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Abstract

Toll-like receptor 7 (TLR7) is an endosomal pathogen-
associated molecular pattern (PAMP) receptor that senses
single-stranded RNA (ssRNA) and whose engagement re-
sults in the production of type | IFN and pro-inflammatory
cytokines upon viral exposure. Recent genetic studies have
established that a dysfunctional TLR7-initiated signaling is
directly linked to the development of inflammatory re-
sponses. We present evidence that TLR7 is preferentially
expressed by monocyte-derived macrophages generated in
the presence of M-CSF (M-M@). We now show that TLR7
activation in M-M@ triggers a weak MAPK, NFkB, and STAT1
activation and results in low production of type I IFN. Of
note, TLR7 engagement reprograms MAFB+ M-M@ towards
a pro-inflammatory transcriptional profile characterized by
the expression of neutrophil-attracting chemokines (CXCL1-
3, CXCL5, CXCL8), whose expression is dependent on the

transcription factors MAFB and AhR. Moreover, TLR7-
activated M-M@ display enhanced pro-inflammatory re-
sponses and a stronger production of neutrophil-
attracting chemokines upon secondary stimulation. As aber-
rant TLR7 signaling and enhanced pulmonary neutrophil/
lymphocyte ratio associate with impaired resolution of virus-
induced inflammatory responses, these results suggest that
targeting macrophage TLR7 might be a therapeutic strategy
for viral infections where monocyte-derived macrophages

exhibit a pathogenic role. © 2023 The Author(s).
Published by S. Karger AG, Basel

Introduction

Macrophages are functionally heterogeneous by virtue
of their ontogeny, tissue-specific differentiation, and
adaptation to the prevailing cytokines, hormones, and
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growth factors in the surrounding extracellular milieu
[1-4]. Macrophage colony-stimulating factor (M-CSEF),
which is indispensable for the generation of most tissue-
resident macrophages [5, 6], prompts the differentiation
of monocyte-derived macrophages (M-M@) with a
MAFB-dependent functional and gene expression profile
[7-12]. Remarkably, MAFB+ M-M® exhibit a huge tran-
scriptional similarity to the subsets of pro-fibrotic and
pathogenic pulmonary macrophages identified in severe
COVID-19 [13-18]. In fact, M-CSF plasma levels corre-
late with respiratory failure in COVID-19 [19], and the
expression of several biomarkers associated to COVID-19
severity (e.g., CCL2, CCL4, CXCL10) [20-22] is regulated
by MAFB [11]. Moreover, SARS-CoV-2 has been recently
shown to trigger a MAFB-dependent pro-fibrotic tran-
scriptional response in monocytes [14]. Therefore, the
identification of the mechanisms that sustain the effector
functions of MAFB+ M-M@ should provide relevant
information about the key pathogenic action of macro-
phages in COVID-19 [23-27].

Unlike GM-CSF-dependent monocyte-derived macro-
phages (GM-M®), the transcriptome of MAFB™ M-M®
is characterized by the expression of a gene set (“anti-
inflammatory gene set”) which includes the gene encod-
ing Toll-like receptor 7 (TLR7) [9, 12, 28]. TLR7 is
an endosomal pathogen-associated molecular pattern
(PAMP) receptor responsible for sensing purine-rich
single-stranded ribonucleic acid (ssRNA) from viruses
and bacteria by human macrophages [29, 30]. TLR7 has
been shown to bind ssRNA fragments from SARS-CoV-
2 [31-34], and genetic analysis revealed that a dysfunc-
tional TLR7 signaling is responsible for the pathogenesis
in a percentage of severe COVID-19 cases [35-42].
Indeed, the continuous activation of TLR7 induces “in-
flammatory hemophagocytes” that cause macrophage
activation syndrome (MAS) and a “cytokine storm”
[31, 43], features that have been consistently reported
in severe COVID-19 patients [23-27]. Typically, TLR7
engagement triggers the production of type I interferon
(IFN) and pro-inflammatory cytokines in human mye-
loid cells [34, 44, 45]. However, TLR7 ligands also
promote tolerance towards a subsequent stimulation of
other TLRs [46-48] and even limit pro-inflammatory
activation of human macrophages in atherosclerosis [49].
Besides, and in agreement with its overexpression in
M-M@, TLR7 expression in macrophages is associated
to an anti-inflammatory gene profile in cardiovascular
diseases [50].

Given the similarities between pathogenic macrophage
subsets in COVID-19 and TLR7-expressing MAFB+
M-M@, we sought to determine the functional and
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transcriptional consequences of TLR7 engagement in
human M-M@. Surprisingly, TLR7 activation in
M-CSE-dependent MAFB+ macrophages failed to trigger
an IFN response but elicited the production of
neutrophil-attracting chemokines and pushed macro-
phages towards the acquisition of a stronger pro-
inflammatory phenotype and gene profile. These results
pose TLR7 as a potential target for the design of
macrophage-reprogramming therapeutic strategies in vi-
ral infections where monocyte-derived macrophages have
a prominent pathogenic role.

