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Abstract

Inferior efficacy of antibiotics (e.g. rifampicin) in M2 macrophage-dominant tuberculosis granuloma might be related to
poor drug uptake into these cells, potentially mediated by altered expression and activity of drug transporters such as
P-glycoprotein (P-gp, encoded by ABCBI). Consequently, THP-1 cells were differentiated (200 nM phorbol 12-myristate
13-acetate; 72 h) and polarized to M1 (50 ng/mL lipopolysaccharide, 20 ng/mL interferon-gamma; 48 h) or M2 (20 ng/
mL interleukin-4, interleukin-13; 48 h) macrophages. Then, quantitative polymerase-chain reaction array-based transcrip-
tional analysis, flow cytometry, and ultra-performance liquid chromatography coupled to tandem mass spectrometry were
used to evaluate the impact of differentiation and polarization on the expression levels of 84 drug transporter genes, the
efflux activity of P-gp, and the cellular rifampicin uptake kinetics. ABCBI was enhanced 166-fold during M1 polarization
and 55-fold during M2 polarization. P-gp efflux activity in M2 cells was 1.55-fold higher than in M1 cells (P<0.05).
Rifampicin uptake into M2 cells was lower than into M1 cells after 2 h (P<0.01) or 4 h exposure (P=0.06) to 0.05 uM
rifampicin. Together, when compared to M1 macrophages, M2 cells exhibit a considerably altered fingerprint of drug
transporter expression levels, including an enhanced expression and activity of P-gp, being accompanied by lowered

rifampicin uptake.
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Introduction

Pro-inflammatory M1 and anti-inflammatory M2 macro-
phages play major roles in our immune defense against
Mycobacterium tuberculosis (Mtb), the pathogen that causes
tuberculosis. During Mtb infection, both macrophage phe-
notypes form a so-called granuloma together with other
immune cells such as T cells to suppress further bacterial
replication (Adams 1976; Bold & Ernst, 2009).

Previous work demonstrated that in patients with drug
resistant tuberculosis granuloma, the M2 subtype is sig-
nificantly more prominent than the M1 subtype (Cho et al.
2020), impeding successful bacterial eradication (Schreiber
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et al. 2009). Accordingly, the inferior antibiotics’ efficacy
in M2-dominant granuloma might be related to poor drug
uptake into M2 cells, potentially mediated by a variable
expression and activity of drug transporters that are located
in the cell’s membrane and modulate influx and efflux of var-
ious compounds. In fact, previous studies had already inves-
tigated if M1 and M2 cells differ by the expression of some
selected drug transporters. For instance, the expression of
ATP-driven drug transporters like breast cancer resistance
protein (BCRP, coded by ABCG2) and multidrug resistance-
related protein 1 (MRP1, coded by ABCC1) have already
been investigated in M1 and M2 macrophages derived from
the U937 monocyte cell line (He et al. 2018). Additionally,
previous data indicate that U937 cells-derived M2 macro-
phages exhibit higher protein levels of the major drug trans-
porter P-glycoprotein (P-gp, encoded by ABCB1), resulting
in impaired lopinavir uptake into M2 cells compared to M1
macrophages (Cory et al. 2016). However, the net cellular
drug uptake depends on the overall expression fingerprint
of the whole transportome, comprising not only efflux
(e.g. BCRP, MRP1, P-gp) but also uptake transporters (e.g.
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organic anion transporting polypeptide 1B1 (OATP1BI1),
encoded by solute carrier organic anion transporter family
member 1B1 (SLCO1BI). In consequence, the work pre-
sented here is the first study to investigate the differences of
THP-1 cells-derived M1 and M2 macrophages in terms of
84 different drug transporters. Additionally, special empha-
sis was taken on P-gp (an important transporter of rifampi-
cin (Hartkoorn et al. 2007) and whether its efflux activity
actually increases after polarization of monocytes to M2
macrophages. Furthermore, the uptake kinetics of rifampi-
cin was compared in M1 and M2 macrophages.

Together, this works provides new data on drug trans-
porter mRNA expression, P-gp activity, and rifampicin
uptake into M1 and M2 macrophages.

