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2. Introduction

2.1 Rationale and Objectives

2.1.1 Rationale

Despite microbiological cure, up to 50% of patients with active Tuberculosis (ATB) suffer from
long-term lung damage after successful therapy [1]. This leads to reduced quality of life and a
loss of 4.89 potential years of life [2]-[4]. Host-directed therapies (HDT) could reduce the burden
of post-TB lung pathology but development of these requires a better understanding of the un-
derlying pathological mechanisms in order to identify optimal targets for therapeutic intervention
[5]-[10]. Severe lung damage is caused by exacerbated inflammatory responses in some pa-
tients; often linked to pro-inflammatory neutrophil activity [11]-[14]. However, recent studies have
revealed significant neutrophil phenotypic and functional diversity with both pro-inflammatory and
immunosuppressive sub-types [15]-[21]. This suggests that analysis of specific neutrophil sub-
sets/mediators during ATB could enable identification of targets for novel host-directed therapies
[71, [13], [22], [23].

Neutrophils are the first cells recruited to the lungs during ATB. While neutrophilic responses are
generally pro-inflammatory, some neutrophil phenotypes have been shown to possess both pro-
and anti-inflammatory functions in different disease states. It is possible that these differences in
neutrophil functions could be exploited in host-directed therapies to reduce the burden of post-TB
lung disease. This is the first study to assess the different neutrophil phenotypes, functional mark-
ers and their derived metabolites (pro- and anti-inflammatory) in relation to TB disease severity
and lung recovery.

2.1.2 Study aims and objectives

The overarching aim of these doctoral studies was to determine if different neutrophil subsets
play a role in lung damage at diagnosis, and recovery post-therapy. In addition, | aimed to identify
specific neutrophil mediators that could potentially be harnessed in HDTs to reduce post-TB lung
burden.



The specific objectives of my PhD studies were:

Objective 1: To determine the phenotype and function of neutrophil subsets in active TB and to
correlate these with baseline lung pathology, bacterial load and post-TB lung recovery.

Objective 2: To determine the activation and functional dynamics of these subsets before and
after TB treatment.

Objective 3: To identify predominant neutrophil-derived inflammatory mediators contributing to
baseline lung damage and recovery after treatment.

Objective 4: To validate (in whole blood) previously described phenotypic, activation and cytokine
markers of treatment response in our Gambian cohort.

2.2 Clinical severity of TB lung disease

ATB associated lung pathology can be determined by analysis of lung cavities through chest x-
rays (CXR) (reviewed by [24]) and monitoring of pulmonary function using spirometry [25]. Dis-
ease severity may also be measured by the bacterial burden in lungs prior to initiation of treat-
ment. Interestingly, CXR abnormalities are more reliable than spirometry for assessing lung im-
pairment in ATB [26]. Moreover, lung damage is only weakly associated with high Mtb loads [27]
and inversely proportional to spirometry evaluations [26]. Studies evaluating TB disease severity
using multiple criteria are lacking which limits our capacity to draw holistic conclusions. To ad-
dress these limitations, a multisite trial (TB Sequel) is underway to monitor host-pathogen and
socioeconomic factors that influence the development of pulmonary sequelae in ATB patients [1].
It is within this cohort that we assessed the role of neutrophils in the severity of TB-indued lung
pathology using CXR-defined Ralph score [28] and the GeneXpert-defined cycle threshold (Ct)
values [29].

2.3 Heterogeneity of neutrophil response in lung pathology

| have published a review article on the role of neutrophils in ATB-induced inflammation and pul-
monary pathology [30]. In this “additional contribution”, | showed that neutrophil activity during
ATB could inform us on long-term lung disease outcomes in ATB and identified suitable neutrophil
profiles for improved TB-focused HDT.

Additional contribution: Neutrophils in Tuberculosis-Associated Inflammation and Lung Pathology
(see Appendix A).

In this review, | set a prelude for my PhD research work by describing the central role played by
neutrophils in driving tissue damage in chronic inflammatory diseases and compiling information
from the literature which suggests that neutrophils could play both pro- and anti-inflammatory
roles, specifically in TB disease. | also highlighted the growing need to standardize neutrophil
classification based on functional outcomes in diseased states and assessed previous studies for
the most promising criteria for classifying neutrophils into either protective or destructive sub-
types. CD16 and CD62L-defined neutrophils were found to be the most suitable as they not only
allowed for separating neutrophils into subtypes with observed pro-inflammatory or immunosup-
pressive functions, but also ascribed to functional nuclear segmentation-defined classification
(with  banded (CD169mCD62L), segmented (CD16°CD62L") and hyper-segmented
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(CD16b"CD62L'**) phenotypes). Additionally, | discussed the issues with existing methods for cat-
egorising TB lung pathology including structural and functional classifications. Finally, | con-
cluded by proposing neutrophil-derived mediators and pathways (notably, MMPs, ROS, MPO,
S100A8/A9 and Glutathione) which could be targeted to develop host-directed therapies for re-
ducing ATB-associated lung pathology.

2.4 Monitoring neutrophil activation and function

Neutrophils react to pathogen- and damage-associated molecular patterns (PAMPs and DAMPs,
respectively) [31] which trigger proinflammatory and antimicrobial responses in innate immune
cells [32]. Thus, the use of Mtb-H37Rv whole cell lysate (WCL) or the early secretory antigenic
target protein 6 and culture filtrate protein 10 complex (ESAT-6/CFP-10) fusion protein which
contain Mtb-specific molecular structures and nucleic acids (PAMPs) can be used to elicit neu-
trophilic Mtb-specific responses. These suggest that measuring neutrophil phenotypic and func-
tional variations in ATB patients using stimulated whole blood will provide insight into how neu-
trophil activity is regulated during Mtb infection; thereby capitalizing on research developments in
neutrophil biology. In vitro, whole blood has an added advantage over cell isolates in the fact that
it reduces the probability of observing non-physiological immune responses which could be intro-
duced by sample processing. In neutrophil assays specifically, using whole blood is advanta-
geous as it reduces the risks of neutrophil activation and necrosis due to their high susceptibility
to stimuli and short life span, respectively.

Publication I: Neutrophils contribute to severity of tuberculosis pathology and recovery from lung
damage pre- and post-treatment

As shown in publication | [33] neutrophil subtypes contribute to ATB-related disease severity. In
the first part of this study, we confirmed the phenotypic and functional heterogeneity of
CD16|CD62L-defined neutrophils. We observed an overall decrease in neutrophil levels at the
end of treatment compared to baseline with frequencies of segmented (CD16°°CD62L"r) neutro-
phils increasing and banded (CD169m™CD62L"") neutrophils decreasing. We also found a lower
frequency of banded neutrophils in patients with severe compared to mild lung damage at base-
line. Following WCL stimulation, the neutrophil oxidative indices of segmented, banded and hy-
per-segmented neutrophils were higher in patients with low Mtb loads while IL10-expressing
CD1649mCD62L' neutrophils were higher in patients with mild damage at baseline. Additionally,
patients with good lung recovery had higher baseline granulocyte frequencies with WCL and EC
stimulation than those with poor lung recovery.

Our findings show that high ROS generation capacity, low levels of banded neutrophils and high
levels of IL10-expressing CD169mCD62L' neutrophils result in reduced lung pathology during
ATB at diagnosis. Furthermore, we demonstrate that baseline granulocyte levels are useful in
distinguishing patients with good lung recovery from those with poor recovery post-treatment.
Hence, neutrophils are potential early indicators of TB severity and CD16|CD62L-derived neutro-
phil subtypes are promising targets for TB host-directed therapy. To our knowledge, this is the
first study to assess the function of neutrophils and their subsets in TB. We obtained these results
in a cohort of 40 participants which we would have preferred to be larger, but the number of month
6 patient follow-ups were limited by participant dropouts and lockdowns imposed during the
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Covid-19 pandemic. Smoking increases lung damage severity; however, we did not adjust for
smoking habits due to limited number of samples. We plan to build-up on these initial observations
with functional analysis on a larger cohort of ATB patients. It would also be of interest to perform
mycobacterial killing assays to confirm the protective role of ROS on Mtb-burden and TB disease
progression as well as banded neutrophils on lung damage. Analysing myeloid-derived suppres-
sive cells, a newly identified group of granulocytes with T-cell and natural killer cell-targeted im-
munosuppressive functions, would also be of particular importance in describing the protective
role of neutrophils in TB pathogenesis and related-lung pathology.

Publication II: Major neutrophil-derived soluble mediators associate with baseline lung pathology
and post-treatment recovery in tuberculosis patients

Having shown that neutrophil subsets had differential impacts on lung pathology, publication I/
(Muefong et al. Front Imm, 2021; In Press) sought to determine which specific mediators in spu-
tum and plasma could differentiate between patients with severe and mild lung damage and be-
tween high and low Mtb load groups before and after treatment. While the levels of most neutro-
phil mediators were considerably higher in sputum samples, the differences in sputum or plasma
analyte concentrations between severity groups were generally consistent (irrespective of statis-
tical significance). This suggests that plasma could be used as a suitable surrogate to sputum in
monitoring neutrophil-specific biomarker levels in TB patients. By focusing on neutrophil-derived
inflammatory mediators with known regulatory functions in TB inflammation, | demonstrated that
major neutrophilic mediators are associated differentially with TB-induced lung pathology and re-
covery. | also found that patients with high Mtb load or severe lung damage at baseline present
with similar sputum Myeloperoxidase (MPO) profiles. This is a unique observation which not only
underscores the protective role of MPO in ATB lung pathology but also describes a potential link
between these two clinically relevant parameters used for assessing the severity of TB-related
lung pathology. Furthermore, we observed that male patients were associated with lower sputum
MPO levels than females whilst the former were also associated with higher levels of proinflam-
matory mediators like MMP3, IL8, IL10, IL12/23(p40), GM-CSF and TNF. This also supports the
protective role played by MPO given that males generally mount more severe inflammatory re-
sponses than females. We also made similar observations to previous studies by showing an
association between Neutrophil collagenase (MMP8), Calprotectin (S100A8/9) and TNF levels in
sputum and plasma with severe lung damage. Additionally, ATT led to an overall decrease in
inflammatory mediator levels compared to baseline values with the decrease being significantly
higher in (and sometimes exclusive to) patients with severe forms of ATB. Moreover, we found
that patients who had severe lung disease or high Mtb loads at baseline also had significantly
higher levels of S100A9 and IL8 in the sputum samples, suggesting that severe lung damage
increases the likelihood of unresolving inflammatory response even after treatment. Furthermore,
unresolved lung damage after treatment was linked to higher MMP9 and S100A9 sputum levels
at month 6, suggesting that persistent neutrophil activity also promotes unresolved lung damage
even after treatment. While supernatants generated following antigen stimulation showed fewer
differences between the groups, we nevertheless found that levels of MPO, S100A8 and MMP9
at month 6 following WCL stimulations could differentiate between patients with good and poor
lung recovery. Additionally, H37Rv WCL stimulation resulted in increased levels of GM-CSF,
IFNy, TNF, MPO, S100A8 and MMP9 after treatment compared to baseline. This suggests an
increased sensitivity of neutrophils and potentially other immune cells to stimulation.
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Hence, this study suggests that S100A8/9, MMP8, MPO and TNF may serve as targets for host-
directed therapies to reduced long-term lung damage in TB patients. However, mechanistic stud-
ies such as in vitro or ex vivo experiments and animal models specifically targeting central path-
ways that modulate one or more of these metabolites would need to be performed to determine
the optimal therapy. This study also demonstrated the ability to perform simultaneous monitoring
of pro-inflammatory and immunosuppressive neutrophil subtypes to address their specific contri-
butions to lung pathology outcomes in ATB patients. Our study could have been improved by
assessment of neutrophil extracellular trap (NET) formation, given that it is a major neutrophil
functional attribute associated with increased inflammation in ATB. Measuring levels of other neu-
trophilic inflammatory mediators associated with tissue damage (e.g., IL17 and serine proteases
such as proteinase 3, neutrophil elastase and cathepsin G) would also be important to draw a
more wholistic picture of their effect on TB lung pathology.

Publication lll: Monitoring Anti-tuberculosis Treatment Response Using Analysis of Whole Blood
Mycobacterium tuberculosis Specific T Cell Activation and Functional Markers.

In a separate study, publication 11l [34], we measured T cell specific markers in two patient groups
defined by their response to treatment in order to assess clinical utility of T cell activation markers
in whole blood samples from TB patients in a West African cohort for the first time. We showed
that T-cell phenotypes and functional responses could be effectively monitored in whole
blood serving as an alternative proxy to sputum-based methods for assessing treatment re-
sponses during anti-TB treatment (ATT) [34]. This study also validated the use of whole blood-
based flow cytometry assessment of Mtb-induced immune response in our west-African cohort of
ATB patients. Having shown that standard TB therapy (in addition to neutrophil activity) influences
lung recovery, we complemented this with evidence that activated T cell subsets could predict
treatment response speed. This pilot study confirmed that T-cell activity following Mtb-specific
stimulation in whole blood samples from TB patients in The Gambia could be used to monitor
treatment response rates during ATT. We showed that following purified protein derivative (PPD)
stimulation, baseline levels of CD8*CD27-IFNy* and CD4*CD27*HLADR*CD38* T-cell subsets
were predictive of the of treatment response rates at 80% sensitivity and 70% and 100% speci-
ficities, respectively. Additionally, we observed a decrease in levels of T-cell activation markers
(CD38 and HLA-DR) in CD4*CD27* T-cells at 2 months compared to baseline. Hence, these T-
cell subsets could be used to improve the positive predictive value for risks of culture positivity
after 2 months of ATT. This drop in T-cell activation markers coupled to decreased neutrophil
activation with treatment suggests that standard ATT contributes to the resolution of Mtb-induced
inflammation by reducing both innate and adaptive immune responsiveness. Pending confirma-
tion of these findings in a larger cohort and adjustment for possible confounders like BMI, diabetes
mellitus, alcohol abuse and delay in presentation, this study is very promising and attests of the
need to study subsets of T- and other major immune cell types as diagnostic tools in TB treatment
response and lung outcomes. We are currently analysing levels of immune cell subsets in frozen
whole blood from a larger cohort TB patients.
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3. Summary (in English)

Exacerbated neutrophil activity is generally linked to Tuberculosis (TB) disease severity. How-
ever, TB-induced lung severity is dynamic with equal proportions of patients showing mild vs
severe forms of lung damage after successful treatment. With recent studies revealing previously
unseen neutrophil heterogeneity, it is likely that differential neutrophil profiles in patients contrib-
ute to the extent of disease severity and lung recovery. Hence, monitoring neutrophil responses
could allow identification of target molecules for host-directed therapies which can be coupled to
antibiotic TB treatment (ATT) to limit lung damage and promote good lung recovery. The under-
lying hypothesis for this thesis was that neutrophil heterogeneity is associated with differences in
severity of lung pathology pre- and post-TB treatment in ATB patients. The main aim was to as-
sess neutrophil phenotypes and function, and their soluble mediators in patients with differential
lung function before and after TB therapy in The Gambia.

First, focusing on ATB-related lung pathology, TB patients were grouped based on two clinically
relevant parameters of ATB severity: chest x-ray scores (based on the well-defined Ralph Score
incorporating extent of lung infiltrate and presence or absence of cavities) and GeneXpert Ultra
bacterial load (Cycle threshold (Ct) value). For patients with severe lung damage at baseline,
Ralph scores were also used to determine if they had good or poor recovery of lung pathology
post treatment. We are currently analysing lung function recovery post treatment using spirometry
readouts to complement the present findings. Analysis of neutrophils using stimulation of fresh
whole blood was performed for the first time in The Gambia to monitor neutrophil function and
determine differences between groups at baseline and following treatment. Considering that neu-
trophils react to pathogen- and damage-associated molecular patterns (PAMPs and DAMPs, re-
spectively) which trigger proinflammatory and antimicrobial responses in innate immune cells, |
used Mtb H37Rv whole cell lysate (WCL) and ESAT-6/CFP-10 fusion protein which contain Mtb-
specific molecular structures and nucleic acids (PAMPs) to elicit neutrophilic Mtb-specific re-
sponse. Unstimulated blood samples were used to account for basal inflammatory levels and
phorbol, 12-myristate, 13-acetate (PMA) was used as a positive control.

Neutrophil subsets have been identified based on their CD16 and CD62L expression levels and
shown to have varying functional attributes. Activated, they secrete differing levels of pro- and
anti-inflammatory cytokines and regulate the inflammatory response to Mtb. In this study, we re-
ported the relationship between functionality of the subsets following in-vitro activation and TB
disease severity. At baseline, flow cytometry revealed WCL-specific activation of multiple neutro-
phil subsets, increased ROS generation capacity, increased levels of banded neutrophils
(CD169mCD62L"") and higher levels of IL10-expressing CD169mCD62L' neutrophils in patients
with mild lung pathology compared to severe pathology. However, TB-specific stimulation did not
result in any differences in frequencies of these phenotypes with treatment time. Meanwhile, there
was heterogeneity in frequencies of CD16|CD62L-defined neutrophil subsets in unstimulated
samples with treatment compared to baseline.

Having observed that neutrophil subsets play a role in ATB-related lung damage severity at base-
line, we measured the concentrations of major neutrophil-derived mediators in antigen-stimulated
WBA supernatants, together with ex vivo plasma and sputum samples from the same patients.
This downstream assay involved analysis of a comprehensive neutrophil-focused panel from
priming/activation markers like GM-CSF, IL8/CXCL8, TNF and IFNy, through to damage-associ-
ated molecular pattern (DAMP), Calprotectin (S100A8/9), to 1L12/23(p40) and IL10 which pos-
sess regulatory roles and finally matrix metalloproteinases (MMP1, MMP3, MMP9, MMP8) and
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myeloperoxidase (MPQ) which regulate tissue damage. Overall, patients with severe lung pathol-
ogy at baseline also had higher levels of S100A8/9, MMP8 and TNF. High S100A8/9 levels in
patients with severe lung damage is in accordance with the increased neutrophil levels and neu-
trophil activation seen by flow cytometry. S100A8/A9 has been previously shown to regulate
CD11b expression and neutrophil recruitment. Moreover, our data showed that MMP8 association
with TB disease severity is on par with that of S100A8/9, which to our knowledge is novel and
underscores the importance of targeting this protein in further mechanistical studies.

Interestingly, MPO was the only neutrophil-derived marker to be associated with all three disease
severity criteria and the only one (together with IL10) to be associated with a protective effect
against lung damage. Lower levels of MPO in sputum were associated with more severe lung
damage, higher Mtb burden and poorer lung recovery after treatment. Lower levels of MPO were
also found in females: who generally develop less severe inflammatory responses compared to
males. MPO is also closely linked to ROS metabolism as it catalyses peroxide degradation. Whilst
both MPO and ROS are usually linked to increased acute inflammation, our observations reveal
their unexpected protective role—in limiting pulmonary pathology and resolving inflammation—
during ATB. This supports investigating their potential for host-directed therapies. Finally, unre-
solved lung damage after treatment was associated with persistently high sputum MMP9 and
S100A9 levels at month 6 despite microbiological clearance. MMP9 and S100A8/9 are neutrophil-
derived molecules reported to exacerbate tissue damage in chronic TB, which suggests that un-
resolved lung damage even after treatment is also influenced by persistent neutrophil activity.

