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ZUSAMMENFASSUNG 
 

Colitis ulcerosa (CU) und Morbus Crohn (MC) zählen zur Gruppe der chronisch-entzündlichen 

Darmerkrankungen (CED). Im Gegensatz zu CU lässt sich bei MC eine transmurale 

Entzündung und eine Ummantelung des entzündeten Dünndarms mit mesenterialen 

Fettgewebe, dem sogenannten “creeping fat”, feststellen. Die Rolle von Fett-sezernierten 

Faktoren in der Regulation von intestinaler Autoimmunität bei MC ist weitgehend unbekannt, 

ebenso ist die Pathogenese der CED nur unvollständig verstanden. Die Therapie von CED 

stellt trotz aller derzeit verfügbaren medikamentösen Therapien eine große Herausforderung 

dar, sodass für einige dieser Patientinnen und Patienten nur eine operative Therapie bleibt.  

Aktuelle Studien deuten darauf hin, dass sich CED aus komplexen Wechselwirkungen 

zwischen einer dysregulierten mukosalen Immunantwort und Defekten in der intestinalen 

Epithelbarriere entwickelt. In dieser Arbeit wurden zwei verschiedene Mechanismen der 

Immunregulation in der Pathogenese von CED untersucht: 1) Der SOCE-Signalweg (store-

operated Ca2+ entry) stellt eine wichtige Ca2+-Signalkaskade dar, die die Aktivierung von T-

Zellen steuert. Wir haben die Auswirkung einer pharmakologischen Blockade von SOCE auf 

die Funktion von Immunzellen untersucht, die aus der intestinalen Mukosa therapierefraktärer 

CED-Patientinnen und -Patienten isoliert wurden. So konnten wir feststellen, dass sich mit 

Hilfe der beiden SOCE-Inhibitoren BTP2 und CM4620 die Produktion zahlreicher Zytokine wie 

IL-2, IL-4, IL-6, IL-17A, TNFα und IFNγ in verschiedenen Lymphozytenpopulationen verringern 

lässt. Anschließend konnten wir die Wirksamkeit und Sicherheit einer systemischen 

Verabreichung von SOCE-Inhibitoren in vivo im murinen Transfer-Colitis-Modell bestätigen 

und zeigen, dass die Blockade von SOCE eine therapeutische Option für die Behandlung von 

CED darstellen könnte. 2) In Anbetracht der modulierenden Wirkung von Adipokinen auf die 

Funktion von Immunzellen haben untersucht, ob das Fehlen von Fettgewebe eine 

entzündungsfördernde oder -hemmende Rolle bei der Entstehung von CED spielt. Daher 

wurde die Zusammensetzung des mukosalen Immunsystems sowie die Funktion der 

intestinalen Epithelbarriere in einem Mausmodell mit Adipozytenatrophie sowohl im steady-

state als auch nach induzierter Kolitis verglichen. Wir konnten zeigen, dass eine 

Fettgewebsatrophie vor dem Ausbruch einer Kolitis schützt, indem sie die Infiltration von CD4+ 

und CD8+ T-Zellen in die Lamina propria des Kolons reduziert. Darüber hinaus führte das 

Fehlen von Fettgewebe zu einer erhöhten Resistenz der intestinalen Barriere und einer 

erhöhten Expression von epithelialen Tight Junction-Proteinen, die durch die Transplantation 

von allogenem Fettgewebe auf ein Kontrollniveau zurückgeführt werden konnte. Schließlich 

verglichen wir die Merkmale des lipoatrophischen Mausmodells mit denen eines seltenen 

Patienten mit erworbener Lipodystrophie und MC und kamen zu dem Schluss, dass die 

chirurgische Resektion von mesenterialen Fettgewebes für Patientinnen und Patienten mit 
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einem Morbus Crohn, bei denen eine intestinale Resektione durchgeführt wird, sinnvoll sein 

könnte.  
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SUMMARY 
 

Inflammatory bowel disease (IBD) is a group of chronic and relapsing intestinal autoimmune 

disorders, including ulcerative colitis (UC) and Crohn’s disease (CD). In contrast to UC, CD is 

characterized by transmural inflammation and mesenteric adipose tissue wrapping the 

inflamed small intestine, known as "creeping fat.” To date, the role of fat-secreted factors in 

regulating intestinal autoimmunity in CD is largely unknown, and overall, the pathogenesis of 

IBD is incompletely understood. Therefore, the treatment of UC and CD remains a major 

challenge. Despite all currently available drug therapies, a fraction of IBD patients can only be 

treated surgically and must undergo bowel resection, underlying the necessity of identifying 

new therapeutic targets. 

Recent studies suggest that IBD develops from complex interactions between dysregulated 

mucosal immune responses and defects in the intestinal epithelial barrier. In this work, two 

different mechanisms of immune regulation in the pathogenesis of IBD were investigated: First, 

because the store-operated Ca2+ entry (SOCE) signaling pathway is an important Ca2+ 

signaling cascade controlling T cell activation, we investigated the effect of pharmacological 

blockade of SOCE on the function of immune cells isolated from the intestinal mucosa of 

therapy refractory IBD patients. Thus, we found that the two SOCE inhibitors, BTP2 and 

CM4620, can be used to decrease the production of numerous cytokines such as IL-2, IL-4, 

IL-6, IL-17A, TNFα, and IFNγ in different lymphocyte populations. Subsequently, we confirmed 

the efficacy and safety of systemic administration of SOCE inhibitors in vivo in a murine transfer 

colitis model, thus demonstrating that the blockade of SOCE may represent a therapeutic 

option for the treatment of IBD. Second, considering the modulatory effect of adipokines on 

immune cell functions, we investigated whether adipose tissue plays a pro- or anti-

inflammatory role in the development of IBD. Therefore, we compared the composition of the 

mucosal immune system, as well as the function of the intestinal epithelial barrier in a murine 

model affected by adipocyte atrophy both at steady-state and after induction of colitis. We 

demonstrated that adipose tissue atrophy protected against the onset of colitis by reducing the 

infiltration of CD4+ and CD8+ T cells into the lamina propria of the colon. In addition, the 

absence of adipose tissue resulted in increased intestinal barrier resistance and expression of 

epithelial tight junction proteins, which could be restored to physiological levels by 

transplantation of allogeneic adipose tissue.  

Finally, we compared the characteristics of the lipoatrophic mouse model with those of a rare 

patient with acquired generalized lipodystrophy and CD, concluding that adipokines might play 

a pro-inflammatory role in IBD. Therefore, we suggest that surgical resection of mesenteric 

adipose tissue in CD patients might be a beneficial intervention in patients undergoing bowel 

resection. 
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1. INTRODUCTION 

1.1. Introduction to inflammatory bowel disease  

1.1.1. Inflammatory bowel disease  

Inflammatory bowel disease (IBD) is a group of chronic and relapsing intestinal autoimmune 

disorders that affect an increasingly large portion of the global population. IBD comprises 

Crohn’s disease (CD) and ulcerative colitis (UC). CD mainly affects the ileocecal portion of the 

gastrointestinal (GI) tract but can also be found discontinuously scattered throughout the whole 

digestive tube (so-called skip lesions), including the esophagus, stomach, and the small or 

large intestine. CD penetrates through all layers of the intestinal wall causing transmural 

inflammation, and it is characterized by abnormal fat tissue, known as “creeping fat,” wrapping 

the inflamed regions of the bowel1. In contrast, UC is restricted to the colon, mainly distal for 

50% of cases, and affects the intestinal wall superficially (colonic mucosa and submucosa)2, 3.  

The most frequent symptoms in IBD patients are abdominal pain, diarrhea, and bleeding. While 

in some patients, symptoms are limited to the gastrointestinal tract, others are also affected by 

so-called extraintestinal manifestations, including arthralgia, arthritis, uveitis, erythema 

nodosum, and further3, hence revealing the clinical heterogeneity that denotes IBD (Figure 1, 

on the left). 

 

1.1.2. Epidemiology of IBD 

The first clinical case that described a non-infectious gastrointestinal disease with unique 

characteristics was published in 1859 by the British physician Samuel Wilks4. Subsequently, 

in the early 1900s, awareness of UC increased from sporadic reports to regularly recognizable 

diagnoses. Finally, the landmark paper by Crohn et al. in 1932 distinguished the nature of UC 

from CD as two distinct gastrointestinal chronic inflammatory diseases under the name of IBD5. 

The highest occurrence of both CD and UC is traditionally linked to industrialized and 

developed countries. Specifically, it is estimated that 2.5 to 3 million people live with IBD in 

Europe, while up to 4 million North Americans will be affected by 2030. In addition, newly 

industrialized countries in Latin America and Asia are experiencing a rising incidence of IBD 

cases6. However, the increased frequency of CD and UC reports does not only depend on 

increased awareness, greater access to health care, and improved diagnosis. Instead, 

evidence suggests that the westernized lifestyle could be responsible for the increase in IBD 

cases by altering the intestinal microbiota and barrier homeostasis in genetically susceptible 

individuals challenged with new environmental factors7. Thus, IBD is characterized by a 

marked clinical as well as pathophysiological heterogeneity linked to genetics and several 
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other causes, mostly related to lifestyle and industrialization, as further outlined in the following 

paragraph (Figure 1, on the right). 

 

1.1.3. Pathophysiological heterogeneity of IBD 

Although the exact etiology of IBD is not fully understood yet, it is accepted that the 

development of both CD and UC involves an inappropriate inflammatory response in a 

genetically susceptible host due to inciting environmental factors8. 

Genome-wide association (GWA) studies have highlighted the contribution of more than 240 

IBD risk loci associated with innate and adaptive immune responses, autophagy, intestinal 

epithelial barrier function, endoplasmic reticulum stress, and microbial defense pathways. 

However, although GWA studies have notably increased our understanding of IBD 

pathogenesis, it is still unclear why some individuals who carry IBD-associated risk variants do 

not develop intestinal inflammation and remain healthy compared to others, who can suffer 

from even multiple autoimmune-mediated diseases. In this regard, studies on monozygotic 

twins´ cohorts have emphasized the importance of epigenetic and environmental factors for 

the onset of IBD, which can be explained only in about 20% of cases by heritability9.  

Figure 1. Clinical and pathophysiological heterogeneity of IBD. 
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The combination of genetic, genomic, and epigenomic elements underlying UC and CD 

etiology suggests that IBD develops from complex interactions between dysregulated mucosal 

immune responses and defects in the intestinal epithelial barrier9. Since the intestine 

represents the interface between the host and the environment, many physiological functions 

must be simultaneously and finely orchestrated; for example, nutrient or water absorption, 

tolerance to external commensal microbes, and efficient defense against pathogens and 

damage9. The control over these diverse functions is conducted by a multitude of tissue-

specialized cells, including epithelial cells and immune cell subsets5. The contribution of 

mucosal immunity and the intestinal epithelium to the onset of IBD will be discussed in further 

detail. 

 

1.1.4. Mucosal immunity: an overview 

Within the intestinal mucosa, immune cells can be intercalated among epithelial cells or 

scattered throughout the underlying connective tissue known as intestinal lamina propria (iLP).  

Innate immune cells. Innate immune responses represent one of the first levels of defense 

and are initiated by cells that express invariant receptors, recognizing only a few conserved 

structural antigens belonging to microorganisms, known as pathogen-associated molecular 

patterns (PAMPs)10,11, 12. Mononuclear phagocytes (MNPs) are specialized in phagocytosis, 

which leads to the elimination of foreign substances and apoptotic cells13, and in protecting the 

host from invading pathogens. On the one hand, these cells can be identified in mice by the 

expression of surface proteins such as the cluster of differentiation (CD) 11b and the 

combination of lymphocyte antigen 6 complex locus G6D (Ly6G) and locus C (Ly6C), forming 

the myeloid differentiation antigen Gr-112. On the other hand, in humans, myeloid subsets can 

be discriminated by markers such as CD11b, CD11c, and CD1412, 14. Likewise, innate lymphoid 

cells (ILCs) are essential regulators of intestinal tissue homeostasis and microbial defense. 

Particularly, ILCs can be sub-classified according to their functional properties in natural killer 

(NK) cells, bearing at the surface markers such as CD49b in mice, CD56 in humans, and 

intracellularly co-expressing eomesodermin (Eomes) and T-box transcription factor TBX21, 

also called T-bet; ILC1, positive for the surface marker CD49a and the transcription factor T-

bet15; ILC2, cell subset defined by GATA binding protein 3 (GATA3); and ILC3, bearing RAR-

related orphan receptor gamma (RORγ)11, 16. MNPs and ILCs produce a plethora of soluble 

modulators capable of shaping the adaptive immune response during the initiation and 

progression of chronic inflammatory processes. Together with the epithelium, they create a 

polarizing cytokine milieu containing interleukin (IL) 1, IL-4, IL-6, IL-12, and tumor necrosis 

factor (TNF) family members that drive distinct effector T cell responses17. Further, dendritic 

https://www.sciencedirect.com/topics/medicine-and-dentistry/pathogen-associated-molecular-pattern
https://www.sciencedirect.com/topics/medicine-and-dentistry/pathogen-associated-molecular-pattern
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cells expressing markers such as CD11c, CD86, and major histocompatibility complex class 

(MHC) II molecules, connect the innate with the adaptive immunity branch. Dendritic cells, in 

fact, by processing antigens in the intestinal mucosal tissue, can interact and thus activate 

naïve T cells residing in gut-associated lymphoid tissue (GALT), including mesenteric lymph 

nodes (MLNs), Peyer’s patches (PPs), and fat-associated lymphoid tissue18.  

Conventional and unconventional T cells. Naïve resting T cells are identified by the 

expression of CD45RA, C-C chemokine receptor 7 (CCR7), and interleukin 7 receptor (IL-7R), 

all proteins which are necessary for their survival. The majority of T cells express T cell 

receptors (TCRs) composed of α and β chains (αβTCR), associated with CD4 or CD8 co-

receptors. In contrast, only a minority of T cells bear γδ chains (γδTCR), usually CD4- CD8- 19, 

20. CD4+ and CD8+ T cells express a large and highly diverse TCR repertoire, ensuring the 

recognition of multiple peptide antigens, and can be found in the intestinal intraepithelial (IEL) 

and lamina propria (LP) compartment21. γδ T, along with natural killer T cells (NKT) cells, are 

part of the unconventional T-cell family22. While γδ T cells are intercalated within the intestinal 

epithelium and regulate antimicrobial immunity23, NKT cells, originally identified by the co-

expression of NK markers and the TCR complex, are more abundant in the lamina propria, 

where they recognize lipid antigens22. 

T cell activation and clonal expansion. Naïve T cells require three main signals to undergo 

activation: First, an antigen loaded on the MHC molecule must be recognized by the TCR. 

Particularly, CD4+ T cells recognize peptides bound to MHC-II molecules expressed by 

professional antigen-presenting cells (APCs) (e.g., dendritic or B cells), while CD8+ T cells 

recognize the immunogenic peptide bound to MHC-I complex on nucleated cells. Second, the 

engagement of co-stimulatory molecules (e.g., CD28) expressed by T cells with the ligand 

counterpart on the membrane of APCs (CD80, CD86) guarantees correct T cell activation and 

proliferation24. Third, the surrounding micro-environment shaped by innate and stroma cells 

present throughout the activation phase is necessary for the optimal generation of effector T 

cells25 (Figure 2, on the left). Finally, activated T cells produce high amounts of IL- 2, necessary 

for their expansion and survival, and change their protein expression profile, thus denoting 

either effector (CD45RO) or memory properties (CD45RO, IL-7R). While effector T cells 

provide immediate protection by producing cytokines, memory T cells provide long-term 

immunity18. Altogether, these processes contribute to the selective expansion of highly 

responsive T cells bearing a pool of high-affinity TCR (clonal expansion), which in healthy 

conditions can defeat the current pathogenic challenge and protect from possible re-

infections26. 
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T cell differentiation and effector functions. T cell effector properties are largely defined by 

a range of proteins and transcription factors, the latter known as master regulators of 

differentiation. Particularly, transcription factors orchestrate highly specialized T cell responses 

for each type of stimuli by finely tuning the expression and production of effector cytokines and 

chemokines. Currently recognized CD4+ T cell effector properties can be classified into 

subsets of T helper type (Th)-1, Th2, Th17, Th22, T regulatory (Tregs), and follicular helper T 

cells (Tfh)27 (Figure 2,  on the right).  

The generation of Th1 cells requires extracellular signals such as IL-12 and interferon-γ (IFNγ) 

and the expression of the transcription factor T-bet. Th1 responses are built mainly against 

intracellular pathogens and viral infections by producing TNFα and IFNγ, which in turn recruit 

macrophages, NK, and CD8+ T cells. Th2 cells depend on the presence of IL-4 in the micro-

environment, the intracellular expression of the transcription factor GATA3, and cause the 

release of IL-4 and IL-13 necessary to control extracellular parasitic infections. Further, Th17 

responses, shaped by extracellular signals such as transforming growth factor-beta (TGFβ) 

and IL-23, and the intracellular expression of the RORγ molecule, regulate intestinal epithelial 

barrier function and repair as well as inflammation by secreting IL-17A, IL-17F, and 

granulocyte-macrophage colony-stimulating factor (GM-CSF). Similarly, Th22 cells are 

sentinels of the gut by controlling wound repair and induction of antimicrobials, whereas Tfh 

responses help maintain a healthy microbiota composition25. In contrast, Tregs expressing the 

transcription factor forkhead box P3 (Foxp3) control and dampen inflammatory processes.  

Similarly to CD4+, effector CD8+ T cells can take characteristics of either Th1, Th2, Th17, and 

Tregs subsets18, 25. Of note, although canonical Th cell subsets exist, such as Th1, Th2, Th17, 

and Tregs, current data suggest that T cells can switch transcriptional profiles within the 

intestinal mucosa and thus generate responses belonging to another linage or a mixed 

phenotype25. 

Finally, continuous antigen stimulation and persistent exposure to cytokines, characteristics of 

a chronic inflammatory micro-environment, can give rise to exhausted T cells. These express 

high levels of the receptor programmed cell death 1 (PD-1), which, by binding to its ligand 

counterpart PD-L1, progressively leads to cell anergy or apoptosis28, 29, dampening long-

standing T cells proliferation and effector functions.  

T cell contraction phase. In fact, once the pathogen has been cleared, cell survival and cell 

death are critical for controlling the numbers of activated T cells in order to avoid the 

accumulation of destructive subsets, which, in turn, could cause pathologies in the long term30. 

Many apoptosis pathways, comprising the intrinsic and extrinsic signaling cascades, finely tune 

the fate of activated T cells.  
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Shortly, cell stress signals activate the intrinsic mitochondrial apoptosis pathway, leading to 

upregulation of the pro-apoptotic Bcl-2 homology domain 3 (BH3) proteins. BH3 proteins, part 

of the B-cell lymphoma 2 (Bcl-2) family, include Bcl-2-like protein 11 (called Bim) and others30. 

These act as apoptotic activators leading to mitochondrial membrane disbalance and cell 

demise28. Finally, the extrinsic apoptosis pathway is activated by extracellular ligands engaging 

cell death receptors located at the plasma membrane, which instead leads to the formation of 

a death-inducing signaling complex (DISC) inducing apoptosis. One of the most extensively 

studied axis of cell death receptors is the Fas cell surface death receptor (FAS/CD95) with its 

ligand (FASL)31. 

B cells and humoral immunity. Following antigen recognition, CD4+ effector T cells activate 

naïve B cells (expressing, e.g., CD19, MHC-II) that undergo differentiation into memory B cells 

(CD27) or immunoglobulin (Ig)-secreting plasma cells (CD38, IgA, IgM). While IgM is the first 

class of antibody that appears in the blood after exposure to an antigen, IgA plays a crucial 

role in mucosal immunity and neutralizes toxins and pathogens at the barrier interface18. 

  

Figure 2. T cell activation signals and canonical T helper subsets. Naïve T cells require three main signals to 
undergo activation: First, an antigen loaded on the MHC molecule of an APCs must be recognized by the TCR; 
second, T cells must engage with co-stimulatory molecules present on the APCs; last, soluble mediators present 
during/throughout the activation phase in the surrounding micro-environment are necessary for the optimal induction 
of effector functions. Canonical T helper cells can be classified into Th1, Th2, Th17 and Tregs. Higher frequencies 
of effector CD4+ T cell subsets have been associated with disease flares in IBD patients.  
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1.1.5. The contribution of mucosal immunity to IBD 

IBD patients generally bear more intestinal lamina propria immune cells than healthy 

individuals. Interestingly, higher frequencies of effector/memory CD4+ T cell subsets have 

been associated with disease flares and a more complicated disease course32.  

Murine models and new therapies targeting intestinal inflammation have significantly linked 

type 1 (e.g., Th1 cells and group 1 ILCs) and type 17 immunity (e.g., Th17 cells and group 3 

ILCs) to IBD. Accordingly, targeting IL-12 and IL-23, secreted by MNPs and responsible for 

shaping the differentiation of Th1 and Th17 cell subsets, respectively, could effectively treat 

CD and UC patients. However, while blocking IL-23 with monoclonal antibodies inhibits Th17 

responses and ameliorates the disease in mice, the direct role of IL-17A and IL-17F cytokines 

in colitis remains controversial. In fact, while the neutralization of IL-17A aggravates intestinal 

inflammation33, the blockade of both IL-17A and IL-17F was required to ameliorate colitis in 

murine models of IBD34. Moreover, CD patients treated with anti-IL-17A monoclonal antibody 

(secukinumab) had no beneficial effects on the disease progression, highlighting the 

pleiotropic effects of IL-17A in inflammation and intestinal epithelial barrier repair18. In contrast, 

it is consistently agreed that the excessive production of TNFα, derived from MNPs and Th1 

cells, is a high-level driver of IBD induction. TNFα plays pleiotropic effects on various cells of 

the intestine; thus, drugs targeting TNFα (infliximab) represent an effective treatment for IBD17. 

Next, an increased number of Tregs has been detected in the context of active IBD, suggesting 

a defective functionality of these cells in controlling excessive immune responses, or in 

alternative, showing the existence of regulatory cells with intact suppressive functionalities but 

able at the same time to produce IL-17A and IFNγ within the inflammatory milieu characterizing 

UC and CD patients32.  

Besides Th1 and Th17 responses, higher frequencies of IL-13-producing T cells (Th2) have 

been detected in the colonic tissue of UC patients with active disease compared to CD patients 

or healthy controls. However, it has been shown that not all patients with colitis exhibit an 

increase in type 2 immune signature, thus highlighting the heterogeneity of the disease and 

the equivocal role of type 2 immunity in IBD32. 

Likewise, up to date, the involvement of CD8+ T cell subsets in the development of chronic 

intestinal inflammation remains controversial. Although it has been shown that patients bearing 

higher CD8+ T cell transcriptional signatures correlate with an increased incidence of relapsing 

disease35, other studies demonstrated anti-colitogenic properties of CD8+ T cells in intestinal 

inflammation36.  
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On the same line, the role of B cells in UC and CD patients is debatable, and it remains unclear 

whether B cell responses and the enrichment of anti-microbial antibodies found in IBD 

patients are causative or consequences of the mucosal inflammatory environment18. 

 

1.1.6. Intestinal epithelial barrier: an overview 

A monolayer of intestinal epithelial cells (IECs) separates the gut lamina propria containing 

immune and stromal cells from the intestinal lumen. The small intestinal epithelium is organized 

in multiple invaginations formed by villi and crypts, whereas the large intestine has a rather flat 

mucosa. Overall, the intestinal epithelium extends for 400 m2 of surface area, thus allowing 

efficient nutrient digestion and absorption. In addition, on top of the epithelial mucosa, a thick 

layer of mucus acts as a barrier to bacteria and luminal antigens37. 

The main functions of the intestinal epithelium can be summarized in three (Figure 3, on the 

left): First, IECs are crucial for the correct absorption of nutrients38; second, they create a 

physical barrier to the intestinal lumen content39; finally, IECs play a pivotal role in tuning the 

bidirectional molecular and cellular communication between the intestinal micro-organisms 

and the underlying immune system17. 

Epithelial cell heterogeneity. Due to its multi-functionality, the intestinal epithelium is formed 

by several highly specialized cells, categorized as either secretory (Paneth, goblet, 

enteroendocrine, and tuft cells) or absorptive (columnar cells). From the base of the intestinal 

crypts, pluripotent intestinal epithelial stem cells generate all types of enterocytes, which 

gradually differentiate morphologically and functionally by moving toward the top of the villus. 

Paneth cells are located at the bottom of the crypts and are enriched in granules containing 

lysozymes and anti-microbial peptides. Goblet cells are responsible for the synthesis and 

production of the intestinal mucus, while enteroendocrine cells are specialized in the secretion 

of multiple hormones involved in the homeostasis of absorptive cells. In contrast, tuft cells, 

which compose only 0.4% of all intestinal epithelium, are involved in immune responses 

against parasitic infections. Finally, columnar epithelial cells, also known simply as 

enterocytes, are the major cell type of the villi and absorb and digest nutrients37 (Figure 3, on 

the right). 

Cell-to-cell interaction proteins. Besides the correct proliferation and differentiation of 

epithelial cells, the intestinal integrity and barrier functionalities are guaranteed by epithelial 

junctional proteins, which are essential for cell-to-cell cohesion, selective regulation of 

paracellular transport of ions, small molecules, and macromolecules from the lumen to the 

submucosa or vice versa37, 38, 40. However, besides adhesion and resistance to solutes or 

mechanical stress, the junctional complexes can also modulate proliferation/death, 
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differentiation, and migration of epithelial cells during development, remodeling, and 

inflammation41. They can be classified into three main types: tight junctions (TJ); adherens 

junctions (AJ); and desmosomes38, 39.  

TJs are located at the top border of the lateral membrane of enterocytes and, aside from 

building a paracellular barrier, maintain and organize the separation of apically and 

basolaterally located epithelial functions39. They comprise integral transmembrane proteins 

that are sub-divided into the claudin (Cldn) family, formed by 27 members in mammals (Cldn-

1 to -27); the tight junction-associated marvel proteins (TAMPs) family, including occludin 

(Occl), tricellulin/marvelID2 (MD2), as well as marvelID3 (MD3); and the angulin family, mainly 

localized in regions where three cells enter in contact, known as tricellular contacts39. The 

angulin family takes into consideration the lipolysis-stimulated lipoprotein receptor 

(LSR/angulin-1) and immunoglobulin-like domain-containing receptors 1 (ILDR1/angulin-2) 

and 2 (ILDR2/angulin-3), particularly relevant for tricellular TJ formation at the level of tricellular 

contacts42. Often, TJ proteins are connected to the cytoskeleton via TJ adapter proteins, 

named zonulin occludens (ZO) -1, -2, and -3, and seal enterocytes to exclude luminal antigens, 

bacteria, and toxins38.  

Following, AJs are located below TJs complexes and are essential for cell-to-cell signaling and 

repair, while desmosomes, one of the stronger adhesive junctions, contribute to IECs' 

stability43. 

In summary, the intestinal epithelium represents a highly selective barrier regulating the 

passage of molecules and ions important for tissue homeostasis (Figure 3, on the right). A 

failure to coordinate the admission of certain antigens to the submucosa can trigger intestinal 

inflammation, as observed in patients with IBD. 
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1.1.7. The contribution of the intestinal epithelial barrier to IBD 

The integrity of the intestinal epithelial barrier is guaranteed by the balanced exchange of 

shedding cells at the top of the intestinal lumen and a high proliferation rate of epithelial stem 

cells within the crypts. Indeed, the complete IECs monolayer is renewed every 4 to 5 days, 

and defects in coordinating cell proliferation, cell apoptosis, generation of new TJ junction 

complexes, and paracellular functionality can lead to defective barrier properties44. 

IBD patients show clear endoscopic and microscopic barrier defects38. UC and CD patients 

have reduced goblet cells associated with a thinner layer of intestinal mucus and increased 

paracellular permeability45. Interestingly, 40% of first-degree relatives of CD patients harbor 

sub-clinical increased intestinal permeability, indicating that barrier dysfunction might play a 

key role in the onset of intestinal inflammatory diseases. However, although genetic and 

transcriptomic dysregulations of genes regulating intestinal epithelial homeostasis have been 

identified, it remains unclear whether epithelial barrier dysfunction arises before or after 

inflammatory triggers46. 

Together with cell proliferation and cell death pathways, TJ complexes play a pivotal role in 

the homeostasis of epithelial barrier integrity. Changes in TJs morphology and spatial 

Figure 3. Intestinal epithelial barrier functions and homeostasis. The main functions of the intestinal epithelium 
can be summarized in three: regulation of nutrient absorption, physical barrier to the intestinal lumen content, and 
bidirectional communication between the intestinal micro-organisms and the underlying immune system. The 
integrity of the intestinal epithelial barrier balances cell proliferation, cell apoptosis, generation of new TJ complexes, 
and paracellular functionality. IBD patients are affected by macroscopic and microscopic intestinal barrier damage. 
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distribution have been observed during inflammation. The intestinal epithelial monolayer of IBD 

patients is characterized by loss of continuity and breaks within the typical tight cell-to-cell 

adhesion pattern observed in health. Particularly, the expression of barrier-forming complexes 

such as Occl or Cldn is negatively correlated with increasing levels of intestinal inflammation 

(e.g., Cldn-3, -5, and -7 in celiac disease; Cldn-5 and -8 in CD; Cldn-4 and -7 in UC; Occl in 

IBD)38, 47. Moreover, the importance of TJs in controlling intestinal inflammation has been 

highlighted by recent studies showing protection from colitis either in a transgenic murine 

model conditionally overexpressing TAMPs or in rodents pharmacologically treated in order to 

increase TJs adapter protein expression48, 49. 