Materials and Methods

Generation of Human Monocyte-Derived Macrophages in vitro

and Treatments

Human peripheral blood mononuclear cells (PBMCs) were
isolated from buffy coats from anonymous healthy donors over
a Lymphoprep (Nycomed Pharma) gradient according to standard
procedures. Monocytes were purified from PBMC by magnetic cell
sorting using anti-CD14 microbeads (Miltenyi Biotec). Monocytes
(>95% CD14+ cells) were cultured at 0.5 x 10° cells/mL in RPMI
1640 (Gibco) medium supplemented with 10% fetal bovine serum
(FBS) for 7 days in the presence of 1,000 U/mL GM-CSF or 10 ng/
mL M-CSF (ImmunoTools) to generate GM-CSF-polarized mac-
rophages (GM-M@) or M-CSE-polarized macrophages (M-MQ),
respectively [11]. Cytokines were added every 2 days and cells were
maintained at 37°C in a humidified atmosphere with 5% CO, and
21% O,. For macrophage activation, cells were treated with 1 pg/
mL CL264 (InvivoGen), unless otherwise indicated, or 10 ng/mL
E. coli 055:B5 lipopolysaccharide (Ultrapure LPS, Sigma-Aldrich)
[51]. Where indicated, Enpatoran (MCE MedChem Express) or
TLR7/8-IN-1 (MCE MedChem Express) was added 1 h before
exposure to CL264. Human cytokine and chemokine production
were measured in M-M® culture supernatants using commercial
ELISA for CCL2, CXCL1, CXCL5, CXCL8, CXCL10, TNF, IL-6,
IL-10, IL-12p40, or IFNP1 following the procedures supplied by
the manufacturers.

Quantitative Real-Time RT-PCR (qRT-PCR)

Total RNA was extracted using the total RNA and protein
isolation kit (Macherey-Nagel). RNA samples were reverse-
transcribed with High-Capacity cDNA Reverse Transcription
Reagents Kit (Applied Biosystems) according to the manufac-
turer’s protocol. Real-time quantitative PCR was performed with
LightCycler® 480 Probes Master (Roche Life Sciences) and Taq-
Man probes on a standard plate in a LightCycler® 480 instrument
(Roche Diagnostics). Gene-specific oligonucleotides were designed
using the Universal ProbeLibrary software (Roche Life Sciences).
Results were normalized to the expression levels of the endogenous
reference genes TBP and HPRT1I, and quantified using the AACT
(cycle threshold) method.

Western Blot

Western blot was carried out following previously described
procedures [11] and using antibodies against TLR7 (#5632, Cell
Signaling), MAFB (HPA005653, Sigma-Aldrich), MAF (sc-7866;
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Santa Cruz Biotechnology), AhR (sc-133088, Santa Cruz Biotech-
nology), phosphorylated and total ERK1/2, p38MAPK, and JNK
(Cell Signaling), phosphorylated STAT1 and STAT3 (BD Bio-
sciences), IkBa, and phosphorylated CREB (Cell Signaling). Pro-
tein loading was normalized using a monoclonal antibody against
GAPDH (sc-32233, Santa Cruz) or vinculin (V9131, Sigma-Al-
drich). Chemiluminescence was detected in a ChemiDoc Imaging
system (BioRad) using SuperSignal™ West Femto (ThermoFisher
Scientific).

Small Interfering Ribonucleic Acid (siRNA) Transfection

M-M® (1 x 10° cells) were transfected with a human MAFB-
specific siRNA (siMAFB, 25 nM, SMARTpool Dharmacon), hu-
man MAF-specific siRNA (siMAF, 25 nM, SMARTpool Dharma-
con), or human AhR-specific siRNA (siAHR, 50 nM, #s1199
Thermo Scientific) using HiPerFect (Qiagen). Silencer™ Select
Negative Control No. 1 siRNA (siCNT, 50 nM) (Dharmacon) was
used as negative control siRNA. Six hours after transfection, cells
were allowed to recover from transfection in complete medium
(18 h) and subjected to the indicated treatments. Knockdown of
MAFB, MAF, and AhR was confirmed by q-PCR and
Western blot.

RNA-Sequencing and Data Analysis

Total RNA was extracted from preparations of M-M®@ derived
from three independent donors and exposed to LPS (10 ng/mL),
CL264 (1 ug/mL), or left untreated for 0.5, 2, 4, or 12 h, and library
preparation, fragmentation, and sequencing were performed at
BGI (https://www.bgitechsolutions.com) using the BGISEQ-500
platform (Gene Expression Omnibus [GEO] accession no.
GSE156921) [12]. Following the same procedure, RNA-seq was
performed on three independent preparations of M-M@ exposed
to CL264 after siRNA-mediated silencing of either MAFB, MAF,
or AhR, using the BGISEQ-500 platform, and data were deposited
in GEO (http://www.ncbi.nlm.nih.gov/geo/) under accession no.
GSE181249 and GSE205719. Differentially expressed genes were
analyzed for annotated gene set enrichment using Enrichr (http://
amp.pharm.mssm.edu/Enrichr/) [52, 53], and enrichment terms
were considered significant with a Benjamini-Hochberg-adjusted p
value <0.05. For gene set enrichment analysis (GSEA) (http://
software.broadinstitute.org/gsea/index.jsp) [54], gene sets avail-
able at the website, as well as gene sets generated from publicly
available transcriptional studies (https://www.ncbi.nlm.nih.gov/
gds), were used. The gene sets that define the transcriptome of
human monocyte-derived pro-inflammatory GM-M@-specific
“pro-inflammatory gene set” and the M-M®-specific “anti-
inflammatory gene set” have been previously reported
(GSE68061) [9, 28]. Gene expression in breast carcinoma was
assessed using the METABRIC (Molecular Taxonomy of Breast
Cancer International Consortium) study cohort [55, 56] on the
CBioportal (http://www.cbioportal.org).