In conclusion, our study contributes first-hand knowledge to the field by demonstrating that unlike
other major neutrophil-derived inflammatory mediators (S100A8/9 and MMP8) and neutrophil
subtypes, MPO, ROS (against Mtb burden), IL10 and banded (CD169m™CD®62L°") neutrophils, play
a protective role against TB-related lung pathology. These observations support the hypothesis
that neutrophils harbour both pro-inflammatory and immunosuppressive characteristics in chronic
TB pathogenesis. It also supports targeting neutrophils in further studies aimed at developing
host-directed therapies against severe pathology in chronic ATB patients.
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4. Zusammenfassung (deutsch)

Eine erhdhte Neutrophilenaktivitdt wird haufig mit der Schwere der Tuberkulose (TB) in
Verbindung gebracht. Die Schwere der TB Lungenerkrankung ist jedoch dynamisch, wobei der
Anteil der Patienten, die nach erfolgreicher Behandlung leichte und schwere Formen der Lung-
enschadigung aufweisen, in etwa gleich grof} ist. Studien, welche eine hohe Heterogenitat der
Neutrophilen aufzeigen, lassen vermuten, dass unterschiedliche Neutrophilenpopulationen bei
den Patienten das Ausmal der Krankheitsschwere und der Lungenheilung beeinflussen. Daher
kénnte das Monitoren verschiedener Neutrophilenpopulationen und deren Effektormolekile die
Identifizierung von Zielmolekilen fir wirtsspezifische Therapien ermdglichen. Solche
wirtsspezifischen Therapien kénnten dann mit einer antibiotischen Tuberkulosebehandlung (ATT)
kombiniert werden, um wiederum Lungenschaden zu begrenzen und eine gute Lungenheilung zu
fordern. Die dieser Arbeit zugrunde liegende Hypothese war, dass Unterschiede in neutrophilen
Zellpopulationen und Effektormolekiilen mit Unterschieden in der Lungenpathologie vor und nach
der Tuberkulosebehandlung einhergehen. Das Hauptziel bestand also darin, Phanotyp und die
Funktion der Neutrophilen Zellpopulationen sowie ihre 16slichen Mediatoren bei Patienten mit un-
terschiedlicher Lungenfunktion vor und nach einer TB-Therapie in Gambia zu untersuchen.

Zunachst wurden die TB-Patienten auf der Grundlage von zwei klinisch relevanten Parametern
fur den Schweregrad der ATB in Gruppen eingeteilt: Thoraxrontgen-Scores (basierend auf dem
gut definierten Ralph-Score, der das Ausmalfd des Lungeninfiltrats und das Vorhandensein oder
Fehlen von Hohlrdaumen (engl: ,Cavities®) und die GeneXpert-Ultra-Bakterienlast (PCR Cycle-
Schwellenwert (Ct)). Bei Patienten mit schweren Lungenschaden zu Beginn der Studie wurden
die Ralph-Scores auch verwendet, um zu untersuchen ob sich die Lungenpathologie nach der
Behandlung verbesserte. Derzeit analysieren wir die Erholung der Lungenfunktion nach Behand-
lung anhand von Spirometrie-Messungen, um die vorliegenden Ergebnisse weiter zu erganzen.
Die Analyse der Neutrophilen durch Stimulation von frischem Vollblut wurde durchgefuhrt, um die
Neutrophilenfunktion zu studieren und Unterschiede zwischen den Gruppen zu Beginn und nach
der Behandlung festzustellen. In Anbetracht der Tatsache, dass Neutrophile auf pathogen- und
schadensassoziierte molekulare Muster (PAMPs bzw. DAMPs) reagieren, die proinflammato-
rischen und antimikrobiellen Reaktionen in angeborenen Immunzellen auslésen, wurden Mtb
H37Rv-Vollzelllysat (WCL) und ESAT-6/CFP-10-Fusionsprotein verwendet, die Mtb-spezifische
molekulare Strukturen und Nukleinsduren (PAMPs) enthalten. Unstimulierte Blutproben wurden
verwendet, um basale Entziindungswerte zu bertcksichtigen, und Phorbol-12-Myristat-13-Acetat
(PMA) diente als Positivkontrolle.

Unterschiedliche neutrophile Zellpopulationen wurden auf der Grundlage ihrer CD16- und
CD62L-Expressionsmuster identifiziert, welche unterschiedliche funktionelle Eigenschaften
aufweisen. Wenn sie aktiviert sind, scheiden sie unterschiedliche Mengen an pro- und anti-in-
flammatorischen Zytokinen aus und regulieren die Entziindungsreaktion auf Mtb auf unterschie-
dliche Art und Weise. In dieser Studie untersuchten wir den Zusammenhang zwischen der Funk-
tionalitat der unterschiedlichen neutrophilen Zellpopulationen nach in-vitro-Aktivierung und dem
Schweregrad der TB-Erkrankung. Zu Beginn der Studie zeigten die Durchflusszytome-
trieergebnisse eine WCL-spezifische Aktivierung mehrerer neutrophiler Subpopulationen, eine
erhohte ROS-Erzeugungskapazitat, erhéhte Mengen an gebanderten Neutrophilen
(CD16dimCD62Lbr) und hoéhere Mengen an IL10-exprimierenden CD16dimCD62LIo-Neutro-
philen bei Patienten mit leichter Lungenpathologie im Vergleich zu solchen mit schwerer Pathol-
ogie. Die TB-spezifische Stimulation fuhrte jedoch nicht zu Unterschieden in der Haufigkeit dieser
Phanotypen mit der Behandlungsdauer. Die Haufigkeit der CD16|CD62L-definierten neutrophilen
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Untergruppen in den nicht stimulierten Proben war im Vergleich zum Ausgangswert vor der
Behandlung heterogen.

Nachdem wir festgestellt hatten, dass unterschiedliche neutrophile Zellpopulationen bei der
Schwere der ATB-bedingten Lungenschadigung vor Behandlungsbeginn eine Rolle spielen, ha-
ben wir die Konzentrationen der wichtigsten neutrophilen Effektormediatoren in antigenstimu-
lierten Vollblut-Uberstéanden zusammen mit Plasma- und Sputumproben derselben Patienten ge-
messen. Unser Assay beinhaltete die Analyse von Neutrophilen-assoziierten Zytokinen und
weiteren Effektormolekilen wie GM-CSF, IL8/CXCL8, TNF und IFNy, Calprotectin (S100A8/9),
IL12/23(p40) und IL10, und schliel3lich Matrix-Metalloproteinasen (MMP1, MMP3, MMP9, MMP8)
und Myeloperoxidase (MPO), die Gewebeschaden regulieren. Insgesamt wiesen Patienten mit
schwerer Lungenpathologie bei Studienbeginn héhere Werte von S100A8/9, MMP8 und TNF auf.
Die hohen S100A8/9-Werte bei Patienten mit schweren Lungenschaden stehen im Einklang mit
den erhdhten Neutrophilenspiegeln und deren Aktivierung. Es wurde bereits gezeigt, dass
S100A8/A9 die CD11b-Expression sowie die Rekrutierung von Neutrophilen reguliert. Dartber
hinaus zeigten unsere Daten, dass die MMP8 Konzentration mit dem Schweregrad der TB-
Erkrankung und der von S100A8/9 korreliert, was neu ist und in weiteren mechanistischen
Studien untersucht werden sollte.

Interessanterweise war MPO der einzige von Neutrophilen stammende Marker, der mit allen drei
Kriterien fir den Schweregrad der Erkrankung assoziiert war, und zusammen mit IL10 der einzige
Marker, der mit geringen Lungenschaden assoziiert war. Niedrigere MPO-Werte im Sputum
wurden mit schwereren Lungenschaden, einer hdheren Mtb-Belastung und einer schlechteren
Erholung der Lunge nach der Behandlung in Verbindung gebracht. Niedrigere MPO-Werte
wurden auch bei Frauen festgestellt, die im Allgemeinen eher weniger schwere Entziindungs-
reaktionen entwickeln als Manner. MPO ist auch eng mit dem ROS-Stoffwechsel verbunden, da
es den Peroxidabbau katalysiert. Wahrend MPO und ROS in der Regel mit einer verstarkten
akuten Entzindung in Verbindung gebracht werden, zeigen unsere Beobachtungen eine
unerwartete schiitzende Rolle - die Begrenzung der TB Lungenpathologie und das Abklingen der
Entziindung. Dies spricht dafiir, das Potenzial von MPO auch fir wirtsspezifische Therapien zu
untersuchen. SchlieRlich wurden Lungenschadigungen, welche nach der erfolgreichen 6-mona-
tigen Behandlung und mikrobiologischer Clearance immer noch evident waren, mit hohen Spu-
tum MMP9 and S100A9 Werten assoziiert. MMP9 und S100A8/9 sind von Neutrophilen stam-
mende Molekile, welche die Gewebeschaden bei chronischer Tuberkulose verschlimmern. Dies
deutet darauf hin, dass diese persistierenden Lungenschaden auch nach der Behandlung durch
die anhaltende Aktivitat der Neutrophilen beeinflusst werden.

Zusammenfassend lasst sich sagen, dass unsere Studie neue Erkenntnisse aus erster Hand
liefert. Sie weisen darauf hin, dass im Gegensatz zu anderen wichtigen neutrophilen Entziin-
dungsmediatoren (S100A8/9 und MMP8) und Neutrophilen-Subtypen, MPO, ROS (gegen die
Mtb-Belastung), IL10 und stabkernige (CD16dimCD62Lbr) Neutrophile eine schiitzende Rolle
gegen TB-bedingte Lungenpathologie spielen. Diese Beobachtungen stitzen die Hypothese,
dass Neutrophile bei der chronischen TB-Pathogenese sowohl entziindungsférdernde als auch
immunosuppressive Eigenschaften aufweisen kénnen. Sie sprechen auch dafir, neutrophile Zell-
populationen und Effektormolekdle in weiteren Studien zur Entwicklung wirtsspezifischer Tuberk-
ulosetherapien zu bertcksichtigen.
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Neutrophils Contribute to Severity of Tuberculosis Pathology
and Recovery From Lung Damage Pre- and Posttreatment

Caleb Nwongbouwoh Muefong,"? Olumuyiwa Owolabi,' Simon Donkor,' Salome Charalambous,® Abhishek Bakuli, Andrea Rachow,*®
Christof Geldmacher,* and Jayne S. Sutherland'
"Viaccines and Immunity Theme, Medical Research Council Unit The Gambia, London School of Hygiene and Tropical Medicine, Fajara, The Gambia; lenwersily of Munich, Munich, Germany;

*School of Public Health, Aurum Institute, Johannesburg, South Africa; *Division of Infectious Diseases and Tropical Medicine, University Hospital, University of Munich, Munich, Germany; and
“German Centre for Infaction Research, partner site Munich, Germany

Background. Despite microbiological cure, about 50% of tuberculosis (TB) patients have poor lung recovery. Neutrophils are
associated with lung pathology; however, CD16/CD62L-defined subsets have not been studied in TB. Using flow cytometry, we
monitored frequencies, phenotype, and function of neutrophils following stimulation with Mycobacterium tuberculosis (Mtb) whole
cell lysate (WCL) and ESAT-6/CFP-10 fusion protein (EC) in relation to lung pathology.

Methods. Fresh blood from 42 adult, human immunodeficiency virus (HIV)-negative TB patients were analyzed pre- and post-
therapy, with disease severity determined using chest radiography and bacterial load. Flow cytometry was used to monitor fre-
quencies, phenotype, and function (generation of reactive oxygen species [ROS], together with CD11b, tumor necrosis factor, and
interleukin 10 [IL-10] expression) of neutrophils following 2-hour stimulation with Mtb-specific antigens.

Results.  Total neutrophils decreased by post-treatment compared to baseline (P = .0059); however, CD16"CD62L™ (segmented)
neutrophils increased (P = .0031) and CD16%"CD62L" (banded) neutrophils decreased (P = .038). Banded neutrophils were lower
in patients with severe lung damage at baseline (P = .035). Following WCL stimulation, ROS from segmented neutrophils was higher
in patients with low Mtb loads even after adjusting for sex (P = .038), whereas IL-10-expressing CD169™CD62LY cells were higher
in patients with mild damage (P = .0397) at baseline.

Conclusions. High ROS generation, low levels of banded neutrophils, and high levels of IL- 10-expressing CD16™CD62L" neu-
trophils are associated with reduced lung pathology at diagnosis. Hence, neutrophils are potential early indicators of TB severity and

promising targets for TB host-directed therapy.
Keywords.

tuberculosis; neutrophils; immunosuppression; inflammation; lung damage.

Mycobacterium tuberculosis (Mtb) causes tuberculosis (TB)
which, despite being curable, is the single deadliest infectious
disease known to humans, with about 10 million cases in 2019
and 1.4 million deaths [1]. While there is an 85% treatment suc-
cess rate in human immunodeficiency virus (HIV)-negative
patients, about 50% of treated individuals suffer from any type
of post-TB lung disease, irrespective of smoking habits [2-4].
Patients with severe lung damage at diagnosis are more likely
to experience lasting pulmonary disability [5, 6], suggesting
that early diagnosis and treatment initiation are important
in limiting residual impairment. It is likely that exacerbated
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inflammatory response against Mtb prior to diagnosis results
in more severe lung pathology [7]. Hence, understanding the
heterogeneity from host-Mtb interactions and infectious out-
comes [8] is crucial to improving treatment outcomes. This
may be possible by reducing tissue damage and enhancing Mtb
clearance with host-directed therapies [9, 10].

Neutrophils are a heterogeneous population whose com-
bined activity results in different extent of inflammation and
disease outcomes [11-17]. Pillay and colleagues [18] ascribed
CD16"CD62L", CD16"™CD62L", and CD16"CD62L"™" neu-
trophils to segmented, banded, and hypersegmented subsets,
respectively. Recently, Tak and collaborators [19] showed that
neutrophils exhibiting low CD62L expression are distinct from
segmented and banded subsets. Indeed, segmented neutrophils
are the only phenotype circulating in homeostatic conditions
and hypersegmented neutrophils suppress T-cell activation
[18]; meanwhile, banded neutrophils exhibit efficient migration
[20], exhibit superior bacterial containment in acute inflam-
mation [13], and are more abundant in patients who develop
infectious complications [21]. Moreover, the percentage and ab-
solute number of banded neutrophils correlate positively with
TB-induced lung damage [22, 23].

Neutrophil Subtypes in TB Severity « CID 2021:XX (XX XXXX) « 1
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Neutrophils are reactive to a wide range of stimuli, especially
pathogen-associated molecular patterns (PAMPs) and damage-
associated molecular patterns (DAMPs) [24], and exposure
to these enhances inflammatory and antibacterial responses
and cell recruitment [25]. Kroon and collaborators [26] have
revealed that increased neutrophil numbers are linked to ex-
cessive inflammation and severe Active TB (ATB) pathology.
However, neutrophil numbers alone do not account for dif-
ferences in disease severity observed in patients at diagnosis.
Hence, the frequencies, levels of activation, and functionality of
different neutrophil phenotypes may be determinant factors of
ATB severity.

Studies on the influence of different neutrophil subsets on
specific inflammatory pathologies are scarce. CD16 and CD62L
expression appear to provide a common ground for neutrophil
identification, reconciling neutrophil granularity, density, and
expression of key activation markers. Furthermore, functional
attributes of different neutrophil subsets (based on CD16 and
CD62L expression) have not been studied in TB to date. We
hypothesize that variable frequencies and functionality of these
subsets may explain the different levels of lung damage seen
in ATB patients at baseline, and lung recovery after therapy.
Thus, the aim of this study was to determine the dynamics of
these neutrophil subsets at presentation and through standard
treatment and to correlate these with severity of lung pa-
thology based on chest radiograph (CXR) scores and Mtb load
(GeneXpert cycle threshold [Ct] value).

MATERIALS AND METHODS

Participants

A full scope of the methods used are provided in the
Supplementary Data. Ethical approval was obtained from the
Medical Research Council/The Gambia government joint
ethics committee (SCC1523). Adult, HIV-negative TB pa-
tients with GeneXpert Ultra (Cepheid)-positive results were
recruited from the TB clinic at the Medical Research Council
Unit The Gambia at the London School of Hygiene and Tropical
Medicine between April 2018 and October 2019 as part of a
parent study, TB Sequel [27], after providing written informed
consent. Sputum liquid mycobacterial growth indicator tube
culture was performed at baseline, 2 months, and 6 months
after TB treatment initiation, and blood samples were col-
lected at all time points. All patients were culture negative by
6 months. CXRs were scored using the Ralph score (RS) [28]
and patients were classified into mild and severe lung damage
groups. Ct values were determined from the GeneXpert read-
ings at baseline and patients were classified into high and low
Mtb load groups. Meanwhile, lung recovery was based on the
ratio of RS at baseline to RS at 6 months for patients with ini-
tially severe lung damage, and the patients were classified into
good and poor lung recovery groups.

Whole Blood Processing and Stimulation

Venous blood was collected in sodium heparin vacutainer tubes
(Becton Dickinson). Full blood counts were performed using a
Medonic M-series cell counter (Boule Medical AB, Sweden) and
antigen stimulation was performed within 2 hours of collection.
Two hundred microliters of whole blood was either left un-
stimulated (Nil) or stimulated with ESAT-6/CFP-10 (EC) fusion
protein, H37Rv whole cell lysate (WCL), or phorbol 12-myris-
tate 13-acetate (PMA). Absolute granulocyte counts were also
obtained from whole blood prior to stimulation. Details on the
methodology are provided in the Supplementary Data.

Statistical Analysis

For cytokine responses, background was subtracted using
the unstimulated (Nil) samples. Differences between base-
line, month 2, and month 6 samples within each group were
analyzed using a Kruskal-Wallis test followed by Dunn mul-
tiple comparisons test as indicated [29]. Differences between
paired baseline and month 6 samples were analyzed using a
Wilcoxon matched-paired rank test. For comparisons between
lung pathology groups, a Wilcoxon rank-sum test was used.
The Benjamini-Hochberg test was used to adjust for multiple
comparisons. A P value < .05 was considered to be statistically
significant. All statistical analyses were performed using R soft-
ware version 3.5.2 [30].

RESULTS

Patient Demographics

Details about patient demographics are provided in the
Supplementary Data. A total of 42 HIV-negative adults with
pulmonary TB were recruited, of whom 71% were males
(Supplementary Table 1). The median CXR score at baseline
was 57.5 (interquartile range [IQR], 25-65) with 21 patients
in each of the groups: mild (RS <57.5), of which 38.1% had 1
or more cavities, and severe (RS >57.5), of which 85.71% had
cavities. For patients with severe damage at baseline, the me-
dian change in CXR score (ARS) from baseline to 6 months
was 6.5 (IQR, 1.59-16.5) with 7 patients in the good re-
covery group (ARS >6.5) and 4 in the poor recovery group
(ARS <6.5). The median CXR scores for the mild and severe
groups posttreatment (6 months) were 5 (IQR, 0-10) and 5
(IQR, 5-13.5), respectively. For bacterial load calculations,
we analyzed the GeneXpert Ct values for all participants. The
median Ct value was 17.6 (IQR, 17.1-18.7) with 20 patients
in the high bacterial load group (Ct <17.6) and 21 patients in
the low bacterial load group (Ct >17.6). We found no corre-
lation between CXR-derived RS and GeneXpert MTB/RIF Ct
(R = -0.23, P =.15) at baseline (data not shown). There was
no difference in age between the severity groups in any cate-
gory (Supplementary Table 1). However, there was a significant
association between sex and lung damage (P = .0006) and be-
tween sex and Mtb load (P = .05) at baseline.

