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A B S T R A C T   

Loss of appetite (anorexia) is a typical behavioral response to infectious diseases that often reduces body weight. 
Also, anorexia can be observed in cancer and trauma patients, causing poor quality of life and reduced prospects 
of positive therapeutic outcomes. Although anorexia is an acute symptom, its initiation and endocrine regulation 
during antiviral immune responses are poorly understood. During viral infections, plasmacytoid dendritic cells 
(pDCs) produce abundant type I interferon (IFN-I) to initiate first-line defense mechanisms. Here, by targeted 
ablation of pDCs and various in vitro and in vivo mouse models of viral infection and inflammation, we identified 
that IFN-I is a significant driver of somatostatin (SST). Consequently, SST suppressed the hunger hormone ghrelin 
that led to severe metabolic changes, anorexia, and rapid body weight loss. Furthermore, during vaccination with 
Modified Vaccinia Ankara virus (MVA), the SST-mediated suppression of ghrelin was critical to viral immune 
response, as ghrelin restrained the production of early cytokines by natural killer (NK) cells and pDCs, and 
impaired the clonal expansion of CD8+ T cells. Thus, the hormonal modulation of ghrelin through SST and the 
cytokine IFN-I is fundamental for optimal antiviral immunity, which comes at the expense of calorie intake.   

1. Introduction 

Infections, inflammation, physical trauma and cancer cause symp-
tomatic behavioral responses, referred to as “sickness behavior”, a 
programmed defense response leading to symptoms including depres-
sion, lethargy, reduction in appetite (anorexia) and body weight loss 
(Allison and Ditor, 2014; Hart, 1988; Machida et al., 2014). “Sickness 
behavior” evolved to reorganize the organism’s priorities for preserving 
bodily resources, such as maintaining the high energetic cost of fever 
and coping with infectious pathogens (Hart and Hart, 2018). Recently, it 
was shown that the consequence of anorexia depends on the type of 

infection (Wang et al., 2016): while anorexia-induced fasting meta-
bolism is protective in bacterial infection (Wang et al., 2016), this 
nutritional state is detrimental during viral diseases (Wang et al., 2016). 
Some inflammatory cytokines have been shown to mediate sickness 
behavior (Dantzer, 2001; Kelley et al., 2003), but in the case of anorexia 
and food uptake, neither the exact regulation, nor the correlation to 
immunity during infection is well understood. 

Plasmacytoid dendritic cells (pDCs) are rare innate immune cells that 
are marked by an expression of SiglecH, B220, PDCA-1 and Ly6C 
(Asselin-Paturel et al., 2001). They recognize single-stranded RNA and 
viral and microbial DNA and respond with a robust secretion of IFN-I 
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that is often followed by their cell death (Brown et al., 2009; Swiecki 
et al., 2011). This early wave of IFN-I has important general protective 
anti-viral effects by modulating proliferation, survival and differentia-
tion of other immune cells (Crouse et al., 2015). Furthermore, sensing of 
IFN-I by endothelia and epithelia cells of the brain have recently been 
attributed to the psychologic and cognitive components of “sickness 
behavior” (Blank et al., 2016) and thereby established and important 
connection between immunity and the behavioral changes of sick in-
dividuals. Interestingly, therapeutically administered IFN-I in patients 
with malignancies, multiple sclerosis or hepatitis-C virus infection often 
led to severe anorexia (Capuron et al., 2002; Capuron and Miller, 2004; 
Leuschen et al., 2004). 

Here, we observed a rapid IFN-I production by dying pDCs and 
identified that this IFN-I promoted the expression of the neuropeptide 
hormone somatostatin (SST). SST is a small peptide with a half-life of 
two minutes that can be released by brain neurons and by delta cells of 
the digestive system (Rorsman and Huising, 2018). In the brain, SST 
inhibits the release of the growth hormone (Burgus et al., 1973), 
whereas, in the pancreas, it regulates the release of glucagon and insulin 
to maintain a blood glucose homeostasis (Hauge-Evans et al., 2009). We 
identified that IFN-I promotes a rise of SST in the blood, which sup-
presses the hunger hormone ghrelin and reduces appetite, leading to 
rapid weight loss. Blocking the receptor of IFN-I (IFN-R) or SST signaling 
rescued ghrelin suppression and prevented anorexia. In accordance with 
this, the injection of recombinant IFN-I led to an upregulation of SST and 
to an inhibition of ghrelin which was followed by a loss of appetite. 
Furthermore, during viral immunization, we could show, that the sup-
pression of ghrelin is mandatory, since ghrelin inhibited the production 
of innate inflammatory cytokines, shown here for IFN-α by pDCs and 
IFN-γ by NK cells, that subsequently led to low numbers of anti-viral 
CD8+ T effector cells. Our results demonstrated that pDC-ablation 
leads to release of IFN-I and that this early cytokine controls the bal-
ance between early immunity and calorie intake via the SST and ghrelin 
pathway, opening up novel possibilities to treat sickness-induced 
anorexia and to modulate the outcome of immunity. 

2. Materials and methods 

2.1. Animals 

C57BL/6J and BDCA2-DTR (Tg(CLEC4C-HBEGF)956Cln/J, pDC- 
DTR), OT1 CD45.1 (Tg(TcraTcrb)1100Mjb/J)xPtprca) mice and 
IFNAR-KO (IFN-ar1tm1Agt/Mmjax) mice were obtained from Jackson 
Laboratories, XCR1-venus-DTR were a kind gift from T. Kaisho (Yama-
zaki et al., 2013). All mice are on C57BL/6NJ background and back-
crossed for at least 6 generations. Mice were bred in the animal facilities 
of the LMU, Harvard Medical School, Boston, or University of Ferrara, 
Italy. Mice were studied at 6–8 weeks of age and were sex matched. 
Animal experiments were performed in accordance with the guidelines 
of the local Ethical Committees, as well as in accordance with NIH 
guidelines, approved by the IACUC and COMS of Harvard Medical 
School, government of Bavaria and the ethical committee (0/30/17, 02/ 
17/194), University of Ferrara, Italy. The animals in the animal hus-
bandries were kept in a low-pathogen environment to protect them from 
infections. Each room is inspected every six months (standard and 
extended program alternately) using litter sentinel animals according to 
the FELASA program to detect possible infections. Cages: IVC system, 
type II, 370 cm2 (Integra-Biosciences, Fernwald, Germany) with cage 
trays made of light-reducing amber polysulfone. Stocking density: 
maximum 4 adult animals. Access regulation: person-limited access 
control. Light regime: 12-hour rhythm; light dimmed during the day. 
Bedding: autoclaved bedding granules (Lignocell, Rettenmeier, Rosen-
berg). Feed, husbandry: mouse husbandry extrudate, V1536 Feed. 
Breeding: mouse breeding extrudate, V1126 (Ssniff Special Diets, Soest). 
Water: tap water in autoclaved bottles. Enrichment: The nesting mate-
rial Sizzlenest (Ssniff Special Diets, Soest) is provided in sufficient 

quantities to build a complete shelter in each cage. Also, cardboard tubes 
are offered as shelters (Play tunnel, Bioscape, Castrop-Rauxel). Room 
climate: temperature 22–24 ◦C, relative humidity 50 ± 5%. 

2.2. Ablation of pDCs 

For pDC ablation an initial dose of 150 μg anti-mouse CD317 (PDCA- 
1) antibody (clone 927, Biolegend) followed by daily injections of 50 μg 
for the following days were administered intraperitoneally (i.p.) as 
indicated for 4 or 6 days. Mice received i.p. injections of DT (8 ng/g; 
Calbiochem-Merck), administered through insulin syringes. Mice that 
received treatment were randomly assigned to cages so that each cage 
contained both mice with experimental and control treatment (PBS or 
DT or WT and pDC-DTR mice – both treated with DT). 

2.3. CSS-application 

Cyclo-somatostatin (CSS) (Tocris) was applied if not indicated 
otherwise with 10 μg/mouse i.p. in PBS twice a day. For short term 
treatment ghrelin (Tocris) was applied with 20 μg/mouse i.p. every 2 h 
for 6 h. 