In summary, although there is no clear evidence of the causative effect of epithelial damage 

on the onset of IBD, it is believed that an imbalanced communication and interplay of IECs 

with immune cells are at the base of intestinal inflammation.  

 

1.1.8. Experimental models of IBD 

The first experimental models, aiming at elucidating the biological mechanisms underlying 

intestinal inflammation, were established in 1993. Since then, a plethora of murine models has 

been supporting research in IBD. However, up to now, none of these experimental models can 

recapitulate the complex and heterogenous mechanisms causing UC or CD in humans.  

In general, experimental murine models of IBD can be divided into four groups: Genetically 

engineered, congenital, chemically induced, and adaptive cell transferred. 

Genetically engineered murine models include conventional knock-out (KO), harboring a 

complete loss of the gene of interest (most famously Il10 KO and Il2 KO mice); conditional KO 

models with a cell-specific gene deficiency (e.g., IEC-specific caspase8 KO); conventional or 

conditional transgenic mice overexpressing certain genes (e.g., Il17 transgenic mice); knock-

in (KI) mice that express mutated proteins and are applied to study the role of susceptibility 

genes in IBD (e.g., TNF (ARE) KI model)50. Finally, unlike genetically engineered murine 

models, in congenital models of IBD such as SAMP1/YitFc mice, the intestinal lesions occur 

spontaneously, without genetic, chemical, or immunological manipulation. Therefore, 

SAMP1/YitFc mice have been particularly suitable for studying the influence of predisposing 

genes and environmental factors in the pathogenesis of IBD51. 

In contrast, chemically induced experimental models of IBD are used to investigate the 

pathogenesis of colitis throughout the different phases of inflammation, from the acute to the 

chronic phase and recovery. For the dextran sodium sulfate (DSS) model, a sulfated 

polysaccharide is given to rodents orally in the drinking water. It causes direct disruption of the 
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intestinal epithelial barrier with consequent bacteria and luminal antigens translocation into the 

mucosa, giving rise to exacerbated immune responses52. DSS can be administered at a higher 

concentration (2-3% in H2O) for 5 to 6 days to induce acute inflammation, whereas more cycles 

of DSS administration at lower concentrations (1.5% in H2O) give rise to chronic inflammation 

that, with the addition of cancerogenic substances such as azoxymethane (AOM), can lead to 

the formation of tumorigenic lesions. While the acute DSS colitis model is characterized by the 

disruption of the epithelial barrier and activation of innate immune cells, including macrophages 

and neutrophils, the chronic form of DSS colitis is distinguished by the activation of adaptive 

immunity, involving mixed Th1 and Th2 responses53. Alternatively, the 2,4,6-trinitrobenzene 

sulfonic acid (TNBS) -induced colitis model is established by intrarectal administration of a 

small haptenizing molecule that binds to host proteins and activates the innate and adaptive 

immune system. However, TNBS needs to be dissolved in alcohol to cause colitis, as alcohol 

serves not only as a vehicle solution but also facilitates the development of intestinal 

inflammation by breaking the mucosal barrier. Therefore, anesthesia should precede TNBS 

colitis induction, making this model more severe than the DSS models. As well as TNBS, 

oxazolone is a haptenizing agent that causes intestinal inflammation. However, oxalozone 

induced-colitis is mainly characterized by the massive production of IL-13 from NKT cells 

instead of conventional T-cell responses53. 

The adoptive transfer of naïve CD4+ T cells lacking regulatory cells from donor mice into 

syngeneic lymphopenic Scid or Rag1-/- recipients causes intestinal inflammation in 5 to 10 

weeks, primarily in the colon54, 55. Adoptive transfer colitis models are characterized by mixed 

Th1 and Th17 immune responses. Of note, germ-free mice transferred with naïve CD4+ T cells 

do not develop colitis demonstrating that the transfer colitis model is dependent on epithelial 

barrier damage and bacteria translocation, likewise the DSS-colitis model53. This is well 

demonstrated by the fact that transfer colitis conducted in parallel with the colonization of 

recipient mice with the Gram-negative bacterium Helicobacter hepaticus results in a more 

severe colitis phenotype. Although adoptive transfer-colitis models are well suited to study T 

cell responses in intestinal inflammation, the model has limitations since immunodeficient mice 

are needed to develop the phenotype.  

Finally, it is not possible to recapitulate the pathogenetic mechanisms underlying the onset of 

UC and CD in patients by using only one murine model of IBD56. 

 

1.1.9. IBD as a high-priority area for future research 

Although novel therapeutic strategies have improved the medical management of IBD, 

patients' responsiveness is still limited, with only 40% of patients achieving clinical remission 
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within one year of treatment. Consequently, up to 50% of CD patients develop a therapy 

refractory disease17 and finally undergo surgery within ten years from initial diagnosis, afflicting 

a life-long burden and possible postoperative complications, such as active inflammation, 

malnutrition, immune suppression, and infections57. Therefore, IBD represents a high-priority 

area for future research, as novel treatment modalities are urgently needed to improve the 

value and cost-effectiveness of patients' healthcare.  
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1.2. Store-operated calcium entry and IBD 

1.2.1. Store-operated calcium entry signaling in immune responses 

As previously described, higher frequencies of effector/memory CD4+ T cell subsets have been 

associated with inflammation flares in IBD, underlying the implication of abnormal T cells 

effector functions in the development of UC and CD32. T cell activation and differentiation 

require three main signals: antigen recognition via TCR, engagement of costimulatory 

molecules, and finally, signals deriving from soluble molecules present in the surrounding 

micro-environment24. The antigen recognition via TCR in T cells, but also activation of Toll-like 

receptors (TLRs) on dendritic cells, or Fc receptors (recognizing immunoglobulins) on NK cells 

and macrophages, leads to the production of the second messenger inositol-1,4,5 triphosphate 

(IP3)58. As a result, IP3 causes a rapid increase of Ca2+ levels in the cytoplasm by opening 

endoplasmic reticulum (ER) Ca2+ stores. At the same time, the depletion of calcium from the 

ER stores is sensed and followed by a secondary influx of Ca2+ from the extracellular space 

into the cytoplasm58, 59, 60. The secondary Ca2+ influx wave that follows ER Ca2+ stores depletion 

is known as store-operated calcium entry (SOCE)58.  

SOCE is regulated by stromal interaction molecules STIM1 and STIM2, which sense Ca2+ 

concentrations at the ER level, and calcium release-activated calcium channel protein (ORAI) 

1 61, or its homologs ORAI2 and ORAI3 proteins, that form the pore of the Ca2+ release-

activated Ca2+ (CRAC) channel at the plasma membrane. Thus SOCE, through the opening 

of CRAC channels, causes a sustained elevation of intracellular Ca2+ levels. The spatial 

regulation of Ca2+ concentrations and the duration of its effects represent a conserved 

intracellular signaling pathway in several cell types, including immune cell subsets. Particularly 

in T cells, Ca2+ is required for activating numerous Ca2+-dependent enzymes. The most known 

pathway to date includes the calmodulin-calcineurin axis, leading to the translocation of 

nuclear factor of activated T-cells (NFAT) to the nucleus62, 63 and, therefore, upregulation of 

NFAT-dependent genes, including transcription factors necessary for the development of 

canonical Th cell subsets and their effector cytokines64 (Figure 4). Although the role of 

Ca2+ through NFAT activation and signaling is well known, other factors, such as nuclear factor 

kappa B (NF-κB), can be specifically activated and controlled by the sum of Ca2+ influx wave 

variations and the avidity of TCR engagement65. In addition, SOCE regulates several metabolic 

pathways, such as mitochondrial respiration and glycolysis controlling lymphocyte functions66.  

The pathophysiological importance of SOCE in immune cell functions is emphasized by 

patients with loss-of-function mutations in STIM1 or ORAI1 genes, who indeed suffer from 

combined immunodeficiency with recurrent infections67, 68. Recent studies have demonstrated 

that genetic or pharmacological inhibition of SOCE can regulate T cell function in infections69, 
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autoimmunity70, and anti-tumor immunity71. Concerning IBD, Schwarz et al.72 have previously 

shown that higher amplitude of the SOCE pathway positively correlates with the hyper-

reactivity of T cells isolated from inflamed mucosa of CD and UC patients. Consequently, 

another study has linked the increased activity of SOCE to an elevated expression of STIM1 

in CD45+ lamina propria mononuclear cells (LPMCs) residing in the inflamed intestinal mucosa 

of IBD patients73. Thus, these findings suggest that SOCE might represent an important 

signaling axis that promotes intestinal inflammation. Accordingly, T cells lacking functional 

CRAC channels are unable to induce colitis upon adoptive transfer into lymphopenic mice74. 

 

 

 

1.2.2. SOCE signaling: current and future therapies 

It has become clear that SOCE plays an important role in the pathogenesis of inflammatory 

diseases and cancer progression75. Moreover, particular interest in modulating CRAC channel 

pathways rose after the clinical validation of the immunosuppressive drug cyclosporin A. 

Cyclosporin A acts on molecules downstream of the SOCE pathway and modulates NFAT 

translocation, cytokine production, and adaptive immune response by blocking calcineurin, 

thus highlighting the importance of targeting cellular calcium fluxes in inflammation. Up to now, 

CRAC channel inhibitors can be broadly categorized into four groups: inorganics, aptamers, 

antibodies, and small organic molecules. However, nowadays, only a few compounds have 

shown drug-like properties and made it into clinical trials. 

 

Figure 4. SOCE signaling in immune responses. 
TCR activation in T cells leads to the production of 
the second messenger IP3 that, in turn, causes a 
rapid increase of intracellular Ca2+ levels by opening 
ER Ca2+ stores. The depletion of calcium from the 
ER stores is sensed by STIM1 and STIM2 proteins 
that consequently trigger the opening of CRAC 
channels formed by ORAI sub-units. The secondary 
Ca2+ influx wave that follows ER Ca2+ stores 
depletion is known as SOCE. Thus, SOCE, through 
the opening of CRAC channels, causes a sustained 
elevation of intracellular Ca2+ levels that leads to the 
translocation of NFAT into the nucleus, giving rise 
to functional immune responses. 
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The 3,5-bis(trifluoromethyl)pyrazole derivatives (BTPs), specifically BTP2/Pyr2, have been 

proposed as specific and potent small molecules able to inhibit SOCE76, 77. BTP2 is a cell-

permeable, highly specific inhibitor blocking the coupling of ORAI1 or ORAI2/STIM1 

complexes-mediating SOCE78, and it has been studied in murine models recapitulating 

inflammation77 and anti-tumor immune responses71. However, even though BTP2 has helped 

elucidate how the pharmacological regulation of STIM/ORAI-mediated pathways could affect 

cellular mechanisms, unexpected side effects were reported when administered orally at highly 

efficacious doses in rodents79. Instead, better safety outcomes have been obtained for the 

small molecule CM4620, formulated for intravenous (i.v.) or oral administration. CM4620 

attenuated inflammation and acinar cell death in animal models of acute pancreatitis80. It is 

currently tested in clinical trials as a novel treatment option for acute pancreatitis 

(NCT04195347) and COVID-19 pneumonia (NCT04345614). Particularly, in the case of 

COVID-19 pneumonia, CM4620 treatment has already shown improved outcomes and a 

favorable safety profile81.  

Finally, although SOCE is a promising target for treating inflammatory and infectious diseases, 

up to date, no studies have investigated how the blockade of SOCE might affect the 

development of intestinal inflammation in UC and CD patients. 

 

  



 17 

1.3. Adipose tissue and IBD 

1.3.1. The role of visceral adipose tissue and its secreted factors in IBD 

As already mentioned, IBD patients are affected by an auto-immune chronic and relapsing 

inflammation of the GI tract. Besides the antigen recognition via TCR and costimulatory signals 

discussed above, T cell effector functions can be shaped by soluble molecules present in the 

surrounding micro-environment. Adipose tissue plays a pleiotropic role in rodents and human 

physiology82. Particularly, it guarantees lipids storage and therefore regulates lipid and glucose 

metabolism; it modulates the hunger-satiety axis by communicating the body´s metabolic 

status to the central nervous system83; it affects angiogenesis, blood pressure, and finally, 

innate and adaptive immune cell responses82, 84. More precisely, evidence suggests that fat-

derived mediators affect T cell responsiveness and differentiation, macrophage activation and 

polarization, NK cell maturation, and cytotoxicity85 (Figure 5). Although many plausible 

biological mechanisms supporting a connection between fat-derived hormones and intestinal 

inflammation have been demonstrated, the contribution of adipose tissue and its associated 

features, such as creeping fat, obesity, and lipodystrophy, to IBD pathogenesis remains 

controversial.  

Fat tissue is formed by adipocytes and stromal vascular cells (SVC), which account for immune 

cells (mainly macrophages), fibroblasts, and pre-adipocytes84. Pre-adipocytes are prompted to 

differentiate into mature adipocytes once elevated feeding substrates are available. The 

maturation of functional adipocytes is finely tuned by many hormones, such as insulin and 

steroids. Signals from adipogenesis activators reach the nucleus and regulate the expression 

of peroxisome proliferator-activated receptor-gamma (Pparγ) and other factors such as 

CCAAT enhancer-binding protein alpha (C/EBPα). Pparγ, a nuclear receptor superfamily 

member, is considered the master regulator of adipogenesis, so knocking out Pparγ in rodents 

leads to adipocyte death86. Mature adipocytes synthesize and store lipids in ubiquitous cellular 

organelles named lipid droplets. Various proteins and phospholipids physiologically surround 

lipid droplets at their surface. Modifications at any point of pre-adipocyte maturations and lipid 

droplet formation can lead to adipose tissue alterations and pathological complications87. 

Therefore, fat tissue protects the body from lipotoxicity by correctly storing energy and 

expanding in size. In addition, adipocytes produce several adipokines, including leptin and 

adiponectin, which regulate not only the hunger-satiety axis and lipid/glucose metabolism but 

also the immune system84,83. Particularly, leptin increases the production of pro-inflammatory 

cytokines such as TNFα and perforin in T-cell-mediated immune responses88. In contrast, 

adiponectin functions as an insulin sensitizer and anti-inflammatory adipokine in healthy 

individuals89. 
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Although there is a common perception that IBD patients are generally malnourished and 

underweight, obese IBD patients reach up to 40% of clinical cases90. With increasing numbers 

of obese IBD patients, more attention on the clinical impact of fat tissue on the onset of UC 

and CD lesions has emerged. In addition, of particular interest is also the phenomenon of 

visceral mesenteric fat accumulation around the inflamed bowel of CD patients, known as 

"creeping fat"1, 91. Creeping fat is characterized by smaller adipocyte size, bacterial 

translocation from the lumen, and immune cell infiltration84, 91. It produces an abnormal set of 

adipokines known to affect immune responses84. Despite this, findings from cross-sectional 

and retrospective cohort studies correlating the effect of adipose tissue on the development of 

intestinal inflammation are controversial92. However, it is documented that fat tissue affects the 

pharmacokinetics of drugs, resulting in lower drug concentrations, implicating a negative 

prognosis on future hospitalization risk and response to therapy93. In addition, a recent study 

has linked creeping fat formations, assessed by small bowel magnetic resonance imaging 

(MRI), to a higher risk of abdominal surgery in CD, supporting a connection between fat-

derived mediators and intestinal inflammation94.  

 

Leptin. Leptin is encoded as a 16 kDa protein by the ob gene in mice, primarily in 

subcutaneous and visceral adipose tissue. Leptin functions through its receptor ObR, 

belonging to the class I cytokine receptor family, which includes the receptor for IL-695. 

Particularly, by alternative splicing of the same transcript, six ObR isoforms are produced: 

ObRa–ObRf. These include four short forms (ObRa, ObRc, ObRd, and ObRf), one soluble 

form (ObRe), and one long form of the receptor (ObRb)96. Short isoforms of ObR guarantee 

leptin transport over the blood-brain barrier and renal clearance, while the soluble ObRe 

regulates the bio-viability of the hormone95, 97. Finally, the long isoform ObRb containing three 

conserved tyrosines in its intracellular domain is required for efficient leptin-dependent cellular 

signaling. The most known form of leptin activity occurs through the Janus kinase (JAK)-signal 

transducer and activator of transcription (STAT) pathway95, 98. When leptin is recognized in the 

extracellular domain, the receptor ObRb undergoes a conformational change leading to 

heterodimer formation95. Thus, JAKs proteins, bound to the cytoplasmic regions in the 

proximity of the receptor, associate at the intracellular domain and initiate tyrosine 

phosphorylation (also known as transactivation) that subsequently represent a docking site for 

one or more STATs proteins, which in turn get phosphorylated98, 99. Phosphorylated STATs 

eventually dimerize and enter the nucleus to regulate the transcription of multiple target genes, 

which are also essential for the immune system homeostasis. Particularly, the JAK-STAT 

pathway regulates proliferation, responsiveness, and differentiation of T cell subsets96, 99, 100.   
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The leptin receptor ObRb is mainly expressed in the hypothalamus, as leptin modulates 

appetite by communicating the metabolic status of the body to the central nervous system96. 

Moreover, Leptin receptors can be detected in the gastrointestinal epithelium, muscles, fetal 

tissue, bone marrow, and immune cells, indicating its multifunctional role in humans' and 

rodents' physiology101, 102. Indeed, Mice lacking endogenous leptin (ob/ob) are genetically 

obese and develop hyperglycemia, hyperinsulinemia, and immunological dysfunctions. 

Likewise, the lack of the murine ObRb (db/db) leads to obesity, delayed onset of puberty, 

diabetes, and defective immune responses100, 103.  

Although it has been demonstrated that leptin and its receptor ObRb promote pro-inflammatory 

immune responses, their direct role in the onset of IBD remains an open discussion. The 

induction of acute DSS- and TNBS-induced colitis in ob/ob mice was ameliorated by 72% with 

a lower secretion of pro-inflammatory cytokines from colonic lamina propria cells104. On the 

same line, external replacement of leptin in ob/ob mice treated with DSS increased disease 

severity. Moreover, transfer of db/db CD4+ naïve lymphocytes, lacking the leptin receptor 

isoform ObRb, into immunocompromised mice delayed the onset of colitis compared to mice 

receiving wild-type naïve T cells responsive to leptin105. These data underline how leptin plays 

a key role in tuning immune cell properties and producing pro-inflammatory cytokines. 

However, in a spontaneous model of colitis, such as Il10 KO mice, the lack of leptin (Il10 KO 

ob/ob) did not rescue intestinal colitis development, suggesting that leptin might not be the 

primary pathogenic cause for the onset of intestinal inflammation. Despite this, Le Dréan G. et 

al.106, for the first time, showed that wild-type rats had a leaky gut and epithelial cells' 

cytoskeleton disorganization after leptin and visceral fat reconstitution. Finally, new insights 

into the possible effects of leptin on intestinal epithelium homeostasis were brought up by an 

elegant study showing that mesenchymal cells expressing high levels of the leptin receptor 

create a niche for intestinal epithelial cell proliferation in homeostasis and regeneration107. 

Although many studies on animal models and in vitro culture systems have linked leptin with 

intestinal inflammation and T cell proliferation and polarization108, the association of serum 

leptin levels with disease severity in IBD patients remains controversial. In addition, it has been 

shown that adipokines derived from creeping fat in CD patients shape the polarization of 

macrophages towards an anti-inflammatory phenotype109, highlighting the necessity of further 

studies to reveal the role of leptin in IBD. 
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Adiponectin. Adiponectin is encoded by the Adipoq gene, has a molecular weight of 28 kDa, 

and is produced exclusively by adipocytes. Adiponectin exerts its functions via adiponectin 

receptor 1 and receptor 2 (AdipoR1 and AdipoR2). Adiponectin concentrations are elevated in 

the plasma of healthy individuals and modulate insulin sensitivity and glucose metabolism84, 

110. Although studies suggest that adiponectin exercises insulin-sensitizing effects through 

multiple signaling pathways, including Ca2+ signaling111, the signaling events underlying the 

modulation of immune cell function remain unestablished85. 

Data on the correlation of adiponectin with the induction of intestinal inflammation are 

controversial110. On the one hand, it has been shown that adiponectin increases disease 

severity in DSS- and TNBS-induced colitis, highlighting its pro-inflammatory properties112. On 

the other hand, silencing AdipoR1 leads to the aggravation of TNBS-induced colitis, suggesting 

an anti-inflammatory function113. These data are supported by in vitro studies demonstrating 

the pivotal role of adiponectin in controlling epithelial cell growth and macrophage polarization 

into a more anti-inflammatory phenotype85. Finally, as well as leptin, adiponectin is elevated in 

creeping fat formations found in CD patients114, but its effects on disease activity are 

incompletely understood. 
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1.3.2. Acquired generalized lipodystrophy  

Lipodystrophies are a heterogeneous group of disorders caused by partial or complete loss of 

fatty tissue. Clinically, lipodystrophies are classified as congenital, usually inherited recessively 

at birth or acquired during life. These are considered rare diseases with an incidence of 

<1/1.000.000 for congenital and 1–9/100.000 for acquired forms115. Patients affected by 

lipodystrophy can suffer from metabolic disorders, including diabetes mellitus, insulin 

resistance, and hypertriglyceridemia, depending on the grade of fat loss116. Moreover, due to 

the loss of adipocytes, lipids must be stored ectopically, leading to complications such as 

hepatic steatosis or cirrhosis, hypertension, polycystic ovarian disease, and proteinuric kidney 

disease. Depending on where and how the fat loss expands, lipodystrophies classify as 

generalized lipodystrophies that correspond with fat loss affecting the whole body or partial 

and local lipodystrophies, where the loss of adipocytes is partial or focuses on a single 

region115, 117.  

Generalized lipodystrophy includes both congenital and acquired forms. The most common 

genetic factors implicated in the congenital generalized forms of lipodystrophies (CGL) are 

mutations in the 1-acylglycerol-3-phosphate-O-acyltransferase 2 (AGPAT2) gene118, essential 

for lipolysis and adipocyte homeostasis; modification of the BSCL2 gene encoding for seipin119, 

which controls lipogenesis and lipid droplets formation; alterations of the caveolin 1 (CAV1)120 

Figure 5. The pleiotropic role of adipose tissue and its effects on innate and adaptive immune cells. Adipose 
tissue plays a pleiotropic role in rodents and human physiology. Particularly, it guarantees lipids storage and glucose 
metabolism; it modulates the hunger-satiety axis by communicating the body's metabolic status to the central 
nervous system; it modulates angiogenesis and blood pressure as well as inflammation, including innate and 
adaptive immune responses. More precisely, evidence suggests that fat-derived mediators affect T cell 
responsiveness and differentiation, macrophage activation and polarization, NK cell maturation, and cytotoxicity. 
Although a connection between fat-derived mediators and intestinal inflammation exists, the role of adipose tissue 
in IBD remains elusive. 
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and polymerase-I-and-transcript release factor (PTRF)121 genes, necessary for the transport 

of cellular material through plasma membrane invaginations named caveolae.  

Unlike congenital forms, the pathogenesis of acquired generalized lipodystrophies (AGL) is 

variable, and the exact nature of these syndromes is unknown. Up to now, 50% of AGLs are 

idiopathic, while 25% of cases are associated with an initial inflammation of subcutaneous fat 

named panniculitis. The other 25% of cases are probably autoimmune, stemming from 

conditions such as rheumatoid arthritis and systemic lupus erythematosus115. For these 

patients, it is assumed that the destruction of adipocytes may result from cell- or antibody-

mediated autoimmune processes. Particularly, the association of lipodystrophy and atypical T 

cell responses is strongly confirmed by the fact that increasing lymphoma cases in AGL have 

been reported122, 123. However, it remains unclear whether the loss of fat tissue could, per se, 

cause T-cell-mediated intestinal inflammation, such as IBD, or vice versa. Up to now, only one 

case of AGL with severe CD (AGLCD) has been reported88. 

 

1.3.3. Experimental models of lipoatrophy 

First, in 1993, Ross SR et al. attempted to reduce the adipose tissue compartment in 

transgenic mice expressing attenuated diphtheria toxin A chain modulated by the 5' regulatory 

region of the adipocyte P2 (aP2) gene124. Afterward, additional mouse models of generalized 

lipodystrophy were generated by knocking down master regulators of adipogenesis or genes 

previously identified in human forms of lipodystrophy. For example, the key regulator of 

adipogenesis, Pparγ, has been deleted specifically in adipose tissue under the control of the 

adiponectin gene (Adipoq) promoter, leading to a nearly complete lack of adipocytes and the 

development of insulin resistance and massive liver steatosis in rodents125. Similarly, genes 

such as AGPAT2, BSCL2, and CAV1, known to be involved in human forms of general adipose 

atrophy, were silenced to investigate the molecular mechanism involved in these inherited 

forms of lipodystrophy124, 126. 

Interestingly, it has been shown that surgical transplantation of adipose tissue127 and leptin 

supplementation could strongly improve the metabolic consequences of adipose atrophy128, 

including insulin resistance and liver steatosis. Altogether, these murine models have 

demonstrated that the lack of adipose tissue has deleterious effects on metabolic health. 

However, up to now, no study has shown the implications of fat tissue atrophy on inflammation 

or autoimmune diseases. 
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2. AIM 

2.1. AIM 1: Store-operated Ca2+ entry as a novel therapeutic target in IBD 

Inflammatory bowel disease (IBD) constitutes a major clinical challenge in need of new 

treatment modalities to improve patient care worldwide. Store-operated Ca2+ entry (SOCE) is 

the main Ca2+ influx pathway regulating immune cells. It was previously shown that higher 

amplitude of the SOCE pathway positively correlates with the hyper-reactivity of T cells isolated 

from the intestinal mucosa of IBD patients. Accordingly, naïve T cells lacking functional SOCE 

channels delayed the onset of colitis upon adoptive transfer into lymphopenic mice compared 

to wild-type naïve T cells.  

Therefore, we hypothesize that the pharmacological inhibition of SOCE may serve as a new 

therapeutic strategy for treating intestinal inflammation in patients with IBD. 

 

2.2. AIM 2: Adipose tissue as a novel therapeutic target in IBD 

Adipose tissue functions not only as lipid storage but also as endocrine tissue. Although 

adipose tissue-secreted factors, such as leptin and adiponectin, are known to modulate 

immune cell proliferation and functions, epidemiological data associating adipose tissue 

alterations, such as lipodystrophy and creeping fat, with IBD pathogenesis are controversial. 

We here investigated the role of adipose tissue in intestinal inflammation, focusing on murine 

models of lipodystrophy and concomitant colitis or a rare patient affected by acquired 

generalized lipodystrophy and Crohn´s disease (AGLCD).  

