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Abstract
Background: Synthetic glucocorticoids (GC) are effective in the treatment of in-
flammatory diseases of the lung. However, long-term use leads to severe side 
effects. Endogenous GC can be synthesized locally, either de novo from choles-
terol in a 11β-hydroxylase (Cyp11b1)-dependent manner, or by reactivation from 
11-dehydrocorticosterone/cortisone by 11β-hydroxysteroid dehydrogenase 1 
(Hsd11b1). We aimed to define the molecular pathways of endogenous GC synthesis 
along the respiratory tree to provide a basis for understanding how local GC synthesis 
contributes to tissue homeostasis.
Methods: Expression of steroidogenic enzymes in murine lung epithelium was ana-
lyzed by macroscopic and laser capture microdissection, followed by RT-qPCR. Flow 
cytometry analysis was performed to identify the cellular source of steroidogenic en-
zymes. Additionally, the induction of steroidogenic enzyme expression in the lung 
was analyzed after lipopolysaccharide (LPS) injection. mRNA and protein expression 
of steroidogenic enzymes was confirmed in human lung tissue by RT-qPCR and im-
munohistochemistry. Furthermore, GC synthesis was examined in ex vivo cultures of 
fresh tissue from mice and human lobectomy patients.
Results: We observed that the murine and human lung tissue differentially expresses 
synthesis pathway-determining enzymes along the respiratory tree. We detected 
Hsd11b1 expression in bronchial, alveolar, club and basal epithelial cells, whereas 
Cyp11b1 expression was detectable only in tracheal epithelial cells of mice. Accordingly, 
de novo synthesis of bioactive GC occurred in the large conducting airways, whereas 
reactivation occurred everywhere along the respiratory tree. Strikingly, Cyp11b1 but 
not Hsd11b1 expression was enhanced in the trachea upon LPS injection in mice.
Conclusion: We report here the differential synthesis of bioactive GC along the 
murine and human respiratory tree. Thus, extra-adrenal de novo GC synthesis and 
reactivation may differentially contribute to the regulation of immunological and in-
flammatory processes in the lung.
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1  |  INTRODUC TION

Various inflammatory diseases of the lung, including chronic ob-
structive pulmonary disease (COPD) and asthma, are successfully 
treated with synthetic glucocorticoids (GC). GC are lipophilic hor-
mones that exert their strong anti-inflammatory action by binding 
to the glucocorticoid receptor α (GRα), which leads to transcrip-
tional activation or repression of genes containing a glucocorticoid 
response element (GRE), or via protein–protein interaction with 
other transcription factors.1,2 Despite various side effects upon 
long-term use, synthetic GC are widely applied due to their excel-
lent efficacy.3 The role of endogenous GC in the regulation of in-
flammatory lung diseases, however, is still unknown. It is generally 
accepted that the adrenal glands are the main source of endogenous 
GC, but studies on extra-adrenal GC synthesis at epithelial barri-
ers (i.e., intestine, skin, and lung) have highlighted important func-
tions of locally produced GC in regulating immunological processes 
under homeostatic and inflammatory conditions.4–12 Bioactive GC 
are synthesized either de novo from cholesterol or by reactivation 
from inactive GC (cortisone, resp. 11-dehydrocorticosterone).13–15 
Endogenous GC synthesis involves a number of steroidogenic en-
zymes, comprising cytochrome P450 enzymes and hydroxysteroid 
dehydrogenases, with cortisol (main GC in humans) or corticoste-
rone (main GC in mice) as the active hormones. Cyp11b1 is a gene 
encoding a crucial GC-activating enzyme of the de novo synthesis 
pathway (11β-hydroxylase), whereas Hsd11b1 encodes the enzyme 
that catalyzes the reactivation reaction (11β-hydroxysteroid dehy-
drogenase 1, 11β-HSD1). It is well established that for example, 
skin and intestine are both capable of locally synthesizing GC de 
novo as well as via corticosterone reactivation.6,8,16,17 Moreover, 
de novo GC synthesis appears to be particularly important for 
the control of intestinal and skin homeostasis and inflamma-
tion.6–8,11,16,18 Our previous study on local GC synthesis in the 