Neutrophil Isolation and Transmigration Assays

Neutrophils were obtained from peripheral blood from anony-
mous healthy donors over a Polymorphprep (Progen) gradient
according to manufacturer procedures. Neutrophil purity was as-
sessed by flow cytometry (>95% CD15+ cells) (CD15 Monoclonal
Antibody, APC, Invitrogen Cat. No. 17-0158-41). Neutrophil mi-
gration assays were performed following the protocol previously
described [57] with some modifications. Briefly, 2 x 10° neutrophils
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were added on top of the Transwell inserts (6.5 mm Transwell® with
3.0 um Pore Polycarbonate Membrane Insert, Corning 3415) in
200 pL of complete EGM-2MV medium (Lonza, CC-3202). The
lower compartment was then filled with 600 pL of conditioned
medium from untreated or CL264-treated M-M@, RPMI-10% FBS
as negative control, or 50 ng/mL recombinant human IL-8 (Im-
munotools) in RPMI-10% FBS as positive control. Migration was
allowed for 1 h and migrated neutrophils were quantified by Flow
Cytometry (CytoFLEX-S, Beckman-Coulter).

Statistical Analysis

For comparison of means, and unless otherwise indicated,
statistical significance of the generated data was evaluated using
the paired Student’s ¢ test or ratio paired t test. In all cases, p < 0.05
was considered statistically significant.

Results

TLR7 Expression Marks Macrophages with an

Anti-Inflammatory Profile

We have previously determined the transcriptome of
M-CSF-dependent (M-M@) and GM-CSF-dependent
(GM-M®) monocyte-derived macrophages (GSE68061)
and found that TLR7 belongs to the M-M®@-specific “anti-
inflammatory gene set” [9, 28] (Fig. 1a). In fact, TLR7
protein (both the full-length 140 kDa form and the
proteolytically processed mature 75 kDa form) was found
to be expressed at much higher levels in M-M@ than in
GM-MO (Fig. 1b). Further analysis revealed that TLR7 is
specifically upregulated along the monocyte-to-M-MQ@
differentiation (GSE188278) (Fig. 1¢) and that GM-CSF
has a negative effect on TLR7 expression (Fig. 1d). These
results indicate that TLR7 expression marks macrophages
with anti-inflammatory potential, a suggestion reinforced
by the higher TLR7 expression observed in M-M@ from a
Multicentric Carpo-Tarsal Osteolysis patient (Fig. le), a
disease caused by MAFB mutations which enhance
MAEFB protein stability and whose macrophages exhibit
a stronger anti-inflammatory gene profile [11]
(GSE155883). Further supporting its preferential expres-
sion in anti-inflammatory macrophages [50], TLR7 was
also higher in IL-10-producing LPS-activated M-M® [12]
(Fig. 1f) and was detected in MAFB+ FOLR2+ macro-
phages in the fetal-maternal interface [58] (Fig. 1g). Be-
sides, TLR7 expression significantly correlated with that
of numerous M-CSF-dependent genes in breast cancer
(METABRIC Cohort, online suppl. Fig. la, b; for all
online suppl. material, see www.karger.com/doi/10.
1159/000530249), including the tumor-associated macro-
phage marker FOLR2 [59, 60], and was elevated in
human breast cancer tumor-associated macrophages
[61] (GSE117970, online suppl. Fig. 1c). Hence, TLR7
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Fig. 1. Regulated expression of TLR7 in human macrophages.
a Schematic representation of the in vitro generation of M-M©@
and GM-MO from peripheral blood monocytes. TLR7 gene
expression (normalized fluorescence intensity) in M-M@ and
GM-MO, as determined in microarray experiments (GSE68061)
on three independent samples. Statistically significant differ-
ences (adjp) are indicated. b TLR7 protein levels in four in-
dependent preparations of M-M@ and GM-M@, as determined
by Western blot (left panel). Relative level of TLR7, including
both the full-length (140 kDa) and the proteolytically processed
mature (75 kDa) forms, were determined in M-M@® and GM-M@
by densitometry. Mean + SEM of four independent samples is
shown (***p < 0.001). ¢ Relative TLR7 gene expression in
Monocytes, M-M@ and GM-M@, as determined by RNA-
sequencing (GSE188278) on three independent samples. Statisti-
cally significant differences are indicated. d TLR7 gene expres-
sion in M-M@ before and after exposure to GM-CSF (1,000 U/
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mL) for 24 or 48 h, and either with or without medium replace-
ment, as determined by RT-PCR. Mean and SEM of four
independent experiments are shown (**p < 0.005). e TLR7
gene expression in M-MQ@ generated from control individuals
(2 independent donors) or an MCTO patient (two distinct
samples derived from a single MCTO patient), as determined
by RNA-sequencing (GSE155883). Statistically significant differ-
ences are indicated. f TLR7 gene expression in M-M@ and GM-
MO before and after LPS activation, as determined in microarray
experiments (GSE99056) on three independent samples. Statisti-
cally significant differences (adjp) are indicated. g t-Distributed
stochastic neighbor embedding plots (t-SNE, Perplexity:25, Col-
or plot by k = 10) illustrating TLR7, MAFB, and FOLR2 gene
expression in the human fetal-maternal interface [58] (https://
www.ebi.ac.uk/gxa/sc/home). The “Expression level” bar indi-
cates the expression level in each case (Smartseq 2 data; CPM,
counts per million).
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Fig. 2. Analysis of the M-M@ response to CL264: intracellular
signaling, cytokine profile and gene signature. a Schematic repre-
sentation of the treatment of M-M® for analysis of the intracellular
signaling initiated by either LPS or CL264. b Levels of phosphory-
lated ERK (p-ERK), phosphorylated JNK (p-JNK), phosphorylated
P38MAPK (p-p38) and IkBa in untreated (), LPS-treated (LPS,
10 ng/mL) and CL264-treated (CL264, 1 pg/mL) after 15 min,
30 min or 45 min of stimulation, as determined by Western blot. In
each case, 2-5 independent macrophage samples were analyzed, and
a representative experiment is shown. Protein loading was normal-
ized after determination of the level of vinculin in each case. ¢ Levels
of phosphorylated STAT1 (p-STAT1), Phosphorylated STAT3
(p-STAT3) and phosphorylated CREB (p-CREB) in untreated
(=), LPS-treated (LPS, 10 ng/mL) and CL264-treated (CL264,
1 pg/mL) at the indicated time points, as determined by Western
blot. In each case, three independent donors were performed, and a
representative donor is shown. Protein loading was normalized after
determination of the level of GAPDH in each case. d Schematic