The study aimed to dissect whether the absence of fat tissue is detrimental or beneficial for 

the intestinal compartment, including immune as well as epithelial cells, in the context of IBD. 
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3. MATERIALS AND METHODS 

3.1. Materials 

3.1.1. Instruments 

Table 1: Instruments used in this study 

 

Instrument Company 
Centrifuge 5810 R Eppendorf, Hamburg, Germany 

Heraeus FRESCO 21 Centrifuge Thermofisher Scientific, Waltham, MA 
CO2 cell culture incubators Thermofisher Scientific 

HERAsafe Biological Safety Cabinet Thermofisher Scientific 
HLC Heating Thermomixer Ditabis, Pforzheim, Germany 

IKA KS 4000 (orbital shaker) IKA, Staufen, Germany 
Agarose gel electrophoresis chambers  Peqlab, Erlangen, Germany 
Mini Protean System for western blot Biorad, Feldkirchen, Germany 

FastPrep-24 homogenizer  MP Biomedical, Irvine, CA 
Infinite M200 fluorometer Tecan, Männedorf Switzerland 

Fusion FX7  Vilber Lourmat, France 
Primovert light microscope Zeiss, Oberkochen, Germany 

FACSCanto II BD, Franklin Lakes, NJ 
FACSJazz Cell Sorter BD 

TC20 Automated cell counter Biorad 
CyTOF2 – Helios Upgrade Fluidigm, South San Francisco, CA 

NovaSeq 6000 Illumina, San Diego, CA 
HiSeq 3000 Illumina 

Illumina MiSeq v2 Illumina 
TapeStation D1000  Agilent, Santa Clara, CA 

Qubit Thermofisher Scientific 
Binocular surgical microscope Leica, Hesse, Germany 

Ussing chambers ReproCELL, Yokohama, Kanagawa, Japan 

 

3.1.2. Genotyping primers 

Table 2: All genotyping primers used in this study have been purchased from TIB MOLBIOL (Berlin, Germany) 

 

Mouse strain Primer Target Primer sequence (5’-3’) 
Pparγfl/fl-Adipoq-Cre Flox-forward GCATTACCGGTCGATGCAACGAGTG 
Pparγfl/fl-Adipoq-Cre Flox-reverse GAACGCTAGAGCCTGTTTTGCACGTTC 
Pparγfl/fl-Adipoq-Cre Cre 1 ACGGACAGAAGCATTTTCCA 
Pparγfl/fl-Adipoq-Cre Cre 2 GGATGTGCCATGTGAGTCTG   
Pparγfl/fl-Adipoq-Cre Cre 3 internal control CTAGGCCACAGAATTGAAAGATCT 
Pparγfl/fl-Adipoq-Cre Cre 4 internal control GTAGGTGGAAATTCTAGCATCATCC 
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3.1.3. Buffers and Media  

Table 3: Buffers used in western blot 

 

Tissue lysis buffer Catalog number (Cat. No.) Company 
1 M Tris-HCl pH 7.4 #9090.3 Carl Roth, Karlsruhe, Germany 

1 M MgCl2 #5833 Merck, Darmstadt, Germany 
0.5 M ethylenediaminetetraacetic acid (EDTA) #E6511 Sigma-Aldrich, St. Louis, Missouri 
0.5 M ethylene glycol-bis (β-aminoethyl ether)-

N,N,N′,N′-tetraacetic acid (EGTA) 

#324626 Sigma-Aldrich 

Protease inhibitor cocktail #P8340 Sigma-Aldrich 
RIPA buffer cocktail --- --- 

1X RIPA Buffer #R0278 Merck 
14X Protease inhibitor cocktail I #20-201 Merck 

10X Phosphatase inhibitor cocktail #P5726 Merck 
200mM NaVO4 #S6508 Merck 

200mM NaF #106449 Merck 
8% Sodium dodecyl sulfate (SDS) running gel --- --- 

40% acrylamide mix #1610140 Biorad 
5 mM Tris base pH 8.8 #4855.2 Carl Roth 

10% SDS #2326.2 Carl Roth 
10% ammonium persulfate (APS) #7727-54-0 Sigma-Aldrich 

1% tetramethylethylenediamine (TEMED) #161-0800 Biorad 
5% Stacking gel --- --- 

40% acrylamide mix #1610140 Biorad 
1.0 M Tris base pH 6.8 #4855.2 Carl Roth 

10% SDS #2326.2 Carl Roth 
10% APS #7727-54-0 Sigma-Aldrich 

1% TEMED #161-0800 Biorad 
Laemmli buffer (6X) --- --- 

60 mM Tris-HCl pH 6.8 #9090.3 Carl Roth 
12% SDS #2326.2 Carl Roth 

47% glycerol #3783.1 Carl Roth 
0.06% bromophenol blue #8122 Merck 
12.5% β-mercaptoethanol #60-24-2 Sigma-Aldrich 

Electrophoresis buffer (10X) --- --- 
144 g glycine #3908.3 Carl Roth 
30 g Tris base #4855.5 Carl Roth 

10 g SDS #2326.2 Carl Roth 
1 L distilled water --- --- 

Transfer buffer (10X) --- --- 
30.3 g Tris base #4855.5 Carl Roth 

144 g glycine #3908.3 Carl Roth 
1 L distilled water --- --- 

Transfer buffer (1X) --- --- 
100 ml transfer buffer (10X) --- --- 

200 ml 100% methanol #32213 Merck 
700 ml distilled water --- --- 
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Tris-Buffered Saline (TBS) pH 7.6 (10X) --- --- 
24 g Tris base #4855.2 Carl Roth 

88 g NaCl #9265.2 Carl Roth 
1 L distilled water --- --- 

Tris-Buffered Saline-Tween20 (TBS-T) (1X) --- --- 
100 ml TBS pH 7.6 (10X) --- --- 

1 ml Tween #9127.1 Carl Roth 
900 ml distilled water --- --- 
5% Blocking buffer --- --- 

2.5 g bovine serum albumin (BSA) (Fraction V) #9048-46-8 Sigma-Aldrich 
50 ml TBS-T (1X) --- --- 

2.5 mM L-glutamine #56-85-9 Sigma-Aldrich 

 

Table 4: Buffers used for flow cytometry staining, Ca2+ influx, or transepithelial electrical resistance (TEER) 

measurements  

 

Magnetic-activated cell sorting (MACS)  
buffer (10X) 

Cat. No. # Company 

5 g BSA (Fraction V) #9048-46-8 Sigma-Aldrich 
100 ml phosphate-buffered saline (PBS) (1X) #10010023 Gibco, Darmstadt, Germany 

Red Blood Cell lysis (pH 7.3) --- --- 
8.9 g NH4Cl #12125-02-9 Merck 
1 g KHCO3 #298-14-6 Merck 

0.038 g EDTA #E6511 Sigma-Aldrich 
1 L distilled water --- --- 
Ringer Solution --- --- 

155 mM NaCl #9265.2 Merck 
4.5 mM KCl #7447-40-7 Merck 
3 mM MgCl2 #5833 Merck 

10 mM D-glucose #X997.2 Merck 
5 mM Na-HEPES #75277-39-3 Merck 

± 4 mM CaCl2 #2.382 Merck 

 

Table 5: Cell culture and in vitro assays media 

 

Complete Medium Cat. No. Company 
RPMI Medium 1640 (1X) #11875093 Gibco 

10% Fetal bovine serum (FBS) --- Sigma-Aldrich 
10% Penicillin-Streptomycin #15140122 Thermofisher Scientific 

Activation Medium --- --- 
RPMI Medium 1640 (1X) #11875093 Gibco 

10% FBS --- Sigma-Aldrich 
10% Penicillin-Streptomycin #15140122 Thermofisher Scientific 
50 µM 2-Mercaptoethanol  #31350010 Gibco 

20 ng/ml phorbol 12-myristate 13-acetate (PMA) #P8139 Sigma-Aldrich 
1 µg/ml ionomycin #I0634 Sigma-Aldrich 

T cell expansion Medium --- --- 
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RPMI Medium 1640 (1X) #11875093 Gibco 
10% FBS --- Sigma-Aldrich 

10% Penicillin-Streptomycin #15140122 Thermofisher Scientific 
50 µM 2-Mercaptoethanol  #31350010 Gibco 

250 U/ml human recombinant IL-2 #200-02 PeproTech, Rocky Hills, New 
Jersey 

1:100 or 1:500 T Cell TransAct™, human  #130-111-160 Miltenyi Biotec, NRW, Germany 
Human LPMC digestion Medium --- --- 

RPMI Medium 1640 (1X) #11875093 Gibco 
10% FBS --- Sigma-Aldrich 

10% Penicillin-Streptomycin #15140122 Thermofisher Scientific 
0.15 mg/ml collagenase A #11088793001 Roche, Basel, Switzerland 

Murine LPMC digestion Medium --- --- 
RPMI Medium 1640 (1X) #11875093 Gibco 

10% FBS --- Sigma-Aldrich 
10% Penicillin-Streptomycin #15140122 Thermofisher Scientific 

200 U/ml collagenase D #11088858001 Roche 

 

3.1.4. Antibodies 

Table 6: Anti-mouse antibodies used in flow cytometry for T cell transfer colitis models 

 

Fluorochrome Target Clone Catalog Number (Cat. No.) / 
Company Dilution 

FITC IL-2 JES6-5H4 #15288339 / eBioscience 1:50 
PE Foxp3 FJK-16s #12-57-73-82 / eBioscience 1:100 
PE IFNγ XMG1.2 #505808 / Biolegend 1:200 

APC TNFα MP6-XT22 #17-7321-82 / eBioscience 1:200 
APC-Cy7 CD4 GK1.5 #100412 / Biolegend 1:100 

 

FITC: Fluorescein isothiocyanate; PE: R-phycoerythrin; APC: Allophycocyanin 

 

Table 7: Anti-mouse antibodies used in flow cytometry for lipoatrophy models 

 

Fluorochrome Target Clone Cat. No. / Company Dilution 
FITC CD4 GK1.5 #100406 / Biolegend 1:100 
FITC F4/80 BM8 #123108 / Biolegend 1:300 
FITC CD19  1D3 #152404 / Biolegend 1:400 
FITC CD44 IM7 #103006 / Biolegend 1:500 
A488 Eomes Dan11mag #53-4875-80 / eBioscience 1:100 
PE Foxp3 FJK-16s #12-5773-82 / eBioscience 1:100 
PE NK1.1 PK136 #12-5941-81 / eBioscience 1:200 
PE CD49a REA493 #130-124-706 / Miltenyi Biotec 1:50 
PE CD25 PC61 #102008 / Biolegend 1:200 
PE GATA3 REA174 #130-123-748 / Miltenyi Biotec 1:50 

PerCP-Cy5.5 IL-17A TC11-18H10.1 #506920 / Biolegend 1:200 
PerCP-Cy5.5 CD11c N418 #117328 / Biolegend 1:200 
PerCP-Cy5.5 CD3  145-2C11 #551163 / BD 1:200 
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PerCP-Cy5.5 CD27 LG.3A10 #124214 / BD 1:100 
PerCP-Cy5.5 CD62L MEL-14 #104430 / Biolegend  
PerCP-Cy5.5 NK1.1 PK136 #108728 / Biolegend 1:50 

Pe-Cy7 TNFα MP6-XT22 #557644 / BD 1:200 
Pe-Cy7 F4/80 BM8 #123118 / Biolegend 1:300 
Pe-Cy7 CD49b DX-5 #12-5971-82 / eBioscience 1:50 
Pe-Cy7 CD127 A7R34 #135014 / Biolegend 1:50 

APC IFNγ XMG1.2 #554413 / BD 1:200 
APC MHCII M5/114.15.2 #17-5321-82 / eBioscience 1:200 
APC T-bet 4B10 #644814 / Biolegend 1:500 

APC-Cy7 CD4 GK1.5 # 100414 / Biolegend 1:500 
APC-Cy7 CD45 30-F11 #103116 / Biolegend 1:200 
APC-Cy7 CD11b M1/70 #101226 / Biolegend 1:100 
APC-Cy7 GR-1 RB6-8C5 #108434 / BD 1:200 
APC-Cy7 CD19 6D5 #115530 / Biolegend 1:50 
APC-Cy7 F4/80 BM8 #123118 / Biolegend 1:200 
APC-Cy7 CD3e 145-2C11 #557596 / BD 1:50 
APC-Cy7 FcERIa MAR-1 #134326 / Biolegend 1:100 
eFluor450 CD8a 53-6.7 #48-0081-82 / eBioscience 1:200 

BV421 GR-1 RB6-8C5 #108434 / Biolegend 1:200 
BV421 CD11b M1/70 #101236 / Biolegend 1:100 
BV421 Rorγt Q31-378 #562894 / BD 1:100 
V500 CD45  30-F11 #561487 / BD 1:200 

Zombie Violet Viability Dye 
 

#423114 / Biolegend 1:1000 
Zombie Aqua Viability Dye 

 
#423102 / Biolegend 1:1000 

eFluor780 Viability Dye  
 

#65-0865-14 / eBioscience 1:1000 

 

Table 8: Anti-human antibodies used in flow cytometry 

 

Fluorochrome Target Clone Cat. No. / Company Dilution 
FITC CD14 61D3 #11-0149-42 / eBioscience 1:50 
FITC CD19  HIB19 #11-0199-42 / eBioscience 1:100 

Pe-Cy7 CD16 3G8 #560918 / BD 1:200 
APC CD14 63D3 #367118 / Biolegend 1:50 
APC CD4 RPA-T4 #555349 / BD 1:20 
APC CD3  OKT3 #17-0037-42 / eBioscience 1:100 
APC CD56 TULY56 #17-0566-42 / eBioscience 1:200 

APC-Cy7 CD19 HIB-19 #302218 / Biolegend 1:100 
APC-Cy7 CD8 SK1 #344713 / Biolegend 1:100 
Viogreen CD3 REA613 #130-113-142 / Miltenyi Biotec 1:00 
BV510 CD4 RPA-TA #300546 / Biolegend 1:20 
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Table 9: Anti-human antibodies used in mass cytometry 

 

Metal Target Clone Cat. No./ Company Dilution 
89Y CD45 HI30 #3089003B / Fluidigm 1:100 

141Pr CD45 HI30 #3141009B / Fluidigm 1:100 
142Nd CD19  HIB19 #3142001B / Fluidigm 1:100 
143Nd CD45RA HI100 #3143006B / Fluidigm 1:100 
144Nd IL-4 MP4-25D2 #3144010B / Fluidigm 1:100 
145Nd CD4 RPA-T4 #3145001B / Fluidigm 1:50 
146Nd TNFα Mab11 #3146010B / Fluidigm 1:100 
147Sm CD11c Bu15 #3147008B / Fluidigm 1:200 
148Nd IgA Polyclonal #3148007B / Fluidigm 1:100 
149Sm CD25 2A3 #3149010B / Fluidigm 1:100 
150 Nd CD86  IT2.2 #3150020B / Fluidigm 1:100 
151Eu CD103  Ber-ACT8 #3151011B / Fluidigm 1:100 
152Sm CD95/Fas DX2 #3152017B / Fluidigm 1:200 
153Eu IgM MHM-88 #314502 / Biolegend 1:200 
154Sm CD3 UCTH1 #3154003B / Fluidigm 1:100 
155Gd CD56 B159 #3155008B / Fluidigm 1:100 
156Gd IL-6 MQ2-13AS #3156011B / Fluidigm 1:100 
158Gd IFNγ B27 #3158017 / Fluidigm 1:400 
159Tb CCR7 G043H7 #3159003C / Fluidigm 1:200 
160Gd CD27 O323  #302802 / Biolegend 1:200 
161Dy IL-10 JES3-9D7 #3161008B / Fluidigm 1:100 
161Dy IL-23p19 23dcdp #3161010B / Fluidigm 1:100 
162Dy CD8 RPA-T8 #3162015B / Fluidigm 1:100 
163Dy CD33 WM53 #3163023B / Fluidigm 1:100 
163Dy Granzyme B QA16A02 #3173006B / Fluidigm 1:100 
164Dy CD45RO UCHL1 #3164007B / Fluidigm 1:100 
165Ho CD40 5C3 #3165005B / Fluidigm 1:100 
166Er IL-2 MQ117H12 #3166002B / Fluidigm 1:100 
167Er CD38 HIT2 #3167001B / Fluidigm 1:200 
168Er CD40L 24-31 #3168006B / Fluidigm 1:100 
169Tm IL-13 JES105A2 #3169016 / Fluidigm 1:100 
170Er CD137 4B4-1 #3209015B / Biolegend 1:100 
171Yb CD178/FasL NOK-1 #306402 / Biolegend 1:100 
172Yb IL-17 BL168 #3172020B / Fluidigm 1:100 
173Yb HLA-DR L243 #3173005B / Fluidigm 1:200 
174Yb PD-1 EH12.2H7 #3174020B / Fluidigm 1:200 
175Lu CD14 M5E2 #3175015B / Fluidigm 1:50 
175Lu Perforin B-D48 #3175004B / Fluidigm 1:100 
176Yb IL-7R  A019D5 #3176004B / Fluidigm 1:50 
209Bi CD11b ICRF44 #3209003B / Fluidigm 1:100 
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Table 10: Anti-mouse antibodies used for western blot 

 

Target Clone Cat. No. / Company Dilution 
CLDN1 Polyclonal #19000 / Invitrogen 1:1000 
CLDN2 MH44 #16100 / Invitrogen 1:1000 
CLDN3 Polyclonal #41700 / Invitrogen 1:1000 
CLDN4 3E2C1 #29400 / Invitrogen 1:1000 
CLDN7 Polyclonal #49100 / Invitrogen 1:1000 
OCCL Polyclonal #711500 / Invitrogen 1:1000 
MD3 Polyclonal #5567-1-AP/ Proteintech,  

Rosemont, IL 
1:1000 

ZO-1  ZO1-1A12 #33-9100 / Invitrogen 1:1000 
LSR Polyclonal #HPA007270 / Atlas antibodies 1:1000 

ILDR1 Polyclonal #bs-11013R / Thermofisher 1:1000 
ACTB AC-15 #A5441 / Sigma-Aldrich 1:10.000 

 

Table 11: Anti-human antibodies used for western blot 

 

Target Clone Cat. No. / Company Dilution 
BIM K.912.7 #MA5-14848 / Invitrogen 1:1000 

ACTB AC-15 #A5441 / Sigma-Aldrich 1:10.000 

 

Table 12: Anti-mouse antibodies used for immunohistochemistry (IHC) 

 

Target Clone Cat. No. / Company Dilution 
Ki-67 D3B5 #12202S/ Cell Signaling, Danvers, 

Massachusetts 
1:1000 
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3.2. Methods 

3.2.1. Ethical regulations 

Written informed consent was obtained from all healthy volunteers and patients as approved 

by the institutional review board of Charité - Universitätsmedizin Berlin. 

 
Table 13: Patients´ characteristics (patients included in Aim 1) 

 

 Total Patients 28 Crohn´s disease Ulcerative Colitis Non-IBD 

Patients number (percentage) 11 (39.39%) 13 (46.43%) 4 (14.29%) 

Mean age in years (range) 41.82 (23-71) 38.62 (19-64) 77.75 (69-91) 

Males number (percentage) 3 (27.27%) 7 (53.85%) 2 (50.00%) 

Percentage of current or prior 
aminosalicylates medication 

(AZA) 
18.18% 15.38% 0.00% 

Percentage of current or prior 
corticosteroids medication 

(Prednisolon, Hydrocortisone) 
45.45% 53.85% 0.00% 

Percentage of current or prior 
immunomodulators 
medication (Tac) 

0.00% 7.69% 0.00% 

Percentage of current or prior 
biologic therapies (agent 

used) 

18.18% (UST, ADA, 
IFX) 

30.77% (UST, ADA, 
VEDO, IFX) 0.00% 

Chemotherapy at inclusion  0.00% 0.00% 0.00% 

Mean leucocyte count per nl 
at inclusion (range) 7.38 (5.19-10.92) 9.16 (4.28-17.57) 7.30 (5.77-8.47) 

AZA = Azathioprine, Tac = Tacrolimus, UST = Ustekinumab, ADA = Adalimumab, VED = Vedolizumab,  

IFX = Infliximab 
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Table 14: Patients´ characteristics (patients included in Aim 2) 

 

 Total Patients 11 Crohn´s disease AGLCD Non-IBD 

Patients number (percentage) 6 (54.55%) 1 (9.09%) 4 (36.36%) 

Mean age in years (range) 55 (39-71) (29-33) 73.33 (69-77) 

Males number (percentage) 1 (16.67%) 1 (100.00%) 3 (75.00%) 

Percentage of current or prior 
aminosalicylates medication 

(AZA) 
16.67% 100.00% 0.00% 

Percentage of current or prior 
corticosteroids medication 50.00% 100.00% 0.00% 

Percentage of current or prior 
immunomodulators 

medication  
0.00% 100.00% 0.00% 

Percentage of current or prior 
biologic therapies (agent 

used) 
16.67% (ADA) 100.00% (IFX) 0.00% 

Chemotherapy at inclusion  0.00% 0.00% 25.00% 

Mean leucocyte count per nl 
at inclusion (range) 5.69 (4.01-9.52) --- 7.11 (5.77-8.47) 

 

 

3.2.2. Isolation of human peripheral blood and lamina propria mononuclear cells 

Isolation of peripheral blood mononuclear cells 

Heparinized blood was obtained from UC, CD, the AGLCD patient at different time points, and 

healthy volunteers. First, peripheral blood mononuclear cells (PBMCs) were isolated by density 

gradient centrifugation using SepMate-50™ tubes (#85450, Stemcell Technologies, 

Vancouver, Canada) according to the manufacturer's instructions. Next, cells were washed 

twice in a complete medium (see section 3.1.3, Table 5). Finally, isolated PBMCs were either 

frozen in FBS (Sigma-Aldrich) supplemented with 10% dimethyl sulfoxide (DMSO) (#D8418, 

Sigma-Aldrich) and stored in liquid nitrogen or directly used for in vitro assays. 
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Isolation of lamina propria mononuclear cells 
Surgical specimens of the terminal ileum or colon were obtained from UC, CD, and the AGLCD 

patient undergoing colectomy. In contrast, non-inflamed specimens of patients with colorectal 

cancer served as control.  

As previously described129, colonic or ileal mucosa was detached, washed in 1 mM 1,4 

dithiothreitol (DTT) (#6908.4, Carl Roth), and dissolved in Hanks' Balanced Salt solution 

(HBSS) w/o Ca2+ and Mg2+ (#14175095, Thermofisher Scientific). Lamina propria tissue was 

cleaned from any left submucosa, cut into pieces, and washed three times in 1 mM EDTA 

(#E6511, Sigma-Aldrich) in shaking condition for 15 min at 37 °C. Afterward, EDTA was 

washed out using HBSS w/o Ca2+ and Mg2+ (Thermofisher Scientific), and the tissue was 

subsequently incubated in a digestion medium supplemented with 0.15 mg/ml collagenase A 

(Roche) for 16 h at 37 °C in shaking condition (see section 3.1.3, Table 5). The supernatant 

was then filtered through a 100 µm cell strainer (#08-771-19, Thermofisher Scientific) and 

washed three times in HBSS w/o Ca2+ and Mg2+. Cells were separated through a Percoll 

gradient (#17089101, GE Healthcare, Chicago, Illinois) centrifugation for 30 min at 300 g at 

4 °C. Lymphocytes and monocytes were isolated from the 40-60% Percoll (GE Healthcare) 

interface, washed twice, and used for downstream assays. 

 

3.2.3. Mass cytometry staining and analysis 

Mass cytometry staining and acquisition 

LPMCs isolated from colonic or ileal resections were stimulated ex vivo for 4 h in the activation 

medium (see section 3.1.3, Table 5). Particularly, to analyze the effect of SOCE inhibitors on 

LPMCs, the activation medium was supplemented with additional 15 – 1000 nM BTP2 

(#203890-M, Sigma-Aldrich) or CM4620 (#HY-101942, MedChemExpress, Princeton, New 

Jersey) dissolved in DMSO (#D8418, Sigma-Aldrich). In addition, in all samples, 10 µg/ml 

brefeldin A (#B6542, Sigma-Aldrich) was added for 2 h, while 25 KU benzonase nuclease 

(#E1014, Sigma-Aldrich) was added (1:10.000) 15 min before harvesting. LPMCs were then 

fixed in Smart Tube buffer (#PROT-1, SMART TUBE, Las Vegas, Nevada) supplemented with 

20% BSA (#9048-46-8, Sigma-Aldrich) and subsequently stored at -80 °C until antibody 

staining and acquisition. 

On the day of acquisition, single-cell suspensions were thawed, and to pool more samples in 

one unique batch/acquisition run (max 40 samples per batch/run) in order to avoid the 

introduction of batch effects, LPMCs were barcoded for 30 min at room temperature (RT) using 

the Cell-ID 20-plex Pd Barcoding Kit (#201060, Fluidigm) ± CD45-89Y staining. Individual 

samples were washed twice with cell staining buffer (#201068, Fluidigm) and pooled together 
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before staining. Anti-human antibodies were purchased either pre-conjugated to metal 

isotopes or conjugated in-house using the conjugation MaxPar X8 kit (#201300, Fluidigm). A 

complete list of antibodies used for mass cytometry staining can be found in section 3.1.4, 
Table 9. Cells were incubated with antibodies for 30 min at 4 °C for surface staining, washed 

twice with cell staining buffer, and incubated for 60 min at 4 °C in Fixation/Permeabilization 

Buffer (#88-8823-88, eBioscience). After washing twice in permeabilization buffer 

(eBioscience), cells were stained with an antibody cocktail against intracellular molecules for 

1 h at 4°C. Cells were subsequently washed twice with permeabilization buffer and incubated 

overnight in 2% methanol-free formaldehyde solution (#28908, Thermofisher Scientific) for 1 h 

at room temperature. Next, LPMCs were washed and resuspended in 1 ml iridium intercalator 

solution (#201192A, Fluidigm) for 1 h at RT. Finally, cells were washed twice with cell staining 

buffer and then twice with double-distilled water (ddH2O) for mass cytometry by time-of-flight 

(CyTOF) measurements. As previously described88, cells were acquired using a CyTOF2 

upgraded to Helios specifications (Fluidigm), with software version 6.5.236, at the BIH Flow & 

Mass Cytometry Core Facility, Berlin, Germany. 

 

Analysis of mass cytometry data  

The Cytobank software package (www.cytobank.org) was used for initial manual gating on 

single cells and the de-barcoding of pooled samples. FCS files of de-barcoded single cells 

were exported and further compensated for signal spillover using the R Software (3.6.0, 

Bioconductor 9) (www.R-project.org) and by applying the CATALYST package and arcsinh 

transformation (scale factor 5) before data analysis130. Compensated files were then gated on 

CD45+, CD45+ CD3+, or CD45+ CD3- cells (see section 4.1.2, Figure 8), and t-distributed 

stochastic neighbor embedding (t-SNE) maps of each pre-gated cell population were 

generated according to the expression of linage and/or functional markers.  

First, to determine the general effects of increasing concentrations of BTP2 or CM4620 on 

cytokine production and functional status of LPMCs isolated from 5 (see section 4.1.2, Figure 
9-10) or 6 IBD patients (see section 4.1.5, Figure 20), t-SNE maps of CD45+ CD3+ and CD45+ 

CD3- cells were generated by considering only the expression of 21 linage markers able to 

discriminate T cells and non-T cells subsets (CD19, IgA, IgM, CD38, CD27, CD103, CD45RA, 

CD45RO, CCR7, IL-7R, CD137, CD4, CD25, CD8a, CD33, CD56, CD11c, CD11b, HLA-DR, 

CD14). Second, for the characterization of immune cell composition in IBD patients and the 

effects of SOCE on LPMCs-driving intestinal inflammation, t-SNE maps of CD45+ CD3+ or 

CD45+ CD3- cells, isolated from 6 UC, 6 CD, and 4 non-inflamed patients, were run at a higher 

resolution by taking into consideration not only the expression levels of linage markers but also 

http://www.r-project.org/
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cytokines and activation proteins. Particularly, CD45+ CD3+ (see section 4.1.3, Figure 12-15) 

t-SNE maps were generated by including linage markers such as CD45RA, CD45RO, CCR7, 

CD27, CD103, PD-1, CD4, CD8, CD25, CD137, IL-7, functional proteins (Fas, FasL, CD40, 

CD40L, PD-1) and cytokines (IL-4, IL-6, IFNγ, IL-23p19, IL-2, IL-13, IL-17A) targeting T cells. 

Alternatively, to discriminate non-T cell subsets (see section 4.1.4, Figure 16-18), t-SNE maps 

of CD45+ CD3- cells took into consideration the expression of 16 linage (CD45RA, CD45RO, 

CCR7, CD27, CD103, IL-7R, CD4, CD8, CD25, CD137, CD56, CD11b, CD14, CD11c, CD33, 

HLA-DR) as well as 6 functional markers (Fas, FasL, CD40, CD40L, PD-1, CD86) and 7 

cytokines (IL-4, IL-6, IFNγ, IL-23p19, IL-2, IL-13, IL-17A).  

Similarly, to discriminate the immune cell composition in AGLCD, Non-IBD, and CD patients, 

compensated files were gated on CD45+ cells. T-sne maps were generated according to the 

expression of linage markers for T (CD4, CD8, CD45RO, CD45RA, CCR7, IL-7R, CD27, 

CD25, PD-1, perforin), B (CD38, CD19), NK (CD56) and myeloid cells (CD11b, CD11c) (see 

section 4.2.8, Figure 34). 

For all analyses, FCS files containing the t-SNE embedding as two additional parameters were 

exported from Cytobank. The clustering analysis was performed using the 

FlowSOM/ConsensusClusterPlus package on R (3.6.0, Bioconductor 9)131. Cell clusters of 

LPMCs were identified after visual inspection of t-SNE plots and functional interpretation of 

heatmaps generated by FlowSOM/ConsensusClusterPlus. The statistical analysis of 

differential abundant (DA) clusters among the disease groups were performed using a 

generalized linear mixed-effects model (GLMM) available through the R package diffcyt (used 

all defaults with analysis_type = "DA," method_DA = "diffcyt-DA-GLMM," min-cells = 3). The 

false discovery rate (FDR) was adjusted at 10% using the Benjamini-Hochberg (BH) procedure 

for multiple hypothesis testing, as previously described132. Multiple t-test (two-stage linear step-

up procedure of Benjamini, Krieger, and Yekutieli, with Q = 1%) was applied to analyze protein 

expression levels among disease groups. In contrast, the effects of BTP2 on LPMCs isolated 

from UC or CD patients were calculated by a paired Wilcoxon matched pairs signed-rank test. 

 

3.2.4. Murine models 

Mice strains 

For transfer colitis experiments, Rag1-/- mice were purchased from The Jackson Laboratory 

(Bar Harbor, ME) and used between 6 and 12 weeks of age. Alternatively, Pparγfl/fl-Adipoq-

Cre mice125 were bred at the Charité animal facility and used within the range of 9 and 20 

weeks of age. All animal protocols were approved by Berlin's regional animal study committee 
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(LaGeSo, Berlin, Germany) and conducted accordingly. Both female and male rodents were 

included in the studies. All mice were anesthetized with isoflurane (#1214, CP-Pharma, 

Burgdorf, Germany), followed by cervical dislocation before organ harvest.  