Materials and methods
Materials

THP-1 cells were obtained from the American Type Cul-
ture Collection (ATCC, Manassas, USA) and RPMI 1640
Medium was purchased from PanBiotech (Aidenbach,
Germany). Penicillin-streptomycin, fetal calf serum (FCS),
phorbol 12-myristate 13-acetate (PMA), interferon gamma
(IFNy), lipopolysaccharides (LPS) from E. coli, interleukin
4 and 13, rifampicin, rifabutin, rhodamine 123, and zos-
uquidar (LY335979) were purchased from Sigma-Aldrich
(Taufkirchen, Germany). RNeasy RNA isolation kit, Quan-
tifast SYBR Green Master mix, RT? First Strand Kit, RT?
SYBR Green qPCR Mastermix and RT? profiler PCR Array
(96-well format) human drug transporters were from Qiagen
(Heiden, Germany). The RevertAiD h Minus First Strand
cDNA Synthesis Kit, RIPA buffer, and the Micro BCA™
Protein-Assay-Kit were bought from Thermo Fisher (Dreie-
ich, Germany). [2H,]-Rifampicin was obtained from Appli-
Chem (Darmstadt, Germany). Protease inhibitors pefabloc,
leupeptin, pepstatin and aprotinin were purchased from Carl
Roth (Karlsruhe, Germany). ABSOLUTE™ QPCR SYBR®
Green Mix was from ABgene (Epsom, United Kingdom).
Ammonia (28% in water), acetonitrile (ACN), formic acid
(HCOOH), and methanol (MeOH) were purchased from
Merck (Darmstadt, Germany). Ultra-purified water was
provided from the arium® mini ultrapure water system (Sar-
torius, Gottingen, Germany).

THP-1 cells
Cells were cultured in RPMI 1640 medium supplemented

with 10% FCS and penicillin (100 U/mLmL)-streptomycin
(0.1 mg/mL) at 5% CO, and 37 °C.
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Differentiation and polarization to M1/M2
macrophages

The differentiation protocol was chosen based on a previ-
ously published review (Mohd Yasin et al. 2022), including
the 5-day resting phase following the differentiation using
PMA (Daigneault et al. 2010; Chanput et al. 2014). Cyto-
kine concentrations for polarization are based on the pro-
tocol from Shiratori and co-workers (Shiratori et al. 2017).
According to these approaches, THP-1 monocytes were dif-
ferentiated into MO macrophages using 200 nM PMA for 72
h. After these 3 days of incubation, medium was changed.
After resting for 5 days in drug-free medium, MO macro-
phages were polarized for 48 h either into the pro-inflamma-
tory M1 subtype using 50 ng/mL LPS and 20 ng/mL IFNy,
or the anti-inflammatory M2 subtype using 20 ng/mL inter-
leukin 4 and 13 each.

Validation of macrophage polarization

Polarization was validated by confirming the altered mRNA
expression of tumor-necrosis-factor o (TNFa) and CC-che-
mokine ligand 22 (CCL22). mRNA of 10 x 10° cells per bio-
logical replicate was isolated using the RN Aeasy Kit. cDNA
was synthesized with the RevertAid™ H Minus First Strand
cDNA Synthesis Kit and quantitative real-time reverse
transcription PCR (qPCR) was performed with the Quan-
tifast SYBR Green Master Mix (Qiagen; for TNFa) or the
ABSOLUTE™ QPCR SYBR® Green Mix (ABgene) using
a LightCycler® 480 (Roche Applied Science, Mannheim,
Germany) as described previously (Albermann et al. 2005).

PCR amplification was performed in 20 pL reaction vol-
ume containing 1:10 diluted cDNA, 1 x Absolute/Quanti-
fast SYBR Green Mix and primers Primer sequences are
displayed in supplementary table S1. Under the selected
experimental conditions, glucuronidase B (GU) and ribo-
somal protein L13 (RPL 13) were the most suitable house-
keeping genes for normalization in THP-1 monocytes, M1
and M2 cells, identified using geNorm (version 3.4, Cen-
ter for Medical Genetics, Ghent, Belgium) (Vandesompele
et al. 2002). Data was evaluated via calibrator-normalized
relative quantification with efficiency correction using the
LightCycler® 480 software version 1.5.1.62 (Roche Applied
Science, Mannheim, Germany). mRNA expression levels in
M1 and M2 were normalized to THP-1 monocytes, which
served as a control.