is preferentially expressed in macrophages with an anti-
inflammatory and immunosuppressive transcriptional

profile.

TLR7 Activation Results in the Acquisition of a Unique

Transcriptional and Cytokine Profile

Since M-M® exposure to TLR2 or TLR4 ligands leads
to the preferential production of IL-10 [12], we next
assessed the response of M-M® to TLR7 activation by

TLR7 Functions in Human Macrophages

representation of the treatment of M-M@ for determination of
cytokines released from after exposure to either LPS or CL264.
e Production of the indicated cytokines/chemokines in M-M@®
untreated (—) or treated for 15 hwith either LPS (10 ng/mL) or
three different concentrations of CL264 (0.1, 1, and 10 pg/mL), as
determined by ELISA. Mean + SEM of 3-5 independent donors are
shown (relative to untreated M-M@: *p < 0.05; **p < 0.01. Relative
to LPS-treated M-M@: *p < 0.05). f Schematic representation of the
treatment of M-M@ with either LPS (10 ng/mL), CL264 (1 pg/mL),
or untreated before RNA-seq (GSE156921). g IFNBI expression in
untreated M-M@, LPS-treated M-M@ and CL264-treated M-M@ at
different time points after stimulation, as determined by RNA-seq
(GSE156921). h Heatmap of the relative expression of the genes
within the “Reactome_2016_genes” (Enrichr) in LPS-treated and
CL264-treated M-MQ at the indicated time points after stimulation
(log2FC [LPSvsCNT] — log2FC [CL264vsCNT]), as determined by
RNA-seq (GSE156921) and using Genesis (https://genome.tugraz.
at/genesisclient/genesisclient_description.shtml).

using the TLR7-specific ligand CL264. Exposure to CL264
induced the release of IL-10, TNF, IL-6, and IL-12p40 and
enhanced CCL2 production (online suppl. Fig. 2a), thus
demonstrating the functionality of TLR7 in M-MQ.
Regarding TLR7-initiated intracellular signaling in
M-M@ (Fig. 2a), compared to the paradigmatic
macrophage-activating agent LPS, TLR7 activation led
to weaker activation of ERK and p38MAPK, an almost
absent JNK phosphorylation, a more transient activation
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of NFkB (Fig. 2b), and lower STAT1 phosphorylation at
longer time points (Fig. 2c; online suppl. Fig. 2b). By
contrast, no significant difference was found between
CL264- and LPS-induced phosphorylation of STAT3
and CREB (Fig. 2¢; online suppl. Fig. 2b). In agreement
with their distinct intracellular signaling, LPS and CL264
also differentially modulated the production of pro-
inflammatory cytokines and IL-10, with TLR7 activation
resulting in higher release of IL-12p40 and IL-6 but lower
production of IL-10 and the IFN-inducible CXCL10
chemokine (Fig. 2d, e). Remarkably, and unlike LPS,
TLR7 activation did not stimulate the production of
IFNP1 (Fig. 2e), a result that fits with the weak STAT1
phosphorylation promoted by CL264 (Fig. 2c). Thus,
TLR7 activation of M-M@ promotes the acquisition of
a unique cytokine profile, in which the lack of IFNf1 and
weak production of CXCLI10 are especially noteworthy.