lung described that all enzymes necessary for de novo synthesis 
and GC reactivation are expressed in the lung.5 Experiments in 
adrenalectomized (ADX) mice further revealed that lung GC syn-
thesis in response to strong systemic inflammation is dependent 
on adrenal-derived precursors. Immune cell activation promoted 
lung GC synthesis in a 11β-hydroxysteroid dehydrogenase 1 (11β-
HSD1; gene: Hsd11b1)-dependent manner, but simultaneously 
also led to a drastic upregulation of P450(scc) (gene: Cyp11a1), the 
enzyme that catalyzes the initial cholesterol conversion in the de 
novo synthesis pathway.5 Therefore, we hypothesized that de novo 
GC synthesis may also be relevant in the regulation of lung homeo-
stasis and inflammation. Thus, the present study aimed to investi-
gate firstly, whether different GC synthesis pathways exist in the 
lung, and secondly, whether there are spatial differences regarding 
GC synthesis along the respiratory tree. Considering the lung in its 
different functional units and the route of pathogen, resp. aller-
gen exposure, differential GC synthesis via distinct pathways may 
be biologically relevant. The composition of the lung epithelium 
changes along the respiratory tree in order to cope with different 
physiological functions and requirements.19 The pseudostratified 
epithelium of the large conducting airways contains basal cells with 
multipotent stem cell function.20 They give rise to several special-
ized epithelial cell types, for example, club cells, which have an im-
munomodulatory, but also a stem cell function to regenerate the 
epithelium.21 The alveolar epithelium contains type I alveolar cells, 
which form the large surface area of the lungs and allow gas ex-
change. They develop from alveolar type II cells, which produce the 
surfactant necessary to maintain alveolar structure and function.22 
This diversity of epithelial cells suggests that there may be specific 
cell types capable of synthesizing GC in different lung segments. 
This study aimed to analyze the different GC synthesis pathways 
to demonstrate the complexity and spatial differences of GC syn-
thesis along the respiratory tree in mice and human. Therefore, we 

G R A P H I C A L  A B S T R A C T
The lung epithelium expresses steroidogenic enzymes and synthesizes GCs de novo from cholesterol as well as via reactivation from 
11-dehydrocorticosterone/cortisone. GC reactivation via 11β-hydroxysteroid dehydrogenase 1 occurs mostly in the alveoli, whereas de 
novo GC synthesis via 11β-hydroxylase predominantly in the large conducting airways. The concept of differential GC synthesis could be 
confirmed in murine as well as human lung tissue. 
Abbreviations: Cyp11b1, 11β-hydroxylase; GC, glucocorticoids; Hsd11b1, 11β-hydroxysteroid dehydrogenase; 11-Doc, 
11-deoxycorticosterone; 11-Dhc, 11-dehydrocorticosterone
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determined steroidogenic enzyme expression, tissue-specific sub-
strate conversion and bioactivity of synthesized GC in the murine 
and human lung. In addition, we determined the cellular sources of 
steroidogenic enzymes in murine lungs.

2  |  MATERIAL S AND METHODS

2.1  |  Mice

Wild-type C57BL/6 were housed in individually ventilated cages 
at the animal facility of the University of Konstanz. Mice (male and 
female) were used in experiments between 8 and 10 weeks of age. 
Experiments were conducted in accordance with the animal ex-
perimentation regulations of Germany and were approved by the 
Review Board of the Regional Council Freiburg i.B.

2.2  |  Human samples

Investigations on human patient samples have been conducted in 
accordance with the ethics committees of the Canton Thurgau and 
Eastern Switzerland, and the Declaration of Helsinki and informed 
consent was obtained from all subjects. Formalin-fixed and paraffin-
embedded (FFPE) lung tissue sections were collected at the Institute 
of Pathology, and fresh tissue samples from lobectomy patients 
were collected by the Department of Surgery, Cantonal Hospital 
Münsterlingen, Switzerland.

2.3  |  RT-qPCR

RNA isolation was performed with peqGOLD TriFast (PeqLab, 
Erlangen, Germany) (murine tissue), ReliaPrep (PROMEGA, Madison, 
USA) (LCM samples), RNeasy FFPE Kit (Qiagen, Hilden, Germany) 
(human samples (FFPE)), and RNeasy Mini Kit (Qiagen) (human sam-
ples (fresh)), according to the manufacturer's protocols. SYBRGreen-
based RT-qPCR was performed with StepOnePlus Real-Time PCR 
system/QuantStudio™ 3 System (Applied biosystems, Waltham, 
USA) (Primers: Table  S1). Expression was normalized to β-Actin/β-
ACTIN. Expression (2−ΔCT) was calculated as follow: ΔCT = CT (gene 
of interest)—CT (β-Actin, resp.β-ACTIN).

2.4  |  Murine lung ex vivo culture

Lungs were perfused with phosphate-buffered saline (PBS) and 
macroscopically dissected to obtain trachea, main stem bronchi, 
and lung lobes. Ex vivo organ cultures were performed as previ-
ously published.5,8,23,24 Tissues (10 mg) were cut and cultured in 
Dulbecco's Modified Eagle Medium (DMEM) (containing 50 μg/mL 
gentamycin, 2,5 mM L-glutamine), in the absence or presence of 
200 μg/mL metyrapone (MET), 100 μM 11-dehydrocorticosterone 

(11-Dhc) (VWR, Radnor, USA), or 11-deoxycorticosterone acetate 
(11-Doc) (Sigma, St. Louis, USA), and incubated for 16 h (37°C, 5% 
CO2).

