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ABSTRACT
Oxidative stress and Th17 cytokines are important mediators of inflammation. Treatment with beta-
adrenoceptor (ADRB) antagonists (beta-blockers) is associated with induction or aggravation of psor-
iasis-like skin inflammation, yet the underlying mechanisms are poorly understood. Herein, we identify
lysosomotropic beta-blockers as critical inducers of IL23A in human monocyte-derived Langerhans-like
cells under sterile-inflammatory conditions. Cytokine release was not mediated by cAMP, suggesting the
involvement of ADRB-independent pathways. NFKB/NF-κB and MAPK14/p38 activation was required for
propranolol-induced IL23A secretion whereas the NLRP3 inflammasome was dispensable. MAPK14
regulated recruitment of RELB to IL23A promoter regions. Without affecting the ubiquitin-proteasome
pathway, propranolol increased lysosomal pH and induced a late-stage block in macroautophagy/
autophagy. Propranolol specifically induced reactive oxygen species production, which was critical for
IL23A secretion, in Langerhans-like cells. Our findings provide insight into a potentially crucial immu-
noregulatory mechanism in cutaneous dendritic cells that may explain how lysosomotropic drugs
regulate inflammatory responses.

Abbreviations: ATF: activating transcription factor; DC: dendritic cell; ChIP: chromatin immunoprecipita-
tion; gDNA: genomic DNA; IL: interleukin; LAMP1: lysosomal associated membrane protein 1; LC:
Langerhans cell; LPS: lipopolysaccharide; MAP1LC3/LC3: microtubule associated protein 1 light chain
3; MAPK: mitogen-activated protein kinase; MoDC: monocyte-derived DC; MoLC: monocyte-derived
Langerhans-like cell; mtDNA: mitochondrial DNA; NAC: N-acetyl-L-cysteine; NLRP3: NLR family pyrin
domain containing 3; PBMC: peripheral blood mononuclear cell; PI: propidium iodide; PYCARD/ASC:
PYD and CARD domain containing; qRT-PCR: quantitative real-time PCR; ROS: reactive oxygen species;
SQSTM1/p62: sequestosome 1; TLR: Toll-like receptor; TRAF6: TNF receptor associated factor 6; TNF:
tumor necrosis factor; Ub: ubiquitin.

ARTICLE HISTORY
Received 31 October 2017
Revised 30 August 2019
Accepted 17 October 2019

KEYWORDS
Beta blockers; dendritic cells;
inflammation; skin; IL1;
IL23A; MAPK14/p38; reactive
oxygen species

Introduction

Macroautophagy/autophagy is a ubiquitous cellular process
controlling cellular homeostasis and cytosolic content degra-
dation [1]. Single membrane-enclosed autophagosomes, con-
taining ubiquitin (Ub)-labeled cargo, undergo maturation and
consecutively merge with lysosomes to form autolysosomes
[2], a structure essential for the digestion of subcellular com-
ponents [3,4]. Since lysosomal maintenance is pH sensitive, an
acidic lysosomal lumen is crucial for autophagic clearance. An
acidic interior contributes to ion trapping and subsequent
accumulation of basic, highly lipophilic small molecules.
Following lysosomal sequestration, compounds that succes-
sively increase lysosomal pH, and concomitantly the number
of autophagosomes, are known as lysosomotropic compounds
[5]. Lysosomotropism-induced loss-of-function of lysosomal
enzymes may eventually contribute to phospholipidosis,
a phospholipid storage disorder [6].

However, lysosomal dysfunctions and excessive aggregation
of autophagic cargo is also associated with IL1-mediated

autoinflammatory diseases [7–10]. Inhibition of autophagy
was shown to regulate IL23A secretion of innate immune
cells, including dendritic cells (DCs) [11,12]. Moreover, impair-
ment of autophagy-dependent removal of dysfunctional mito-
chondria is associated with the formation of reactive oxygen
species (ROS). Free mitochondrial DNA (mtDNA) and ROS
are potent inductors of pro-inflammatory signaling, including
the expression of IL1 family cytokines whose processing and
expression is tightly regulated by autophagosomes [13,14].
Furthermore, activation of IL1R/IL1 receptor- and Toll-like
receptor (TLR)-dependent signaling modulates chromatin
and/or nucleosome remodeling thereby regulating the access
of transcriptionally active NFKB/NF-κB proteins RELA, RELB
and REL/c-Rel to IL12A, IL12B and IL23A promoter regions
[15,16]. Thus, homeostatic feedback between autophagic activ-
ity and intra- and extracellular signaling pathways regulates
pro-inflammatory cytokines [17,18].

The pathogenesis of sterile, chronic autoinflammatory dis-
eases such as psoriasis relies strongly on Th17 cell activity
[19]. A cardinal hallmark is the positive regulation of the
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IL23A-IL17A axis that bridges innate and adaptive immune
response. Crosstalk between T cells and activated DCs is
responsible for potent T cell activation and subsequent polar-
ization. IL1A or IL1B and IL6 induce differentiation while
IL23A-dependent downstream signaling stabilizes
a pathogenic Th17 phenotype. Convergent data suggest
a critical contribution of monocyte-derived Langerhans-like
cells (MoLCs) and monocyte-derived dermal dendritic cells
(MoDCs) to Th17 development in psoriasis [20]. Recent
mouse studies further suggest that in particular LCs are cri-
tical regulators of IL23A production contributing to psoriasis
pathogenesis [21]. We identified previously an alteration to
autophagic flux induced by the anti-malarial drug chloro-
quine, which led to increased Th17 development, triggered
by IL23A secreted from cutaneous DCs [22].

Interestingly, during ADRB (adrenoceptor beta) antagonist
(hereafter referred to as “beta-blocker”) therapy, indicated primar-
ily in cardiovascular diseases [23], numerous patients exhibit
cutaneous adverse effects, so called “drug eruptions” [24,25].
Administration of the nonselective beta-blocker propranolol is
linked with the emergence, maintenance and/or exacerbation of
psoriasis-like skin inflammations. At present, the underlying
mechanism is poorly understood. Assuming a lysosomotropic
character of certain beta-blockers [26,27], we hypothesized
a crucial role for autophagy in drug-provoked inflammatory reac-
tions by epidermal LCs and dermal DCs by an enhanced secretion
of IL23A under sterile-inflammatory conditions.

Results

Propranolol induces IL23A release from activated
cutaneous DC subtypes

In agreement with our previous findings for inhibitors of late stage
autophagy [22], the nonselective beta-blocker propranolol signifi-
cantly induced IL23A release in a concentration-dependent man-
ner, between 25 and 100 µM, under sterile-inflammatory
conditions (Figure 1A). Notably, MoLCs were more sensitive to
propranolol resulting in substantial cytokine secretion compared
to MoDCs. Although, cytokine levels were not triggered by
enhanced cell death, propranolol concentrations above 100 μM
significantly increased the number of ANXA5 (annexin A5) and
propidium iodide (PI) double-positive cells (Figure 1B). Thus,
75 µM was selected for further assays. Moreover, propranolol
stimulation together with IL36G/IL-1F9, a new member of the
IL1 family and recently implicated in the pathogenesis of psoriasis
[28], upregulated Th17-related cytokine production in both DC
subtypes (Fig. S1). Sharing distinct IL1R downstream signaling
pathways, propranolol-induced a marginal upregulation of cyto-
kines exclusively in LPS-activated MoLCs. Additionally, we used
the (1,3)-β-glucan curdlan, a known IL23A inducer, that is recog-
nized by CLEC7A/dectin-1 leading to subsequent activation of
CARD9-dependent signaling [29]. However, propranolol signifi-
cantly downregulated cytokine release in MoLCs and MoDCs,
demonstrating a critical involvement of IL1R signaling for pro-
pranolol-enhanced cytokine expression. Since MoLCs appeared
more prone to propranolol induced IL23A release, increasing
concentrations of IL1B/IL-1β were added to MoDCs to ensure
full IL1R saturation in the presence of propranolol. While this

produced comparable surface expression of DC activation mar-
kers CD83 and CD86 (Fig. S2A), further IL23A production was
not observed in MoDCs (Fig. S2B).

Lysosomotropic beta-blockers elevate IL23A release
independent of ADRB (adrenoceptor) blockade

To address whether IL23A secretion results from reduced
cAMP levels by beta-adrenergic inhibition, we used the
ADCY (adenylate cyclase) inhibitor SQ 22,536. IL23A levels
were not significantly different in the presence of the inhibitor
(Figure 1C). Likewise, the ADCY activator forskolin did not
modulate IL23A production. Both cAMP modulators did not
affect cell viability (Fig. S3A) and regulated IL6 levels in the
absence of propranolol (Fig. S3B) confirming that IL6 is
regulated by intracellular cAMP levels [30].

