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Abstract 

Immune cells alter their gene expression and metabolic profiles in response to pathogens but also 

in response to changes in their environment, leading to immune cell activation. One of the 

environmental sensor systems in immune cells is that created by integrins, which are cell surface 

adhesion proteins. Integrins allow immune cells to sense their environment as well as play a central 

role in their extravasation from blood vessels into the sites of inflammation.  

The aim of this thesis was to study the role of 2 integrins in immune cell activation, polarization 

and metabolic reprogramming using an Itgb2 TTT/AAA knock-in mouse line where the kindlin-3 

binding site in the cytoplasmic domain of 2 integrin has been mutated. It was previously shown 

that the TTT/AAA mutation leads to loss of dendritic cell adhesion but results in increased activation 

of these cells. These dendritic cells also display increased migration to lymph nodes and increased 

T-cell activation. We show here that somewhat paradoxically these KI dendritic cells displayed a 

suppressed metabolic profile, i.e. a significant decrease in both glycolysis and oxidative 

phosphorylation. We found that mimicking this suppressed metabolic profile with a low 

concentration of the glycolysis inhibitor 2DG (2-deoxy-D-glucose) resulted in wild type dendritic 

cell activation in a similar way as the KI mutation. 2DG also made dendritic cells more migratory in 

vitro and was shown to generate stronger antitumoral responses in vivo, showing that this 

suppressed metabolic profile is immunologically relevant.  

We wondered if similar effects of integrins on immune cell phenotype as those seen in dendritic cells 

might be at play also in other immune cells. In stroke, microglial responses cause an inflammatory 

response which is one of the main causes of neuronal damage. Therefore, we studied the effects of 

the integrin mutation on microglial phenotype and stroke outcome in vivo. Interestingly, it was 

found that the integrin mutation led to decreased inflammation and resulted in neuroprotection 

following haemorrhagic stroke. The integrin KI microglia displayed a reduced inflammatory 

response, showing that while integrin signalling regulates the immune system, the effects need not 

be the same across different immune cell types. 

Immune cells constantly interact with each other and with other cells. There existed no assay that 

would allow for the quantification of the biomechanical parameters in heterogeneous cell clusters, 

such as those formed by dendritic cells and T-cells in lymph nodes. Having studied the effects of 

impaired integrin adhesion and signalling in different immune cells, we decided to partner with a 

biomechanics research group to develop a new assay to investigate the biomechanical properties of 

immune cell clusters. This assay was then used this to study the effects of different T-cell activation 

regimens and the integrin KI mutation on the stiffness of immune aggregates. This novel assay is 

now available as a tool for further studies. 

Integrin signalling remains an interesting field of study, with new evidence provided here that 

deficiencies in integrin function result in immunometabolic changes and immunomodulatory effects 

in different tissue-specific response pathways. 
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1 Brief overview of the immune system  

Immunity and how it functions was brought to the forefront of human 

consciousness with the COVID pandemic. All readers will be aware that evolution 

has granted us a complex system of threat-recognition mechanisms to be able to 

respond to foreign cells and viruses entering our bodies and with the ability to form 

an increasingly effective response against recurring threats. In short, mammals 

have two sets of immune components, those which recognize specific antigens 

(adaptive immunity) and those which recognize molecular patterns (innate 

immunity). 

The components of innate immunity range from barrier systems, like our skin 

which separates our insides from all the bacteria and viruses in the environment, to 

cells that process these foreign agents to be able to mount a tailored immune 

response. Most of these immune cells come from stem cells located in the bone 

marrow as described in Figure 1, while embryonic precursors instead being the 

origin for most tissue-resident macrophages, including microglial cells1,2.  

The innate immune system is ready to respond to foreign bodies and damage 

much faster than the adaptive immune system, though their responses are not as 

specific as antigen-specific T- and B-cell responses. The adaptive immune system 

meanwhile gets more efficient with subsequent challenges by the same antigen, 

with memory cells expanding their population with repeated challenges. Therefore, 

each subsequent challenge by the same antigen is met with a faster and more 

vigorous response. This increase in immune response efficiency is due to both the 

20-1000 times increase in the number of antigen-specific memory cells and faster 

activation kinetics compared to the first challenge with a given antigen3–7. 

The innate immune system contains cells such as basophils, eosinophils and 

neutrophils, which in simplistic terms cause inflammation, kill parasites and eat 

intruding cells, respectively. It also contains cells which after phagocytizing bacteria 

and aberrant cells (infected and cancerous ones) are able to break them down and 

present their fragments to T and B lymphocytes to evoke the adaptive immunity. 

These professional antigen presenting cells (APCs) express Major 

Histocompatibility Complex II (MHCII)8 and include dendritic cells (DCs), 

macrophages (including microglia) and B-cells9,10. MHCII serves to present 

antigens of extracellular source taken up by APCs via endocytosis and processed 

into small immunogenic peptides8. These presented peptides can engage cognate T 
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cell receptors (TCRs) and generate a specific response against the bacteria or 

aberrant cells expressing the peptide.  On the contrary to MHCII, MHCI is 

expressed in all nucleated cells and constantly presents self-antigens and any other 

antigens of internal origin such as parts of any viruses that may have infected the 

cell8. This presentation of endogenous antigens allows for targeted cytotoxicity 

when viral or tumour antigens are being presented on the cell surface11. In addition, 

APCs are able to utilize MHCI molecules to present exogenous or externally derived 

antigens in a process termed cross-presentation which is vital for mounting efficient 

immune response against virally infected or cancer cells12.      

Among the professional APCs, there exist differences in the context and 

efficiency in mounting an immune response. DCs excel at presenting antigens and 

are responsible for initiating most adaptive immune responses13. Macrophages 

present antigens to the adaptive immune system through MHCII and participate in 

both tolerogenic and inflammatory responses while also being vital for the correct 

development and homeostasis of many tissues13–16. Microglia cells are brain-

residing macrophages with a highly specialized neuron-housekeeping role13,17. B-

cells can uptake and process antigens through the MHCII pathway as other APCs 

but can also uniquely capture antigens from the extracellular space via their B-cell 

receptors (BCR) and endocytose them for MHCII presentation if they match their 

specific BCR13,18. 

Recently, it has become evident, that the function of an immune cell is tightly 

connected to the metabolic status of the cell19–24. During an infection, T- and B-cells 

for example modify their metabolism away from oxidative phosphorylation 

(OXPHOS) and towards glycolysis to meet the energetic and biosynthetic needs of 

rapid cell expansion25,26. This cell replication results in a large increase of cells 

capable of responding to the specific threat that activated them and allows for a 

tailored immune response of tightly orchestrated T- and B-cell responses. After the 

infection is cleared, the number of immune cells reactive to those antigens remains 

higher than before due to the establishment of memory T- and B-cells27,28. The 

metabolism of these memory cells however returns to one dominated by OXPHOS 

and fatty acid oxidation (FAO), exemplifying how the immunological activation of 

cells closely correlates with their metabolic state29. 

This overview, however, is a very simple version of a very complex system of 

which we are still learning from. One example of this limited simplicity is the fact 

that even among the innate immune cells there exists a level of memory termed 

“trained immunity”30,31. This trained immunity differs from adaptive immunity in 

that instead of being centred around a more efficient response to a specific antigen, 

it is able to respond more effectively in an antigen agnostic way. This memory 

capacity of innate immune cells is caused by epigenetic reprogramming during 

infection, causing a shift in their metabolic profile towards glycolysis to meet the 

metabolic needs of increased production of cytokines and rapid activation and cell 
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division28,32–35. Different to the adaptive immune memory, which can last for a 

lifetime, the longest trained immunity is believed to last up to 5 years with months 

being the more common timeframe36. 

 

Figure 1. Haematopoietic cells derived from bone marrow haematopoietic stem cells (HSC), 
branching first to myeloid and lymphoid progenitor cells. From there myeloid 
progenitors differentiate to eosinophils, neutrophils, basophils and macrophage and 
dendritic cell progenitor (MDP) the latter of which gives rise to both (some) 
macrophages, monocyte-derived dendritic cells (moDC) and myeloid/conventional 
dendritic cells (cDC). Lymphoid progenitors meanwhile differentiate to produce 
plasmacytoid dendritic cells (pDCs), B-cells and T-cells. T-cells differentiate into CD4 or 
CD8 naïve, effector or memory cells and B-cells maturing to either plasma cells or 
memory B-cells37. 



 
 

4 
 

2 Adhesion molecules in immunology  

2.1 Adhesion molecules  

Cells interact with their environment through adhesion, and this adhesion is 

mediated by a vast array of functionally and structurally distinct adhesion 

molecules. The molecules are divided into four families according to both structural 

similarities and ligand types: integrins, selectins, cadherins and the 

immunoglobulin superfamily (IgSF) including nectins. As an added level of 

complexity, many of these adhesion proteins are capable of making bonds that get 

stronger (catch bonds) or weaker (slip bonds) when force is applied, or ones whose 

adhesion force stays the same regardless of tension (ideal bonds)38. A list of some 

adhesion molecules relevant to immunity, their ligands and families can be found 

at Table 1. 

Table 1. A selection of immunologically relevant adhesion proteins tabulated together with some of 
the components of the extracellular matrix (ECM) or structural components they bind to 
as well as the adhesion molecule family they belong to. In parentheses are other common 
names for the adhesion proteins.  

Adhesion protein ECM or structural component Adhesion molecule family 

α1β1 (VLA-1) Collagen, Laminin 39–41 Integrin 

α2β1 (VLA-2) Collagen, Laminin, Chondroadherin 

39–41 
Integrin 

α3β1 (VLA-3) Collagen, Laminin, Reelin, 
Thrombospondin 1, Fibronectin 39–41 

Integrin 

α4β1 (VLA-4) Fibronectin, Osteopontin, VCAM-139 Integrin 

α9β1 (RLC) Collagen, Laminin, Tenascin, 
Osteopontin 39–41 

Integrin 

αLβ2 (LFA-1, 
CD11a/CD18) 

ICAM-1/2/3/4/5, JAM-A39–41 Integrin 

αMβ2 (MAC-1, CR3, 
CD11b/CD18) 

ICAM-1, iC3b, Fibrinogen, 
Plasminogen, MPO 39–41 

Integrin 

αXβ2 (P150, CR4, 
CD11c/CD18) 

Fibrinogen, VCAM-1, ICAM-1  Integrin 

P-selectin P-selectin glycoprotein ligand-1 
(PSGL-1)42,43 

Selectin 
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E-selectin PSGL-1, E-selectin ligand (ESL-1), 
and CD4444 

Selectin 

L-selectin PSgl-1, CD34, GlyCAM-145 Selectin 

E-cadherin E-cadherin, αEβ7 and α2β146,47 Cadherin 

Desmocollin Desmocollin, desmoglein48 Cadherin 

Desmoglein Desmoglein, desmocollin48 Cadherin 

CD2 (LFA-2) CD58 (LFA-3)49 Immunoglobulin superfamily  

CD4 MHCII50,51 Immunoglobulin superfamily 

ICAM-1 (CD54) LFA-1 (αLβ2)51,52 Immunoglobulin superfamily 

Nectin-1 Tactile53  Nectin 

Nectin-2 (PVRL2) PVRIG, TIGIT, DNAM1 53,54 Nectin 

Nectin-3 TIGIT 53 Nectin 

Nectin-4 TIGIT 53 Nectin 

Necl-2 CRTAM 53 Nectin 

Necl-5 (PVR) TIGIT53,54 Nectin 

 

Integrins are heterodimeric transmembrane adhesion proteins that bind to a 

wide variety of extracellular matrix components which is why sometimes they are 

called matrix adhesion proteins. The α-subunit seems to be a primary determinant 

of extracellular ligand binding specificity, whereas the β-tail is the main moderator 

of intracellular interactions. Integrins form catch bonds that transition to slip bonds 

as tension increases55. Integrins will be discussed at length later on as they are the 

main focus of the thesis work. 

 

Selectins are monomeric transmembrane cell adhesion proteins that mediate 

cell-cell adhesion by binding specific carbohydrate polymers in a catch-bond 

manner56. They are divided into three subtypes P, E and L selectins depending on 

what cells express them: platelets (P) (and endothelial cells), endothelial cells (E) 

and leukocytes (L), respectively57,58. Each selectin possesses an N-terminal calcium-

dependent (C-type) lectin domain (CTLD), an epidermal growth factor (EGF)-like 

domain, a varying number of short complement-like repeat (SCR) domains, a 

transmembrane domain and a short cytoplasmic tail59. Selectins undergo extensive 

post-translational modifications with L-selectin having a protein weight of 30 kDa 

but an observed weight of 70-100 kDa depending on the cell type43. Interestingly, it 

is the N- and O- linked glycosylation which largely determines the binding 

specificity of selectins44,60,61. L-selectin binds to CD34 by attaching to the sulphated 

sialyl-LewisX that is part of the O-glycan attached to CD34. P-selectin binds to the 

O-linked glycan in the N terminus of P-selectin glycoprotein ligand-1 (PSGL-1) 

when the sialyl-LewisX and nearby tyrosines are modified with sulphate62. E-

selectin, being the most versatile of the family, can bind to sialyl-LewisX attached to 
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either PSGL-1, CD43 or CD4462. In blood vessels, L-selectin on leukocytes 

undergoes sub-second changes in bond lifetime with its ligand under flow 

conditions, categorised into “catch” and “slip” bonds43. Initial contact between the 

CTLD and ligand on the leading edge of the cell exerts a low tensile strength63. 

Under optimal shear stress conditions (0.3–1.0 dyne per cm2), the tensile force 

between the CTLD and its ligand increases to unfold and expose a greater region for 

ligand binding64. By this point, ligand interaction is directly under the rolling cell. 

The bond lifetime increases under this condition and forms a canonical “catch” 

bond. Later, the tensile force between the CTLD and ligand increases further as the 

leukocyte rolls over the initial site of contact and as such the bond originally at the 

leading edge is now at the trailing edge. As the tensile force exceeds the limit for 

catch bonds, the bond lifetime decreases and “slips” to release the CTLD from its 

ligand. Under conditions of abundant ligand availability, a new catch bond will form 

at the new leading edge allowing the process to repeat, culminating in classic cell 

rolling behaviour43,44,65. This rolling effectively decreases the speed at which 

leukocytes move through blood vessels. This slower movement gives the 

opportunity for more complex adhesions to take place at for example sites of 

inflammation66,67. 

In neutrophils the ectodomains of L-selectins can be cleaved off in response to 

external stimuli leading selectins to lose their adhesion capabilities to ligands. The 

minimal structural determinant for a selectin ligand is composed of a branched 

tetra saccharide, called sialyl Lewis x (sLex), containing sialic acid, galactose, fucose 

and N-acetyl glucosamine (expressed as: Siaα2,3Galβ1,4 (Fucα1,3)GlcNAc)43. L-

selectin binds to sulphated variants of sLex with higher affinity than to un-sulphated 

variants. This allows, for example, the homing of neutrophils to lymph nodes as the 

endothelial cells lining the venules leading to peripheral lymph nodes constitutively 

express sulphated-sLex. Neutrophil activation with pro-inflammatory stimuli like 

formyl peptides (from Gram negative bacteria or mitochondria), tumour necrosis 

factors (TNFs) or toll-like receptors (TLR) agonists leads to rapid shedding of L-

Selectin ectodomains via cleavage at the membrane-proximal ends. The main 

enzymes responsible for the cleavage of L-selectin are α disintegrin and 

metalloproteinase 17 (ADAM17)68 which are expressed and stored in vesicles in 

numerous leukocyte subtypes and can be rapidly mobilised to the plasma 

membrane in response to cell-activating stimuli.  

In leukocytes, ADAM17 activity is controlled by two major kinases: protein 

kinase C (PKC) and p38 mitogen-activated protein kinase (MAPK)68,69. PKC-

induced shedding of L-selectin is strongly dependent on regulatory elements within 

the cytoplasmic tail of L-selectin (serine phosphorylation and ERM binding), 

whereas p38 MAPK-induced shedding requires threonine phosphorylation of the 

ADAM17 cytoplasmic tail68,69. The nature of the activating signal dictates the kinase 

pathway that will ultimately be responsible for the shedding, with N-
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Formylmethionyl-leucyl-phenylalanine/lipopolysaccharide (LPS)/TNF-induced 

shedding mediated more through p38 MAPK and T-cell receptor signalling-induced 

shedding of L-selectin being driven by PKCα 70. Calmodulin acts as a negative 

regulator of shedding and its constitutive association with the L-selectin tail in 

resting cells keeps the selectin cleavage site in a conformation resistant to 

proteolytic attack by ADAM17 71. The cleavage coincides with the downregulation of 

production of further L-selectins and the upregulation of αMβ2. This upregulation 

is largely achieved by the recruitment of internal vesicles rich in αMβ2 to the cell 

surface from where the integrins can participate in outside-in signalling and 

leukocyte arrest. 

 

Cadherins are dimeric transmembrane cell adhesion proteins whose name 

reflects their reliance on extracellular calcium to maintain a conformation which 

allows binding. There are over one hundred types of cadherins in humans alone72. 

And to help manage this complexity they are often classified into four groups: 

Classical cadherins, desmosomal cadherins, protocadherins, and unconventional 

cadherins. 

Classical cadherins are the group that contains the first characterized cadherins. 

