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The mast cell has earned a bad name, 

because for wheezing it’s partly to blame. 

But it also keep us all healthy, 

despite pathogen stealthy, 

by helping us win in the host defense game. 

S.J.Galli  
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--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Abstract 
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- 
 

 

 

 

Over the past decades, a new picture of the function of MCs is gradually emerging; these cells have 

currently gained recognition as true immune effector cells in a variety of settings during innate and 

adaptive immune responses, but have also the potential to modulate many aspects of immune cells. 

Besides paracrine communication, it is now clear that the onset and the regulation of a specific 

immune response is highly complex and requires immune cells to be specially adapted to interact 

directly with other cells. Such communication can result in different modes of interaction (with respect 

to morphology and duration) and leads to different outcome. The type and amount of information 

that is exchanged is determined by the duration of interaction, physical dynamics, identity of receptors 

and signaling molecules that are engage. Moreover they rely on signals that are transmitted, 

depending on the activation state of both the cell types, as well as the type of the environment in 

which the interaction takes place. 

As MCs are traditionally thought of as a secretory cell type, an intriguing and not yet fully clarified 

aspect of MC biology concerns their physical interaction with other cellular partners. 

This work aims to shed light on MC range of contact modes, starting to define a molecular code, in 

which the differences in timing, spacing and molecular composition of the signaling platform 

determine the outcome of “MAST CELLular interactions”. 

Distinct aspects of the interactions with different immune cells have been addressed. 

Firstly the morphological features and functional profile of MC-regulatory T cell (Treg) synapses have 

been extensively described: it has been demonstrated that this cross-talk is regulated on a single cell 

level also providing the first morphological evidence for a role of the OX40-OX40L axis in Treg 

inhibition of MC function. A more detailed analysis obtained with electron microscopy indicated that 

MCs interacting with Treg probably underwent selective mediator secretion throughout piecemeal 
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degranulation (PMD). Few additional information were given on the ability of MCs to collect and add 

up signals to dictate their stringency of binding to Treg cells. Moreover, to explain the inhibitory 

mechanism exerted by Tregs on MC FcRI-dependent extracellular calcium (Ca
2+

) flux, the possibility 

that STIM1 may function as a switch governing in the fate of Ca
2+

 flux in BMMCs interacting with Tregs 

was explored. 

Secondly, an overview of the regulation of MC-B cell adhesiveness under different stimulation 

conditions was provided. The capacity of naïve B cells and LPS- or CD40-stimulated B lymphocytes to 

form stable conjugate with MCs was assessed in the absence or in the presence of antigen stimulation, 

also demonstrating a role of CD40-CD40L axis in the dynamics and functional outcome of this 

interaction. 

Finally, a fresh picture of the functional dynamics of MC-Neutrophil interactions has been drawn, 

showing the existence of a direct cell-contact communication leading to an endocytic process likely 

corresponding to phagocytosis. 
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Chapter 1 

 

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Mast cells 
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- 
 

 

 

 

“Oh they are the vicious cells that cause allergy and make us sneeze and wheeze”. That was the 

standard answer received when an immunologist met a question about the identity and role of mast 

cell (MC) 
1
. 

 It is now clear that the physiological role of MCs extends far beyond allergic response, the initiation 

and propagation of which was the primary and detrimental role ascribed to these cells ever since the 

discovery in 1878 by Paul Ehrlich. Following Ehrlich’s discovery, research on MC biology developed at 

an extremely slow pace; it is only in the past decade or so that we have been able to unscramble some 

of the various biological roles of these cells. This slow progress has been attributed to the nature of 

MCs themselves 
2
. 

Since MCs were first observed in the connective tissue, Ehrlich had proposed that these cells 

differentiate from fibroblasts. Later Kitamura and colleagues unequivocally established the 

hematopoietic origin of MCs 
1
. The currently accepted MC ontogeny describes the origin and 

development of these cells as arising from bone marrow-derived hemopoietic precursors, 

characterized as CD34
+
 ckit

+
 cells, that circulate in the blood and become differentiated after entering 

vascularized tissues or serosal cavity in which they ultimately will reside 
3-4

. 

Environmental and genetic factors can finely control or “tune” precursor terminal differentiation, giving 

rise to phenotypically distinct subsets of MCs in different anatomical sites, as well as in different animal 

species. On the basis of diverse staining properties, it was quickly recognized that rodent MCs fall into 

two broad categories: mucosal and connective tissue MCs types. These distinct MCs subpopulations 

can now be further distinguished by several features including function, organ of residence and 

granule composition, differing degranulation responses to pharmacological stimulation and ability to 

proliferate in response to parasitic challenge 
5-6

. In humans two analogues subsets of MCs have been 

described that differ on whether their granules contain the protease tryptase alone (MC
T
), 

predominantly found at mucosal sites, or tryptase along with chymase (MC
TC

) within connective tissue. 
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However tissue distribution is not as clearly demarcated as in rodents and most human tissues have a 

mixed population of MC types 
7
. 

 

 
 

Figure 1.2. MCs differentiation. Tissue MCs are derived from hemapoietic stem cells (HSCs), which ultimately give rise to MC-
progenitors (MCPs). MCPs circulate in the blood and enter the tissues, where they undergo differentiation and maturation. Stem-
cell factor (SCF; also known as KIT ligand) is normally required to ensure MCs survival in tissues, but the phenotype of mature 
MCs can vary depending on the growth-factor milieu and other microenvironmental factors 

8
.  

 

1.1 Exocytosis in mast cells 

Biochemical and functional heterogeneity probably enables MCs to meet with flexibility the 

requirements of physiological, immunological, inflammatory or other biological responses that they 

can encounter at their respective location 
9
. 

A huge repertoire of cell-surface receptors allow MCs to engage in a biphasic inflammatory response 

and to differentially or selectively respond to environmental danger signals by the secretion of distinct 

patterns of biologically active mediators (Table 1.1) 
10

.  

 

 
Table 1.1. MC membrane-bound receptors. Some molecules have been detected only in studies on human

a
 or murine

b
 MCs; 

where not indicated, receptors are expressed in both species 
10
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As Paul Ehrilich noted, “the cell is chiefly of a chemical nature” armed with granules, which are formed 

and maintained as discrete insoluble structures in the cytoplasm by virtue of charge interactions, 

containing pre-packaged compounds including proteases, histamine, proteoglycans and cytokines 

such as tumor necrosis factor (TNF-) 
11

.  

The earliest reaction of MCs involves the rapid (within seconds to minute) release of above-cited 

granule contents, a strategy that gives MC-derived products a temporal advantage over those produce 

by other immune surveillance cells 
11

. Such immediate (early phase) release of preformed mediators, 

referred to as compound exocytosis or anaphylactic degranulation, consists of a rapid and massive 

secretory process characterized by extensive granule coalescence and extrusion through the plasma 

membrane that precedes granule secretion in a focused manner (single fusion pore) 
12

. Following 

degranulation, some granule-associated mediators become soluble immediately, whereas most of the 

structure remains in an insoluble, particulate form. These exocytosed nanoparticles have been 

physiologically tailored for long-distance delivery of inflammatory mediators which can be released 

slowly and for a prolonged time 
11

. 

 

 
 

Figure 1.2. Timing of MC responses. MCs can respond quickly to antigen owing to the presence of preformed mediators in 
cytoplasmic granules that can can be immediately released through the process of degranulation. MCs also begin to produce 
lipid-derived eicosanoid mediators in the initial minutes of activation. In a second wave of the response MCs release the novo 
synthetized mediators, including a large number of cytokines. They can also replenish their granules, possibly with altered 
content, in response to inflammatory signals. MCs are unique in their ability to survive for prolonged period after activation 
compared with other immune cell types and can survive in tissues and might proliferate in response to appropriate stimuli 

11
.  

 

An alternative degranulation phenotype, defined by precise ultrastructural criteria, has been frequently 

observed in MCs infiltrating areas of chronic inflammation or tumours 
13

. Termed piecemeal 

degranulation (PMD) because bit by bit discharge of granule contents, without membrane fusion 

events and granule opening to the cell exterior, this particulate and selective pattern of cell secretion 

has been associated with cytokine mobilization and extrusion in MCs, basophils and eosinophils 
14

. 

According to the “shuttling vesicles” hypothesis, during PMD secretory event an outward flow of small 

cytoplasmic vesicles loaded with “piece” of granule content bud from the perigranule membrane, 

move through the cytoplasm and fuse with the plasma membrane leading to content discharge 
15

. 

This secretory model received experimental support in a series of elegant ultrastructural studies which 

conceptualized PMD as a general mechanism for the slow and regulated release of bioactive stored 

materials 
16

.  

Depending on the mechanism of activation and the strength of the signal, the wide range of possible 

mediators produced by MCs allows them to follow a degranulation response with the production of 

factors that are suited to the activating stimulus 
17

. 

The late-phase response involves de novo synthesis of adenosine, eicosanoids, and a broad panel of 

multifunctional cytokines, chemokines and growth factors which can be generated and quickly 

released after MC stimulation. Few functions (vascular permeability, chemotaxis and local activation of 

various cells) have been ascribed to each MC-derived factor but more work is needed to determine the 

individual contribution to host defense as well as any synergistic effect they may have when produce 

in unique combination 
11,18-19

. 
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1.2 Uncovering the journey of information into mast cells 

MC exocytosis is a composite process that requires a signal input and a sophisticated molecular 

machine for output. A molecular architecture is also required for coordination of both early and late 

signaling events. Not only must the exocytotic machinery be mobilized, but signals must co-ordinately 

promote the activation of multiple enzymes, generate second messengers, activate specific molecular 

targets, cause cytoskeletal changes and promote movement and fusion of granules. This coordination 

is provided by specific protein-protein interactions regulated by the action of kinases, phosphatases, 

calcium and lipid signals. It is not surprising that this complex and energy demanding process requires 

fine-tuning by both positive and negative regulators that control the occurrence and the extent of the 

response 
20

. 

There is an increasing realization that several receptors for different ligands – such as adenosine, 

complement component, chemokine, cytokines, pathogen-associated molecular patterns (PAMPs), 

sphingosine 1-phosphate (S1P) and stem cell factor (SCF) - might markedly influence MC activation in a 

physiological setting (Figure 1.2) potentiating antigen-mediated activation or stimulating, by 

themselves, the release of MC mediators 
21

. 

Although various triggers can elicit MC exocytotic response 
22

, studies of MC-signal transduction have 

mainly be driven by the acknowledged central role of these cells in allergic inflammatory responses 

following antigen-induced aggregation of IgE-bound high affinity receptors for IgE (Fc RIs) expressed 

on MC surface. 

 

 

 

 

Figure 1.3. Influence of environmental 

and/or physiological stimuli on the release 
of pro-inflammatory mediators by mast cells. 
The colour of the arrows denotes the 
category of mediator that is released. The 
solid arrows signify that the agent induces 
mediator release on its own, whereas the 
dashed arrows signify that the agent can 
induce mediator release only in the 
presence of antigen. The thick arrows 
signify that the agent increases antigen-
mediated responses. C3a, complement 
component 3a; CCL, CC-chemokine ligand; 
GM-CSF, granulocyte/macrophage  colony-
stimulating factor; IL, interleukin; PAMP, 
pathogen-associated molecular pattern; 
PGE2, prostaglandin E2; S1P, sphingosine 1-
phosphate; SCF, stem-cell factor; TNF, 
tumour-necrosis factor  

21
. 

 

 

 

 

1.2.1 A general sketch of FcRI signaling 

The Fc RI is a heterotetrameric receptor with a ligand-binding  subunit, a signal-amplifying 

membrane-tetra-spanning  subunit and a homodimeric disulfide-linked  subunit that provides the 

signaling ability of this receptor 
20

. 

The lack of intrinsic kinase activity of the multimeric FcRI makes its association with a kinase a 

prerequisite for transducing signals that elicits MC response 
23

. Such interaction relies on the 

biophysical properties of the surrounding lipid milieu 
23-26

. Thus, initial signaling events involve 

coalescence of the aggregated receptors with specialized microdomains of the plasma membrane 
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known as lipid rafts 
21

. The termed “lipid rafts” conceptually defines highly ordered cholesterol- and 

sphingolipids-enriched assemblies which appear to act as driving platforms that enable a more 

effective and specific control of signaling components and may facilitate exocytosis 
24,27

.  

Ligand-induced FcRI clustering is proposed to stabilize rafts, making easier activation of raftophilic SRC-

family kinase Lyn and, subsequentely, tyrosine phosphorylation of the receptor subunits 
28-29

. Once 

phosphorylated, novel binding sites are created where other signaling proteins can bind and 

propagate signals required for MC effects. Lyn regulates the activation of Syk and the adaptor protein 

LAT which organizes and coordinates further signal, such as the activation of phospholipase C (PLC) 

and calcium (Ca
2+

) mobilization 
30

. 

The linear signaling model, initiated by Lyn kinase, has emerged as the paradigm for upstream events 

after FcRI engagements 
31

, yet recent evidence revealed an increasing complexity underling the 

presumed simplicity of MC response. 

 

 
 

Figure 1.4. Scheme depicting major molecules and events in MC activation A model of structure and functional coupling of the 

FcRI to early signaling events (Blank 2004). 

 

The first direct evidence for the existence of a complementary signaling pathway for MC activation 

came from the laboratory of Juan Rivera. His group showed that FcRI aggregation triggers a second 

Src family kinase, Fyn, which is an essential element for the positive control of FcRI-induced MC 

degranulation through its role in regulating activation of phosphatidylinositol 3-OH kinase (PI3K) 

downstream the phosphorylation of the adaptor molecule GAB2 
32

. 

Fyn and Lyn kinases synergize in late events phosphorylating numerous targets and activating several 

signaling pathways, including the PI3K, PLC/Ca
2+

, and several MAPK pathways, promoting and 

controlling the rate and the extent of MC degranulation and cytokine production 
33

.  

These processes depend on a biphasic increase in intracellular Ca
2+

 concentration owing to an initial 

transient release from endoplasmatic reticulum (ER) stores, mediated by the PLC signaling pathway 

and followed by a more sustained Ca
2+

 entry across the plasma membrane through store-operated 

Ca
2+

 channels (SOCs) 
34-35

. The Ca
2+

 influx mechanism was originally shown by Putney and colleagues 

to depend critically on the empty of luminal Ca
2+

 from the ER 
36

. Chief component in such interplay is 

STIM1, the Ca
2+

 sensor responsible for communicating the depleted state of intracellular compartments 

to SOCs 
37-38

. In quiescent cells STIM1 is distributed homogenously throughout the ER, but it relocates 
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upon release of Ca
2+

 from ER stores to distinct puncta on the ER in close proximity to the plasma 

membrane where it activates members of the Orai family of SOCs promoting the opening of Ca
2+

 

channels 
39

. 

Additional complexity in the Ca
2+

 apparatus has been recognized by the demonstration that SOCs 

appear to work synergistically and associate with canonical transient receptor potential channels 

(TRPCs) for optimal FcRI-induced Ca
2+

 influx and degranulation 
40-42

. 

 

 
Figure 1.5. Steps in Ca

2+
 channel activation. This model shows the compartmentalization of  TRPC1-mediated Ca

2+
 influx at ER-raft 

juxtaposed microdomains (indicated as Caveolin1 (Cav1)-enriched domains). In “resting” state (ER-stores filled) STIM1, 
predominantly in the ER, is bound to Ca

2+
 and displays a diffused localization pattern; between resting and activation state, there 

is an intermediate step of channel “recruitment”, wherein, following ER Ca
2+

 store-depletion (step-I), in which STIM1 unbinds 
Ca

2+
 and engages in oligomeric cluster (puncta) formation. The channel “Activation” is marked by SOC initiation (step II) where 

STIM1 interacts with TRPC1 and activates the channel resulting in the increase of Ca
2+

 influx. Ca
2+

 is then sequestered back to the 
ER to refill the ER-stores as indicated by store replete (step III), following which STIM1 binds Ca

2+
 and dissociates from TRPC1 

getting back to the resting state. As the filled status of ER controls the STIM1-puncta kinetics it also determines the dynamic and 
reversible STIM1-TRPC1 associations. The molecular events ensuing each step (step I through step III) outlined in this model may 
not necessarily reflect their exact physiological sequence and further investigation in this aspect is necessary

43
. 

