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MHc/class‑ii‑positive cells 
inhibit corticosterone of adrenal 
gland cells in experimental 
arthritis: a role for IL‑1β, IL‑18, 
and the inflammasome
Hubert Stangl, Anita Krammetsvogl, Martin Lesiak, christine Wolff & Rainer H. Straub*

In experimental arthritis, glucocorticoid secretion is inadequate relative to inflammation. We 
hypothesized that IL‑1 is a key factor for inadequate glucocorticoid secretion in arthritic rats. Collagen 
type II—induced arthritis (CIA) in DA rats was the model to study effects of IL‑1 on adrenal function. 
in the ciA model, an increase of intraadrenal MHcii‑positive cells was observed. MHcii‑positive cells 
or bone marrow‑derived dendritic cells inhibited glucocorticoid secretion of adrenal gland cells. IL‑1, 
but also IL‑18 and the inflammasome were critical in glucocorticoid inhibition. Arthritic compared 
to control adrenal gland cells produced higher amounts of cXc chemokines from MHcii+ adrenal 
cells, particularly CINC‑2, which is strongly dependent on presence of IL‑1. In CIA, macrophages and/
or dendritic cells inhibit glucocorticoid secretion via IL‑1 in adrenal glands. These findings show that 
activated macrophages and/or dendritic cells inhibit glucocorticoid secretion in experimental arthritis 
and that IL‑1β is a decisive factor.

In clinical rheumatology, endogenous glucocorticoid secretion is known to be too low to combat inflammation in 
patients with chronic inflammatory systemic diseases like rheumatoid arthritis (RA)1,2. However, endogenous glu-
cocorticoid secretion would be important to contain the inflammatory process which has been demonstrated in 
 RA3. Near normal but inadequate levels of glucocorticoids are present already early during rheumatic  diseases4–6.

While injection of proinflammatory cytokines into healthy subjects produces a strong reaction of the hypo-
thalamic-pituitary adrenal (HPA) axis with a huge cortisol surge, this response is missing after repeated injec-
tions over 3 weeks7–9. The same phenomena possibly support an inadequate HPA axis response in the presence 
of high inflammation in rheumatic  diseases1. The reasons for these changes of the HPA axis on the level of the 
hypothalamus, pituitary and adrenal gland are not understood (this present study focuses on the adrenal gland).

The influence of cytokines on adrenal steroid hormone secretion has been detected early after discovery of 
proinflammatory cytokines (reviewed in Ref.10). For example, TNF exerts a direct inhibitory influence on expres-
sion of important steroidogenic enzymes in adrenocortical  cells11. Anti-TNF therapy in RA can normalize some 
aspects of  steroidogenesis12. The influence of cytokines on steroidogenesis has been reviewed  elsewhere13,14.

In addition to cytokines, under normal and also under pathological conditions, macrophages infiltrate the 
adrenal cortex of rodents and  humans10. Interestingly, macrophages and dendritic cells (DCs) are constitutively 
present in endocrine  glands15–19, and they install an immediate augmentation response upon proinflammatory 
stimuli to interfere with these  glands18,20. While these before mentioned responsiveness of endocrine glands is 
physiological in short-lived inflammation, the situation might largely change during a long-standing inflam-
matory  process21.

In experimental arthritis in rats (unfortunately, there is no access to human material of adrenal glands), 
corticosterone and adrenocorticotropic hormone (ACTH) levels were only elevated on day 1–5 after immuni-
zation but were in the normal range from day 5 to 55 (Ref.22). Similar as in patients with RA, serum levels of 
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corticosterone relative to proinflammatory cytokines were markedly lower in rats with arthritis than in controls 
(disproportion principle). In addition, number of altered swollen and cavitated mitochondria increased dur-
ing the course of arthritis (maximum on day 55), which is an important sign for disruption of corticosteroid 
 secretion22. IL-1 seems to stimulate some  alterations23,24, but the role of intraadrenal macrophages or DCs has 
never been investigated in experimental  arthritis22.