2.5  |  Human lung ex vivo culture

Noncancerous tissues from distant areas were obtained from eight 
cancer patients (6x lobar bronchus and peripheral alveolar tissue, 
2x peripheral alveolar tissue only). Tissue samples were washed in 
PBS (containing 100 U/mL penicillin, 100 μg/mL streptomycin) and 
stored in Improved Minimum Essential Medium (IMDM) (contain-
ing penicillin and streptomycin) until processing. Tissues (200 mg) 
were cut into small pieces and cultured in DMEM medium (con-
taining 5% charcoal-stripped Fetal Calf Serum (FCS), 50 μg/mL 
gentamycin, and 2,5 mM L-glutamine), in the presence or absence 
of 200 μg/mL metyrapone or 100 μM cortisone for 6 h (37°C, 5% 
CO2).

2.6  |  Luciferase-based glucocorticoid (GC) bioassay

GC synthesis in ex vivo cultures was determined via a previously 
published GR-regulated luciferase reporter assay.5,6,23,25 HEK293T 
cells were transfected with a GRE-containing luciferase reporter 
construct (GRE2tk-LUC), a GR-expression plasmid (SVGR1) and a 
β-galactosidase expression plasmid for normalization. Cells were 
exposed to ex vivo culture supernatant (SN), and luciferase activity 
was assessed after overnight incubation. GC concentrations were 
calculated using a cortisol/corticosterone standard curve. Δ conver-
sion of 11-Dhc, 11-Doc, or cortisone corresponds to the difference 
between the values of untreated and precursor-treated SN, after 
subtraction of background signals.

2.7  |  Fluorescence activated cell sorting (FACS)

Murine lung and trachea were digested separately, and single cell 
suspensions were prepared as previously published (Table S2).20,26,27 
After red blood cell lysis, lung cells were negative selected for 
CD45 and CD16/32 with streptavidin magnetic beads (STEMCELL 
Technologies, Vancouver, Canada). Cells were stained (Table S3) for 
30 min (lung) or 40 min (trachea) on ice, and respective cell popula-
tions were sorted on a FACSAria™III multicolor cell sorter (Becton 
Dickinson (BD), Franklin Lakes, USA) into CnT-17 medium (CELLnTec, 
Bern, Switzerland).

2.8  |  Laser capture microdissection (LCM)

Frozen sections of Tissue-Tek-O.C.T (Sakura Finetek, Umkirch, 
Germany)-embedded murine lungs were fixed on RNAse-free 
membrane-covered slides (Zeiss) and stained with 1% cresyl violet 
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(Sigma-Aldrich). LCM was performed using a PALM MicroBeam 
System and PALM RoboSoftware (Zeiss, Jena, Germany).

2.9  |  Histological analysis

FFPE human lung tissue sections were deparaffinized, rehydrated, 
and stained with hematoxylin and eosin (H&E). For immunohisto-
chemistry heat-induced epitope retrieval was performed prior to 
antibody staining with anti-11β-HSD1 antibody (sodium citrate 
pH 6,0), anti-CYP11B1 antibody (Tris-EDTA pH 9,0), or isotype con-
trol (Table S5), and a biotin-labeled secondary antibody.28 Vectastain 
ABC-kit (Vector Laboratories, Burlingham, USA) was used to con-
vert DAB (3,3’-D'diaminobenzidine) (Roche, Basel, Switzerland), and 
nuclei were counterstained with hematoxylin (Carl Roth, Karlsruhe, 
Germany).

2.10  |  Lipopolysaccharide (LPS) challenge

C57BL/6 mice were intraperitoneally injected with 100 μL of PBS or 
100 μg LPS in PBS (Sigma-Aldrich). After 3 h lungs were processed 
for ex vivo culture or frozen for RNA isolation.

2.11  |  ELISA

Tumor necrosis factor (TNF), interleukin-1β (IL1β), and interleukin-6 
(IL6) concentrations in murine lung homogenates were quantified by 
ELISA according to the manufacturer's protocols (Table S4).

2.12  |  Statistical analysis

Statistical analyses were performed using GraphPad Prism (v.8.0; 
La Jolla, CA, USA). Normal distribution tests: D'Agostino-Pearson 
omnibus, Shapiro Wilk, and Kolmogorov–Smirnov test. Details are 
indicated in the figure legends.

3  |  RESULTS

3.1  |  Steroidogenic enzymes are differentially 
expressed along the murine respiratory tree

We have previously shown that the lung is a potent extra-adrenal 
source of GC and expresses all steroidogenic enzymes necessary 
for de novo synthesis as well as reactivation of GC.5 However, this 
study did not investigate potential differences of GC synthesis in 
the different lung segments. Hence, we aimed to investigate the dif-
ferent GC synthesis pathways along the respiratory tree. Firstly, we 
determined the mRNA expression of several P450 enzymes and hy-
droxysteroid dehydrogenases involved in the different GC synthesis 

