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tuberculosis is shaped by the nature of the antigenic stimuli
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ABSTRACT Innate immune cells, such as macrophages, mount an immune response
upon exposure to antigens and pathogens. Emerging evidence shows that macrophages
exposed to an antigen can generate a “memory-like” response (a.k.a. trained immun-
ity), which confers a non-specific and enhanced response upon subsequent stimula-
tion with a second antigen/microbe. This trained immunity has been implicated in
the enhanced response of macrophages against several invading pathogens. However,
the association between the nature of the antigen and the corresponding immune
correlate of elicited trained immunity is not fully understood. Similarly, the response
of macrophages trained and restimulated with homologous stimulants to subsequent
infection by pathogenic Mycobacterium tuberculosis (Mtb) remains unexplored. Here, we
report the immune and metabolic profiles of trained immunity in human THP-1-derived
macrophages after homologous training and restimulation with BCG, LPS, purified
protein Derivative (PPD), heat-killed Mtb strains HN878 (hk-HN), and CDC1551 (hk-CDC).
Furthermore, the impact of training on the autophagic and antimicrobial responses
of macrophages with or without subsequent infection by clinical Mtb isolates HN878
and CDC1551 was evaluated. Results show that repeated stimulation of macrophages
with different antigens displays distinct pro-inflammatory, metabolic, antimicrobial, and
autophagy induction profiles. These macrophages also induce a differential antimicrobial
response upon infection with clinical Mtb HN878 and CDC1551 isolates. A significantly
reduced intracellular bacterial load was noted in the stimulated macrophages, which
was augmented by the addition of rapamycin, an autophagy inducer. These observations
suggest that the nature of the antigen and the mode of stimulation shape the magni-
tude and breadth of macrophage innate memory response, which impacts subsequent
response to Mtb infection.

IMPORTANCE Trained immunity (a.k.a. innate memory response) is a novel concept that
has been rapidly emerging as a mechanism underpinning the non-specific immunity
of innate immune cells, such as macrophages. However, the association between the
nature of the stimuli and the corresponding immune correlate of trained immunity is not
fully understood. Similarly, the kinetics of immunological and metabolic characteristics
of macrophages upon “training” by the same antigen as primary and secondary stimuli
(homologous stimulation) are not fully characterized. Furthermore, the ability of antigens
such as purified protein derivative (PPD) and heat-killed-Mtb to induce trained immun-
ity remains unknown. Similarly, the response of macrophages primed and trained by
homologous stimulants to subsequent infection by pathogenic Mtb is yet to be reported.
In this study, we evaluated the hypothesis that the nature of the stimuli impacts the
depth and breadth of trained immunity in macrophages, which differentially affects their
response to Mtb infection.
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he primary host defense against bacterial infections is driven by innate immune

cells such as macrophages and neutrophils. Though innate immune cell responses
are rapid, they are non-specific in their effector functions following infection (1, 2).
Innate immune receptors, namely the pattern recognition receptors (PRRs) present on
the host cell surface recognize a multitude of evolutionarily conserved molecules shared
by a plethora of infectious agents (3, 4). Engagement of different types of PRRs, such
as Toll-like receptors (TLRs), with various microbial components, including lipopolysac-
charides (LPS), B-glucan, non-methylated CpG, and double-stranded RNA can mount
remarkable changes in the immunometabolic profiles of phagocytes and their antimicro-
bial responses upon subsequent bacterial and viral infections (5-7).

Immunological memory has traditionally been considered an attribute of the host
adaptive immune system, constituted mainly by T and B cells. However, recent studies
have reported that innate immune cells, such as macrophages can generate a “mem-
ory-like” response upon antigen stimulation and/or exposure to microbes (8, 9). These
“trained” cells respond rapidly and robustly to subsequent stimulation with diverse
antigens or pathogens (8, 9). This de facto innate immune memory response has been
termed “trained immunity” (10). Notably, trained immunity developed in innate immune
cells is a special feature because of cell activation by a stimulant. The cellular behavior
toward various stimulations and/or infections is exceptionally diverse, sharing some
similarities and differences between trained immunity and other immune processes.
Depending on the stimulation niche, the innate immune cells demonstrate substantial
plasticity and adaption. It is important to note that the magnitude (low versus high dose)
and duration (short versus long) of stimulation induce specific adaptations in innate
immune cells that reflect their requirement to either enhance immune responses or
prevent immunity and excessive immunopathology. Several such adaptive programs,
including cell differentiation, priming, tolerance, and trained immunity, have been
described in innate cells (5-10). Vaccination of infants with BCG has been cited as a
prototypic example of this concept, wherein innate cells exposed to BCG were “trained”
and helped in the protection against not only tuberculosis (TB), the intended target of
BCG vaccination but also against other unrelated infectious diseases, including yellow
fever and malaria (11-17). Epidemiological data suggest that live vaccines such as
the measles, smallpox, and oral polio vaccines can also confer host-protective effects
against non-targeted pathogens through trained immunity (18). /n vitro, macrophages,
neutrophils, and natural killer (NK) cells as well as non-immune cells, such as fibroblasts,
have been shown to exert trained immunity phenotype upon stimulation with BCG, LPS,
or B-glucan; in general, the training involves a primary stimulation with the antigen for
24 h followed by a resting period of about 3-6 days and a second stimulation with a
heterologous antigen (19-24). In human primary monocytes primed with -glucan, BCG,
and oxLDL (oxidized low-density lipoprotein), elevated cytokine production was noted
after 3-to-6 days post-primary stimulation (25). However, studies conducted in mice and
humans suggest that the effects of trained immunity were retained for 3 months to 5
years post-antigen stimulation and/or vaccination (26).

In various innate cells, stimulation with BCG or viral or fungal cell wall components
elicits a trained immunity phenotype, marked with elevated expression of TNF-a and
IL-6 (27). While trained PMNs induce IL-8 and reactive oxygen species (ROS), mTOR, and
lactate production, ILCs induce IL-5 and IL-13, and NK cells express higher levels of IL-13
and IFN-y, compared to non-trained cells (27). Importantly, epigenetic modifications
involving H3K4 monomethylation (H3K4me), trimethylation (H3K4me3), and H3K27ac
are the underlying regulatory mechanism of trained immunity in these cells, which
manifests in enhanced proinflammatory response, antigen processing, and presentation
as well as elevated antimicrobial responses (27). Of note, training of monocytes/mac-
rophages differs from priming/activation in that the primed cells might be re-stimula-
ted before the gene transcription induced by the initial stimulus subsides, which will
enhance their inflammatory response; while trained monocytes/macrophages maintain
long-term epigenetic changes at specific gene promoters after the immune activation
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status returns to baseline as demonstrated in previous studies (5-10). Cumulatively, the
onset of trained immunity, such as during BCG vaccination, not only exerts a robust
innate response but also confers non-specific cross-protection against several pathogens
(28).

Induction of proinflammatory cytokine/chemokine production such as TNF-q, IL-6
and IL-1(3, elevated glycolysis and autophagy, and increased antimicrobial responses
are among the top biomarkers of trained immune response (19, 23, 29). In a recent
study by Zhang et al., the development of heterogeneous trained immunity in human
monocytes upon training with different inducers was studied (30, 31). However, the
kinetics of immunological and metabolic characteristics of macrophages upon “training”
and restimulation (boosting) by the same antigen are not fully explored. Similarly, most
of the trained immunity studies in macrophages were conducted using BCG, LPS, and
B-glucan (19-24, 29). However, in the context of TB, the ability of other antigens such
as PPD (a.k.a. tuberculin) and hk-Mtb to induce trained immunity in macrophages gains
importance (32). However, the nature of the immune response and subsequent effector
functions elicited by repeated stimulation with these antigen cocktails in macrophages
remains unexplored.

Pathogenic Mtb strains show diverse genetic components and induce heterogeneous
cellular and host responses in infected humans (33-36). For example, Mtb lineage 2/
W-Beijing strains are associated with an increased number of active and drug-resistant
TB cases (37, 38). These strains trigger a strong inflammatory response upon macro-
phage phagocytosis, due in part to the variation in their cell surface molecules, such
as ManLAM and phenolic glycolipids (PGL) (39, 40). Epidemiological and pre-clinical
studies have shown a minimal protective effect of BCG vaccination against infections
caused by the lineage 2 Mtb strains (39, 41-43). By contrast, Mtb strains belonging to
the Euro-American Lineage, lineage 4, that lack PGL are susceptible to engulfment by
phagocytes and are controlled better by the host immunity elicited by BCG vaccination
(44-46). Studies with in vitro and in vivo models of TB have also suggested differential
outcomes of infection based on the lineage of Mtb strains (47-53). Importantly, the
immune responses of macrophages trained with different stimuli and their impact on the
outcome of subsequent infection with different clinical Mtb isolates remain unknown.

In this study, we evaluated the hypothesis that the nature of the antigen and
the mode of stimulation (training and restimulation) impact the depth and breadth
of trained immunity in macrophages, which differentially affects their response to
Mtb infection. To test this hypothesis, we performed a comprehensive analysis of the
immunological, metabolic, and anti-microbial responses of human macrophages after
training, followed by restimulation/boosting with BCG, LPS, PPD, hk-HN, or hk-CDC, and
with or without subsequent infection with clinical Mtb isolates HN878 or CDC1551. Our
findings indicate that the nature of the antigen used for stimulation significantly and
differentially affects the immune profile of trained/restimulated macrophages and their
subsequent response to Mtb infection.

MATERIALS AND METHODS
Chemicals and reagents

Unless specified otherwise, all chemicals and reagents used in this study were purchased
from MilliporeSigma (Sigma-Aldrich, Inc., St. Louis, MO, USA). Gene-specific primers were
synthesized at Integrated DNA Technologies (IDT, Coralville, 1A, USA). LPS from E. coli
0111:B4 was purchased from InvivoGen (San Diego, CA, USA) and used as we repor-
ted previously (54). BCG-Tice strain (BCG) was from Organon Teknika Corporation LLC
(Durham, NC, USA), and PPD was obtained from the Staten Serum Institut, Denmark, and
used as described previously (55). To generate heat-killed HN878 (hk-HN) and CDC1551
(hk-CDC) strains, mid-log phase cultures were pelleted at 5,000 rpm for 10 minutes at
4°C, and the pellets were washed with sterile 1x PBS and resuspended thoroughly in
the same buffer. The bacterial cultures were boiled for 45 minutes, cooled and the total
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protein content was measured using the BCA Protein Assay Kit (Thermo Fisher Scientific,
Waltham, MA, USA).

Human macrophage cell line

The human monocytic cells (THP-1) were obtained from ATCC (American Type Culture
Collection, Manassas, VA, USA) and grown in RPMI media supplemented with 10% FBS
and L-glutamine (complete RPMI; Sigma, St, Louis, MO, USA). The cells were grown
in incubators set at 37°C with 5% CO,. Once in 2-3 days or when the cells reached
about 75% confluency, they were either passaged or used for experiments. To maintain
consistency between experiments, cells were seeded at about 80% confluency for each
experiment. Cells were checked for contamination by microscopic examination. The
viability of cells was determined by microscopic analysis of cell suspension stained with
4% trypan blue solution on a hemocytometer slide. All assays were performed with cells
having >90% viability without any contamination. The cells were treated with 40 nM
phorbol 12-myristate 13-acetate (PMA) (Sigma, St, Louis, MO, USA) for 24 h in a complete
RPMI medium, to differentiate them into macrophages, washed and incubated further in
fresh media for 24 h before conducting the experiments.

Mycobacterium tuberculosis culture conditions

Low-passaged laboratory stocks of clinical Mtb isolates HN878 and CDC1551 and strain
H37Rv were cultured in Middlebrook 7H9 liquid media supplemented with 10% ADC
(Difco BD, Franklin lakes, NJ), 5% glucose, and 0.05% tween 80 under continuous shaking
at 37°C as reported previously (56). Mid-log-phase cultures with ODggg of 0.4 to 0.6
were harvested and 1 mL aliquot was stored at -80°C until further use. These stocks
were evaluated for the number of bacterial colony-forming units (CFU) by plating serial
dilutions of multiple stock vials on Middlebrook 7H10 agar plates (Difco BD, Franklin
lakes, NJ), supplemented with 5% glucose, 10% oleic acid, albumin, dextrose, and
catalase, and 0.05% tween 80 and incubating for 4-6 weeks at 37°C before enumerating
colonies. The bacterial load was expressed as CFU/mL. All experiments involving live
Mtb cultures were performed in biosafety level-3 (BSL3) facilities as per the protocols
approved by the Rutgers University Institutional Biosafety Committee (IBC).

In vitro training and restimulation of macrophages

THP-1-derived macrophages were trained with different antigenic stimuli as previously
described and shown in Fig. STA (15, 57). Briefly, cells were stimulated for 24 h
(first stimulation) with BCG-Tice strain at a multiplicity of infection (MOI) of 10, LPS
(100 ng/mL/well), PPD (100 ng/mL/well), and hk-CDC or hk-HN (5 pg/mL/well). Macro-
phages without any stimulation were used as a negative control. After 24 h of the
first stimulation, cell-free supernatants and cell pellets were collected separately to
determine the primary response (i.e., after the first stimulation). In an identical setting,
macrophages were washed after the first stimulation and maintained/rested in complete
RPMI media for 4 days for training. On day 5, macrophages were restimulated (second
stimulation) for 24 h with the same antigens as the primary stimulation (see above). After
the first and second stimulation, cell-free supernatants of stimulated and non-stimula-
ted macrophages were collected, filtered through a 0.45-um filter (VWR International,
Radnor, PA, USA), and used for cytokine estimation. The cell pellets were lysed with
TRI reagent as per the manufacturer’s instructions (MRC, Cincinnati, OH, USA) for RNA
isolation (see below).

Mtb infection studies

THP-1-derived macrophages were trained/restimulated with various stimuli as above,
followed by infection with Mtb HN878 or CDC1551, as shown in Fig. S1B, at an MOI of 1
for 24 h at 37°C with 5% CO; supply as described previously (58). Cell-free supernatant
was collected, filtered as above, and used for cytokine analysis. Cell pellets were washed
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once with 1x PBS and lysed either with TRI reagent (for macrophage RNA isolation) or
1/10 vol of 0.5% Triton X-100 solution to determine intracellular Mtb load. For Mtb CFU
analysis, infected macrophages in Triton X-100 were probe-sonicated as 10 pulses of 10
seconds each with intermittent ice incubations for 30 seconds. Lysed cells were serially
diluted in 1x PBS and plated on Middlebrook 7H10 agar plates to determine the number
of bacterial CFU as mentioned above.