 
 

Downstream of the early FcRI-induced signaling events, the final stages of MC activation require 

membrane fusion events. Essential to granules exocytosis are SNARE (soluble-N-ethyl-maleimide-

sensitive factor-attachment protein receptors) proteins that lie on opposing cellular membranes to form 

a stable multimeric complex that catalyzes fusion in response to elevated cytosolic Ca
2+

 concentration 
27,44

. Several accessory proteins, such as NSF ATPase, Rab GTPases and Munc family members, are 

involved in different exocytotic trafficking steps, regulating the fusion-competent state of SNAREs 
20

. 

The fusion efficiency also rely on the interaction of fusion machinery with the cytoskeleton inasmuch 

granules dynamics is totally dependent on microtubule network changes 
45

. 

Several studies with MC knock-out mice have suggested that Fyn and its downstream substrates play 

an essential role in FcRI-mediated MC degranulation 
46-47

. Conversely, Lyn-deficient mice show 

hyperresponsive phenotype correlated with hyperactivation of Fyn kinase. Therefore, a model can be 

envisioned in which Lyn-mediated signals set a threshold for MC functions, whereas Fyn-mediated 

signals are necessarily required for degranulation 
47

. 
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The integration and regulation of the aforementioned signaling pathways is essential toward 

determining the type, duration and extent of MC response. Multiple molecular checks and balances 

provide an intrinsic regulatory network in which molecules act coordinately to achieve the desired 

response and limit the possible injurious effect of a persistent or excessive response 
23,48

. 

 

1.3 The riddle of the mast cell 

MCs have been slowly but definitely shed out their image of allergy-causing troublemakers and have 

emerged as versatile cells with the ability to orchestrate several biological processes 
49

.  

Actually, genetic approaches probably represent the more definitive way to identify and characterize 

MC functions. Multiple model systems offer a wealth of opportunities to enhance progress in defining 

MC immunological and non-immunological roles. Despite several caveats with their use, researches 

with such models have suggested physiological roles of MCs in epithelial, endothelial and nervous 

system as well as in the regulation of immunity. These functions of MCs can also contribute to the 

pathology associated with many different diseases 
50

. 

 

 
 

 
Figure 1.6. MCs in health and disease. MCs are involved in physiological processes and maintenance of homeostasis, in addition 
to playing a critical role in host defense. However, these cells are also one of the main culprits involved in the pathogenesis of 
autoimmune and cardiovascular diseases and cancer 

1
. 

 

1.3.1 “Buddy” mast cells 

The strategic position of MCs at many sites allows them a role in physiological homeostasis. Given their 

association with blood and lymphatic vessels, epithelial surfaces and smooth muscle, MCs are critical 

for the maintenance of tissue integrity and function, and it is not surprising that their mediators 

influence flow, permeability and contraction in many sites 
51

. MC-secreted products are known to be 

involved in all phases of wound healing, including the initial inflammatory response followed by 

reepithelialisation and revascularization of the damaged tissue, and finally the deposition of collagen 

and remodelling of the matrix. In certain situations of wound healing and stress response MCs work 

cooperatively with neurons as a functional unit to affect various physiological conditions 
7
. 

MCs are also important in hair follicle cycling and bone remodelling. MC-derived histamine, TNF and 

substance P are implicated in regulating development and regression of hair follicle between periods 
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of growth and rest. It has been speculated that MC products could also influence osteoclast 

recruitment and development. Recently MCs were found to be source of osteopontin, a glycoprotein 

component of bone matrix that contributes to bone resorption and calcification, one potential 

molecular mechanism for MC activities in bone metabolism 
1
.  

 

1.3.2 “Watchdogs” mast cells 

Beyond their physiologic functions, MCs are widely distributed at the host’s interfaces with the 

environment as capable “watchdogs” to detect and respond to pathogens or to shape immune 

responses 
1
. They have the ability not only to affect immediate innate processes for pathogen 

containment and/or clearance, but also to influence long term host programmes of defence. MCs 

have a kinetic advantage over other sentinel cells in initiating both innate and adaptive immune 

responses through their ability to store preformed mediators and release them nearly instantaneously 

into a site of infection. Even so, exocytosed granules seem to function as long distance delivery devices 

for their cargo, including inflammatory mediators 
11

. The first strong evidence that MCs function in a 

protective capacity against infectious disease came from studies of host-parasite infections, and an 

increasing amount of work supports their essential contribution to control a wide range of pathogenic 

infections, including those by parasites, bacteria and viruses 
49

. Direct pathogen recognition by MCs 

occurs both in response to factors that are common to classes of pathogen (such as TLRs) and those 

that are specific to only certain infectious challenge (such as through binding of antibodies specific for 

pathogen associated epitopes) 
52

. Several MC functions have been implicated in host defence. The 

ability of MCs to orchestrate complex cellular migration within a tissue is a key mechanism by which 

they are essential to limit the pathology associated with infections. What is more, phagocytosis-

dependent bactericidal activities, extracellular trap formations, and proteolytic degradation of toxic 

substances, such as the endogenous peptide endothelin-1 or snake- and honeybee-produced venom 

toxins, have also been proposed as potential tricks by which MCs exert protective functions 
11

. 

MCs’ peculiarities endow them with a superior ability to fine-tune themselves to various environmental 

cues, to react immediately by releasing a wide spectrum of mediators and to alert other components 

of the immune system. The same features also place them in a wobbly position where improper 

regulation of their functions can wreak havoc to the host 
1
. 

 

1.3.3 “Cantankerous” mast cells 

Many of MC products are best known for their association with detrimental conditions such as asthma, 

allergy and anaphylaxis, in which aberrant, chronic or systemic activation of MCs promotes harmful 

inflammatory sequelae and damage of host tissues 
50

.  

 

Ag- and IgE-dependent MC activation is widely regarded to be a, if not the, major initiator of the 

clinical signs and symptoms that are induced rapidly after the exposure of sensitized, allergic individuals 

to small amounts of specific antigen. The immediate release of MC mediators causes most of the 

pathology associated with allergy including vascular permeabilization, smooth muscle contraction and 

induction of mucus secretion 
50

. The extent of allergic symptoms is highlighted in anaphylaxis, a 

catastrophic and sometimes fatal systemic reaction to an otherwise innocuous antigen, that arguably 

represents the most striking imbalance between the cost and the benefit of an immune response. 

Allergic diseases do not consist only of “early responses”, but also of subsequent events summarized as 

late-phase reactions that facultatively occur following the immediate acute phase, and that are 

thought to cause the recurrent and chronic symptoms of allergic individuals. Findings from human 

studies and work in MC-knock in mice indicate that MCs can also contribute to later consequences of 

allergen exposure, by promoting local inflammation and by directly or indirectly enhancing certain 

aspects of tissue remodeling 
49

. 

 

Dysregulated activation of MCs through mechanism independent of IgE (such as IgG or IgM 

autoantibodies, immune complexes, and TLRs) has been implicated in several autoimmune disorders, 
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such as bullous pemphigoid, rheumatoid arthritis, multiple sclerosis and its experimental counterpart. 

The correlation seen in MC hyperplasia and increased MC products at sites of tissue injury, although 

circumstantial, suggests MC contribution to these disease. The exact mechanism by which MCs 

mediate the pathogenesis is unknown, anyhow it has become clear that MC dysfunction not only aids 

initially in breaking self-tolerance, but also in perpetuating the inflammation 
1-2,7

. 

 

There is an increase in our awareness of the role plaied by MCs in the development of a variety of 

chronic inflammatory disorders, including cardiovascular disease. MCs reside in heart, where they are 

strategically located in close association with blood vessels and nerves, prompting the speculation that 

they can affect cardiac functions. Despite a lot of correlative evidence, there have been few studies 

directly implicating MCs in cardiac dysfunction. MCs have been shown to mediate cardiac hypertrophy 

and fibrosis in aortic constriction and abnormal aortic aneurysm. Other evidence also suggest MC 

contribution to the pathogenesis of atherogenesis, by the release of proinflammatory cytokines (IL-6 

and interferon-) that augment the expression of matrix-degrading proteases 
1
.  

 

Among the specific observation of Ehrlich that still have relevance today was the abundance of MCs in 

tumours, particularly carcinomas, where MCs are typically found to accumulate at the periphery of 

nodules but also within tumour lesions. Later studies provide ample evidence for increased populations 

of MCs in such tumours as mammary adenocarcinomas, basal cell carcinoma, melanomas, 

neurofibromatosis, and Hodgkin’s lymphoma 
52

. One focus of interest is the possible involvement of 

MCs in the inflammation associated with malignancy. Depending on the type of tumour, inflammation 

may exist before malignant changes or be induced with the onset of malignancy but in either case 

inflammation may be conducive to tumour growth. There is evidence for MCs both in promoting, but 

also in protecting against tumour growth. Up to now, much of the data linking tumour growth, or 

regression to specific MCs factors is circumstantial and controversial. These discordant findings have 

been attributed to variable contributions of MCs to different phases of tumour growth and the types of 

experimental model used 
7,52

.  
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Chapter 2 

 

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

The Mast cells’ Social Network 
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- 
 

 

 

 

 

A correct communication is the essential component of the functional integration in the immune 

system 
53

. 

The onset and regulation of a specific immune response result from a complex, multistep process 

largely shaped by direct or soluble factors-mediated interplay 
53

. 

Besides paracrine communication, which is by its nature never informative or precise 
54

, the immune 

cells specialize in establishing reliable, wideband direct interaction between themselves. The stable, 

flattened interface between cells which are in process of recognizing is defined immunological 

synapse. This term fits the activation of immune cells in the context of highly organized and dynamic 

structure that can act as a platform for bidirectional and cell-specific flow of information, and that 

might offer additional tool for modulation of a cell’ response 
55-56

. Key aspect to the regulation of 

intercellular contacts is the extent to which surface receptors are made accessible to their binding 

partners which may be influenced by the dynamic membrane morphology at immunological 

synapses. Indeed, it is certain that intercellular contacts do not merely comprise two facing flat 

membranes. Filopodial contacts and membrane ruffles may greatly augment ligand-receptor 

interaction across the synaptic cleft and promote conjugation 
57

. Thus, to get efficient cell-cell 

interaction, a migrating cell undergoes morphological changes, recruits cell-surface receptors and 

signaling components to the region of cell-cell contact and receives signals that are transduced 

intracellularly leading to the activation of nuclear factors and the transcription of specific genes. The 

type and amount of information exchanged is determined by the duration and physical dynamics of 

the interaction, the identity of the receptors and signaling molecules that are engaged and recruited, 

the strength of the signals transmitted and presence or absence of secretion. These functions depend 
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on the activation state of both the cell types, as well as the type of the environment in which the 

interaction takes place 
55

. 

 

2.1 MAST CELLular partners 

Over the past decades, a new picture of MCs function is gradually emerging; these cells have currently 

gained recognition as true immune effector cells in a variety of setting during innate and adaptive 

immune responses, but have also the potential to positively or negatively modulate many aspects of 

immune cells, including granulocytes, monocytes/macrophages, dendritic cells, T cells, B cells, natural 

killer cells (Figure 2.1) 
8,10

. MCs are traditionally thought of as a secretory cell type, influencing 

recruitment, survival, development, phenotype or function of immune cells through the release of 

soluble mediators or the delivery of their cargo through binding and uptake of membrane-bound 

vesicles (exosomes) 
8,58

. An intriguing and not yet fully clarified aspect of MC biology concerns their 

physical interaction with other cellular partners. MCs express a plethora of membrane molecules that 

can potentially empower these crosstalk directly. Several classes of costimulatory pathways have been 

identified and characterized for MCs, each able to operate in a specific physiological condition or 

disease, setting an array of thresholds to ensure a highly regulated response (Figure 2.2) 
54

.  

 

 
 

Figure 2.1. The Mast cells’ social network. Sketch of MC interactions with cells of both innate and adaptive immune response. 
 
 

2.1.1MCs and innate immune cells  

2.1.1.1 MCs and Dendritic Cells 

One of the key immunoregulatory facets of MC function is their capacity to control dendritic cells (DCs) 

behavior. 

Up to now, a considerable degree of heterogeneity in DC population has complicated decoding the 

attempts to shed light on the network of interaction with MCs subtypes. MC-secreted histamine, TNF- 

and lipid mediators have been widely implicated in the processes of DC mobilization from tissue to 

secondary lymphoid organs 
59-61

, DC maturation 
62-63

 and DC capacity to promote T cell responses 
63-65

. 

On the other hand, only some clues on direct MC-DC interplay have been uncovered. 

In an in vitro cultured human system the direct binding of cord blood derived-MCs with human 

monocyte-derived DCs is required for the optimal induction of Th2-promoting DCs 
63

. Moreover, it has 
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been shown that resting murine peritoneal MCs (PCMCs) can prime DCs, in a contact-dependent 

fashion, to promote T cell proliferation and polarization toward Th1 and Th17 responses 
64

. It also 

appears that murine bone marrow MCs (BMMCs) further the maturation and chemotactic activity of 

bone marrow DCs during the sensitization phase of contact hypersensitivity response. BMMC-DC 

interactions take place through intracellular adhesion molecule (ICAM)-1 and lymphocyte function-

associated antigen (LFA-1) as well as membrane bound TNF--dependent pathways. An influx of Ca
2+

 

in BMMCs is induced upon direct interaction with activated DCs that express high level of ICAM-1, 

while, on the other hand, this physical interaction enhances DC expression of CD40, CD80, CD86 and 

CCR7 co-stimulatory molecules, thus promoting their maturation and chemotaxis 
66

.  

 

2.1.1.2 MCs and Natural Killer cells 

Natural Killer (NK) cells are granular cytotoxic and circulating lymphocytes that participate in the early 

control of microbial infections and cancer. In the context of innate response, immune surveillance 

exerted by MCs is important for the selective chemotaxis of NK cells in different disease models 
67-69

. 

Several MC-mediators, such as adenosine, IL-4, IL-12 and TNF-, are also capable to modulate NK cell 

activation. Only recently, a cell-proximity and TLR-dependent mechanism through which MCs can 

directly induce NK cell cytotoxicity has been described. This functional interaction is partly mediated by 

OX40 ligand on MCs 
70

. 

 

2.1.1.3 MCs and Eosinophils 

Two main effector cells recognized for their role in orchestrating the acute and chronic phases of 

allergic reaction are MCs and eosinophils (Eos). Nevertheless, a clear interplay between MCs and 

eosinophils has been proven not only in allergic inflammatory tissues 
71-72

, but also in gastric carcinoma 
73

, chronic gastritis 
74

, Crohn’s disease and Ascaris infection 
75

. 

Eosinophils and MCs may mutually influence each other functions in a combined paracrine and 

physical manner. This interaction is stable, tight and physiologically relevant, as demonstrated by the 

high rates of MC-Eos coupling detected in human and murine systems 
71,76-77

. Several ligand/receptors 

pairs are implicated in contact-dependent communication. Examples of such interface are the 

relationship between CD48 and 2B4 
76

, LFA1 and ICAM1
76

, CD226 and CD112 
54

 which convey 

costimulatory signaling switches for reciprocal cell activation . 

 

2.1.1.4 MCs and Neutrophils 

Neutrophils or polymorphonuclear lymphocytes (PMNs) are essential innate immune cells which 

determine the host's resistance against infection or inflammation acting for containment and clearance 

of infectious particles 
78

. Nevertheless, in contrast to the traditional view of these cells as first line of 

defense, there is increasing evidence for their effector and regulatory functions in different steps of 

immune responses 
79-80

.  

