? frontiers ‘ Frontiers in Immunology

@ Check for updates

OPEN ACCESS

EDITED BY
Zhidong Hu,
Fudan University, China

REVIEWED BY

Pooja Singh,

University of Alabama at Birmingham,
United States

Krishnaveni Mohareer,

University of Hyderabad, India

*CORRESPONDENCE

BoZena Dziadek
bozena.dziadek@biol.uni.lodz.pl

Jarostaw Dziadek
jdziadek@cbm.pan.pl

"These authors have contributed
equally to this work and share
first authorship

RECEIVED 10 June 2023
ACCEPTED 28 August 2023
PUBLISHED 15 September 2023

CITATION

Kawka M, Ptocinska R, Ptocinski P,
Pawetczyk J, Stomka M, Gatkowska J,
Dzitko K, Dziadek B and Dziadek J (2023)
The functional response of human
monocyte-derived macrophages to
serum amyloid A and Mycobacterium
tuberculosis infection.

Front. Immunol. 14:1238132.

doi: 10.3389/fimmu.2023.1238132

COPYRIGHT

© 2023 Kawka, Ptocinska, Ptocinski,
Pawetczyk, Stomka, Gatkowska, Dzitko,
Dziadek and Dziadek. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License

(CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that
the original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Immunology

TvPE Original Research
PUBLISHED 15 September 2023
po110.3389/fimmu.2023.1238132

The functional response of
human monocyte-derived
macrophages to serum amyloid
A and Mycobacterium
tuberculosis infection

Malwina Kawka®, Renata Ptociriska®, Przemystaw Ptociriski®,
Jakub Pawetczyk? Marcin Stomka*®, Justyna Gatkowska®,
Katarzyna Dzitko', Bozena Dziadek™ and Jarostaw Dziadek*

tDepartment of Molecular Microbiology, Faculty of Biology and Environmental Protection, University
of Lodz, Lodz, Poland, ?Institute of Medical Biology, Polish Academy of Sciences, Lodz, Poland,
sBiobank Lab, Department of Oncobiology and Epigenetics, Faculty of Biology and Environmental
Protection, University of Lodz, Lodz, Poland

Introduction: In the course of tuberculosis (TB), the level of major acute phase
protein, namely serum amyloid A (hSAA-1), increases up to a hundredfold in the
pleural fluids of infected individuals. Tubercle bacilli infecting the human host can
be opsonized by hSAA-1, which affects bacterial entry into human macrophages
and their intracellular multiplication.

Methods: We applied global RNA sequencing to evaluate the functional response
of human monocyte-derived macrophages (MDMs), isolated from healthy blood
donors, under elevated hSAA-1 conditions and during infection with
nonopsonized and hSAA-1-opsonized Mycobacterium tuberculosis (Mtb). In
the same infection model, we also examined the functional response of
mycobacteria to the intracellular environment of macrophages in the presence
and absence of hSAA-1. The RNASeq analysis was validated using gPCR. The
functional response of MDMs to hSAA-1and/or tubercle bacilli was also evaluated
for selected cytokines at the protein level by applying the Milliplex system.

Findings: Transcriptomes of MDMs cultured in the presence of hSAA-1 or
infected with Mtb showed a high degree of similarity for both upregulated and
downregulated genes involved mainly in processes related to cell division and
immune response, respectively. Among the most induced genes, across both
hSAA-1 and Mtb infection conditions, CXCL8, CCL15, CCL5, IL-1B, and receptors
for IL-7 and IL-2 were identified. We also observed the same pattern of
upregulated pro-inflammatory cytokines (TNFa, IL-6, IL-12, IL-18, IL-23, and
IL-1) and downregulated anti-inflammatory cytokines (IL-10, TGFB, and
antimicrobial peptide cathelicidin) in the hSAA-1 treated-MDMs or the
phagocytes infected with tubercle bacilli. At this early stage of infection, Mtb
genes affected by the inside microenvironment of MDMs are strictly involved in
iron scavenging, adaptation to hypoxia, low pH, and increasing levels of CO,. The
genes for the synthesis and transport of virulence lipids, but not cholesterol/fatty
acid degradation, were also upregulated.
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Conclusion: Elevated serum hSAA-1 levels in tuberculosis enhance the response
of host phagocytes to infection, including macrophages that have not yet been
in contact with mycobacteria. SAA induces antigen processing and
presentation processes by professional phagocytes reversing the inhibition
caused by Mtb infection.

KEYWORDS

tuberculosis, human serum amyloid A, monocyte-derived macrophages, immunological
response, host-pathogen transcriptomics

1 Introduction

Mycobacterium tuberculosis (Mtb) is a causative agent of
tuberculosis (TB), an infectious disease that affects millions of
people worldwide. TB remains a major global health problem,
with an estimated 10.6 million cases globally and 1.6 million
deaths worldwide in 2021, according to the World Health
Organization (WHO) Global Tuberculosis Report 2022 (1). Mtb
is a slow-growing bacterium with a complex cell wall that makes it
resistant to many antibiotics and allows it to evade the host’s
immune system (2). The transmission of TB occurs through
inhalation of respiratory droplets containing bacteria, which are
excreted from an infected person during coughing, sneezing or
talking. The bacteria can then infect the lungs and other parts of the
body of a newly infected individual, leading to the development of
TB (2, 3). The pathogenesis of TB is complex and involves a
network of interactions between the bacterium and the host’s
immune response. Several factors contribute to the development
of active TB, including host genetics, environmental factors, and the
virulence of the infecting strain. The disease can cause distress to
multiple organs, but primarily affects the lungs, leading to
symptoms such as cough, fever, and weight loss (4, 5). The
immune response to Mtb involves a complex interplay between
the innate and adaptive immune systems, which work together to
control the infection. The initial immune response to Mtb is
mediated by innate immune cells, including macrophages and
dendritic cells, capable of engulfing and phagocytosing the
bacteria. Once inside the phagosome, Mtb evades eradication by
manipulating the host immune response, preventing acidification of
the phagosome and avoiding exposure to lysosomal enzymes. To
counteract these strategies, innate immune cells secrete cytokines
and chemokines that recruit other immune cells to the site of
infection, including neutrophils, natural killer cells, and T cells. This
results in the formation of granulomas, which are dense, granule-
like aggregates of immune cells that surround the infected
macrophages and sequester the bacteria. In granulomas Mtb can
enter a dormant state where it can persist for years without causing
disease. Reactivation of the bacterial infection can occur if the
immune system becomes compromised, as in the case of HIV
coinfection or immunosuppressive therapy, leading to the
development of TB (6, 7). The adaptive immune response to Mtb
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is primarily mediated by CD4" T-cells, which recognize tubercle
bacilli antigens presented by antigen-presenting cells (APCs)
e.g. Ag85B (8), a wide range of peptides from proteins of
secretion systems ESX-1, ESX-3, ESX-5 and also membrane-
bound protease FtsH and putative conserved ATPase (9, 10). As
for the group of Mtb non-protein components presented by APC, it
has been shown to belong to it monoglycosolated mycolic acids,
phospatydilinositols (e.g. LAM, PIM2, and PIM6), and diacylated
sulfoglycolipids (11). Once activated, CD4" T-cells differentiate into
T helper 1 (Th1) cells, which secrete cytokines such as interferon-
gamma (IFN-y) and tumor necrosis factor-alpha (TNF-o) that
activate macrophages and enhance their bactericidal activity (12,
13). In addition to Thl cells, other CD4" T cell subsets, such as
Th17 and regulatory T-cells, also play a role in the immune
response to Mtb. Th17 cells secrete cytokines including IL-17 that
recruit neutrophils and enhance their ability to kill Mtb, while
regulatory T cells help to dampen the inflammatory response and
prevent tissue damage. However, the precise role of Th17 cells
during Mtb infection is not fully clear due to their potential
contribution to tuberculosis pathology and progression (14, 15).
Serum amyloid A (SAA), together with C-reactive protein, is
classified as a positive, major acute-phase protein that is produced
mainly by liver hepatocytes, and is present in low concentrations (1-
2 pg/mL) in the blood of healthy individuals. However, during
inflammation or infection, the concentration of SAA can increase
dramatically within the first 4 hours, reaching values up to 1000-fold
higher than baseline levels. Among the four isoforms of human SAA,
namely SAAL, SAA2, SAA3 and SAA4, only two of them, SAAI and
SAA2, are considered acute phase proteins (A-SAA) (16). During
the inflammatory response, mediators of A-SAA synthesis are
endogenous and exogenous factors including IL-6, IL-1, TNF-a,
bacterial endotoxin, and glucocorticoids (17-19). The high
evolutionary conserved nature among vertebrates, low
physiological serum concentration, and lack of documented
deficiencies related to A-SAA indicate a significant biological role
of this acute-phase protein. A-SAA is characterized by pleiotropic
functional activity necessary to maintain homeostasis, which is
associated not only with its high immunomodulatory potential but
also with the involvement of A-SAA in tissue repair processes.
Engagement of A-SAA in tissue regeneration and repair relay on
its role in the mobilization of cholesterol, and functioning as an
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angiogenic and retinol-binding protein (16, 20). The
immunomodulatory functions of A-SAA depend on its
proinflammatory and anti-inflammatory properties related to,
inter alia, stimulation of the synthesis of many cytokines (e.g.,
TNF-0, IL-1pB, IL-6, IL-23, GM-CSF, IL-10) and chemokines (e.g.,
CXCL8, CCL2), and an ability to activate the NLRP3 inflammasome
of macrophages (17, 21). As a part of the innate immune system A-
SAA plays an important role in the response to various infectious
agents. The ability of A-SAA to opsonize pathogenic
microorganisms allows the classification of this protein as one of
the circulating pattern recognition receptors (PRRs) recognizing
pathogen-associated molecular patterns (PAMPs). The specific
binding interactions with A-SAA were described for gram-
negative bacteria, including Escherichia coli, Salmonella enterica,
Shigella flexneri, Pseudomonas aeruginosa, Vibrio cholerae,
Klebsiella pneumoniae and Serratia marcescens. Furthermore,
bacterial proteins, namely OmpA (E. coli) and its homolog OprF
(P. aeruginosa) were identified as A-SAA ligands (22). Further study
revealed that opsonization of gram-negative bacteria with A-SAA at
physiological concentrations of this protein promotes their
phagocytosis by neutrophils and macrophages and stimulates
inflammatory mechanisms of professional phagocytes relying on
increased synthesis of IL-10 and TNF-a. (23).