2 « CID 2021:XX (XX XXXX) « Nwongbouwoh Muefong et al
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Changes in Neutrophil Fi Reveal Ph

Heterogeneity

Neutrophil frequencies were determined using a hemoanalyzer,
while granulocyte frequencies were obtained by computing the
percentage of the granulocyte population from all single cells
acquired by flow cytometry (Supplementary Figure 1D). The
median granulocyte frequencies were 73.9 (IQR, 64.8-78.7) and
59.4 (IQR, 55.2-71.4) at baseline and 48.4 (IQR, 41.7-57.8) and
40.4 (IQR, 30.9-47.4) at 6 months for blood counts and flow
cytometry, respectively. Total neutrophil frequencies (using full

q Upon ATB Tr Yp

blood counts: P =.0059) and granulocyte frequencies (using
flow cytometry: P = .00004) in unstimulated samples decreased
significantly after treatment (Figure 1A and 1B).

Interestingly, while total neutrophil frequencies decreased,
this was subset specific: Frequencies of banded neutrophils de-
creased whereas segmented neutrophils increased by 6 months

of treatment (P =.038 and P =.0031, respectively; Figure 1C
and 1D). There were no significant differences in frequencies of
hypersegmented and CD16"™CD62L" subsets (Figure 1E and
1E). Patients with good lung recovery following treatment had
significantly higher granulocyte frequencies following both EC
(P=.011) and WCL (P =.042) stimulation than patients with
poor lung recovery (Figure 1G).

tad N

Banded and Seg
Pathology

phil Levels Correlate With Baseline Lung

At baseline and in the absence of stimulation, the frequencies
of banded neutrophils were significantly lower (P=.0395),
whereas segmented frequencies were higher but not significant
(P =.0721) in patients with severe damage compared to those
with mild damage (Figure 2A). Unadjusted and adjusted logistic
regression modeling of the effect of neutrophil phenotypes on
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Figure 1. Longitudinal measurement of percentage blood neutrophil during antituberculosis treatment. A, Boxplots show median (horizontal line in box) and interquartile

range of frequencies of granulocytes before and at treatment completion. The neutrophil counts in active TB patients were measured at baseline and at treatment completion
(month 6). Neutrophil frequencies decreased upon treatment completion compared to baseline (n = 42). B, Similarly, granulocyte frequencies determined by flow cytometry
also decreased after treatment. Immunofluorescence staining following 2-hour stimulation (or unstimulated [Nil]) with ESAT-6/CFP-10 fusion protein (EC), whole cell lysate
(WCL), or pharbol 12-myristate 13-acetate (PMA) allowed for subset identification based on CD16 and CD62L expression levels. Cand D, Segmented neutrophils decreased
(€) and banded neutrophils increased (D) as homeostatic conditions were restored in the mild (not severe) group. Fand £, CD16°"CD62L" (£) and hypersegmented neutrophil
frequencies (£} were unchanged between baseline and treatment completion. Each dot represents 1 individual patient. Pvalues were obtained using the Wilcoxon signed-
rank test. G, Boxplots show frequencies of granulocytes at baseline in good (n=7) and poor (n = 4) recovery groups. The Wilcoxon signed-rank test was used to analyze

differences between lung recovery groups at baseline. Abbreviation: TB, tuberculosis.
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lung damage provided further evidence of lower banded neu-
trophil levels (P = .035) in the severe damage group than in the
mild damage group (Supplementary Table 2). Conversely, there
was no difference in neutrophil frequencies between patients
with high vs low Mtb loads at baseline (data not shown). At the
end of treatment, we found no differences in proportions of
neutrophil subsets between either the mild and severe damage
or the low and high Mtb load groups (data not shown).

The decrease in granulocyte frequencies from baseline to month
6 was more significant in patients with severe damage (P = .0029)

or high Mtbload (P = .0098) compared to mild damage (P = .0161)
or low Mitb load (P=.0186), respectively (Figure 2B and
Supplementary Table 4), as confirmed by coefficients of x being
further from the value 1 for both severe/high groups than mild/low
groups (Supplementary Figure 2A and 2B). We also found that the
decrease in banded and concomitant increase in segmented neu-
trophil frequencies from baseline to treatment completion (Figure
1C and 1D) were exclusive to patients in the mild lung damage
group (P =.0024 and XXX [ns], respectively) and low Mth load
group (P =.032 and P = .0098, respectively) (Figure 2C and 2D).
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Figure 2. Percentage of neutrophils in severity groups before and after treatment. A, CD16/CD62L-defined neutrophil frequencies in active TB patients at baseline were
analyzed by flow cytometry within Ralph score—defined mild {n = 21, 0) and severe {n = 21, A) lung disease groups. Banded (CD16“"CD62L™) and segmented (CD16¥CD62L™)
neutrophils were lower and higher, respectively, in the severe group compared to the mild group. Values 2 standard deviations above/below the mean cell count were con-
sidered outliers and excluded fram analysis. Data are presented as boxplots and analyzed using Wilcoxon rank-sum test. B, Granulocyte frequencies decreased with treat-
ment completion. This decrease was more significant in the severe damage and high Mycobacterium tuberculosis {Mth) load groups compared to the mild damage and low
Mitb load groups, respectively. C, Compared to baseline, banded neutrophils decreased significantly after treatment in the mild damage (n = 12 and low Mtb load (n = 11)
groups, but not in the severe damage (n = 11) and high Mtb load groups (n = 11). D, In contrast, segmented neutrophils increased after treatment compared to baseline in
the mild damage and low Mtb load groups but not in the severe damage and high Mtb load groups. Wilcoxon signed-rank test was used to analyze differences between
treatment time within groups. Each dot represents a single patient. *P< .05; **P< .01. Abbreviations: 6M, month 6; BL, haseline; Ct, cycle threshold; ns, not significant; RS,

Ralph score; TB, tuberculosis.
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We monitored activation of the different neutrophil subsets
by determining CD11b expression before and after treat-
ment. Generally, following Mtb-specific stimulation,
CDI1Ib*CD16"™CD62L"° neutrophil frequencies decreased
after treatment. This trend in CD11b*CDI16%™CD62L" fre-
quency was significant in patients with severe damage (P = .011
and P=.0059; with EC and WCL, respectively) and low
Mtb load (P =.019 and ns; with EC and WCL, respectively)
(Figure 3A). Also, WCL stimulation led to significant increase
in CD11b" banded neutrophil frequencies from baseline to

treatment completion in patients with high Mtb loads (P = .014;
Figure 3B).

Patients With Low Mth Load at Baseline Have Higher Neutrophil
Oxidative Indices

While changes in the frequency of specific neutrophil
subsets following treatment appeared to be exclusive to in-
dividuals with mild lung damage at diagnosis, we also found
that reactive oxygen species (ROS) generation at diagnosis
was associated with differences in bacterial load but not
lung damage. ROS generation is measured as previously de-
scribed [31, 32], using the neutrophil oxidative index (NOI),
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Figure 3. CD11b expression by neutrophils before and after treatment. A, Patients with severe lung damage (top panel, n = 11) or high Mycobacterium tuberculosis (Mth)

load {n = 11, middle panel) showed higher frequencies of CD11b*CD16""CD62L"° neutraphils upon 2-hour stimulation with Mtb-specific antigens (ESAT-6/CFP-10 fusion
protein and whole cell lysate [WCL]) at baseline compared to treatment completion; meanwhile, patients with mild lung damage (n = 12) and low Mtb load (n = 11) showed
no significant difference in the frequency of this phenotype with treatment time. B, Patients with high Mtb load (n = 11) showed significant difference in the frequency of
CD11b-expressing banded neutrophils (CD11b*CD16"™CD62L™) with WCL stimulation following treatment compared to baseline; the low Mtb load group (n = 11) showed
none. Wilcoxon signed-rank test was used to analyze differences between treatment time within groups. *P < .05; **P< .01. Abbreviations: 6M, month 6; BL, baseline; EC,

ESAT-6/CFP-10 fusion protein; ns, not significant; WCL, whole cell lysate.
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which is the ratio of the median fluorescence intensity of
DHR in stimulated samples (EC, WCL, or PMA) to that
of unstimulated controls (Nil). CD16%™CD62L" neutro-
phils displayed the highest NOI, yielding on average more
ROS than banded (P =.0017), segmented (P =.0172), or
hypersegmented (ns) neutrophils following WCL stimula-
tion at baseline (Figure 4A). The levels of WCL-stimulated
ROS generated posttreatment between these subsets were
similar (Figure 4B). Furthermore, NOIs of granulocytes,
segmented, banded, and hypersegmented neutrophil pheno-
types correlated negatively with Mtb load following Mtb-
specific stimulations at diagnosis. These correlations were
only significant upon WCL stimulation in total granulo-
cytes (R = 0.42, P = .0062; Figure 4C), banded neutrophils
(R =10.58, P < .0001; Figure 4D), and segmented neutrophils
(R = 0.39, P = .0098; Figure 4E). Granulocytes, banded neu-
trophils, and segmented neutrophils generated relatively
higher levels of ROS (P = .0044, P = .0007, and P = .0222, re-
spectively) upon WCL stimulation in patients with low com-
pared to high Mtb loads at baseline (Figure 5A). Moreover,
sex-adjusted logistic regression modeling supported higher

NOI (P =.038) in the low Mtb load group compared with
the high Mtb load group only for segmented neutrophils
(Supplementary Table 3). Meanwhile, there was no differ-
ence in NOI by any subset between the mild and severe lung
damage groups at baseline (Figure 5B).

Interleukin 10* Neutrophil Frequencies Vary With ATB Severity and
Treatment

Overall, neutrophils portrayed monofunctional cytokine ex-
pression profiles and we observed higher levels of interleukin
10 (IL-10) and tumor necrosis factor (TNF) production from
CD16™CD62L"° neutrophils following EC and WCL stimu-
lation compared with unstimulated samples (Supplementary
Figure 3). At baseline, the frequency of IL-10°CD164™CDé62L"°
neutrophils were higher following WCL stimulation in patients
with mild lung damage (P = .0397) compared to those with se-
vere damage; however, this was not significant after adjusting
for sex (Supplementary Table 3). Meanwhile there was no dif-
ference in the frequency of TNF-expressing neutrophils be-
tween severity groups (Figure 6A). We also found that IL-10"
hypersegmented neutrophil frequencies were significantly
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higher (P =.00857; data not shown) in patients with low Mtb
load compared to high Mtb load at the 6-month time point.
Interestingly, we found that TL-10" banded neutrophil frequen-
cies increased in patients with severe lung damage (P =.014),
whereas 1L-10" segmented neutrophils decreased in patients
with mild lung damage (P =.044) from baseline to treatment
completion with WCL stimulation (Figure 6B and 6C, respec-
tively). We also found no differences in either IL.-10+ or TNF*
neutrophil frequencies between severity groups at the 6-month
time point (data not shown).

DISCUSSION

Our aim was to determine if variations in neutrophil-related
immunological correlates could explain the difference in ATB

lung pathology at baseline and after successful therapy. We
show that blood neutrophils from ATB patients show different
phenotypes and functionality when exposed to Mitb-specific
antigens before and after therapy. Notably, most patients with
severe lung pathology at baseline were males. Hence, for the re-
covery analysis, the majority of women were excluded.

Low banded (CD16%™CD62L™) and high segmented
(CD16”CD621") neutrophil frequencies at diagnosis were as-
sociated with more severe lung pathology. A previous study re-
ported significantly higher levels of segmented neutrophils in
patients with greater areas of affected lungs, which supports our
findings [22]. Additionally, we found no differences in neutro-
phil levels between the high and low Mtb load groups, which is
consistent with previous observations from Scott et al, where
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Figure 5. Neutrophil oxidative indices {NOIs) of neutrophil subsets in cycle threshold value—defined severity groups at diagnosis. A, At baseline, granulocytes,

CD16%"CD62LY neutrophils (banded), and CD16"CD62L™ neutrophils (segmented) had higher NOIs following 2-hour whole cell lysate stimulation in patients with low
Mycobacterium tuberculosis {Mtb) load (n = 20) compared to those with high Mtb load (n = 18). B, There were no significant differences in NOI between mild (n = 20) and
severe (n = 21) lung damage groups at baseline. Wilcoxon rank-sum test was used to analyze differences between groups at baseline. *FP< .05; **P< .01; ***FP< .005.
Abbreviations: Ct, cycle threshold; NOI, neutrophil oxidative index; ns, not significant; RS, Ralph score.
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Figure 6. Frequency of interleukin 10 {IL-10)* neutrophils pretreatment following whole cell lysate (WCL) stimulation. A, Following 2-hour stimulation with WCL, the base-

line (BL) frequencies of IL-10-expressing CD16“™CD62L" neutrophils were higher in patients with mild damage (n = 19) than in patients with severe damage (n = 20). There
were no significant differences in tumor necrosis factor (TNFl-expressing neutrophil frequencies between ATB severity groups at diagnosis. Wilcoxon rank-sum test was
used to analyze differences between groups at BL. B, Frequency of IL-10—expressing banded (IL-10°CD16°™CD62L") neutrophils is higher at manth 6 (6M) compared to BL in
patients with severe lung damage. C, IL-10—expressing segmented (IL-10°CD16CD62L™) neutrophil frequencies are higher at BL compared to 6M in the mild lung damage
group. Wilcoxon signed-rank test was used to analyze differences between treatment time within groups. *P < .05. Abbreviation: ns, not significant.

mice depleted of neutrophils showed no differences in lung and
spleen Mtb burden [33].

We also observed decreased frequencies in total neutro-
phils after treatment, which supports previous findings by
Ndlovu and colleagues [34]. This decrease was more pro-
nounced in patients with severe lung damage or high Mtb
load compared with those with mild damage or low Mtb load,
respectively. Frequencies of banded neutrophils decreased
while segmented neutrophil frequencies increased. These
changes in segmented neutrophils (characteristic of home-
ostatic conditions) and banded neutrophils (which circu-
late following inflammation) [18] occurred only in patients
with mild lung damage or low Mtb loads, suggesting that

homeostatic conditions are restored in patients with mild but
not severe pathology soon after standard treatment comple-
tion. This supports previous suggestions that functional pul-
monary impairment only begins to improve several months
after the end of standard TB therapy [35, 36].

We also observed higher baseline granulocyte frequencies
in patients with poor recovery than in those showing good re-
covery. This is the first time that such evidence is shown and
supports the argument that heightened neutrophil levels con-
tribute to lung damage. It also suggests that exacerbated neutro-
phil levels in circulation reduce lung recovery potential.

The frequency of Mtb-specific
CD11b*CD16™CD62L"° neutrophils was reduced

activated
after
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treatment in patients with initially severe damage, suggesting
that this subset may be preferentially activated pretreatment in
ATB patients. While this supports previous findings that im-
proved Mib control in mice is associated with reduced lung
neutrophil accumulation within TB granulomas and decreased
expression of CD11b on neutrophils [33], it also reveals a direct
proinflammatory role played by CD16*™CD62L" neutrophils in
ATB pathogenesis, which is subsequently dampened following
treatment and resolution of Mtb-induced lung inflammation/
pathology.

IL-10 is an immunomodulatory cytokine, usually associ-
ated with immunosuppressive outcomes in ATB [37]. At di-
agnosis, the proportion of IL-10-expressing CD164™CD62L"
neutrophils were higher in patients with mild lung damage.
To our knowledge, this is the first study to show circulating
neutrophil-specific IL-10 expression during ATB disease in
humans. Our results suggest that CD16“™CD62L" neutro-
phils autoregulate their activated proinflammatory poten-
tial by expressing IL-10, which results in milder pathology.
Hence, neutrophil-related IL-10-mediated immunosuppres-
sion may contribute to limiting ATB severity. Interestingly,
our data reveal that levels of TNF-expressing neutrophils are
similar between CXR or Mtb burden groups. This suggests an
imbalance between neutrophilic pro- and anti-inflammatory
cytokines, which results in immunosuppressive outcomes (in
patients with mild pathology) mediated by CD16%™CDe621"°
neutrophils pretreatment. Treatment completion resulted in
increased and decreased IL-10 expression by banded (in pa-
tients with severe lung damage at baseline) and segmented (in
patients with mild damage at baseline) neutrophils, respec-
tively, further highlighting the opposing ways in which these
2 subtypes act.

While we found no differences in ROS generation levels
between lung damage groups, NOITs of total, segmented, and
banded neutrophils correlated positively with Ct values (ie,
negatively with Mtb load) at baseline. To our knowledge, this
is the first study that shows a relationship between neutrophilic
ROS generation and Mtb load in ATB. This aligns with claims
by others that reduced ROS is linked to increased susceptibility
to bacterial and fungal infections in elderly individuals [38].
Furthermore, this correlation was only significant following
WCL (not EC or PMA) stimulation. This is presumably because
WCL contains more DAMPs and PAMPs, which neutrophils
can recognize via pattern recognition receptors such as Toll-
like receptors or C-type lectin receptors [39, 40]. This is also
the only instance where we see a similar functional outcome
between segmented and banded neutrophil activities. It sug-
gests that ROS generation by neutrophils is a basic functional
attribute, whereas cytokine expression in neutrophils may be
more adaptable (leading to varied attributes in different pheno-
types or immune conditions). Hence, coupled to frequencies of
neutrophil subsets and IL-10 expression levels, NOI could be

useful as a biomarker for predicting the likelihood of developing
severe ATB as well as for evaluating ATB severity at diagnosis.

In summary, we show that frequencies of segmented and
banded neutrophil phenotypes and their capacity to generate
ROS are linked to disease severity in HIV-negative ATB patients
in The Gambia. Our data also show that increased ROS gener-
ation, high levels of banded neutrophils, and high frequencies
of IL-10-expressing CD16%™CD62L" all play a protective role
in ATB pathogenesis by limiting lung impairment or reducing
Mtb burden. Tuberculosis remains a global health threat, and
we show that Mtb infection leads to neutrophil recruitment and
differentiation into functional subsets. Our data suggest that
while some neutrophil subsets are proinflammatory, others can
be protective with immunosuppressive functions. Identifying
the mechanism(s) that limit or promote neutrophil differenti-
ation into either subset can directly aid in the design of novel
targeted therapeutics against Mtb. Thus, neutrophil-mediated
(subtypes and their immunosuppressive or ROS generation
capacities) TB susceptibility and disease severity can be targeted
as immune and host-directed therapies for TB progression and
severity based on the findings of this study.
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Supplementary materials are available at Clinical Infectious Diseases online.
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Background: The infllmmatory response to Mycobacterium tuberculosis results in
variable degrees of lung pathology during active TB (ATB) with central involvement of
neutrophils. Little is known about neutrophil-derived mediators and their role in disease
severity at baseline and recovery upon TB treatment initiation.