These cadherins are transmembrane dimeric proteins that have five calcium-

binding extracellular domains which stiffen when binding calcium47,73. Following 

calcium binding, these cadherins form zipper-like bonds with cadherins in a nearby 

cell by having the five calcium-binding repeats adhere along the length of the 

protein47,74. Desmosomal cadherins form the transmembrane protein components 

of desmosomes and are comprised of all types of desmocollin and desmoglein. They 

tend to form heterodimers and contain four extracellular calcium-binding repeats 

that bind the opposing trans heterodimer, with desmocollin binding to desmogleins 

in the cis and trans dimer75. Protocadherins generally exhibit weaker binding forces 

than classical or desmosomal cadherins and can even be calcium independent74. 

Unconventional cadherins are all the rest of the cadherins which cannot be 

characterized into the other groups47. 

 

 

Immunoglobulin superfamily adhesion proteins are a widely diverse 

family of adhesion molecules. They comprise of either several immunoglobulin-like 

extracellular repeats bound to a fibronectin type III domain, which links them to a 

membrane-anchoring glycosylphosphatidylinositol51, or immunoglobin-like 

extracellular repeats bound to an alpha chain transmembrane domain and one or 

more intracellular signalling domains49,52,76. This superfamily of adhesion proteins 

can make up to 50% of the total leukocyte surface glycoproteins77. To make sense of 

this diversity, they are often classified by their binding types: homotypic binding 

and heterotypic binding. Homotypic binding occurs between two identical adhesion 
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proteins in opposing cell faces. Examples of this adhesion mode include NCAM, 

CEA, CD31 and CD66 though the degree of overlap and number of immunoglobulin 

domains involved in binding varies. Heterotypic binding has been studied at length 

as many leukocyte adhesions are formed between an immunoglobulin family 

protein and an adhesion protein of another type. Among these, CD2/CD58, 

CD4/MHCII and ICAM-1/αLβ2 are the most studied.  

 

Nectins are a distinct subgroup of immunoglobulin adhesion proteins which 

are transmembrane adhesion proteins containing three Ig-like extracellular 

domains.  Similar to cadherins, nectins form cis-dimers which then interact with 

trans dimers on the reciprocal binding surface. However, nectins are calcium 

independent and therefore form ideal bonds78,79.  There have been 9 different 

nectins identified to date, with Nectin 1-4 being able to bind afadin (cytoskeleton 

linker protein) cytoplasmically and Necl (nectin-like) 1-5 lacking afadin 

interaction80.70. Nectins form cell-cell junctions and are vital for tissue integrity in 

organs such as kidneys81. Nectins (particularly nectins-2 and -4) are ligands for 

immune checkpoint receptors such as TIGIT and CD96, being thus important in 

cancer immunology82. However, the role of all nectins is not yet fully understood, 

and some, such as Necl-1, have not been conclusively found expressed in any non-

cancerous tissue80 . 

 

2.2 Integrins 

Integrins were first identified through their role in integrating the cytoskeleton to 

the extracellular matrix. This identification was done by Richard Hynes, Erkki 

Ruoslahti, and Timothy Springer in the 80s and earned them the Albert Lasker 

Basic Medical Research Award in 2022. Since those early experiments much more 

research has been conducted, and techniques have evolved enabling to know the 

position of each atom in an integrin and to identify every existing integrin in 

mammals83–86. 
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Figure 2. Integrin chains, dimers and their canonical ligands. Integrin α-β dimers represented by 
joining the chains via a line containing the canonical ligands of each heterodimer. Ligand 
abbreviations used: Coll (Collagen), Fb (Fibrinogen), Fn (Fibronecrtin), Fx (Factor X), 
ICAM-1,2,3 (Intracellular Adhesion Molecule-1,2,3), Lmn (Laminin), MadCam-1 
(Mucosal ADdressin Cell Adhesion Molecule-1) Opn (Osteopontin), Tns (Tenascin), 
VCAM-1 (Vascular Cell Adhesion Molecule-1), Vn (Vitronectin) and vWF (von 
Willebrand’s Factor). 

 

In mammals, integrins exist as 24 different heterodimers of an α and a β chain 

as shown on Figure 2. There are sixteen α and eight β chains with the α chains being 

responsible for ligand specificity and the more conserved β chains mostly 

responsible for signal transduction87. Each subunit, whether α or β, has a broadly 

similar structure with one large multi-domain extracellular segment, one 

transmembrane helix, and a short cytoplasmic tail. The extracellular region 

interacts with ECM ligands, ligands on other cells or soluble ligands, and is 

composed of approximately 1104 (700–1100) amino acid residues long α subunit 

and 778 residues long β subunit88. The N-terminal extracellular domain of each 

integrin monomer forms a globular “head” connected to the membrane by an 

elongated ~170 Å “stalk”. All β subunits (β1-8) and half of the mammalian α 

subunits (α1,2,10,11,D,E,M,L and X) contain an additional domain not present in 

the other half (α 3-9,IIb and V), which is an approximately 190 amino acid domain 

termed the von Willebrand A domain (VWA). VWO acts as a metal-ion dependent 

adhesion site (MIDAS) motif and is also known as the I-domain (Inserted 

domain)89 (Figure 3). The MIDAS motifs show certain imperfection in β chains and 
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may not be fully functional as MIDAS90. Nevertheless, these motifs are where α and 

β subunits interface in the extracellular space and together comprise the binding 

site for ligands. The MIDAS-positive α subunits can be divided into two groups. 

Integrins α1, α2, α10, and α11 associate with integrin β1 subunit to form receptors 

for collagen. Integrins αL, αM, αD, αX complex with the β2 subunit, whereas αE 

complexes with β7, these five integrins are expressed on leukocytes where they 

mediate cell interactions.  

 

Figure 3. Domains of a prototypic MIDAS-positive integrin dimer, pictured here in the open high 
affinity conformation. The α chain is depicted in green and the β one in blue. 

 

2.3 Inside-out signalling 

2.3.1 General inside-out signalling 

High-affinity binding of integrins to ligands is not constitutive but requires a 

conformational switch of the ligand-binding site. Integrins are constitutively found 

in a closed state with the ligand-binding site largely hidden. This regulatory 

mechanism allows leukocytes and platelets, for example, to circulate in the blood 

without pathologically adhering to each other or to the vascular wall. The switch to 

the high-affinity state is rapid, with a sub-second time frame, is reversible in under 

a minute, and is triggered from within the cell in response to extracellular chemical 

and/or mechanical stress signals91. This dimension of environmental interaction is 
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known as inside-out signalling92–94. Integrins are the most well-studied proteins 

capable of inside-out signalling (Figure 4). 

As mentioned, integrins are generally found in their closed conformation in 

homeostatic conditions, preventing binding of the ECM and other binding partners. 

Depending on the cell type, different signals can trigger a signalling cascade that 

results in integrin conformational change and stable binding. The intracellular tails 

of the integrins are known to have electrostatic interactions between the Arg 995 of 

αIIb and Asp 723 of β3 (and equivalent positions in other α and β chains) which 

keep the tails together and as a result, the extracellular domains in the closed 

conformation 95. Similarly, the helix-helix transmembrane interaction between the 

α and β integrins allows them to be close enough for the intracellular electrostatic 

interaction to take place. It has been confirmed that it is both the intracellular and 

transmembrane interactions between the α and β chains that are needed to 

maintain the closed interaction as when the transmembrane domains are mutated 

to hinder the helix-helix interaction, the integrins are left constitutionally active 96. 

For this combined role of the cytoplasmic and transmembrane domains of integrin 

dimers, they are often termed as the inner and outer membrane clasp 96. The 

binding of both being necessary to maintain the inactivity of the integrin 96. 

Integrin clasps can be disrupted by different biological processes, for example, 

by the binding of talin93,97–100. Talin is an important regulator of integrin activity as 

its binding to the β chain disrupts the closed conformation and promotes the 

activation of the integrin dimer. The exact mechanism by which this is achieved 

remains in contention but is most likely a combination of the following three 

mechanisms. 1)  Talin binds the β chain and the membrane and promotes a tilt in 

the bound integrin which disrupts the inner and outer membrane clasp101. 2) Talin 

binds the integrin in a way that talin’s Lys 324 is close to Asp 723 on β3 integrin and 

thus is able to affect the salt bridge between Arg 995 and Asp 723 in αIIbβ3 

(equivalent positions on other integins)102. 3) Simple steric interference between 

talin and the cytoplasmic tail of α integrin in such a way that the tails of the integrin 

dimer are wedged apart103.  

 

Figure 4. Inside-out activation of integrins. A) Chemokine signalling causes phospholipase C (PLC) 
to cleave membrane lipids into phosphoinositol-triphosphate (IP3) and diacylglycerol 
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(DAG). IP3 leads to the release of calcium from the endoplasmic reticulum. From there 
DAG and Ca2+ activate either protein kinase C (PKC) or calcium and diacylglycerol-
regulated guanine-nucleotide exchange factor 1 (CALDAG-GEFI), leading to the 
exchange of GDP to GTP on Ras-related protein 1 (RAP1). RAP1-GTP can then recruit 
Rap1-GTP-interacting Adaptor Molecule (RIAM). RIAM in turn recruits both talin and 
kindlin which favour the opening of the integrins via the separation of the membrane 
clasp (B) and tilt of the trans-membrane β integrin to yield a high-affinity open 
state(C)104,105. 

Talin exists at rest as an antiparallel homodimer with each monomer consisting 

of a 270 kDa protein with a globular head and a rod-shaped c-terminal tail98. The 

domain responsible for Talin’s binding affinity is the globular FERM (protein 4.1, 

ezrin, radixin, moesin) which contains the (ezrin, radixin and moesin) structure 

common to all ERM proteins. Talin’s affinity for the tail of β integrins can be 

regulated by the state of talin as in its resting state the integrin-binding “head” is 

masked by its tail. This inhibiting tail can be cleaved off from talin by the proteases 

calpain or thrombin in response to certain stimuli which increases affinity for 

integrins sixfold106. The C-terminal tail can also be induced to unmask the head of 

talin via ERM protein phosphorylation, Rho-dependent signalling and PIP2 

(phosphatidylinositol 4,5-bisphosphate). Talin in its autoinhibited form is recruited 

to the cell membrane through binding to RIAM (Rap1-GTP-interacting Adaptor 

Molecule). RIAM is an effector of Rap1 (Ras-related protein 1), which when 

activated by phosphorylation via Src (proto-oncogene tyrosine-protein kinase) or 

FAK (Focal Adhesion Kinase), can interact with the membrane-linked Rap1103,107–

109. RIAM seems to recruit both kindlin and talin to the cell membrane, allowing for 

their coordinated interaction with the tails of β integrins110.  The activation of Rap1 

hinges on the inactive GDP bound to it at rest being exchanged for a GTP via a GEF 

(Guanine nucleotide-exchange factor) action. This nucleotide exchange is the most 

common nexus between different signalling cascades which share CalDAG-GEF1 

(calcium and diacylglycerol-regulated GEF1)105 (Figure 4, A). The N-terminal 

domain of talin has been shown to bind to layilin111, focal adhesion kinases112, 

polyphosphoinositides113, and to integrin β1 and β3 cytoplasmic domains114,115. 

Similarly, the C-terminal domain binds also to the integrin cytoplasmic domain 

and, in addition, to vinculin116 and to actin filaments117.  All of these interactions 

serve to modulate the interaction between talin and the cytoplasmic tails of β 

integrins, to affect integrin clustering and signalling as a result. 

Once the integrins are activated and their cytoplasmic tails are pulled apart, they 

unfold, revealing their ligand-binding sites in a process taking altogether less than 

a second118,119. Structural studies have shown that the I domains on integrin dimers 

are coordinated with each other in such a way that “pulling” on the β chain from 

within the cell is enough to induce a conformation change in both chains of the 

dimer120. The presence of magnesium ions in the metal coordination locus of 

MIDAS has been shown to reduce the energy threshold needed to unfold integrins 

as it reduces the stiffness of the hybrid hinge-like domain121. 
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2.3.2 Cell-specific inside-out integrin activation 

In T-cells, TCR activation leads to integrin activation122. APCs interface with T-

cells by means of the immunological synapse. The immunological synapse is a 

highly organized structure of clustered TCRs ringed by αLβ2. Within minutes of 

TCR stimulation there is a change in integrin conformation leading to adhesion 

without the need for changes in cell surface integrin levels. In resting T-cells, both 

the inactive and active forms of αLβ2 are mobile on the cell surface while the 

intermediate activation state of αLβ2 (Figure 4, B) is anchored to the cytoskeleton 

and immobile123. Calpain activation unlinks the intermediate form of αLβ2 but 

promotes the cytoskeletal anchoring of the active form which allows for the 

formation of the active immunological synapse123. 

Integrin clustering is important for reinforcing adhesion signalling and can 

occur both by multiple integrins binding the same extracellular ligand (usually a 

matrix component) or through the sharing of the same intracellular integrin-

associated proteins123–125. Classical examples of integrin clustering are focal 

complexes as well as both fibrillar and focal adhesions in fibroblasts, the 

aforementioned immunological synapses in activated T-cells, podosomes in 

macrophages and adherent osteoclasts, and invadopodia in cancer cells. Talin 

binding to integrin as a homodimer provides a potential mechanism by which talin 

may cross-link integrins at the same time as it activates them, with each N-terminal 

talin head of the dimer binding to a different integrin126. 

Platelets express a variety of integrins including α2β1, α5β1, α6β1, αvβ3 and αIIbβ3.  

αIIbβ3 is unique to platelets and megakaryocytes.  αIIbβ3 has fibrinogen, fibrin, 

fibronectin and von Willebrand factor as binding partners which allows it to 

crosslink platelets and enable platelet aggregation127. In resting platelets, the 

integrin is maintained in the low affinity closed conformation and opens in 

response to inside-out activation. Initially thrombin binds to PAR4 (Protease-

Activated Receptor 4 in mice, in humans Protease-Activated Receptor 1) which 

causes phospholipid hydrolysis and therefore the local production of IP3 (Inositol-

3-Phosphate) and DAG (Diacylglycerol) which together increase intracellular Ca2+ 

levels activating PKC and CALDAG-GEFI. CALDAG-GEFI then exchanges GDP 

from RAP1-GDP with GTP to produce RAP1-GTP which allows it to recruit RIAM 

(RAP1-GTP Interacting Adaptor Molecule). Talin 1 and kindlin-3 are RIAM’s 

binding partners at the membrane which are able to activate the integrin. Other 

activating stimuli converge in the increase of intracellular calcium and from there 

the activation cascade of αIIbβ3 remains the same127,128. Figure 4A describes 

leukocyte integrin activation, but this activation is very similar in platelets. 
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2.4 Outside-in signalling 

Integrins are also able to be activated from the extracellular space as the closed 

conformation of integrins does not fully hide the ligand binding site. Once the 

extracellular domain of integrins bind to their ligand, the inner and outer 

membrane clasps separate41,93,94. To reinforce this opening, talin is recruited and it 

stabilizes the open conformation of the integrin dimer93,94,121. Once bound to 

integrins, however, talin is not static as it has been found to unfold to promote 

stable activation and integrin cross-linking upon transduction of mechanical 

traction forces from actomyosin to the ECM129. This unfolding of talin is responsible 

for the catch-bond behaviour of integrins. The entire ECM-integrin-talin-actin 

complex is often described as the integrin clutch; a complex that reacts in different 

ways to different levels of force130–133 (Figure 5). Talin unfolds its three hinge-like 

helical domains R1-3, with R3 being the mechanosensing one. It unfolds at ~5 pN 

which is the in-vivo force of a single myosin molecule116. After R3 unfolds and 

exposes vinculin-binding sites, vinculin is able to readily bind talin. Vinculin thus 

prevents talin’s re-folding and establishes long-term integrin activation. Increasing 

forces sequentially unfold R1-2, revealing yet more vinculin binding sites and 

accommodating the increased traction until a threshold around 25 pN after which 

increased tension renders the α-coils into random coils and disintegrates the 

vinculin binding sites. If force was reduced after that point, talin can re-fold 

obviating the vinculin binding, providing therefore the mechanical basis for the 

catch-bond to slip-bond transition behaviour observed in integrins55.  

The increase in membrane-proximal Ca2+ levels and activation of PKC lead to 

the production of phosphoinositol-biphosphate which together with the high 

calcium activates calpain, a protease which cuts talin and cytoplasmic β tails of 

integrins106,134,135. The cleavage of talin separates the head from the rod domain, 

activating integrins but abrogating talin’s integrin bundling functions. The cleavage 

of integrin tails acts as a limiting factor in extended integrin mechano-signalling. In 

focal adhesions talin is found almost exclusively in the cleaved form with only talin 

heads localizing to the focal adhesion106,135–138.  
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Figure 5. Outside-in mechano-signalling of integrins. A) At a force of 0 pN the integrins are in the 
closed confirmation. RIAM recruits both talin and kindlin to the plasma membrane in a 
Rap1-GTP-dependent manner via binding of RIAM to the R2–R3 domains of talin. At 
the membrane talin autoinhibition is relieved by interactions with acidic membrane 
phospholipids and the FERM domain is revealed. Talin can then activate integrins. B) 
From 0 to 5 pN talin has engaged the integrins and started to cluster them through the 
action of antiparallel talin dimers. At this force, talin is still bound to RIAM. Active 
integrins can bind to extracellular ligands which can be components of the ECM or cell-
bound ligands. C) At and above 5 pN talin captures the retrograde flow of actin through 
vinculin cross-linking.  At ∼5 pN, the force of a single actomyosin contraction, the R3 
domain of talin is destabilized and this reduces RIAM binding whilst exposing the high 
affinity vinculin binding site which then binds vinculin allowing for the binding of actin. 
Above 5 PN, more vinculin binding sites are engaged and with them more force can be 
transmitted through the bond. D) Above 25 pN domains R1-R3 of talin unfold to a 
random coil, rendering their respective vinculin binding sites inexistent 119,135,139–141. 