pathways (Figure 1A) in macroscopically dissected murine lung tis-
sue (Figure 1B, Figure S1A). Strikingly, whereas there were no dif-
ferences in Star, Cyp11a1, Cyp21, and Hsd3b3 expression, we found 
that Cyp11b1 and Hsd11b1 are inversely expressed from the trachea 
to the alveoli, indicating different GC synthesis pathways depending 
on the lung segments (Figure  1C, Figure  S1A–C). 11β-hydroxylase 
(Cyp11b1) and 11β-HSD1 (Hsd11b1) use different substrates to cata-
lyze a final step to active GC, and are therefore good markers of the 
respective pathway, that is, de novo synthesis versus reactivation. 
We confirmed these data using laser capture microdissection (LCM) 
to specifically isolate RNA from the epithelial cells in the different 
lung segments (Figure 1D). The expression of Cyp11b1 and Hsd11b1 
in isolated tracheal, bronchiolar, and alveolar epithelium was con-
sistent with the result from macroscopically dissected tissue. Thus, 
steroidogenic enzymes are differentially expressed in different epi-
thelial lung tissues.

3.2  |  Murine alveolar, bronchial, and tracheal tissue 
differentially produce GC

Although gene expression is a good indicator for cellular processes, 
it only provides limited information about the functionality of the 
gene product, for example, enzymes. Thus, we next determined 
whether the differential enzyme expression pattern leads to func-
tional differences in the synthesis of bioactive GC. We examined 
the production of corticosterone in ex vivo cultures of murine tra-
cheal, bronchial, and alveolar tissue. GC synthesis and bioactivity 
were confirmed in all parts of the lung investigated in a GR-based 
luciferase assay (Figure 2A). Importantly, the synthesis of bioactive 
GC could be blocked by treatment with metyrapone, an inhibitor of 
11β-hydroxylase (11β-OH) and 11β-hydroxysteroid dehydrogenase 
1 (11β-HSD1), thus excluding potential contaminations by serum-
derived corticosterone (Figure 2A). This implies that GC are gener-
ally synthesized ex vivo along the entire respiratory tree regardless 
of the respective lung segment, however, does not provide any infor-
mation about the relevant GC synthesis pathway. In order to distin-
guish between de novo GC synthesis and reactivation, we developed 
a functional assay to measure substrate conversion of the respec-
tive enzymes. Interestingly, the addition of 11-deoxycorticosterone, 
the substrate of 11β-OH, to the culture medium enhanced the GC 
synthesis in tracheal tissue relative to alveolar tissue (Figure  2B). 
By contrast, addition of 11-dehydrocorticosterone, the substrate 
of 11β-HSD1, resulted in increased GC synthesis in alveolar tissue 
compared with tracheal tissue (Figure 2C). The specificity of the con-
version assay was confirmed in ex vivo cultures of large intestine 
and liver (Figure. S2A, B). The large intestine is known to synthe-
size GC ex vivo and expresses both Cyp11b1 and Hsd11b1, whereas 
the liver expresses only Hsd11b1.7,29 As expected, conversion of 
11-dehydrocorticosterone was detected in both organs, whereas 
11-deoxycorticosterone was converted only in the large intestine. 
Thus, the pattern of substrate conversion is consistent with the re-
spective enzyme expression along the respiratory epithelium.
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Taken together, these results indicate that GC are indeed dif-
ferentially synthesized along the respiratory tree, which was not 
only confirmed by mRNA expression but also by substrate con-
version and synthesis of bioactive corticosterone in ex vivo tissue 
cultures.

3.3  |  Murine stem cell-like progenitor cells are a 
likely source of de novo synthesized GC

It is well established that the source of extra-adrenal GC in the skin 
and the intestine are stem cell-like progenitor cells.6,30 The cellular 

F I G U R E  1  Steroidogenic enzymes are differentially expressed along the respiratory tree. (A) Scheme of the glucocorticoid (GC) synthesis 
pathway in humans and rodents. (B) Scheme for sample collection for macroscopic dissection. (C) Expression of Star, Cyp11a1, Cyp11b1, and 
Hsd11b1 in macroscopically dissected murine trachea, bronchi, and alveoli was assessed by RT-qPCR. Expression levels were normalized to 
β-Actin. Bars indicate mean values + SD of n = 6 mice. (D) Representative images of selected epithelial structures of trachea, bronchioles, 
and alveoli for laser capture microdissection (LCM). Left panel: circles frame tracheal epithelium. Right panel: dashed lines frame alveolar 
epithelia, continuous lines frame epithelium of bronchioles. (E) Expression levels of Cyp11b1 and Hsd11b1 of samples collected via LCM were 
assessed by RT-qPCR. Expression levels are normalized to β-Actin. Bars show mean values + SD of n = 5–6 mice. Statistical analyses were 
performed using the RM one-way ANOVA and Sidak's multiple comparisons. * p < 0.05; ns, not significant. ND, not detectable.
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source of lung-derived GC, however, is unknown. Because the cell 
type composition of the conducting and alveolar epithelium differs, 
we hypothesized that also the cellular source of de novo synthesized 
and reactivated GC may be different. Therefore, we aimed to 
identify the specific cell types of the lung epithelium that express 
Cyp11b1 or Hsd11b1. Hence, we performed fluorescence activated 
cell sorting (FACS) followed by RT-qPCR analysis. The different 
methods used to isolate the respective epithelial cells required 
separate sorting of tracheal epithelial cells and cells derived from the 
lung lobe epithelium (Figure 3A). The epithelial cells of the lung lobes 
were defined as CD45neg, CD16/32neg, and Ep-CAMpos. Bronchial 
epithelial cells, mainly consisting of ciliated cells, were identified by 
CD24high (Figure  3B).31 Alveolar epithelial cells were sorted based 
on the expression of podoplanin (AEC type I) or MHCII (AEC type 
II) (Figure 3B).32 Epithelial cells from the tracheal epithelium were 
defined as CD45neg and Ep-CAMpos. Basal cells were identified 
by their expression of CD49f and podoplanin (Figure  3C).33 Club 
cells were sorted based on their expression of Ep-CAMhigh and 
CD49fint (Figure  3C). The identities of the sorted cell populations 
were confirmed by RT-qPCR-based detection of typical cell type 
markers (Figure  3D).34,35 Whereas the expression of Hsd11b1 was 
detectable in all sorted cell populations, Cyp11b1 expression was 
only detectable in basal and club cell populations isolated from the 
trachea (Figure 3E). Both cell types, basal and club cells, are known 
to have stem cell function,20,21 representing an interesting similarity 
to other extra-adrenal organs with barrier function (i.e., skin and 

