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Summary 

Understanding type 2 immune responses hold strong potential to design targeted preventive 

and/or therapeutic strategies aimed at either ameliorating or obviating ever-increasing 

metabolic complications. In the gut environment, dendritic cells are the key innate immune 

players that orient the host's overall immunity. Additionally, a rare small intestinal epithelial cell 

type called tuft cells have recently been shown to initiate innate type 2 immune responses 

through a conserved intestinal tuft-IL-25-type 2 innate lymphoid cells (ILC2) circuit. However, 

we currently lack in-depth knowledge of how these cells may regulate type 2 immune responses. 

Manuscript I provides a focused analysis of the immunomodulatory effects of diverse 

compounds, in which RNA-seq-based analyses indicates that the body fluid of the helminth 

Ascaris suum (helminth PCF), a potential type 2 immune-driving product, strongly inhibits the 

Th1 and Th17 polarizing ability of LPS+IFN-γ-matured DCs by downregulating multiple 

components of the TLR4 signaling pathways. In Manuscript II, we examined the temporal 

changes in the number and activity of small intestinal tuft cells under obesogenic settings and 

their relationship with small intestinal and epididymal white adipose tissue (eWAT) immune 

activity and the systemic metabolic phenotype. Our data demonstrate that high-fat diet (HFD) 

feeding resulted in a significant decrease in small intestinal tuft cell numbers, reduced 

expression of the intestinal type 2 tuft cell markers Il25 and Tslp and, in contrast to eWAT, small 

intestinal lamina propria displayed a consistent non-inflammatory phenotype. Notably, small 

intestinal tuft cell-derived transcripts correlated with whole-body metabolic features; especially 

increased expression of Serpini1, encoding the serine protease inhibitor neuroserpin, which 

strongly associated with body mass expansion at early time points of HFD feeding. On the 

contrary, in mice being morbidly obese, distinct small intestinal tuft cell markers, such as genes 

encoding for the GABA receptors, TSLP and IL-25 correlated inversely with body mass expansion 

and hyperglycemia. In a separate project, presented in Manuscript III, we explored the effects 

of oral supplementation of helminth PCF on metabolic and immune parameters across different 

metabolically active tissues. The data revealed that oral intake of PCF induced specific changes 

in the small intestine and eWAT that were positively associated with systems-wide immune-

metabolic regulations in a weight reducing direction. Importantly, oral intake of helminth PCF 

enhanced expression of genes involved in RUNX1-regulated pathways in small intestinal tuft 

cells, an increase in specific ileal innate lymphoid cells as well as increased eosinophils number 
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in eWAT. Altogether, our studies contribute to improving our understanding of type 2 immune 

responses, their associations with systemic metabolic regulation and further boost our 

knowledge into small intestinal tuft cell biology, especially with respect to their role in relaying 

immune-metabolic signals, which may involve interactions with the enteric neuronal system.  
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Danish summary 

En større forståelse af det såkaldte type 2 immun respons kan potentielt muliggøre design af 

nye forebyggende- og/eller behandlingsstrategier, der vil kunne forbedre eller helt undgå 

metaboliske komplikationer. I tarmen er dendritiske celler den vigtigste innate immuncelle i 

forhold til at bestemme værtsorganismens immunologiske fænotype. Ydermere er signalering 

gennem en specialiseret epithelcelle kaldt tuft-celler for nyligt blevet identificeret som værende 

ophav til igangsættelsen af et type 2 immun respons. Dette sker gennem en konserveret 

signaleringsvej der involverer tuft-celler, IL-25, samt type 2 innate lymfoide celler (ILC2). På 

nuværende tidspunkt, mangler vi dog dybdegående kendskab til, hvordan tuft-celler regulerer 

disse diverse type 2 respons-typer. Manuskript I består af en fokuseret analyse af de immuno-

modulerende effekter af forskellige komponenter, hvoraf RNA-sekventering indikerer at 

kropshulevæsken fra spolormen Ascaris suum (helminth PCF), et potentielt type 2-drivende 

produkt, stærkt hæmmer den Th1- og Th17-polariserende effekt af modning af dendritiske celler 

med LPS og IFN-γ ved at nedregulere adskille komponenter i TLR4-signaleringsveje. I Manuskript 

II undersøgte vi de tidsafhængige ændringer i antallet og aktiviteten af tuft-celler i tyndtarmen 

under fedme-inducerende forhold, samt forholdet mellem tuft-celler og immunaktiviteten i 

tyndtarmen, det epididymale fedtvæv (eWAT) og den overordnede metaboliske fænotype. 

Vores data viser at fodring af mus med en høj fedt diæt (HFD) resulterer i et signifikant fald i 

antallet af tuft-celler, reduceret udtryk af tarm tuft-celle markørerne Il25 og Tslp og, i 

modsætning til i eWAT, udviser tyndtarmens lamina propria en konsistent ikke-inflammatorisk 

fænotype. Vi noterer os at tuft-celle-transkripter korrelerer med forskellige metaboliske 

parametre; særligt øget udtryk af Serpini1, der koder for serin protease-hæmmeren 

neuroserpin, er stærkt associeret med stigningen i kropsmasse ved kortvarigt indtag af HFD. På 

den anden side har morbidt fede mus øget udtryk af tuft-celle-markører, så som gener der koder 

for GABA receptorer, mens TSLP og IL-25 korrelerer stærkt omvendt med stigningen i 

kropsmasse samt og hyperglykæmi. I et separat projekt, præsenteret i Manuskript III, 

undersøgte vi effekten af oralt tilskud af PCF fra spolorm på metaboliske og immunologiske 

parametre i forskellige metabolisk relevante væv. Vores data viser at oralt indtag af PCF 

inducerer specifikke ændringer i tyndtarmen og i det epididymale fedtvæv. Disse ændringer er 

positivt associerede med immun-metabolisk regulering på tværs af vævene, og, vigtigst, 

ydermere associerer positivt med vægt-reduktion. Ligeledes giver PCF indtag øget udtryk af 
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gener involveret i RUNX1-regulerede signaleringsveje i tyndtarmen, en stigning i den 

overordnede andel af innate lymfoide celler samt øget andel af eosinofile i eWAT. Samlet 

bidrager vores studier til at forbedre vores forståelse af samlebetegnelsen type 2 immun 

responset, dets association med systemisk, metabolisk regulering og disse studier kan yderligere 

øge vores kendskab til tuft-cellers biologi i tyndtarmen, særligt med henblik på deres rolle i 

forbindelse med at kommunikerere mellem den immun-metaboliske, der muligvis også 

involverer interaktioner med tarmens neuronale signalering. 
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Introduction 

1.1 The gastrointestinal immune system 

The mammalian gastrointestinal (GI) tract represents an extremely complex ecosystem that has 

evolved to perform several important physiological roles. It helps in digesting and absorbing 

nutrients, preventing loss of water and electrolytes, expelling metabolic waste products, and 

communicating with the environment. The GIT is a unique organ in the sense that it is inhabited 

by a plethora of microbial communities, collectively called the gut microbiota, and is exposed to 

enormous loads of environmental antigens, e.g. from dietary components, on a daily basis. Even 

so, the GIT does an impressive job of maintaining a peaceful harmony with intestinal commensal 

bacteria, self-antigens, and harmless food components, while still eliciting an appropriate and 

defensive inflammatory response when threatened by harmful microorganisms. The GIT is able 

to perform this intricate task with a high efficiency because of a specialized and multifaceted GI 

immune defense system which, anatomically, can be divided into three physically different 

parts; the intestinal epithelial barrier (IEB), lamina propria (LP) and gut-associated lymphoid 

tissue (GALT), which further includes Peyer’s patches (PP), isolated lymphoid follicles, and 

mesenteric lymph nodes (MLN).  

 

In the GI tract, a single layer of intestinal epithelial cells (IEC) including specialized gut epithelial 

cells such as microfold (M) cells, Paneth cells, goblet cells creates a physical barrier towards the 

intestinal lumen. Secreted epithelial products such as mucus, antimicrobial peptides (AMPs), 

etc. further strengthen this barrier. Additionally, rapid-responding immune cells such as innate 

lymphoid cells (ILCs), dendritic cells (DCs), macrophages, eosinophils, neutrophils, basophils, 

mast cells, etc., constitute the innate immune system. The adaptive immune system is 

comprised of B and T cells, usually arranged within GALT, and plasma cells along with their 

secreted antibodies. Components of both systems act in a concerted manner to maintain 

immunologic tolerance as well as induce defensive inflammatory responses. In brief, various 

antigens are sensed, sampled and processed by professional antigen presenting cells such as 

DCs, directly or indirectly. Then antigen-loaded DCs migrate to the nearby lymphoid tissue (PP 

or MLN) where they interact with naïve T-lymphocytes and mediate their antigen-specific 

differentiation into effector CD4+ (T-helper (Th) 1, Th2, Th17, regulatory T cells (Treg), T follicular 

helper cells (Tfh)) and/or CD8+ (cytotoxic) T lymphocytes. Signals from DCs and Tfh can also 
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induce stimulation and differentiation of B cells. Afterward, activated effector lymphocytes 

either stay in the lymphoid tissue (plasma cells producing antibodies) or leave (T and B cells) to 

the mucosal site where the immunological stimulus was originally initiated. Upon reaching 

mucosal effector sites, activated lymphocytes generate essential protective immune responses 

that eliminate the harmful antigens and re-establish immune homeostasis. A few antigen-

experienced T or B cells are transformed into long-lived memory cells that provide a quick 

protective immune response upon re-encountering the specific antigens thereby preventing 

systemic spread. Comprehensive details of the GI mucosal immune system have been reviewed 

elsewhere (Ahluwalia et al., 2017). 

 

The GI immune system plays an important role in maintaining host homeostasis. The cells of the 

immune system are well positioned throughout the host body and have the ability to sense, 

process, initiate as well as regulate physiological signals with an ultimate aim to eliminate 

homeostasis breach and return to homeostasis. At least from a viewpoint of pathogen challenge, 

the immune responses, necessary to eradicate invading pathogens, could be divided into three 

categories; type 1 immune responses eliminate intracellular bacteria and viruses, type 2 immune 

responses expel helminths and type 3 immune responses are required to counter extracellular 

bacteria and fungi. Additionally, a type 4 immune response has been suggested (Eberl, 2016; 

Matzinger and Kamala, 2011) wherein Tregs and secretory-IgA (S-IgA), the major components of 

type 4 immune response, primarily act to block microorganisms well before they reach host 

tissues hence preventing tissue damage and consequent inflammation. For example, large 

amounts of S-IgA are released into the GI lumen where it blocks the access of microorganisms 

and toxins to the intestinal epithelium by immune exclusion and promoting their clearance from 

the intestinal lumen (Mantis et al., 2011). In homeostasis, the four arms of the immune system 

exist in a balanced equilibrium, whereas during perturbations in homeostasis one arm of the 

immune system is either over-activated or suppressed leading to the dysregulated and 

exacerbated levels of other immune arms that may lead to pathological inflammation (Eberl 

2016).  

  

Recent advances in the field of immunology demonstrates that besides the classical functions of 

the GI immune system, like differentiating self- versus non/altered-self, recognizing harmful, 

invading pathogens or tumors, or promoting host defense against different components of the 

GI immune system, the GI immune system can also perceive complex environment-derived 
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signals like dietary components as well as metabolites generated as a result of their digestion. 

The resultant crosstalk between dietary components, e.g. fats and lipids (Caesar et al., 2015), 

and/or metabolites, e.g. short chain fatty acids (SCFAs), generated by the gut microbiota by 

metabolizing dietary fibers (Chambers et al., 2018), and various components of the GI immune 

system defines the dominant immune-physiology in the gut.  

 

The overall aim of my PhD project was to improve the basic understanding of type 2 immune 

responses in relation to metabolism and energy expenditure and investigating how certain 

dietary components modify the diet-immune-metabolism loop. During my PhD work, I have 

used both in vivo and in vitro model systems focusing on specific cell types; small intestinal tuft 

cells in in vivo experiments and monocyte-derived dendritic cells in in vitro experiments to 

dissect the mechanisms actively involved in type 2 immune responses.  

 

1.2 The intestinal epithelia  

The intestinal epithelium is a monolayer of epithelial cells that partitions host from the 

environment. It differs in structure as well as in cellular composition between small and large 

intestine. For example, in the small intestine, the epithelium stretches into the lumen by 

specialized structures called villi that increase the intestinal surface area for nutrient absorption. 

Villi are absent in the large intestine. In addition to epithelial protrusions, epithelial invaginations 

into the underlying tissue are also present called ‘crypts of Liberkühn’. Various cell types at 

different stages of differentiation occur along the vertical axis of the crypt.  Multipotent 

intestinal stem cells (ISCs), molecularly recognized by their specific expression of Leucine-rich 

repeat-containing G-protein coupled receptor 5 (Lgr5) (Barker et al., 2007), are present at the 

base of the crypt. The proliferating ISCs give rise to rapidly proliferating transit amplifying cells 

which in further undergo several rounds of proliferation as they move upwards before 

differentiating into one of the many types of epithelial cells (Barker, 2014; Clevers, 2013) and 

eventually shedding into the lumen. This continuous but regulated proliferation by ISCs ensures 

complete renewal of intestinal epithelia in 4-5 days under homeostatic conditions (Flier and 

Clevers, 2009).  

 

Different fully differentiated epithelial cell types are present in intestinal epithelium each 

performing unique and specialized functions and contributing to intestinal homeostasis. 

Enterocytes are the most prevalent epithelial cells (Gerbe et al., 2012) that specialize in nutrient 
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and water absorption. Goblet cells and Paneth cells enhance the intestinal barrier by secreting 

mucins and antimicrobial peptides, respectively. Recently, a subtype of goblet cells called 

´sentinel goblet cells’ have also been shown to be involved in transferring the luminal antigens 

to the underlying tissue (Birchenough et al., 2016) however, M-cells are highly specialized in 

uptake and delivery of luminal antigens to antigen-presenting cells (APCs) in LP for an efficient 

immune response (Ohno, 2015). Two chemosensory cells exist in the gut; Chemosensory 

Enteroendocrine cells (EECs), representing approximately 1% of total epithelial cells (Gerbe et 

al., 2012), which are involved in sensing the nutrients and hormonal release to mediate digestion 

(Latorre et al., 2016a), and Tuft cells. Interestingly, the intestinal epithelium has an impressive 

regenerative and renewal capacity owing to the ability of epithelial cells, both transit amplifying 

(Tian et al., 2011) and fully differentiated cells such as enteroendocrine (Jadhav et al., 2017; Yan 

et al., 2017) and Paneth cells (Schmitt et al., 2018; Yu et al., 2018), to revert back to their stem-

cell like identity under homeostasis and injury conditions.   

 

1.2.1 Intestinal tuft cells: coordinators of gut type 2 immune responses 

Morphology and structure 

Although discovered more than 6 decades ago, the physiological importance of the enigmatic 

tuft cells has just started to unravel. In murine intestinal epithelium, tuft cells represent a rare 

cell type constituting approximately 0.4% of total epithelial cells (Gerbe et al., 2011; McKinley et 

al., 2017). The tuft cells are present throughout the intestines; situated preferentially in small 

intestinal villi (Cheng et al., 2018a; McKinley et al., 2017) and in colonic crypts (Cheng et al., 

2018). Morphologically, tuft cells appear as flask-shaped with their characteristic tuft of 

microvilli extending into the lumen. The microvilli, that gives tuft cells their name, is longer and 

thicker (Hoover et al 2018; Trier et al 1987) compared to the neighboring enterocytes. Other 

distinct features of tuft cells include presence of non-specified spherical bodies, called 

glycocaleal bodies, associated with microvilli (Hoover et al., 2017); small cytoplasmic processes 

(Luciano and Reale, 1979) devoid of secretory vesicles; lateral cytoplasmic projections called 

“cytospinules” that pierces nearby epithelial cell up to the nucleus (Hoover et al., 2017; Luciano 

and Reale, 1979); clusters of distinctive arrays of tubules and vesicles made up of structural 

proteins, referred to as a tubulovesicular network, beginning at the base of microvilli, extending 

deep into the cytoplasm and ending in the endoplasmic reticulum (Hoover et al., 2017; Sato, 

2007) and located in proximity to nerve cells (Westphalen et al., 2014). However, whether tuft 

cells make any direct physical contact with nerve cells is unclear (Cheng et al., 2018; Hoover et 
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al., 2017). It has been suggested that cytospinules and tubulovesicular network could be 

involved in communication or transport of molecular cargo to neighboring cells and molecular 

cargo exchange with the intestinal lumen, respectively (Hoover et al., 2017). Intriguingly, the 

tuft cell’s microvilli membrane is notably rich in cholesterol (Trier et al., 1987) and their apical 

glycocalyx is abundant in fucose residues (Gebert et al., 2000), of which the functional relevance 

has not been reported yet. Finally, tuft cells are also present in human intestines as well 

(McKinley et al., 2017). This thesis focuses on the murine intestinal tuft cells. 

 

Tuft cell origin, maintenance, and heterogeneity 

Similar to the rest of the intestinal epithelial cell type, tuft cells originate from LGR5+ ISCs (Gerbe 

et al., 2011). Generation and specification of tuft cells are regulated by the transcription factor 

POU domain, class 2 transcription factor 3 (Pou2f3) as Pou2f3 deficient mice lack tuft cells (Gerbe 

et al., 2016; Ushiama et al., 2016; Yamashita et al., 2017) but the mechanisms of regulation 

remains obscure. In addition to their generation from LGR5+ cells, tuft cells are also maintained 

by non-epithelial (nerve) signals possibly through cholinergic signals. Stimulation of cholinergic 

signaling by the addition of primary neurons or their derived products (acetylcholine) prevented 

the decline of the doublecortin like kinase 1-positive (DCLK1+) cells in organoid structures over 

time (Westpahlen et al., 2014).  

 

Intestinal tuft cells display heterogeneity in the context of their anatomical location, origin as 

well as immune relevant functions. By employing advanced computational and imaging 

techniques, Herring et al 2018 showed that small intestinal and colonic tuft cells have a distinct 

origin. This is supported by the finding that small intestinal and colonic tuft cells have different 

transcription factor profiles (McKinley et al., 2017). Upon tumor necrosis factor, alpha-induced 

protein 3 (Tnfaip3) deletion tuft cell hyperplasia was induced only in the small intestine but not 

in the colon (Schneider et al., 2018). Additionally, small intestinal tuft cells have two subsets; 

tuft-1 and tuft-2 cells that are CD45- and CD45+ respectively (Haber et al., 2017). Furthermore, 

both subsets express IL-25 but not IL-33, and tuft-2 cells express significantly higher levels of 

TSLP in contrast to tuft-1 cells (Haber et al., 2017).   

 

Intestinal tuft cell functions 

The Intestinal tuft cells possess machinery for taste sensing and elements of canonical taste 

transduction pathways (Bezençon et al., 2008; Howitt et al., 2016; Ushiama et al., 2016). In 
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canonical taste transduction pathways, taste ligands bind to G-protein coupled receptors 

(GPCRs) expressed on the surface of the sensory cells. Upon binding taste ligands, G protein 

subunit alpha gustducin 3 (Gnat3) is activated which further leads to inositol trisphosphate (IP3) 

production and release of intracellular Ca2+ stores mediated by phospholipase C beta 2 (PLCB2). 

Increased intracellular Ca2+ leads to the opening of transient receptor potential cation channel, 

subfamily M, member 5 (TRPM5) that allows the influx of Na+. This influx of Na+ depolarizes the 

cell membrane leading to acetylcholine release, which binds adjacent sensory nerve terminals 

or other nearby cells and establishes taste sensation. Interestingly, tuft cells share common 

structural and taste sensing components i.e GNAT3 and PLCB2 with EEC having similar roles in 

intestinal epithelium, i.e. chemosensation (Bellono et al., 2017; Bezençon et al., 2008; 

Bohórquez et al., 2014; Howitt et al., 2016; Okamoto et al., 2008; Sutherland et al., 2007; Yan et 

al., 2017).  

  

In addition to the taste sensation, intestinal tuft cells possess molecular machinery associated 

with several other physiological functions. Intestinal tuft cells express enzymes like 

prostaglandin-endoperoxide synthase 1 (PTGS1) and hematopoietic prostaglandin D synthase 

(HPGDS) for biosynthesis and processing of lipid-derived signaling molecules; prostaglandins and 

leukotrienes (Bezençon et al., 2008; Gerbe et al., 2011; Schütz et al., 2015), enzymes involved in 

sodium bicarbonate (NaHCO3) secretion and electrolyte balance (Ogata, 2002). The enzyme 

choline acetyltransferase (CHAT), involved in the biosynthesis of the neurotransmitter 

acetylcholine, is selectively present in intestinal tuft cells throughout the intestinal tract (Eberle 

et al., 2013; Gautron et al., 2013; Schütz et al., 2015). Tuft cells have been associated with 

endogenous opioids and uroguanylin production (Gerbe et al., 2011; Kokrashvili et al., 2009) and 

their TRPM5 mediated release into the intestinal lumen (Kokrashvili et al., 2009).  Recently, a 

novel serotonin-containing tuft cell has been identified with a suggested role in coordinating GIT 

homeostasis similar to EEC (Cheng et al., 2019).  

 

Recent studies have implicated intestinal tuft cells to play an important role in regulating GI 

immune responses during viral and helminth infections (Gerbe et al., 2016; Howitt et al., 2016; 

Von Moltke et al., 2016; Wilen et al., 2018), be associated with metabolism or nutritional status 

of the host (McKinley et al., 2017; Ushiama et al., 2016) and possibly involved in antimicrobial 

peptide production (Noor et al., 2016). Additionally, intestinal tuft cells have been associated 

with intestinal recovery after damage and cancer (Chandrakesan et al., 2015, 2016; May et al., 
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2014; Qu et al., 2015; Westphalen et al., 2014), however, this aspect of tuft cells will not be 

discussed here. This thesis focuses on the functional aspect of murine intestinal tuft cells in 

regards to the maintenance of gut homeostasis and specifically immunometabolism. 

 

In comparison to the other intestinal epithelial cells, tuft cells seem to be more robust in the 

way that tuft cells are rather more resistant to the damaging stimuli of different origins like 

fasting (McKinley et al., 2017), apoptotic inducers (Kuga et al., 2017) and epithelial tissue injury 

(Chandrakesan et al., 2015; Westphalen et al., 2014). Certain subpopulations of tuft cells are 

long-lived, maintain quiescence and are vital in the responses to epithelial tissue injury 

(Chandrakeshan et al., 2015; Westphalen et al., 2014). Robustness of tuft cells (or longevity in 

other words) has been associated with the zygosity of the alleles for the Dclk1 gene; homozygous 

being the long-lived ones and vice versa (Westphalen et al., 2014).  

 

Tuft cell dynamics: type 2 immune responses 

As mentioned earlier, specific immune responses are generated against different pathogens i.e. 

type 1, type 2 and type 17 immune responses protect against intracellular bacteria and viruses, 

helminths and extracellular bacteria and fungi, respectively. It is well established that 

predominantly type 2 immune responses are protective during parasitic helminth infections 

characterized by a typical “weep and sweep” response (Allen and Maizels, 2011; Grencis, 2015). 

During helminth infections, tissue damage caused by helminths induces intestinal epithelial cells 

to secrete alarmins i.e. IL-25, IL-33 and TSLP, that acts on different cells on innate and adaptive 

immune response arms (DCs, ILC2s, Th2s) which elicits a further secretion of cytokines, i.e. IL-

13, IL-5, IL-4 and IL-9 to recruit even more immune cells (eosinophils, basophils, mast cells and 

alternatively activated macrophages). Additionally, a lot of changes occur in the intestinal tissue 

physiology marked by a significant increase in the mucus producing intestinal epithelial goblet 

cells and hyper-contractibility of smooth muscles, and, collectively, when in full swing these 

cytokines, immune cells and physiological changes can efficiently expel worms from the 

intestine. This intestinal tissue remodeling requires type 2 cytokines, namely IL-13, that is 

primarily produced by ILC2s and Th2s located in the intestinal lamina propria (Liang et al., 2012). 

An overview of type 2 immune responses during helminth infections is presented in Figure 1. 
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Figure 1: A snapshot of type 2 immunity during helminth infections (Adapted from Allen and 

Maizels 2011). 

 

Even though type 2 immune responses are essential for maintaining multiple physiological 

functions in the host, exactly how intestinal type 2 immune responses are generated was not 

known for a long time. In 2016, three groups, provided an answer to the puzzling origin of the 

initiation of type 2 immune responses against helminth infections (Gerbe et al., 2016; Moltke et 

al., 2016; Howitt et al., 2016) using mice models. They, independently, demonstrated that a rare 

type of intestinal epithelial cells called tuft cells "sense" helminths and initiate and establish a 

potent type 2 immune response resulting in the expulsion of the helminth from the host.  
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All three groups demonstrated that there exists a conserved epithelial-immune cell circuit 

wherein after sensing helminthic parasites, intestinal tuft cells induce ILC2 recruitment or 

expansion in the underlying lamina propria through IL-25 release. Furthermore, recruited ILC2s 

release IL-13 that acts directly on neighboring intestinal epithelial progenitors, thus stimulating 

tuft and goblet cell hyperplasia forming a feed-forward tuft-ILC2-epithelial progenitor circuit 

(Gerbe et al., 2016; Moltke et al., 2016; Howitt et al., 2016). Even during the absence of helminth 

infection this circuit is homeostatically functional as deleting the Il25 gene specifically from the 

intestinal epithelium leads to a decrease in the basal tuft cell level in intestinal epithelia (Moltke 

et al., 2016). Under homeostatic conditions small intestinal tuft cells are the major source of the 

cytokine IL-25, but not IL-33 and TSLP (Moltke et al., 2016).  

 

Further studies provided additional knowledge regarding various components of the tuft-ILC2-

epithelial progenitor circuit. In lamina propria, ILC2’s deubiquitinase A20 (encoded by Tnfaip3) 

keeps a check on the response of ILC2s to IL-25 secreted by tuft cells as A20 negatively regulates 

the receptor subunit of IL-25, i.e. IL17rb (Garg et al., 2013; Schneider et al., 2018). In addition to 

IL-13 producing ILC2s, intestinal epithelial progenitors also maintain a cross-talk with adaptive 

T-helper cells and their characteristic cytokines, and this crosstalk can affect epithelial 

progenitors’ stemness and their bias towards specific cell lineage during homeostatic as well as 

infection conditions (Biton et al., 2018). Tregs via IL-10 maintains the self-renewal capacity of 

intestinal epithelial progenitors whereas Th1, Th2, and Th17 through IFN-γ, IL-13, and IL-17a, 

respectively, restrict the self-renewal ability but promotes differentiation of intestinal epithelial 

progenitors (Biton et al., 2018). Furthermore, IFN-γ and IL-13 promote epithelial progenitors’ 

differentiation towards Paneth and tuft cells, respectively (Biton et al., 2018). IL-13 secreted by 

IL-25 stimulated ILC2s mediates its effect on epithelial progenitors through its receptor IL-13ra1 

which upon activation stimulates forkhead box P1 (Foxp1) expression via signal transducer and 

activator of transcription 6 (STAT6) signaling, and Foxp1 further activates Wnt-β-catenin 

signaling that maintains epithelial progenitors’ stemness and their self-renewal ability (Zhu et 

al., 2019).  

 

The tuft-ILC2-epithelial progenitor circuit, marked by tuft and goblet cell specific hyperplasia, is 

a hallmark of type 2 responses against parasitic helminths as mice deficient in one or more 

components of the circuit failed to generate potent type 2 immune responses during helminth 
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infections. The transcription factor Pou2f3 is the master regulator of tuft cell lineage 

specification (Gerbe et al., 2016; Yamashita et al., 2017). Theoretically, Pou2f3-/- mice would lack 

tuft cells specifically and indeed this is the case (Gerbe et al., 2016). Importantly, Pou2f3-/- mice 

have normal global immunity as well as intestinal epithelium formation (Gerbe et al., 2016). To 

examine the requirement of tuft cells in type 2 immune responses against parasitic helminths, 

Gerbe et al., 2016 infected both Pou2f3+/+ and Pou2f3-/- mice with the helminth Nippostrongylus 

Brasiliensis and examined worm expulsion in both mice groups. Pou2f3+/+ mice expelled the 

worms completely around 13 days post-infection (d.p.i) whereas Pou2f3-/- had a severe helminth 

worm burden even until 42 d.p.i (Gerbe et al., 2016) implying that tuft cells are necessary for an 

effective type 2 immune response against helminth infections.  

 

In regards to the functional integrity of the tuft-ILC2s-epithelial progenitors circuit and hence for 

the effective helminth worm removal type 2 immune cells ILC2s, rather that Th2s, and cytokines 

specifically IL-25 and IL-13, rather than IL-33, TSLP or IL-4, seem to be indispensable. Mice 

deficient in both ILC2 and Th2s (Il2rg-/- and Rag2-/-) but not deficient only in Th2 cells (Rag2-/-) 

lacked tuft cell hyperplasia upon helminth infection challenge (Howitt et al., 2016) and it is the 

IL-5 producing ILC2s that are important for tuft cell hyperplasia (Moltke et al., 2016). Similarly, 

in comparison to Il25+/+ control mice, Il25-/- mice when infected with helminth Nippostrongylus 

brasiliensis failed to induce tuft cell hyperplasia whereas both IL33r-/- and Tslpr-/- helminth 

infected mice showed normal tuft cell hyperplasia similar to wild type helminth infected mice 

(Moltke et al., 2016). Tuft cell hyperplasia was present in IL-4-deficient helminth infected mice 

but absent in Il13 deleted mice (Moltke et al., 2016). Furthermore, IL-4 cytokine levels in mucosal 

tissue did not differ in Pou2f3+/+ and Pou2f3-/- helminth infected mice, but IL-13 were significantly 

decreased in helminth infected Pou2f3-/- mice compared to helminth infected Pou2f3+/+ mice 

(Gerbe et al., 2016).  

 

Importantly, the increase in tuft cells during helminth infection does not occur due to general 

amplification of all the secretory cell lineages as the numbers of EECs, another type of secretory 

epithelial cell, were significantly reduced in helminth infected mice (Gerbe et al., 2016) 

suggesting that increase in tuft cells might occur at the expense of other epithelial cell types. 

Indeed Ki67, a proliferation marker, was expressed only in a few newly differentiating tuft cells 

during helminth infection (Moltke et al., 2016) implying that under helminth infection settings 

clonal expansion of pre-infection homeostatic tuft cell population is very limited and it is the 
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stem or transit amplifying epithelial progenitors that induced tuft cell hyperplasia. Furthermore, 

kinetic studies in helminth infected mice displayed the appearance of hyperplastic tuft cells at 

the base of intestinal crypts 6 d.p.i that moved upwards along the villi by 8 d.p.i. (Moltke et al., 

2016). 

