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Interleukin-26 Differentially Modulates Human Macrophage
Inflammatory Response to Distinct Mycobacterium
tuberculosis Whole Cell Lysates

Jose Barragan?, Diana Padilla?, Jorge Cervantes® ¢

Abstract

Background: Interleukin-26 (IL-26) is an antimicrobial peptide that
may contribute to the elimination of intracellular Mycobacterium tu-
berculosis (Mtb). The aim of the study was to investigate how IL-
26 affected the response of human macrophages to Mtb whole cell
lysates from different lineages.

Methods: Human macrophages were treated with IL-26 (monomer
or dimer) before stimulation with Mtb lysates from Indo-Oceanic,
HN878, East-African-Indian, and CDC1551 strains.

Results: Nuclear factor kappa B (NF-xB) activation was similar
in untreated cells after stimulation with all lysates, but was di-
minished in IL-26 monomer-treated macrophages in response to
Indo-Oceanic lysates. Macrophage exposure to dimeric 1L-26 led
to a higher NF-kB activation in response to CDC1551 lysates, but
lower to HN878 lysates. No changes were observed in interferon
regulatory factor (IRF) activation. Overall, IL-26 modulates NF-
«B activation in a strain and confirmation-dependent manner. This
modulation influences the macrophage inflammatory response to
Mtb. Our results suggest that IL-26 may promote M1 polarization
and enhance anti-Mtb immunity through the NF-xB pathway. This
is particularly true in response to high-cytokine-inducing strains
like CDCI1551.

Conclusion: More studies are needed to clarify IL-26’s dual role in
inflammation and immune regulation, and to explore its therapeutic

potential in tuberculosis (TB) treatment and vaccine strategies.
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Introduction

The fate of Mycobacterium tuberculosis (Mtb) infection is
initially dictated by the macrophage response of the human
host [1]. Mtb initially infects and resides intracellularly in
macrophages after subverting normal phagolysosome fusion
processes [2].

Mtb can be divided into distinct lineages, lineage 1 (In-
do-Oceanic lineage), lineage 2 (East Asian), lineage 3 (CAS/
Delhi), lineage 4 (Euro-American), lineage 5 (West African
1), and lineage 6 (West African 2) [3]. The modern lineages
2, 3, and 4 consist of Mtb strains responsible for the largest
and global epidemics and current pandemics in sub-Saharan
Africa, Southeast Asia, and Eastern Europe, while the ancient
lineage 1 causes tuberculosis (TB) in the Indo-Oceanic regions
and the Philippines [4]. Different lineages are not only associ-
ated with distinctive clinical profiles, relapse, and antibiotic
resistance, but with the ability to induce a proinflammatory
response [5]. Several human and animal studies have shown
lineage 2 strains to induce lower levels of proinflammatory T-
helper (Th)1 cytokines such as tumor necrosis factor (TNF),
interleukin (IL)-12, and interferon (IFN)-y, which may help,
in part, to explain its enhanced virulence [3, 5]. Modern line-
ages are associated with more severe lung damage, and higher
TNF-a levels in patients with TB compared to ancient lineages
[6]. Lineage 3 strains induce high levels of TNF and intermedi-
ate levels of IL-12, and lineage 4 induces high levels of IL-12
and intermediate levels of TNF [3].

IL-26 is a human antimicrobial peptide, which can acti-
vate macrophages and facilitate killing of Mtb [7] and Myco-
bacterium leprae (M. leprae) [8]. IL-26 is a member of the
IL-10 cytokine family [9]. Thl and Th17 cells might be the
major cell sources of IL-26 in the lung [10]. Structurally, IL-26
is a cationic amphipathic protein that exists in both monomeric
and dimeric forms. The dimeric conformation is stabilized
through non-covalent interactions and has been reported to
possess greater potential for forming higher order aggregates.
The monomeric form is known to usually elicit a lesser ef-
fect on inflammatory response than heterodimer forms. Nev-
ertheless, its priming effect on immune responses cannot be
undermined as it enhances the phagocytotic activity of THP-1
derived macrophages against other bacteria in infection cell
assays. Further studies are needed to characterize their differ-
ences and similarities in their immunomodulatory effects. In
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vitro studies have shown that IL-26 contributes to the elimina-
tion of intracellular Mtb via reactive oxygen species (ROS)
production by THP-1 cells [11]. An enhanced IL-26 secretion
mediated by cytokines like IL-1b has been shown in Th17 cells
upon M. leprae stimulation. Such induction is more rapid than
IFN-y and IL-17A-mediated activation [12]. Such mediation
adds to the evidence of how cytokines like IL-1b could influ-
ence Th17 response and function [13].