 

Genotyping 

Ear biopsies of rodents were digested in 100 µl Lysis buffer M (#743210.250, Macherey Nagel, 

Düren, Germany) supplemented with 20 µg/ml proteinase K (#740396, Macherey Nagel) for 

10 min at RT by shaking at 1000 rpm. Afterward, samples were incubated for 3 min at 98 °C 

and under shaking conditions of 300 rpm. Finally, probes were used in a polymerase chain 

reaction (PCR) following the NucleoType Mouse PCR, DirectPCR kit protocol (#743200.100, 

Macherey Nagel).  

 

T cell transfer colitis and in vivo treatment with CM4620 

Naïve CD4+ CD44low CD62L+ CD25- T cells were FACS-sorted and transferred via intravenous 

(i.v.) injection into sex-matched Rag1-/- mice (5x105 cells per mouse), and weight loss was 

monitored. Eighteen days after T cell transfer, mice were either treated with the selective 

CRAC channel inhibitor CM4620 (CalciMedica, La Jolla, CA) or treated with vehicle controls133. 

Every other day CM4620 was administered by oral gavage at 20 mg/kg bodyweight 

supplemented with 75 mg/kg bodyweight of hypromellose acetate succinate (HPMCAS) bead 

carrier vehicle. Mice were sacrificed seven weeks post-T cell transfer for organ harvesting and 

preparation of single-cell suspensions from the colon lamina propria. CM4620 concentrations 

in 25 µL of mouse plasma were determined using high-performance liquid chromatography 

(HPLC) with tandem mass spectrometry (MS/MS) detection, suitable for measuring 

concentrations ranging from 1 to 1000 ng/mL (BioAgilytix, San Diego, CA).   

 

Histopathologic scoring of transfer colitis 

Samples of the distal colon were fixed with 4% paraformaldehyde (#P087.1, Carl Roth). 

Paraffin-embedded samples were cut into 5 μm sections and stained with hematoxylin and 

eosin (H&E) using standard protocols at the Department of Pathology, New York University 

Grossman School of Medicine, New York, NY, USA. Histology sections were scored by two 

independent researchers in a blinded fashion using the following grading system (modified 

from Ostanin et al.134): 0: no changes; 1: degree of inflammation in lamina propria (score 0–3); 

2: minimal to mild depletion from goblet cells (score 0–2); 3: abnormal crypts (score 0–3); 4: 

crypt abscesses (score 0–1); 5: severe ulceration (score 0–1); 6: submucosal to transmural 
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involvement (score 0–3); 7: neutrophil infiltration (score 0–4). The total histopathological score 

was calculated as the sum of points scored for all seven parameters. 

 

Histological evaluation of Pparγfl/fl-Adipoq-Cre mice tissues at steady-state 

Pparγfl/fl-Adipoq-Cre mice and controls littermates (9-20 weeks old) at steady-state were 

anesthetized with isoflurane (#1214, CP-Pharma) and sacrificed by cervical dislocation for 

organ harvest. Tissues were cut and stained with H&E for morphological evaluation, or IHC 

was performed on colon sections to determine epithelial cell proliferation using standard 

protocols of the iPATH.Berlin - Core Unit Immunopathology for Experimental Models, Charité 

Universitätsmedizin Berlin, Germany. 

 

Chronic DSS-induced colitis 

Pparγfl/fl-Adipoq-Cre mice and controls littermates between 9 and 13 weeks were fed for five 

days with 1.5% DSS (#160110, MP Biomedicals, Santa Ana, CA) or water, followed by nine 

days of water for three cycles. Both female and male mice were included in the studies. Mice 

were monitored every day for bodyweight loss and stool consistency. The stool consistency 

score was determined as follows: 0-1 - normal; 2 - lacking fibers; 3 - mushy; 4 - liquid. On day 

42, after colitis induction, mice were sacrificed, and tissues were stored or processed for 

downstream analysis. Paraffin blocks of the heart, pancreas, liver, kidney, spleen, mesenteric 

fat, terminal ileum, and distal colon tissues were cut and stained with H&E using standard 

protocols of the iPATH.Berlin - Core Unit Immunopathology for Experimental Models, Charité 

Universitätsmedizin Berlin, Germany. 

 

Histopathologic scoring of chronic DSS-induced colitis 

Six weeks after induction of chronic DSS-induced colitis, histology sections were scored in a 

blinded fashion using an additive score system that separately evaluates inflammatory cell 

infiltrates and intestinal architecture with a maximum of 3 points each, resulting in a summary 

score of 0 to 6135. Particularly, mild mucosal inflammatory cell infiltrates were scored as 1, 

moderate mucosal and submucosal inflammatory cell infiltrates as 2, and marked transmural 

inflammation scored as 3. Regarding the intestinal architecture, focal erosions were counted 

as 1, erosions with or without focal ulcerations as 2, and finally, extended ulcerations with or 

without granulation tissue and pseudopolyps were scored as 3. 
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Fat transplantation 

To avoid organ rejection, we collected donor fat from sex-matched wild-type littermates. Donor 

fat pads (parametrial) were placed into sterile 1X PBS (#10010023, Gibco) supplemented with 

10% Penicillin-Streptomycin (#15140122, Thermofisher Scientific) and cut into pieces of 100 

to 150 mg until transplant, according to the previous publications127. All tools were autoclaved 

in advance. Twenty min before the operation, mice were anesthetized by isoflurane-inhalation 

and an additional subcutaneous injection with 25 mg/kg tramadol (Grünenthal, Aachen, 

Germany). Next, a 1 cm long laparotomy incision was made in the linea alba area 

(approximately 1.5 cm below the xiphoid). Then, several 100-150 mg pieces of donor fat tissue 

(a total of 500-600 mg fat per transplant) were carefully inserted into the abdominal cavity 

below the liver with the help of sterile cotton swabs. During surgery, to protect against 

dehydration, we kept the abdominal cavity moist with 0.9% NaCl solution (#146193, Merck). 

In the end, incisions were closed using 4-0 silk sutures (#FS5334, DBIO, Verena, Germany). 

After surgery, the mice were housed individually for seven days. For the first three days, 0.2 

mg/ml tramadol (Grünenthal) was added to the drinking water for analgesic effects. One month 

after, upon sacrifice, grafts were weighed and evaluated visually for attachment and 

vascularization with the help of surgical binocular microscopy. Fat engrafts, livers, and 

pancreas were then fixed for histological evaluations. Colon pieces were stored for protein 

isolation and immunoblotting. 

 

Isolation of murine immune cells  

Spleen. Spleen tissue was disassociated mechanically and filtered through a 100 µM cell 

strainer (#08-771-19, Thermofisher Scientific) with 1X MACS buffer (see section 3.1.3, Table 
4). After a centrifugation step of 7 min, at 400 g and 4 °C, cells were resuspended in Red Blood 

Cells lysis buffer (see section 3.1.3, Table 4) for 2 min at RT and afterward washed thoroughly 

in 1X MACS buffer. The cell isolate was filtered once more through a 40 μM cell strainer (#08-

771-1,  Thermofisher Scientific) and, after counting, resuspended in complete medium (see 

section 3.1.3, Table 5) for downstream assays. 

Mesenteric lymph nodes. MLNs were mechanically disassociated and filtered through a 

100 µM cell strainer (Thermofisher Scientific) using 1X MACS buffer. After a centrifugation step 

of 7 min, at 400 g and 4 °C, cells were filtered once more through a 40 μM cell strainer 

(Thermofisher Scientific), counted, and resuspended in complete medium for downstream 

assays. 
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Colonic lamina propria. Colon tissue was opened longitudinally by a curved scissor and cut 

into small pieces. Colon bits were washed twice in 1 mM EDTA (#E6511, Sigma-Aldrich) in 

shaking conditions for 15 minutes at 37 °C in order to detach epithelial cells. They were then 

digested 90 mins in shaking conditions (250-300 rpm, 37 °C) in complete media supplemented 

with 200 U/ml Collagenase D (Roche) (see section 3.1.3, Table 5). Cells were then washed, 

and the mononuclear fraction was obtained using a 40/100% discontinuous Percoll gradient 

(GE Healthcare), 1200 g for 25 mins at RT. Finally, the cell pellet was counted, washed, and 

resuspended in complete medium for downstream assays. 

 

3.2.5. Flow cytometry-based and ex vivo assays  

Calcium influx measurements in human LPMCs and PBMCs 

Heparinized blood from healthy donors (HD) and surgical colon specimens were obtained from 

IBD patients according to isolation protocols described in section 3.2.2. First, isolated PBMCs 

or LPMCs were cultured for either 4 or 16 h at 37 °C, 5% CO2 in the presence or absence of 

15 – 1000 nM BTP2 (#203890-M, Sigma-Aldrich) or CM4620 (#HY-101942, 

MedChemExpress) dissolved in DMSO (#D8418, Sigma-Aldrich). Subsequently, cells were 

loaded with 2 μg/ml calcium-sensing dye Fluo-4 AM dissolved in DMSO (#F14201, 

ThermoFisher Scientific) for 30 min on ice protected from light. Then, the cell pellet was 

washed with 1X MACS buffer (see section 3.1.3, Table 4) once and finally stained for 15 min 

on ice with anti-human antibodies targeting surface markers for T (CD3, CD4, CD8), B (CD19), 

NK (CD56), and myeloid cells (CD14, CD16). A complete list of antibodies used for calcium 

influx measurements is described in section 3.1.4, Table 8. To measure baseline intracellular 

Ca2+ (f0), cells were washed and resuspended in 0 mM Ca2+ Ringer solution (see section 3.1.3, 

Table 4) and acquired for 30 sec using a BD FACSCanto II flow cytometer (BD). Subsequently, 

cells were stimulated with 1 µM thapsigargin (#586005, Merck), and 2 mM Ca2+ containing 

Ringer solution was added after 300 sec. The sample was subsequently acquired for an 

additional 120 sec. For the analysis, the mean fluorescence intensity (MFI) of Fluo-4 (f) was 

normalized to the MFI average detected during the 30 s baseline measurement (f0), and the 

resulting ratio f/f0 was plotted against a time (t) axis. Graphs were plotted using GraphPad 

Prism v.9 software (GraphPad). 

 

Annexin V and 7AAD staining of human LPMCs 

Colon specimens were obtained from 3 IBD patients undergoing colectomy, and cells were 

isolated according to the isolation protocol of LPMCs described in section 3.2.2. Single-cell 

suspensions were stimulated ex vivo for 4 h in activation medium (see section 3.1.3, Table 5) 
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± 1 μM BTP2 (#203890-M, Sigma-Aldrich). In addition, 10 µg/ml Brefeldin A (#B6542, Sigma-

Aldrich) was added 2 h before harvesting. According to the Pacific Blue™ Annexin V Apoptosis 

Detection Kit (#640926, Biolegend), cells were stained and measured using a BD FACSCanto 

II device (BD). Data were analyzed using the FlowJo software package V10.1 (FlowJo, 

Ashland, Oregon). 

 

Flow cytometry staining and acquisition of murine single-cell suspensions 

Cell isolates obtained as described in section 3.2.4 were cultured ex vivo for 4 h in activation 

medium (see section 3.1.3, Table 5) to evaluate cytokine production. In addition, 10 µg/ml 

Brefeldin A (#B6542, Sigma-Aldrich) was added for 2 h before harvesting. Afterward, cells 

were washed in 1X PBS (#10010023, Gibco) and stained with viability dyes 10 min at 4 °C. 

For surface staining, pellets were resuspended in 1X MACS buffer and kept with fluorescently 

labeled antibodies for 15 min on ice in the dark. Finally, cells were fixed in 

fixation/permeabilization buffer (#88-8823-88, eBioscience) according to the manufacturer's 

protocol, 45 min at 4°C. Pellets were washed twice in permeabilization buffer (eBioscience) 

and stained with antibody cocktails against intracellular molecules for 25 min at RT. A complete 

list of antibodies and viability dyes can be found in 3.1.4, Table 6-7. After one additional wash 

with permeabilization buffer, FACS samples were acquired by a BD FACSCanto II device (BD). 

Data were analyzed using the FlowJo software version 10.6.2 (FlowJo).  

 

Proliferation and in vitro apoptosis assays 

Frozen PBMCs from the AGLCD patient, CD, and HD obtained as described in section 3.2.2, 

were thawed and washed twice in complete medium (see section 3.1.3, Table 5). After 

counting, cells were expanded by adding (1:100) T Cell TransAct™ human microbeads (#130-

111-160, Miltenyi Biotec) into an expansion medium containing 250 U/ml recombinant human 

IL-2 (#200-02, PeproTech) (see section 3.1.3, Table 5). The expansion medium with 

recombinant human IL-2 was refreshed every second day. After ten days, CD8+ T cells were 

sorted using the EasySep™ Human CD8+ T Cell Isolation Kit (#7953, Stemcell Technologies) 

and freshly used for in vitro proliferation assays or apoptosis induction followed by 

immunoblotting. To evaluate the proliferation capacity of CD8+ T lymphocytes, cells were 

stained with 0.5 μM carboxyfluorescein succinimidyl ester (CFSE) (#C34554, Thermofisher 

Scientific) for 10 min at 37 °C, followed by thorough washing and resuspension in complete 

medium. Afterward, cells were plated in a 96 well plate (#3799, Corning, New York, USA) at a 

density of 2×10⁶ cell/cm2 and activated by adding ± (1:500) T Cell TransAct™ human 

microbeads (Miltenyi Biotec) into expansion medium supplemented with 250 U/ml recombinant 
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human IL-2 (PeproTech). After three or six days, activated CD8+ T cells were counted thanks 

to a TC20 Automated cell counter (Biorad) and then washed and acquired by a BD 

FACSCanto II device (BD) to evaluate cell division. Data were analyzed using the FlowJo 

software package V10.1 (FlowJo). For apoptosis induction, CD8+ T cells were plated in a 96 

well plate (Corning) at a density of 2×10⁶ cell/cm2 and activated by adding ± (1:500) T Cell 

TransAct™ human microbeads (Miltenyi Biotec) into expansion medium supplemented with or 

without 250 U/ml recombinant human IL-2 (PeproTech) for two days and then harvested for 

immunoblotting. 

 

Enzyme-linked immunosorbent assay (ELISA) 

Serum was obtained from Pparγfl/fl-Adipoq-Cre mice and littermate controls. Serum levels of 

leptin were determined using the Mouse Leptin DuoSet ELISA Kit (#DY498-05, R&D Systems, 

Minneapolis, MN), following the manufacturer's instructions. In addition, mouse anti-

Escherichia (E.) coli lipopolysaccharide (LPS) (O111:B4) Antibody ELISA Kit (#6106, 

Chondrex, Woodinville, WA) was used to determine serum levels of mouse anti-E. coli (LPS) 

IgG. 

 

Immunoblotting 

All buffers used for immunoblotting are listed in section 3.1.3, Table 3. First, for the analysis 

of thigh junction proteins (see section 3.1.4, Table 10), murine distal colon specimens obtained 

from Pparγfl/fl-Adipoq-Cre mice and littermates were mechanically disassociated in an ice-cold 

tissue lysis buffer using a FastPrep-24 homogenizer (MP Biomedical, Irvine, CA). Alternatively, 

for immunoblotting of Bim protein (see section 3.1.3, Table 4), CD8+ T cells were lysed in RIPA 

buffer supplemented with protease and phosphatase inhibitors. After the first centrifugation 

(1000 g, 5 min, 4 °C), supernatants were once more centrifuged (42.000 g, 30 min, 4 °C) for 

protein collection. The protein fraction was resolved in lysis buffer and incubated 5 min at 95 

°C with  Laemmli buffer. Samples were loaded on a 5% stacking gel and then separated on an 

8% SDS polyacrylamide gel and transferred onto a polyvinylidene fluoride (PVDF) membrane 

(#NBA085S001EA, Perkin Elmer, Rodgau, Germany) at 250 mA for 1-2 h. Membranes were 

blocked with 5% BSA-TBS-T blocking buffer and incubated overnight with primary antibodies 

at 4 °C on a rotator. On a consecutive day, membranes were washed in 1X TBS-T solution 

and incubated with the respective peroxidase-conjugated secondary antibodies (Dako, 

Denmark). Finally, membranes were washed and incubated in SuperSignalWest Pico PLUS 

buffer (#34580,  ThermoFisher) and imaged using a Fusion FX7 (Vilber Lourmat). 
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Densitometric analysis was performed using AIDA software (Elysia, North-Rhine Westphalia, 

Germany), and all values were normalized to the β-actin signal of the respective blot48.  

 

Epithelial permeability  

Macromolecule fluxes through murine colonic mucosa specimens were measured in Ussing 

chambers (ReproCELL) filled with 5 mL of circulating Ringer solution (see section 3.1.3, Table 
4). Next, 100 μL of 20 mM fluorescein isothiocyanate-labeled dialyzed dextran (4-kDa FITC-

dextran) (#60842-46-8, TdB Labs AB, Uppsala, Sweden) were added to the solution facing the 

apical mucosal side of the specimen, whereas 20 mM unlabeled dextran was added to the 

basolateral serosal side. Finally, 300 μL of the solution at the serosal side were collected and 

replaced with fresh ringer solution after 0, 30, 60, 90, and 120 min. As reported before48, 136, 

the amount of 4-kDa FITC-dextran present at the basolateral side was measured with Tecan 

Infinite M200 fluorometer at 520 nm (Tecan). In alternative, voltage and transepithelial 

electrical resistance (TEER) were measured in Ussing chambers (ReproCELL) with an area 

of 0.049 cm2. Before each experiment, the contribution of the bathing solution and the filter to 

the measured resistance was calculated and subtracted. Next, Ussing chambers and water-

jacketed gas lifts were filled with 10 mL of standard ringer solution, equilibrated with 5% CO2
 

and 95% O2 at 37 °C. As reported before48, dilution potentials and the Goldman–Hodgkin–Katz 

equation were used to determine sodium and chloride permeabilities. For resistance 

measurements, colonic tissues of mice were mounted into Ussing chambers (ReproCELL), to 

which alternating currents (35 μA/cm2, frequency range 1.3 Hz to 65 kHz) were applied. Phase-

sensitive amplifiers detected changes in tissue voltage, and finally, transepithelial resistance 

Rt (=TEER) and subepithelial resistance (Rsub) could be obtained at minimum or maximum 

frequency, accordingly. Epithelial resistance (Repi) was calculated using the formula Repi= Rt–

Rsub. 

 

3.2.6. DNA and RNA sequencing 

Exome sequencing 

PBMCs were obtained as described in section 3.2.2, and CD3+, CD8+, CD4+ T cells, CD19+ B 

cells, and CD14+ myeloid cells were sorted either with anti-allophycocyanin (APC) (#130-090-

855) or anti-FITC MultiSort Kits (#130-058-701, Miltenyi Biotec) as described by the 

manufacturer's instructions or with the help of FACSJazz™ Cell Sorter (BD). A complete list of 

antibodies used for sorting can be found in section 3.1.4, Table 8. DNA was extracted from 

PBMC sub-sets or buccal swaps with the DNeasy Blood & Tissue Kits (#69504, Qiagen, North 

Rhine-Westphalia, Germany). Exome enrichment was performed by the center for molecular 
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biosciences (ZMB), Kiel, Germany, using the xGen Exome Research Panel v 1.0 and 2 × 75 bp 

paired-end, while the sequencing was carried out on an Illumina HiSeq 3000 (Illumina), as 

reported previously88, 137. The reads were overlapped on the human reference genome build 

hg19 using BWA. Next, they were sorted, converted to bam format, and indexed with 

SAMtools. Afterward, the removal of PCR duplicates and local realignment around InDels 

followed together with base quality score recalibration using the GATK according to their best 

practice recommendations, in accordance with variant calling and variant quality score 

recalibration. Alissa Interpret (Agilent) was finally used for Variant annotation and filtering. 

 

Single-cell gene expression and TCR analysis 

PBMCs were obtained from the AGLCD patient and one healthy donor, as described in section 

3.2.2, and resuspended in 1X PBS (#10010023, Gibco) containing 2% FBS (Sigma-Aldrich) 

and 1 mM EDTA (#E6511, Sigma-Aldrich) with a density of 5 x 107 cells/mL. CD3+ T cells were 

sub-sequentially separated using the EasySep™ Human T Cell Isolation Kit (#17951,  Stemcell 

Technologies) and transported to the center for molecular biosciences (ZMB), Kiel. CD3+ 

single-cell suspensions were loaded on a Chromium Chip G (10x Genomics, Pleasanton, 

California) according to the manufacturer's instructions for processing with the Chromium Next 

GEM Single Cell 5' Library and Gel Bead Kit v1.1. 15,000 cells were loaded for each reaction. 

TCR single-cell libraries were subsequently prepared from the same cells with the Chromium 

Single Cell V(D)J Enrichment Kit, Human T Cell (10x Genomics). Libraries were sequenced 

on Illumina NovaSeq 6000 machine (Illumina) with 2x100 bp for gene expression, aiming for 

50,000 reads per cell and 2x150 bp and 5000 reads per cell for TCR libraries. Finally, the 

preprocessing of the sc-RNAseq data was performed by the core unit bioinformatics (CUBI) at 

the Berlin Institute of Health (BIH), Berlin, Germany, with Cell Ranger software v3.1.0 (10x 

Genomics) using the human genome reference GRCh38 v3.0.0 for the mappings. Single-cell 

TCR distribution and clonal expansion were visualized using the R treemapify and packcircles 

packages (www.R-project.org). 

 

Bulk TCR repertoire 
PBMCs or LPMCs were obtained as described in section 3.2.2, and CD8+or CD4+ T cells were 

sorted with the help of FACSJazz™ Cell Sorter (BD). A complete list of antibodies used for 

sorting can be found in section 3.1.4, Table 8. Total RNA was isolated using the RNeasy Mini 

Kit (#74104, Qiagen). Afterward, molecular-barcoded TCR cDNA libraries were prepared by 

the ZMB center of Kiel, as previously described138, with minor modifications for both TCRα and 

TCRβ chains. Briefly, cDNA synthesis was performed using SMARTScribe reverse 

transcriptase (Clontech, Mountain View, CA) using primers for the TCRα and TCRβ constant 

http://www.bihealth.org/
http://www.r-project.org/
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region. A unique molecular identifier (UMI), and a sample barcode of 6 nucleotides, were 

introduced via template-switching. cDNA synthesis was carried out for 60 min at 42 °C. cDNA 

was then treated with Uracil DNA-Glycosylase (UDG) (New England Biolabs, Ipswich, MA) and 

incubated for 30 min at 37 °C. Samples were subsequently purified with the QIAquick PCR 

purification kit (Qiagen) and eluted in 50 or 100 µl deionized water. Purified cDNA was then 

amplified with two consecutive PCRs, 18 and 12 cycles, with purification after each PCR using 

MagSi-NGSprep Plus (MagnaMedics, Aachen, Germany). Illumina-compatible adapters and 

sample-specific barcodes were added during the second PCR. The quality and concentration 

of the libraries were measured with TapeStation D1000 (Agilent) and Qubit (Thermofisher 

Scientific). Five ng per library were pooled and sequenced on Illumina MiSeq v2 with a single 

index run of 2×150 bpm (Illumina). Custom sequencing primers were added to the Illumina 

primers. PCR and sequencing error corrections were performed by identifying and selecting 

unique molecular identifiers using MiGEC139, version 1.2.6. Filtered sequences were aligned 

on a TCR gene reference, clonotypes were identified, grouped, and CDR3 sequence was 

identified using the software MiXCR140, version 2.1.1. Clonotype tables containing clonotype 

counts, frequencies, CDR3 nucleotide, amino acid sequences, and V(D)J genes were obtained 

and used for further analysis. 

 

Integration of single-cell and bulk TCR repertoire datasets 

Single-cell alpha and beta TCRs were separated to emulate a pseudo-bulk repertoire and 

compared with the bulk TCR repertoire data by the ZMB center of Kiel. Alpha diversity 

measures such as the number of clonotypes, the inverse Simpson index, the Gini index, and 

the clonality (1/Shannon entropy) were calculated using the R software packages Vegan and 

tcR (www.R-project.org). Next, the presence and abundance of each clonotype were 

compared within CD4+ and CD8+ cellular fractions of the patient and control and between bulk 

and single-cell data. The ALICE software141 for identifying TCRβ clonotypes involved in active 

immune responses at sampling time was utilized to identify potential TCRs of interest enriched 

in the patient but not in the control sample. Furthermore, TCRs were researched in the VDJdb 

database142 to check for possible antigen- and HLA-specificity. To check for possible TCRs 

overlaps in pre-existing patient cohorts143, we compared clonotypes identified in the AGLCD 

patient with whole blood samples of 108 CD, 36 UC, 99 healthy, and surgical specimens of 11 

CD (4x large intestine, 7x small intestine), 13 UC, 13 colorectal cancer (CRC), both from the 

large intestine. 

 

http://www.r-project.org/
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3.2.7. Statistical analysis 

Sample sizes were chosen on the basis of sample accessibility and estimated variability 

assumed from previous studies, including mass cytometry analysis and the DSS-induced 

colitis or transfer colitis murine models74, 88, 104. Data sets were first tested for normal (Gaussian) 

distribution and differences between the observed means in two independent samples, 

therefore analyzed accordingly with parametric or nonparametric tests. Statistical tests and 

sample sizes used for each experiment are stated in the figure legends, and significant p-

values are indicated as such: ****P < 0.0001 ***P < 0.001 **P < 0.01 *P < 0.05. Statistical analyses 

were performed either using Prism v.9 software (GraphPad) or R Software (www.R-

project.org).  

http://www.r-project.org/
http://www.r-project.org/


 46 

4. RESULTS 

4.1. AIM 1 

4.1.1. BTP2 inhibits SOCE in human PBMCs and gut-resident lymphocytes 

To assess whether BTP2 is a suitable Ca2+ release activated-calcium channel (CRAC)-inhibitor 

for human lymphocytes, we first isolated PBMCs from 3 healthy donors (HD). Then, after a 4 h 

or overnight ex vivo incubation with 1 µM BTP2, we measured Ca2+ influx capacity of 

lymphocytes by flow cytometry144, 145 (Figure 6A). BTP2 significantly reduced Ca2+ influx in 

PBMCs of healthy donors, specifically in CD4+ and CD8+ T cells, CD19+ B cells, CD14+ 

monocytes, and CD56+ NK cells after overnight incubation (Figure 6B-C). In addition, BTP2 

could also reduce the Ca2+ influx capacity of healthy PBMC subsets after a short-term 

incubation of 4 h (refer to Letizia et al, 2022146).  

Next, following the same workflow, we measured the SOCE capacity of colonic LPMCs 

obtained from 3 IBD patients undergoing surgery (Figure 7A). As observed in PBMCs, 

overnight treatment with increasing concentrations (15-1,000 nM) of BTP2 caused a dose-

dependent inhibition of SOCE in CD4+ and CD8+ LPMCs with almost complete inhibition of 

Ca2+ influx at a concentration of 1 µM (Figure 7B-C). The same results were obtained when 

Figure 6. BTP2 inhibits SOCE in human PBMCs. (A) Experimental setup for Ca2+ influx assays using PBMCs 
(HD: n = 3). (B) To assess levels of Ca2+ influx rates in PBMCs (HD: n = 3), cells were treated overnight in vitro ± 
1 µM BTP2 and then stimulated with the sarco-endoplasmic reticulum Ca2+ ATPase-inhibitor thapsigargin (TG) and 
acquired by Flow cytometry. (C) Bar plots indicate the mean values of Ca2+ influx rates measured in PBMC subsets. 
Statistic was calculated with multiple paired T test and false discovery rate adjusted to 1% using the Benjamini, 
Krieger and Yekutieli procedure, ****P < 0.0001 ***P < 0.001 **P < 0.01 *P < 0.05. Error bars represent the standard 
error mean (SEM). 



 47 

lamina propria T cells isolated from IBD patients were incubated for only 4 h with BTP2 (refer 

to Letizia et al, 2022146), demonstrating that BTP2 is a potent SOCE-inhibitor in human PBMCs 

as well as gut-resident lymphocytes. 

 

4.1.2. Blockade of SOCE inhibits the production of pro-inflammatory cytokines by 

LPMCs without compromising their viability 

To determine the consequences of SOCE inhibition on the functionality of LPMCs, we 

evaluated either the production of pro-inflammatory cytokines or the expression of functional 

markers in various gut-resident immune cells isolated from CD patients undergoing surgery 

and treated with variable concentrations of BTP2 (15 – 1,000 nM) by using mass cytometry 

(Figure 8A). LPMCs were activated 4 h in vitro with PMA/ionomycin ± BTP2 and finally stained 

with a panel of antibodies against lineage markers targeting T cells (CD3, CD4, CD8), myeloid 

cells (CD11b, CD11c, CD14), B cells (CD19, IgM, IgA), and NK cells (CD56), according to our 

previous published protocol88, 137. Furthermore, differentiation and homing markers such as 

CCR7, CD25, CD33, FAS, CD103, IL-7R, CD137, activation markers (CD40, CD45RA, 

CD45RO, CD86, HLA-DR), cytokines (IL-2, IL-4, IL-6, IL-13, IL-17A, IL-23p40, IFNγ, TNFα, 

CD40L, FasL) and functional markers (CD27, CD38, PD-1) were also included. Shortly, a total 

of 40 samples isolated from the colon LP of 5 CD patients were pooled and barcoded as 

reported before88, 137. They were next stained and acquired in a sole run by mass cytometry to 

Figure 7. BTP2 inhibits SOCE in human gut-resident lymphocytes. (A) Experimental setup for Ca2+ influx 
assays performed on LPMCs (IBD: n = 3). (B) Ca2+ influx rates in human lamina propria CD4+ and CD8+ T cells 
(IBD: n = 3) in the presence of 15-1,000 nM BTP2 after stimulation with the sarco-endoplasmic reticulum Ca2+ 
ATPase-inhibitor thapsigargin (TG) were measured by flow cytometry. (C) Bar plots show the mean Ca2+ influx rates 
measured in LPMCs. Error bars represent the standard error mean (SEM). Statistical significance was calculated 
with repeated measures (RM) one-way ANOVA test. ****P < 0.0001; ***P < 0.001; **P < 0.01; *P < 0.05. 
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avoid the introduction of batch errors (see section 3.2.3) (Figure 8A). Cells were cleaned from 

non-cellular, non-single cell events as well as de-barcoded and gated on the CD45+ immune 

cell fraction. The de-barcoding step allowed us to divide the 40 pooled samples back into one 

file per patient. Finally, single files were compensated for spill-over signals and gated 

according to the CD3 expression in T cells (CD3+) and non-T cells (CD3-) for further analysis 

(Figure 8B). 
 