Several studies pointed out that MC-regulated PMNs recruitment is essential for mounting a rapid and 

efficient innate immune response 
81-84

. Till now, MC-PMN interaction has been merely described as a 

soluble factors-mediated interplay and possible receptor/ligand pairs that might physically mediate this 

crosstalk have not yet been described. 

 

2.1.2 MC and adaptive immune cells  

2.1.2.1 MCs and B cells 

Certain MC population produce several mediators, such as IL-4, IL-5, IL-6 and IL-13, that are known to 

regulate B cell development and function. The first evidence of an effective direct MC-B cells crosstalk 
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was reported by Gauchat and coworkers. Since then, several studies demonstrated the importance of 

physical contact and in particular of CD40/CD40L axis, in modulating MC-mediated B cell-specific 

antibody responses in different settings  
85-87

;   

A more recently studied mechanism, by which MCs exhibit their regulatory effect on B cells, is 

dependent on the release of exosomes. Heterogeneous in size and shape and stored in cytoplasmic 

granules, mast cell-derived exosomes contain a pool of MHC class II-, costimulatory- and adhesion-

related molecules and are released during the process of exocytosis. Those antigen-containing 

exosomes interact with B cells in an leukocyte function-associated antigen-1 (LFA-1) and intercellular 

adhesion molecule-1 (ICAM-1)-dependent way 
58

.  

Only recently the study of the specific role of MCs in B-cell growth and differentiation has been 

investigated more in detail. Merluzzi and coworkers proved that both resting and activated MCs are 

able to induce a significant inhibition of cell death and an increase in proliferation of naïve and 

activated B cells. This effect relies both on cell-cell contact and MC-soluble factors. CD40-CD40L 

signaling, together with MC-derived IL-6, are also involved in the differentiation of B cells into CD138
+
 

plasma cells and in selective IgA secretion 
88

.   

 

2.1.2.2 MCs and effector T cells 

The functional interplay between MCs and T cells has been suggested by several studies documenting 

their close physical apposition during T cell-mediated inflammatory processes 
89

, as observed in 

cutaneous delayed-type hypersensitivity 
90-91

, graft-versus-host reactions, sarcoidosis 
92

 and in chronic 

inflammatory processes associated with the pathology of inflammatory bowel disease and rheumatoid 

arthritis 
93-94

. Additional morphological studies have revealed that MCs and T cells co-localize in 

inflamed allergic tissues and at sites of parasitic infections 
95-96

. 

Much of the influences between MCs and T cells have been attributed to the biological effects of a 

wide range of soluble mediators; however, increasing amount of literature documents recognizes the 

importance of intercellular communication involving the coupling of cell surface molecules. 

Early studies demonstrated that intercellular contact between MCs and T cell lines is able to activate 

MC transcription machinery 
97

. Adhesion of activated T lymphocytes, T cell membranes or 

microparticles also results in the release of several inflammatory factors by human MCs as well as MCs 

adhesion to endothelial cell receptors or extracellular matrix ligands 
98-100

.  

The first membrane bound pathway involved in MC-T cell crosstalk to be described was the adhesion 

pathway mediated by LFA-1 and its ligand ICAM-1, which induced FcRI-dependent murine BMMCs 

degranulation after heterotypic aggregation with activated T cells 
101

. Only in 2004, the lymphotoxin- 

receptor (LTR) expressed on murine BMMCs was described to be triggered by LTR ligands expressed 

by T cell lines and to convey a costimulatory signal leading to the release of cytokines (IL-4, IL-6, TNF-) 

and chemokines (CXCL-2 and CCL5) from ionomycin-activated BMMCs 
102

.  

Various mechanisms underlying MC ability to interact with T cells, yet the engagement of OX40 on 

activated CD4
+
 T cells by OX40L-expressing MCs is still the most studied. 

OX40 triggering, together with secretion of soluble MC-derived TNF-, co-stimulate proliferation and 

cytokine production from activated CD4
+
 T cells 

103
. Similar results were also established in a culture 

system of human tonsillar MCs and human T cells 
104

.  

One satisfying description of functional MC-T cells interaction arises from the observation the MCs can 

serve as unconventional antigen presenting cells for T lymphocytes 
105

. A recent work provides 

experimental morphological evidence of direct antigen presentation by murine peritoneal cell-derived 

MCs and freshly isolated peritoneal MCs at a single cell level, eliciting functional responses in effector T 

cells, but not in their naïve counterparts 
106

. MHC-II-dependent antigen presentation to CD4
+
 T cells by 

MCs was also demonstrated in rat and human cell systems 
107-108

. More recently, the possibility that 

MCs can be primed to acquire APC phenotype has been proposed: inducible expression of MHC-II 

molecules, MHC-II associated molecules as well as OX40L and PD-L1, by murine BMMCs, spleen-

derived MCs and peritoneal MCs has been reported to occur in response to various in vitro treatments 
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106,109-110
. MHC-II expression granted MCs the ability to effectively support T cell proliferation and 

effector functions and cause expansion of T regulatory cells (Tregs) 
109

.  

As for CD4
+
 T cells, MCs are capable of inducing antigen-specific CD8

+
 T cell responses in vitro and in 

vivo. Murine BMMCs can process antigen from phagocytosed bacteria for presentation via MHC class I 

molecules to T cells 
111

, giving rise to CD8
+
 T cell proliferation, cytotoxic potential and degranulation. In 

turn, CD8
+
 T cells induce MHC class I and 4-1BB expression on BMMCs as well as the secretion of 

osteopontin 
112

. 

 

2.1.2.3 MCs and regulatory T cells 

One should keep in mind that a significant proportion of T cells specialize in regulation and 

suppression of the inflammatory process. This sub-population, known as regulatory T cells (Tregs), may 

appear in several forms, mostly characterized by the expression of CD4, CD25 and the transcription 

factor Foxp3. 

The collaboration between Tregs and MCs in suppressing inflammatory responses has been suggested 

by several reports. These two cell-types reside in close proximity in secondary lymphoid tissues as well 

as in mucosal and tolerant tissues influencing each others’ function 
113-115

.  

Studies of several disease models revealed that Tregs can attract MCs by producing considerable 

amounts of IL-9, a MC growth and activation factor 
115-118

. In a mouse model of chronic allergic 

dermatitis, MC-derived IL-2 contributes to Tregs proliferation and suppressive function at the site of 

inflammation 
119

. However, MCs may also act to for counteraction of Tregs suppressive activity. Change 

in the suppressive phenotype of Tregs has been suggested in mouse models of hereditary colon 

cancer and autoimmune encephalomyelitis. In these inflammatory settings MCs, in presence of 

conventional T cells, break peripheral tolerance promoting Th17 skewing of Treg cells with loss of both 

Foxp3 expression and T cell suppressive properties 
120-121

 by contact-dependent mechanism and 

production of soluble factors 
121

. Another mechanism for counteraction of Treg suppressive activity has 

also been suggested by the binding of MC-derived histamine to H1 receptors on Tregs 
122

. 

Conversely, the paradigm of MCs as targets of Treg-mediated suppression has been rigorously 

investigated in the setting of immediate hypersensitivity-allergic responses. Tregs were shown to have 

the capacity to inhibit FcRI expression on MCs in vitro, requiring contact between the two cell types 
123

. Along this line, co-culture of Treg cells with murine BMMC suppresses degranulation, but primes 

MCs for production of IL-6 via contact-dependent surface-bound TGF- mechanism 
124

. Interestingly, in 

a model of colorectal cancer, highly suppressive Tregs lose the ability to suppress human LAD2 MC 

degranulation 
125

, suggesting that a complex MC-Treg interaction within tumor microenvironment 

exist, although the mechanism behind these events has not been yet discovered. 

The physiological outcome of MC suppression was confirmed by a recent study documenting Treg-

abrogation of BMMCs degranulation and immediate hypersensitivity response. This effect was 

achieved by Treg-MC contact leading to OX40-OX40L engagement, respectively. Suppression was 

associated with increased cyclic adenosine monophosphate (cAMP) and decreased Ca
2+

 influx, 

unrelated to PLC-2 or intracellular Ca
2+

 stores. These observations have led to the finding that soluble 

OX40 is sufficient to mimic the inhibitory effects of Tregs, providing a potentially novel therapeutic 

approach in allergic disease 
126

. The engagement of OX40L selectively suppresses Fyn-initiated signals 

underling the dampening of MC response. In the proposed model OX40L triggering acts to “fine tune” 

FcRI-stimulated MC degranulation, modifying lipid rafts organization and causing a considerable 

inactivation of downstream Fyn-dependent proteins Gab2, PI3K, Akt and RhoA 
127

.  
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Figure 2.2. A schematic drawing of soluble factors and membrane-bound molecules involved in MC interaction with other 
immune cells. MC-derived soluble mediators and ligand/receptor pairs identified for influencing recruitment, survival, 
development, phenotype or function of immune cells. 
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Chapter 3 

 

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Aim of the study 
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- 
 

 

 

 

Over the past decades, a new picture of MCs function is gradually emerging; these cells have currently 

gained recognition as true immune effector cells in a variety of settings during innate and adaptive 

immune responses, but have also the potential to positively or negatively modulate many aspects of 

immune cells 
10

.  

Besides paracrine communication, it is now clear that onset and regulation of a specific immune 

response is highly complex and requires immune cells to be specially adapted to interact directly with 

other cells during development and priming, as well as to function where they are needed 
57

. 

Communication between cells can result in different modes of interaction (with respect to morphology 

and duration) and leads to different outcome. The type and amount of information that is exchanged 

is determined by the duration of interaction, physical dynamics, identity of receptors and signaling 

molecules that are engaged and signals that are transmitted, depending on the activation state of 

both the cell types, as well as the type of the environment in which the interaction takes place 
55

. 

As MCs are traditionally thought of as a secretory cell type, an intriguing and not yet fully clarified 

aspect of MC biology concerns their physical interaction with other cellular partners.  

This work aims to shed light on MC range of contact modes, starting to define a molecular code, in 

which differences in timing, spacing and molecular composition of the signaling platform determine 

the outcome of “MAST CELLular interactions”. Distinct aspects of the interactions with different immune 

cells have been addressed.  

Firstly the morphological features and functional profile of MC-Treg synapses have been extensively 

described, given few additional information on the modes of tuning such crosstalk and on the 

molecular mechanisms governing the fate of Ca
2+

 flux in MC interacting with Tregs. Secondly, an 

overview of the regulation of MC-B cell contacts under different stimulation conditions was provided. 

Finally, a fresh picture of the functional dynamics of MC-PMN interactions has been drawn. 
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Section III 

Results and Discussion 
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Chapter 4 

 

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

MC-Treg interaction 
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- 
 

 

 

 

4.1 Dynamics of MC-Treg interaction  

Beyond the paracrine communication exerted by cytokines, MCs express a plethora of membrane 

molecules that can potentially empower their interaction with other cellular partners in a specific 

physiological condition or disease, setting an array of thresholds to ensure a highly regulated 

response
10

. Considerable progress in understanding the importance of physical contact and cell 

surface receptor was yielded by the discovery that bone marrow MCs (BMMCs) can functionally 

interact with CD4
+
/CD25

+
 Tregs by a contact-dependent mechanism requiring OX40-OX40L axis 

113
. 

Although a great deal is known about the functional outcome of such communication, there is scant 

information regarding the single cell dynamics of this process. 

 

4.1.1. Imaging MC-Treg interactions 

To describe cell demeanor and interactions, real time imaging was performed. By time lapse bright 

field video microscopy the formation of conjugates between IgE-pre-sensitized murine BMMCs and 

CD4
+
/CD25

+ 
Tregs was analyzed. The time series started after antigen (Ag)-addition and cell behavior 

was observed every minute for a total of 30 minutes. Each cell type was distinguished by its unique 

morphological characteristics. BMMCs were large (about 15-20 µm) and round, while Tregs were 

smaller (8-10 µm) with tiny cytoplasm. Numerous cells-cell contacts were observed (Figure 4.1A).  

Under resting conditions both BMMCs and T cells were typically rounded, while during cell-cell contact 

both cell types became elongated and flattened (Figure 4.1B). Early BMMC tethering failed to result in 

firm adhesion; BMMC moved across the T cell, forming a mobile junction with a dynamic contact 
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plane (not shown). Individual interactions showed sequential phases of adhesion, slow later 

movement and dynamic crawling in different proportions and duration. 

 
Figure 4.1.  Imaging of MC-Treg interaction. (A) Equal number of pre-sensitized BMMCs and Tregs were seeded onto glass 

bottom Petri dishes and MCs were challenged with Ag (DNP-HSA). Arrows show contacts between MCs and Tregs. (B) 

Representative images of conjugate formation between BMMCs and Tregs monitored by time lapse video microscopy for 30 

minutes. Bars = 10 μm 

 

4.1.2 Similar interaction between different types of MCs and CD4+/CD25+ Tregs 

As MCs heterogeneity has emerged as a fundamental principle for the understanding of the possible 

role of MCs in health and disease, the functional crosstalk between Tregs and different types of MCs 

has been characterized. Both in rodent and human, mucosal and connective tissue types of MCs are 

documented, based on different phenotypical, biochemical and functional properties 
128-129

.  

 

4.1.2.1 Kinetics of conjugate formation by different MC types 

BMMCs are often considered an in vitro equivalent of immature or mucosal MC phenotype; likewise, 

peritoneal MCs (PMCs) are currently recognized as a model of mature tissue resident MCs with features 

of connective MCs. 

To further support the crucial role of Tregs in limiting the MC degranulation response, PMCs were 

purified and the conjugate formation in the presence of Tregs was evaluated. Moreover, the study was 

extended to human samples performing experiments using human CD4
+
/CD25

+
 Treg and the human 

LAD2 MC line.  

 

 
Figure 4.2. Kinetics of conjugate formation between CD4

+
/CD25

+
 Tregs and different MC types. (A) Representative images of 

conjugate formation between BMMC or PMC with CD4
+
/CD25

+
 Treg and between LAD2 with human CD4

+
/CD25

+
 Treg. (B) 

Percentages of MCs making contact with Tregs at 1 and 20 minutes after Ag (100 ng/ml) addition. Data from 2 independent 

experiments, were collected: n=337 ± 20.5, n=341 ± 0.7, n=286 ± 17.7 for BMMCs, PMCs and LAD2 cells, respectively. Shown are 

the means ± SD of 3 independent experiments, each performed in duplicate. * p<0.05 and ** p<0.005.  
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As depicted in figure 4.2A the CD4
+
/CD25

+
 T cell population efficiently made contact with both 

BMMCs and PMCs and, interestingly, similar conjugate formations were observed using human MCs 

and CD4
+
/CD25

+ 
T cells. Percentages of MC-Treg contacts early after Ag addition were similar in both 

murine and human cell co-cultures (8% ± 2.3, 12% ± 3.9 and 8% ± 2.9 for BMMCs, PMCs and LAD2 

respectively) and increased 20 minutes after FcRI triggering (14% ± 6.3,  20%  ± 3.8 and 18% ± 5.2 for 

BMMCs, PMCs and LAD2 respectively) (Figure 4.2B). 

 

4.1.2.2.  Inhibitory role of CD4+/CD25+ Treg cells on MC degranulation

Degranulation was evaluated by measuring the release of the MC granule-associated enzyme -

hexosaminidase. In agreement with previous findings, as shown in figure 4.3, CD4
+
/CD25

+
 Tregs co-

cultured with both murine and human MCs showed similar ability to inhibit the MC compound 

exocytic response. The unchanged Treg suppressive function provides unequivocal proof that this 

regulatory mechanism is conserved across species 

 
 

 

Figure 4.3. Inhibitory role of CD4
+
/CD25

+
 Tregs on MC 

degranulation. Activated MCs alone or in presence of Tregs were 

examined for release of β-hexosaminidase expressed as percentage 

of the cells’ total mediator content. Shown are the means ± SD of 3 

independent experiments, each performed in duplicate. * p<0.05 

and ** p<0.005. 

