in Kilimanjaro, Tanzania. Eligibility criteria
were as previously described.!? Briefly, “confirmed TB cases”
included people with MTB detected from sputum by Gen-
eXpert MTB/RIF (Cepheid, Sunnyvale, CA, USA)'® or by
TB culture; “clinically diagnosed cases” included those who
did not have a microbiological diagnosis, but were initiated
on TB treatment based on clinical grounds and responded
to therapy. All cases were treated with first- or second-line
anti-TB drugs according to their drug-sensitivity profiles and
national guidelines by the physician treating them.' Blood
samples were collected at baseline and at 4 weeks after the
initiation of TB therapy.

Adults who were hospitalized due to non-infectious
conditions such as diabetes, hypertension, abdominal pain,
and gastrointestinal bleeding were recruited as controls from
Kilimanjaro Christian Medical Center Hospital, as previously
described." Briefly, we verbally screened control partici-
pants to ensure that they had no current or prior treatment
for TB, no signs or symptoms consistent with TB, and no
prior contact with a known TB case; attempts were made to
age-match controls with cases (15 years). Cases and controls
were included in this sub-study if they had sufficient PBMC
supernatants available for analysis.

Sample processing

Overnight-pooled sputum samples were collected from the
TB cases and transported to Kilimanjaro Clinical Research
Institute.® The collected sputum sample was processed for
GeneXpert MTB/RIF and culture, both liquid and solid TB
cultures. '8!

PBMC culture and inflammatory

mediator measurements

As previously described, the ALS assay was conducted from the
supernatants of PBMCs that were isolated and cultured without
antigenic stimulation or any other cell receptor blockers for 72
hours to allow for maximum expression of all mediators.>!2?2
For protection against contamination, tissue cultures included
the use of heat-inactivated bovine serum and L-glutamine;
penicillin and streptomycin were also added to the culture
media. Residual supernatants from the PBMC culture were
frozen at —80°C with the protease inhibitor for batch analysis.
The ALS assay was an ELISA based assay that used freeze-
dried glutamate bacille Calmette—Guérin vaccine (Japan BCG
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Laboratories, Tokyo, Japan) as the coating antigen and captured
IgG antibodies from the supernatant.

Cytokines, chemokines, and growth factors from the super-
natants were measured in duplicate using the Bio-Plex Pro
Human Cytokine Multi-Plex, Group I kit (Bio-Rad Laborato-
ries Inc., Hercules, CA, USA) according to the manufacturer’s
instructions on the Luminex platform (Bio-Plex 200, Bio-Rad
Laboratories Inc.).” Briefly, the plate was pre-wet using 100uL
of Bio-Plex assay buffer, and 50pL of diluted magnetic beads
coupled with capture antibody were added. Then, S0uL of undi-
luted supernatant was added. Then, 50 pL of the supernatant
was added without dilution. The secondary antibody was added
after removal of unbound antigens and lastly, the conjugate was
added. The beads were re-suspended using 125 uL of assay buf-
fer. Analyte values were calculated based on standard curves
as per the manufacturer’s instructions. Three mediators were
excluded from the analysis because the majorities were out of
range and re-analysis with dilutions could not be performed.
The following inflammatory mediators met quality control pro-
cedures and were included in the analysis: IL-1[3, IL-1receptor
antagonist (IL-1ra), IL-2, IL-4, IL-5, IL-7, IL-8, IL-9, IL-10, IL-
12p70, IL-13, IL-17A, eotaxin, fibroblast growth factor-basic
(FGF-basic), granulocyte-colony stimulating factor (G-CSF),
granulocyte macrophage-colony stimulating factor (GM-CSF),
IFN-y, inducible protein-10 (IP-10), monocyte chemoattractant
protein-1 (MCP-1), macrophage inflammatory protein-1o
(MIP-1av), monocyte inducible protein-1 (MIP-1p), platelet
derived growth factor-bb (PDGF-bb), TNF-0., and vascular
endothelial growth factor (VEGF).