To examine the extent of the specificity of TLR7-
initiated gene changes, the transcriptome of M-M@ ex-
posed to either a TLR7-specific ligand (CL264) or LPS
was compared at different time points (GSE156921,
Fig. 2f). Exposure to CL264 caused a profound transcrip-
tional change in M-M® at all time points (online suppl.
Fig. 2¢), and large differences were observed among the
transcriptomes of LPS- and CL264-treated M-M@ (on-
line suppl. Fig. 2d). Of note, and unlike LPS-treated
M-M@, M-M@ showed no expression of IFNBI after
exposure to CL264 for 0.5 h, 2 h and 4 h (Fig. 2g). Further
stressing the lack of IFNP1 production after TLR7 acti-
vation in M-M@, gene ontology analysis showed a huge
difference in the expression of the “Interferon alpha/beta
signaling Homo sapiens R-HSA-909733” gene set (Reac-
tome_2016 gene set library) (https://reactome.org) in
LPS-treated M-M@ and CL264-treated M-M@ at all
time points (Fig. 2h) and the enrichment of interferon-
related gene sets in the genes with higher (>4 times)
expression in LPS-treated M-M@ after 2 and 4 h (https://
maayanlab.cloud/Enrichr/) (online suppl. Fig. 2e). There-
fore, TLR7 activation of M-M@ promotes transcriptional
changes characterized by the remarkable lack of expres-
sion of IFNP1 and a very weak expression of type I IFN-
inducible genes.

TLR7 Activation in M-MQ Induces a
Pro-Inflammatory Transcriptional Signature and
Potentiates the Production of Pro-Inflammatory
Cytokines upon Exposure to a Secondary Stimulus
Previous studies have shown that TLR7 activation
drives the generation of inflammatory hemophagocytes
resembling splenic red pulp macrophages [43] and can
also reprogram M-CSF-treated monocytes towards an
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anti-fibrotic phenotype [62]. As a means to evaluate
whether TLR7 activation modifies the polarization state
of M-M@, we measured the expression of paradigmatic
polarization-specific markers after a 24 h exposure to
CL264 (Fig. 3a). TLR7 activation caused a very significant
decrease in the expression of genes that best define the
transcriptome of anti-inflammatory M-M@ (Fig. 3b, ¢).
Conversely, CL264-treated M-M@ exhibited a higher
expression of genes that mark the pro-inflammatory
profile of GM-CSF-dependent monocyte-derived macro-
phages (GM-MO) (Fig. 3b, ¢). Therefore, TLR7 activation
results in the acquisition of the transcriptome that char-
acterizes pro-inflammatory GM-M@. Since M-M@ and
GM-MO greatly differ in their activation-induced cyto-
kine production [9, 28], we next hypothesized that TLR7-
activated M-M@ might also display an altered cytokine
profile upon subsequent activation. To address this hy-
pothesis, M-M@ were exposed to CL264 for 24 h, and
after extensive washing, CL264-treated M-M@ were sub-
jected to a secondary stimulation with either CL264 or
LPS (Fig. 3d). The modulatory action of TLR7 on M-M@
responses was evident at the intracellular signaling level
because CL264-treated M-M@ exhibited a weaker LPS-
induced activation of ERK, JNK, and NFkB, and a
complete loss of LPS- and CL264-induced STAT3 acti-
vation (Fig. 3e; online suppl. Fig. 2f). In line with these
findings and compared to unstimulated cells, CL264-
treated M-M@ showed a much higher production of
IL-6, TNF, and CXCL10 after activation with LPS as a
secondary stimulus (Fig. 3f). By contrast, exposure to
CL264 led to a diminished release of IL-10 in response to
LPS (Fig. 3f). Therefore, activation of CL264-treated
M-M@ by a secondary stimulus results in enhanced
production of pro-inflammatory cytokines and reduced
levels of IL-10. These results, which are compatible with
the loss of the characteristic gene profile of CL264-treated
M-MO@, indicate that TLR7 activation conditions macro-
phages for stronger pro-inflammatory responses upon
encounter with subsequent stimuli, an effect that evokes
“trained immunity” events initiated from other PAMP
receptors.

TLR7 Activation in M-CSF-Dependent M-MQ® Induces

the Expression of Neutrophil-Attracting Chemokines

To further examine the response of M-M@ to TLR7
activation, we focused on those genes whose expression in
LPS-treated M-M@ and CL264-treated M-M@ differed
by at least 8-fold (|log2FC|>3) at any time point
(GSE156921) (Fig. 4a). k-means clustering of these 467
genes allowed the identification of a group of genes
(Cluster 2, 33 genes) exclusively upregulated in CL264-
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Fig. 3. TLR7 conditions the M-M@ responses to later stimuli.
a Schematic representation of the treatment of M-M@ with CL264
(1 pg/mL) for analysis of changes in the gene expression profile.
b Relative expression of the indicated genes of the M-M®@-specific
“anti-inflammatory gene set” (blue) and GM-M®@-specific “pro-
inflammatory gene set” (red) in untreated (—) and CL264-treated
M-M®, as determined by quantitative RT-PCR on six macrophage
samples derived from six independent donors. Mean + SEM are
shown (*p < 0.05). ¢ GSEA of the GM-M@-specific “pro-
inflammatory gene set” (left panel) or M-M@-specific “anti-
inflammatory gene set” (right panel) on the ranked comparison
of CL264-treated M-M®@ and untreated M-M@ at 12 h after
stimulation (GSE156921). Normalized Enrichment Score (NES)
and FDRq values are indicated. d Schematic representation of the
sequential treatment of CL264-treated with CL264 (1 ug/mL) or

treated M-MO at late time points (Fig. 4a; online suppl.
Fig. 3a), and whose expression was clearly distinct from
those only upregulated in LPS-treated M-M@, which
included IFN-dependent genes (Clusters 1, 3 and 4)
(Fig. 4a; online suppl. Fig. 3a). Cluster 2 grouped numer-
ous chemokine-encoding genes (CXCLI, CXCL3, CXCL5,
CXCL6, PPBP/CXCL7, and CXCL8) (Fig. 4a) whose ex-
pression reached maximal values in CL264-treated
M-MOQ after 12 h (Fig. 4b). By contrast, the expression
of IFN-regulated chemokine-encoding genes (CXCL9,