Based on these observations and on our earlier  work22, we hypothesized that IL-1 is a key factor for inadequate 
glucocorticoid secretion in arthritic rats through inhibition of steroidogenesis, and that macrophages/DCs play 
an important role in inhibiting glucocorticoid secretion from adrenal gland cells.

patients, materials and methods
Animals and induction of arthritis. Female Dark-Agouti rats (8–10 weeks of age) were purchased from 
Janvier (France). Five animals were housed in one cage, and they had ad-libitum access to standard chow and 
water. Animals were acclimated to the environment for at least 1 week before commencement of experiments. 
Arthritis was induced on day 0 by a single injection of 300 μg bovine type II collagen at the base of the tail 
(mdbioproducts, Egg bei Zurich, Switzerland) emulsified in an equal volume of incomplete Freund adjuvant 
(Sigma Aldrich, Deisenhofen, Germany) intradermally at the base of the tail as described  previously25. Rats 
were inspected for clinical symptoms and weight on a daily basis. The Government of the Oberpfalz approved 
all experiments according to institutional and governmental regulations for animal use (Az. 54-2532.1-25/13, 
Az. 55.2-2532-2-413).

Histological quantification of MHC class II: positive cells in adrenal glands. Rats from vari-
ous time points during experimental arthritis and respective age matched control animals were killed by  CO2 
asphyxia. Adrenal glands were collected and subsequently fixed in phosphate buffered saline (PBS) solution 
containing 3.7% formaline on ice. Organs were dehydrated in PBS containing 20% sucrose and frozen in Tissue 
Tek (Sakura Finetek, The Netherlands) on liquid nitrogen. Frozen sections (8–10 µm thick) were obtained with 
a microtome (Leica, Germany), and after blocking sections were incubated with a primary antibody directed 
against MHC class II (MHCII) (ab23990, abcam, UK) and an Alexa Fluor fluorescent dye labeled secondary anti-
body (Invitrogen). Cell nuclei were counterstained with 4′,6-Diamidino-2-phenylindole (DAPI, Sigma Aldrich). 
With the help of a fluorescence microscope (Leica, Germany), the mean density of MHCII positive cells was 
determined in 17 randomly selected high power fields from at least three adrenal gland sections per animal.

In further histological studies of rat adrenal gland, we tried to detect B lymphocytes (anti-B220, Cat# 17-0460-
82, Thermo Fisher Scientific, Dreieich, Germany), T lymphocytes (anti-CD3, Cat# 13-0030-82, Thermo Fisher 
Scientific), neutrophils (anti-neutrophil elastase, Cat# 21595, Abcam, UK) combined with a respective Alexa 
Fluor dye labeled secondary antibody (Invitrogen).

flow cytometric analysis of adrenal gland cells. For flow cytometric analysis, 5 × 105 cells were stained 
with phycoerythrin (PE) Mouse anti-Rat MHC Class II RT1B RPE, (MCA46PE) and Fluorescein Isothiocyanate 
(FITC) Mouse anti-Rat CD86 (MCA2121F) for 30 min in the dark at 4 °C. Unspecific background staining was 
controlled by incubating the cells with the respective isotype controls RPE Mouse IgG1 (MCA1209PE) and FITC 
Mouse IgG1 (MCA1209F, all antibodies from Abd Serotec/Bio-Rad). Cell surface expression of MHCII and 
CD86 was analyzed using a FACS Calibur (Becton Dickinson Immunocytometry Systems, San Jose, California), 
and FACS data were analyzed with FlowJo software (Tree Star Inc, Ashland, Oregon).

isolation and culture of adrenal gland cells. Adrenal glands from control and arthritic rats were asep-
tically collected and subsequently submerged in ice-cold Hank’s balanced salt solution (HBSS) supplemented 
with 10% fetal bovine serum, 1% penicillin–streptomycin (P-S) solution (all from Sigma Aldrich) and 2 mg/ml 
Ciprofloxacin (Fresenius Kabi). Under sterile conditions, glands were freed from surrounding fat and connective 
tissue, briefly minced with a scalpel and then incubated for 1 h at 37 °C on a shaker in a dissociation solution 
containing 3 mg/ml Collagenase (C0130), 5 mg/ml BSA (A8806) and 0.1 mg/ml DNase (D5025-375KU, all from 
Sigma Aldrich).

The cell suspension was passed through a 70 µm mesh cell-strainer, and erythrocytes were lysed with a 
buffer (Qiagen, The Netherlands). Cell number and viability were checked by trypan blue exclusion. A total of 
1.5 × 105 cells per well were seeded into a 24 well plate (Corning) coated with Poly-D-lysine (Sigma Aldrich) in 
medium (DMEM-F12, D6434) supplemented with 1%P-S, 2 mg/ml, Ciprofloxacin (Fresenius Kabi), 2.5% fetal 
bovine serum and 15% horse serum (all from Sigma Aldrich) for subsequent cultures or co-cultures. Medium 
was changed on day 1, 3 and 5 of culture, and supernatants from day 3 and 5 were pooled and stored at − 20 °C 
for proteome analysis. This method was adapted and modified from various  protocols26–28.