 

The tuft-ILC2-epithelial progenitor circuit also seems to play an important role in adaptive small 

intestine re-modeling in response to dietary cues, pathosymbionts/commensals or intestinal 

infection wherein the small intestine adapts to the signals via increasing secretory (tuft and 

goblet cells) but decreasing absorptive (enterocytes) epithelial cell differentiation with an aim 

to promote metabolic homeostasis in host (Schneider et al., 2018). Figure 2 represents the role 

of the intestinal tuft-ILC2 circuit in regulating intestinal physiology and the chemosensation 

properties of intestinal tuft cells. 

 

As mentioned earlier, intestinal tuft cells possess machinery for taste sensing and elements of 

canonical taste transduction pathways like GNAT3, PLCB2, and TRPM5 (Bezencon et al 2008; 

Howitt et al 2016; Luo et al 2019; Ushiama et al., 2016). Intriguingly, the chemosensing 

properties of intestinal tuft cells seem to be important for host protection during helminth 

infections. Gnat3-/- and Trpm5-/- mice infected with helminth Tritrichomonas muris failed to show 

tuft and goblet cell hyperplasia (Howitt et al., 2016). However, how are helminth infections 

“sensed” by the intestinal tuft cells? Intestinal tuft cells express SUCNR1, a receptor for gut 

microbiota-derived metabolite succinate (Serena et al., 2018; De Vadder et al., 2016). Studies 

have shown that, independent of commensal bacteria, succinate sensing by intestinal tuft cell 

could generate potent type 2 immune responses against helminths as marked by tuft and goblet 

cell hyperplasia, increased IL-25 and IL-13 levels, and eosinophilia (Lei et al., 2018; Nadjsombati 

et al., 2018) and succinate is present in the excretory-secretory products of helminth 

Nippostrongylus brasiliensis. However, succinate sensing seems to be dispensable for the type 2 

response generation during helminth infections. Sucnr1-null mice were able to expel helminths 

normally (Lei et al., 2018; Nadjsombati et al., 2018).  

 

Recently, another study demonstrated that intestinal tuft cells could sense helminth Trichinella 

spiralis through bitter taste receptors, TAS2RS. Upon infection of mice with Trichinella spiralis, 

intestinal tuft cells upregulated their expression of Tas2rs and various components of bitter taste 

signaling cascade components, and released IL-25 (Luo et al., 2019) which is indispensable for 
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type 2 immunity against helminths (Gerbe et al., 2016; Moltke et al., 2016; Howitt et al., 2016). 

When the bitter taste signal transduction pathway is inhibited, using specific inhibitors for 

signaling components, IL-25 release from intestinal tuft cells upon Trichinella spiralis challenge 

was abolished (Luo et al., 2019).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: (A) Intestinal tuft-ILC2 circuit. (B) Chemosensation by intestinal tuft cells (Adapted 

from Ting and Moltke 2019). 

 

Considering the redundant and absolute requirements of taste signaling pathway components 

gustducin and TRPM5, respectively, for immune sensing of parasites by intestinal tuft cells (Luo 

et al., 2019; Nadjsombati et al., 2018; Howitt et al., 2016) and the resultant IL-25 mediated tuft 

cell hyperplasia, it appears that different parasites are sense by intestinal tuft cells via either 

shared or specific mechanisms but all parasites activate some taste signaling pathway wherein 

TRPM5 is absolutely required. Indeed, Gnat3-/- mice infected with protist Tritrichomonas rainier 

failed to show intestinal tuft cell hyperplasia whereas Nippostrongylus brasiliensis infected 
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Gnat3-/- mice displayed normal intestinal tuft cell hyperplasia (Nadjsombati et al., 2018). On the 

contrary, Trpm5-/- mice infected with Tritrichomonas muris (Howitt et al., 2016) or Trichinella 

spiralis (Luo et al., 2019) failed to display normal intestinal tuft cell hyperplasia.  

 

Tuft cell dynamics: type 1 and 3 immune responses 

In addition to playing a key role during helminth infections (Haber et al., 2017; Gerbe et al., 2016; 

Moltke et al., 2016; Howitt et al., 2016), intestinal tuft cells have also been shown to interact 

with gut bacteria and infectious viruses (Lei et al., 2018; McKinley et al., 2017; Wilen et al., 2018). 

Tuft cell numbers increased significantly when helminth-free microbiota was introduced in 

previously germ-free mice (McKinley et al., 2017). Importantly, increased tuft cell numbers are 

usually accompanied with goblet cell hyperplasia during helminth infections (Haber et al., 2017; 

Gerbe et al., 2016; Moltke et al., 2016; Howitt et al., 2016), still no changes in mucin2 (Muc2)+ 

cells were seen after helminth-free microbiota inoculation (McKinley et al., 2017) possibly 

implying that tuft cells interact with bacteria and helminths differently and this has different 

implications for the activity of neighboring epithelial cells, such as goblet cells 

 

Additionally, tuft cells also seem to respond to the metabolites produced by the gut microbiota, 

especially succinate as intestinal tuft cells specifically express the receptor for succinate Sucnr1 

(Nadjsombati et al., 2018, Lei et al., 2018, Haber et al., 2017). Intestinal tuft cell numbers were 

increased rapidly and significantly when mice were offered succinate in drinking water 

(Nadjsombati et al., 2018; Lei et al., 2018). Additionally, antibiotic supplementation in mice could 

also affect intestinal tuft cell numbers (Lei et al., 2018; Wilen et al., 2018) possibly due to the 

changing microbial communities during antibiotic supplementation.  

 

Although intestinal tuft cells play a preventive role during helminth infections, they seem to 

promote viral infections as they specifically express CD300lf, a protein receptor for murine 

norovirus, among the epithelial cells (Wilen et al., 2018). Murine noroviruses specifically targets 

intestinal tuft cells and the cytokines produced by tuft cells (IL-25) promote murine norovirus 

pathogenesis (Wilen et al., 2018) as IL-25 secreted by tuft cells leads to tuft cell hyperplasia via 

a feed-forward circuit (Schneider et al., 2018; Gerbe et al., 2016; Moltke et al., 2016; Howitt et 

al., 2016).  
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Intestinal tuft cells also seem to be involved in regulating the production of the AMP angiogenin-

4. Originally known to induce blood vessel formation (Crabtree et al., 2007), angiogenin-4 has 

also been shown to have antimicrobial activity (Hooper et al., 2003). Additionally, angiogenin-4 

is known to be produced by goblet cells during helminth infections (Angkasekwinai et al., 2013; 

Forman et al., 2012). Given the fact that intestinal tuft cells are the exclusive source of IL-25 in 

intestine (Gerbe et al., 2016; Moltke et al., 2016; Howitt et al., 2016) and IL-25 can regulate IL-

23-IL-17 axis in the intestine (Zaph et al., 2008), it is plausible that tuft cells could be involved in 

regulating antimicrobial production. Indeed, the study done by Noor et al., 2016 shows that IL-

25 induces angiogenin-4 production in an IL-13 dependent manner, and IL-17 or IL-22 which are 

primarily associated with AMP production (Dixon et al., 2016; Liang et al., 2006) were not 

involved in IL-25 mediated angiogenin-4 production. However, in study experiments rIL-25 was 

injected intraperitoneally to mice, while the source of the endogenous IL-25 was not examined 

in vivo, therefore further studies need to be performed to confirm the role of intestinal tuft cells 

in IL-25 mediated angiogenin-4 production. 

 

Although the majority of studies examining the direct role of tuft cells in immune regulation 

during helminth infections have focused mainly on type 2 immune responses (Gerbe et al., 2016; 

Moltke et al., 2016; Howitt et al., 2016) with the possible indirect involvement in regulation of 

type 1 immune responses (Wilen et al., 2018), no study has been conducted to inspect whether 

intestinal tuft cells play a key role in type 3 immune responses per se. Considering the fact that 

intestinal tuft cells distinctly produce IL-25 (Gerbe et al., 2016; Moltke et al., 2016; Howitt et al., 

2016), and IL-25 can regulate IL-23-IL-17 axis in the intestine (Zaph et al., 2008), the possibility 

that intestinal tuft cells could be involved in the regulation of type 3 immune response cannot 

be excluded. Importantly, in addition to the receptor for the cytokine IL-17E (IL-25), i.e. IL17RB, 

intestinal tuft cells express IL-17RA, the receptor for cytokine IL-17 (Bezençon et al., 2008). 

 

Tuft cell dynamics: nutrition and energy metabolism 

In the context of nutrition and energy metabolism, intestinal tuft cells seem to be involved in 

‘chemosensing’ different nutritional states, integrate signals in the gut-brain axis and regulate 

important intestinal activities during food intake, digestion or even fasting. A few numbers of 

intestinal tuft cells have been shown to be present in close contact with peptide YY (PYY) and 

glucagon-like peptide-1 (GLP-1), both of which are satiety-inducing hormones, producing EECs 

and calcitonin gene-related peptide positive nerve fibers (Cheng et al., 2018), suggesting a 
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possible role of intestinal tuft cells in regulating intestinal nutrition physiology. Additionally, the 

experiments carried out by Ushiama et al. 2016 support the notion that intestinal tuft cells, along 

with oral type II taste cells, could possibly be involved in gut-brain axis-mediated energy 

metabolism. Authors generated Skn-1-deficient mice (Pou2f3 KO) that lack both type II taste 

cells as well as tuft cells throughout the GI tract. Interestingly, they found that under a HFD 

feeding regime for 12 weeks Pou2f3 KO mice gained significantly less weight and fat percentage, 

were protected from HFD feeding induced insulin resistance and showed impaired glucose 

tolerance along with increased catecholamine secretion irrespective of similar food intake or 

nutrient absorption. Based on these outcomes, the authors proposed a model wherein loss of 

nutrient chemosensing in the oral cavity and/or intestine relays unidentified signals to the brain 

leading to sympathetic nervous system activation which further promotes catecholamine 

secretion from adrenal glands. It should, however, be noted here that in Pou2f3 KO mice EECs, 

that constitutes the largest endocrine organ in the GI tract, are still present; therefore it remains 

possible that the increased energy expenditure might have been due to increased chemosensory 

transmission by EECs to the brain. Additionally, the authors did not dissect the specific 

contribution of the type II taste and tuft cells in the observed phenotype. Furthermore, McKinley 

et al., 2017 observed that intestinal tuft cell numbers differed significantly between homeostatic 

and fasting conditions. After fasting for 48hrs the proportion of tuft cells increased and the 

proportion remained increased after re-feeding (McKinley et al 2017). The authors suggested 

that a higher proportion of tuft cells under acute fasting relates to the robustness and long-lived 

nature of tuft cells (Chandrakeshan et al., 2015; Westphalen et al., 2014) rather than their 

proliferation. 

 

1.3 Immunometabolism 

1.3.1 Diet-immune-metabolic loop interactions 

The immune system and metabolism work in close partnership; operational metabolic pathways 

dictate the phenotype and activation status of immune cells, and the dominant immune 

environment affects the metabolic status of the tissue. There exists a dynamic equilibrium 

between the host's immune system and metabolism, and it has been suggested that immune 

and metabolic systems have co-evolved "talking" to each other under different circumstances, 

e.g. in obese conditions, where they sense perturbations in immune-metabolic homeostasis and 

works collectively to restore homeostasis in response to constantly changing environmental 

fluctuations (Rankin and Artis, 2018; Zmora et al., 2017). Immune-metabolic interactions occur 
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throughout the host's life, beginning in-utero and extending up to the elderly age, and 

disturbances in these complex interactions could result in the development of metabolic 

disorders (Zmora et al., 2017). Intriguingly, immune-metabolic homeostasis in an organism is 

governed not only by immune but also non-immune components; host organs (adipose tissue, 

liver, muscles, pancreas, etc.), its genotype and microbiota, and various environmental factors 

such as diet and nutrition, pathogenic challenges, etc.  

 

Different dietary components can modulate immune-metabolic loops either by interacting with 

immune cells directly or indirectly through regulating metabolite production by gut microbiota. 

For example, saturated fatty acids can induce the production of pro-inflammatory cytokines like 

tumor necrosis factor alpha (TNF-α) amongst others via TLR4 signaling (Caesar et al., 2015). On 

the contrary, dietary fibers, especially fermentable, seem to be beneficial for metabolic 

homeostasis (De Vadder et al., 2016; Zou et al., 2018). Predominantly the positive effects of 

dietary fiber intake have been associated with the generation of short-chain fatty acids (SCFAs), 

specifically butyrate, by the gut microbiota that can exert multiple immune-regulatory functions. 

SCFAs can promote an anti-inflammatory environment in the colon by inducing Treg 

differentiation and production of IL-10+ T-cells (Singh et al., 2013), NLRP3 inflammasome 

mediated augmented gut barrier integrity (Macia et al., 2015) or even by stimulating the release 

of appetite-suppressing hormones (Psichas et al., 2014). However, a recent study suggests that 

the positive effects of fermentable dietary fibers are gut microbiota and IL-22 dependent but 

independent of SCFA, as they demonstrated that inhibiting inulin-induced SCFAs levels did not 

impair either glucose tolerance or adiposity significantly (Zou et al., 2018). Instead, the authors 

suggested that supplementation of fermentable fibers in the diet promotes gut barrier 

functionality which results in decreased breach of the gut microbiota as well as decreased pro-

inflammatory gene expression (Zou et al., 2018). In addition to SCFA generation, dietary fibers 

can also contribute to metabolic homeostasis via generation of succinate as well. 

Supplementation of fructo-oligosaccharides increased succinate levels in cecum and improved 

glucose tolerance and insulin sensitivity of mice (De Vadder et al., 2016).  

 

1.3.2 High fat diet and gut immune environment 

The western diet is typically characterized by a high fat (saturated and omega-6 polyunsaturated 

fats) and high sugar content and has been shown consistently to contribute to the development 
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of obesity and its associated complications. Obesity has become a pandemic health challenge 

and is still increasing at an alarming rate. As per body mass index (BMI), a BMI ≥ 25 kg/m2 is 

generally considered overweight, whereas a BMI ≥ 30 kg/m2 is considered obese. According to 

the World Health Organization (WHO) estimations, over 1.9 billion people are overweight 

worldwide, of which 600 million are obese. Obesity is related to medical complications that can 

contribute to an increased mortality rate and development of several comorbidities impacting 

the suffering individual's life expectancy and quality. Obesity-associated complications include 

insulin resistance and type 2 diabetes, increased risk of cardiovascular, gastrointestinal, and joint 

and muscular disorders,  respiratory problems, psychological issues and many others (Fruh, 

2017). The culprit in the progression of obesity-associated complications has typically been 

suggested to be chronic low-grade inflammation of the innate immune system. Sustained 

inflammation could also result in maladaptive responses like fibrosis and necrosis, resulting in 

tissue damage. However, although obesity-induced inflammation in visceral adipose tissue (VAT) 

has been suggested to be the main driver in obesity development, other organs are also 

involved; liver, muscle, pancreas, brain and small and large intestine. It is only recently that the 

effects of high fat diet (HFD) on the gut environment have begun to be investigated.  

 

As mentioned earlier gut barrier components including intestinal epithelial cells and innate and 

adaptive immune cells act in a concerted manner to maintain gut immune-metabolic 

homeostasis. Dietary supplementation of high amounts of fat has been established as a driver 

of pathogenesis by modulation of gut immune-metabolic homeostasis. Several studies have 

demonstrated that a HFD-feeding regime affects intestinal epithelial and immune cell numbers 

as well as functions. Mice fed with HFD (60% fat) for 3 months had increased SI villus height and 

crypt depth, increased enterocytes and EEC with no effect on Paneth and Goblet cells (Zhou et 

al., 2018). Mice fed with HFD (60% fat) for 9-14 months led to reduced villi length but increased 

crypt depth along with reduced enterocytes, increased intestinal ISC and no changes in EEC and 

goblet cells per crypt-villus of SI (Beyaz et al., 2016). Feeding of HFD (46% fat) to mice for 11-22 

weeks decreased goblet cell differentiation and led to the production of misfolded Muc2 by 

goblet cells (Gulhane et al., 2016). Mice fed with HFD (60% fat) for 8-12 weeks led to a significant 

reduction in the small intestinal paneth cell-derived antimicrobial peptides lysozyme, RegIII𝛾, 

and angiogenin 4 (Guo et al., 2017). Similarly, HFD (60% fat) fed mice had increased SI paneth 

cell death, consequently reduced Paneth cell granular area with reduced AMPs expression, and 

a significant reduction in the small intestinal goblet cells and Muc-2 both at protein and mRNA 
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level (Lee et al., 2017). In addition to SI, HFD feeding can also affect colonic epithelial cells. Colon 

epithelial cells had decreased proliferative capacity in mice fed with HFD (35% fat) for 4 weeks 

(Zou et al., 2018). Also, mice fed with HFD (60% fat) for 16 weeks had a decreased frequency of 

large intestinal L-cells numbers along with increased rate basal GLP-1 release in both SI and colon 

(Richards et al., 2016). Importantly, the discrepancies between the above-mentioned studies in 

relation to the effects of HFD feeding on epithelial studies most likely reflect the different types 

of HFD and control diet and mice models used as well as the differences in the duration of the 

studies for which the HFD was fed to the mice. 

 

Similarly, using mice models different groups have shown that HFD-feeding affects both innate 

and adaptive immune profiles in the GIT. Mice fed with HFD (72% fat) for 30 days had decreased 

RAR-related orphan receptor gamma (RORγT) expressing Th17 cells, decreased Tregs and 

increased Th1 cells in SI lamina propria (Garidou et al., 2015). However, no Th2 cells were 

detected and there were no significant changes in total macrophages and dendritic cells number 

(Garidou et al., 2015). Similarly, mice fed with HFD (72% fat) for 12-16 weeks had increased 

frequencies and/or numbers of IFN-γ producing CD4+Th1 and CD8+ T cells along with decreased 

proportion and the absolute number of CD4+ FoxP3+ Tregs in SI lamina propria (Luck et al., 2015). 

Also, mice fed with HFD (60% fat) for 1 week resulted in a significant reduction in eosinophils 

number in SI lamina propria, both absolute and relative, with no changes total macrophages and 

DCs number (Johnson et al., 2015).   

 

Since gut immune, as well as epithelial cells, are able to produce profuse amounts of cytokines 

and the fact that HFD-feeding affects both cell populations, it is practical to ponder how HFD-

feeding affects pro- and anti-inflammatory cytokine milieu in the gut. In fact, studies have shown 

a dominant pro-inflammatory environment in the GIT under HFD-fed conditions. Mice fed with 

HFD (45% fat) for 2-16 weeks had increased ileal Tnfα mRNA expression levels and correlated 

with weight gain, adiposity, and plasma insulin and glucose levels (Ding et al., 2010). Similarly, 

mice fed with HFD (72% fat) for 30 days had decreased ileal mRNA levels of Il22, Il17a, Il17f and 

Il10 along with decreased mRNA levels of IL22 and IL10  and increased IFNγ and IL6 in the colon 

(Garidou et al., 2015). Also, obese humans had increased mRNA expression levels of Il23, Tnfα, 

Tgfb, Ccl5, and Ifng in the jejunal lamina propria as well as epithelium (Monteiro-Sepulveda et 

al., 2015). Intriguingly, duration of HFD-feeding is an important factor driving disturbances in the 

cytokine milieu of the GIT; 1 week of HFD-feeding did not find an increased mRNA level of pro-
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inflammatory cytokines in either small intestine or colon (Johnson et al., 2015). Similarly, mRNA 

levels of Il1b were increased after 11 weeks of HFD feeding whereas the levels of Tnfα and Il17a 

increased only after 22 weeks of HFD (46% fat) feeding (Gulhane et al., 2016). 

 

1.4 Gut microbiota in immunometabolism 

The gut microbiota is an important regulator of the diet-immune-metabolic homeostasis loop. 

Initial studies demonstrated that the gut microbiota is involved in HFD-induced obesity as germ-

free mice have reduced body fat and do not develop obesity or insulin resistance (Bäckhed et 

al., 2004, 2007). Additionally, low bacterial richness has been associated with obesity and 

metabolic syndrome (Le Chatelier et al., 2013; Cotillard et al., 2013). Individuals with low 

bacterial richness have been shown to possess an inflammation-associated gut microbiota with 

decreased numbers of butyrate-producing bacteria and simultaneously an increased potential 

for mucus depletion (Le Chatelier et al., 2013). Interestingly, with an energy-restricted dietary 

regime, bacterial gene richness could be increased and is associated with improved metabolic 

homeostasis (Cotillard et al., 2013). 

 

Various mechanisms by which the gut microbiota regulates metabolic homeostasis have been 

described, broadly owing to their metabolic activity and structural composition. The gut 

microbiota could alter metabolic homeostasis by modifying the production of short chain fatty 

acids (SCFAs), specifically butyrate or other metabolic intermediates, such as succinate, that 

have been associated with positive regulation of metabolic homeostasis and promotion of anti-

inflammatory environment in the gut (Macia et al., 2015; Singh et al., 2013; De Vadder et al., 

2016; Zou et al., 2018). The HFD-associated gut microbiota could also contribute to obesity 

development via promoting increased digestion and absorption of dietary lipids (Martinez-

Guryn et al., 2018) or by regulating histone deacetyl-transferase mediated epigenetic 

modifications (Whitt et al., 2018). The gut microbiota is also a reservoir for various molecular 

associated molecular patterns (MAMPs), such as lipopolysaccharides and peptidoglycan,  that 

upon binding can activate diverse pattern recognition receptors (PRRs), like Toll-like receptors 

(TLRs) and Nod-like receptors (NLRs), expressed by different host immune cells and can regulate 

metabolism. Both TLRs and NLRs and have been shown to be involved in diet-induced metabolic 

disease (Caesar et al., 2015; Denou et al., 2015). HFD fed mice deficient in NOD2, a type of NLR, 

showed increased bacterial translocation and increased metabolic inflammation as well as 

insulin resistance (Denou et al., 2015). Saturated fatty acid supplementation promoted white 
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adipose tissue inflammation and impaired metabolism through TLR signaling as 

Myd88−/− and Trif−/− mice had lower fasting glucose levels and improved insulin sensitivity 

(Caesar et al., 2015).  

 

An increased intestinal permeability has typically been associated with HFD-induced obesity as 

a result of reduced expression of epithelial cells' tight junction proteins such as zonula occludens 

1 and occludin, and apical junctional complex, such as E-cadherin (Ahmad et al., 2017; Cani et 

al., 2008). Consequently, an enhanced flux of gut bacteria related products occurs, e.g. LPS, into 

portal circulation leading to a condition that has been defined as 'metabolic endotoxemia' (Cani 

et al., 2007) and bacterial products can be detected in adipose tissues (Amar et al., 2011). 

Supplementation of antibiotics reduced the severity of metabolic endotoxemia and 

simultaneously metabolic homeostasis (Cani et al., 2008) implicating an important role of gut 

microbiota in regulating diet-metabolic-immune loop interactions.  

 

1.5 Dendritic cells 

The dendritic cells are one of the key immune cells that play an impressive role in maintaining 

gut homeostasis. They mediate tolerance to food antigens and commensal microbiota but 

initiate optimal immune responses against dangerous gut pathogens. DCs represents a class of 

bone-marrow-derived cells found in both blood and tissues; lymphoid as well as non-lymphoid 

tissues. These are professional antigen-presenting cells (APCs) that acts as a bridge between 

innate and adaptive immunity and direct the host's overall immunity in a unified manner to fight 

dangerous challenges. DCs are basically innate immune cells that possess appropriate machinery 

to recognize, process and present various pathogen associated molecular patterns (PAMPs) and 

danger associated molecular patterns (DAMPs). The ability of DCs to sense different PAMPs and 

DAMPs can be attributed to their possession of a broad range of pattern recognition receptors 

(PRRs) that include various TLRs, NLRs and C-type lectin receptors (CLRs). Additionally, DCs have 

a remarkable ability to initiate and guide a suitable inflammatory response against the invading 

challenges.  

 

Functionally, DCs exists in two different states: immature and mature. Immature DCs are 

characterized by their remarkable efficiency of antigen capturing owing to their high endocytic 

and phagocytic capacity, low expression of co-stimulatory molecules and chemokine receptors, 

inability to secrete immunostimulatory cytokines and hence the poor ability to initiate effector 
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T-lymphocyte responses. On the contrary, mature DCs, derived from immature DCs after being 

stimulated by different PAMPs and DAMPs, possess decreased endocytic and phagocytic 

capacity but increased expression and secretion of co-stimulatory molecules and chemokine 

receptors and cytokines, respectively. Furthermore, mature DCs also modify their metabolic and 

gene transcriptional programs. These characteristics provide mature DCs an outstanding ability 

to migrate to lymphoid organs and initiate antigen-specific effector responses. Importantly, 

polarization of naïve T-lymphocytes by DCs into T-lymphocytes requires 3 signals; signal 1 

includes the interaction between MHC-loaded specific peptide-antigen with T-cell receptor 

(TcR), signal 2 comprises the cross-talk between co-stimulatory molecules on DCs (e.g. CD80 and 

CD86) and their ligands on T cells (e.g. CD28), and signal 3 that is provided by the cytokines 

secreted by mature DCs. Figure 3 represents an overview of DC-mediated Th cell polarization. 

 

1.5.1 Dendritic cell subpopulations 

In humans, as well as in mice there exist different subsets of DCs each specializing in its ability 

to respond to specific pathogens and cross-talking with specific T-cell subsets. This feature of 

DCs allows a division of labor among them and broadens the ability of the immune system to 

respond against a wide range of pathogens and danger signals appropriately. Originally, DCs 

have been divided into two categories; conventional or myeloid DCs (cDCs or mDCs) and 

plasmacytoid DCs (pDCs) (Dzionek et al., 2000; MacDonald et al., 2002). Human pDCs and cDCs 

can be further separated into CD2hi and CD2lo, and cDC1 and cDC2 (Dzionek et al., 2000) 

respectively. However, recent studies suggest that this classification might need to be updated 

(See et al., 2017; Villani et al., 2017; Yin et al., 2017). pDCs specializes in sensing and responding 

to viral infections. They possess TLR7, which senses ss-RNA, and TLR9, that senses ds-DNA, as 

their key PRRs (Bao and Liu, 2013) and secretes high levels of type 1 interferons (IFN-α/β) 

(Swiecki and Colonna, 2015). Human myeloid cDC1 represents a subset of blood DC that is 

characterized by a high expression of CD141+ (BDCA-3) and other additional markers like 

CLEC9A, CADM1, BTLA, XCR1, etc. (Collin and Bigley, 2018). Human cDC1 are efficient in cross-

presenting antigens and are able to produce IL-12p70 (Bachem et al., 2010; Haniffa et al., 2012; 

Jongbloed et al., 2010). 
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Figure 3: DC-mediated Th cell polarization. 

 

Myeloid cDC2 are the major population in human blood and are characterized by their 

expression of CD1c, CD2, FcεR1, SIRPA and other myeloid antigens (Collin and Bigley, 2018). 

Recently, two subsets of human blood cDC2 have been characterized. The 'DC-like' subset is 

characterized by a higher expression of CD5, CD1c, HLA-DQ and IRF-4, and the 'monocyte-like' 

subset is defined by CD14, CD32, CD36, CD163 and a higher MAFB expression (Villani et al., 2017; 

Yin et al., 2017). Interestingly, human cDC2 possess a better ability to synthesize IL-12 (Nizzoli et 

al., 2013) and are able to induce naïve CD4 T-cells into Th1, Th2, Th17, Th22 as well as Treg cells 

(Yin et al., 2017). Their extensive ability to induce various T cell phenotypes has recently been 

shown to be due to the presence of different cDC2 subsets; CD5hi 'DC-like' cDC2 preferentially 

induce Th2, Th17, Th22, and Treg cells, and CD5lo 'monocyte-like' cDC2 mainly induce Th1 cells 

(Yin et al., 2017). Furthermore, in relation to immune homeostasis human cDC2 are the only 

subset of DCs that have been shown to produce retinoic acid upon stimulation with vitD3 and 

inducing naïve CD4+ T-cells to acquire Th2 cytokine producing ability (Sato et al., 2013). 

 

Under in vitro conditions, DCs, called monocyte derived-dendritic cells (moDCs), can be derived 

from monocytes (Sallusto and Lanzavechhia, 1994). Using mice models it has been confirmed 

that dendritic cells could be generated from monocytes in vivo (Jakubzick et al., 2008; Randolph 

et al., 1999; Varol et al., 2007) and the contribution of monocytes to DC generation increases 

during inflammatory conditions (Robays et al., 2007) in contrast to steady-state conditions 

(Jakubzick et al., 2008). The biology of human DCs has extensively been studied mostly by 
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analyzing DCs derived from monocytes using granulocyte-macrophage colony-stimulating 

factor (GM-CSF) and IL-4 under in vitro conditions. It has been suggested that in humans 

inflammatory DCs could be the in vivo counterparts of the in vitro mo-DCs (Segura et al., 2013). 

  

1.5.2 Dendritic cells and type 2 immune responses 

Details about the DC phenotype capable of mediating type 2 immune responses are not clearly 

understood. Studies have shown that DCs, at least in mouse models, are vital for the induction 

and/or enhancement of type 2 immune responses during allergic inflammation (Lim et al., 2013) 

and helminthic infections (Phythian-adams et al., 2010). Although the mechanisms by which DCs 

induce Th1, Th17, and Tregs, both in mouse and humans, are relatively well defined, the specific 

molecular mechanisms DCs use to induce Th2 immune responses are poorly understood (Kim 

and Kim, 2018; Na et al., 2016). Based on the studies using the in vitro human mo-DC model 

system some of the DC characteristics that are involved in promoting Th2 (or downregulating 

Th1) immune responses are summarized in the Table 1 below.  

 

Table 1: Phenotypic markers of monocyte derived dendritic cells capable of mediating type 2 
immune responses in humans. 