Methods: 107 adults with confirmed pulmonary TB were categorised based on lung
pathology at baseline and following successful therapy using chest X-ray scores (Ralph
scores) and GeneXpert bacterial load (Ct values). Plasma, sputum, and antigen-stimulated
levels of MMP1, MMP3, MMP8, MMP9, MPO, S100A8/9, IL8, IL10, IL12/23(p40), GM-
CSF, IFNy, and TNF were analysed using multiplex cytokine arrays.

Results: At baseline, neutrophil counts correlated with plasma levels of MMP8
(rho = 0.45, p = 2.80E-06), S100A8 (rho = 0.52, p = 3.00E-08) and GM-CSF
(rho = 0.43, p = 7.90E-086). Levels of MMP8 (p = 3.00E-03), MMP1 (p = 1.40E-02),
S100A8 (p = 1.80E-02) and IL12/23(p40) (p = 1.00E-02) were associated with severe
lung damage, while sputum MPO levels were directly linked to lung damage (p = 1.80E
—03), Mtb load (p = 2.10E-02) and lung recovery (p = 2.40E-02). Six months of TB
therapy significantly decreased levels of major neutrophil-derived pro-inflammatory
mediators: MMP1 (p = 4.90E-12 and p = 2.20E-07), MMP8 (p = 3.40E-14 and p =
1.830E-05) and MMP9 (p = 1.60E-04 and p = 1.50E-03) in plasma and sputum,
respectively. Interestingly, following H37Rv whole cell lysate stimulation, S100A8 (p =
2.80E-02), MMP9 (p = 3.60E-02) and MPOQ (p = 9.10E-03) levels at month 6 were
significantly higher compared to baseline. Sputum MMP1 (p = 1.50E-03), MMP3 (p =
7.58E-04), MMP9 (p = 2.60E-02) and TNF (p = 3.80E-02) levels were lower at month
6 compared to baseline in patients with good lung recovery.

Conclusion: In this study, patients with severe lung pathology at baseline and persistent
lung damage after treatment were associated with higher plasma and sputum levels of
major pro-inflammatory neutrophil-derived mediators. Interestingly, low sputum MPO
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levels were associated with severe lung damage, higher Mtb burden and low recovery.
Our data suggest that therapeutic agents which target these mediators should be
considered for future studies on biomarkers and host-directed therapeutic approaches
against TB-related lung pathology and/or lung recovery.

Keywords: tuberculosis, neutrophils, myeloperoxidase, S100A8/9, MMP8, lung pathology

INTRODUCTION

Tuberculosis (TB) caused 1.2 million deaths from HIV-negative
individuals in 2019 (1). While treatment is available, former
patients are more likely to experience long-term pulmonary
disability (2) and only about 50% of patients achieve full
recovery from lung damage (3). It has been suggested that
higher initial inflammatory responses against Mycobacterium
tuberculosis (Mtb) lead to more severe lung damage prior to
treatment initiation (4) and thus reduced of recovery
following treatment.

Inflammatory mediators generated during the natural
immune response to Mtb (5) are linked to increased disease
severity, bacterial burden and delayed culture conversion.
However, the overall inflammatory response depends on the
interplay between pro- and anti-inflammatory mediators (6).
Interestingly, reports show that severe inflammation and lung
damage following Mycoplasma pneumoniae infection in mice
may be a result of oxidant-antioxidant imbalances which can be
reduced by immunosuppression (6). Similarly, certain neutrophil
sub-types have been shown to express immunosuppressive
functions including: CD16"8"CD62L"" neutrophils (7) and
granulocytic myeloid-derived suppressor cells (G-MDSCs) (8,
9). These support the idea that an equilibrium between
neutrophilic pro- and anti-inflammatory functions (10-14)
determines the extend of inflammation and lung damage in
TB patients.

Previous studies have investigated a broad range of
biomarkers for TB disease progression and lung damage
severity in humans (15-19), recently reviewed (20-22). While
some neutrophilic activities have been tested, major neutrophil-
derived mediators have not been the main focus. Neutrophils are
mainly pro-inflammatory but recent studies reveal that different
subtypes also display anti-inflammatory functions (11, 14, 23,
24) depending on the type and quantity of inflammatory
mediators produced. A current challenge is to elucidate which
neutrophil subtypes and mediators are predominantly pro- or
anti-inflammatory during active TB and to determine the
underlying immunological mechanisms involved in protective
outcomes. Muefong and Sutherland reviewed (12) promising
neutrophil-derived targets for developing host directed therapies
(HDTs) against TB-induced lung pathology. We also recently
showed, in a smaller group of participants from this Gambian
cohort, that immature (banded) neutrophils and IL10-expressing
CD16%"CD62L"" neutrophils are associated with reduced lung
damage in active TB patients pre-treatment (13). Additionally,
MDSCs are currently considered in the development of HDTs
against TB progression and Mtb control (9, 25, 26) due to their

role as effectors of Mtb pathogenesis and their modulatory role
on T-cell function.

Studies in mice (27), macaques (28, 29) and humans (30, 31)
suggest that heightened neutrophil function correlates with
tissue injury. For example, during hypoxic conditions, human
neutrophils have been shown to drive tissue destruction during
ATB by secreting matrix metalloproteinases (MMPs) like MMP8
and MMP9 (32). Sputum MMP levels have also been associated
with disease severity in ATB patients pre-treatment (33) and
excess MMP activity enhances tissue injury in clinical studies and
preclinical models of pulmonary pathology (34). S100A8/9 is
another neutrophil-derived mediator known to exacerbate the
inflammatory response to Mtb infection and it is currently
targeted in Mtb control studies (28, 35).

On the other hand, recent studies highlight an immunoregulatory
effect of granulocytes (36). In mice exposed to zymosan, deficiency in
myeloperoxidase (MPO)—a major constituent of neutrophil
granules—results in severe lung inflammation (37), suggesting that
MPO could play immunomodulatory functions; an observation
which has not been made in TB. Hence, different neutrophil-
related mediators could differentially influence ATB-related
lung pathology.

We contribute to the field of TB biomarkers by focusing on
major neutrophil-derived inflammatory mediator levels in ATB
patients and relate this to chest X-ray (CXR) based lung
pathology scores and bacterial load before and after TB
therapy. We address gaps in our understanding of TB
pathogenesis by monitoring the impact of neutrophil-derived
mediators on the severity of TB-induced lung pathology to
inform future experiments in controlled animal models
investigating TB HDTs.

METHODS
Ethics Approval

Ethical approval was obtained from the Medical Research
Council/Gambia government joint ethics committee
(SCC1523). All study participants provided written informed
consent prior to collection of samples.

Participants

Adult, TB patients with positive GeneXpert (Cepheid, USA)
results were recruited from the TB clinic at the MRC Unit The
Gambia at LSHTM between April 2018 and October 2019 as part
of a parent study, TB Sequel (3). This study was conducted on a
sub-cohort of TB Sequel and patients were selected based on
their lung recovery outcome post-treatment. All participants
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were later confirmed to have a positive mycobacteria growth
indicator tube (MGIT) culture result at baseline, were drug
sensitive and had not previously received anti-TB therapy
(ATT). They were given standard TB therapy consisting of 2
months intensive phase and 4 months continuation phase.
Sputum liquid MGIT culture was performed at baseline (BL), 2
months (2M) and 6 months (6M) after ATT initiation.
Heparinised blood and sputum samples were collected and
processed at BL, 2M and 6M of standard treatment. All
patients were culture negative by 6M and HIV positive patients
were excluded from analysis.

Scoring of Chest Radiographs

Chest radiographs were analysed based on the Ralph score (RS)
(38). Briefly, posteroanterior chest radiographs were assessed for
the percentage of the lung fields affected by known ATB features.
When at least one cavity could be identified, 40 points were
added to the value of percentage lung affected. The median
[interquartile range (IQR)] RS score at baseline (RSpeq) of all
participants in our cohort was determined, 65 [29-80]. Lung
damage severity (pre- and post-treatment) groupings were
defined as follows: “mild pathology” (RS < RSyeq) and “severe
pathology” (RS 2 RSpseq).

GeneXpert MTB/RIF Results

The GeneXpert® machine (Cepheid, USA) was used to
determine cycle threshold (Ct) values at baseline. The lowest
Ct value generated among the five rpoB probes of Xpert MTB/
RIF (or of the four rpoB probes in the nested-PCR stage for
GeneXpert Ultra) was taken as a measure of the Mtb cell number
(39). The median [interquartile range (IQR)] Ct value (Ctpgea) of
all participants was computed, 17.4 [17.1-18.4]. Patients were
grouped into: “high Mtb load” (Ct < Ctyeq) and “low Mtb load”
(Ct > Ctmea) groups.

Recovery from Severe Lung Pathology
After Treatment

For each patient, RS changes (ARS) from BL to 6M (ARS = RS at
BL/RS at 6M) and median change [IQR] in RS of the entire
cohort (ARSy.q) were computed, 6.5 [1.6-14]. Patients were
grouped into: “Good” (ARS = ARSysq) and “Poor” (ARS <
ARSpmeq) lung recovery groups. Nine participants had a ARS
equal to the ARSy;4.

Sputum Sample Supernatant Collection
Aliquots of sputum were digested with an equal volume of
Sputolysin (MerckMillipore, USA) for 15 min and centrifuged.
The supernatant was harvested and stored at —80°C until use.

Whole Blood Processing, Storage

and Stimulation

Plasma was obtained from blood vials by centrifugation at 2,500
rpm and stored at —80°C prior to use. Approximately 500 pl of
whole blood was stimulated with either ESAT-6/CFP-10 peptide
pool (EG; at 2.5 pug/ml/peptide), purified protein derivative (PPD
at 10 pg/ml; Staten Serum Institute, Denmark), H37Rv whole cell
lysate (WCL; at 10 pg/ml; BEI Resources, USA) or phorbol

12-myristate 13-acetate (PMA; positive control; 10 pg/ml) along
with co-stimulatory antibodies (anti-CD28, anti-CD49d; Becton
Dickinson, USA); or unstimulated/cultured with medium alone
(NIL; negative control). Following overnight incubation at 37°C,
5% CO,, plates were spun (1,500 rpm, 5 min) and 200-250 pl of
supernatant was harvested from each well into 0.5 ml Sarstedt
tubes prior to storage at —80°C for multiplex cytokine assays.

Multiplex Cytokine Arrays

Multiplex cytokine arrays were performed using a customised
13-plex inflammatory marker panel (R&D Systems, USA)
according to the manufacturer’s instructions. The 13 analytes
measured were GM-CSFE, IL8/CXCL8, 1L12/23(p40), MMP3,
MMP9, S100A8, S100A9, TNF, IFNy, IL10, MMP1, MMPS,
and MPO. The minimum levels of detection for these were:
11.52, 2.96, 383.13, 78.48, 128.31, 74.86, 8.44, 42.35, 3.70, 40.95,
241.11, 113.00, and 26.87 pg/ml, respectively. Briefly, lyophilised
standards were reconstituted and serial dilutions performed.
Coupled beads were diluted in assay buffer and 50 pl were
added to each well of the assay plate. Approximately 50 pul of
diluted standards, blanks, samples (plasma, ag-stimulated
supernatants or ex vivo sputum) and controls were added per
well. Plates were then incubated at room temperature (RT), with
shaking (350 rpm, 2 h) followed by three washes in wash buffer.
Detection antibodies were diluted in detection antibody diluent
as recommended and 50 pl added to each well followed by
another 1 h incubation period. Following three washes, 100x
streptavidin-PE was diluted in wash buffer (one in 100) and 50 pl
added to each well. Plates were then incubated for 30 min and
washed three times. Approximately 100 pul of assay buffer were
then added to each well, plates were shaken for 2 min and read
using Bioplex 200 plate reader with Bio-Plex Manager Software
(version 6.1; Bio-Rad, Belgium).

Data Analysis

All statistical analyses were performed using R version 3.5.2 (40).
For antigen-specific blood responses, background was subtracted
using the unstimulated (NIL) samples. Non-parametric tests were
used for all comparisons. Differences between BL, 2M and 6M
samples within each group were analysed using a Kruskal-Wallis
test with Dunn’s post-test comparison. For comparisons between
severity, treatment response and recovery groups, a Wilcoxon
rank sum test was performed. The Benjamini-Hochberg test (41)
was used to adjust for multiple comparisons throughout. Adjusted
p values (q values) of less than 0.05 were considered statistically
significant. Linear regression models were used to determine
significant differences after adjusting for sex.

RESULTS

Patient Demographics

We analysed pre-selected plasma and sputum samples from 107
adult HIV negative, pulmonary TB patients of which 77% were
males (Table 1). The median [interquartile range (IQR)] CXR score
at baseline was 65 [29-80] with 46 patients in the mild (RS <65) and
61 patients in the severe group (RS 265). The median [IQR] CXR
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TABLE 1 | Patient demographics.

Total CXR-defined GeneXpert-defined Lung Recovery
Mild Severe Low High NA Good Poor
N =46 N =61 N =53 N =45 N=9 N =30 N=22
Age 32 [23-40] 29.5 [21-39] 32 [26-41] 29 [22-40] 31[25-40] 32 [30-34] 32 [24-41] 32 [26-37]
Male 82 (77) 29 (63) 53 (87) 34 (64) 40 (89) 8 (89) 26 (87) 19 (86)
n (%)
p = 3.90E-03 p = 4.50E-03 ns

ns, not significant; CXR, chest X-ray; age = median [interquartie rangej.

score for the mild and severe groups at baseline was 25 [16.2-51.5]
and 75 [65-90] respectively. For patients with severe damage at
baseline, the median [IQR] change in CXR scores (ARS) from
baseline to 6 months was 6.5 [1.6-14] with 30 patients in the good
recovery (ARS 26.5) and 22 in the poor recovery group (ARS <6.5).
Within the good and poor recovery groups, the median [IQR] ARS
was 14 [9.5-18] and 1.5 [1.3-2.6], respectively. Nine of the patients
with severe damage at BL could not be classified into either good or
poor recovery groups due to missing month 6 CXR scores (NA). At
the end of treatment (6M) the median [IQR] CXR for the mild and
severe groups was 5 [0-10] and 5 [5-13.5], respectively. For
bacterial load calculations, we analysed the Xpert Ct values for all
participants. The median [IQR] Ct value was 17.4 [17.1-18.4] with
45 patients in the high bacterial load group (Ct <17.4) and 53
patients in the low bacterial low group (Ct >17.4). The median
[IQR] Ct values for the high and low bacterial load groups were 17.0
[16.8-17.1] and 184 [17.8-19.6], respectively. CXR-derived Ralph
scores and Xpert MTB/RIF cycle threshold weakly correlated (tho =
—0.24, p = 140E-02) at baseline. No differences in age were
observed in the mild vs. severe lung damage, low vs. high Mtb
load and good vs. poor recovery groups (Table 1). Male sex was
associated with higher levels of lung damage (p = 3.90E-03) and
Mitb loads (p = 4.50E—03) but not with reduced lung recovery (ns).

Analysis of ATB Severity

The two measures of ATB severity that we used were sputum
GeneXpert Ct values and CXR Ralph scores. There was a weak
negative correlation between patient Ct values and Ralph scores
at baseline (rtho = -0.24, p = 1.40E-02) (Supplementary
Figure 1A) as previously reported (42). We also observed a
weak positive correlation between baseline Ralph scores and
neutrophil counts (tho = 0.22, p = 2.50E-02) but not between
baseline Ct values and baseline percentage neutrophil counts
(Supplementary Figures 1B, C).

Neutrophil levels are associated with higher risk of lung damage
(10) and death in TB patients (30) and we recently showed that
neutrophil activation and function vary in ATB patients based on
the severity of the lung pathology (43). Hence, we monitored the
impact of neutrophil counts and neutrophilic inflammatory
mediator levels on lung damage severity or Mtb burden.

Association Between Neutrophil Count
and Analyte Concentrations in

Plasma at Baseline

At baseline, plasma concentrations of all inflammatory mediators,
excluding MPO and MMP9, correlated with absolute neutrophil

counts (Table 2). The strongest correlations were observed for MMP8
(tho = 045, p = 2.80E-06), S100A8 (rho = 0.52, p = 3.00E-08),
S100A9 (tho = 033, p = 6.30E-04) and GM-CSF (rho = 043, p =
7.90E-06). Analysis within groups showed that plasma MPO was
associated with neutrophil counts in patients with high Mtb load only
(tho = 0.37, p = 1.50E-02) and MMP9 was associated with
neutrophil counts in patients with severe lung damage only (rho =
026, p = 4.10E-02) (Table 3). SI00A8, MMP8, S100A9, IL10, GM-
CSF, TNF, and IFNy correlated with neutrophil count in patients with
both severe lung damage and high Mtb load at baseline (Table 3).

For patients with mild lung damage at baseline, correlations
were weaker and only significant for MMP8, S100A8, and S100A9
(Table 3). Likewise, within the low Mtb load group, significant
correlations were only observed for SI00A8, TNF, and GM-CSF
(Table 3). These values reveal that while most plasma neutrophilic
inflammatory marker levels are generally associated with
neutrophil counts irrespective of the severity of lung pathology,
MPO and MMP?9 are only associated with neutrophil counts in
patients with a severe form of lung pathology.

Analysis of Neutrophil Mediators in
Relation to Lung Pathology and

Sex at Baseline

Plasma concentrations of MMP8, MMP1, S100A8, [112/23(p40),
IFNY, IL8, and TNF were significantly elevated in patients
with severe lung damage at baseline compared to those
with mild damage (p = 9.00E-04, p = 9.30E-03, p = 2.50E-03,

TABLE 2 | Correlation between neutrophil count and analyte concentrations
at baseline.

rho p-value

MMP1 0.20 ns

MMP3 0.23 2.20E-02
MMPB 0.45 2.80E-08
MMP9 0.16 ns

MPO 0.021 ns

S51000A8 0.52 3.00E-08
S100A9 0.33 6.30E-04
L8 0.22 3.00E-02
IL10 0.32 1.30E-03
1L12/23(p40) 032 1.10E-03
GM-CSF 0.43 7.90E-06
TNF 0.38 1.00E-05
IFNy 0.36 2.40E-04

ns, not significant; rho, spearman’s rank correlation coefficient.

Frontiers in Immunology | www.frontiersin.org

November 2021 | Volume 12 | Article 740933



31

Muefong et al.

Neutrophil-Derived Mediators Influence TB Severity

TABLE 3 | Correlation between neutrophil count and analyte concentrations in plasma for patients with different degree of lung damage (CXR) and Mtb load

(GeneXpert) at baseline.

Analyte Lung damage Mtb load
Mild Severe Low High

rho p-value rho p-value rho p-value rho p-value
MMP1 0.16 ns 0.16 0.20 ns 0.18 ns
MMP3 013 ns 0.26 0.26 ns 0.1 ns
MMP8 0.46 2.00E-03 0.40 2.10E-03 0.27 ns 0.65 2.80E-06
MMPQ -0.13 ns 0.26 4.10E-02 0.04 ns 0.29 ns
MPO -0.13 ns 0.10 -0.18 ns 0.37 1.50E-02
S1000A8 0.39 9.70E-03 0.49 8.20E-05 0.41 3.50E-03 0.59 2.80E-05
S100A9 0.39 1.00E-02 0.27 4.00E-02 0.26 ns 0.47 1.40E-03
L8 0.08 ns 0.26 4.70E-02 0.09 ns 0.30 ns
IL10 0.28 ns 0.38 3.80E-03 0.20 ns 0.42 6.40E-03
IL12/23(p40) 018 ns 0.36 6.40E-03 0.13 ns 0.50 7.20E-04
GM-CSF 0.27 ns 0.50 5.40E-05 0.34 1.60E-02 0.51 5.50E-04
TNF 018 ns 045 4.10E-04 0.38 7.30E-03 0.37 1.60E-02
IFNy 018 ns 043 8.20E-04 0.21 ns 0.46 1.90E-03

ns, not significant; rho, spearman’s rank coefficient.

p = 3.50E-03, p = 7.70E—03, p = 2.10E—02, and p = 420E—02,
respectively; Figure 1A).