2.4. Ghrelin supplementation 

If not stated otherwise, ghrelin was supplied in drinking water with 
3 µg/ml that was daily exchanged. The water consumption was 
controlled by measuring the weight of water before and after treatment 
and compared to control animals that received tap water with the sol-
vent (dest. water). The average consumption of water was 3.5–5 ml per 
day/mouse which was measured by weighing the bottles. This means a 
mouse had taken up 10.5–15 µg of ghrelin/day orally. We confirmed the 
gained results, by treating mice with ghrelin by i.p. injections that were 
applied twice daily (20 μg/mouse) for 5–7 days. 

2.5. IFN-I blocking 

Blocking of IFN-I signal was performed by application of IFN-R- 
blocking antibody (clone MAR1-5A3, Biolegend). Treatment started 1 
day before DT injection and was continued by applying 250 μg/mouse i. 
p. daily or every other day. Isotype control (clone MOPC21, Biolegend) 
was given accordingly. 

2.6. CD4 T cell depletion 

CD4 T cells were depleted via application of LEAF-purified anti-CD4 
antibody (GK1.5, Biolegend) (first injection: 150 μg followed by daily 
40 μg). FACS staining on day 5 controlled the success of depletion. 

2.7. Treatment with IFN-α 

Mice were injected once with recombinant universal IFN-α (PBL 
Assay Science) (5000U/ mouse i.v.). 4 h later serum was harvested to 
measure induction of SST and ghrelin repression. To evaluate the impact 
on appetite IFN-α was injected in the evening and food consumption was 
measured the following morning (16 h later). 

2.8. TLR-ligands, virus and CSS 

R848 (100 μg, Invivogen), HSV-1 (KOS) (107 pfu) or MVA (5×107 

TCID) were injected iv. 30 mg/kg Poly(I:C) (invivogen) were applied i.p. 
as published previously (Wang et al., 2016). Mice were sacrificed after 6 
h and blood was harvested via heart puncture. Food consumption after 
R848, Poly(I:C), MVA, and HSV was measured after 6 h. For blockade of 
SST CSS (0.4 μg/g, Tocris) was applied by i.p. injection. 
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2.9. pDC and NK cell responses 

Mice were injected with MVA (5×107 TCID) i.v. and every 2 h with 
CSS (10 μg/mouse) or ghrelin (20 μg/mouse) i.p. The spleen was har-
vested and cell suspension was incubated for 4 h with Brefeldin A (10 
μg/mL; Sigma-Aldrich) in supplemented RPMI media (RPMI-1670 
GlutaMAXTM-I (GIBCO) with supplements (10% FCS (GIBCO), 1% P/S 
(GIBCO), 1% NEAA (GE-Healthcare), 0.05 mM ß-MeEtOH (GIBCO)). 
Cell surface and intracellular epitopes were then stained with flow 
cytometry antibodies. 

2.10. T cell response 

For measuring the CD8+ T cell response mice were injected i.v. with 
0.5×106 OT1 CD45.1+ CD8+ T cells and 24 h later with 5×107 TCID 
MVA-OVA (MVA-mBNbc126). A group of mice were additionally 
treated with ghrelin in drinking water for 7 days (exchanged every other 
day). After 7 days the spleen was harvested and endogenous and 
transferred T cells were analyzed for OVA and MVA specific T cells re-
sponses. For that splenic cell suspension was re-stimulated for 1 h either 
with PBS or 1 μg/ml of OVA- or MVA specific peptide (OVA257-267 or 
B8R (TSYKFESV) together with CD107a-PE, followed by 3 h incubation 
in the presence of Brefeldin A (10 μg/mL; Sigma-Aldrich). Cells were 
surface-stained for 30 min at 4 ◦C. Intracellular staining for IFN-γ was 
performed using a Cytofix/Cytoperm Kit (BD Biosciences) according to 
the manufacturer’s protocol. 

2.11. Tissue processing 

Blood was harvested via heart puncture and transferred into 2 mM 
EDTA/PBS. Red blood cells were lyzed with Pharm Lyse TM (BD) and cell 
pellet were resuspended in FACS buffer (2 mM EDTA/PBS, 1% FCS). BM 
was flushed from femur with FACS buffer (1% FBS, 0.5 mM EDTA in 
PBS) and red cells were lysed with Pharm Lyse TM (BD). Spleens were 
digested with Collagenase 4 (250 μg/ml) and DNase 1 (400 μg/ml) for 
20 min at 37 ◦C and strained through a 100 μm nylon mesh and washed 
in 0.5 mM EDTA/PBS. Red cell lysis followed (Pharm Lyse TM, BD). The 
single-cell suspension was washed with FACS buffer, resuspended for 15 
min at 4 ◦C in Fc-Block and then stained with appropriate antibodies 
(identified below). Counting beads (Thermo Fisher) were added for 
calculating absolute cell numbers of acquired samples/tissue when 
measured by FACS Canto (BD) or cells were counted by Casy cell counter 
(OLS Omni Life Sciences). For histology of visceral epididymal adipose 
tissue (VAT) organs were placed into 4% PFA and further processed for 
paraffin embedding. Pancreatic tissue was weighted and lysed in Tissue 
Extraction Reagent I (Thermo Fisher) with protease inhibitor (Roche). 
After centrifuging to remove debris, solution was frozen at − 80 ◦C until 
further measurements. 

2.12. Flow cytometry and antibodies 

FACS buffer (1% BSA, 0.5 mM EDTA/PBS) was used for staining 
cells. Samples were pre-incubated with Fc-Block (TruStain fcX™ (anti- 
mouse CD16/32) antibody, Biolegend, 1:100) for 15 min 4 ◦C before 
being stained at 4 ◦C with specific antibodies. Dead cells were excluded 
with a live/dead gate by using zombie aqua (Biolegend). Antibodies 
conjugated to different fluorochromes and specific for the following 
molecules were as follows (if not indicated otherwise - used 1:200 and 
ordered from Biolegend): SiglecH (551, 1:300), B220 (RA3-6B2), Ly6C 
(BD, AL-21, 1:400), PDCA-1 (927, 1:300), CD45 (30-F11), CD19 (6D5), 
CD11b (M1/70, 1:500), TCRβ (G572597), CD3 (145-2C11), CD11c 
(N418), Ly6G (1A8), F4/80 (BM8), NK1.1 (CD161c, PK136) and XCR1 
(ZET). Tbet (4B10), IFN-γ (XMG1.2, 1:400) and human IFN-α (Miltenyi, 
1:100) were stained intracellularly with BD Fixation/Permeabilization 
Solution Kit. Cell doublets were excluded by comparison of side-scatter 
width to forward-scatter area. Counting beads (Thermo Fisher, 

eBioscience) were added for calculating absolute cell numbers of ac-
quired samples. Staining of phosphorylated proteins was performed 
after staining for surface epitopes conjugated to FITC or Alexa 647 and 
Alexa 405. Cells were fixed with 1.5% PFA for 15 min followed with 
methanol fixation at − 20 ◦C for at least 30 min. Cells were washed twice 
in PBS and stained intracellularly by using Perm buffer III (BD, Hei-
delberg) and p-IRF7 (Ser437/438 cell signaling, 1:100) or p-Akt 
(Ser473, cell signaling, 1:100) and goat anti-rabbit Alexa 488 or anti- 
rabbit-Cy5 (Thermo Fisher, 1:300). Ghrelin receptor staining was per-
formed by using GHS-R (GHSR) antibody (abcam, ab95250, 1:100 in 
PBS) for 30 min on ice, and after extensive washing secondary antibody 
goat anti-rabbit Alexa 488 (1:400) was used. As isotype control rabbit 
isotype antibody (Thermo Fisher was used). 

Flow cytometry samples were acquired with FACSCantoII from BD 
Biosciences. Samples were analyzed using FlowJo-software. 