Transcriptional changes of drug transporters during
differentiation and polarization

To evaluate mRNA drug transporter expression in mono-
cytes, differentiated MO macrophages, and M1 and M2
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cells, the RT? Profiler™ PCR Array from Qiagen© with
primers for 84 human drug transporters (see appendix) and
reference gene primers was used. 1.5 pg of RNA was used
for cDNA synthesis, using the RT? First Strand Kit. For final
PCR components mix, RT> SYBR Green gPCR Mastermix
solution, cDNA and RNase-free water were mixed accord-
ing to manufacturer’s instructions. Beta-actin (ACTB), beta-
2-microglobulin  (B2M), glycerinaldehyde-3-phosphate
dehydrogenase (GAPDH), hypoxanthine phosphoribosyl-
transferase 1 (HPRTI), and ribosomal protein lateral stalk
subunit PO (RPLP0) were chosen as reference genes and
were also supplied by the instructor. The Roche LightCy-
cler® 480 (Roche Applied Science, Mannheim, Germany)
was used for quantifying RNA expression by real-time RT-
PCR and instructor’s conditions were applied. Again, data
was evaluated via calibrator normalized relative quanti-
fication with efficiency correction using the LightCycler®
480 software version 1.5.1.62 (Roche Applied Science,
Mannheim, Germany) and final analysis was performed
using the Qiagen online tool GeneGlobe. mRNA expression
of drug transporters was normalized to reference genes and
subsequently normalized to THP-1 monocytes, which again
served as controls.

Quantification of P-gp efflux activity after
differentiation and polarization

For evaluation of P-gp efflux activity in THP-1 monocytes,
differentiated MO macrophages, and M1 and M2 cells, the
rhodamine 123 efflux assay was used as described previ-
ously with minor modifications (Theile et al. 2013; Weiss
et al. 2008; Nilles et al. 2023). Briefly, respective cells were
incubated with 0.3 uM of the fluorescent P-gp substrate rho-
damine 123 for 30 min at 37 °C under continuous shaking
(thodamine loading). Afterwards, cells were washed with 4
°C cold PBS and then either incubated with 1 uM of the spe-
cific P-gp inhibitor zosuquidar or left untreated for another
30 min at 37 °C under continuous shaking (rhodamine efflux
phase). Subsequently, cells were washed two times and
median fluorescence was recorded using a flow cytometer
(MACSQuant analyzer 10, Miltenyi Biotec, Bergisch Glad-
bach, Germany). A total of 10,000 cells were used for analy-
sis. The fluorescence ratio of zosuquidar-inhibited cells to
non-inhibited cells of each phenotype was calculated and
normalized to the respective ratio in THP-1 monocytes.

Quantification of rifampicin uptake into polarized
macrophages using ultra-performance liquid
chromatography coupled to tandem mass
spectrometry

For the analysis of cellular rifampicin uptake into M1 and
M2 macrophages, our previously established UPLC-MS/
MS methodology was adapted (Nilles et al. 2023). Altera-
tions comprised the duration of chromatography (4 min
vs. 4.5 min) to avoid carry over effects of rifampicin by
increased rinsing. Cell lysis components were changed from
methanol/water (50/50, v/v) to acetonitrile/water (50/50,
v/v) to be able to use less volume of acetonitrile in the fol-
lowing step of protein precipitation. Therefore, the sample
preparation protocol could be simplified from Eppendorf
tubes to a 96-well plate format. Those changes in protocol
were validated with regard to ICH M10 guideline to evalu-
ate intracellular rifampicin concentrations in macrophages
instead of the previously evaluated colon cancer cell line
(LS180 cells). Validation was performed with 6 replicates
of four different quality control samples (0.1 ng/mL;0.3 ng/
mL, 37.5 ng/mL and 75 ng/mL) whose measured rifampi-
cin concentration did not differ more than 15% (or 20% at
the lower limit of quantification) from the calibration curve.
The measurement system consisted of a triple stage quad-
rupole mass spectrometer (Waters Xevo TQ-S, Milford,
MA, USA) and an Acquity Classic UPLC® (Waters). Mass
spectrometric analysis was performed by selective reaction
monitoring using positive electrospray ionization.