Visualization of Mtb in infected macrophages

The auramine-Rhodamine staining kit (Hardy Diagnostics, Santa Maria, CA, USA) was
used according to the manufacturer’s instructions to visualize Mtb in infected macro-
phages. Briefly, macrophages were seeded on glass coverslips inside a 24-well plate
and infected with Mtb at MOI of 1 for 3 hours. Uninfected macrophages were used as
controls. The Mtb-infected and uninfected macrophages were fixed overnight with 10%
formalin solution, followed by washing five times with sterile 1x PBS and incubation
in 70% ethanol overnight. The macrophages were stained with Auramine-Rhodamine
solution for 15 minutes, followed by rinsing with water, and 0.5% acid-alcohol for 3
minutes each. The cells were rinsed with water and counter-stained with 1% KMnO,4
solution for 2 minutes. The coverslips with stained cells were gently removed, air-dried,
mounted on glass slides, and examined under a fluorescence microscope using a 63x
objective.

Macrophage RNA extraction and quantitative PCR assay

Total RNA from THP-1-derived macrophages was isolated from stimulated and non-
stimulated cells with or without Mtb infection, using the TRI reagent method, as per
the manufacturer’s instructions (Molecular Research Center Inc, Cincinnati, OH, USA). The
RNA was purified using the Qiagen RNeasy kit as per the manufacturer’s instructions
(Qiagen Inc, USA), and quantified in a NanoDrop instrument (ThermoFisher Scientific,
Waltham, MA, USA). For cDNA synthesis, 1 ug of RNA was reverse transcribed using a
Superscript lll kit as per the manufacturer’s protocol (Thermo Fisher Scientific, Wal-
tham, MA, USA). Real-time qPCR was performed using PowerTrack SYBR Green Master
Mix (ThermoFisher Scientific, Waltham, MA, USA). Primers for target host genes were
designed using the Primer3 software (NIH, Bethesda, USA), and {3-actin (ACTNB) gene
transcript levels were used to normalize the expression of target gene transcripts in each
test sample. Relative fold change in gene expression was calculated by the 272 method
as reported previously (34). The DNA sequence of forward and reverse primers of target
genes used in qPCR analysis is shown in Table S1.

Multiplex cytokine assay

Cytokines in the culture supernatants were analyzed using the Human Cytokine
Magnetic 10-Plex Panel (ThermoFisher Scientific, Waltham, MA, USA) following the
manufacturer’s instructions. Briefly, antibody beads from the kit were diluted to 1x, and
25 pL was added in each well of a 96-well plate, followed by the addition of culture
supernatants or standard. Then the plate was incubated at 4°C overnight. The wells
were washed twice and 100 pL of Biotinylated Detector Antibody was added and the
plate was incubated at room temperature for an hour. After washing twice, 100 pL of
1x Streptavidin-RPE was added, and the plate was incubated for 30 minutes. Finally, the
plate was washed twice and read in the Luminex System. The data were analyzed using
ProcarataPlex Analysis software (ThermoFisher Scientific, Waltham, MA, USA). The data
were collected from two independent experiments.

Nitric oxide estimation

The macrophage nitric oxide (NO) production was estimated by measuring nitrite
levels using a Nitric Oxide Colorimetric Assay Kit following the manufacturer’s instruc-
tions (Enzo Life Sciences, Farmingdale, NY, USA) as described previously (59). Briefly,
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culture supernatants from trained and restimulated, and untrained macrophages with
or without subsequent Mtb infection were filtered through 0.45 um filters and used for
NO estimation. Filtered culture supernatant (25 uL) and serial dilutions of sodium nitrite
standard and control (complete RPMI) were added to a 96-well plate along with the
kit reagents. Samples were mixed gently, and the plate was incubated for 30 minutes
at 37°C. Post-incubation, 50 pL of Griess reagent was added to each well and further
incubated at room temperature for 10 minutes in the dark. The plate was read at
ODs49-570 Nm using a GloMax spectrophotometer (Promega, Madison, WI, USA). Optical
density readings were plotted on a standard curve graph prepared using dilutions of
known concentrations of sodium nitrite. NO concentrations of unknown test samples
were calculated using the extrapolation of the standard curve.

ATP and lactate production assay

To assess the metabolic milieu of trained restimulated macrophages, particularly on
glycolysis or oxidative phosphorylation after Mtb infection, the production of ATP
and lactate was measured using Glycolysis/OXPHOS Assay Kit as per the manufactur-
er's instructions (Dojindo Molecular Technologies, Rockville, MD, USA). In this assay,
oligomycin and 2-DG inhibit ATP synthesis by oxidative phosphorylation and glycolysis,
respectively. Briefly, after the second stimulation/boosting, macrophages were seeded at
a density of 1 x 10* cells in each well of a 96-well black plate and incubated overnight
at 37°C maintaining 5% CO,. The following day, cells were infected with Mtb CDC1551 or
HN878 at an MOI of 1. After 24 h, infected and non-infected (controls) macrophages were
incubated in a medium containing 1.25 pM oligomycin for 5 h to inhibit mitochondrial
oxidative ATP production or 22.5 mM 2-deoxy-D-glucose (2-DG) to inhibit glycolytic ATP
production. Total cellular ATP was measured without any drug treatment. The assay
plates were incubated at 25°C for 10 minutes in a microplate reader and luminescence
was measured as a surrogate for ATP levels. In a similar experiment, total glycolytic
and oxphos lactate production was measured using the cell supernatant, which was
incubated with the reaction mixture (supplied with the Glycolysis/OXPHOS Assay Kit) at
37°C for 30 minutes, followed by measuring absorbance at 450 nm using the GloMax
spectrophotometer (Promega).

Lactate dehydrogenase activity assay

Lactate dehydrogenase (LDH) release from cells into culture supernatants was detec-
ted using the LDH-Glo Cytotoxicity assay kit following the manufacturer’s instructions
(Promega). Briefly, the culture supernatants were diluted in LDH storage buffer and
50 pL was added into each well of a 96-well plate. LDH detection reagent was prepared
and 50 pL was added to each well. Then the plate was incubated for 60 minutes at
room temperature and luminescence was recorded using a GloMax spectrophotometer
(Promega). The luminescence data were plotted against a standard curve generated with
the known concentration of LDH, and the final values were represented as mUnits/mL of
the supernatant (Promega).

Immunostaining analysis

For immunostaining, macrophages were seeded at a density of 1 x 10° cells in each
well of a 24-well plate containing a coverslip within the well. The cells were trained
and restimulated with different stimulants and infected with Mtb strains as described
above. After infection, the cells were fixed for 20 min with 4% paraformaldehyde in cold
PBS, washed three times with 2% BSA (bovine serum albumin) in 1x PBS, treated with
0.05% Triton X-100 in PBS, and incubated overnight at 4°C with the following anti-
human primary antibodies at 1:250 dilution in 2% BSA: (i) anti-p62 (H00008878-MO1,
ThermoFisher Scientific), (ii) anti-LC3 (NB100-2220AF647, Novus Biologicals, Centen-
nial, CO, USA), (iii) anti-TNFa (NBP1-9532AF532, Novus Biologicals), and (iv) anti-IL-13
(NBP1-19775AF594, Novus Biologicals). Cells were washed three times with 2% BSA and
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incubated for 1 h with Alexa-Fluor-488-conjugated goat anti-mouse IgG (H&L) secondary
antibody (ab150113, Abcam, Waltham, MA, USA) at 1/2,000 dilution. Cells were washed
three times with sterile 1x PBS, and the coverslips were mounted on a glass slide using a
mounting medium (ab104139, Abcam, Waltham, MA, USA). Images were acquired using
an Axiovert 200M inverted fluorescence microscope (Zeiss, Oberkochen, Germany) using
20x or 63x% (oil immersion) objective and a Prime sCMOS camera (Photometrics, Tucson,
A2) controlled by Metamorph image acquisition software (Molecular Devices, San Jose,
CA).

Statistical analysis

All experiments were conducted in a minimum of three biological replicates, repeated
at least twice, and the average value of two technical replicates was used for graphical
presentations as the mean + standard error values. Comparisons between two exper-
imental conditions were analyzed by unpaired t-test with Welsh correction, and for
multiple group comparison, one-way ANOVA with Tukey'’s correction or two-way ANOVA
was used. Statistical analysis was performed using GraphPad Prism 9.3 version (GraphPad
Software, La Jolla, CA). For all the experimental data comparisons between groups,
differences were considered statistically significant when P < 0.05.

RESULTS

Immune response of THP-1-derived macrophages trained and restimulated
with homogeneous antigens

PMA-differentiated THP-1 cells have been extensively used as a surrogate to study
human macrophage functions, including immunological and metabolic signaling
analysis upon antigen stimulation (60-62). The immune response of macrophages after
the induction of trained immunity, by exposure to different/divergent antigens (e.g., first
exposure with BCG and second exposure with LPS) has been reported in several studies
(63-66). However, trained immunity developed in macrophages after restimulation to
the same (homogeneous) antigen has not been fully evaluated. Here, we used BCG,
LPS, and other cocktail antigens relevant to TB, including PPD, hk-HN, and hk-CDC as
both primary and secondary stimulants and determined the expression of immune
activation marker genes by gqPCR (Fig. 1 and 2). We did not find any difference in cell
viability between unstimulated and stimulated and/or restimulated macrophages with
or without Mtb infection (until 24 h post-infection). First, to determine the immune
response of trained macrophages to various test antigens, the expression of proinflam-
matory markers (TNFA, IL1B, IL8, IL12A, and MCP1), cell surface receptors (TLR2 and TLR4)
and transcriptional regulators (STATT and IRF1) was measured after 24 h of first stimula-
tion (Fig. 2). Among these genes, expression of TNFA, IL1B, IL8, IL12A, STATI, and IRF1
was significantly upregulated in BCG and hk-CDC-trained macrophages, compared to
unstimulated cells. Expression of IRF1 was significantly upregulated in hk-HN-stimulated
cells, while significant upregulation of STATT expression was noted in cells exposed to
all stimulants, except for LPS, which showed an upregulation that was not significantly
different from unstimulated cells. Thus, a differential immune profile, impacting cytokine,
chemokine, and surface receptor expression, was noted in THP-1 macrophages after 24 h
of stimulation with various antigens.

Next, we determined the immune activation status of these trained macrophages to
restimulation by measuring the expression pattern and directionality of selected genes
as above (Fig. S1A). The level of induction of several of the tested genes was higher in the
trained cells after restimulation with the same antigens, compared to no restimulation
(Fig. 1). Notably, restimulation with BCG significantly upregulated the expression of all
tested genes except for TLR4 and STATI, while the expression of TNFA, IL8, MCP1, and
STAT1 was significantly upregulated upon restimulation with hk-HN or hk-CDC, while
restimulation with BCG downregulated IRF1 expression. In addition, the expression of
ILT12A and IRF1 was significantly upregulated in PPD-stimulated trained macrophages.
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FIG 1 Immune activation marker gene expression profile of uninfected human macrophages trained
and restimulated with various antigens. THP-1-derived macrophages were stimulated with BCG, LPS,
PPD, hk-HN878, or hk-CDC1551 on day 1 (trained cells) and day 6 (trained and restimulated cells) as
described in the methods section. At both time points, total RNA was isolated, and real-time gPCR
analysis was performed to quantitate the expression of genes encoding proinflammatory cytokines/che-
mokines (TNF-a, IL-1B, IL-8, IFN-y, IL-12A, and MCP-1), cell surface/nuclear receptors (TLR2 and TLR4), and
transcriptional regulators (STAT1 and IRF1). RPMI refers to cell-free supernatant of trained macrophages
without restimulation (control). Target gene expression was normalized to the ACTNB expression levels
in corresponding samples. The expression level of each test gene in the trained/restimulated samples
was calibrated to the control (RPMI), and the values are shown as relative gene expression. The data
shown are the average of three independent experiments performed twice, and the average of three
experiments was used for plotting the graph. Statistical analyses were performed using one-way ANOVA
with Tukey’s multiple-group comparison. *P < 0.05; **P < 0.01; ***P < 0.005; ****P < 0.001.
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FIG 2 Expression profile of immune activation markers in trained and restimulated macrophages after
infection with clinical Mtb isolates. THP-1-derived macrophages were trained and restimulated with
BCG, LPS, PPD, hk-HN878, or hk-CDC1551, and infected with clinical Mtb isolates, HN878 or CDC1551
for 24 h. Total RNA was isolated and used for qPCR analysis of genes encoding cytokines/chemokines
(TNF-q, IL-1B, IL-8, IFN-y, IL-12, and MCP-1), cell surface/nuclear receptors (TLR2, TLR4, and PPAR-y) and
transcriptional regulators (STAT1 and IRF1). RPMI refers to cell-free supernatant of trained macrophages
without restimulation (control). Target gene expression was normalized to the ACTNB expression levels in
corresponding samples. The expression level of each test gene in the trained/restimulated samples was
calibrated to the control (RPMI), and the values are shown as relative to uninfected samples. The data
shown are the average of three independent experiments performed twice, and the average of three

experiments was used for plotting the graph. Statistical analyses were performed using one-way ANOVA
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with Tukey’s multiple-group comparison. *P < 0.05; **P < 0.01; ***P < 0.005; ****P < 0.001.
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Expression of TLR2 and TLR4 was upregulated by hk-HN and hk-CDC-treated trained cells,
respectively (Fig. 1). We observed a higher expression of IL-1B in hk-HN trained and
restimulated macrophages compared to trained cells, while training and restimulation
with hk-CDC in macrophages resulted in similar expression levels of IL-13. One possible
reason we envisage specifically regarding IL-1(3 expression among trained and trained +
restimulated cells for hk-CDC-treated cells is that CDC1551 is known to induce hyperim-
munogenicity as reported in those previously published studies. So even the first
stimulation rendered cells to express a higher level of IL-13 expression. However,
additional studies are needed to confirm this notion.