Human reports on the role of IL-26 in active TB have been
somewhat contradictory. IL-26 transcription has been shown
to be upregulated in peripheral blood mononuclear cells of
active TB patients compared to healthy controls [11]. At the
same time, IL-26 transcription is down-regulated in infected
monocytes from TB patients [14]. Furthermore, plasma [11]
and serum [14] levels of IL-26 levels of TB patients were
markedly lower than those of healthy controls. This reduction
is mediated by Mtb, as IL-26 levels of non-infected human
monocytes are greatly diminished after Mtb infection [14].

We here aimed to investigate how monomeric and dimeric
forms of IL-26 affect the response of human macrophages to
Mtb whole cell lysates from different lineages, focusing on
NF-kB activation and macrophage polarization.

Materials and Methods

Cell assays

THP-1-Dual cells (InvivoGen), which is a human monocytic
cell line with NF-kB-SEAP and IRF-Lucia luciferase reporters,
were utilized in these studies. Cells were cultured in Roswell
Park Memorial Institute (RPMI) 1640, 2 mM L-glutamine, 25
mM N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid
(HEPES), 10% heat-inactivated fetal bovine serum (FBS), and
penicillin-streptomycin (100 U/mL-100 pg/mL) media. Cells
were transformed into macrophages by the addition of 5 ng/mL
of phorbol 12-myristate 13-acetate (PMA) for 72 h, and then
treated with 1 uM of IL-26 monomer or IL-26 dimer (R&D
Systems) for 24 h. Following treatment, cells were stimulated
with Mycobacterium lysates from the following Mtb strains:
HNS878, Indo-Oceanic, East African, CDC1551, or M. bovis
(AF2122/97, BEI Resources) for 24 h. Lysates were prepared
by BEI Resources through the following procedures: a culture
was grown to late log phase in glycerol-alanine-salts medium
and inactivated by gamma irradiation. Cells were suspended in
PBS buffer containing 8 mM ethylenediaminetetraacetic acid
(EDTA), proteinase inhibitors, DNase, and RNase and disrupt-
ed by French Press until approximately 90% breakage was ob-
tained. The lysate was centrifuged to pellet the unbroken cells
and the cleared supernatant was removed. Lipopolysaccharide
(LPS) and lipoarabinomannan (LAM) were used as controls
as they are known to have overlapping effects in macrophage
activation. Supernatants from condition were collected and re-
porter activation was evaluated in accordance with the manu-
facturer’s instructions (InvivoGen). Absorbance at an optical
density (OD) of 620 nm was read to measure NF-kB activation
after addition of the QUANTI-Blue reagent (InvivoGen), as
per manufacturer’s instructions. Luciferase activity was read

through the luminometer function and expressed as relative
light units (RLUs). A response ratio, compared to untreated
and unstimulated cells, was calculated for both reporter sys-
tems. All measurements were read using a Synergy-HTX plate
reader (Agilent) after addition of the QUANTI-Luc reagent.

STRING protein-protein interaction network

A protein-protein interaction network analysis was conducted
through the STRING (Search Tool for the Retrieval of Inter-
acting Genes/Proteins) database (version 11.5). IL-26 was
matched to known and predicted interactions derived from
various sources. These included experimental data, computa-
tional predictions, co-occurrence, co-expression, gene fusion,
neighborhood, and text mining. Only known interactions to
Homo sapiens were considered at a confidence of 0.400 and
cut-off at no more than 10 interactions.