For chromatography, the Waters Peptide BEH Cl18
Column (300 A, 1.7 um, 2.1 mm x 50 mm) at 60 °C was
used. Mobile phase consisted of water/acetonitrile (95/5,
v/v)+0.1% formic acid (FA) (eluent A) and acetoni-
trile+0.1% FA (eluent B). The separation gradient started
with initial conditions of 80% A/20% B and changed after 3
min to 50% A/50% B. The eluent composition was adjusted
after 3.1 min to 5% A/95% B and kept for 0.8 min to clean
the system before returning to initial conditions for 0.4 min.
The total run time was 4.5 min. Flow rate was set to a rate of
0.5 mL/min. and the total injection volume of each sample
was 20 uL. The measurement was calibrated for a concen-
tration range from 0.1 ng/mL up to 100 ng/mL.

Sample preparation for UPLC-MS/MS analysis

M1 and M2 macrophages were differentiated and polar-
ized in the same 96-well plates and treated with 0.05, 0.1,
or 0.5 uM rifampicin for 1 h, 2 h, 4 h, or 6 h. After the end
of the exposure time, cells were washed once with ice-cold
PBS and stored at —20 °C until sample preparation for the
UPLC-MS/MS measurement. Cell lysis of the samples was
performed by using acetonitrile/water (50/50, v/v) with 5%
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ammonium hydroxide. Samples for calibration and qual-
ity control were treated with 10 pL of their corresponding
working solution with known rifampicin concentrations.
Uptake samples were treated with 10 pL of methanol/water
(50/50, v/v) for volume compensation.

Then, the working solution of the internal standard was
added to all samples with a final concentration of 600 ng/mL
Hg-rifampicin. For protein precipitation, acetonitrile was
used. Afterwards, the plate was centrifuged for 10 min at
1,000 g and supernatant was transferred into a 96-well plate.
There, the supernatant was evaporated with N, (at 40 °C
for 15 min) and resuspended with water/acetonitrile (50/50,
v/v)+0.1% FA.

Normalization of intracellular rifampicin
concentrations to total protein
concentration

Protein samples of each cell type for each concentration
and time point were harvested using lysis buffer, consist-
ing of RIPA buffer and protease inhibitors. Determination of
protein concentration for each sample was performed using
the Micro BCA™ Protein-Assay-Kit according to manufac-
turer’s instructions. Intracellular rifampicin concentrations
[ng/mL] were normalized to protein concentration [ng/mL]
and resulted in [ngRifampicin/ngProtein]~

Statistical analysis

The statistical analysis was performed using the GraphPad
Prism 9.00 software (GraphPad Software, San Diego, USA).
qPCR results of polarization markers were evaluated with
Welch's test. The effect of differentiation and polarization on
drug transporter transcriptomics was evaluated by paramet-
ric, two-sided t-test. For statistics regarding P-gp function
ANOVA with Tukey post-hoc test was performed. Rifam-
picin uptake differences between M1 and M2 macrophages
was evaluated by Mann-Whitney test. A P-value<0.05 was
considered significant for all experiments except drug trans-
porter transcriptomics, in which only a P value<0.01 was
considered significant.

Results

Macrophage differentiation and polarization

At first, we determined whether the correct macrophage
phenotypes with our differentiation and polarization pro-

tocol was achieved. We therefore analyzed the expression
of specific mRNA markers for the corresponding cell type
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and compared it to THP-1 cells. mRNA expression analy-
sis demonstrated that the pro-inflammatory cytokine TNFa
is 42-fold increased (P<0,01; »=3) in M1 macrophages,
but only 1.85-fold in M2 cells. In contrast, mRNA of the
anti-inflammatory CCL22 is higher expressed in M2 macro-
phages (1.2-fold) than in M1 cells (0.8-fold) (Fig. 1).