In vitro human mo-DC model 
system 

Th2 promoting human DCs 
characteristics 

References 

  (In comparison to DCs stimulated with 
control stimuli (LPS/IFN-γ/TNF-α or 
combination thereof) 

  

mo-DCs stimulated with LPS ± 
SEA 

Increased production of PGE2 and  PGE2 

isomers 
OX40L upregulation 

(Kaisar et al., 
2018) 

mo-DCs stimulated with LPS or 
SEA 

Decreased CD86, HLA-DR, HLA-A, -B, -C 
protein expression 
Decreased IL-12p70 producing capacity 
Increased spreading area 
Increased susceptibility to apoptosis on 
interaction with autologous natural killer 
cells 

(Walwyn-
Brown et al., 
2018) 

mo-DCs stimulated with LPS ± 
SEA or Omega-1 

Upregulation of RPLP2 and VAT-1 
Downregulation of CD44 and HLA-B 

(Hussaarts et 
al., 2017) 

mo-DCs stimulated with LPS ± 
Trichuris suis soluble products 

Increased Rab7b expression at gene and 
protein level 

(Klaver et al., 
2015a) 
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LPS (lipopolysaccharide), IFN-γ (interferon-gamma), HLA (human leukocyte antigen), SEA (Schistosoma 

mansoni soluble egg antigen), Omega-1 (major immunomodulatory component in SEA), RPLP2 (60S acidic 

ribosomal protein P2), VAT-1 (vesicle amine transferase 1), PGE2 (prostaglandin E2), TSLP (thymic stromal 

lymphopoietin), Rab7b (Ras related in brain 7b), LeX (fucose-containing  Lewis X antigen), Bcl3 (B-cell 

lymphoma 3 protein), CCL (chemokine (C-C motif) ligand), CXCL (chemokine (C-X-C motif) ligand ), TNF-α 

(tumor necrosis factor alpha), MR (mannose receptor), ERK (extracellular signal-regulated kinases), DC-

SIGN (dendritic cell-specific intercellular adhesion molecule-3-Grabbing non-integrin), MGL (macrophage 

galactose‐type lectin) 

 

1.6 Concluding remarks  

The GI environment represents an extremely intricate ecosystem wherein different 

components; epithelial, immune cells and microbiota interact reciprocally among each other 

and maintain gut homeostasis. GI immune system regulates the effects of diverse dietary 

nutrients, intestinal pathogens, and tissue injury and prevents them from overwhelming the GI 

homeostasis. Dysregulated immune-metabolic interactions can result in the manifestation of 

mo-DCs stimulated with 
LPS+IFN-γ ± LeX 

Intranuclear accumulation of 
ubiquitinated-Bcl3 

(Gringhuis et 
al., 2014) 

mo-DCs stimulated with TSLP OX40L expression at the protein level (Ito et al., 2005; 
Murakami-
satsutani et al., 
2014) 

mo-DCs stimulated with LPS ± 
Trichuris suis soluble products 

Decreased mRNA expression of CCL2, 
CCL3, CCL8, CXCL9, CXCL10, TNF-α 

(Klaver et al., 
2013) 

mo-DCs stimulated with LPS ± 
Omega-1 

Functional MR (Everts et al., 
2012) 

mo-LPS stimulated DCs from 
Schistosoma-infected or 
uninfected individuals 

Increased phosphorylated-ERK/p38 ratio 
Decreased HLA-DR 

(Everts et al., 
2010) 

mo-DCs Ability to store and release dopamine (Nakano et al., 
2009) 

mo-DCs stimulated with 
LPS+IFN-γ ± SEA 

Functional DC-SIGN, MGL, MR (van Liempt et 
al., 2007) 

mo-DCs stimulated with IFN-γ 
or TNF-α ± PGE2 or Histamine 

Increased CCL17 and CCL22 proteins 
Decreased CXCL10 protein 

(McIlroy et al., 
2006) 

mo-DCs stimulated with SEA Increased phosphorylated-c-Fos (Agrawal et al., 
2003) 
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various metabolic and non-metabolic diseases. In addition to the previously defined dendritic 

cells, intestinal tuft cells have emerged as the new key players in regulating gut type 2 immune 

responses. Understanding the immunobiology of type 2 immune responses in detail could 

provide us the opportunities to design targeted preventive and/or therapeutic strategies against 

prevalent metabolic disorders. 
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Abstract 

Dendritic cells (DCs) are essential for generating T cell-based immune responses, however we 

still have limited insight into processes defining the end DC phenotype, including the type of 

early transcriptional rewiring programs of pro-inflammatory cues towards regulatory or type 2 

immune-based cues induced by a variety of exogenous and endogenous molecules. Here we 

compared the ability of a selected number of molecules: helminth Ascaris suum body fluid 

(helminth PCF), bitter melon extract (BME), the bacterial metabolites succinate and butyrate 

and the type 2 cytokines TSLP and IL-25 to rewire the pro-inflammatory phenotype of 

lipopolysaccharide (LPS) and interferon-gamma (IFN-γ)-stimulated human monocyte-derived 

DCs towards an anti-inflammatory or regulatory phenotype. Our data show that helminth PCF 

and butyrate treatment suppress the Th1-inducing pro-inflammatory DC phenotype by inducing 

both convergent and non-convergent transcriptional changes in DC. The RNAseq-based analyses 

indicated that helminth PCF treatment strongly inhibited the Th1 and Th17 polarizing ability of 

LPS+IFN-γ-matured DCs by downregulating myeloid differentiation primary response gene 88 

(MyD88)-dependent and MyD88-independent pathways in TLR4 signaling. By contrast, butyrate 

treatment have a strong Th1-inhibiting action, while important gut barrier defending factors 

such as IL18, IL1b and CXCL8 are enhanced. Collectively, our results improve our understanding 

of how helminth Ascaris suum and gut microbiota-derived butyrate exert immunomodulatory 

effects on the host immune system.  
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Introduction 

Dendritic cells (DCs) are specialized antigen presenting cells (APCs) which initiate and direct a 

variety of specific T cell responses. This depends on expression of PAMP-recognizing receptors 

on DCs, including Toll-like receptors (TLRs), NOD-like receptors (NLRs) and RIG-I-like receptors 

(Iwasaki and Medzhitov, 2015), which activate different transcription factors. Different classes 

of PAMPs induce different types of Th cell responses, where effective responses to intracellular 

and virus-based PAMPs promote type 1 helper (Th1), fungi and extracellular bacterial PAMPs 

promote type 17 helper (Th17) and helminth parasites induce type 2 helper (Th2) responses 

(Iwasaki and Medzhitov, 2015). Additionally, under the influence of TGF-β during the interaction 

with the DC, näive Th cells can differentiate into regulatory T-cells (Treg) (Boks et al., 2012; 

Coombes et al., 2007), which play an important role in limiting immunopathologies and 

maintaining immune homeostasis.  

In addition to the pathogenic antigens, intestinal DCs can also sense specific endogenous signals 

originating from the intestinal epithelium in response to PAMP stimulation, including thymic 

stromal lymphopoietin (TSLP), IL-25 and IL-33. TSLP has been reported to influence dendritic 

cells to promote Th2 responses (Ito et al., 2005) and IL-33 seems to further strengthen TSLP-DC-

mediated Th2 responses (Murakami-satsutani et al., 2014). Additionally, succinate, an 

intermediate metabolite of the Krebs cycle, and butyrate, a fiber-induced gut bacterial 

metabolite, have both been reported to switch a pro-inflammatory phenotype of PAMP-

exposed DC into an anti-inflammatory one (Kaisar et al., 2017; Rubic et al., 2008). Furthermore, 

certain exogenously derived plant glycans have been identified to rewire inflammatory 

pathways in PAMP-exposed DCs, while they have no apparent effect on immature non-PAMP 

exposed DCs (Wismar et al., 2011).  

Due to the Th2/Treg immunoregulatory potential of helminths (Grencis, 2015; Maizels, 2016), 

helminth-infection therapy has been extensively explored as a therapeutic for various 

inflammatory disorders  (Wammes et al., 2014). However, helminth infections per se may not 

be necessary to exploit helminth-mediated host protection since helminth-derived products 

have shown effective in relieving pro-inflammatory conditions (Kuijk et al., 2012; Matisz et al., 

2015; Mcconchie et al., 2006; Radovic et al., 2015; Rocha et al., 2008). Several studies have 

addressed the mode of immunomodulation induced by different helminth-derived products 

which appears to possess an ability to downregulate gene expression of TLR4 signaling-

associated molecules such as MyD88, IRAK2, IRF8, cJun, RelA and TLR4 (Klaver et al., 2015a), 
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thereby inhibiting synthesis of pro-inflammatory cytokines (IL-12p70, TNF-α) and chemokines 

(RANTES, MIP-1b) (Everts et al., 2012). Furthermore, helminth-derived products have been 

reported to increase the levels of SOCS1 and SHP-1 mRNAs as well as proteins (Klaver et al., 

2015b) or to strongly induce OX40L and PD-L1 surface expression (Kaisar et al., 2018; Klaver et 

al., 2015b; Kuijk et al., 2012). These programs result in a DC phenotype being able to promote 

Th2 polarization as confirmed by DC-T-cell co-culturing experiments  (Everts et al., 2012; Kuijk 

et al., 2012).  

As described above DCs can sense diverse signals that rewire otherwise Th1-PAMP exposed DCs 

towards another phenotype, which dependent on the molecule might result in Th2, Th17 or Treg 

differentiation of naïve Th cells. However, currently we lack detailed insights into the specific 

molecular mechanisms whereby Th1-PAMP exposed DCs are rewired to these other Th cell-

based responses; and especially we have a limited knowledge into Th2 rewiring programs (Kim 

and Kim, 2018; Na et al., 2016) of importance for generation of immunological memory to 

helminth infections. To further this understanding, we here compared to what extent a number 

of exogenous helminths- and plant-derived compounds, as well as endogenous bacterial 

metabolites and type 2 immune response-mediating cytokines were able to rewire Th1-PAMP 

exposed DCs towards an anti-inflammatory or type 2/regulatory phenotype. The results 

described herein show that helminth-derived products hold a strong potential to downregulate 

both Th1 and Th17 immune responses, and further our understanding of helminth-driven 

immune regulation. Additionally, our results indicate that butyrate conditioning mediates a 

downregulation of Th1-PAMP primed immune responses resulting in the promotion of a more 

tissue-sustaining DC phenotype. 

 

Materials and methods 

Helminth pseudocoelomic fluid and bitter melon extract preparation 

Fresh Ascaris suum helminth worms obtained from the intestine of pigs at a local slaughterhouse 

(Danish Crown, Ringsted), were initially rinsed in water and sterile PBS and kept in sterile PBS 

afterward during the whole procedure of psedocoelomic fluid (PCF) preparation. PCF was gently 

stripped out of the worms, centrifuged at 3000g for 20 min (to separate the debris and other 

contents like eggs, damaged tissue, etc.), sterile filtered through a 0.2 μm syringe filter and 

stored at −80 °C until use. Powdered bitter melon extract (BME, Verdure Sciences, USA) was 

thoroughly dissolved in normal saline and centrifuged at 2300g for 30 min at 4°C. The 
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supernatant was collected, avoiding the settled matter, and sterile filtered first through a 70 μm 

and then a 0.2 μm syringe filter. The average dry matter content of the filtered PCF and BME 

was determined based on freeze-drying.  

 

Generation and stimulation of human monocyte-derived dendritic cells  

Human peripheral blood mononuclear cells (PBMCs) were isolated from buffy coats from three 

different human individuals using Ficoll-Paque gradient centrifugation. CD14+ monocytes were 

isolated from PBMCs by magnetic-activated cells sorting (MACS) (Miltenyi Biotec, Bergisch 

Gladbach, Germany) and were cultured in RPMI 1640 (Lonza, BE12-167F) supplemented with 

10% heat-inactivated fetal bovine serum (FBS, Gibco, 10270-098), 2mM L-glutamine (Lonza, 

BE17-605E), 50 µM 2-Mercaptoethanol (Gibco, 21985-0223), 1% Penicillin-Streptomycin and 

150 U/mL recombinant human IL-4 (Miltenyi, 130-093-922) and 160 U/mL recombinant human 

GM-CSF (Miltenyi, 130-093-866) at 37°C and 5% CO2 to obtain monocyte-derived dendritic cells 

(moDCs). Media were replaced after 3 days of culturing and moDCs were used 6 days after the 

start of culture. Cells were harvested and rested for 1 hour at 37°C and 5% CO2 before 

stimulation. At this point, moDCs were supplemented with media containing TSLP (to final 

concentration of 25 ng/mL, Miltenyi, 130-106-271), IL-25 (25 ng/mL, Miltenyi, 130-115-646), 

TSLP+IL-25 (both 25 ng/mL), helminth PCF (100 μg dry matter/mL, tested in different doses in 

pre-study experiments), bitter melon extract (BME) (100 μg dry matter/mL, Verdure Sciences, 

USA, selected dose effective in downregulating pro-inflammatory profile of RAW 264.7 cell line 

(Hsu et al., 2013; Kobori et al., 2008), butyrate (2 mM, Sigma, B5887), and succinate (0.5 mM 

and 2 mM, di-sodium succinate hexahydrate (S7594751, Merck)), and then added media 

containing Escherichia coli O26:B6 LPS (final concentration of 100 ng/mL, Sigma, L2654) and IFN-

γ (10 ng/mL, R&D systems, 285-IF-100). Cells were stimulated for 4 or 20 h at 37°C, 5% CO2, and 

95% humidity.  

  

Cytokine enzyme-linked immunosorbent assay (ELISA) 

After stimulation for 20 hours, the cell-free culture supernatants were harvested and frozen at 

-80°C until further analysis. IL-12p70 levels were determined using ELISA (R&D systems, DY1270) 

according to the manufacturer’s protocol. 
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Flow cytometry  

The moDCs were collected after harvesting of culture supernatants, washed in PBS + 0.1% NaN3 

+ 1% FBS (FACS buffer) (280g for 5 min, 5°C), incubated for 10 min with Fc block (2% heat-

inactivated human AB serum in FACS buffer), and stained with fluorophore-conjugated 

antibodies in FACS buffer for 30 min, washed and analyzed immediately on a FACS Canto II (BD 

Biosciences) with a three laser (405nm, 488nm and 633nm) configuration. The day 7 antibody 

cocktail included CD1a-FITC (eBiosciences, 11-0149-42), OX40L-PE (BD Biosciences, 558164), 

HLA-DR-PerCp-Cy5.5 (BD Biosciences, 347402), CD14-PE-Cy7 (eBiosciences, 25-0149-42), CD86-

V450 (BD 560357), CD40-APC (BD Biosciences, 555591). Cells were kept at 4°C throughout the 

staining procedure. 

 

RNA extraction, RT-qPCR and RNA sequencing 

The transcriptional profile of stimulated human moDCs was defined after 4 hours of stimulation. 

Upon 4 hours of stimulation, cells were immersed and stored in RNAprotect Cell Reagent 

(Qiagen) at -80°C until further analysis. RNA was isolated using the RNeasy micro kit (Qiagen) 

according to the manufacturer's instructions. The total RNA concentration was measured using 

a Qubit 2.0 fluorometer (ThermoFisher Scientific) and quality checked using Bioanalyzer (HS RNA 

Pico Bioanalyzer chip) according to the manufacturer’s protocol. cDNA was prepared by reverse 

transcription of 5.6 μL of purified RNA. Resulting cDNA was amplified using the Smart-seq2 

protocol (Picelli et al., 2014) with minor modifications, and using the primers and reagents listed 

in Table S1. In brief, the following conditions for cDNA synthesis were used: incubation of the 

(reverse transcription) RT Master mix and input RNA (72°C for 3 min), addition of template 

switching oligo (TSO) master mix, reverse transcription (42 °C for 90 min, followed by 10 cycles 

of (50°C for 2 min, 42°C for 2 min), and finally inhibition of the reaction (70°C for 15 min). The 

cDNA amplification was performed by incubating the cDNA and cDNA preamplification master 

mix at 98°C for 3 min, followed by 19 cycles of (98°C 15s, 67°C 20s, 72°C 6 min), with a final 

extension at 72°C for 5 min using the PCR cycler and reagents (Table S1). Obtained cDNA was 

purified using AMPure XP beads (Beckman Coulter, A63881), quantified using Qubit HS dsDNA 

Assay Kit (Life Technologies), checked for quality and library size using a High-Sensitivity DNA 

chip (Agilent Bioanalyzer) and eventually used for RNA sequencing.   

For RNA sequencing, sequencing libraries from amplified cDNA from moDCs were generated 

using the Nextera XT DNA library preparation kit with multiplexing primers according to the 

manufacturer’s protocol (Illumina, FC-131-1096). Resultant cDNA libraries were purified, 
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quantified and checked for library fragment size distributions as described above. cDNA libraries 

having insert sizes of 500-800 bp were used for paired-end sequencing on the Illumina NovaSeq 

6000 sequencing platform (Novogene Corporation, China). Software Cutadapt (v1.15) was used 

to remove sequencing adapters and low quality reads from the de-multiplexed raw data.  STAR 

software program (v2.6.0) and RSEM software package were used to map and align the clean 

reads and perform transcript quantification (Parrish et al., 2014) respectively. After mapping 

transcripts to gene symbols, we obtained a gene count matrix with 17,220 genes and removed 

the least abundant transcripts for the 31 genes with duplicate gene symbols, resulting in a list of 

17,189 genes. To remove low abundance transcripts, the dataset was filtered to only include 

genes that were present in at least three samples with at least five reads, resulting in a set 

containing 8,312 genes. Differentially expressed genes were identified using SAM-seq v3.0 (Li 

and Tibshirani, 2013) using a two-class paired analysis with 20 resamples and 100 permutations. 

A pathway gene enrichment analysis was performed using the online Reactome Pathway 

Database (Fabregat et al., 2018). Sequencing data will be made available at the NCBI Gene 

Expression Omnibus upon publication.  

  

Statistics and data analysis 

Data analyses were performed using FlowJo software (v10.0.7, Treestar), Prism 8.0.2 (GraphPad 

Software) and R v3.5.2 (R Core Team (2018)). While using Prism, one-way ANOVA was performed 

followed by Holm-Sidak method for multiple comparisons with *p < 0.05, **p < 0.01, ***p < 

0.001. For RNAseq data analysis; differential gene expression and gene set enrichment analysis 

q-values < 0.1 were considered as statistically significant.   

 

Results 

Helminth PCF and butyrate suppresses LPS+IFN-γ induced IL-12p70 secretion in moDCs while 

TSLP, IL-25, TSLP+IL-25 and BME have no effect 

In this study, we used human moDCs as these can be readily generated in numbers required for 

comparative study, and furthermore, they represent the only DC to express TLR4, required for a 

full response to the bacterial Th1-promoting PAMP lipopolysaccharide (LPS) (Watchmaker et al., 

2014). E. coli LPS would be present in the small intestine during normal conditions (Zmora et al., 

2018) and may act as an activating PAMP of intestinal monocytes turning into moDCs. Since we 

have experienced that moDCs from some donors are refractory to LPS stimulation with IL-12p70 
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production, we co-stimulated moDCs with IFN-γ, which allows for a full activation of the TIR-

domain-containing adaptor protein inducing interferon-β TRIF and NFkappaB responses via the 

interferon-gamma receptor even in CD1a-low moDCs  (Søndergaard and Brix, 2012; Søndergaard 

et al., 2014).  

The endogenous epithelial-derived cytokines IL-25, IL-33 and TSLP are all regarded as important 

modifiers of the gut environment. We, therefore, aimed to test for their capacity to rewire a 

Th1-proinflammatory program in moDC. However, before initiation of the studies, we first 

analyzed a set of our own RNA-seq data from unstimulated moDCs (n=9) for expression of 

mRNAs encoding the receptors for the cytokines IL-25 (IL17RB), IL-33 receptor (IL1RL1) and TSLP 

(CRLF2). We identified the expression of IL-25 (IL17RB) and TSLP (CRLF2) in moDCs, whereas we 

were unable to detect the expression of mRNA encoding the IL-33 receptor (IL1RL1) (Fig. S1a). 

We, therefore, resulted in adding IL-25 and TSLP to the panel of stimuli.  

We next compared the immunomodulatory potential of the compounds in LPS- and IFN-γ-

activated moDCs (Fig. 1a). LPS+IFN-γ-matured DCs classically attain a pro-inflammatory 

phenotype with an increased cell-surface expression of maturation and co-stimulatory markers 

such as HLA-DR, and CD80, CD86, and CD40, as well as the production of high amounts of IL-

12p70, which is needed to promote Th1 polarization (Agrawal et al., 2003). We first screened 

the potential for helminth PCF, butyrate, BME, TSLP, and IL-25 to suppress the LPS+IFN-γ-

induced Type 1 immune profile of high IL-12p70, as low levels of IL-12p70 are a prerequisite for 

the compound to hold Th1-PAMP rewiring potential that may promote the DC to develop into a 

Th2, Th17 or Treg phenotype (Agrawal et al., 2003). Amongst the compounds, only helminth PCF 

and butyrate were able to significantly inhibit LPS+IFN-γ-induced IL-12p70 secretion (q < 0.001), 

whereas BME, TSLP and IL-25, individually or in combination, failed to do so (Fig. 1b). Similarly, 

only helminth PCF (q < 0.03) and butyrate (q < 0.001), enhanced CD86 expression levels, and 

only butyrate led to decreased expression of CD40 (q < 0.001) (Fig. 1b). Notably, the compounds 

did not affect the viability of DCs (Fig. S1b). We also tested if the complex helminth PCF solution 

would hold immune activating components in itself by stimulating moDCs with helminth PCF 

alone. We obtained similar stimulation profiles as seen for unstimulated (immature) DCs (Fig. 

S1c), indicating than no Th1-promoting PAMPs are present in the helminth PCF solution.  

These data indicate that helminth PCF, plant-derived BME, endogenously produced butyrate, 

and the epithelial-derived cytokines IL-25 and TSLP have differential immunomodulatory 

properties in pro-inflammatory DCs. It further emphasized that helminth PCF and butyrate may 

hold specific potentials to be further addressed.  
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Helminth PCF predominantly suppresses Th1 and Th17 programs in pro-inflammatory moDCs 

To obtain knowledge about the genes involved in the early process of rewiring of pro-

inflammatory DCs by helminth PCF and butyrate, we used RNA-seq to generate transcriptional 

profiles of moDCs stimulated with LPS+IFN-γ alone or in combination with helminth PCF or 

butyrate for 4 hours. Helminth PCF resulted in significant downregulation of 131 genes in 

LPS+IFN-γ activated DCs, whereas no genes were significantly upregulated (Fig. 2a), suggesting 

that helminth PCF exerts generally immunosuppressing effects in Type 1-activated DCs. Many of 

the genes downregulated by helminth PCF encoded immune-polarizing and immune-modifying 

cytokines and chemokines, surface and cytoplasmic receptors, transcription factor/regulators, 

enzymes, and molecules involved in intracellular signaling. A few of the genes also encode 

proteins involved in DC maturation and stimulatory activity, antigen presentation, and apoptosis 

(Fig. 2b, Supplementary data sheet 1).  

Helminth PCF did not regulate genes involved in DC migration (CCR7 and CXCR5) suggesting that 

helminth PCF-exposed DCs probably maintain their ability to migrate to the nearby lymph nodes 

and prime antigen-specific T-cells. Helminth PCF treatment decreased mRNA expression of the 

co-stimulatory molecule CD40 and the maturation marker CD83 without affecting the 

transcription levels of the two other co-stimulatory molecules CD80 and CD86. The flow 

cytometric analysis showed a significant, though low fold change increase, of cell surface 

expression of CD86 in helminth PCF-treated moDCs (Fig. 1b), which was not identified at the 

mRNA level, perhaps due to the low fold increase or presence of preformed, surface recycled 

CD86.       

The RNA-seq analysis revealed a differential downregulation by helminth PCF of genes that 

provoke DC-mediated Th1 and/or Th17 immune responses (Fig. 2a). The combined 

transcriptional profile of helminth PCF-exposed moDCs, in terms of their ability to promote 

specific naïve Th cell polarization and further immune amplification, is provided in Fig. 2b. From 

this, it appears that helminth PCF-treated DCs hold a limited potential to polarize and amplify 

Th1 and Th17 immune responses. This conclusion is based on the significant downregulation of 

transcripts of IL12A, IL12B, IL1B, IL23A, and IL6 by helminth PCF. The IL12A and IL12B genes 

encode for the cytokine IL-12p70, while IL23A and IL12B encode for IL-23. The cytokine IL-12p70 

promotes Th1 polarization when provided as signal 3 from the DC to a naïve CD4+ T cell, whereas 

IL-1β in combination with IL-23 and IL-6 promotes Th17 polarization (Gianello et al., 2019). At 4 

hours upon activation, helminth PCF also downregulated the expression of genes encoding 
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transcription factors (TFs) or transcriptional regulators (TRs) associated with Th1 and Th17 

polarization. In the normal Type-1 activated moDC, LPS binding to TLR4 brings multiple TFs and 

TRs into action, including NFκB, AP-1, IKBα, IKBζ, IRF3, KLF6, LITAF and NFE2L2, which are 

involved in promoting Th1 and/or Th17 immune responses (DeAlmeida et al., 2014; Goodman 

et al., 2016; Lu et al., 2008; Myokai et al., 1999; Rothe et al., 2015). Furthermore, LPS-stimulated 

IRF8 is, via a positive feedback loop involving type 1 IFN signaling (Tailor et al., 2007), associated 

with enhanced Th1 and Th17 immune response levels (Qiu et al., 2017). Helminth PCF 

significantly downregulated transcripts of IRF8, NFKB1, NFKBIZ, KLF6, and LITAF genes in Type 1-

exposed moDCs, further supporting progression into a non-Th1 and/or Th17 polarizing 

phenotype. Furthermore, helminth PCF exposure decreased moDC transcript levels for the 

cytokines IFNB1, IFNL1, LTA, TNF, TNFSF15 (TL1A) and IL1A (Foucher et al., 2015; Gianello et al., 

2019; Patil et al., 2015; Suresh et al., 2002; Syedbasha and Egli, 2017) and the chemokines CCL3, 

CCL4, CCL5, CXCL1, CXCL2, CXCL3 and CXCL8 (Del Fresno et al., 2018; Griffith et al., 2014). These 

all encode genes associated with attracting immune cells involved in promoting type 1 and/or 

type 17 immune responses.  

Notably, transcripts of STAT5A and CCRL2, which have been associated with DC-mediated Th2 

immune responses (Bell et al., 2013; Griffith et al., 2014) were also downregulated in helminth 

PCF-treated moDCs. However, IRF4 which is critical for DC-mediated Th2 differentiation 

(Williams et al., 2013), remained unaffected by helminth PCF. Similarly, many Th2 and Treg 

chemo-attractants (Griffith et al., 2014) remained unaffected by helminth PCF treatment. 

Amongst all the downregulated genes by helminth PCF treatment, the mRNA levels of PTGS2, 

encoding for the enzyme cyclooxygenase-2 (COX2) were most significantly decreased (Fig 2a, 

Supplementary data sheet 1). Recently, prostaglandin E2 (PGE2) has been shown to be involved 

in DC-mediated Th2 polarization (Kaisar et al., 2018). PGE2 has also been shown to induce the 

Th2 and Treg chemo-attractant CCL22 in inflammatory DCs (Muthuswamy et al., 2008). 

However, CCL22 mRNA expression was not affected in helminth PCF-treated moDCs. These 

findings indicate that helminth PCF treatment might hold distinct immunoregulatory properties 

that also modulate DC-mediated Th2 and/or Treg polarization.   

Previous studies have shown that helminth-derived products inhibit LPS-induced DC activation 

by suppressing TLR4 signaling pathways (Klaver et al., 2015a; van Liempt et al., 2007). Using 

microarray and RT-PCR techniques, Klaver et al 2015 showed that soluble products of pig 

helminth Trichuris suis (TsSPs) decreased transcript levels of various components of Myd88-

dependent (IRAK2, cJun, and RelA) and type 1 IFN signaling (IFN-β, IRF8, and GBP2) in LPS-
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stimulated moDCs. Additionally, TsSPs induced Ras related in brain 7b (Rab7b) which 

simultaneously lead to reduced gene and surface expression of TLR4 (Klaver et al., 2015a). 

Similarly, we here found that helminth PCF also modified genes involved in TLR4 signaling 

components. Levels of mRNA encoding MAPK38, TNFAIP3 (A20), IRAK2, SOCS3, and TRAF1, all 

of which are involved in TLR4 signaling (Kawasaki and Kawai, 2014; Lu et al., 2008) were 

significantly downregulated by helminth PCF in LPS+IFN-γ activated moDCs.  

LPS-stimulated DCs have been shown to be unresponsive to re-stimulation with LPS or LPS+IFN-

γ, while they are fully capable of being activated by CD40L, activated T-cells, and their products 

(Abdi et al., 2012). Here we identified that helminth PCF treatment downregulated expression 

of mRNA encoding several surface molecules (CD40, IL15RA, ICAM-1, PTGER4, PTAFR, CD87, 

IL10RA, ADORA2A, and CCRL2) in LPS+IFN-γ activated moDCs, suggesting that helminth PCF 

treatment might prevent re-stimulation of moDCs by subsequent signals associated with either 

initiation and/or amplification of different immune responses. Given that helminth PCF 

downregulated IL15RA transcript levels, it is possible that helminth PCF-treated moDCs might 

have less efficient NK cell-activating properties. IL15Rα is important for the Type 1 response, as 

IL15Rα, when bound to IL-15 and transpresented to NK or CD8+ t-cells can enhance their anti-

tumor properties (Van den Bergh et al., 2015). Similarly, helminth PCF treatment downregulated 

PTAFR, the receptor of platelet-activating factor (PAF) which can promote Th17 immune 

responses via inducing IL-6 in moDCs  (Hamel-Côté et al., 2017), indicating that helminth PCF 

treated moDCs might not be further activated by PAF.       

In order to further examine the immunomodulatory properties of helminth PCF in pro-

inflammatory DCs, we next went on to perform a pathway analysis including all the significantly 

downregulated genes. Using the Reactome pathway database (Fabregat et al., 2018), we found 

that genes downregulated by helminth PCF were enriched in 10 pathways (Table 1). Most of 

them are involved in inflammatory processes, further supporting that helminth PCF exerts 

immunosuppressing effects in pro-inflammatory DCs. Particularly, helminth PCF treatment 

downregulated the expression of genes involved in inflammatory signaling pathways associated 

with different cytokines and chemokines as well as cellular stressful conditions. Additionally, PCF 

treatment also seemed to downregulate elements of heat shock response pathways (DNAJB6 

and HSPA1A), which are activated in response to cellular stress inducers, e.g. pathogen 

infections. During these responses heat shock factor 1 (HSF1), a transcription factor 1, is 

activated and induces transcription of several heat shock proteins (Dayalan Naidu and Dinkova-

Kostova, 2017), which in further have been associated with Th1/Th17 immune responses (Fan 
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et al., 2012; Rahman et al., 2017), thus illustrating yet an additional point whereby helminth PCF 

might inhibit Th1 and Th17 inducing pathways.     

 

Helminth PCF and butyrate modify gene expression in pro-inflammatory moDCs differently 

Butyrate has previously been shown to exert immunomodulatory effects on LPS-stimulated DCs 

(Kaisar et al., 2017), be associated with improving homeostasis at mucosal sites (Macia et al., 

2015) ), and promoting Treg development at mucosal sites in mouse models (Furusawa et al., 

2013). Since butyrate is acknowledged to hold these important immunoregulatory properties, 

and since it, similarly to helminth PCF, was found to induce immunomodulatory properties in 

LPS+IFN-γ-matured DCs (Fig. 1b), we sought to compare the immunomodulatory properties of 

helminth PCF and butyrate to analyze differences and similarities between them.  

Butyrate treatment of LPS+IFN-γ-activated moDCs resulted in an extensive regulation of the 

transcriptional profile with a total of 3,480 genes were significantly regulated out of which 

expression of 1703 was up-regulated and expression of 1777 genes was down-regulated (Fig. 

3a), indicating that butyrate treatment exerted a broader immunomodulation effect on pro-

inflammatory DCs in comparison to helminth PCF treatment (131 genes, Fig. 2a). We found 101 

regulated genes to be shared between butyrate- and helminth PCF-treated moDCs (Fig. 3a). Out 

of these genes, butyrate treatment up-regulated the expression of 10 genes and down-regulated 

expression of 91 genes, while expression of all these 101 genes was significantly downregulated 

by helminth PCF treatment (Supplementary data sheet 1).  