 

Increasing concentrations (15 – 1,000 nM) of the CRAC channel-inhibitor BTP2 reduced in a 

dose-dependent manner the production of cytokines such as IL-2, TNFα, IFNγ, IL-17A, IL-13, 

and IL-4 produced by different subsets of CD45+ CD3+ LPMCs (Figure 9A-B). Even though a 

similar reduction of cytokines was observed in effector (CD45RO+) and memory (IL-7R+) CD4+ 

and CD8+ T cells upon SOCE blockade, in the case of CD4+ CD25+ IL-7R- Treg cells, the 

highest concentration of BTP2 (1 µM) suppressed only ~ 50% of IL-2, IL-17, and TNFα 

production (Figure 9B). These findings are consistent with previous studies showing the 

greater resistance of murine in vitro-induced regulatory T cells (iTreg) to inhibition of SOCE 

when compared to Th1 or Th17 subsets147, 148, supporting the existence of different thresholds 

of SOCE signaling strength among T cell subsets.  

Figure 8. Analysis of SOCE blockade effects on gut-resident immune cells via mass cytometry. (A) 
Experimental setup for mass cytometry assay. LPMCs were isolated from 5 CD patients and activated 4 h in vitro 
± 20 ng/ml PMA and 1 µg/ml ionomycin ± variable (v) concentrations of BTP2 (15-1,000 nM); (unstimulated n = 5; + 
PMA/ionomycin n = 5; + PMA/ionomycin + (v) BTP2 n = 30). (B) Gating strategy applied to remove non-cellular and 
non-single cell events. Single-cell events derived from a pool of 40 samples were de-barcoded and gated on CD45+ 
immune cells to generate one file per patient. Finally, CD45+ cells were gated into CD3+ T cells and CD3- non-T 
cells. 
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Besides cytokines, the expression of several LPMCs functional markers such as CD40L, FasL, 

and PD-1 was decreased by increasing concentrations of BTP2 (Figure 9C), in line with the 

known role of Ca2+ and NFAT in their transcriptional regulation69, 149, 150. In contrast, we found 

a dose-dependent up-regulation of CD25, CD137 (4-1BB) or CCR7, upon BTP2 treatment 

(Figure 9C). Particularly, CD25 was up-regulated in CD4+ and CD8+ effector and memory T 

cells, but not in Th17 and Treg cells, while CD137 was only significantly up-regulated in effector 

and memory CD8+ T cells. These findings further support the hypothesis that a specific cell-

type threshold of Ca2+ entry may exist and control the function of different T cell subsets.  

Figure 9. Blockade of SOCE gradually inhibits the production of pro-inflammatory cytokines by colonic LP 
T cells. (A) tSNE plots of CD45+ CD3+ LPMCs stimulated for 4 h ± PMA/ionomycin ± variable (v) concentrations 
(15–1,000 nM) of BTP2. viSNE plots are colored according to the expression level of IL-2 (blue: low, red: high) and 
represent one CD patient. (B) Dose-response curve graphs reflecting normalized production of cytokines by CD45+ 

CD3+ T cells in response to 15-1,000 nM of BTP2 after activation with PMA/ionomycin (CD: n= 5). The dose 
response was normalized to control samples treated only with PMA/ionomycin. Error bars represent the standard 
error mean (SEM). (C) Heatmaps representing the median fold change of cytokines and functional markers 
expression of CD45+ CD3+ LPMCs (CD: n= 5) activated 4 h in vitro with PMA/ionomycin ± 15 – 1,000 nM BTP2. 
Expression levels were normalized to samples treated only with PMA/ionomycin. Data represent one experiment 
(CD: n= 5), and significant differences in (C) were calculated using a paired Wilcoxon matched-pairs signed rank 
test, *P < 0.05. 
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In addition, we analyzed the expression of cytokines and functional markers in CD45+ CD3- 

non-T cells obtained from the same cohort of CD patients (Figure 10A-B). Interestingly, SOCE 

blockade barely affected cytokine production by CD19+ HLA-DR+ B cells. At the same time, a 

more pronounced suppression, especially of IFNγ and, to a lesser degree, of TNFα, was 

observed in CD11c+ myeloid cells (Figure 10A). Notably, the findings described for 5 CD 

patients could be confirmed in one additional independent experiment using LPMCs isolated 

from 3 UC patients (refer to Letizia et al, 2022146).  

 

 

Finally, to exclude that the differences shown in cytokine production and markers expression 

were caused by BTP2-induced cell death rather than by SOCE blockade, we measured the 

apoptosis of LPMCs after incubation with PMA/ionomycin ± 1 µM BTP2. As shown in Figure 
11A-B, we observed no difference in early or late apoptosis between LPMCs treated with BTP2 

and untreated control cells. Collectively, these data demonstrate that SOCE inhibition 

significantly affects the production of pro-inflammatory cytokine and functional markers 

expression by intestinal LP T cells in a dose-dependent manner. In contrast, SOCE blockade 

affects only to a lesser degree antigen-presenting cells (APC) such as CD19+ HLA-DR+ B cells 

and myeloid cells, overall, without interfering with cell viability. 

Figure 10. SOCE blockade barely affected the production of cytokines by CD45+ CD3- non-T cells. (A) Dose-
response curve graphs reflecting normalized production of cytokines by CD19+ B cells and CD11c+ myeloid cells in 
response to various (v) concentrations (15-1,000 nM) of BTP2 after activation with PMA/ionomycin (CD: n= 5). The 
dose response was normalized to control samples treated only with PMA/ionomycin. Error bars represent the 
standard error mean (SEM). (B) Heatmaps representing the median fold change of cytokines and functional markers 
expression of CD45+ CD3- LPMCs (CD: n= 5) activated 4 h ex vivo with PMA/ionomycin ± 15 – 1,000 nM BTP2. 
Expression levels were normalized to samples treated only with PMA/ionomycin. Data represent one experiment 
(CD: n= 5), and significant differences in (B) were calculated using a paired Wilcoxon matched-pairs signed-rank 
test, *P < 0.05. 
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4.1.3. Inhibition of SOCE modulates the function of IBD-defining colonic T cell subsets 

After assessing BTP2 as a potent inhibitor of SOCE in human PBMCs and LPMCs, we 

investigated whether IBD-driving LPMC subsets can be modulated by pharmacological 

inhibition of SOCE. Particularly, we aimed to characterize the effects of Ca2+ influx blockade 

on immune cell subsets defining therapy refractory IBD patients. Therefore, we compared the 

frequencies and functional status of LPMCs isolated from 6 UC, 6 CD, and 4 non-IBD control 

patients undergoing colon resection due to refractory disease. LPMCs were stimulated with 

PMA/ionomycin for 4 h in vitro and stained using a panel of 37 markers for mass cytometry 

acquisition (Figure 12A). First, by adopting the same gating strategy described in Figure 8B, 

a detailed evaluation of CD45+ CD3+ or CD45+ CD3- LPMCs allowed us to characterize 

disease-specific cell subsets that drive inflammation in UC and CD patients with therapy 

refractory manifestations, as these are currently not well described. Second, we defined the 

effects of SOCE inhibition on these IBD-characterizing LPMC subsets by analyzing CD45+ 

CD3+ or CD45+ CD3- cells stimulated 4 h in vitro with PMA/ionomycin ± 1 µM BTP2, a 

concentration of SOCE inhibitor for which we had previously observed an almost complete 

suppression of Ca2+ influx in immune cells (Figure 9-10). 

Using the strategy described in section 3.2.388, 132, we identified 20 clusters within CD45+ CD3+ 

LP T cells (Figure 12B-C). Particularly, UC and CD patients were both characterized by an 

enrichment of CD4+ IL-17A+ (cluster 11), CD8+ CD45RA+ IFNγ+ T cells (cluster 4) and CD4+ 

CD25+ IL-7R- Treg cells (cluster 20) compared to non-inflamed controls (Figure 12C). 

Unexpectedly, CD4+ IL-4+ IL-13+ Th2 cells (cluster 13) frequency was significantly reduced in 

both CD and UC compared to control samples, suggesting that these cells may not play a 

Figure 11. Treatment with the SOCE inhibitor BTP2 does not affect the viability of LPMCs in vitro. (A) LPMCs 
were isolated from 3 IBD patients, and cellular viability in the presence or absence of 20 ng/ml PMA and 1 µg/ml 
ionomycin ± BTP2 (4 h in vitro) was assessed by quantifying frequencies of early apoptotic (Annexin V+ 7AAD-) and 
late apoptotic cells (Annexin V+ 7AAD+). (B) Bar plots indicate mean values of apoptosis measured for 3 IBD 
patients in three independent experiments. Paired Wilcoxon matched pairs signed-rank tests calculated statistical 
differences, *P < 0.05. Error bars represent the standard error mean (SEM). 
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major pathogenic role in the maintenance of chronic inflammation in therapy refractory IBD. 

Furthermore, apart from CD4+ TNFα+ (cluster 15), UC patients harbored higher frequencies of 

CD4+ PD-1+ (cluster 14), CD8+ PD-1+ (cluster 18) when compared to CD patients and non-IBD 

controls (Figure 12C), suggesting that T cell exhaustion might represent a key feature specific 

to the chronic inflammatory milieu in UC patients. By contrast, the frequencies of CD4+ IL-7Rhigh 

IL-2+ TNFα+ IFNγ+ (cluster 5) and CD4+ IL-7Rhigh IL-2+ TNFα+ IL-17A+ (cluster 6) T cells were 

significantly reduced in UC patients compared to CD patients and non-inflamed control 

samples (Figure 12C).  

Figure 12. Altered T cell composition in the colonic LP of IBD patients with therapy refractory 
manifestations. (A) Experimental setup for mass cytometry. LPMCs were isolated from 6 CD, 6 UC and 4 non-
inflamed volunteers, activated for 4 h in vitro ± PMA/ionomycin ± 1µM BTP2; (unstimulated n = 3; + PMA/ionomycin 
n = 16; + PMA/ionomycin + BTP2 n = 16). (B) FlowSOM map of merged FCS files from samples treated with 
PMA/ionomycin ± 1 µM BTP2. Colors indicate 20 clusters among CD45+ CD3+ LPMCs. (C) Heatmap clusters show 
the expression levels of the 24 markers used for cluster analysis. The table shows the mean ± SEM of frequencies 
(%) for each cell subset defined in non-inflamed controls, UC, and CD patients after 4 h stimulation with 
PMA/ionomycin in vitro. Data represent one experiment, and statistical differences were calculated using the edgeR 
statistical framework with negative binomial GLM and a false discovery rate adjusted to 10% using the Benjamini-
Hochberg procedure.  
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We next investigated how the inhibition of SOCE affects the function of the identified CD3+ T 

cell subsets isolated from the colonic lamina propria of UC and CD patients. Overall, BTP2 

treatment strongly reduced cytokine production by CD45+ CD3+ LPMCs-defining therapy 

refractory IBD (Figure 13A-B). 

Particularly, inhibition of SOCE by 1 µM BTP2 during ex vivo stimulation with PMA/ionomycin 

resulted in strongly reduced abundances of CD4+ IL-2+ T cells (cluster 3), CD4+ IL-2+ TNFα+ 

(cluster 12), and IL-4+ IL-13+ Th2 cells (cluster 13) in UC and CD patients (Figure 14). 

Moreover, the frequencies of pro-inflammatory CD4+ IL-7R+ and CD8+ IL-7R+ memory T cells 

that produced IL-2, IFNγ, and TNFα (clusters 5 and 9) were significantly reduced in UC and 

CD patients after SOCE inhibition. Likewise, we observed a decrease in the percentages of 

CD4+IL-17A+ T cells (cluster 11) and CD4+ IL-7R+ memory T cells producing IL-2, TNFα, and 

IL-17A (cluster 6) in BTP2-treated LPMCs of UC and CD patients (Figure 14). Noteworthy, 

inhibition of SOCE in LPMCs isolated from UC and CD patients resulted in a parallel relative 

increase of non-activated CD4+ and CD8+ T cells (clusters 10 and 17) and naïve CD4+ T cells 

(cluster 1) as well as in an increase of cells that were characterized by low or intermediate 

TNFα expression such as CD4+ IL-7Rhigh TNFα+ memory T cells (cluster 7). We attribute this 

increase to the fact that BTP2 potently suppresses T cell activation and TNFα expression, thus 

increasing the frequencies of T cells that are not activated or are intermediate producers of 

TNFα. BTP2 treatment also moderately increased the frequencies of CD4+ PD-1+ and CD8+ 

PD-1+ T cells (clusters 14 and 18) in both UC and CD patients. In addition, it resulted in a 

Figure 13. BTP2 treatment strongly reduced cytokine production by CD45+ CD3+ LPMCs in therapy refractory 
IBD patients. (A) FlowSOM map identifying cell clusters. (B) viSNE plots of one exemplary CD patient indicating 
expression levels of cytokines and T cell markers after PMA/ionomycin stimulation in the presence or absence of 
BTP2 (blue; low, red: high). 
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relatively increased abundance of CD4+ CD25+ IL-7R- Treg cells (cluster 20) in CD patients 

(Figure 14).  

We next determined the effects of SOCE inhibition on the expression levels of individual 

cytokines and functional markers of T cells-defining therapy-refractory IBD. Treatment with 

BTP2 resulted in significant suppression of TNFα in most T cell subsets of UC patients (Figure 

15A) and, to a lesser degree, in T cells of CD patients (Figure 15B). IFNγ and IL-2 production 

were similarly affected by BTP2 in UC and CD patient samples; a notable exception was Treg 

cells because BTP2 had only significantly suppressed IFNγ and IL-2 production in patient 

samples of CD but not UC (Figure 15A-B). The effects of SOCE inhibition on IL-4, IL-13, and 

IL-17A production were more moderate and reached significance in only a few T cell subsets 

in both UC and CD patients.  

Among surface markers, we observed a significant decrease of FasL, CD40L, and PD-1 upon 

inhibition of SOCE (Figure 15A-B), which was expected since the transcription of these 

molecules is dependent on Ca2+ signaling and NFAT69, 149, 150. Collectively, our data 

demonstrate that the pharmacologic blockade of SOCE effectively suppresses the production 

of pro-inflammatory cytokines in CD4+ and CD8+ effector and memory T cells in the lamina 

propria of IBD patients with therapy refractory manifestations. 

Figure 14. Inhibition of SOCE modulates the function of therapy refractory IBD-defining colonic T cell 
subsets. Box plots showing frequencies (%) of each cell subset defined by the cluster analysis in non-inflamed, 
UC and CD samples following stimulation with PMA/ionomycin ± BTP2 for 4 h in vitro. Significant differences were 
calculated using a one-tailed paired Wilcoxon matched-pairs signed-rank test, *P < 0.05. Boxes range from the 25th 
to 75th percentiles. Whisker plots show the min (smallest) and max (largest) values. The line in the box denotes the 
median obtained from one experiment (CD n = 6; UC n = 6; non-inflamed n = 4). 
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4.1.4. SOCE regulates the function of NK cells and is required for B cells activation 

We next focused our analysis on characterizing the composition of non-T cell subsets within 

LPMCs isolated from the same cohort of IBD and non-inflamed patients (Figure 12A). In-depth 

analysis of CD45+ CD3- cells allowed us to define 20 cell clusters (Figure 16A) as described 

in section 3.2.3. We detected an increase of IL-17A producing ILC3 cells (cluster 15) in colonic 

mucosa samples of UC and CD patients compared to non-inflamed tissue controls (Figure 
16B), which is in line with a recent study that has observed a larger abundance of ILC3 cells 

in the peripheral blood of IBD patients with active disease151. Interestingly, CD samples 

Figure 15. Effects of SOCE 
inhibition on the expression 
levels of cytokines and 
functional markers of T cell-
defining therapy refractory IBD 
patients. Heatmaps indicate the 
median fold change of cytokines 
and functional markers expression 
in CD45+ CD3+ LPMCs activated 4 
h in vitro with PMA/ionomycin ± 
1 µM BTP2, (A) normalized to UC 
+ PMA/ionomycin or (B) to CD + 
PMA/ionomycin alone. Data 
represent one experiment (CD n = 
6; UC n = 6; non-inflamed n = 4), 
and significant differences were 
calculated by a paired Wilcoxon 
matched pairs signed-rank test, *P 
< 0.05. 
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harbored increased frequencies of CD3- CD19- IL-7R+ CD25+ ILCs (cluster 16) and IFNγ+ NK 

cells (cluster 17) as well as activated HLA-DR+ CD40+ B cells (cluster 5) compared to UC 

samples. A notable difference between both patient cohorts was the decrease in class-

switched CD38+ IgA+ B cells (cluster 8) and an increase in CD38+ IgM- B cells (cluster 11) in 

UC compared to CD patients and healthy controls (Figure 16B). 

 

To test the effects of SOCE inhibition on the function of non-T cells in the colonic lamina propria 

of IBD patients, we stimulated CD45+ CD3- LPMC isolated from UC and CD patients ex vivo 

with PMA/ionomycin in the presence or absence of BTP2. As a result, SOCE inhibition 

significantly decreased frequencies of IFNγ+ NK cells (cluster 17) and activated HLA-DR+ 

CD40+ B cells (cluster 5) in CD but not in samples obtained from UC patients (Figure 17A-D). 

Figure 16. Altered CD45+ CD3- cell composition in the lamina propria of IBD patients. (A) FlowSOM map of 
merged FCS files from unstimulated samples or samples treated with PMA/ionomycin ± 1 µM BTP2 (non-inflamed: 
n = 4, CD: n =6, UC: n =6). Colors indicate 20 distinct cell clusters. (B) Heatmap clusters showing the expression 
levels of 34 markers used for cluster determination. The table shows the mean ± SEM of frequencies (%) for each 
cell subset defined in non-Inflamed, UC, and CD samples after stimulation with PMA/ionomycin for 4 h. Data 
represent one experiment. Statistical differences were calculated using the edgeR statistical framework with 
negative binomial GLM and a false discovery rate adjusted to 10% using the Benjamini-Hochberg procedure.  
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However, no notable effects of SOCE inhibition on other cell clusters, including B cells, myeloid 

cells, and NK cells, were observed.  

 

In analogy to our previous analyses, we subsequently analyzed how BTP2 treatment affects 

the expression of pro-inflammatory cytokines by non-T cells in the intestinal LP. Several 

subsets of activated CD19+ HLA-DR+ B cells (clusters 4, 5, and 6) displayed a strong reduction 

of IL-6 production in samples of UC and CD patients treated with BTP2 (Figure 18A-B). In UC 

patients, the production of TNFα, IL-2 and IL-17A and the expression of CD40L and FasL were 

significantly reduced in ILCs (cluster 16) after exposure to BTP2 (Figure 18A). In CD patients, 

BTP2 suppressed the production of TNFα, IL-2, IFNγ, and FasL expression by NK cells (cluster 

18). Furthermore, inhibition of SOCE significantly reduced the expression of IFNγ by myeloid 

cells of CD patients (Figure 18B). Taken together, inhibition of SOCE suppressed the 

expression of several inflammatory cytokines, including IL-6 (B cells), TNFα (ILC and NK cells), 

and IFNγ (myeloid and NK cells) in IBD patients, suggesting that SOCE contributes to the pro-

inflammatory milieu in the LP of IBD patients generated by myeloid cells and ILCs. Compared 

to the pronounced effects of BTP2 on CD3+ T cells (Figure 14), the inhibition of SOCE had 

Figure 17. SOCE regulates NK cells and is required for B cell activation. Box plots showing frequencies (%) of 
each cell subset defined by the cluster analysis in non-inflamed, UC and CD patients stimulated 4 h in vitro with 
PMA/ionomycin ± BTP2. Particularly (A) shows the effects of SOCE inhibition on B cells, (B) on myeloid cells, (C) 
on plasma cell subsets and (D) on ILCs. Significant differences between UC + PMA/ionomycin and UC + 
PMA/ionomycin + BTP2 or CD + PMA/ionomycin and CD + PMA/ionomycin + BTP2 were calculated by a paired 
Wilcoxon matched-pairs signed-rank test, *P < 0.05. Boxes extend from the 25th to the 75th percentiles. Whisker 
plots show the min (smallest) and max (largest) values. The line in the box denotes the median obtained from one 
experiment. (CD n = 6; UC n = 6; non-inflamed n = 4).  
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more moderate effects on CD3- LPMC, suggesting that Ca2+ signals are more consequential 

for intestinal T than non-T cells.  

 

 

 

4.1.5. Suppression of cytokine production in LPMCs of IBD patients by CM4620 

We have now evaluated the effects of the CRAC channel inhibitor BTP2 in human PBMCs and 

LPMCs. Particularly, we demonstrated that the inhibition of SOCE can modulate cytokine 

production and functional markers in colonic LP T cells and, in part, non-T cells isolated from 

therapy refractory IBD patients. BTP2 is a cell-permeable, highly specific inhibitor blocking the 

coupling of ORAI1 (or ORAI2)/STIM1 complexes-mediating SOCE and previously served to 

elucidate STIM/ORAI-mediated pathways in a multitude of studies71, 77. However, other CRAC 

channel inhibitors with a better compliance profile are now available on the market. Particularly, 

Figure 18. Effects of SOCE 
inhibition on the expression 
levels of cytokines and 
functional markers of CD45+ 

CD3- cells-defining therapy 
refractory IBD patients. 
Heatmaps indicate the median 
fold change of cytokines and 
functional markers expression in 
CD45+ CD3- LPMCs activated 4 h 
in vitro with PMA/ionomycin ± 
BTP2, (A) normalized to UC + 
PMA/ionomycin or (B) CD + 
PMA/ionomycin alone. Data 
represent one experiment (CD n = 
6; UC n = 6; non-inflamed n = 4), 
and significant differences were 
calculated by a paired Wilcoxon 
matched-pairs signed-rank test, 
*P < 0.05. 
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the small molecule CM4620, which like BTP2, selectively inhibits CRAC channel currents133, 

152, has currently entered phase 2 clinical trials for COVID-19 pneumonia (NCT04345614) and 

acute pancreatitis (NCT04195347), showing promising results in efficiency and safety. To this 

end, we first compared the effects of the SOCE-blocker CM4620 to those of BTP2 in colonic 

LP CD4+ and CD8+ T cells by cytosolic Ca2+ assays. Thus, we found that 250 nM and 1 µM 

CM4620 suppressed SOCE in intestinal T cells isolated from therapy refractory IBD patients 

to a comparable degree to equimolar concentrations of BTP2 (Figure 19).  

 

 

Second, we analyzed how CM4620 treatment, compared to BTP2, affects the expression of 

pro-inflammatory cytokines and functional markers in T cells and non-T cells isolated from 

therapy refractory IBD patients by mass cytometry (Figure 20A). In line with the cytosolic Ca2+ 

assays, the production of cytokines by T cells, B cells, and myeloid cells isolated from the LP 

of UC and CD patients was suppressed by both CM4620 and BTP2 in a dose-dependent 

manner and to a similar extent (Figure 20B-C). These findings confirm our previous mass 

cytometry data using BTP2 and indicate that CM4620 is a potent and selective CRAC channel 

blocker as BTP2 in gut-resident cells.  

Figure 19. CM4620, similarly to BTP2, inhibits SOCE in human gut-resident lymphocytes. Colonic LP CD4+ 

and CD8+ T cells isolated from 3 therapy refractory IBD patients were pretreated with 250 nM or 1000 nM BTP2 or 
CM4620 for 4 h in vitro. SOCE inhibitors were added to the cell suspension until acquisition. Thus, cells were 
stimulated with 1 µM thapsigargin (TG) in Ca2+ free Ringer solution followed by the addition of 2 mM Ca2+ Ringer 
solution. Bar graphs show the mean obtained from one experiment ± SEM of Ca2+ influx rates after the addition of 
2 mM Ca2+ Ringer solution. Statistical differences were calculated with repeated measures (RM) one-way ANOVA 
test. ****P < 0.0001; ***P < 0.001; **P < 0.01; *P < 0.05.  
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Figure 20. Suppression of cytokine production in LPMCs of IBD patients by CM4620. (A) Experimental setup 
for mass cytometry assay. LPMCs were isolated from 6 IBD patients and activated 4 h in vitro ± 20ng/ml PMA and 
1µg/ml ionomycin ± variable (v) concentrations of the SOCE inhibitors (SOCEi) BTP2 and CM4620; (Unstimulated 
n = 6; PMA/ionomycin n = 6; PMA/ionomycin + (v) BTP2 n = 12; PMA/ionomycin + (v) CM4620 n = 12). (B-C) 
Heatmaps representing the median fold change of cytokine and cell surface marker expression in CD45+ CD3+ and 
CD45+ CD3- LPMCs stimulated with PMA/ionomycin for 4 h in the presence or absence of 250 nM or 1,000 nM 
BTP2/CM4620. Data were normalized to samples treated with PMA/ionomycin alone and represent one experiment. 
Statistical significance was calculated using a one-tailed paired Wilcoxon matched-pairs signed rank test. *P < 0.05.  
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4.1.6. Pharmacological inhibition of SOCE in vivo ameliorates IBD and suppresses 

pro-inflammatory cytokine production by T cells 

Because of the potent suppressive effects of SOCE inhibition on the expression of pro-

inflammatory cytokines and activation markers in human LPMCs, we investigated if the 

application of a selective CRAC channel-inhibitor can alleviate intestinal inflammation in a 

murine model of transfer colitis. Particularly, for these experiments, we used the CRAC channel 

blocker CM4620 as it is currently in phase 2 clinical trials and has already shown promising 

results in efficiency and safety.  

After i.v. injection of CD4+ naïve T cells in Rag1-/- recipient mice and establishment of intestinal 

inflammation; at day 18, mice were either treated with vehicle alone or with CM4620 (20mg/kg) 

(Figure 21A). Control mice treated with vehicle showed progressive weight loss, whereas 

CM4620 treatment resulted in moderate weight gain (Figure 21B). Serum concentrations of 

CM4620 at the end of the treatment (day 48) were confirmed by HPLC-MS/MS and ranged 

from 2.70 - 5.67 µg/ml (Figure 21C). Oral treatment with CM4620 significantly ameliorated the 

histological score of intestinal inflammation compared to controls (Figure 21D), thus 

demonstrating that SOCE inhibition can efficiently attenuate the course of intestinal 

inflammation in vivo after the onset of colitis. Further characterization of colon LP CD4+ T cell 

subsets revealed that frequencies of CD4+ T cells producing IFNγ, TNFα, and IL-2 in mice 

treated with SOCE-inhibitor were significantly reduced compared to vehicle-treated littermates 

(Figure 21E). These data suggest that SOCE-inhibition mediates improvements observed in 

weight loss and intestinal inflammation by partially suppressing CD4+ T cells' pro-inflammatory 

cytokines while preserving the numbers of Treg cells in the colon LP (Figure 21F). 
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Figure 21. Pharmacological inhibition of SOCE in vivo ameliorates IBD and suppresses pro-inflammatory 
cytokine production by T cells. (A) Experimental plan: colitis was induced by i.v. injection of 5 x 105 naïve CD4+ 

CD44low CD62L+ CD25- T cells into Rag1-/- host mice followed by oral gavage with 20 mg/kg CM4620 or vehicle 
every other day from days 18-49. (B) Relative weight loss of mice treated with vehicle or CM4620. Data are a pool 
of two independent experiments, including 9 mice per cohort. (C) Concentrations of CM4620 in the serum of mice 
at day 49. Unpaired student's t-test calculated statistical difference. Data are a pool of two independent experiments 
including, 9 mice per cohort. (D) Representative H&E staining of the distal colon of Rag1-/- mice treated with vehicle 
or CM4620 and colitis score. Data are a pool of two independent experiments, including 9 mice per cohort. 
Statistical differences were calculated with the Mann-Whitney U test. (E) Frequencies of IFNγ, TNFα and IL-2 
producing CD4+ T cells isolated from the colon LP, restimulated ex vivo with PMA/ionomycin for 4 h and analyzed 
by flow cytometry. (F) Frequencies of Foxp3+ Treg cells in the colon LP of mice treated with CM4620 or vehicle. In 
(E-F) data represent the mean ± SEM of 6 control and 5 CM4620 treated mice, and statistical analyses were 
calculated by unpaired student's t-test: ***P < 0.001 **P < 0.01 *P < 0.05. 
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4.2. AIM 2 

4.2.1. Lipoatrophic mice show absent serum levels of leptin and develop 

hepatosteatosis and insulin resistance 

Consistently with previous publications125, we observed a complete lack of mesenteric or 

gonadal fat depots in all Pparγ fat-specific knockout mice aged 9 to 20 weeks. Histological 

evaluation of the mesenteric fat revealed that the tissue structure in Pparγflox/flox AdipoqCre/wt 

mice was mainly composed of connective fibers and no adipocytes. In addition, gonadal fat 

pads were completely absent (indicated by the arrows in Figure 22A), and the lack of 

adipocytes was consistent with non-detectable serum levels of leptin in lipoatrophic mice 

(Figure 22B). As described previously, Pparγflox/flox AdipoqCre/wt mice develop hepatosteatosis 

and insulin resistance125. In line, we could confirm that lipoatrophic mice between 9 and 20 

weeks of age have a prominent accumulation of lipids in the liver, significantly increased in 

size (Figure 22C-D), and enlarged pancreatic islets (Figure 22D), supporting the existence of 

severe steatosis and insulin resistance caused by the complete loss of fat. Although we 

detected lipids accumulation in the liver of Pparγflox/flox AdipoqCre/wt mice, this was not observed 

for other tissues such as the pancreas, spleen, kidneys, or cardiac muscle (Figure 22D). 