We next used beta-blockers with closely related physicochem-
ical properties to chloroquine and propranolol to explore whether
lysosomotropism induces IL23A secretion (Table 1). The nonse-
lective beta-blocker timolol (Figure 1D) and the beta 1 selective
beta-blocker metoprolol (Figure 1E) increased IL23A release in
MoLCs in a concentrationdependentmanner but to a lesser extent
than propranolol. Practolol, a specific beta 1 selective beta-blocker,
which is no longer used due to the induction of inflammatory skin
reactions [31], failed to promote cytokine release (Figure 1F).
Given that practolol is the least lipophilic of the tested compounds,
we determined the IL23A response by one of the most lipophilic
clinically used nonselective beta-blocker penbutolol. Accordingly,
penbutolol consequently enhanced IL23A release (Figure 1G),
indicating a positive correlation between increasing clogP values
and drug-induced IL23A secretion. Thus, beta-blockers with spe-
cific chemical properties orchestrate cutaneous DCs to initiate
IL23A production independent of ADRB selectivity.

Propranolol alters gene expression of IL12 family
members without affecting IL12 release

To investigate the regulatory effect of propranolol at the tran-
scriptional level, we assessed mRNA expression of IL12A, IL12B
and IL23A. IL12A mRNA levels were hardly detectable in
MoDCs and MoLCs and not regulated (data not shown).
Consistently, propranolol did not trigger IL12 release in both
DC subsets under inflammatory conditions (data not shown).
Propranolol alone significantly induced IL23A but had little
effect on IL12B gene expression in MoLCs (Figure 1H).
Activation with IL1B resulted in elevated IL12B mRNA levels
while IL23A remained constant. When applied together with
propranolol the transcriptional activity of both IL23A-
composing subunits significantly increased. In activated
MoDCs, enhanced IL12B as well as slightly upregulated IL23A
transcription were observed. In the presence of propranolol,
IL23A but not IL12B gene expression was further increased.

Propranolol initiates th17differentiation innaïveCD4+T cells

We previously confirmed that chloroquine-stimulated MoLCs
promote Th17 differentiation in co-cultivation with allogeneic
naïve CD4+ T cells [22]. To evaluate whether lysosomotropic
drugs skew adaptive immune responses by directly affecting
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Figure 1. Lysosomotropic beta-blocker induce IL23A release by activated MoLCs independent of beta adrenoceptors. (A) IL23A secretion was analyzed by ELISA in the
supernatant of MoLCs and MoDCs stimulated with IL1B (20 ng/ml) for 24 h in the presence or absence of propranolol at different concentrations (25–150 µM). (B) Cell
viability was assessed by ANXA5-FITC/PI-double-staining using flow cytometry. (C) IL23A release by MoLCs and MoDCs, quantified after stimulation with SQ 22,536
(100 µM) or forskolin (20 µM) and followed by activation with IL1B (20 ng/ml) for 24 h in the presence or absence of propranolol (75 µM). (D-G) IL23A production by
MoLCs and MoDCs after stimulation with IL1B (20 ng/ml) for 24 h in the presence or absence of timolol, metoprolol, practolol or penbutolol at different
concentrations (1–150 µM) was assayed by ELISA. (H) mRNA expression of IL12B and IL23A in MoLCs and MoDCs, respectively, was assessed after 24 h of stimulation
with IL1B (20 ng/ml) in the presence or absence of propranolol (75 µM). Gene expression results were normalized to GAPDH and depicted relative to unstimulated
MoLCs and MoDCs (set as 1.0). Propranolol does not directly polarize naïve CD4+ T cells toward Th17 development. (I) Gene expression levels of RORC and IL17A were
examined in naïve CD4+ T cells, polyclonally stimulated with anti-CD3-CD28 antibodies for 5 d with or without propranolol (75 µM) or chloroquine (20 µM). Levels of
mRNA were normalized to GAPDH and presented relative to untreated CD4+ T cells (set as 1.0). (J) Naïve CD4+ T cells were stimulated with anti-CD3-CD28 antibodies
for 7 d in presence or absence of propranolol (75 µM) or chloroquine (20 µM), respectively. Th17 signature cytokines IL17A and IL22 in cell culture supernatants were
quantified by ELISA. (A-G) *P < 0.05, **P < 0.01, ***P < 0.001, one-way ANOVA test followed by Bonferroni posttest, (H and I) one-sample t-test. Data are
representative of (A) n = 4–5, (B) n = 3–6, (C) n = 3–5, (D-J) n = 3 independent experiments and display mean values ± SEM.
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T cells, we determined the effect of propranolol and chloro-
quine on naïve CD4+ T cells. Lysosomotropic drugs increased
gene expression of Th17 lineage marker RORC and Th17
signature cytokine IL17A in naïve CD4+ T cells (Figure 1I).
However, anti-CD3-CD28-induced activation reduced mRNA
levels of RORC and IL17A promoted by propranolol and
chloroquine. We next assessed T cell cytokine response of
IL17A and IL22, an accessory cytokine released by the
IL17A+ IL22+ Th17 cell population [32]. Lysosomotropic
compounds additionally failed to induce IL17A and IL22
release of T cells activated by anti-CD3-CD28 antibodies
(Figure 1J). Thus, while propranolol and chloroquine alone
triggered Th17-related gene transcription in naïve CD4+

T cells, CD3-CD28 activation resulted in inhibition of Th17
responses.

Propranolol differently regulates pro-inflammatory
cytokines in cutaneous DCs

Aside from IL23A, IL6 and TNF levels are also increased in
psoriatic lesions [33]. In propranolol-stimulated MoLCs, we
found significantly increased IL6 and TNF secretion (Figure
2). By contrast, in MoDCs, IL6 production was reduced while
TNF levels remained unaffected. In immune cell trafficking,
CXCL8/IL8 plays an essential role in the large-scale infiltra-
tion of acute inflammatory cells. Concordantly, CXCL8 pro-
duction was substantially increased in MoLCs and MoDCs in
the presence of IL1B and propranolol (Figure 2). Similar
results were observed for mRNA levels (Fig. S4).

Propranolol alters expression of autophagy-related
proteins

Lysosomotropism is strongly associated to disturbances in the
autophagic machinery [5]. During phagophore formation, the

mammalian autophagy marker MAP1LC3/LC3 is consecu-
tively converted from its cytosolic, passive form LC3-I to its
active LC3-II form. Protein expression demonstrated reduced
amounts of LC3-I and conversely, enhanced levels of LC3-II
in MoLCs after stimulation with propranolol indicating an
enhanced autophagic flux (Figure 3A). Besides an induction
of autophagy mediated by IL1B signaling, stimulation with
IL1B and propranolol simultaneously led to barely detectable
amounts of LC3-I and significantly upregulated LC3-II levels
in MoLCs and MoDCs. Consequently, propranolol signifi-
cantly increased LC3-II:LC3-I ratio in both subsets, indicating
a late-stage block of autophagy.

We next quantified expression of the cargo receptor pro-
tein SQSTM1/p62, a protein known to be degraded during
autophagy. Concordantly, propranolol markedly increased
SQSTM1 expression in IL1B-activated MoLCs but not in
MoDCs (Figure 3A). Previous data have indicated a complex
interaction between the IL1R downstream signaling molecule
TRAF6 and SQSTM1 [34]. Having previously reported the
TRAF6-upregulating effect of chloroquine [22], we next
assessed the intracellular co-staining of LC3 and TRAF6 in
MoLCs with or without propranolol to determine whether
TRAF6 is degraded via LC3-mediated autophagy. Indeed,
propranolol led to colocalization of LC3 and TRAF6 in IL1B-
stimulated MoLCs, further highlighting a block of late-stage
autophagy (Figure 3B).

Propranolol attenuates lysosomal acidification and
decreases LAMP1 expression

Lysosomotropic compounds are characterized by their ability
to accumulate in acidic subcellular compartments and alter
their pH [27]. To evaluate the influence of propranolol on the
internal pH of subcellular compartments, we stained MoLCs
with an acidotropic dye (LysoTracker). Propranolol-stimulated
cells revealed a time-dependent decrease in positively labeled
intracellular acidic compartments compared to control (Figure
3C). Similar results were obtained for chloroquine and bafilo-
mycin A1, a specific inhibitor of vacuolar-type H+-ATPase. To
assess whether propranolol impairs lysosomal function, we
quantified protein expression of LAMP1 (lysosomal associated
membrane protein 1), representing lysosomal maintenance. In
the presence of propranolol, increased LAMP1 expression was
detected in both DC subtypes (Figure 3D). Under sterile-
inflammatory conditions, LAMP1 levels were reduced and

Table 1. The clogP and basic pKa values of beta blockers and chloroquine used
in this study.