We validated the gene expression profile of trained and restimulated macrophages
by measuring the protein levels of respective immune activation markers in the culture
supernatant of macrophages by ELISA (Fig. S2). Consistent with the gPCR results, the
protein levels of immune activation markers, TNF-a, IL-13, IL-6, and GM-CSF, as well
as immune modulators IL-4 and IL-10 were upregulated to various extents in the
macrophages trained and restimulated with different stimulants, compared to only first
stimulation. Furthermore, the levels of IFN-y, IL-2, and IL-5 were not impacted by the
restimulation of trained macrophages (Fig. S2). Together, these observations strongly
suggest that upon restimulation with homogeneous antigen, the trained macrophages
are endowed with a unique, antigen-dependent immune activation profile, which was
more robust than the primary stimulation with the same antigens.

Response of trained and restimulated THP-1 macrophages to Mtb infection

Since the restimulation of trained macrophages with various antigens elicited a stronger
stimulant-dependent immune activation profile, we hypothesized that these restimula-
ted macrophages would respond differentially than the trained cells to subsequent
Mtb infection. We used clinical Mtb isolates, HN878 and CDC1551 to infect trained
macrophages with or without restimulation with BCG, LPS, PPD, hk-HN, or hk-CDC and
measured the expression of marker genes of trained immunity by qPCR and compared
to the levels in uninfected macrophages (Fig. S1B). The clinical isolate Mtb HN878
belongs to a “hyper-virulent” W-Beijing lineage strain, while Mtb CDC1551 was deemed
a "hyper immunogenic” strain in preclinical studies (34, 55, 67-74). Furthermore, these
two Mtb strains displayed differential pathogenic potential in vitro and animal models
(67-74). We used an Mtb MOI of 1 to infect the macrophages to avoid necrosis of
macrophages upon infection with hyper-virulent clinical Mtb strain, HN878. At this MOI,
we could easily detect Mtb-infected macrophages using auramine-rhodamine staining
(Fig. S3). We did not evaluate the differential phagocytosis of these two Mtb strains
by the macrophages. As shown in Fig. 2, the overall directionality of expression of
several tested host immune genes was comparable between Mtb HN878 and Mtb
CDC1551-infected trained/restimulated macrophages, although there were differences
noted in the expression level of individual genes, depending on the nature of anti-
gen (Fig. 2). Although trained and restimulated macrophages had elevated immune
activation markers production (Fig. 1), Mtb infection of these cells did not further induce
the expression of TNFA, IL1B, IL8, TLR2, and IRF1 upon restimulation with most of the
stimulants. However, differences in the expression pattern of IL12A, MCP1, TLR4, PPARG,
and STATT were noted between trained and restimulated macrophages infected with
Mtb HN878 and CDC1551. While Mtb CDC1551 infection significantly upregulated the
expression of IL8, expression of TLR4, PPARG, and STAT1 was significantly upregulated
in Mtb HN878-infected trained and restimulated macrophages, compared to the cells
without restimulation. While TNFA, IL1B, and TLR2 expression was significantly dampened
upon both Mtb HN878 and Mtb CDC1551 infection, expression of MCPT was significantly
upregulated by these infections in macrophages trained and restimulated with BCG,
LPS, or hk-CDC. Significant downregulation of IRF7 was noted in Mtb CDC1551-infected
trained/restimulated macrophages, compared to the cells without restimulation (Fig. 2).
To assess the significance of restimulation, we used trained macrophages without
restimulation for Mtb infection and measured the expression of proinflammatory
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cytokines (TNFA, IL-1B, and IL8), chemokine (MCP-1) and transcription factor (STATT)
in trained and infected macrophages (Fig. S4). For this experiment, THP-1-derived
macrophages were treated with stimulants for 24 h followed by resting for 4 days.
On day 5, the trained macrophages were infected either with Mtb HN878 or CDC1551,
and the total host RNA was used for qPCR analysis. We observed significantly increased
expression of TNF-q, IL8, MCP, and STAT1 genes in trained macrophages upon infec-
tion by both the Mtb strains, similar to those observed in trained and restimulated
macrophages (Fig. S4). However, expression of IL1B was significantly reduced in trained
macrophages upon mycobacterial infection (Fig. S4). This result suggests that restimula-
tion of trained cells differentially affects the expression of immune activation markers
upon subsequent Mtb infection.

Consistent with the qPCR data, the protein measurement of TNF-a and IL-4 by ELISA
also strongly suggests the dampening of immune activation in trained and restimulated
macrophages upon Mtb infection (Fig. S2). Together, these findings indicate that the
diversity in the immune response of trained and restimulated macrophages elicited by
various stimulants differentially affects the infection with Mtb HN878 or CDC1551 strains,
which differ in their virulence. Thus, both the nature of the antigen and of the infecting
Mtb bacteria determine the outcome of infection of trained macrophages.

Spatial expression of immune activation markers in trained and restimulated
macrophages

Next, we determined whether the expression of trained immunity markers was reflected
at the individual cell level, we performed spatial imaging of trained and restimulated
macrophages with or without subsequent Mtb infection, using immunocytochemistry
analysis and enumerated the number of cells positive for TNF-a (TNF-o+) and IL-1
(IL-1B+) expression (Fig. 3). Compared to the controls (trained cells without restimula-
tion), macrophages trained and restimulated with BCG, LPS, PPD, hk-HN, or hk-CDC
showed an increased percentage of TNF-a+ and IL-13 + cells in the absence of Mtb
infection (Fig. 3; left column). In the control macrophages, infection by both Mtb HN878
and CDC1551 upregulated the percentage of TNF-a + and IL-1 + cells (Fig. 3; middle and
right columns). However, training/restimulation with BCG, LPS, or PPD did not show any
significant difference in the percentage of TNF-a + and IL-1B + cells between Mtb-infec-
ted and uninfected macrophages. By contrast, hk-HN trained/restimulated macrophages
showed a significantly higher percentage of TNF-a+ cells upon Mtb CDC1551 infec-
tion, and a significantly higher percentage of IL-13 + cells after infection with Mtb
HN878 or CDC1551, compared to uninfected cells. Similarly, hk-CDC-trained/restimulated
macrophages showed a significant increase in the percentage of IL-13 + cells after Mtb
CDC1551 infection (Fig. 3). Thus, consistent with the gene expression analysis by qPCR
(Fig. 1 and 2), the spatial expression analysis of trained/restimulated macrophages shows
stimulant-dependent variations in the expression of key immune activation markers,
which is further differentially regulated upon subsequent infection with divergent Mtb
strains.

Antimicrobial response of trained and restimulated macrophages

The antimicrobial response of macrophages upon activation is marked by elevated
expression of iNOS (a.k.a. NOS2) with a corresponding increase in NO production (34, 75,
76). To determine the antimicrobial response of macrophages trained/restimulated with
BCG, LPS, PPD, hk-HN, or hk-CDC, we measured the levels of NO production and NOS2
expression (Fig. 4). Compared to the control (training only), training/restimulation with
LPS, BCG, or hk-CDC significantly induced the NO production in uninfected macrophages
(Fig. 4A). Infection of the trained and restimulated macrophages with Mtb HN878 also
induced significantly more NO, compared to the uninfected controls, irrespective of
the stimulant used for training/restimulation (Fig. 4B). However, Mtb CDC1551 infec-
tion significantly increased the NO production only in LPS or BCG-trained/restimulated
macrophages (Fig. 4C). Thus, NO levels in trained and restimulated macrophages indicate
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FIG 3 Spatial expression of proinflammatory markers in trained and restimulated macrophages with or
without Mtb infection. Antibodies against TNF-a (A and B) and IL-1B (C and D) were used to determine
the inflammatory response of trained and restimulated macrophages by immunocytochemistry analysis
after 24 h of Mtb infection. Trained macrophages were restimulated with BCG, LPS, PPD, hk-HN878,
or hk-CDC1551 or left without restimulation, and either infected with Mtb HN878 (HN878) or Mtb
CDC1551 (CDC1551) or left uninfected (Uninfected) for 24 h. (A). Representative immunostaining image
of macrophages showing expression of TNF-a (red spots). DAPI (blue) was used as a nuclear stain. The
scale bar is 50 microns. (B). The percentage of TNF + cells among the total number of cells per field
in trained macrophages with or without restimulation using BCG, LPS, PPD, hk-HN878, or hk-CDC1551,
and infected with Mtb HN878 (HN878) or Mtb CDC1551 (CDC1551) or left without infection (Uninf).
(C). Representative immunostaining image of trained and restimulated macrophages showing expression
of IL-13 (green spots). DAPI (blue) was used as a nuclear stain. The scale bar is 50 microns. (D). The
percentage of IL-1f + cells among the total number of cells per field in trained macrophages with or

(Continued on next page)
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FIG 3 (Continued)

without restimulation using BCG, LPS, PPD, hk-HN878 or hk-CDC1551, and infected with Mtb HN878
(HN878) or Mtb CDC1551 (CDC1551) or left without infection (Uninf). For (B and D), random fields (n = 25
fields per sample; 2-3 samples per group) were microscopically analyzed at 63x magnification, and the
total, as well as signal-positive cells, were manually counted. The data shown are the average + standard
deviation of 2-3 samples per group, repeated in duplicate. Statistical analyses were performed using
one-way ANOVA with Tukey’s multiple-group comparison. *P < 0.05; **P < 0.01; ***P < 0.005; ****P <
0.001.

variable activation of antimicrobial response upon infection with different types of Mtb
strains.

Immunometabolic shift in trained and restimulated macrophages

Previous reports show that training of macrophages with BCG or LPS is associated
with immunometabolic changes toward induction of glycolysis (77). However, the
immunometabolic changes of trained macrophages following restimulation with other
stimulants, such as PPD, hk-HN, or hk-CDC remain unknown. We tested the immunome-
tabolic status of macrophages trained and restimulated with BCG, LPS, PPD, hk-HN, or
hk-CDC by gene expression analysis and metabolite measurements (Fig. 5). The list of
metabolic genes tested includes glycolysis (HK1, HK2, ADPGK, LDHA, GPI, PGM1, and PKM),
tricarboxylic acid (TCA) cycle (DLST), and gluconeogenesis (PCK2). Expression of most of
the tested glycolysis genes was significantly upregulated in trained macrophages (i.e.,
after 24 h of first stimulation), compared to the untrained cells with any of the stimulants
(Fig. S5). However, expression of the TCA cycle gene was significantly downregulated
upon primary stimulation (training), compared to unstimulated controls. Compared to
the primary stimulated cells, the trained and restimulated macrophages consistently
and significantly upregulated the expression of the tested TCA cycle gene, (Fig. 5).
By contrast, the genes of glycolysis/gluconeogenesis showed a mixed response; while
expression of GPI1 was significantly upregulated in macrophages trained/restimulated
with all tested stimulants, PGM1 showed a significant upregulation only in macrophages
trained/restimulated with hk-CDC (Fig. 5). These results suggest a metabolic activation
toward glycolysis and TCA cycle in trained and restimulated macrophages, compared to
training alone.
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FIG 4 Antimycobacterial responses of trained and restimulated macrophages. Trained and restimulated macrophages were either infected with Mtb HN878 or
CDC1551 or left untreated for 24 h. Cell-free supernatants were collected 24 h post-infection, and the nitrite levels were measured. (A) Trained and restimulated
macrophages without infection. (B) Trained and restimulated macrophages infected with Mtb HN878. (C) Trained and restimulated macrophages infected with
Mtb CDC1551. For (A), supernatants from only trained cells (without restimulation) were used as control (Media). For (B and C), the nitrite level in the uninfected
macrophages (Uninf) was used to calibrate the corresponding levels in the Mtb-infected samples. The data shown are the average of three independent
experiments performed in duplicates and the average of three experiments was used for plotting the graph. Statistical analyses were performed using one-way
ANOVA with Tukey’s multiple-group comparison. *P < 0.05; **P < 0.01; ***P < 0.005; ****P < 0.001.
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FIG 5 Expression profile of metabolic genes in trained and restimulated macrophages. Expression levels of host cell metabolic genes HK1, HK2, ADPGK, LDHA,

PKM, PCK2, GPI, PGM1, and DLST were analyzed after training (24 h) or restimulation (6 d) of macrophages. Target gene expression was normalized to the

ACTNB (beta-actin) expression levels in corresponding samples. The expression level of test genes in the unstimulated (media-control) samples was used to

calibrate levels in trained samples with or without restimulation. The data shown are the average of three independent experiments performed in duplicates

and the average of three experiments was used for plotting the graph. Statistical analyses were performed using one-way ANOVA with Tukey’s multiple-group
comparison. *P < 0.05; **P < 0.01; ***P < 0.005.

Next, we evaluated the changes in the expression of these metabolic markers in
trained/restimulated macrophages after infection with Mtb strains, HN878 or CDC1551
(Fig. 6). Compared to the uninfected controls, the HN878-infected trained/restimulated
macrophages did not show any significant changes in the expression of glycolysis genes
except PKM and GPI1, although the TCA cycle and gluconeogenesis genes were
significantly upregulated. By contrast, Mtb CDC1551 infection significantly upregulated
the expression of selective markers of glycolysis (ADPGK and LDHA) and all tested TCA
cycle and gluconeogenesis genes, compared to the uninfected controls (Fig. 6). These
observations suggest Mtb-strain-specific metabolic alterations, particularly in the
glycolysis and TCA cycle pathway, during infection of trained and restimulated macro-

phages.

Furthermore, we determined the contribution of metabolic pathways to the cellular
ATP and lactate production in uninfected but trained and restimulated macrophages,
compared to trained cells without restimulation (Fig. 7). The macrophages trained and
restimulated with BCG, PPD, LPS, hk-HN, or hk-CDC showed significantly increased total
ATP levels, compared to untrained (media) cells (Fig. 7A). Similarly, the glycolytic ATP and
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FIG 6 Expression profile of metabolic genes in trained and restimulated macrophages infected with Mtb. Expression levels of host cell metabolic genes HK1,
HK2, ADPGK, LDHA, PKM, PCK2, GPI, PGM1, and DLST were analyzed in trained and restimulated macrophages after infection with clinical Mtb isolates HN878 or

CDC1551. Target gene expression was normalized to the ACTNB (beta-actin) expression levels in corresponding samples. The expression level of test genes in

the trained but not restimulated samples (dotted lines) was used to calibrate levels in the trained and stimulated samples. Gene expression values shown for

Mtb-infected cells are relative to uninfected levels. The data are from an average of three independent experiments performed in duplicates. The data shown

are the average of three independent experiments performed in duplicates and the average of three experiments was used for plotting the graph. Statistical

analyses were performed using one-way ANOVA with Tukey’s multiple-group comparison. *P < 0.05; **P < 0.01; ****P < 0.001.

oxphos ATP levels were also higher in the trained/restimulated macrophages. However,
there was no significant difference between glycolytic and oxphos ATP levels, suggesting
that both pathways were contributing comparatively to the total ATP levels in the
trained/restimulated macrophages (Fig. 7A).