Severe lung damage was associated with plasma MMPS,
MMP1, S100AS8, IL12/23(p40), and IENYy (p = 3.00E—03,
p = 1.40E-02, p = 1.80E—02, p = 1.00E-02, and p = 1.90E—02,
respectively) even after adjusting for sex (Supplementary
Table 5 and Supplementary Figure 2A). With respect to Mtb
burden at baseline, the only difference in plasma inflammatory

mediator levels between high Mtb and low Mtb load groups was
observed for S100A9 (p = 4.60E—02, adjusted for sex)
(Supplementary Table 5).

In sputum, MMP8 (p = 7.40E—03) levels were higher in
patients with severe lung damage at baseline (Figure 1B)
however, this was not significant after adjusting for sex. TNF
levels were associated with lung damage severity only after
adjusting for sex (p = 5.70E—-02 and p = 4.50E—02; unadjusted
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FIGURE 1 | Comparisons of inflammatory mediator concentrations at baseline. (A) In plasma, patients with severe lung damage (n = 61) had higher levels of
proinflammatory mediators than those with mild lung damage (n = 46). (B) Sputum levels of mmp8 were higher whilst MPO and IL10 were lower in patients with
severe (n = 60) compared to mild lung (n = 36) damage. (C) Whereas sputum S100A8 was higher and MPO was lower in patients with high Mtb loads (n = 45)
compared to low Mtb loads (n = 53). Boxes represent the first and third quarties and horizontal bars within indicate median concentration. Whiskers indicate minimum
and maximum values. Each dot represents one individual patient. P-values were obtained using the Wilcoxon signed rank test.
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and adjusted for sex, respectively) (Supplementary Table 6). In
contrast, baseline sputum levels of IL10 (p = 5.00E-02) and
MPO (p = 1.20E-03) were significantly lower in severe lung
damage compared to mild lung damage group (Figure 1B). For
MPO, the association with lung damage was significant (p =
1.80E-02) even after adjusting for sex (Supplementary Table 6
and Supplementary Figure 2B). Additionally, sputum MPO
(p = 440E-03) and S100A8 (p = 1.30E-02) concentrations
were significantly lower and higher, respectively in patients
with high Mtb load compared to those with low Mtb load
(Figure 1C). This association between MPO levels and Mtb
load was significant (p = 2.10E-02) even after adjusting for sex
(Supplementary Table 6). For whole blood stimulated samples
(EC, PPD, WCL, and PMA), there was no significant difference
in baseline inflammatory mediator levels between either severe
and mild lung damage or high and low Mtb loads (not shown).

‘We also observed that sputum MMP1 (p = 2.70E-02) and
plasma concentrations of MMP3, IL8, IL10, [L12/23(p40), GM-
CSF, and TNF (p = 3.00E-03, p = 3.76E-02, p = 4.03E-02, p =
3.30E-02, p = 2.65E-02, and p = 3.36E—-02, respectively) were
higher in males compared to females (Supplementary Table 1).
Interestingly, sputum MPO concentrations were higher females
(p = 1.85E-02) (Supplementary Table 1).

Changes in Neutrophil Mediator
Concentrations Post-Treatment

The majority of pro-inflammatory mediators in plasma
decreased during TB treatment except for MMP3, MPO, and
IL8 (Supplementary Table 2). Compared to baseline, plasma
levels were lower at month 2 and month 6, respectively for
MMP1, MMP8, MMP9, S100A8, SI00A9, TNF, IFNy, GM-CSF,
IL10, and IL12/23(p40) (Supplementary Table 2). In sputum,
concentrations of MMP1, MMP3, MMP8, MMP9, and TNF
were significantly lower at both month 2 and month 6, when
compared with baseline (Supplementary Table 2).

Additionally, sputum GM-CSF (p = 5.50E-07), TNF (p =
2.10E-05), IFNYy (ns), SI00A8 (ns), and MPO (ns) were higher at
month 6 compared to baseline (Supplementary Table 2).
Interestingly, the concentrations of these specific mediators in
whole blood stimulated samples were also higher after treatment
compared to baseline. Notably, this increase was significant at
month 6 for GM-CSF [EC, p = 2.70E-02; PPD, p = 1.50E-09;
WCL, p = 2.80E-05, and PMA, p = 6.70E-11], TNF [EC, p =
2.80E-02; PPD, p = 2.00E-03; WCL, p = 2.00E-04 and PMA,
p = 2.00E-02], IFENYy [EC, (ns); PPD, p = 3.20E-08; WCL, p =
6.30E-03 and PMA, p = 1.00E-11], S100A8 [EC, (ns); PPD, (ns);
‘WCL, p = 2.80E-02 and PMA, (ns)), MPO (EC, (ns); PPD, (ns);
WCL, p = 9.10E-03 and PMA (ns)] and MMP9 [EC, (ns); PPD,
p = 1.90E-08; WCL, p = 3.60E-02 and PMA, p = 540E-07]
(Supplementary Table 2).

The decrease in plasma and sputum concentrations of these
mediators at month 6 compared to baseline was more
pronounced in patients with initially (at baseline) severe lung
damage (Supplementary Table 3) or initially high Mtb loads
(Supplementary Table 4). Interestingly, this decrease in
concentrations was exclusive to the initially severe lung

damage group for S100A8 (p = 4.61E-09), MMP9 (p = 1.26E
—02), IL10 (p = 3.86E—04), TNF (p = 3.77E—06), IFNY (p = 3.84E
—07) and GM-CSF (p = 4.54E—05) levels in plasma; and for
MMPI (p = 1.90E-05), MMP8 (p = 4.99E-05) and TNF (p =
1.31E-03) levels in sputum (Supplementary Table 3). No such
analogy was observed when groups defined by Mtb burden were
considered (Supplementary Table 4).

Patients with good lung recovery had higher baseline sputum
MPO (p = 4.70E-02) and IL10 (p = 2.70E-02) levels compared
to patients with poor recovery (Figure 2A). For MPO, the
association with lung recovery was significant (p = 2.40E-02)
after adjusting for sex (Supplementary Table 6). Additionally,
logistic regression revealed significant associations between and
lung recovery and levels of plasma MMP8 (Supplementary
Table 5) and sputum TNF (Supplementary Table 6) after
adjusting for sex (p = 3.90E—02 and p = 3.80E—02, respectively).

Additionally, sputum MMP1, MMP3, MMP9, and TNF levels
decreased significantly (p = 1.50E-03, p = 7.58E—04, p = 2.06E
—02,and p = 3.81E-02, respectively) from baseline to month 6 in
patients with good lung recovery but not in those with poor
recovery (Figure 2B). We also saw significantly higher levels of
MMP1 (p = 4.40E-02), MMP9 (p = 2.90E-02) and IL8 (p =
3.50E—02) in sputum from patients with poor lung recovery
compared to good lung recovery at month 6 (Figure 2C).

In whole blood stimulated supernatants, with the exception of
IFNY (WCL at BL; p = 1.60E—02), IL12/23(p40) (WCL at 6M; p =
4.80E-02) and S100A8 (EC at BL; p = 3.00E-02) concentrations
which were higher in mild compared to severe lung damage;
MMP1 (PPD at BL; p = 5.00E-03) which was higher in high
compared to low Mtb load and; S100A8 (EC at BL; p = 3.00E-02)
which was higher in low compared to high Mtb load, there were
no other significant differences in inflimmatory mediator levels
of whole blood stimulated samples (EC, PPD and WCL) from
patients in severe vs mild lung damage or high vs low Mtb loads
at any time point (not shown).

Finally, S100A9 concentrations at month 6 were significantly
higher in severe lung damage and high Mtb load groups
compared to mild damage and low Mtb load groups,
respectively (p = 3.00E-02, and p = 2.10E-02, respectively) at
month 6 (Figures 3A, B). Additionally, sputum levels of MMP9
declined significantly from baseline to month 6 in patients with
low Mtb load (p = 3.20E-03) but not in patients with high Mtb
load (Figure 3C). Moreover, these sputum concentrations of
MMP9 remained significantly higher in the high Mtb load
compared to the low Mtb load group at month 6 (p = 2.00E
—02) (Figure 3C).

DISCUSSION

The aim of this study was to analyse neutrophil-associated
soluble mediators in lung and blood samples from patients
with different levels of lung pathology at baseline and recovery
following treatment. We report stronger correlations between
neutrophil counts and primarily neutrophil-derived mediators
like MMP8, S100A8/A9, TNF, and GM-CSF as compared to
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FIGURE 2 | Comparison of sputum inflammatory mediator levels between good and poor lung recovery groups with treatment time. (A) MPO and 1L10 were higher
ingood (BL, n=29; 2M, n = 16; 6M, n = 16) compared to poor (BL, n = 22; 2M, n = 16; 6M, n = 16) lung recovery groups at baseline. Data represent median
[IQR]. Differences between lung pathology groups at any given time point were compared using the Wilcoxon signed rank test. (B) Most MMP1, 3, 9, and TNF levels
were significantly lower at month 6 compared to baseline in patients with good lung recovery but not in those with poor lung recovery. Boxes represent the first and
third quartiles and horizontal bars within indicate median concentration. Whiskers indicate minimum and maximum values. Each dot represents one individual patient.
Kruska-Wallis test with Dunn's post-test comparison was performed to analyse differences between time points. (C) At the end of standard TB treatment, MMP1,
MMP9 and IL8 concentrations were still higher in patients with poor lung recovery compared to those with poor lung recovery. Groups were compared using the

Wilcoxon signed rank test. Data represent median [IQR]. ns, not significant.

other known TB-related inflammatory markers like IFNy, IL10
or 1L12/23(p40), for which neutrophils are not necessarily the
major sources.

GM-CSF is a known neutrophil primer and MMP8
concentrations have previously been linked to clinical and
radiological TB severity (44, 45), while S100A8/9 regulates
CD11b expression and accumulation in chronic TB mouse
models (28, 35). Our data supports these previous
observations. We show that pre-treatment plasma levels of
S100A8/9, MMP8 and GM-CSF correlate strongly with
neutrophil counts and lung damage severity. Interestingly,
while sputum levels of MMP8 correlate positively, MPO
correlates negatively with lung damage and Mtb burden at
baseline. This suggest that lung pathology results from
increased systemic and pulmonary inflammation. It also hints
that MPO could dampen the inflammatory response in ATB,
thereby preventing excessive bacterial load and lung damage. We
recently revealed that neutrophil subsets are associated with
protective or detrimental effects on the severity of TB-linked
lung pathology (13). Gideon and collaborators also showed pro-
(IFNy) and anti-inflammatory (IL10) cytokine expression by
different neutrophil subsets in granulomas from Mtb-infected
cynomolgus macaques (24), suggesting an immunoregulatory

function of neutrophils in TB granulomas. Also, neutrophil
elastase dissociation is triggered by reactive oxygen species
(ROS) in an MPO-dependent manner during NETosis (46, 47),
suggesting that NETs are involved in an MPO-related protective
mechanism. Additionally, Mtb control by HIV-coinfected
macrophages is enhanced by apoptotic neutrophils in via an
MPO-dependent process (48). Whilst MPO inhibition is
reported to block Mtb-induced necrotic cell death (49), MPO-
deficient mice develop severe lung inflammation following
exposure to zymosan (37). In fact, a recent review details the
numerous protective and harmful functions of MPO in human
disease (50). Whilst IL10 is released by several immune cell types
during TB and monocytes/macrophages also produce MPO,
neutrophil granules are the main source of MPO (48). This to
our knowledge, is the first report of an MPO-related beneficial
role in TB-related lung pathology and recovery.

The current literature overwhelmingly supports a detrimental
effect of neutrophils on lung pathology in TB patients, however,
some neutrophil subsets are protective. Specific neutrophil
subsets were associated with protective outcomes against TB
lung pathology suggesting that the variations observed in disease
outcomes may be driven by different immunomodulatory
mediators or interactions with other immunocytes (13).
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FIGURE 3 | Comparison of inflammatory mediator levels between lung damage and Mtb burden defined groups with treatment time. (A) In plasma, the decrease in
S100A9 concentrations was comparable between lung damage groups (mild: BL, n = 46; 2M, n = 25; 6M, n = 14 and severe: BL, n = 61; 2M, n=42; 6M, n =43)
over time. However, at month 6, $100A9 was significantly higher in patients with initialy severe lung damage compared to mild lung damage. (B) The same observation
made between initialy high Mtb and low Mib loads with S100A9 levels being higher in the former at month 6. Boxes represent the first and third quartiles and horizontal
bars within indicate median concentration. Whiskers indicate minimum and maximum values. Each dot represents one individual patient. Kruska-Wallis test with Dunn’s
post-test comparison was performed to analyse differences between time points. Differences between lung pathology groups at any given time point were compared
using the Wilcoxon signed rank test. Data represent median JQR]. (C) Sputum (low: BL, n = 48; 2M, n = 21; M, n = 18 and high: BL, n = 42; 2M, n = 22; M, n = 17)
MMPQ levels were significantly lower at month 8 compared to baseline in patients with low but not in those with high Mtb loads. Additionally, S100A9 concentration at
month 8 was signfiicantly higher in patients with high Mth compared to low Mtb load. ns, not significant.

Additionally, a neutrophil-driven regulatory effect is not unheard
of. In fact, neutrophils (via CD11b-dependent responses) and
endothelial cells have been shown to cooperate in detection and
capture of pathogens in lung capillaries (51). Also, neutrophils
play a central role in controlling human metapneumovirus-
induced inflammation by regulating y& T cell recruitment to
the lung (52). Meanwhile, neutrophils were found to suppress of
lymphocyte function by secreting MPO and hydrogen peroxide
(53) and Mtb-specific stimulation of neutrophils inhibits
antigen-specific T-cell production of IFNy (24). More recently,
this neutrophil-related immunosuppressive function on
lymphocytes has been attributed to hyper-segmented subsets
(7) and to the neutrophil-like MDSCs (54, 55) (in cancer
(56, 57), leukaemia (58) and lately TB (9, 59). While the
immunosuppressive roles of MDSCs on Mtb pathogenesis are
still under investigation, recent experimental models show
benefits in limiting their accumulation during TB HDTs (25,
60). We suggest that MPO could be protective against TB
progression and lung damage.

We understand that functional analysis of neutrophils is
technically difficult considering that they are short-lived, easily
activated by laboratory processing methods and cannot be

cryopreserved. Nevertheless, we support future investigation of
mechanistical pathways that promote the secretion of these
mediators or increased production of neutrophil subsets that
produce them to achieve desirable outcomes during ATB. We
could not confirm the link between MPO and bacterial burden
using Mtb killing assays in-vitro. However, prospective studies
within the TB sequel project are being designed to achieve that by
assessing the levels of these mediators in the presence/absence of
TB-targeted HDTs. We also recommend studies using isolated
neutrophils from patients within these different lung pathology
and gender groups to address this gap in knowledge (potentially
also in animal models).

Variability in immune responses between genders have been
linked to: specific immune cell types, age, levels of sex hormones,
environmental factors (e.g., nutritional status or microbiome
composition) and disease states (61). In accordance with
previous studies (62, 63), ATB prevalence in our Gambian
cohort is higher in males. Also similar to previous studies on
chronic inflammatory diseases (64, 65), we observe that the pro-
inflammatory response in males is higher than that in females. We
report higher plasma levels of notoriously pro-inflammatory
mediators like TNF, MMP3, GM-CSF, and IL8 in males
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compared to females. This is in accordance with the observation
that male neutrophils are more responsive to LPS and IFNy
stimulation than female neutrophils; with the former expressing
higher levels of toll-like receptor 4 (TLR4) and producing more
TNF (66). Meanwhile, we also observe higher sputum MPO levels
in females, supporting the idea that increased MPO concentration
is linked to suppressed inflammation.

Moreover, patients showing good lung recovery had higher
sputum MPO concentrations at baseline. In contrast, MMP8 and
sputum TNF levels were positively associated with poor recovery
after adjusting for sex. These suggest that MPO, MMP8, and
TNF play a considerable role in determining the degree of
recovery from severe TB-related lung damage after treatment.
It also supports future investigation of these mediators as proxies
for predicting lung recovery following injury.

As treatment progresses, sputum and plasma concentrations
of MMPI, 8, 9 and plasma levels of S100A8/9 and MMP3
decrease rapidly, suggesting that the neutrophil-related
inflammatory response and matrix-degrading activity are not
only fuelled by MMPs ((32, 33, 67)) and calprotectin (28) activity
but also potentially resolved by variations in levels of these
mediators with treatment. In contrast, sputum levels of IL8
and MPO remain fairly constant, suggesting that variations in
neutrophil (and potentially monocyte) recruitment and overall
activity during ATB treatment may be more complexly
regulated. This is supported by our other observation that the
decrease in concentrations of S100A8, MMP9, IL10, TNF, IFNy,
and GM-CSF in plasma and MMP1, MMP8, and TNF in sputum
are exclusive to the severe lung damage group; suggesting that
these inflammatory mediators are major contributors to severe
TB-related lung pathology pre-treatment. The fact that no such
analogy was observed when groups defined by Mtb burden were
considered also supports the idea that high Mtb loads are not
necessarily ascribed to severe lung damage outcomes (42).

Post-therapy, we observed high plasma S100A8 levels in
severe compared to mild lung damage group, meanwhile plasma
S100A8 and sputum MMP9 were significantly higher in
patients with initially high Mtb load compared to the initially
low Mtb load group. S100A9 and MMP9 are neutrophil-derived
mediators, suggesting that severe lung damage at presentation
may contribute to heightened residual neutrophil activity
after treatment. Also, post-treatment levels of sputum MMP1,
MMP9, and IL8 were higher in patients with poor lung
recovery compared to those with good lung recovery. This
suggests that unresolved lung damage is linked to continuous
neutrophil activity and persistent leucocyte infiltration in the lungs
post-treatment. While, previous studies suggested that for patients
with severe lung damage, recovery may only begin many months
after the end of standard ATT (68, 69), a possible reason for this
was not provided. This, to our knowledge is the first report of
several major neutrophil-derived mediators (in plasma and
sputum) being directly linked to TB lung pathology and
unresolved lung damage. Furthermore, higher levels of
MMP1, MMP9, and IL8 in sputum from patients with poor
compared to good lung recovery at month 6 suggest that poor
lung recovery results from continuous neutrophil activity and

persistent leucocyte infiltration in the lungs even after
treatment completion.