Compound pKa clogP

Chloroquine 10.1 5.28
Penbutolol 9.76 3.84
Propranolol 9.42 3.03
Metoprolol 9.21 1.80
Timolol 9.67 1.44
Practolol 9.67 0.53

Values were obtained from www.drugbank.ca.

Figure 2. Propranolol induces production of psoriasis-like inflammation associated mediators under sterile inflammatory conditions. Indicated cytokine secretion by
immature and IL1B-activated (20 ng/ml) DC subsets after 24 h in the presence or absence of propranolol (75 µM) was assessed using ELISA. *P < 0.05, **P < 0.01,
***P < 0.001, one-way ANOVA test followed by Bonferroni posttest. Data are representative of 3–4 independent experiments and display mean values + SEM.
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Figure 3. Propranolol inhibits autophagic flux and impairs endosomal maturation in MoLCs and MoDCs. (A and D) Immunoblot analysis of total LC3B-I, LC3B-II,
SQSTM1, and LAMP1 expression in whole-cell lysates of MoLCs and MoDCs, stimulated with IL1B (20 ng/ml) for 24 h with or without propranolol (75 µM). (B)
Immunostaining of IL1B-activated MoLCs for TRAF6 and LC3A after 24 h of stimulation with propranolol (75 µM). Scale bar represents 10 µm. (C) Acidification of
intracellular compartments was examined by flow cytometry of MoLCs, incubated with propranolol (75 µM), chloroquine (20 µM) or bafilomycin A1 (1 µM) for 0.5 h or
4 h, respectively. Cells were pre-incubated for 0.5 h in medium supplemented with acidotropic LysoTracker Red DND-99 (100 nM). pH indicator-specific detection of
mean fluorescence intensity (MFI) was quantified and depicted relative to untreated controls (assigned as 1.0). (E) Co-localization of LC3A and EGFR with LAMP1 was
analyzed by immunofluorescence microscopy in MoLCs and MoDCs after 24 h of stimulation with propranolol (75 µM). Scale bar represents 25 µm. (F) Immunoblot
analysis of whole-cell lysates from MoLCs probed with anti-Ub for total ubiquitin-conjugated constituents, stimulated with IL1B (20 ng/ml) for 24 h with or without
propranolol (75 µM) or MG132 (10 µM). (G) IL23A release was analyzed by ELISA in the supernatant of IL1B-stimulated MoLCs (20 ng/ml) for 24 h in the presence or
absence of propranolol (75 µM) or MG132 (10 µM). (A, D and F) Protein expression was quantified by densitometric analysis with ACTB/β-actin serving as control. (A,
F and G) *P < 0.05, **P < 0.01, ***P < 0.001, one-way ANOVA test followed by Bonferroni posttest, (C) unpaired two-tailed t-test. Data are representative of n = 3–4
independent experiments and display mean values ± SEM.
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even further decreased when simultaneously stimulated with
propranolol. We subsequently examined whether LC3 co-
localizes with LAMP1, indicating the formation of autolyso-
somes. Besides increased numbers of LC3+ autophagosomes,
immunofluorescence staining revealed no detectable co-
localization with LAMP1 after stimulation with propranolol
(Figure 3E). Collectively, propranolol presumably inhibits the
autophagic process at a late stage characterized by impaired
fusion between autophagosomes and lysosomes.

Propranolol-impeded endosomal trafficking appears
dispensable

To investigate the contribution of propranolol to other intra-
cellular vesicular trafficking, we monitored clathrin-mediated
endocytosis of internalized EGFR (epidermal growth factor
receptor). Addressing the fusion of lysosomes with late endo-
somes during endosomal maturation, we simultaneously
stained LC3, LAMP1 and EGFR in MoLCs and MoDCs,
respectively. Besides increased LC3 levels, propranolol hardly
altered the marginal basal expression of LAMP1 and EGFR in
MoLCs. However, stimulation of MoDCs with propranolol
increased the amount of endo-lysosomal proteins (Figure
3E). Additionally, co-localization of LAMP1 and EGFR was
solely observed in MoDCs, indicating no significant regula-
tion of endosomal trafficking pathways by propranolol.

Propranolol contributes to the accumulation of
ubiquitinated proteins

To further elucidate the interference of propranolol with the
autophagy-lysosomal pathway, we determined the ubiquiti-
nation status of cytosolic proteins and organelles in MoLCs.
Propranolol and IL1B alone were insufficient to enhance the
amount of Ub-labeled intracellular content (Figure 3F).
Elevated ubiquitination of cytosolic constituents was
detected under sterile inflammatory conditions when simul-
taneously challenged by propranolol or the proteasome inhi-
bitor MG132. Surprisingly, the addition of MG132
completely abolished propranolol-induced IL23A release in
IL1B-activated MoLCs, whereas MG132 alone did not affect
respective cytokine production (Figure 3G). Although these
data indicate that propranolol contributes to the intracellu-
lar accumulation of Ub-conjugated content, we cannot fully
rule out an involvement of the ubiquitin-proteasome path-
way in the propranolol-promoted IL23A secretion.

Propranolol regulates IL23A secretion in a NLRP3
inflammasome-independent pathway

Next, we investigated the expression of NLRP3 (NLR family
pyrin domain-containing 3) to exclude a putative regulatory
effect of propranolol in the proteasomal system. NLRP3 is
negatively regulated by ubiquitination and subsequently
degraded in an autophagy-dependent pathway [35].
Indeed, in MoLCs, propranolol significantly increased
NLRP3 expression but only in the pellet fraction (Figure
4A). IL1B-induced activation as well as co-stimulation with

propranolol almost abolished NLRP3 levels. However, the
addition of MG132 reinstated NRLP3 expression suggesting
enhanced protein levels due to an interference of proprano-
lol in autophagic machinery. NLRP3 expression is involved
with inflammasome activity, resulting in processing and
secretion of pro-inflammatory cytokines including IL1B
and IL18. Propranolol alone was insufficient to increase
IL1B expression in both DC subtypes (Figure 4B). By con-
trast, IL1B-induced IL1B upregulation was further amplified
by propranolol, while in MoDCs we observed that propra-
nolol negatively affected IL1B.

In order, to assess whether propranolol-induced IL23A
secretion was also regulated by NLRP3 inflammasome activ-
ity, we used MCC950, a specific NLRP3 inflammasome
inhibitor. MCC950 inhibited curdlan-induced IL23A secre-
tion (Figure 4D) but did not affect IL23A secretion in
propranolol- and IL1B-stimulated MoLCs (Figure 4C).
Following detection of cellular insults, the NLRP3 inflam-
masome activates CASP1 (caspase 1)-dependent conversion
of pro-IL1B into IL1B. Thus, to precisely investigate inflam-
masome activity, we quantified levels of IL1B and its pre-
cursor. In MoLCs, under sterile-inflammatory conditions,
a significant increase in pro-IL1B expression promoted by
propranolol was seen, while IL1B remained rather unaf-
fected (Figure 4E). The IL1B-induced upregulated ratio of
IL1B:pro-IL1B was completely abrogated in the presence of
propranolol. In line, we detected no regulation of IL18
secretion by IL1B-stimulated MoLCs with or without pro-
pranolol (data not shown). Taken together, these results
suggested that the NLRP3 inflammasome is dispensable for
propranolol-mediated induction of IL23A.

Propranolol induces oxidative stress and leads to an
abundance of ROS-producing mitochondria

Recent studies suggest a strong association between ROS
levels and autophagic activity [13]. Propranolol induced
a significant increase in ATF3 mRNA levels in MoLCs, indi-
cating oxidative cellular stress (Figure 5A). No propranolol-
induced alteration to ATF6 [36] was found in MoLCs (Figure
5B). Conversely, in MoDCs, no regulation of ATF3 but sig-
nificant upregulation of ATF6 was observed. Subsequently, we
analyzed total intracellular ROS generation. In MoLCs, pro-
pranolol increased ROS generation in a time-dependent man-
ner, while MoDCs stayed unaffected (Figure 5C). The ROS
inhibitor N-acetyl-L-cysteine (NAC) completely abrogated
ROS formation in propranolol-stimulated MoLCs and com-
pletely blocked IL23A secretion, indicating a pivotal role of
ROS for IL23A release (Figure 5D). Since propranolol as well
as chloroquine triggered Th17-priming in naïve CD4+ T cells,
we additionally assessed total intracellular ROS generation in
T cells. Propranolol stimulation yielded no apparent altera-
tions to cytosolic ROS formation (Figure 5E). Thus, propra-
nolol and presumably other lysosomotropic compounds
primarily induce oxidative cell stress in MoLCs that is crucial
for the contribution to the IL23A-IL17A axis.