Focusing on the immune-relevant genes regulated by helminth PCF and butyrate, we found 

multiple downregulated genes that promote Th1 and/or Th17 immune responses via moDCs. In 

the context of Th1 immune responses, butyrate treatment downregulated the expression of 

mRNA encoding the Th1-polarizing effector molecules IL12A, IL12B, and CD40 and Th1 immune 

amplifying chemokines CCL5 and CXCL9, while expression of mRNA encoding the monocyte and 

lymphocyte-attracting chemokine CCL3 was upregulated. By contrast, helminth PCF treatment 

downregulated the expression of mRNA encoding all the above-mentioned genes in addition to 

downregulating the expression of IFNB1, LTA, and CCL4 mRNA suggesting that although both 

helminth PCF and butyrate might be able to inhibit Th1 polarization, helminth PCF might be more 

efficient in limiting amplification of Th1 immune responses.  

We observed striking differences between helminth PCF- and butyrate-induced 

immunomodulation in relation to Th17 immune responses. Whereas helminth PCF 

downregulated the expression of most of the genes associated with either Th17 polarization 
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(IL6, IL1B, IL23A) or amplification of Th17 immune responses (IL1A, CXCL1, CXCL2, CXCL3, and 

CXCL8), butyrate treatment downregulated only expression of IL6. Furthermore, butyrate 

treatment upregulated expression of a few genes known to be involved in either Th17 

polarization (IL1B) or amplification (CXCL3 and CXCL8). Most of the genes encoding TFs and TRs 

downregulated by helminth PCF treatment were also downregulated by butyrate except for 

IRF8, which is associated with enhanced Th1 and Th17 immune response levels (Qiu et al., 2017). 

Notably, the transcript levels of NFKBIZ were upregulated by butyrate treatment and 

downregulated by Helminth PCF. Increased activity of NFKBIZ has been associated with 

enhanced Th17 polarization and immune amplification (DeAlmeida et al., 2014). However, since 

IL12B is significantly downregulated by butyrate, which makes it difficult to form the Th17 

amplification cytokine IL-23, it is rather unlikely that butyrate-treated moDCs might promote 

Th17 immune responses. Instead, the butyrate-treated pro-inflammatory moDCs seems to 

reprogram to an innate-based tissue-sustaining phenotype involving the expression of genes 

encoding for proteins involved in promoting a healthy gut barrier, such as IL-18 and CXCL8, as 

well as IL-1that might initiate ILC3 activation.   

Finally, we note that helminth PCF uniquely downregulated PTGS2 transcript levels whereas no 

such effect was observed in response to butyrate treatment. Similarly, mRNA expression of the 

maturation marker CD83 was uniquely downregulated by helminth PCF treatment.  

 

Succinate is unable to downregulate IL-12p70 secretion in LPS+IFN-γ-activated moDCs 

Succinate has previously been reported to be secreted by helminths (Nadjsombati et al., 2018) 

and exerts immunoregulatory properties on poly(I:C) co-stimulated human DCs (Rubic et al., 

2008). We, therefore, speculated if succinate could be involved in mediating the immune-

suppressive effects of helminth PCF. LPS+IFN-γ-activated moDCs were co-stimulated with 0.5 

mM and 2 mM of succinate. We found that even at higher concentrations succinate failed to 

induce significant immunomodulatory changes in IL-12p70 production and CD40 and CD86 

expression in LPS+IFN-γ-activated moDCs (Fig. 4a). Similarly, succinate (2 mM) did not induce 

any significant transcriptional changes in LPS+IFN-γ-activated moDCs (data not shown). These 

findings indicate that succinate is unable to transcriptionally reprogram LPS+IFN-γ-matured DCs, 

and further emphasize that the immunosuppressive effects of helminth PCF on LPS+IFN-γ-

activated moDCs may be mediated by other compounds than succinate.  

 

Discussion 
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The overall aim of our study was to explore the early transcriptional rewiring potential of 

helminth PCF, bitter melon extract, bacterial metabolites; succinate and butyrate, and the Type 

2 immune response-mediating cytokines TSLP and IL-25 on Type 1 inflammatory DCs. Our 

exploratory analysis of the transcriptional data presented herein suggests that helminth PCF 

holds a strong potential to downregulate Th1 and Th17 immune responses, whereas butyrate 

carries the potential to downregulate Th1 and switch to an innate-based gut barrier sustaining 

phenotype during LPS-induced inflammatory conditions.  

To date, only one study has examined the immunomodulatory effects of helminth PCF on human 

moDCs reporting that helminth PCF conditioning suppressed pro-inflammatory cytokine 

production (IL-12p70, IL-6, IL-23, and TNF-α) in LPS-stimulated moDCS (Midttun et al., 2018). 

Our in-depth analysis of the early (4hr) transcriptional profile of helminth PCF treated LPS+IFN-

γ-matured moDCs supports their findings and suggests that helminth PCF interferes with TLR4 

signaling to exert its immunosuppressive effects, as indicated by identification of decreased 

TLR4 expression in helminth PCF treated DCs. Our results showed that helminth PCF 

downregulated the expression of components of predominantly the Myd88-dependent but also 

the Myd88-independent TLR4 signaling cascade like IRAK2 (Keating et al., 2007), MAP3K8 (van 

Riet et al., 2009), IFNB and IRF8 (Tailor et al., 2007). Predominant downregulation of the Myd88-

dependent pathway is supported by the observation that helminth PCF treatment 

downregulated TNF, IL6, IL12A, IL12B, and PTGS2 transcript levels, which are primarily induced 

after Myd88-dependent pathway activation (Lin et al., 2013). Notably, helminth PCF did not 

downregulate IRF3 mRNA expression indicating that PCF-induced Myd88-independent pathway 

downregulation might occur downstream of IRF3 signaling. Additionally, helminth PCF 

treatment also seemed to further downregulate the IFN-β induction pathway as supported by 

downregulated TRIM36 mRNA expression levels, since TRIM36 is associated with potentiation 

of IFN-β expression (Versteeg et al., 2013).    

Understanding DC-mediated Th2 induction has been a long-standing focus in immunology and 

mostly based on studies wherein soluble egg antigen (SEA) from Schistosoma mansoni (SEA) and 

Trichuris suis soluble products were employed to initiate DC-mediated Th2 immune response 

(Kaisar et al., 2018; Klaver et al., 2015b; Everts et al., 2012; Kuijk et al., 2012). In SEA, one of the 

multiple components that can induce DC-mediated Th2 immune responses is omega-1; a 

glycosylated T2 RNase that can inhibit pro-inflammatory protein synthesis, induce strong surface 

expression of OX40L on DCs and increase the IL-4/IFN-γ ratio in DC-allogenic näive CD4+ T-cell 

co-culturing experiments (Everts et al., 2012; Klaver et al., 2015b). Although, interestingly, the 

https://en.wikipedia.org/wiki/IFN-%CE%B2
https://en.wikipedia.org/wiki/IFN-%CE%B2
https://en.wikipedia.org/wiki/IFN-%CE%B2
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presence of T2 RNase homologs has been suggested to be present in the Ascaris suum genome 

(Everts et al., 2012), suggesting PCF might hold similar Th2 inducing properties, but this notion 

could be refuted based upon the findings that PCF treatment did not alter IL-4 levels in DC-

allogenic näive CD4+ T-cell co-culturing experiments (Midttun et al., 2018). Moreover, a recent 

study showed that SEA treatment of DC induced prostaglandin E2 (PGE2) synthesis that, in an 

autocrine fashion, induced OX40L, which further primed DC to initiate Th2 responses (Kaisar et 

al., 2018). Given the observations in our as well as the study by Midttun et al 2018 that helminth 

PCF downregulated PTGS2 transcripts, as well as COX-2 protein levels (Midttun et al., 2018), 

indicates that helminth PCF-treated DCs might not be able to induce PGE2-dependent DC-

mediated Th2 responses. However, more studies are needed to confirm this since Ascaris spp. 

infections indeed induce Th2/Treg immune responses in humans  (Cooper et al., 2000, 2004). 

Perhaps, under in vivo settings Ascaris spp. trigger additional signals to initiate Th2 responses. 

Furthermore, since helminth PCF is a mixture of multiple antigenic proteins and glycans 

(Chehayeb et al., 2014; Franchini et al., 2015; Pöltl et al., 2010), and we and previous studies did 

not use fractionated PCF components, it remain possible that the Th2 inducing potential of PCF 

was masked by other components exerting stronger immunomodulatory effects. Importantly, 

the transcription factor IRF4, which is critical for DC-mediated Th2 differentiation (Williams et 

al., 2013), remained unaffected by helminth PCF treatment. 

Contrasting the probable induction of Th2 immune responses, mice studies strongly support the 

potential of helminth PCF to induce robust Treg responses as well as increased IL-10 levels during 

LPS-induced inflammatory conditions  (Antunes et al., 2015; Titz et al., 2017). In both studies, 

mice were injected with  1 μg LPS with or without PCF supplementation into an air pouch and 

the authors observed that helminth PCF prevented LPS-induced leukocyte influx and suppressed 

pro-inflammatory cytokine (IL-1β, TNF-α, and IL-6) secretion. Furthermore, helminth PCF 

supplementation has also shown to induce Treg during non-LPS-induced inflammatory 

conditions  (Mcconchie et al., 2006; Rocha et al., 2008).  

Although we did not focus on the chemical composition of the helminth PCF, apparently it seems 

that both protein (Titz et al., 2017; Antunes et al., 2015) and glycan (Favoretto et al., 2017; Pöltl 

et al., 2007) structures in PCF could be responsible for their immunoregulatory potential. 

Notably, the metabolite succinate has been shown to be secreted by the helminth 

Nippostrongylus brasiliensis (Nadjsombati et al., 2018). Our observation that succinate did not 

exert any immunomodulatory effects on LPS+IFN--activated DCs, suggests that distinct 

helminths might utilize different immunomodulatory mechanisms.      
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A recent study showed that the butyrate treatment of LPS-matured DCs suppressed IL-12p70 

secretion and priming of Th1 and Th2 responses (Kaisar et al., 2017). Here, based on the 

transcriptional profile of butyrate-treated LPS+IFN-γ-matured DCs, we suggest that butyrate 

treatment might lead to the induction of intestinal tissue sustaining moDC. This is suggested 

based on the increased expression of IL18, CXCL8 and IL1B transcript levels (Fresno et al., 2018; 

Griffith et al., 2014; Cardone et al., 2014), in concert with a strong downregulation of the IL12B, 

making it difficult to form the Th17-amplifying cytokine IL-23. However, other components of a 

Th17-polarizing phenotype are in play, e.g. relayed by the specific upregulation of IL1B and 

NFKBIZ along with unaltered IL1A levels by butyrate treatment. During DC-mediated Th17 

induction, IL-1β mediates a positive-feedback loop in an autocrine/paracrine fashion via IκBζ 

(encoded by NFKBIZ) to promote Th17 polarization (Cardone et al., 2014). Since IL-23 is a cardinal 

cytokine for Th17 amplification, and since we,  in other studies not presented herein, have 

observed that butyrate-treated LPS+IFN--activated moDC are refractory to induce Th17 

polarization in allogenic naïve CD4+ T cells, we end up with the conclusion that butyrate-treated 

pro-inflammatory moDCs will hold a non-Th17-polarizing phenotype. 

As addressed above, it has previously been shown that butyrate and helminth PCF can promote 

Treg induction in vivo. However, it seems that they induce different Treg subsets, as butyrate 

treatment of DCs induces Type 1 Tregs (Kaisar et al., 2017), whereas helminth PCF induces CD4+ 

CD25hi Foxp3+ Tregs (Titz et al., 2017). Importantly, inducible Foxp3+ Tregs could be generated 

via different mechanisms (Kushwah and Hu, 2011). Our finding that helminth PCF treatment in 

DCs led to the downregulation of expression of the IDO1  gene encoding the enzyme 

indoleamine 2, 3-dioxygenase suggests that this pathway is not involved in the PCF-induced DC-

mediated Treg induction (Supplementary data sheet 1).  

The observations that TSLP and IL-25, even when combined, did not exert identifiable 

immunosuppressive effects on pro-inflammatory DCs suggest that either Type 1 polarizing 

mediators (LPS + IFN-γ) has more dominating effects than TSLP and/or IL-25, or that TSLP and IL-

25 might act indirectly on DCs. Indeed, during Type 2 immune responses in mice, IL-25 and/or 

TSLP have been shown to indirectly downregulate DC-mediated Type 1 inflammatory conditions, 

acting on ILC2s (Halim et al 2016).  

In contrast to the non-immunoregulatory effects observed for BME herein, previous studies 

have shown that BME stimulation of LPS-stimulated RAW 264.7 mouse macrophage cells led to 

suppressed mRNA expression of pro-inflammatory cytokines (e.g. IL-1α, IL-1β, TNF-α, and IL-6) 

(Hsu et al., 2013; Kobori et al., 2008). In our study, BME treatment of LPS+IFN-γ-stimulated 
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primary moDCs did not alter the pro-inflammatory cytokine production, pointing towards a 

species-specific response of myeloid cells towards similar antigens.  

In conclusion, our results indicate that helminth PCF harbors a potent DC-mediated Th1 and 

Th17 inhibiting potential suggesting possible prophylactic and/or therapeutic applications 

against Th1 and/or Th17-dependent autoimmune diseases. By contrast, butyrate showed to 

induce a more diverse regulatory phenotype in DCs that might favor intestinal homeostasis. 

Collectively, our results contribute to our understanding of the mechanisms by which helminth 

Ascaris suum and the gut microbiota-derived metabolite butyrate modulate DC-mediated 

immune responses.  
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Table 1. Downregulated pathways (q-value < 0.01) obtained after performing gene 
set enrichment analysis on the genes from human moDCs stimulated with helminth 
PCF+LPS+IFN‐γ vs LPS+IFN‐γ alone 
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Supplementary tables and data sheets 

 

a) Supplementary table 1.  Reagents and primers used for reverse transcription and 

cDNA amplification. 

 

Reagents Supplier Cat/Ref No. 

cDNA synthesis and amplification  
    

SuperScript II  Reverse transcription primer   IDT  NA 

5′-AAGCAGTGGTATCAACGCAGAGTACT30VN-3′     

dNTPs     

TSO-primer   Exiqon  NA 

5′-AAGCAGTGGTATCAACGCAGAGTACATrGrG+G-3′      

SuperScript II reverse transcriptase Invitrogen  18064-071 

RNAse inhibitor Clontech 23013-A 

Superscript II First-Strand Buffer  Invitrogen  18064-071 

DTT Invitrogen 18064-014  

Betaine Sigma-Aldrich B0300 

MgCl2  Sigma-Aldrich M8266 

      

cDNA amplification 
    

KAPA HotStart HIFI 2× ReadyMix Roche  KK2602 

cDNA preamplification primer      
 5′-AAGCAGTGGTATCAACGCAGAGT-3′     

      

cDNA purification  
    

AMPure XP beads 
 Beckman 
Coulter  A63881 

 

b) Supplementary data sheet 1 - Manuscript 1_PCF vs Buty DEG 

https://drive.google.com/drive/my-drive 

Sign in: Panarthesis@gmail.com   

Password: Pankajthesis1. 
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Abstract 

Although type 2 immune responses are reported to be central regulators of energy expenditure 

in adipose tissue, little is known in regard to the type 2 promoting intestinal tuft cells and their 

involvement in metabolic regulation following intake of a high fat diet and diet-induced obesity 

development. In this study, we aimed to examine the temporal changes in intestinal tuft cell 

number and activity in response to the intake of a high fat diet and to investigate how such 

changes related to whole body energy metabolism and the immune phenotype of the small 

intestine and epididymal white adipose tissue (eWAT). C57BL/6J mice were fed either a low fat 

reference diet (RFD, 10 % kcal fat) or a high fat diet (HFD, 60% kcal fat) for 9 or 22 weeks. The 

results revealed concomitant reductions in the overall number of small intestinal epithelial cells 

and tuft cells by HFD feeding and reduced expression of the intestinal type 2 tuft cell markers 

Il25 and Tslp. Amongst the >1700 diet-regulated tuft cell genes identified based on RNA-seq 

(n=48), we observed an early increased expression of Serpini1, encoding the serine protease 

inhibitor neuroserpin, to associate with body mass expansion. Contrarily, expression of genes 

encoding the GABA-receptors in tuft cells linked to reduced body mass expansion. Although 

eWAT changed towards a fat mass-related inflammatory profile, the small intestinal lamina 

propria displayed a consistent non-inflammatory phenotype, and small intestinal tuft cell-

derived transcripts were found to correlate with whole body metabolic features independently 

from immune cell involvement. Altogether these findings demonstrate a role for small intestinal 

tuft cells in systems-wide metabolic regulation.  
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Introduction 
 
Intestinal tuft cells represent a rare cell type constituting approximately 0.4% of total murine-

intestinal epithelial cells (Gerbe et al., 2011; McKinley et al., 2017). They are present throughout 

the intestine, both in the small intestine (Cheng et al., 2018; McKinley et al., 2017) and the colon 

(Cheng et al., 2018). Recently, tuft cells have been shown to be a key player in initiating potent 

type 2 immune responses against helminths (Gerbe et al., 2016; Haber et al., 2017; Howitt et al., 

2016; Von Moltke et al., 2016) where intestinal tuft cells specifically collaborate with underlying 

lamina propria type 2 innate lymphoid cells (ILC2s). IL-25 secreted by activated tuft cells recruits 

IL-13-producing ILC2s, and IL-13 further acts directly on nearby intestinal epithelial progenitors 

and stimulates tuft and goblet cell hyperplasia forming a characteristic feed-forward tuft-ILC2 

circuit (Gerbe et al., 2016; Moltke et al., 2016; Howitt et al., 2016). In addition to IL-13, activated 

ILC2s also produce IL-5 which promotes eosinophilia (Nussbaum et al., 2013). Importantly, all 

the components of this tuft-ILC2 loop are indispensable for the generation of type 2 immune 

responses as mice deficient in tuft cells, ILC2s, IL-13 or IL-25 failed to generate a potent type 2 

immune responses during helminth infections (Gerbe et al., 2016; Moltke et al., 2016; Howitt et 

al., 2016).  

Given that intestinal tuft cells are present in close contact with the metabolism-regulating 

enteroendocrine cells (EECs), as well as nerve fibers, they have been suggested to be involved 

in integrating gut-brain axis signals and regulating dietary intake and energy metabolism (Cheng 

et al., 2018). As such the tuft-ILC2 circuit has been shown to regulate energy balance by driving 

adaptive intestinal remodeling in response to dietary cues (Schneider et al., 2018). They 

specifically showed that a constitutively activated tuft-ILC2 circuit result in increased small 

intestinal length with increased secretory (tuft and goblet cells) to absorptive (enterocytes) cells 

ratio, and hence, severely reduced absorptive capacity. Additionally, mice fasted for 48 hours 

showed increased levels of intestinal tuft cells that remained elevated after refeeding (McKinley 

et al., 2017), altogether suggesting for the ability of intestinal tuft cells to adapt to dietary 

conditions.   

HFD-induced obesity is typically characterized by a chronic low-grade inflammation coupled with 

alterations in the gut microbiota, increased levels of pro-inflammatory cytokines at both 

transcriptional and translational levels as well as altered immune cell profiles (Lee et al., 2017b). 

Amongst other metabolically active tissues, white adipose tissue (WAT) has long been 

considered to be the major driver of the HFD-induced obesity and the resultant complications, 
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while the effects of HFD on gut immune homeostasis have been investigated only in a few 

studies. Some of these studies showed that a HFD regime resulted in increased frequencies of 

Th1 and Th17 along with decreased Tregs and eosinophils in small intestine lamina propria 

(Garidou et al., 2015; Johnson et al., 2015; Luck et al., 2015). Additionally, intestinal epithelial 

cells are also affected, with HFD feeding resulting in enhanced intestinal stem cell numbers and 

self-renewal capacity (Beyaz et al., 2016), decreased goblet cell differentiation with misfolded 

Muc2 production (Gulhane et al., 2016), decreased small intestinal Paneth cells and derived 

antimicrobial peptides (Guo et al., 2017; Lee et al., 2017a), decreased EEC cells with altered gut 

hormones production  (Richards et al., 2016) as well as decreased numbers of enterocytes with 

altered metabolic activity (Ramachandran et al., 2017; Zou et al., 2018). However, the effects of 

a continuous HFD feeding on small intestinal tuft cells have not yet been described.  

Immunomodulation represents one approach that has been suggested as a means to tackle 

obesity. Type 2 immune mediators have previously been shown to ameliorate HFD-induced 

metabolic complications (Feng et al., 2018; Zheng et al., 2019). With this in mind and using an 

exploratory approach, we here aimed to characterize the functional aspects of small intestinal 

tuft cells in response to HFD feeding with a focus on their role in relaying immune-metabolic 

signals. Additionally, we explored how HFD-associated effects on small intestinal tuft cells 

coupled with small intestinal and eWAT immune profiles as well as whole-body metabolic 

parameters. The results described herein further increase our understanding of the small 

intestinal tuft cells and suggest novel mechanisms by which small intestinal tuft cells may be 

involved in modulating whole-body energy metabolism.  

 

Materials and Methods 

Experimental setup 

Male C57BL/6J (Taconic Biosciences A/S, Lille Skensved, Denmark) mice aged 5 weeks at arrival 

(wk 0) were housed (4 mice per cage) in a climate-controlled room (temperature: 30 °C and 

humidity: 55 ± 5%) subjected to 12 h light/dark cycle (6:00 a.m. to 6:00 p.m.) with ad libitum 

access to water and food, and randomly assigned to treatment groups; RFD 9wk, HFD 9wk, RFD 

22wk and HFD 22wk. During 1 week of acclimatization (wk 0 to wk 1), all mice were fed normal 

chow diet (Altromin 1324, Brogaarden, Denmark), and starting from wk 1, the mice were offered 

irradiated synthetic low-fat reference (EF D12450J) and high-fat (EF D12492 (I)) diets (ssniff, 

Germany, composition in Table S1), respectively. The sample size for each treatment group was 
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12. Mice were assigned into the four treatment groups based on MRI scans at arrival, and 

distribution of mice into cages based on their body mass, resulting in similar sums of body 

masses in each cage at study initiation. All animals were handled similarly during standard 

procedures including weekly cage changes and body weight measurements, bi-weekly food 

intake per cage recordings, and general cleaning procedures at the animal facility. At the end of 

each experimental period, mice were terminated on three consecutive days, with one cage from 

each group each day, and randomized between treatment groups.  The samples collected at 

study termination were randomly distributed before analysis of the biomaterials described 

below. Mice experiments were approved by the Danish Animal Experiment Inspectorate (Ref. 

No.: 2014-15-2934-01027) and performed in accordance with EU Directive 2010/63/EU for 

animal experiments. 

 

MRI scan, glucose and insulin tolerance tests 

To measure lean and fat mass development during the experiments, MRI was performed on 

mice at specific time points using EchoMRI as per the manufacturers' instructions. Oral glucose 

tolerance test (OGTT) and insulin tolerance test (ITT) were conducted in the 22wk groups at 

week 20 (OGTT) and week 21 (ITT). Prior to ITT and OGTT, co-housed mice were transferred to 

clean cages and provided with bedding and free access to water. For OGTT, mice were fasted for 

5 hours (OGTT) and then gavaged with a 45% glucose solution (Sigma-Aldrich, G8769) 

corresponding to 3 g/kg of lean mass. For ITT, mice were fasted for 2 hours and injected 

intraperitoneally with 0.75 U human insulin (Atrapid, Novo Nordisk, Denmark) per kg lean mass. 

Blood glucose levels were measured at 0, 15, 30, 45, 60, 90 and 120 min with a glucometer and 

glucose strips (Contour, Bayer) on samples collected from the tail vein tip.  

 

Single-cell preparation  

Single-cell suspensions were prepared from 20 cm small intestine and epididymal (eWAT) white 

adipose tissue. Single-cell epithelial, as well as lamina propria (LP) preparations, were prepared 

from the small intestine in two steps. In all single-cell preparations, DMEM (Panum Institute, 

University of Copenhagen, 1865), PBS (Mg2+ and Ca2+-free, pH 7.4, Gibco, 14190), fetal bovine 

serum (FBS, heat-inactivated, Gibco, 10270) and FACS buffer (3 mM EDTA in PBS + 5% FBS) were 

used. Harvested small intestines (1 cm distal to the stomach) were flushed with ice-cold PBS, 

made devoid of visible mesenteric fat and Peyer's patches, cut opened and washed manually 

with PBS to remove remaining intestinal contents. Intestinal tissue was cut into 2 cm pieces and 
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incubated with rocking (900 rpm) and occasional flicking at 37°C for 20 min in 2*1.5 mL 30 mM 

EDTA (Sigma, ED2SS) in PBS. Obtained epithelial cell suspensions were washed (500g, 5 min at 5 

°C) in 3 mL PBS and incubated with rocking (300 rpm) and occasional flicking at 37°C for 10 min 

in 2*1.5 mL PBS supplemented with 20 μg/mL Dispase DH (Sigma-Aldrich, D4818) and 20 μg/mL 

DNase I (Sigma-Aldrich, 11284932001). Afterward, epithelial cell suspensions were strained 

through 70-mm nylon filters while homogenizing the particulate matter, washed in 15 mL DMEM 

supplemented with 5% FBS, and suspended in FACS buffer.  

For lamina propria single-cell preparation, the left-over intestinal tissues after EDTA treatment 

were rinsed with 10 mL PBS containing 5% FBS, minced into 1–2 mm pieces with scissors, 

incubated with rocking (500 rpm) and occasional flicking at 37°C for 30 min in 2*1.5 mL LP 

digestion buffer (DMEM supplemented with 5% FBS, 40 μg/mL Liberase DH (Sigma-Aldrich, 

05401054001) and 50 μg/mL DNase I). Afterward, 1 mL supernatant was transferred to a new 

vial, while the remaining cell suspension was repeatedly drawn through an 18-gauge needle to 

further mince the intestinal pieces. Fresh 1 mL LP digestion buffer was added, and the cell 

suspension was incubated again as described above. Afterward, the LP cell suspension was 

passed through a 70-mm nylon filter while homogenizing the particulate matter, washed in 20 

mL DMEM containing 5% FBS and suspended in FACS buffer. 

For eWAT single-cell preparation, the tissues were harvested, finely chopped with scalpel blades 

and incubated at 37°C for 40 min in 1 mL DMEM containing 10% FBS and 20 mg/mL collagenase 

(Sigma-Aldrich, C6885) in a shaking incubator (150 rpm). 14 mL PBS containing 1% FBS was 

added to dilute the digestion reaction and afterward digesta was strained through 70-mm nylon 

filters, washed (400g, 10 min at 5°C) in PBS, and subjected to red blood cell lysis using in-house 

made 1 mL lysis buffer (ACK buffer, 154.95 mM ammonium chloride, 9.99 mM sodium hydrogen 

carbonate, 0.0995 mM Disodium EDTA, in PBS) for 5 minutes at room temperature. Finally, the 

cell suspensions were washed again in 14 mL PBS and suspended in FACS buffer. All single-cell 

suspensions were counted on a Nucleocounter (NC-200, ChemoMetec, Denmark) and plated for 

staining with antibodies before flow cytometric analysis. 

 

Staining of cells for flow cytometry and cell sorting       

All cell suspensions were incubated with Fc-block (anti-CD16/CD32, BD Biosciences) succeeded 

by staining with antibodies against surface markers. Cells were kept at 4°C throughout the 

staining procedure. Single-cell epithelial preparations were stained (CD45-eVolve 605 

(eBiosciences, 30-F11), EpCAM-AF 647(Biolegend, G8.8) and Siglec-F-PE (BD Biosciences, E50-



 75 

2440)) for 30 min at 4°C and washed in FACS buffer followed by 0.3 uM 4’, 6-diamidine-20-

phenylindole dihydrochloride (DAPI, 1.2 uL/10e6 cells) addition for dead cell exclusion. Live 

EpCAM+CD45+ Siglec-F+ tuft and EpCAM+CD45+ Siglec-F- non-tuft cell populations were sorted 

using Aria III (BD Biosciences) with a four lasers (405nm, 488nm, 562nm and 633nm) 

configuration directly into RNA lysis buffer from Quick-RNA Microprep Kit (Zymogen, R1050, 

R1051) and were placed stored at -20°C immediately after enrichment of tuft cells and at -80°C 

afterwards. Flow cytometric counting beads (CountBright Absolute; Life Technologies, C36950) 

were used to enumerate total live cell numbers. 

Respective LP and eWAT single-cell preparations were divided into 2 fractions and were first 

stained with fixable violet live/dead stain (Life Technologies, L34955) as per manufacturer's 

instructions and then incubated with Fc-block as described earlier. Afterward, one fraction was 

stained for surface markers with the following antibody cocktails in FACS buffer (30 min at 4°C) 

supplemented with 2 uM monensin (Sigma-Aldrich, M5273) for intercellular cytokine detection 

and other fraction without monensin. The monensin supplemented antibody cocktail included 

CD45-PerCp (Biolegend, clone: 30-F11), CD11c-BV650 (Biolegend, N418), CD11b-AF 700 

(eBiosciences, M1/70), F4/80-PE-Cy7 (Biolegend, BM8), CD206-BV605 (Biolegend, C068C2), 

Siglec-F-PE (BD, E50-2440), FceR1-FITC (eBiosciences, MAR-1), CD117-PE-CF594 (BD, 2B8), TNF-

α-APC (Biolegend, Mp6-XT22). The antibody cocktail without monensin included NkP46-PE-Cy7 

(eBiosciences, 29A1.4), CD90.2 (Biolegend, 30-H12),  ST2-PE (Mdbiosciences, DJ8), KLRG1-BV605 

(BD, 2F1), IL-17Rb-BV510 (BD, 6B7), CD45-PerCp (Biolegend, 30-F11), CD4-AF700 (BD, RM4-5), 

TCRab-APC (Biolegend, H57-597), GATA3-PerCp-eFluor 710 (eBiosciences, TWAJ), Tbet-PE-

CF594 (BD, O4-46), Rorgt-BV650 (BD, Q31-378), and lineage cocktail (B220-FITC (eBiosciences, 

RA3-6B2), Ter-119-FITC (BioLegend, TER-119),  CD8a-FITC (BD, 53-6.7), CD49b-FITC 

(eBiosciences, HMa2),  Nk1.1-FITC (BD, PK136), CD11b-FITC (eBiosciences, M1/70),  CD11c-FITC 

(BD, HL3), FceR1-FITC (eBiosciences, MAR-1)). For intracellular cytokine (TNF-a) and intranuclear 

(GATA-3, T-bet, Rorgt) staining, a fixation/permeabilization solution kit (BD Cytofix/Cytoperm, 

554714) and FoxP3/Transcription Factor staining buffer (eBiosciences, 00-5523-00) were used 

according to manufacturer’s instructions, respectively. The immune cell samples were analyzed 

on a LSR II (BD Biosciences) with a four laser (355nm, 405nm, 488nm, and 633nm) configuration. 