2.13. Image flow cytometry 

Cells were stained by surface markers via FACS antibodies with 2% 
formaldehyde in PBS for 20 min at 4 ◦C, and permeabilized in PBS 
containing 0.1% Triton X-100 and 1% BSA, cells were stained with 
purified IRF7 (1:100, EPR4718, abcam or PA5-79519 Thermo Fisher) 
antibody for 30 min at 4 ◦C followed by a second antibody staining using 
goat-anti rabbit FITC (Biolegend) or anti-rabbit Alexa 488 (1:300, 
Thermo Fisher). Finally, the cells were stained with DRAQ5 (ebio-
science) and measured with the AMNIS ImageStream (Millipore). 5000 
pDCs were at least acquired. Similarity score between IRF7 and DRAQ5 
was calculated using the IDEAS software similarity feature. Frequency of 
cells with IRF7 translocation was calculated. 

2.14. ELISA 

Blood samples were taken by heart puncture and serum was isolated 
after clogging for 1 h at RT. Total ghrelin EIA were obtained from Sigma- 
Aldrich (Germany) and performed according to the manufacturer’s 
protocol with detection limit of 161 pg/ml. SST-competitive ELISA (sst- 
14 and sst-28) was obtained from Cloud-Clone Corp, USA (sensitivity: 
2.77 pg/ml). Insulin was measured by Insulin ELISA according to the 
protocol (Mercodia Sweden, sensitivity ≤ 0.2 ng/ml). C-Peptide was 
quantified by EIA (Sigma Aldrich, sensitivity 772 pg/ml). Emission was 
analyzed by an ELISA reader (promega). Murine IFN-α was measured 
from serum and supernatants according to the manufacturer’s protocol 
(Verikine–HS mouse IFN-α- all subtype ELISA kit (PBL), sensitivity: 2.38 
pg/ml). Legendplex analyses (anti-viral response panel) of serum sam-
ples were performed according to the manufacturer’s protocol (Bio-
legend) and analyzed on Cytoflex S (Beckman Coulter). 

2.15. In vitro culture 

Murine bones were flushed and red cells of the bone marrow (BM) 
were lysed (Pharmlys, BD) and taken into culture for 7 days with re-
combinant (100 ng/ml) FLT3L (Biolegend) in RPMI-1640 GlutaMAXTM- 
I (GIBCO) with supplements (10% FCS (GIBCO), 1 mM sodium pyruvate 
(GIBCO), 1% P/S (GIBCO), 1% NEAA (GE-Healthcare), 0.05 mM ß- 
MeEtOH (GIBCO)). Cells were harvested by flushing petri dishes with 
cold PBS. Purity of pDCs was between 65 and 75% as determined by 
FACS. For culture purposes 5×106 pDC/ml were incubated in 96 round- 
bottom wells. For treating cells in-vitro with DT we incubated cells in 
RPMI1640 supplemented with 1% BSA and 10 μg/ml DT. 

The human pDC cell line CAL-1 (Maeda et al., 2005) was incubated 
in 1% BSA/RPMI1640, 1 mM sodium pyruvate (GIBCO), 1% P/S 
(GIBCO), 1% NEAA (GE-Healthcare), 0.05 mM ß-MeEtOH (GIBCO) in 48 
well plate with 3×106 cells/ml. 7 h later cells were harvested and 
stained for AMNIS analysis with IRF7. To measure IFN-α production, 
cells were incubated with media (RPMI1640, 1% BSA), DT (10 μg/ml) 
for 8 h. Brefeldin 1 μg/ml was added for the last 4 h. Cells were stained 
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for viability dye and universal IFN-α–PE (Miltenyi) and measured by 
flow cytometry. 

2.16. mRNA detection 

Tissues (whole stomach, total spleen, total pancreas) were each ho-
mogenized in 1 ml trizol (QIAzol Lysis reagent). Total brain and 0.5 g of 
liver were homogenized in 3 ml trizol. After spinning down the debris 
the supernatant (1 ml) was used to isolate the RNA. After the addition of 
200 µl chloroform and centrifugation the aqueous phase was transferred 
into a new tube and mixed with 70% ethanol. The mix was further 
transferred to RNeasy mini spin columns of the RNeasy mini kit (Qiagen, 
Hilden, Germany) and RNA was isolated according to the manufactur’s 
protocol. 1 µg of total RNA was transcribed into cDNA with the iScript 
kit (Biorad, California, USA). The qPCR was performed with Sybr® 
Green (Biorad) and the primers were designed with the Roche probe 
library. The House-keeping gene 18S was chosen as this ribosomal RNA 
is highly expressed across tissues, cells, and experimental treatments. It 
does not change with activation of cells and remains stable through 
treatments (Bas et al., 2004). qPCR was performed with Biorad thermo 
cycler (T100). The following primers were used to identify 18S mRNA 
and SST-mRNA: SST: F: agagaatgatgccctggagc; R: gggagagggatcagaggtct 
and 18S F: gcaattattccccatgaacg, R: gggacttaatcaacgcaagc. Relative 
expression was calculated to non-treated cells/ WT-mice, which were set 
to 1. 

2.17. Metabolic studies and measurement of food intake 

Body weight and food intake were monitored daily by weighing body 
and chow. After sacrificing, the heart and the muscle (m. rectus femoris) 
of one femur and the whole epididymal adipose fat pads (visceral adi-
pose tissue; VAT) were weighed. Fasting the mice for a period of 5–6 h in 
the morning, allowed to measure fasting blood glucose levels by taking a 
drop of blood from the tail vain to be analyzed with OneTouch Ultra 
mini test stripes (LifeScan Inc., Wayne, USA). For insulin measurements 
mice were fasted for 5 h, 1 g/kg glucose was applied orally and 30 min 
later blood was drawn. 

The food was weighted manually daily by taking the food out of the 
feeding rack to a scale. Only big pieces were given back to the rack to 
prevent falling down of little pieces through the grid. When little pieces 
were seen on the floor their weight was taken into account of the 
measurement. We did not observe any abnormal chewing or spilling of 
food. Daily monitoring allowed tight control of behavioral changes. 

2.18. Statistical analyses 

The statistical tests used included unpaired Student’s t-test and two- 
way ANOVA tests. P values of ≤ 0.05 were considered significant, * = P 
< 0.5; ** = P < 0.01; *** = P < 0.001. No exclusions of data points or 
mice were performed. Pilot studies were used for estimation of the 
sample size required to ensure adequate power. GraphPad Prism soft-
ware 7 and 8 were used. 

3. Results 

3.1. Depletion of pDCs caused weight loss 

We investigated the physiological consequences of pDC-death and 
ablated pDCs for consecutive days by injecting diphtheria toxin (DT) in 
transgenic mice expressing the receptor of diphtheria toxin (DTR) under 
a pDC specific promoter (Swiecki et al., 2010). As reported before 
(Swiecki et al., 2010), the injection of DT caused a transient removal of 
pDCs from the bone marrow (BM), that were reconstituted within 48 h 
(Supplementary Fig. 1A). However, this pDC-depletion modality spared 
substantial numbers of immature SiglecH+CD317− and even some 
mature SiglecH+CD317+ pDCs in the BM (Supplementary Fig. 1B). We 

improved the ablation efficacy in BM and spleen by injecting DT every 
24 h (Supplementary Fig. 1A, Supplementary Fig. 2A–D). The remaining 
cells of the 24 h DT treatment were SiglecH+B220low (Supplementary 
Fig. 2C, D), that had been described to be immature pDCs and pre-DC 
progenitors with pDC-differentiation capability (Schlitzer et al., 2015). 
Interestingly, using a pDC-depleting monoclonal antibody (mAb) anti- 
CD317 (Blasius et al., 2006) was far less efficient, removing only 
40–50% of all pDCs in BM. By applying a daily DT treatment, we ensured 
a prolonged pDC-absence for 6 days (Supplementary Fig. 2B). 