It is widely known that the main source of cell stress
promoted ROS production are depolarized mitochondria
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and/or the endoplasmatic reticulum. Thus, we stained
MoLCs with a specific oxidation-sensitive fluorescent dye
that accumulates in mitochondria. Indeed, in the presence
of propranolol, increased fluorescent signals were detected
relative to control (Figure 5F). By contrast, bafilomycin A1

failed to regulate mitochondria-derived ROS production.
Immunofluorescent staining confirmed our results, showing
an increase in positively labeled, ROS-producing mitochon-
dria (Fig. S5). Collectively, propranolol led to enhanced total
ROS levels and concomitantly mitochondrial-derived ROS
formation in MoLCs alone that is critically involved in the
secretion of IL23A. To evaluate whether late-stage block of
autophagy interferes with degradation of mitochondria
whereby ROS formation is promoted, mitochondrial DNA
(mtDNA) was quantified. Chloroquine and propranolol but
not bafilomyin A1 induced mitochondria accumulation in
IL1B-activated MoLCs (Figure 5G). The selective removal of
mitochondria by mitophagy is triggered by a PINK1-
dependent recruitment of PRKN/parkin to dysfunctional
mitochondria. Corresponding to an altered autophagic flux,
IL1B-activated MoLCs stimulated with propranolol showed

a significant elevation of PINK1 levels, potentially linking
mitophagy to increased mtDNA deposits (Figure 5H).
However, propranolol failed to sufficiently regulate PRKN.
The co-administration of the mitochondria-targeted ROS
scavenger MitoTEMPO strongly reduced propranolol-
mediated regulation of PINK1. Moreover, MitoTEMPO
decreased propranolol-provoked IL23A levels, highlighting
a putative contribution of impaired mitophagy and subse-
quent ROS production to IL23A, induced by propranolol
(Figure 5I).

MAPK14 regulates IL23A release by enhancing IL12B
transcriptional activity

We previously demonstrated thatMAPK14/p38 activity is essen-
tially involved in chloroquine-induced IL23A secretion [22]. As
expected, inhibition of the MAPKs MAPK1/ERK2-MAPK3
/ERK1 and MAPK8/JNK by U0126 and SP600,125, respectively,
did not significantly regulate IL23A release (Figure 6A).
However, the MAPK14 inhibitor SB202,190 almost completely
blocked IL23A secretion. To assess whether propranolol

Figure 4. NLRP3 inflammasome activity is dispensable for propranolol-mediated induction of IL23. (A) Immunoblot analysis of cell pellets from MoLCs probed with
anti-NLRP3, after 24 h activation with IL1B (20 ng/ml) in the presence or absence of propranolol (75 µM) or MG132 (10 µM). (B) Quantification of IL1B mRNA in
immature and IL1B-activated (20 ng/ml) DC subsets stimulated for 3 h with or without propranolol (75 µM). Gene transcripts were normalized to GAPDH and
presented relative to unstimulated controls (set as 1.0). (C and D) ELISA of IL23A released by MoLCs and MoDCs activated with IL1B (20 ng/ml) or curdlan (20 µg/ml),
respectively, and stimulated with or without propranolol (75 µM) and NLRP3 inflammasome inhibitor MCC950 (5 µM) for 24 h. (E) Immunoblot analysis of IL1B in
whole-cell lysates from MoLCs obtained after 24 h of stimulation with IL1B (20 ng/ml) with or without propranolol (75 µM) or MG132 (10 µM). (A and E) Protein
expression was normalized to ACTB and quantified by densitometry. (A and E) *P < 0.05, **P < 0.01, one-way ANOVA test followed by Bonferroni posttest, (B) one-
sample t-test. Data are representative of (A) n = 4, (B-E) n = 3 independent experiments and display mean values + SEM.
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differentially regulates IL23A subunits via MAPK14, we deter-
mined mRNA expression of IL12B and IL23A. Blocking
MAPK14 activity resulted in complete inhibition of IL12B but
not IL23A transcription in activated MoLCs, indicating
MAPK14 is required for IL12B transcription (Figure 6B).

NFKB signaling plays an essential role in IL23A
production

Our data indicate that IL23A secretion is crucially dependent
on the activation of IL1R downstream signaling. To decipher
the role of the IL1R signaling cascade mediating NFKB activity,
we used BAY 11–7082 [37]. IL1B-induced IL23A secretion was
abolished by BAY 11–7082 in propranolol-stimulated cells
(Figure 6C). Similarly, BAY 11–7082 inhibited gene

transcription of IL12B and IL23A (Figure 6D). To investigate
whether propranolol regulates NFKB downstream transcription
factors, we analyzed mRNA expression of NFKB-family class 1
and 2 genes. Since propranolol increased RELB and REL
mRNA levels in IL1B-stimulated cells (Figure 6E,F), we next
analyzed the role of propranolol in modulating IL1B-mediated
recruitment of RELB, REL and RELA to IL23A promoters in
MoLCs by chromatin immunoprecipitation (ChIP).
Stimulation with propranolol significantly increased the
recruitment of RELB to the IL23A but not IL12B promoter
whereas RELA and REL were unaffected (Figure 6G).
Consistent with cytokine expression, in the presence of the
MAPK14 inhibitor SB202190, propranolol-induced RELB bind-
ing to the IL23A promoter region was blocked. Moreover,
enhanced recruitment of RELB to TNF encoding gene binding

Figure 5. Propranolol-induced inhibition of autophagic flux is accompanied by oxidative stress and abundance of ROS-producing mitochondria in MoLCs. (A and B)
qRT-PCR quantification of ATF3 and ATF6 copy numbers in immature and IL1B-activated (20 ng/ml) DC subsets stimulated for 3 h with or without propranolol
(75 µM). Levels of mRNA were normalized to GAPDH and presented relative to untreated DCs (set as 1.0). (C) Flow cytometry analysis of total intracellular ROS
formation in IL1B-activated DCs, pre-incubated with ROS assay stain for 1 h and subsequently stimulated with or without propranolol (75 µM) and N-acetyl-L-cysteine
(20 mM) for 1 h and 3 h, respectively. H2O2 (200 µM) was used as a positive control. ROS quantification is presented relative to unstimulated controls (set as 1.0). (D)
MoLCs stimulated with IL1B (20 ng/ml) were stimulated with or without propranolol (75 µM) and NAC (20 mM). Levels of IL23A were detected by ELISA. (E) Flow
cytometry analysis of total intracellular ROS formation in naïve CD4+ T cells, pre-incubated with ROS assay stain for 1 h and followed by stimulation with or without
propranolol (75 µM) and N-acetyl-L-cysteine (20 mM) for 1 h and 3 h, respectively. H2O2 (200 µM) served as positive control. ROS levels were displayed relative to
untreated controls (set as 1.0). (F) Detection of mitochondrial-generated ROS was examined by flow cytometry and mean fluorescence intensity (MFI) was quantified
in immature and IL1B-stimulated MoLCs, pre-loaded with MitoSOX (5 µM) for 10 min and subsequently cultivated for 24 h in the presence or absence of propranolol
(75 µM) or bafilomycin A1 (1 µM). Detected ROS were depicted relative to unstimulated MoLCs (set as 1.0). (G) Copy numbers of mitochondrial DNA (hmito3) in
unstimulated and IL1B-stimulated (20 ng/ml) with or without propranolol (75 µM), chloroquine (20 µM) or bafilomycin A1 (1 µM) were assayed after 48 h. mtDNA was
normalized to ALDOA, used as a loading control for genomic DNA and displayed relative to IL1B-activated cells (set as 1.0). (H) Immunoblot analysis of PINK1 and
PRKN in whole-cell lysates from MoLCs obtained after 24 h of stimulation with IL1B (20 ng/ml) with or without propranolol (75 µM) or MitoTEMPO (20 µM). Protein
expression was evaluated by densitometric analysis with ACTB/β-actin assisting as control. (I) ELISA of IL23A levels collected by MoLCs activated with IL1B (20 ng/ml)
and stimulated with or without propranolol (75 µM) and MitoTEMPO (20 µM) for 24 h. (A-C, F and G) *P < 0.05, one-sample t-test. (D, H and I) *P < 0.05, **P < 0.01,
***P < 0.001, one-way ANOVA test followed by Bonferroni posttest. Data are representative of (A, D and I) n = 3, (B, C, E, F and H) n = 4, (G) n = 3–6 independent
experiments and display mean values + SEM.
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Figure 6. MAPK14 activity crucially regulates IL23A release. (A) IL23A secretion was analyzed by ELISA of IL1B-stimulated (20 ng/ml) MoLCs, stimulated for 24 h with
or without propranolol (75 µM) in the presence or absence of a selective MAPK1-MAPK3 inhibitor (U0126, 10 µM), inhibitor of MAPK14 (SB 202,190, 10 µM) and
MAPK8 inhibitor (SP 600,125, 10 µM). (B) Analysis of IL12B and IL23A mRNA expression in IL1B-activated (20 ng/ml) and propranolol-stimulated (75 µM) MoLCs with
or without U0126 (10 µM), SB 202,190 (10 µM) or SP 600,125 (10 µM), respectively after 24 h. Gene transcripts were normalized to GAPDH and depicted relative to
IL1B-activated MoLCs concomitantly treated with propranolol (set as 1.0). (C) IL23A release by immature and IL1B-activated (20 ng/ml) DC subsets after 24 h in
presence or absence of propranolol (75 µM) and NFKB inhibitor Bay 11–7082 (10 µM) was determined by ELISA. (D) Levels of IL12B and IL23A mRNA expression in
MoLCs and MoDCs, stimulated with IL1B (20 ng/ml) for 24 h with or without propranolol (75 µM) and Bay 11–7082 (10 µM). Gene copy numbers were normalized to
GAPDH and presented relative to respective IL1B-stimulated DCs (set as 1.0). (E and F) Analysis of NFKB1 and NFKB2 as well as RELA, RELB and REL mRNA expression in
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sites was inhibited by MAPK14 blocking. Collectively, propra-
nolol upregulated RELB recruitment to IL23A and TNF pro-
moter regions in a manner dependent on MAPK14 activity.