Next, we tested the effect of Mtb infection on the metabolic marker expression in
trained/restimulated macrophages, compared to uninfected cells. Although Mtb
infection elevated the total, glycolytic and oxphos ATP production by the trained/
restimulated macrophages, irrespective of the nature of the infecting strain, BCG-trained/
restimulated macrophages had significantly more total ATP levels upon both Mtb HN878
and CDC1551-infection, compared to the other stimulant-treated trained macrophages
(Fig. 7B and Q). In contrast to the uninfected trained/restimulated macrophages, the Mtb-
infected cells had higher activation of glycolysis and oxphos. However, no striking
differences were noted in the total, glycolytic, and oxphos-mediated lactate production
between the uninfected and Mtb-infected macrophages trained and restimulated with
various stimulants (Fig. 7D through F).

August 2024 Volume 12 Issue 8

10.1128/spectrum.00473-2415

Downloaded from https://journals.asm.org/journal/spectrum on 05 March 2025 by 137.219.138.174.


https://doi.org/10.1128/spectrum.00473-24

Research Article

(o9)

A Uninfected MtbHN878

= Total =3 Glycolysis =3 Oxphos

Ak

e

n

ATP Production (RLU;
normalized to Uninfected)

O & ©
& & F

&

e 00 Q% QO ;be QC;
Q@ k3 % R & (\&,0

ATP Production (RLU;
normalized to trained cells)

Uninfected

MtbHN878

O
m

[ Total 3 Glycolysis 3 Oxphos

Ak

e
3 n
Ak

-

Lactate Production (ODys0;
normalized to trained cells)
Lactate Production (ODys(;
normalized to Uninfected)

Microbiology Spectrum

MtbCDC1551

N}

e

> o © Q > O
S ©) & KL

Sl

MtbCDC1551

G H
I HN878 = CDC1551

e 3 Trained 3 Restimulated =~ 25-
s TN
= £ 25 E 1)
25 T 55 20-

d c . Tkk
22 T 5¢ e
=5 15 £S5 15

.y o

’?E 1.0 I - ?; 1.0 g
g N 3R
<8 os <& o054
T E g
0o (el
4 c 00 T T T T T 46 00

BCG LPS PPD AHN ACDC c BCG LPS PPD AHN ACDC

FIG 7 Production of ATP, lactate, and LDH activity in trained and restimulated macrophages with or without Mtb infection. Trained macrophages with or

without restimulation were analyzed for total (Total), glycolytic (Glycolysis), and oxidative phosphorylation (Oxphos)-mediated ATP production in uninfected

(A) or Mtb HN878-infected (B) or Mtb CDC1551-infected (C) conditions. In the same experimental condition, the total (Total), glycolytic (Glycolysis), and oxidative

phosphorylation (Oxphos)-mediated lactate production were measured in uninfected (D), Mtb HN878-infected (E), or Mtb CDC1551-infected (F) macrophages.

For (A-F), Oligomycin and 2-DG were used to inhibit ATP synthesis mediated through Oxphos and glycolysis, respectively. (G). LDH activity was measured in

trained macrophages with or without restimulation with various stimulants, compared to no stimulation controls (dotted line). (H). LDH activity in MtbHN878 or

MtbCDC1551-infected, trained, and restimulated macrophages, relative to uninfected cells (dotted line). The delta symbol (A) refers to heat-killed bacteria. The

data shown are average * standard deviations of three independent experiments performed in duplicates. Statistical analyses were performed using one-way

ANOVA with Tukey’s multiple-group comparison. *P < 0.05; **P < 0.01; ***P < 0.005; ****P < 0.001.

Finally, the activity of the LDH enzyme was measured in the cell-free supernatants of
untrained and trained and stimulated macrophages with or without Mtb infection (Fig.
7G and H). Compared to the trained cells, training and restimulation of macrophages
with BCG, hk-HN, or hk-CDC significantly increased the LDH activity. In these trained/
restimulated cells, Mtb infection further significantly upregulated the LDH activity,
compared to the uninfected controls. However, Mtb HN878 infection showed a signifi-
cantly higher LDH activity, compared to CDC1551 infection in hk-HN and hk-CDC trained
and restimulated macrophages (Fig. 7G and H).

Together, the immunometabolic analyses indicate an overall elevation in the
metabolic activation of trained and restimulated macrophages, compared to the trained
cells without restimulation, although the extent of such activation and the distinct
pathways impacted are driven by specific stimulants that train these cells. Furthermore,
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FIG 8 Differential expression of key autophagy regulator genes in trained and restimulated macrophages. Expression levels of autophagy regulator mTOR were

measured by real-time PCR in trained (A) or trained and restimulated (B) macrophages without any infection (A, B) or after infection with Mtb HN878 (C) or Mtb

CDC1551 (D). Similarly, the expression of another key autophagy regulator AKTT was analyzed in trained (E)
any infection (E, F) or after infection with Mtb HN878 (G) or Mtb CDC1551 (H). The data shown are the
experiments repeated twice. Statistical analyses were performed using one-way ANOVA with Tukey’s mul
0.005; ****P < 0.001.

in these trained/restimulated macrophages with differential metabolic modulation, Mtb
infection differentially perturbs the metabolic activation, in a strain-dependent manner.

Regulation of autophagy in trained and restimulated macrophages with or
without Mtb infection

Autophagy has been reported as an immune activation mechanism of BCG-trained
macrophages (78, 79). Here, we analyzed the expression levels of key autophagy
regulatory genes MTOR and AKT1. Both these genes were upregulated in macrophages
trained with various stimulants, compared to untrained cells (without stimulation) (Fig.
8A and E). Importantly, restimulation of these trained macrophages further elevated
the expression of MTOR and AKT1 compared to trained macrophages (media; without
restimulation) (Fig. 8B and F). Furthermore, a significant upregulation of MTOR expression
was noted upon Mtb HN878 and not CDC1551 infection of the macrophages trained and
restimulated with LPS or PPD (Fig. 8C and D). Similarly, a significant upregulation in the
expression of AKT was noted in Mtb HN878 and not CDC1551 infection of the macro-
phages trained and restimulated with hk-CDC (Fig. 8G and H). By contrast, expression of
MTOR and AKT was significantly downregulated in Mtb CDC1551-infected macrophages
trained and restimulated with BCG or PPD, respectively (Fig. 8D and H).

To further confirm the differential induction of autophagy in trained macrophages
with or without subsequent Mtb infection, we performed a spatial immunocytochemis-
try analysis of macrophages using antibodies against P62/SQSTM1 and LC3, which are
specific markers of autophagy (80, 81). As shown in Fig. 10, infection by both Mtb HN878
and CDC1551 significantly upregulated the percentage of P62+ and LC3+ macrophages
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FIG 9 Spatial analysis of autophagy induction markers in trained and restimulated macrophages with or
without Mtb infection: Antibodies against LC3 and P62 were used to determine the autophagy induction
in macrophages by immunocytochemistry analysis. Trained and restimulated macrophages, as well as
trained cells without restimulation (Unstimulated) were either infected with Mtb HN878 or Mtb CDC1551
or left uninfected (Uninfected) and images were taken 24 h post-infection. (A). Representative images
of macrophages showing expression of autophagic marker LC3 (red spots). DAPI (blue) was used as a
nuclear stain. The scale bar is 50 microns. (B). The percentage of LC3+ cells among the total number
of cells per field in trained macrophages with or without restimulation. (C). Representative images of
macrophages showing expression of autophagic marker P62 (green spots). DAPI (blue) was used as a
nuclear stain. The scale bar is 50 microns. (D) The percentage of P62+ cells among the total number of
cells per field in trained macrophage with or without restimulation. For (B and D), random fields (n = 25
fields per sample; 2-3 samples per group) were microscopically analyzed at 63x magnification, and the
total, as well as signal-positive cells, were manually counted. The data shown are the average + standard

(Continued on next page)

August 2024 Volume 12 Issue 8

Microbiology Spectrum

10.1128/spectrum.00473-2418

Downloaded from https://journals.asm.org/journal/spectrum on 05 March 2025 by 137.219.138.174.


https://doi.org/10.1128/spectrum.00473-24

Research Article

FIG 9 (Continued)

deviation of 2-3 samples per group repeated in duplicates. Statistical analyses were performed using
one-way ANOVA with Tukey’s multiple-group comparison. *P < 0.05; **P < 0.01; ***P < 0.005; ****P <
0.001.

in unstimulated conditions (Fig. 9A and B). The trained and restimulated macrophages
showed a higher percentage of P62 and LC3 positivity, compared to the unstimula-
ted cells (Fig. 9A; left column). However, Mtb HN878 and CDC1551 infection differen-
tially impacted these autophagic marker expressions in the trained and restimulated
macrophages. The PPD or LPS-trained and restimulated macrophages had fewer P62+
and LC3+ cells upon infection by Mtb HN878 or CDC1551, although the reduction of
P62+ cells was significant only for CDC1551 infection in PPD-trained macrophages. By
contrast, hk-HN-trained macrophages had a significantly higher percentage of P62+
and LC3+ cells after infection by both Mtb strains, compared to the uninfected cells.
A similar response was noted for Mtb-infected macrophages trained with hk-CDC.
This suggests that autophagy induction could involve other mechanisms that do not
directly impact the PI3K/AKT/mTORC1 pathway. Further study is required to decipher the
signaling pathway leading to the induction of autophagy in trained and restimulated
macrophages.

Restimulation augments the antimicrobial response of trained macrophages

Since restimulation of trained macrophages showed more robust immune activa-
tion, metabolic and autophagic responses, we tested the antimicrobial response of
these macrophages, compared to trained macrophages without restimulation. Trained
macrophages with or without restimulation were infected with Mtb HN878 or CDC1551,
and the intracellular bacterial load was measured at 72 h post-infection by enumerating
the number of bacterial CFU (Fig. 10). Compared to the trained cells, the LPS, BCG,
PPD, hk-HN, or hk-CDC-trained and restimulated macrophages significantly reduced the
intracellular bacterial load of both HN878 and CDC1551. The reduction in bacterial CFUs
in these infected cells was comparable between various stimulants tested. Although the
overall intracellular bacterial burden was higher in Mtb HN878-infected macrophages,
the difference was not significantly different compared to the Mtb CDC1551-infected
cells (Fig. 10). These observations suggest that elevated production of immune activation
markers, including cytokines and NO production by macrophages trained and restimula-
ted with various stimulants, endows these cells to control intracellular bacterial burden
significantly, compared to trained macrophages without restimulation.

To delineate the impact of restimulation on trained macrophages in the context
of Mtb infection, we evaluated the intracellular mycobacterial load in trained (but not
restimulated) macrophages. We observed a significantly lower bacterial load in the
trained macrophages, compared to the untrained cells (Fig. S6). However, the extent
of bacterial load reduction was higher in the trained and restimulated macrophages,
compared to the trained cells (compare Fig. 10; Fig. S6). These findings suggest that
restimulation further elevates the antimicrobial responses of trained macrophages.

Finally, we compared the effectiveness of heterologous versus homologous
stimulants in inducing autophagy and affecting the antimicrobial response of trained
and restimulated macrophages (Fig. S7). These macrophages were trained and restimula-
ted with different combinations of antigens and infected with pathogenic Mtb H37Ry,
a standard laboratory strain. Everolimus (EVR) was used as an autophagy inducer. The
number of intracellular bacteria in the trained and restimulated macrophages was
enumerated after 72 h of infection in the presence or absence of EVR. As shown in Fig. S7,
the intracellular bacillary load was significantly reduced in BCG and/or LPS or hk-Mtb-
trained/restimulated macrophages in the presence of EVR, compared to no EVR-treat-
ment group, suggesting a synergistic effect of autophagy induction in trained and

August 2024 Volume 12 Issue 8

Microbiology Spectrum

10.1128/spectrum.00473-2419

Downloaded from https://journals.asm.org/journal/spectrum on 05 March 2025 by 137.219.138.174.


https://doi.org/10.1128/spectrum.00473-24

Research Article

© Media A LPS Vv hk-HN
o BCG ¢ PPD o hk-CDC
100000

- e dedede

60000- % ] é %%%

40000+

20000- ﬂﬁﬁﬂ
0 |

CDC1551 HN878

FIG 10 Intracellular survival of Mtb in trained and restimulated macrophages. Bacterial load was determined in trained and
restimulated macrophages infected with Mtb HN878 or CDC1551 for 72 h. Cells were infected and lysed as described in the
methods, spread on agar plates, and bacterial CFU was counted after 4-6 weeks of incubation of the plates. Lysates from

Bacterial Load (CFU/ml)

trained cells (without restimulation) infected with Mtb were used as control (Media). The data shown are the average of
three independent experiments performed in duplicates. The average of two technical replicates of each biological sample
was used for plotting the graph. Statistical analyses were performed using one-way ANOVA with Tukey’s multiple-group
comparison. *P < 0.05; **P < 0.01; ***P < 0.005; ****P < 0.001.

restimulated macrophages against Mtb survival, although it was significantly affected
only in a selected combination of heterologous antigens (Fig. S7).

DISCUSSION

Trained immunity or innate immune memory refers to the ability of innate immune
cells, such as monocytes and macrophages, to establish long-term immunity upon
exposure to antigens that confer response to subsequent infections or stimuli (82). The
primary study that laid the foundation of the trained immunity concept was carried
out in mice. It was found that a single dose of Candida albicans provided a protective
immune response against unrelated reinfection with another pathogen Staphylococcus
aureus (83). Detailed in vitro analyses of the human monocyte infection model showed
that B-glucan, the cell wall component of C. albicans, induced epigenetic remodeling
and functional reprogramming of the host cells through a dectin-1/Raf1-dependent
pathway (25). Importantly, B-glucan administration conferred protection against sepsis
development during experimental S. aureus infection in a murine model (84). These
trained innate immune cells showed increased production of hallmark pro-inflammatory
cytokines, including TNF-q, IL-6, and IL-1B, as well as antimicrobial molecules such
as reactive oxygen species (25, 84, 85). Thus, several studies have documented the
response of macrophages after exposure to one stimulus or signal, which augments
robust activation to a second signal, such as a bacterial infection (82-86). However, there
is limited information available now regarding the immune response of macrophages
repeatedly stimulated with the same stimulus, in the context of enhancing the capacity
of these cells to counter subsequent infection. In this study, we used a homogeneous
stimulation model, wherein the macrophages were trained, and then restimulated with
the same/homogeneous stimulant. We found that the nature of antigen shapes the
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immunometabolic and cellular responses of stimulated macrophages, which differen-
tially impacts the host response to subsequent Mtb infection. To assess the effectiveness
of the enhanced immune response, we trained and restimulated the macrophages with
the same stimulant so that the immune response would be maximized and render cells
more capable of eliminating the invading pathogen.