intestine) and further highlights that the cells of the large conducting 
airways have the potential to synthesize GC de novo.

3.4  |  Murine tracheal Cyp11b1 expression is 
induced upon immune cell activation

Although immune regulation by GC under steady-state conditions 
is important to maintain immune homeostasis, the anti-
inflammatory action of GC is also known to efficiently control acute 
inflammation. Intraperitoneal injection (i.p) of lipopolysaccharide 
(LPS) is an established model to induce systemic inflammation and 
associated extra-adrenal GC synthesis in steroidogenic tissues.5–7 
Specifically, it is known that LPS injection results in enhanced GC 
synthesis in the intestine and the skin, which is associated with 
induced gene expression of Cyp11b1.6,7 To address de novo GC 
synthesis in the lung also under inflammatory conditions, we 
investigated whether Cyp11b1 expression in the trachea can also 
be induced by LPS injection and associated immunological stress 
(Figure  4A). LPS i.p. injection resulted in a strong inflammatory 
response in the lung, as indicated by significantly increased TNF, 
IL1β, and IL6 levels in lung homogenates (Figure 4B). Additionally, 
ex vivo GC synthesis was increased in alveolar and tracheal tissue. 
Furthermore, we observed an up to 14-fold induction of tracheal 
Cyp11b1 expression in mice injected with LPS compared to PBS 
controls (Figure 4C, D). This increase in Cyp11b1 expression was 

F I G U R E  2  Glucocorticoids are synthesized in situ in murine trachea, bronchi, and alveoli. (A–C) Macroscopically dissected tissue samples 
of murine trachea, bronchi, and alveoli (10 mg/sample) were cultured ex vivo for 16 h. GC concentrations in supernatants were assessed in 
a GC receptor (GR)-based luciferase assay. (A) Supernatants of control or metyrapone (MET)-treated ex vivo cultures were analyzed (n = 6 
mice). GC concentration was assessed using a corticosterone standard curve. (B), (C) Ex vivo cultures were treated with either 100 μM 
11-dehydrocorticosterone (11-Dhc) or 11-deoxycorticosterone acetate (11-Doc). Conversion to corticosterone was calculated as the 
difference between samples cultured with and without substrate (Δ conversion). Data were normalized to in situ GC synthesis in alveolar 
tissue. Bars show mean values ± SD of samples from n = 7 mice. Statistical analysis was performed by using RM one-way ANOVA and Sidak's 
multiple comparisons * p < 0.05; ** p < 0.01.
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not observed in alveolar tissue of the same mice (Figure S3A). Also, 
the expression of Hsd11b1 remained unchanged in tracheal and 
alveolar tissue (Figure 4B, Figure S3A). We additionally analyzed 
Cyp11b1 and Hsd11b1 expression in trachea and lung of mice with 
airway hypersensitivity caused by house dust mite (HDM) extract, 
but did not observe significant differences (Figure  S3B, C). This 

supports the hypothesis that, depending on the trigger and type 
of immune response, de novo synthesis in the tracheal epithelium 
responds to acute immunological stress.