Results

NF-«B activation was similar in untreated cells stimulated with
Mtb lysates from all strains (Fig. 1a, light bars). This response
was diminished in IL-26 monomer-treated macrophages upon
stimulation with lysate from Mtb Indo-Oceanic (lineage 1). In
macrophages exposed to dimeric IL-26, the NF-xB was statis-
tically significantly higher in response to stimulation with Mtb
lysates from CDC1551 strain (lineage 4), but lower in response
to lysates from HN878 strain (lineage 2) (Fig. 1a, darker bars).
There was no change in the NF-kB response of IL-26-treated
cells to lysates from Mtb East-African-Indian strain (lineage
3), M. bovis lysate, purified LAM, or LPS.

All Mtb lysates exerted a minimal activation of interferon
regulatory factor (IRF) in macrophages, irrespective if they
were treated or not with IL-26 (Fig. 1b).

As there is very little literature on the effect of IL-26 in
macrophages [11, 15], we performed a predictive protein-
protein interaction network analysis. IL-26 proinflammatory
network places it within other IL-10 family functional part-
ners. These included IL-19, IL-22, and IL-24. In addition, the
STRING database network pointed out interactions between
IL-26 and IL-10RB, IL-20RA, IL-20RB, IL22RA1, IL22RA1,
STAT3, and STAT1 (Fig. 2a). Along with these predictions,
Gene Ontology enrichment analysis associates 1L-26 with
cytokine-mediated signaling pathway, regulation of receptor
signaling pathway via JAK-STAT and inflammatory responses
(Fig. 2b).

Discussion

Modern Mtb lineages are associated with high TNF-a levels
and increase the risk of having severe lung damage three times
among TB patients [6]. Nevertheless, the NF-kB activation
was similar in macrophages stimulated with Mtb lysates from
all the different strains.

Recent knowledge has demonstrated a key role of 1L-26
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Figure 1. (a) NF-kB and (b) IRF activity in human macrophages in response to Mtb lysate stimulation from different lineages: Indo-
Oceanic (lineage 1), HN878 (lineage 2, also known as East Asian), East-African-Indian (lineage 3), CDC1551 (lineage 4), and M.
bovis. Lipoarabinomannan (LAM) and lipopolysaccharide (LPS) were used as controls. Untreated: lighter color. IL-26 monomer-
treated: medium color. IL-26 dimer-treated: darker color. *P < 0.05 (Wilcoxon matched-pairs signed rank test). Data of three inde-
pendent experiments. IRF: interferon regulatory factor; Mtb: Mycobacterium tuberculosis; NF-kB: nuclear factor kappa B.

expression in TB patients and its regulatory effect in mac-
rophage polarization and intracellular elimination of Mtb
[11]. Therefore, we aimed to explore how human macrophage
immune responses to ligands present in lysates from differ-
ent Mtb lineages were affected by IL-26. We observed an
increased proinflammatory response, measured as NF-xB ac-
tivation, only to Mtb lysates from CDC1551 strain in IL-26 di-
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mer-treated human macrophages. This is in line with reported
heightened expressions of CD80, TNF-a, and iNOS in THP1
cells treated with IL-26 [11]. NF-kB crucially assists in keep-
ing a granuloma [16], and Mtb load contained [17], as granu-
loma formation is dependent on proinflammatory mediators
such as TNF-a [16]. Nevertheless, IL-26 dimer-treated cells
showed a decreased NF-«xB activation upon stimulation with
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Figure 2. (a) IL-26 proinflammatory network and (b) predicted function. IL-26: interleukin-26.

HN878 lysates. CDC1551 is a high cytokine inductor, while
HNS878 has a low cytokine induction but high mortality [18].
NF-«xB subunit p65 transcription and translocation is higher in
cells infected with Mtb CDC1551 compared to HN878 strain
[19]. Even DNA from HN878 appears to be weak as a ligand,
compared to other strains [20]. Treatment with IL-26 monomer
also lowered NF-kB activation in response to lysates from the
Indo-Oceanic strain (lineage 1).