However, as described for the liver, lipoatrophic mice were characterized by general 

acromegaly compared to wild-type littermates. Particularly, we discovered splenomegaly with 

an enlarged red bulb, larger-sized glomeruli in the kidneys (Figure 22D), and an elongated 

gastrointestinal tract (Figure 22E), probably associated with elevated insulin resistance and 

therefore, high insulin levels and insulin growth factor-like functions153.  
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Figure 22. Lipoatrophic mice show no serum levels of leptin, hepatic steatosis, and insulin resistance, 
followed by acromegaly. (A) Representative pictures of Pparγflox/flox AdipoqCre/wt and controls mice. Below, H&E 
staining of mesenteric fat tissue (arrows point to mesenteric and gonadal fat tissue). (B) Leptin serum levels in mice 
at 13-19 weeks of age (Pparγflox/flox Adipoqwt/wt: n = 4; Pparγflox/flox AdipoqCre/wt : n = 4). (C) Liver size of Pparγflox/flox 
Adipoqwt/wt (n = 16) or Pparγflox/flox AdipoqCre/wt (n = 12) mice, and exemplary pictures. (D) Liver, pancreas, spleen, 
kidney, and heart H&E stainings of lipoatrophic and control mice (arrows point to the red pulp in the spleen and 
glomeruli in the kidney). (E) Gastrointestinal tract (GI) length (Pparγflox/flox Adipoqwt/wt: n = 12; Pparγflox/flox AdipoqCre/wt: 
n = 8). All Boxes range from the 25th to 75th percentiles. Whisker plots show the min (smallest) and max (largest) 
values. The line in the box denotes the median. Graphs show a pool of two or three independent experiments. 
Statistical differences in panel B were calculated by Mann-Whitney U test, whereas in panels C and E by unpaired 
T test with Welch´s correction. ****P < 0.0001, ***P < 0.001, ** P < 0.01. 
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4.2.2. Lipoatrophic mice show reduced NK and increased myeloid cell frequencies in 

the spleen 

Although the effects of lipoatrophy on metabolic mechanisms have been investigated125, little 

is known about the impact of fat loss on immune cell functions. Therefore, to understand 

whether lipoatrophy affects the systemic immune cell composition, we first performed a general 

immune cell characterization of lymphoid structures, such as the spleen, in Pparγ fat-specific 

knockout mice and control littermates by flow cytometry. Particularly, after isolation, 

splenocytes were stained with an antibody panel (details in section 3.1.4, Table 7) containing 

surface or intracellular markers targeting general immune cell subsets such as CD4 and CD8 

for the identification of T cells, CD19 for B cells, and Gr-1 for myeloid subsets. Finally, NK1.1, 

CD49b, CD49a, T-bet, Eomes, CD11b, and CD27 served to characterize NK cells. 

Furthermore, cells were activated 4 h in vitro with PMA/ionomycin to detect differences in 

cytokine production and therefore stained intracellularly for TNFα, IFNγ, and IL-17A.  

According to the current guidelines for the use of flow cytometry14, leucocytes were first 

identified by their scattering to exclude signals derived from non-cellular and non-single cell 

events. Second, immune cells were discriminated by excluding CD45- Live&dead+ (Figure 
23A) or, in the case of NK/ILCs, Lin+ Live&dead+ cells (Figure 24C). Finally, discrete cell 

clusters were defined by a sequential gating strategy. T cells were subdivided into CD4+ and 

CD8+ clusters and further classified according to cytokines staining in TNFα +, IFNγ +, and IL-

17A + producers or by the expression of Foxp3 in CD4+ Treg cells (Figure 23A). As shown in 

Figure 23B-D, the number of splenocytes and the composition of CD4+ and CD8+ T cell 

subsets isolated from the spleen was equal between Pparγflox/flox AdipoqCre/wt and Pparγflox/flox 

Adipoqwt/wt mice. 
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Figure 23. Lipoatrophic mice harbor no difference in the T cell compartment of the spleen. (A) Sequential 
gating strategy used to identify discrete immune cell clusters. First, cells were gated for scattering (SSC-A/FCS-A), 
then doublets (FSC-H/FSC-A) were excluded, and only live immune (CD45+ Live&Dead-) cells were selected for 
further evaluation. (B) Cell count of splenocytes per gram of tissue. (C-D) Frequencies of T cell subsets isolated 
from the spleen of mice between 13-19 weeks of age. For cytokine staining, cells were stimulated in vitro for 4 h 
with PMA/ionomycin (Pparγflox/flox Adipoqwt/wt: n = 16; Pparγflox/flox AdipoqCre/wt: n = 12). Boxes extend from the 25th 
to the 75th percentiles. Whisker plots show the min (smallest) and max (largest) values. The line in the box denotes 
the median. Graphs show a pool of three independent experiments. Discovery was calculated with the Mann-
Whitney test. No statistical differences were detected. 
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As in the case of T cell subsets, we did not detect a change in the frequency of B cells (CD45+ 

CD3- CD19+)-residing in the spleen of lipoatrophic mice and wild-type littermates (Figure 24A). 

In contrast, Pparγflox/flox AdipoqCre/wt mice had increased frequencies of splenic Gr-1+ 

neutrophils/monocytes (Figure 24A-B) and a reduced frequency of NK1.1+ NK/ILC1 cells 

when compared to wild-type controls (Figure 24A-B). Intriguingly, our data are in line with 

previous studies indicating a reduction in the percentage of NK cells in leptin receptor-deficient 

mice154, suggesting that physiological leptin signaling pathways play a key role in the 

homeostasis of NK cells. In addition, Wilk S. et al.155 demonstrated that adiponectin knockout 

mice exhibit a reduced frequency of mature NK cells expressing high levels of CD11b and 

CD27 on their cellular surface. In order to assess whether also Pparγflox/flox AdipoqCre/wt 

lipoatrophic mice have defects in NK cells maturation due to the lack of adipokines, we 

subdivided splenocytes into different subsets, following the 4-stage model of NK-cell 

maturation: CD11blow CD27low → CD11blow CD27high → CD11bhigh CD27high → 

CD11bhigh CD27low 16. Furthermore, since ILC1 share the expression of the NK1.1 marker with 

NK cells, we differentiated the two cell clusters by pre-gating the NK cell population on CD49b+ 

CD49a- events and the double expression of transcription factors T-bet+ Eomes+, as previously 

reported15 (Figure 24C). Notably, lipoatrophic mice had a higher frequency of 

CD11bhigh CD27high-stage 3 cells but a reduced percentage of highly cytolytic 

CD11bhigh CD27low-stage 4 NK cells than wild-type littermates (Figure 24D). Taken together, 

our data demonstrate that fat tissue and fat-associated soluble factors are essential for the 

physiological homeostasis of some immune cell clusters, particularly the lack of fat tissue and 

its adipokines in Pparγflox/flox AdipoqCre/wt lipoatrophic mice mainly affected NK cell maturation 

and in part the composition of the myeloid compartment of the spleen. 
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Figure 24. Lipoatrophic mice have reduced NK cells and increased myeloid subsets frequencies in the 
spleen. (A-B) Frequencies of splenic CD19+ B cells (defined as CD45+ CD3- CD19+), (CD45+ CD3- CD19-) Ly6G+ 

neutrophils/monocytes (Pparγflox/flox Adipoqwt/wt: n = 10; Pparγflox/flox AdipoqCre/wt: n = 9) and (CD45+ CD3- CD19-) 

NK1.1+ cells (Pparγflox/flox Adipoqwt/wt: n = 16; Pparγflox/flox AdipoqCre/wt: n = 12). (C-D) Frequency of the 4 maturation 
stages of (T-bet+ Eomes+ CD49a- CD49b+) NK cells in the spleen. Cells were pre-gated on CD45+ immune cells 
and Lin-. Lin was defined by staining live/dead, GR1, CD19, F4/80, CD3e, FcERIa (Pparγflox/flox Adipoqwt/wt: n = 23; 
Pparγflox/flox AdipoqCre/wt: n = 24). Boxes extend from the 25th to the 75th percentiles. Whisker plots show the min 
(smallest) and max (largest) values. The line in the box denotes the median. Graphs show a pool of three or four 
independent experiments. Discovery was calculated with the Mann-Whitney test. ***P < 0.001, ** P < 0.01, * P < 
0.05. 
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4.2.3. Lipoatrophic mice have reduced Tregs and CD8 T cell subsets within the colon 

lamina propria 

After assessing the effects of lipoatrophy on splenic immune cell subsets, we aimed to 

characterize the impact of fat loss on the intestinal immune cell compartment, including the 

colonic lamina propria (cLP) and gut-associated lymphoid organs, such as MLNs. In particular, 

to detect possible differences in the large intestine morphology, colon sections from Pparγflox/flox 

AdipoqCre/wt and wild-type mice were stained with H&E for histological evaluations. In addition, 

cLP mononuclear cells or MLNs suspensions were stained for single-cell analyses performed 

by flow cytometry: CD4 and CD8 were used to identify T cells, CD19 for B cells, Gr-1 for 

myeloid subsets, and finally NK1.1 in combination with Eomes and/or T-bet to identify NK/ILC1, 

GATA3 for ILC2 and RORγt for ILC3 cells. Finally, cells were activated 4 h in vitro with 

PMA/ionomycin to detect differences in cytokine production and stained intracellularly for 

TNFα, IFNγ, and IL-17A. 

H&E stainings did not reveal any difference between the tissue structure of distal colon 

sections of lipoatrophic mice and wild-type littermates (Figure 25A). In line, the number of cells 

present in the immune cell fraction isolated from the two groups of mice was equal (Figure 
25B). However, single-cell analyses of cLP lymphocytes revealed a significant reduction in the 

frequency of CD8+ T cells and CD4+ Foxp3+ Tregs in Pparγ fat-specific knockout mice (Figure 
25C) when compared to control littermates. Hence, these data highlight the possible 

involvement of fat tissue and its secreted factors in controlling the homeostasis of T cell 

subsets in the intestinal mucosa. In contrast, we did not observe changes in cytokine 

production of either colonic CD4 or CD8 T cell subsets (data not shown) nor detect any 

significant variation in the frequency of CD19+ B cells or Gr-1+ myeloid subsets (Figure 25D) 

between Pparγflox/flox AdipoqCre/wt mice and Pparγflox/flox Adipoqwt/wt controls. In addition, opposite 

to what we have observed in the spleen, where we detected lower frequencies of NK/ILC1 

cells, lipoatrophy did not affect the composition of NK, ILC1, nor ILC2 or ILC3 clusters in cLP 

of Pparγflox/flox AdipoqCre/wt mice, when compared to control littermates (Figure 25E).  
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Figure 25. Lipoatrophic mice have reduced Tregs and CD8+ T cell subsets within the colon lamina propria. 
(A) Representative H&E staining of colon sections of Pparγflox/flox AdipoqCre/wt and controls mice. (B) Immune cells 
fraction count in millions (Mio) per cm of colon (Pparγflox/flox Adipoqwt/wt: n = 16; Pparγflox/flox AdipoqCre/wt: n = 12). (C) 
Frequency of CD8+ and CD4+ Foxp3+ cells in the colon lamina propria (cLP) of lipoatrophic and wild-type mice 
(Pparγflox/flox Adipoqwt/wt: n = 16; Pparγflox/flox AdipoqCre/wt: n = 12). (D) Frequency of CD19+ B or Gr-1+ myeloid subsets 
detected in the cLP of lipoatrophic and controls mice (Pparγflox/flox Adipoqwt/wt: n = 10; Pparγflox/flox AdipoqCre/wt: n = 
9). (E) Frequency of NK, ILC1, ILC2 and ILC3 cells in cLP (Pparγflox/flox Adipoqwt/wt: n = 10; Pparγflox/flox AdipoqCre/wt: 
n = 9). All subsets were pre-gated on CD45+ Lin-. Lin- was defined by staining live/dead, GR1, CD19, F4/80, CD3e 
and FcERIa. Boxes extend from the 25th to the 75th percentiles. Whisker plots show the min (smallest) and max 
(largest) values. The line in the box denotes the median. Graphs show a pool of two or three independent 
experiments. Statistical differences were calculated with the Mann-Whitney test, **P < 0.01 *P < 0.05. 
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Of note, Pparγflox/flox AdipoqCre/wt mice had enlarged MLNs, but the percentage of isolated 

immune cell subsets was unaltered compared to wild-type controls (Figure 26A-C).  

 

4.2.4. Lipoatrophic mice show improved intestinal epithelial resistance 

In parallel to the characterization of immune cell clusters present in the spleen or the intestinal 

compartment, we evaluated the physiological properties of the colonic epithelial barrier in 

lipoatrophic mice. Thus, 1 cm colon sections from Pparγflox/flox AdipoqCre/wt or wild-type rodents 

were processed for protein isolation and western blot analyses or, in alternative, mounted in 

Ussing chambers for permeability fluxes assays.  

Defects in intestinal epithelial barrier properties have been previously linked with the 

dysregulated expression of tight junction (TJ) proteins, which guarantee correct epithelial cell-

to-cell signaling and repair or the proliferation/apoptosis rate of epithelial cells38, 47, 48. 

Particularly, we focused on investigating the composition of TJs, including the claudin (Cldn) 

family proteins, responsible for general barrier homeostasis and ion and water permeability; 

two angulin proteins (angulin1/LSR and angulin2/ILDR1) essential for the correct sealing of 

Figure 26. Lipoatrophic mice have enlarged MLNs. (A) Frequencies of CD19+ B cells (defined as CD45+ CD3- 

CD19+), (CD45+ CD3- CD19-) Gr-1+ neutrophils/monocytes and (CD45+ CD3- CD19-) NK1.1+ cells (Pparγflox/flox 
Adipoqwt/wt: n = 16; Pparγflox/flox AdipoqCre/wt: n = 12). (B) Frequencies of T cell subsets isolated from the MLNs. (C) 
For cytokine staining, cells were stimulated in vitro for 4 h with PMA/ionomycin (Pparγflox/flox Adipoqwt/wt: n = 16; 
Pparγflox/flox AdipoqCre/wt: n = 12). Boxes extend from the 25th to the 75th percentiles. Whisker plots show the min 
(smallest) and max (largest) values. The line in the box denotes the median. Graphs show a pool of three 
independent experiments. Discovery was calculated with the Mann-Whitney test. No statistical differences were 
detected. 
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TJs complexes; TJ-associated MARVEL proteins (occludin, MARVELD3), regulators of 

macromolecules trafficking, and finally, scaffolding proteins, such as zonulin-1 (ZO-1)38. 

Interestingly, Pparγflox/flox AdipoqCre/wt mice had higher expression of claudin 3 (Cldn3), occludin 

(Occl), and lipolysis-stimulated lipoprotein receptor (LSR) TJs within their colon compartment 

when compared to wild-type controls (Figure 27A-B). At the same time, while Cldn3 is a 

barrier-forming protein, tightening against ion passage without charge selectivity (Na+ = Cl-), 

Occl and LSR influence macromolecule permeability38, 39. Thus, these changes in TJs 

expression suggest that lipoatrophic mice might have pronounced tightening of the epithelial 

barrier towards ions and macromolecules. 

We, therefore, measured the trans-epithelial electrical resistance (TEER) in colonic sections 

of Pparγflox/flox AdipoqCre/wt or control mice. Particularly, TEER can evaluate tissue integrity and 

permeability in a sensitive and reliable manner136. In detail, low TEER values indicate a greater 

permeability, whereas higher values hint toward a superior resistance to the passage of ion 

flows. In line with the pronounced expression of TJs proteins, TEER measurements 

demonstrated a significant increase in colonic trans-epithelial resistance in lipoatrophic mice 

(Figure 27C), which in turn translates into a lower intestinal permeability to ions in comparison 

to wild-type controls. Of note, the ion permeability detected by TEER was affected without a 

change in charge preference (Na+ = Cl-) (Figure 27D). Next, colon sections of Pparγflox/flox 

AdipoqCre/wt mice were evaluated for macromolecule permeability. For this, we applied 

fluorochrome-labeled 4kDa dextran at the apical side of colon sections mounted in Ussing 

chambers and measured the tracer fluxes present at the basolateral side after 30, 60, 90, and 

120 min. In line with previous data, FITC-4K-dextran (FD4) quantifications demonstrated an 

eminent lower permeability to macromolecules in Pparγflox/flox AdipoqCre/wt mice (Figure 27E), 

finally confirming significantly increased barrier properties in lipoatrophy.  

Ultimately, we checked whether lipoatrophic mice showed changes in the proliferation rate of 

epithelial cells at steady-state, which could contribute to intestinal barrier stability156. However, 

by analyzing IHC stainings of colonic sections taken from Pparγflox/flox AdipoqCre/wt and 

Pparγflox/flox AdipoqCre/wt mice, we could not detect any dissimilarity in epithelial cell proliferation, 

quantified as positivity to the proliferation marker Ki-67 (Figure 27F). 
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Figure 27 Lipoatrophic mice have improved barrier permeability. (A-B) Western blot showing expression levels 
of TJ proteins isolated from the colon lamina propria of mice (Pparγflox/flox Adipoqwt/wt: n = 5; Pparγflox/flox AdipoqCre/wt: n 
= 5). TJ protein levels were normalized to wild-type controls (wild-type = 100%). Statistical differences were 
calculated by unpaired T test with Welch´s correction. (C) TEER measurements in murine colon sections mounted 
on Ussig chambers (Pparγflox/flox Adipoqwt/wt: n = 7; Pparγflox/flox AdipoqCre/wt: n = 7). Statistical differences were calculated 
by unpaired T test with Welch´s correction. (D) Permeability to ions passage (Na+/Cl-) in murine colonic sections 
mounted on Ussing chambers (Pparγflox/flox Adipoqwt/wt: n = 7; Pparγflox/flox AdipoqCre/wt: n = 7). Statistical differences were 
calculated by unpaired T test with Welch´s correction. (E) On the left, 4kDa dextran-FITC (FD4) concentrations 
detected at the basolateral side of colonic sections mounted in Ussing chambers at 0, 30, 60, 90, and 120 min after 
the application of the macromolecule (FD4) on the apical side. Statistical differences were calculated by two-way 
ANOVA test. On the right, quantification of colonic permeability to 4kDa-FITC dextran (Pparγflox/flox Adipoqwt/wt: n = 7; 
Pparγflox/flox AdipoqCre/wt: n = 7). Statistical differences were calculated by unpaired T test with Welch´s correction (F) 
Quantification of Ki-67+ epithelial cells after immunohistochemistry (IHC) staining of colonic histological slides 
(Pparγflox/flox Adipoqwt/wt: n = 12; Pparγflox/flox AdipoqCre/wt: n = 7). Statistical differences were calculated by unpaired T test 
with Welch´s correction. Boxes extend from the 25th to the 75th percentiles. Whisker plots show the min (smallest) 
and max (largest) values. The line in the box denotes the median of one or two indipendent experiments, **P < 0.01 
*P < 0.05.  
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4.2.5. Lipoatrophic mice are protected from DSS-induced colitis 

After characterizing immune cell subsets and epithelial barrier properties of lipoatrophic mice 

in health, we aimed to investigate how the lack of fat tissue shapes the intestinal immune cell 

composition and barrier function under inflammatory conditions. Therefore, to establish chronic 

intestinal inflammation, Pparγflox/flox AdipoqCre/wt and Pparγflox/flox Adipoqwt/wt mice were 

administered with 1.5% DSS or control water for three cycles of 5 days interrupted by 9 days 

of water (Figure 28A). After 42 days, mice were sacrificed, colon sections were collected for 

histological evaluations, or single-cell suspensions were prepared for Flow cytometry 

acquisition and analysis. As for previous experiments, MLN or cLP cells were stained with a 

cocktail of antibodies to discriminate T (CD4, CD8), B (CD19), myeloid (Gr-1), and innate 

lymphoid subsets (NK1.1, T-bet, Eomes, GATA3, RORγt). In addition, cells were activated 4 h 

in vitro with PMA/ionomycin and stained intracellularly for TNFα, IFNγ, and IL-17A to evaluate 

cytokine production. 

At the same time, although both control and lipoatrophic mice treated with DSS developed 

progressive weight loss compared to those on normal drinking water (Figure 28B, upper 

panel), Pparγflox/flox AdipoqCre/wt mice with DSS developed only milder diarrhea compared to 

wild-type littermates treated with DSS (Figure 28B, lower panel).  
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In line with these observations, Pparγflox/flox AdipoqCre/wt mice with DSS were significantly 

protected from the onset of severe intestinal inflammation compared to wild-type mice treated 

with DSS (Figure 29). H&E staining of distal colon sections in lipoatrophic mice did not show 

a significant immune cell infiltration and epithelial breach upon DSS compared to wild-type 

mice treated with DSS, which had marked signs of inflammation and tissue damage (Figure 
29A). In line, wild-type mice treated with DSS had a significantly higher number of immune 

cells isolated from the cLP (Figure 29B) compared to control littermates. In contrast, 

lipoatrophic mice did not show a significantly increased number of immune cells in the cLP 

after administration of DSS compared to Pparγflox/flox AdipoqCre/wt with H2O (Figure 29B).  

Single-cell analyses of cLP immune cells revealed that wild-type mice treated with DSS had 

significant infiltration of CD4+ Tregs and T cells producing IL-17A, TNFα, and IFNγ as well as 

Figure 28. Lipoatrophic mice develop milder diarrhea upon DSS-induced colitis. (A) Experimental groups 
included for the induction of chronic DSS colitis. (B) Relative weight loss of mice treated with DSS or control water 
(upper panel). Statistical differences were calculated by one-way ANOVA test corrected for multiple comparisons 
with the Šídák's method. The lower panel show the stool consistency score; 0/1 = normal, 2 = lacking fibers, 3 = 
mushy, 4 = liquid. The Kruskal-Wallis test corrected with Dunn´s method for multiple comparisons calculated 
statistical differences. Lines are a projection of the mean values, while error bars represent the standard error mean 
(SEM). Data are a pool of two independent experiments. ****P < 0.0001 ***P < 0.001. 
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CD8+ TNFα+ and CD8+ IFNγ+ in comparison to those drinking only water (Figure 29C-D). In 

contrast, lipoatrophic mice treated with DSS had fewer infiltrating CD4+ T cells, producing TNFα 

and IL-17A, as well as Tregs per colon cm, compared to wild-type mice given DSS (Figure 
29E). Notably, reduced percentages of cLP Tregs and CD8+ T cells were detected at steady-

state conditions in Pparγflox/flox AdipoqCre/wt compared to wild-type mice, as shown previously in 

Figure 25C. Similarly, CD8+ T and CD4+ Treg cells isolated from MLNs of AdipoqCre/wt 

lipoatrophic mice had decreased TNFα and Foxp3 protein levels, respectively, after the onset 

of chronic DSS-induced colitis (Figure 29FD), while the wild-type counterpart did not show 

equal changes upon the same treatment (Figure 29D). Finally, no changes in frequency or 

cell numbers of colonic B, myeloid and innate lymphoid cells were detected between 

lipoatrophic and wild-type mice treated with DSS (data not shown).  

 

 

Figure 29. Legend on the next page. 
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Next, since we have previously observed that lipoatrophic mice at steady-state harbored 

increased expression of TJ proteins in the colon epithelium, thus reducing intestinal 

permeability to ions and macromolecule (Figure 27), we investigated the epithelial barrier 

leakage in Pparγflox/flox AdipoqCre/wt and Pparγflox/flox Adipoqwt/wt mice after DSS treatment. To 

address this, we measured serum levels of antibodies against E. coli (a commensal bacteria) 

lipopolysaccharide (LPS) as an indicator of intestinal barrier damage and permeability to 

macromolecules. In line with our data, lipoatrophic animals treated with DSS had significantly 

lower levels of serum anti-E. coli LPS IgG than Pparγflox/flox Adipoqwt/wt treated with DSS, 

underlying a greater intestinal barrier resistance to bacterial translocation (Figure 30).  

 

 

Figure 30. Lipoatrophic mice treated with DSS 
have an increased intestinal epithelial 
resistance to bacterial translocation. Boxes 
represent levels of anti-E. coli LPS IgG in the 
serum of wild-type mice ± DSS (Pparγflox/flox 

Adipoqwt/wt + H2O: n = 10: Pparγflox/flox Adipoqwt/wt + 
DSS: n = 12) or lipoatrophic mice ± DSS 
(Pparγflox/flox AdipoqCre/wt + H2O: n = 10; Pparγflox/flox 

AdipoqCre/wt + DSS: n = 9). Boxes extend from the 
25th to 75th percentiles. Whisker plots show the 
min (smallest) and max (largest) values. The line 
in the box denotes the median. Statistical 
differences were calculated with one-way ANOVA 
corrected for multiple comparisons with the 
Šídák's test. Data are a pool of two independent 
experiments (Pparγflox/flox Adipoqwt/wt + H2O: n = 10; 
Pparγflox/flox Adipoqwt/wt + DSS: n = 12;  Pparγflox/flox 

AdipoqCre/wt + H2O: n = 10; Pparγflox/flox AdipoqCre/wt + 
DSS: n = 9). *P < 0.05. 
 

Figure 29. Lipoatrophic mice are protected from DSS-induced colitis. (A) Histological score of colitis with 
representative H&E staining of distal colon sections. Statistical differences were calculated using the Kruskal-Wallis 
test corrected for multiple comparisons with Dunn´s method. (B) Cell count of colonic cells present in the immune 
cell fraction after percoll gradient. Statistical differences were calculated using one-way ANOVA corrected for 
multiple comparisons with the Šídák's test. (C) Relative cell count per cm of colon tissue in wild-type mice treated 
with or without DSS. (D) Mean fluorescence intensity (MFI) of TNF and Foxp3 in T cells isolated from MLNs of wild-
type mice treated with or without DSS. (E) Relative cell count per cm of colon tissue in wild-type and lipoatrophic 
mice treated with DSS. (F) MFI of TNF and Foxp3 in T cells isolated from MLNs of wild-type and lipoatrophic mice 
treated with DSS. Statistical differences in C-F were calculated with the Mann-Whitney test. Boxes extend from the 
25th to the 75th percentiles. Whisker plots show the min (smallest) and max (largest) values. The line in the box 
denotes the median. Data are a pool of two independent experiments (Pparγflox/flox Adipoqwt/wt + H2O: n = 10; Pparγflox/flox 

Adipoqwt/wt + DSS: n = 12; Pparγflox/flox AdipoqCre/wt + H2O: n = 10; Pparγflox/flox AdipoqCre/wt + DSS: n = 9). ****P < 0.0001, ***P 
< 0.001, **P < 0.01, *P < 0.05. 
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4.2.6. Fat transplantation reverses intestinal barrier changes in lipoatrophic mice  

Next, to confirm that the improved resistance of the epithelial barrier in Pparγflox/flox AdipoqCre/wt 

mice is dependent on the lack of adipocytes, we transplanted lipoatrophic mice and control 

littermates with sex-matched and age-matched wild-type donor fat tissue. Particularly, 500-

600 mg of donor fat from wild-type mice was cut into small pieces of 100 to 150 mg and 

carefully inserted into the abdominal cavity of lipoatrophic or control mice upon laparotomy 

(Figure 31A). One month after, grafts were weighed and evaluated visually for attachment and 

vascularization with the help of surgical binocular microscopy and histochemistry. In Figure 
31B, the left panel shows pictures of transplanted fatty pads collected from lipoatrophic and 

wild-type mice after 30 days of operation. First, by empiric analysis, transplanted fat formations 

were subdivided into 1-non-attached and 2-vascularized-attached formations. H&E staining 

demonstrated that: 1-non-attached fat pads were characterized by normal-sized adipocytes 

and harbored necrotic vessels. At the same time, 2- attached and vascularized formations had 

enlarged adipocytes, vascularization, and mild to moderate inflammation (Figure 31B, right 

panel). Only one mouse from the Pparγflox/flox AdipoqCre/wt group was excluded from the analysis 

due to failed fat engraftment.  