Ethical approval

Ethical clearance was obtained from the National Institute for
Medical Research, Kilimanjaro Christian Medical University
College ethical committee, and University of Virginia. All
participants provided written informed consent. The study
was conducted in accordance with the principles set forth in
the Declaration of Helsinki.

Data analysis

Descriptive analyses, simple frequencies, and the distribu-
tion of results were evaluated. Non-parametric independent
Mann—Whitney U-tests were used to compare the levels of
inflammatory mediators between groups. Among TB cases,
longitudinal responses from baseline and week 4 of treatment
were compared using the Wilcoxon-signed rank test. General
discriminant analysis was used to build a model of inflamma-
tory mediators including ALS results to improve the predictive
ability for TB. The data were analyzed using Statistical Pack-
age for Social Science (Version 22.0, International Business

Machines, Inc, Chicago, IL, USA), and graphs were drawn
using GraphPad Prism6 (GraphPad Software, La Jolla, CA,
USA). The Bonferroni correction was applied to a P-value of
0.05 to account for multiple testing; a P-value of 0.002 was
considered significant in our analyses.

Results

Demographic characteristics

Between January 2014 and May 2015, 125 participants
were enrolled in the parent study; 94 (75%) had sufficient
supernatant for analysis in this sub-study, including 73 TB
cases and 21 hospitalized controls. Among the TB cases, 44
(60%) had drug-susceptible TB, 22 (30%) had MDR-TB,
and 7 (10%) were clinically diagnosed. HIV co-infection was
prevalent in 20 (27%) TB cases, 14 (70%) of whom were on
anti-retroviral treatment. Among all study participants, four
were known to have diabetes and were receiving diabetes
treatment, three (75%) of whom were hospitalized controls.
Additional demographic details are displayed in Table 1.

Inflammatory mediators from
unstimulated PBMCs among TB cases and

controls
Participants with TB had significantly lower levels of
IL-1ra (P=0.001), IL-1B (P=0.002) (Figure 1B), and GM-

Table | Demographic characteristics of the study participants

Characteristics Controls TB cases
n=21 (%) n=73 (%)
Age, mean in years = SD 41£13.5 39.8+12.7
Gender
Male 4(19) 59 (81)
Female 17 (81) 14 (19)
HIV status
Positive 3 (14) 20 (27)
Negative 13 (62) 53 (73)
Unknown 5(24)
BMI
Normal, BMI >18.5 16 (76) 44 (60)
Malnourished, <18.5 0 29 (40)
Unknown 5(24)
Method of TB diagnosis N/A
GeneXpert 32 (44)
Culture and DST 34 (46)
Clinically diagnosed 7 (10)
Final Treatment outcome N/A
Cure 21 (29)
Treatment complete 23 (32)
Failed ()
Died 1 (15)
Defaulted 3(4)
Transfer out/unknown 14 (19)

Abbreviations: BMI, body mass index; DST, drug susceptible testing; NA, not
applicable.
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CSF (P=0.002) (Figure 1C). MIP-1B (P=0.119), G-CSF
(P=0.063), MIP-1a. (P=0.067), and IP-10 (P=0.026) were
low when compared to hospitalized controls but not signifi-
cant. Most mediators did not show a significant difference.
Median values among TB cases did not significantly differ
by HIV status (data not shown).

Inflammatory mediator responses among
TB cases before and after 4 weeks of
treatment

In the longitudinal comparison of responses of inflammatory
mediators among participants with TB, most did not show
any significant change over time. The only inflammatory
mediator that significantly changed over time was fibroblast
growth factor-basic (FGF-basic), which showed an increase
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after 4 weeks of TB treatment when compared to baseline
levels (P=0.002) (Figure 2).

Association between ALS levels and
inflammatory mediator levels in the
identification of TB cases

General discriminant analysis showed that IL-2, TNFa., and
VEGF with ALS offered the optimal combined profile as a
diagnostic (83% sensitivity, 81% specificity); however, this
profile was no better than ALS alone (92% sensitivity, 96%
specificity).!?