The differential response to monomeric and dimeric IL-26
treatment suggests possible distinct modes of action of IL-26
on macrophages [15]. IL-26 is a cationic amphoteric protein
that can not only dimerize but also form higher degree dimers.
Both the monomer and dimer conformations can bind to the
dimeric IL-26 receptor [21]. Therefore, both possess the poten-
tial to be biologically active. It is unclear if one form is more
active than the other and more studies are needed to confirm
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the activity.

IL-26 may induce M1 macrophage polarization [11] by
activating NF-kB pathways. Despite IL-26 being a member of
the IL-10 and IL-20 cytokine family [9], it does not induce M2
macrophage polarization [11]. Since it is mainly secreted by
immune cells like Th17, monocytes, and macrophages [14], it
is considered a proinflammatory cytokine [9, 22]. Curiously,
treatment of peripheral blood mononuclear cells (PBMCs)
with IL-26 has shown to have no effect on the amount of pro-
duced TNF-a, nor other NF-kB-dependent cytokines like IL-
12. Nevertheless, it can reduce the amounts of IL-2 receptors
(IL-2R) [16] and IL-2 [14], which is a major key player in
T-cell activation and is critical for Mtb elimination. All this
suggests an inhibitory effect on the immune response of IL-26,
similar to that described for IL-10, and may constitute another
Mtb immune evasion mechanism that mediates long-term in-
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fections in the lung.

The lack of IRF activation, associated with production of
type I IFNs observed in active TB, may be due to an absence
of endosomal Toll-like receptor (TLR) pathogen-associated
molecular patterns (PAMPs) present in live mycobacteria but
not in our lysates. DNA from these strains is able to induce
IRF activation when delivered to the endosomal compartment
[20]. Type I IFN plays a role in diminishing the host defense
against Mtb by attenuating T-cell activation [23]. Type I IFN
from macrophages also influences neutrophils migrating into
the granuloma, enabling the release of neutrophil extracellular
traps (NETs) associated with necrosis and caseation [24]. IL-
26 plays a key role in attracting neutrophils to the lung [25].
Neutrophils infiltration is associated with active TB [26] and
disruption of the granuloma architecture [27].

It is unknown to what extent the differences in NF-kB ac-
tivation observed upon IL-26 pretreatment would impact on
cytokine production in human macrophages. Further investiga-
tion is needed to assess these effects. Nevertheless, the predic-
tive protein network analysis suggests that IL-26 elicits a proin-
flammatory response to Mtb in human macrophages through a
JAK/STAT/NF-kB axis. IL-26 levels correlate with active TB
disease, as well as other granulomatous forms of mycobacte-
rial diseases like leprosy. In leprosy, IL-26 is more strongly
expressed in lesions from the tuberculoid form of the disease,
associated with M1 macrophage polarization [28], compared to
lepromatous leprosy, which is associated with M2 polarizations
[8]. The modulating effects of IL-26 on macrophage polariza-
tion towards M1 phenotype and now its activation of NF-«B re-
sponse could enhance Th1 and cytotoxic T-cell responses, which
are essential components for effective TB immunity.

Putting altogether, IL-26 proinflammatory responses could
boost M1 macrophage polarization and therefore enhance Thl
and cytotoxic T-cell responses. At the same time, it may exert a
modulatory/immunosuppressive effect on type I IFN, which can
diminish host defense against Mtb and is associated with active
disease. This dual effect can offer therapeutic advantages during
active infection treatment or vaccination. Therefore, selective-
ly targeting IL-26 signaling through its monomeric or dimeric
forms can be an orchestrated strategy to either amplify host de-
fenses mechanisms or suppress damaging inflammation. In this
context, further studies could help streamline the potential role
of IL-26 as an adjuvant to TB therapy or vaccines.
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