Training of human monocytes with mycobacterial cell wall components, 3-glucan, or
muramyl dipeptide, as stimulants led to an enhanced cytokine and chemokine response
upon subsequent Mtb infection (15, 87-89). However, exposure to other stimuli, such
as LPS or peptidoglycan, did not have the same effect, suggesting that the specific
nature of the antigen can influence the trained immunity response (90). Overall, these
studies suggest that both types of stimulants, related and unrelated to a pathogen, can
establish trained immunity in human monocytes/macrophages and that the magnitude
and specificity of the response may vary depending on the nature of the antigen.
Furthermore, the antigenicity of the stimuli is crucial for training the macrophages to
gain an innate memory phenotype. Consistent with these findings, we noticed that
homologous training and restimulation with BCG and hk-Mtb can also trigger a robust
proinflammatory response in macrophages, compared to training and restimulation
with LPS or PPD. However, the specific mechanisms underlying the differential response
elicited by various stimulants, including the role of epigenetic modifications and other
factors, remain to be determined.

Trained immunity in human macrophages is characterized by enhanced cytokine
and chemokine responses as well as metabolic changes upon subsequent immune
challenges (57). The specific cytokines and chemokines produced by these trained
macrophages in response to different stimuli can vary depending on the nature and
timing of the immune challenge (83, 91-93). For example, exposure of THP-1 macro-
phages to microbial cell walls components, such as B-glucan or muramyl dipeptide
(MDP), led to increased production of a broad range of pro-inflammatory cytokines
and chemokines including IL-1f, IL-6, TNF-q, IFN-y, IL-8, and MCP-1 upon subsequent
stimulation with various microbial stimuli, including LPS, a component of gram-negative
bacterial cell walls (89). These cytokines play important roles in the innate immune
response by inducing inflammation and recruiting other immune cells to the site of
infection. We observed elevated production of IL-1f3, IL-8, and TNF-q, particularly in
macrophages trained and restimulated with BCG and hk-Mtb.

Macrophage activation and associated metabolic changes are important steps in
determining the outcomes and the fate of pathogenic invasion of these cells (94, 95).
It has been reported that BCG stimulation of macrophages leads to a shift of cellular
metabolism from oxidative phosphorylation to glycolysis with increased expression of
mTOR/Akt/HIF-1A pathway and elevated NO production (15, 77, 91, 93, 96-98). Similar to
these reports, we found elevated immune activation marker expression, with concomi-
tant induction of glycolysis and TCA cycle gene expression, increased ATP and lactate
production as well as NO production in macrophages that were repeatedly stimulated
with different stimuli. Although the LDH levels we observed in this study are contributed
by Mtb-infected cells with or without apoptosis and/or necrosis, it is also possible that
the stimulants we have used to train the macrophages might have contributed to LDH
levels due to cell death. However, we did not measure the cell death due to various
stimulants in this study.

Autophagy is a cellular process that plays a critical role in the maintenance of
cellular homeostasis and the elimination of intracellular pathogens. Training of THP-1
macrophages with B-glucan or DMP and LPS led to increased expression of autophagy-
related genes and autophagy flux as well as increased formation of autophagosomes
and autolysosomes (15, 91, 96-98). In this study, we found autophagy induction, through
elevated levels of autophagosome proteins (P62, LC3), to various extents in trained
and restimulated macrophages, dependent upon the nature of the antigen used for
stimulation. However, the question of whether autophagy induction in our studies by
repeated stimulation with different stimuli (i.e.,, BCG, LPS, PPD, hk-HN, and hk-CDC)
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involves the same pathway as seen in classically trained macrophages needs additional
mechanistic studies.

Previous studies have linked autophagy, antimicrobial response, immune activation,
and killing of Mtb in THP-1 macrophages trained with various stimuli (65, 79). The ability
of THP-1 cells trained with B-glucan, MDP, or BCG to effectively control intracellular Mtb
growth was associated with increased autophagy in these cells, marked by elevated
expression of several autophagy-related genes such as ATG5, LC3B, and p62 (65, 79).
In addition, pharmacological inhibition of autophagy partially reversed the enhanced
killing of Mtb by trained THP-1 cells, suggesting that autophagy plays a critical role
in the trained immunity response (65, 78). The p62/SQSTM1 protein plays a regulatory
role in the ubiquitin-proteasome system, cellular metabolism, signaling, and apoptosis,
in addition to the classical autophagy activation pathway (99). Indeed, upregulation
of p62 has been previously reported to promote autophagy, and depletion of p62
reduced autophagy by downregulation of ATG10 in cells exposed to oxidative stress
(100). Similarly, although increased p62 levels under cell-damaging conditions have been
reported to denote autophagy deficiency, the accumulation of p62 has been considered
to have a cytoprotective response, particularly in atherosclerosis (101). Furthermore, the
p62 expression level does not always inversely correlate with the level of autophagy; in
muscle atrophy induced by cancer, autophagic stimuli induce the expression of p62 at
gene and protein levels (102, 103). Thus, the role of p62 in autophagy is regulated by
several context-dependent factors. In this study, we observed autophagy induction and
p62 upregulation in homogeneously trained and restimulated macrophages. However,
understanding the causal link between p62 upregulation and autophagy induction
in the context of repeated stimulation in macrophages requires further mechanistic
studies. Nonetheless, our findings suggest that trained THP-1 macrophages can display
enhanced autophagy response to subsequent immune stimulation, which may play
an important role in the elimination of intracellular pathogens and the maintenance
of cellular homeostasis. However, the specific mechanisms underlying this effect upon
repeated stimulation, including the role of autophagy-related genes, on the macrophage
response to homologous training by various stimuli remain to be determined.

Trained immunity has also been shown to enhance the ability of THP-1 cells to
kill clinical isolates of Mtb. A study by Kleinnijenhuis et al. showed that THP-1 cells
trained with B-glucan or BCG led to an enhanced ability to control Mtb growth through
increased production of TNF-a and IL-1f, as well as increased phagocytic activity (63,
104, 105). Similarly, we found a significant reduction in the growth of pathogenic Mtb
clinical isolates HN878 and CDC1551, within trained and restimulated macrophages.
Consistent with this observation, we found differential induction of NO, an anti-mycobac-
terial molecule, in trained and restimulated macrophages upon infection with these Mtb
strains. However, there was no direct proportionality between the levels of cytokines
and/or NO production by trained cells versus the number of intracellular CFUs in
macrophages trained with various stimulants. This could be explained as either (i) there is
a threshold level for NO-mediated Mtb killing or (ii) Mtb resists NO-mediated killing after
a certain degree of death as a population in the macrophages. However, these assump-
tions need to be tested and validated by additional experimental studies. Further-
more, we showed previously that induction of autophagy is associated with elevated
Mtb killing by macrophages (106). To determine whether induction of autophagy in
repeatedly stimulated macrophages would augment Mtb killing, we induced autophagy
in repeatedly trained macrophages by Everolimus treatment and analyzed the effect on
intracellular Mtb survival. We found a deleterious effect on Mtb survival in repeatedly
stimulated macrophages treated with Everolimus, indicating that evoking autophagy
in this setting would benefit the host by effectively clearing the pathogen. Together,
induction of NO production and autophagy are potential mechanisms for the antimicro-
bial response of macrophages that were trained and restimulated with different stimuli,
although the extent of induction of these antimicrobial responses and bacterial killing
are shaped by the nature of the antigen and the infecting Mtb strain.
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In previous studies using in vitro (mouse and human primary cells and cell lines)
and in vivo (mouse and rabbit) models of infection, we have demonstrated diver-
gent, Mtb-strain-specific host immune responses to HN878 (a hypervirulent strain)
and CDC1551 (a hyper immunogenic strain) (34, 73). In the present study, we show
that macrophages trained and restimulated with various stimuli can enhance Mtb
killing through several mechanisms, including autophagy and NO production as well
as through the activation of cytokine, chemokine, and metabolic signaling pathways.
Although these responses were reported in “classically trained” macrophages (without
restimulation), our study provides additional information that restimulation of trained
macrophages with different stimuli can mount a stronger immune response. These
findings are significant since it signifies the use of different stimuli or a different
combination of stimuli to boost immunity in macrophages, and possibly in other innate
immune cells, to protect the host from various microbial infections. Since repeated
stimulation of innate cells with multiple antigens substantially boosts host immunity, this
strategy should be considered for developing better and improved vaccines to combat
infectious diseases. Our studies have some limitations, such as the under-exploration
of specific signaling mechanisms associated with the immune response in repeatedly
stimulated macrophages, and the usage of a macrophage cell line rather than primary
cells or in vivo models. Also, we did not titrate various doses of primary and secondary
stimulants on their ability to mount trained immunity. Apart from these, we have not
investigated the details of the role of specific cell death pathways, such as apoptosis,
in trained cells in countering mycobacterial infection. Our study also lacks molecular
mechanisms, like plasma membrane orchestration involved in the entering of Mtb inside
macrophages and the fusion of Mtb-containing phagosomes with lysosomes in infected
cells.

In summary, our study highlights the intricate host cell adaptations during innate
memory responses, including immunometabolic shift elicited by various stimulants,
and how these responses impact subsequent antimicrobial effects of macrophages to
infection by pathogenic Mtb strains. The findings of this study can pave the way to
develop better vaccines against TB, by endowing the innate immune cells with improved
antimicrobial and protective immune responses through training. Similarly, some of the
innate memory response pathways can be harnessed as targets to develop host-directed
therapy (HDT) to enhance bacterial clearance from infected organs and/or to alleviate
host damage caused by Mtb infection.

ACKNOWLEDGMENTS

The authors acknowledge Dr. Sanjay Tyagi at PHRI, Rutgers-New Jersey Medical School,
Newark, NJ, USA for technical guidance with the sm-FISH studies, and Dr. Mario
Alberto Flores-Valdez at Biotecnologia Médica y Farmacéutica, Centro de Investigacion y
Asistencia en Tecnologia y Disefio del Estado de Jalisco, Guadalajara, Mexico, for critically
reviewing this manuscript.

This is a short text to acknowledge the contributions of specific colleagues, institu-
tions, or agencies that aided the efforts of the authors.

This study is supported by research funding from the NIH/NIAID to S.S. (RO1AI161822),
and to L.S. and S.S. (RO1AI127844). AKu. is supported by an NHMRC Investigator Grant
(APP2008715).

S.S. conceived the concept, secured funding, and supervised this study. S.S., RK., and
AKo. designed the study. RK., AK. and PS. performed the experiments. L.S. and A.Ku.
provided technical guidance for experiments. S.S., RK., A.Ko., and PS. analyzed the data.
R.K. and PS. wrote the draft of the manuscript. All authors edited, read, and approved the
submitted version.

The authors declare that the research was conducted in the absence of any commer-
cial or financial relationships that could be construed as a potential conflict of interest.

August 2024 Volume 12 Issue 8

Microbiology Spectrum

10.1128/spectrum.00473-2423

Downloaded from https://journals.asm.org/journal/spectrum on 05 March 2025 by 137.219.138.174.


https://doi.org/10.1128/spectrum.00473-24

Research Article Microbiology Spectrum

AUTHOR AFFILIATIONS

'Public Health Research Institute, Rutgers-New Jersey Medical School, Newark, New
Jersey, USA

*Centre for Molecular Therapeutics, Australian Institute of Tropical Health and Medicine
(AITHM), James Cook University, Cairns & Townsville, Queensland, Australia

PRESENT ADDRESS

Pooja Singh, Division of Pulmonary, Allergy and Critical Care, Department of Medicine,
University of Alabama at Birmingham, Birmingham, Alabama, USA

AUTHOR ORCIDs

Lanbo Shi @ https://orcid.org/0000-0001-8582-7645
Andreas Kupz @ https://orcid.org/0000-0002-9259-7873
Selvakumar Subbian 2 http://orcid.org/0000-0003-2021-8632

FUNDING

Funder Grant(s) Author(s)

National Institute of Allergy and Infectious  R01AI161822, Selvakumar Subbian
Diseases ROTAI127844

HHS | NIH | National Institute of Allergy and  RO1AI127844 Lanbo Shi

Infectious Diseases (NIAID)

DHAC | National Health and Medical APP2008715 Andreas Kupz

Research Council (NHMRC)

AUTHOR CONTRIBUTIONS

Ranjeet Kumar, Formal analysis, Investigation, Methodology, Visualization, Writing —
original draft, Writing — review and editing | Afsal Kolloli, Data curation, Formal analy-
sis, Investigation, Methodology, Validation, Visualization, Writing — review and editing |
Pooja Singh, Investigation, Methodology, Writing — original draft | Lanbo Shi, Funding
acquisition, Supervision, Writing - review and editing | Andreas Kupz, Funding acquisi-
tion, Supervision, Writing - review and editing | Selvakumar Subbian, Conceptualization,
Data curation, Formal analysis, Funding acquisition, Project administration, Supervision,
Writing - review and editing

DATA AVAILABILITY

All the experimental data are presented as figures and tables in this manuscript. Raw
data of the figures and tables can be obtained from the lead contact upon formal
request. This article does not report any original code.

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Figure S1 (Spectrum00473-24-s0001.docx). Experimental setup for macrophage
training and restimulation and Mtb infection.

Figure S2 (Spectrum00473-24-s0002.docx). Cytokine profiling of trained macrophages.
Figure S3 (Spectrum00473-24-s0003.docx). Visualization of Mtb in infected trained and
restimulated macrophages.

Figure S4 (Spectrum00473-24-s0004.docx). Expression profile of trained human
macrophages.