Kindlin synergizes with talin and binds β chain’s cytoplasmic tail at the 

membrane distal end while talin binds the membrane proximal one at NPXY 

motiffs104,142. There are three kindlin genes in mammals, each with distinct tissue 

expression: Kindlin-1 being expressed in epithelial cells, kindlin-2 being prevalent 

in most tissues and kindlin-3 being restricted to hematopoietic lineage cells93,142,143. 

Kindlins contain FERM domains that allow them to interact with the cell 

membrane, and an F3 domain that resembles talin’s phosphotyrosine-binding 

domain, granting it the ability to recognize all β integrin cytoplasmic tails at a 

membrane distal point. It has been found, however, that despite its interaction with 

the cell membrane and the tail of integrins, kindlin alone is not sufficient for 

integrin activation144. Instead, it is understood that kindlin’s role is a synergistic one 

with talin. Talin by itself is not able to fully activate integrins and overexpression of 

talin in absence of kindlin yields no activation of integrins beyond the baseline 

activation achieved by small concentrations of talin145. Based on the displacement 

model of integrin activation146, migfilin could dislodge filamin and make β chain 

cytoplasmic tail accessible to talin and kindlin binding.  Kindlins are vital for 

integrin signalling as it is kindlins that act as cytoskeletal linkers by interacting with 

ILK (Integrin-linked kinase) and migfilin which is a filamin-binding protein. ILK 

interacts with the cytoplasmic tails of β1 and β3 chains and facilitates the 

recruitment of the ILK-PINCH-Parvin complex (IPP). Among the downstream 
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targets of ILK activation there is Akt/PKB, GSK3β, β-catenin, p44/42 MAP kinases, 

myosin light chain and MYTP1 in the Hippo pathway147–151.  

Activated Akt is a potent promoter of cell survival so through this axis integrins 

binding to the ECM reinforce cell survival in tissues152. This is obviously more 

complex in cells not bound to a constant matrix such as lymphocytes. Activation of 

Akt is caused by phosphorylation of Thr 308 and Ser 473 by PI3-kinase153,154, the 

Rictor-mTOR (mammalian target of rapamycin) complex and the ILK-Rictor 

complex. Akt is involved in staving off anoikis cell death (the programmed cell death 

of tissue cells when adhesion is lost) as has been shown in endothelial cells153. 

Anoikis being the cell death triggered by lack of integrin binding, migratory cells 

need a system to avoid it when not attached. Macrophages prevent this form of 

apoptosis by receiving constant cytokine signalling when immature and prevent it 

without the need for external reinforcement after polarization155. Other migrating 

cells such as DCs are understood to stave off apoptosis through similar 

mechanisms155,156. 

GSK3β is inactivated by ILK-mediated phosphorylation at Ser 9, regulating 

transcription factors such as β-Catenin, CREB and AP-1148. AP-1 itself upregulates 

genes encoding for matrix metalloproteinases (MMP-9 and MMP-2) which allow 

cells to degrade the extracellular matrix to facilitate migration148,157.  

Other targets of ILK are P44/42 (ERK1/2) and ELK1 transcription factors which 

are phosphorylated only in adherent conditions, downstream of integrins158. ERK 

localization to the nucleus is impaired by nonadherent conditions as its 

phosphorylation licenses it for nuclear translocation159. ILK and myosin light chain 

kinase (MLCK) can both phosphorylate myosin light chains at the same sites160. The 

phosphorylation of myosin IIa is required for the formation of β1 integrin focal 

adhesions154. Phosphorylated myosin light chain 6 meanwhile interacts with 

kindlin-3 and is required to support integrin αIIbβ3161. This leads to increased 

myosin II-mediated contraction and bundling of actin. 

Integrin signalling inhibits the Hippo tumour suppression pathway by having 

ILK phospho-inhibit MYPT1 which when inactive results in the inhibition of 

Merlin149. Merlin (encoded in NF2) is a linker between transmembrane proteins 

and the actin cytoskeleton. The main target of the Hippo kinase cascade however 

are the Yap/Taz transcription factors, the phosphorylation of which sequesters 

them in the cytoplasm via interaction with 14-3-3 proteins and ubiquitin-dependent 

proteasomal degradation162.  

Common to all integrin types are two related conserved transcription factors the 

YAP (Yes-Associated Protein) and the paralog TAZ (transcription factor with PDZ-

binding motif) known as the YAP/TAZ mechanosensory pathway163,164. Together, 

YAP and TAZ are able to translate mechanical information, from shear stress to cell 

shape and extracellular matrix rigidity into cell-specific gene expression changes. 

YAP and TAZ act as transcriptional co-regulators by binding to enhancer elements, 
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using TEAD transcription factors to bind to DNA165–167 and are shared among 

multiple signalling pathways usually bundled as the Hippo signalling pathway. The 

Hippo signalling cascade (also known as the Salvador-Warts-Hippo pathway) 

consists of a series of kinases that start with MST1/2 binding to SAV1/WW45 to 

form an active kinase to phosphorylate and thus activate LATS1/2 kinases. MST1/2 

also phosphorylate MOB1A/B which together with LATS1/2 in turn form a 

LATS1/2-MOB1A/B complex which delivers an inactivating phosphorylation to 

both YAP and TAZ162–168. Once phosphorylated, YAP/TAZ are excluded from the 

nucleus and marked for proteasomal degradation 169–172. YAP/TAZ can also be 

phosphorylated by kinases AKT and JNK173,174 as well as Yes/Src/c-Abl 

kinases175,176. Another method of control of YAP/TAZ is the sequestration into the 

β-catenin destruction complex regulated by Wnt signalling177,178.  

A notable upstream inhibitor of YAP/TAZ is Merlin which is found co-localized 

with tight and adherens junctions in epithelial cells 179. Merlin promotes the 

formation of protein scaffolds that result in the LATS-mediated phosphor-

inactivation of YAP180. Another key inactivator is Scribble, which proximal to the 

cell membrane, functions as an adaptor to facilitate the formation of the 

MST/LATS/TAZ complex which phospho-inactivates TAZ181. The involvement of 

integrins with these pathways starts at the clustering of integrins and the related 

activation of Syc, FAK and Src kinases (Figure 5). Integrin-FAK signalling allows 

for microtubule stabilization and the subsequent Rho signalling (explained later)182. 

Integrins couple with Fyn and Yes activate in turn FAK which together with Src-

family kinases forms the SHC (Src homology and collagen homology) pathway 

which involves Syc183.  YAP/TAZ activity can also be regulated by Rho-

GTPases163,168 as seen when inhibitors of MYLCK or ROCK (Rho-associated kinase) 

result in a YAP phospho-inactivation184,185. Altogether, integrins both by associating 

directly with kinases and by acting as the linkages for stress fibres are able to tightly 

regulate the activation of the YAP/TAZ nuclear or cytosolic localization and 

therefore control genetic program activation. 

Another major transcription factor downstream of integrins is SRF, the master 

regulator of a multitude of cytoskeletal genes and even β2 integrins themselves in 

some cells 186–188. The majority of these SRF gene transcription effects have been 

found to be dependent on MRTF-A acting as a cofactor186. MRTF-A/SRF pathway 

is activated in response to external cell stimuli which initiates F-actin 

polymerization downstream of RhoA activation and microtubule 

reorganization182,186,189. In the cytoplasm MRTF-A is bound to G-actin while F-actin 

polymerization releases MRTF-A, enabling it to translocate to the nucleus where it 

can influence gene expression190,191. 
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2.4.1 Integrins in mechanosensing 

Mechanotransduction is the process by which external biophysical stimuli are 

translated into intracellular biochemical signals192. These stimuli can be sensed 

through immunoreceptors as they bind to cells and the ECM or can be sensed 

through other systems. Mechanical clues such as substrate stiffness (measured as 

Young’s modulus) intrinsically relate to the tissue in question, or its state. For 

example, the bone marrow and brain have a Young’s modulus close to 4 kPa while 

bone and cartilage have a Young’s modulus above 1 MPa193.  

Tissue stiffness is sensed by many cell types through integrins. For example, 

endothelial cells use integrins to sense an increase of matrix stiffness past a 3-5 kPa 

threshold. This leads to both cell-spreading and YAP nuclear localization194. The 

increase in endothelial cell spreading and signalling is positively correlated with 

matrix stiffness up to a plateau localized around 10 kPa 194. Migratory immune cells 

meanwhile have been shown to modulate their migration speed and morphology in 

response to matrix stiffness in the ranges of 1-8 kPa195,196. These stiffness ranges are 

biologically relevant as most tissues have a Young’s modulus under 5 kPa while skin, 

spleen and lymph nodes have a stiffness close to 10 kPa195. For macrophages, soft 

substrates result in suppression of M1-related genes and an increase in M2-related 

genes when compared to a stiff substrate197. Integrin mechanosensing is also known 

to regulate both DC and macrophage metabolism and function through YAP-

induced mTOR activation. In these cells, higher stiffness leads to increased 

proinflammatory signalling and a switch to glycolysis195,196,198–200.  

Mechanosignaling can also occur through deformation of the cell nucleus which 

reflects the tension of the cytoskeleton201. Stiffer substrates cause higher forces to 

be translated through actin and result in the deformation and elongation of the 

nucleus. This allows for nuclear deformation to act as a mechanosensor201. Yap, one 

of the transcription factors downstream of integrin signalling, can also act here as 

a mechanosensor itself without needing to be phosphorylated by the Hippo 

pathway202. Nuclear localization of Yap increases as substrate stiffness increases 

and the nucleus is deformed, allowing Yap to affect gene transcription in response 

to nuclear deformation202. 

Fluid shear stress can also be a mechanical signal translated through a multitude 

of cell-surface proteins such as VEGF receptor 1 (VEGF-R1) and -2 (VEGF-R2)203–

205. The PI3K/Akt/mTOR signal transduction pathway is activated by VEGF-R2 in 

conditions of high shear stress, increasing adhesion, proliferation, and 

differentiation in endothelial progenitors205. 

The final mechanosignal covered here is viscosity. Viscosity is the measure of 

internal friction within a fluid, and it increases together with osmotic pressure and 

fluid density in most biological systems. It nevertheless constitutes a distinct signal 

from those, as has been demonstrated with liver cell lines where media of the same 

osmotic pressure but differing viscosity led to differing responses206. One of the 
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mechanosensors of viscosity is once again integrins. Integrins enhance cell 

spreading in high viscosity, causing actin cytoskeleton re-arrangements, nuclear 

flattening, and nuclear translocation of YAP and β-catenin proteins206–209. 

2.4.2 Cell-specific outside-in signalling 

In platelets, activated αIIbβ3 binding to either fibrinogen, fibrin or von 

Willebrand Factor allows these extracellular ligands to act as cross-linkers and form 

a mesh-like platelet aggregate210. Some cytoplasmic interactions of these integrins 

require the phosphorylation of Tyr 773 and Tyr 785 in the β3 cytoplasmic domain 

by Src family kinases. Mutation of the corresponding tyrosine residues in mice 

produces platelets with impaired clot retraction and a tendency to re-bleed from 

sites of tail bleeding211. Fibrinogen binding to the extracellular domain of activated 

αIIbβ3 stimulates an increase in the activity of Src family kinases and Syk212. Studies 

of platelets from mice lacking these kinases suggest that these events are required 

for the initiation of outside-in signalling and for full platelet spreading, irreversible 

aggregation and clot retraction. There is also evidence that the ITAM-containing 

receptor, FcɣRIIa, is the link between Src family kinase and Syk activation in human 

platelets activated by αIIbβ3213. Beside the signalling cascades of αIIbβ3 mentioned 

above, there are certain signalling events dependent on integrin clustering such as 

the modulation of avidity. The origin of integrin clustering, despite being extremely 

common in outside-in signalling and being known to affect the signalling, does not 

yet have an agreed cause of formation214. There are arguments for the cause being 

intracellular protein-protein interactions215, the recruitment of multivalent 

proteins to the integrin tails216,217 or by homomeric transmembrane domain 

interactions218. All the above mechanisms are seen in cases of integrin clustering 

and disruption of either abrogates clustering, therefore they all play an 

indispensable role in integrin clustering. αIIbβ3 clustering complements ligand 

binding to drive full outside-in signalling, which cannot be induced by monovalent 

ligands210,215,216,219. αIIbβ3 outside-in signalling drives processes essential for 

haemostasis, including platelet spreading, stable thrombus formation and clot 

retraction. 

In T cells, integrins participate in migration as they do in all lymphocytes but 

here they also participate in TCR function. Integrins are found in close cooperation 

with the TCR, αLβ2 engagement with ICAM-1 sustaining and enhancing TCR-

induced tyrosine phosphorylation, phosphatidylinositol-specific phospholipase-γ1 

(PLC-γ1) activation, and calcium signalling, as well as phosphatidylinositol-3-

kinase (PI3K) activity220–224. 

The endocytosis of iC3b opsonized particles by phagocytes is αMβ2 dependent 

and requires the activation of Ras homolog family member A GTPase (RhoA) 225,226.  

In this case the phagocytosis is started by αMβ2 integrin engaging iC3b and its Rho-
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mediated cytoskeletal rearrangement allowing for phagocytosis followed by antigen 

processing13,225. IgG opsonized cells cause Rho-independent phagocytosis which 

depend instead on the Rac1 GTPase (Ras-related C3 botulinum toxin substrate 1)225. 

This Rac1-dependent phagocytosis starts by IgG recognition at Fc receptors which 

then signal the inside-out activation of αVβ5 and ultimately actin polymerization 

through Rac1225,227.  
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3 Integrins mediate immune cell activation 

and effector functions 

3.1 T-Cells 

In T-cells, integrin α4β1 is important for the rolling of lymphocytes on endothelial 

cells as well as stalling and extravasation in naive cells, but it is overcome by αLβ2 

in activated T-cells228. Both α4β1 and αLβ2 follow similar inside-out activation, first 

activated by chemokines and then fully engaged when bound to VCAM-1 and ICAM-

1 respectively229.  α4β1 is found to localize in its fully active form at the leading edge 

of migrating lymphocytes together with chemokine receptors39,229. Engagement of 

α4β1 to VCAM-1 or fibronectin induces the production and secretion of MMP-2 and 

-9 through FAK signalling230,231. These proteases then can cleave a range of ECM 

components including fibronectin, allowing for un-impeded migration. Cytokines 

activate αLβ2 through G-protein-coupled receptor allowing it to bind ICAM-1 and 

undergo the prototypical lymphocyte rolling and arrest130,232,233.  

The integrin functions that are unique to T-cells are those that occur in the 

immunological synapse that forms between APCs and T-cells. The immunological 

synapse is a highly regulated structure, and forms when an antigen-loaded MHCI 

or MHCII on an APC interacts with an antigen-specific TCR and is a structure that 

requires integrins to form correctly234,235. Co-stimulatory molecules are recruited to 

the forming synapse with CD28 being recruited to the immunological synapse from 

its uniform distribution across the cell membrane after its binding to CD80 and 

CD86 on APCs236,237. The inhibiting receptor CTLA4 is both recruited from 

intracellular vesicles and its expression increases following T cell activation after 

which it can be recruited to the T-cell surface through binding of CD80 to CD28 at 

a lower speed than the co-stimulatory CD28, helping regulate the duration of the 

immunological synapse236–239. Part of the downstream signalling following 

engagement of these initial molecules is to increase the membrane-proximal levels 

of Ca2+, activating PKC-θ and eventually leading to activation of the transcription 

factors NFAT and NF- κB which regulate T-cell proliferation236,240,241. NFAT 

controls the expression of, among others, IL-2 and IFN-ɣ which are released into 

the synapse in a polarized fashion and IL-4 and TNF-α which are secreted in a non-

directional manner by T-cells242. The immunological synapse forms as a radially 
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symmetric structure with a core containing MHCII-TCR and CD28/CTLA4-

CD80/CD86 in a so-called “central supramolecular activation cluster”, shortened 

to cSMAC. Around cSMAC, can be found peripheral SMAC (pSMAC) where αLβ2 

on the T-cell binds to ICAM-1 on the APC234,235,243. This second ring is itself ringed 

by a third ring enriched in CD45244. The complex interplay between the strength, 

duration and number of interactions between the T-cell and APC are responsible 

for eliciting specific T-cell responses234.   

Studies with Itgb2-null mice indicate that T-cells fail to activate in response to 

MHC alloantigens or staphylococcal enterotoxin A, but that bypassing TCR 

activation via phorbol myristate acetate (PMA) still allows for T-cell activation. 

These results show that β2 integrin is vital for the formation of an effective 

immunological synapse 245. 

The polarization of the actin cytoskeleton of the T-cell towards the APC is also 

vital for the formation of an adequate immunological synapse. Cytoskeletal 

rearrangement follows immunological synapse formation and is necessary for its 

success234,235,243. Along with the polarization of actin, Golgi apparatus and 

mitochondria are also aligned with the immunological synapse234. Furthermore, 

receptors are further recruited to the synapse along with vesicles. These receptors 

include traditional components of the synapse (TCR, αLβ2 integrin, and CD28) 

along with some transporters such as GLUT-1 (Glucose Transporter Type-1)234.  

3.2 Neutrophils 

Neutrophils are polymorphonuclear myeloid cells that comprise 70% of circulating 

leukocytes in humans and 10-25% in mice246. Neutrophils extravasate at sites of 

inflammation through a process common to all leukocytes (explained in detail later) 

which relies on integrins. Neutrophils however express less α4β1 compared to other 

leukocytes, making them reliant on β2 integrins to extravasate247–249.  This is 

demonstrated by the lack of pus formation, which is otherwise comprised mostly of 

neutrophils, in patients suffering from a pathological β2 integrin mutation250,251. 