 

 

 

 

4.1.3 OX40 role in the dynamics of MC-Treg interaction 

The physiological outcome of MC suppression was extensively described by a recent study 

documenting Treg-abrogation of BMMCs degranulation and immediate hypersensitivity response. This 

effect was achieved by Treg-MC contact leading to OX40-OX40L engagement, respectively 
113

. 

 

4.1.3.1 OX40 and its receptor mediate MC-Treg physical interface 

As MC-Treg functional interactions exist, the hypothesis that this contact could be facilitated by the 

binding of the surface molecule OX40 to its ligand was put forward. 

To determine whether this axis could influence conjugation formation between BMMCs and Tregs, the 

percentages of BMMCs making contacts with WT or OX40-deficient (OX40-/-) Tregs over total BMMCs 

were quantified. As shown in figure 4.4A after Ag addition, the capacity of BMMCs to interact with WT, 

but not with OX40-/- Tregs, increased both at 5 and 20 minutes of incubation. 

MC-Treg conjugates were monitored for 20 minutes and classified into three categories depending on 

their extent. The majority of MC-Treg interactions were short-lived, but some cell-cell contacts lasted 

more than 15 minutes and thus, considered long-lasting interactions (Figure 4.4B). In the presence of 

WT Tregs, BMMCs made 30% of short, 48% of intermediate and 22% of long lasting interactions. In co-

cultured with OX40-/- Tregs, short contacts increased up to 42%, intermediate conjugates dropped to 

30%, while the amount of long-lasting interactions remained almost similar to WT Tregs (28%). 
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Figure 4.4.  OX40-OX40L axis mediates MC-Treg interaction. (A) Percentages of BMMCs interacting with WT or OX40-deficient 

Tregs (OX40-/- Tregs) over total BMMCs at 1, 5 or 20 minutes after Ag addition. Data from 2 independent experiments, each 

performed in duplicate are shown. Numbers of BMMCs analyzed each time point are as follow: n=139 ± 12.5 and n=102 ± 9.5 

for WT and OX40-/-, respectively. * p<0.05 and ** p<0.005. (B) Percentages of short (<5 minutes), medium (5-15 minutes) and 

long-lasting (>15 minutes) contacts between BMMCs and WT or OX40-/- Tregs. Data from 3 independent experiments 

performed in duplicate are shown. Number of MC-Treg interactions analyzed: n=64 and n=56 for WT and OX40-/- respectively.

 

4.1.3.2 OX40-drived inhibition of MC classical exocytosis 

FcεRI aggregation following Ag challenge induced dramatic morphological changes within BMMCs, 

that displayed membrane ruffling and lamellipodial extension typical of a rapid and massive exocytotic 

process (Figure 4.5A, upper panel). Membrane ruffling was very dynamic and new ruffles continuously 

forming and collapsing were observed for at least 30 minutes.  

Interestingly, BMMCs in contact with WT Tregs exhibited a smooth plasma membrane morphology 

with minimal membrane ruffling (Figure 4.5A, intermediate panel), likely corresponding to the absence 

of MCs degranulation. Conversely, when BMMCs were conjugated with OX40-deficient Tregs the 

ruffling response was not reduced (Figure 4.5A, lower panel). The morphological evidences of the 

inhibition of BMMCs degranulation response mediated by Tregs through OX40-OX40L axis were 

validated by reduced amount of released -hexosaminidase (Figure 4.5B). The same effect was also 

observed using PMCs (Figure 4.5B). 

 

 
Figure 4.5.  OX40-drived inhibition of MC classical exocytosis. (A) Representative images of morphological changes of activated 
BMMC alone or in presence of WT and OX40-deficient Tregs are shown at different time frames of the video-recorded movies. 

(B) Activated BMMCs alone or in presence of WT and OX40-/- Tregs were examined for release of β-hexosaminidase expressed 
as percentage of the cells’ total mediator content. Shown are the means ± SD of 4 independent experiments, each performed in 
duplicate. (C) IgE pre-sensitized PMCs were challenged with 100 ng/ml DNP alone or in presence of WT and OX40-deficient 

Tregs. Cell supernatants were examined for content of β-hexosaminidase. Shown are the means ± SD of three independent 

experiments. Bars = 10 μm (D). ** p<0.005. 
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Together these results provide the first morphological evidence for the role of OX40-OX40L axis in 

Treg-mediated inhibition of MCs degranulation, but the evidence of conjugates between MCs and 

OX40 deficient Tregs does not exclude the involvement of other receptor-ligand counterparts in the 

MC-Treg connections. 

 

4.1.4 Ultrastructural sketch of MC-Treg synapses 

A key aspect to the regulation of intercellular contacts is the extent to which proteins are made 

accessible to their binding partners, which may be influenced by the membranes morphology at the 

contact site 
57

. Thus, to gain insight into MC morphological changes occurring while interacting with a 

Treg, cells’ couples were analyzed by transmission electron microscopy.  

Ten minutes after Ag-stimulation MCs and Tregs formed numerous cell conjugates. Examined at low 

magnification, BMMCs appeared as activated cells endowed with numerous surface filopodia and 

lamellopodia which, in some 

instance, seemed to embrace and 

envelope Tregs (Figures 4.6A and 

4.6B). Contact areas between BMMC 

and Treg plasma membranes were 

either contact point or extended 

surface area. Viewed at higher 

magnification, the latter exhibited 

the composite profile of true 

immunological synapses (Figures 4.6 

C and 4.6D). They were arranged as 

alternating sites of tight membrane-

to-membrane appositions and wider 

intermembrane spaces that 

corresponded to the synaptic clefts. 

Here, the distance between the pre- 

and post-synaptic membranes was 

100-150 nm (Figure 4.6D). 

Figure 4.6.  Transmission electron microscopy 

of MC-Treg connections. (A)(B) Low-

magnification images of BMMCs projecting 

extended cytoplasmic elongations towards 

Tregs. BMMC projections run for several 

microns and establish tight membrane 

appositions with Tregs. Whilst the contact 

area in (A) is spatially restricted, MC-Treg 

coupling in (B) covers a linear surface length 

of about 3 μm. In both images, BMMCs show 

no sign of exocytosis. (C)(D) Ultrastructural 

details of a MC-Treg interaction. The image in 

(D) is an enlargement of the boxed area in (C) 

and reveals that the synapsis is composed of 

two clefts (arrowheads) which are sealed 

apart by apposition areas. The membranes 

are in tight contact at these points (arrows). 

(E)(F) Paired micrographs – (F) is an 

enlargement of the boxed area in (E) – which 

illustrate a BMMC releasing the content of a 

secretory granule (asterisk) into the synaptic 

clefs sealed by tight intermembrane 

appositions (arrows). Bars = 2.5 μm (A)(B), 1 

μm (C)(E), 0.5 μm (D)(F). 
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The close intermembrane appositions presented an intermembrane thickness ~15 nm which sealed 

the synaptic clefts apart. In a few instances, the synaptic cleft formed a kind of pocket where the Treg-

coupled MC released the content of one or two secretory granules in a process of limited exocytosis 

(Figures 4.6E and 4.6F) 

The close intermembrane appositions presented an intermembrane thickness ~15 nm which sealed 

the synaptic clefts apart. In a few instances, the synaptic cleft formed a kind of pocket where the Treg-

coupled MC released the content of one or two secretory granules in a process of limited exocytosis 

(Figures 4.6E and 4.6F).   

 

4.1.5 Evidence of Piecemeal Degranulation in MCs interacting with Tregs 

MC challenged with the Ag underwent classical compound exocytosis and an extensive membrane 

ruffling was observed: granules and plasma membranes fused, membrane pores were formed and 

membrane-free granule contents were released in toto outside the cells (Figure 4.7A).  

 

 
 
Figure 4.7.  Distinctive ultrastructural features of MCs alone or incubated with Tregs. (A) Pre-sensitized BMMCs challenged with 

the Ag exhibit the classical ultrastructural features of massive exocytosis. (B) By contrast, Treg-coupled BMMCs display granules 

with different loss of content material in the absence of granule-to-granule or granule-to-plasma membrane fusion events, the 

ultrastructural morphology which suggests an ongoing process of piecemeal degranulation (PMD). (C)(D) The MC-Treg 

connection is a focal point for endocytosis and exocytosis. The image in (D) is an enlargement of the boxed area in (C) and 

shows a series of vesicles free in the intergranular cytosol (arrows) close to the contact site. The arrowhead points to a coated 

vesicle. Bar = 3 μm (A), 1.5 μm (B), 2 μm (C), 50 nm (D)

 

Interestingly, activated BMMC interacting with Treg exhibited cytoplasmic secretory granules with 

various degrees of content loss, i.e., granules with lucent areas in their cores, reduced electron density, 

disassembled matrices, residual cores, and membrane empty containers (Figure 4.7B).  

Empty or partially empty secretory containers could be recognized intermingled with granules, whose 

shape, size, and density fell within normal range (Figure 4.7B). The dilated granule containers 
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maintained their limiting membranes, as no fusion events with the plasma membrane or with 

neighboring granule membranes occurred. In a small proportion of Treg-contacting MCs, 30-60 nm 

diameter lucent vesicles could be identified in the peripheral cytoplasm, next to granules or close to the 

plasma membrane (Figures 4.5C and 4.5D).  

These ultrastructural features are characteristic of piecemeal degranulation (PMD), a morphological 

evidence of MCs activation, with “bit by bit” and selective pattern of cell secretion which has been 

associated with cytokine mobilization and extrusion in MCs, basophils and eosinophils 
15,130

. 

 

4.1.6 Choosy Tregs give rise to timed release of MC mediators 

The evidence of PMD in MC interacting with Treg could be in agreement with the earlier observation 

that Tregs impair FcεRI-mediated degranulation without affecting IL-6 and TNF-α production 
113

. To 

further confirm the selective effect of Tregs on classical exocytosis, the release of different MC-granule 

associated mediators has been measured.  

As shown in figure 4.8A, Tregs significantly inhibited secretion of mediators such as histamine and 

leukotrienes that are usually released immediately after activation and peaked their maximum within 

few minutes. On the other hand, the amount of several cytokines, chemokines and growth factors 

released by MCs 24 hours from Ag challenge is not significantly modified by the presence of WT or 

OX40-deficient Tregs. As expected, the loss of OX40 expression on Tregs impairs selectively their ability 

to inhibit the secretion of early-released MC mediators.  

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8.  Selective 

inhibitory effect of Tregs on different mediators released by 

activated MCs. (A) IgE pre-sensitized BMMCs were 

challenged with the Ag in presence or absence of equal 

number of Tregs and the release of indicated mediators 

were evaluated at 30 minutes (histamine, β-

hexosaminidase, LTC4) or at 24 hours (IL-5, IL-6, MCP-1, 

TNF-α, GM-CSF) as described in Methods. (B) Time course 

analysis of TNF-α secretion from BMMCs in absence or 

presence of Tregs. * p<0.005 and ** p<0.001 compared to 

BMMCs alone. 

0

25

50


-h

e
x
o
s
a
m

in
id

a
s
e

(%
 o

f 
re

le
a
s
e
)

0

15

30

H
is

ta
m

in
e
 (

p
g
/c

e
ll)

0

125

250

L
T
C

4
 (

n
g
/1

0
6
c
e
ll)

0

60

120
IL

-5
 (

p
g
/c

e
ll)

0

250

500

IL
-6

 (
p
g
/m

l)

0

500

1000

M
C

P
-1

 (
p
g
/m

l)

0

500

1000

T
N

F
- 

 (
p
g
/m

l)

0

200

400

G
M

-C
S

F
 (

p
g
/m

l)

BMMC BMMC + Treg WT BMMC + Treg OX40-/-


 



A

B

15
 m

in

30
 m

in 1 
h

12
 h

0

150
500

1500 BMMC

BMMC + Treg

T
N

F
- 

 (
p
g
/m

l)



Tesi di dottorato di Federica D’Incà discussa presso l’Università degli Studi di Udine 

 

32 
 

To assess the timing of Treg-mediated inhibition, we looked at the kinetics of TNF- release, as this 

cytokine is rapidly released from preformed stores (within few minutes) followed by the subsequent 

release of large quantities of newly synthesized form upon IgE-dependent MC activation 
131

. As shown 

in figure 4.8B, the amount of released TNF- after 15 and 30 minutes from Ag addition was reduced 

when MCs are incubated with Tregs, but no differences were detected at 1 hour and 12 hours, 

indicating that the less degree of detected TNF- in early time points could be due to a delay in 

secretion rather than an effective inhibition. This suggests a time-dependent effect of Treg inhibition. 

 

4.2. Tuning MC-Treg synapses 

Synapse formation elicits a “situation adapted” for signal transduction and activation response that can 

vary depending not only on duration of interaction, physical dynamics, identity of receptors that are 

engaged but also on the strength of signals that are transmitted 
55

. The view arising from several 

studies is that the type and the overall potency of the stimulus are critical in determining which cellular 

outcomes are observed. Thus, the ability of MCs to collect and add up signals during a definite time 

period and achieve specific levels of activation was evaluated on MC stringency of binding to Treg 

cells. 

 

4.2.1 FcRI aggregation mediates MC-Treg joining 

A homogeneous population of MCs can respond differentially to the same allergen depending on its 

concentration, on the extent of receptor occupancy (number of receptor aggregates) or on the 

persistence of the allergen (continued receptor aggregation) 
132

. 

 
 
 
 
 

Figure 4.9. FcRI aggregation mediates MC-Treg conjugation. 
Histograms represent percentages of BMMCs interacting with 
Tregs over total MCs at 1, 5 or 20 minutes after addition of 
increasing amounts of Ag. Data from 3 independent experiments 
were collected. The average numbers of BMMCs analyzed each 
time point are as follow: n=257 ± 51.9, n=228 ± 21.5, n=220 ± 
15.1 for 1, 10 and 100 ng/ml of Ag condition, respectively.  

  

 

 

 

 

As shown in figure 4.9, the frequency of BMMC-Treg conjugates varied depending on the amount 

and duration of FcɛRI aggregation; 1 minute upon Ag addition an average of 11% ± 1.4 of BMMCs 

interacted with Tregs. Low dose of Ag (1 ng/ml) did not significantly change number of conjugates 

over time, while at higher Ag concentrations (10 ng/ml and 100 ng/ml) the percentages of BMMCs 

making contacts with Tregs steadily increased from 12% ± 3.1 to 23% ± 3.2 with 10 ng/ml at 1 and 20 

minutes respectively and from 9% ± 0.9 to 18% ± 3.8 with 100 ng/ml at 1 and 20 minutes respectively.  

 

4.2.2 Induced-APC phenotype does not prompt MCs for conjugation 

Increasing number of reports contributed to put forth the idea that MCs interact with and present 

antigen to different lymphocytes subsets, including Tregs. 

Various treatments have been described to prime MCs to acquire an APC phenotype inducing the 

expression of MHC class II and selected accessory molecules. The up-regulation of such molecules 

varies depending on the MC model employed and the stimulus applied 
105

.  
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In line with these observations, it has been recently shown that IFN- plus LPS stimulation allows MCs 

to present antigen in the context of MHC class II molecules and to interact with Tregs 
109

.  

To test whether LPS/IFN- priming furthers MCs ability of binding to Treg cells, the formation of 

conjugates between primed-BMMCs and CD4
+
/CD25

+ 
Tregs was analyzed. 

As expected, treatment with LPS/IFN- for 72 hours did not alter the threshold of BMMCs activation but 

increased the frequency of MHC class II expression, resulting in approximately 45% of MHC class II
+
 

BMMCs (data not shown). 