August 2024 Volume 12 Issue 8 10.1128/spectrum.00473-2424

Downloaded from https://journals.asm.org/journal/spectrum on 05 March 2025 by 137.219.138.174.


https://doi.org/10.1128/spectrum.00473-24
https://doi.org/10.1128/spectrum.00473-24

Research Article

Microbiology Spectrum

Figure S5 (Spectrum00473-24-s0005.docx). Metabolic profile of trained THP-1
macrophages.
Figure S6 (Spectrum00473-24-s0006.docx). Differential responses of trained macro-
phages to Mtb infection.
Figure S7 (Spectrum00473-24-s0007.docx). Autophagy induction augments Mtb killing
in trained and restimulated macrophages.
Table S1 (Spectrum00473-24-s0008.docx). List of target macrophage genes and the
DNA sequence.

REFERENCES

1.

August 2024 Volume 12

Vivier E, Malissen B. 2005. Innate and adaptive immunity: specificities
and signaling hierarchies revisited. Nat Immunol 6:17-21. https://doi.
org/10.1038/ni1153

Saini A, Ghoneim HE, Lio C-W, Collins PL, Oltz EM. 2022. Gene
regulatory circuits in innate and adaptive immune cells. Annu Rev
Immunol  40:387-411.  https://doi.org/10.1146/annurev-immunol-
101320-025949

Fitzgerald KA, Kagan JC. 2020. Toll-like receptors and the control of
immunity. Cell 180:1044-1066. https://doi.org/10.1016/j.cell.2020.02.
041

Amarante-Mendes GP, Adjemian S, Branco LM, Zanetti LC, Weinlich R,
Bortoluci KR. 2018. Pattern recognition receptors and the host cell
death molecular machinery. Front Immunol 9:2379. https://doi.org/10.
3389/fimmu.2018.02379

Abraham C, Abreu MT, Turner JR. 2022. Pattern recognition receptor
signaling and cytokine networks in microbial defenses and regulation
of intestinal barriers: implications for inflammatory bowel disease.
Gastroenterology  162:1602-1616.  https://doi.org/10.1053/j.gastro.
2021.12.288

Fu YL, Harrison RE. 2021. Microbial phagocytic receptors and their
potential involvement in cytokine induction in macrophages. Front
Immunol 12:662063. https://doi.org/10.3389/fimmu.2021.662063

Hu S, Xiang D, Zhang X, Zhang L, Wang S, Jin K, You L, Huang J. 2022.
The mechanisms and cross-protection of trained innate immunity. Virol
J19:210. https://doi.org/10.1186/512985-022-01937-5

Joseph J. 2022. Trained immunity as a prospective tool against
emerging respiratory pathogens. Vaccines (Basel) 10:1932. https://doi.
org/10.3390/vaccines10111932

Ochando J, Mulder WJM, Madsen JC, Netea MG, Duivenvoorden R.
2023. Trained immunity - basic concepts and contributions to
immunopathology. Nat Rev Nephrol 19:23-37. https://doi.org/10.1038/
s41581-022-00633-5

Eades L, Drozd M, Cubbon RM. 2022. Hypoxia signalling in the
regulation of innate immune training. Biochem Soc Trans 50:413-422.
https://doi.org/10.1042/BST20210857

Bannister S, Kim B, Dominguez-Andrés J, Kilic G, Ansell BRE, Neeland
MR, Moorlag S, Matzaraki V, Vlahos A, Shepherd R, Germano S, Bahlo M,
Messina NL, Saffery R, Netea MG, Curtis N, Novakovic B. 2022. Neonatal
BCG vaccination is associated with a long-term DNA methylation
signature in circulating monocytes. Sci Adv 8:eabn4002. https://doi.
org/10.1126/sciadv.abn4002

Covian C, Ferndndez-Fierro A, Retamal-Diaz A, Diaz FE, Vasquez AE, Lay
MK, Riedel CA, Gonzélez PA, Bueno SM, Kalergis AM. 2019. BCG-induced
cross-protection and development of trained immunity: implication for
vaccine design. Front Immunol 10:2806. https://doi.org/10.3389/fimmu.
2019.02806

Ziogas A, Netea MG. 2022. Trained immunity-related vaccines: innate
immune memory and heterologous protection against infections.
Trends Mol Med 28:497-512. https://doi.org/10.1016/j.molmed.2022.
03.009

Uthayakumar D, Paris S, Chapat L, Freyburger L, Poulet H, De Luca K.
2018. Non-specific effects of vaccines illustrated through the BCG
example: from observations to demonstrations. Front Immunol 9:2869.
https://doi.org/10.3389/fimmu.2018.02869

Arts RJW, Carvalho A, La Rocca C, Palma C, Rodrigues F, Silvestre R,
Kleinnijenhuis J, Lachmandas E, Gongalves LG, Belinha A, Cunha C,
Oosting M, Joosten LAB, Matarese G, van Crevel R, Netea MG. 2016.

Issue 8

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Immunometabolic pathways in BCG-induced trained immunity. Cell
Rep 17:2562-2571. https://doi.org/10.1016/j.celrep.2016.11.011
Kowalewicz-Kulbat M, Locht C. 2017. BCG and protection against
inflammatory and auto-immune diseases. Expert Rev Vaccines 16:1-10.
https://doi.org/10.1080/14760584.2017.1333906

Shibata Y, Ohata H, Yamashita M, Tsuji S, Bradfield JF, Nishiyama A,
Henriksen RA, Myrvik QN. 2007. Immunologic response enhances
atherosclerosis-type 1 helper T cell (Th1)-to-type 2 helper T cell (Th2)
shift and calcified atherosclerosis in Bacillus Calmette-Guerin (BCG)-
treated apolipoprotein E-knockout (apo E-/-) mice. Transl Res 149:62-
69. https://doi.org/10.1016/j.trs1.2006.08.008

de Bree LCJ, Koeken V, Joosten LAB, Aaby P, Benn CS, van Crevel R,
Netea MG. 2018. Non-specific effects of vaccines: current evidence and
potential implications. Semin Immunol 39:35-43. https://doi.org/10.
1016/j.smim.2018.06.002

Hamada A, Torre C, Drancourt M, Ghigo E. 2018. Trained immunity
carried by non-immune cells. Front Microbiol 9:3225. https://doi.org/10.
3389/fmicb.2018.03225

Jensen KJ, Benn CS, van Crevel R. 2016. Unravelling the nature of non-
specific effects of vaccines-A challenge for innate immunologists.
Semin Immunol 28:377-383. https://doi.org/10.1016/j.smim.2016.05.
005

Koeken V, van der Pasch ES, Leijte GP, Mourits VP, de Bree LCJ, Moorlag
S, Budnick I, Idh N, Lerm M, Kox M, van Laarhoven A, Netea MG, van
Crevel R. 2020. The effect of BCG vaccination on alveolar macrophages
obtained from induced sputum from healthy volunteers. Cytokine
133:155135. https://doi.org/10.1016/j.cyt0.2020.155135

Moerings BGJ, de Graaff P, Furber M, Witkamp RF, Debets R, Mes JJ, van
Bergenhenegouwen J, Govers C. 2021. Continuous exposure to non-
soluble beta-glucans induces trained immunity in M-CSF-differentiated
macrophages. Front Immunol 12:672796. https://doi.org/10.3389/
fimmu.2021.672796

Moorlag S, Rodriguez-Rosales YA, Gillard J, Fanucchi S, Theunissen K,
Novakovic B, de Bont CM, Negishi Y, Fok ET, Kalafati L, Verginis P,
Mourits VP, Koeken V, de Bree LCJ, Pruijn GJM, Fenwick C, van Crevel R,
Joosten LAB, Joosten |, Koenen H, Mhlanga MM, Diavatopoulos DA,
Chavakis T, Netea MG. 2020. BCG vaccination induces long-term
functional reprogramming of human neutrophils. Cell Rep 33:108387.
https://doi.org/10.1016/j.celrep.2020.108387

Schiinemann L-M, Schuberth H-J. 2022. Non-classical monocytes
contribute to innate immune training in cattle. Innate Immun 28:199-
210. https://doi.org/10.1177/17534259221114219

Bekkering S, Blok BA, Joosten LAB, Riksen NP, van Crevel R, Netea MG.
2016. In vitro experimental model of trained innate immunity in human
primary monocytes. Clin Vaccine Immunol 23:926-933. https://doi.org/
10.1128/CVI1.00349-16

Netea MG, Schlitzer A, Placek K, Joosten LAB, Schultze JL. 2019. Innate
and adaptive immune memory: an evolutionary continuum in the
host’s response to pathogens. Cell Host Microbe 25:13-26. https://doi.
org/10.1016/j.chom.2018.12.006

Acevedo OA, Berrios RV, Rodriguez-Guilarte L, Lillo-Dapremont B,
Kalergis AM. 2021. Molecular and cellular mechanisms modulating
trained immunity by various cell types in response to pathogen
encounter. Front Immunol 12:745332. https://doi.org/10.3389/fimmu.
2021.745332

Soto JA, Galvez NMS, Andrade CA, Ramirez MA, Riedel CA, Kalergis AM,
Bueno SM. 2022. BCG vaccination induces cross-protective immunity

10.1128/spectrum.00473-2425

Downloaded from https://journals.asm.org/journal/spectrum on 05 March 2025 by 137.219.138.174.


https://doi.org/10.1038/ni1153
https://doi.org/10.1146/annurev-immunol-101320-025949
https://doi.org/10.1016/j.cell.2020.02.041
https://doi.org/10.3389/fimmu.2018.02379
https://doi.org/10.1053/j.gastro.2021.12.288
https://doi.org/10.3389/fimmu.2021.662063
https://doi.org/10.1186/s12985-022-01937-5
https://doi.org/10.3390/vaccines10111932
https://doi.org/10.1038/s41581-022-00633-5
https://doi.org/10.1042/BST20210857
https://doi.org/10.1126/sciadv.abn4002
https://doi.org/10.3389/fimmu.2019.02806
https://doi.org/10.1016/j.molmed.2022.03.009
https://doi.org/10.3389/fimmu.2018.02869
https://doi.org/10.1016/j.celrep.2016.11.011
https://doi.org/10.1080/14760584.2017.1333906
https://doi.org/10.1016/j.trsl.2006.08.008
https://doi.org/10.1016/j.smim.2018.06.002
https://doi.org/10.3389/fmicb.2018.03225
https://doi.org/10.1016/j.smim.2016.05.005
https://doi.org/10.1016/j.cyto.2020.155135
https://doi.org/10.3389/fimmu.2021.672796
https://doi.org/10.1016/j.celrep.2020.108387
https://doi.org/10.1177/17534259221114219
https://doi.org/10.1128/CVI.00349-16
https://doi.org/10.1016/j.chom.2018.12.006
https://doi.org/10.3389/fimmu.2021.745332
https://doi.org/10.1128/spectrum.00473-24

Research Article

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41,

42.

43,

44,

August 2024 Volume 12

against pathogenic microorganisms. Trends Immunol 43:322-335.
https://doi.org/10.1016/j.it.2021.12.006

Kloc M, Kubiak JZ, Zdanowski R, Ghobrial RM. 2022. Memory macro-
phages. Int J Mol Sci 24:38. https://doi.org/10.3390/ijms24010038
Dominguez-Andrés J, Dos Santos JC, Bekkering S, Mulder WJM, van der
Meer JWM, Riksen NP, Joosten LAB, Netea MG. 2023. Trained immunity:
adaptation within innate immune mechanisms. Physiol Rev 103:313—
346. https://doi.org/10.1152/physrev.00031.2021

Zhang B, Moorlag SJ, Dominguez-Andres J, Bulut O, Kilic G, Liu Z, van
Crevel R, Xu C-J, Joosten LA, Netea MG, Li Y. 2022. Single-cell RNA
sequencing reveals induction of distinct trained-immunity programs in
human monocytes. J Clin Invest 132:e147719. https://doi.org/10.1172/
JCI147719

Anders JM. 1900. The value of the tuberculin test in the diagnosis of
pulmonary tuberculosis. Trans Am Climatol Assoc 16:89-104.

Peters JS, Ismail N, Dippenaar A, Ma S, Sherman DR, Warren RM, Kana
BD. 2020. Genetic diversity in Mycobacterium tuberculosis clinical
isolates and resulting outcomes of tuberculosis infection and disease.
Annu Rev Genet 54:511-537. https://doi.org/10.1146/annurev-genet-
022820-085940

Koo MS, Subbian S, Kaplan G. 2012. Strain specific transcriptional
response in Mycobacterium tuberculosis infected macrophages. Cell
Commun Signal 10:2. https://doi.org/10.1186/1478-811X-10-2

Di Pietrantonio T, Hernandez C, Girard M, Verville A, Orlova M, Belley A,
Behr MA, Loredo-Osti JC, Schurr E. 2010. Strain-specific differences in
the genetic control of two closely related mycobacteria. PLoS Pathog
6:1001169. https://doi.org/10.1371/journal.ppat.1001169

Merker M, Rasigade JP, Barbier M, Cox H, Feuerriegel S, Kohl TA, Shitikov
E, Klaos K, Gaudin C, Antoine R, Diel R, Borrell S, Gagneux S, Nikolayev-
skyy V, Andres S, Crudu V, Supply P, Niemann S, Wirth T. 2022.
Transcontinental spread and evolution of Mycobacterium tuberculosis
W148 European/Russian clade toward extensively drug resistant
tuberculosis. Nat Commun 13:5105. https://doi.org/10.1038/541467-
022-32455-1

Hu Y, Mathema B, Zhao Q, Zheng X, Li D, Jiang W, Wang W, Xu B. 2016.
Comparison of the socio-demographic and clinical features of
pulmonary TB patients infected with sub-lineages within the W-Beijing
and non-Beijing Mycobacterium tuberculosis. Tuberculosis (Edinb)
97:18-25. https://doi.org/10.1016/j.tube.2015.11.007

von Groll A, Martin A, Stehr M, Singh M, Portaels F, da Silva PEA,
Palomino JC. 2010. Fitness of Mycobacterium tuberculosis strains of the
W-Beijing and Non-W-Beijing genotype. PLoS ONE 5:210191. https://
doi.org/10.1371/journal.pone.0010191

Parwati I, van Crevel R, van Soolingen D. 2010. Possible underlying
mechanisms for successful emergence of the Mycobacterium
tuberculosis Beijing genotype strains. Lancet Infect Dis 10:103-111.
https://doi.org/10.1016/51473-3099(09)70330-5

Borrell S, Gagneux S. 2009. Infectiousness, reproductive fitness and
evolution of drug-resistant Mycobacterium tuberculosis. Int J Tuberc
Lung Dis 13:1456-1466.