Generation of bone marrow derived dendritic cells (BMDc). Rats were killed by  CO2 asphyxia. 
Femur and tibia bones from arthritic (CIA day28) and age matched controls were aseptically dissected. Under 
sterile conditions whole bone marrow was flushed out with RPMI-1640 Medium (R7509, Sigma Aldrich) sup-
plemented with 2 mM glutamine, 1%penicillin/streptomycin solution, 10% fetal bovine serum, 10 mM HEPES, 
and 50 µM 2-mercaptoethanol (all from Sigma Aldrich), and collected after passing a 70 µm mesh cell strainer. 
After erythrocyte lysis (Qiagen), cell number and viability was checked by trypan blue exclusion. 1.5 × 106 cells 
per well were seeded in 6-well plates (3516, Corning) in medium (see above) supplemented with 5 ng/ml recom-
binant GM-CSF, 5 ng/ml recombinant IL-4 and 25 ng/ml mFLT3-ligand (all from Peprotech, Rocky Hill, NJ, 
USA). Medium was changed on day 3 and 6 after seeding. On day 10, cells were carefully detached by pipetting, 
and passaged onto new plates. Medium was changed again on day 12, supplemented with 2.5 ng/ml GM-CSF 
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only. On day 14 loose cell-clusters with dendritic shaped cells were collected by pipetting, and subsequently used 
for co-culture or in vivo experiments. The method was adapted and slightly modified from various  protocols29–32.

co‑culture of adrenal gland cells and BMDcs. Adrenal gland cells pooled from control rats (pooled 
from a total of n = 8–28 control animals depending on the size of the experiment) were seeded into 24 well plates 
as described, and on day 4 of culture, 0.75 × 105 differentiated BMDCs from control or arthritic rats (not pooled) 
were added to the wells with co-culture inserts with 0.4 µm pore width (141002, Thermo Fisher scientific). After 
a co-culture period of 1 day, inserts including BMDCs were discarded, and adrenal gland cells were stimulated 
with 1 nM synthetic ACTH (Tetracosactid, Sigma-Tau) in DMEM-F12 supplemented with 2 mg/ml Ciprofloxa-
cin (Fresenius Kabi), 1% P-S, 0.2% BSA and 1% glutamine (all from Sigma Aldrich) for 6 h. The level of corticos-
terone in supernatants was determined by ELISA (DEV9922, Demeditec, Germany).

co‑culture of adrenal gland cells and intraadrenal MHcii+ cells. On day 0, adrenal gland cells 
pooled from control or arthritic (CIA day 28) rats (pooled from a total of n = 8–28 animals depending on the 
size of the experiment) were separated into MHCII− and MHCII+ fractions according to the manufacturer’s 
protocol (Anti-MHC Class II (OX6) MicroBeads, 130-090-759, Miltenyi Biotec, Germany). A total of 0.15 × 105, 
0.3 × 105, 0.75 × 105, or 1.5 × 105 MHCII+ cells from control or arthritic rats were then seeded into inserts placed 
in wells from 24 well plates containing 1.5 × 105 MHCII− or unseparated adrenal gland cells per well. Culture 
medium was exchanged on day 1, 2 and 4. Supernatants from day 2 and 4 were pooled per well and kept for pro-
teome analysis. On day 4, inserts were removed, and remaining adrenal gland cells were stimulated with 1 nM 
ACTH for 6 h and levels of corticosterone in supernatants was determined by ELISA as described.

Quantification of cytokines and chemokines in plasma and cell culture supernatants. Qualita-
tive cytokine expression in supernatants from adrenal gland cells and BMDCs was analyzed with the proteome 
profiler rat cytokine array kit (ARY008, R&D systems). Levels of IL-1β, tumor necrosis factor (TNF), interleu-
kin-10 (IL-10), interleukin-18 (IL-18), cytokine-induced neutrophil chemoattractant-1,-2,-3 (CINC-1,-2,-3), 
LPS induced chemokine (LIX), and tissue inhibitor of metalloproteinases 1 (TIMP-1) in cell culture superna-
tants and plasma samples of control and arthritic rats were determined by ELISA (IL-18 from Thermo Fisher; all 
others: DuoSets from R&D systems).