TLR7 Functions in Human Macrophages

LPS (10 ng/mL) for analysis of intracellular signaling (30 or 60
min) and cytokine production (after 16 h). e Levels of phosphory-
lated ERK (p-ERK), phosphorylated JNK (p-JNK), phosphorylated
STAT3 (p-STAT3), phosphorylated STAT1 (p-STAT1), and IxkBa
in M-M@ exposed to the indicated primary and secondary stimuli
after 30 min (p-ERK, p-JNK, IkBa) or 60 min (p-STATI,
p-STAT3) of stimulation, as determined by Western blot. In
each case, four macrophage samples derived from four independ-
ent donors were analyzed, and a representative experiment is
shown. Protein loading was normalized after determination of
the level of vinculin in each case. f Production of the indicated
cytokines in M-M@ was evaluated after exposure to the indicated
primary (24 h) and secondary (16 h) stimuli, as determined by
ELISA. Mean + SEM of four independent donors are shown (*p <
0.05; **p < 0.01).

CXL10, CXCLI11) was maximal at later time points
only in LPS-treated M-M@ (Fig. 4b; online suppl
Fig. 3a, b). As the chemokines encoded by the genes in
Cluster 2 belong to the ELR+ CXC granulocyte-attracting
chemokine subfamily [63], the importance of their ele-
vated expression is supported by the robust enrichment of
the GO Biological Process terms “GOBP_NEUTRO-
PHIL_CHEMOTAXIS” and “GOBP_NEUTROPHIL
_MIGRATION” in CL264-treated M-MQ after 12 h of
stimulation (Fig. 4c; online suppl. Fig. 3c). Indeed,
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Fig. 4. TLR7 activation of M-M@ induces neutrophil-attracting
chemokines. a k-means clustering of the 467 genes differentially
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M-M@ and CL264-treated M-M®@ (GSE156921). For each gene,
expression levels in the three donors are represented after normal-
izing gene expression and k-means clustering using Genesis (http://
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each cluster is indicated. b Heatmap of the expression of the
indicated chemokine-encoding genes in LPS-treated M-M@ and
CL264-treated M-M@ at the indicated time points after stimulation
(GSE156921). ¢ GSEA of the “GOBP_NEUTROPHIL_CHEMO-
TAXIS” gene set on the ranked comparison of the transcriptomes of
CL264-treated M-M@ and untreated M-M@ at 12 h after

CL264-treated M-M@ released high levels of CXCLI,
CXCL5, and CXCLS, while LPS-treated M-M® released
higher levels of CXCL10 (Fig. 4d). In fact, conditioned
medium from CL264-treated M-M@ showed a greatly
elevated ability for neutrophil recruitment in transmigra-
tion experiments (Fig. 4e), whereas the monocyte-
recruiting ability of M-M@ and CL264-treated M-MQ
did not differ significantly (online suppl. Fig. 3d). Conse-
quently, TLR7 activation of M-M® does not lead to IFNf1
production but results in the induction of numerous ELR+
CXC chemokines with neutrophil-attracting ability. Of note,
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stimulation (GSE156921). Normalized Enrichment Score (NES)
and FDRq values are indicated. d Production of the indicated
chemokines in untreated (-) M-M®@, LPS-treated (10 ng/mL)
and CL264-treated (1 pg/mL) M-M@ (16 h), as determined by
ELISA. Mean + SEM of four independent donors are shown (*p <
0.05). e Neutrophil migration in response to IL-8 or culture super-
natants from untreated M-M@ or CL264-treated (1 ug/mL) M-M@,
as determined by Transwell migration assays. Mean + SEM of four
independent donors are shown (**p < 0.01). f Production of the
indicated cytokines in M-M® was evaluated after exposure to the
indicated primary stimulus (24 h) and secondary stimulus (16 h), as
determined by ELISA. Mean + SEM of four independent donors are
shown (**p < 0.01).