Parwati I, Alisjahbana B, Apriani L, Soetikno RD, Ottenhoff TH, van der
Zanden AGM, van der Meer J, van Soolingen D, van Crevel R. 2010.
Mycobacterium tuberculosis Beijing genotype is an independent risk
factor for tuberculosis treatment failure in Indonesia. J Infect Dis
201:553-557. https://doi.org/10.1086/650311

Merker M, Blin C, Mona S, Duforet-Frebourg N, Lecher S, Willery E, Blum
MGB, Rusch-Gerdes S, Mokrousov |, Aleksic E, et al. 2015. Evolutionary
history and global spread of the Mycobacterium tuberculosis Beijing
lineage. Nat Genet 47:242-249. https://doi.org/10.1038/ng.3195

Verrall AJ, Chaidir L, Ruesen C, Apriani L, Koesoemadinata RC, van Ingen
J, Sharples K, van Crevel R, Alisjahbana B, Hill PC, INFECT study group.
2020. Lower Bacillus Calmette-Guerin protection against Mycobacte-
rium tuberculosis infection after exposure to Beijing strains. Am J Respir
Crit Care Med 201:1152-1155. https://doi.org/10.1164/rccm.201912-
2349LE

Caws M, Thwaites G, Dunstan S, Hawn TR, Lan NTN, Thuong NTT,
Stepniewska K, Huyen MNT, Bang ND, Loc TH, et al. 2008. The influence
of host and bacterial genotype on the development of disseminated
disease with Mycobacterium tuberculosis. PLoS Pathog 4:@1000034.
https://doi.org/10.1371/journal.ppat.1000034

Issue 8

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Microbiology Spectrum

Gagneux S, Long CD, Small PM, Van T, Schoolnik GK, Bohannan BJM.
2006. The competitive cost of antibiotic resistance in Mycobacterium
tuberculosis. Science 312:1944-1946. https://doi.org/10.1126/science.
1124410

Hirsh AE, Tsolaki AG, DeRiemer K, Feldman MW, Small PM. 2004. Stable
association between strains of Mycobacterium tuberculosis and their
human host populations. Proc Natl Acad Sci U S A 101:4871-4876.
https://doi.org/10.1073/pnas.0305627101

Madhvi A, Mishra H, Chegou NN, Mkhonza MN, Ndou S, Tromp G, Baker
B. 2022. Comparison of cytokines expression from human monocyte-
derived macrophages infected with different species of mycobacteria. J
Interferon Cytokine Res 42:141-152. https://doi.org/10.1089/jir.2021.
0216

Manca C, Reed MB, Freeman S, Mathema B, Kreiswirth B, Barry Il CE,
Kaplan G. 2004. Differential monocyte activation underlies strain-
specific Mycobacterium tuberculosis pathogenesis. Infect Immun
72:5511-5514. https://doi.org/10.1128/1A1.72.9.5511-5514.2004
Ordway DJ, Shang S, Henao-Tamayo M, Obregon-Henao A, Nold L,
Caraway M, Shanley CA, Basaraba RJ, Duncan CG, Orme IM. 2011.
Mycobacterium bovis BCG-mediated protection against W-Beijing
strains of Mycobacterium tuberculosis is diminished concomitant with
the emergence of regulatory T cells. Clin Vaccine Immunol 18:1527-
1535. https://doi.org/10.1128/CV1.05127-11

Tsenova L, Fallows D, Kolloli A, Singh P, O'Brien P, Kushner N, Kaplan G,
Subbian S. 2020. Inoculum size and traits of the infecting clinical strain
define the protection level against Mycobacterium tuberculosis infection
in a rabbit model. Eur J Immunol 50:858-872. https://doi.org/10.1002/
€ji.201948448

Tsenova L, Harbacheuski R, Sung N, Ellison E, Fallows D, Kaplan G. 2007.
BCG vaccination confers poor protection against M. tuberculosis HN878-
induced central nervous system disease. Vaccine 25:5126-5132. https://
doi.org/10.1016/j.vaccine.2006.11.024

Zha BS, Desvignes L, Fergus TJ, Cornelius A, Cheng TY, Moody DB, Ernst
JD. 2022. Bacterial strain-dependent dissociation of cell recruitment
and cell-to-cell spread in early M. tuberculosis infection. mBio
13:0133222. https://doi.org/10.1128/mbio.01332-22

Tientcheu LD, Koch A, Ndengane M, Andoseh G, Kampmann B,
Wilkinson RJ. 2017. Immunological consequences of strain variation
within the Mycobacterium tuberculosis complex. Eur J Immunol 47:432-
445. https://doi.org/10.1002/€ji.201646562

Manca C, Koo MS, Peixoto B, Fallows D, Kaplan G, Subbian S. 2013. Host
targeted activity of pyrazinamide in Mycobacterium tuberculosis
infection. PLoS One 8:e74082. https://doi.org/10.1371/journal.pone.
0074082

Subbian S, Tsenova L, Yang G, O'Brien P, Parsons S, Peixoto B, Taylor L,
Fallows D, Kaplan G. 2011. Chronic pulmonary cavitary tuberculosis in
rabbits: a failed host immune response. Open Biol 1:110016. https://doi.
org/10.1098/rsob.110016

Kolloli A, Kumar R, Singh P, Narang A, Kaplan G, Sigal A, Subbian S.
2021. Aggregation state of Mycobacterium tuberculosis impacts host
immunity and augments pulmonary disease pathology. Commun Biol
4:1256. https://doi.org/10.1038/s42003-021-02769-9

Tarancén R, Dominguez-Andrés J, Uranga S, Ferreira AV, Groh LA,
Domenech M, Gonzalez-Camacho F, Riksen NP, Aguilo N, Yuste J,
Martin C, Netea MG. 2020. New live attenuated tuberculosis vaccine
MTBVAC induces trained immunity and confers protection against
experimental lethal pneumonia. PLoS Pathog 16:e1008404. https://doi.
org/10.1371/journal.ppat.1008404

Subbian S, Singh P, Kolloli A, Nemes E, Scriba T, Hanekom WA, Kaplan G.
2020. BCG vaccination of infants confers Mycobacterium tuberculosis
strain-specific immune responses by leukocytes. ACS Infect Dis 6:3141-
3146. https://doi.org/10.1021/acsinfecdis.0c00696

Subbian S, Mehta PK, Cirillo SLG, Bermudez LE, Cirillo JD. 2007. A
Mycobacterium marinum mel2 mutant is defective for growth in
macrophages that produce reactive oxygen and reactive nitrogen
species. Infect Immun 75:127-134. https://doi.org/10.1128/IA1.01000-
06

Chanput W, Mes JJ, Wichers HJ. 2014. THP-1 cell line: an in vitro cell
model for immune modulation approach. Int Immunopharmacol
23:37-45. https://doi.org/10.1016/j.intimp.2014.08.002

10.1128/spectrum.00473-2426

Downloaded from https://journals.asm.org/journal/spectrum on 05 March 2025 by 137.219.138.174.


https://doi.org/10.1016/j.it.2021.12.006
https://doi.org/10.3390/ijms24010038
https://doi.org/10.1152/physrev.00031.2021
https://doi.org/10.1172/JCI147719
https://doi.org/10.1146/annurev-genet-022820-085940
https://doi.org/10.1186/1478-811X-10-2
https://doi.org/10.1371/journal.ppat.1001169
https://doi.org/10.1038/s41467-022-32455-1
https://doi.org/10.1016/j.tube.2015.11.007
https://doi.org/10.1371/journal.pone.0010191
https://doi.org/10.1016/S1473-3099(09)70330-5
https://doi.org/10.1086/650311
https://doi.org/10.1038/ng.3195
https://doi.org/10.1164/rccm.201912-2349LE
https://doi.org/10.1371/journal.ppat.1000034
https://doi.org/10.1126/science.1124410
https://doi.org/10.1073/pnas.0305627101
https://doi.org/10.1089/jir.2021.0216
https://doi.org/10.1128/IAI.72.9.5511-5514.2004
https://doi.org/10.1128/CVI.05127-11
https://doi.org/10.1002/eji.201948448
https://doi.org/10.1016/j.vaccine.2006.11.024
https://doi.org/10.1128/mbio.01332-22
https://doi.org/10.1002/eji.201646562
https://doi.org/10.1371/journal.pone.0074082
https://doi.org/10.1098/rsob.110016
https://doi.org/10.1038/s42003-021-02769-9
https://doi.org/10.1371/journal.ppat.1008404
https://doi.org/10.1021/acsinfecdis.0c00696
https://doi.org/10.1128/IAI.01000-06
https://doi.org/10.1016/j.intimp.2014.08.002
https://doi.org/10.1128/spectrum.00473-24

Research Article

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

August 2024 Volume 12

Starr T, Bauler TJ, Malik-Kale P, Steele-Mortimer O. 2018. The phorbol
12-myristate-13-acetate differentiation protocol is critical to the
interaction of THP-1 macrophages with Salmonella Typhimurium. PLoS
One 13:e0193601. https://doi.org/10.1371/journal.pone.0193601
Takashiba S, Van Dyke TE, Amar S, Murayama Y, Soskolne AW, Shapira L.
1999. Differentiation of monocytes to macrophages primes cells for
lipopolysaccharide stimulation via accumulation of cytoplasmic nuclear
factor kappaB. Infect Immun 67:5573-5578. https://doi.org/10.1128/IAl.
67.11.5573-5578.1999

Kleinnijenhuis J, Quintin J, Preijers F, Joosten LAB, Ifrim DC, Saeed S,
Jacobs C, van Loenhout J, de Jong D, Stunnenberg HG, Xavier RJ, van
der Meer JWM, van Crevel R, Netea MG. 2012. Bacille Calmette-Guerin
induces NOD2-dependent nonspecific protection from reinfection via
epigenetic reprogramming of monocytes. Proc Natl Acad Sci U S A
109:17537-17542. https://doi.org/10.1073/pnas.1202870109

Cirovic B, de Bree LCJ, Groh L, Blok BA, Chan J, van der Velden W,
Bremmers MEJ, van Crevel R, Handler K, Picelli S, Schulte-Schrepping J,
Klee K, Oosting M, Koeken V, van Ingen J, Li Y, Benn CS, Schultze JL,
Joosten LAB, Curtis N, Netea MG, Schlitzer A. 2020. BCG vaccination in
humans elicits trained immunity via the hematopoietic progenitor
compartment. Cell Host Microbe 28:322-334. https://doi.org/10.1016/j.
chom.2020.05.014

Arts RJW, Moorlag S, Novakovic B, Li Y, Wang S-Y, Oosting M, Kumar V,
Xavier RJ, Wijmenga C, Joosten LAB, Reusken C, Benn CS, Aaby P,
Koopmans MP, Stunnenberg HG, van Crevel R, Netea MG. 2018. BCG
vaccination protects against experimental viral infection in humans
through the induction of cytokines associated with trained immunity.
Cell Host Microbe 23:89-100. https://doi.org/10.1016/j.chom.2017.12.
010

Garcia-Valtanen P, Guzman-Genuino RM, Williams DL, Hayball JD,
Diener KR. 2017. Evaluation of trained immunity by beta-1, 3 (p)-glucan
on murine monocytes in vitro and duration of response in vivo.
Immunol Cell Biol 95:601-610. https://doi.org/10.1038/icb.2017.13
Barczak AK, Domenech P, Boshoff HIM, Reed MB, Manca C, Kaplan G,
Barry Il CE. 2005. In vivo phenotypic dominance in mouse mixed
infections with Mycobacterium tuberculosis clinical isolates. J Infect Dis
192:600-606. https://doi.org/10.1086/432006

Gopal R, Monin L, Slight S, Uche U, Blanchard E, Fallert Junecko BA,
Ramos-Payan R, Stallings CL, Reinhart TA, Kolls JK, Kaushal D, Nagarajan
U, Rangel-Moreno J, Khader SA. 2014. Unexpected role for IL-17 in
protective immunity against hypervirulent Mycobacterium tuberculosis
HN878 infection. PLoS Pathog 10:21004099. https://doi.org/10.1371/
journal.ppat.1004099

Manca C, Tsenova L, Freeman S, Barczak AK, Tovey M, Murray PJ, Barry C,
Kaplan G. 2005. Hypervirulent M. tuberculosis W/Beijing strains
upregulate type | IFNs and increase expression of negative regulators of
the Jak-Stat pathway. J Interferon Cytokine Res 25:694-701. https://doi.
org/10.1089/jir.2005.25.694

Mukundan S, Singh P, Shah A, Kumar R, O'Neill KC, Carter CL, Russell
DG, Subbian S, Parekkadan B. 2021. In vitro miniaturized tuberculosis
spheroid model. Biomedicines 9:1209. https://doi.org/10.3390/
biomedicines9091209

Palanisamy GS, Smith EE, Shanley CA, Ordway DJ, Orme IM, Basaraba RJ.
2008. Disseminated disease severity as a measure of virulence of
Mycobacterium tuberculosis in the guinea pig model. Tuberculosis
(Edinb) 88:295-306. https://doi.org/10.1016/j.tube.2007.12.003

Ranjbar S, Boshoff HI, Mulder A, Siddigi N, Rubin EJ, Goldfeld AE. 2009.
HIV-1 replication is differentially regulated by distinct clinical strains of
Mycobacterium tuberculosis. PLoS One 4:¢6116. https://doi.org/10.1371/
journal.pone.0006116

Subbian S, Bandyopadhyay N, Tsenova L, O'Brien P, Khetani V, Kushner
NL, Peixoto B, Soteropoulos P, Bader JS, Karakousis PC, Fallows D,
Kaplan G. 2013. Early innate immunity determines outcome of
Mycobacterium tuberculosis pulmonary infection in rabbits. Cell
Commun Signal 11:60. https://doi.org/10.1186/1478-811X-11-60
Subbian S, Tsenova L, O'Brien P, Yang G, Kushner NL, Parsons S, Peixoto
B, Fallows D, Kaplan G. 2012. Spontaneous latency in a rabbit model of
pulmonary tuberculosis. Am J Pathol 181:1711-1724. https://doi.org/
10.1016/j.ajpath.2012.07.019

Vega VL, Crotty Alexander LE, Charles W, Hwang JH, Nizet V, De Maio A.
2014. Activation of the stress response in macrophages alters the