Unexpectedly, and in contrast to all other pDC-depletion treatments, 
the most efficient removal of pDCs caused strong physiological alter-
ations, as mice lost approximately 15–20% of their body weight within 
these 6 days (Fig. 1A, Supplementary Fig. 2E). This was accompanied by 
a loss of 25–35% of muscle mass as shown for skeletal (m. rectus femoris; 
Fig. 1B, left) and heart muscle (Fig. 1B, right). Furthermore, the 80% 
weight reduction of the visceral adipose tissue (VAT) (Fig. 1C) went 
along with a contraction of adipocytes (Fig. 1D, E), indicating strong 
catabolism of adipocyte energy stores. Therefore, the pDC-ablation 
phenotype resembled weight loss and muscle atrophy seen during 
various diseases (cachexia). In addition, the metabolic disturbance 
caused by pDC-ablation was also manifested by a strong drop in fasting 
blood glucose levels (Fig. 1F). However, as soon as the pDC-depletion 
was stopped, the induced weight loss was completely reversed and 
mice acquired normal weight again within 4–5 days (Fig. 1G). Taken 
together, the removal of pDCs led to rapid, but reversible changes in 
body weight and metabolism of mice. 

3.2. pDC depletion results in anorexia by increased level of SST 

To understand if weight loss was caused by reduced calorie input, the 
appetite of mice was monitored by measuring their food consumption 
over time. Beginning at day 3 of pDC-depletion, the appetite was 
significantly reduced which further decreased over time of pDC- 
depletion (Fig. 2A). The decrease in food consumption was reversible, 
as rapidly upon stopping the DT-treatment, mice regained appetite 
(Fig. 2B). One major regulator of appetite is the hormone ghrelin 
(Nakazato et al., 2001). When the stomach is empty and contracted 
ghrelin is released by stomach wall delta-cells (Howick et al., 2017) to 
signal to the brain to increase food consumption (Cowley et al., 2003; 
Zigman et al., 2006). Interestingly, within 4 days of pDC-depletion, 
ghrelin levels in serum were significantly lowered compared to control 
mice (Fig. 2C), although the stomachs of pDC-depleted mice were 
empty, contracted and without substantial nutritional content (Fig. 2D). 
One negative regulator of ghrelin release is SST, which is, in addition to 
other sources, co-expressed in the stomach (Shimada et al., 2003). 
Already by day 3 of pDC-ablation, we found the SST serum levels 
significantly increased (Fig. 2E). To identify the source for increased SST 
expression, we performed qPCR analysis of the major SST-producing 
organs. Interestingly, after the continuous ablation of pDCs, the brain 
and pancreas showed no significant changes in SST gene expression, 
while the stomach underwent a 5-fold SST upregulation (Fig. 2F). In 
addition to the regulation of ghrelin, SST is also a key regulator of insulin 
to control blood glucose levels (Hauge-Evans et al., 2015). Indeed, in-
sulin was low in serum and could not be induced in pDC-ablated mice 
(Fig. 2G). Also, the C-peptide, which is co-released with insulin, showed 
a similar reduction (Fig. 2H). In contrast, insulin accumulated in 
pancreatic tissue, suggesting that insulin release, rather than production 
itself, was suppressed (Fig. 2I), a typical effect of SST (Strowski et al., 
2000). 

To understand if the rise in SST-levels were directly responsible for 
weight loss upon pDC-depletion, we blocked SST signaling by applying 
its antagonist cyclosomatostatin (CSS). CSS application during pDC- 
depletion completely rescued weight loss and food consumption, while 
it did not alter these parameters in wild type control mice (Fig. 2J). 
Furthermore, the serum levels of ghrelin were rescued in pDC ablated 
mice in presence of CSS (Fig. 2K). Accordingly, when mice were 
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supplemented during pDC-depletion with exogenous ghrelin, the weight 
loss and food consumption were partly rescued (Fig. 2L). 

We next investigated whether the SST upregulation and ghrelin 
downregulation are general mechanisms, that can be similarly observed 
in other pDC ablation models. To this end we depleted pDCs in wild type 
mice with a daily anti-CD317 mAb treatment. Although this method was 
less efficient for the removal of pDCs, when compared to pDC-depletion 
obtained by DT-injection in pDC-DTR mice (Supplementary Fig. 2B), it 
was also accompanied by moderate weight loss (Supplementary Fig. 2E). 
In a kinetic study, anti-CD317-depleted wild type mice showed 
approximately 10% weight loss on the fifth day of antibody treatment 
(Supplementary Fig. 3A). This was accompanied by a moderate trend of 
SST upregulation, which was, however, not statistically significant 
(Supplementary Fig. 3B). Interestingly, a significant downregulation of 
both ghrelin and C-peptide could be observed (Supplementary Fig. 3B). 
This data suggests that both models of pDC ablation, either with a pDC 
specific antibody or by DT in pDC-DTR mice, lead to suppression of 
ghrelin and loss of appetite, decreased food uptake and reduction in 
body weight. 

3.3. pDC-ablation phenotype is mediated by IFN-I 

To understand the positive regulation of SST we tested whether the 
observed effects were pDC-specific. To this end, we deleted other im-
mune cell types by various methods. Although the deletion of CD4 T 
cells by injecting anti-CD4 antibody was highly efficient (Supplementary 
Fig. 4A), we could hardly observe any weight loss in treated mice 
(Fig. 3A). In addition, DT-mediated ablation of the XCR1+ DC-subset in 
XCR1-DTR mice (Supplementary Fig. 3B), using a 3 times higher dose of 
DT as compared to pDC-DTR mice, induced only a slight weight 
reduction of 10% the initial weight (Fig. 3A). In contrast, the removal of 
pDCs resulted in 20% weight loss (Fig. 3A). These results suggested that 
the observed effects did not depend on the relative amounts of dead 
cells, as for example CD4 T cell depletion causes far greater dead cell 
numbers than the depletion of rare pDCs. We concluded that the pDC 
ablation phenotype has been mediated by pDC-specific properties. As 
the physiological changes were mediated by induced cell death of pDCs, 
serum was analyzed for inflammatory cytokines associated with cell 
death (Cowley et al., 2003). Indeed, the depletion of pDCs led to a more 

Fig. 1. Depletion of pDC results in metabolic changes. (A) WT and pDC-DTR mice were treated with DT for 5 days and body phenotype was photographed on day 
5 of DT-treatment (left panel) and weight loss of mice (control: black, pDC-DTR: red) was monitored over time (right panel) with n = 8–24 of animals per time point. 
(B) Weight of skeletal muscle (m. rectus femoris) and cardiac muscle were determined on day 5 of pDC depletion and compared to WT control mice. (C) Weight of 
epidydimal visceral adipose tissue (VAT) was determined on day 5 of DT-treatment. (D) Histological paraffin sections from VAT (H&E staining, size bar represents 
100 µm) were generated and (E) the mean area of adipocytes within each section were measured. Each dot represents mean counted value of sections of one mouse. 
(F) Mice were fasted for 5 h on day 5 of pDC-depletion and blood glucose levels were measured. (G) WT and pDC-DTR mice were treated with DT. After the last DT 
injection on day 4, mice were given time to recover. Body weight of mice was measured at indicated time points. Shown data are representative of two (D, E, G, (n =
5)) or three (A-C, F, (n = 3–24)) independent experiments, and were analyzed by two-way unpaired Student’s t-test (B, C, E, F). Data from (A) was analyzed by two- 
way ANOVA test. Data are shown as arithmetic means and error bars (A-G) denote SEM * P < 0.05; **P < 0.01; *** P < 0.001. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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than 5-fold increase of IFN-ß, IL-17a, and IL-6 (Fig. 3B). Furthermore, IL- 
1ß, MCP-1, TNFα, and IL-27 rose 2-fold, while IL-10 was decreased 
(Fig. 3B). Interestingly, blocking of IL-6 or IL-1ß signaling with mono-
clonal antibodies during pDC depletion had no impact on weight 
reduction (Supplemental Fig. 4D and E). In contrast, the sole blockade of 
IFN-I-receptor (IFN-R) signaling during DT-induced pDC ablation pre-
vented weight loss (Fig. 3C, blue line) in comparison to pDC-DTR mice 
that received the isotype control antibody (Fig. 3C, red line). Similarly, 
the removal of pDCs in pDC-DTR-mice that were deficient for the IFN-R 
(IFNAR-ko × pDC-DTR) showed no reduction in body weight (Fig. 3D, 
blue line), confirming a central role of IFN-I in mediating anorexia and 
cachexia following pDC depletion. 