In the cytosol, inactive RELB forms a heterodimeric com-
plex with NFKB2 p100. Activating upstream signaling path-
ways induce post-translational processing of NFKB2 p100 via
phosphorylation, consecutively leading to the formation of
transcriptionally competent NFKB2 p52/RELB complexes
[38]. Under sterile-inflammatory conditions, propranolol sig-
nificantly increased expression of NFKB2 p100 and p-NFKB2
p100, yet in the presence of MitoTEMPO only NFKB2 p100
expression was reduced (Figure 6H).

Furthermore, the stimulation with IL1B together with pro-
pranolol led to no significant alterations of proteasomal con-
verted NFKB2 p52. Since, neither p-NFKB2 p100:NFKB2
p100 nor NFKB2 p52:NFKB2 p100 ratios were affected, pro-
pranolol potentially increases NFKB2 p52/RELB signaling by
elevating NFKB2 p100 levels without modulating post-
translational modifications.

Discussion

The complex interplay between lysosomotropism, autophagy
and cellular secretory machinery remains poorly understood.
Here, we present a potentially critical immune modulatory
effect induced by lysosomotropic beta-blockers and possibly
other lysosomotropic drugs (Fig. S6). Propranolol elevated
ROS formation and inhibited autophagic flux in cutaneous
DCs leading to IL23A production, which is well in accordance
with previous studies using chloroquine [22]. Small molecule-
induced lysosomotropism, as demonstrated for chloroquine
[39], depends on lipophilicity (clogP > 2) and the presence of
a basic moiety (pKa > 6.5) [27]. Since propranolol induces
lysosomal accumulation, we evaluated the immune regulatory
effects of propranolol and other potentially lysosomotropic
beta-blockers.

In IL1B-activated cutaneous DCs, that mimic sterile-
inflammatory conditions, propranolol significantly promoted
upregulation of IL23, independent of ADRB blockade.
Correlating with decreasing clogP values, penbutolol
(clogP = 3.84), metoprolol (clogP = 1.80) and timolol
(clogP = 1.44) gradually increased IL23A release, while prac-
tolol (clogP = 0.53) failed to facilitate cytokine secretion.
Thus, IL23A regulation and increased IL6, TNF and CXCL8/
IL8 levels appear to be associated with lipophilicity of basic
amines in agreement with the well-accepted criteria for lyso-
somotropic drugs. Although practolol provoked adverse cuta-
neous reactions in clinical trials, pursuant to low clogP, IL23A
levels remained unchanged, indicating the involvement of

other molecular mechanisms. Indeed, practolol-induced skin
inflammation histologically differs from psoriatic lesions [40].

Compared to MoLCs, IL1B-stimulated MoDCs showed
a less pronounced IL23A response but secreted higher
amounts of CXCL8 in the presence of propranolol. The for-
mer is in line with recent data that reported a marginal
upregulation of cell surface maturation markers CD83 and
CD86 for MoDCs, whereas MoLCs evolved a semi-mature
state under sterile-inflammatory conditions [41]. The under-
lying mechanisms for the latter effects are unknown, however,
propranolol-induced CXCL8 mRNA levels were much lower
in IL1B-activated MoDCs compared to MoLCs.

Moreover, our data indicated that specific receptor-
dependent downstream signaling pathways involving
MYD88- and subsequent TRAF6-mediated NFKB activation,
are crucially affected by propranolol. The secretory machinery
is tightly linked to NFKB activation, suggesting an immune
regulatory effect of propranolol that modulates activity of
closely shared IL1R and TLR4 downstream signaling mole-
cules. Curdlan is known to potently trigger IL23A release via
CLEC7A/dectin-1-mediated SYK-CARD9 signaling and
polarize Th17 development [29]. Surprisingly, propranolol
dampened secretion of IL23A and IL1B in both DC subsets
while stimulated with curdlan. Consistent with no further
evidence for its involvement in autoimmune disorders
mediated by a pathogenic Th17 phenotype, CLEC7A down-
stream signaling is inhibited by lysosomotropic compounds.

Propranolol and chloroquine directed Th17 priming in naïve
CD4+ T cells, but in the presence of anti-CD3-CD28 antibodies,
mimicking antigen-presenting cell binding and thereby provid-
ing primary and co-stimulatory signals for T cell activation,
lysosomotropic compounds reduced Th17 effector responses.
The lack of specific polarizing and stabilizing antigen-
presenting cell-derived cytokines is likely responsible for the
absence of adaptive Th17-dependent signals. Supported by pre-
viously published data [22], lysosomotropism orchestrates
a MoLC-dependent cytokine profile that presumably induce
a Th17 phenotype under sterile-inflammatory conditions. Its
role in naïve T cells interacting with DCs pre-stimulated with
lysosomotropic compounds needs further exploration. Also, our
work does not preclude the possibility that propranolol modu-
lates CD8+ T cell function and T cell proliferation, which play
a critical role in the pathogenesis of psoriasis. It is well estab-
lished that autophagy inhibitors such as chloroquine inhibit
T cell proliferation, which may be a mechanism of action in
the treatment of autoimmune disease [42].

It was recently shown that IL1R downstream-dependent
recruitment of TRAF6 induces autophagy [17], playing
a pivotal role for the limitation of an inflammatory
response [43].

MoLCs and MoDCs, activated with IL1B (20 ng/ml) alone or with propranolol (75 µM) for 3 h. Levels of mRNA were normalized to GAPDH and displayed relative to
untreated controls (set as 1.0). (G) Binding of RELA, RELB and REL to promoters of IL12B, IL23A and TNF in MoLCs stimulated for 4 h with IL1B (20 ng/ml) in presence
or absence of propranolol (75 µM) and inhibitor of MAPK14 (SB 202,190, 10 µM), respectively, assayed by ChIP and subsequently quantified by qRT-PCR. Data are
presented relative to total input DNA (GAPDH). (H) Immunoblot analysis of total NFKB2 p100, NFKB2 p-NFKB2 p100, and NFKB2 p52 expression in whole-cell lysates of
MoLCs, stimulated with IL1B (20 ng/ml) for 24 h with or without propranolol (75 µM) and MitoTEMPO (20 µM). (H) Protein expression was assessed by densitometric
analysis with ACTB as control. (A-D, G and H) *P < 0.05, **P < 0.01, one-way ANOVA test followed by Bonferroni posttest. Data are representative of (A) n = 5, (B and
H) n = 4, (C) n = 3, (D-F) n = 3–4, (G) n = 5–7 independent experiments and display mean values + SEM.
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Additional studies reported that autophagy terminates exces-
sive inflammation in TLR signaling [44,45]. Mechanistically,
propranolol increasedMAP1LC3/LC3-II conversion, expression
of autophagymarker SQSTM1/p62 and colocalization of TRAF6
and LC3, indicating propranolol as a late-stage inhibitor of
autophagy. Lysosomotropic compounds are generally character-
ized by an accumulation within acidic organelles and alteration
to their respective pH [46]. We confirmed this for both propra-
nolol and chloroquine, which is in line with previous findings
[27]. Cationic amphiphilic compounds, possessing similar phy-
sicochemical properties, have also been shown to introduce
phospholipidosis, an excessive accumulation of phospholipids
enclosed in lysosomal-related lamellar. However, LAMP1, repre-
senting the physical presence of lysosomal lamellar bodies, was
downregulated by propranolol under sterile inflammatory con-
ditions indicating no further evidence for phospholipidosis.