For whole blood stimulated supernatants (notably with
H37Rv whole cell lysate), the increased levels of GM-CSF (also
increased in sputum), TNF (also increased in sputum), IFNYy,
S100A8, MPO and MMP?9 after treatment compared to baseline
hint at an enhanced sensitivity of immune cells to pathogen
stimulation. Previous studies have reported lower cytokine
production by T-cells pre-treatment, suggesting that continual
pathogen stimulation results in T-cell exhaustion which is then
restored after treatment (reviewed in (70). To our knowledge,
this is the first report of increased concentrations of major
neutrophil-derived mediator levels in ATB post-treatment
compared with pre-treatment levels. These suggest that chronic
TB could directly (or indirectly, via T-cell exhaustion which
leads to either higher levels of immune-inhibitory molecules like
PD-1 (71, 72) and TIM3 (73) or reduced release of innate
immune cell activators like IFNy and TNF) result in reduced
neutrophil activity pre-treatment. It also highlights the need to
monitor the impact of neutrophil interactions with other
immunocytes on TB pathogenesis. Finally, we suggest that toll-
like receptor (TLR)-mediated pathogen sensing by lung
epithelial/innate immune cells, MPO-regulated NET formation,
neutrophil migration/activation following increased secretion of
inflammatory mediators (e.g,, S100A8/9, MMP8, GM-CSF, TNF,
IFNYy and potentially IL17/IL17R, RANTES, IL6, ICAMI, etc.)
and ROS release/NADPH-dependent leucocyte recruitment (74—
76) are immune pathways potentially involved in balancing the
neutrophilic inflammatory response during ATB.

CONCLUSION

We show that S100A8/9 and MMP8 contribute to increased lung
damage and that MPO acts as an anti-inflammatory agent which
potentially regulates TB-related lung pathology and promotes
lung recovery. We also suggest that increased MPO-mediated
immunosuppression could limit lung pathology in females.
Treatment results in decreased inflammation characterised by
lower sputum and plasma concentrations of neutrophil-derived
pro-inflammatory mediators especially in patients with severe
lung pathology (but not High Mtb load) at presentation. We
hereby highlight the relationship between neutrophil-derived
inflammatory mediator levels and radiological disease severity
irrespective of Mtb burden. We also report that S100A8/9 and
other neutrophilic mediators like MMP9 and IL8 may be
responsible for unresolving lung damage in patients with poor
lung recovery. Finally, we recommend targeting S100A8/9,
MMP8, and MPO for developing host-directed therapies
against TB-induced lung pathology and to promote recovery.
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Background: Blood-based biomarkers have been proposed as an alternative to current
sputum-based treatment monitoring methods in active tuberculosis (ATB). The aim of
this study was to validate previously described phenotypic, activation, and cytokine
markers of treatment response in a West African cohort.

Methods: Whole blood immune responses to Mycobacterium tuberculosis ESAT-
6/CFP-10 (EC) and purified protein derivative (PPD) were measured in twenty adults
at baseline and after 2 months of standard TB treatment. Patients were classified
as fast or slow responders based on a negative or positive sputum culture result
at 2 months, respectively. Cellular expression of activation markers (CD38, HLA-DR),
memory markers (CD27), and functional intracellular cytokine and proliferation (IFN-y,
Ki-67, TNF-a) markers were measured using multi-color flow cytometry.

Results: There was a significant increase in the proportion of CD4+CD27+ cells
expressing CD38 and HLA-DR following EC stimulation at 2 months compared to
baseline (p = 0.0328 and p = 0.0400, respectively). Following PPD stimulation,
slow treatment responders had a significantly higher proportion of CD8+CD27~IFN-
y* (0 = 0.0105) and CD4TCD27+HLA-DRTCD38™ (o = 0.0077) T cells than fast
responders at baseline. Receiver operating curve analysis of these subsets resulted
in 80% sensitivity and 70 and 100% specificity, respectively (AUC of 0.82, p = 0.0156
and 0.84, p = 0.0102).

Conclusion: Our pilot data show reductions in expression of T cell activation markers
were seen with treatment, but this was not associated with fast or slow sputum
conversion at 2 months. However, baseline proportions of activated T cell subsets are
potentially predictive of the subsequent speed of response to treatment.

Keywords: tuberculosis, treatment, activation markers, cytokines, immunity
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INTRODUCTION

The World Health Organizations (WHQO) 2018 Global
Tuberculosis (TB) report estimated that 10 million people
developed active TB (ATB) disease in 2018 resulting in 1.6
million deaths (1). One hurdle inhibiting control over the
TB epidemic is the challenge of accurately monitoring and
predicting treatment responses in a timely, efficient, reliable,
and cost-effective manner. Nucleic acid amplification-based
tests lack the ability to discriminate between DNA from viable
and dead Mycobacterium tuberculosis (Mtb). Sputum smear and
microscopy lacks sensitivity (2-4) and the time-lag in receiving
Mtb sputum culture results limits their clinical application in
identifying those that are not responding to treatment. Critically,
all of these techniques require sputum samples, which are often
difficult to obtain from individuals after 2 months of treatment (5,
6) at a time when there is the potential for modifying treatment
regimens. Additionally, sputum samples from individuals
with extra-pulmonary TB and/or HIV co-infection are often
paucibacillary (7-9).

Blood-based biomarkers have been proposed as an attractive
tool to diagnose, monitor and predict treatment response in
ATB. Blood (particularly fingerstick) can be taken from any
individual and biomarkers can be pooled to improve predictive
power and create one biosignature, resulting in the creation of
an inexpensive assay that could be used in the field by unskilled
personnel (5). This would also enable faster TB drug development
and personalized treatment regimens (5).

Previous studies have shown an ability to diagnose and
distinguish ATB and latent tuberculosis infection (LTBI) using
Mtb-specific CD4" T-cell activation markers including; CD27,
IFN-y, CD38, HLA-DR, and Ki67 (3, 10-17). Prior to treatment
initiation, high frequencies of activated Mtb-specific CD4+IFN-
yT T-cells are seen in ATB patients compared to healthy
controls and LTBI participants after either ESAT-6/CFP-10
(EC) or purified protein derivative (PPD) stimulation (3, 10).
CD38 and HLA-DR expression on CD47 cells declines rapidly
within the first month of treatment below the cut-off for
ATB, while CD27 and Ki67 expression declined more slowly
and this is correlated with mycobacterial load (3, 10). PPD-
specific CD4TCD27~ T-cell frequencies have also been shown
to distinguish healthy BCG vaccinated individuals, LTBI and
ATB patients, suggesting exposure associated differentiation
(14, 18).

Whole blood cellular staining using a limited panel of
fluorescent parameters (CD3, HLA-DR, TNF-a, IEN-y), using
a basic flow cytometer, demonstrated specificity at 100% and
sensitivity at 86% when distinguishing LTBI and ATB patients.
Thus implying feasibility for use in a resource-constrained
setting (11). CD4TKi67"HLA-DR™ T regulatory cells have also
demonstrated their potential use in predicting time to culture
conversion in multidrug resistant tuberculosis (MDR-TB) (19).
Receiver operating curve (ROC) analysis demonstrated that at
baseline, this T reg population could predict treatment response
with 81.2% sensitivity and 85% specificity (19).

The aim of this study was to determine the potential use of
activation markers expressed on both CD4" and CD8" T-cells

for monitoring ATB treatment response in a longitudinal cohort
of ATB adults from West Africa.

MATERIALS AND METHODS

Patients

We analyzed samples from 20 HIV-negative adult patients
prospectively recruited from the Medical Research Council at
The Gambia (MRCG) TB clinic with confirmed ATB (sputum
GeneXpert positive) following written informed consent. Patients
were recruited as part of the TB sequel project (20). Heparinized
blood samples were collected and processed at diagnosis
(baseline) and following 2 months of standard TB treatment. All
participants were mycobacteria growth indicator tube (MGIT)
sputum Mtb culture positive and drug sensitive at baseline.
Based on sputum culture positivity at 2 months participants
were grouped into either slow responders (culture positive at
2 months but negative by 6 months) or fast responders (culture
negative by 2 months).

Processing and Storage of Stimulated
Whole Blood

Five hundred microliter of whole blood was stimulated with
either ESAT-6/CFP-10 peptide pool [EC; overlapping 15mer
peptides reconstituted in 5% DMSO and H;O and topped up
to 1 mg/ml with PBS; final concentration 2.5 pg/ml/peptide;
Peptides & Elephants, Germany (Supplementary Table S1)],
PPD (10 pg/ml; Staten Serum Institute, Denmark) or phorbol
12-myristate 13-acetate (PMA; positive control; 10 pg/ml)
along with co-stimulatory antibodies (anti-CD28, anti-CD49d;
Becton Dickinson, United States) or unstimulated, cultured with
medium alone (negative control). Each tube was vortexed for 10 s
and 1 pl of 500x protein transport inhibitor was then added
(eBioscience, United Kingdom). Tubes were incubated overnight
at 37°C, 5% CO; with loose lids. After incubation, 50 pl of 20 mM
EDTA was added, vortexed and incubated for 15 min at room
temperature (RT). Cells were then lysed and fixed with 4.5 ml
of 1x FACS lysing solution (Becton Dickinson, United States)
and incubated for a further 9 min in the dark. Vials were then
centrifuged at 1500 rpm for 5 min, decanted and placed on ice.
One milliliter of cryosolution (20% DMSO, 80% FCS) was added
and cells were transferred into 1.8 ml cryovials and stored in
liquid nitrogen.

Sample Thawing

Patients’ samples from both groups (fast and slow responders)
and time points (baseline and 2 months) were processed
simultaneously, limiting batch to batch variation. Cryovials were
retrieved from liquid nitrogen, placed on dry ice and semi-
thawed in a 37°C water bath. Samples were then transferred to a
Falcon tube (Becton Dickinson, United States) containing 10 ml
of PBS and mixed with a pasteur pipette. Tubes were centrifuged
at 1500 rpm for 5 min, supernatants discarded, and pellets
resuspended in 1 ml of 1x PBS. About 0.5 ml of the solution
was then transferred into 5 mm polystyrene tubes, centrifuged at
1500 rpm for 5 min and supernatants discarded carefully.
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Cell Surface Staining

Anti-CD3 BV786 (clone SP34-2), anti-CD4 BV605 (clone RPA-
T4), anti-CD27 APC (clone M-T271), anti-CD38 PE-CF594
(clone HIT2) (BD Biosciences, United Kingdom), and anti-HLA-
DR BV421 (clone 1.243) and anti-CD8a BV510 (clone RPA-T8)
(BioLegend, United Kingdom) antibodies were diluted in FACS
buffer (1% FBS, 0.1% EDTA, 0.05% sodium azide) to create a
surface staining cocktail. Titrations were conducted beforehand
to determine the optimal dilution for each antibody. Twenty
microliter of the cocktail was added per tube, vortexed, and
incubated for 30 min at RT in the dark. Cells were then washed
with 1 ml of FACS buffer, centrifuged at 1800 rpm for 5 min and
supernatants discarded.

Permeabilization and Intracellular
Cytokine Staining

Five hundred microliter of 1x BD FACS™ Permeabilizing
Solution 2 (Perm2) (BD Biosciences, United Kingdom) was
added to each tube at a 1:10 dilution, vortexed for 10 s and
tubes incubated for 20 min at RT in the dark. Cells were
then centrifuged at 1800 rpm for 5 min and supernatant was
carefully removed using a pipette. Twenty microliter of the
intracellular cytokine cocktail consisting of anti-Ki-67 PE (clone
Ki67) (BioLegend, United Kingdom), anti-IFN-y AF700 (clone
B27) (BD Biosciences, United Kingdom), and anti-TNF-a Pe-
Cy7 (clone MAb11) (Invitrogen), diluted in Perm2 solution was
added per tube. Samples were incubated for 30 min at RT in
the dark, washed and resuspended in 300 pl of FACS buffer
prior to acquisition.

Flow Cytometry Acquisition

Flow-cytometry acquisition was performed using a LSR
Fortessa (BD Biosciences, United States). A minimum of
150,000 lymphocytes were acquired per tube. Positive and
negative ArC™ Amine Reactive Compensation Beads
(Life Technologies), BD CompBeads or UltraComp eBeads
(Invitrogen) were stained with a fluorochrome-conjugated
antibody to apply compensation. Data files were acquired with
FACSDiva™ software (BD Biosciences, United States), analyzed
using FlowJo software version 10.6 (Treestar, United States)
and tables were exported into Excel for statistical analysis.
Polyfunctional cells were analyzed using SPICE software (21).

Statistical Analysis

Statistical analysis was performed using GraphPad Prism 8.1.2
software (Software MacKiev, United States). For cytokine
responses, background was subtracted using the unstimulated
samples. Differences between paired baseline and 2-month
samples were analyzed using a Wilcoxon matched-paired rank
test. For analysis of fast and slow treatment responders,
a Kruskal-Wallis or Mann-Whitney U Test was used for
each time-point. Receiver operating characteristic (ROC) curve
analysis was conducted to determine the cut-offs with the
maximum sensitivity and specificity of statistically significant
markers to discriminate between fast and slow responders. A p
value less than 0.05 was considered to be statistically significant.

RESULTS

Patient Demographics

There was no significant difference in age between the fast and
slow responders, with a median[interquartile range (IQR)] of 25
[22-31] and 32 [28-35] years, respectively (Table 1). 80% were
male in both groups and all were HIV negative. Importantly the
GeneXpert cycle threshold (Ct) values did not significantly differ
between the groups (p = 0.23).

Flow Cytometry Gating Strategy

Lymphocytes were first gated based on forward and side scatter
(Supplementary Figure S1A). Doublets were then excluded
(Supplementary Figure S1B) and CD4" and CD8% T-cells
were gated (Supplementary Figure $1C). Within both CD4"
and CD8% T-cell populations, CD27% subsets were gated
(Supplementary Figure S1D) followed by Boolean gating
analysis of activation markers (HLA-DR/CD38), Ki-67 and
cytokines (TNF-a, IFN-y) (Supplementary Figure S1E). The
validity of the gates for the activation and functional markers
was established using fluorescence minus one control (data not
shown). This gating strategy was implemented due to the small
proportion of IEN-y T cells observed. Total CD4" and CD8"
T-cell populations did not change between time-points for any
of the stimulatory conditions (data not shown).

Changes in Cell Surface Activation

Marker Expression With Treatment

In the absence of stimulation, CD41tCD27~ T-cells showed a
significant decrease in CD38 expression between baseline and
2 months of treatment (p = 0.0328; Figure 1B). The converse
was true for the CD47CD27T T-cells, with a significant increase
in CD38 expression over time (p = 0.0120; Figure 1E). No
difference in the expression of CD38 was seen on CD8"
T-cells (Figures 1H,K). There was also no significant change
in the proportion of CD27 (Figures 1A,D,G,J) and HLA-DR
expressing (Figures 1C,EI,L) CD4" and CD8T T-cells between
the two time points.

Following EC stimulation, there was a significant increase in
HLA-DR expression both in CD47CD27~ and CD47CD27%
T-cell compartments (p = 0.0328 and p = 0.0400, respectively;
Figures 2CF). Within the CD47CD27" T-cell compartment
CD38 expression simultaneously increased over time (p = 0.0328;

TABLE 1 | Patient demographics.

Covariate Fast Slow P-value
responders responders
(n=10) (n=10)
Age (median [IQR]) 25 [22-31] 32 [28-35] 0.1
Male (%) 80 80
HIV positive (%) 0 0
GeneXpert Ct (median [IQR]) 17.8 16.8 0.23
[16.8-19.0] [15.6-18.4]

HW; human immunodeficiency virus; IQR, interquartile range; Ct, cycle theshold.

Frontiers in Immunology | www.frontiersin.org

September 2020 | Volume 11 | Article 572620



42

TB Treatment Response Markers

CD4+CD27-

A

CD4'CD27 (%)

baseline

CD4+CD27+

D

CD4"CD27* (%)

1004

80+

60—

40+

2 months

No stimulation

B
80~ p=0.0328
. (]
=
£ 60+
B oo °
[a] o o
o
404
5 oL
S (]
u o
g2 &
080
o
baseline 2 months
E 150 p=0.0120
o
. °
g o
& 10
5
~ o o
§ o
g s
&
o
od d d

baseline 2 months

CD8+CD27-

G

CD8"CD27" (%)

150+

baseline 2 months

CD8+CD27+

J

FIGURE 1 | Activation marker expression in unstimulated samples. (A-C) GD41CD27~ fotal subset (A), CD38" (B), and HLA-DR™ (C). (D-F) CD4TCD27* total
subset (D), CD38* (E), and HLA-DR* (F). (G-l) CD8*CD27~ total subset (G), CD38* (H), HLA-DR™ (I). (J-L) CD8+CD27+ total subset (J), CD38* (K), and
HLA-DR™ (L). Columns indicate median. Data were analyzed using Wilcoxon matched-pairs rank test.

80—

CD8'CD27* (%)

baseline 2 months

baseline 2 months

L
;‘5 304 o
E o°
]
~ 20
5
¥ [} %o
8 104 809 °°
5] ) oo
0=
baseline 2 months
204
=
= 15+ o
T{:‘g o
o
104
8
o o
K 5 . 80
o 0
8809 oco8
0_

baseline 2 months

50—
"é 40+ )
© o %o
a o o
5’ 30+ o
I oo
= o8
& 20+ o
o Q
(53 10
0=
baseline 2 months
F 10—
= =]
£ o
o
Q
3
£
&
a
e
a3
Q
baseline 2 months
1 507
o
£ol o
x
[=]
3 o1 8
I
; [+]
& 8 o o
3 101 008
0=
baseline 2 months
L 209
g o
r 15+
3
T
[
o
a
e
@«
Q
o

baseline 2 months

Frontiers in Immunology |

September 2020 | Volume 11

Article

572620



43

Vickers et al.

TB Treatment Response Markers

CD4+CD27-
A 100~
804 :
g o
- ed 8¢
3

baseline2 months

CD4+CD27+
D 100
80-
g
&
o
o
=3
o
20-
0
baseline 2 months
CD8+CD27-
G 150
g, 100
~
8
o
a 50
o
0=
baseline 2 months.
CD8+CD27+
J
80—

[+]
~ w4 ©  o°
£
L
a
H
8
(8]

baseline 2 months

ESAT-6/CFP-10
B &0+
I~ o
£ 60 °
o [+
8 0% o
° 4o
a [+
8 °
o o
o
g2d o °
L)
0=
baseline 2 months
E 2
p=0.0328
Ig 15 ° °
IS
a8
2
T
[a)
&)
baseline 2 months
H e
(<]
z o
-
5 2]
Ja}
S o] g 00
10-1
o 00
00
0=
baseline 2 months
K
50
E 40+ o
§ 30
I
I
B 20 o
g 104
Q-

baseline 2 months

CD&"CD27HLA-DR™ (%) CD4*CO27 HLADR' (%) CD4"CD27 HLA-DR™ (%)

CD8&"CD27"HLA-DR” (%)

FIGURE 2 | Activation marker expression in ESAT-6/CFP-10 stimulated samples. (A-C) CD4+CD27- total subset (A), CD38+ (B), and HLA-DR* (C). (D-F)
CD4+CD27+ total subset (D), CD38* (E), and HLA-DR* (F). (G-1) CD8+CD27~ total subset (G), CD38* (H), and HLA-DR™ (I). {J-L) CD8*+CD27+ total subset
(J), CD38* (K), and HLA-DR* (L). Columns indicate median. Data were analyzed using Wilcoxon matched-pairs rank test.

baseline 2 months

[+
© 000 OO0

baseline 2 months

baseline 2 months

Frontiers in Immunology | www.fronti

September 2020

Volume 11 | Article 572620



44

Vickers et al.