Under these conditions, BMMC capacity to interact with Tregs was observed by time-lapse video-

microscopy. As depicted in figure 4.10A, early after Ag addition percentages of contacts were similar in 

the co-cultures with both primed and unprimed BMMCs (8% ± 2.1 and 7% ± 2.3 respectively); 

nevertheless at 5 and 20 minutes after FcRI triggering, LPS/IFN- treatment did not significantly alter 

percentages of conjugates over time, on the contrary to what happened for unprimed BMMCs,  (7% 

±3.2, 8% ± 2.7 and 16% ± 3, 14% ± 3.2  for primed and unprimed BMMCs respectively) (Figure 4.10A). 

 

 
Figure 4.10.  Induced-APC phenotype does not prompt MCs for conjugation. (A) Percentages of LPS/IFN- treated or untreated 

BMMCs interacting with Tregs over total BMMCs at 1, 5 or 20 minutes after Ag addition. Data from 2 independent experiments, 

each performed in duplicate are shown. Numbers of BMMCs analyzed each time point are as follow: n=72 ± 12.5 and n=112 ± 

9.5 for treated and untreated BMMCs, respectively. * p<0.05 (B) Percentages of short (<5 minutes), medium (5-15 minutes) and 

long-lasting (>15 minutes) contacts between LPS/IFN- treated or untreated BMMCs and Tregs. Data from 2 independent 

experiments performed in duplicate are shown. Number of MC-Treg interactions analyzed: n=11 and n=24 for treated and 

untreated, respectively 

 

BMMC-Treg conjugates were also monitored for 20 minutes and classified into three categories 

depending on their extend (Figure 4.10B). After Ag addition, BMMCs made 30.9% of short, 49.1% of 

intermediate and 20% of long lasting interactions. In co-cultured with LPS/IFN- treated BMMCs, short 

contacts increased up to 39%, intermediate conjugates dropped to 36%, while the amount of long-

lasting interactions remained almost similar to unprimed BMMCs (20%). 

The time-dependent process of aggregating synapse are certain to vary with circumstances and could 

directly dictate specific functional consequences of BMMC-Treg interaction; however, the links 

between stimulation, duration and cell function remain to be questioned. 

 

4.3. OX40L-STIMulated inhibition of MC extracellular Ca
2+

 flux 

Among the mysteries in the field of MC-Treg interaction is the nature of the inhibitory mechanism 

exerted by Tregs on MC FcRI-dependent extracellular Ca
2+

 flux. This process occurs on a single cell 

level through the OX40-OX40L axis without modifying Ca
2+ 

mobilization from intracellular stores 
113

.  

Chief mechanism of the Ca
2+

 signaling pathway is the relocation at raft domains of STIM1, the 

molecular sensor that couples Ca
2+

 store depletion and external Ca
2+

 entry 
43

. Hence, the possibility 

that STIM1 may function as a switch governing in the fate of Ca
2+

 flux in BMMCs interacting with Tregs 

was explored. 
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4.3.1 Treg contact inhibits STIM1 translocation into lipid rafts  

Using primary BMMCs co-transfected with GFP-GPI and Cherry-STIM1, STIM1 recruitment to LR was 

tested upon Ag addition during cognate interaction with Tregs. Under control conditions, without T 

cell subset, the raft-anchored protein was distributed throughout the cell surface, whereas the majority 

of STIM1 was found in an ER pattern of localization (4.11A, panel A). After triggering, the aggregation 

and polarization of rafts component was evident, STIM1 formed puncta and became partially co-

localized with rafts (Figure 4.11A, panels C and E).  

After contact between BMMC and Treg, a pronounced polarization of LR can be observed and, in 

some instances, overexpressed GFP-GPI accumulated at high density within the contact zone, in 

addition to the remaining localization along the rest of the MC surface (Figure 4.11A, panels D and F). 

More importantly, Treg contact determined a lack of STIM1 association with LR after Ag addition 

(Figure 4.11A, panels D and F). This finding was confirmed by a statistical data evaluation and 

documented with the histogram of the percentages of BMMCs exhibiting STIM1-LR co-localization 

(Figure 4.11B). 

 
Figure 4.11. Inhibition of STIM1 dynamics in MC-Treg interaction. (A) Representative images of BMMCs and BMMC-Treg contacts 
showing the co-localization of Cherry-STIM1 (red) with a raft-specific marker (GFP-GPI, green) in resting (0 min) and activated 

cells at the indicated time points after Ag triggering. Bars = 10 μm. (B) Percentages of BMMCs alone or in contact with Tregs, 
showing STIM1-LR co.localization at 0, 2, 5 minutes after Ag addition. Data from 3 independent experiments. Number of MCs 
alone analyzed: n=71, n=243 and n=190 for 0, 2 and 5 minutes, respectively; number of MC interacting with Treg analyzed: 
n=82, n=45 and n=28 for 0, 2 and 5 minutes, respectively. * p<0.05.   
 

 

4.3.2 OX40L engagement inhibits STIM1 enrichment into raft fractions  

Given that Tregs have been reported to inhibit directly the FcRI-dependent Ca
2+

 influx through cell-

cell contact involving OX40-OX40L interaction, the combined stimulation of OX40L and FcRI was 

investigated on STIM1 changes in the molecular content of LR. For this purpose, the recently described 

soluble form of OX40 molecule (sOX40), consisting on OX40 extracellular domain 
126

 which mimics 

the Treg suppressive effect on MC function was used. Following FcRI stimulation (5 minutes), a great 

amount of STIM1 was detected in raft fractions; whereas a decrease of STIM1 in raft portions was 

observed following treatment with sOX40 (Figure 4.12A and histogram). 

 

 
Figure 4.12. OX40 caused a reduction of STIM1 translocation in LR after Ag triggering. (A) LR were obtained from density 
sucrose gradient of BMMCs  lysed 5 minutes after Ag addition in the presence or absence of sOX40. The rafts fractions (LR2 and 
LR3) were identified with the raft marker GM1 and analyzed for STIM1. (B) Fold induction of GM1-normalized proteins from 
IgE/Ag + sOX40-activated BMMCs (5 minutes) over IgE/Ag-activated BMMCs (5 minutes) in indicated raft fractions (LR3 and LR4).  
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4.3.3 Impaired STIM1 translocation in TRPC-deficient MCs 

The engagement of OX40L selectively suppresses Fyn-initiated signals required for MC degranulation 

and serves to limit immediate hypersensitivity 
127

. Additionally, a recent report argued that the major 

flaw in Fyn null MCs is the inability, linked to a defect in TRPC1 expression, to influx normally the Ca
2+ 

required for key steps which regulate MC degranulation 
42

. Although their role in MC biology is not 

well understood, TRPC channels have been reported to contribute to Ca
2+

 influx, and their activity is 

coupled to intracellular stores via STIM1 
43

.  

To determine if TRPCs are required for the normal dynamics of STIM1, its portioning into rafts was 

assessed by comparing preparations isolated from TRPC1/C4/C5/C6 quadruple knock out (TRPC(-/-)
4
) 

BMMCs in resting condition or following FcRI stimulation (5 minutes). As shown in figure 4.13, no 

STIM1 translocation into LR was observed in both conditions. 

 

 
Figure 4.13. TRPC channels have a role in STIM1 translocation. (A). Density sucrose gradient distribution of STIM1 obtained from 
TRPC(-/-)

4 
BMMCs at 0 or 5 minutes after Ag addition. The rafts fractions (LR2 and LR3) were identified with the raft marker GM1 

and analyzed for STIM1.  
 

 

4.3.4 Ag-stimulated OX40L association at LR in TRPCs-deficient BMMCs 

It has been demonstrated that OX40L triggering modifies LR organization also causing a marked 

enrichment into raft fractions of OX40L itself 
127

. Thus, these findings suggest a possible relocation of 

OX40L as an underlying mechanism for the STIM1 defect observed in TRPC-deficient BMMCs. To 

explore this possibility further, OX40L association at LR was assessed. As expected, an increase in 

OX40L into raft portions was observed following FcRI stimulation (5 minutes) (Figure 4.14). 

 

 
Figure 4.14. FcRI-dependent OX40L portioning into rafts in TRPC-deficient BMMCs. (A). Density sucrose gradient distribution of 
OX40L obtained from TRPC(-/-)

4 
BMMCs at 0 or 5 minutes after Ag addition. The rafts fractions (LR2 and LR3) were identified 

with the raft marker GM1 and analyzed for OX40L. (B) Fold induction of GM1-normalized proteins from IgE/Ag-activated 
BMMCs (5 minutes) over resting BMMCs in indicated raft fractions (LR2 and LR3). 

 

4.3.5 Defective STIM1 association at LR in OX40L-deficient BMMCs 

To determine if the physical presence of OX40L could be related to normal STIM1 dynamics, STIM1 

portioning into LR was evaluated in OX40L-/- BMMCs.  Unexpectedly, a defect in STIM1 translocation 

was observed upon Ag addition (5 minutes; Figure 4.15A). The same outcome was obtained 

visualizing STIM1 fate comparing WT and OX40L-/- BMMCs co-transfected with GFP-GPI and Cherry-

STIM1 (Figure 4.15B). This finding was documented with the histogram of the percentages of BMMCs 

exhibiting STIM1-LR co-localization (Figure 4.15C). 
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Figure 4.15. Defective STIM1 association at LR in OX40L-deficient BMMCs. (A). Density sucrose gradient distribution of STIM1 
obtained from OX40L-/-

 
BMMCs at 0 or 5 minutes after Ag addition. The rafts fractions (LR2 and LR3) were identified with the raft 

marker GM1 and analyzed for STIM1. (B) Representative images of WT and OX40L-/- BMMCs showing the co-localization of 

Cherry-STIM1 (red) with a raft-specific marker (GFP-GPI, green) after Ag triggering. Bars = 10 μm. (C) Percentages of WT and 
OX40L-/- BMMCs showing STIM1-LR co-localization 5 min after Ag addition. Data from 2 independent experiments. Number of 
BMMC analyzed: n=388 and n=144 for WT and OX40L-/-, respectively; 
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Chapter 5 

 

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

MC-B cell interaction 
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- 
 

 

 

B cells are a vital part of the humoral immunity branch of the adaptive immune system. Nevertheless, 

the last decades have witnessed a continuum of unfolding complexities in B -cell development, subsets 

and functions which contributed to expand the traditional view of these cells. Evidence now indicates 

that B lymphocytes are required to regulate immune homeostasis with direct or indirect 

communication with other cell populations 
133

. 

The major compelling element strengthening the need for a deep understanding of MC-B cell 

interactions is the long-standing evidence of MCs abundance at sites of leukemic/lymphomatous 

infiltration 
134-135

. MCs have been able to directly interact with neoplastic B cell, influencing their growth 

and survival 
136-137

.  

Despite the role of physical contact and costimulatory molecules for MC-driven B cell proliferation and 

activation was substantiated by several works 
58,85-86

, only recently the specific role of MCs in B cell 

growth and differentiation has been investigated more in detail. Merluzzi and coworkers proved that 

MCs promote both survival and activation of naïve B cell, as well as proliferation and further plasma cell 

differentiation through cell-cell contact requiring CD40-CD40L axis 
88

. 

On this basis, to investigate if conjugates between BMMCs and B cells could be established, the kinetics 

and functional profile of cell-cell interaction was examined under different stimulation condition. 

 

 

5.1 Imaging BMMC-B cell interactions 

To describe cell behavior and interaction, the conjugates formation between resting or IgE-pre-

sensitized murine BMMCs and naïve B cells or LPS-/CD40-stimulated B lymphocytes was analyzed by 

time lapse bright field video microscopy.  

http://en.wikipedia.org/wiki/Humoral_immunity
http://en.wikipedia.org/wiki/Adaptive_immune_system
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Cell demeanor was observed every minute for a total of 30 minutes and cell type was distinguished by 

its unique morphological characteristic. As depicted in figure 5.1 the B cell population efficiently made 

contact with BMMCs (Figure 5.1).  

 

 
Figure 5.1.  Imaging of MC-Treg interaction. (A) Equal number of pre-sensitized BMMCs and B cells were seeded onto Glass 

bottom Petri dishes and was observed every minutes for a total of 30 minutes. (B) Representative images of conjugate formation 

between BMMCs and Tregs monitored by time lapse video microscopy for 30 minutes. Bars = 10 μm 

 

5.2 Kinetics of conjugate formation between BMMCs and B cells 

Cell activation can increase synaptic adhesion or, by contrast, contribute to immune cell detachment. 

To determine whether the dynamic regulation of BMMC-B cell adhesiveness could be the result of 

different stimulation condition, the capacity of naïve B cells and LPS- or CD40-stimulated B lymphocytes 

to form stable conjugate with BMMCs was assessed in the absence or in the presence of IgE/Ag 

stimulation.  

It is known that B cell activation results in enhanced CD40 expression 
138

 and that the interaction of this 

molecule with its receptor on MCs results in costimulatory signals leading to productive survival, 

activation and expansion of B cells. To test if CD40-CD40L axis breakdown would destabilize synapse 

formation, conjugates formation was also assessed in the presence of CD40-blocking antibody. 

 

5.2.1 Naïve B cells 

In the presence of naïve B cells, percentages of contacts were similar in both cell co-culture settings 

(9% ± 1,2% and 8% ± 3,2% for resting and activated BMMCs respectively) and the percentages of 

conjugates over time did not significantly change (7% ± 0.2 and 9% ± 5.3 respectively for resting 

BMMCs; 2% ± 1.2 and 7% ± 2.5 for activated BMMCs). With a CD40 neutralizing antibody, the capacity 

of BMMCs to form stable interaction with B cells was lower at all times of incubation tested (1% ± 1.8, 

1% ± 1.6, 2% ± 2.6 for resting BMMCs; 1% 

±0.5, 1% ± 0.6, 1% ± 0.4 for activated 

BMMCs) (Figure 5.2).  

 

 
 
Figure 5.2.  Kinetics of BMMC-B cell interactions. 
Percentages of BMMCs interacting with naïve B cells 
over total BMMCs at 1, 5 or 20 minutes. Data from 2 
independent experiments, each performed in 
duplicate are shown. Numbers of interacting BMMCs 
analyzed each time point are as follow: n=12 ± 1 and 
n=12 ± 9.5 for ns and IgE/Ag activated BMMCs, 
respectively n=3 ± 1 and n= 3± 0.6 for ns and IgE/Ag 
activated BMMCs in the presence of CD40 
neutralizing Ab, respectively. 
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5.2.2 CD40-stimulated B cells 

As BMMC-B lymphocyte interactions exist, the hypothesis that this contact could be facilitated by CD40-

triggering of B cells was put forward. 

Conjugation formation between the two cell types was quantified (Figure 5.3); compared with the first 

time of incubation tested, at 5 minutes and 20 minutes BMMCs showed an enhanced capability to 

forme stable interaction with CD40-triggered B cells (6% ± 2.3% vs 10% ± 2.3% and 12% ± 10.1%, 

respectively). Furthermore, FcεRI aggregation following Ag challenge furthers an increase in the 

percentages of conjugates (10% ± 1.3%, 10% ± 3.5% and 15% ± 16.2%). Interestingly, likewise for naïve 

B cells, neutralization of CD40 results in a lower proportion of contacts (3% ± 1%, 3% ± 1.1% and 4% ± 

2.6% for resting BMMCs; 4% ± 0.1%, 4% ± 0.3% and 4% ± 1.5% for activated BMMCs).  

 

 
 
Figure 5.3.  Kinetics of BMMCs interactions with 
CD40-stimulated B cells. Percentages of BMMCs 
interacting with CD40-stimulated B cells over total 
BMMCs at 1, 5 or 20 minutes. Data from 2 
independent experiments, each performed in 
duplicate are shown. Numbers of interacting 
BMMCs analyzed each time point are as follow: 
n=19 ± 5.6 and n=16 ± 4.7 for ns and IgE/Ag 
activated BMMCs, respectively and n=8 ± 1.2 and n= 
5± 0.6 for ns and IgE/Ag activated BMMCs in the 
presence of CD40 neutralizing Ab, respectively. 