Due to functional inhibition of autophagy, elevated expres-
sion of signaling molecules downstream of IL1R might further
increase autophagic flux, thereby inducing an amplification
loop [47]. However, recent studies provided evidence that
several lysosomotropic compounds directly induce endolyso-
somal LC3 lipidation in a non-canonical fashion [48,49].
Since EGFR regulation is limited to MoDCs, endocytic traf-
ficking likely plays a secondary role. Nonetheless, an impaired
IL1R internalization provoked by propranolol might contri-
bute to an enhanced expression of IL1B-triggered signaling
components.

In addition, we could not detect co-localization of LC3-II
with lysosome-marker LAMP1 further confirming an
impaired maturation of autolysosomes. Indeed, we observed
elevated ubiquitin-conjugated intracellular content pro-
moted by propranolol. Notably, inhibition of ubiquitin-
proteasome pathway resulted in similar ubiquitination and
however, abolished propranolol-induced IL23A secretion.
This effect is presumably due to an indirect inhibition of
IL1R downstream transduced NFKB activity, blocking pro-
teasomal degradation of NFKBIA/IκB [50,51]. However, pro-
pranolol exclusively provoked an increased expression of
NLRP3 that is known to be degraded in an autophagy-
dependent pathway. In discordance to IL1B regulation, IL1B-
induced conditions with or without propranolol diminished
NLRP3 expression. The assembly of NLRP3 with PYCARD
and CASP1, known as the NLRP3 inflammasome, is posi-
tively regulated by TRAF6 activation [52]. Thus, sterile
inflammatory conditions may mask antibody binding. The
NLRP3 inflammasome complex is crucial in orchestrating
the production and secretion of IL1 family cytokines includ-
ing IL1B and IL18. However, inhibition of NLRP3 inflam-
masome activity did not alter propranolol-induced IL23A
production. In addition, propranolol led to increased pro-
IL1B expression but neither modulated CASP1 activity by
inducing IL1B maturation, nor orchestrated IL18 secretion
in MoLCs. In line with previous studies, reporting a selective
regulation of TRAF6 by SQSTM1 as well as based on our
results, increased pro-IL1B expression is likely due to an
accumulation of IL1R downstream-dependent signaling
molecules that are presumably degraded by the autophagy-
lysosomal pathway [18,34]. Taken together, these results
potentially rule out the possibility of lysosomotropism-

induced IL23A secretion triggered by the NLRP3
inflammasome.

Although MG132 is preferably used as proteasomal inhi-
bitor, it may affect lysosomal hydrolases and thus, the invol-
vement of the autophagy-lysosomal system cannot be
excluded. Lysosomal hydrolases require acidic pH for ade-
quate function. Propranolol, chloroquine and bafilomycin
A1, alkalized lysosomal lumen, therefore we suggest an exclu-
sive block of the proteasome by MG132.

Propranolol rapidly provoked intracellular ROS produc-
tion in MoLCs. The ROS scavenger NAC completely abol-
ished propranolol-mediated IL23A release. Intriguingly, in
MoDCs, no increase of ROS was detected, possibly explaining
the less pronounced increase in IL23A production. In naïve
CD4+ T cells, we additionally observed no emergence of ROS
intrinsically driving a Th17 phenotype. Therefore, we suggest
an essential role by the specific DC-derived cytokine pattern
provoked by lysosomotropism to induce a psoriasis-like skin
inflammation.

Previous reports indicate a crucial role for ROS, elevating
IL1B and/or IL23A secretion in autophagy-deficient and func-
tionally autophagy-inhibited mouse BMDCs [18,53].
Although several ROS sources are known, depolarized mito-
chondria are most likely involved in ROS formation [54].
Indeed, ROS are profoundly derived from dysregulated mito-
chondria in MoLCs. The precise mechanism by which ROS
are generated by propranolol remains to be identified.
Furthermore, propranolol markedly induced PINK1 expres-
sion and similarly increased mtDNA deposits while PRKN
levels are not effectively regulated. PINK1 is preferentially
recruited to depolarized mitochondria leaking mtDNA,
thereby facilitating PRKN recruitment for subsequent elimi-
nation of mitochondria [55]. Indicating a consecutive recruit-
ment, this may account for a decelerated upregulation of
PRKN. However, inhibition of propranolol-induced mito-
chondrial ROS overproduction downregulated PINK1 and
PRKN levels and concomitantly reduced IL23A release. In
line with previous studies reporting that selective mitochon-
dria depletion is tightly linked to the PINK1- and PRKN-
directed autophagic machinery, lysosomotropism induced an
accumulation of mitochondria linking an impaired autop-
hagy-lysosomal clearance to ROS formation and IL23A secre-
tion [56].

While IL1R downstream signaling is mandatory to activate
the secretory machinery, propranolol alone substantially
enhanced IL12B and IL23A gene transcription. Besides IL1R
engagement, TLR-induced NFKB activation leads to histone
modification and chromatin remodeling, fostering accessibil-
ity of IL12B and IL23A promoter regions for transcription
factors in DCs [57,58]. Concordantly, inhibition of NFKB
signaling resulted in a complete abrogated gene transcription
of IL23A subunits. Thus, the mandatory NFKB recruitment to
specific IL12B and IL23A promoter is regulated by
propranolol.

Among MAPK signaling, MAPK14/p38 has been linked to
phosphorylation and phosphoacetylation of histone H3,
allowing access of NFKB transcription factors to IL12B and
IL23A promoter regions [59]. According to current reports,
functional inhibition of MAPK signaling unraveled MAPK14
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as a crucial IL1R downstream signaling molecule of IL23A
production [60,61]. Importantly, MAPK14 signaling stimu-
lates IL23A production in LCs in vivo leading to IL17A-
producing T cells and psoriasiform skin inflammation in
mice [21]. Consistently, we demonstrated that IL23A secre-
tion and, in particular, IL12B gene transcription is strictly
dependent on MAPK14 activity in MoLCs. We previously
detected that chloroquine-stimulated MoLCs elevated MAPK
expression, suggesting that IL23A induction might be depen-
dent on amplified MAPK activity mediated by increased sig-
naling molecules downstream of IL1R, presumably due to
inhibition of autophagic flux by lysosomotropic compounds.

Several pieces of evidence indicate a requirement of REL
activity for the upregulation of the Il12b promoter in mouse
DCs as well as macrophages and in addition, supported by
currently published data, MAPK14-regulated histone modifi-
cations possibly control REL binding to Il12b promoter
[59,62]. Conversely, our data indicated an enhanced propra-
nolol-mediated RELB recruitment to IL23A promoter regions
in IL1B-activated MoLCs that was completely abolished by
specific block of MAPK14. Although IL23A secretion
remained almost unaffected by inhibition of MAPK1-
MAPK3, we noticed a slight reduction of IL23A. Thus, besides
an apparent mandatory MAPK14 activity for IL23A transcrip-
tion, MAPK1-MAPK3 may additionally be involved in his-
tone modifications, that enable access to IL23A promoter
regions [16], but further studies are required. Moreover, we
observed a conspicuously propranolol-induced TNF promoter
binding by RELB. Again, potentially MAPK14-induced his-
tone modifications appeared essential for enhanced TNF tran-
scription. Expression of the RELB upstream signaling
component NFKB2 p100 is profoundly increased by propra-
nolol, whereas concurrent scavenging of mitochondria-
produced ROS maintained NFKB2 p100 levels. Indicating
a pivotal function for mitochondria-derived ROS. Besides
a prominent regulation of NFKB2 p100, propranolol failed
to alter subsequent post-translational activation. Previous stu-
dies indicate that endogenous-derived ROS and supplemented
H2O2 alter the TRAF6-mediated non-canonical upstream
MAP3K14/NIK (mitogen-activated protein kinase kinase
kinase 14) pathway, thereby promoting RELB-NFKB2 p52
transcriptional activities [63,64]. With respect to propranolol-
induced NFKB2 gene transcription as well as upregulated
NFKB2 p100 levels, and in concordance that Nfkb2-deficient
mouse macrophages elevated Il23a expression [16], we sug-
gest a putative role for ROS in transducing a non-canonical
NFKB activation.