TB Treatment Respanse Markers

Figure 2E), but no difference in CD38 expression within the
CD47CD27~ (Figure 2B) or in but no difference in CD27
expression in either compartment was seen (Figures 2A4,D,G,J).
No differences in CD38 and HLA-DR expression were
seen within the CD8TCD27~ and CD8TCD27" subsets
(Figures 2H,LK,L). No significant differences in levels of CD27,
HLA-DR and CD38 expression on CD4" and CD8" CD27
expressing T-cell subsets were seen over time following PPD and
PMA stimulation (Supplementary Figures S2, $3).

Changes in Cytokine and Proliferation
Markers With Treatment

In the absence of stimulation there was no difference in IFN-
vy (Figure 3A) but a significant decrease at 2 months in the
proportion of TNF-a™ (p = 0.0172; Figure 3B) and Ki-67T
(p = 0.0400; Figure 3C) producing cells within the CD4™CD27~
and CD4TCD27"TNF-at T-cell subpopulations (p = 0.0204;
Figure 3E). No difference in IFN-y or Ki-67 expression was
seen within the CD4TCD27% subset (Figures 3D,F). Within
the CD8TCD27~ subset, there was a significant decline in the
proportion of IFN-yT and Ki-677 producing cells (p = 0.0494
and p = 0.0007, respectively) but not TNF-a™ producing cells
(Figures 3G-I). Within the CD8TCD277 subset there was also
a significant decrease in the proportion of IFN-yT producing
cells (p = 0.0225) but not TNF-at or Ki-67" producing cells
(Figures 3]-L).

Following EC stimulation, the CD4TCD27~ subset showed
a significant decrease in IFN-y' expressing cells and a
significant increase in Ki67" producing cells (p = 0.0351 and
p = 0.0400, respectively; Figures 4A-C). No significant changes in
intracellular marker expression was seen within the CD4TCD27%
compartment (Figures 4D-F). Within the CD8"CD27~ subset,
a significant decrease in IFN-y (p = 0.0019; Figure 4G) and TNEF-
o (p = 0.0034; Figure 4H) production over time was seen, with
no significant variation in intracellular marker expression in the
CD8TCD277 T-cell compartment (Figures 4]-L).

No significant differences were seen following PPD
stimulation (Supplementary Figure S4) but a significant
increase in IFN-y and TNF-a production was seen following
PMA stimulation at 2 months compared to baseline for all T-cell
subsets described (Figure 5). Conversely, Ki-67 expression in the
CD8'CD27 T cell compartment decreased significantly from
baseline to 2 months (p = 0.0056, Figure 5L).

Comparison of Slow Versus Fast

Treatment Responders

The majority of significant differences seen were in the kinetics
of change over time within the groups. Slow responders showed
a significant increase in both CD38 and HLA-DR expression
from baseline to 2 months in the unstimulated cells within
the CD41CD27" T cell population, that was not seen in the
fast responder group (p = 0.0273 and p = 0.0371, respectively;
Figures 6A,B). The proportion of CD4TCD27tHLA-DRT cells
also increased only in the slow responder group by 2 months
after both PPD (p = 0.0273) and EC stimulation (p = 0.0273);
Figures 6C,D). Levels of PPD-stimulated CD47CD27 IFN-y™
cells significantly increased at 2 months compared to baseline,

in only the fast responders (p = 0.0020; Figure 6E). Following
EC stimulation there was a significantly lower proportion
of CD8TCD27 IFN-yT and CD8TCD27tTNF-at cells at
2 months compared to baseline in the slow responders (p = 0.0096
and p = 0.0137, respectively; Figures 6F,G).

In unstimulated, EC and PMA conditions, no difference
between treatment response groups were seen at baseline or
2 months (data not shown). Nonetheless, two discriminatory
subsets were found following PPD stimulation; levels of
CD4"CD27"HLA-DRTCD38" and CD81TCD27 IEN-y™ T cell
populations were significantly higher in the slow responder group
compared to the fast responder group at baseline (p = 0.0077
and p = 0.0105, respectively; Figures 6H,I). When ROC analysis
was performed, baseline frequencies of CD8TCD27 IFN-y T and
CD41TCD27 HLA-DRTCD38" T cells could predict treatment
response with a 80% sensitivity and 70 and 100% specificity,
respectively (AUC of 0.82, p = 0.0156 and 0.84, p = 0.0102)
(Figures 6],K).

Polyfunctional T-Cell Changes With TB
Treatment

‘We also analyzed qualitative responses before and at 2 months
of TB treatment using SPICE analysis of activation and cytokine
marker combinations within each subset (Figure 7). Following
PMA stimulation, there were no differences in any subset
between baseline and 2 months with the majority of cells positive
for TNF-a, IFN-y, and/or Ki-67 but not HLA-DR nor CD38
(purple/pink categories). Following EC stimulation, diverse cell
populations were present with the predominant population
positive for all markers except CD38 (population 17). The overall
polyfunctionality was not significantly different between fast
and slow responders but slow responders showed a significantly
different qualitative profile in response to EC stimulation at
2 months compared to baseline in the CD8"CD27" subset,
which was not seen in the fast responders (p = 0.0231; Figure 7D).
At baseline, the predominant subset expressed TNF-a only
(subset 31) whereas at 2 months, the predominant subset were
cells producing TNF-a and IFN-y together with Ki-67 but with
the absence of CD38 and HLA-DR (population 25).

DISCUSSION

This study looked at the use of activation and functional markers
for monitoring and predicting treatment responses. Overall,
activation marker expression (particularly CD38) decreased in
the CD4TCD27~ subset but increased in the CD41TCD27" subset
by 2 months of therapy compared to baseline. In addition,
cytokine responses to EC stimulation were significantly reduced,
but increased following PMA stimulation. This is consistent
with our previous unpublished findings demonstrating a general
reduction in overall immune responsiveness in T-cells from active
TB patients, which is restored post treatment. When patients
were analyzed based on response to therapy, slow responders
had significantly more PPD-specific CD8"CD27 IFN-y™ and
CD47CD27THLA-DRTCD38% T-cells than fast responders
at baseline. Receiver operating characteristics curve analyses
showed that baseline PPD-stimulated CD8*"CD27 IFN-y" and
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CD4+tCD27THLA-DRTCD38™ T cells could predict treatment
response with 80% sensitivity and specificity of 70 and
100%, respectively.

QOur aim was to see if blood-based biomarkers could be used at
2 months rather than sputum culture as an indication of response
to therapy and at baseline as prognostic markers for response to

therapy. Previous studies have gated on IFN-y™ T cells (both
CD4™ and CD8™) prior to activation marker analysis (3, 10,
11). However, this was not possible in our study due to the low
level of TFN-y* cells following both EC and PPD stimulation.
This reduced responsiveness has often been observed between
East and West Africans (unpublished data) and highlights the
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requirements for identification of global biomarkers, validated
in multiple contexts. Nonetheless, our results suggest gating on
IFN-y™ T cells is not strictly necessary and may be limited by low
relevant cell counts.

CD27 acts as a T-cell differentiation marker; expression is
gradually lost as the T-cell transitions from naive or memory
to effector and differentiation state is dictated by strength and

duration of antigen stimulation (22). Consequently, CD27 is
expressed on central memory (CM) T-cells, variably expressed on
effector memory (EM) T-cells and is not expressed on terminal
effector memory (TEMRA) T-cells (22-25). As we expected,
the CD4TCD27~ T-cell subset was the predominantly activated
population for all stimulation conditions, as demonstrated
through HLA-DR, CD38, IFN-y, and TNF-a expression levels,
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which is consistent with previous studies (18, 21). CD4T T-cells
are important in controlling Mtb infection and those that are
CD277 are mostly TEMRA, EM, and effector cells which exert
the quickest and strongest activated effector response (18, 26).
However, this subset is also the most likely to undergo activation
induced cell death and to be exhausted from persistent antigen
stimulation in vivo which will reduce their frequency (27).
Overall, a general decrease in cytokine expression in
unstimulated samples from baseline to 2 months was witnessed
alongside general cell responsiveness to PMA. These results

suggest that rather than general T-cell anergy, persistent
MTB-antigen stimulation (in vitro and in vivo) in these
ATB patients has led to dysfunction of these antigen-specific
T-cells, resulting in apoptosis and exhaustion (27). Earlier
studies have revealed that persistent antigen stimulation
in ATB results in an upregulation of inhibitory receptors
such as programmed cell death protein 1 (PD-1), resulting
in the inhibition and exhaustion of MTB-specific CD4T T
cell (27-29). Therefore, alongside terminally differentiated
T-cells, these exhausted populations demonstrate much
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lower levels of cytokine production compared to effector T
cells (22).

When analyzing changes from baseline to 2 months our
findings were mostly consistent with previous studies (3,
10, 30). Elevated levels of IFN-y, TNF-a, CD38, and Ki67
decreased in the CD4TCD27 population from baseline to
2 months, likely due to a diminishing bacterial burden (3).
However, a significant increase in HLA-DR expression in
the CD47CD27 subset after 2 months of treatment was
not anticipated. A potential explanation for this phenomenon
is a reduction in T regulatory cells (Tregs) (19, 31, 32).
Nevertheless, these results reveal that whole blood samples from
ATB patients may not require in vitro Mtb-specific stimulation

to deliver valuable information. The significant decrease in
activation marker expression within the CD4TCD27~ T cell
population from baseline to 2 months suggests the potential
ability to monitor treatment adherence using unstimulated whole
blood. Additionally, measuring activation at baseline may prove
beneficial as a point-of-care diagnostic tool.

When participants were stratified based on treatment
response, the majority of the changes from baseline to 2 months
occurred within the slow responder group in the absence of
in vitro stimulation. These included an increase in expression
of CD38 and HLA-DR expression on the CD4+TCD27% subset.
Interestingly, specific CD4™ and CD8T T-cell subsets were able
to predict treatment response at baseline: slow responders had
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significantly more CD8TCD27~ T cells producing IEN-y than
fast responders with PPD stimulation at baseline. CD8% T
cells have been shown to play a role in MTB immunity in
more severe disease (33) but CD8TCD27~ T cells producing
IFN-y and TNF-a are also associated with protection in Mtb
infection (33). However, this implies a difference in disease
severity/inflammation between treatment response groups which
is not supported by our findings. Nonetheless, this suggests that
if an individual is diagnosed with ATB and is showing high
production levels of IFN-y by the CD8tCD27~ subset, they may
be at greater risk of still being culture positive at 2 months and
thus the CD8+CD27-IEN-y+ subset could be used as a predictive
marker. This could be used in conjunction with CD4TCD27%
T cells, co-expressing CD38 and HLA-DR to improve positive
predictive value.

There are several limitations of this study, mainly due to small
sample size making it difficult to adjust for possible confounders
such as BMI, alcohol abuse, diabetes mellitus, and delay in
presentation. Another possible explanation for the difference in
treatment response could be a higher bacterial burden at baseline,
however, there was no difference in GeneXpert Ct between the
groups suggesting that a slow response was not simply due to
higher bacterial load at baseline. Future work should corroborate
these findings in a larger cohort of ATB patients using fresh
cells to progress toward real-time monitoring and application
in the field. Analysis of Treg cells from other T cell subsets
would also be important together with addition of an exhaustion
marker such as PD-1 to help prove our hypothesis on T cell
exhaustion in patients at baseline (34). It would also be of interest
to analyze a post-treatment time-point to determine the stability
of our findings.

In summary, our pilot data suggest there is potential for use
of activation and cytokine markers for predicting and monitoring
treatment response in HIV negative ATB patients in The Gambia.
However, this requires validation in a larger cohort. Analysis of
baseline levels of IFN-y production from the CD8+CD27~ subset
and HLA-DR and CD38 co-expression in the CD4TCD27%
subset after PPD stimulation has the potential to predict response
to treatment at 2 months. Further, our results demonstrate
the ability of analyzing unstimulated samples for diagnosis and
monitoring treatment adherence — warranting further evaluation
for the development of a point of care test.
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Protective immunity to Mycobacterium tuberculosis (Mtb)—the causative agent of
tuberculosis (TB)—is not fully understood but involves immune responses within the
pulmonary airways which can lead to exacerbated inflammation and immune pathology.
In humans, this inflammation results in lung damage; the extent of which depends on
specific host pro-inflammatory processes. Neutrophils, though increasingly linked to
the development of inflammatory disorders, have been less well studied in relation to
TB-induced lung pathology. Neutrophils mode of action and their specialized functions
can be directly linked to TB-specific lung tissue damage observed on patient chest
X-rays at diagnosis and contribute to long-term pulmonary sequelae. This review
discusses aspects of neutrophil activity associated with active TB, including the resulting
inflammation and pulmonary impairment. It highlights the significance of neutrophil
function on TB disease outcome and underlines the necessity of monitoring neutrophil
function for better assessment of the immune response and severity of lung pathology
associated with TB. Finally, we propose that some MMPs, ROS, MPO, S100A8/A9 and
Glutathione are neutrophil-related inflammatory mediators with promising potential as
targets for developing host-directed therapies for TB.

Keywords: tuberculosis, neutrophils, inflammatory mediators, lung damage, sequelae

INTRODUCTION

Tuberculosis (TB) is the single deadliest infectious disease known to man with 10 million new
cases and 1.6 million deaths (including 300,000 HIV coinfected) in 2018 (1). This report does
not account for health impairment nor deaths during and following TB treatment; which is
suggested to be about three times higher than those observed in the general population or suitably
matched controls (2). It is known today that despite being diagnosed as microbiologically cured
from TB, about 50% of patients still suffer from some form of pulmonary impairment after
tuberculosis (PTAT), irrespective of smoking habits (3). The definition of PIAT encompasses several
clinical conditions; which in former TB patients is suggested to result from chronic inflammation,
characterized by disrupted pulmonary structure and function (residual lung deficits) (4, 5); a
state described as thoracic/TB sequelae (6). These include parenchymal, airway, vascular and
mediastinal lesions manifested mainly through structural [cicatrization, calcification, fibrosis and
reduction in cavity wall thickness (6)] and functional [deficit in forced expiratory volume (4)]
damage; the establishment (7) and severity (8-10) of which, are associated to neutrophil abundance
and (hyper-)activity.
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As compelling as these effects of TB may be, PIAT is presently
not included in global estimates of TB burden despite increasing
scientific interest and evidence of associated morbidity and
mortality (3-5, 11-14).

A recent cohort study showed that subjects with a history
of fully treated active TB (ATB) lost 3.6 years on average of
disability-adjusted life expectancy compared to subjects with
latent TB infection (LTBI) who did not progress to the active state
(12). Despite the lack of data to support disease burden resulting
from long-term sequelae (11), the above reduced life expectancy
is a direct result of TB sequelae and suggests that a considerable
proportion of the TB disease burden is contributed by subjects
who have successfully cleared Mtb. Indeed, a study in Texas, USA
reported that the number of years lived with chronic TB disability
accounts for 75% of non-fatal health effects of TB (11). This same
study suggests that the most health and financial savings may
be achieved by preventing rather than shortening therapeutic
strategies. Additionally, a recent retrospective study reveals the
negative effect of drug-resistance and disease recurrence on PIAT
(15). Consequently, early detection of parameters which increase
the likelihood of ATB complication into chronic inflammation
and long-term sequelae would inform clinicians on the need for
case-specific treatment measures and contribute to minimizing
the global TB burden (13). Such parameters can be realistically
linked to neutrophil function and/or interaction with other
immune cell populations in the view of their specific activities
described in subsequent sections below.

Generally, protective immunity to Mycobacterium tuberculosis
(Mtb)—the causative agent of TB—is a combination of
innate and adaptive immune responses within the pulmonary
airways via which this pathogen gains entrance into the
human host (16, 17). This immune response to TB is
described as a chronic granulomatous inflammation; caused
by close interaction between Mtb bacilli and host immune
agents at the infection site (18). Indeed, the term “chronic
granulomatous” draws from a condition, chronic granulomatous
disease (CGD), with similar inflammatory outcomes; resulting
from genetic mutations of reduced nicotinamide adenine
dinucleotide phosphate (NADPH;) oxidase-encoding genes (19,
20). Disruption in the production of this enzyme; which normally
catalyzes the synthesis of reactive oxygen species (ROS) used
by phagocytes to destroy bacteria during phagocytosis, leads to
enhanced susceptibility to infectious pathogens and granuloma
formation; particularly in the lungs (21). Despite several gaps
in knowledge, the contribution of adaptive immune responses:
particularly T-cells [reviewed in Jasenosky et al. (22)] and to a
lesser extent B-cells [reviewed in Achkar et al. (23)] have been
addressed. Furthermore Dyatlov et al. recently reviewed the role
of B cells on reducing neutrophil influx to infection sites (24)
and; these Mtb-specific immune responses having been studied
extensively and will not form a focus of this review.

Recent studies have revealed that the innate arm of the
immune system plays a bigger role in the onset and regulation
of inflammatory processes during ATB than previously thought.
ROS-generating cells are central to Mtb-induced inflammatory
response; and that they are main actors of relevant cell
death processes (i.e., apoptosis, necrosis, pyroptosis, necroptosis,

pyronecrosis, NETosis, and autophagy) that influence TB disease
progression [reviewed by Mohareer et al. (25)], suggests that their
activity contributes considerably to destructive immunity to Mtb
infection. The aim of this review is to provide an update on the
importance of neutrophils during ATB and to identify related
immune mediators associated with anti-TB treatment response
and lung damage.

TB-INDUCED INFLAMMATORY RESPONSE

Innate immune responses play a central role in the pathology of
infectious and inflammatory diseases including acute abdominal
inflammation (26), cancers (27, 28) and respiratory tract
disorders (29, 30). Phagocytic cells (i.e., neutrophils and
macrophages) are the predominant components of this response
in TB (17). In collaboration with inflammatory mediators like
cytokines (31) and proteases, they are key contributors to the
host interaction with Mtb, in a process which generally ends with
the destruction of the pathogen and resolution of inflammation
(32). In many cases, however, the inflammatory response is
relatively ineffective and can lead to destruction of host tissues
as reviewed by Fullerton and Gilroy (33). Such an unwanted
scenario is characterized by a constant influx of inflammatory
mediators and innate immune cells to the site of infection with
progressive deterioration of the affected tissue. The end result
is the formation of tuberculous granulomas whose structure,
immune/pathogen cell balance (34), and intrinsic T-cell activity
(35) ultimately determine the degree of formation of tissue
lesions (36).

Defining and Assessing Lung Impairment
In order to understand the role of neutrophils in lung pathology,
we need consensus on structural versus functional impairment.
There are currently no international guidelines describing how
to classify levels of structural impairment following TB as well
as identifying TB sequelae in general (37). ATB is increasingly
further classified with respect to disease severity into the extent
of functional and/or structural lung damage, however, a decisive
classification of TB patient pathology has not been reached at this
time. Nonetheless, certain criteria have allowed the severity of
active pulmonary TB to be determined following assessment of
impaired pulmonary function via spirometry testing (38) and the
observation of lesions and/or lung cavities through chest x-rays
(CXR) and computed tomography (CT) (39).