pre-treatment of M-M@ with TLR7 inhibitors Enpatoran
[64] or TLR7/8-IN-1 (https://patentscope.wipo.int/search/
en/detail jsf?docld=W02019220390) dose-dependently ab-
rogated the CL264-induced production of CXCL1, CXCLS5,
and CXCLS8 (online suppl. Fig. 3e), thus demonstrating that
the production of CXCL chemokines by CL264-activated
M-MOQ@ is TLR7-dependent. Besides, and like in the case of
pro-inflammatory cytokines, CL264-treated M-M@ also
exhibited an augmented production of neutrophil-
attracting chemokines (CXCL1, CXCL5, CXCL8) when
exposed to additional pathogenic stimuli (Fig. 4f), further
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Fig. 5. The acquisition of the TLR7-specific transcriptome and
neutrophil-recruiting chemokine production depends on the mac-
rophage polarization state. a Schematic representation of siRNA-
mediated gene silencing before treatment of M-M@ with CL264 (1
pg/mL) for determination of the gene expression profile. b Sum-
mary of GSEA of the Clusters identified in Fig. 4 on the ranked
comparison of the transcriptomes of CL264-treated (4 h) siAHR
M-MQ@ (siAHR M-M@ + CL264 [left panel]), siMAF M-M@
(siMAF M-M@ + CL264 [middle panel]), or siMAFB M-MQ
(siMAFB M-MQ@ + CL264 [right panel]) versus siCNT M-MQ
+ CL264. FDRq value is indicated in each case. ¢ Relative ex-
pression of the indicated chemokine-encoding genes in CL264-

illustrating the functional significance of TLR7 ligation
in M-M@.

Acquisition of the TLR7-Induced Neutrophil-Recruiting

Chemokine Production Is Dependent on the

Macrophage Polarization State

As TLR7 is preferentially expressed in macrophages
(M-MQ) whose gene profile is dependent on MAFB [11,
65], MAF [18, 66], and AhR [67, 68], we next assessed
whether macrophage reprogramming prevented the

TLR7 Functions in Human Macrophages

treated (4 h) siAHR M-M@, siMAF M-M@, and siMAFB M-M@
(log2FC [siTF-M-M@ + CL264/siCNT-M-M@ + CL264]), as
determined by RNA-Seq (*, adjp < 0.05). d Schematic represen-
tation of siRNA-mediated gene silencing before treatment of
M-M@ with CL264 (1 pg/mL) for determination of the cytokine
profile. e Production of the indicated chemokines in untreated
M-M@ (-), siCNT M-M@ + CL264, siAHR M-M@ + CL264,
sIMAF M-M@ + CL264, and siMAFB M-MQ@ + CL264, as
determined by ELISA. Data represent the production of chemo-
kines by each cell type relative to the levels produced by siCNT
M-M@ + CL264. Mean = SEM of three independent donors are
shown (*p < 0.05; **p < 0.01).

acquisition of the TLR7-initiated transcriptome and
the production of CXCL chemokines. To that end,
MAFB, MAF, or AhR were knocked-down in M-M@®
before TLR7 activation (Fig. 5a; online suppl. Fig. 4a), and
transcriptional analysis performed on the resulting cells
(GSE181249, GSE205719). Compared to M-M@ trans-
fected with a control siRNA (siCNT M-M®@), knockdown
of AhR (siAHR M-M@) completely abrogated the upre-
gulation of the “GOBP_NEUTROPHIL_CHEMO-
TAXIS” gene set, whose expression was also impaired
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after MAFB knockdown (online suppl. Fig. 4b). Along the
same line, GSEA confirmed that knockdown of either
AhR or MAFB, but not MAF, very significantly reduced
the expression of the CL264-specific Cluster 2 genes
(Fig. 5b; online suppl. Fig. 4c). Specifically, AhR knock-
down impaired the CL264-mediated upregulation of
CXCLI1, CXCL2, CXCL3, CXCL5, and CXCL8 gene ex-
pression, while MAFB knockdown limited the expression
of the CXCLI gene (Fig. 5¢). Indeed, determination of
chemokine production in CL264-treated siAHR M-M@,
sIMAFB M-M@, and siMAF M-M@ (Fig. 5d) revealed
that knockdown of either AhR or MAFB significantly
reduces the production of the neutrophil-recruiting che-
mokines CXCL1, CXCL5, and CXCL8 (Fig. 5e). There-
fore, these results demonstrate that the macrophage
polarization state determines the extent of the response
to TLR7 activation and indicate that the AhR- and
MAFB-dependent anti-inflammatory state of M-M@ is
required for TLR7 activation to trigger the production of
neutrophil-recruiting chemokines.

Discussion

Several reports have now identified the monocyte-
derived pulmonary macrophage subsets that are respon-
sible for severe COVID-19 [13-16] and whose transcrip-
tional signature resembles that of M-CSF-dependent
monocyte-derived macrophages (M-MQ) [14, 18]. As
TLR7 is significantly overexpressed in M-MO [9, 12,
28], and its defective signaling is linked to COVID-19
severity [35-42], we have now assessed the transcriptional
and functional outcomes of TLR7 activation in M-MQ.
Our results indicate that TLR7 ligation in M-M@ results in
absent type I IFN production but in strong production of
neutrophil-recruiting “CXCL” chemokines, all of which
would promote pathologic parameters described in severe
COVID-19 like impaired viral elimination and enhanced
accumulation of neutrophils in infected tissues. Besides, we
have found that the TLR7-initiated “CXCL” chemokine
production is dependent on the transcription factors
MAFB and AhR, which are major determinants of the
anti-inflammatory profile of human macrophages.