 

 

 

 

5.2.3 LPS-stimulated B cells 

As depicted in figure 5.4, the capacity of BMMCs to form stable conjugates with LPS-stimulated cells 

was similar in the absence or presence of Ag (5% ± 0,8% vs 7 % ± 7,1 % at 1 minute of co-culture) and 

the percentages of conjugates over time did not significantly change (4% ± 0,5% vs 1% ± 0,7 % at 5 

minutes; 5% ± 1,6% vs 3 % ± 1,2 % at 20 minutes). Unexpectedly, CD40 neutralizing antibody-

treatment of B cells, did not alter the threshold of BMMC-capacity to form stable interaction with B cells 

at 3 times of incubation tested (1% ± 1.8, 1% ± 1.6, 2% ± 2.6 for resting BMMCs; 1% ±0.5, 1% ± 0.6, 1% 

± 0.4 for activated BMMCs).  

 

 
Figure 5.4.  Kinetics of BMMCs interactions with LPS-
stimulated B cells. Percentages of BMMCs interacting 
with LPS-stimulated B cells over total BMMCs at 1, 5 
or 20 minutes. Data from 2 independent 
experiments, each performed in duplicate are 
shown. Numbers of interacting BMMCs analyzed 
each time point are as follow: n=16 ± 2 and n=6 ± 
0.6 for ns and IgE/Ag activated BMMCs, respectively 
and n=5 ± 1.5 and n= 5± 1 for ns and IgE/Ag 
activated BMMCs in the presence of CD40 
neutralizing Ab, respectively. 
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5.3 CD40-CD40L axis in BMMC-B cell interactions 

The evidence of reduced synapse formation in the presence of CD40-neutralizing antibody, even if in 

not all the stimulation conditions tested, put forth the idea that CD40-CD40L axis could influence the 

dynamics and functional outcome of this interaction. To further test this hypothesis, B cells interaction 

with WT and CD40L-deficient BMMCs was extensively characterized. 

 

5.3.1 Naïve B cells 

The percentages of WT or CD40L-deficient BMMCs making contacts with naïve B cells, were quantified 

over the total number of BMMCs. As shown in figure 5.5, in resting condition CD40L-/- BMMCs 

showed a lower capacity of conjugate formation with B cells compared to WT BMMCs (1% ± 0.9% vs 

4% ± 2.2%, 1% ± 1.2% vs 4% ± 3.1%, 1% ± 1.3% vs 2% ± 0.4% at 1, 5 and 20 minutes respectively). On 

Ag treatment, CD40L-deficient BMMCs continued to express lower ability to contact B lymphocytes 

than WT BMMCs (0% ± 0.6% vs 4% ± 2.1%, 1% ± 0.6% vs 3% ± 1.4%, 0% ± 0.6% vs 4% ± 2.4% at 1, 5 

and 20 minutes respectively).  

 

 

 

 

 

 

 

 
 

            
Figure 5.5.  Dynamics of conjugate formation between 
BMMCs and naïve B cells. Percentages of BMMCs 
interacting with un-stimulated B cells over total BMMCs at 
1, 5 or 20 minutes. Data from 3 independent experiments, 
performed in duplicate or quintuplicate,  are shown. 
Numbers of interacting BMMCs analyzed each time point 
are as follow: n=13 ± 0.6 and n=22 ± 6 for ns and 
activated BMMCs, respectively and n=2 ± 1.2 and n= 7 ± 1 
for ns and activated CD40L-/- BMMCs, respectively. (B) 
Percentages of short (<5 minutes), medium (5-15 minutes) 
and long-lasting (>15 minutes) contacts between WT or 
CD40L-deficient BMMCs and un-stimulated B cells. Data 
from 3 independent experiments, performed in duplicate 
or quintuplicate,  are shown. Number of interactions 
analyzed: n=18 and n=20 for ns and activated BMMCs, 
respectively; n=24 and n=16 for ns and activated CD40L-
deficient BMMCs respectively. (C) WT or CD40L-deficient 
BMMCs alone or in presence of B cells were examined for 

release of β-hexosaminidase expressed as percentage of 
the cells’ total mediator content. Shown are the means ± 
SD of 3 independent experiments, each performed in 
duplicate. * p<0.05. 

 

                                                                                                           

BMMC-B cell conjugates were monitored for 20 minutes and classified into three categories 

depending on the duration of their extend (Figure 5.5B). In resting condition, the majority of B cell 

interactions with WT BMMCs were short-lived and medium-lived (39% for both). In contrast after Ag 

addition, WT BMMCs showed a significant higher proportion of long-lived contacts (75%) at the 

expense of both short and intermediate interactions (15% and 10% respectively). CD40L-deficient 
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BMMCs displayed a similar pattern of contact durations: un-sensitized cells showed a major proportion 

of short- and medium-lived contacts (41% and 33%, respectively). Even if the rate of short interactions 

remained similar, once again FcRI aggregation induced an increase in the percentage of long-lived 

conjugate (37%), but in a smaller proportion compared to WT BMMCs.        

To explore the functional consequence of B cells crosstalk, FcRI-initiated degranulation of WT and 

CD40L-deficient BMMCs was measured. As shown in figure 5.5C, BMMCs from CD40L knockout mice 

showed a significant decrease in IgE/Ag-dependent degranulation (24% ± 3.4% vs 40% ± 5.5%); 

interestingly, in both cell co-cultures B lymphocytes supported the release of granule contents by un-

stimulated BMMCs, with WT cells alone releasing 12% ± 1.5 of their pre-stored mediators compared 

with 18% ± 2.8% for co-incubated cells and with CD40L-deficient BMMCs alone releasing 12% ± 0.7% 

compared to 22% ± 3.4% of co-cultured CD40L-deficient BMMCs. The same trend was observed in 

activated CD40L-deficient BMMCs (24% ± 3.4% alone vs 31% ± 3.2% with B cells), but not activated WT 

BMMCs (40% ± 5.5 alone vs 37% ± 4,9% with B cells), indicating that CD40-CD40L axis is not required 

for this functional outcome.    

 

5.3.2 CD40-stimulated B cells 

The percentages of WT or CD40L-deficient BMMCs making contacts with CD40-stimulated B cells, was 

quantified over the total number of BMMCs. As shown in figure 5.6A, compared with the first time of 

incubation tested, at 5 minutes and 20 minutes WT BMMCs showed an enhanced capability to form 

stable interaction with CD40-triggered B cells (2% ± 0.4% vs 3% ± 0.4% and 4% ± 0.8%, respectively).  

 

 

 
 

 
 
 

 
 

 
 

 
 
 

 
Figure 5.6.  Dynamics of conjugate formation between 
BMMCs and CD40-stimulated B cells. Percentages of 
BMMCs interacting with CD40-stimulated B cells over total 
BMMCs at 1, 5 or 20 minutes. Data from 3 independent 
experiments, performed in duplicate or quintuplicate, are 
shown. Numbers of interacting BMMCs analyzed each 
time point are as follow: n=10 ± 0.6 and n=18 ± 6.5 for ns 
and activated BMMCs, respectively and n=7 ± 4 and n= 
12 ± 4.6 for ns and activated CD40L-/- BMMCs, 
respectively. (B) Percentages of short (<5 minutes), 
medium (5-15 minutes) and long-lasting (>15 minutes) 
contacts between WT or CD40L-deficient BMMCs and 
CD40-stimulated B cells. Data from 3 independent 
experiments, performed in duplicate or quintuplicate,  are 
shown. Number of interactions analyzed: n=16 and n=15 
for ns and activated BMMCs, respectively; n=15 and n=20 
for ns and activated CD40L-deficient BMMCs respectively. 
(C) WT or CD40L-deficient BMMCs alone or in presence 

of CD40-stimulated B cells were examined for release of β-
hexosaminidase expressed as percentage of the cells’ total 
mediator content. Shown are the means ± SD of 3 
independent experiments, each performed in duplicate. * 
p<0.05. 
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More interestingly, FcεRI aggregation following Ag challenge furthers an increase in the percentages 

of conjugates (4% ± 0.7%, 7% ± 1.1% and 12% ± 6.1%). Once again, the lack of CD40L results in a 

lower proportion of contacts (1% ± 0.7%, 1% ± 0.3% and 3% ± 0.7% for resting BMMCs; 1% ± 0.8%, 2% 

± 0.9% and 3% ± 0.9% for Ag-triggered BMMCs) underscoring the importance of CD40-CD40L axis in 

supporting MC-B cell synapse formation. 

Upon CD40L-triggering, the majority of B cell interactions with WT BMMCs were medium-lived and 

long-lived (25% and 56% respectively). After Ag addition, WT BMMCs showed a significant higher 

proportion of long-lived (74%) at the expense of short-lived contacts (13%) and intermediate 

interactions (13%). 

FcRI-activated CD40L-deficient BMMCs displayed a similar pattern of contact durations compared to 

WT cells (Figure 5.6B): co-cultured cells showed a major proportion of long-lived contacts (76%) and 

similar amount of short- and intermediate-contacts (6% and 18%, respectively). When CD40L-/- 

BMMCs were used in resting conditions, medium and long-lasting conjugates increased up to 38% 

and 62% respectively, while the amount of short contacts dropped to 0% suggesting that, even if 

CD40L may influence several cellular behaviors such as the amount of intercellular contacts, its 

expression is not directly related to the duration of MC-B lymphocytes crosstalks after B cell activation 

and does not exclude the involvement of other receptor-ligand counterpart in this connection. 

To explore the functional consequence of CD40L-engagement after CD40-triggering of B cells, FcRI-

initiated degranulation of WT and CD40L-deficient BMMCs was measured. As shown in figure 5.6C, 

CD40L-deficient BMMCs showed a decrease in IgE/Ag-dependent degranulation (13% ± 2.7% vs 24% 

± 3%); contrary to what happened for naïve B cells, CD40-triggered lymphocytes did not support 

BMMCs degranulation, with WT cells alone releasing 6% ± 1.1 of their pre-stored mediators compared 

with 6% ± 1.5% for co-incubated cells and with CD40L-deficient BMMCs alone releasing 7% ± 1.7% 

compared to 7% ± 1.1% of co-cultured CD40L-deficient BMMCs. More or less, the same trend was 

observed in activated WT and CD40L-deficient BMMCs (23% ± 3.9% alone vs 24% ± 3% with B cells 

and 13% ± 2.7% alone vs 15% ± 3.4% with B cells, respectively). Thus, CD40L-engagement after CD40-

triggering of B cells appeared not to influence the functional outcome of MC-early response. 

 

5.3.2 LPS-stimulated B cells 

The percentages of WT or CD40L-deficient BMMCs making contacts with LPS-triggered B cells was 

quantified over the total number of BMMCs (Figure 5.7A). In resting condition BMMCs capacity of 

conjugate formation with LPS-stimulated B cells decreased over time (5% ± 1.7%, 3% ± 1.1% and 3% ± 

1.2% at 1, 5 and 20 minutes respectively). FcεRI aggregation following Ag challenge furthers an 

increase in the percentages of conjugates which, likewise for resting cells, got off over time (7% ± 2.4%, 

7% ± 2.4% and 3% ± 1% 1, 5 and 20 minutes respectively). Again, the lack of CD40L results in a lower 

proportion of contacts (1% ± 0.3%, 1% ± 0.5% and 1% ± 0.6% for resting BMMCs; 2% ± 1.1%, 2%± 

1.1% and 2% ± 0.8% for Ag-triggered BMMCs) underlining the importance of CD40-CD40L axis in 

supporting MC-B cell synapse formation in all the stimulation conditions tested. As depicted in figure 

5.7B, upon LPS-triggering, the majority of B cell interactions with WT BMMCs were short- and long-

lived (38% for both). After Ag addition, WT BMMCs showed a significant higher proportion of 

medium- and long-lasting contacts (39% and 46%) at the expense of short interactions (15%). When 

CD40L-/- BMMCs were used in resting contidions, short-lived conjugates increased up to 53% at the 

expence of medium- and long-lasting contacts (20% and 27%). FcRI-activated CD40L-deficient 

BMMCs displayed a similar pattern of contact durations compared to WT cells: 44%, 28% and 28% of 

short-, medium-, long-contacts respectively. Thus, while LPS triggering of B cells seemed to not 

influence the duration of intercellular contacts, FcRI triggering promoted long-lasting interactions. In 

the latter case, CD40L expression favored the persistence of  MC-B lymphocytes crosstalks not 

excluding the involvement of other receptor-ligand pairs in this connection. 

To explore the functional outcome of CD40L-engagement after LPS-triggering of B cells, the early 

response of WT and CD40L-deficient BMMCs was assessed (Figure 5.7C). Likewise for CD40-triggered 

B cells, LPS stimulation of B cells did not support BMMCs degranulation, with WT cells alone releasing 
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5% ± 1.1 of their pre-stored mediators compared with 6% ± 0.7% for co-incubated cells and with 

CD40L-deficient BMMCs alone releasing 7% ± 1.7% compared to 7% ± 1% of co-cultured CD40L-

deficient BMMCs. Interestingly, in both cell co-cultures B lymphocytes supported the release of granule 

contents by Ag-triggerd BMMCs, with WT cells alone releasing 23% ± 3.9 of their pre-stored mediators 

compared with 28% ± 5.1% for co-incubated cells and with CD40L-deficient BMMCs alone releasing 

13%± 2.7% compared to 15% ± 3% of co-cultured CD40L-deficient BMMCs, confirming that CD40L-

engagement appeared to not influence the functional outcome of MC-early response (Fig. 5.C). 

 

 

 

 
 
 

 
 

 
 

 
 

 
Figure 5.7.  Dynamics of conjugate formation between 
BMMCs and LPS-stimulated B cells. Percentages of BMMCs 
interacting with CD40-stimulated B cells over total BMMCs 
at 1, 5 or 20 minutes. Data from 3 independent 
experiments, performed in duplicate or quintuplicate, are 
shown. Numbers of interacting BMMCs analyzed each 
time point are as follow: n=11 ± 1 and n=10 ± 2.1 for ns 
and activated BMMCs, respectively and n=5 ± 2 and n= 
9± 2.1 for ns and activated CD40L-/- BMMCs, respectively. 
(B) Percentages of short (<5 minutes), medium (5-15 
minutes) and long-lasting (>15 minutes) contacts 
between WT or CD40L-deficient BMMCs and LPS-
stimulated B cells. Data from 3 independent experiments, 
performed in duplicate or quintuplicate,  are shown. 
Number of interactions analyzed: n=13 and n=13 for ns 
and activated BMMCs, respectively; n=16 and n=33 for ns 
and activated CD40L-deficient BMMCs respectively. (C) 
WT or CD40L-deficient BMMCs alone or in presence of 

CD40-stimulated B cells were examined for release of β-
hexosaminidase expressed as percentage of the cells’ total 
mediator content. Shown are the means ± SD of 3 
independent experiments, each performed in duplicate. * 
p<0.05. 
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Chapter 6 

 

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

MC-PMN interaction 
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- 
 

 

 

 

PMNs have been viewed for long time as the final effector cells of an acute inflammatory response, 

with a primary role in the clearance of extracellular pathogens. More recent findings provided new 

insight on their functions. Depending on the context, PMNs can produce key inflammatory mediators, 

throw extracellular traps and engage in bi-directional interactions with diverse components of both the 

innate and adaptive immune systems, differentially influencing their response 
80

. 

With the advent of MC-deficient mice it has been possibly to show the critical role of MC-derived 

molecules for PMN recruitment and activation. Despite a clear functional interaction between MCs and 

PMN has been established, the physical crosstalk between these two cell populations has not yet been 

described 
10

. 