Stimulation of adrenal gland cells with cytokines. Adrenal gland cells from control or arthritic ani-
mals were cultured as described and stimulated with either 1 ng/ml IL-1β (Peprotech), 100 ng/ml IL-1ra (Anak-
inra, Swedish Orphan Biovitrum), 0.01/1/10 ng/ml IL-18, or 10 µM NLR family pyrin domain containing 3 
(NLRP3) inflammasome inhibitor MCC950 for three days. In experiments with IL-1β stimulation, supernatants 
from medium changes were kept for analysis of cytokine protein expression. In other experiments, cells were 
stimulated with 1/10/100 ng/ml CINC-2 or 0.1/1/25 ng/ml LIX (all from R&D systems, Wiesbaden, Germany) 
for 24 h. After a total culture period of 5 days in all experiments, cells were stimulated with 1 nM synthetic 
ACTH in medium and corticosterone secretion was determined as described.

Stimulation of BMDCs with IL‑1β and IL‑1ra. BMDCs were generated as described, and 1 × 105 BMDCs 
per well were then seeded into 24 well plates in medium without GM-CSF or IL-4, but supplemented with either 
IL-1β (1 ng/ml) alone, or in combination with IL-1ra (1, 10, 100 ng/ml). On day 2 and 5 after seeding, medium 
was exchanged, and supernatants were pooled and collected for proteome analysis.

neutrophil elastase staining. In order to test possible infiltration of adrenal glands with neutrophil gran-
ulocytes, frozen sections of adrenal glands from control and arthritic rats were stained with an anti-neutrophil 
elastase antibody (Abcam ab 21595) and a Alexa Fluor dye labeled secondary antibody (Invitrogen). Cell nuclei 
were counterstained with DAPI. The mean density of elastase positive cells was determined in 17 randomly 
selected high power fields from at least three adrenal gland sections per animal.

PKH26 staining of BMDCs and i.v. application in vivo. BMDCs were generated from control and 
arthritic animals as described, and subsequently stained with the PKH26 red fluorescent cell linker kit for gen-
eral cell membrane labeling according to the manufacturer’s protocol (PKH26GL, Sigma Aldrich). After stain-
ing, cells were washed twice with PBS. A total of 10 × 106 cells per animal was injected into the tail vein. After 1 h, 
animals were killed, and lymph nodes, spleens and adrenal glands were fixed in PBS containing 3.7% formaline. 
The mean density of PKH26 positive cells was determined in 17 randomly selected high power fields from at 
least three sections per organ and animal.

Statistical analysis. Data are given as line graphs or box plots with the 10th (whisker), 25th, 50th (median), 
75th, and 90th (whisker) percentile. The medians of two groups were compared by Mann–Whitney U test 
(SigmaPlot). Medians of more than two groups were compared with ANOVA on ranks test (Sigma Plot). A 
p-value < 0.05 was the significance level.

Results
Appearance of MHCII+/CD86+ cells in adrenal glands during arthritis. Above-mentioned results 
in sJIA prompted us to study the role of IL-1 for adrenal function using the CIA model. Since endogenous 
tissue-resident macrophages or dendritic cells were good candidates as a cellular source of IL-1 in adrenal 
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glands, immunohistochemistry and FACS analysis were performed on adrenal gland material. It turned out 
that MHCII+ cells were present in the cortex of the adrenal gland (Fig. 1A–C), while T- and B-cells, and neu-
trophils were absent (staining identical to isotype staining, which yielded no staining at all). Using separated 
adrenal cells, presence of MHCII+/CD86+ cells were confirmed by FACS (Fig. 1D). In detailed analyses of the 
adrenal cortex, these MHCII+ cells were present in healthy controls, and markedly increased during the course 
of experimental arthritis from day 40 onwards (Fig. 1E; disease starts on day 14 and reaches its maximum on 
day 28; Ref.22).

MHcii+ cells and bone marrow‑derived dendritic cells (BMDcs) decrease corticosterone secre‑
tion. In an experimental setup, BMDCs were generated from bone marrow macrophages in order to obtain 
a pure line of DCs. These BMDCs inhibited ACTH-stimulated corticosterone secretion of unseparated adreno-
cortical cells (Fig. 2A). In a more detailed analysis, MHCII+ and MHCII− cells were separated from adrenal 
glands by elaborate magnetic separation techniques.