Collectively, our data suggest a pharmacological off-target
effect for lysosomotropic beta-blocker and possible other
drugs that may critically affect late-stages of autophagic flux
and induce cytokine release under inflammatory conditions.
A limitation of our study is that we did not use knockout cells
to confirm the role of the underlying pathways. Although
recent progress has been made in genome editing of primary
human immune cells such as T cells, generation of human
knockout cells remains technically challenging [65].
Presumably due to a crosstalk of propranolol-induced ROS
formation and enhanced non-canonical NFKB signaling,
cutaneous DCs respond with IL23A secretion. Propranolol

might exert its immune-regulatory functions via inhibition
of autophagy-dependent negative feedback loops with subse-
quent increase in IL1R downstream signaling and dysregula-
tion of mitochondria. Enhanced MAPK activity upregulates
the accessibility of promoter regions for transcriptionally
active NFKB proteins, and thus varies affinities to IL23A κB
sites in distinct DNA sequences. ROS acting as a signal trans-
ducer may contribute to non-canonical NFKB signaling con-
verging innate and adaptive immune responses. Thus, we
propose lysosomotropic compounds are a crucial trigger to
dendritic cells, exacerbating Th17-related psoriasis-like skin
inflammation. Importantly, these findings may hold implica-
tions for other IL23-IL17A axis mediated auto-immune
disorders.

Materials and methods

Generation of MoLCs and modcs from human monocytes

Isolated human monocytes were isolated and differentiated
into MoLCs and MoDCs, respectively [22,41]. In brief, per-
ipheral blood mononuclear cells (PBMCs) were obtained from
buffy-coat donations from anonymous healthy volunteers
(DRK-Blutspendedienst Ost) after informed consent. MoLCs
and MoDCs were generated from adherent human monocytes
cultured in RPMI 1640 (Sigma-Aldrich, R0883) supplemented
with 2 mM L-glutamine (Sigma-Aldrich, G7513), 100 U/ml
penicillin, 100 µg/ml streptomycin (Sigma-Aldrich, P4333),
10% heat inactivated FCS (Biochrom Ltd, S0615) and addi-
tionally with rh-CSF2/GM-CSF (100 ng/ml; Miltenyi Biotec,
130-093-866), rh-IL4 (20 ng/ml; Miltenyi Biotec, 130-093-
922) and with or without rh-TGFB1/TGF-β1 (20 ng/ml;
Miltenyi Biotec, 130-095-067). After 6 d, suspension cells
were collected and sorted by CD1a MicroBeads (clone
HI149; Miltenyi Biotech, 130-051-001).

Isolation and in vitro activation of naïve CD4+ T cells
from human pbmcs

Naïve human CD4+ T cells were isolated from PBMCs by
negative selection using magnetic-activated cell sorting beads
according to the manufacturer’s instructions (MACS;
Miltenyi-Biotec, 130-096-533) [22,66]. Purified naïve CD4+

T cells were washed with PBS (Sigma-Aldrich, D8537), seeded
in a 24-well cell culture plate (VWR, 734–0056) at a density of
106 cells per ml and further cultured in RPMI 1640 (Sigma-
Aldrich, R0883) supplemented with 2 mM L-glutamine
(Sigma-Aldrich, 59202C), 10% heat inactivated FCS
(Biochrom, S0615) for 5 and 7 d respectively. To induce
activation, ImmunoCult Human CD3-CD28 T cell Activator
(STEMCELL Technologies, 10971) was added to complete
medium.

Functional assays of DCs in vitro

After in vitro differentiation, MoLCs and MoDCs were
washed with PBS (Sigma-Aldrich, D8537) and seeded into 24-
well cell culture plates (VWR, 734–0056) in complete medium
without supplemented cytokines at a density of 106 cells/ml.
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For subsequent stimulation, the following agonists were
applied to the cell culture medium: rh-IL1B/IL-1β (20 ng/
ml; eBioscience, 14–8018), rh-IL36G (100 ng/ml; PeproTech,
200-36G), ultrapure LPS from Escherichia coli serotype 0111:
B4 (1 µg/ml; InvivoGen, tlrl-3pelps), curdlan, a beta-1,3-glu-
can extracted from Alcaligenes faecalis (20 µg/ml; InvivoGen,
tlrl-curd).

DCs or naïve CD4+ T cells were pre-incubated with pro-
pranolol (25–150 µM; Sigma-Aldrich, P0884), penbutolol (1–-
25 µM; P0307000), timolol (25–150 µM; Tocris Bioscience,
0649), metoprolol (25–150 µM; Sigma-Aldrich, A9165), prac-
tolol (25–150 µM; Tocris Bioscience, 0831), and for autophagy
blocking experiments, chloroquine (20 µM; Sigma-Aldrich,
C6628), bafilomycin A1 (1 µM; Tocris Bioscience, 1334) for
1 h. Afterward, MoLCs and MoDCs were activated with
different agonists as mentioned above.

For functional assays, MoLCs and MoDCs were pre-
incubated with SQ 22,536 (100 µM; Cayman Chemical,
13,339), forskolin (20 µM; Cayman Chemical, 11,018),
MG132 (10 µM; Sigma-Aldrich, M7449), N-acetyl-L-cysteine
(NAC; 20 mM; Sigma-Aldrich, A9165), MCC950 (5 µM;
Sigma-Aldrich, 5.38120), MitoTEMPO (20 µM; Sigma-
Aldrich, SML0737) in complete medium for 1 h with or
without propranolol (75 µM). Afterward, MoLCs and
MoDCs were additionally stimulated with rh-IL1B (20 ng/
ml) with or without propranolol (75 µM).

To analyze the regulatory effect of propranolol on IL1R
downstream signaling, experiments were performed analog to
functional assays in the presence of the selective MAPK inhi-
bitors U0126 (MAPK1-MAPK3 inhibitor; Tocris Bioscience,
1144), SB 202190 (MAPK14/p38 MAPK inhibitor; Sigma-
Aldrich, S7067) and SP 600125 (MAPK8/JNK inhibitor;
Sigma-Aldrich, S5567) at 10 µM or Bay 11–7082 (10 µM;
Sigma-Aldrich, B5556), a functional inhibitor of NFKB/NF-
κB mediated signaling.

Cell viability

Cell viability was determined by trypan blue exclusion assay
(Sigma-Aldrich, T6146). Experiments were performed in
quadruplicates. Additionally, cell viability was evaluated by
ANXA5-FITC/PI assay (eBioscience, 88-8005-72). Single-cell
suspensions were subjected to flow cytometry (CytoFlex,
Beckman Coulter, Krefeld, Germany) with a total of
20 × 103 events.

Elisa

After 24 h of stimulation, cell culture supernatants were
collected and assayed for cytokine secretion using commer-
cially available ELISA kits: IL1B (ELISA-Ready Set Go;
Invitrogen, 501125197), IL6, CXCL8/IL8 (ELISA-Ready Set
Go; eBioscience, 88-7066-88), IL12 (ELISA-Ready Set Go;
eBioscience, 88–7126), IL17A (ELISA-Ready Set Go;
eBioscience, 88-7176-88), IL18 (DuoSet; R&D Systems,
DY318-05), IL22 (DuoSet; R&D Systems, DY782), IL23A
(DuoSet; R&D Systems, DY1290) and TNF (ELISA-Ready
Set Go; eBioscience, 88–7346).

Flow cytometry

Single-cell suspensions of MoDCs were stained with PE-
labeled anti-CD83 (BioLegend, 305308) and FITC-labeled
anti-CD86 (Miltenyi Biotech, 130-113-571) antibodies and
subsequently analyzed by flow cytometry (CytoFlex,
Beckman Coulter) for 10 × 103 events.

RNA isolation, cdna synthesis and qRT-PCR

Total RNA isolation, cDNA synthesis and quantitative real-
time RT-PCR (qRT-PCR) were performed as described [67].
Primers (synthesized by TIB Molbiol) with the following
sequences were used: CXCL8, GAPDH, IL1B, IL6, IL12A,
IL12B, IL23A, RORC and TNF as published previously
[22,68,69]; ATF3, 5ʹ-CCTCGGAAGTGAGTGCTTCT-3ʹ and
5ʹ-ATGGCAAACCTCAGCTCTTC-3ʹ; ATF6, 5ʹ-AAGCCCTG
ATGGTGCTAACTGAA-3ʹ and 5ʹ-CATGTCTATGAACCCA
TCCTCGAA-3ʹ; NFKB1, 5ʹ-AGAAGTCTTACCCTCAGGT
CAAA-3ʹ and 5ʹ-TCCAGCAGTTACAGTGCAGAT-3ʹ; NFK
B2, 5ʹ-AAGGACATGACTGCCCAATTTAA-3ʹ and 5ʹ-ATC
ATAGTCCCCATCATGTTCTTCTTC-3ʹ; RELA, 5ʹ-CTGC
CGGGATGGCTTCTAT-3ʹ and 5ʹ-CCGCTTCTTCACACA
CTGGAT-3ʹ; RELB, 5ʹ-AGCATCCTTGGGGAGAGC-3ʹ and
5ʹ-GAGGCCAGTCCTTCCACAC-3ʹ; REL/c-Rel, 5ʹ-CAACCG
AACATACCCTTCTATCC-3ʹ and 5ʹ-TCTGCTTCATAGT
AGCCGTCT-3ʹ; IL17A, 5ʹ-CTCATTGGTGTCACTGC
TACTG-3ʹ and 5ʹ-CCTGGATTTCGTGGGATTGTG-3ʹ. Fold
difference in gene expression was normalized to the house-
keeping gene GAPDH, showing the most constant expression
levels. The reaction mix including cDNA template, primers
and SYBR Green (iTaq Universal SYBR Green Supermix; Bio-
Rad, 172–5125) was run under the conditions as previously
described.