Furthermore, the levels of SST, ghrelin and C-peptide remained un-
changed in presence of IFN-R blockade (Fig. 3E), indicating a direct 
regulatory link between IFN-I and hormonal mediators. To directly 
prove the link between IFN-I and the endocrine system we applied re-
combinant universal IFN-α to wild type mice. Strikingly, IFN-α directly 
boosted systemic SST levels and lowered ghrelin levels (Fig. 3F) that 
resulted in a reduction of the appetite by half when compared to control 
mice (Fig. 3F). This demonstrates, that the early cytokine IFN-I mediated 
the anorexic effects observed during pDC ablation and that IFN-α is 
capable to stir the functions of the endocrine system. IFN-I thereby 
performs as a negative regulator of the feeding behavior. 

3.4. pDCs produced IFN-I before DT-mediated cell death 

pDC-depleted mice had significantly increased IFN-α serum levels 
already one day of DT-treatment (Fig. 4A). To test if pDCs themselves 
were the source of IFN-I upon DT-treatment, pDCs from pDC-DTR-mice 
or WT mice were exposed to DT (Fig. 4B). In contrast to control pDCs, 
pDCs from pDC-DTR mice produced significant amounts of IFN-α 
(Fig. 4B). Additionally, DT-induced cell death did not occur within the 
first 7 h, but rather after 18 h of DT addition (Supplementary Fig. 5A), 
leaving enough time for pDCs to produce IFN-I. Furthermore, de novo 
IFN-α production is initiated by IRF7 which is constitutively present in 
the cytoplasm of pDCs. Upon cell activation IRF7 gets phosphorylated 
and translocated to the nucleus where it initiates the IFN-I gene tran-
scription (Honda et al., 2005; Marie et al., 2000). We observed by im-
aging flow cytometry that PBS-treated pDCs from both, WT control mice 
as well as pDC-DTR mice have IRF7 located in the cytoplasm (Fig. 4C). 
However, upon DT-treatment, pDC-DTR pDCs revealed shuttling of IRF7 
to the nucleus, while WT pDCs did not alter their IRF7 nuclear content 
(Fig. 4C). Normally, murine cells are insensitive to DT and only the 
transgene expression of primate DTR (HB-EGF) in pDC-DTR mice 
allowed the depletion of pDCs by DT (Saito et al., 2001). In contrast, all 
human cells are naturally DT-sensitive due to a constitutive and ubiq-
uitous DTR expression. Therefore, we incubated cells of the human pDC- 
cell line CAL1 (Maeda et al., 2005) with DT and found that this similarly 
initiated the translocation of IRF7 to the nucleus (Fig. 4D). Furthermore, 
DT-treatment induced significant IFN-α expression in human pDCs 

(Fig. 4E) as shown by intracellular cytokine staining, supporting the 
finding that pDCs were one source of IFN-I production before DT- 
mediated cell death. 

3.5. Ghrelin suppressed CD8+ T cell immunity during viral infection 

In numerous viral infections, IFN-I is produced early and rapidly 
(Supplementary Fig. 6A) (McNab et al., 2015) to activate, modulate and 
amplify the innate and adaptive immunity. To test if these infections are 
accompanied by an upregulation of SST, mice were treated with R848, a 
synthetic TLR7-ligand, which mainly targets pDCs to induce IFN- 
α-production in vivo (Asselin-Paturel et al., 2005; Kawai and Akira, 
2011). The R848 injection mediated an increase of SST serum levels and 
a strong decrease of food consumption (Fig. 5A, B). Also, poly (I:C), a 
synthetic TLR3 ligand raised the SST levels and stopped food con-
sumption in mice (Fig. 5A, B). Similarly, immunizing mice with Modi-
fied Vaccinia Virus Ankara (MVA), a very potent vector for vaccination 
against infectious diseases and cancer, known to induce IFN-I produc-
tion (Dai et al., 2014), raised systemic levels of SST and rapidly mediated 
a stop of food consumption (Fig. 5A, B). Also, herpes simplex virus (HSV 
(KOS)), which induces IFN-α in an IRF7-dependent fashion (Honda 
et al., 2005) and causes transient weight loss in C57BL/6 mice (Reading 
et al., 2006), showed significantly elevated SST levels and again, 
decreased the food consumption in infected mice (Fig. 5A, B). We 
concluded that viral infection and TLR-mediated inflammation 
increased SST, that consequently resulted in suppression of appetite. It 
was still unclear why early during infection SST is enhanced and loss of 
appetite induced. To identify if SST during viral immunization is bene-
ficial for the initiation of an efficient anti-viral immune response, we 
used the MVA vaccine, that is a robust vector suitable for addressing a 
wide variety of infectious diseases and cancers. It is approved to vacci-
nate against smallpox (JYNNEOS ®) and Ebola (MVA-BN® FILO) and 
currently in clinical trials to vaccinate against several forms of cancer 
(Bavarian Nordic, Denmark). To test if there is a necessity for the sup-
pression of ghrelin to succeed in immunity, we immunized mice with an 
MVA-vector that additionally encoded the model antigen ovalbumin 
(OVA). 7 days after the immunization and the adoptive transfer of OVA- 
specific TCR-transgenic OT1 CD8+ T cells, the T cell response was 
analyzed. Splenic endogenous CD8+ T cells (data not shown) and OT1 
CD8+ T cells were both expanding with and without ghrelin supple-
mentation (Fig. 5C). While the frequencies of CD8+ T cells were com-
parable with or without ghrelin, the total cell numbers were strongly 
reduced in mice supplemented with ghrelin (Fig. 5C, right panel). In 
non-immunized control mice (PBS), the addition of ghrelin did not 
interfere with the numbers of OT1 T cells nor of endogenous CD8+ T 
cells (Fig. 5C). This suggested that ghrelin exerts negative effects only 
during active immune responses. Furthermore, in MVA-OVA vaccinated 
mice, the addition of ghrelin did not alter the activated phenotype of 
CD8+ T cells (CD62LlowCD44high) when compared to mice that received 
PBS only (Supplementary Fig. 6B). Interestingly, upon re-stimulation 

Fig. 2. pDC-depletion results in decrease of ghrelin due to increased SST levels. (A) Control (black) and pDC-DTR mice (red) received DT for 6 days and food 
consumption was measured daily. (B) Control (black) and pDC-DTR mice (red) received DT daily until day 3 and mice recovered until day 11. Food consumption 
during this time frame was monitored. (C) At day 5 of DT injection serum was drawn from WT and pDC-DTR mice. Total ghrelin was measured by ELISA. (D) Pictures 
of stomachs were taken on day 5 of DT injection of WT and pDC-DTR mice. (E) Serum SST-levels were measured by ELISA from WT (grey bar) and pDC-DTR mice (red 
bar) at indicated time points of DT treatment. (F) SST-producing organs such as liver, stomach, pancreas, spleen and brain were homogenized in Trizol ® after organs 
have been harvested from WT control (grey bars) or pDC-DTR (red bars) mice treated with DT for 5 days. SST mRNA levels were quantified by real-time qPCR and 
relative gene expression was calculated by setting the mean of control organs as 1. Individual expression of control or pDC-DTR organs were calculated. (G) WT and 
pDC-DTR mice were treated for 5 days with DT and after fasting for 5 h 1 g/kg glucose was applied orally and serum levels of insulin and (H) C-peptide were 
determined by ELISA. Insulin content from pancreatic tissue was determined and correlated to tissue weight (I). (J) WT (black), pDC-DTR mice (red) were treated 
daily with DT and one group of WT (green), and pDC-DTR (blue) mice received additionally 2x daily cyclosomatostatin (CSS). Body weight and food uptake were 
tracked over time. (K) WT (grey), pDC-DTR mice (red) were treated daily with DT and one group of pDC-DTR mice (blue) received additionally 2x daily cyclo-
somatostatin (CSS, blue). Serum was analyzed for ghrelin by ELISA. (L) WT (black) and pDC-DTR (red) mice were treated with DT plus PBS and pDC-DTR (blue line) 
mice were treated with DT plus ghrelin and body weight and food consumption were monitored. All experiments were repeated twice with 4–6 animals per group (n 
= 4–6) and similar outcome. Statistics were performed with Student’s t-test (C, E-I, K) or two-way repeated measures ANOVA test (A, J, L). Error bars show SEM * P 
< 0.05; **P < 0.01; *** P < 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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with the OVA peptide, we found that OT1 T cells were significantly 
reduced in IFN-γ expressing cells when ghrelin had been supplemented 
for 7 days (Fig. 5D). This corresponded to the general reduction of T cell 
numbers (Fig. 5C). In conclusion, the data suggested that the presence of 
ghrelin during viral immune responses suppressed the development of 
antigen specific CD8+ T cells. Therefore, to obtain optimal expansion of 
anti-viral CD8+ T cells, the inhibition of ghrelin is absolutely required. 