Co-culture of the two fractions demonstrated that MHCII+ cells inhibited corticosterone secretion of 
MHCII− cells with an increasing effect depending on MHCII+ cell numbers (Fig. 2B). The inhibiting effect was 
also observed when cells of arthritic animals of day 5 and day40 were used (Fig. 2C,E). However, on day 28, when 
maximum arthritis scores were reached (16 of maximum 16 score points, see Ref.22), co-culture of MHCII+ and 
MHCII− cells did not affect corticosterone secretion (Fig. 2D).

In additional experiments, separated MHCII+ cells were given to unseparated adrenal cells that contained 
endogenous MHCII+ cells. In this setup, the inhibitory effect was not visible under control conditions (Supple-
mentary Fig. 1A), but significantly more so under arthritic conditions (Supplementary Fig. 1B–D).

IL‑1β, IL‑18, and the inflammasome play an inhibiting role on corticosterone secretion. IL-1β 
was a good candidate proinflammatory cytokine that might play a role in corticosterone inhibition. In a large 
sample of rats, plasma levels of IL-1β was clearly elevated during the course of arthritis when compared to con-
trol animals (Fig. 3A). Importantly, IL-1β levels stayed high throughout the entire observation period, while 
plasma-TNF and -IL-10 were only detectable on day 5 after immunization (data not shown).

Using unseparated adrenal gland cells (including MHCII+ and MHCII− cells). IL-1β was much higher in 
supernatants of cells from arthritic as compared to control animals (Fig. 3B). The difference was not similarly 
strong for IL-18 (Fig. 3C), but stimulation of adrenal cells with IL-1β increased IL-18 in cell cultures of arthritic 
animals (Fig. 3C). Thus, IL-1β seems to be a switch that reveals IL-18 effects.

Mimicking an inflammatory condition with IL-1β in cultures with healthy control unseparated adrenal 
cells, this proinflammatory cytokine markedly inhibited ACTH-stimulated corticosterone secretion (Fig. 3D). 
Similarly, in these control adrenal cells, IL-18 inhibited ACTH-stimulated corticosterone secretion (Fig. 3E). In 

Figure 1.  Intraadrenal MHCII+/CD86+ cells during collagen type II induced arthritis (CIA). (A) Overview 
of adrenocortical layers, isotype staining: ×100, bar = 50 µm. (B) MHCII+ cells in adrenal cortex (red color, 
white arrows), ×100, bar = 50 µm. (C) MHCII+ adrenocortical cells (red color, white arrows): ×200, bar = 10 µm. 
(D) Quantification of MHCII and CD86 positive adrenal gland cells (exemplary FACS staining) (E) Density 
of intraadrenal MHCII+ cells during the course of CIA. Box plots demonstrate the 10th (whisker), 25th, 50th 
(median), 75th, and 90th (whisker) percentile. One dot represents the cell density of one rat. Co control, MHCII 
major histocompatibility complex II, c capsule, zG zona glomerulose, zF zona fasciculate, zR zona reticularis. 
Red colors in panel (E) show results of immunized/arthritic animals.
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supplementary experiments, the NLRP3/inflammasome inhibitor MCC950 increased corticosterone secretion 
from unseparated adrenal cells of arthritic rats but not of healthy control animals (Fig. 3F).

the adrenal gland holds a MHcii+ cell‑dependent chemokine environment, which increases 
in arthritis. The presence of MHCII+ cells in the adrenal glands of healthy control and arthritis rats might 
depend on active migration of these cells into the adrenal glands. This may be more obvious in arthritic com-
pared to control animals (Fig. 1). We hypothesized that chemokines play a decisive role.

Qualitative analyses of chemokine/cytokine presence in supernatants of unseparated adrenal gland cells 
and BMDCs using proteome profiling revealed top chemokine candidates such as CINC-1,2,3 and LIX (Sup-
plementary Fig. 2), which are chemoattractive for  neutrophils33–35 and macrophages/dendritic  cells36. In ELISA 
studies, presence of these candidates was confirmed, and it turned out that levels were higher in cells of arthritic 
compared to control animals (Supplementary Fig. 2B,D).