More recently we described the specific interaction of human A-
SAA (SAA1) with Mtb and identified 5 mycobacterial membrane
proteins, namely AtpA (Rv1308), ABC (Rv2477¢), EspB (Rv3881c),
TB18.6 (Rv2140c) and ThiC (Rv0423c) as the pathogen effectors
responsible for this interaction. The opsonization of tubercle bacilli
with SAAL1 favored bacterial entry into human monocyte-derived
macrophages (MDMs), accompanied by a substantial increase in
the load of intracellularly multiplying and surviving bacteria (24).

Here, using global transcriptomics analyses, we evaluated the
functional response of human MDMs, isolated from the blood of
healthy donors under elevated SAA-1 conditions and during
infection with nonopsonized and SAA1-opsonized tubercle bacilli.
Furthermore, we examined the functional response of mycobacteria
to the intracellular environment of MDMs in the presence and
absence of SAAL.

2 Materials and methods

2.1 Preparation of human MDMs and
infection with Mtb and stimulation with
human SAA1l

Human monocytes were isolated from commercially available
(Regional Blood Donation Station, Lodz, Poland) and freshly
prepared buffy coats from anonymous healthy human blood
donors (24, 25). Briefly, differentiation of MDMs was performed
within 6 days of culturing 2.5 x 10° blood monocytes in 2.5 mL of
IMDM medium (Cytogen GmbH, Greven, Germany) containing 10
ng/mL macrophage colony-stimulating factor (M-CSF), (Thermo
Fisher Scientific, Waltham, MA, USA) in 6-well tissue plates
(Corning Incorporated, Corning, NY, USA) at 37°C in a
humidified atmosphere of 10% CO,/90% air. Next, the cells were
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thoroughly washed three times to remove any nonadherent cells
and antibacterial antibiotics and left to rest overnight.

We sought to determine the functional responses of MDMs to
serum amyloid A and SAA-opsonized and nonopsonized Mtb at the
transcriptome and cytokine levels as well as the transcriptional
response of intracellularly located nonopsonized and opsonized
tubercle bacilli. Live Mtb cells were subjected to initial interactions
with human SAA1 (ProSpec-Tany TechnoGene Ltd., Ness-Ziona,
Israel) at a final concentration of 15 ug/mL in IMDM containing
0.1% BSA (Sigma, St. Louis, MO, United States) and 3 mM CaCl,
(Sigma Aldrich) for 90 min at 37°C (warm water bath) with gentle
shaking every 30 min. The MDMs were infected with tubercle
bacilli, as described by Kawka et al. (24), or were stimulated with
human SAA1L. Briefly, prior to infection, the culture medium was
replaced with 2 mL human serum-free medium supplemented with
0.2% BSA, employing three washes to remove the excess SAAl
present in human serum (SAA1 concentrations in human sera were
assessed by an SAA human ELISA Kit, Hycult®Biotech, Wayne,
USA). Then the separate MDM cultures were infected with
nonopsonized and SAAl-opsonized Mtb at an MOI of 1:20 or
were treated with human SAAT at a final concentration of 15 pg/
mL. After 2 h of incubation of Mtb-infected MDMs, at 37°C in a
humidified atmosphere of 10% CO,/90% air, the extracellularly
located tubercle bacilli were removed by extensive washing using
IMDM medium. After 24 h of incubation supernatants were
collected from the experimental and control cultures to determine
the concentrations of selected cytokines. MDMs incubated with the
medium alone and intracellularly located nonopsonized Mtb served
as controls. To analyze the transcriptional response of MDMs and
the pathogen, human cells were lysed with 2 mL of cold RLT Buffer
(QIAGEN, Hilden, Germany) on ice for 5 min to isolate bacterial
and human RNA.

Macrophages from four independent healthy blood donors
were used to perform the experiments.

2.2 RNA extraction and RNA-Seq
library construction

Following the infection cycle, macrophages were lysed in RNA
later reagent (InvitrogenTM, Walthman, MA, USA) following the
manufacturer’s protocol and were then centrifuged at 8,000 rpm for
15 minutes at 4°C to collect cell debris and mycobacteria. The
supernatant was mixed with 3 volumes of TRIzol LS Reagent
(Thermo Fisher Scientific, Waltham, MA, USA) and macrophage
RNA was isolated using the Direct-zol' " RNA MiniPrep Plus
reagent kit (Zymo Research, Irvine, CA, USA) according to the
manufacturer’s instructions. First, TRIzol cell lysate was mixed with
an equal volume of 95% ethanol, transferred onto a Zymo-Spin IIC
column and centrifuged. The column was washed with Direct-zol
RNA PreWash, followed by RNA Wash Buffer and RNA was eluted
with DNase/RNase Free Water. Total RNA from bacterial strains
was isolated using TRIzol LS reagent as described previously (24,
26). Briefly, cells were disrupted twice using the MP disruptor
system with the Quick prep adapter (MP Biomedicals, Irvine, CA,
USA) and 0.1 mm silica spheres. DNA contamination of the RNA
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samples was removed using a TURBO DNA-ﬁ’eeTM Kit (Thermo
Fisher Scientific, Waltham, MA, USA) according to the
manufacturer’s protocol. The integrity and quantity of RNA were
examined using an Agilent 2100 BioAnalyzer fitted with an Agilent
RNA 6000 Nano Kit, following the manufacturer’s instructions
(Agilent Technologies, Santa Clara, CA, USA).

The total RNA sequencing libraries were prepared as described
previously in Plocinski et al., 2019 with minor modifications.
Briefly, 2 ug of AMPure XP (Becton Dickinson, Burlington, NC,
USA) bead-purified RNA was treated with a Ribo-off rRNA
Depletion Kit (Human/Mouse/Rat, Vazyme, Nanjing, Jiangsu,
China) to deplete rRNA (including cytoplasmic 28S, 18S, 5S
rRNA, and mitochondrial 12S, 5.8§ rRNA) from human total
RNA (Illumina, San Diego, CA, USA) following the protocol
accompanying the kit. The Ribo-Zero rRNA Removal Kit
(Ilumina, San Diego, CA, USA) was applied in the case of
bacterial RNA. The sequencing libraries were prepared following
the manufacturer’s instructions for the KAPA Stranded RNA-Seq
Kit, (KAPA Biosystems, Roche, Basel, Switzerland). The quantity
and quality of libraries were inspected on an Agilent 2100
BioAnalyzer fitted with a DNA 1000 chip. The obtained cDNA
libraries were sequenced using a NextSeq 500 System (Illumina and
a NextSeq 500/550 Mid Output v2 Sequencing Kit (150 cycles),
(Ilumina, San Diego, CA, USA), thus guaranteeing 3 to 10 million
paired-end reads per sample in the case of bacterial libraries and 10
to 25 million paired-end reads in the case of human origin libraries.
RNA isolation, library generation, and RNA sequencing were
performed in three independent replicates.