In summary, the murine lung epithelium not only differentially 
synthesizes GC under steady-state conditions but is also capable 
to respond to immunological stress via the induction of Cyp11b1 

F I G U R E  3  Identification of lung epithelial cell types with Cyp11b1 and Hsd11b1 expression. (A) Scheme of murine lung epithelial cell 
isolation and sorting strategy. Club cells (CC) and basal cells (BC) were isolated and sorted only from tracheal tissue. Bronchial epithelial 
cells (BEC) and alveolar epithelial cells type I and II (AC I + II) were isolated and sorted from the lung lobes. (B) The panels display the gating 
strategy for BC and CC sorting based on CD45-, Ep-CAM+ and the different expression patterns of podoplanin and CD49f. (C) The panels 
display the gating strategy for BEC, AEC I, and AEC II sorting based on CD45-, CD16/32-, Ep-CAM+ and the different expression patterns 
of CD24, podoplanin and MHC II. (D) The cellular identity of sorted populations was verified by typical epithelial cell marker expression 
via RT-qPCR. The expression of Tp63, Scgb1a1, Foxj1, Pdpn, and Sftpc was normalized to β-Actin. Lines display mean ± SD of n = 6–9 mice. 
(E) Expression of Cyp11b1 and Hsd11b1 in the sorted cell population was assessed by RT-qPCR and normalized to β-Actin. Violin plots show 
values of populations with detectable expression. Numbers of positive populations are indicated below the graph. ND, not detectable.
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expression in the trachea. This indicates an immunoregulatory 
pathway that is independent of adrenal gland-derived substrate 
availability.

3.5  |  CYP11B1 is differentially expressed in 
human lung

Thus far, our data suggest that both GC synthesis pathways, de 
novo synthesis and reactivation, exist in different lung segments in 
mice. In order to address the relevance of these findings in human 
lungs, we investigated the expression and function of steroidogenic 
enzymes in human lung samples. FFPE human lung sections were 
visually inspected using H&E staining. Tissue samples containing 
predominantly large conducting airways and alveolar tissue were 
collected and their expression of CYP11B1 and HSD11B1 was 
analyzed by RT-qPCR. While HSD11B1 appeared to be uniformly 
expressed in the lung regions examined, CYP11B1 expression was 
increased in the large conducting airways (Figure 5A). This distinct 

expression of CYP11B1 was further confirmed at the protein level 
using immunohistochemistry. While expression of 11β-HSD1 was 
detectable throughout the lung epithelium, 11β-OH was absent in 
alveoli and small conducting airways, but detectable in the large 
conducting airways (Figure 5B, C; Figure S4). More specifically, 11β-
OH expression in the conducting airways appeared to be restricted 
to the basal cells of the pseudostratified epithelium (Figure 5B, C; 
Figure S4). These results suggest differential synthesis of local GC 
also in human lungs.

3.6  |  Human alveolar and bronchial tissue produce 
active glucocorticoids

Since mRNA and protein expression of steroidogenic enzymes 
alone do not necessarily correlate with functionality, that is, the 
differential GC synthesis in different sections of the human lung, we 
next addressed this issue in fresh human lung tissue. We analyzed 
GC synthesis in human tissue samples from lobectomy patients that 

F I G U R E  4  Cyp11b1 expression is induced in murine trachea upon lipopolysaccharide (LPS) injection. (A) A schematic overview of the 
experimental setup. C57BL/6 mice were injected intraperitoneally (i.p.) with 100 μg LPS or PBS, and analyzed after 3 h. (B) IL1β, TNF, and IL6 
in lung homogenates of mice treated with LPS or PBS were assessed by ELISA. Lines show mean values ± SD (n = 6). (C) GC concentration 
in supernatants of lung ex vivo cultures were analyzed in a GC receptor (GR)-based luciferase assay. Bars show mean values ± SD (n = 3). 
(D) RT-qPCR of RNA isolated from tracheas of mice injected for 3 h with 100 μg LPS or PBS. Expression values of Cyp11b1 and Hsd11b1 were 
normalized to β-Actin. Violin plots show fold increase of expression levels of n = 6–8 mice relative to PBS treated mice. Statistical analysis 
was performed using (C) Two-way ANOVA Sidak's multiple comparisons, (B), (D) two-tailed unpaired t test * p < 0.05; *** p < 0.005; **** 
p < 0.001, ns, not significant.
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contained lobar bronchus and peripheral alveolar tissue. Firstly, we 
isolated RNA from the different lung segments and analyzed their 
CYP11B1 and HSD11B1 expression to confirm our results from the 

FFPE samples. As expected, CYP11B1 expression was significantly 
higher in bronchial tissue than in alveolar tissue, whereas no 
difference in HSD11B1 expression was detectable (Figure  6A). In 

F I G U R E  5  CYP11B1 and HSD11B1 are expressed along the human respiratory tree. (A) Expression of CYP11B1 and HSD11B1 was 
assessed in tissue sections of alveolar tissue and large conducting airways from human lung sections by RT-qPCR. Bars indicate mean values 
and lines connect samples from the same patient (n = 4). (B, C) Representative images of immunohistochemistry staining for 11β-hydroxylase 
(11-βOH, CYP11B1) and 11β-hydroxysteroid dehydrogenase 1 (11-βHSD1, HSD11B1) in human lung tissue sections (four patients) of (B) 
alveoli, small conducting airways and (C) large conducting airways. H&E staining are shown for comparison. Scale bar = 200 μm. Inlays show 
magnifications. L, large, S, small.
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order to investigate the actual synthesis of bioactive GC in these 
different sections, we cultured human alveolar and bronchial tissue 
ex vivo and quantified the release of GC using the luciferase-based 
GC assay. Excitingly, we confirmed cortisol synthesis in ex vivo 
cultured human lung tissues, which was blockable by metyrapone 
(Figure  6B). Similar to the ex vivo cultured murine lung tissues, 
inactive cortisone was converted to active cortisol more efficiently 
in alveolar tissue than in bronchial tissue (Figure  6C). Conversion 
of 11-deoxycortisol could, however, not be assessed due to high 
background in the luciferase-based GC bioassay. Nevertheless, 
these findings strongly suggest differential GC synthesis in human 
lung tissue, similar to that observed in murine lungs.