3.6. The IFN-I-SST-ghrelin-pathway controlled early innate immune cell 
signaling during viral infection and inflammation 

The clonal expansion of antigen-specific CD8+ T cells depends on the 

priming milieu within secondary lymphoid organs (Dixit et al., 2004). 
Therefore, MVA vaccination was employed together with PBS, recom-
binant ghrelin or CSS (Fig. 6A). After 6 h, PBS and MVA co- 
administration showed increased levels of IFN-α (Fig. 6B, MVA +
PBS). In contrast, the in vivo blockade of SST by CSS (Fig. 6B, MVA +
CSS) as well as the administration of exogenous ghrelin (Fig. 6B, MVA +
ghrelin) decreased the serum levels of IFN-α at least by half (Fig. 6B), 
indicating a negative impact of CSS or ghrelin on this early cytokine. 
Much of the early IFN-I during MVA inflammation is provided by pDCs 
(Waibler et al., 2007). Interestingly, the exogenous administration of 
ghrelin during MVA immunization led to a lower number of pDCs with 
phosphorylated IRF7 (p-IRF7) (Fig. 6C) and lower levels of p-IRF7 

Fig. 3. pDC-ablation phenotype is mediated by IFN-I. (A) Body weight of DT induced depletion of pDCs in pDC-DTR mice (red line) was compared to DT-treated 
control mice (WT, black line) and other mouse models of ablated immune cells. To deplete XCR1+ DCs (blue line), mice were injected with DT according to the 
protocol (Yamazaki et al., 2013) and injection of monoclonal antibody against CD4 was used to deplete CD4+ T cells (grey line). Body weight was tracked daily over 
5 days. (B) WT and pDC-DTR mice were treated with DT for 5 days and serum was analyzed for inflammatory cytokine expression by Legend plex analysis. Levels 
were calculated as fold level of mean WT and plotted as heat map. (C) WT (control) and pDC-DTR mice were injected daily with DT and blocking antibody to IFN-R 
(MAR1- 5A3) or isotype control (isotype, MOPC-21). Body weight was tracked over time and compared to initial body weight that was set to 100. (D) WT mice 
(control), pDC-DTR and IFNAR-ko × pDC-DTR mice were daily injected with DT. Body weight was tracked over time and compared to initial body weight that was set 
to 100%. (E) Control and pDC-DTR mice were injected daily with DT and blocking antibody to IFN-R (MAR1- 5A3) or isotype control (isotype, MOPC-21). Serum 
from mice was harvested at day 4 and ELISA for C-peptide, SST and ghrelin were performed. The data combined two independent experiments with n = 3–5 mice per 
group. (F) WT mice were injected with PBS (grey bar) or rec. IFN-α (i.v.) (red bar) and 4 h later blood was harvested. Analyses of serum by ELISA for SST and ghrelin 
were performed. (G) Food uptake was measured 18 h after PBS or rec. INF-α injection. Data is representative of two independent experiments with (n = 3) mice per 
group and was analyzed by two-way-ANOVA (A, C, D, E) or unpaired Student’s t-test (F-G). Data are shown as arithmetic means and error bars (A-L) denote SEM * P 
< 0.05; ** P < 0.01; *** P < 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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(Fig. 6C, MFI right) when compared to PBS controls. As phosphorylation 
of IRF7 is essential for its translocation to the nucleus to initiate IFN-I 
expression, ghrelin directly limited the capacity of pDCs to produce 
IFN-I (Fig. 6C). 

Furthermore, the major cytokine IFN-γ is produced by natural killer 
(NK) cells early during immune responses (Farsakoglu et al., 2019; 
Martin-Fontecha et al., 2004) and directly acts on CD8+ T cells and 
controls their numbers during clonal expansion (Whitmire et al., 2005). 
Here, after 6 h, MVA and PBS co-administration led to high levels of IFN- 
γ (Fig. 6D, MVA + PBS), while the in vivo blockade of SST by CSS 
(Fig. 6D, MVA + CSS) or exogenous ghrelin (Fig. 6D, MVA + ghrelin) 
lowered serum IFN-γ levels at least by two thirds (Fig. 6D). The acti-
vation of lymphocytes is generally initiated by Akt-phosphorylation 
(Henson et al., 2009) and a defective Akt-phosphorylation has been 
previously correlated with impaired NK cell functions (Wang et al., 
2013). Indeed, we found that treating with CSS and ghrelin during MVA- 
vaccination significantly reduced the phosphorylation of Akt at Ser473 
in NK cells, when compared to mice that received MVA with PBS only 
(Fig. 6E). Moreover, while MVA-immunization resulted in strong IFN-γ 
protein expression in NK cells (Fig. 6D), the presence of the SST- 
inhibitor CSS or exogenous ghrelin strongly reduced the proportion of 
IFN-γ+ NK cells (Fig. 6D). Mechanistically, it has been shown that the 
capacity to produce IFN-γ by NK cells positively correlated with the 
expression of the transcription factor T-bet, while a downregulated T-bet 
causes NK cell dysfunction (Gill et al., 2012). During MVA vaccination, 
both exogenous ghrelin and CSS significantly reduced intracellular 
levels of T-bet in NK-cells (Supplementary Fig. 7A). This argued for a 
diminished functional status of NK cells when either the natural upre-
gulation of SST or the repression of ghrelin is counteracted during 

vaccination. Interestingly, compared to PBS + MVA, the treatment with 
ghrelin or CSS had no impact on NK cells and their early activation 
phenotype, as all groups had a comparable surface expression of CD69 
(Supplementary Fig. 7B). In summary, this data indicated that the 
presence of ghrelin or the blockade of SST signaling impaired the 
function of pDCs and NK cells. Furthermore, the regulation of SST by 
IFN-I was a prerequisite for optimal pDC and NK cell functions as it 
inhibited the presence of ghrelin and with that provided an effective 
priming environment. 

3.7. Ghrelin receptor was expressed by innate immune cells 

Ghrelin reduced the activation of key transcription factors in pDCs 
and NK cells leading to lowered levels of IFN-α and -γ. To investigate if 
ghrelin exerts these effects directly on innate immune cells, we analyzed 
if pDCs and NK cells express the ghrelin receptor (growth hormone 
secretagogue receptor or ghrelin receptor (GHSR)). Approximately 
15–20% of all pDCs (Fig. 7A) and 10% of all NK cells (Fig. 7B) expressed 
GHSR in a steady state. The administration of MVA increased GHSR+

pDCs up to 25–30% (Fig. 6A), that went along with an induction the 
activation marker CD69 (Fig. 7A, middle). Similarly, MVA also induced 
GHSR expression by NK cells, while matured CD11b+ NK cells showed a 
higher GHSR expression upon MVA immunization (Fig. 7B). We 
concluded that activated pDCs and NK cells increased their surface 
GHSR expression, to potentially allow a negative feedback loop to 
control their secretory functions. 