2.3 RNA-seq data analysis

For RNA-Seq data analyses, raw sequencing data were
processed with Cutadapt v. 2.8. to remove sequencing adapters
(27). Quality trimming with Sickle v.1.33 was then applied, allowing
30% quality and a minimal read length of 20 bp. Reads meeting the
required criteria were next aligned to appropriate genomes using
the Bowtie2 short read aligner (28) in the case of bacterial RNA or
with the help of STAR RNA-seq aligner v.2.7 (29). The genome
reference for M. tuberculosis H37Rv (https://mycobrowser.epfl.ch/
releases, accessed on 12 April 2023; NC_000962.3, v.4) was
obtained from the mycobrowser database and the human genome
GRCh38 was retrieved from the gencode database (https://
www.gencodegenes.org/human/, downloaded on 1% Dec 2018).
Aligned data format transformations, sorting and indexing were
performed with SAMtools v.1.9 (30) and BEDTools v. 2.27 (31)
software suite to generate bedgraphs, whenever needed. While
human reads were counted into transcript features within the
STAR script, HTSeq v.0.13 was applied for bacterial reads
counting (32). Sequencing results were visualized using
Integrative Genomics Viewer (IGV) (33). Transcriptional changes
were estimated with the online Degust RNA-Seq analysis platform
with default parameters (http://degust.erc.monash.edu/, originally
designed by D.R. Powell (34) or alternatively with help of the iDEP
96 online platform (http://bioinformatics.sdstate.edu/idep96/,
accessed on 121" April 2023 (35). Genes (bacteria) or transcripts
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(human) with a log2 fold change greater than an absolute value of
1.585 (changing three times or more) and a false discovery rate
(FDR) of <0.05 were considered differentially expressed in the
current study.

2.4 Real-time PCR analysis

The qQRTPCR technique was applied as a validation experiment
of RNA-Seq data. Reverse transcription was performed using
SuperScript IIT First-Strand Synthesis Super Mix (MP
Biomedicals, Irvine, CA, USA) and random hexamers. The
expression profile of the studied genes (CXCL8, CCL19, CSF2)
was analyzed by qRTPCR using TagMan chemistry and TaqManTM
Universal PCR Master Mix (Thermo Fisher Scientific, Waltham,
MA, USA). The total reaction of 20 pl containing 1X TaqManTM
Universal PCR Master Mix, 1X TaqgMan Gene Expression Assay
(FAM) and 10 ng of cDNA was activated at 50°C for 2 minutes in
order UNG incubation, followed by DNA Polymerase activation at
95 for 10 minutes. Next, 40 cycles of denaturation at 95°C for 15
seconds were followed by annealing/extention at 60°C for 1 minute.
qRTPCR assays were run in triplicates on a QuantStudioTM 5
instrument (Applied Biosystems, Carlsbad, California, USA) in
96-well plates. Individual TagMan Gene Assays with verified
amplification efficiencies were purchased from Thermo Fisher
Scientific and their corresponding product numbers are listed in
Table S1. The number of tested transcripts was normalized to the
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
housekeeping gene and relative fold changes in gene expression in
comparison to the control strain were calculated using the delta
method (2744°T).

2.5 Milliplex assay

The concentrations of cytokines, namely G-CSF (CSF3),
GM-CSF (CSF2), IL-10, IL-1B, IL-6, IL-8 (CXCLS), IL-12p40,
IL-15, IL-27, TNF-a, CXCL10, CCL2, CCL7, CCL3, CCL4, and
CCLS5, were determined by applying a commercially available kit for
the Milliplex® Multiplex assay and Luminex® Instrument (MERK
KGaA, Darmstad, Germany) according to the manufacturer’s
recommendations. Milliplex® multiplex assays use the
proprietary Luminex® xMAP® bead-based multiplex assay
platform. Each magnetic MagPlex® microsphere bead is
fluorescently coded with one of 500 specific ratios of two
fluorophores (each spectrally distinct set is known as a bead
region, fluorescent at Aex 635 nm). Additionally, analyte-specific
capture antibodies are bound to beads of a specific region, and the
beads-bound analyte is detected with biotinylated secondary
antibodies. The Luminex® instrument detects individual beads by
region plus the streptavidin-conjugated R-Phycoerythrin (SAPE)
signal, Aex 525 nm, indicating the analyte is present. In short, wells
of 96-well titration plates were washed with Wash Buffer at room
temperature for 10 min with constant shaking using a plate shaker.
Then 25 pL of standard or assay buffer or matrix solution or
samples of collected culture media were added to appropriate
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standard and control wells, background and sample wells,
background, standard and control wells, and sample wells,
respectively. Furthermore, the 25 uL of premixed beads were
introduced to each well and all samples were incubated overnight
(16-18 h) at 2-8 ©C. On the next day, all wells were washed
three times with 200 uL Wash Buffer and the immunoreaction
was revealed using 25 pL Detection Antibodies and 25 pL
Streptavidin-Phycoerythrin solution per well. After 30 min of
incubation, all wells were again washed three times, and finally,
150 pL of Drive Fluid was added to each well and the plate was
incubated for 5 min with constant shaking. To determine
fluorescence values for standard, experimental, control, and

background samples Luminex®

equipment was employed. The
results were analyzed, and median fluorescent intensity
parameters were calculated using dedicated Milliplex assay
BelysaTM software (MERK KGaA, Darmstad, Germany).

The assay was performed for three independent healthy blood
donors and the samples of collected culture supernatants were run

in triplicate.

3 Results

We have recently reported that M. tuberculosis specifically binds
hSAA-1 and the opsonization with 5-fold higher, than the
physiological concentration of this acute phase protein favoring
bacterial entry into human macrophages and increasing the load of
intracellularly multiplying and surviving bacteria (24). On the other
hand, an early study by Samaha et al. (36) documented elevated
levels of hSAA in both the sera and pleural fluids of tuberculosis
patients (93 pg/mL), compared to the physiological concentration
of this acute protein (1-2 pg/mL). Here, we asked whether the
opsonization of tubercle bacilli with hSAA-1 affects the functional
response of professional phagocytes to mycobacterial infection. To
answer this question, we applied global RNASeq analysis of total
RNAs isolated from human macrophages, prepared from buffy
coats of healthy blood donors, to compare the transcription
profiles of control MDMs with transcriptomes of MDMs infected
with tubercle bacilli, MDMs treated with 5-fold higher than
physiological concentration of hSAA-1 (15 pg/mL), and MDMs
infected with Mtb opsonized with hSAA-1 at concentration of 15
pg/ml. Additionally, we evaluated the transcriptional response of
nonopsonized and SAA-1 opsonized tubercle bacilli to the
intracellular environment of human macrophages.

MDMs isolated from four healthy blood donors treated or not
with hSAA-1 and MDMs infected with opsonized or nonopsonized
tubercle bacilli were subjected to total RNA isolation and
preparation of RNA libraries for sequencing. Satisfactory quality
of RNA (RIN>7), allowing for sequencing library preparation was
obtained from MDMs of three blood donors (three repeats for each
blood donor) in the case of control macrophages and macrophages
treated with hSAA-1 and from four donors for MDMs infected with
opsonized and nonopsonized mycobacteria. As expected, the
principal component analysis (PCA) showed that the samples of
the repeats of uninfected MDMs, as well as MDMs infected with
tubercle bacilli, clustered separately of individual donors (Figure
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S1). By identifying the differentially expressed genes (DEGs)
in uninfected MDMs of individual patients we found that
approximately 500 to 2,000 genes were differentially expressed
(minimum fold change 4, FDR cutoff 0.1) between donors (Table
S2). The comparisons of DEGs in infected MDMs of individual
patients, showing the different donors’ responses to the infection,
allowed us to find approximately 300 to 1,200 differentially
expressed genes (min fold change 4, FDR cutoff 0.1) between
donors. Then, based on all obtained sequences (RNASeq),
comparative analyses were carried out to identify the functional
response of MDMs to the presence of hSAA-1 and infection with
hSAA-1-opsonized and nonopsonized M. tuberculosis. Principal
component analysis (PCA) of all samples showed that the samples
from uninfected macrophages clustered separately from the infected
cells and the samples collected from the cells treated with hSAA-1
(Figure S2). The differential analysis of gene expression comparing
all individual samples to untreated MDMs identified 1392
downregulated and 429 upregulated genes in MDMs infected
with opsonized or nonopsonized Mtb or treated with hSAA-1
(Figure S3).