In conclusion, the human lung ex vivo experiments confirm 
our hypothesis that GC are differentially synthesized along the re-
spiratory tree, which could open interesting novel therapeutic ap-
proaches for the treatment of inflammatory lung diseases.

4  |  DISCUSSION

The immunoregulatory properties and anti-inflammatory actions of 
extra-adrenal GC have been well investigated in several organs.14 
Exceeding the important regulatory functions in the maintenance of 
tissue homeostasis, local GC synthesis may also have great potential 
for the development of new therapies for inflammatory diseases. 
The lung in particular is affected by various acute and chronic in-
flammatory diseases, such as asthma or COPD, which represent a 
major burden for the affected patients and public health. Although 
the therapeutic use of synthetic GC is very established and effec-
tive, long-term use can cause severe side effects, and thus alterna-
tives are required.3 Stimulation of endogenous GC synthesis in the 
lung epithelium could represent such an alternative, but the putative 
complex regulation and function of local GC synthesis requires de-
tailed investigation.

F I G U R E  6  Human lungs differentially produce glucocorticoids (GC) along the respiratory tree. (A) Expression of CYP11B1 and HSD11B1 
in fresh lobar bronchial and alveolar human tissue from lobectomy patients was assessed by RT-qPCR. Violin plots show individual values 
for alveolar tissue of n = 8 patients and lobar bronchial tissue of n = 6 patients. (B) GC concentration in supernatant of control (UT) or 
metyrapone-treated (MET) ex vivo cultures of fresh human bronchial and alveolar tissue (200 mg/sample) was assessed in a GC receptor 
(GR)-based luciferase assay. GC concentration was calculated using a cortisol standard curve. Bars indicate mean values of n = 6–8 patients. 
The same dot color refers to the same patient. Statistically analyses were performed using the Two-way ANOVA. (C) Ex vivo cultures 
were treated with cortisone (100 μM). Conversion to cortisol was calculated as the difference between samples cultured with and without 
substrate (Δ conversion). Bars show mean values and lines connect samples from the same patient (n = 6 patients). Statistically analyses were 
performed using the (A) paired two-tailed t test, (B) Two-way ANOVA, (C) Mann–Whitney test. * p < 0.05; *** p < 0.005, ns: not significant.
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In this study, we investigated the spatial differences of extra-
adrenal GC synthesis along the respiratory tree of mice and hu-
mans. We observed a differential gene expression pattern of 
Cyp11b1 and Hsd11b1. Using the LCM technology, we could first 
confirm the expression of these enzymes in lung tissue, and sec-
ond identify a spatial gene expression pattern (Figure 1D). The re-
versed gene expression pattern of Cyp11b1 and Hsd11b1 from the 
trachea to the alveoli suggests that different GC synthesis path-
ways are involved, depending on the location along the respiratory 
tree and the exposure of the tissue to inflammatory challenges 
(Figure  1C, D). Accordingly, this differential enzyme expression 
could be confirmed by the different efficiencies in substrate con-
version. 11-deoxycorticosterone, the substrate of 11β-OH is more 
efficiently converted to corticosterone in ex vivo cultured tra-
cheal tissue than in alveolar tissue. By contrast, differences in the 
synthesis of corticosterone from 11-dehydrocorticosterone in a 
11β-HSD1-dependent manner are less pronounced (Figure 2B, C). 
Our own studies on extra-adrenal GC synthesis in other epithelial 
barriers, that is, the skin and the intestine, already revealed the 
importance of local GC in regulating the immune system during 
homeostasis and inflammation.6,8,9,16 Interestingly, the source of 
locally de novo synthesized GC in the skin and the intestine are 
organ-specific stem cell-like progenitor cells.6,30 Our investiga-
tion on the cellular source of de novo synthesized GC in the lung 
also indicates that stem cell-like basal and club cells in the trachea 
express Cyp11b1 and produce GC from cholesterol (Figure  3D). 
Hsd11b1, however, appears to be expressed in all cell types, sug-
gesting that reactivation of inactive GC is important along the 
entire respiratory tree (Figure 3D). In our previous study we de-
scribed that 11β-HSD1-dependent reactivation of GC in the lung 
is dependent on systemic GC synthesis, since adrenalectomy 
strongly reduced the release of GC from lung tissue.5 However, it 
is reasonable to assume that the maintenance of tissue homeosta-
sis could also benefit from local mechanisms responding to immu-
nological stress without involving the entire system, as observed 
upon release of GC from the adrenal glands. 11β-OH-dependent 
de novo synthesis could represent such a mechanism. The hy-
pothesis that both GC synthesis pathways likely play important 
roles in the lung is strengthened by findings from other extra-
adrenal organs. Thus, keratinocyte-specific deletion of Hsd11b1 
or Cyp11b1 showed an exacerbated phenotype in ear swelling 
and pro-inflammatory cytokine expression in response to hapten-
induced allergic dermatitis in mice.6,17 This indicates an important 
role of local reactivation of inactive GC as well as de novo synthe-
sis. Remarkably, Cyp11b1-deleted mice developed skin pathology 
even without additional immunological challenge of the skin, sug-
gesting a crucial role of de novo GC synthesis in skin homeosta-
sis.6 Since the skin, similar to the conducting airway epithelium, 
is constantly exposed to bacteria and pathogens, immunological 
processes are continuously triggered and it might be beneficial if 
local GC synthesis occurs independently of substrate availability 
from the adrenal glands. That the expression of Cyp11b1 and con-
sequently de novo GC synthesis in the trachea are indeed induced 