Discussion
The host immune response to bacterial invasion is key
to determine the status of the infection, if it is controlled
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Figure 2 Comparison of cytokine levels among TB cases before and after 4 weeks of TB treatment.

Notes: Figures depicting the longitudinal changes of cytokine, chemokine, and growth factor expression among TB cases, n=73. Concentrations are shown at baseline and at
week 4 of treatment and results are expressed as Log,; pg/mL. Statistical analyses were performed using non-parametric Wilcoxon paired test and a P=0.002 was considered
significant. FGF-basic significantly increased over time (P=0.002).

Abbreviations: TNF-o, tumor necrosis factor-alpha; FGF-basic, fibroblast growth factor-basic; MCP-1, monocyte chemoattractant protein-1; TB, tuberculosis; TNF-c,
tumor necrosis factor-alpha; VEGF, vascular endothelial growth factor.
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Table 2 Association of ALS and other cytokines in predicting TB cases and hospitalized controls

Biomarkers Number of Case status Sensitivity (%) Specificity (%) PPV (%) NPV (%)
participants

ALS, VEGF, TNF-0, 66 Confirmed TB 828 81.0 93.0 60.7

and IL-2 cases

ALS, VEGF, TNF-o, 73 All TB cases 82.2 76.2 923 55.2

and IL-2

Note: All TB cases — this includes microbiologically confirmed cases (n=66) and clinically diagnosed cases (n=7).
Abbreviations: NPV, negative predictive values; PPV, positive predictive values; ALS, antibody in lymphocyte supernatant; TNF-0, tumor necrosis factor-alpha; VEGF,

vascular endothelial growth factor; TB, tuberculosis.

or not. Innate immune response and adaptive immune
response play a key role in MTB control.?* The outcome
of the infection is dependent on the protective power of the
host’s immune system and the pathogenicity of the bacteria.
Innate immunity is by phagocytosis and subsequent release
of IL-12 in the absence of memory exposure to the antigen
of interest. The other component of innate immunity is the
natural resistance associated with macrophage proteins like
natural killer cells and neutrophils. Adaptive immunity is
triggered when the bacterial infection eludes the innate
defense mechanisms that may be humoral by antibody
production and cell-mediated immunity through effector
T cells.??* T cells are categorized in three groups: Thl
which secrete IL-2 and IFN-y and play a role in intracellular
infections, Th2 which secrete IL-4, IL5, and IL-10 which
enhance antibody synthesis of B cells?” and Th17 which
release IL-17 manipulated by MTB microorganisms for
their survival benefits in primary TB.?®

In this work, we compare the inflammatory mediator
responses between TB patients and hospitalized controls
using supernatants from PBMC cultures. Measuring secreted
cellular byproducts from culture supernatants has shown
potential, as evidenced by our work using ALS assays for the
diagnosis of TB. We found that TB cases had significantly
lower levels of the following inflammatory cytokines: IL-
Ira, IL-1PB, and GM-CSF. However, none of the measured
mediators could improve upon the diagnostic accuracy of
the ALS assay.

IL-1ra is an anti-inflammatory cytokine produced by
monocytes, macrophages, and dendritic cells.?” During infec-
tions, including TB, levels of anti-inflammatory cytokines
are often found to be depressed. Indeed, in our cohort, we
detected lower IL-1ra levels among those in the TB group
compared to hospitalized controls. When we re-evaluated the
IL-1ra levels after 4 weeks of TB treatment, we had expected
a rise in IL-1ra levels; however, a significant change was
not detected (P=0.32). Other studies that have examined the

changes in serum IL-1ra over multiple time points after TB
treatment initiation have also found non-significant fluctua-
tions throughout the treatment course.?