Treatment of MDMs with 5-fold higher than physiological
concentrations of hSAA-1, namely 15 pg/mL, for 24 h resulted in
alteration of the expression of 684 genes (Log2FC =|1.583|; fold
change = |3]; FDR > 0.05). Of these 684 genes, 315 genes were
downregulated, and 369 were overexpressed. Furthermore, the
infection of MDMs with Mtb (MOI 10:1) significantly affected the
expression of 633 genes, applying the same criteria of analysis,
including 408 downregulated and 225 upregulated genes. Both,
treatment with hSAA-1 and infection with Mtb led to inhibition of
gene expression associated with cell division, cell cycle, nucleosome
assembly and organization, and chromosome segregation. On the
other hand, the most upregulated genes were classified in the
immune response, cytokine-mediated signaling pathway, and
response to external biotic stimulus (Figure 1). Among the up-
and downregulated genes 157 and 191 genes, respectively, were
affected by each stimulus.

The RNASeq analyses of MDMs were validated using
quantitative RTPCR based on CCL19, highly induced in the
presence of hSAA-1, CSF-2, induced after infection with tubercle
bacilli, and CXCLS8, induced in the presence of either stimuli. The
qRTPCR was normalized based on GAPDH housekeeping gene
expression (Figure 2).

3.1 The functional response of human
macrophages to the infection with
tubercle bacilli

Within the 364 MDM genes upregulated after infection with
Mtb 223 were annotated as immune-related. The top ten most
induced Mtb-infected MDM genes contained chemokines and
cytokines, namely CXCL8, CCL15, CCL5, IL-1B, and receptor for
IL-7 (Table S3). As expected the genes encoding other
proinflammatory cytokines such as TNFa, IL-6, IL-12, IL-18 and
IL-23 were upregulated in MDMs infected with tubercle bacilli,
however, the anti-inflammatory cytokines, IL-10 and TGF-f, as
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GO biological process enrichment analysis and dotplot charts. MQ represents control macrophages, MQ+Mtb, macrophages infected with Mtb; MQ
+SAA, macrophages treated with SAA. The diagram was generated by ShinyGO 0.77.

well as the antimicrobial peptide cathelicidin were downregulated.
As mentioned above, infection with Mtb also induced a large
number of genes encoding chemokines of the CC and CXC
subfamilies, especially chemokines interacting with the receptors
CCR5 (CCL3, CCL4, CCL5, CCL8), CXCR1 (CXCL1, CXCLS5,
CXCL6, CXCL8), CXCR2 (CXCL2, CXCL3, CXCL7), and CXCR3
(CXCL9, CXCL10, CXCLI11); however, the receptors CXCR1 and
CXCR2 per se were downregulated. The other upregulated
cytokines included IL-7, IL-15, CSF2 and their receptors, and
CSF3. The upregulated cytokines of the TNF family were TNF,
TRAIL, and BAFF, and those of the TGF-f3 family were INHBA and

BMP6. In addition to the abovementioned anti-inflammatory
cytokines we also observed the reduced expression of other
chemokines and cytokines such as CCL28, CXCL12, and IL-16
(Figure S4). Despite the strong overproduction of many
chemokines, the chemokine receptors and genes of the
chemokine signaling pathway were usually unaffected or
downregulated in Mtb infected MDMs. The most important
exception to this negative regulation is that the Jak-STAT
signaling pathway was significantly induced in the infected MDMs.

The early response to Mtb infection is the internalization and
intracellular killing of bacilli by alveolar macrophages. Two genes
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FIGURE 2

RTPCR (TagMan) analysis of transcripts for CCL19, CSF2, and CXCL8 genes of MDMs. MQ represents control macrophages, MQ+Mtb, macrophages
infected with Mtb; MQ+Mtb/SAA, macrophages infected with Mtb opsonized with SAA; MQ+SAA, macrophages treated with SAA. The number of
tested transcripts was normalized to the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) housekeeping gene and relative fold changes in
gene expression in comparison to the control strain were calculated using the delta method (2-AACT). The data distribution was evaluated by the
Shapiro-Wilk normality test. Statistical analysis was performed by one-way ANOVA with a post-hoc Tukey test. *represents p<0.05, **p<0.0021,

***p<0.0002, ****p<0.0001.
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encoding proteins involved in the phagosome formation process,
namely coronin and F-actin, were downregulated in infected
MDMs. In the early phagosome, weaker expression was observed
for vATPase engaged in the phagosome acidification process. Genes
encoding major proteins of mature phagosomes, such as Rab7,
dynein, and TUBB were also silenced in the infected MDMs.
Furthermore, the mature phagosomes are fused to lysosomes and
reactive oxygen species are produced to kill intracellularly deposited
bacilli. A few genes involved in this process are downregulated in
the infected MDMs including major lysosomal membrane protein
LAMP, Sec61, lysosomal acid hydrolase MPO and two genes of
NADPH oxidase complex p22phox and p40phox. On the other
hand, the TAP and p47phox genes are overexpressed. The
processed bacterial antigens can be presented by MDMs on the
major histocompatibility complex (MHC) molecules class I and
class 1II, to the cells of adaptive immune response. Antigen
processing and presentation by MDMs infected with tubercle
bacilli can be affected due to the downregulation of MHC class II
expression. The phagocytosis process can be facilitated by a number
of receptors present on the surface of macrophages. The
complement receptor CR1, opsonin iC3b, integrins otVP3 and
o5B1, and scavenger receptor LOX-1 are overexpressed in MDMs
infected with Mtb. On the other hand, Fc receptor FcyR, Toll-like
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receptors TLR4, TLR5, and CD14, C-lectin receptors MR and
DC-SIGN, scavenger receptors SRA1, MARCO, SRB1, CD36, and
collectins are attenuated in infected MDMs. The major phagosome
and phagolysosome genes expressed in MDMs and MDMs infected
with M. tuberculosis are depicted in Figure 3.

3.2 The functional response of human
macrophages in the presence of elevated
level of hSAA-1

A total of 269 out of 467 MDM genes upregulated in the
presence of an elevated concentration (15 pug/mL) of hSAA-1 were
classified as immune-related. The top ten most induced hSAA-1
treated MDM genes contained the same chemokines and cytokines
as those induced by Mtb infection, such as CXCL8, CCL15, CCL5,
IL-1B, and receptors for IL-7 and IL-2 (Table S3). We also observed
the same pattern of upregulated proinflammatory cytokines (TNFo,
IL-6, IL-12, IL-18, and IL-23) and downregulated anti-
inflammatory cytokines (IL-10, TGEp, and antimicrobial peptide
cathelicidin) in MDMs treated with hSAA-1 or infected with
tubercle bacilli. In the presence of hSAA-1 MDMs induced very
similar, but not identical, patterns of genes encoding chemokines of
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the CC and CXC subfamilies. Additionally, apart from chemokines
interacting with the receptors CCR5 (CCL3, CCL4, CCL5, CCL8),
CXCR1 (CXCL1, CXCL5, CXCL6, CXCL8), CXCR2 (CXCL2,
CXCL3, CXCL7), and CXCR3 (CXCL9, CXCL10, CXCL11) which
were induced by both stimuli, hSAA-1 also induced the chemokine
ligand of the CXCRS5 receptor, namely CXCL13. The receptors
CXCRI and CXCR2 were downregulated, and the receptor CXCR5
was upregulated. The other cytokines upregulated in the presence of
hSAA-1 included IL-7, IL-15, CSF2 and their receptors, and CSF3.
The upregulated cytokines in the TNF family were TNF, VEGI, and
CD70, and those in the TGF-f family were INHBA and BMP6. The
downregulated cytokine pattern in hSAA-1 treated or Mtb infected
MDMs was also very similar with a few additional cytokines
downregulated in the presence of hSAA-1 (e.g., LEP, IFNA, OX-
40 L, BMP2) (Figure S5). MDMs treated with hSAA-1 presented
strong overproduction of many chemokines and only a few
upregulated chemokine receptors such as CXCR5 and CCR?7. In
the downstream chemokine signaling pathway, hSAA-1 induced
Jak-STAT, IxB, and NFxB genes. The main difference between
hSAA-1 treatment and Mtb infection of MDMs in the
internalization and phagosome formation process is
downregulation of coronin observed only after Mtb infection. The
acidification of phagosomes is affected by vATPase downregulation
in the presence of both stimuli. In contrast to infection with Mtb in
which MHC class II was downregulated, MHC class I and II were
significantly overexpressed in the presence of hSAA-1, indicating
the role of this stimulus in the induction of antigen processing and
presentation. The other significant difference between both stimuli
was the MDM downregulation of lysosomal acid hydrolases and
genes encoding some subunits of the NADPH oxidase complex,
exclusively after infection of MDMs with Mtb. Additionally, except
for p47phox and p67phox, treatment with hSAA-1 also induced the
expression of gp9l, the other component of NADPH oxidase.
Different transcriptional responses to tubercle bacilli infection and
treatment with hSAA-1 were also observed for genes encoding
phagocytosis promoting receptors. hSAA-1 induced the expression
of Fc receptors (FcoR, FcyR), which were unaffected (FcaR) or
downregulated (FcyR) after Mtb infection. The complement
receptor CR1, opsonin iC3b, integrins oVP3 and o581, and
scavenger receptor LOX-1 were overexpressed in MDMs treated
with hSAA-1 or infected with Mtb. However, exclusively MDMs
treated with hSAA-1 also induced genes coding for
thrombospondin (TSP), Toll-like receptor TLR2, CD14
(downregulated in infected MDMs), C-lectin receptor DC-SIGN
and scavenger receptor MARCO (Figure 3).