by immunological stress was confirmed upon immune cell activa-
tion by LPS injection (Figure 4C, D). LPS elicits a strong and rapid 
type 1 inflammatory response and was shown before to trigger GC 
synthesis in the skin and intestinal tissues,5–7 and as shown here 
also in the lung. HDM-induced airway hypersensitivity, which is 
associated with type 2 immune responses, however, did not in-
duce Cyp11b1 expression in the trachea, indicating that the type 
of immune response is critical (Figure S3B, C). This is consistent 
with the assumption that GC predominantly suppress type 1 and 
17, and not type 2 immune responses.36,37

The underlying mechanisms that promote and regulate either de 
novo synthesis or reactivation of inactive GC in the lung epithelium 
remain, however, to be investigated. While TNF can trigger GC syn-
thesis in the lung, it is not required for pulmonary GC synthesis in re-
sponse to immune cell activation, while it is critical in the intestine.5,7 
Thus, the relevant immune cell-derived factors, likely cytokines, that 
regulate local GC synthesis in the lung need to be examined. In this 
regard, it might be also conceivable that direct activation of lung epi-
thelial cells via pattern recognition receptors (PPR) may promote GC 
synthesis. Full elucidation of these processes would be important for 
the development of new treatment strategies.

Although murine and human lungs share similar characteristics, 
species-specific differences, such as organ size or cell type distri-
bution,22 must be considered and we thus extended our studies 
to human samples. The role, regulation, and relevance of local GC 
synthesis in human lungs are currently poorly defined. Of interest, 
though, enhanced CYP11B1 and HSD11B1 expression, accompanied 
by increased cortisol levels have been found in patients with chronic 
rhinosinusitis, suggesting a role of local GC synthesis in the regu-
lation of inflammatory responses in the upper respiratory tract.38 
Similarly, we could now demonstrate CYP11B1 and HSD11B1 expres-
sion also in human conducting and respiratory airways (Figures 5A, 
6A). Additionally, protein expression in patient samples was further 
confirmed by immunohistochemistry (Figure 5B, C), which also al-
lows to investigate the relative distribution of the steroidogenic 
enzymes within a tissue. Our analyses show that 11β-HSD1 is ex-
pressed fairly uniformly along the respiratory tree with a tendency 
toward higher levels in the alveoli, but a clear restricted expression 
pattern is evident for 11β-OH (Figures 5A–C, 6A), which is limited to 
the conducting airways, especially to the basal cells.

The findings of this study suggest that local GC synthesis in the 
conducting airways is able to respond to local immune cell activa-
tion in order to fine-tune inflammatory processes independent of 
the adrenal glands. By contrast, inflammation of the alveolar epithe-
lium may have very severe and potentially fatal consequences, as for 
example seen during SARS-CoV-2 infections,39 and may thus require 
an immediate and strong suppression of inflammatory responses in 
order to prevent tissue damage and associated drop in oxygen ex-
change. Reactivation of serum-derived precursors by 11β-HSD1 en-
sures high local concentrations of immunosuppressive GC, thereby 
preventing tissue damage and ensuring organ functionality.

In conclusion, our present study documents that both GC syn-
thesis pathways, that is, de novo and reactivation, exist in the murine 
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and human lung in a spatially dependent manner. While the role of 
the specific synthesis pathways needs to be investigated in detail 
and in different experimental models of lung inflammation (e.g., al-
lergies, and viral or bacterial infections), it is very likely that locally 
produced GC contribute to the maintenance of lung immune homeo-
stasis, as has been previously shown for other epithelial tissues.9 
Finally, therapies based on the induction of local GC synthesis may 
hold great promises in the treatment of lung inflammation and in the 
replacement of synthetic corticosteroid therapies.
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