 

6.1 Dynamics of BMMC-PMN interactions 

 

To verify whether a cell-cell contact interaction between BMMCs and PMN exists, real time imaging 

was performed. By time lapse bright field video microscopy, the formation of conjugates between 

resting or IgE-pre-sensitized murine BMMCs and DiI-labelled PMNs was analyzed; cell behavior was 

observed every minute for a total of 30 minutes. As depicted in figure 6.1A, the leukocyte population 

efficiently made contact with BMMCs and, at the earlier time points, similar percentages of contacts 

were observed in both cell co-culture settings (2% ± 0.2% and 3% ± 1.2% at 1 minute, 3% ± 0.8% and 

4% ± 1.1% at 5 minutes for resting and activated BMMCs, respectively). Interestingly, 20 minutes after 

FcRI aggregation, the capacity of BMMCs to form stable interaction with PMNs increased compared 

to the resting cells (12% ± 1.3% vs 4% ± 1.1%, respectively) (Figure 6.1B). 



Tesi di dottorato di Federica D’Incà discussa presso l’Università degli Studi di Udine 

 

46 
 

BMMC-PMN conjugates were classified into three categories depending on their extend (Figure 6.1C). 

In resting conditions, the majority of interactions were intermediate-lived (48%), but some cell-cell 

contacts lasted more than 15 minutes (26%). After Ag addition, intermediate contacts increased up to 

65%, short conjugates dropped to 14%, while the amount of long-lasting interactions remained almost 

similar to resting BMMCs (21%). 

 
Figure 6.1.  Dynamics of BMMC-PMN interaction. (A) Equal number of pre-sensitized BMMCs and PMNs were seeded onto Glass 

bottom Petri dishes. Representative images of conjugate formation between BMMCs and PMNs monitored by time lapse video 

microscopy for 30 minutes. Bars = 10 μm. (B) Percentages of BMMCs making contact with PMNs at 1, 5 and 20 minutes without 

or after Ag (100 ng/ml) addition. Numbers of interacting BMMCs analyzed each time point are as follow: n=31± 17.3 and n=70 

± 63.9 for resting and activated BMMCs, respectively. Shown are the means ± SD of 3 independent experiments, each performed 

in quintuplicate. * p<0.05 and ** p<0.01. (C) Percentages of short (<5 minutes), medium (5-15 minutes) and long-lasting (>15 

minutes) contacts between PMNs and resting or Ag-activated BMMCs. Data from 3 independent experiments performed in 

quintuplicate are shown. Number of BMMC-PMN interactions analyzed: n=73 and n=88 for resting and Ag-activated BMMCs 

respectively  

 

 

6.2 Think of MCs as cell-eating machines 

 

As described above (Figure 4.5A), FcεRI aggregation following Ag challenge induced dramatic 

morphological changes within BMMCs, that displayed membrane ruffling and lamellipodial extension 

typical of a rapid and massive exocytosis. Interestingly, BMMC-dynamic membrane ruffling, 

concomitant to the release of preformed mediators, induced the rapid recruitment of neutrophils in 

the proximity of activated MC, promoting cellular adhesion. MC-membrane extensions, as cytoplasmic 

arms, surrounded, came in contact with and engulfed PMNs with an endocytic process likely 

corresponding to phagocytosis (Figure 6.2). 

 

 
 
 
 
Figure 6.2.  PMNs engulfment by BMMCs. 
Representative images of conjugate formation 
between BMMCs and neutrophils monitored by time 

lapse video microscopy for 30 minutes. Bars = 10 μm. 

 

 

 

 

 

The new perspective opened by this finding raises new questions and calls for a reappraisal of MCs 

role in the regulatory circuits of the immune system. These results provide the first morphological 

evidence for the direct cell-contact communication between BMMCs and neutrophils but a more 

detailed analysis is necessary to understand the functional outcome and the molecular composition of 

this interaction. 
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Chapter 7 

 

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Discussion 
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- 
 

 

 

 

High motility and the ability to make transient interactions are prominent features of immune cells; as a 

matter of fact, a complex orchestration of communication across intercellular contacts is a key correlate 

to establishing appropriate immune responses 
53

. 

Immune cells’ interaction results in different modes (as regards morphology and duration) and leads to 

different outcome. To achieve efficient cell-cell interactions, a migrating cell undergoes dramatic 

morphological changes, recruits cell-surface receptors and signaling molecules to the contact region, 

and integrate signals eliciting a “situation adapted” activation response that determines specific effector 

functions 
57

. The type and amount of information exchanged may be influenced by the duration of 

interaction, the identity of the receptors and signaling components that are engaged and recruited, 

and the signals that are transmitted. These functions depend on the maturation or activation state of 

each cell type, as well as the type of environment in which the interaction takes place 
55

. 

Even though MCs are traditionally considered a secretory cell type, they express a broad array of cell 

surface receptors, which mediate the specific delivery of co-stimulatory signals that empower these 

cells to interact with different targets 
10

.  

It is, therefore, possible to ascribe MC phenotypic and functional plasticity not only to their capacity to 

respond to a wide range of signals with the production of distinct patterns of mediators, but also to 

their potential ability in establishing reliable, wideband direct intercellular interactions. 

The present work starts to define a molecular code for MC range of contact modes, in which the 

differences in timing, spacing and molecular arrangements determine the outcome of “MAST CELLular 

interactions”. 

Distinct aspects of the physical and functional crosstalk between MCs and different cells of both innate 

and adaptive immune system have been addressed. 
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On the basis of previous reports 
10

, it has been postulated the capacity of MCs to form stable contacts 

with Tregs; however as MC heterogeneity is widely documented 
9
 this variability should be considered 

in the investigation of such interaction. Thus, the functional crosstalk between different types of MCs 

and CD4
+
/CD25

+
 Tregs has been characterized throughout multiple microscopy imaging approaches. 

The direct communication between different MC types, such as BMMC, mature PMC and human MC, 

and CD4
+
/CD25

+
 Tregs, has been demonstrated. In addition, the finding that both murine and human 

MCs can be subject to Treg-mediated suppression warrants the deeper investigation of how MC-Treg 

functional interplay takes place on a single cell level.  

The time-dependent processes of aggregating synapse are certain to vary with circumstances (as 

regards to different stimuli and specific levels of activation) and could directly dictate specific functional 

consequences of BMMC-Treg interaction; however, the links between stimulation, duration and cell 

function remain to be questioned. 

Substantial differences were found between WT Treg and OX40-deficient Treg to make conjugates 

with both BMMC and PMC. While MCs made sporadic contacts in presence of OX40-deficient Tregs, 

accompanied by Ag-induced degranulation, MCs incubated with WT Tregs showed an increase in 

numbers of contacts and displayed lack of evident, classical signs of exocytosis. Thus, OX40-OX40L axis 

increases the ability of cells to interact each other and contributes to support a long-lasting interaction. 

Nevertheless, the reduced but still evident ability of MCs to make long-lived contacts with Tregs lacking 

OX40 molecules suggests that other receptor-ligand counterparts could be involved into the initial 

formation of this synaptic contact, likely through PD1-PDL1 
139-141

 and Notch ligands-Notch1 
110,142

 

expressed on Tregs and MCs, respectively.  

It has been previously demonstrated that FcRI-dependent Ca
2+

 mobilization in MCs is impaired in the 

presence of WT but not OX40-deficient Tregs 
113

. The Treg-mediated effect does not affect PLC-γ2 

activation nor the emptying of intracellular Ca
2+

 stores, but prevents the uptake of extracellular Ca
2+

. 

Thus, this inhibition is likely to result from the absolute requirement of the MC secretory granule fusion 

machinery for Ca
2+

 influx, as the release of Ca
2+

 from intracellular stores alone is not sufficient to 

properly activate secretory fusion proteins 
20

. Here, preliminary results demonstrate that the physical 

interaction with a single Treg leads to the inhibition of the relocation at raft domains of STIM1, the 

molecular sensor that couples Ca
2+

 store depletion and external Ca
2+

 entry 
43

. Additional findings 

suggest the engagement of OX40L as an underlying mechanism for the STIM1 defect observed. This is 

in agreement with previous studies demonstrating that the triggering of OX40L selectively suppresses 

Fyn-initiated signals determining the dampening of MC response. In the proposed model OX40L 

engagement acts to “fine tune” FcRI-stimulated MC degranulation, modifying lipid raft organization 

and causing a considerable inactivation of downstream Fyn-dependent proteins Gab2, PI3K, Akt and 

RhoA 
127

. A recent report argued that the major flaw in Fyn null MCs is the inability, linked to a defect 

in TRPC1 expression, to influx normally the Ca
2+ 

required for key steps which regulate MC 

degranulation 
42

. Although their role in MC biology is not well understood, TRPC channels have been 

reported to contribute to Ca
2+

 influx 
43

. Here, preliminary results show their coupling to STIM1 

dynamics and to OX40L relocation in rafts domain.  

In presence of WT but not OX40-/- Treg the reduced Ca
2+

 uptake was accompanied by the inhibition 

of early-preformed mediators release from IgE/Ag activated MCs while later events of MC activation are 

not affected. Additionally, a more detailed analysis obtained with electron microscopy  confirmed that 

“classical” degranulation was inhibited when MCs were in close contact with Tregs, but it also 

indicated that MCs probably underwent to a selective mediators secretion throughout piecemeal 

degranulation (PMD), rather than classical exocytosis. PMD refers to a particulate pattern of cell 

degranulation, which was formerly described in basophils, MCs and eosinophils 
143-144

. This 

ultrastructurally defined secretory model implies a discrete release of granule particles from storage 

granules without granule fusion with the plasma membrane. Secretion occurs by translocation of 

loaded vesicles, or by means of vesiculotubular structures. In the former case, small vesicles filled with 

secretory cargoes bud from granules, move to the cell periphery and fuse with the plasma membrane, 

thus releasing small quanta of secretory material 
143

. In the latter case, the secretory mechanism 

involves intragranular compartments organized as tubular vesicles or tubular networks, which bud 

from donor granules and relocate specific granule products in response to stimulation 
130

. 
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Consequently, PMD would accomplish discharge of secretory constituents from storage granules 

without granule-to-granule and granule-to-plasma membrane fusion events and without direct 

granule opening to the cell exterior, as we have observed in our experiment.  

PMD has been demonstrated to occur in case of cytokine secretion 
15,130

, but molecular mechanisms 

underlying PMD are largely unknown. In particular, very little is known about what governs the cell 

decision to opt for either release of entire granules or PMD, and the precise molecular mechanisms 

that regulate mobilization of vesicle-associated secretory aliquots in a PMD fashion. 

In light of these results, it can be speculated that the less availability of cytosolic Ca
2+

 in activated MCs 

interacting with Tregs could be responsible for un-successful exocytosis, but could be enough for 

promoting PMD. This can explain the selective inhibitory effect of Treg on the secretion of pre-stored 

and usually early-released mediators and the delay of TNF- release observed at early time point.  

In conclusion, this study describes the dynamic and functional profile of MC-Treg interactions. These 

crosstalks are not restricted to BMMCs but are a common feature of mature MCs and human MCs. 

Importantly, we found that this crosstalk is regulated on a single cell level, also providing the first 

morphological evidence for a role of OX40-OX40L axis in Tregs inhibition of MCs function. However, 

the dynamics of Treg-MC conjugates reflects a complex synaptic structure and a more detailed analysis 

is necessary to understand the molecular composition of this interaction. Moreover the evidence of 

PMD in MCs interacting with Tregs underlines the necessity of understanding of all events and 

mechanisms governing differential sorting, packing and secretion of granule-stored mediators in order 

to identify selectively inhibitory pathway of MC degranulation without modifying the innate immune 

functions. 

 

 

The need for a deep understanding of MC-B cell interactions has been strengthened by the long-

standing evidence of the abundance of MCs at sites of leukemic/lymphomatous infiltration 
134-135

.  

The first proof of an effective direct MC-B cells crosstalk was reported by Gauchat and coworkers. Since 

then, several studies demonstrated the importance of physical contact and, in particular, of CD40-

CD40L axis, in modulating MC-mediated B cell-specific antibody responses in different settings 
85-87

.  

It is known that B cell activation results in enhanced CD40 expression 
138

 and that the interaction of this 

molecule with its receptor on MCs results in costimulatory signals leading to productive survival, 

activation and expansion of B cells. Both resting and activated MCs are able to induce a significant 

inhibition of cell death and an increase in proliferation of naïve and activated B cells. This effect relies 

on cell-cell contact and MC-soluble factors. CD40-CD40L signaling, together with MC-derived IL-6, are 

also involved in the differentiation of B cells into CD138
+
 plasma cells and in selective IgA secretion 

88
.   

Cell activation can increase synaptic adhesion or, by contrast, contribute to immune cell detachment. 

On this basis, to investigate whether the dynamic regulation of BMMC-B cell adhesiveness could be 

the results of different stimulation condition, the capacity of naïve B cells and LPS- or CD40-stimulated B 

lymphocytes to form stable conjugate with BMMCs was assessed in the absence or in the presence of 

antigen stimulation. 

Interestingly activation status of MCs seems not to influence the frequency of conjugate formation, 

except for CD40-stimulated B cells. Nevertheless, FcRI aggregation induces a great increase in the 

percentage of long-standing interactions. 

On the contrary, activation of B cells greatly influences the dynamics of conjugates. CD40-triggering, 

not only determines an increase in the frequency of contacts but also determines a persistence of such 

interactions. 

It is  known that the frequency and the duration of contacts between immune cells varies considerable 

and depends on the maturation or activation state of each cell type 
57

. It has been suggested that the 

principle of kinetic proofreading can operate at the level of intercellular contacts. That is, for effector 

function to be induced, the duration of adhesion must persist long enough to allow each step in the 

cellular process to be completed.  Thus, depending on the stimulus, MCs and B cells may be induced 

to express different pattern of activating or inhibitory receptors (adhesion and co-stimulatory 

molecules) which can increase synaptic adhesion or, by contrast, favor cell migration and destabilize 

the interaction to obtain specific functional outcome.  
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CD40-CD40L axis can influence many B cell effector functions and can potentially exert key effects on 

the duration and the frequency of intercellular contacts. 

In all the stimulation condition tested, even if the frequency of conjugates decreased in the absence of 

CD40L, that seems not to influence the duration of cellular adhesion, except for CD40-stimulated B 

cells. In the latter case, the recognition of CD40 ligand could trigger outside-in signaling, increase the 

affinity of integrins and influence several cell behaviors destabilizing synaptic contact. However, the link 

between stimulation, duration and expression of adhesion molecules remain to be questioned. 

Despite the differences observed in the dynamics of intercellular contacts, no significant diverse 

functional outcome (as regards MC early response) were observed. Noteworthy, naïve B cells support 

the release of granule contents by un-stimulated BMMCs. This effect does not require CD40-CD40L 

axis.  

However, the dynamics of BMMC-B cells conjugates reflects a complex synaptic structure and a more 

detailed analysis is necessary to explore their functional consequences. 

 

Several studies pointed out that MC-regulated PMNs recruitment is essential for mounting a rapid and 

efficient innate immune response 
81-84

. Till now, MC-PMN interaction has been merely described as a 

soluble factors-mediated interplay and possible receptor/ligand pairs that might physically mediate this 

crosstalk have not yet been described.  

The present study demonstrates the physical direct cell-cell communication between BMMCs and 

PMNs. 

More interestingly, BMMC-dynamic membrane ruffling, concomitant to the release of preformed 

mediators induced the rapid recruitment of PMNs in the proximity of activated MC, promoting cellular 

adhesion. Thus, for the first time, the morphological evidence of PMNs recruitment induced by MC-

derived molecules has been provided. The unique ability of MCs to store and immediately release TNF-

 on demand is essential for the rapid onset and for sustaining inflammatory reactions. It has been 

demonstrated that MCs and MCs-derived TNF- initiate the life-saving inflammatory response, 

promoting PMNs influx in different mouse models. Thus, it can be speculated that MCs, through the 

release of TNF-, approach and physically engage the leukocyte population; however, this possibility 

needs to be confirmed.  