Although we observed no difference in the total bodyweight of lipoatrophic mice and wild-type 

at day 30 after surgery (Figure 31C), Pparγflox/flox AdipoqCre/wt harbored heavier fat engrafts 

compared to Pparγflox/flox Adipoqwt/wt (Figure 31D), suggesting that the wild-type fat transplanted 

in lipoatrophic mice might have been able to store lipids and therefore increased its original 

weight (500-600 mg, at transplant). Next, we checked whether transplanted fat tissue was 

functional and could restore fat-derived proteins such as leptin. As shown in Figure 31E, 

Pparγflox/flox AdipoqCre/wt mice receiving donor fatty pads restored basal levels of serum leptin 

that, in contrast, was not detectable in Pparγflox/flox AdipoqCre/wt mice which had no transplant. 
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Lipoatrophy is often associated with the development of hepatosteatosis, caused by the lack 

of fat tissue followed by lipids storage in the liver115, 117. Fat engrafts could rescue liver steatosis 

in Pparγflox/flox AdipoqCre/wt lipoatrophic mice, significantly reducing the accumulation of lipids 

(Figure 32A, left panel) and liver weight (Figure 32A, right panel). Finally, we showed that fat 

engrafts could reverse the overexpression of colonic TJ proteins observed in Pparγflox/flox 

AdipoqCre/wt mice (Figure 32B). Particularly, the protein levels of Clnd3 and LSR TJs proteins 

were significantly reduced in lipoatrophic mice after transplantation, with Cldn3 reaching basal 

levels similar to those observed in wild-type conditions (Figure 32B). In contrast, Occl levels, 

which were moderately up-regulated in lipoatrophic mice compared to wild-type controls, were 

not significantly altered upon fat transplant (Figure 32B).  

Figure 31. Fat transplantation restores basal leptin levels in Pparγflox/flox AdipoqCre/wt mice. (A) Experimental 
plan. Mice have been transplanted with 500-600mg wild-type donor fat by performing laparotomy (Pparγflox/flox 

Adipoqwt/wt: n = 4 and Pparγflox/flox AdipoqCre/wt: n = 4). After one month, mice were sacrificed for organ harvesting. One 
mouse from the Pparγflox/flox AdipoqCre/wt group was excluded from the analysis due to failed fat engraftment. (B) The 
pictures on the left show different types of transplanted fat tissue collected one month after the operation: 1- non-
attached, 2- attached and vascularized. On the right, H&E staining of the two types of fat engraftments. (C) 
Bodyweight of Pparγflox/flox Adipoqwt/wt and Pparγflox/flox AdipoqCre/wt + transplant mice at the end of the experiment, day 
30. (D) Weight of transplanted fatty pads collected on day 30. Statistics were calculated by unpaired T-test. (E) 
Serum levels of leptin at day 30 after transplantation or steady-state (Pparγflox/flox Adipoqwt/wt: n = 3; Pparγflox/flox Adipoqwt/wt 
+transplantation: n = 4; Pparγflox/flox AdipoqCre/wt: n = 3; Pparγflox/flox AdipoqCre/wt +transplantation: n = 3). Each dot 
represents an individual mouse, and the error bars represent the standard error mean (SEM) of one experiment. 
When significant p-value is shown as: *P < 0.05. 
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Figure 32. Fat transplantation reverses hepatosteatosis and the intestinal epithelial TJs expression profile 
of lipoatrophic mice. (A) Representative H&E staining of liver sections and quantification of liver weight at day 30 
after transplantation or at steady-state (Pparγflox/flox Adipoqwt/wt: n = 6; Pparγflox/flox Adipoqwt/wt +transplantation: n = 4; 
Pparγflox/flox AdipoqCre/wt: n = 7; Pparγflox/flox AdipoqCre/wt +transplantation: n = 3). (B) Western blot showing protein levels 
of TJ proteins isolated from the colon of mice at steady-state or after transplant (Pparγflox/flox Adipoqwt/wt: n = 3; 
Pparγflox/flox Adipoqwt/wt +transplantation: n = 4; Pparγflox/flox AdipoqCre/wt: n = 3; Pparγflox/flox AdipoqCre/wt +transplantation: n = 
3). Below, dot plots show the relative protein expression of Cldn3, LSR, and Occl proteins in lipoatrophic mice 
normalized to wild-type controls (wild-type = 100%). Error bars represent the standard error mean (SEM). Statistical 
differences were calculated by one-way ANOVA test corrected for multiple comparisons with Šídák's method. When 
significant p-value is shown as: ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05. 
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4.2.7. Acquired generalized lipodystrophy combined with Crohn's disease: A clinical 

case 

As shown previously, the specific deletion of the Pparγ gene in adipocytes causes the loss of 

mesenteric as well as gonadal fat, deficiency of serum leptin, hepatosteatosis, and insulin 

resistance in mice125. Moreover, we have demonstrated that the lack of fat tissue and its 

secreted factors can affect tissue-specific immune cell composition and, in particular, intestinal 

epithelial resistance. Thus, lipoatrophic mice are protected from developing chronic colitis 

induced by DSS.  

Intriguingly, we have formerly identified a patient with acquired generalized lipodystrophy 

combined with Crohn's disease (AGLCD), completely lacking adipose tissue and its secreted 

factors but suffering from TNF-driven intestinal inflammation88. Differently from Pparγ-fat 

deficient mice, the AGLCD patient was not affected by a genetic disorder but developed an 

acquired generalized lipodystrophy form of unknown etiology at four years of age. However, 

similarly to Pparγflox/flox AdipoqCre/wt lipoatrophic mice, due to generalized lipodystrophy, the rare 

patient developed fatty liver degeneration requiring liver transplantation. Thus, consequent to 

his severe metabolic disorders, he was reconstituted recombinant leptin (rLeptin) and then, at 

eleven years of age, was diagnosed with CD. Figure 33 summarizes the clinical history of the 

rare patient, including all lipodystrophy-related and Crohn's-related complications and 

therapeutic interventions.  

 

 

 

 

 

 

Figure 33. Clinical history of the AGLCD patient. 
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4.2.8. Enrichment of intestinal CD8+ T cells in acquired generalized lipodystrophy 

combined with Crohn's disease 

Although the etiology of CD in the presence of lipodystrophy is unknown, Ziegler et al.88 have 

shown that in a pre-existing CD setting, rLeptin therapy fuels inflammation and increases 

disease activity via priming immune cells towards a pro-inflammatory phenotype. Together 

with our murine data, showing a protective effect of adipose tissue loss in intestinal 

inflammation, this study might suggest that rLeptin reconstitution could have played a 

significant role in the development of CD in the AGLCD patient. However, we further 

investigated whether additional influencing factors may exist that could fuel the intestinal 

inflammation affecting the rare clinical case.  

To do so, we made use of our findings on Pparγ-fat specific deficient mice and compared them 

with signatures of the peripheral and intestinal immune cell compartments identified in AGLCD. 

In line with our murine data, where we observed defective NK cell maturation in the spleen, 

Ziegler et al. showed that the AGLCD patient harbors a reduced percentage of NK clusters in 

the peripheral blood when compared to CD or HD. These data suggest that these changes in 

the peripheral immune cell compartment might be a common signature of human and murine 

lipoatrophy. In contrast, the AGLCD patient showed a significantly increased frequency of 

CD8+ T PBMCs, compared to both CD and HD samples, a phenomenon that was not observed 

in the case of Pparγ-fat specific deficient mice. 

Next, to reveal possible differences or common features in the intestinal immune compartment 

between lipoatrophic models and the rare patient, we processed LPMCs isolated from the 

AGLCD or CD, and non-inflamed patients undergoing intestinal surgical resection (Figure 
34A). Thus, LPMCs were activated 4 h in vitro with PMA/ionomycin and finally stained with a 

panel of antibodies (see section 3.1.4, Table 9) for mass cytometry acquisition and analysis. 

After using the same gating strategy described above (Figure 8), the t-SNE algorithm and the 

FlowSOM/ConsensusClusterPlus self-organizing map method allowed us to deconvolute and 

analyze the multidimensional data obtained by mass cytometry (see section 3.2.3). 

Intestinal CD45+ immune cells, isolated from one rare patient with AGLCD, 6 CD, and 4 non-

inflamed donors, separated into 17 cell clusters (Figure 34B). As expected, specimens from 

the rare patient and CD donors were both characterized by enrichment of CD4+ CD45RO+ 

effector (cluster 9) and CD4+ IL-7R- CD25+ regulatory T cells (cluster 8) compared to non-

inflamed controls, a cell signature of IBD146. In contrast, CD4+ PD-1+ T cells (cluster 11) 

decreased in CD-affected patients (Figure 34C) compared to non-inflamed controls, 

supporting our previous findings linking a more prominent exhausted T cell phenotype with the 

LP of UC rather than CD patients146. Moreover, CD, as well as AGLCD specimens, harbored 
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a significantly increased frequency of CD11c+ CD11b+ myeloid cells (cluster 1), whereas CD3+ 

CD4- CD8--perforin producing NK T cells (cluster 16) were mainly enriched in CD patients 

(Figure 34C). Interestingly, the AGLCD patient showed a profound enrichment of effector 

CD8+ CD45RO+ T cells compared to both non-inflamed and CD patients (Figure 34C-D), which 

in consequence, was followed by a profound reduction of CD19+ CCR7+ B cells in AGLCD 

(Figure 34C). These findings confirmed that the enrichment of CD8+ T cells, characterizing the 

peripheral blood compartment of the AGLCD patient, was also present at the site of 

inflammation. Of note, differential expression analysis revealed non-significant changes in the 

production of cytokines and pore-forming cytolytic proteins within CD8+ T cell clusters of the 

AGLCD, conventional CD, and non-inflamed controls.  
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Figure 34. Enrichment of CD8+ T cells in the small intestinal lamina propria of the AGLCD patient. (A) 
Experimental setup for mass cytometry. LPMCs were isolated from 6 CD, 4 non-inflamed volunteers, or one AGLCD 
patient, and activated 4 h in vitro ± PMA/ionomycin; (Unstimulated n = 11; + PMA/ionomycin n = 11). (B) FlowSOM 
plot of merged FCS files from samples unstimulated or treated with PMA/ionomycin. Colors indicate 17 clusters 
among CD45+ LPMCs. (C) Heatmap clusters show the expression levels of the 16 markers used for cluster analysis. 
On the right, the table displays the mean values (±SEM) of quantified frequencies (%) for unstimulated non-
inflamed, CD, and AGLCD samples. Statistical differences were calculated using the edgeR statistical framework 
with negative binomial GLM and a false discovery rate adjusted to 10% using the Benjamini-Hochberg procedure. 
(D) Boxes plot the frequency of CD8+ CD45RO+ effector T cells in unstimulated samples isolated from non-inflamed, 
conventional CD volunteers and the AGLCD patient. Data are a summary of one experiment. Boxes extend from 
the 25th to the 75th percentiles. Whisker plots show the min (smallest) and max (largest) values. The line in the box 
denotes the median. (E) viSNE plots of one exemplary non-inflamed, one CD, and the AGLCD patient colored by 
marker expression levels (blue: low, red: high). 
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4.2.9. Detection of somatic NRASG13D mutation in acquired generalized 

lipodystrophy combined with Crohn's disease 

After analyzing the peripheral and intestinal immune cell compartments of the AGLCD patient, 

we could observe that one characteristic differentiating the rare clinical case from conventional 

CD donors was the prominent enrichment of CD8+ CD45RO+ T cells. At the same time, the T 

cell enrichment was neither observed in the case of lipodystrophy in mice, which in contrast 

had reduced frequency of cLP CD8+ T cells, suggesting that this cluster of cells might be 

responsible for clinical features unique to the AGLCD patient.  

To better elucidate the functional properties of the expanded CD8 T cell compartment 

characterizing the rare patient, we next performed single-cell RNA sequencing (scRNA-seq) 

on sorted peripheral blood CD3+ T cells of the AGLCD patient and one sex-matched healthy 

volunteer. In line with previous data by Ziegler et al.88, sorted CD3+ T cells confirmed the 

existence of increased frequencies of CD8+ T cells in the peripheral blood of the AGLCD 

patient. In addition, we could identify the presence of a double positive population of T cells 

(CD8+ CD4low), completely absent in the healthy control (Figure 35A). Differential gene 

expression analysis of scRNA-seq data obtained from the AGLCD and one HD resolved CD3+ 

PBMCs into 15 clusters (Figure 35B). Particularly, CD4+ T cells separated in clusters 0, 1, 2, 

and 9: including resting cells expressing TCF7, CCR7, LEF1, and IL7R genes (corresponding 

to naïve or TCM cells)157; clusters 7-8: effector (eTregs) or resting (rTregs) regulatory T cells 

expressing FOXP3, CD74158, CTLA4159; cluster 11: Th17 cells expressing NR4A2, ZEP36L2 

and FTH157. CD8+ T cells divided into clusters 4, 5, and 12 expressing NELL2, LEF1, TCF7, 

DUSP2 (corresponding to naïve or effector cells)157, 160; and clusters 3, 6, 10, 13 expressing 

CD8A and CD8B as well as genes associated with cytotoxicity such as KLRB1 (cluster 3), 

CTSW, GNLY, GZMH (cluster 6), GZMK (cluster 10), GZMB (cluster 13)160. Finally, cluster 14 

comprised myeloid cells, while cluster 15 expressed high levels of mitochondrial genes, 

indicative of cell death; both clusters 14 and 15 were therefore excluded from further analyses. 

As shown in Figure 35C, the AGLCD patient was particularly characterized by the enrichment 

of cytotoxic (cluster 3, 6, and 10), memory and effector CD8 T cells (cluster 12), as well as 

regulatory T cells (cluster 8). Remarkably, scRNA-seq data analysis on cell-level mutation 

facilitated the investigation and the identification of an existing variant allele for the 

neuroblastoma ras viral oncogene homolog (NRAS) in the AGLCD patient. The NRAS gene 

encodes for the N-ras protein, a member of the Ras superfamily plasma-membrane associated 

guanosine triphosphate (GTP)-binding proteins, regulating primarily cell growth, differentiation, 

and survival161. Noteworthy, the NRAS allele variant was equally distributed across all clusters 

of CD4+ and CD8+ peripheral blood T cells (Figure 35D).  
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In line with the scRNA-seq findings, by extending our investigation to whole-exome sequencing 

(WES) evaluations of whole EDTA blood isolated from the AGLCD patient, we could confirm 

the revealed existence of a de-novo mutation in the NRAS gene, causing a non-conservative 

aspartic acid substitution for glycine at codon 13 (NRASG13D). However, since the 

NRASG13D mutation could only be detected in less than 10% of all reads by WES, we 

hypothesized that only a small fraction of PBMCs might carry the mutated allele. Therefore, 

we separately analyzed sorted peripheral CD3+ T cells, CD19+ B cells, CD14+ monocytes, and 

epithelial cells of the AGLCD patient by targeted Sanger sequencing. Interestingly, only 

circulating T cells, but not B, myeloid or epithelial cells, harbored the de-novo mutation of 

NRASG13D (Figure 36A). In addition, we confirmed the data by applying targeted Sanger 

sequencing to CD4+ and CD8+ T cells isolated from the peripheral blood and the ileum lamina 

propria of the AGLCD patient. As shown in Figure 36B, we could detect a de-novo mutation 

of NRASG13D in both CD4+ and CD8+ T cells from the peripheral compartment and the small 

intestinal lamina propria.  

Figure 35. Detection of the NRAS allele variant by sc-RNA seq. (A) FACS plots show the purity of CD3+ T cells 
enrichment performed on PBMCs isolated from the AGLCD patient and one healthy donor (HD). The bar graph 
quantifies frequencies of CD4+ and CD8+ T cells (AGLCD n = 1; HD n = 1). (B) viSNE plots showing the 15 cell 
clusters identified in the AGLCD patient or control by scRNA-seq analysis. (C) Bars indicate the frequency of cells 
per cluster. (D) viSNE plots show the variant allele frequency (VAF) of the NRAS gene among T cells. Data were 
obtained from one experiment. 
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4.2.10. Oligoclonal expansion of T cells characterizes acquired generalized 

lipodystrophy combined with Crohn's disease 

Aside from identifying the allele variant of the NRAS gene in AGLCD, TCR-sequencing 

analysis performed on the same scRNA-seq dataset revealed the presence of an over-

representation of oligoclonal T cells among the different clusters of T cells. Particularly, 

hyperexpanded clones were overrepresented in CD8+ T cells, such as cluster 10 > 3 > 4 > 6 

(Figure 37A-B). Top hyperexpanded clonotype sequences are shown in Figure 37C.  

Notably, to check for possible TCRs overlaps between the AGLCD and pre-existing IBD 

cohorts143, we compared hyperexpanded clonotypes identified in the AGLCD patient either 

with whole blood samples of 108 CD, 36 UC, and 99 HD or with surgical specimens of 11 CD 

(4x large intestine, 7x small intestine), 13 UC (large intestine) and 13 non-inflamed controls 

(large intestine). However, over-represented TCR sequences detected in the T cell 

compartment of the AGLCD patient did not overlap with any TCR sequence comprising the 

IBD cohort described143 nor the VDJ database142. 

Next, to further elucidate whether these hyperexpanded clonotypes were also present at the 

inflammation site in the AGLCD patient, we sorted CD4+, CD8+, and CD8+ CD4low T cells not 

only from his PBMCs but also CD4+, CD8+ T cells from small intestinal surgical specimens. 

Bulk RNA sequencing analyses of sorted T cells revealed the occurrence of overlapping 

clonally-restricted CD4+ and CD8+ T cells in peripheral blood and the terminal ileum (Figure 
37D).  

Figure 36. Detection of somatic NRASG13D mutation by targeted Sanger sequencing. (A) Sanger 
sequencing plots of peripheral blood CD3+ T cells, CD19+ B cells, CD14+ monocytes and buccal swaps. (B) Sanger 
sequencing plots of CD4+ and CD8+ T cells isolated either from the peripheral blood or small intestinal lamina 
propria. Blue picks indicate C = cytosine; red picks indicate T = thymine; green picks indicate A = adenine; black 
picks indicate G = guanine.  
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Figure 37. Oligoclonal expansion of T cells in the AGLCD patient. (A) Bars show the percentage of unique 
clonotypes per cell cluster identified by sc-RNA seq. (B) Bars show the percentage of hyperexpanded clonotypes 
within the 15 cell clusters identified by sc-RNA seq. (C) List of top hyperexpanded clonotypes sequences. viSNE 
plots show the distributions of hyperexpanded sequences among T cell clusters. (D) Bars show the occurrence of 
top clonotypes identified by sc-RNA seq in bulk seq data of CD4+ and CD8+ T cells isolated from the peripheral 
blood (PBMC) or small intestinal lamina propria (LPMC) of the AGLCD patient. 
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4.2.11. CD8 T cells of the AGLCD patient do not show changes in proliferation and 

survival in vitro 

It has been previously shown that N-ras plays a prominent role in the development of the 

hematopoietic system162. In fact, the constitutive activation of N-ras, both in patients and in 

transgenic mice models, has been linked to hematopoietic malignancies, including acute 

myeloid leukemia and lymphoblastic T-cell lymphomas161.  

The NRASG13D mutation confers a loss of function of the N-ras protein, leading to the 

constitutive activation of downstream signaling pathways161, 163. It has been demonstrated that 

the germline NRASG13D mutation causes autoimmune-lymphoproliferative syndrome (ALPS) 

due to a defective induction of apoptosis in human lymphocytes. Particularly by downregulating 

the expression of the pro-apoptotic proteins, such as Bim, leading to defective cellular 

apoptosis163, 164.  

Therefore, we tested whether T cells, particularly CD8+ T cells of the AGLCD patient, carry 

changes in cellular proliferation rate and survival, which could depend on the presence of the 

allele variant NRASG13D. 

PBMCs were obtained from the rare patient at independent time points, and HD, as well as 

conventional CD patients, served as controls. Thus, cells were expanded in vitro for 11 days 

in the presence of 250 U/ml recombinant human IL-2 (rhIL-2) to test PBMC/T cell growth and 

survival (see section 3.2.5). Afterward expansion, at day 11, CD8+ T cells were sorted and re-

activated in vitro for additional 3 to 6 days with rhIL-2 to check for cell proliferation. In parallel, 

CD8+ T cells were re-activated without rhIL-2 to induce cell stress and the intrinsic pathway of 

apoptosis (Figure 38A).  

The cell count of PBMC/T cells, kept for 11 days in rhIL-2 supplemented medium, did not show 

differences in cell growth and survival among AGLCD, HD, and CD patients (Figure 38B). 

Moreover, CFSE dilution experiments could neither detect significant differences in the 

proliferative capacity of CD8+ T cells cultured in the same conditions for additional 3 or 6 days 

(Figure 38C). In line with these observations, we could not detect changes in AGLCD, 

conventional CD, and HD CD8+ T cell survival and apoptosis after 3 to 6 days of cytokine 

withdrawal (Figure 38D).  
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Finally, we tested whether changes in the levels of the pro-apoptotic Bim protein could be 

detected after cytokine withdrawal and activation of the intrinsic pathway of apoptosis in CD8+ 

T cells. For this purpose, sorted CD8+ T cells were activated in vitro for 2 days with or without 

rhIL-2, and cell proteins were isolated for western blot analysis (Figure 39A). As expected, 

cell stress induced by cytokine withdrawal (w/o IL-2) in vitro could significantly activate the 

intrinsic cellular pathway of apoptosis by increasing Bim protein levels in CD8+ T cells isolated 

from HD, CD, and AGLCD donors, compared to samples expanded in the presence of rh-IL-2 

Figure 38. T cells isolated from the AGLCD patient do not show changes in proliferation and survival in 
vitro. (A) Experimental plan. PBMCs previously isolated from the AGLCD, CD, and HD volunteers were thawed 
and expanded in vitro, as illustrated. Complete medium = RPMI medium complemented with 10% FCS, 1% 
Penicillin/streptomycin, 50µM 2-mercaptoethanol. (B) On the right, cell count of PBMC/T cells; on the left, cell 
survival defined as the percentage of cells negative to Trypan blue staining. Data represent a pool of 2 independent 
experiments (AGLCD n = 4 time points; CD n = 6; HD n = 6) (C) CD8 T cell proliferation index obtained after 3 or 6 
days from in vitro re-activation in rIL-2 supplemented medium. Data represent a pool of 2 independent experiments 
and dots indicate technical replicates obtained from 4 time points AGLCD, 6 CD and 6 HD volunteers. (D) On the 
right, cell count of CD8 T cells cultured ± 250 U/ml hrIL-2; on the left, cell survival defined as the percentage of cells 
negative to Trypan blue. Data represent a pool of 2 independent experiments (AGLCD n = 4 time points; CD n = 6; 
HD n = 6). No statistical differences were detected. 
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(Figure 39B). However, we could not detect significant differences in cytokine withdrawal-

induced Bim upregulation among T cells isolated from the AGLCD, CD, and healthy volunteers 

(Figure 39B). These data indicate that other in vitro settings, such as the evaluation of Bim 

levels at earlier time points after the induction of cell stress, might be necessary to observe the 

effect of the NRASG13D mutation on CD8+ T cells isolated from the AGLCD patient. 

 

 

 

 

 

Figure 39. T cells isolated from the AGLCD patient do not show changes in Bim levels after cytokine 
withdrawal. (A) Experimental plan. PBMCs previously isolated from the AGLC, CD, and HD volunteers were 
thawed and expanded in vitro, as illustrated. Complete medium = RPMI medium complemented with 10% FCS, 1% 
Penicillin/streptomycin, 50µM 2-mercaptoethanol. (B) On the left, western blot representing Bim protein levels in 
CD8 T cells after cytokine withdrawal. On the right, quantification of Bim(EL) levels normalized to β-actin. Data 
represent a pool of 2 independent experiments (AGLCD n = 2 time points; CD n = 2; HD n = 2). No statistical 
differences were detected. Bim(EL), Bim(L), Bim(S) are isoforms of the Bim protein generated through alternative 
splicing. 
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5. DISCUSSION 

5.1. AIM 1 

Single-cell proteomic analysis performed by mass cytometry allowed us to characterize the 

immune cell composition of the colon LP in a unique niche of UC and CD patients undergoing 

surgery due to therapy refractory symptoms. We, therefore, showed that SOCE regulates the 

function of immune cells driving IBD pathology and demonstrated that the pharmacological 

inhibition of CRAC channels attenuates intestinal inflammation in a transfer model of colitis. 

Additional data (not discussed in this monography) revealed that SOCE inhibition does not 

affect the function and differentiation of primary murine and human intestinal epithelial cells in 

vitro. Altogether, this experimental project demonstrated that SOCE is a driver of pro-

inflammatory immune cell function in IBD, suggesting that inhibition of SOCE may represent a 

new approach for treating CD and UC patients (Summary Figure 1).  

  

Summary Figure 1. Store-operated calcium entry controls innate and adaptive immune cell function in 
inflammatory bowel disease. UC = ulcerative colitis; CD = Crohn´s disease; IBD = Inflammatory bowel disease; 
LPMCs = lamina propria mononuclear cells; SOCE = store-operated Ca2+ entry; IEC = intestinal epithelial cells. 
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Characterization of colon lamina propria immune cells in therapy refractory IBD 
patients. Comparing the colon LP immune cell compartment between therapy refractory UC 

and CD patients with non-inflamed controls revealed shared hallmarks of altered T cell 

composition in both IBD patient cohorts. The abundance of CD4+ IL-17A+ effector CD4+ T, as 

well as CD8+ IFNγ+ T and CD4+ CD25+ IL-7R- T regulatory cells, was increased, whereas the 

frequency of CD4+ CD45RO+ IL-7Rhigh effector memory T cells was decreased in both UC and 

CD specimens. These findings align with published scRNA-seq data showing a higher 

frequency of Treg cells in IBD patients32, 151, supporting the notion that intestinal inflammation 

in UC and CD is driven at least in part by an imbalance of effector versus regulatory T cell 

properties. Surprisingly, IL-4 and IL-13 producing Th2 cells were reduced in both UC and CD 

patients undergoing surgery, suggesting that Th2 cells may not play a significant role at the 

stage of therapy refractory disease development. Moreover, in the non-T cell compartment, 

we observed in both UC and CD patients a moderate increase of ILC3s, which are considered 

relevant players of IBD development32, and a clear reduction of CD38+ IgA+ cells in UC and, to 

a lesser degree, CD samples compared to controls. The depletion of B cells producing IgA, 

which is required for the opsonization and neutralization of pathogenic bacteria in the gut, is 

likely to contribute to IBD in both UC and CD patients, a conclusion that is also supported by 

the increased frequency of IBD-like inflammatory enteropathies in patients with common 

variable immunodeficiency and IgA deficiency165, 166.    

Besides these commonalities between both IBD patient cohorts, UC and CD patients also 

featured several entity-specific differences in their LPMC composition: The colonic LP of UC 

patients, but not that of CD patients, was significantly infiltrated with PD-1+ CD4+ and PD-1+ 

CD8+ effector T cells, which points to chronic activation of these T cells, potentially due to 

translocation of intestinal antigens into the LP. The expression of the cell-death receptor PD-1 

on antigen-activated T cells in UC patients might represent an attempt to maintain immune 

tolerance and limit excessive T cell responses. This conclusion is supported by a significantly 

higher rate of adverse gastrointestinal effects, including diarrhea and colon perforation, in 41% 

of IBD patients receiving checkpoint inhibitors targeting the PD-1/PD-1L axis, compared to 

11% in non-IBD patients167. Our findings, indicating an increased percentage of PD-1+ T cells 

in the cLP of UC patients, provide a potential explanation for this clinical observation and raise 

caution against the use of checkpoint inhibitors such as Nivolumab or Pembrolizumab in IBD. 

In contrast to UC patients, the immune compartment in the cLP of CD patients was mainly 

characterized by a moderate increase of CD8+ memory T cells producing TNFα and IFNγ as 

well as IFNγ-producing NK cells and ILCs, suggesting that these cells contribute to disease 

pathology in CD rather than in UC. 
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The effects of SOCE inhibition on gut lymphocytes isolated from therapy refractory UC 
and CD patients. The disproportioned intestinal inflammatory milieu characterizing IBD 

patients is an important pathogenic driver of intestinal disease and could lead to the onset of 

therapy refractory symptoms17, 32. The expression of inflammatory cytokines such as IFNγ, 

TNFα, and IL-17A is regulated by Ca2+-dependent transcription factors such as NFAT62. Given 

the important role of these soluble factors in IBD pathogenesis, we investigated how the 

inhibition of SOCE, the main Ca2+ influx pathway after antigen receptor stimulation in T cells 

and also other immune cell subsets58, affects cytokine production. Using the CRAC channel 

inhibitors BTP2 and CM4620, we here demonstrate that SOCE is required for the production 

of many cytokines, including IL-2, IL-4, IL-17A, TNFα, and IFNγ by T cells and, although to a 

lesser degree, B cells and myeloid cells. Increasing concentrations of BTP2 and CM4620 

resulted in a dose-dependent suppression of cytokine production in CD4 and CD8+ effector 

and effector memory T cells, Th17 cells, as well as Treg cells isolated from the cLP of IBD 

patients. In human LP T cells, the most Ca2+ dependent cytokines were IL-2 and IFNγ, followed 

by TNFα and IL-17A, whereas the Th2 cytokines IL-4 and IL-13 were less sensitive to BTP2 

or CM4620-mediated SOCE inhibition. In addition, among surface markers, we observed a 

significant decrease in the expression of FasL, CD40L, and PD-1 upon inhibition of SOCE, 

which was expected since the transcription of these molecules, like that of many of the 

cytokines described above, is highly dependent on Ca2+ signaling and NFAT69, 149, 150. 