All data were analyzed using FlowJo software (V10.0.7, Treestar). Gating strategies are shown in 

Fig S1, Fig S2, and Fig S3. 
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RNA extraction for RT-qPCR and RNA sequencing 

Single-cell epithelial suspensions were prepared, stained and sorted into Live EpCAM+CD45+ 

Siglec-F+ and Live EpCAM+CD45+ Siglec-F- small intestinal epithelial cell populations to enrich for 

tuft cells in the EpCAM+CD45+ Siglec-F+ population as described above. Total RNA was isolated 

from cells using Quick-RNA Microprep Kit (Zymogen, R1050, and R1051). RNA concentrations 

were determined using a Qubit 2.0 fluorometer (ThermoFisher Scientific), and quality checked 

using a Bioanalyzer (HS RNA Pico Bioanalyzer chip, Agilent) according to the manufacturer’s 

protocol. Reverse transcription of RNA was performed with 5.6 μL of purified RNA and the 

resulting cDNA was amplified following the Smart-seq2 protocol (Picelli et al., 2014) with minor 

modifications. The primers and reagents listed in Table S2 were used. Briefly, cDNA synthesis 

reactions were run as follows: incubating the RT Master mix and input RNA (72°C for 3 min), 

addition of template switching oligo master mix to the reaction mixture, reverse transcription 

(42 °C for 90 min, followed by 10 cycles (50°C for 2 min, 42°C for 2 min), and inhibition of the 

reaction (70°C for 15 min). Afterward, cDNA amplification was performed by incubating the 

cDNA and cDNA preamplification master mix at 98°C for 3 min, then 19 cycles (98°C 15s, 67°C 

20s, 72°C 6 min), with a final extension at 72°C for 5 min using the PCR cycler and reagents (Table 

S2). Resultant cDNA was purified using AMPure XP beads (Beckman Coulter, A63881), and 

subsequently quantified using Qubit HS dsDNA Assay Kit (Life Technologies), checked for quality 

and library size using a High-Sensitivity DNA chip (Agilent Bioanalyzer) and used for quantitative 

PCR (qPCR) and RNA sequencing.   

The qPCR of the amplified cDNA obtained from the two fractions of intestinal epithelial cells was 

performed with TaqMan Fast Universal PCR Master Mix (Applied Biosystems, 4352042) and a 

7900HT Fast Real-time PCR system (Applied Biosystems) using primers and probes (Table S3) 

purchased from Integrated DNA Technologies (Leuven, Belgium). The PCR reactions were run 

under the following conditions: 95 °C for 20 sec; 40 cycles of 95 °C for 1 sec and 60 °C for 20 sec. 

Transcripts were normalized to Gapdh and/or Dclk1 expression and relative expression was 

calculated based on ΔCt.  

For RNA sequencing, the sequencing libraries from amplified cDNA of enriched small intestinal 

tuft cells were generated using the Nextera XT DNA library preparation kit with multiplexing 

primers, according to the manufacturer’s protocol (Illumina, FC-131-1096). Resultant cDNA 

libraries were purified using AMPure XP beads (Beckman Coulter, A63881), quantified using 

Qubit HS dsDNA Assay Kit (ThermoFisher Scientific), checked for library fragment size 

distributions using the High-Sensitivity DNA chip (Agilent Bioanalyzer). Afterward, libraries 
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(having insert size of 500-800 bp) were subjected to paired-end sequencing on the Illumina 

NovaSeq 6000 sequencing platform (Novogene Corporation, China). For analysis, the raw data 

were de-multiplexed and then filtered using Cutadapt (v1.15) to remove sequencing adapters 

and low quality reads. Mapping and alignment of the clean reads were performed using the 

STAR software program (v2.6.0) and transcript quantification was determined using the RSEM 

software package (Li and Dewey, 2011). The resulting gene matrix contained 47,729 genes of 

which 11,557 genes were not expressed in any samples and removed. In the remaining 36,172 

genes, 79 genes had duplicate gene symbols, and only the gene with the highest total read count 

was retained. To filter out lowly expressed genes, we filtered out genes that did not have more 

than five reads in at least six samples, leaving 14,015 genes for further analysis. Cell type 

deconvolution was made using BSEQ-sc v1.0 (Baron et al., 2016) and CIBERSORT (Newman et 

al., 2015). To remove gene count contributions from contaminating cell types, we weighed the 

read counts of all genes that were expressed by multiple cell types in Haber et al. by the cell type 

proportion estimated by BSEQ-sc. Furthermore, using the log10 read count distribution of Haber 

et al., 2017 we estimated the mode and the lower and upper read count cutoff that would 

contain 95% of the reads below and above the mode, respectively. Using the lower cutoff to 

exclude genes whose read counts were too low to confidently estimate tuft cell read 

proportions, we estimated the proportion of reads that originated from tuft cells and used this 

factor as an additional weight parameter when removing contaminating reads. Finally, we used 

the read count distribution of non-tuft cell marker genes (as identified by Haber et al. 2017) in 

the Haber tuft cells to estimate which genes that were not expressed in tuft cells and thus could 

be removed; there were 853 genes with at least three reads in at least 20% of any non-tuft cell 

types and with at least three reads in less than 20% of tuft cells, and together with the non-tuft 

marker genes, these were removed from the dataset. Genes were annotated with pathway 

information using Reactome (Fabregat et al., 2018), and differentially expressed genes and 

pathways were identified using SAM-seq v.1.0  (Li and Tibshirani, 2013). Differentially expressed 

genes that were not part of any Reactome pathway (what we called orphan genes) were 

designated immune/metabolism-associated if they were annotated with either the GO term 

“GO:0008152 metabolic process” or “GO:0002376 immune system process”.  

 

Tissue cytokine analysis 

During mice dissection small intestinal and colon (flushed and mesenteric fat free) and eWAT 

tissue samples were harvested and snap frozen at -80°C until further analysis. For cytokine 
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analysis approximately 50 mg of tissues were weighed, added into the extraction buffer (100 mg 

tissue/mL extraction buffer (w/v) containing 1 protease-inhibitor cocktail tablet (Complete 

ULTRA, Roche (05892791001)) per 5 mL PBS (Mg2+ and Ca2+-free, pH 7.4, Gibco, 14190) and 

homogenized using a homogenizer (Biospec 1001) until a uniform tissue homogenization was 

achieved. Afterward, the homogenized mixture was centrifuged at 500g at 4°C for 10 min, the 

supernatant was collected and stored at -80°C until analysis. Homogenate concentrations of IL-

4, IL-5, IL-13, IL-25, IL-33, and TNF-α cytokines were measured using chemiluminescence 

measurements based on the Meso Scale Discovery platform (Meso Scale Discovery) according 

to the manufacturer’s instructions. Cytokine levels were calculated as pg per g of tissue. 

 

Statistical analysis 

Statistical analyses were performed in Prism 8.0.2 (GraphPad Software) and R v3.5.2 (R Core 

Team, 2018). While using Prism, Holm-Sidak method was used to correct for multiple 

comparisons with *p < 0.05, **p < 0.01, ***p < 0.001. Unless otherwise stated, Spearman’s rank 

correlation is used for correlations with p-values < 0.05 and q-values < 0.1 as statistically 

significant.  

 

Results 

Intake of a high-fat diet is associated with decreased expression of the type 2 immune inducer 

genes il25 and tslp in small intestinal tuft cells  

To study temporal effects of a high-fat diet on small intestinal tuft cells, we isolated epithelial 

cells and quantified small intestinal tuft cells from C57BL/6J mice fed either high-fat diet (HFD, 

60% kcal fat) or low-fat reference diet (RFD, 10% kcal fat) for 9 and 22 weeks. The metabolic 

parameters of the mice are presented in Fig. S1, showing that both 9 and 22 weeks of HFD 

compared to RFD feeding resulted in diet-induced obesity with significant increases in body 

weight, weights of liver, eWAT, iWAT, and BAT, while the cecum weight decreased at 22 weeks 

in HFD mice. Fasting blood glucose was measured and an OGTT and ITT were performed in the 

22 week groups showing elevated fasting blood glucose and impaired glucose tolerance and 

insulin sensitivity after HFD feeding (Fig. S1d). Intestinal tuft cell analysis and enrichment of tuft 

cells by sorting were both performed using the epithelial cell adhesion molecule (EPCAM) and 

sialic acid binding Ig-like lectin F (SIGLECF) as positive markers (Gerbe et al., 2016; Moltke et al., 

2016) (Fig. 1a, Fig. S2a). Importantly, Siglec-F is also expressed on intestinal M-cells (Gicheva et 
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al., 2016). We, therefore, used CD45 expression to exclude cells co-expressing CD45 to leave out 

M-cells. To confirm that the analyzed and sorted cells were indeed tuft cells, we measured the 

common tuft and M-cell specific markers doublecortin-like kinase 1 (Dclk1) and Il25 (Gerbe et 

al., 2009; Von Moltke et al., 2016) and the M-cell specific marker glycoprotein 2 (Gp2) (Hase et 

al., 2009) by RT-qPCR on RNA extracted from sorted cells. Data showed that both Dclk1 and Il25 

were expressed in sorted EpCAM+ Siglec-F+ cell population (defined here as intestinal tuft cells) 

in comparison to the EpCAM- Siglec-F- cell population (defined as non-tuft intestinal epithelial 

cells) (Fig. S2b). Additionally, Gp2 mRNA expression levels were not observed in EpCAM+ Siglec-

F+ and EpCAM- Siglec-F- cell populations suggesting little risk for contamination with intestinal 

M-cells in our sorted tuft and non-tuft epithelial cells (Fig. S2b). These data indicated that flow 

cytometry gated cells were indeed tuft cells (Fig. 1a), and that flow sorting of intestinal epithelial 

EpCAM+ Siglec-F+ cells yielded a cell population enriched in tuft cells. 

Although HFD feeding for either 9 or 22 weeks did not affect the proportion of tuft cells (as % of 

total epithelial cells) (Fig. 1b), it significantly decreased the absolute numbers of intestinal tuft 

(calculated as cells per gram of intestinal tissue) at both 9 (p=0.0016) and 22 weeks (p=<0.0001) 

of HFD feeding (Fig. S2c). Additionally, HFD leads to a decrease in the absolute number of total 

epithelial cells (calculated as cells per gram of intestinal tissue) when fed either for 9 (p=0.0023) 

or 22 weeks (p=0.0006) (Fig. S2c). Among intestinal epithelial cells, tuft cells are the principal 

source of the type 2 inducer IL-25 (Gerbe et al., 2016; Moltke et al., 2016; Howitt et al., 2016). 

Furthermore, intestinal tuft cells also produce thymic stromal lymphopoietin (TSLP) (Haber et 

al., 2017). We therefore next examined if HFD feeding influenced the expression of Il25 and Tslp 

in intestinal tuft cells. HFD feeding for both 9 and 22 weeks significantly reduced tuft cell-specific 

Il25 (p=0.0032 for 9 wk, p=0.0001 for 22 wk) and Tslp (p=0.0233 for 9 wk, p=0.0026 for 22 wk) 

(both normalized to Dclk1) mRNA expression levels in the sorted tuft cells (Fig. 1c). Similarly, 

GAPDH-normalized transcript levels of Il25 (p=0.0002 for 9 wk, p=0.0002 for 22 wk) and Tslp 

(p=0.0019 for 9 wk, p=0.0002 for 22 wk) were significantly reduced (Fig. S2d). The absolute tuft 

cell numbers correlated significantly with Il25 (p=0.006 for 9 wk, p=0.005 for 22 wk) and Tslp 

(p=0.001 for 9 wk, p=0.019 for 22 wk) mRNA expression levels (both normalized to Dclk1 

expression) at both 9 and 22 weeks (Fig. S2e-f). These data demonstrate that intake of a HFD 

associated with diet-induced obesity decreases small intestinal tuft cell numbers, along with 

other epithelial cells, and reduces the mRNA expression level of the type 2 mediators Il25 and 

Tslp per tuft cell. This effect was already apparent after 9 weeks of HFD feeding and did not 

change with continued HFD feeding for 22 weeks. 
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Temporal diet-induced changes in the transcriptional profile of small intestinal tuft cells of 

relevance for gut-brain relays 

We next examined the general temporal changes induced by intake of a HFD in the 

transcriptional profile of small intestinal tuft cells by using RNA-sequencing of the enriched tuft 

cell populations isolated from each mouse (n=48). Initially, we performed a cleaning of the 

transcript data, as we identified minor contamination of transcripts derived from other epithelial 

cells displaying weak and differential Siglec-F expression (Fig. S3a, Haber et al., 2017). We 

cleaned up the reads based on the set of intestinal epithelial cell specific marker genes reported 

in Haber et al 2017 by using the bulk sequence single-cell deconvolution analysis pipeline (BSEQ-

sc) (Baron et al., 2016). Results showed that Paneth and mature proximal enterocytes were the 

main contaminants (Fig. S3b), which was confirmed by e.g. the significant correlation of Defa3, 

a highly expressed antimicrobial peptide in Paneth cells, with the Paneth cell proportions (Fig. 

S3c). Next, by removing the genes originating from non-tuft epithelial cells (Haber et al., 2017) 

and normalizing the genes shared by multiple epithelial cell types to the tuft cell proportions 

across samples (taking into account the tuft cell specific genes and transcript read count matrix), 

we obtained a matrix of tuft cell-specific reads (Fig. S3d), which was used for the subsequent 

analysis.    

We identified an early effect of HFD feeding on small intestinal tuft cells with differential 

regulation between HFD and RFD of 1510 tuft cell genes after 9 weeks of feeding, while only 554 

genes were differentially regulated after 22 weeks (Fig. S3e, Supplementary data sheet 1). Of 

the early regulated genes, 402 (27%) were up-regulated after 9 weeks of HFD feeding and 1108 

(73%) were down-regulated by HFD. After 22 weeks of HFD feeding, 209 (38%) were up-

regulated and 345 (62%) down-regulated. Regulation of 167 genes was similar at both time 

points and all of the shared genes were similarly up- or down-regulated, except for Klhdc3 (Kelch 

domain-containing protein 3) which was upregulated at 22 weeks, but downregulated at 9 

weeks after onset of HFD feeding (Fig. S3e). To gain further insight into the effect of HFD intake 

and diet-induced obesity on tuft cell biology, we performed a pathway analysis using the 

Reactome pathway database (Fabregat et al., 2018). Results showed that after 9 weeks of HFD 

feeding, 480 pathways were significantly regulated out of which 219 were up-regulated and 261 

were down-regulated (Supplementary data sheet 2). At 22 weeks, 196 pathways were 

significantly regulated out of which 157 were up-regulated and 39 were down-regulated. 

Regulated pathways with q-value < 0.05 and fold change of 2 ((HFD/RFD) > 2 or < 0.5) are shown 
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in Fig. 2a. Many of the significantly up-regulated pathways were associated with lipid 

metabolism, corresponding to the adaptation of the cells to the HFD feeding condition.  

Next, we examined the differentially regulated genes which were not the element of any 

pathways (here referred to as orphan genes, Supplementary data sheet 3). Out of a total of 337 

(9 wk) and 74 (22 wk) orphan genes (both q-value <0.1), we identified 174 (9 wk) and 28 (22 wk) 

genes to be either immune and/or metabolism relevant based on GO term annotation of the 

murine genome. When filtering for q-value < 0.05 and 2-fold change ((HFD/RFD) > 2 or < 0.5)), 

34 of these were up-regulated at one of the time points and 43 were down-regulated (Fig. 2b). 

Intriguingly, we found a strong down-regulation of Ppargc1a after 9 weeks of HFD feeding. This 

was not seen after 22 weeks of feeding due to decreased repression of the gene in the HFD 

feeding condition (Fig. S3f). Altogether, HFD feeding strongly affected tuft cell biology and tuft 

cells seem to adapt to HFD feeding conditions over time since transcriptional profiles of tuft cells 

became less different compared to RFD feeding conditions after an extended period on the HFD 

diet. 

Since intestinal tuft cells have been suggested to relay immune-metabolic signals in the gut-

brain axis, we focused on genes from the differentially regulated pathways in tuft cells which 

have been associated with immune responses and/or metabolism; γ-aminobutyric acid (GABA) 

A and GABA B receptor activation, DNAX activation protein of 12kDa (DAP 12) interactions, and 

specific eicosanoid synthesis of 19(S)-hydroxy-eicosatetraenoic acid (19-HETE) and 11, 12-

epoxyeicosatrienoic acid (11, 12-EET) (Fig. 2a). Importantly, GABA receptor activation pathways 

were regulated differently at the given time points; although both GABA A and B receptor 

activation pathways were significantly downregulated at 9 and 22 weeks, fold change 

downregulation of GABA A receptor activation pathway at week 9 was higher compared to week 

22, and fold change downregulation of GABA B receptor activation pathway was higher at 22 

weeks. Similarly, fold change upregulation of the eicosanoid synthesis pathway was higher after 

22 weeks. 

To examine how the regulation of these pathways linked to tuft cell numbers and activity under 

HFD fed conditions, we performed correlation analysis between tuft cell numbers and its 

signature genes (Il25 and Tslp) and the genes implicated in these pathways (Fig. 2c). Absolute 

tuft cell numbers correlated positively with GABA A and B receptor and DAP 12 genes both after 

9 and 22 weeks. Tuft cell numbers correlated positively with the 19-HETE synthesis pathway 

after 9 weeks, but not after 22 weeks. After 9 weeks, tuft cell-specific Il25 showed a positive 

correlation with the GABA A activation pathway, whereas Tslp expression did not correlate with 
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either of the pathways. In contrast, both Il25 and Tslp expression at 22 weeks showed a positive 

correlation with all of the pathways except for the 11, 12-EET synthesis pathway which 

correlated negatively with both Il25 and Tslp expression. Combined these correlations fitted well 

with the corresponding regulation patterns in Fig. 1c and Fig. 2a, and indicated a temporal co-

regulation structure between reduced expression of il25 and the GABA A and B receptor 

transcripts during HFD diet-induced obesity development.  

 

The small intestine represents a robust non-inflammatory immune compartment in response 

to intake of a high fat diet and obesity development   

Given that IL-25 is involved in propagating type 2 immune responses in the gut via activation of 

IL-17rb expressing ILC2’s (Gerbe et al., 2016; Moltke et al., 2016; Howitt et al., 2016), we next 

examined the HFD-induced changes in the overall immune composition of the small intestine 

with a focus on type 2 immune response related cytokines and immune cells. Although IL-25 is 

known to be produced by other lamina propria cells than tuft cells (Valizadeh et al., 2015), it was 

surprising to find that HFD feeding for either 9 or 22 weeks did not affect IL-25 cytokine levels in 

the ileum tissue (Fig. 3a), neither did sorted tuft cell-specific Il25 mRNA levels correlate 

significantly with ileal IL-25 cytokine levels at 9 and 22 weeks of HFD feeding (Fig. 3b). 

Furthermore, no significant changes were found in the ileal concentrations of the immune cell-

derived cytokines IL-13, IL-4 and IL-5 (Fig. 3c) nor in epithelial/fibroblast/endothelial-derived IL-

33 (Fig. 3d). Also, ileal levels of the pro-inflammatory cytokine TNF- was significantly decreased 

at 9 weeks (p=0.0128) after the onset of HFD feeding and remained unaffected even after HFD 

supplementation for 22 weeks (Fig. 3e). 

We next addressed if HFD feeding affected the proportions of immune cells in the small 

intestinal lamina propria (Fig. S4a, S4b and S4c for gating strategy). In concordance with the 

overall cytokine levels, we did not find any significant changes in the proportion of type 2 innate 

lymphoid cells (ILC2s) (calculated as % of total CD45+ cells) in the small intestinal lamina propria 

under HFD feeding conditions for either 9 or 22 weeks (Fig. 3f). Since ILC2s can be activated by 

IL-25, IL-33 and TSLP, we examined if small intestinal ILC2s showed any relationship with Il25 

and Tslp mRNA levels in sorted tuft cells, and cytokine IL-25 and IL-33 levels in the ileum. 

Whereas ILC2s proportions in the small intestine did not correlate significantly with Il25 mRNA 

levels in sorted tuft cells (rho=0.413, p=0.088), they did correlate with Tslp mRNA levels 

(rho=0.557, p=0.016) in sorted tuft cells (Fig. 3g) after 9 weeks of HFD feeding, but not at 22 

weeks after onset of HFD feeding (rho= -0.293, p=0.197; Fig. S5a). Similarly, small intestinal ILC2s 
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proportion did not correlate with IL-25 (rho= -0.265, p=0.287; Fig. S5b) and IL-33 (rho=-0.557, 

p=0.813; Fig. S5c) cytokine levels in the ileum at 9 and 22 weeks of HFD feeding. Activated 

intestinal IC2s produce IL-5 that promotes eosinophilia (Nadjsombati et al., 2018). Since HFD 

feeding did not change ILC2s proportion (Fig. 3f) or IL-5 levels (Fig. 3c) in the intestine, as 

expected, intestinal eosinophil proportions remained unaffected after HFD feeding for 9 and 22 

weeks (Fig. 3h). Furthermore, eosinophil proportions in the small intestine did not correlate 

significantly with Il25 (rho=0.090, p=0.695 9w, Fig. S5j) and Tslp (rho=0.187, p=0.417; Fig. S5k) 

mRNA levels in sorted tuft cells either at 9 or 22 weeks of HFD feeding. HFD feeding is generally 

associated with an increased M1 type and decreased M2 type anti-inflammatory macrophages 

in metabolically active organs such as adipose tissue. However, in the small intestine, the 

proportion of the M1 type pro-inflammatory macrophages remained unchanged from that of 

RFD by HFD feeding for 9 and 22 weeks (Fig. 3i), whereas the proportion of M2 type anti-

inflammatory macrophages were significantly increased after 22 weeks (p=0.0109), but not at 9 

weeks after onset of HFD feeding  (Fig. 3i). Notably, no significant changes were seen for most 

of the other intestinal immune cell subsets; monocytes, macrophages, dendritic cells, T-helper 

(Th) and ILCs after 9 and 22 weeks of HFD feeding (Fig. S5d-i). Amongst the identified 

populations, the non-ILC1/2/3 and non-Th1/17/2 immune cell populations may include ILCregs 

and Tregs, respectively.  

The identified non-inflammatory environment of the small intestine following intake of a HFD 

and obesity development was not reflected in the epididymal white adipose tissue (eWAT) (Fig. 

4). As expected from previous studies, the pro-inflammatory environment in eWAT developed 

gradually with no change in the pro-inflammatory cytokine TNF- after 9 weeks of HFD, while 

22 weeks resulted in significantly increased levels (p=0.0174, Fig. 4a). Notably, although the diet 

resulted in marked changes in the whole body and organ-specific metabolic parameters (Fig. 

S1), we found no significant changes in type 2 immune related cytokines IL-33 (Fig. 4b) and IL-5 

(Fig. 4c). The cytokines IL-25, IL-13 and IL-4 were not detectable in mice fed either RFD or HFD 

for 9 and 22 weeks (Fig. S6a). The pro-inflammatory M1 type macrophages were enhanced after 

both 9 (p=0.0021) and 22 (p=0.0001) weeks of HFD feeding (Fig. 4d), and correlated with TNF-

levels at 22 weeks (rho=0.602, p=0.003, Fig. 4e), but not at 9 weeks (Fig. S6h) after onset of 

HFD feeding. In line with this, we identified a significantly increased anti-inflammatory M2 type 

macrophages proportion in eWAT (p=0.0014, Fig. 4d) after 9 weeks of HFD feeding, perhaps to 

counteract HFD-induced early changes, but not after 22 weeks after HFD feeding (Fig. 4d). Also, 

M2 type macrophage proportions did not correlate significantly with TNF-levels in eWAT at 
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either 9 or 22 weeks of HFD feeding (Fig. S6i). It appeared that the increase in total macrophages 

or their subsets at 9 and 22 weeks after HFD feeding (Fig. 4d, Fig. S6c) occurred at the expense 

of tissue monocytes (Fig. S6b-c), as monocyte proportions were significantly decreased at both 

9 (q=0.0024) and 22 (q=0.0009) weeks after onset of HFD feeding. HFD feeding for 22 weeks also 

decreased the proportion of total ILCs (p=0.0009, Fig. S4g) primarily due to a decreased non-

ILC1/2/3 (that might include ILCreg) proportions (q=0.014, Fig. S6g) and decreased ILC1s 

proportions (p=0.0006, Fig. 4g). We identified significantly decreased eosinophil proportions at 

9 (p=0.04) and 22 (p=0.03) weeks after onset of HFD feeding in eWAT (Fig. 4h). HFD feeding also 

significantly increased the proportions of total dendritic cells (q=0.0009, Fig. S6d) and their 

subsets at 22 weeks (CD11bint q=0.0016, CD11bhi q=0.0042, Fig. S6d), but not at 9 weeks, after 

the onset of HFD feeding. Notably, proportions of only CD4+ RORγT+T-bet-, which defines Th17 

cells, were significantly increased after 9 weeks HFD feeding (q=0.0490, Fig. S6f) whereas we did 

not find significant changes in the rest of the Th lineage at either 9 or 22 weeks of HFD feeding 

(Fig. S6f). Taken together, these data indicate that HFD exerts stronger temporal 

immunomodulatory changes in eWAT in comparison to the small intestinal environment during 

a 22 week period.  

 

Small intestinal tuft cell genes link strongly to obesity-related metabolic parameters, but not 

to eWAT inflammation 

We next went on to establish the circuit of inter-linked parameters across the different body 

systems. We did this based on a network analysis involving all highly significant co-correlations 

(0.7<rho<-0.7, q<0.05)  among tuft cell proportions (relative and absolute), tuft cell genes 

(signature as well as all other immune and/or metabolism relevant genes (pathways or orphan)), 

key immune cell subsets (ILC2, eosinophils, M2 and M1 macrophages), cytokines and body mass 

index phenotypic traits (total body, eWAT and liver weight and fat-to-lean mass ratio), 

individually for 9 (Fig. 5a) and 22 (Fig. 5b) weeks after onset of HFD feeding. The resulting 

network structure differed noticeably wherein, in comparison to 9 weeks, tuft cell gene 

expression levels showed a larger number of associations with body mass indices at 22 weeks. 

After 9 weeks of HFD feeding, the total body and liver weight showed negative associations with 

the genes Extl3 encoding Exostosin Like Glycosyltransferase 3 and Smcr8 (SMCR8-C9orf72 

Complex Subunit), respectively, whereas total body weight and fat-to-lean mass ratio associated 

positively with the gene Coq8a encoding Coenzyme Q8A. Importantly, all the mentioned body 

mass index phenotypic traits showed positive associations with the gene Serpini1, also known 
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as neuroserpin, which is exclusively expressed in intestinal tuft cells (Haber et al., 2017), 

indicating that enhancement of Serpini1 by HFD (Fig. 2a) may mediate relays involved in obesity 

development. 

After prolonged HFD feeding, the network analysis showed well known positive associations of 

body, liver and eWAT weight and fat-to-lean mass ratio with eWAT-M1 macrophages as well as 

positive associations between the liver weight and eWAT-TNF-α (Fig. 5b). Intriguingly, the 

absolute number of small intestinal tuft cells showed negative associations with the liver and 

eWAT weight and fat-to-lean mass ratio. Importantly, specific HFD down-regulated small 

intestinal tuft cell genes showed negative associations with certain body composition 

parameters; Il25 and B2m, involved in DAP12 (Fig. 2c), both associated inversely with eWAT 

weight and fat-to-lean mass ratio, Tslp likewise associated inversely with fat-to-lean mass ratio, 

Gabbr1 associated inversely with fat-to-lean mass ratio and total body and liver weight, Gabrg2 

associated inversely with fat-to-lean mass ratio, Mxd1 associated inversely with fat-to-lean mass 

ratio and total body and eWAT weight and N4bp1 associated inversely with eWAT weight. 

These same factors were also linked to regulation of glucose metabolism (Fig. 5c), with eWAT 

pro-inflammatory markers (M1 macrophages and TNF-α) being positively associated with fasting 

blood glucose and OGTT of the 22 weeks fed mice (Fig. 5c). Additionally, eWAT-M1 macrophages 

also correlated significantly with impaired insulin response. Notably, all the tuft cell parameters 

showed significant inverse correlations with fasting blood glucose, glucose and insulin 

responses, except for Gabrg2 which did not correlate significantly with glucose tolerance levels.   

Altogether these time-defined inter-correlation networks showed distinct counter-regulatory 

links between the identified temporally regulated small intestinal tuft cell factors and key factors 

defining diet-induced obesity, including whole-body and glucose metabolic parameters as well 

as liver and eWAT weight. By contrast, we identified no such strong relations between these 

small intestinal tuft cells and the comprehensively analyzed immune cell compartments of the 

small intestine and eWAT. 

 

Discussion 

In this study, we demonstrate that HFD feeding is associated with decreased mRNA expression 

of the tuft cell marker genes Il25 and Tslp per tuft cell, as well as with a concurrent decrease of 

absolute small intestinal tuft cell numbers. Besides Il25 and Tslp, we identified differential and 

temporal expression of >1700 other tuft cell genes in response to the intake of a HFD and diet-
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induced obesity development. Notably, we found several of these small intestinal tuft cell genes, 

including genes involved in the GABA receptor pathways, to couple strongly to whole-body and 

glucose metabolism, while they did not associate with the comprehensively analyzed small 

intestinal and eWAT immune parameters. This suggests the existence of a small intestinal tuft 

cell-whole body metabolic relay, which does not involve diet-induced inflammatory cues, 

despite the involvement of the tuft cell-derived il25 and tslp, normally regarded as strong type 

2 immune regulators, in the characterized tuft cell-metabolic circuit. Moreover, identification of 

small intestinal tuft cell-derived Serpini1 as an early marker of HFD intake and obesity 

development points to the involvement of a possible tuft cell-neuro circuit in diet-induced 

obesity. Serpini1 encodes for the serine protease inhibitor neuroserpin, which was previously 

identified in neurons, endocrine tissues and immune cells (Hastings et al., 1997).  