Stimulation of these CXC chemokines was largely dependent on IL-1 because this cytokine strongly increased 
secretion of CINC-1, CINC-2, and CINC-3 from unseparated adrenal gland cells (Fig. 4A–C) and, in a similar 
way, from BMDCs (Fig. 4D–F). However, even under conditions without additional IL-1 stimulation, IL-1 
was important for chemokine secretion because IL-1ra inhibited spontaneous efflux of CXC chemokines from 
unseparated adrenal gland cells and BMDCs (Fig. 4). This was more marked under arthritic compared to control 
conditions.

In order to study, whether the above-mentioned CXC chemokines depend on the presence of adrenal MHCII+ 
cells, MHCII+ cells were co-cultured with the MHCII-negative fraction of adrenal gland cells. Increasing num-
bers of MHCII+ positive cells led to increasing presence of CXC chemokines CINC-1, CINC-2, CINC-3, and 
LIX in the supernatants (Supplementary Fig. 3). This indicates that MHCII+ cells are decisive for the presence 
of these CXC chemokines. In addition, cells from arthritic animals showed increased levels throughout the 

Figure 2.  Effects on corticosterone secretion by co-culturing with different cell types. (A) Inhibition of 
corticosterone release from unseparated adrenal gland cells by co-culture with BMDCs obtained from control 
or arthritic animals (CIA day28). (B–E) Effect of adding different numbers of intraadrenal MHCII+ cells from 
control (B) or arthritic rats (C: day5; D: day28; E: day40) to 150.000 (150′) MHCII− adrenal gland cells from 
control animals. Mann–Whitney rank sum test was used to compare two different groups or ANOVA test on 
ranks to compare all groups. ACTH adrenocorticotropic hormone, BMDCs bone marrow—derived dendritic 
cells, CIA collagen type II—induced arthritis, MHCII major histocompatibility complex II, unsep. unseparated, 
15′ fifteen thousand (similarly for other numbers of added cells). White (red) boxes show data under control 
(arthritis) conditions.
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course of arthritis (Supplementary Fig. 3). Particularly, CINC-2 was highest in arthritic animals of day 28 (Sup-
plementary Fig. 3E versus G).

Importantly, CINC-2 was the only chemokine that slightly increased ACTH-stimulated corticosterone secre-
tion in day 25–28 arthritic animals (Supplementary Fig. 4A). This was not observed for the other chemokines, 
and the example for LIX is given in Supplementary Fig. 4B.

Since MHCII+ cells were present in control and more so in arthritic adrenal glands (Fig. 1), our migration 
experiments focused on these particular cells. In order to study the appearance of migrating MHCII + DCs, we 
injected stained BMDCs of control and arthritic animals with different stages of inflammation. Although the 
number of BMDCs with 10 × 106 cells per animals was high, we did not find many cells in the adrenal gland, 
spleen and lymph nodes of injected rats, which was independent of control state or arthritis (Fig. 5). These results 
speak against active arthritis-dependent migration of MHCII+ cells.

presence and migration of cXc chemokine‑dependent leukocytes into the adrenal 
gland. Chemokines like CINC-1,2,3, and LIX can be expressed by  macrophages37 and are important for 
chemotaxis of neutrophils and monocyte/macrophages33–36. However, the number of neutrophils in adrenal 
gland cortex was very small and independent of control or arthritic conditions (Fig. 5). This was not expected, 
since others showed that under certain conditions neutrophils are able to migrate into the adrenal glands (see 
“Discussion”), but our results prevented us from further migration experiments with neutrophils.

Discussion
This study corroborated the inhibiting role of IL-1 on adrenal gland glucocorticoid secretion in experimental 
arthritis in rats. It also confirmed increased IL-1 levels in plasma of arthritic animals with otherwise normal 
corticosterone levels, substantiating the idea of inadequate secretion of this glucocorticoid in relation to IL-1 
in humans and rats. This supports the general inhibitory role of IL-1 on endocrine glands, which has so nicely 
entered clinical thinking in type 2 diabetes  mellitus38–40.