Once at the site of infection, neutrophils eliminate pathogens via phagocytosis or 

through extracellular killing. Neutrophils have the capacity to kill the invaded 

microorganism by secreting their toxic granular content (degranulation), producing 

reactive oxygen species (ROS) to damage microbial components, or releasing their 

DNA and subsequently forming neutrophil extracellular traps (NETs) in a process 

of cell death known as NETosis247,252,253. This phagocytic function is generally 

reserved for pathogens opsonized with IgG or iC3b. αMβ2 on neutrophils binds to 

iC3b and initiates phagocytic function254. The cytotoxic release of granules onto 

antibody-labelled cells involves integrins after they become activated by IgG 

receptors (Fcγ receptor IIa or IIIb) through the recruitment and activation of PI3K 

255,256. Both αMβ2 and αLβ2 integrins regulate granule release after binding ICAM-
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1 on the opsonized cell255,256. The increase in oxygen consumption that forms the 

respiratory burst which results in the formation of ROS is not fully understood in 

terms of how it is linked to integrin function 253. However, it is well established that 

there is a link, as neutrophils with dysfunctional integrins and integrin signalling 

are unable to successfully undergo this respiratory burst251,257,258. 

3.3 Antigen presenting cells: Dendritic Cells and 
Macrophages (including Microglia) 

APCs must be present at the sites of injury either through pre-existing tissue 

residence or through active migration after injury, be able to phagocytize antigens, 

migrate to lymph nodes (microglia skip this step259) and present the antigens to T- 

and B-cells to conduct their antigen presentation roles effectively. Despite their 

name and main role, APCs do not only present antigens, they also play vital roles in 

tissue homeostasis. The best studied example of this is the role of macrophages, 

which exist in three distinct lineages: tissue-resident macrophages seeded from 

either the yolk sac or embryonal liver and macrophages originating from monocytic 

bone marrow precursors16,260. Tissue resident macrophages have been shown to be 

needed not only for the maintenance of tissue homeostasis but also for the correct 

initial development of some tissues such as the pancreas and mammary glands15.  

For the antigen-presenting role to be effective, APCs need to uptake the antigens 

in the first place. This uptake is integrin dependent, with both αMβ2 and αXβ2 able 

to bind iC3b and IgG opsonized cells and induce phagocytosis225,226. In the brain, 

microglia cells trigger the Rho-dependent endocytosis and proteolysis of small β-

amyloid aggregates in a β2 integrin-dependent pathway wherein integrins react to 

the stiffness of the amyloid “crystals” in the same manner as was originally studied 

with uric acid crystals261,262. This integrin-dependent phagocytic pathway promotes 

both clearing harmful debris and uptaking antigens. 

ROS and RNS (Reactive Oxygen and Nitrogen Species) are both produced by 

phagocytes to directly act in antimicrobial activity and in signalling pathways within 

the phagocytes themselves, affecting their pro-inflammatory cytokine 

production258,263,264. The antimicrobial activity of ROS and RNS is similar to the one 

seen in neutrophils mentioned above: oxidative damage causing failure of cellular 

components. The pro-inflammatory effects of ROS are mediated through 

inflammasome activation and assembly, containing ASC (adaptor protein 

apoptosis-associated speck-like protein containing a CARD). Once assembled, the 

inflammasome is able to recruit and initiate autocatalytic activation of caspase-1 

and finally elicit inflammation via release of IL-1β and IL-18265. The inflammasome 

activation is downstream of ROS production, which can be initiated through 

integrin mechanosensing of stiff substrates262,266–269. ROS-induced post-

translational modifications on cysteines (S-nitrosylation, palmitoylation, 
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glutathionylation, and oxidation) have been shown to be at least partially 

responsible for the switch to a more inflammatory glycolytic immunometabolic 

profile22,270–272. 

Integrins function in concert with different toll-like receptors (TLRs) via 

activation of reinforcing signalling cascades. α9β1 has been reported to induce Th17 

cell promoting cytokines in DCs and macrophages in synergy with TLR2 and TLR4 

through the ERK pathway273, whilst β2 integrins aid in TLR4 signalling by co-

localizing to the TLR4-LPS binding site and reinforcing their endocytosis in DCs274–

277. 

Macrophages exhibit two broad phenotypes (in-vitro278) designated as M1 and 

M2 with both types existing as ideals and most macrophages existing in a 

polarization spectrum between the two extremes. M1 macrophages are pro-

inflammatory and express high levels of CD80, CD86, FcγRII/III (CD32/16) and 

are capable of secreting pro-inflammatory cytokines279. Meanwhile, M2 

macrophages are classified as anti-inflammatory, and express arginase-1 (Arg-1), 

mannose receptor (CD206), IL-10 and chemokines CCL17 and CCL22. Recently, 

however, it has been recognized that this simple pro/anti-inflammatory dichotomy 

does not capture the phenotypes seen in-vivo where the lineage, activation regimen 

and culture conditions of the macrophages impact the expression of hundreds of 

genes which together constitute the different phenotypes seen in-vivo278. Due to 

this emerging complexity, and the focus of this work on cells other than 

macrophages, it has been deemed beyond the scope of this work. 

Microglia are the macrophages which are seeded to the nascent brain from yolk 

sac progenitors in the early embryo280. At steady state microglia are able to self-

renew in the central nervous system without any contribution from the bone-

marrow280. No cell-surface markers are unique to microglia that could separate 

them from other APCs as microglial expression of markers can be transient and 

depend on the cellular context. The transcription factors Pu.1 and Irf8 control the 

genetic program characteristic of microglia281. Like other tissue-resident 

macrophages, microglia play an important role in the homeostasis and structuring 

of the tissue they reside in. They participate in gliogenesis, vasculogenesis, 

neurogenesis, myelination, release of soluble factors and conduct 

phagocytosis282,283.  In the healthy brain, microglia are homogeneously distributed. 

Their cell bodies are largely sessile, but they extend protrusions to “scan” the nearby 

parenchyma284. Much like other APC groups, there exist a growing number of 

distinct microglial states with characteristic immune and metabolic profile. Many 

of these are being named after the disruption to homeostasis in which they were 

originally identified (e.g. human Alzheimer’s disease microglia being termed 

HAM)284,285. There exists confusion in the field regarding the role of microglia when 

activated as many authors define any presence of MHCII on microglia as a marker 

of inflammation and imminent neurodegeneration but there exists a growing pool 
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of evidence that such a definition is context-dependent286–289. One good example is 

that of stroke. Immediately upon the event of stroke neurons release excessive 

amounts of glutamate. This glutamate is both directly toxic to other neurons and 

activates microglia through N-methyl-D-aspartate receptor binding288,289. 

Glutamate signalling results in both the release of more glutamate from within the 

microglial cell and the production of TNF-α288,289. This feedback and the activation 

of microglia from ligation of necrotic debris to different TLRs results in more 

generalized neuronal death than the initial injury would have otherwise 

caused288,289. The role of microglia does not stop with the pro-inflammatory role. 

Microglia are also responsible for recovery after stroke. In this context, microglia 

increase neuroblast differentiation into neurons through the production of IL-4286. 

A switch between these two roles of microglia, from the neurodegenerative to the 

neuroprotective has been found to only require extended temporal exposure to the 

stressor, from acute to chronic288,290,291. 

Dendritic cells can be divided into conventional dendritic cells (cDCs, divided 

into cDC1 and cDC2 sub-groups), plasmacytoid dendritic (pDCs) cellsand 

monocyte-derived dendritic cells (moDCs)9,292. Broadly speaking, cDC1s promote 

cytotoxic CD8+ T cell responses, while cDC2s generate CD4+ T-Cell reponses292,293. 

pDCs arise from the same common dendritic cell precursor but differ in that they 

express the transcription factor E2-2294. pDCs specialize in producing type I IFNs 

following recognition of nucleic acids through Toll-like receptor 7 (TLR7) and TLR9 

and are also known as interferon-producing dendritic cells295. 

moDCs can differentiate from monocytes after being exposed to GM-CSF and 

IL-4296. They are a highly heterogeneous group and there exist some debate as to 

whether the observed heterogenicity calls for distinct activation stages or if they are 

all functionally the same cells296. The types currently under debate depending on 

the type and location of the infection and the inflammatory setting are termed 

monocyte-derived cells, TNF/iNOS-producing DC (Tip-DC), or inflammatory 

DCs9,297,298. The BMDCs that are used in this thesis resemble moDCs, though the 

method of differentiating them also yields macrophages299. 

 

3.4 Metabolic changes during immune cell activation 

When B- and T-cells are activated through their antigen receptors, they both recruit 

the glucose transporter GLUT-1 to the immunological synapse234,300. The 

recruitment of GLUT-1 forms part of the metabolic reprogramming that these cells 

undergo upon activation. Their metabolism shifts away from OXPHOS toward 

glycolysis. This produces energy to meet the heightened demands of the activated 

cells and to provide useful metabolic intermediaries for biosynthetic purposes20,301–

303. As introduced earlier, this switch towards glycolysis lasts only for the acute 
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phase of cell activation and proliferation. As the cells transition to memory B- and 

T- cells the cells again start to use OXPHOS 29. One factor that is at the core of this 

metabolic switch to glycolysis is the activation of mTOR, often referred to as the 

master metabolic regulator304. The activation of this Ser/Thr kinase in B- and T-

cells results in a comprehensive upregulation of all rate-limiting enzymes involved 

in glycolysis and a concomitant decrease in those involved in OXPHOS304,305. In T-

cells, mTOR activation is needed for commitment to Th1, Th2 and Th17 effector cell 

lineages while mTOR-deficient CD4+ T-cells preferentially differentiate towards a 

regulatory (Treg) phenotype 306–308.  

Resting APCs use mostly OXHPHOS for energy production, but activated APCs 

switch largely to glycolysis 309–311. Upon activation, APCs simultaneously upregulate 

the uptake of glucose through an increase in GLUT-1 in the cell membrane and an 

increase in the translation of glycolytic enzymes such as phosphofructokinase312. 

Sustained glycolysis supports the survival of APCs through the decrease in 

OXPHOS and provides materials for the biosynthesis of fatty acids312.  Robust nitric 

oxide (NO) production by inducible NO synthase (iNOS) causes mTOR activation. 

mTOR in turn acts as the central hub for the metabolic switch into glycolysis313–315. 

Finally, there is ample evidence that APCs respond not only to their internal 

metabolism but to organism-wide metabolic alterations as seen with the effects of 

the diabetes drug metformin316–318. Metformin has been found to have profound 

effects in reprogramming both macrophages and dendritic cells towards tolerogenic 

profiles through immunometabolic reprogramming and found to boost their 

antitumoral activity318–320. This has led to increasing research into the potential use 

of metabolic or dietary interventions as forms of immunomodulation321–326. 
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4 Leukocyte adhesion diseases  

4.1 Leukocyte adhesion cascade 

There exist three distinct Leukocyte Adhesion Deficiencies (LAD) in humans, each 

with a wide array of symptoms stemming from distinct integrin adhesion 

deficiencies. Here the effect of different types of LAD are studied in relation to their 

effects on leukocyte extravasation. Other functions affected by LAD are covered 

later. The transfer of leukocytes from the bloodstream to tissues occurs in four steps 

(Figure 6): 

First, under flow conditions, loose adhesion between the endothelium and vessel 

wall causes the leukocyte to roll. This process is mediated by P and E selectins which 

are expressed on activated endothelium and bind to the constitutively activated 

sialylated ligands on leukocytes, while L-selectin instead being expressed in 

leukocytes and binding endothelial sialylated, fucosylated ligands327–329. The same 

sialylated ligands which are missing fucosylation in LAD II330. 

The second step is the activation of the leukocytes they come into contact with 

multiple chemokines and cytokines during rolling, leading to the inside-out 

activation of integrins331. The activated integrins in turn bind to ICAMs and form 

more firm bonds, which arrest the rolling and leads to extravasation. LAD III is 

caused by a mutation in kindlin-3 which prevents integrin activation and 

signalling332.  

The third step is the arrest of the leukocytes through strong adhesion with the 

vessel walls. This adhesion takes place chiefly between integrins (αLβ2, αMβ2) on 

the leukocyte and ICAMs on the vessel walls65,329,333,334. Neutrophils, monocytes, 

and lymphocytes adhere to endothelium and undergo a change from a spherical to 

a flattened morphology329. This is required for firm adhesion and for 

transmigration through the endothelium335. Mutations in β2 integrins in LAD I 

interfere with this step as they prevent entirely or hinder their binding to 

ligands336,337. 
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Figure 6. Leukocyte adhesion cascade shown as a prototypical leukocyte extravasating at a site of 
injury. The endothelial cells in dark red which line the blood vessel above them have 
been activated and express ICAM-1/2 as well as E/P-Selectin. The leukocyte, which 
constitutively expresses ligands for both and L-selectin, is first slowed down via binding 
of selectins (loss of their sialylated ligands in LAD II results in failure at this step). The 
binding of selecting triggers inside-out activation of integrins in a kindlin-3-dependent 
manner (LAD III results in failure at this point) with firm adhesion following soon after 
(LAD I cells are unable to complete this integrin-dependent step). From there 
leukocytes can move over brief distances until diapedesis across the blood vessel walls 
and into the surrounding tissue takes place. 

 

The fourth and final step in extravasation is trans-endothelial migration which 

can take place338 between (paracellular migration) or through the endothelial cells 

(trans-cellular migration)333. As the leukocyte interacts with the endothelium in the 

previous steps, the endothelium also responds by clustering VCAM-1 and ICAM-1 

(ligands for α4β1 and αLβ2/αMβ2 respectively). This clustering requires Src-

dependent phosphorylation of actin-binding cortactin and the engagement of 

ICAM-1 promotes this same phosphorylation in a self-reinforcing loop334,339. The 

loosening of endothelial cell junctions is required for paracellular migration, 

engaging ICAM-1 and VCAM-1 on the endothelial cells stimulating an increase in 

Ca2+ in the cytosol which among other effects activates MLCK (Myosin light-chain 

kinase) leading to actin-myosin fibre contraction. This is believed to help 

endothelial cells pull apart from each other making gaps in the order of hundreds 

of Ångstroms, enabling leukocytes to actively “crawl” through the gaps formed340. 

The increased calcium leads to the activation of RAC-1 and PKC which cause the 

phosphorylation of VE-cadherin, un-linking it from the actin cytoskeleton341. From 

there it is understood that the leukocytes move through the space between 

endothelial cells along with the lateral endothelial recycling compartment 
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membrane so that the focal adhesions are pushed to the side rather than 

separated342. Trans-cellular migration has been found to happen through the 

formation of a transient pores across the endothelial cells but the molecular process 

that causes them has not been fully elucidated yet343. 

Scanning electron microscopy of neutrophils and macrophages revealed that 

these cells have numerous surface wrinkles and folds, which means that the actual 

surface area of these cells greatly exceeds that of a sphere of the same diameter. 

Biophysical studies about the properties of the neutrophil plasma membrane have 

been performed using suction of the plasma membrane into micropipettes344–346, 

showing that force is able to un-wrinkle these cells. The distribution of two surface 

molecules, which are important for leukocyte rolling and adhesion, L-selectins and 

β2-integrins, is influenced profoundly by the wrinkles as selectins are located only 

on the raised edges of the wrinkles and integrins in the valleys between wrinkles347. 

Thus, the un-wrinkling of these cells allows for the presentation and binding of a 

greater proportion of integrins which allows for a strong bond to form between the 

cells and the endothelium. Lymphocytes also have a membrane surface area much 

greater than their volumes at rest require. In their case however it seems L-selectin 

and PSGL1 are localized to the raised membrane protrusions (microvilli) and CD44 

is localized to the cell body348. In all these cell types, the existence of extensive 

excess membrane at rest allows for rapid cell volume increase upon activation 

without the requirement to produce new membrane at the same speed. 

4.2 LAD I 

Mutations in2 integrins (missense, pre-mature truncation, etc.) lead to defective 

leukocyte function. LAD I was one of the first immunodeficiencies for which the 

genetic defect was identified251,349. The disease presents with recurring bacterial 

infections, severe gingivitis and periodontitis in the patients who survive past 

infancy350,351. Bacterial and fungal infections present absent of pus. Complete loss 

of 2 integrin expression leads to death before the age of one while impaired 

expression of 2 integrins leads to clinical features of varying severity matching the 

degree of 2 integrin functional impairment352. The role of β2 integrins in the 

formation of specific T-cell responses is evident in LAD I patients as they present 

an increase in Th17 response in the gums which leads to periodontal bone loss and 

severe periodontitis353,354. LAD I patients present a failure of recruitment of 

neutrophils to the gums which results in gums harbouring lesions with dense 

inflammatory infiltrate made up of lymphocytes and largely devoid of 

neutrophils354. Cytokines linked to IL-17A expression (Il-6, IL1β and Il-23) were 

expressed in LAD I periodontitis, with IL-6 and IL-23 being significantly 

overexpressed when compared to both gingivitis and periodontitis in non-LAD I 

patients354. IL-17 and IL-23 were not detected above normal levels in blood and 
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were instead localized to the oral mucosa354. Cytokines and chemokines related to 

neutrophil granulopoiesis and recruitment (G-CSF, CXCL2 and CXCL5) were 

significantly up-regulated in LAD I, but owing to the lack of β2 integrin function, 

this does not result in the intended recruitment of neutrophils but instead causes 

significant neutrophilia in blood 355. In addition, LAD I patients with mild forms of 

the disorder have neutrophils that fail to phagocytize opsonized cells as αMβ2 on 

neutrophils fails to bind to iC3b and initiate phagocytic function254. 