Issue 8

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Microbiology Spectrum

M1/M2 balance by enhancing bacterial killing and IL-10 expression. J
Mol Med (Berl) 92:1305-1317. https://doi.org/10.1007/s00109-014-
1201-y

Chavez-Galan L, Vesin D, Martinvalet D, Garcia I. 2016. Low dose BCG
infection as a model for macrophage activation maintaining cell
viability. J Immunol Res 2016:4048235. https://doi.org/10.1155/2016/
4048235

Riksen NP, Netea MG. 2021. Immunometabolic control of trained
immunity. Mol Aspects Med 77:100897. https://doi.org/10.1016/j.mam.
2020.100897

Zhou J, Lv J, Carlson C, Liu H, Wang H, Xu T, Wu F, Song C, Wang X,
Wang T, Qian Z. 2021. Trained immunity contributes to the prevention
of Mycobacterium tuberculosis infection, a novel role of autophagy.
Emerg Microbes Infect 10:578-588. https://doi.org/10.1080/22221751.
2021.1899771

Buffen K, Oosting M, Quintin J, Ng A, Kleinnijenhuis J, Kumar V, van de
Vosse E, Wijmenga C, van Crevel R, Oosterwijk E, Grotenhuis AJ,
Vermeulen SH, Kiemeney LA, van de Veerdonk FL, Chamilos G, Xavier
RJ, van der Meer JWM, Netea MG, Joosten LAB. 2014. Autophagy
controls BCG-induced trained immunity and the response to
intravesical BCG therapy for bladder cancer. PLoS Pathog 10:€1004485.
https://doi.org/10.1371/journal.ppat.1004485

Schlafli AM, Adams O, Galvan JA, Gugger M, Savic S, Bubendorf L,
Schmid RA, Becker K-F, Tschan MP, Langer R, Berezowska S. 2016.
Prognostic value of the autophagy markers LC3 and p62/SQSTM1 in
early-stage non-small cell lung cancer. Oncotarget 7:39544-39555.
https://doi.org/10.18632/oncotarget.9647

Pugsley HR. 2017. Assessing autophagic flux by measuring LC3, p62,
and LAMP1 co-localization using multispectral imaging flow cytometry.
J Vis Exp:55637. https://doi.org/10.3791/55637

Netea MG, van der Meer JWM. 2017. Trained immunity: an ancient way
of remembering. Cell Host Microbe 21:297-300. https://doi.org/10.
1016/j.chom.2017.02.003

Quintin J, Saeed S, Martens JHA, Giamarellos-Bourboulis EJ, Ifrim DC,
Logie C, Jacobs L, Jansen T, Kullberg B-J, Wijmenga C, Joosten LAB,
Xavier RJ, van der Meer JWM, Stunnenberg HG, Netea MG. 2012.
Candida albicans infection affords protection against reinfection via
functional reprogramming of monocytes. Cell Host Microbe 12:223-
232. https://doi.org/10.1016/j.chom.2012.06.006

Yun C-H, Estrada A, Van Kessel A, Park B-C, Laarveld B. 2003. Beta-
glucan, extracted from oat, enhances disease resistance against
bacterial and parasitic infections. FEMS Immunol Med Microbiol 35:67-
75. https://doi.org/10.1016/50928-8244(02)00460-1

van Dijk A, Anten J, Bakker A, Evers N, Hoekstra AT, Chang J-C,
Scheenstra MR, Veldhuizen EJA, Netea MG, Berkers CR, Haagsman HP.
2022. Innate immune training of human macrophages by cathelicidin
analogs. Front Immunol 13:777530. https://doi.org/10.3389/fimmu.
2022.777530

Debisarun PA, Kilic G, de Bree LCJ, Pennings LJ, van Ingen J, Benn CS,
Aaby P, Dijkstra H, Lemmers H, Dominguez-Andrés J, van Crevel R,
Netea MG. 2023. The impact of BCG dose and revaccination on trained
immunity. Clin Immunol 246:109208. https://doi.org/10.1016/j.clim.
2022.109208

Mourits VP, Koeken V, de Bree LCJ, Moorlag S, Chu WC, Xu X, Dijkstra H,
Lemmers H, Joosten LAB, Wang Y, van Crevel R, Netea MG. 2020. BCG-
induced trained immunity in healthy individuals: the effect of plasma
muramyl dipeptide concentrations. J Immunol Res 2020:5812743.
https://doi.org/10.1155/2020/5812743

Moorlag S, Khan N, Novakovic B, Kaufmann E, Jansen T, van Crevel R,
Divangahi M, Netea MG. 2020. Beta-glucan induces protective trained
immunity against Mycobacterium tuberculosis infection: a key role for
IL-1. Cell Rep 31:107634. https://doi.org/10.1016/j.celrep.2020.107634
Arts RJW, Joosten LAB, Netea MG. 2016. Immunometabolic circuits in
trained immunity. Semin Immunol 28:425-430. https://doi.org/10.
1016/j.smim.2016.09.002

Netea MG, Joosten LAB, Latz E, Mills KHG, Natoli G, Stunnenberg HG,
O'Neill LAJ, Xavier RJ. 2016. Trained immunity: a program of innate
immune memory in health and disease. Science 352:aaf1098. https://
doi.org/10.1126/science.aaf1098

Arts RJW, Novakovic B, Ter Horst R, Carvalho A, Bekkering S, Lachman-
das E, Rodrigues F, Silvestre R, Cheng S-C, Wang S-Y, et al. 2016.

10.1128/spectrum.00473-2427

Downloaded from https://journals.asm.org/journal/spectrum on 05 March 2025 by 137.219.138.174.


https://doi.org/10.1371/journal.pone.0193601
https://doi.org/10.1128/IAI.67.11.5573-5578.1999
https://doi.org/10.1073/pnas.1202870109
https://doi.org/10.1016/j.chom.2020.05.014
https://doi.org/10.1016/j.chom.2017.12.010
https://doi.org/10.1038/icb.2017.13
https://doi.org/10.1086/432006
https://doi.org/10.1371/journal.ppat.1004099
https://doi.org/10.1089/jir.2005.25.694
https://doi.org/10.3390/biomedicines9091209
https://doi.org/10.1016/j.tube.2007.12.003
https://doi.org/10.1371/journal.pone.0006116
https://doi.org/10.1186/1478-811X-11-60
https://doi.org/10.1016/j.ajpath.2012.07.019
https://doi.org/10.1007/s00109-014-1201-y
https://doi.org/10.1155/2016/4048235
https://doi.org/10.1016/j.mam.2020.100897
https://doi.org/10.1080/22221751.2021.1899771
https://doi.org/10.1371/journal.ppat.1004485
https://doi.org/10.18632/oncotarget.9647
https://doi.org/10.3791/55637
https://doi.org/10.1016/j.chom.2017.02.003
https://doi.org/10.1016/j.chom.2012.06.006
https://doi.org/10.1016/S0928-8244(02)00460-1
https://doi.org/10.3389/fimmu.2022.777530
https://doi.org/10.1016/j.clim.2022.109208
https://doi.org/10.1155/2020/5812743
https://doi.org/10.1016/j.celrep.2020.107634
https://doi.org/10.1016/j.smim.2016.09.002
https://doi.org/10.1126/science.aaf1098
https://doi.org/10.1128/spectrum.00473-24

Research Article

92.

93.

94,

95.

96.

97.

98.

99.

August 2024 Volume 12

Glutaminolysis and fumarate accumulation integrate immunometa-
bolic and epigenetic programs in trained immunity. Cell Metab 24:807-
819. https://doi.org/10.1016/j.cmet.2016.10.008

Arts RJW, Netea MG. 2016. Adaptive characteristics of innate immune
responses in macrophages. Microbiol Spectr 4:MID. https://doi.org/10.
1128/microbiolspec. MCHD-0023-2015

Saeed S, Quintin J, Kerstens HHD, Rao NA, Aghajanirefah A, Matarese F,
Cheng S-C, Ratter J, Berentsen K, van der Ent MA, et al. 2014. Epigenetic
programming of monocyte-to-macrophage differentiation and trained
innate immunity. Science 345:1251086. https://doi.org/10.1126/
science.1251086

Kumar R, Singh P, Kolloli A, Shi L, Bushkin Y, Tyagi S, Subbian S. 2019.
Immunometabolism of phagocytes during Mycobacterium tuberculosis
infection. Front Mol Biosci 6:105. https://doi.org/10.3389/fmolb.2019.
00105

Shi L, Jiang Q, Bushkin Y, Subbian S, Tyagi S. 2019. Biphasic dynamics of
macrophage immunometabolism during Mycobacterium tuberculosis
infection. mBio 10:e02550-18. https://doi.org/10.1128/mBi0.02550-18
Cheng S-C, Quintin J, Cramer RA, Shepardson KM, Saeed S, Kumar V,
Giamarellos-Bourboulis EJ, Martens JHA, Rao NA, Aghajanirefah A, et al.
2014. mTOR- and HIF-1alpha-mediated aerobic glycolysis as metabolic
basis for trained immunity. Science 345:1250684. https://doi.org/10.
1126/science.1250684

Pennisi E. 2074. Immunology. Metabolic shift may train immune cells.
Science 345:1550-1551. https://doi.org/10.1126/science.345.6204.1550
Petursdottir DH, Chuquimia OD, Freidl R, Fernandez C. 2014. Macro-
phage control of phagocytosed mycobacteria is increased by factors
secreted by alveolar epithelial cells through nitric oxide independent
mechanisms. PLoS One 9:e103411. https://doi.org/10.1371/journal.
pone.0103411

Kumar AV, Mills J, Lapierre LR. 2022. Selective autophagy receptor P62/
SQSTM1, a pivotal player in stress and aging. Front Cell Dev Biol
10:793328. https://doi.org/10.3389/fcell.2022.793328

Issue 8

100.

101.

102.

103.

104.

105.

106.

Microbiology Spectrum

Song C, Mitter SK, Qi X, Beli E, Rao HV, Ding J, Ip CS, Gu H, Akin D, Dunn
WA, Bowes Rickman C, Lewin AS, Grant MB, Boulton ME. 2017.
Oxidative stress-mediated NFkappaB phosphorylation upregulates
p62/SQSTM1 and promotes retinal pigmented epithelial cell survival
through increased autophagy. PLoS One 12:e0171940. https://doi.org/
10.1371/journal.pone.0171940

Kim S, Lee W, Cho K. 2021. P62 links the autophagy pathway and the
ubiquitin-proteasome system in endothelial cells during atherosclero-
sis. Int J Mol Sci 22:7791. https://doi.org/10.3390/ijms22157791

Liu WJ, Ye L, Huang WF, Guo LJ, Xu ZG, Wu HL, Yang C, Liu HF. 2016. p62
links the autophagy pathway and the ubiqutin-proteasome system
upon ubiquitinated protein degradation. Cell Mol Biol Lett 21:29. https:
//doi.org/10.1186/s11658-016-0031-z

Dupont N, Orhon |, Bauvy C, Codogno P. 2014. Autophagy and
autophagic flux in tumor cells. Methods Enzymol 543:73-88. https://
doi.org/10.1016/B978-0-12-801329-8.00004-0

Kleinnijenhuis J, Joosten LAB, van de Veerdonk FL, Savage N, van Crevel
R, Kullberg BJ, van der Ven A, Ottenhoff THM, Dinarello CA, van der
Meer JWM, Netea MG. 2009. Transcriptional and inflammasome-
mediated pathways for the induction of IL-1beta production by
Mycobacterium tuberculosis. Eur J Immunol 39:1914-1922. https://doi.
org/10.1002/eji.200839115

Viola A, Munari F, Sdnchez-Rodriguez R, Scolaro T, Castegna A. 2019.
The metabolic signature of macrophage responses. Front Immunol
10:1462. https://doi.org/10.3389/fimmu.2019.01462

Cao R, To K, Kachour N, Beever A, Owens J, Sathananthan A, Singh P,
Kolloli A, Subbian S, Venketaraman V. 2021. Everolimus-induced
effector mechanism in macrophages and survivability of Erdman,
CDC1551 and HN878 strains of Mycobacterium tuberculosis infection.
Biomol Concepts 12:46-54. https://doi.org/10.1515/bmc-2021-0006

10.1128/spectrum.00473-2428

Downloaded from https://journals.asm.org/journal/spectrum on 05 March 2025 by 137.219.138.174.


https://doi.org/10.1016/j.cmet.2016.10.008
https://doi.org/10.1128/microbiolspec.MCHD-0023-2015
https://doi.org/10.1126/science.1251086
https://doi.org/10.3389/fmolb.2019.00105
https://doi.org/10.1128/mBio.02550-18
https://doi.org/10.1126/science.1250684
https://doi.org/10.1126/science.345.6204.1550
https://doi.org/10.1371/journal.pone.0103411
https://doi.org/10.3389/fcell.2022.793328
https://doi.org/10.1371/journal.pone.0171940
https://doi.org/10.3390/ijms22157791
https://doi.org/10.1186/s11658-016-0031-z
https://doi.org/10.1016/B978-0-12-801329-8.00004-0
https://doi.org/10.1002/eji.200839115
https://doi.org/10.3389/fimmu.2019.01462
https://doi.org/10.1515/bmc-2021-0006
https://doi.org/10.1128/spectrum.00473-24

	The innate memory response of macrophages to Mycobacterium tuberculosis is shaped by the nature of the antigenic stimuli
	MATERIALS AND METHODS
	Chemicals and reagents
	Human macrophage cell line
	Mycobacterium tuberculosis culture conditions
	In vitro training and restimulation of macrophages
	Mtb infection studies
	Visualization of Mtb in infected macrophages
	Macrophage RNA extraction and quantitative PCR assay
	Multiplex cytokine assay
	Nitric oxide estimation
	ATP and lactate production assay
	Lactate dehydrogenase activity assay
	Immunostaining analysis
	Statistical analysis

	RESULTS
	Immune response of THP-1-derived macrophages trained and restimulated with homogeneous antigens
	Response of trained and restimulated THP-1 macrophages to Mtb infection
	Spatial expression of immune activation markers in trained and restimulated macrophages
	Antimicrobial response of trained and restimulated macrophages
	Immunometabolic shift in trained and restimulated macrophages
	Regulation of autophagy in trained and restimulated macrophages with or without Mtb infection
	Restimulation augments the antimicrobial response of trained macrophages

	DISCUSSION