Here we focused on defining the influence of a HFD on tuft cell biology, and we did not address 

which exogenous or endogenous factors induced by the HFD that may mediate the observed 

changes. However, we speculate that several distinct factors related to HFD feeding might affect 

the number and activity of small intestinal tuft cells. One could relate to a direct effect of 

increased intake of exogenous lipids including cholesterol in a HFD regime, perhaps due to a 

direct lipotoxic effect on stem cells, and thus tuft cell numbers. This explanation fits well with 

our and others observation of a total reduction in intestinal epithelial cells (EpCAM+) in HFD 

mice (Ramachandran et al., 2017; Zou et al., 2018; Guo et al., 2017; Lee et al., 2017a; Gulhane 

et al., 2016; Richards et al 2016). Another factor could relate to HFD-induced changes in the 

small intestinal bacterial composition and their activity, as has previously been reported to be 

in effect both early and after prolonged HFD feeding (Foley et al., 2018). Tuft cells express 

receptors binding to an array of different bacterially-derived metabolic products, including the 

short-chain fatty acid receptor FFAR3 (Gpr41), the succinate receptor SUCNR1, and the GABA 

receptor (Haber et al., 2017) that might mediate differential activation and expansion (i.e. 

hyperplasia) of the tuft cells. In regard to the HFD feeding, the decreased absolute number of 

small intestinal tuft cells may relate to their decreased expression of the succinate receptor 

Sucnr1 (Supplementary data sheet 1). Intestinal tuft cells exclusively express SUCRN1 

(Nadjsombati et al., 2018; Haber et al., 2017) and upon sensing of luminal succinate, intestinal 

tuft cells undergo hyperplasia (Lei et al., 2018; Nadjsombati et al., 2018). Although we did not 

analyze the gut microbiota composition in our study, gut commensal bacteria have previously 

been shown to generate and metabolize succinate (Ferreyra et al., 2014; De Vadder et al., 2016). 

A HFD-induced decrease in succinate-producing or increase in succinate-consuming bacteria 
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might result in less activation of the succinate receptor and hence decreased intestinal tuft cell 

numbers. Alterations in the relative abundance of succinate-producing bacteria have previously 

been reported to alter tuft cell numbers (Lei et al., 2018). Likewise, we also observed HFD 

feeding to induce decreased expression of GABA receptors (Supplementary data sheet 1). Gut 

commensal bacteria, especially Lactobacilli and Bifidobacterium spp., can produce GABA 

(Strandwitz, 2018) and HFD feeding leads to a reduction in GABA-producing bacteria, including 

Bifidobacterium spp., in the gut (Cani et al., 2007). Since, tuft cells undergo hyperplasia upon 

their activation (Nadjsombati et al., 2018; Lei et al., 2018), it might be possible that during HFD 

conditions, intestinal tuft cells receive reduced GABA-mediated activating signals which may 

result in their decreased numbers. Besides, HFD-induced reductions in short-chain fatty acids or 

other metabolic components sensed by small intestinal tuft cells may be suggested to initiate 

similar changes in the tuft cell numbers and activities.  

Of note, we identified significant upregulation of the gene Serpini1 that encodes for the serine 

protease inhibitor neuroserpin, in intestinal tuft cells at early time points of HFD feeding. It is 

important to note here that among intestinal epithelial cells, Serpini1 is exclusively expressed in 

tuft cells (Haber et al., 2017). Previously, its expression has mainly been described in neuronal 

tissue along with low expression levels in endocrine (Hill et al., 2000) and immune cells (Lorenz 

et al., 2015). The finding of exclusive expression of neuroserpin in tuft cells, amongst other 

intestinal epithelial cells, adds to the ever-growing functional repertoire of the intestinal tuft 

cells. This finding further supports the idea of intestinal tuft cells acting as epi-neuronal cells 

capable of relaying signals between gut epithelial cells and the brain, as intestinal tuft cells, 

besides Serpini1, also express markers for afferent and efferent nerve synapses (Bezençon et al., 

2008). While nothing is reported previously regarding the role of Serpini1 in intestinal tuft cells, 

brain-derived neuroserpin is reported to be involved in mood regulation, where both under- or 

over-expression of neuroserpin in the brain result in the development of depression-like 

symptoms in mice (Madani et al., 2003). Whether or not, HFD-induced intestinal tuft cell 

expression of Serpini1 may play a part in HFD-induced depression (Hassan et al., 2018) or other 

neurodegenerative disorders like Parkinson’s disease, Alzheimer’s disease, multiple sclerosis 

and amyotrophic lateral sclerosis (Sarkar and Banerjee, 2019) will need further investigations. 

The expression of neuroserpin in intestinal tuft cells also talks for yet one additional cue of inter-

epithelial cell cross-talk, since the receptor for neuroserpin, low density lipoprotein receptor-

related protein 1 (LRP1) (Makarova et al., 2003), is relatively more highly expressed in 

enterocytes than in tuft cells (Haber et al., 2017). The notion that LRP1 is positively associated 
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with lipid metabolism and adipose tissue expansion (Terrand et al., 2009), further supports a 

common inter-cellular cue between HFD-induced enterocyte-LRP1 expression and tuft cell-

derived neuroserpin. One such link may be mediated via intestinal tuft cell sensing of lipid 

overload, resulting in the release of preformed neuroserpin (Miranda et al., 2008), which signals 

to enterocytes through LPR1 to promote lipid absorption. Our findings of a significant correlation 

between tuft cell-specific neuroserpin expression and systems-wide metabolic parameters 

related to enhanced fat-to-lean mass ratio and body weight support this idea. Lastly, 

identification of Serpini1 as a HFD-induced tuft cell component linked to the intake of a HFD and 

obesity broadens our insight into the immunoregulatory role of intestinal tuft cells. Recently, it 

was shown that neuroserpin can modulate human DCs and T cell migration to lymph nodes as 

well as DC-T cell interactions by regulating tissue plasminogen activator (tPA)-mediated 

processing of CCL21 (Lorenz et al., 2016). Although the above explanations may all represent 

valid arguments for a role of neuroserpin in regulating intestinal processes via intestinal tuft cells 

during HFD conditions, further investigations are needed to address its exact mode of function. 

Importantly, we only identified a significant elevation in neuroserpin expression at 9, but not 22, 

weeks after onset of HFD feeding. The possible role for neuroserpin in upregulation of lipid 

absorption in small intestinal enterocytes might explain this difference, as an early adaptation 

to HFD may be to mediate increased fat storage, which is believed to be beneficial seen from an 

evolutionary perspective (Soeters and Soeters, 2012), while longer periods of HFD intake may 

result in decreased neuroserpin expression to mitigate long-term metabolic consequences.   

Yet other transcriptional changes in intestinal tuft cells during HFD feeding provide support for 

adaptive behavior in regulating the nutritional status and energy metabolism. The 

neurotransmitter GABA, acting through its receptors GABA A and GABA B, stimulates feed intake 

(Delgado, 2013). The observations in our study that HFD feeding resulted in significantly reduced 

expression of genes encoding the subunits of both of these GABA receptors, thus possibly 

reducing GABA-mediated activation, suggest that intestinal tuft cells might have nutrition-

adaptive properties during HFD feeding conditions. This may be regulated via their sensing of 

energy-dense nutrients, relaying these signals to the brain and limiting further feed intake to 

maintain whole-body homeostasis. The intestinal presence of tuft cells in close contact with EECs 

and nerve fibers involved in satiety induction (Cheng et al., 2018) supports this theory.  

During HFD diet conditions, intestinal tuft cells showed the highest fold change enrichment in 

the expression of a specific eicosanoid synthesis pathway involved in the production of 11,12-

epoxyeicosatrienoic acid (11,12-EET). This response of the intestinal tuft cells might also relate 
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to adaption to the HFD feeding condition, as EETs are reported to protect against the 

development and progression of metabolic disorders (Xu et al., 2016).  

Intestinal tuft cells, amongst all intestinal epithelial cells, are the absolute source of the cytokine 

IL-25 (Haber et al., 2017; Gerbe et al., 2016; Moltke et al., 2016; Howitt et al., 2016). Taking into 

consideration the fact that HFD feeding for both 9 and 22 weeks resulted in decreased tuft cell 

specific transcript levels of Il25 (and Tslp), a disruption of the earlier reported tuft-IL-25-ILC2 

circuit might be expected. However, since the tuft-IL-25-ILC2 circuit has been described during 

helminth infection (Gerbe et al., 2016; Moltke et al., 2016; Howitt et al., 2016), the lack of its 

presence in a non-infective small intestinal environment may not be too surprising. Our 

observations suggest the presence of additional intestinal signals, besides the tuft cell-derived 

IL-25. One such may relate to tuft cell-derived TSLP for which we identified an association 

between tslp and the small intestinal ILC2 proportion across all animals. This finding is further 

supported by the fact that even in intestinal epithelial specific Il25-/- mice, small intestinal lamina 

propria ILC2s were not completely absent (Moltke et al., 2016). Furthermore, IL-25 secreted 

from non-tuft cells like macrophages and eosinophils (Valizadeh et al., 2015) could also be 

involved in maintaining a tuft-ILC2 circuit during HFD feeding conditions, although we did not 

observe any associations between ileal IL-25 levels and corresponding ILC2 proportions.  

In our study, the gut presented a robust non-inflammatory environment after 9 and 22 weeks 

of HFD feeding. This is contrasting some previous studies showing changes in T-cells (Garidou et 

al., 2015; Luck et al., 2015) and eosinophils (Johnson et al., 2015) in the small intestine after HFD 

feeding to C57BL/6 mice. However, since we used comparably defined diets for the RFD and HFD 

groups with equal amounts of dietary fibers and not a normal chow diet as the control, it is 

difficult to compare our results to previous studies. While the gut represented a rather robust 

environment, the immune phenotype of eWAT reflected the well-established pro-inflammatory 

signature of HFD feeding (Lee et al., 2017b). IL-33 has been associated with providing protective 

effects to the adipose tissue during obesogenic conditions by e.g. maintaining Tregs (Han et al., 

2015) and the ILC2 pool  (Molofsky et al., 2013). Notably, we observed high levels of IL-33 in 

eWAT, but no significant changes in IL-33 cytokine levels between RFD and HFD-fed mice. 

Consequently, ILC2s and Treg proportions did not differ between RFD and HFD-fed mice. This is 

in contrast to previous reports (Han et al., 2015; Molofsky et al., 2013), which again might be 

explained by the previous use of fiber-rich normal chow as reference diets. Although increased 

numbers of ILC1s has previously been described in eWAT after 4 weeks of HFD feeding 

(O’Sullivan et al., 2016), we found the ILC1 proportion to significantly decrease by prolonged 
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HFD feeding. Of note, along with increased M1 macrophages, we also observed significantly 

increased proportions of M2 macrophages after 9 weeks HFD, as well as decreased proportions 

of the non-ILC1/2/3 population, which may include ILCregs, after 22 weeks of HFD feeding. Since 

adipose tissue expands rapidly during obesogenic conditions and M2 macrophages are 

considerably involved in this process (Boutens and Stienstra, 2016), their increased proportion 

could represent a yet undescribed adaptive mechanism of eWAT tissue during HFD feeding 

conditions.  

Combined, we have demonstrated that several key metabolic parameters related to intake of a 

HFD and diet-induced obesity are associated with decreased Il25 and Tslp expression levels in 

small intestinal tuft cells, which follows without significant consequences for the immune 

homeostasis of the connected lamina propria. Instead, the small intestinal tuft cells may mediate 

their metabolic regulatory effects via neuro-involvement, as is exemplified via induction of the 

gene encoding neuroserpin in small intestinal tuft cells during obesogenic conditions, and the 

inverse link to the expression of the GABA receptors. These findings provide important 

implications for increasing our understanding of diet-induced connections between the 

intestinal tuft cells and whole-body metabolism. The data further point to novel mechanisms by 

which small intestinal tuft cells might relay such systems-wide effects.    
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a) Supplementary table 1. Composition of experimental mice-diets. 

Diet HFD RFD  Diet HFD RFD 

Gross Energy (GE)  
kJ% kJ%  

Fatty acids  
[%] [%] 

Fat 60 10  C 12:0 0.07 0.01 
Protein 20 20  C 14:0 0.44 0.04 

Carbohydrates 20 70  C 16:0 7.93 0.69 

Crude Nutrients  
[%] [%]  C 18:0 4.37 0.31 

Crude protein (N x 
6.25) 24.4 18.2  C 20:0 0.11 0.02 

Crude fat 34.6 4.1  C 16:1 0.94 0.05 
Crude fiber 6 5  C 18:1 13.97 1.3 
Crude ash 5.3 5.3  C 18:2 4.64 1.43 

Starch 0.1 43.5  C 18:3 0.49 0.15 

Sugar 9.4 6.8  

Vitamins  
per kg per kg 

N free extracts 26.3 63  Vitamin A 15000 IU 
15000 

IU 

Minerals  
[%] [%]  Vitamin D3 1500 IU 

1500 
IU 

Calcium 0.92 0.92  Vitamin E 150 mg 
150 
mg 

Phosphorus 0.64 0.63  Vitamin K (as MNB) 20 mg 20 mg 
Ca/P 1.44 1.46:1  Thiamine (B1) 25 mg 25 mg 

Sodium 0.2 0.2  Riboflavin (B2) 16 mg 16 mg 
Magnesium 0.23 0.23  Pyridoxine (B6) 16 mg 16 mg 
Potassium 0.97 0.97  Cobalamin (B12) 30 μg 31 μg 

Amino acids  
[%] [%]  Nicotinic acid 47 mg 47 mg 

Lysine 2.02 1.52  Pantothenic acid 55 mg 55 mg 
Methionine 0.86 0.66  Folic acid 16 mg 16 mg 

Cystine 0.45 0.33  Biotin 300 μg 301 μg 

Met+Cys 1.31 0.99  Choline 920 mg 
921 
mg 

Threonine 1.07 0.8  

Trace elements  
per kg per kg 

Tryptophan 0.33 0.24  Iron 168 mg 
168 
mg 

Arginine  0.95 0.71  Manganese 95 mg 95 mg 
Histidine 0.74 0.55  Zinc 65 mg 65 mg 

Valine 1.7 1.27  Copper 13mg 13mg 
Isoleucine 1.38 1.02  Iodine 1.2 mg 1.2 mg 

Leucine 2.42 1.8  Selenium 0.2 mg 0.2 mg 

Supplementary tables and data sheets 
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b) Supplementary table 2.  Reagents and primers used for reverse transcription and 

cDNA amplification. 

 

Reagents Supplier Cat/Ref No. 

cDNA synthesis and amplification  
    

SuperScript II  Reverse transcription primer   IDT  NA 

5′-AAGCAGTGGTATCAACGCAGAGTACT30VN-3′     

dNTPs     

TSO-primer   Exiqon  NA 

5′-AAGCAGTGGTATCAACGCAGAGTACATrGrG+G-3′      

SuperScript II reverse transcriptase Invitrogen  18064-071 

RNAse inhibitor Clontech 23013-A 

Superscript II First-Strand Buffer  Invitrogen  18064-071 

DTT Invitrogen 18064-014  

Betaine Sigma-Aldrich B0300 

MgCl2  Sigma-Aldrich M8266 

      

cDNA amplification 
    

KAPA HotStart HIFI 2× ReadyMix Roche  KK2602 

cDNA preamplification primer      
 5′-AAGCAGTGGTATCAACGCAGAGT-3′     

      

cDNA purification  
    

AMPure XP beads  Beckman Coulter  A63881 

 

 

 

 

 

Phenylalanine 1.27 0.95     
Phe+Tyr 2.56 1.9     
Glycine 0.52 0.39     
Glycine 5.5 4.1     

Aspartic acid 1.82 1.35     
Proline 2.8 2.09     
Serine 1.46 1.09     

Alanine 0.81 0.55     
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c) Supplementary table 3.  Reagents and primers used for qPCR. 

 

Reagents Supplier Cat./Ref No. 

qPCR 
    

TaqMan Fast Universal PCR Master Mix  
Applied 
Biosystems 4352042 

TaqMan Gene Expression Assay Mix  
Applied 
Biosystems 4369016 

Gapdh 

IDT DNA 
 
 

Mm.PT.39a.1 
Forward primer, 5' - GTG GAG TCA TAC TGG AAC ATG 

TAG   
Reverse primer, 5' - AAT GGT GAA GGT CGG TGT G 

 
  

Dclk1 

IDT DNA 
 
 

Mm.PT.58.21899992 
Forward primer, 5' - CCA TCA CAA ACC ATA CAC ATC 

G   
Reverse primer, 5' - GCA AGT CAC CAA GTC CAT CA 

   

IL25 
IDT DNA 

 
 

Mm.PT.58.28942186 

Forward primer, 5' - CGA TTC AAG TCC CTG TCC AA   
Reverse primer, 5' - AAG TGG AGC TCT GCA TCT G 

   

Tslp 
IDT DNA 

 
 

Mm.PT.58.41321689 
Forward primer, 5' - TTG TGC CAT TTC CTG AGT ACC   
Reverse primer, 5' - TCT CAA TCC TAT CCC TGG CT 

   

Gp2 
IDT DNA 

 
 

Mm.PT.56a.8772151 
Forward primer, 5' - GTC AAC TTC CAG TGT GCC TAC   
Reverse primer, 5' - CTC CGT CCA CAT CAA CAG TC 

   

 

 

 

d) Supplementary data 5. List of Reactome pathways (related to figure 2) 

P1: Metal sequestration by antimicrobial proteins 

P2: Phase 1 − inactivation of fast Na+ channels 

P3: TWIK−related acid−sensitive K+ channel (TASK) 

P4: Signaling by Insulin receptor 

P5: Activated NTRK3 signals through PI3K 
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P6: Antimicrobial peptides 

P7: IRS activation 

P8: GABA A receptor activation 

P9: Synthesis of PIPs in the nucleus 

P10: The NLRP1 inflammasome 

P11: Interleukin−18 signaling 

P12: ARMS−mediated activation 

P13: Metabolism of ingested SeMet, Sec, MeSec into H2Se 

P14: DAP12 interactions 

P15: RUNX3 regulates YAP1−mediated transcription 

P16: Endosomal/Vacuolar pathway 

P17: Reversal of alkylation damage by DNA dioxygenases 

P18: Interaction with The Zona Pellucida 

P19: NGF processing 

P20: ER−Phagosome pathway 

P21: Phase 4 − resting membrane potential 

P22: GABA B receptor activation 

P23: c−src mediated regulation of Cx43 function and closure of gap junctions 

P24: Phospholipase C−mediated cascade; FGFR2 

P25: Nucleobase catabolism 

P26: Activation of the mRNA upon binding of the cap−binding complex and eIFs, and 

subsequent binding to 43S 

P27: Assembly of the pre−replicative complex 

P28: Microtubule−dependent trafficking of connexons from Golgi to the plasma membrane 

P29: Pre−NOTCH Processing in Golgi 

P30: Advanced glycosylation endproduct receptor signaling 

P31: Pyrophosphate hydrolysis 

P32: Glucuronidation 

P33: Scavenging by Class B Receptors 

P34: Chemokine receptors bind chemokines 

P35: Acyl chain remodeling of CL 

P36: Abacavir transmembrane transport 

P37: NADPH regeneration 
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P38: Beta oxidation of lauroyl−CoA to decanoyl−CoA−CoA 

P39: Cytosolic tRNA aminoacylation 

P40: Wax biosynthesis 

P41: Synthesis of Ketone Bodies 

P42: Sulfur amino acid metabolism 

P43: Mitotic Telophase/Cytokinesis 

P44: Glycine degradation 

P45: Triglyceride catabolism 

P46: TET1,2,3 and TDG demethylate DNA 

P47: Beta oxidation of myristoyl−CoA to lauroyl−CoA 

P48: Telomere Extension By Telomerase 

P49: Sensing of DNA Double Strand Breaks 

P50: Downstream signaling of activated FGFR1 

P51: Synthesis of (16−20)−hydroxyeicosatetraenoic acids (HETE) 

 

 

e) Supplementary data sheet 1 - Manuscript II_Tuft DEG_9 vs 22wk 

f) Supplementary data sheet 1 - Manuscript II_Tuft pathways_9 vs 22wk 

g) Supplementary data sheet 1 - Manuscript II_Tuft orphan genes DEG_9 and 22wk 

 

https://drive.google.com/drive/my-drive 

Sign in: Panarthesis@gmail.com   

Password: Pankajthesis1. 
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Abstract  

Interactions between metabolic and immune response cues are gaining increased attention as 

factors that relay changes in immune processes may hold therapeutic potentials in relation to 

altering unhealthy obesogenic trajectories. Type 2 immune response inducers are of specific 

interest in this regard due to their possible potential to rewire obesogenic pro-inflammatory 

trajectories in visceral adipose tissue. In this study, we aimed to examine the influence on 

metabolic and immune parameters across different tissues following oral supplementation with 

a potential type 2 immune-driving product based on psedocoelomic fluid (PCF) derived from the 

helminth Ascaris suum to obese high-fat fed C57BL/6J mice. Our analysis identified distinct 

effects of helminth PCF in the intestine, which linked to positive effects on whole-body 

metabolic parameters. Notably, the intestinal effects of helminth PCF involved an enhanced 

expression of genes involved in RUNX1-regulated pathways in small intestinal tuft cells and an 

increase in specific ileal innate lymphoid cells. Also, eWAT eosinophils were enhanced by oral 

helminth PCF. A network model provided evidence for systems-wide cues induced by helminth 

PCF, resulting in the coupling of changes in small intestinal immune and tuft cell responses and 

eWAT eosinophils to positive regulation of body fat mass in obese mice. These findings highlight 

mechanisms involved in the positive systems-wide immune-metabolic regulations induced by 

small intestinal tuft cells and eWAT eosinophils after oral intake of helminth PCF in obese mice.   
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Introduction 

Type 2 immune responses are gaining increased attention for their role in immune surveillance 

to harmful stimuli at tissue barrier sites such as the lung and gut, and as regulators of energy 

homeostatic cues in adipose tissues (Bénézech and Jackson-Jones, 2019). However, little is 

known in regard to whether such processes may, in fact, be inducible in the intestine via dietary 

intake of type 2 inducing components, and if so, whether intestinally-induced cues may couple 

to positive regulation of whole-body metabolic processes, thereby holding possible therapeutic 

potential as anti-obesogenic regulators. We here focused to address these unanswered 

questions by oral supplementation of a helminth-derived product to mice during the 

development of a metabolically unhealthy condition in mice resulting from prolonged intake of 

a high fat-containing diet.  

Helminths, including the prevalent human nematode Ascaris lumbricoides and its equivalent in 

pigs A. suum, are well-known for their ability to induce a type 2 immune response in the host 

during infection, involving infiltration of eosinophils, innate lymphoid cells type 2 (ILC2) and/or 

Th2 into the infected tissue, and enhanced expression of IL-13 to increase mucus production 

(Grencis, 2015; Masure et al., 2013a, 2013b). More recently, the involvement of tuft cell-derived 

IL-25 in response to infecting helminths was reported (Gerbe et al., 2016; Haber et al., 2017). 

Importantly, the resultant helminth-induced tuft cell hyperplasia, which requires IL-13, also 

occurred in Rag-/- mice (Gerbe et al., 2016), indicating that IL-13 production from expanded 

helminth-specific Th2 cells can be replaced with another IL-13-producing subset, shown more 

recently to be ILC2s (Von Moltke et al., 2016), thus pinpointing that non-antigen-specific (innate-

based) type 2 responses might be induced by certain helminths.  

A dysregulated immune environment in metabolically active organs has been associated with 

the development of metabolic disorders including obesity (Lee et al., 2018). During obese 

conditions, the homeostatic IL-33-ILC2-IL-5/13-eosinophil-IL-4/13-M2 macrophages axis 

(Molofsky et al., 2013; Nussbaum et al., 2013; Wu et al., 2011) in adipose tissues is dysregulated, 

resulting in decreased ILC2s, eosinophils, and M2 macrophages combined with decreased IL-5, 

IL-4, and IL-13 levels. Contrarily, pro-inflammatory ILC1s, M1 macrophages, CD11c+ DCs, CD8+ 

T-cells, Th1, Th17 are reported to be increased adipose tissue in combination with increased 

TNF-α and IFN-γ levels in diet-induced obesity (Daryabor et al., 2019; O’Sullivan et al., 2016). 

Notably, reinforcing type 2 immune responses hold the potential to improve systemic metabolic 

homeostasis. Under diet-induced obesity settings, intraperitoneal administration of IL-25 and/or 
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IL-4 led to decreased weight gain, reduced lipid accumulation and increased energy expenditure 

(Feng et al., 2018; Qiu et al., 2014; Wang et al., 2015; Zheng et al., 2019). Also, oral 

administration of a locally acting gut anti-inflammatory compound, mesalamine (5-ASA), under 

diet-induced obesity settings has previously been shown to normalize a HFD-induced pro-

inflammatory environment and to improve glucose and insulin sensitivity (Luck et al., 2015), 

indicating that oral supplementation of suitable agents may hold potential to improve obesity-

associated disorders.  

Due to the reports of a non-antigen-specific nature of the intestinal IL-25-IL-13-axis upon 

helminth infections, as well as the possible influence of innate type 2 immune responses in 

regulation of metabolic organs, this study aimed to address if products from helminths, rather 

than live helminths, might be able to induce type 2 immune responses in the small intestine and 

if these may influence whole-body metabolic regulation in an obese mouse model. We here 

focused on the effect of body fluid from the helminth Ascaris suum (helminth PCF). We and 

others have recently identified that Ascaris suum body fluid exerts strong immunosuppressive 

properties in moDCs exposed to Type 1-inflammatory conditions (Paper 1; (Midttun et al., 2018). 

Additionally, subcutaneous as well as systemic administration of helminth PCF have shown to 

inhibit ongoing pro-inflammatory conditions and induce a regulatory immune phenotype (Ilan, 

2016; Mcconchie et al., 2006; Rocha et al., 2008). In the current study, we specifically compared 

immune-metabolic interplays across the small intestinal tuft cells and lamina propria, eWAT, and 

iWAT revolving around the impact of type 2 and specific regulatory response cytokines. We 

identified an effect of PCF administration on two different relays in the small intestine, which 

coupled to positive metabolic regulation. Oral PCF administration also resulted in enhanced 

eosinophil levels in eWAT, which linked to a reduced fat-to-lean-mass ratio in obese mice.  

 

Materials and methods 

Preparation of psedocoelomic fluid from Ascaris suum 

Fresh Ascaris suum helminth worms were obtained from the intestine of pigs at a local 

slaughterhouse (Danish Crown, Ringsted), rinsed in water and sterile PBS, and kept in sterile PBS 

during the processing of the psedocoelomic fluid (PCF). After gently stripping out the PCF, it was 

centrifuged at 3000g for 20 min (to separate the debris and other contents like eggs, damaged 

tissue etc.), sterile filtered through a 0.2 μm syringe filter and stored at −80 °C until use. The dry 

matter content of the filtered PCF was determined based on freeze-drying. 
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Design of animal study 

Male C57BL/6J (Taconic Biosciences A/S, Lille Skensved, Denmark) mice aged 5 weeks at arrival 

(week 0) were housed with four mice per cage in a climate-controlled room (temperature 30 °C 

and 55% humidity). Mice were subjected to 12 h light/dark cycle (6:00 a.m. to 6:00 p.m.) with 

ad libitum access to water and food and assigned to the treatment groups: HFD + saline or HFD 

+ PCF according to MRI scans at arrival (similar body weight distribution in each treatment 

group). During the first week of acclimatization to the new environment (week 0 to 1), all mice 

were fed normal chow (Altromin 1324, Brogaarden, Denmark), and starting from week 1 groups 

were changed to receive irradiated synthetic high-fat diet (EF D12492 (I), Ssniff, Germany, 

composition in Table S1), which they received for the remaining study period. All animals were 

handled similarly during standard procedures including weekly changes of bedding and cages, 

bodyweight measurements, bi-weekly food intake per cage recordings, and general cleaning 

procedures at the animal facility. From week 5 until week 9, all mice were orally gavaged every 

second day with 200 µL of either 50 mg/mL (weight of dry matter per volume of sterile normal 

saline (Bbraun, 3570160)) PCF extracted from the helminth Ascaris suum (Helminth PCF) or 

sterile normal saline. To measure lean and fat mass development during the experiment, MRI 

was performed on mice at weeks 0, 5, 8 and 9 using EchoMRI as per the manufacturers' 

instructions. All mice were sacrificed at week 9 by cervical dislocation followed by dissection of 

small intestine, colon, liver, epididymal white adipose tissue (eWAT), inguinal WAT (iWAT), 

brown adipose tissue (BAT) and determination of the weight of the four latter. 

 

Preparation of single cell suspensions for tuft cell isolation and immune cell profiling 

Single-cell suspensions were prepared from 20 cm small intestine, eWAT, and iWAT. Single-cell 

epithelial, as well as lamina propria (LP) preparations, were prepared from the small intestine in 

two steps. In all single-cell preparations DMEM (Panum Institute, University of Copenhagen, 

1865), PBS (Mg2+ and Ca2+-free, pH 7.4, Gibco, 14190), fetal bovine serum (FBS, heat-inactivated, 

Gibco, 10270) and FACS buffer (3mM EDTA in PBS + 5% FBS) were used. Collected small 

intestines (cut 1 cm distal to the stomach) were flushed with ice-cold PBS, followed by removal 

of visible mesenteric fat and Peyer's patches, cut opened and washed with PBS to remove 

remaining intestinal contents. Intestinal tissue was cut into 2 cm pieces and incubated on a 

rocking table (900 rpm) with occasional flicking at 37°C for 20 min in two times 1.5 mL 30 mM 
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ethylenediaminetetraacetic acid (EDTA, Sigma ED2SS) dissolved in PBS. Obtained epithelial cell 

suspensions were washed (500g, 5 min at 5 °C) in 3 mL PBS and incubated on a rocking table 

(300 rpm) with occasional flicking at 37°C for 10 min in two times 1.5 mL PBS containing 20 

μg/mL Dispase DH (Sigma-Aldrich, D4818) and 20 μg/mL DNase I (Sigma-Aldrich, 11284932001). 

Afterward, epithelial cell suspensions were passed through 70 mm nylon filters while 

homogenizing the particulate matter, washed in 15 mL DMEM containing 5% FBS and suspended 

in FACS buffer. Cells were kept on the ice until processing for tuft cell staining and isolation by 

FACS. 

For lamina propria single-cell preparation, the left-over intestinal tissues after EDTA treatment 

were rinsed with 10 mL PBS containing 5% FBS, minced into 1–2 mm pieces with scissors, 

incubated on a rocking table (500 rpm) with occasional flicking at 37°C for 30 min in two times 

1.5 mL digestion buffer (DMEM containing 5% FBS, 40 μg/mL Liberase DH (Sigma-Aldrich, 

05401054001) and 50 μg/mL DNase I). Afterward, 1mL supernatant was transferred to a new 

vial, the remaining cell suspension was repeatedly drawn through an 18-gauge needle to further 

mince the intestinal pieces, fresh 1 mL digestion buffer was added, and the cell suspension was 

incubated again under the above-mentioned conditions. Afterward, the cell suspension was 

passed through a 70 mm nylon filter while homogenizing the particulate matter, washed in 20 

mL DMEM containing 5% FBS and suspended in FACS buffer. Cells were kept on ice until staining 

for flow cytometry analysis. 