A mouse model for LAD I is the β2 integrin null mouse. It replicates the known 

pathology of LAD I in humans, with up to 40% perinatal mortality, severe gingivitis, 

skin lesions and lack of pus formation356. In addition, these mice recapitulate the 

severe periodontal bone loss seen in human LAD I patients and show the same 

localized increase in IL-17 and IL-23 in the oral mucosa. The causal link between 

the increased levels of IL-17 and IL-23 was conclusively established in the CD11a 

knockout model when local gingiva treatment with either anti-IL-17 or anti-IL-23 

antibodies resulted in abrogation of periodontal bone loss of the knockout 

phenotype and later translated into human treatments with the IL-23-blocking 

drug, Ustekinumab354,357. The prevention of the bone degeneration obtained with 

Ustekinumab correlated with higher sequestration of osteoclast growth factors and 

a reduction in the levels of anaerobic bacteria354. 

 

4.3 LAD II 

LAD II is an adhesion deficiency caused by mutations in the fucose transporter in 

the Golgi, which leads to absence of Sialyl Lewis X, the ligand for selectins62. In this 

variant of LAD, the rolling phase of leukocyte adhesion is affected. The syndrome 

presents with recurrent infections which improve with age, periodontitis, Bombay 

blood type (absence of antigen H), mental retardation, growth delay and clinical 

stigmata358. The clinical stigmata characteristic of LAD II are long eyelashes, a 

broad and depressed nasal bridge, a simian crease, and dorsally positioned second 

toes. There are very few patients globally identified as having LAD II (less than 10 

reported cases) so the creation of mouse models deficient in Slc35C1 (GDP-Fucose 

transporter) has been vital for the study of this disorder. 

Dietary fucose supplementation was first attempted in 1999 by Marquardt et. al. 

in a patient with LAD II 359. The supplementation successfully recovered the levels 

of Sialyl Lewis X expression to functional levels without causing the expression of 

the fucosylated H antibodies359. This was critical as this patient had the Bombay 

blood type (lack of H antigen in their erythrocytes and presence of anti-H 

antibodies)359.  In addition to the re-expression of selectin ligands on neutrophils, 

the disease’s elevated peripheral neutrophil counts reduced to normal levels, no 
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episodes of fever occurred after beginning of the therapy, and psychomotor 

capabilities and growth of the patient improved359.  

As more patients with LAD II have been identified since, other milder forms of 

the disease have been found where the mutations are not in the same location360,361. 

In these patients the haematologic defects were minimal, they did not exhibit the 

Bombay blood type, but they presented with short stature and developmental delay. 

A recent (2022) study by Tahata et. al. focused on the effects of fucose 

supplementation on patients with this minimal LAD II phenotype361. This study 

found that the developmental defects were reversed and there was an overall 

increase in fucosylated proteins including Sialyl Lewis X and antigen H from barely 

detectable to equivalent to those of healthy individuals361. These two findings 

together show that fucose supplementation is a viable and valuable treatment for 

LAD II. 

4.4 LAD III 

LAD III is an adhesion defect caused by activation defects in multiple types of 

integrins without the integrins themselves being deficient and is the rarest in this 

family of disorders. It presents with recurrent infections, bleeding tendency, 

leucocytosis, hepato-splenomegaly, platelet aggregation deficiency, osteopetrosis 

and IL-17 overproduction362 . The cause of LAD III was initially attributed to 

RASGRP2 as mutations of this gene were found in most LAD III patients 363,364. 

Later studies however found that kindlin-3, one of the cytoplasmic integrin tail 

adaptors, is needed for integrin function. Mutation analysis of the gene encoding 

for kindlin-3 (FERMT3) revealed homozygous mutations in it in all LAD III 

patients. These analyses also revealed that all the patients who had the RASGRP2 

mutations also had FERMT3 nonsense mutations and that both of these were likely 

inherited together as the genes for both are located close to each other on the same 

arm of chromosome 11365,366. A study of a LAD III patient of Sudanese background 

with a novel kindlin 3 splicing mutation shows that differences in the mutations 

affecting kindlin 3 were responsible for differences in symptomatology between 

LAD III patients 367. Bleeding disorders and recurrent infections are common to all 

LAD III patients, whilst osteopetrosis is not present in all patients. 

An initial mouse model of LAD III was developed by creating a knockout of 

CalDAG-GEFI which recapitulated the loss of function of all three β integrins 

present in haematopoietic cells (β1, β2 and β3). Neutrophils failed to successfully 

adhere to activated venules, and their platelets were unable to form thrombus and 

therefore these mice experienced severe bleeding363. The CalDAG-GEFI knockout 

fails to activate Rap1-GTP.  

A second mouse model was generated by knocking out kindlin-3. These mice 

presented as entirely normal in heterozygosis but in homozygosis they presented 
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severe osteopetrosis, and severe bleeding which caused death within a week after 

birth368,369. The symptoms resembled LAD III but were so severe that most insights 

need to be obtained with the help of other mouse lines. Foetal liver cells from 

FERMT3-/- were transplanted into lethally irradiated wild-type mice to study the 

functionality of platelets. Platelets were found to be unable to aggregate properly 

and cause clot retraction370. 

Deficiency of kindlin-3 impacts the function of β1, β2 and β3 integrins though it 

has been shown that kindlin-3 expression levels of as low as 5% are able to maintain 

basal function of these integrins and prevent spontaneous bleeding368. The 5% 

expression level of kindlin-3 however is insufficient to prevent defects in infection 

response or platelet aggregation in stress conditions, with the impairments being 

less severe at higher levels of kindlin-3 expression371.  

 

4.5 Current treatments for LAD 

As mentioned above the only currently pharmacologically treatable LAD is LAD II 

with fucose supplementation being effective only as long as it is continued. LAD 

patients are symptomatically treated with broad-spectrum antibiotics350. 

Hematopoietic stem cell transplants from a healthy donor (bone marrow 

transplant) is the only permanent cure for all three variants of the disease as it 

replaces the defective cells with functional ones 351,372,373. The bleeding disorders of 

patients with LAD III are treated with recombinant factor VIIa, either leading up to 

a more permanent solution like the aforementioned transplant or as a lifelong 

treatment374,375. 
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5 Aims 

The research aims of this doctoral project were to comprehensively study the role 

of 2 integrin mechanotransduction and its effects on immune cell activation, 

polarization and metabolic reprogramming using an ITGB2 TTT/AAA KI mouse 

line. More specifically, the aims were to: 

• Study the role of 2 integrins in DC metabolic reprogramming and 

polarization in-vivo.   

• Identify signalling pathways driving β2 integrin-regulated DC maturation 

and applications for antitumour responses.  

• Study the role of 2 integrins in microglial polarization in-vivo.  

• Establish a novel method of assaying cell-cell adhesion forces of T-cells and 

correlating adhesive forces with cell activation state. 
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6 Materials and Methods 

Table 2. Methods I personally carried out either alone or in combination with other researchers from 
among those in the original publications comprising this thesis and where to find them. 

Method Publication where it can be found 

Murine sampling and bone marrow collection I, II, III 

BMDC culture I 

Preparation of cells for peritumoral injection I 

Translation rate analysis I, III 

ROS measurements I 

Flow cytometry I, III 

ELISA I 

qRT-PCR I 

Cell migration assay I 

Isolation of leukocytes from the CNS II 

Microglial isolation by MACS II 

Cylinder test paw usage II 

T-cell isolation by MACS III 

T-cell cluster formation III 

Statistical analyses I, II, III 
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7 Results and discussion 

7.1 Integrin signalling regulates immune cells 

7.1.1 Dendritic cells 

Through integrins, cells interact with their physical environment and respond to it 

accordingly. The Fagerholm research group has been using a mouse model which 

consists of a C57BL/6N with homozygous T759A, T760A, and T761A knock-in (KI) 

mutations in exon 16 of Itgb2, corresponding to the β2 integrin binding site for 

kindlin-3376. This mutation results in reduced binding of β2 integrins to ligands376. 

This allows us to study the effects of defective integrin signalling on leukocyte 

function. This mouse model presents no significant comorbidities beside an 

observable, but not pathologic splenomegaly. Homozygous wild-type Itgb2 (WT) 

mice of the same genetic background were used as controls. β2 integrins have been 

previously shown to regulate dendritic cell activation using this model377,378. KI DCs 

have been shown to express increased levels of T-cell co-stimulatory molecules 

CD40, CD80, CD86 and MHCII when compared to WT377. It has been established 

that the Itgb2 KI DCs promote a stronger TH1 response (Interferon ɣ) and a weaker 

TH2 response (IL-4, IL-5 and IL-13) than the respective WT cells when challenged 

with TH1 or TH2 response-eliciting factors (heat-killed Propionibacterium acnes 

for Th1/17 and schistosome soluble egg antigen for Th2)377. It has also been 

established that the Itgb2 KI DCs induce a stronger antitumor response in vivo378. 

Here we show that β2 integrins regulate DC metabolism through T759-761A 

mediated functions. Mass spectrometry of bone-marrow-derived dendritic cells 

(BMDCs) from these mice showed differences in metabolites between the WT and 

KI BMDCs (I, Figs. 1d, e). Chief among them were increases in arginine, proline, 

serine and glycine metabolism in KI BMDCs and a decrease in both ATP and ADP 

levels concomitant with an increase in phosphocreatine (I, Fig. 1e). Indeed, other 

experiments confirmed that the KI BMDCs present a supressed metabolic state 

mainly evidenced by the decreases in both oxidative phosphorylation and glycolysis 

which were measured both in terms of lower ECAR (Extracellular Acidification 

Rate) and OCR (Oxygen Consumption Rate). ECAR being a common proxy 

measurement of glycolysis as glycolytic byproducts are acidic and expelled from 

cells, similarly OCR is an indirect measurement of OXPHOS as respiration is the 



 
 

36 
 

main user of oxygen in animal cells379,380. Another indirect measurement of 

metabolic capacity in these cells was the lowered total protein translation as 

measured through puromycin incorporation (I, Fig. 2)381. 

The metabolic reprogramming was instilled at the level of transcription, with 

PfkI (phosphofructokinase-1), Pkm (Pyruvate kinase) and Glut1 (Glucose 

transporter protein type 1) being significantly under-expressed in KI vs WT BMDCs. 

PfkI being of specific note as it is the rate-limiting step in glycolysis. The 

functionality of the Glut1 transporter was found to be lowered in accordance with 

its lower expression (I, Fig 3). Furthermore, the OXPHOS-supressing iNOS was 

found to be increased at the mRNA level in KI BMDCs when performing qPCRs (I, 

Fig. 4c). A shift from a balanced metabolic profile with a preference for OXPHOS 

towards one where glycolysis is the preferred energy source has long been a marker 

of dendritic cell maturation382. In our studies however we found that the KI 

phenotype led to both a decrease in OXPHOS and glycolysis without impairing the 

co-stimulatory or migratory ability of the BMDCs (rather, these were increased). 

The β2-integrin dysfunction led to an overall reduction in metabolic activity and 

not a Warburg effect priming the cells for glycolysis. 

The pathways responsible for this metabolic shift were investigated starting with 

Akt and mTOR which were both found to be upregulated in KI BMDCs (I, Fig. 4a). 

The AMPK pathway is known to oppose mTOR and respond to energy stress such 

that cell proliferation is curtailed 383,384. The AMPK pathway was found to be slightly 

downregulated in KI cells (I, Fig. 4b), which agrees with the increase seen in mTOR. 

It was found that despite this, mTOR was not responsible for the differences in 

metabolism between WT and KI as treatment of KI cells with rapamycin (inhibitor 

of mTOR) did not only not revert their metabolic phenotype but further reduced 

their overall metabolic rate as seen by decreases in ECAR and OCR (I, Fig. 4d-7, Fig. 

S1d). 

As had been previously established385–387, the Ikaros transcription factor plays a 

major role in DC function and development and RNA-seq revealed 64 genes 

repressed by Ikaros also to be downregulated in KI BMDCs (I, Fig. 5a). These genes 

mostly belong to glycolytic processes, cytokine production and cell migration. 

Indeed, treatment of KI BMDCs with the Ikaros inhibitor lenalidomide increased 

the overall metabolism of KI cells as seen in the increases in ECAR and OCR (I, Fig. 

5c-e) thus partially reversing the metabolic profile of KI cells. Significantly however, 

Ikaros was not responsible for all the metabolic differences between WT and KI 

BMDCs as the differences in Glut1 and glucose-uptake seen in KI cells did not revert 

to those seen in WT (I, Fig. 3b-c) after treatment with lenalidomide (I, Fig. S1g-h). 

From these findings we understand that Ikaros is one of the transcription factors 

downstream of β2 integrin signalling and partially responsible for the metabolic 

reprogramming seen in KI cells but is not the only one responsible. 
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7.1.2 Metabolic state regulates DC functionality 

Since the exact link between the integrin signalling and metabolic shift was not 

completely clear as KI BMDCs didn’t increase their Glut1 expression to WT levels 

after Ikaros was inhibited, we endeavoured to explore this glucose uptake difference 

between phenotypes by inhibiting the first steps of glycolysis through the use of the 

hexokinase inhibitor 2DG (2-deoxy-D-glucose). Previous research has shown that 

impairing glycolysis in dendritic cells (and macrophages) with a glycolysis-blocking 

concentration of 10 mM 2DG stunts their activation after being challenged by LPS. 

Dendritic cells under such conditions fail to upregulate the production of 

costimulatory CD40, CD80 and CD86388. 

We observed the effects on activation markers at different concentrations of 

2DG to establish if the KI phenotypical differences in activation markers were dose-

dependent on glycolytic activity. Surprisingly, we found that the lowest 

concentration used produced the greatest effect. An overnight treatment of WT 

BMDCs with 2.5 mM 2DG increased CCR7 and IL-12 expression at the mRNA and 

protein levels (I, Fig. 6a-c) while the higher,11.1 mM389, concentration had no such 

effect. This result revealed that it was not complete glycolysis blocking that caused 

these effects but instead it was the starvation-like effect of partial inhibition. This is 

in accordance with published research which shows that fasting is capable of 

activating phagocytic cells to render them better antigen-presenting cells321–323.  

In previous studies by the Fagerholm group, it was established that KI BMDCs 

express more dendritic cell activation markers even in the absence of antigenic 

stimuli378,390. The markers assayed were CD40, CD80, CD86, CCR7 and MHCII as 

well as the production of IL-12. Interestingly, CCR7 and IL-12 were also found to 

increase in WT BMDCs after overnight treatment with low-level 2DG (2.5 mM), 

with the levels of these markers in the WT BMDCs thus treated being similar to the 

KI cells (I, Fig. 6).  

Beside these markers, functional assays confirmed that the BMDCs treated with 

low doses of 2DG were more migratory and were more efficient at stimulating CD4 

T-cell proliferation (I, Fig. 6 d,f) in-vitro. As had been previously shown378, BMDCs 

expressing a mature migratory and co-stimulatory phenotype (KI BMDCs in that 

case) are able to curtail the growth of B16-OVA and B16-F10 melanomas in mice 

when BMDCs were injected peritoumorally. In this study, after having found that 

2.5 mM 2DG overnight (o/n) was able to stimulate WT BMDCs in a manner making 

them similar to the previously established KI BMDCS, we investigated these cells in 

a DC immunotherapy approach. The effectiveness of WT BMDCs treated with 2DG 

as antitumour agents exceeded those seen with the non-treated WT  BMDCs as B16-

OVA tumour growth was slowed in all BMDC treatment groups but in three of the 

2DG WT BMDC the tumour became undetectable (I, Fig. 7 a-d). Immune cell 

infiltration of the tumour sites was assayed via flow cytometry and overall, 2.5 mM 

2DG BMDC-treated tumours had higher infiltration by CD45+ leukocytes. The 
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levels of CD44 T-Cell memory markers in the tumours was similarly raised. 

Additionally, the levels of activated CD4+ and CD8+ T-Cells were both increased in 

the tumours treated with 2.5 mM 2DG BMDCs, confirming that the antitumoral 

activity observed was due to a complex immune response being successfully 

triggered (I, Fig. 7 e). 

7.1.3 Microglia 

Having established these differences between BMDCs with and without 

functional β2 integrins, the potential differences between microglia cells in these 

two mice was established by studying the differences between Itgb2 KI and WT mice 

when challenged with a pro-inflammatory injury to the brain. We settled on 

inducing a haemorrhagic stroke on their right striatum according to the standard 

haemorrhagic stroke protocol391. As expected, both WT and KI mice showed a 

decrease in their immediate well-being as assayed by loss of weight 1-3 days 

following the stroke (II, Fig. 1a). The functional impairment however differed 

between WT and KI mice at 24h as assayed by the use of left paw (impaired by the 

motor-governing right striatum) in a cylinder test. Significant left paw motor 

impediment was observed in WT mice with only ~20% left-paw use, while there was 

virtually no impediment in KI mice with ~50% left paw usage (II, Fig. 1b) 

The study of pro-inflammatory cytokine expression in right striatum RNA 

extracts 3 days post-stroke showed a significant reduction in TNFα, IL-6 and IL-10 

in KI mice compared to the WT controls (II, Fig. 2a-c). Flow cytometry of microglia 

cells extracted from healthy WT and KI mice showed no difference in the percentage 

of total brain leukocytes that are microglia cells (II, Fig. 3a) but show that the KI 

microglia express significantly lower levels of pro-inflammatory and co-stimulatory 

markers MHCII, CD86 and CD16/32 (II, Fig. 3b-d). 