The pattern of expression of TLR7 in human macro-
phages under physiological and pathological conditions also
lends relevance to our findings on the TLR7 function in
M-CSF-dependent monocyte-derived macrophages (Fig. 1),
as TLR7 is expressed by the M2 macrophage subset in
calcific aortic valve stenosis [50], and by decidual macro-
phages [58] (online suppl. Fig. 1a) and Tumor-Associated
Macrophages (online suppl. Fig. 1b), both of which display
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immunosuppressive functions. Like in M-M@, TLR7 ex-
pression is detected in FOLR2-expressing macrophages in
the fetal-maternal interface [58] and in FOLR2+ TAM [59,
60], and the co-expression of FOLR2 and TLR7 in TAM and
monocyte-derived macrophages has been used for macro-
phage functional re-programming in vitro and in vivo [60,
62]. Specifically, a folate-targeted TLR7 agonist has already
been used to reduce the immunosuppressive, pro-tumoral,
and pro-metastatic function of TAM [60] and, more re-
cently, to re-program fibrosis-inducing into fibrosis-
suppressing macrophages in a bleomycin-induced pulmo-
nary fibrosis mouse model [62]. Considering the pro-fibrotic
phenotype of the pathogenic pulmonary macrophages in
severe SARS-CoV-2 infections [14], these antecedents sup-
port the therapeutic potential of TLR7 agonists in COVID-
19. Our results complement and extend these previous
studies by providing the molecular basis for the TLR7-
initiated intracellular signaling and gene signature in human
monocyte-derived macrophages and raising the possibility
that the TLR7-driven macrophage re-programming action
in vivo might derive from the ability of TLR7 to potentiate
the production of pro-inflammatory cytokines upon expo-
sure to secondary stimuli.

As the ligation of TLRY7 triggers the release of type I IFN
in other cell types [69-71], the lack of production of type I
IFN by TLR7-activated M-M@ that we have observed is
unexpected and indicates that M-M@ exhibit a defective
TLR7-type I IEN link. In this regard, although LPS-
activated M-M@ produce much lower levels of IFNB1
than LPS-stimulated GM-CSF-dependent macrophages
[12], the expression of IFNBI in TLR7-activated M-M@
is even lower than that in LPS-activated M-M® and, in fact,
no IFNPL1 protein expression can be detected in the super-
natant of TLR7-activated M-M@. The absence of IFNf1
expression by TLR7-activated M-M@ might derive from
the strong IL-10-dependent STAT3 activation observed in
activated M-M@ [12] and the ability of STAT?3 to inhibit
the STAT1-mediated IFN type I response [72-74]. Con-
versely, the strong release of neutrophil-attracting chemo-
kines at late time points (12 h) after TLR7 activation is
unexpected because it does not occur upon TLR4 stim-
ulation. The late production of “CXCL” chemokines in
TLR7-activated M-M®, but not in LPS-activated M-M®Q,
might be related to the distinct kinetics of IL10 expression
in both cases, as IL10 levels are considerably reduced at late
time points only in TLR7-activated M-M(, but sustained
in LPS-activated M-M@ [12]. The link between low IL10
expression and high expression of CXCL8 also agrees with
the higher expression of other IL-10-regulated genes at late
time points after TLR7 ligation, including ILIA and IL6.
Noteworthy, if the kinetics of IL10 is similar after TLR7
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stimulation in pro-fibrotic pulmonary monocyte-derived
macrophages, it would lead to: 1) excessive/deregulated
levels of pro-inflammatory cytokines, including IL-6, a
feature that also characterizes severe COVID-19; and 2)
increased neutrophil recruitment towards lungs after
SARS-CoV-2 infection [75, 76]. Thus, the “TLR7-CXCL”
axis might be of particular relevance because myeloid cell-
derived neutrophil chemotaxis is related to severity of
COVID-19 [76-78], for which even CXCR2 antagonists
have been proposed as a treatment [79].

An additional finding with pathological implications is
the ability of TLR7 to condition the response of M-M® to
subsequent stimuli. Previous reports have described that
TLR activation leads to tolerance towards other TLR
ligands [46-48] and also limits the pro-inflammatory
activation of macrophages [49]. By contrast, whereas the
tolerance against further TLR7 stimulation was also seen in
M-M@, our results indicated that TLR7-activated M-M@®
exhibit a strong shift in their gene expression profile and
respond to secondary stimuli by producing much higher
levels of pro-inflammatory cytokines, including TNF and
IL-6. Although observed upon a short (24 h) exposure to
the TLR7 ligand, this conditioning action of TLR7 activa-
tion resembles the macrophage “training” ability of other
pathogen-derived products, like the TLR2 ligand {-glucan
[80]. As viral respiratory infections predispose to bacterial
infections, and bacterial co-infections have a worse out-
come than either infection [81], the macrophage “training”
ability of TLR7 might be of importance in the case of
COVID-19, where concomitant infection by other patho-
gens (viruses, bacteria including mycobacteria, fungi)
might be implicated in the excessive pro-inflammatory
response that takes place in the lungs of severe patients
[81], and whose presence would constitute a secondary
stimulation for macrophages previously activated by SARS-
CoV-2. Along the same line, it is worth noting that diabetes
and obesity, two of the most relevant risk factors for severe
COVID-19 [82], are associated with elevated levels of
palmitate [83-85], itself a promoter of pro-inflammatory
activation of human macrophages [51]. Thus, it is tempting
to speculate that palmitate exposure of “TLR7-trained”
macrophages might exacerbate the strong pro-
inflammatory response that occurs in obese or diabetes
patients in response to SARS-CoV-2 infection.
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