For eWAT and iWAT single-cell preparations, respective tissues were harvested, finely chopped 

with scalpel blades and incubated at 37°C for 40 min in 1 mL DMEM containing 10% FBS and 20 

mg/mL collagenase (Sigma-Aldrich, C6885) in a shaking incubator (150 rpm). 14 mL PBS 

containing 1% FBS was added to dilute the digestion reaction and afterwards the digest was 

passed through 70 mm nylon filters, washed (400g, 10 min at 5°C) in PBS, and subjected to red 

blood cell lysis using in-house made 1 mL lysis buffer (ACK buffer, 154.95 mM ammonium 

chloride, 9.99 mM sodium hydrogen carbonate, 0.0995 mM Disodium EDTA in PBS) for 5 minutes 

at room temperature. Finally, the cell suspensions were washed again in 14 mL PBS and 

suspended in FACS buffer. Cells were kept on ice until staining for flow cytometry analysis. All 

single-cell suspensions were counted on a Nucleocounter NC-200 (ChemoMetec, Denmark) and 

plated into 96 well plates for flow cytometry based staining and analysis. 

  

Staining and flow cytometry analysis for immune cell profiling and tuft cell sorting       
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All cell suspensions were incubated with Fc-block (CD16/CD32, BD Biosciences) succeeded by 

staining with antibodies against surface markers. Cells were kept at 4°C throughout the staining 

procedure. Single-cell epithelial preparations were stained with antibodies against CD45-eVolve 

605 (eBiosciences, 30-F11), EpCAM-AF 647 (Biolegend, G8.8) and Siglec-F-PE (BD Biosciences, 

E50-2440) for 30 min at 4°C and washed in FACS buffer followed by 0.3 uM 4’,6-diamidine-20-

phenylindole dihydrochloride (DAPI, 1.2 uL/10e6 cells) addition for dead cell exclusion. Live 

EpCAM+CD45+Siglec-F+ tuft and EpCAM+CD45+Siglec-F- non-tuft cell populations were sorted 

using an Aria III (BD Biosciences) with a four laser (405nm, 488nm, 562nm and 633nm) 

configuration directly into RNA lysis buffer from the Quick-RNA Microprep Kit (Zymogen, R1050, 

R1051) and were stored at -20°C immediately after sorting and at -80°C afterwards. Flow 

cytometric counting beads (CountBright Absolute; Life Technologies, C36950) were added to 

enumerate total live cell numbers. 

LP, eWAT and iWAT single-cell preparations were divided into two fractions and were first 

stained with fixable violet live/dead stain (Life Technologies, L34955) as per manufacturer's 

instructions and then incubated with Fc-block as described earlier. Afterward, one fraction was 

stained for surface markers with an antibody cocktail in FACS buffer (30 min at 4°C) containíng 

2 uM monensin for intracellular cytokine staining (Sigma-Aldrich, M5273) and another fraction 

without monensin. The monensin supplemented antibody cocktail included antibodies against 

CD45-PerCp (Biolegend, 30-F11), CD11c-BV650 (Biolegend, N418), CD11b-AF 700 (eBiosciences, 

M1/70), F4/80-PE-Cy7 (Biolegend, BM8), CD206-BV605 (Biolegend, C068C2), Siglec-F-PE (BD, 

E50-2440), FceR1-FITC (eBiosciences, MAR-1), CD117-PE-CF594 (BD, 2B8), TNF-α-APC 

(Biolegend, Mp6-XT22). The antibody cocktail without monensin included antibodies against 

NkP46-PE-Cy7 (eBiosciences, 29A1.4), CD90.2 (Biolegend, 30-H12), ST2-PE (Mdbiosciences, DJ8), 

KLRG1-BV605 (BD, 2F1), IL-17Rb-BV510 (BD, 6B7), CD45-PerCp (Biolegend, 30-F11), CD4-AF700 

(BD, RM4-5), TCRab-APC (Biolegend, H57-597), GATA3-PerCp-eFluor 710 (eBiosciences, TWAJ), 

Tbet-PE-CF594 (BD, O4-46), Rorgt-BV650 (BD, Q31-378), and lineage cocktail (B220-FITC 

(eBiosciences, RA3-6B2), Ter-119-FITC (BioLegend, TER-119), CD8a-FITC (BD, 53-6.7), CD49b-

FITC (eBiosciences, HMa2), Nk1.1-FITC (BD, PK136), CD11b-FITC (eBiosciences, M1/70), CD11c-

FITC (BD, HL3), FceR1-FITC (eBiosciences, MAR-1)). For intracellular (TNF-a) and intranuclear 

(GATA-3, T-bet, Rorgt) staining, the Fixation/Permeabilization Solution Kit (BD 

Cytofix/Cytoperm, 554714) and FoxP3/Transcription Factor Staining Buffer Set (eBiosciences, 

00-5523-00) were used according to manufacturer’s instructions, respectively. Samples were 

analyzed on LSR II (BD Biosciences) with a four laser (355nm, 405nm, 488nm, and 633nm) 
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configuration. All data were subsequently analyzed using FlowJo software (V10.0.7, Treestar). 

Gating strategies are shown in Fig S1, Fig S2, and Fig S3. 

  

RNA extraction, RT-qPCR and RNA sequencing of enriched small intestinal tuft cells 

Total RNA from the sorted and frozen Live EpCAM+CD45+Siglec-F+ small intestinal epithelial cells 

was isolated using Quick-RNA Microprep Kit (Zymogen, R1050, R1051). RNA concentrations 

were measured using a Qubit 2.0 fluorometer (ThermoFisher Scientific), and quality checked 

using Bioanalyzer (HS RNA Pico Bioanalyzer chip, Agilent) according to the manufacturer’s 

protocol. Reverse transcription was performed with 5.6 μL of purified RNA and the resulting 

cDNA was amplified following the Smart-seq2 protocol (Picelli et al 2014) with minor 

modifications, using a PCR cycler (VWR, 732-2915) and primers and reagents (Table S2) 

purchased from different manufacturers. In short, cDNA synthesis reactions were run as follows: 

incubating the (reverse transcription) RT Master mix and input RNA (72°C for 3 min), addition of 

template switching oligo (TSO) master mix to the reaction mixture, reverse transcription (42 °C 

for 90 min, followed by 10 cycles of (50°C for 2 min, 42°C for 2 min), and inhibition of the reaction 

(70°C for 15 min). Afterward, cDNA amplification was performed by incubating the cDNA and 

cDNA preamplification master mix at 98°C 3 min, then 19 cycles of 98°C 15s, 67°C 20s, 72°C 6 

min, with a final extension at 72°C for 5 min using the PCR cycler and reagents (Table S2). 

Resultant cDNA was purified using AMPure XP beads (Beckman Coulter, A63881 ), and later on 

quantified using Qubit HS dsDNA Assay Kit (Life Technologies), checked for quality and library 

size using a High-Sensitivity DNA chip (Agilent Bioanalyzer) and was used for quantitative PCR 

(qPCR) and RNA sequencing.   

Real-time qPCR of the amplified cDNA obtained from sorted Live EpCAM+CD45+ Siglec-F+ small 

intestinal epithelial cells was performed with TaqMan Fast Universal PCR Master Mix (Applied 

Biosystems, 4352042) and a 7900HT Fast Real-time PCR system (Applied Biosystems) using 

primers and probes (Supplementary Table S3) purchased from Integrated DNA Technologies 

(Leuven, Belgium). The PCR reactions were run under the following conditions: 95 °C for 20 sec; 

40 cycles of 95 °C for 1 sec and 60 °C for 20 sec. Transcripts were normalized to Dclk1 expression 

and relative expression was obtained using ΔCt.  

For RNA sequencing, the sequencing libraries from amplified cDNA from sorted Live 

EpCAM+CD45+Siglec-F+ small intestinal epithelial cells were generated using the Nextera XT DNA 

library preparation kit with multiplexing primers, according to manufacturer’s protocol 
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(Illumina, FC-131-1096). Resultant cDNA libraries were purified using AMPure XP beads, 

quantified using Qubit HS dsDNA Assay Kit, checked for library fragment size distributions using 

High-Sensitivity DNA chip. Afterward, libraries having insert sizes of 500-800 bp were subjected 

to paired-end sequencing on the Illumina NovaSeq 6000 sequencing platform (Novogene 

Corporation, China). Raw data, after de-multiplexing, were filtered using Cutadapt (v1.15) to 

remove sequencing adapters and low quality reads. Mapping and alignment of the clean reads 

were performed using the STAR software program (v2.6.0) and transcript quantification was 

determined using RSEM software package (Li and Dewey, 2011). Afterward, the gene matrices 

were filtered to include genes that were present in at least six samples with at least five reads 

and FPKM>1.0. One sample was removed due to a very low effective library size (~188,000 

reads). Differential expression of genes (DEG) was identified using edgeR v3.24.3 (Robinson et 

al., 2010). Genes were functionally annotated using Reactome (Fabregat et al., 2018). RNA-seq 

data will be made available at the NCBI Gene Expression Omnibus.  

  

Tissue cytokine analysis 

During mice dissection small intestinal and colon (flushed and mesenteric fat free), eWAT and 

iWAT tissue samples were harvested and snap frozen at -80°C until further analysis. For cytokine 

analysis approximately 50 mg of tissues were weighed, added into the extraction buffer at 100 

mg tissue/mL extraction buffer (w/v), extraction buffer: 100 mg tissue/mL extraction buffer 

(w/v) containing 1 protease-inhibitor cocktail tablet (Complete ULTRA, Roche (05892791001)) 

per 5 mL PBS (Mg2+ and Ca2+-free, pH 7.4, Gibco, 14190) and homogenized using a homogenizer 

(Biospec 1001) for 3*20 sec until uniform tissue homogenization. Afterward, the homogenized 

sample was centrifuged at 500g at 4°C for 10 min and the supernatant was collected. 

Homogenate concentrations of IL-4, IL-5, IL-13, IL-25, IL-33, and TNF-α cytokines were detected 

using electrochemiluminescence measurements based on the Meso Scale Discovery platform 

(Meso Scale Discovery) according to the manufacturer’s instructions.  

  

Statistical analysis 

All experiments were performed using randomly assigned mice. Statistical details of 

experiments can be found in the figure legends. Statistical analyses were performed in Prism 

8.0.2 (GraphPad Software) and R v3.5.2 [R Core Team, 2018]. While using Prism, the Holm-Sidak 

method was used to correct for multiple comparisons with *p < 0.05, **p < 0.01, ***p < 0.001. 
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Unless otherwise stated, Spearman’s rank correlation analysis is used for correlations with p-

values < 0.05 and q-values < 0.1 as statistically significant. Networks based on Spearman 

correlations were built using Cytoscape v3.3.0. 

 

Results 

Helminth PCF promotes induction of RUNX1-regulated pathways in small intestinal tuft cells 

of obese mice and influences small intestinal immune to whole body metabolic relays 

To examine if helminth PCF might exert in vivo modulatory functions of relevance in an obese 

setting, we fed mice with a high-fat diet for five weeks to promote obesity development, and 

then administered helminth PCF or normal saline by gavage every second day for the next four 

weeks. The mice continued to receive the high-fat diet throughout the experiment. Helminth 

PCF administration for four weeks to obese mice resulted in no significant changes in body 

metabolic parameters after nine weeks of high-fat feeding, although we observed a trend for a 

reduction in body weight gain from week 5 to 9 (p=0.11), and in the weight of the adipose tissues 

eWAT (p=0.21), iWAT (p=0.15) and BAT (p=0.10) in the PCF group, a tendency which was also 

reflected in the lower fat mass (p=0.19) and fat:lean mass ratio (p=0.13) among the PCF fed mice 

(Fig. 1a). Helminth infections have been shown to increase tuft cell-derived IL-25 production in 

the intestine, so we next addressed the influence of PCF on both small intestinal tuft cells, and 

expression of Il25 as well as the tuft cell gene marker Tslp in FACS-enriched tuft cells (Fig. 1b, 

Fig. S1 for gating and sorting strategy for tuft cells). None of these genes were significantly 

influenced by PCF administration to the obese mice; tuft cell numbers (p=0.45), Il25 (p=0.93), 

Tslp (p=0.09),  but we found a greater variation in the tuft cell numbers in mice receiving PCF, 

with a tendency towards an increased number, whereas the expression of Tslp tended to 

decrease by PCF administration.  

When analyzing transcripts based on RNA-sequencing of FACS-enriched tuft cells, we found no 

single genes to be significantly influenced by PCF in tuft cells (data not shown). Notably, 

however, a few RUNX1-regulated pathways were identified to be specifically enhanced in mice 

receiving PCF (Fig. 1C, Supplementary Table 1). The identified RUNX1-regulated pathways have 

previously been associated with immunoregulatory events in T, B and myeloid cells (Voon et al., 

2015), but the genes involved in these pathways have not previously been found to be expressed 

in tuft cells. PCF further enhanced expression of genes involved in pathways coupling RUNX1 to 

transport of several organic cations via several slc22-transporters, including slc22a1, slc22a4, 
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slc22a5, slc22a15, slc22a18, and slc22a21. These slc22-transporters are reported to function as 

transporters of endogenous compounds (a1; choline, histamine, adrenaline), and drugs (a1; 

quinine, metformin), carnitine (a4, a5, a15, a21), chloroquine/quinidine (a18) and ergothioneine 

(a4), hence indicating that PCF may enhance the expression of transporters for a diverse set of 

compounds in tuft cells. 

We next examined if PCF modified the secretion of type 2 related cytokines IL-4, IL-5, IL-13, IL-

25, IL-33 as well as the pro-inflammatory cytokine TNF- in the small intestine (Fig. 1D). As for 

the expression of Il25 mRNA in tuft cells, we found no significant changes in IL-25 for PCF 

administered mice. Moreover, none of the other cytokines were significantly changed by PCF. 

Further, when correlating the genes involved in the RUNX1-regulated pathways to the tuft cell 

and small intestinal cytokine data, we found no significant correlations except for correlations 

between numbers of tuft cells and 8 of the 17 tuft cell expressed genes induced by PCF (Fig. 1E).  

Due to the trends for the effect of PCF on several body composition parameters, we next 

examined the co-correlation structure between the small intestinal cytokines, tuft cell markers, 

and body composition parameters (Fig. 1F). Of note, we identified an interrelationship of 

predominantly inverse associations between the PCF-associated small intestinal markers from 

tuft cells, small intestinal cytokines, and body composition parameters, with statistically 

significant inverse associations identified for small intestinal IL-13 and body weight gain (Fig. 1F). 

These data suggest an interrelationship between selected markers of the small intestine and 

whole body metabolic regulation in obese mice, with markers most strongly correlated to PCF 

overall influenced the system in a weight reducing direction.  

 

Helminth PCF enhances specific small intestinal innate lymphoid cells in obesogenic mice 

Due to the trend in effects of PCF on the expression of small intestinal cytokines, we next 

addressed if the proportion of small intestinal immune cells might be affected (Fig. S2 for gating 

strategy). Based on a global analysis of innate and adaptive cell types, we identified enhanced 

proportions of innate lymphoid cells to be significantly augmented by providing PCF to obese 

mice (Fig. 2A). Further analysis revealed that especially the proportion of non-ILC1/2/3s was 

significantly enriched by PCF administration (Fig. 2B). At this point, it is not possible to determine 

regulatory ILCs based on markers, but it may be suggested that the non-ILC1/2/3 cells could 

represent a regulatory ILC phenotype, as the identified cells did not express the transcription 

factors for development of ILC1 (T-BET), ILC2 (GATA3) and ILC3s (RORt) (Fig. S2B). No other 

small intestinal immune cell subsets of the monocyte, macrophage, dendritic cell or Th cell 
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lineages were significantly affected by PCF administration to obese mice (Fig. S3A). A correlation 

analysis between the immune cell subsets and the small intestinal cytokines showed that the 

non-ILC1/2/3 cells did not correlate significantly to any of the measured cytokines, neither did 

ILC subsets and the genes in the significantly regulated tuft cell pathways (Fig. 2C). However, the 

data suggested a co-correlation structure between ILC1 and non-ILC1/2/3 with IL-5, while ILC2 

numbers were more correlated to specific RUNX1-regulated genes in tuft cells. This co-

connection between ILC1 and non-ILC1/2/3s was not identified for correlations between small 

intestinal ILC subset proportions and measures of body composition (Fig. 2D), where diverging 

relationships were seen for non-ILC1/2/3s and ILC1s. When addressing associations between the 

small intestinal lamina propria cytokines and cell types, we found few positive associations, and 

only Th2 vs IL-4 was significantly correlated after adjusting for multiple testing (Fig. S3B).  

Since the focus of this study was to examine the appearance of type 2 immune cues in the small 

intestine after oral PCF supplementation, we made further analysis of the phenotype of the 

small intestinal ILC2 cells. This was based on their expression of the IL-33 receptor ST2 and the 

IL-25 receptor IL-17rb in concert with KLRG1 (Fig. S2B for gating strategy). The distribution of 

the six derived ILC2 subtypes shows >50% of KLRG1+ non-ST2, non-IL-17rb ILC2s to populate the 

small intestine, while KLRG1+ ST2+-ILC2s make up around 25%, and KLRG1+ IL-17rb+ ILC2s 

represent around 10% (Fig. S3C). These populations were not significantly changed by PCF 

administration, but the KLRG1+ ST2+ population was the one most strongly expanded by PCF 

administration to obese mice (Fig. S3D). 

A combined network based on co-correlation analyses between small intestinal immune and 

tuft cell markers and metabolic parameters showed a positive association between small 

intestinal IL-13 and IL-33, interacting inversely with body composition parameters, including 

liver weight and eWAT weight (for both), body weight, body weight gain, and total fat mass (for 

IL-13) (Fig. 2E). IL-4 associated positively with both IL-13 and IL-33, and Th2 proportions, but not 

directly with any of the body composition parameters. Another part of the network was formed 

by associations between immune cell subsets, which did not correlate to any of the measured 

cytokines, but linked to the body composition parameters via a positive correlation between 

small intestinal proportions of CD11b-hi monocytes and body weight, liver weight, total fat mass, 

BAT weight, iWAT weight, and the fat-to-lean-mass ratio. Non-Th1/Th2/Th17 cells, which could 

include small intestinal Tregs, also associated positively to BAT weight, total fat mass, and fat-

to-lean-mass ratio, and negatively with the tuft cell number. The tuft cell proportions correlated 

positively with many of the genes in the PCF-enhanced RUNX1-regulated pathways and 
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negatively with the fat-to-lean-mass ratio. The fat-to-lean-mass ratio was also inversely 

associated with four of the RUNX1-regulated genes: Slc22a21, Slc22a18, Pml and Ccnd3. This 

illustrates that a few of the PCF-regulated genes in tuft cells are associated with the fat-to-lean-

mass ratio (Fig. 2E). Notably, the non-ILC1/ILC2/ILC3 cellular subset, which might represent 

regulatory ILCs, was not related to any of the measured body composition parameters and was 

only identified to link inversely to NK cell numbers (Fig. 2E). This is in contrast to the non-

Th1/Th2/Th17 cells, which may include Tregs that positively link to fat mass composition and 

BAT weight. Combined this illustrates distinct features in relation to the influence on body mass 

composition of possibly regulatory innate and adaptive cell types in the small intestine. 

Altogether, the PCF administration seemed to promote two different relays in the small 

intestine. One, activating a circuit linked to enhanced numbers of specific ILC subsets, non-

ILC1/2/3s, which was found to be inversely linked to NK cell numbers, but otherwise 

independent from the other measured parameters. The second one, involving RUNX1-regulated 

pathways in tuft cells, which was found to be inversely associated with the fat-to-lean mass ratio, 

thus having a positive effect in relation to reducing the obese traits in mice. This latter network 

also coupled positively to other body composition measures via CD11b-hi-monocytes and non-

Th1/Th2/Th17 cells, further linking to small intestinal IL-13 and IL-33 (Fig. 2E).  

 

Oral PCF dosing enhances eosinophils in the epididymal adipose tissue of obese mice 

We next examined if oral dosing of PCF to obese mice would affect the immune cell composition 

and cytokine production in the two fat depots, eWAT and iWAT.  

In eWAT, PCF was found to significantly enhance the eosinophil number (Fig. 3A, q=0.083). No 

statistically significant changes were identified in other major or minor immune cell subsets (Fig. 

3A, Fig. S4A) nor in the cytokines IL-5, IL-13, IL-33, and TNF- by PCF administration (Fig. 3B). IL-

4 and IL-25 were not detectable in eWAT of obese mice. Eosinophils in eWAT associated 

inversely with fat mass and the fat-to-lean-mass ratio (Fig. 3C). Contrarily, overall eWAT 

macrophages (both M1 and M2 macrophages (Fig. S4B)) and NK cells associated positively with 

fat mass and fat-to-lean mass ratio. Additionally, body weight, liver weight, and BAT weight also 

associated positively with macrophages. As seen for eosinophils, we also identified ILCs and 

CD4+ T cells to associate inversely with fat mass and fat-to-lean mass ratio, with bodyweight 

gain for CD4+ T-cells, and body weight, weights of iWAT, eWAT, liver and BAT for ILCs. This was, 

however, not related to specific phenotypes of Th cells (Fig. S4C) or ILCs (Fig. S4D). IL-13 in eWAT 
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linked to eWAT weight. No significant correlations were identified between single cytokines and 

the immune cell subsets of eWAT (Fig. S4E), indicating that the links for IL-13 might be mediated 

by the combined immune cell composition in eWAT. Combined these associations highlight 

which immune cell subsets to expand in eWAT to obtain anti-systemic and local anti-obesogenic 

effects. The findings moreover demonstrate that oral PCF supplementation holds the potential 

to regulate processes outside the intestine of relevance for obesity development via the 

enhancement of eWAT eosinophils.  

The composition of major and minor immune cell subsets and tissue cytokines in iWAT was not 

regulated by oral PCF supplementation (Fig. 3D, 3E andS4F), although IL-5 and IL-13 tended to 

increase. IL-4 was not detected in iWAT. As seen for eWAT, single cytokines in iWAT did not 

correlate significantly to any of the immune cell subsets of iWAT (Fig. S4G), suggesting for 

complex regulation of cell and cytokine interactions. Although it did not reach statistical 

significance, we noted that the cytokine TNF- in iWAT was found to associate inversely with 

body weight and fat mass of the obese mice (Fig. 3F), hence suggesting for a compensatory 

effect of TNF- production in iWAT on body composition. IL-33 from iWAT also showed the same 

tendency as TNF-, whereas IL-13 from iWAT was less correlated to body mass composition as 

compared to that of IL-13 from the small intestine and eWAT (Fig. 3F, 3C, and 1F). Although no 

statistically significant, changes were observed for PCF administration in relation to iWAT 

immune-to-metabolic networks, we identified both concurrent and opposing trails of the 

direction in eWAT and iWAT, suggesting differential regulation of the two adipose tissues. 

 

Body-wide immune-metabolic correlations influenced by oral PCF administration 

In order to gain insight into body-wide connections of relevance for regulation of body mass 

parameters in obese mice, we established a co-correlation network based on associations 

between cytokines and immune cell subsets in the small intestine, eWAT and iWAT and the 

measured body metabolic parameters (Fig. 4, parameters regulated by PCF are encircled with a 

purple line). This network structure showed associations already reported by others in regard to 

body fat mass parameters, such as the positive correlation between fat mass and eWAT levels 

of M1 macrophages and negative associations to eWAT levels of eosinophils, the latter being 

potentiated by oral PCF administration. We also identified new features related to positive 

associations between body fat mass and eWAT levels of M2 macrophages, CD11b-hi monocytes, 

ILC3s and ILC2s, as well as small intestinal non-Th1/2/17, which might include Tregs. Body fat 

mass further correlated negatively to tuft cell numbers in the small intestine. Likewise, both 
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small intestinal IL-13 and iWAT TNF-α correlated negatively with body fat mass and body weight, 

illustrating that interaction between processes in the small intestine and iWAT may counteract 

detrimental metabolic dysregulation associated with the obese state. Bodyweight gain was also 

negatively associated with iWAT IL-13 as well as small intestinal IL-13, the latter also correlating 

negatively with eWAT and liver weight, and total body weight. The weights of eWAT and the 

liver were also negatively associated with small intestinal IL-33 and eWAT IL-13. Finally, the 

weight of eWAT was inversely associated with eosinophil levels in eWAT, thus being modifiable 

by oral PCF supplementation.  

 

Discussion 

Helminth infections induce profound activation of type 2 immune responses in the intestine, 

which are needed to eradicate the infecting helminths. Recently this process was reported to 

involve intestinal tuft cell relays via enhanced il25 transcriptional activity, coupling to increased 

IL-13 and tuft cell hyperplasia (Haber et al., 2017). This study aimed at examining if tuft cells 

could be activated to promote type 2 immune responses by oral supplementation with body 

fluid derived from the helminth Ascaris suum in metabolically unhealthy mice and if so, to 

describe the resultant effects on immune and metabolic parameters. We identified system-wide 

effects on whole body metabolic regulation with the specific positive influence of yet 

undescribed small intestinal immune parameters on body weight gain. We also retrieved 

previously described positive associations between eWAT M1 macrophage composition and 

body weight parameters, as well as novel associations for both eWAT and iWAT. Helminth PCF 

was found to significantly affect cues in the small intestine and eWAT only. Notably, this involved 

RUNX1-regulated pathways in small intestinal tuft cells of which four of the implicated genes 

were found to inversely link to fat-to-lean mass ratio. PCF supplementation also enhanced that 

the proportion of a subset of ILCs, involving non-ILC1/2/3s, which might include regulatory ILCs. 

The non-ILC1/2/3s did not link statistically significantly to any of the differentially regulated tuft 

cell pathways nor to metabolic parameters. Intriguingly, two small intestinal cytokines, IL-13 and 

IL-33, were also found to associate inversely with body composition parameters; including fat 

mass, body weight and body weight gain for IL-13 levels, and eWAT and liver weight for both IL-

13 and IL-33 levels. These associations were identified based on protein levels of IL-13 and IL-33 

in the small intestine. IL-13 and IL-33 levels were found to be interlinked, but none of them 

associated significantly with any of the immune cell subsets in the small intestine, implying that 
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the resultant production of small intestinal IL-13 and IL-33 is linked to a complex network 

involving several small intestinal cell types. In relation to small intestinal IL-33, this might involve 

both fibroblasts, epithelial and endothelial cells (Cayrol and Girard, 2014). Levels of IL-13 and IL-

33 in the small intestine were however not significantly affected by helminth PCF administration, 

so the identified associations between small intestinal cytokines and metabolic parameters are 

based on inter-individual variations between the mice. Besides the intestinal effects, oral 

supplementation of helminth PCF also resulted in increased eosinophilic proportions in eWAT, 

which inversely linked to fat-to-lean mass ratio and the overall body fat mass. We also identified 

additional adipose tissue parameters to negatively affect body composition parameters. These 

involved iWAT TNF-a levels, which likewise linked inversely to the fat-to-lean mass ratio and the 

overall body fat mass, as well as iWAT IL-13 that linked inversely to body weight gain, and eWAT 

IL-33 to the weight of eWAT and the liver. 

It has not previously been reported that genes belonging to the RUNX1-regulated pathways in 

small intestinal tuft cells are modifiable by helminth PCF and relate inversely to the fat-to-lean-

mass ratio in diet-induced obese mice. The mechanisms by which this might be mediated were 

not deciphered in the present study. However, there are several reports on the tight connection 

between tuft cells and sensory neurons (Cheng et al., 2018; Ushiama et al., 2016), whereby 

enteric neuronal circuits of importance for metabolic control might be activated. Notably, Runx1 

activity in adipose tissue has been associated with systemic metabolic regulation. Under HFD 

settings, mice with increased Runx1 activity in their adipose tissues were protected from HFD-

induced obesity and displayed reduced weight and fat mass gain, increased white fat browning 

as well as improved glucose and insulin tolerance owing to the Runx1-mediated enhancement 

of Ucp-1 and Pgc-1a expression (Hou et al., 2018). Whether or not similar mechanisms operate 

in the gut environment need further investigations, however, given the inverse correlation 

between ccnd3 expression and fat-to-lean-mass ratio in our data and the fact that cyclin D3 

protein could promote Runx1 activity (Hou et al., 2018) suggests that this might be a mechanism 

in operation. The expression of Pml has also been shown to link to fat metabolism. Pml-/- mice 

fed HFD displayed increased fat gain as a consequence of enhanced PPARγ and C/EBPα mRNA-

mediated adipogenesis (Kim et al., 2011). Altogether, these findings suggest helminth PCF might 

hold the potential to downregulate and/or inhibit obesogenic trajectories via activation of these 

molecules in the small intestine. The PCF-induced expression of slc22a21 in small intestinal tuft 

cells is further support for this assumption. Slc22a21 helps in the uptake of carnitine from the 

gut lumen and carnitine itself has been positively associated with the alleviation of HFD-induced 
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fat mass gain and improved glucose tolerance (Mingorance et al., 2012). Slc22a18, on the other 

side, has previously been reported to promote lipid accumulation and adipogenesis in vitro (3T3-

L1 cells) and in vivo (NCrj rats) when expressed in adipocytes  (Yamamoto et al., 2013). However, 

we found here that small intestinal tuft cell-specific slc22a18 expression levels correlated 

inversely with the fat-to-lean-mass ratio. These observations point towards a species- and 

tissue-specific function of slc22a18 under HFD settings. In regard to previous reports on 

induction of IL-25 in intestinal tuft cells by helminth infections, it should be noted that we found 

none of the PCF-affected pathways in the small intestine to involve tuft cell-derived il25 

production. IL-25 induction in tuft cells might, therefore, require tissue-damaging insults or 

products produced by infecting helminths.  

In addition to the probable role of small intestinal tuft cell-specific Runx1 in regulating systemic 

energy metabolism, the finding of Runx1 expression in small intestinal tuft cells further adds to 

their recently described (type 2) immunoregulatory role (Gerbe et al., 2016; Von Moltke et al., 

2016; Nadjsombati et al., 2018). Important for this notion is that Runx1 is highly expressed in 

intestinal tuft cells, while expression in other epithelial cell types is negligible (Haber et al., 

2017).  

To our knowledge, there are no previous reports associating small intestinal IL-13 and IL-33 

levels with metabolic regulation. However, several studies have reported on the role of Th2 

cytokines IL-4, IL-5 and IL-13 in relation to glycemic control, when seen from a systemic point of 

view (after i.p. or i.v. injection) or via their (over)expression in visceral fat (Darkhal et al., 2015; 

Molofsky et al., 2013; Ricardo-gonzalez et al., 2010). Also, IL-33 in adipose tissues has been 

linked to the protection of mice from metabolic consequences of obesity (Brestoff et al., 2015; 

Miller et al., 2010; Rankin et al., 2010; Schmitz et al., 2005; Yang et al., 2013a). The effect of i.p. 

injection of IL-33 was more recently shown to be IL-13 dependent (Duffen et al., 2018). Much 

focus has been given to metabolic organs, adipose tissues, liver, and muscles in relation to their 

role in regulating whole-body metabolism, and, besides the knowledge on the importance of gut 

epithelial-derived satiety hormones on metabolic regulation, little is known on the role of small 

intestinal cells during HFD and obesity development, and how relays that couple to metabolic 

processes may be modified by exogenous food-derived stimuli. A few studies have however 

pointed out that IL-4, IL-5, and IL-13 in concert with IL-33 or tuft cell-derived TSLP might induce 

the release of neuropeptides (Klose et al., 2017; Liu et al., 2016; Wallrapp et al., 2017). If such 

circuits are in play in the small intestine, which is a highly innervated organ, it would be of little 
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surprise to see tuft cells as well as IL-13/IL-33 as important players in mediating a gut-brain cue 

involved in metabolic regulation.  