Two pro-inflammatory cytokines were noted to be
significantly different between our groups: IL-13 and GM-
CSFE. Because the untreated stage of TB typically prompts
an avid inflammatory response, we had hypothesized that
the pro-inflammatory cytokine should be found at higher
concentrations in TB cases compared to the control popula-
tion. However, we detected lower IL-1B levels among the
TB group. IL-1B is produced by monocytes, macrophages,
and dendritic cells and is down regulated by IL-1ra. Given
the known antagonistic roles of IL-13 and IL-1ra,’**! it is
possible that the comparatively higher levels of IL-1ra seen
within the TB group compared to IL-1f in the same TB group
were influenced by the antagonistic relationship between
IL-1B and IL-1ra.

GM-CSF is a growth factor that serves as a chemoat-
tractant by recruiting neutrophils, lymphocytes, and macro-
phages. GM-CSF is involved in supporting the productive
phase of inflammatory responses.?>*? In TB, it plays role in
granuloma formation to contain the organism.*® In our cohort,
TB cases had lower GM-CSF levels compared to hospitalized
controls. We are aware that TB has the ability to affect the
expression of GM-CSF though the mechanism is not known.*

Interestingly, we did not detect any differences among
the mediators that have been studied most as TB biomark-
ers, such as IFN-y, TNF-a, and IP-10. IFN-vy is one of the
important mediators in cell-mediated immune responses;
it is produced by activated T-cells,* plays a major role in
activating macrophages, and assists in killing intracellular
organisms. TNF-a is a mediator produced by monocytes
and macrophages that assists in killing intracellular organ-
isms by signaling apoptosis.***” IP-10 is a chemokine that is
produced by antigen-presenting cells. Traditionally, studies
reporting elevated levels of IFN-y, TNF-¢., and IP-10 in TB
cases have measured responses from plasma or supernatant
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after stimulation with TB-specific antigens.***%* It is pos-
sible that our findings differ from what has been previously
reported in literature because we have used PBMC culture
supernatants that have not been stimulated by TB-specific
antigens. Similarly, we did not detect any difference in
mediator levels between participants with and without HIV
co-infection. The majority (70%) of people co-infected with
HIV were on antiretroviral therapy, which may have affected
our ability to detect a difference in mediator responses
between these sub-groups. When comparing mediator levels
after initiation of TB treatment, most mediators did not show
a significant difference aside from FGF-basic. FGF-basic
is produced by macrophages and plays a role in mitogenic
and angiogenic activity.** With respect to TB, FGF-basic has
not demonstrated a consistent association with the disease
when examining its stimulated or unstimulated levels.**
Another study, examining the trends in FGF-basic levels
over time among adults with TB from Africa, did not reveal
any consistent changes.*

In our attempt to combine mediator responses with ALS
results, we found that ALS was the strongest predictor for TB
status. When used alone, ALS could categorize TB cases and
hospitalized controls with a sensitivity of 92% and specificity
0f 96%;'? our optimal combination of mediators and ALS did
not outperform this.

Our study had limitations including the relatively short
follow-up interval among TB cases (4 weeks) compared to
the total duration of TB treatment. This may have hindered
our ability to detect a longitudinal difference in mediator
levels, especially among participants who had MDR-TB
and may have experienced a slower immunologic response.
Extended follow-up intervals could provide more insight
into the trends of mediator levels. Some of our mediator
responses exceeded the quantifiable range, which may
have affected our ability to detect a true difference in
levels between the groups. Serial dilution of the samples
to obtain the actual reading could have mitigated this;
however, this was not possible due to limited specimen
volumes. Specimens used to conduct this study were also
used for our first study examining the performance of the
ALS assay. It is important to note that samples were not
subjected to multiple freeze—thaw cycles and that storage
conditions were the same for all specimens; therefore, we
do not believe that mediator degradation could have dif-
ferentially affected our results.

Conclusion
In sum, few studies test unstimulated supernatant for media-
tor biomarkers to improve the diagnosis of TB. We found that

the supernatant levels of IL-1ra, IL-1p, and GM-CSF could
potentially be used to discriminate TB cases from hospitalized
controls. These results may contribute to new mediator-based
diagnostics for TB.
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