In-vitro studies on microglia cultures sourced from healthy un-treated WT or KI 

murine brains corroborated that there is indeed a difference in response between 

microglia cells of these two genotypes. LPS stimulation increased the expression of 

TNF-α of both WT and KI microglial cells, but the KI cells consistently expressed 

lower levels of TNF-α when stimulated (II, Fig. 4). There is extensive literature 

showing that β2 integrin antibody blockage or integrin absence leads to 

neuroprotective outcomes after both haemorrhagic and ischaemic brain injury392–

397. Here we showed that these neuroprotective effects of β2-integrin impairment 

are related to altered microglial polarization towards an “M2” phenotype which 

exogenous activation was found to be neuroprotective398. 

 



 
 

39 
 

7.2 A new dimension of integrin functional studies 

When studying the effects of integrin mechanosignalling, existing studies have been 

limited to investigating either cell-surface interactions in different formats or cell-

cell interactions399. This has proven somewhat limiting as in-vivo all interactions 

occur in three dimensions. Many cell-cell interactions such as T-cell aggregation at 

the early steps of their activation need to be maintained that their biological 

purpose can be fulfilled400,401. In the case of T-cells, their close interaction with each 

other allows them to share IL-2402 ,and the sharing thereof is required to form an 

effective immune response. To address the unmet need for an assay method that 

would allow for force-measurement of multicellular clusters in a way that would 

allow complex heterogeneous cell clusters to be analysed, we developed a mesoscale 

(ø 30–120 µm) force-measuring system and validated it with readily obtainable cell 

clusters, T-cells in the early stages of post-TCR activation. These cell clusters were 

chosen as their internal adhesion relies on integrins, namely αLβ2 and disruption 

thereof results in impaired T-cell activation403–405. 

CD4+ T-cells were isolated from mouse spleens, and their clustering was 

induced by anti-CD3 activating antibodies or PMA and Ionomycin to obtain T-cell 

clusters of a regular size (III, Fig. 1a-b). The calmodulin inhibitor W-7 was added to 

the PMA + Ionomycin activated T-cells to study its effect on cytoskeletal 

rearrangements. All three treatment groups showed similar T-cell activation with 

the early activation marker CD69 reaching its peak expression at 5h post-induction 

while CD25, a late activation marker, was highest at the longest timepoint assayed 

of 24h post-induction (III, Fig. 1c,d). 

These clusters of T-cells obtained with different activation methods and 

ostensibly the same activation state as measured by activation marker flow 

cytometry readouts were then used in a novel force-measuring assay recently 

developed for the potential assay of cells or small organisms406,407. This assay 

consists of a pair of glass micropipettes connected to a suction system, with one 

being stationary and one connected to a linear motor. The motorized pipette is 

straight and used to impart tension on the system, the stationary pipette is L-shaped 

and has been force-calibrated such that it is know what forces upon it cause what 

levels of deflection. These two pipettes are set up in front of a microscope such that 

the micropipettes sit in a chamber that holds cell cluster suspensions (III, Fig. 2a).  

The cell clusters, once placed between both pipettes in the assay chamber, were 

approximated to a homogeneous cylinder which extends and thins as tension is 

applied to it (III, Figs. 2,3). From the deflection of the L-pipette and the 

measurements of the radius and length of the cell cluster cylinder, the stress and 

strain of the system can be obtained. Stress in this context referring to the physical 

quantity that describes the force present during deformation while strain is the 

relative deformation an object experiences under stress. Their relation is often 

expressed as the stress/strain ratio, also known as Young’s modulus. A higher 
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Young’s modulus describing a stiffer material which is less easily deformed.  

Repeated measurements showed that two consistent measurements could be 

gleamed from the stress/strain curve, the main one being the Young’s modulus of 

the initial linear elastic deformation of the cluster and the second being the ultimate 

tensile strength of the cluster before cell-cell bonds start to fail in sequence and the 

ultimate rupture of the cluster occurs (III, Fig. 2b,c). The consistency of the 

mechanical readouts at different times post-induction and the fact the measures are 

intrinsic to the cell clusters themselves and do not vary with time can be seen in III 

Figure 4. Similarly, the Young’s modulus and ultimate tensile strength of the T-cell 

clusters were measurements that were repeatable over different experimental days, 

a true intrinsic property of the type of cluster being studied (III, Fig. 5). 

To assess if the measurements we were obtaining related directly to the 

activation and signalling of integrins (mainly αLβ2 in case of T-cells122,124,125) an 

attempt to prime the integrins through pre-stretching of the clusters before pulling 

on them with the pipettes was carried out. This was to stimulate the known catch-

bond properties of integrins and yield stronger integrin binding408. However, it was 

found that the clusters became softer after pre-stretching (III, Fig. 6). There was 

also no difference in terms of Young’s modulus or ultimate tensile strength between 

WT and KI CD4 T-cells activated with PMA + Ionomycin (III, Fig. S1). The lack of a 

difference in the stiffness of these cells after attempted integrin catch-bond 

mechanical priming between KI and WT point to these measurements being 

independent of kindlin-mediated integrin activation and signalling. 

Finally, the Young’s modulus of the T-cell clusters was higher in T-cells activated 

with PMA + Ionomycin when these had also been treated with W-7 than when they 

had not (III, Fig. 7a). The gentler 409 activation with anti-CD3 yielded the softest T-

cell clusters (III, Fig. 7b). In all of the above cases, the ultimate tensile strength was 

not noticeably different between the different treatment groups. Similarly, there 

was no significant difference in the protein translation of these cells with or without 

the W-7 (III, Fig. S2). The increase in stiffness observed may be caused by the effects 

calmodulin usually has upon caldesmon, the latter being a cross-linker of myosin II 

and actin-tropomyosin filaments410. By this method, W-7 might prevent the 

inhibition of caldesmon and lead to higher than usual cross-linking of the 

cytoskeletal stress fibres410, rendering the T-Cell clusters stiffer.  

We therefore proved that we can reliably measure the stiffness of T-cell clusters 

and that such stiffness is different depending on activation regiment. When putting 

this together with recent mechanobiological studies in which the stiffness of T-cells 

over time was linked to different levels of T-cell activation411 we can see how we can 

employ this method to study the efficiency of T-cell activation methods. 

With this new method, the door opens to studying the immunomodulatory 

effects of antigen presentation between DCs and T-cells in different adhesion 

strength contexts. For example, such studies might reveal how alterations to 
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integrins such as the lack of proper Itgb2 expression in LAD I leads to TH-17 

responses and if other adhesion-force interventions might result in in similar TH-

17 responses. 
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8 Conclusions and future perspectives 

The finding that low dose 2DG could elicit a profound metabolic reprogramming in 

BMDCs similar to that seen in KI mice which replicates the findings of other412,413. 

Metabolic reprogramming is not simply downstream of DC activation. Metabolic 

reprogramming is inducible by DC maturation and DC maturation is itself inducible 

by metabolic reprogramming.  

The finding that metabolically reprogrammed BMDCs have superior 

antitumoral activity in-vivo opens a possible avenue for the creation of antigen-

agnostic cancer vaccines. This being the holy-grail of cancer vaccines as the existing 

dendritic-cell cancer vaccines suffer from poorly-antigenic antigen choice or from 

experimental selection-bias when tumour lysates are used to load antigens onto 

dendritic cells prior to injection into the patient414–417. Another issue with existing 

DC vaccines is the fact they migrate poorly, with some studies showing that less 

than 5% of injected cells make it to a draining lymph node418.  Our research into 

metabolically reprogrammed dendritic cells found them to be more migratory and 

express more CCR7, showing improved homing to lymph nodes.  

Research aiming to translate these findings in human DCs has already started in 

our research group and we expect others are also following the same path if recent 

publications are any indication. Niveau et. al. having published in the last months 

that modulation of mTOR pathways in melanoma patients successfully 

reprogrammed their dendritic cells away from a tumour-quiescent reliance on 

OXPHOS and onto an antitumoral reliance on glycolytic metabolism419. Zhou et. al. 

which published a month after them that a lysosomal permeant dendritic cell 

vaccine adjuvant had its adjuvant effect by reprogramming (even in the absence of 

antigens) dendritic cells to a more glycolytic and immunologically mature 

phenotype420. Our experiments however saw an increase in both mTORC1 and 2 

activities (mammalian target of rapamycin complex 1 and 2). mTOR1 is known to 

cause a Warburg-like metabolic shift but the metabolic effects of mTORC2 are less 

well known due to the lack of mTORC2-specific antagonists. The lack of mTOR 

subtype-specific inhibitors and need to use the pan-inhibitor rapamycin might 

explain why the effects we saw that rapamycin caused a further decrease in ECAR 

and OCR in KI BMDCs. Some data about the effects of mTORC2 inhibition can be 

gleamed however from genetic models deficient in Rictor as it is a major component 

of mTORC2. The mouse Rictor-/- knockout model has been found to have increased 
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both glycolysis and OXPHOS in their DCs421. If this effect is symmetric, it could be 

responsible for the decrease in both glycolysis and OXPHOS we see simultaneously 

in our KI DCs and 2DG WT DCs. It has been reported that ILK can mediate the 

phosphorylation of AKT directly, skipping the need for mTORC2422. This would link 

integrin activation to mTORC2 activity; however the opposite would also be 

possible as PIP3 is known to activate both mTORC2 and kindlin-3. As both of these 

PIP3-binding proteins exist in the membrane-proximal space, the lack of kindlin-3 

presence following the mutation preventing interaction with β2 integrin might 

cause what PIP3 exists to activate mTORC2 instead. There is evidence that 2DG can 

cause AKT phosphorylation through IGF1R423,424. These indications however are 

hard to rely on as other groups report either no effect on p-AKT following 2DG 

treatment or even a decrease314,425,426. Overall, it seems that the effects of mTOR 

modulation are mixed or tissue-dependent so more studies with the same cell types 

and comparable methodologies are needed to elucidate these pathways313.  

In our research we found the Ikaros transcription factor overexpressed in KI DCs 

and there was a significant increase in mRNA transcripts of Ikaros’s targets and 

concomitant decrease in the transcripts inhibited by it. It is known that one such 

gene inhibited by Ikaros is Ship1, the protein it encodes being responsible for the 

degradation of PIP3427. Degradation of PIP3 preventing the membrane interaction 

of p-AKT and leading to effects similar to those seen with prevention of AKT 

phosphorylation427. Some of these metabolic effects of Ikaros are seen in cells 

lacking it which upon restitution of Ikaros function proceed to decrease protein 

levels of Glut1, Hk2 and Pfkl among others428–430. Ikaros however is known to 

regulate many genes which could both increase and decrease cell metabolism, more 

study with specific gene silencing will be needed to elucidate which of the many 

genes regulated by Ikaros is responsible for the effects seen in our KI cells431. 

The pathway(s) responsible for the supressed metabolism in our KI DCs and 

2DG WT cells has not been conclusively identified. However, there are some 

potential pathways such as mTORC2 as described above which require further 

study. Another interesting avenue of study is on the potential post-translational 

modifications blocked by low doses of 2DG such as N-glycosylation. The antigen-

agnostic maturation of the experimental BMDCs stands in contrast with the 

previous established knowledge that APCs require undergoing a Warburg-like 

metabolic reprogramming. Future research must endeavour to find out if this effect 

is unique to the BMDC cell types we used in our research or if it is a behaviour that 

exists in other APCs and has hitherto remained undiscovered. 

Research published by Jiang et. al. after the microglia paper has independently 

corroborated that β2 integrin dysfunction (full knock-out and antibody blockade in 

their case432) leads to neuroprotective outcomes through microglial polarization. As 

we had previously established that β2 integrins regulate metabolism and it in turn 

regulates immune function in another APC; we wondered if a similar mechanism 
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might be at play in microglia cells. Other research groups have established that for 

microglia even very low doses (1 mM) of 2DG are able to significantly push them 

away from pro-inflammatory responses to LPS or haemorrhagic stroke17,425,433–436. 

Furthermore, and linking to the aforementioned effects of organism-wide fasting 

signals, it was found that ketogenic diets lead to neuroprotective results in brain 

injury with reduced inflammation and lessened cognitive impairment as a 

result21,437,438. At the same time there has been research showing that metformin, 

which was initially developed to treat type-II diabetes, effectively metabolically 

reprograms microglia cells which itself is a causative factor in the neuroprotective 

effects seen in patients and laboratory animals after stroke317,439,440.  Both due to the 

similar antigen-presenting roles of dendritic cells and microglia as well as their 

observed metabolic reprogramming after β2 integrin impairment, it is possible 

therefore that the mechanisms at play are common to microglia and dendritic cells. 

Future studies will reveal if there is a difference in metabolic state between KI and 

WT microglia, with the less OXPHOS-dependent cells relying on glycolysis 

correlating with lessened inflammation and neuroprotection. 

In the field of mechanobiology, the assay of T-cell clusters with the micropipette 

force sensor proved its accuracy and precision as results from different cells were 

consistently alike within each group while different from each other. In the future 

we plan to use this method to study the stiffness of DC and T-cell co-culture cell 

clusters to correlate their biomechanical properties with more traditional marker-

based antigen-presentation efficiency after metabolic reprogramming. We expect 

other research groups to also find it a useful method which should unseat the 

probe+static surface methods that had until now been competing for 

standardization in mechanobiological studies of single cells or mesoscale 

clusters399. An example of the unmet need for new mechanical force assays can be 

seen in Fritzche and Kruse’s perspectives article from 2024 where they go over the 

role of adhesion force in early TCR activation and resulting immunological 

outcomes and lament at the fact there existed no assay to adequately measure 

adhesion force in contexts such as these441.
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Supplementary Fig 1. a) CCR7 and CD80 expression in WT and β2-integrin KI BM-DCs were measured by flow 
cytometry. Representative histograms are shown. b) Parameters of mitochondrial respiration in WT and β2-
integrin KI BM-DCs were calculated based on OCR shown in Fig 2b (n=4). c) ATP and ADP concentrations in 
WT and β2-integrin KI BM-DCs were measured as described in Materials and Methods (n=3). d) Parameters 
of mitochondrial respiration in KI and rapamycin-treated KI BM-DCs were calculated based on OCR shown in 
Fig 4e (n=4). e) Extracellular acidification rate (ECAR) and oxygen consumption rate (OCR) of WT and 
lenalidomide-treated WT BM-DCs were measured real time by utilizing Seahorse Extracellular Analyser and 
Mito Stress Test Kit (n=4).  f) Parameters of mitochondrial respiration in NT and lenalidomide-treated β2-
integrin KI cells were calculated based on OCR shown in Fig 5d (n=3). g) Glut1 expression in NT and 
lenalidomide-treated β2-integrin KI cells was assessed by Western blotting (n=3). h) Glucose uptake in NT 
WT, lenalidomide-treated WT, NT β2-integrin KI and lenalidomide-treated β2-integrin KI cells was assessed 
by a glucose uptake kit, as described in Materials and Methods (n=3). P-values are shown as <0.05 *, <0.01 
**, <0.005 ***. 
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Supplementary Fig 2. a) Effect of various concentrations of 2DG on CCR7 expression and IL-12 production in 
WT BM-DCs was measured by flow cytometry and ELISA, respectively (n=3). b) Effect of 2,5mM 2DG on 
expression of CD40, CD80, CD86 and MHCII in WT BM-DCs was assessed by flow cytometry (n=3). c) Effect of 
2,5 mM 2DG on expression of CCR7 and IL-12 production in β2-integrin KI cells was assessed by flow 
cytometry (n=3) and ELISA (n=11), respectively. ELISA data is pooled from four independent experiments. d) 
Effect of 2,5 mM 2DG on CCR7 expression of WT and β2-integrin KI cells was assessed by flow cytometry 
(n=3). P-values are shown as <0.05 *, <0.01 **, <0.005 ***, <0.0001 ****. 
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Supplementary Fig 3. a) Effect of 2,5mM 2DG on expression of CCR7 in NT WT and LPS-treated WT BM-DCs 
was assessed by flow cytometry (n=3). b-c) Effect of 2,5 mM 2DG on CCR7 expression in Flt3L-induced BM-
DCs was assessed by flow cytometry (n=3). Gating strategy is shown in b with gate 4 representing 
plasmacytoid DCs (pDCs), gate 7 conventional DCs type 2 (cDC2s) and gate 8 conventional DCs type 1 
(cDC1s). Representative histograms and bar graphs for each cell population is shown in c. d) Effect of 
2,5mM 2DG on CCR7 expression in the human DC cell line CAL-1 was assessed by flow cytometry (n=1). P-
values are shown as <0.05 *, <0.01 **, <0.005 ***, <0.0001 ****. 

 



4 
 

 

Supplementary Fig 4. a) Effect of glucose and glutamine deprivation and also the effect of various 
concentrations of glucose on CCR7 expression and IL-12 production in WT BM-DCs was measured by flow 
cytometry and ELISA, respectively (n=3). b) Effect of varying concentrations of rotenone on IL-12 production 
was assessed by ELISA (n=3). c) Effect of varying concentrations of benserazide on CCR7 expression and IL-12 
production in WT BM-DCs was assessed by flow cytometry (n=3) and ELISA (n=3-9), respectively. d) Viability 
of WT and 2.5mM 2DG-treated WT BM-DCs was assessed by Countess Automated Cell Counter (Invitrogen) 
(n=3). e) Proportion and number of CD45+ cells in tumors were determined flow cytometrically (n=5-7).  P-
values are shown as <0.05 *, <0.01 **. 
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T-cells are a crucial subset of white blood cells that play a central role in
the immune system. When T-cells bind antigens, it leads to cell activation
and the induction of an immune response. If T-cells are activated by
antigens in vivo or artificially in vitro, they form multicellular aggregates.
The mechanical properties of such clusters provide valuable information on
different T-cell activation pathways. Furthermore, the aggregate mechanics
capture how T-cells are affected by mechanical forces and interact within
larger conglomerates, such as lymph nodes and tumours. However, an
understanding of collective T-cell adhesion and mechanics following
cell activation is currently lacking. Probing the mechanics of fragile
and microscopically small living samples is experimentally challenging.
Here, the micropipette force sensor technique was used to stretch T-cell
aggregates and directly measure their Young’s modulus and ultimate
tensile strength. A mechanistic model was developed to correlate how
the stiffness of the mesoscale multicellular aggregate emerges from the
mechanical response of the individual microscopic cells within the cluster.
We show how the aggregate elasticity is affected by different activators
and relate this to different activation pathways in the cells. Our soft
matter mechanics study of multicellular T-cell aggregates contributes to our
understanding of the biology behind immune cell activation.