3.3 hSAA-1 enhances the
functional response of MDMs
to M. tuberculosis infection

Since hSAA-1 opsonizes tubercle bacilli, we asked whether such
opsonization modulates the functional response of MDMs to the
infection with Mtb. The in vitro opsonized bacilli were used for
infection of MDMs, and then 24 h postinfection total RNA was
isolated and sequenced. Comparing RNASeq analysis for MDMs
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infected with nonopsonized and hSAA-1-opsonized Mtb, 96 genes
with significantly affected expression (FDR=0.05, fold change=3,
Log2FC=1.583) were detected, including 90 overexpressed genes.
The top ten most induced genes of MDMs infected with opsonized
bacilli, compared to MDMs infected with nonopsonized bacilli,
contained interleukins IL-12, IL-1B and CCL1 chemokine, and
receptor for IL-2 (Table S3). Most chemokines of the CC and CXC
subfamilies overexpressed in MDMs treated with hSAA-1 or in
MDMs infected with tubercle bacilli presented synergistic effects in
MDM:s infected with opsonized bacilli resulting in elevated levels of
transcripts (e.g., CCL3, CCL4, CXCL1); however, CCL19 and CCL7
presented elevated levels of transcripts exclusively in the presence of
hSAA-1 (Figure 4, Figure S6).

On the other hand, CXCL11 was downregulated in the presence of
opsonized bacilli compared to MDMs infected with nonopsonized
Mtb. The downregulation dependent on hSAA-1 opsonization of
tubercle bacilli was also determined for genes encoding the IL-9
receptor, OX40 ligand (OX40L) of the TNF family and growth
differentiation factor GDF9. The hSAA-1 dependent upregulation
was identified for a few genes encoding cytokines (IL-10,
lymphotoxin 3 - LTP) and cytokine receptors (IL-12R, IL-17R,
IL-10R, activin A receptor like-protein 1 -~ACVRL1), (Figure S6). The
opsonization of tubercle bacilli with hSAA-1 also affects the expression
of a few genes encoding proteins involved in phagosome formation,
maturation and fusion to lysosomes. If MDMs are infected with hSAA-
1-opsonized bacilli, the F-actin, vATPase and myeloperoxidase (MPO)
genes are attenuated compared to infection with nonopsonized bacilli;
however, genes encoding transporters associated with antigen
processing (TAP) and MHC class I and IT molecules are significantly
upregulated. The opsonized bacilli also upregulate a component of the
NADPH oxidase complex, namely p47phox. Within the phagocytosis-
promoting receptors, the opsonization of Mtb with hSAA-1, led to the
upregulation of Fc receptors (FcaR, FcyR), complement receptor CR1,
integrin V33, Toll-like receptor TLR2, CD14, scavenger receptor
LOX-1, TSP and opsonin iC3b. On the other hand, hSAA-1 inhibits
the expression of scavenger receptors SRB1 and CD36 (Figure 3).

3.4 The response of human professional
phagocytes to hSAA-1 and M. tuberculosis
infection is detectable at the protein level

The functional response of MDMs to hSAA-1 and/or tubercle
bacilli was verified for selected cytokines at the protein level by
applying the Milliplex system. The concentrations of protein were
determined in the culture medium of MDMs, MDMs treated with
5-fold higher than physiological concentration of hSAA-1 (15 g/
mL), MDMs infected with tubercle bacilli, and MDMs infected with
Mtb opsonized with hSAA-1. Based on the RNASeq results, sixteen
cytokines were selected for the analysis and included cytokines
induced in the presence of either stimulus (TNF-o, CCL5, CXCLS,
CCL4, IL-15, IL-1B, IL-6, CCL3, CSF3), induced exclusively by
hSAA-1 (CCL3, IL-12B, CCL2), induced exclusively by infection
with M. tuberculosis (CSF2, IL-27, CXCL10), and induced only in
the presence of both stimuli (CCL7), (Table S3). Cytokines were
identified in the culture medium of control MDMs at various
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infected with nonopsonized Mtb (MQ+Mtb), hSAA-1 opsonized Mtb (MQ+Mtb/SAA), and MDMs treated with hSAA-1 (MQ+SAA). The assay was
performed for three (MQ, MQ+SAA) or four (MQ+Mtb, MQ+Mtb/SAA) independent healthy blood donors in three biological repeats each. Statistical
analysis was performed by nonparametric data distribution, which was evaluated by the Shapiro-Wilk normality test. Furthermore, statistical analysis
was performed by Kruskal-Wallis one-way ANOVA with post-hoc Dunn'’s test or one-way ANOVA with post-hoc Tukey's test (IL12B). *represents

p<0.05, **p<0.0021, ***p<0.0002, ****p<0.0001.

concentrations. The most abundant cytokines detected at
concentrations over 1000 pg/mL in the culture medium of control
MDMs were CCL2 and CXCL8. On the other hand, the
concentrations of CCL5, CSF2, CXCL10 and IL-12f3 were below 1
pg/mL. The other cytokines produced by control MDMs were at
concentrations >1<10 pg/mL (IL-15, IL-1f3, CSF3), >10<100 pg/mL
(CCL4, IL-27, IL-6, CCL3), and >100<1000 pg/mL (CCL7). The
treatment of MDMs with hSAA-1 increased the concentrations of
cytokines over 9.5 ng/mL (IL-6, CXCL8, CCL2, CCL3, CCL5, TNF-
o), 1 ng/mL (CSF3, CSF2, IL-12B, CXCL10, CCL7, CCL4), 100 pg/
mlL (IL-27), 10 pg/mL (IL-15) and >1<10 pg/mL (IL-1ct, IL-1B).
The lowest 4-fold increase in the cytokine concentration after
treatment with hSAA-1 was noted for interleukin IL-27, and the
most abundant increase in the concentrations was observed for
CCL5, CSF2, IL-12f, and CXCLI10. Infection of MDMs with
tubercle bacilli led to an increase in the concentration of most
tested cytokines except CCL2 and IL-27. The highest
concentrations, over 9.5 ng/mL were detected for CXCL8 and
CCL3. The culture medium of MDMs infected with Mtb also
contained over 1 ng/mL of CSF3, CCL2 (decrease in
concentrations compared to control MDMs), CCL7, CCL4 and
TNF-o. The cytokines IL-6, IL-27, and CCL5 were detected at

Frontiers in Immunology

concentrations over 100 pg/mL, CSF2, IL-1o, IL-1f, IL-12f
and CXCL10 at concentrations above 10 pg/mL, and IL-15 at
concentrations below 10 pg/mL. The most significant, at least
100-fold, increase in the concentrations was detected for CSF2,
CSF3, IL-10, CCL3, CCL4, CCL5 and TNF-o. The infection of
MDMs with Mtb opsonized with hSAA-1, compared to the
infection with nonopsonized bacilli, led to at least a 2-fold
increase in the concentrations of CSF2, CSF3, IL-1c, IL-1, IL-6,
IL-12, CCL15, and TNF-o with the most potent 10-fold increase
observed for CCL5. The concentrations of other tested cytokines
(CXCLS8, IL-15, IL-27, CXCL10, CCL2, CCL7, CCL3, CCL4) were at
similar levels in the media of MDMs infected with opsonized and
nonopsonized bacilli (Figure 5, Figure S7).