Figure 3.  Levels of IL-1β and IL-18 and influence of these cytokines on corticosterone secretion of adrenal 
gland cells. (A) Level of IL-1β in plasma from control and arthritic rats at different time points during arthritis. 
One dot represents the plasma level of IL-1β in one individual animal. Sample size ranges from n = 25 to 112 
per group. (B, C) Levels of IL-1β (B) and IL-18 (C) in supernatants of unseparated adrenal gland cells from 
control (Co, n = 10) and arthritic rats (red box; CIA day28, n = 10). (D) and (E) Effect of IL-1β (D) and IL 18 (E) 
on corticosterone secretion of unseparated adrenal gland cells of control animals. (F) Effect of inhibiting the 
inflammasome with MCC950 (NLRP3-inhibitor) on corticosterone secretion of unseparated adrenal gland cells 
from either control or arthritic rats (red box; CIA day28). Mann–Whitney rank sum test was used to compare 
two different groups or ANOVA test on ranks to compare all groups. ACTH adrenocorticotropic hormone, CIA 
collagen type II—induced arthritis, ctrl control, IL 1β interleukin-1β, IL-18 interleukin-18, NLRP3 NLR family 
pyrin domain containing 3.
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This present study demonstrated an increase of intraadrenal MHCII-positive cells during the course of colla-
gen type II-induced arthritis. MHCII+ can be present in endocrine  glands16–19. Thus, these cells might be impor-
tant in the observed inadequate glucocorticoid secretion. Other groups also demonstrated that MHCII+ cells 
rapidly appear after induction of highly acute experimental  colitis41 or after i.v. injection of  lipopolysaccharide17. 
These cells play a stimulatory role on adrenal glucocorticoid secretion, but the two models were very acute and 
short-lived, which cannot be compared to long-standing collagen type II—induced arthritis.

In our model of long-term inflammation MHCII+ cells inhibited corticosterone secretion of adrenal gland 
cells, and IL-1, IL-18, and the inflammasome are critical for inhibition. While some groups described IL-1 as a 
corticosteroid stimulatory cytokine, particularly under experimental acute conditions, others observed inhibitory 
effects of IL-113,14,42. The role of IL-1 is yet not fully defined, and it seems that other framework conditions are 
important such as the presence of viable MHCII+ cells. Similarly, the expression of intraadrenal IL-18 has been 
 described43, yet, its role on glucocorticoid secretion in arthritis is undecided. Moreover, MHCII+ cells produce 
a myriad of cytokines and membrane molecules that can interfere with corticosterone secretion.

In this study, we found that arthritic compared to control adrenal gland cells produce higher amounts of 
CXC chemokines, particularly CINC-2, which is strongly dependent on IL-1 and MHCII+ adrenal cells. Thus, 
CINC-1, CINC-2, CINC-3, and LIX might also be important in chemoattraction of MHCII+ cells, and as in 
humans, monocytes/macrophages can express the corresponding receptor  CXCR244.

Interestingly, MHCII+ cells did not much affect ACTH-stimulated corticosterone secretion in day28 arthritic 
rats when co-cultured with MHC− adrenal cells (Fig. 2D). This might depend on the fact that CINC-2, which 
is particularly high in supernatants of CIA adrenal cells on day 28 (Supplementary Fig. 3), has a stimulatory 
effect on corticosterone secretion (Supplementary Fig. 4). This is the first study to demonstrate a direct effect of 
a chemokine on adrenal cell corticosterone secretion.

The major role of these chemokines is attraction of neutrophils and MHCII+ cells like monocytes/mac-
rophages/dendritic cells. Importantly, it has been demonstrated that under certain inflammatory settings like 
addition of IL-1β45 or  LPS46, chemotaxis of neutrophils into the adrenal gland is possible, can be accompanied 
by chemotaxis of  macrophages47, and in mice is accompanied by an increase of CXCL2 (the equivalent to rat 
CINC-3)48,49. However, our present study did not find higher levels of neutrophils in adrenal glands of arthritic 
compared to control animals. Similarly, i.v. injected BMDCs of arthritic animals do not seem to migrate towards 
the adrenal glands. Technical problems like number of cells or the artificial generation of BMDCs from bone-
marrow cells might have obscured directed migration towards the adrenal cortex. It is open to further studies 
to address this point in more experimental detail.