Fig. 4. DT treatment of pDCs induces IRF7 translocation and IFN-α release. (A) Serum of control (WT, grey bar) and pDC-DTR (red bar) mice was harvested one 
day after DT treatment and analyzed for IFN-α. Dotted line indicates the limit of detection of this assay. (B) WT control and pDC-DTR BM-derived pDCs were 
incubated for 18 h in vitro with DT or PBS. Supernatant was harvested and analyzed for IFN-α. (C) BM-derived pDCs from control (WT) and pDC-DTR mice were 
incubated with DT or with PBS in media for 7 h and stained for B220 and CD11b. Cells were intracellularly stained for IRF7 (green) and Draq5 (red, nucleus) and 
analyzed by AMNIS imaging flow cytometry. AMNIS data of colocalization of IRF7 and Draq5 in B220+ CD11b− cells was analyzed with Ideas software. (D) CAL1 
cells were incubated with DT and harvested after 7 h. Cells were intracellularly stained for IRF7 and Draq5 and analyzed by AMNIS imaging flow cytometry. (E) CAL1 
cells were incubated with DT for 8 h and the last 4 h Brefeldin A was additionally added. Cells were harvested and stained for human IFN-α. The data are repre-
sentative of two (A-E) independent experiments (n = 3–5) and were analyzed by unpaired Student’s t-test (A-E). Error bars denote SEM *P < 0.05; **P < 0.01; ***P 
< 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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4. Conclusion 

Viral and bacterial infections are associated with behavioral char-
acteristics, such loss of appetite (anorexia). Prolonged anorexia results 
in drastic weight loss that represents a leading cause of morbidity and 
mortality. Understanding the mechanism causing anorexia has remained 
elusive. Here, we demonstrate how viral infections induce anorexia and 
why this in an evolved strategy to induce potent anti-viral immune 
responses. 

The early IFN-I, mainly produced by plasmacytoid dendritic cells, 
upregulates the hormone somatostatin in the stomach that in turn 

suppresses the hunger hormone ghrelin and thereby mediates loss of 
appetite. Interestingly, this pathway is essential for the optimal induc-
tion of anti-viral immunity as NK cells and pDCs fail to provide a milieu 
for efficient T cell priming in presence of ghrelin. In summary, we 
showed a direct crosstalk of IFN-I with hormones expressed within the 
stomach to regulate early viral immunity on the cost of appetite. 

5. Discussion 

IFN-I has initially been recognized to interfere with viral replication 
(Isaacs and Lindenmann, 1957; Isaacs et al., 1957) and to activate the 

Fig. 5. SST and ghrelin regulation are required during immune responses in vivo. Mice were injected with PBS (grey bar) or R848 (100 μg), poly(I:C) (30 mg/ 
kg), 5×107 TCID modified vaccinia virus Ankara (MVA) or 5×106 pfu HSV-1(KOS) i.v. (red bar) and 6–8 h later serum was isolated and analyzed for SST by ELISA (A) 
and the food consumption was measured (B). (C-D) CD45.1− C57BL/6 mice were adoptively transferred with 5×105 CD45.1+ OT1 T cells and immunized 24 h later i. 
v. with MVA-OVA (5×107 TCID) or injected with PBS instead. Two groups of mice received additionally recombinant ghrelin in drinking water, which was 
continuously renewed for 7 days. (C) Frequencies of CD8+CD45.1+ OT1 T cells and endogenous CD8+CD45.1− T cells were determined from spleen cell suspensions 
by flow cytometry on day 7 post immunization. Numbers indicate frequencies of the respective populations in the gate. Total cell numbers are shown in bar graphs. 
(D) T cells were restimulated in vitro with OVA peptide (pOVA, SIINFEKL) and IFN-γ was stained intracellularly on CD8+CD45.1+ OT1 T cells by flow cytometry. 
Numbers on the gates represent percentages of IFN-γ+ cells. Bar graphs show absolute numbers of IFN-γ+ OT1 T cells per spleen. The data are representative of two 
independent experiments (n = 3–5) and were analyzed by unpaired Student’s t-test. Error bars denote SEM; *P < 0.05; **P < 0.01; *** P < 0.001. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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immune system (Wang and Fish, 2012). In some cases, it is also dele-
terious due to toxic effects or by mediating inflammatory or autoim-
mune syndromes (Pascual et al., 2010; Tomasello et al., 2014). IFN-I can 
be expressed by many cell types, but upon viral stimulation pDCs secrete 
very rapidly high amounts of IFN-I as they uniquely, constitutively ex-
press the transcription factor IRF7 (Gilliet et al., 2008; Tomasello et al., 
2018). We found that the exposure of DT-sensitive pDCs to DT caused 
translocation of IRF7 to the nucleus and initiated IFN-α expression. For 
researchers, the transgenic expression of high-affinity simian DTR in 
specific murine cells (Saito et al., 2001), is a valuable and prevalent 
research tool to investigate the function of these cells. Interestingly, 
different transgenic mouse strains expressing the DTR require individual 
DT doses and defined application intervals. Here, we optimized the 
ablation modalities for pDCs in a well-established mouse model of DTR- 
expression (Swiecki et al., 2010). We identified that exposure of pDCs to 
DT caused cell-death only after a latent period, during which pDCs 
survived normally, corroborating early reports on DT mediated 

processes (Strauss and Hendee, 1959). Although DT induces ADP- 
ribosylation of elongation factor-2 (Narayanan et al., 2005) resulting 
in toxin-modified ribosomes to stop protein synthesis, cell-entry of DT is 
not associated with an immediate block of RNA (Strauss, 1960) and 
protein synthesis (Falnes et al., 2000). Interestingly, while pDCs initi-
ated an IFN-I response during ablation, depletion models for other im-
mune cells were spared by this. As neither the ablation of XCR1 +
conventional dendritic cells by DT nor of CD4 + T cells by antibodies 
induced such a strong metabolic phenotype, we excluded that general 
cell stress or presence of cell death was sufficient to trigger adequate 
signals for IFN-I release in these systems. Low levels of IFN-α induced by 
pDC-ablation resulted in SST-mRNA upregulation in the stomach, but 
not in other major places of SST production such as the pancreas or 
brain. The immediate target of IFN-I was demonstrated by blocking the 
IFN-R-signaling during pDC-ablation, which prevented the upregulation 
of SST. Furthermore, applying recombinant IFN-α directly augmented 
SST levels in blood. Interestingly, while other substances, mainly 

Fig. 6. The IFN-1/SST/ghrelin-axis controls early innate immune mechanisms during infection and inflammation. (A) Mice were immunized with PBS only 
or MVA with either additionally PBS (red), CSS i.p. (blue) or ghrelin i.p. (green) every 2 h. 8 h post immunization serum was collected for determination of IFN-α (B). 
(C) Mice were treated for 6 or 8 h with PBS (dark grey bar) or MVA and every 2 h PBS (red bar) or recombinant ghrelin (green bar) was applied. Splenic pDCs were 
stained intracellularly for phosphorylated IRF7 (p-IRF7) or isotype control (light grey). Frequency and MFI of p-IRF7 in pDCs were calculated. (D) Mice were 
immunized with PBS (grey) or MVA and received either additionally PBS (red), CSS i.p. (blue) or ghrelin i.p. (green) every 2 h. 8 h post immunization serum was 
collected for determination of IFN-γ by Legendplex bead array (Biolegend). (E) Mice were treated as in C and an intracellular staining of splenic NK1.1+CD3ε− NK 
cells for p-Akt (Ser473) was performed and the MFI calculated in comparison to isotype control (light grey). (F) Mice were immunized with PBS as control (grey bar) 
or MVA with either additionally PBS (red bar), CSS i.p. (blue bar) or ghrelin i.p. (green bar) every 2 h. After 8 h post immunization spleens were harvested. To 
quantify the IFN-γ production of NK cells by intracellular flow cytometry the splenic cell suspension was re-incubated with 10 μg/ml Brefeldin-A for 4 h. IFN-γ+ NK 
cells were quantified as indicated by the gates in the individual contour plots. Numbers in gates show frequency of IFN-γ+ NK cells in the respective analyses. The 
data are representative of two (B, D, n = 3–5) or three (C-E, F, n = 3–5) independent experiments and were analyzed by unpaired Student’s t-test (B-F). Error bars 
denote SEM * P < 0.05; ** P < 0.01; *** P < 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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neurotransmitters (Goto et al., 1981), peptide hormones (Chiba et al., 
1980; Eissele et al., 1990) and metabolites (Wasada et al., 1980) have 
previously been shown to regulate the release of SST, a role for IFN-I on 
SST regulation has not been described so far. Moreover, it has been 
demonstrated that during Helicobacter pylori infection in mice, that the 
type-II interferon IFN-γ promoted SST expression in the stomach and 
thereby mediated a reduction of ghrelin (Strickertsson et al., 2011). 
Although the production of IFN-γ has been associated with rapid weight 
loss (Matthys et al., 1991) we did not find evidence for increased levels 
of IFN-γ after pDC ablation (data not shown). It has been reported that 
SST inhibits numerous physiological functions and hormones. While 
acting as a classical endocrine it balances glucose homeostasis in the 
blood by adjusting the release of insulin and glucagon (Alberti et al., 
1973). Correlating with that function, we found reduced levels of insulin 
in serum of pDC-ablated mice, while it accumulated in the pancreas. 