Notably, FcRI-induced MC-membrane extensions, as cytoplasmic arms, surrounded, came in contact 

with and engulfed PMNs with an endocytic process likely corresponding to phagocytosis. 

It is thought that phagocytes only eat dead cells or cells doomed to die; however, it is now clear that 

phagocytosis can execute death of viable cells, a process named phagoptosis. It is provoked by 

exposure of “eat me” signals and/or loss of “don’t-eat me” signals by viable cells, causing their 

engulfment. This process mediates the normal turnover of several cell types including erythrocytes and 

PMNs but can also contribute to pathology 
145

.  In light of these considerations, the new perspective 

opened by these findings raises new questions and calls for a reappraisal of MCs role in the regulatory 

circuits of the immune system.   
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Section IV 

Concluding Remarks 
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Chapter 8 

 

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Concluding remarks 
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- 
 

 

 

 

It is clear that MCs are versatile migratory cells that integrate signals derived from a range of 

interactions – from short-lived and pulsed interactions to long-lived and continuous interactions – 

which span a broad tuning range for cell-cell communication. Signal intensity and quality are 

determined by contact duration and frequency, as well as by the signaling codes provided by the 

immunological synapse, and the timing and identity of co-engaged receptors and released cytokines. 

Therefore, specific molecular arrangements of the immunological synapse probably have different 

functions, such as enabling controlled activation, effector function or tolerance. The different modes of 

MC-communication in vitro are important for establishing concepts about signaling requirements and 

for establishing the kinetics of signaling. The understanding of variation in these cell-cell interactions 

will provide a molecular understanding of regulated and de-regulated cell-cell communication and 

could result in novel targeted strategies for immune intervention. 
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Section V 

Experimental procedures 
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Chapter 9 

 

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Materials and Methods 
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- 
 

 

 

 

9.1 Mice 

C57BL/6 mice were purchased from Harlan Laboratories (Harlan Italy); femurs from C57BL/6 OX40-

deficient mice were kindly provided by M. Colombo (Istituto Nazionale Tumori, Milan); femurs from 

C57BL/6 OX40L-deficient mice were from A. McDonald (University of California, San Francisco); femurs 

from C57BL/6 CD40L-defiecient mice were gently provided by E. Lutgen (University of Amsterdam, 

Amsterdam); femurs from C57BL/6 TRPC1/C4/C5/C6-deficient mice were kindly provided from M. 

Freichel (Universität Heidelberg, Heidelberg). 

 

9.2 Cell preparation and culture conditions 

Bone marrow MCs (BMMCs) were obtained from 6–8-week-old mice by in vitro differentiation of bone 

marrow cells taken from mouse femur. Precursor cells were cultivated in RPMI 1640 medium 

(Euroclone) supplemented with 20% FBS (Euroclone), 100 U/ml penicillin (Euroclone), 100 mg/ml 

Streptomycin (Euroclone), 2 mM Glutammine (Euroclone), 20 mM Hepes buffer (Euroclone), 1X non 

essential amminoacid (from 100X mix, Euroclone), 1 mM Sodium Pyruvate (Euroclone), 50 mM -

mercaptoethanol (Sigma Aldrich) and 20 ng/ml IL-3 (Peprotech). After 5 weeks, BMMCs purification 

was confirmed by flow cytometry with anti-c-kit and anti-FcRI fluorescence-conjugated antibodies 

(eBioscences). Purity was usually more than 97% (data acquired with FACScan Cytofluorimeter, Becton 

Dickinson; data analyzed with FlowJo software). 
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Peritoneal MCs (PMC) were obtained from 6–8-week-old mice through ex vivo peritoneal lavage with 

10 ml of HBSS (Euroclone). The mixed peritoneal cells were sedimented by centrifugation at 400 x g 

for 5 minutes and resuspended in 8 ml of 70% isotonic Percoll solution (GE-Healthcare, England). 

DMEM (Euroclone) was laid on the top and the cells were centrifuged at 580 x g for 15 minutes. MCs 

were recovered at the bottom of the gradient, washed and cultured overnight in complete DMEM 

supplemented with IL-3 (20 ng/ml, Peprotech). Purification was confirmed by toluidine blue staining 

and by flow cytometry with anti c-kit and anti FcRI antibodies (eBioscences). Purity was usually more 

that 98% (data acquired with FACScan Cytofluorimeter, Becton Dickinson; data analyzed with FlowJo 

software). 

 

The human LAD2 MC line was kindly provided by A. Kirshenbaum (NIH, Bethesda, MD). The cell line 

was established from bone marrow aspirates of patient with MC sarcoma leukaemia and is closely 

related to human MCs 
146

. LAD2 cells were grown in serum-free medium StemPro-34 (Invitrogen, 

Carlsbad, CA) containing 2mM glutamine (Euroclone) and 100 ng/ml human SCF (Peprotech) and 

were periodically tested for c-kit and FcεRI expression on the cell surface by flow cytometry (anti-

human c-kit and anti-human FcRI conjugated antibody were purchased from Biolegend and Miltenyi 

Biotec, respectively). Data were acquired with FACScan Cytofluorimeter, Becton Dickinson and 

analyzed with FlowJo software. 

 

CD4
+
/CD25

+
 cells were purified from 6–8-week-old mice using the CD25

+
 T-cell isolation kit (Miltenyi 

Biotec) according to the manufacturer’s instructions. To determine the percentage of CD4
+
/CD25

+
 

purity, cytofluorimetric analysis was performed and Treg population was acquired for its positivity to PE 

(FL-2 channel).  

 

Human CD3
+
/CD4

+
 T cell were selected from peripheral blood mononuclear cells by 

immunomagnetic cell sorting (Miltenyi Biotech). The CD4
+
/CD25

high
 cells were then purified from the 

CD3
+
/CD4

+
 T-cell fraction by FACSAria sorter (Becton Dickinson).  

 

Purified splenic B cells were obtained from 6–12-week-old mice as follows: splenocyte cell suspension 

were depleted of red blood cells by hypotonic lysis with red blood cell lysing buffer (Sigma-Aldrich) 

and of T cells by complement-mediated cytotoxic lysis using anti-Thy 1.2 mAb (a gift from K. Hathcock, 

Experimental Immunology Branch, National Cancer Institute/National Institutes of Health, Bethesda, 

MD) in conjunction with rabbit complement (Low-Tox M; Cedar Lane). 

 

Neutrophils (PMNs) were purified from 6–8-week-old mice femurs using Anti-Ly-6G MicroBead Kit 

(Miltenyi Biotec) according to the manufacturer’s instructions. Cells were fluorescently stained with anti-

Gr1-PE (Miltenyi Biotec) and CD11b-FITC (Miltenyi Biotec). 

  

9.3 In vitro cells activation 

Before experiments, 1 x 10
6
/ml murine MCs (BMMCs and PMC) were sensitized in medium without IL-3 

for 4 h with 1 µg/ml of DNP-specific IgE and washed twice with Tyrode’s buffer (10 mM HEPES buffer 

[pH 7.4], 130 mM NaCl, 5 mM KCl, 1.4 mM CaCl2, 1mM MgCl2, 5.6 mM glucose, and 0.1% BSA – Sigma 

Aldrich). Equal number of murine MCs and CD4
+
/CD25

+
 Tregs (ratio 1:1) were challenged with DNP-

HSA (Sigma Aldrich) in Tyrode’s buffer/0.05% BSA. 

In some experiments, before co-culture with B cells, BMMCs were treated with 50 g/ml of anti-CD40L 

blocking antibody (a gift from M. Colombo, Istituto Nazionale Tumori, Milan) 

 

LAD2 cells were overnight pre-sensitized with 1 µg/ml of human myeloma IgE (Chemicon, Millipore) 

and challenged in Tyrode’s buffer/0.05% BSA with 2 µg/ml of anti human IgE (Sigma-Aldrich) in 

presence or absence of equal number of human CD4
+
/CD25

+
 T cells (ratio 1:1). 
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Purified B cells were plated at 0.6 x 10
6
/well in a 24-well flat bottom plat (Corning Star) at the final 

concentration of 10
6
 cells/ml and cultured for 48 h in the presence or absence of anti-mouse CD40  

monoclonal antibody HM40-3  (1 g/ml, BD Pharmigen) or LPS (20 ng/ml, Sigma Aldrich). 

 

9.4 BMMCs transfection 

For transient gene transfection, nucleofection (Amaxa, Lonza) of BMMCs was performed according to 

the manufacturer's instructions with minor modification. After BMMCs were washed twice in PBS, 4 × 

10
6
 cells were resuspended in 100 μl mouse macrophage nucleofection solution (Amaxa, Lonza). 4 g 

of GFP-GPI and 2 g of Cherry-STIM1 were added, and the samples were transferred into certified 

cuvettes (Amaxa, Lonza) and transfected by using the nucleofector program Y-001. 

Gene expression was verified at 48 h by cytofluorimetric analysis. 

 

9.5 Synapses Fixation and Confocal Microscopy 

5 x 10
4
 pre-sensitized MCs were mixed with equal amount of Tregs on microscope slides coated with 

0.05 mg/ml poly-L-lysine, and incubated with DNP-HSA (Sigma Aldrich) for 0, 2 or 5 minutes at 37° C. 

Cells were fixed with 4% paraformaldehyde for 20 minutes, washed and mounted with VECTASHIELD 

Mounting Medium with DAPI (Vector Laboratories). For acquisitions, slides were mounted on an 

inverted confocal microscope (Nikon  Confocal Microscopy C1, Nikon), equipped with a 63 x 1.40 oil 

objective.  

 

9.6 Real time video microscopy and conjugate formation evaluation 

The formation of MC-Treg/B cell/PMN conjugates in real time was analyzed by time–lapse 

epiluminescent microscopy using the Leica AF6000LX system (microscope, DMI6000 B; camera, 

DFC350FX; software: LAS AF). 0.5 x 10
6
 pre-sensitized MCs and 0.5 x 10

6
 Tregs/B cells/PMNs (ratio 1:1) 

were plated on glass bottom Petri dishes (Nunc). The chamber was placed on heating plate pre-

warmed at 37°C and DNP was added. Phase contrast images were recorded at indicated time points 

and resulting video-recorded movies were processed with Photoshop CS3 software. At different time 

points (1, 5, 20 minutes) the number of MCs in conjugation were counted and the percentage of  

conjugated-MCs over total MCs per field was calculated. 45±10 MCs were analyzed per condition at 

indicated time points. For the experiments with Tregs, the mean of percentages ± SD and total number 

of counted MCs are shown in figures. For the experiments with B cells and PMNs, the mean of 

percentages ± SEM and total number of counted MCs are shown in figures. Each contact was also 

monitored for its duration and interactions were classified into 3 categories based on their extend: 

short ( 5 minutes), medium (5-15 minutes) and long (> 15 minutes). Data represent the proportion of 

each category. 

Before experiments, PMNs were labelled with Fast-DiI (Invitrogen) according to manufacturer’s 

instructions. 

 

For experiment in Fig. 4.2, 5 x 10
4
 pre-sensitized MCs were mixed with equal amount of Tregs on 

microscope slides coated with 0.05 mg/ml poly-L-lysine, and incubated with DNP-HSA (Sigma Aldrich) 

for 1 or 20 minutes at 37°. Cells were fixed with 4% paraformaldehyde for 20 minutes, washed and 

mounted with Mowiol. Phase contrast images were acquired and scoring of the slides was performed 

in a blinded fashion by evaluating for each condition at least 270 MCs in randomly selected fields from 

3 independent experiments 
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9.7 Transmission electron microscopy 

4 x 10
6
 pre-sensitized BMMCs and 4 x 10

6
 Tregs (ratio 1:1) were challenged with 100 ng/ml DNP-HSA 

(Sigma Aldrich) in Tyrode’s buffer/0.05% BSA. After 10 minutes cells were fixed by addition of 

glutharaldeide to reach 3% final concentration. Cells were kept for 3 hours in 3% glutaraldehyde in 0.1 

M phosphate buffer, pH 7.4, postfixed in phosphate buffered 1% osmium tetroxide for 1.5 hours, 

dehydrated in graded ethanol series and embedded in Epon 812. Thin sections were counterstained 

with uranyl acetate and lead citrate and examined in a Philips CM 12 electron microscope at 80 kV. 

 

9.8 Histamine, β-hexosaminidase, leukotrienes and cytokine release assays 

1 x 10
6
 pre-sensitized BMMCs and 1 x 10

6
 Tregs/B cells (ratio 1:1) were challenged with 100 ng/ml 

DNP-HSA (Sigma Aldrich) in Tyrode’s buffer/0.05% BSA for 30 minutes.  

LTC4 was measured by specific immunoassay (GE-Healthcare) while histamine concentration was 

determined by ELISA according to the producer instruction (DRG Instruments GmbH).  

β-hexosaminidase was determined by the cleavage of its synthetic substrate (p-nitrophenyl N-acetyl-

glucosamide, Sigma Aldrich) in p-nitrophenol, reaction product with the absorption spectrum 

between 310 and 500 nm. The amount of chromogenic substrate was measured with an ELISA 

reader at 405 nm wavelength. The percentage of release was calculated with the following formula: 

 

100 x -hexosaminidase released /(-hexosaminidase released + -hexosaminidase in BMMC lysates) 

 

For cytokine analysis, equal number of IgE-sensitized BMMCs and Tregs were cultured alone or 

together for 24 h in presence of 100 ng/ml DNP-HSA (Sigma Aldrich). Concentrations of TNF-, IL-6 

and MCP-1 were determined in supernatants using Mouse Inflammation Kit (BD Biosciences). IL-5 and 

GM-CSF were determined in supernatants using specific ELISA Kit assays (eBiosciences).  

 

9.10 Lipid Rafts Isolation and Western Blot analysis 

BMMCs (20 x 10
6
) were lysed with 1% Triton X-100 in TNE/P buffer (25 mM Tris/HCl [pH 7.4], 150 mM 

NaCl, 5 mM EDTA, 0.2 mM PMSF, 1 g/ml leupeptin, 1 g/ml pepstatin – Sigma Aldrich) for 20 mins at 

4°C. Lysates were mixed with ice-cold 80% sucrose in TNE/P buffer and then overlaid onto ice-cold 

35% and 5% sucrose in TNE/P buffer and centrifuged at 180000xg for 18 hrs at 4°C. After 

centrifugation, 300l aliquots were harvested and diluted in equal volume of SDS sample buffer and 

loaded on SDS 10% polyacrilamide gels. After 1 hour and 30 minutes running gels were transferred on 

a nitrocellulose membrane (Invitrogen) and blotted at 300 V, 90 mA, 4°C for 3 hours and 30 minutes. 

All antibodies were used by diluting as indicated on datasheet and the membrane was probed at 4°C 

with gentle shaking O/N for primary antibodies, 1 hour at RT for secondary antibodies. For signal 

detection, ECL Plus liquids (Thermo Scientific) were used. Antibody to OX40L was provided by R&D 

Systems, antibody to STIM1 was purchased from Santa Cruz Biotechnology, HRP-conjugated Cholera 

toxin Subunit B (used for GM1 detection) was from Sigma Aldrich. 

WB densitometric analysis was performed using ImageJ software (NIH). Protein content was 

normalized to GM1. In figure 4.1.2, fold induction of IgE/Ag+sOX40-stimulated BMMCs over IgE/Ag-

stimulated BMMCs was calculated. In figure 4.1.4, fold induction of IgE/Ag-stimulated BMMCs over 

resting BMMCs was calculated. 

 

9.11Statistical analysis 

 

Results are expressed as the means ± SD or mean ± SEM were indicated. Data were analyzed using 

Student’s t test (Prism GraphPad Software).  
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