A few studies have reported helminth-derived products being effective in relieving different 

diseases in experimental animal models, including arthritis (Doonan et al., 2019), type 1 diabetes 

and type 2 diabetes (reviewed in (Berbudi et al., 2016). In the case of the latter, which is of most 

relevance for the current study, S. mansoni infection or administration of S. mansoni eggs has 

been shown to improve diet-induced insulin resistance and reduce weight gain and fat mass, 

while mediating recruitment of alternatively activated macrophages and eosinophils into eWAT 

(Hussaarts et al., 2015). Also, infection of N. brasiliensis in mice on a high-fat diet resulted in 

reduced weight gain (Yang et al., 2013b), but whether this to some part is mediated by the 

infection has not yet been defrayed.  

In the current study, we report on differences in immune cell dynamics between eWAT, showing 

the earlier reported pro-inflammatory tissue infiltrating cell types during diet-induced obesity 

development, and iWAT, demonstrating a more anti-inflammatory signature. There is no doubt 

that the various adipose tissues exert different functions and may be regulated by different 

circuits (innervation vs local cellular regulation), however it was not a major part of this study to 

address adipose tissue differences, and it is therefore beyond the scope of this paper to further 

discuss the possible reasons for these differences.  

In summary, we have demonstrated that gut-derived signals i.e. small intestinal IL-13, IL-33, and 

tuft cell-specific molecules are involved in systemic metabolic regulation. Oral supplementation 

with helminth PCF induced distinct changes in these cues within the small intestinal tuft cells, as 

well as enhanced eWAT eosinophils, thereby providing changes that overall converged to 

promote anti-obesogenic effects. These findings further enhance our understanding of the 

functional aspects of the small intestine in relation to diet-induced metabolic disturbances and 

provide evidence that dietary intake of suitable type 2 immune response-inducing compounds 

could be beneficial against HFD-induced metabolic disorders. 
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Figure legends 

Fig. 1. Helminth PCF upregulates RUNX1-regulated pathways in tuft cells without significantly 

changing cardinal cytokines or interplays between host metabolic features, tuft cell and 

immune parameters in the small intestine of obesogenic mice. C57BL/6J mice were fed a high 

fat diet for 9.5 weeks including supplementation via oral gavage 3 times/week with normal 

saline (HFD; gray boxes) or PCF (HFD+PCF; purple boxes) for the last 4 weeks. Physiological 

characteristics including body and tissue weight and fat and lean mass after 9.5 weeks HFD 

feeding were measured (A). Tuft cells (EpCAM+Siglec-F+) were sorted from the small intestine 

(20 cm) by flow cytometry. Il25 and Tslp mRNA expression were quantified by RT-qPCR in sorted 

intestinal tuft cells (B). Six different RUNX1-associated pathways and a single organic cation 

transport-associated pathway were found to be expressed at a significantly higher level in 

HFD+PCF mice than in HFD fed mice after FDR correction (q < 0.05), shown as the difference in 

fold change expression between HFD+PCF and HFD fed mice (C). Protein expression of the 

cardinal cytokines IL-4, IL-5, IL-13, IL-25, IL-33 and TNF-α in the ileum quantified by mesoscale. 

Spearman’s rank correlation of the genes assigned to the significantly different pathways (shown 

in (C)) versus the tuft cell fraction and relative expression of tuft cell Il25 and Tslp (shown in (B)) 

and the concentration of ileal cytokines (shown in (D)) (E). Spearman’s rank correlation of the 

physiological parameters (shown in (A)) versus the significantly different pathways (shown in 

(C)), tuft cell fraction and relative expression of tuft cell Il25 and Tslp (shown in (B)) and the 

concentration of ileal cytokines (shown in (D)) (F). Boxes in (A), (B) and (D) are showing the first 

to third quartiles and the median, and whiskers show 1.5*of the interquartile range (of Q1 and 

Q3). Points extending this range are shown as single dots. Statistically significant correlations 

after FDR adjustment are noted by an asterisk (*, q < 0.05; **, q < 0.01; ***, q < 0.001; ****, q 

< 0.0001; *****, q < 0.00001). 

 

Fig. 2. Helminth PCF increases specific innate lymphoid cell subsets in the small intestine of 

obesogenic mice. CD4+ T cells, CD8+ T cells, innate lymphoid cells (ILCs), NK cells, eosinophils, 

monocytes, macrophages and dendritic cells from the ileal lamina propria quantified by flow 

cytometry shown as percentage of total viable CD45+ cells (A). ILC subsets were further 

quantified based on the presence or absence of key transcription factor markers (ILC1, T-BET+; 

ILC2, GATA3+; ILC3, RORγt+; T-BET+ ILC3, RORγt+ T-BET+; Non-ILC1/2/3, T-BET- GATA3-RORγt-) 
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and are shown as percentage of total viable CD45+ cells (B). Spearman’s rank correlation of the 

genes assigned to the significantly different pathways and the concentration of ileal cytokines 

versus ILC subsets (C). Spearman’s rank correlation of the physiological parameters versus ILC 

subsets (C). Statistical difference was tested using Wilcoxon t-tests followed by FDR correction 

(A, B). Correlation network of the intestinal response to HFD/HFD+PCF feeding, where 

correlations with a Spearman’s rank correlation coefficient, rho, only rho > 0.5 (red) or < -0.5 

(blue) and correlation q-value < 0.05 are shown (C-E). Boxes in (A) and (B) are showing the first 

to third quartiles and the median, and whiskers show 1.5*of the interquartile range (of Q1 and 

Q3). Points extending this range are shown as single dots. All immune cell subsets for correlation 

analyses were transformed using isometric log ratio transformation. 

 

Fig. 3. Increased eosinophil infiltration in eWAT of oral PCF supplemented mice. Immune cell 

relative abundance (shown as percentage of CD45+ cells) in eWAT (A) and iWAT (D). Adipose 

tissue cytokines (IL-4, IL-5, IL-13, IL-25, IL-33 and TNF-α) of eWAT (B) and iWAT (E). Statistical 

difference was tested using Wilcoxon t-tests followed by FDR correction. Spearman’s rank 

correlation heatmaps of immune cell subsets and cytokines versus physiological parameters of 

eWAT (C) and iWAT (F) versus physiological parameters. ND, not determined. All immune cell 

subsets for correlation analyses were transformed using isometric log ratio transformation. 

Statistically significant correlations after FDR adjustment are noted by an asterisk ((*), q < 0.1; 

*, q < 0.05; **, q < 0.01). 

 

Fig. 4. Network displaying the cross-tissue correlations to metabolic parameters in obese mice 

with emphasis on nodes affected by oral helminth PCF supplementation. Correlation network 

of the intestinal and adipose tissue responses in relation to metabolic parameters and tuft cell 

proportions after HFD/HFD+PCF feeding. Only correlations between the physiological 

parameters and tuft cell proportions vs immune cell subsets, tissue cytokines, and tuft regulated 

genes were used as input for the correlations. All correlations with a Spearman’s rank correlation 

coefficient, rho > 0.5 (red) or < -0.5 (blue) and correlation q-value < 0.05 are shown. Variables 

that were statistically significantly enhanced by oral helminth PCF supplementation are encircled 

(purple color). 
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Supplementary figure legends 

Fig. S1. Gating strategy for tuft cells. Tuft cells (EpCAM+Siglec-F+) were sorted from the small 

intestine (20 cm) by flow cytometry. Non-tuft intestinal epithelial cells (EpCAM+Siglec-F-) were 

sorted as the negative control.  

 

Fig. S2. Gating strategy for intestinal and adipose tissue immune cells. Ileal lamina propria and 

adipose tissue immune cell subsets were gated using two different antibody cocktails identifying 

either eosinophils, monocytes, macrophages and dendritic cells (A) or TCRβ+ CD4+ T cells (Th 

cells), TCRβ+ CD8+ T cells, NK cells and ILCs, including Th and ILC subsets (B). Due to tissue 

specific differences, the gating strategy for the macrophage subsets is shown for both 

representative ileal lamina propria and eWAT samples. 

 

Fig. S3. No differences in ileal monocyte, macrophage, dendritic cell, Th or ILC2 subsets. Ileal 

lamina propria subsets were further subdivided into monocyte and dendritic cell subsets (based 

on CD11b expression) and DN, M1 and M2 macrophages (based on CD1c and TNF-α expression), 

while Th subsets were defined by the presence or absence of key transcription factor markers 

(Th1, T-BET+; Th2, GATA3+; Th17, RORγt+; T-BET+ Th17, RORγt+ T-BET+; Non-Th1/2/17, T-BET- 

GATA3- RORγt-). Statistical difference was tested using Wilcoxon t-tests followed by FDR 

correction. Spearman’s rank correlation of the different ileal cytokines versus all the different 

immune cells and their subsets are shown in (B). The relative distribution of ILC2 subsets 

(defined as IL17Rb+ KLRG1+/-, IL17Rb- ST2- KLRG1+/-, or ST2+ KLRG1+/-) are shown as pie charts 

for HFD (left) and HFD+PCF groups (right) (C) and the log2 fold difference between the HFD+PCF 

group and the HFD group is shown in (D). All immune cell subsets for correlation analyses were 

transformed using isometric log-ratio transformation. 

 

Fig. S4. No differences in adipose tissue monocyte, macrophage, dendritic cell, Th or ILC 

subsets. Immune cell subsets from eWAT (A) and iWAT (F) were further subdivided into 

monocyte and dendritic cell subsets (based on CD11b expression) and DN, M1 and M2 

macrophages (based on CD1c and TNF-α expression), while Th and ILC subsets were defined by 

the presence or absence of key transcription factor markers. Statistical difference was tested 
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using Wilcoxon t-tests followed by FDR correction. Th subsets: Th1, T-BET+; Th2, GATA3+; Th17, 

RORγt+; T-BET+ Th17, RORγt+ T-BET+; Non-Th1/2/17, T-BET- GATA3- RORγt-; ILC subsets: ILC1, 

T-BET+; ILC2, GATA3+; ILC3, RORγt+; T-BET+ ILC3, RORγt+ T-BET+; Non-ILC1/2/3, T-BET- GATA3- 

RORγt-. Spearman’s rank correlation of eWAT macrophage (B), Th (C) and ILC subsets (D) versus 

physiological parameters, and the different eWAT cytokines versus eWAT immune cell subsets 

(E) and iWAT cytokines versus iWAT immune cell subsets (G). 
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Supplementary tables and data sheets 

 

Supplementary Table 1 

PathwayNa

me 

PathwayI

D 

Score.

d 

fold. 

change 

q GeneID GeneSymbol GeneNam

e 

Expr

esse

d in 

tuft 

cells 

RUNX1 and 

FOXP3 

control the 

development 

of regulatory 

T 

lymphocytes 

(Tregs) 

R-MMU-

8877330 

25.75 2.215 0 ENSMU

SG0000

0022952 

Runx1 runt related 

transcriptio

n factor 1 

Yes 

RUNX1 and 

FOXP3 

control the 

development 

of regulatory 

T 

lymphocytes 

(Tregs) 

R-MMU-

8877330 

25.75 2.215 0 ENSMU

SG0000

0039521 

Foxp3 forkhead 

box P3 

No 

RUNX1 and 

FOXP3 

control the 

development 

of regulatory 

T 

lymphocytes 

(Tregs) 

R-MMU-

8877330 

25.75 2.215 0 ENSMU

SG0000

0031885 

Cbfb core 

binding 

factor beta 

Yes 

RUNX1 

regulates 

estrogen 

receptor 

mediated 

transcription 

R-MMU-

8931987 

27.75 2.215 0 ENSMU

SG0000

0022952 

Runx1 runt related 

transcriptio

n factor 1 

Yes 
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RUNX1 

regulates 

estrogen 

receptor 

mediated 

transcription 

 

R-MMU-

8931987 

27.75 2.215 0 ENSMU

SG0000

0019768 

Esr1 estrogen 

receptor 1 

(alpha) 

No 

RUNX1 

regulates 

estrogen 

receptor 

mediated 

transcription 

R-MMU-

8931987 

27.75 2.215 0 ENSMU

SG0000

0031885 

Cbfb core 

binding 

factor beta 

Yes 

RUNX1 

regulates 

transcription 

of genes 

involved in 

interleukin 

signaling 

R-MMU-

8939247 

27.6 1.9 0 ENSMU

SG0000

0022952 

Runx1 runt related 

transcriptio

n factor 1 

Yes 

RUNX1 

regulates 

transcription 

of genes 

involved in 

interleukin 

signaling 

R-MMU-

8939247 

27.6 1.9 0 ENSMU

SG0000

0036461 

Elf1 E74-like 

factor 1 

Yes 

RUNX1 

regulates 

transcription 

of genes 

involved in 

interleukin 

signaling 

R-MMU-

8939247 

27.6 1.9 0 ENSMU

SG0000

0031885 

Cbfb core 

binding 

factor beta 

Yes 

RUNX1 

regulates 

transcription 

of genes 

involved in 

differentiatio

n of myeloid 

cells 

R-MMU-

8939246 

27.4 1.752 0 ENSMU

SG0000

0022521 

Crebbp CREB 

binding 

protein 

Yes 
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RUNX1 

regulates 

transcription 

of genes 

involved in 

differentiatio

n of  

myeloid cells 

R-MMU-

8939246 

27.4 1.752 0 ENSMU

SG0000

0031885 

Cbfb core 

binding 

factor beta 

Yes 

RUNX1 

regulates 

transcription 

of genes 

involved in 

differentiatio

n of myeloid 

cells 

R-MMU-

8939246 

27.4 1.752 0 ENSMU

SG0000

0022952 

Runx1 runt related 

transcriptio

n factor 1 

Yes 

RUNX1 

regulates 

transcription 

of genes 

involved in 

BCR 

signaling 

R-MMU-

8939245 

23.4 1.5 0 ENSMU

SG0000

0014030 

Pax5 paired box 

5 

No 

RUNX1 

regulates 

transcription 

of genes 

involved in 

BCR 

signaling 

R-MMU-

8939245 

23.4 1.5 0 ENSMU

SG0000

0022952 

Runx1 runt related 

transcriptio

n factor 1 

Yes 

RUNX1 

regulates 

transcription 

of genes 

involved in 

BCR 

signaling 

R-MMU-

8939245 

23.4 1.5 0 ENSMU

SG0000

0031885 

Cbfb core 

binding 

factor beta 

Yes 

RUNX1 

regulates 

transcription 

of genes 

involved in 

R-MMU-

8939245 

23.4 1.5 0 ENSMU

SG0000

0037174 

Elf2 E74-like 

factor 2 

Yes 
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BCR 

signaling 

Regulation 

of RUNX1 

Expression 

and Activity 

R-MMU-

8934593 

23.55 1.487 0 ENSMU

SG0000

0040274 

Cdk6 cyclin-

dependent 

kinase 6 

Yes 

Regulation 

of RUNX1 

Expression 

and Activity 

R-MMU-

8934593 

23.55 1.487 0 ENSMU

SG0000

0031885 

Cbfb core 

binding 

factor beta 

Yes 

Regulation 

of RUNX1 

Expression 

and Activity 

R-MMU-

8934593 

23.55 1.487 0 ENSMU

SG0000

0036986 

Pml promyeloc

ytic 

leukemia 

Yes 

Regulation 

of RUNX1 

Expression 

and Activity 

R-MMU-

8934593 

23.55 1.487 0 ENSMU

SG0000

0070348 

Ccnd1 cyclin D1 No 

Regulation 

of RUNX1 

Expression 

and Activity 

R-MMU-

8934593 

23.55 1.487 0 ENSMU

SG0000

0034165 

Ccnd3 cyclin D3 Yes 

Regulation 

of RUNX1 

Expression 

and Activity 

R-MMU-

8934593 

23.55 1.487 0 ENSMU

SG0000

0022952 

Runx1 runt related 

transcriptio

n factor 1 

Yes 

Regulation 

of RUNX1 

Expression 

and Activity 

R-MMU-

8934593 

23.55 1.487 0 ENSMU

SG0000

0000184 

Ccnd2 cyclin D2 No 

Regulation 

of RUNX1 

Expression 

and Activity 

R-MMU-

8934593 

23.55 1.487 0 ENSMU

SG0000

0043733 

Ptpn11 protein 

tyrosine 

phosphata

se, non-

receptor 

type 11 

Yes 

Organic 

cation 

transport 

R-MMU-

549127 

24.25 1.451 0 ENSMU

SG0000

0040715 

Rsc1a1 regulatory 

solute 

carrier 

protein, 

family 1, 

member 1 

Yes 
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Organic 

cation 

transport 

R-MMU-

549127 

24.25 1.451 0 ENSMU

SG0000

0023829 

Slc22a1 solute 

carrier 

family 22 

(organic 

cation 

transporter

), member 

1 

Yes 

Organic 

cation 

transport 

 

 

 

 

R-MMU-

549127 

24.25 1.451 0 ENSMU

SG0000

0078515 

Ddi2 DNA-

damage 

inducible 

protein 2 

Yes 

Organic 

cation 

transport 

R-MMU-

549127 

24.25 1.451 0 ENSMU

SG0000

0022952 

Runx1 runt related 

transcriptio

n factor 1 

Yes 

Organic 

cation 

transport 

R-MMU-

549127 

24.25 1.451 0 ENSMU

SG0000

0063652 

Slc22a21 solute 

carrier 

family 22 

(organic 

cation 

transporter

), member 

21 

Yes 

Organic 

cation 

transport 

R-MMU-

549127 

24.25 1.451 0 ENSMU

SG0000

0033147 

Slc22a15 solute 

carrier 

family 22 

(organic 

anion/catio

n 

transporter

), member 

15 

Yes 

Organic 

cation 

transport 

R-MMU-

549127 

24.25 1.451 0 ENSMU

SG0000

0023828 

Slc22a3 solute 

carrier 

family 22 

(organic 

cation 

transporter

No 
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), member 

3 

Organic 

cation 

transport 

R-MMU-

549127 

24.25 1.451 0 ENSMU

SG0000

0019834 

Slc22a16 solute 

carrier 

family 22 

(organic 

cation 

transporter

), member 

16 

No 

Organic 

cation 

transport 

R-MMU-

549127 

24.25 1.451 0 ENSMU

SG0000

0020334 

Slc22a4 solute 

carrier 

family 22 

(organic 

cation 

transporter

), member 

4 

Yes 

Organic 

cation 

transport 

R-MMU-

549127 

24.25 1.451 0 ENSMU

SG0000

0018900 

Slc22a5 solute 

carrier 

family 22 

(organic 

cation 

transporter

), member 

5 

 

 

 

Yes 

Organic 

cation 

transport 

R-MMU-

549127 

24.25 1.451 0 ENSMU

SG0000

0040966 

Slc22a2 solute 

carrier 

family 22 

(organic 

cation 

transporter

), member 

2 

No 

Organic 

cation 

transport 

R-MMU-

549127 

24.25 1.451 0 ENSMU

SG0000

0000154 

Slc22a18 solute 

carrier 

family 22 

(organic 

cation 

Yes 
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transporter

), member 

18 
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Discussion and perspectives 

In this thesis, we aimed to examine links between type 2 immune response cues and metabolic 

regulation, with a specific focus on the involvement of small intestinal tuft cells and how their 

response profile is modified by dietary intake of a high-fat diet and helminth body fluid.  

 

Results described in Manuscript I (in vitro study) provides support to the notion that helminth 

PCF from Ascaris suum hold strong immunomodulatory properties in relation to inhibition of 

Th1 and Th17-polarizing programs in moDC during type 1-inducing conditions. The end 

phenotype of the helminth PCF-treated DC suggests a probable expansion of a Th2/regulatory 

DC phenotype under inflammatory conditions. Regarding, DC-mediated Th1 and Th17 

downregulation, our results are in line with many other previous studies which have consistently 

shown that helminth-derived products, independent on their origin, can inhibit ongoing 

inflammatory processes both in vitro and in vivo (Everts et al., 2012; Kaisar et al., 2018; Klaver 

et al., 2015b, 2015a; Kuijk et al., 2012; Mcconchie et al., 2006; Rocha et al., 2008; Titz et al., 

2017). Importantly, helminth PCF, similar to various other helminth-derived products, interferes 

with TLR4 signaling to exert its Th1 and Th17 immunosuppressive effects on human moDCs 

(Everts et al., 2012; Klaver et al., 2015a, Klaver et al., 2015b, Kuijk et al., 2012).  

 

Based on our study, it is difficult to make any confirmatory conclusions in relation to Th2-

inducing potential and mechanisms of helminth PCF. Our in-depth analysis of the early (4hr) 

transcriptional profile of helminth PCF treated LPS+IFN-γ-matured moDCs showed that helminth 

PCF treatment did not alter OX40L transcript levels. It should, however, be noted here that due 

to technical limitations we were not able to measure OX40L surface-protein levels on LPS+IFN-

γ-matured moDCs. A few previous studies have shown that induction of OX40L on DC by 

helminth derived products is one of the key features in their ability to prime Th2 responses in 

vitro (Kaisar et al., 2018, Klaver et al., 2015b; Kuijk et al., 2012). However, OX40L-OX40 

interactions seems to be dispensable for DC-mediated Th2 responses in vivo which is supported 

by the fact that blocking OX40L-OX40 interactions, either by knocking out its allele or by using 

anti-OX40L antibodies, suppressed or prevented Th1-mediated inflammatory disorders (Martin-

Orozco et al., 2003; Ndhlovu et al., 2001; Totsuka et al., 2003; Yoshioka et al., 2000). 

Furthermore, OX40L acts as a co-stimulatory rather than Th2 polarizing molecule in vivo (Jenkins 
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et al., 2014). These observations indicate the differential functional requirement of OX40L in 

relation to the DC-mediated Th2 responses induction under in vitro (human moDCs) and in vivo 

(mice) settings and make it difficult to define the role OX40L in DC-mediated Th2 induction by 

helminth PCF. Importantly, in humans Ascaris spp. has been shown to induce Th2 responses 

(Cooper et al., 2000, 2004) suggesting that Ascaris spp. might employ OX40L-independent 

and/or additional mechanisms to induce DC-mediated Th2 polarization. In fact, it has recently 

been shown that decreased intracellular cyclic AMP (cAMP) concentrations in DCs provoke Th2 

immune responses (Lee et al., 2015). Perhaps, helminth PCF modulates intracellular cAMP levels, 

which were not measured in our study, in DCs to regulate Th2 immunity.  

 

Helminth derived products have been shown to exert dose- and time- dependent 

immunomodulatory effects (Everts et al., 2012). Given that we incubated moDCs with a single 

dose of helminth PCF, it might be possible that helminth PCF at different dose(s) would be able 

to induce DC-mediated Th2 responses. Furthermore, since helminth PCF is a mixture of various 

antigenic proteins and glycans (Chehayeb et al., 2014; Franchini et al., 2015; Pöltl et al., 2010), 

and we and previous studies did not incubate moDCs with fractionated PCF components, it 

remain possible that the Th2 inducing potential of PCF was masked by other components 

exerting dominant immunomodulatory effects. In total, more studies are needed to explore and 

confirm the ability of helminth PCF in inducing DC-mediated Th2 responses. One way could be 

to fractionate different chemical components of helminth PCF, incubate DCs with them in 

different combinations as well as in a time- and dose-dependent manner and examine 

transcriptional and intra- and extracellular proteomic changes. Moreover, the requirement of 

OX40L in (human) DC-mediated Th2 induction by helminth PCF can be examined using gene 

silencing technique. 

 

The small intestinal tuft cells are the only intestinal epithelial cells that have been shown, so far, 

to initiate type 2 immune responses through a conserved intestinal tuft-IL-25-ILC2s circuit 

(Gerbe et al., 2016; Howitt et al., 2016; Von Moltke et al., 2016) and dysregulated type 2 immune 

responses have been associated with the development of a metabolically unhealthy condition 

due to HFD feeding for an extended time period (Molofsky et al., 2013; Nussbaum et al., 2013; 

Wu et al., 2011). However, the role of intestinal tuft cells in metabolic regulation during HFD-

induced obesity was not described earlier. Furthermore, type 2 immunity has previously been 

associated with its potential to downregulate and/or inhibit pro-inflammatory obesogenic 
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trajectories in visceral adipose tissue (Feng et al., 2018; Qiu et al., 2014; Wang et al., 2015; Zheng 

et al., 2019) but whether such processes could be induced in the gut via dietary intake of type 2 

inducing components, and if so, whether intestinally-induced signals are connected with the 

positive regulation of whole body metabolic processes, thereby holding possible therapeutic 

potential as anti-obesogenic regulators, remained unknown.  

 

Our results in Manuscript II and III (in vivo studies) reveal the existence of previously undefined 

interrelationships between gut-derived signals and system-wide metabolic regulation. Notably, 

based on our data, the small intestinal cytokines IL-13 and IL-33, related to type 2 and anti-

inflammatory immune responses respectively, seem to negatively regulate HFD-associated total 

body and organ weight gain. This in is line with the previous findings that in adipose tissues 

similar mechanisms operate (Daryabor et al., 2019). In further, small intestinal tuft cells which, 

notably, are the key drivers of type 2 immune responses in the gut also seem to respond to the 

dietary signals; under HFD conditions intestinal tuft cells decreased their expression of GABA 

receptors and biologically, decreased GABA receptors activation might be a strategy to prevent 

further intake of food (Delgado, 2013). These observations imply that type 2 immune responses 

in metabolically active organs (small intestine, eWAT, and iWAT in our studies) are tightly 

associated with the regulation of energy metabolism and perhaps modulating type 2 immune 

responses could be an option to limit obesity-associated metabolic disturbances. Furthermore, 

given that immune-metabolic relays at one metabolically active organ relate to the immune-

metabolic changes in another metabolically active organ points to the concept of inter-

(metabolically active) organs cross-talk. Considering evolution, it makes sense since all the 

analogous organs would have to work harmoniously in the face of diverse challenges to make 

the host survive. 

 

Small intestinal tuft cells are one of the key chemosensory cells in the gut environment, EECs 

being the other ones, and both seem to be involved in regulating multiple aspects of gut 

homeostasis (Latorre et al., 2016; O’Leary et al., 2019). Our results further support the recently 

suggested nutrition-adaptive behavior of small intestinal tuft cells in response to dietary cues 

(McKinley et al., 2017; Schneider et al., 2018). In our study, the transcriptional profiles of tuft 

cells became less different compared to RFD feeding conditions after an extended period on the 

HFD diet (9 vs 22 wk). Under HFD conditions, small intestinal tuft cells significantly increased 

metabolic pathways associated with fatty acid metabolism, involving eicosanoid synthesis of 
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19(S)-hydroxy-eicosatetraenoic acid (19-HETE) and 11, 12-epoxyeicosatrienoic acid (11, 12-EET). 

Adaptive regulation within the gut might make sense from an evolutionary perspective since 

prolonged HFD intake results in higher availability of free fatty acids in the gut environment. 

Biologically, increased 11, 12-EET and 19-HETE eicosanoid synthesis could protect against 

development and progression of metabolic disorders (Xu et al., 2016) and might counteract HFD-

induced small intestinal contractibility (Alonso-Galicia et al., 1999; Cheng et al., 2007; Mushref 

and Srinivasan, 2013), respectively. Similarly, increased expression of Serpini1 in small intestinal 

tuft cells could be a cell-specific adoptive feature to promote fat absorption by enterocytes 

(Makarova et al., 2003; Miranda et al., 2008; Terrand et al., 2009), perhaps as an early 

adjustment to promote increased fat storage which would seem beneficial for the host from an 

evolutionary perspective (Soeters and Soeters, 2012), and impede HFD-induced enteric 

neurodegeneration (Fabbro and Seeds, 2009; Nielsen et al., 2007; Stenkamp-Strahm et al., 

2015). Although these ideas fit well with small intestinal tuft cells functions in regulating 

intestinal homeostasis and injury (Cheng et al., 2018b; May et al., 2014; O’Leary et al., 2019; Qu 

et al., 2015) further studies would be needed to confirm these theories. Particularly, a small 

intestinal tuft cell-specific Serpini1 knockout mice model might provide answers related to the 

“regulatory” role of neuroserpin in the gut environment under a HFD regime.   

 

Importantly, our results also provide indications that helminth PCF, a potential type 2 immune 

driving product, through intestinal tuft cell-dependent and independent mechanisms, could 

positively regulate the interplay between gut-derived signals and system-wide metabolic 

regulation in a direction to limit HFD-induced obesity and associated metabolic disturbances. 

Oral intake of helminth PCF, a potential type 2 immune response driver, upregulated small 

intestinal tuft cell-specific transcripts and eWAT eosinophils proportions both of which 

correlated inversely with HFD-associated fat mass gain implying helminth PCF might hold anti-

obesogenic potential. One could argue that displaying correlations may not translate into the 

actual prevention of enhanced total body and organ weight gain by helminth PCF under HFD 

settings. However, the use of correlations across tissues and molecular systems allowed for the 

identification of cues associated with the whole body metabolic parameters. Helminth PCF 

supplementation was identified to slightly influence some of these systems. Arguably, oral 

supplementation of helminth PCF on alternate days for 4 weeks also tended to decrease fat mass 

and total body and organ weight gain. However, it remains to be examined if supplementation 

for longer durations will be able to improve these further. The short-term (9 weeks) 
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experimental set up did not allow us to examine the effects of helminth PCF supplementation 

on glucose and insulin tolerance under HFD settings, as obesity-associated metabolic 

complications including glucose and insulin tolerance are fully manifested after 16-20 weeks of 

HFD feeding (Wang and Liao, 2012). Hence, more studies are needed wherein helminth PCF is 

supplemented for a longer duration to explore and confirm the potential of helminth PCF in 

counteracting HFD-induced obesity and associated metabolic disturbances. Similarly, 

concerning the mechanisms through which helminth PCF induced transcriptional changes in 

intestinal tuft cells additional future experiments may be performed wherein germ-free and 

conventional mice could be orally supplemented with helminth PCF under HFD settings to 

examine its anti-obesogenic potential, since Ascaris suum (Williams et al., 2017) and intestinal 

helminths in general (Holm et al., 2015; Leung et al., 2018; White et al., 2018) have been shown 

to modulate gut microbiota composition and activity, which is associated with HFD-induced 

metabolic complications (Bäckhed et al., 2007; Bäckhed et al., 2004). 

 

Altogether, our studies provide novel insight into the role of intestinal tuft cells in the regulation 

of type 2 immune responses in the gut environment during HFD-induced metabolic 

disturbances. These studies also provide evidence of cross-talk between gut-derived signals and 

whole body energy metabolism and their positive regulation by suitable dietary cues. The results 

presented in these studies could open avenues to develop prophylactics and/or therapeutics 

against ever-increasing pandemic metabolic disorders. 
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