In addition, SST has recently been shown to negatively interfere with 
autoimmune immune responses, as the application of SST was sup-
pressive in experimental autoimmune encephalomyelitis and chronic 
arthritis (Brod and Hood, 2011; Matucci-Cerinic et al., 1995). In 
contrast, here, during an anti-viral immune response, we observed a 
rather beneficial influence of SST. The immunization with MVA 
increased the systemic level of SST, which was required to inhibit 
ghrelin and crucial for establishing a milieu for sustained T cell expan-
sion. When SST was blocked or ghrelin administered upon MVA- 
immunization, CD8+ T cells failed to accumulate properly. In NK cells, 
the presence of ghrelin or CSS led to a failure of efficient IFN-γ expres-
sion. Strikingly, the signaling of Akt was impaired and the constitutive 
T-bet level reduced, indicating of an interference of ghrelin on key 
cellular molecules involved in regulating NK cell functions (Caraux 
et al., 2006; Jiang et al., 2000; Muller-Durovic et al., 2016; Wang et al., 
2013). MVA vaccination together with ghrelin administration dimin-
ished the phosphorylation of IRF-7 in pDCs to one quarter. It is known, 
that released IFN-I triggers a positive feedback-loop in pDCs to promote 
their IFN-I production even further. In accordance with this, activated 
pDCs exhibited an increased expression of the receptor for ghrelin 
(GHSR) and the presence of ghrelin might have interfered or blocked 
this positive feedback response, resulting in an inhibition of IFN-I 
expression. Therefore, while optimal clonal expansion of CD8+ T cells 
requires the presence of the cytokines IFN-I (Brewitz et al., 2017; 

Kolumam et al., 2005) and IFN-γ (Whitmire et al., 2005) we concluded 
that the presence of ghrelin is suppressive on early immune responses, 
making the GHSR-signaling pathway an interesting target for solving 
overshooting immune responses. The described signaling loop also 
suggests that during periods of acute ghrelin upregulation (i.e., acute 
hunger), mice may be more susceptible to viral infection, and vaccine 
administration may be suboptimal due to ghrelin’s inhibitory effects on 
pDCs and NK cells. 

Furthermore, delta cells in the stomach secrete SST, once the stom-
ach is expanded with food content to inhibit further release of ghrelin to 
interrupt the feeling of hunger in the brain (DiGruccio et al., 2016; 
Rorsman and Huising, 2018; Shimada et al., 2003). On the opposite, 
mice deficient for SST display increased levels of ghrelin in the stomach 
(Luque et al., 2006). The administration of recombinant ghrelin en-
hances food intake (Nakazato et al., 2001; Tang-Christensen et al., 2004; 
Wren et al., 2000) and can even lead to adiposity (Tschop et al., 2000), 
proving a central role for ghrelin in regulating the hunger perception. 
Here, despite empty stomachs, pDC-DTR mice failed to release ghrelin 
into the circulation, due to rise in SST which consequently led to a loss of 
appetite. Another major hormone mediating satiety is leptin that is 
secreted by adipocytes. It has been reported that the concentration of 
serum leptin correlates with fat mass and is higher in obese and lower in 
lean individuals (Considine et al., 1996). As pDC-DTR mice lose weight 
and fat mass after pDC ablation we speculate that there is a reduction in 
systemic leptin levels but the impact of pDC-presence on leptin levels 
and the sensitivity of the leptin receptor needs to be further addressed in 
the future. 

Extended fasting results in low blood sugar (hypoglycemia), which 
we also observed during pDC-depletion. Here, we identified how pro-
longed fasting is promoted by early IFN-I. Anorexia-induced fasting 
metabolism is protective in bacterial infection, but it is detrimental 
during viral diseases (Wang et al., 2016). Bacteria-infected mice 
exhibited decreased appetite and forced feeding was lethal (Murray and 
Murray, 1979; Wing and Young, 1980). The fasted state of anorexia was 
protective due to a shift from glucose to ketone bodies and free fatty acid 
utilization (Budd et al., 2007) thereby limiting reactive oxygen species 
(Wang et al., 2016). In contrast, blockade of glucose utilization was 
uniformly lethal in poly(I:C) and viral sepsis, as glucose was necessary to 
prevent the initiation of apoptosis (Wang et al., 2016). In general, 

Fig. 7. Ghrelin receptor expression induced by MVA. Mice were treated with PBS (grey bar) or MVA (red bar) and 6 h later splenic pDCs (live zombie− , single cells+, 
B220+PDCA-1+,) (A) and NK cells (live zombie− , single cells+, CD3− , NK1.1+) (B) were analyzed for ghrelin receptor (GHSR) expression on their surface by flow 
cytometry. Frequency of GHSR expression was calculated. The data are representative of three independent experiments (n = 3 animals per group) and were analyzed 
by unpaired Student’s t-test. Error bars denote SEM * P < 0.05; ** P < 0.01; *** P < 0.001. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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inflammatory cytokines orchestrate immune responses and affect the 
central nervous system by regulating food intake, energy homeostasis 
and sickness behavior (Dantzer, 2001; Kelley et al., 2003). Pro- 
inflammatory cytokines such as IL-6, IL-1β and TNFα inhibit appetite 
(Kent et al., 1996; Langhans and Hrupka, 1999; Mishra et al., 2019) by 
promoting the expression of the satiety hormone leptin (Medina et al., 
1999; Turrin et al., 2004; Wueest and Konrad, 2018). IL-6 displays 
pleiotropic effects as it is cachectogenic and anorexigenic during acute 
inflammation (Timper et al., 2017; Wallenius et al., 2002; Wueest and 
Konrad, 2018), while it contributes to obesity when chronically 
expressed by adipocytes (Han et al., 2020). In contrast, chronic exposure 
to IL-1 and TNFα leads to tolerating the anorectic effect and a restoration 
of regular food intake (Mrosovsky et al., 1989; Porter et al., 1998). 
Indeed, while pDC ablation increased IL-6, IL-1β, and TNFα, we did not 
observe weight loss improvement when blocking IL-6 or IL-1β signaling. 
Here, only the blockade of IFN-R signaling could prevent anorexia. 

The role of SST in mediating symptoms that are correlated with 
“sickness behavior” such as loss of appetite while promoting the anti- 
viral immune response is novel. This is of potential clinical relevance, 
as several SST analogs are already in clinical use for other indications 
(Borna et al., 2017; Flogstad et al., 1997). The use of SST analogs on food 
intake is beneficial in obesity (Tzotzas et al., 2008) and is approved to 
treat acromegaly and carcinoid syndrome (Riechelmann et al., 2017; 
Yang and Keating, 2010). 

Eventually, a combination therapy of IFN-I and SST inhibitors would 
allow for prolonged IFN-I therapy for patients who otherwise may 
develop anorexia as adverse side-effect. However, more work is neces-
sary, as it is currently not known whether the IFN-I-SST-axis also con-
trols appetite and immunity in humans. It has been reported that the 
application of the SST analog octreotide suppressed insulin, stabilized 
weight and body mass index in obese pediatric patients (Lustig et al., 
2003), and that one side effect of the SST-analogue lanreotide is weight 
loss. However, it is not known whether the IFN-I-SST-ghrelin cascade 
similarly influences human immunity. Modulation of SST function by 
antagonists may allow clinical interventions against anorexia seen in 
inflammatory diseases, cancer, and viral infections, however at the cost 
of full immune responses. In contrast, supplementation with ghrelin or 
SST antagonists might help to dampen early immune responses and to 
stabilize anorexia. 
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