Surprisingly, for other markers such as CD25, CD137, or CCR7, we found a dose-dependent 

upregulation upon treatment with BTP2 or CM4620. Intriguingly, this increase was cell type-

specific and did not equally occur in all T cell subsets. For instance, CD137, early on identified 

as an inducible T-cell gene expressed upon antigen activation168, was significantly upregulated 

at the protein level after BTP2 treatment only in effector and memory CD8+ and not CD4+ T 

cells. These findings are in line with previous observations indicating that T cell subtypes are 

differentially sensitive to SOCEi79, 148, and suggest that cell type-specific thresholds for the 

effects of BTP2 and CM4620 may exist in controlling the functions of different T cell subsets. 

In contrast, cytokine production by B cells and myeloid cells was not or only moderately 

affected by SOCE inhibition at high concentrations of BTP2 or CM4620. Particularly, both 

inhibitors decreased the expression of TNFα in B cells and IFNγ in myeloid cells at a 

concentration of 1µM. Compared to the pronounced effects of SOCEi on CD3+ T cells, the 

inhibition of SOCE had only moderate effects on CD3- LPMC, suggesting that Ca2+ signals are 

more important for intestinal T cells than non-T cells. To this end, since BTP2 mainly acts 

through the inhibition of the CRAC channel subunits ORAI1 and ORAI278, while CM4620 is 

selective for ORA1-containing channels79, we investigated if CD3- and CD3+ LPMCs express 

different ORAI channel subunits, a hypothesis that could explain why CD3- LPMCs are more 

resistant to SOCEi treatment than T cells. By analyzing scRNA-seq data sets of intestinal 
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LPMCs obtained from healthy individual169, we found that macrophages, dendritic cells, B cells, 

and plasma cells have similar expression ratios of ORAI3/ORAI1 andORAI3/ORAI2 compared 

to CD3+ LPMCs146 (data not presented in this monography). Therefore, in our opinion, the 

difference in SOCEi sensitivity between CD3- and CD3+ cells is not likely to depend on the 

differential expression of ORAI subunits. 

 

When we compared the effects of BTP2 on IBD-driving immune cell subsets, we observed a 

significant reduction of IL-2, IL-4, IL-13, IL-17, TNFα, and IFNγ-producing T cell subsets 

frequency in both CD and UC patients. Moreover, when we analyzed the expression of 

cytokines within IBD-driving immune cell subsets, a significant decrease in TNFα, IFNγ, and 

IL-2 levels was observed in Treg of CD patients, whereas Tregs of UC samples had only 

reduced TNFα. In addition, NK cells of CD patients had lower expression of TNFα and IFNγ 

upon BTP2 treatment, which could also block the production of TNFα, IL-2, and IL-17A in ILCs 

of UC patients. The effects of SOCE inhibition in B cells can mainly be summarized in the 

reduction of TNFα and IL-6 in UC and CD patients, whereas myeloid cells were limited to 

reduced IFNγ production in CD patients. These broad effects of SOCE inhibition on the 

production of pro-inflammatory cytokines by T cells, and to a somewhat lesser degree also B 

cells, ILCs, and myeloid cells, of therapy refractory IBD patients, emphasize the important role 

of SOCE in the transcriptional regulation of these cytokines and the potential of CRAC channel 

blockers for the treatment of IBD.  

 

Evaluation of SOCE inhibitors in a murine model of colitis and limitations. The 

suppressive effects of SOCE inhibition on cytokine expression in gut-resident T cells are 

consistent with a previous report in part describing decreased production of IFNγ, IL-2, and IL-

17A by LPMCs of IBD patients stimulated ex vivo in the presence of the SOCE inhibitor Synta 

66170. Although, later on, the compound Synta 66 was shown to have more remarkable effects 

on vascular smooth muscle cells than immune cells79, 171. Therefore, to further investigate 

whether pharmacologic inhibition of CRAC channel function is an effective and safe approach 

to IBD treatment, we tested the effects of systemic application of the CRAC channel inhibitor 

CM4620 in a murine adoptive T cell transfer model of IBD. At serum concentrations equivalent 

to the median inhibition concentration (IC50) for inhibition of human T cell function in vitro, we 

observed reduced weight loss and decreased neutrophil infiltration in the cLP of animals 

treated with the CM4620 compound. In line with these observations, the production of IFNγ 

and TNFα by cLP T cells was reduced, whereas the frequencies of Treg cells were not altered 

in animals after the blockade of SOCE. These results indicate that SOCE inhibition attenuates 

IBD severity even when treatment is started after disease initiation and the pharmacological 

compound is administered systemically. These findings are particularly significant given the 
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fact that SOCE is the source of Ca2+ signals in many cell types, including muscle and intestinal 

epithelial cells. Additional experiments146, not presented in this monography, were performed 

to exclude that CRAC channel inhibition has adverse effects on intestinal epithelial cell (IEC) 

function and barrier resistance, thereby exacerbating IBD. To this end, we treated primary 

murine and human colonic epithelial cells grown as organoid cultures in petri dishes with the 

selective CRAC channel inhibitor BTP2. Exposure to 1 µM BTP2 did not affect the survival and 

differentiation of IECs or trans-epithelial resistance, suggesting that SOCE inhibition does not 

significantly impair IEC and intestinal barrier function in vitro. However, we could not rule out 

that SOCE inhibition may be required for the differentiation or function of other rare epithelial 

cell subsets such as tuft cells, goblet cells, or neuroendocrine cells in vivo, which play important 

roles in mucosal immune homeostasis, chemo-sensing, and tissue regeneration172, 173. Another 

possible concern for the use of SOCE inhibitors is chronic immunosuppression79. Since UC 

and CD are at higher risk of developing colorectal cancer (CRC) than the general population, 

long-term treatment with compounds blocking CRAC channels could promote CRC 

development174. However, a recent study reported that calcineurin and NFAT, which are 

activated by SOCE, contribute to the development of intestinal epithelial tumors by promoting 

the survival and proliferation of cancer stem cells175. Therefore, the overall Inhibition of SOCE 

may provide several benefits to IBD patients by attenuating GI inflammation and improving 

mucus production by goblet cells, reducing their ER stress-induced apoptosis73. On the same 

line, it is important to note that CRAC channel inhibitors not only suppress cytokine production 

in LPMCs of IBD patients but also, and to a similar extent, in LPMCs obtained from non-IBD 

patients. In fact, because complete suppression of SOCE in human patients with loss of 

function mutations in ORAI1 and STIM1 genes, as well as mice with abolished SOCE in T 

cells, are prone to severe infections and autoimmunity, therapeutic CRAC channel inhibition 

for IBD would have to be confined to a therapeutic window. 

 

Outlook and current clinical trials. Although the use of SOCE inhibitors might raise some 

concerns about the long-term treatment effects, there has been considerable interest in 

identifying CRAC channel inhibitors as potential immunomodulatory agents, particularly after 

the clinical validation of the immunosuppressive drug cyclosporin A, acting on the Ca2+ sensing 

molecule calcineurin79. It is noteworthy that although calcineurin inhibition with cyclosporin A 

has been used with some success for the treatment of UC176, Crohn’s disease patients often 

do not efficiently respond to the same treatment177. An advantage of pharmacologically 

targeting CRAC channels instead of calcineurin is that the inhibition of SOCE not only 

suppresses the calcineurin-NFAT signaling cascade but also blocks additional signaling 

processes, including the NF-kB signaling and mitochondrial metabolism65, 70, 178. Thus, 

pharmacologic blockade of SOCE may have beneficial effects in IBD patients who are resistant 
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to cyclosporin A treatment. The suitability of SOCE as a new drug target for IBD is further 

supported by the fact that the expression of STIM1, as well as SOCE magnitude, was reported 

to be increased in CD45+ LPMCs isolated from the inflamed intestinal tissues of UC and CD 

patients72, 73, a notion confirmed by our own observations146 (data not included in this 

monography).  

Finally, the SOCE inhibitor CM4620 is being tested in two clinical trials as a novel treatment 

option for acute pancreatitis (NCT04195347) and COVID-19 pneumonia (NCT04345614). In 

patients with acute pancreatitis, CM4620 attenuated inflammation as evident from reduced 

pancreatic edema, intra-pancreatic trypsin activity, cell death signaling, and acinar cell death. 

CM4620 also suppressed neutrophil functions and cytokine production by human peripheral 

blood mononuclear cells174. It also improved the outcomes in patients with severe COVID-19 

and had a favorable safety profile in a randomized, controlled, open-label study in patients 

suffering from COVID-19-associated pneumonia81. These data suggest that SOCE inhibition 

is well tolerated and effective in patients with severe pulmonary or pancreatic inflammation. 

These findings are in line with the human and murine data reported here. In fact, CM4620 was 

well tolerated and reduced IBD severity in mice when administered systemically and after 

disease onset, whereas in parallel, CM4620 efficiently blocked SOCE in a dose-dependent 

manner resulting in a significant reduction of TNFα, IFNγ, IL-2, IL-4, IL-13, IL-17A, and CD40L 

production by human CD4+ and CD8+ T cells, decreased production of TNFα and IL-6 by 

intestinal B cells as well as IFNγ by myeloid cells. However, the efficacy and safety of long-

term, systemic CRAC channel inhibition in chronic inflammatory diseases such as CD and UC 

remain to be studied.  

 

  



 98 

5.2. AIM 2 

We here investigated whether adipose tissue influences the development of IBD, particularly 

by evaluating the consequences of lipoatrophy on intestinal immune cell composition and 

epithelial barrier (Summary Figure 2). By employing a murine model of lipoatrophy caused by 

specific deletion of the Pparγ gene in adipocytes, we have demonstrated that the lack of fat 

tissue and its secreted factors does affect tissue-specific immune cell composition and 

furthermore increases intestinal epithelial resistance in vivo. Consequently, given the effect on 

intestinal epithelial resistance, we could show that lipoatrophic mice are protected from 

developing chronic colitis induced by DSS. In turn, we observed that changes in the intestinal 

barrier properties could be reversed once fat tissue was in part restored by transplantation of 

allogeneic adipose tissue. Finally, mass cytometry and scRNA-seq analysis allowed us to 

investigate the existence of possible factors influencing intestinal inflammation affecting a rare 

patient with acquired generalized lipoatrophy and Crohn's disease (AGLCD). Altogether, our 

data could exclude that the loss of adipocytes originates intestinal damage; instead, aberrant 

T cell expansion and the presence of a somatic de-novo mutation in the NRAS gene 

(NRASG13D) were identified as the most likely causes fueling intestinal inflammation in the 

AGLCD patient. 

Summary Figure 2. Lipoatrophy improves intestinal barrier properties and is not responsible for the 
induction of IBD in a rare patient affected by AGLCD.  Abbreviations: NK = Natural Killer; MNPs = Mononuclear 
phagocytes; iLP = intestinal lamina propria; TEER = Transepithelial electrical resistance; LPS = Lipopolysaccharide; 
LSR = Lipolysis-stimulated lipoprotein receptor; Cldn 3 = Claudin 3; AGLCD = Acquired generalized lipodystrophy 
combined with Crohn´s disease; CD = Crohn´s Disease; HD = Healthy donor; TCR = T-cell receptor. 
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Immune cell composition in Pparγ-fat specific deficient mice. The pathogenesis of 

acquired generalized lipodystrophies is variable and remains incompletely understood115, 117. 

Patients with generalized lipodystrophy suffer from metabolic disorders, including diabetes 

mellitus, insulin resistance, hypertriglyceridemia, and hepatic steatosis115, 116, 117. Although 25% 

of AGL cases are associated with autoimmune conditions, such as rheumatoid arthritis and 

systemic lupus erythematosus115, it is unknown whether aberrant T cell responses associated 

with IBD could lead to the loss of fat tissue or vice versa, whether loss of adipocytes could 

cause intestinal inflammation. Up to now, only one patient with acquired generalized 

lipodystrophy combined with Crohn´s disease (AGLCD) has been reported. Therefore, to 

decipher possible mechanisms behind lipodystrophy and its connection to intestinal 

inflammation, we recapitulated the rare patient phenotype in a murine lipodystrophy model and 

characterized the immune cell composition as well as the epithelial barrier in health and 

disease. 

The specific deletion of the Pparγ gene in adipocytes caused the loss of mesenteric and 

gonadal fat, deficiency of serum adipokines, hepatosteatosis, and insulin resistance in mice125, 

thus resembling co-morbidities affecting AGL patients115, 117. The complex combination of 

adipose loss and metabolic changes resulted in altered immune cell composition in murine 

lymphatic structures, such as the spleen. The overall percentage of NK cells was reduced in 

the spleen of Pparγ-fat deficient mice, particularly the cytolytic CD11bhigh CD27low subset. 

Similarly, Ziegler et al.88 observed significantly lower frequencies of NK cells producing cytolytic 

molecules, such as perforin and granzyme B, in the rare AGLCD patient, compared to 

conventional CD patients and healthy volunteers, indicating that defects in NK cell maturation 

represent a common feature of generalized lipodystrophy in human and mice. Interestingly, 

NK cell populations were restored after the patient had received recombinant leptin (rLeptin) 

treatment88.  

Previous studies acknowledge that adipokines can affect the development and functions of NK 

cells100, 103. Both adiponectin knockout mice and mice lacking the leptin receptor ObRb (db/db 

mice) exhibited, to a similar extent, decreased activation of NK cells85, 155, whereas only db/db 

rodents presented a clear, reduced percentage of NK cells in the spleen, liver, and lungs154. 

NK cells are innate immune cells specialized in controlling several types of tumors and 

microbial infections11. Thus, together with the earlier literature88, 179, our data suggest that fat 

loss and adipokine deficiency, such as leptin, might increase susceptibility to infections and 

cancer. In fact, malnutrition and low serum leptin levels in patients cause increased 

susceptibility to severe infections such as leishmaniosis and amebiasis due to impaired T and 

NK cell functions180. Intriguingly, also obesity and high-fat diet in mice have been linked to 

altered NK-cell cytotoxicity and metabolism, leading to higher mortality rates upon viral 
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infections or loss of antitumor functions in vitro and in vivo180, 181, concluding that fat tissue and 

adipokines are strong regulators of NK cell homeostasis. 

Aside from NK cell development, lipoatrophic mice showed decreased frequencies of CD8+ T 

cells as well as T regulatory cells in the colon LP. Although, a recent study by Rivadeneira et 

al.182 could clearly show that the adipokine leptin enhances CD8+ T cell proliferation and 

function in vitro and in vivo, possibly justifying the reduced percentage of CD8+ T cells in the 

intestinal LP of Pparγ-fat deficient mice with adipokine deficiency; contrary to our data, mice 

with leptin and leptin receptor deficiencies were characterized by increased percentages, 

absolute numbers, and cell activity of Treg cells183, 184, indicating that additional factors apart 

from adipokines deficiency might contribute to the phenotype observed in our experiments on 

lipoatrophic mice. In fact, it is important to keep in mind that lipoatrophy causes not only 

adipokine deficiency but also a variety of co-founding metabolic factors that do not allow the 

discrimination between the direct and indirect effects of adipose tissue loss on the immune 

system. Particularly, Pparγ-fat deficient mice had enlarged pancreatic islets and elevated 

levels of blood glucose as well as serum insulin, accompanied by extreme insulin resistance. 

Different T cell subsets engage specific metabolic programs upon activation to accommodate 

their energy demands by, for example, inducing distinct upregulation of glucose transporters 

and the insulin receptor185, 186, 187. Therefore, hyperglycemia and high insulin levels could also 

contribute to the altered immune cell composition detected in lipoatrophy. 

 

The improved intestinal barrier in Pparγ-fat specific deficient mice and the effect of fat 
reconstitution by transplantation. Along with differences in tissue-specific immune cell 

composition, we demonstrated that lipoatrophy in mice improved intestinal barrier properties 

by causing increased expression of TJ proteins such as Cldn3 and angulin-1/LSR. The 

confirmation that the adipose tissue loss, directly or indirectly, affected intestinal TJ protein 

levels was given by the fact that fat engrafts in lipoatrophic mice could restore Cldn3 and 

angulin-1/LSR proteins to physiological levels. These data go along with previous observations 

indicating that wild-type rats reconstituted with leptin or visceral adipose tissue harbored 

increased intestinal barrier permeability, linked with decreased expression of another member 

of the claudin family: Cldn1106. In addition, the direct link between leptin and TJs regulation has 

been demonstrated in in vitro studies, where a decrease in angulin-1/LSR was observed in the 

human intestinal cell lines T84 and Caco-2 upon the addition of 200 ng/ml leptin to the 

culture188. Interestingly, angulin-1/LSR was downregulated specifically in active CD patients 

compared to controls188. CD patients are characterized by an abnormal accumulation of 

visceral mesenteric fat tissue around the inflamed bowel, known as "creeping fat." Although 

the role of creeping fat in IBD is up to now incongruous, our data, in support of studies 
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suggesting that creeping fat formations are associated with a higher risk of abdominal surgery 

in CD patients94, indicate that abnormal mesenteric fat removal, with a consequent reduction 

in adipokines levels, might ameliorate the intestinal barrier in relapsing patients. 

Further, adipokines, such as adiponectin, leptin, and apelin, were shown to induce intestinal 

epithelial cell proliferation in in vitro settings84. Interestingly, a recent study could show in in 

vivo models that mesenchymal cells expressing high levels of the leptin receptor ObRb create 

a niche for intestinal epithelial stem cell proliferation in homeostasis and regeneration 107. Of 

note, even though we demonstrated the presence of increased intestinal resistance, colonic 

epithelial cells of Pparγ-fat deficient mice did not show changes in proliferation rate at steady-

state conditions compared to control animals when stained for the proliferation marker Ki-67+. 

Therefore, additional data analyzing the cell composition of the intestinal epithelium in 

lipoatrophy, with a particular focus on epithelial stem cells, might be necessary to reveal further 

differences in epithelial homeostasis in health and inflammation.  

 

Protecting effect of adipose tissue loss in intestinal inflammation. The altered immune 

cell composition and the increased intestinal barrier resistance in the colon of Pparγ-fat 

deficient mice at steady-state translated into protection against intestinal damage induced after 

the administration of chronic DSS. Chronic administration of DSS has been reported to induce 

murine epithelial damage and activation of adaptive immune cells, involving mixed Th1 and 

Th2 responses53. It has been shown that after the acute inflammatory phase, in the second 

and third cycle of DSS administration, the intestinal LP of DSS-treated mice is characterized 

by increased mRNA levels of the transcription factor Foxp3 and decreased TNFα and IL-17 

transcripts in favor of a more pronounced Th2 like immune response53, 189. However, our data 

demonstrated that wild-type mice treated with 3 cycles of DSS had a 2-fold infiltration of 

immune cells in the colonic LP, particularly represented by increased numbers of CD4+ Foxp3+ 

Tregs, but also CD4+ T cells producing IL-17 and, to a lesser degree, TNFα and IFNγ. 

Interestingly, we also detected an increased infiltration of CD8+ IFNγ+ and, to a moderate 

extent, CD8+ TNFα+ T cells. Altogether, these data indicate that chronic DSS induced-colitis is 

still a suitable model to study not only the disbalance between Tregs and Th1 clusters but also 

Th17 effector functions. Moreover, they implicate a possible pathogenic contribution of CD8+ 

T cells in intestinal inflammation which up to now remains controversial35, 36 

In contrast to DSS-treated wild-type mice, which developed severe diarrhea and colitis, the 

colon LP of lipoatrophic mice showed a prominent reduction in epithelial damage and 

moderately less immune cell infiltration. Pparγ-fat deficient mice, after induction of colitis by 

DSS as well as at steady-state, were characterized by lower numbers of Tregs in the colon LP 
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compared to control wild-type mice. Moreover, lipoatrophic mice given DSS harbored lower 

protein levels of the transcription factor Foxp3 among the Tregs pool residing in the MLNs, 

suggesting that the development of T regs-mediated immune response is defective in 

lipoatrophy. After the induction of DSS-induced chronic colitis, the large intestine lamina 

propria of lipoatrophic mice also had reduced numbers of CD4+ IL-17+ and CD4+ TNFα+ cells 

compared to controls. Although lipoatrophic mice at steady-state were characterized by lower 

frequencies of CD8+ T cells in the colon LP, after DSS treatment, we could only detect 

significantly reduced protein levels of TNFα in CD8+ T cells isolated from MLNs. Since active 

IBD is driven not only by imbalanced effector T cell responses but also by improper regulatory 

T cell properties32, 146, we conclude that the reduction of colon LP Tregs consequent to 

adipocyte loss and changes in the number of CD4+ T cells producing TNFα and IL-17, together 

with reduced levels of TNFα in the CD8+ T cell compartment could likely be protective against 

intestinal inflammation, as observed in lipoatrophic mice.  

Despite findings from cross-sectional and retrospective cohort studies that correlate the effect 

of adipose tissue with the development of intestinal inflammation remain controversial92, our 

data support a pro-inflammatory role for adipose tissue and its secreted factors in IBD. 

Particularly, our findings confirm that adipokines play an important role in regulating immune 

cell function84, 88. In addition, in line with data showing that the induction of acute DSS- and 

TNBS-induced colitis in mice lacking leptin was significantly ameliorated by a lower secretion 

of pro-inflammatory cytokines from colonic LP cells104, leptin deficiency might be responsible 

for the protection against the intestinal damage observed in our experiments on lipoatrophy.  

Additionally, we have demonstrated that Pparγ-fat deficient mice had increased expression of 

TJ proteins and intestinal resistance already at steady-state conditions. In mice, DSS colitis 

increases epithelial permeability via inducing epithelial cell death and downregulation of TJs 

expression, followed by clinical manifestations of colonic  inflammation52. Recently, it has been 

shown that the over-expression of members of the tight junction-associated marvel proteins 

(TAMPs) family or TJs-associated proteins protects mice from establishing severe DSS-

induced colitis48, 49. Therefore, the increased expression of Cldn3 and angulin-1/LSR in the 

colon LP of lipoatrophic mice, already observed at steady-state, could also largely contribute 

to the protection of this murine model from the induction of chemically induced severe colitis. 

In fact, in line with reduced permeability to macro-molecules at steady-state, Pparγ-fat deficient 

mice had lower levels of serum anti-E. coli LPS IgG compared to wild-type mice after the 

chronic administration of DSS, thus indicating a reduced barrier leakage to bacterial molecules 

despite the ongoing insult within the intestinal epithelium. Reduction in macro-molecule and 

antigens translocation in the colon lamina propria could, in turn, be responsible for the 

attenuated intestinal immune cell activation detected in lipoatrophy, leading, therefore, to a 
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milder intestinal inflammation. However, additional experiments must be performed to 

distinguish better the signaling pathways involved in reducing lamina propria and epithelial 

barrier impairment in lipoatrophy under inflammatory settings. Moreover, other animal models 

should be involved to confirm data collected using the chronic DSS-induced colitis associated 

with the Pparγ-fat deletion. Although the chronic DSS-induced colitis model is one of the most 

commonly used models due to its rapidity, simplicity, and reproducibility, it is not the most 

suitable for studying the contribution of innate immune responses and epithelial regeneration 

in the acute induction phase of intestinal inflammation53, 190. To this end, other models, such 

as acute DSS or the early stages of Helicobacter hepaticus-induced colitis191,  should be 

investigated to reveal differences in innate immune cell pathways and the acute phases of 

epithelial regeneration in lipoatrophy.  

Despite these limitations, the idea that the loss of adipose tissue does not cause intestinal 

damage is supported by the fact that overall, patients affected by lipoatrophy do not present 

clear symptoms of IBD but only gastrointestinal dysmotility caused by the poor quality of life116. 

Up to now, only one patient affected by acquired generalized lipoatrophy and Crohn's disease 

(AGLCD) was reported88, and in this case, we could show that other factors, aside from the 

lack of adipose tissue, co-exist and fuel the development of intestinal inflammation.  

The rare case of lipodystrophy combined with Crohn's disease. By characterizing a 

murine model of lipoatrophy in intestinal inflammation settings, we could exclude that 

lipoatrophy per se causes IBD. In line with Ziegler et al. 88, showing that rLeptin therapy 

(metreleptin), given to improve metabolic disorders, increases disease activity in the AGLCD 

patient, our data on Pparγ-fat deficient mice confirm the pro-inflammatory effect of adipose 

tissue and its adipokines upon intestinal damage. Altogether, these observations support the 

idea that other medications, such as anti-TNFα therapy, should be considered to control the 

possible onset of immune disorders while maintaining rLeptin reconstitution in AGL patients. 

In fact, metreleptin therapy has already been linked to an increased risk of abnormal T cell 

manifestations in a group of AGL patients88, 122. However, despite these observations, it is now 

acknowledged that also AGL patients that have not been reconstituted with rLeptin develop 

aberrant T cell responses and even lymphoma122, 192, concluding that although a theoretical 

role for metreleptin in the onset of CD in the AGLCD patient remains possible, additional factors 

could co-exist and be responsible for the ongoing intestinal inflammation.  

To this end, we here demonstrated that the AGLCD patient is characterized by an abnormal 

expansion of CD8+ T cells in the periphery and at the site of inflammation, which could not be 

detected in lipoatrophic mice or conventional CD patients. Intriguingly, only CD3+ T cells, but 

not circulating CD19+ B cells, CD14+ monocytes, or epithelial cells isolated from a mouth swab, 
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carried a de-novo somatic mutation on the NRAS gene, causing substitution of a non-

conservative aspartic acid with glycine at codon 13 (NRASG13D), thus leading to loss of 

function of the N-ras protein. The NRASG13D mutation was present in CD4+ and CD8+ T cells 

isolated from the peripheral blood and ileum lamina propria of the AGLCD patient. It has 

previously been shown that the NRASG13D germline mutation, causing an unregulated 

activation of the signaling pathways downstream of the N-ras protein, leads to the 

downregulation of the pro-apoptotic protein Bim and defective intrinsic mitochondrial apoptosis 

mainly in lymphocytes163. This leads to the accumulation of lymphocytes, thus supporting the 

development of key features characterizing the human autoimmune lymphoproliferative 

syndrome (ALPS) and hematopoietic malignancies163. In contrast, although we were expecting 

a similar behavior as observed in ALPS when culturing T lymphocytes isolated from the 

AGLCD patient in vitro under stress conditions, we could not detect significant differences in 

intrinsic mitochondrial apoptosis and proliferation rate in comparison to T cells isolated from 

conventional CD patients and healthy volunteers. A possible explanation for this discordant 

phenotype could depend on the fact that while an NRASG13D germline mutation drives ALPS, 

the AGLCD patient harbors only a heterozygous somatic mutation on T lymphocytes, which 

could therefore be for the 50% compensated by the functional N-ras protein when inducing 

intrinsic mitochondrial apoptosis in in vitro settings. Moreover, a number of different signal 

transduction pathways are downstream of activated Ras in T-cells161, including protein 

cascades possibly controlling the positive selection of thymocytes193. Thus, we cannot rule out 

that other biological events might be behind the complex phenotype associated with the 

NRASG13D mutation and the enrichment of T lymphocytes in the AGLCD patient.  

Another possible explanation for not detecting a defective proliferation/apoptosis rate in T cells 

isolated from the rare case of AGLCD is that the patient had been under immunosuppressant 

therapy during the study due to ongoing intestinal inflammation and liver transplantation. The 

patient was treated with both mycophenolate mofetil (MMF) and tacrolimus, that by interfering 

with de-novo synthesis of guanosine nucleotides and calcineurin activation, respectively, 

represent limiting factors when evaluating data on T cell proliferation and survival194, 195.  

However, we believe that our data are still of relevance, as they introduce for the first time the 

concept of T cell de-novo mutations in AGL syndromes. The fact that we could detect a high 

abundance of clonally expanded T cells in the rare case of AGLCD to a level that could not be 

detected in conventional CD and UC patients argues in favor of a T cell-driven pathogenesis 

of AGL combined with CD. The hypothesis that altered T cell homeostasis, possibly favored 

by the accumulation of somatic mutation and genetic instability, could lead to the disruption of 

fat tissue in AGL is supported by the observation that patients in treatment with anti-tumor 

immune checkpoint blocking antibodies, which interfere with T cell fate, showed aberrant T- 
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cell infiltration in fat tissue depots, resulting in generalized lipodystrophy196. Since our data are 

based on the characterization of a single patient with AGLCD with an extremely complicated 

clinical course, the generalization of our findings might be limited and in need of further 

validation in additional patients affected by AGL and concomitant autoimmune diseases. 

However, considering the difficulties depending on the extreme rarity of AGL patients and the 

singularity of the AGLCD case, our data show for the first time that autoimmunity in acquired 

generalized lipodystrophy and combined Crohn’s disease does not depend on lipoatrophy but 

rather is characterized by a unique accumulation of clonally restricted T cell harboring a 

somatic mutation in the NRAS gene. 
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