3.5 The functional response of tubercle
bacilli to the intracellular environment of
human macrophages

Human monocyte-derived macrophages obtained from buffy
coats of four healthy blood donors were infected with Mtb
opsonized or nonopsonized with hSAA-1. The bacilli were
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The concentrations of selected cytokines were determined using the Milliplex system. The protein level was assessed in the cell supernatant of
control MDMs (MQ), MDMs infected with nonopsonized Mtb (MQ+Mtb), hSAA-1 opsonized Mtb (MQ+Mtb/SAA), and MDMs treated with hSAA-1 (MQ
+SAA). The assay was performed for three independent healthy blood donors and the samples of collected culture supernatants were run in
triplicate. The data distribution was evaluated by the Shapiro-Wilk normality test. Furthermore, statistical analysis was performed by Kruskal-Wallis
one-way ANOVA with post-hoc Dunn's test. *represents p<0.05, **p<0.0021, ***p<0.0002, ****p<0.0001.

released from phagocytes 24 h postinfection and used for RNA
isolation and sequencing. The control bacilli were incubated in the
same media without MDMs for the same time. The bioinformatic
analysis of RNASeq data shows the global response of bacilli to the
intracellular environment of macrophages and the potential
modulation of this response by hSAA-1. Based on our selection
criteria for differentially expressed genes (Log2FC = |1.583|; fold
change = |3|; false discovery rate (FDR) of <0.05), global
transcriptional analysis of tubercle bacilli released from
macrophages identified 302 genes presenting significantly
changed expression levels. Of these 139 genes were upregulated,
while 163 were downregulated. Among the most enriched GO
pathways in DEGs of tubercle bacilli residing in human
macrophages the cellular response to iron starvation, metal ion
homeostasis, response to hypoxia and response to other organisms
or abiotic stimuli were identified (Figure 6).

A massive increase in expression of the whole IdeR-regulated
machinery of siderophore-based iron acquisition (MbtA-G, IrtAB,
MmpL4/S4, HisE, PPE37, Rv3403c, Rv3839) (37) and critical for
survival under host-mediated stress regulators of siderophore
synthesis (HubB) (38) confirms that tubercle bacilli extensively
prevent iron sequestration inside macrophages. The intracellular
environment of MDM:s increases the expression of a whole set of
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virulence regulators (EspR, Lsr2, WhiB1, WhiB2) and proteins that
directly coordinate the inhibition of phagosomal maturation
(SapM, EsxH, AprB), phagosomal rupture, biofilm formation, pH
sensing, escape from the phagolysosome or modulate the T-cell
response and secretion of immunomodulatory PE/PPE proteins
(39-41). Moreover, a significant change in the expression of
secretion systems such as SEC, TAT, ESX-1, and ESX-3 involved
in host-pathogen encounters, promoting growth in macrophages
and inhibiting the host immune response was also identified (42,
43). Overall, many identified DEGs represent regulons of two-
component signal transduction systems that are strictly involved in
response to hypoxia, NO level, low pH, and adaptation to the
increasing level of CO, (PhoPR, DevR-DevS, TrcRS, KdpDE)
including the significant overrepresentation of PhoPR-regulated
genes, within upregulated CDSs and an almost complete set of
DevR-DevS system genes, within downregulated CDSs. PhoPR
regulates approximately 80 to 150 genes essential for virulence
and complex lipid biosynthesis (40). Indeed, a closer look at the
lipid metabolism pathways upregulated upon infection reveals
significant induction of almost a complete array of genes
encoding the synthesis and transport of sulfolipids, acylated
trehaloses, or phenolic glycolipids - lipids playing crucial roles in
mycobacterial virulence (44) (Figure 7).
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Along with increased virulence lipid synthesis, the data also
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the specific effect of hSAA-1 opsonization on the transcriptional profile
of tubercle bacilli infecting human macrophages we compared the
transcriptional response of opsonized and nonopsonized Mtb to
the intraphagosomal environment. The previously identified in
vitro response of Mtb to SAA was not considered in this analysis
(24). Principal component analysis (PCA) demonstrated that
transcriptomic responses of the opsonized and nonopsonized
bacteria are clustered (Figure S8). Indeed, their response to the
intraphagosomal environment was almost identical in most aspects
mentioned above, however, a detailed comparison of DEGs between
these two datasets allowed the identification of 11 genes whose
infection-induced expression change was found to be specific only
for the bacilli opsonized with hSAA-1 (Table S4). Conversely, 28 genes
differentially expressed in nonopsonized bacilli infecting MDMs
displayed unchanged expression in Mtb opsonized with hSAA-1
(Table S4). Most of the 39 mentioned genes represent membrane/
transmembrane or cell wall-associated/secreted proteins,
transcriptional regulatory proteins, elements of efflux systems, or
toxin-antitoxin components. The common feature is their presumed
exposition in the host-pathogen interface, reported antigenicity,
involvement in virulence, stress adaptation, or metal ion/drug efflux.

4 Discussion

Alveolar macrophages (AMs) and interstitial macrophages (IMs)
are two major macrophage subsets in the lungs. AMs located in the
alveolar space of the lung present higher engulfment capacity against
antigens and pathogens and constitute the first line of defense. AMs
play a central role in homeostasis, tissue remodeling and during
pathogen infection and inflammation, and produce various
cytokines such as TGF-f3, IL-6, and type [ interferons (45). IMs form
a heterogeneous population in the parenchyma, between the
microvascular endothelium and alveolar epithelium, engulf bacteria
and secrete IL-1, IL-6, IL-10, and TNF-a (46). The capacity of
macrophages is modulated by a number of factors including SAA1,
which is highly upregulated in response to inflammation, as well as,
during tuberculosis. MDMs, which we used in our study, are
considered the current best alternative experimental model to
alveolar macrophages containing two different cell types, namely
tissue-resident alveolar macrophages (TR-AMs) and monocyte-
derived alveolar macrophages (MdAMs). Although TrAMs and
MdAMs possess different origins and some transcriptional
characteristics, both subsets of these cells are important in pathogen
clearance, initiation and resolution of inflammation, and lung tissue
recovery. Additionally, MdAMs, originating from blood monocytes
recruited to the lungs by cytokines and chemokines produced by
TrAMs and other cells, could also participate in the restoration of a
depleted pool of TrAMs (4, 47). However, despite the cooperation of
TrAMs and MdAMs during Mtb infection, these two populations of
lung macrophages possess different phenotypes. While MdAMs are
polarized to the M1 type of macrophages, TrAMs cells exhibit
characteristics of both classically and alternatively activated M1 and
M2 macrophages, respectively (48). Despite the high level of expression
of mannose receptors, type A scavenger receptors, TLR9 receptor, and
high phagocytic activity, the suppressor properties of these cells are
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indicated, due to the low activity of the TLR2 receptor, CD80 and
CD86 costimulatory molecules, and weak bactericidal activity, and
limited synthesis of reactive oxygen compounds compared to
peripheral blood monocytes and neutrophils (45, 49-52). In
addition, the reduced ability of TrAMs to present antigens, as well as
their inhibitory effect on the activity of dendritic cells and lymphocyte
activation, are also emphasized (53-56). Considering the above-
mentioned differences between MdAMs and TrAMs, it can be
cautiously noted that the response of these two types of
macrophages to hSAA-1 stimulation and infection by non-
opsonized and hSAA-1-opsonized tubercle bacilli may differ,
however, a reliable response requires further research.

Here, we analyzed the functional response of MDMs to a 5-fold
higher than physiological concentration of hSAA-1 (15 pg/mL) in
comparison to the response of MDMs to Mtb infection. We found
that at the cytokine gene expression level the phagocyte response to
both stimuli was very similar, with abundant expression of genes
coding for pro-inflammatory cytokines, as well as chemokines
CXCL8, CCL15, CCL5, and downregulation of anti-inflammatory
cytokines. The only cytokines induced by hSAA-1 but not by
tubercle bacilli were chemokines CCL19 and CXCL13. On the
other hand, the TNF-family cytokine TRAIL (TNF-related
apoptosis-inducing ligand) was upregulated after infection but not
after hSAA-1 treatment. CCL19 was described as a strong
chemotactic factor for B cells and various subpopulations of T
lymphocytes (57), and CXCL13 is selectively chemotactic for B cells
and elicits its effects by interacting with chemokine receptor CXCR5
(58), which was also upregulated as a result of hSAA-1 stimulation.
TRAIL is a protein that functions as a ligand that induces caspase-8-
dependent apoptosis. In cells expressing DcR2 (Decoy receptor 2),
TRAIL binding activates NF«B, leading to transcription of genes
known to antagonize the death signaling pathway and/or to
promote inflammation (59).