Structural lung abnormalities determined by x-ray or
computed topography (CT) scores have been observed to
correlate to a degree with lung function in pulmonary TB (40).
Reports also suggest that functional pulmonary impairment at
diagnosis only begins to improve significantly several months
after the end of successful TB therapy (4, 40). Saldana et al.
observed that CXR abnormalities are inversely proportional to
and more reliable than spirometry evaluations when assessing
severity of lung impairment in cured ATB patients (41). An
even earlier study by Plit et al. showed that the change in CXR
score (pre- vs. post-treatment) is the most reliable predictor
of the severity of functional lung impairment in ATB: here
too, an inverse proportionality was observed between CXR
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TABLE 1 | Clinical studies assessing TB sequelae.

References Study site Study type and design ATB sample Nature of residual lung Associated
post-treatment size, n impairment inflammatory
commencement response

Ngahane et al. (46) Cameroon Cross-sectional 269 Structural (CXR lesions) and No
Includes HIV+ Functional (dyspnoea and

spirometry)

Ralph et al. (13) Indonesia Longitudinal [Baseline (BL), 200 Structural (CXR score of lesions No
6M & over 6M] and cavitation) and Functional
Includes HIV+ (dyspnoea, SGRQ, spirometry)

Kumar et al. (47) India Longitudinal (BL & 6M) 24 Structural (cavitation; no Yes
No HIV*+ cases CXR-score)

Part of larger study involving
patients with co-morbidities

Ravimohan et al. USA Prospective (over 6M) 14 Functional (spirometry) Yes (MMPs)

(48) All TB/HIV+

Pasipanodya et al. USA Longitudinal (BL, 6M & over 177 Functional (SGRQ and No

(1) &M) spirometry)

Includes HIV+

Plit et al. (42) South Africa Longitudinal (BL & BM) 76 Structural (CXR score of lung Yes (c-reactive

Includes HIV+ infilirates) Functional (spirometry) protein (CRP) and
serum a1-protease
inhibitor (o1-Pl)

Cole et al. (43) South Africa Cross-sectional 55 Functional (SGRQ and No
Includes HIV+ spirometry)

Patil and Patil (44) India Longitudinal (6M, 9M, & 118 Functional (dyspnoea and No
12M) spirometry)

No HIV+ cases

Hnizdo et al. (4) South Africa Retrospective (BL-—375M) 2,599 Functional (spirometry) No
Includes HIV+

Maguire et al. (45) Indonesia Longitudinal (BL, 2M, & 8M) 115 Functional (dyspnoea, SGRQ, No
Includes HIV+ spirometry)

Saldana et al. (41) Mexico Cross-sectional 127 Functional (Spirometry) and No
Includes HIV+ Structural (CXR abnormalities)

Vecino et al. (14) USA Longitudinal (BL, 6M, & over 123 Functional (Spirometry) No
&M)

Chushkin et al. (3) Russia Prospective (Over 12M) 214 Functional (Spirometry) No
Undetermined HIV status

scores and forced expiratory volume (FEV1; a spirometric
parameter) (42). These suggest that monitoring variations in
structural impairment during TB therapy is essential (or at least
of significant added value) when attempting to determine the
extent of TB sequelae. However, whilst most relevant clinical
studies have generally attempted to monitor ATB-linked signs
of TB sequelae via assessment of dyspnoea and disrupted
lung function by spirometry (3, 4, 11, 14, 43-45), fewer cases
have accounted for both structural and functional damage (13,
41, 42, 46), and none focussing on the former exclusively
(see Table1). Relevant follow-up parameters, where available
(especially involving longitudinal cohort studies), appear to have
relied on the researchers” study objective and understanding of
TB sequelae—variably assessing different forms of pulmonary
damage, lung rehabilitation and even treatment responses but
not the potential inflammatory triggers of these events as the
Ravimohan group’s latest review hints (49). This is probably
owing to absence of a referential guideline as mentioned above.
At this time, a few studies: Ravimohan et al. (48) and Plit

et al. (42) have assessed severity of lung impairment in ATB
in relation to the expression of inflammatory mediators: matrix
metalloproteinases (MMPs) in the former and; serum c-reactive
protein (CRP), serum «l-protease inhibitor («1-PI) and urine
cotinine in the latter. To account for these limitations, a
multisite trial is currently underway to monitor host-pathogen
and socioeconomic factors that influence the development of
pulmonary sequelae in ATB patients (50).

EVIDENCE OF NEUTROPHIL IMPACT ON
DESTRUCTIVE TB INFLAMMATION

Neutrophilia and Hyperinflammation
Polymorphonuclear neutrophils are the most abundant type of
white blood cells and play a central role in the immune response
to bacterial pathogens (51). The protective activity of neutrophils
in TB infection is observed during granuloma formation where
mycobacteria are phagocytosed from infected macrophages by
oxidative killing (52).
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Previous work indicates that the levels of granulocytes
(neutrophils and eosinophils) in circulation are higher in patients
with ATB disease than those with latent TB infection (LTBI);
with levels decreasing significantly following successful TB
treatment (53). It has also been demonstrated that neutrophilia
independently associates not only with increased risk of cavity
formation and lung tissue damage (54), but also mortality
in patients undergoing TB therapy (55), suggesting that the
neutrophil count in tuberculosis positively correlates with
bacillary load and disease outcome. Recently, Leem et al.
(56) monitored inflammatory markers in TB patients and
found that the neutrophil counts and neutrophil to lymphocyte
ratios (NLR) were decreased following a 6-months anti-TB
drug therapy compared to baseline. These results hint that
inflammation might be resolved only following the 6-month
treatment completion, suggesting that progress to chronic
inflammation and development of pulmonary lesions is a
silent process potentially mediated by secondary products of
inflammatory response whose activity persist in tissue long after
mycobacterial clearance.

Despite the lack of a consensus on neutrophil classification,
varying attributes: granule content (cytotoxic species/enzyme
concentration), density (low or normal density granulocytes),
nuclear segmentation [banded or (hyper)-segmented], tumor
suppressive/enhancing functions (N1/N2), to surface antigen
expression [CD177 (7, 57, 58); CD16, CD62L and CD11b]
and cytokine/chemokine secretion levels have been associated
to disease and immunoregulation [reviewed in Hellebrekers
et al. (59), Perobelli et al. (60), and Wang (61)]. It is therefore
arguable that a combination of these attributes could constitute a
neutrophil profile suggestive of disease severity at an early stage as
well as anticipated development of sequalae if chronic conditions
(in TB potentially) were to be established. However, given the vast
discrepancies in markers, experimental conditions and disease
models investigated by previous studies as described in the
reviews cited above, these functional differences in neutrophil
subsets will not constitute a focus here. Nevertheless, the severity
of ATB is linked to neutrophilia as discussed above; but also
a specific hyperactivated profile of the circulating neutrophils;
which has predominantly been associated with immature
banded (or non-segmented) neutrophils (8). Interestingly, the
bulk of neutrophil cytotoxic (and antibacterial) molecules are
concentrated in their granules. Hence, neutrophil degranulation
and exocytosis: processes requiring phosphatidylinositol 3-
kinase, (PI3-K) (62); are closely related to the severity of
neutrophil-mediated inflammation. We therefore anticipate that
a potential neutrophil bio-signature of ATB would encompass
enhancement/inhibition of some specific chemokines and
increased neutrophil-specific enzyme concentrations. In fact,
a recent review by Leisching (7) exposes the regulatory role
of PI3-K on enhanced neutrophil mobility and hyperactivity
and; the effect on neutrophil-driven TB inflammation. This
hyperactivity is equally suggested to be at play in chronic
periodontis where it is associated with increased migratory
capacity as well as pro-inflammatory cytokine (IL-8, TNF, and
IL-1, notably) production by circulating neutrophils (63). Taken
together, neutrophil relative abundance (in circulation and at

infection sites) and cytokine/enzyme release are potentially major
agents of hyperinflammatory conditions observed in ATB.

The mechanisms responsible for this inflammatory response
mainly result from three neutrophil functions: oxidative burst,
necrosis and NET osis.

Oxidative Burst Capacity

Although neutrophils have the capacity to protect against
Mtb infection, if left uncontrolled their collective activity may
produce pathogenic effects through different functions (64).
One such phagocytic function is oxidative burst, which is the
release of reactive oxygen species (ROS) mainly by neutrophils
and to a lesser extent, macrophages during phagocytosis, a
process which is mediated by nicotinamide adenine dinucleotide
phosphate (NADP) oxidase (65). This antibacterial activity
is performed by a myeloperoxidase system composed mainly
of reduced NADP (NADPH;), reduced glutathione (GSH),
azide, cyanide, thiocyanate, Tapazole, thiourea, cysteine,
ergothioneine, thiosulfate, reduced nicotinamide adenine
dinucleotide (NADH3), and tyrosine (66).

GSH levels have been shown to reduce significantly in
PMBCs and red blood cells isolated from tuberculosis patients
compared to healthy controls (67), while increased GSH
levels are reported to enhance T-cell capacity to inhibit Mtb
growth inside macrophages (68). Also, ROS produced by
neutrophils during oxidative burst have been reported to
drive Mtb-induced necrosis; which in turn promotes Mtb
growth (69). It has also been suggested that rapid assessment
of individual neutrophil oxidative burst capacity could
distinguish patients at risk of excessive immune responses
and thus could potentially guide therapy (70). Hence,
correlating neutrophil oxidative burst capacity with GSH
and/or NADPHj levels in TB patients may provide avenues for
novel host-directed therapies.

Neutrophil Extracellular Traps (NETs)

In-vitro studies by Brinkmann (71) revealed that neutrophil
activation with lipopolysaccharide (LPS), interleukin 8 or
phorbol myristate acetate (PMA) led to the release of cell
components, which form an extracellular fibril matrix called
neutrophil extracellular traps (NETs). These components are
proteins [namely neutrophil elastase (NE) and myeloperoxidase
(MPO)], DNA and chromatin-derived fibers; which destroy
bacteria extracellularly (71, 72). This process, NETosis, is a
powerful neutrophil-mediated response to a range of infections
but also acts as a double-edged sword during inflammatory
diseases (73). Interestingly, neutrophils can sense pathogen size
and can produce more NETs in presence of larger pathogens
like Mycobacterium bovis (74). Although aggregated NETs are
reported to degrade neutrophil-derived inflammatory mediators
in an attempt to resolve inflammation (75), NETs also stimulate
unwanted immune reactions and trigger tissue injury (73, 76).

In TB pathogenesis, Mtb is reported to induce the formation
of NETs, which trap Mycobacteria in vitro but are unable to
kill them (77). This may be partially explained by the fact
that expression of enzyme systems such as those required
in inflammatory pathways [ie., to degrade proteins within
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the phagolysosome (e.g., MPO) and for the phagocytic burst,
NADPH-oxidase complex and the generation of ROS] are
suppressed (78). Furthermore, these Mtb-induced NETs are also
associated with macrophage activation in humans (79) and
could thus help elucidate specific inflammatory mechanisms
of lung damage in TB pathogenesis. Indeed, a recent study
by De Melo et al. revealed high levels of citrullinated H3—
a common NET marker—in serum samples from TB patients
with extensive pulmonary damage (54). Although this marker
is usually measured in combination with others (i.e., MPO
and NE) to specifically identify NETs, this study suggests that
NET formation is centrally linked with severe lung tissue
damage in TB patients and could be implicated in subsequent
pulmonary pathology.

Neutrophil-mediated lung injury is not just restricted to
Tuberculosis. For example, excessive neutrophil recruitment and
NETosis was linked to acute lung injury in a mouse model of
Influenza pneumonitis (80). Additionally, more recent studies
reveal that reduced neutrophil recruitment into infected tissue
promotes resolution of inflammation (81). Hence, monitoring
NETosis and neutrophil-associated inflammatory mediators
within inflamed tissue could be useful in developing therapeutic
targets against chronic inflammatory conditions like TB (72).

Metalloproteinases in Destructive TB

Immunity

A group of molecules increasingly associated with excessive
lung inflammation is the matrix metalloproteinases (MMPs). In
the case of cystic fibrosis, which results in loss of pulmonary
architecture, Pardo et al. described in a review (82) the essential
role played by MMPs in modifying the tissue microenvironment
and modulating cell signaling through their ability to degrade
constituents of the extracellular matrix. Although the origin of
most MMPs cannot be directly linked to neutrophils, MMP-9 is
known to be secreted rapidly by neutrophils in whole blood from
healthy volunteers following proinflammatory stimulus (83) and
is suggested to facilitate transmembrane neutrophil migration
(84); also reviewed in Pardo et al. (82). Similar to MMP-9, MMP-
8 synthesis in ATB patients is also suspected to be of neutrophil
origin (85). In effect, Ravimohan et al. (48) assessed the role of
MMPs on TB-immune reconstitution inflammatory syndrome
and observed increased MMP-8; whilst MMP-2, -3 and -9 levels
reduced (MMP-1 did not vary significantly) in patients with
impaired lung function post-TB cure following antiretroviral
therapy. MMP-1 and MMP-8 have previously been shown to
correlate with pulmonary tissue damage (PTD) in patients with
ATB (85, 86) while MMP-14 has been shown to play a central
role in TB pathogenesis by provoking collagen degradation and
regulating monocyte migration (87). Interestingly, a more recent
study by De Melo et al. found lower levels of serum MMP-8 in TB
patients with severe PTD showing no radiological improvement
after 60 days of anti-TB treatment (54). Whether this change in
trend is related to plasma vs serum or due to the presence/absence
of HIV infection is unknown, however, the latter observation
is inconsistent with that from the previous studies reported
above and suggests that MMP regulation in TB patients might

differ between the circulation and the lung as well as in the
presence of coinfection. Nonetheless, de Melo et al. (54) did
find higher MMP-1 levels in these patients compared to those
with improved chest-x rays. Hence, whilst there is clearly a role
for MMPs in TB-linked tissue damage, more detailed studies,
with assessment of coinfections, are required to ascertain which
MMPs are predominant mediators. This will help to determine
potential host-directed therapeutic strategies.

Furthermore, a few clinical studies on major TB comorbidities
have recently emerged. One shows that sputum levels of MMP-
1, -2, -3 and -9 are higher in HIV negative TB patients than in
TB healthy controls (HC) and HIV positive TB patients with a
correlation found between the degree of chest x-ray inflammation
and both MMP-1 and MMP-3 levels in HIV negative TB patients
(88). Moreover, the clinical severity of TB is known to increase
in TB patients with diabetes mellitus (DM). Kumar et al. have
shown that circulatory levels of MMP-1, -2, -3, -8, and -13 in
these patients decrease following successful TB treatment and
that MMP-1 (in sputum) and MMP-1, -2, -3, -9, and -12 levels
(in serum) were higher in patients with more severe structural
lung damage at baseline (47) as determined from chest x-rays.

These findings suggest that MMPs (MMP-1, -2, -3, -8,
and -9, particularly) may promote tissue injury following
Mtb infection. Hence, monitoring the correlation of these
particular MMPs together with the downregulation of other
neutrophil-related inflammatory proteins and pro-inflammatory
cytokines associated with intracellular killing pathways during
TB infection would increase our understanding of the active
inflammatory pathways which enhance susceptibility to
development of PIAT and subsequent sequelae. Importantly,
natural regulation of MMP activity is performed by tissue
inhibitors of metalloproteinases (TIMPs). The levels of TIMPs
have not yet been monitored in TB patients; an aspect of TB
research which should be addressed for optimal understanding
of inflammatory mechanisms involved in development and host
control of TB-related PTD.

NEUTROPHIL-RELATED TB HDT

With increasing cases of co-infections, co-morbidities, drug
resistance; as well as the cost associated with the relatively
long standard antibiotic TB-treatment, new treatment regiments
like host directed therapies (HDT) could complement existing
Mtb-targeted approaches. Meanwhile biomarkers for efficiently
identifying and treating TB disease progressors at an early
stage are being actively researched (89), those that could single
out individuals who develop unresolving inflammation-induced
lung damage are still greatly under-investigated. This means
that research on HDTs should ideally focus on diagnosis and
prevention of the latter long-lasting condition as well. Recent
reviews have highlighted various established as well as promising
host directed adjuvant therapies against the development of TB
disease (90), TB-linked inflammation (91, 92) and lung damage
(93). Drugs that potentially inhibit pulmonary damage and/or
promote lung repair range from steroids to nonsteroidal anti-
inflammatory drugs, statins, metformin, dietary supplements,
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TNE blockers etc. (10). Of these, we observe that those
suppressing pro-inflammatory aspects of the disease appear
to be potent targets in preclinical and clinical trials. In fact,
Young et al. have recently reviewed current targets in TB
HDT with some of the most advanced ATB-relevant in clinical
trials being modulators of pro-inflammatory mediators which:
dampen inflammatory responses, curb immunopathology and
resolve lung damage (93). These include the phase 3 drugs:
cox-2 inhibitor (Meloxicam) and corticosteroids (Prednisolone
and Dexamethasone) amongst others. This HDT potential of
inflammatory mediators has also been addressed with inhibitory
effects on neutrophil recruitment (Ibuprofen) and neutrophil-
derived inflammatory mediators such as ROS and MPO as
reviewed by Dallenga et al. (94).

Also, a combination of the anti-inflammatory drug, zileuton
(an inhibitor of the synthesis of pro-inflammatory eicosanoid;
already approved against asthma) and prostaglandin E2
(95) is reported to reduce bacillary load and TB-induced
lung damage in mice. Statins are also interesting HDT
targets against destructive lung pathology following ATB
(96); with a promising phase 2 trial using pravastatin being
investigated in South Africa (ClinicalTrials.gov Identifier:
NCT03456102). Moreover, a phase 2b trial testing the effect
of atorvastatin against PTIAT in patients with or without
HIV is about to begin in South Africa (ClinicalTrials.gov

Identifier: NCT04147286); underlining the potential of
these agents.
Potentially, some mediators of neutrophil function

(mentioned in previous sections) could provide suitable
HDT targets. Amongst others, these involve: vitamin D which is
reported to inhibit Mtb-induced expression of MMP-7 and—10
as well as MMP-9 gene expression, secretion and activity by
peripheral blood mononuclear cells (PBMCs) (97). Although the
authors reported that the latter inhibition occurs irrespective
of infection, MMP-9 is reported to be of neutrophil origin
and in-depth investigation may be warranted. Doxycycline is
also a known MMP-inhibitor which in TB-HIV co-infection
particularly, is shown to suppress the secretion of TNF, MMP-1
and—9 by primary human macrophages while reducing Mtb
growth in the guinea pig model of TB (98). Also, Allen et al.
reviewed the importance of considering GSH as HDT against TB
and TB/HIV co-infection (99). Furthermore, it is important to
note that N-acetylated proline glycine proline (ac-PGP) induces
neutrophil chemotaxis and neutrophil production of MMP-9
and IL-8 (100, 101) which has led this molecule to be suggested
as potential HDT-target against chronic neuroinflammatory
diseases (102) and cystic fibrosis (103); which result in
MMP activation and result in considerable tissue damage
like TB.

Besides these, calprotectin, a hetero-dimer made up of
proteins S100A8 and S100A9 is a mediator of inflammatory
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