Drug transporter mRNA expression levels in
differentiated and polarized macrophages

To investigate the transportome transcriptomics of differ-
entiated and polarized macrophages, mRNA expression of
84 drug transporter genes was analyzed and compared to
monocytes used as controls. Following the Food and Drug
Administration (FDA) guidelines, only statistically signifi-
cant alterations beyond two-fold were considered relevant.
These genes were highlighted in the figures by green color-
ing (upregulation) or red coloring (downregulation) (Figs.
2,3 and 4).

In detail, monocyte-to macrophage differentiation upreg-
ulated 18 drug transporters (Fig. 2). The most prominent
alterations included ABCBI (56-fold), SLCO2BI (488-
fold), 74P1 (3-fold), and T4P2 (2-fold). TAP I and 2 (trans-
porter associated with antigene presentation 1 and 2) are
needed for processing antigens for their presentation on the
surface of macrophages (Lankat-Buttgereit et al. 2002). In
contrast, SLC3845 (3-fold) and SLC19A41 (4-fold) were the
only genes downregulated in MO macrophages.

M1 polarization enhanced 48 drug transporter genes (Fig.
3), including a 166-fold upregulation of ABCB1. Moreover,
TAPI (30-fold), SLCOI1BI (3-fold) and SLCO2B1 (64-fold)
were significantly enhanced as well. A total of seven drug
transporters were downregulated, including SLC1941 (15-
fold) and 4QP1 (7-fold).

In contrast, polarization to the M2 phenotype upregu-
lated 20 transporter genes, most prominently reflected by
ABCG2 (37-fold), SLCO2BI (448-fold), SLC748 (104-
fold). In comparison to M1 polarization, only four genes
were downregulated: ABCA2 (2-fold), SLC19A41 (5-fold),
SLC3845 (3-fold) and AQP1 (2-fold).

All data regarding fold changes and P values can be
found in the supplemental material (Table S2, S3, and S4).

M2 macrophages exhibit enhanced P-gp efflux
activity

Given the considerable mRNA increase of ABCBI during
differentiation and polarization, the corresponding efflux
activity of P-gp was evaluated. For that reason, the efflux of
the fluorescent P-gp surrogate substrate rhodamine 123 was
recorded in all cell types analyzed and compared to mono-
cytes (set to 1): M2 macrophages exhibited the highest P-gp
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Fig. 1 mRNA expression of specific M1 and M2 markers. TNFa (A)
and CCL22 (B) expression levels in M1 (green) and M2 (orange) mac-
rophages, normalized to THP-1 monocytes. Data are shown as mean

efflux activity (1.9-fold higher than in monocytes), followed
by differentiated MO macrophages (1.6-fold higher than in
monocytes), and M1 cells (1.3-fold higher than in mono-
cytes) (Fig. 5). Importantly, P-gp activity in M2 cells was
1.55-fold higher than in M1 macrophages (P<0.05).

Rifampicin uptake kinetics in polarized
macrophages

For an objective comparison of cellular drug accumula-
tions, steady-state conditions are required. In consequence,
M1 and M2 cells were treated with different rifampicin
concentrations for four different time periods and the result-
ing intracellular rifampicin concentrations were quantified.
Rifampicin uptake was concentration-dependent for both
cell types. However, while intracellular rifampicin con-
centrations strongly increased within the first two hours
of exposure (e.g. for 0.5 uM treatment: M1, 48.5£16 to
110£35 ng rifampicin/ng protein; M2, 66+£30 to 114+13
ng rifampicin/ng protein), no changes occurred thereafter
(Fig. 6), suggesting that steady-state conditions are reached
after 2 h at the latest. Accordingly, detailed concentration
comparisons were performed for the 2 h and 4 h exposure
times, respectively. When treated for 2 h with 0.05 uM
rifampicin, M2 cells (7.5£1.9 ng rifampicin/ng protein)
had significantly lower intracellular rifampicin concentra-
tions than M1 cells (13.3+3.9 ng rifampicin/ng protein;
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MRNA expression of CCL22
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+ S.D. of biological triplicates. Statistical significance was determined
by Welch’s test

P<0.001). After 4 h, this difference remained borderline
significant: While M1 macrophages accumulated 12.6+3.7
ng rifampicin/ng protein, M2 cells only exhibited 9.2+3.9
ng rifampicin/ng protein (P=0.06). In contrast, when cells
were exposed to higher extracellular concentrations (0.1 pM
or 0.5 uM rifampicin), resulting intracellular concentrations
after 2—4 h did not differ between M1 and M2 cells (Fig. 7).