The analysis of the functional response of MDMs to the hSAA-1
opsonized bacilli has shown that the response to both stimuli is not
only very similar but also has a synergistic effect for many genes
encoding cytokines (Table S5). However, in some cases, the
opsonization of Mtb with the human acute phase protein had the
opposite effect compared to that induced by each stimulus
individually. MDMs infected with the opsonized tubercle bacilli,
compared to MDMs infected with the nonopsonized pathogen,
downregulated CXCL11 and upregulated IL-10 genes which were
upregulated and downregulated in the phagocytes treated by hSAA-
1 and infected with nonopsonized Mtb, respectively. CXCL11 is
chemokine strongly induced by IFN-y and IFN-f3, chemotactic for
activated T cells (60). IL-10, known as human cytokine synthesis
inhibitory factor (CSIF), is an anti-inflammatory cytokine with
multiple, pleiotropic effects related to immunoregulation and
inflammation. It downregulates the expression of Thl cytokines,
MHC class II antigens, and costimulatory molecules on
macrophages. It also enhances B-cell survival, proliferation, and
antibody production. IL-10 can block NF-kB activity and is
involved in the regulation of the JAK-STAT signaling pathway
induced in both MDMs treated with hSAA-1 and infected with Mtb.
IL-10 induces STAT3 signaling via phosphorylation of the
cytoplasmic tail of the IL-10 receptor (61). A similar response to
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infection with virulent M. tuberculosis H37Rv, compared to
avirulent M. tuberculosis H37Ra and M. bovis BCG, was reported
for the THP-1 human macrophage cell line. Authors observed
significant increase in the expression of IL-1B, TNF-a, CCL3,
CCL4, CSF2 and downregulation of IL-10 and CCL2. An
increased gene expression profile was also observed for
chemokines such as CXCL1, CXCL2, CXCL3, CXCLS8, CCL3, and
CXCL4 engaged in the recruitment of polymorphonuclear cells,
such as neutrophils. Of the listed cytokines, in our MDM model, we
observed a different response only for the chemokines CCL2
presenting a chemotactic activity for monocytes and basophils,
and CXCL4 a strong chemoattractant for neutrophils, fibroblasts,
and monocytes, both showing increased expression in the presence
of the nonopsonized and, in particular, opsonized mycobacteria.
The infection of THP-1 with virulent bacilli selectively induced
IL-23 rather than IL-12 and the enhanced expression of IL-17RB
and IL-17RE receptors indicating the Th17-dominated
inflammatory T-cell response (62). However, infected MDMs
induced the expression of both IL-23 and IL-12 and significantly
downregulated the expression of IL-17 receptors. Neither infection
with Mtb nor treatment with hSAA-1 induced the expression of
Th2 cytokines in MDMs, namely IL-4 and IL-13, which polarize
macrophages to an M2 activation status (63-65). At least at the time
of analysis, 24 h postinfection, MDMs presented proinflammatory
MI polarization.

The response of MDMs to hSAA-1 and Mtb infection revealed
more differences in the gene expression encoding players in
phagosome formation, maturation, and phagolysosome fusion.
Although both factors inhibit phagosome acidification through
downregulation of vacuolar ATPase (vATPase) (66), genes
encoding coronin, lysosomal acid hydrolases, Sec61 translocating
antigens from the endosomal compartments to the cytosol (67) and
some components of the NADPH oxidase complex were
downregulated exclusively in Mtb infected MDMs. On the other
hand, both stimuli enhanced the expression of TAP, which is
involved in antigen processing and translocation; however, hSAA-
1 exclusively affects antigen processing and presentation by
overexpression of MHC class I and II molecules, with the latter
being downregulated in Mtb infected MDMs. Manipulation and
inhibition of antigen processing and presentation are considered
highly evolved evasion strategies of Mtb resulting in its intracellular
persistence in the hostile microenvironment of macrophages and in
an altered specific T-cell adaptive immune response. One of these
pathways disrupted by tubercle bacilli is antigen processing and
presentation served by MHC II molecules. After infection, Mtb can
affect the expression of MHC class II in macrophages by blocking
the fusion of phagosomes with lysosomes and phagosome
acidification (11, 68). Inhibition of phagolysosome fusion could
potentially be a result of the functional activity of Mtb proteins (e.g.
kinase G) and is indicated as an important mechanism allowing
tubercle bacilli to avoid the activity of lysosomal hydrolases (69),
which are also downregulated by the pathogen. Consequently, the
lack of development of the phagolysosome compartment disrupts
intracellular processing of the bacterial antigens and loading of the
peptides onto MHC class IT molecules. The diminished phagosome
acidification level could also be related to the downregulation of
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vacuolar proton-ATPase expression observed in our study. The
studies performed in other laboratories revealed selective inhibition
of incorporation or retention of intact vATPase by the
mycobacterial phagosome, which could result in the arrest of the
phagosome acidification and bacterial antigen processing and
presentation to the CD4" T lymphocytes responsible for the
development of an effective adaptive immune response (70).
Surprisingly, the expression of the gene encoding vATPase was
also downregulated by SAA1L; however, it did not lead to the
downregulation of the expression of MHC class II, which was
overexpressed in SAAl-stimulated macrophages. In addition to
manipulating MHC II-dependent antigen processing and
presentation, Mtb can also affect the MHC class I pathway due to
the noted downregulation of Sec61 translocation and upregulation
of TAP transporters, which are engaged in the translocation of
proteins to the cytosol (71) and phagosomal processing of tubercle
bacilli antigens and their loading onto MHC I molecules (72, 73).

Significant differences are also observed in gene expression for
phagocytosis promoting receptors in MDMs treated with hSAA-1
or infected with tubercle bacilli. Fc receptors (FcoR, FcyR), Toll-like
receptor TLR2 and cell surface receptor and differentiation marker
CD14 were exclusively overproduced in the presence of hSAA-1
and downregulated (FcyR, TLR2, TLR4, CD14) during infection.
The C-lectin receptor DCSIGN, scavenger receptor MARCO and
collectins were downregulated during infection but not in MDMs
stimulated with hSAA-1. On the other hand, both stimuli induced
complement opsonin iC3b, complement receptor CR1, and
scavenger receptor LOX-1, and suppressed TLR4. The immune
response to tubercle bacilli is initiated by PRRs including Toll-like
receptors, nucleotide-binding domain and leucine-rich repeat-
containing receptors (NLRs), C-type lectin receptors (CLRs) and
cyclic GMP-AMP synthase (cGAS) (74),. The mouse model
revealed that TLR2 recognizes bacterial lipoproteins and
lipoglycans, and TLR9 recognizes unmethylated CpG DNA as the
most important in the control of Mtb infection (75-78). We found
that genes encoding TLR2 and CD14 are highly induced in human
macrophages treated with hSAA-1 alone or infected with hSAA-1-
opsonized tubercle bacilli but are not affected (TLR2) or suppressed
(CD14) in macrophages infected with nonopsonized Mtb. In
contrast, increased CD14 expression was observed in THP-1
cells infected with virulent and avirulent tubercle bacilli (62).
As reported, CD14 constitutively interacts with the MyD88-
dependent TLR7 and TLRY pathways and is required for TLR7-
and TLR9-dependent induction of proinflammatory cytokines in
vitro and for TLR9-dependent innate immune responses in mice
(79). The cell wall components of tubercle bacilli, such as glycolipids
and lipoarabinomannan can be recognized by CLRs including DC-
SIGN, mannose receptor (MR) or Dectin-1 (80-83). DCSIGN and
MR were downregulated in MDMs infected with Mtb and not
affected (MR, Dectin-1) or slightly induced (DCSIGN) in hSAA-1-
treated human macrophages. Among the scavenger receptors, LOX-
1 was highly induced in MDMs both during mycobacterial infection
and hSAA-1 stimulation. hSAA-1 also induced expression of the
MARCO receptor, which was downregulated during infection,
similar to the SRA1, SRB1, and CD36 receptors. LOX-1 is
involved in the accumulation of oxidized low-density lipoprotein
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particles (OxLDL) within vascular cells. LOX-1 mediates OxLDL
endocytosis via a clathrin-independent internalization pathway.
Transgenic animal model studies have shown that LOX-1 plays a
significant role in atherosclerotic plaque initiation and progression.
LOX-1 endocytosis is also potentially important in immune
surveillance as it has been shown to regulate antigen presentation
by MHC class I and II molecules (84). Elevated surface expression
of the type 1 scavenger receptors CD36 and LOX-1 was also
reported for guinea pig macrophages infected with Mtb, which
facilitated the uptake of oxidized host macromolecules including
OxLDL (85).