DNA isolation, determination of mtdna copy number

After 48 h, total DNA was extracted using the innuPREP
DNA Mini Kit (AnalytikJena, 845-KS-2040050), according to
manufacturer’s instructions. For the evaluation of mitochon-
dria DNA (mtDNA) content, the ratio of mtDNA:gDNA
(mitochondrial to genomic DNA) was determined. As
recently published, mtDNA copy number was assessed by
using primers for a unique 129-bp fragment called hmito3
with following sequences: 5ʹ- CACTTTCCACACAGAC
ATCA-3ʹ and 5ʹ-TGGTTAGGCTGGTGTTAGGG-3ʹ [70].
Mitochondrial DNA expression was determined by normal-
ization to genomic DNA, represented by ALDOA expression
with following sequences: 5ʹ- CGGGAAGAAGGAGAACCT
G-3ʹ and 5ʹ-GACCGCTCGGAGTGTACTTT-3ʹ. The reaction
mix of DNA template, primers and SYBR Green was assayed
under the same conditions as described above [67].

Immunofluorescence

Immunofluorescence was performed as described previously
with minor modifications [70]. Cells were fixed with ice-cold
methanol (VWR, 1.06009.1000) for 10 min. Primary antibo-
dies used, were rabbit-anti-MAP1LC3A/LC3A (1:400; Cell
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Signaling Technology, 4599), mouse-anti-TRAF6 (1:50; Santa
Cruz Biotechnology, sc-8409), rat-anti-EGFR (1:100; Bio-Rad,
MCA1784) and mouse-anti-LAMP1 (1:400; BioLegend,
328601). Secondary DyLight488-conjugated anti-rabbit
(1:400; Dianova, A23220-05) or AlexaFluor488-conjugated
anti-mouse antibodies (Cell Signaling Technology, 4408) as
well as AlexaFluor594-conjugated anti-rabbit or anti-mouse
antibodies (1:400; Cell Signaling Technology, 4412 or 8890)
and AlexaFluor647-conjugated anti-rat (1:1000; Thermo
Fisher Scientific, A-21247) were applied after washing for
1 h at room temperature. Cells were mounted in
ImmunoSelect Antifading Mounting Medium with 4ʹ,6-dia-
midino-2-phenylindole (DAPI, Dianova, SCR-38448). Images
were captured using a confocal laser scanning microscope
Leica SP8 (Leica microsystems, Wetzlar, Germany).

Internal pH measurement

The acidotropic agent LysoTracker Red DND-99 (Invitrogen,
L7528) was freshly diluted to a final concentration of 100 nM
in RPMI complete in the absence of supplemented cytokines.
After 0.5 h and 4 h, respectively, cells were collected, washed
in PBS and subsequently loaded with LysoTracker Red DND-
99 (100 nM) for 30 min at 37°C according to the manufac-
turer’s recommendations. Again, MoLCs were harvested,
washed and LysoTracker Red-uptake was determined by
flow cytometry (CytoFlex, Beckman Coulter), examining
a total of 10 × 103 events.

ROS quantification

Total internal ROS formation was determined with Total
Reactive Oxygen Species Assay Kit (eBioscience, 88–5930) in
concordance with manufacturer’s instructions. In brief, prior
to stimulation, MoLCs and MoDCs were labeled with pro-
vided ROS assay stain for 1 h at 37°C in complete medium
without supplemented cytokines. Following stimulation for
1 h and additionally 3 h, cells were collected, washed and
immediately analyzed by using flow cytometry (CytoFlex,
Beckman Coulter) for 10 × 103 events.

Mitosox assay

MitoSOX Red (Invitrogen, M36008) was diluted in medium
without supplemented cytokines to a final concentration of
5 µM. MoLCs were re-suspended in MitoSOX Red containing
medium for 10 min at 37°C and subsequently cultivated. The
following fluorescence-labeled cells were stimulated for 24 h.
Afterward, MoLCs were harvested, washed with PBS and
simultaneously examined by flow cytometry (CytoFlex,
Beckman Coulter) for 10 × 103 events or mounted on poly-
lysine coated slide (Thermo Fisher Scientific) using cytospin
procedure as described [22]. ImmunoSelect Antifading
Mounting Medium with 4ʹ,6-diamidino-2-phenylindole
(DAPI, Dianova, SCR-38,448) was applied and microscopy
was carried out using a BZ-8000 fluorescence microscope
(Keyence, Itasca, United States).

Western blotting

Cell lysis and protein isolation was performed as previously
described [70]. Protein lysates were separated by 10% SDS
polyacrylamide gel containing Rotiphorese Gel 40 (Carl Roth,
T802), TRIS (Carl Roth, 5429), SDS (Carl Roth, 0183),
TEMED (Carl Roth, 2367), ammonium persulfate (Sigma-
Aldrich, A3678) in distilled deionized water using Mini-
PROTEAN electrophoresis system (Bio-Rad, Munich,
Germany). Gels were blotted onto polyvinylidene difluoride
membranes (Immun-Blot PVDF; Bio-Rad, 1620177). After
blocking with 5% skimmed-milk powder (Sucofin, 12307)
for 1 h at 37°C, membranes were incubated with primary
rabbit antibodies at 1:1000: MAP1LC3B/LC3B (Cell
Signaling Technology, 2775), SQSTM1/p62 (Cell Signaling
Technology, 8025), Ubiquitin (Cell Signaling Technology,
3933), NLRP3 (Cell Signaling Technology,15101), IL1B (Cell
Signaling Technology,12703), PRKN/parkin (Cell Signaling
Technology, 2132), PINK1 (Cell Signaling Technology,
6946), phospho-NFKB2 p100 (Cell Signaling Technology,
4810), NFKB2 p100/p52 (Cell Signaling Technology, 4882)
and LAMP1 (BioLegend, 328601) overnight at 4°C, and sub-
sequently incubated with anti-rabbit HRP-conjugated second-
ary antibody (1:1000; Cell Signaling Technology, 7074) for
1 h. Then blots were developed with SignalFire ECL reagent
(Cell Signaling Technology, 6883) and signals were visualized
by PXi/PXi Touch gel imaging system (Syngene, Cambridge,
UK). The membranes were stripped with restore western blot
stripping buffer (Thermo Fisher Scientific, 21059) and further
re-incubated with anti-ACTB/β-actin rabbit antibody (1:1000;
Cell Signaling Technology, 4970). Values of protein expres-
sion were analyzed by densitometry and normalized to ACTB
levels using ImageJ version 1.46r (NIH) verifying for non-
saturation and subtracting background.

Chip assay

ChIP was assayed with EpiQuik ChiP kit (Epigentek, P-2002)
in concordance with manufacturer’s instructions. In particular,
pre-stimulated cells were cross-linked with 1% formaldehyde
(Sigma-Aldrich, F8775) in complete medium for 10 min and
subsequently lysed. DNA was sheared by sonication.
Chromatin fraction was immuno-precipitated for 90 min with
rabbit-anti-RELA (1:100; Cell Signaling Technology, 8242),
rabbit-anti-RELB (1:50; Cell Signaling Technology, 10544)
and rabbit-anti-REL (1:50; Cell Signaling Technology, 12659).
Cross-linking was reversed at 65°C for 90 min. Input DNA and
precipitated DNA were purified and subsequently analyzed
with qRT-PCR by primers including IL12B, IL23A, TNF, 5ʹ-
CCCAGGGACCTCTCTCTAATCA-3ʹ and 5ʹ-GCTACAGGC
TTGTCACTCGG-3ʹ and normalized to GAPDH.

Statistical analysis

Data are expressed as means ± SEM. For multiple compar-
isons, statistically significant differences were determined by
one-way ANOVA followed by a Bonferroni post-hoc test and
considered significant at *P < 0.05, **P < 0.01, ***P < 0.001.
Statistical differences against unstimulated control (fold

AUTOPHAGY 1393



change) were assessed by unpaired Student`s t-test or one-
sample t-test. Statistical analysis was performed using
GraphPad Prism software.
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