1. Introduction
Cells are the fundamental building blocks of life. In multicellular organisms,
individual cells work collectively to maintain the structural and functional
integrity of tissues and organs. To study these multicellular living materials
with the rigour of biological physics and mathematics, multicellular aggre-
gates have been proposed as the ideal model system [1]. Decoding how cells
behave and interact in an aggregate is key to understanding diverse biological
processes, from tissue regeneration [2] and morphogenesis [3], to immune
responses [4] and the progression of diseases like cancer [5].

Microscale force probes, such as atomic force microscopy, optical tweez-
ers and micropipette-based techniques, have been widely used to measure
the mechanical properties of single cells [6–13] as well as their adhesion to
surfaces or other cells [14–23]. In addition, non-direct force measurements
have been performed using, for example, the centrifugation assay, spinning
disc and flow chamber, to probe the adhesion force of populations of single
cells [24]. However, probing the biomechanics and dynamics of multicellular
aggregates is challenging due to the mesoscale length scale of the system.
This has led to the development of several new force probes and experi-
mental approaches. For example, Foty et al. used a parallel plate compres-
sion apparatus to probe the interfacial tension of liver cell aggregates [25].
This approach was later adapted by several others [26,27]. Kalantarian et
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al. used centrifugation to measure the surface tension of aggregates [28]. Ryan et al. probed the spreading rates of fibroblast
cell aggregates to probe their cell–cell cohesion [29] and the group of Brochard–Wyart has further studied the spreading and
flow of cellular aggregates [30–32]. In the same group, Guevorkian et al. also developed the micropipette aspiration technique to
directly measure the viscoelastic mechanical properties of cancer cell aggregates [33] as well as the mechanosensitive ‘shivering’
of the aggregates under controlled aspiration [34]. Furthermore, Gonzalez-Rodriguez et al. measured the detachment and
fracture of cellular aggregates using a force-calibrated glass slide as a cantilever [35]. As a final example, Lyu et al. have used a
soft resistive force-sensing diaphragm to probe the tiny contractile force of cardiac organoids [36]. In general, experimental soft
matter physics has been instrumental in forming a new understanding of these living multicellular materials.

From a soft matter mechanics perspective, T-cells are a particularly interesting cell type. These highly specialized, microscop-
ically small immune cells are crucial in the adaptive response of the immune system of mammals [37]. T-cells originate in the
bone marrow and migrate to the thymus for further development and maturation. The mature T-cells circulate in the blood
stream, encounter antigens in lymph nodes, become activated and finally migrate to peripheral tissues to participate in the
intricate functions of the whole immune system. Their main task is to recognize and destroy foreign invaders such as bacteria
and viruses. They do this by recognizing and binding to a specific structure called an antigen on, for example, bacteria. Seminal
biophysical studies have shown interesting mechanisms of how T-cells use mechanical forces in their immunological response
[38,39].

Upon encountering a specific antigen, T-cells undergo activation and clonal expansion, that is, a rapid division to produce
many identical cells that can respond to the same antigen [37]. To study the biology of T-cell activation, the activation process
can be mimicked in an antigen-agnostic manner. This means that the T-cells are activated in a way that does not depend
on recognizing a specific antigen but still triggers their activation and expansion. Such artificial activation can be done using
chemicals such as phorbol myristate acetate (PMA) and ionomycin [40], or anti-CD3 antibodies [4,22]. These different activators
work through distinct mechanisms (figure 1a). Anti-CD3 binds directly to the T-cell receptor (TCR), mimicking antigen binding
and triggering a signalling cascade that results in T-cell activation. PMA and ionomycin stimulate elements of the intracellular
signalling pathway that follow antigen recognition. Another important compound for the T-cell activation pathway is the
inhibitor W-7, which inhibits the function of calmodulin (Ca2+-binding protein) in cells [41].

When T-cells are activated, this leads to integrin activation and T-cell clustering into large aggregates of many cells (figure
1b). These aggregates are biologically important, as they allow the cells to efficiently share important soluble factors (interleu-
kin-2) that allow for cell proliferation [42]. Integrins play a vital role in the immune cell function, particularly in T-cell adhesion,
mediated by interactions with intercellular adhesion molecules (ICAMs) [21]. Atomic force microscopy studies have revealed
time-dependent adhesion strengthening, with unbinding forces increasing from 140 to 580 pN over short time scales [21] as
well as the effect of force generation on T-cell activation [43]. Advances in optical tweezers have provided further insights into
integrin mechanics, enabling the quantification of cell–cell bond rupture forces [22].

These biophysical approaches collectively enhance our understanding of integrin function at molecular and cellular levels.
However, an understanding of collective T-cell adhesion and mechanical forces in cell aggregates following cell activation is
currently completely lacking. Such information is crucial because immune cells often interact within larger conglomerates,
such as lymph nodes and tumours, and mechanical forces between cells are emerging as important regulators of immune cell
programming, behaviour and function [44].

Here, we have used a soft matter mechanics approach to take a first step towards understanding the biology of T-cell
interactions in mesoscale multicellular aggregates. In our experiments, we have activated mouse primary T-cells to study how
the different activation pathways affect the resulting immune cell activity and multicellular aggregate properties. By using
the micropipette force sensor (MFS) technique, we have directly measured the mechanical properties of the in vitro activated
immune cell aggregates through stretching. To correlate the emergent macroscopic mechanical response of the multicellular
system with the microscopic cell elasticity, we have developed a new mechanistic model. We have explored the effects of
various factors, such as post-induction time, aggregate volume and pre-stretching, on the T-cell aggregate. Finally, we evaluated
the influence of specific activators, including W-7 (a calmodulin antagonist) and anti-CD3, on aggregate stiffness. Our results
showcase the importance of a multidisciplinary approach in the study of biological systems.

2. Methods
In this section, we concisely describe our experimental approach. For all technical details on methodology and materials, refer to
§6 at the end of the article.

2.1. In vitro induced T-cell aggregation
To study the cohesion and mechanics of immune cell aggregates, primary T-cells were isolated from mice and activated using
PMA and ionomycin, or by only anti-CD3. When the calmodulin inhibitor W-7 was used, it was added 30 min before the
addition of PMA and ionomycin. These chemicals trigger intracellular signalling events that activate integrins, making the
T-cells highly adhesive and causing them to aggregate into clusters (figure 1b). As shown in figure 1c,d, these treatments
induce T-cell activation, as evidenced by increased CD69 expression at 5 h and CD25 expression after overnight incubation
[45]. Of these in vitro activators, anti-CD3 most closely mimics the biological activation of T-cells, initiating intracellular
signalling within the T-cell. PMA and ionomycin mimic these signalling effects by artificially activating the same pathways as
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T-cell receptor activation [46]. W-7, a calmodulin antagonist, further modulates T-cell signalling and introduces an additional
regulatory dimension to PMA+ionomycin-induced activation [47,48].

2.2. Stretching of T-cell aggregates
The MFS technique [49] was used to stretch the T-cell aggregates and measure their mechanical properties (figure 2). In this
technique, the deflection x of a glass micropipette is used to measure and apply a force F = kpx, where kp is the spring constant
of the cantilever, determined through calibration. The MFS technique has been extensively used to probe the biomechanical
properties of single cells [8,9], including T-cells [39], as well as microbial flocs [50,51] and whole organisms [52,53].

The buffer solution containing T-cells was carefully injected between two glass slides, which were mounted in a custom-
made holder on an inverted microscope. Two micropipettes were required for the stretching experiments: one straight hold-
ing micropipette mounted on a linear motor and one L-shaped, force-calibrated MFS mounted at a 90° angle on a manual
xyz-micromanipulator (figure 2a). These micropipettes were moved into the chamber, ensuring that the entire lengths of the
cantilevers were immersed in the buffer solution. Both micropipettes were used to hold on to an aggregate with gentle suction
using syringes. To stretch the aggregate, the straight micropipette was moved to the left at a constant speed of v = 20 µm s−1

using a linear motor (figure 2b). This movement caused a deflection in the L-shaped micropipette, which applied an increasing
force onto the aggregate, leading to its stretching.

3. Models
3.1. Mechanical properties
The T-cell aggregate was modelled as a cylinder with an initial radius R0 and length L0 (figure 2b). When stretched using MFS,
the aggregate is under a stress σ = F /πR0

2 = kpx/πR0
2 and strain ε = ΔL/L0, where ΔL = xS − x = vt − x is the change in length of

the aggregate. We have, in other words, used the engineering stress instead of the true stress to determine the mechanical
properties. The same choice of definition was used in the cell aggregate stretching work of Gonzalez-Rodriguez et al. [35],
allowing for direct comparisons between our findings. The Young’s modulus is defined as E = σ/ε for small deformations within
the elastic regime [54]. This corresponds to the slope of the initial, linear regime in the standard stress–strain graph, illustrated
with an example of our experimental data in figure 2c. As the aggregate is stretched further, the system transitions into the
plastic regime, where material deformations become irreversible. From the stress–strain graph, the ultimate tensile strengthσUTS was determined (figure 2c), which is an important measure of the mechanical properties of the aggregate, representing the
maximum stress the material can sustain before breaking.

Figure 1. In vitro activation of T-cells. (a) Overview of in vitro activators: anti-CD3 binds the T-cell receptors (TCRs) and triggers the downstream activation signalling.
PMA and ionomycin together mimic part of this signalling cascade. W-7, a calmodulin inhibitor, interferes with some effects of calcium influx into T-cells. T-cell
activation leads to integrin activation, integrin binding to intercellular adhesion molecules (ICAMs), and cellular aggregation. It also induces various other cellular
changes, including the expression of T-cell activation markers (not shown). (b) Optical microscopy images of T-cell aggregates (held by two micropipettes) following
activation with PMA and ionomycin (PMA+I, left); PMA, ionomycin, and W-7 (PMA+I + W-7, middle); and anti-CD3 (right). Scale bar 50 μm. (c) Expression levels
of the early T-cell activation marker CD69 after stimulation with PMA+ionomycin, PMA+ionomycin + W-7, or anti-CD3 at 5 h post-induction or overnight (o/n).
Presented as mean fluorescence intensity (MFI) as measured using a flow cytometer. (d) Expression levels of the late T-cell activation marker CD25 under the same
conditions. The stars in (c)–(d) indicate statistical significance of Welch’s t‐test of the mean of a pair of groups with **p < 0.01, ***p < 0.001, ****p < 0.0001.
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3.2. Mechanistic model
Various theoretical models, such as the geometry-based vertex model and lattice-based cellular Potts model [1], exist for
describing a multicellular system. Most of these focus on epithelial morphology, topology, dynamics and mechanics in two
dimensions [3,55–57]. A limited focus has been on modelling three-dimensional systems [57–62]. In our case, an advantage of
a vertex model over the cellular Potts model would be that it allows for the treatment of the elastic response of a multicellular
system under external loading [1]. However, the vertex-based model is not suitable for describing T-cell aggregates, where the
randomly organized small cells do not deform into polyhedral shapes as required in a three-dimensional vertex geometry. To
bridge the gap between individual cellular mechanical response and the emergent macroscopic mechanical properties (defined
in §3.1), a new scaling law-based mechanistic model was developed (figure 3). A T-cell aggregate was assumed to consists of
randomly arranged cells adhered to each other. The mechanical response of the cell (radius rc) was modelled with an elastic
spring with a stiffness of kc. This effective cell stiffness includes the stiffness of the cell–cell adhesion bonds coupled with that
of the cell itself, where we assume that the stiffness stems from the elastic cortical shell of the cell. The deformations of these
springs contribute to the emergent mechanical response of the aggregate.

The force is applied in the x-direction, causing a mechanical response of the cells mostly along this axis. In response,
each spring extends by Δlc, forming a force chain in the aggregate, where neighbouring cells along the x-axis create a series
connection of springs (figure 3b,c). For one such series connection along the entire aggregate length, the number of springs isnx ∼ L0/2rc. To stretch one such series-connected chain of springs, a force of Fseries = kcΔlc would be required [63]. The change in
length of an entire chain upon stretching is the same as the change of length of the entire aggregate: ΔL ∼ nxΔlc ∼ L0/2rc Δlc.

The total number of series-connected chains within the cylindrical cross-sectional area (A = πR0
2) of the aggregate isnA ∼ R0

2/rc
2. These chains of springs respond in parallel when the entire aggregate is stretched (figure 3c), requiring a total

force of F = nAFseries, according to the conventional rules of stretching parallel connected springs [64]. This gives an expression
for the total force needed to stretch the aggregate: F = kcΔlcR0

2/rc
2.

Adding all of this together, the Young’s modulus can thus be written as

(3.1)E = σε = FA L0
ΔL ∼ kcrc

.

This equation links the emergent mechanical response of the entire multicellular aggregate to the stiffness of the individual
cells and their internal bonds. It shows that the elasticity of the aggregate scales linearly with the elasticity of the cells. This
finding is critical for understanding the relationship between T-cell activation levels and aggregate mechanics, as higher T-cell
activation can be hypothesized to create stronger adhesion within the aggregate as well as affect the cell stiffness. It is important
to note that this mechanistic model is only valid in the initial elastic regime and cannot be extrapolated to the later stages of the
stretching experiments.

Figure 2. Cell aggregate stretching using the micropipette force sensor. (a) Schematic sketch (not to scale) of the set-up with the straight and L-shaped micropipettes
holding on to the T-cell aggregate with suction. The straight micropipette is connected to a linear motor and the L-shaped is calibrated and used as a force sensor.
(b) Examples of optical microscopy images from before (top) and after (bottom) the stretching. The aggregate is modelled as a cylinder with an initial radius R0 and
length L0. During the experiment, the straight micropipette is moved to the left at a constant speed (xS = vt), causing the L-shaped force sensor to deflect (x). This
applies a Hookean force F = kpx onto the aggregate, which stretches, L(t). Scale bar 50 μm. (c) Example of stress–strain graph from a typical stretching experiment.
The Young’s modulus E and ultimate tensile strength σUTS are determined from the graph. The error bars are error propagations of the stress and strain using the
standard deviation of kp, R0 and L0 (see §6 for details).
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4. Results and discussion
4.1. Mechanics of T-cell aggregates
T-cell aggregates formed through activation with PMA and ionomycin were used as a model system in this study. The cells
were activated in a biology laboratory and the aggregates were then transported to a physics laboratory for measurements. The
activated T-cells remained viable for at least 24 h post-induction. A representative example of an MFS stretching experiment
is shown in electronic supplementary material, video S1 and its resulting stress–strain curve is shown in figure 2c. The MFS
technique is well suited for these measurements because of its ability to precisely measure nN-range forces while simultane-
ously stretching the sample and observing the resulting deformation. Since the sample is held through gentle suction with
the micropipettes, no potentially harmful glue is needed. Several aggregates of varying volumes (V = 104 to 7 × 105 µm3) were
stretched (see electronic supplementary material, videos S2–S3). All experiments showed very similar stress–strain graphs with
the clear traits of ductile material, indicating significant plastic deformations before rupture. In figure 4a, the Young’s modulus
is plotted as a function of time from when the activation was done. There is no effect of post-activation time on the stiffness of
the clusters—as long as the cells remain viable, the Young’s modulus remains constant.

Within error, the measured mechanical properties of the aggregates were independent of their volume (figure 4b). Experi-
ments were initially also performed on aggregates with volumes much larger than 106 µm3. However, these were found to
be more irregular in shape with portions of the cluster not contributing to the stretching process. Since the cylindrical shape
approximation did not properly account for the actual stretching of the large aggregates, these clusters were discarded from our
results.

To hold on to the aggregate during the stretching experiment, a fraction of it was aspirated into both micropipettes, as seen
clearly in the optical microscopy images of figure 3. In figure 4c, the measured Young’s modulus is plotted as a function of the
volume V  of the aggregate (outside of the micropipettes) divided by the total volume Vtot of the aggregate (inside and outside of
the micropipettes). Within experimental error, there is no mechanobiological effect of the aspiration on the measured stiffness.

The Young’s modulus and ultimate tensile strength data are summarized in figure 5. The average values across 35 aggregates
were determined as E = 248 ± 234 Pa and σUTS = 390 ± 334 Pa (median values shown with black lines in figure 5). In compari-
son, the stiffness of individual, non-activated T-cells has been measured as 80−100 Pa [65,66], whereas activated T-cells have
stiffnesses in the range of 100−300 Pa [39]. The increase in stiffness during activation is due to drastic modifications of the
actomyosin cytoskeleton. The stiffness of the aggregates is related mainly to changes in the actin cytoskeleton at the contact
sites between the cells. Upon cell activation (through the T-cell receptor or with phorbol ester and ionomycin), the cells cluster
together with the help of cell adhesion receptors, which leads to downstream signalling events. Integrin–actin linkages, actin
polymerization and actin cross-linking (and later on centrosome and Golgi polarization) occurs at the contact sites between the
cells, allowing for stiffening of the aggregates.