We also analyzed the functional response of MDMs to hSAA-1
and Mtb infection at the protein level. Most of the selected cytokines
were upregulated in MDMs treated with hSAA-1, except IL-27 and
CCL7. The genes encoding these cytokines were also classified as
uninduced in RNASeq analysis. On the other hand, CXCL10 and
CSF2 were also uninduced at the RNA level but overproduced at the
protein level. The discrepancy can result due to the cut off value (fold
change=3) used in RNASeq analysis, since genes for CXCL10 and
CSF2 were upregulated, however, to a lower extent (fold change 1.2
and 1.6, respectively). Infection of MDMs with non-opsonized bacilli
induced, at least 10-fold, the synthesis of most tested cytokines except
IL-15, IL-27, CCL2 and CCL7. Chemokines CCL2 and CCL7 were
also uninduced at the RNA level; however, IL-15 and IL-27 genes
were significantly upregulated in RNASeq. The IL-27 concentration
was quite high in control, uninfected MDMs (>70 pg/mL) and
increased after infection by approximately 50% (106.5 pg/mL). The
amount of IL-15 also increased by approximately 50% after infection
with Mtb, which is significantly less than the mRNA level, suggesting
posttranscriptional control. We did not observe much difference in
the tested cytokines in MDMs infected with the opsonized and
nonopsonized bacilli. The only cytokine with a concentration that
increased more than 10-fold (from 206 to 2705 pg/mL) when the
opsonized bacilli were used, was the chemokine CCL5; however, the
concentrations of other cytokines (CSF3, CSF2, IL-1a., IL-1f, IL-6,
IL-12, TNF-0) increased to a lesser extent. CCL5 was also
upregulated at the mRNA level in MDMs after infection with
opsonized bacilli, even though memory CD8" T-cells have a large
amount of preformed CCL5 mRNA in the cytoplasm and chemokine
secretion was reported to be dependent only on translation (86).
CCLS5 is characterized by proinflammatory activity and chemotactic
activity for T cells, eosinophils, basophils, monocytes, natural killer
(NK) cells, dendritic cells, and mastocytes (87).

During infection, Mtb must adapt to changing conditions. A
global adaptive response resulting from changes in available carbon
sources, pH, oxygen access, is essential in macrophages, granulomas
and during the reactivation process. Transcriptomic profiles of Mtb
reactivating from hypoxia-induced non-replicating persistence
revealed a global gene expression reprogramming with number of
up-regulated transcription regulons and metabolic pathways,
including those involved in metal transport and remobilization,
second messenger-mediated responses, DNA repair and
recombination, and synthesis of major cell wall components (88).
During infection, Mtb must adapt to changing conditions. A global
adaptive response resulting from changes in available carbon sources,
pH, oxygen access, is essential in macrophages, granulomas and
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during the reactivation process. Transcriptomic profiles of Mtb
reactivating from hypoxia-induced non-replicating persistence
revealed a global gene expression reprogramming with number of
up-regulated transcription regulons and metabolic pathways,
including those involved in metal transport and remobilization,
second messenger-mediated responses, DNA repair and
recombination, and synthesis of major cell wall components of
Mtb located inside macrophages for 24 h. The analysis of DEGs
representing enriched metabolic clusters in bacilli isolated from
MDMs clearly demonstrates that at the early stage of infection,
Mtb activates at least two main virulence strategies: immune
modulation, and phagosomal survival and rupture. It is, in turn,
accompanied by unchanged or downregulated expression within
pathways specific for prolonged infection, granuloma formation, and
dormancy (e.g. DevR-DevS regulon). The Mtb genes affected by the
intracellular environment of MDMs are strictly involved in response
to hypoxia, NO level, low pH, adaptation to the increasing level of
CO,, synthesis of virulence effectors (e.g. PhoPR regulon), and
secretion systems such as SEC, TAT, ESX-1, and ESX-3. At this
early stage of infection, the results also showed high upregulation of
genes for the synthesis and transport of surface-exposed lipids such
as sulfolipids, acylated trehaloses, or phenolic glycolipids that
constitute the hydrophobic barrier around the bacterium and are
also known as modulators of host cell function, acting as highly
potent virulence modulators (89). Interestingly, 24 h postinfection,
those events are apparently not accompanied by the increased
utilization of lipids as the energy source or energy reserve. Neither
the cholesterol/fatty acid degradation pathway nor the methylcitrate
cycle ameliorating the degradation of lipid metabolites, namely
propionyl-CoA, was induced. Moreover, we observed extremely
strong downregulation of the DevR-DevS-regulated tgs-1 gene
encoding an enzyme that synthesizes triacylglycerol, a major
energy reserve for resuscitation from dormancy (44). This suggests
a clear orientation of Mtb lipid metabolism during early infection of
MDMs toward modification of the lipid host-pathogen interface to
modulate the host response and promote survival within the
phagosome. In previously published analyses of the Mtb
transcriptional response to the macrophage environment, the
authors suggest rapid remodeling of metabolism to consume lipids,
especially cholesterol, and activation of the metylcitrate cycle
ameliorating lipid catabolism end-products (90-93). However, our
data show that the early stage of infection is not accompanied by any
dramatic changes in central carbon and energy metabolism and
shows no transcriptomic signs of lipid consumption/storage or
nutrient starvation suggesting that macrophages are still abundant
in diverse, readily available carbon sources. We also did not find
transcriptional signs of bypassing the citric acid cycle oxidative
pathway or upregulation of the methylcitrate cycle which together
with the increase in isocitrate lyase gene — icll expression and very
strict repression of the DevR-DevS regulon suggest that 24 hours
postinfection bacteria are still actively dividing and intensively
metabolizing in an oxygen-dependent manner, despite activation
of some mechanisms sensing increasing CO, levels. The shape of the
delineated transcriptome does not resemble the typical changes
observed for conditions mimicking persistent macrophage stress
(94) such as exposure to nutrient starvation or non-dividing
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stationary phase, with only mild signs of preparation to withstand
low pH and upcoming oxygen depletion. Overall, contrary to
previous analyses, our data show that although capable of
cometabolizing multiple carbon sources, M. tuberculosis at the
early stage of infection gives priority to nutrients whose utilization
is not as energy-consuming as lipids. Most transcriptomic changes at
this stage are oriented into cell surface armor synthesis/remodeling,
preventing recognition or intraphagosomal killing.

We have previously shown that in vitro opsonization of tubercle
bacilli with hSAA-1 affects a moderate set of Mtb genes (24). Here,
we observed that hSAA-1 opsonization modulates the functional
response of Mtb to the intracellular environment of macrophages.
Among the genes affected by hSAA-1 opsonization during
infection, three genes (rv1195, rv2856b, rv3093c) were upregulated
exclusively in Mtb opsonized with hSAA-1. PE13 encoded by
rv1195 enhances the survival of bacilli under stress conditions
such as the presence of H,O,, SDS, or low pH, and is actively
engaged in the interaction between pathogen and host, signaling
through the p38-ERK-NF-xB axis, and apoptosis (95). Rv2856b/
NicT belongs to the family of Mtb metal transporters and behaves as
a drug efflux pump facilitating cross-resistance to several antibiotics
including isoniazid (96) and Rv3093c is a SigM-regulated
oxidoreductase of unknown function. Among the eight genes
(Rv1405¢, Rv2661c, Rv1684, Rv1137c, Rv0974c, Rv0744ac, Rvi815,
Rv0157a) exclusively downregulated in hSAA-1 opsonized
mycobacteria infecting macrophages, Rv1405c encodes a
virulence-associated methyltransferase involved in the adaptation
of Mtb to acid stress (97). Rv2661c is involved in phenotypic drug
tolerance and associated with in vivo infection (98). Among other
genes of known function, Rv1684 is an NO-specific response gene
(99). Rv1137c may be involved in the posttranslational modification
of prenylated proteins (100), Rv0974c encodes acyl-CoA
carboxylase AccD2, which is probably involved in amino acid
biosynthesis (101) and Rv0744Ac is a possible transcriptional
regulatory protein. Our study also identified 28 genes whose
differential expression in response to the intraphagosomal
environment was abolished in hSAA-1 opsonized Mtb infecting
MDMs under the same conditions. Additionally, in this case, most
genes represent membrane or secreted antigenic proteins,
immunomodulators, and the elements of toxin-antitoxin systems.
Interestingly, we found that hSAA-1 opsonization prevents the
upregulation of the virulence-related rv2352c gene during
infection. Rv2352¢ encodes the PPE38 protein that, if overexpressed,
inhibits macrophage MHC-I expression and the CD8+ T-cell response
(102). This may explain why opsonized but not nonopsonized Mtb
induces the expression of MHC-I.

Considering our research and literature data, it can be assumed
that the observed, elevated SAA-1 level in tuberculosis patients
modulates both, the host immune response and the functional
response of mycobacteria during infection. The response of
macrophages treated with SAA-1 to Mtb infection seems to be
much stronger and enhanced by the induction of both, innate
(MHC-I engagement of natural killer cells) and adaptive (MHC-I
through peptides presented to cytotoxic T cells and MHC-II
dedicated to adaptive immunity) immune responses (103-105).
On the other hand, the opsonization of tubercle bacilli by SAA-1
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may facilitate the adaptation of mycobacteria to stress conditions
during infection.
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