Discussion

The aim of this study was to investigate the impact of polar-
ization of THP-1 monocytes into M1 and M2 macrophages
on drug transporter transcriptomics and whether the result-
ing higher P-gp efflux activity in M2 macrophages could
impair rifampicin uptake compared to M1 macrophages.
This seems relevant because M2 macrophages are a benefi-
cial niche for Mtb bacteria, fostering their proliferation and
immune escape (Lastrucci et al. 2015). Moreover, M2-dom-
inant tuberculosis has been associated with poor outcome
and antibiotic treatment resistance, calling for the evaluation
of drug penetration into M2 cells and the underlying cellular
mechanisms modulating drug uptake. In consequence, this
experimental study pursued the following approach.

First, we needed to confirm the successful generation
of the correct polarization phenotypes by evaluating the
well-established polarization markers TNFo and CCL22
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Fig. 2 Drug transporter transcriptomics during differentiation from
monocytes to MO macrophages. Expression levels were normalized
to monocytes. Drug transporters were marked as green dots, if their
expression was significantly (P < 0.01) increased at least two-fold
compared to the control and marked red when expression was sig-

(Shiratori et al. 2017) As expected, pro-inflammatory
TNFa was significantly increased in M1 macrophages
and anti-inflammatory CCL22 was higher expressed in
M2 macrophages. Secondly, after confirming the success-
ful differentiation and polarization, the very same mRNA
was used to test for 84 different drug transporters in each
macrophage phenotype (M0, M1 and M2). The data clearly
demonstrated that monocyte-to-macrophage differentiation
already induces the mRNA expression of a broad set of
drug transporters. This trend continues during polarization
to M1 and to M2 macrophages. Most profoundly, ABCBI
was 166-fold enhanced in M1 cells and 55-fold increased in
M2 macrophages (compared to monocytes). Third, because
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nificantly decreased at least two-fold. Gene names of selected drug
transporters are highlighted. Data are shown as mean+ S.D. of biologi-
cal triplicates. Statistical significance was determined by parametric,
two-sided t-test

P-gp is known to modulate the uptake of its substrates into
immune cells (Hasanuzzaman et al. 2019), its efflux activ-
ity level was recorded using a fluorescent substrate and
flow cytometry. In line with the mRNA expression lev-
els, both M1 and M2 cells exhibited higher P-gp activities
than monocytes. The uptake of rifampicin into these cells
is thus expected to be lower than in non-P-gp-expressing
cells (e.g. monocytes). However, because enhanced P-gp
activity can be blunted by concurrent enhancement of drug
influx activity (e.g. mediated by influx transporters such as
SLCO2BI or SLCO1B1), the actual net uptake of rifampicin
into target cells was quantified by UPLC-MS/MS. Forth and
eventually, this data demonstrated that M2 cells take up less
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Fig. 3 Drug transporter transcriptomics during polarization from
monocytes to M1 macrophages. Expression levels were normalized
to monocytes. Drug transporters were marked as green dots, if their
expression was significantly (P <0.01) increased at least two-fold com-

rifampicin when cells are extracellularly exposed to 0.05
uM. But is 0.05 uM a clinically relevant exposure? During
chronic treatment with standard doses of rifampicin (e.g.
10 mg/kg), through levels (C,,;,) of total rifampicin under
steady-state conditions in the plasma is about 0.006 uM
(0.005 pg/mL) (Chirehwa et al. 2015). The distribution of
rifampicin into the epithelial lining fluid of the lung is about
30% (Clewe et al. 2015; Ziglam et al. 2002), leading to a
theoretical steady-state rifampicin C,;, at the site of action
of approximately 0.002 uM. Together, this indicates that the
experimental rifampicin concentration used in our uptake