In Fig. 6, we demonstrate a possible model that can be relevant for inadequate glucocorticoid secretion dur-
ing the course of arthritis. In a normal setting, intraadrenal macrophages and dendritic cells via IL-1β do not 
much influence corticosterone secretion (= stimulus adequate glucocorticoid response). Indeed, IL-1β levels 

Figure 4.  Effect of IL-1β on chemokine profile of unseparated adrenal gland cells and bone marrow derived 
dendritic cells (BMDCs) of control and arthritic animals (red boxes). (A–C) Levels of chemokines CINC-1, 
CINC-2, CINC-3 in supernatants of unseparated adrenal gland cells obtained from arthritic (red boxes) and 
control animals (white boxes). (D–F) Levels of chemokines CINC-1, CINC-2, CINC-3 in supernatants of 
BMDCs obtained from arthritic and control animals. ANOVA on ranks was used to compare groups. IL-1β 
interleukin-1β, IL-1ra interleukin 1 receptor antagonist, CINC cytokine-induced neutrophil chemoattractant.
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Figure 5.  Appearance of leukocytes in adrenal glands, spleen and lymph nodes. (A) Spontaneously available 
neutrophils in adrenal glands of control rats and arthritic rats at different time points during CIA. One dot 
represents the density of elastase positive cells in the adrenal cortex of one animal. (B) Density of injected 
PKH26+ labeled BMDCs in the adrenal gland (left). Examples of microscope images showing red fluorescent 
PKH26+ cells (arrows), green fluorescence indicates background, blue indicates DAPI stained cell nuclei. 
Bar = 50 µm (C) Density of injected PKH26+ labeled BMDCs in the spleen (left). Representative microscope 
images on the right similar like in (B). (D) Density of injected PKH26+ labeled BMDCs in draining lymph 
nodes. White (red) boxes show data under control (arthritis) conditions. BMDC bone marrow derived dendritic 
cell, CIA collagen type II—induced arthritis, DAPI 4′,6-Diamidino-2-phenylindole.
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were low in supernatants of control adrenal glands (Fig. 3B). This might largely change during arthritis, and the 
process might steadily increase. During chronic inflammatory diseases such as collagen induced arthritis (CIA, 
right), higher amounts of CXC chemokines then trigger chemotaxis of migratory cells, which is paralleled by 
IL 1β—induced inhibition of glucocorticoid secretion. We called this the stimulus/inflammation inadequate 
glucocorticoid response. Higher numbers of activated intraadrenal macrophages and dendritic cells would then 
negatively impact on glucocorticoid secretion (Fig. 6).

The alternative explanation for the observed missing migration of neutrophils and BMDCs might be the fol-
lowing: Increased amounts of systemic cytokines such as IL-1β, IL-6 and TNF possibly activate local intraadrenal 
macrophages, dendritic cells and endothelial cells. In turn, these cells upregulate markers such as MHCII, CD86, 
and CD11b, thereby demonstrating an activated state. Increased markers on the surface of local tissue-resident 
cells, would give the impression of a higher cellular density and a stronger migration towards adrenal glands. 
However, this second explanation does not explain the role of CXC chemokines that are clearly upregulated 
during arthritis.

In conclusion, in the rat CIA model, MHCII+ cells have an inhibitory role on corticosterone secretion of 
adrenal gland cells under control conditions but much more so under in arthritic environment in the adrenal 
glands. IL-1β is an important inhibitory molecule under these conditions. The role of IL-1 is not yet fully clear 
and it might well be that this cytokine also has some stimulatory effects under more acute situations or at lower 
concentrations. In our model of inadequate glucocorticoid secretion during arthritis, IL-1 and chemotactic fac-
tors of MHCII+ cells play an important glucocorticoid-inhibiting role.

Figure 6.  Theoretical model of mechanisms and effects on intraadrenal cells during physiological (A, left) 
and chronic arthritic (B, right) conditions. (A) In a physiological setting (left), intraadrenal macrophages and 
dendritic cells via IL-1β do not much influence corticosterone secretion (stimulus adequate glucocorticoid 
response). (B) During chronic inflammatory diseases such as collagen induced arthritis (CIA, right), increased 
amounts of systemic cytokines such as IL-1β, IL-6 and TNF are able to continuously activate local intraadrenal 
macrophages, dendritic cells and endothelial cells which in turn release more IL-1β and CXC chemokines 
CINC-1,2,3 and LIX. Higher amounts of CXC chemokines trigger chemotaxis of migratory cells, which 
is paralleled by IL 1β—induced inhibition of glucocorticoid secretion (stimulus/inflammation inadequate 
glucocorticoid response). Higher numbers of activated intraadrenal macrophages and dendritic cells negatively 
impact glucocorticoid secretion. MΦ macrophage, CXCR2 CXC chemokine receptor 2, ROS reactive oxygen 
species; others see previous figure legends.
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