pared to the control and marked red when expression was significantly
decreased at least two-fold. Gene names of select drug transporters are
highlighted. Data are shown as mean = S.D. of biological triplicates.
Statistical significance was determined by parametric, two-sided t-test

experiments (0.05 uM) is likely of clinical relevance, albeit
rather being at the higher end of expected in vivo rifampicin
concentrations. In contrast, treatment of macrophages with
very high, clinically non-relevant rifampicin concentra-
tions masked the uptake differences between M2 cells and
MI cells. This indicates that active efflux transporters (e.g.
P-gp) can in fact prevent penetration of low concentrations
(e.g. 0.05 uM) but hardly counteract high extracellular con-
centrations of the lipophilic compound rifampicin, which
is known for its pronounced cellular accumulation (Nilles
et al. 2023, 2024; Tanner et al. 2021). During long-term
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Fig. 4 Drug transporter transcriptomics during polarization from
monocytes to M2 macrophages. Expression levels were normalized
to monocytes. Drug transporters were marked as green dots, if their
expression was significantly (P <0.01) increased at least two-fold com-

treatment with rifampicin, P-gp expression and activity in
macrophages could theoretically increase further on, given
rifampicin’s well-known transcriptional effects on ABCBI,
at least in intestinal or hepatic tissues. However, data on the
ABCBI/P-gp-regulating effects of rifampicin in immune
cells are indefinite or contradicting, likely depending on the
route of rifampicin exposure (in vivo vs. ex vivo; Asghar et
al. 2002; Owen et al. 2006; Manceau et al. 2010). For dif-
ferentiated MO macrophages, Hasanuzzaman and co-work-
ers demonstrated ABCBI1/P-gp induction after substantial
rifampicin treatment (100 uM for 48 h) and explained it by
rifampicin’s action on the nuclear transcription factor called
pregnane X receptor (PXR) (Hasanuzzaman et al. 2019).
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pared to the control and marked red when expression was significantly
decreased at least two-fold. Gene names of select drug transporters are
highlighted. Data are shown as mean+t S.D. of biological triplicates.
Statistical significance was determined by parametric, two-sided t-test

For polarized macrophages (M1 or M2), there is no such
data at the moment.

Besides transcriptional effects (either mediated by dif-
ferentiation, polarization, or rifampicin treatment), actual
changes of anti-tuberculosis drug uptake are likely of higher
clinical relevance. So far, only differentiated MO macro-
phages have been characterized for the uptake of prothion-
amide (Hasanuzzaman et al. 2019), isoniazid, ethambutol,
or rifampicin (Hartkoorn et al. 2007). Again, data on the
uptake of anti-tuberculosis drugs into polarized M1 or M2
macrophages is lacking. Accordingly, the presented study
was the first to investigate rifampicin uptake into this very
specific cell type, that is relevant for clinical efficacy.
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Fig.5 P-gp efflux activity of
macrophage subtypes compared
to monocytes. Cells were loaded
with the fluorescent P-gp substrate
rhodamine 123 and then either
treated with 1 uM zosuquidar

(a potent P-gp inhibitor) or left
untreated. The fluorescence ratio

of P-gp-inhibited to non-inhibited T 0
cells was normalized to the ratio QO J —_
obtained from monocytes (set to 1). _E ;
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Fig. 6 Rifampicin (RFC) uptake into M1 and M2 macrophages. Cells cin concentrations (ng rifampicin/ng protein) were recorded. Data are
were exposed to 0.05 uM (blue), 0.1 uM (black), or 0.5 pM (red) shown as mean + S.D. of three biological replicates. Curves were fitted
rifampicin for 1 h, 2 h, 4 h, or 6 h, and resulting intracellular rifampi- through zero using hyperbola function
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Fig. 7 Comparison of rifampicin uptake between M1 and M2 macro-
phages. Intracellular rifampicin concentration after 2 h (A) and 4 h (B)
treatment with 0.5 pM, 0.1 pM, or 0.05 pM extracellular rifampicin.

This study has its limitations. First, a commercial mono-
cyte cell line was used for all experiments. While THP-1
is a well-known and established model for monocytes or
derived macrophages (Chanput et al. 2014), generalization
to in vivo conditions is likely hard to do. Second, the used
M1/M2 model is a simplification of the actual biological
spectrum of polarized macrophages (Mosser et al., 2008).
Moreover, there certainly is a cross-talk between polarized
macrophages and the Mtb pathogen, that comprises PXR-
mediated transcriptional effects of Mtb constituents (e.g.
fatty acids) on drug transporters (Bhagyaraj et al. 2016;
Hudson et al. 2019; Refai et al. 2018). However, this cross-
talk was not experimentally captured in our work. Third,
only P-gp was evaluated on a functional level. Thus, pos-
sible influences of other drug transporters remain unclear.

Despite these limitations, the work presented here also
has clear scientific or methodological strengths. First, this is
the first data set comprising a high number of different drug
transporters in THP-1-derived polarized macrophages. The
pool of tested transporters in previous studies was lower
(45 vs. 84) and compared granulo-macrophagic colony-
stimulating factor-generated macrophages to parental blood
monocytes (Moreau et al. 2011) Second, this evaluation of
drug transporter transcriptional changes during all impor-
tant steps of monocyte differentiation and polarization is
not only valuable for tuberculosis antibiosis, but potentially
helpful in the framework of tumor-associated macrophages,
being important factors of tumor disease outcome and a
potential target for antineoplastic drugs (Bai et al. 2024;
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Data are shown as mean + S.D. of three biological replicates. For sta-
tistical analysis, the Mann-Whitney test was used for each extracel-
lular rifampicin concentration

Li et al. 2024; Guan et al. 2025). Consequently, the data
presented here could promote research in anti-cancer drug
treatments of macrophage-enriched tumor environments,
given the importance of P-gp for anti-cancer drug trans-
port out of tumor cells and immune cells (Robinson 2020).
Third, we measured P-gp efflux activity in THP-1-derived
polarized macrophages using rhodamine 123 (P-gp sub-
strate) and zosuquidar (P-gp inhibitor). Previous investiga-
tions either used other cell models (U937 cell line, Cory et
al. 2016; RAW264.7 cells, Zha et al. 2013; THP-1-derived
MO macrophages treated with rifampicin, Hasanuzzaman et
al. 2019) or other P-gp surrogate substrates such as Hoechst
33,342 (Cory et al. 2016), which is considered rather a sub-
strate for BCRP (Kim et al. 2002). Also, previous investi-
gations used diverse other P-gp inhibitors (e.g. elacridar,
Cory et al. 2016; cyclosporin A, Hasanuzzaman et al. 2019;
protease inhibitors or verapamil, Zha et al. 2013), while we
used the established P-gp inhibitor zosuquidar (Dantzig et
al. 1996), that is quite P-gp-specific at 1 pM (Bajraktari-
Sylejmani et al. 2025). Accordingly, our sound data on P-gp
in polarized macrophages can certainly be extrapolated to
other anti-tuberculosis drugs being transported by P-gp such
as bedaquiline (Kotwal et al. 2020), moxifloxacin (Brillault
etal. 2009), and prothionamide (Hasanuzzaman et al. 2019).
Forth and finally, actual cellular rifampicin kinetics in M1
and M2 cells was recorded, including the evaluation of
intracellular steady-state concentrations, being proven to be
reached after 2 h at the latest. In consequence, researchers
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should treat their monocyte-derived macrophages for at
least 2 h to ensure saturated intracellular drug levels.

Conclusion

This is the first study to investigate the transcriptomic vari-
ability of numerous drug transporters, P-gp activity, and
rifampicin uptake kinetics in polarized M1 and M2 mac-
rophages, derived from THP-1 monocytes. The obtained
data suggests that poor rifampicin efficacy in M2-dominant
tuberculosis is at least in part related to higher efflux trans-
port resulting in lowered rifampicin intracellular bioavail-
ability, given the polarization-dependent alterations of
drug transporter expressions and functions, including an
enhanced activity of P-gp.
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