Our measured mechanical properties are lower than those reported for murine sarcoma aggregates [33,35]. Specifically,
micropipette aspiration experiments on these yielded a Young’s modulus of E = 700 ± 100 Pa [33]. Measurements using glass
slide-based cantilevers showed Young’s modulus values ranging from E = 1000 ± 300 Pa at very low speeds (v < 0.02 µm s−1)
to E = 9000 ± 2000 Pa at higher speeds (v = 1 to 50 µm s−1) [35]. Our T-cell aggregates may be softer due to the big differences
in adhesion mechanisms and cytoskeletal architecture between immune cells and sarcoma cells. The latter study reported
maximum stress values of σmax = 300–700 Pa, which are similar, within error, to our measurements.

By combining the measured elastic modulus with our mechanistic model (equation (3.1)), the elastic response of one cell
(including both the stretching of the cell as well as the deformation of the cell–cell bonds) kc ∼ rcE can be determined. The
average T-cell radius was measured as rc = 3.3 ± 0.8 µm, giving an average cell spring constant of kc ≈ 8 × 10−4 N m−1. This spring
constant agrees well with the results in Lek et al. [21], where atomic force microscopy was used to measure the adhesion force

Figure 3. Mechanistic model. The cells are modelled as spheres with a radius of rc and spring constant kc. The aggregates with their modelled cell-spring structure
are shown in (a) before and (b) during the stretching. Scale bar 50 μm. (c) Schematic drawing of the mechanistic model with parallel connections of series-connected
springs acting as force chains through the aggregate. Each spring changes its length by Δlc when the external force F is applied.
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between a single effector T-cell and an integrin ligand-coated surface. From their data, a spring constant of approximately
10−4 N m−1 was extracted, which captures both the deformation of the cell as well as the cell–cell adhesion bonds. This
agreement underscores the reliability of our experimental and theoretical approach in quantifying T-cell mechanics within
cellular aggregates.

In the mechanistic model, we assumed a purely elastic system and that the effect of the lateral bonds between the cells
is much smaller than that in the direction of stretching. In the future, a more refined model could be developed to capture
how the cells are interconnected. To reliably test such a new model, more advanced stretching experiments using confocal or
fluorescence microscopy would be required to track the position and deformation of each cell during stretching as well as their
connection points to nearest neighbours. Here, we only used one stretching speed (v = 20 µm s−1) to deform the aggregates
and probe the elastic response of these. This was to ensure a high enough number of successful experiments given the large
variations in the biological sample. In future work, it would be interesting to perform the experiments at different stretching
speeds to probe the viscoelastic response of the multicellular material. A more advanced mechanistic model, incorporating an
elastic cell shell and its viscoelastic interior, would then be needed to describe the mechanical response.

Stretching experiments were also performed on cells containing a mutation in the β2-integrin that affects T-cell adhesion
under flow conditions [67]. These knock-in cells were activated with PMA and ionomycin, but no difference was detected
between the knock-in and the wild-type cellular aggregates (see electronic supplementary material). This indicates that the
integrin mutation is not important for regulating cell–cell aggregate properties or activation under these activation conditions,
as also shown in our previous work [67].

4.2. Pre-stretching of T-cell aggregates
Cells respond to mechanical stimuli by altering their properties. To investigate this in our aggregates, double-stretching
experiments were performed. The aggregates were first pre-stretched to a maximum strain of  ε1 ≈ 0.2–1, then returned to
their initial configurations before being stretched again until rupture (see example experiment in electronic supplementary
material, video S4). The average total waiting time between the successive stretches was 9.3 ± 2.1 s and was kept constant for all
experiments. Some relaxation of the aggregate occurred during this time. The Young’s modulus was measured in both elastic
stretching phases, and the change in stiffness (E2/E1, where 1 and 2 refer to the first and second stretch, respectively) is plotted
as a function of ε1 in figure 6.

Figure 4. Effect of time, volume and aspiration. Young’s modulus of T-cell aggregates (activated with PMA and ionomycin) as a function of (a) time after activation,
(b) cluster volume and (c) relative cluster volume outside of the micropipettes. Within error, the stiffness remains constant for all cases.
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Figure 5. Mechanical properties. (a) The Young’s modulus and (b) ultimate tensile strength of T-cell aggregates activated with PMA and ionomycin (i). The thick black
line inside the box represents the median. The box spans the interquartile range (IQR), covering the middle 50% of the data. The error bars (whiskers) extend to the
minimum and maximum values within 1.5 times the IQR, while points beyond this range are considered outliers.
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Our results show that aggregates soften in response to pre-stretching by a factor of 0.7 ± 0.3. This is in contrast to previous
findings, where mechanical stimulation led to stiffening due to integrin–ICAM catch bond formation [68]. Instead, the viscoelas-
tic relaxation of the aggregates during and after the first stretching phase is likely to have relaxed the aggregate modulus. The
pre-stretch could have caused a disruption of the actin cytoskeleton, also known as ‘fluidization’ [69], which has been shown
to occur at higher stretch amplitudes or rates, without affecting cell adhesion. Fluidization of the actin cytoskeleton is due to a
broad effect on the whole cytoskeleton rather than a single molecular/signalling event.

4.3. Effect of T-cell activation pathway
When T-cells were treated with W-7 in addition to the standard PMA and ionomycin, the aggregates exhibited increased
stiffness compared with those activated with only PMA and ionomycin (figure 7a, see example experiment in electronic
supplementary material, video S5). This effect was more pronounced when comparing data from experiments conducted on
the same day, using cells from the same mouse. Specifically, the addition of W-7 increased aggregate stiffness by a factor ofEPMA + I + W7/EPMA + I = 2.8 ± 0.7 (based on same-mouse experiments). This increase directly translates to a stiffening of the cells
including the cell–cell adhesion bonds) by the same factor (equation (3.1)). Biologically, this suggests that T-cells become stiffer
in response to W-7, probably due to its inhibition of Ca2+-calmodulin, which itself is an inhibitor of caldesmon–actin bundle
binding. By this mechanism, W-7 may be responsible for enhancing T-cell stiffness [70]. Interestingly, we also detected a small
(not statistically significant) increase in metabolic activity in W-7-treated cells (see electronic supplementary material, [71]),
indicating that altered mechanical responses of the aggregates may also be reflected in the activation response of the cells, for
example altered cell proliferation, which we have not explored here.

To further explore the effect of different activation pathways, T-cells were activated using either anti-CD3 antibodies or
PMA and ionomycin. Anti-CD3 antibodies provide a more physiologically relevant activation method, as they induce the
same conformational change in CD3 (the T-cell antigen receptor) that occurs when it recognizes an antigen in vivo. This
conformational change initiates the intracellular signalling cascade. The activation with anti-CD3 rendered a clear decrease
in the aggregate stiffness as compared with cells activated with PMA and ionomycin (figure 7b, see example experiment in
electronic supplementary material, video S6). Comparing the change in stiffness for aggregates with cells from the same mouse,EAnti − CD3/EPMA + I = 0.30 ± 0.02. This suggests a lower level of activation of the T-cells with the antibody as compared with using
the more artificial chemicals (which cause maximal activation of the cells). This correlates with lower CD69 expression in
anti-CD3 treated cells compared with PMA/ionomycin activation, e.g. lower level of activation (figure 1c). Anti-CD3 is known to
stiffen individual T-cells by a factor of two upon activation [39]. Our results indicate that PMA+ionomycin either stiffen the cells
by a factor of ca 4 upon activation, or that the aggregate stiffness is primarily determined by cell–cell adhesion strength rather
than individual cell elasticity.

The immune system is a complex cellular system that mediates functions such as protection against infection and tumour
surveillance, but is also involved in pathological events, for example autoimmunity. To mediate these functions, immune
cells interact both with other immune cells and non-immune cells, forming interconnected cellular communities. The human
immune system consists of approximately 1.8 trillion cells, with a total weight of 1.2 kg. Of these, up to 40% are lymphocytes
(T-cells and B-cells) [72]. These cellular communities interact in a highly coordinated manner for the immune system to perform
its functions. However, lymphocytes are small and motile and mediate transient interactions with other immune cells and
non-immune cells, making their analysis more challenging than the stable interactions found in other tissues and organs in the
body.

Transient interactions between immune cells are mediated by cell surface proteins, and their complexity is beginning to be
unravelled [73,74]. Immune cells communicate with each other through these cell surface receptors, which initiate intracellular
signalling events within the cells, leading to cellular outcomes such as activation and effector functions. The intracellular
signals consist of biochemical signals, but more recently, it has become apparent that also mechanical signals are important to
determine outcome in immune reactions, such as lymphocyte activation [75]. Indeed, increased stiffness of the environment
leads to stronger T-cell activation [76,77]. However, mechanical forces in larger immune cell communities have so far remained
uncharacterized due to technical challenges to measure such forces in the small and transient cell groups. Here, we have made
a first attempt to characterize mechanical properties of immune cell communities, starting with small T lymphocyte aggregates,
and to correlate these with cellular activation outcomes by using novel methodology.

5. Conclusions
In this work, the micropipette force sensor technique was used to directly measure the mechanical properties of mesoscale
(diameter approx. 30–120 µm) T-cell aggregates through stretching experiments. The multicellular aggregates were formed
upon in vitro activation using PMA and ionomycin and their Young’s modulus and ultimate tensile strength were determined asE = 248 ± 234 N m−2 and σUTS = 390 ± 334 N m−2. These values are similar to the mechanical properties reported in the literature
for aggregates made of other cell types. A mechanistic model was developed to couple the emergent mechanical response of
the aggregate (Young’s modulus E) with the intrinsic mechanical response of the cells (spring constant kc): E ∼ kc/rc, where rc is
the average cell radius. This rendered kc ≈ 8 × 10−4 N m−1 which agrees well with literature values from atomic force microscopy
measurements on single T-cells. The addition of W-7 rendered stiffening of the aggregates by a factor of 2.8 ± 0.7, probably due
to its inhibition of Ca2+-calmodulin. Conversely, T-cell activation with anti-CD3 rendered softening of the clusters by a factor of
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0.30 ± 0.02 compared with aggregates activated with PMA and ionomycin. This suggests a lower level of activation of the T-cells
with the antibody as compared with using the more artificial chemicals, which cause stronger activation of the cells.

6. Experimental details
6.1. T-cell isolation
The day before an extraction the MACS buffer was prepared following Miltenyi’s instructions: phosphate buffered saline (PBS,
Lonza, cat. no. 17-516F), 0.5% bovine serum albumin (BSA, Biowest, cat. no. P6154) and 2 mM ethylenediaminetetraacetic acid
(EDTA). After the BSA was fully dissolved, the solution was sterilized through filtration through a 22 µm nylon mesh filter
(Fisher Scientific, cat. no. 2263548).

Spleens from C57BL/6 N mice were extracted and mechanically dissociated by grinding the tissue between the back of a
sterile syringe and a 70 µm cell strainer (Fisher Scientific, cat. no. 22363548) placed over a 50 ml falcon after the cell strainer
was wetted using 1 ml of ice-cold PBS (Lonza, cat. no. 17-516F) supplemented with 2% fetal bovine serum (FBS, Gibco, cat no.
10500-064). After the tissue was dissociated, the syringe back and the strainer were rinsed using a further 5 ml of ice-cold PBS
+ 2% FBS. The cell strainer was discarded, and the cell suspension was centrifuged at 330g for 5 min. The supernatant was
discarded, and the pellet was resuspended in room temperature ammonium-chloride-potassium (ACK) lysis buffer (0.15 mol l−1

NH4Cl, 0.01 mol l−1 KHCO3 and 0.1 mmol l−1 EDTA in milli-Q water) to perform red blood cell lysis. With our aliquot the time
needed to do so was 50 s. After this time the cell suspension was diluted to a final volume of 20 ml with PBS + 2% FBS. The cell
suspension was passed through a 70 µm cell strainer and into a new falcon. The suspension was then centrifuged at 330g for 5
min and the supernatant discarded. The pellet was resuspended in 40 µl of de-gassed MACS buffer + 10 µl of the biotinylated
antibody cocktail from the CD4+T cell enrichment kit (Miltenyi, cat. no. 130-104-454) and placed on ice for 5 min. After the
initial incubation on ice, 30 µl of MACS buffer and 20 µl of the anti-biotin magnetic beads from the same kit were added, mixed
well and incubated on ice for 10 min.

During the incubation, the magnetic separation column (Miltenyi, cat. no. 130-042-401) was placed on the magnet over a
15 ml falcon and capped with a 70 µm cell strainer and primed by adding 3 ml of MACS buffer. After the 10 min incubation

Figure 6. Effect of pre-stretching. The ratio between the Young’s modulus in the second (E2) and first (E1) stretching experiment as a function of maximum strain ε1
during the pre-stretching. The aggregates soften after the pre-stretching.

Figure 7. Activation pathways. The Young’s modulus of T-cell aggregates activated with PMA+ionomycin compared with (a) aggregates activated also with W-7 and
(b) only with anti-CD3. The addition of W-7 makes the aggregates stiffer, whereas anti-CD3 produces softer aggregates than PMA+ionomycin. The stars indicate **p <
0.01 and ***p < 0.001.
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of the magnetic beads was done, the cell suspension and beads were resuspended in 1 ml of MACS buffer and transferred
to the magnetic separation column. After the cell suspension flows through the column, the falcon is rinsed with 1 ml of
MACS buffer and the liquid was added to the column. After this, the column was washed with more MACS buffer until
10 ml of MACS buffer and CD4+T cell enriched cell suspension made it through the column. The cell suspension was then
counted and centrifuged at 330g for 5 min. The supernatant was discarded, and the cell pellet was resuspended in RPMI
(Lonza, cat. no. 12-167F/EuroClone, cat. no. ECB9006L) supplemented with 10% FBS (Gibco, cat no. 10500-064), 100  U ml−1

penicillin–streptomycin (penicillin, Orion, cat. no. 465161; streptomycin Thermo Fisher Scientific, cat. no. D7253-100 g), 2  mM
L-glutamine (Thermo Fisher Scientific, cat. no. BP379-100) and 50  µM 2-mercaptoethanol (Fluka biochemika, cat. no. 63690)
at a concentration of 4 million cells ml−1 and plated in a 24-well plate (CellStar, cat. no. 662160) and incubated at 37°C before
proceeding to the different experiments.

6.2. T-cell treatments
The T-cell suspension was activated using anti-CD3 2.5 µg ml−1 (Sigma-Aldrich, cat. no. MAB484) or PMA 10 ng ml−1 (Sigma-
Aldrich, cat. no. P81389) + Ionomycin 0.5 µg ml−1 (Thermo Fisher Scientific, cat. no. J62448.M). In the cases where the calmodulin
inhibitor W-7 (Sigma-Aldrich, cat. no. 681629) was used, it was added at 50 µM 30 min before the addition of PMA + Ionomycin.

6.3. Flow cytometry
The following conjugated antibodies were used for flow cytometric analysis of Puromycin-PE (BioLegend, cat. no. 381503,
clone 2A4): CD4-PE-Cy7 (BioLegend, cat. no. 100528, clone RM4-5), CD25-APC-Cy7 (BioLegend, cat. no. 102026, clone PC61),
CD69-APC (BioLegend, cat. no. 104514), clone H1.2F3. Fc-receptor block (BD Pharmingen, cat. no. 553142 clone 2.4G2) was used
in all experiments assessing mouse cells, and unstained and fluorescence minus one (FMO) controls were included in all panels.
7-AAD (eBioscience, cat. no. 00-6993-50) was used to detect dead cells. Acquisition was performed on an LSR Fortessa flow
cytometer (Becton Dickinson), and data were analysed using FlowJo software (Tree Star).

6.4. Translation rate analysis
Puromycin (Gibco, cat. no. A11138-03) is incorporated into nascent proteins in a manner that prevents the further extension
of said proteins and assayed through flow cytometry using an anti-Puromycin PE conjugated antibody (BioLegend, cat. no.
381503) after fixing and permeabilizing the cells using the Foxp3 permeabilization kit (eBiocience, cat. no. 00-5523-00). To
determine the total background for puro-PE fluorescence we used Harringtonine (Sigma-Aldrich, cat. no. SML1091-10MG)
at 2 µg ml−1 for 30 min before the addition of Puromycin. To determine the maximum energy level of the cells, dimethyl
sulfoxide (DMSO, Fisher Scientific, cat. no. BP231-1) 0.08% was used as a negative control and added for 30 min before
the addition of Puromycin. To determine the contribution of mitochondrial energy pathways to the total, the mitochondrial
ATP synthase inhibitor Oligomycin (Sigma-Aldrich, cat. no. 04876-5MG) was used at 1 µM for 30 min before the addition
of Puromycin. To determine the contribution of glucose-related energy production to the total, the phosphoglucoisomerase
inhibitor 2-Deoxy-D-Glucose (Sigma-Aldrich, cat. no. D8375-5G) was used for 30 min before the addition of Puromycin. To
determine the contribution of glycolysis alone to the cell’s energy level a combination of Oligomycin and 2-Deoxy-D-Glucose
can be used. In all cases, Puromycin was added at 10 µg ml−1 for 45 min after 30 min of incubation with the different inhibitors.
The incorporation of puromycin was then assayed via flow cytometry.

6.5. Micropipette force sensor
The MFS was manufactured and calibrated as described in detail in [49]. Briefly, the MFS was made of a hollow glass
capillary (World Precision Instruments, TW100-6) with an inner diameter of 0.75 mm and an outer diameter of 1 mm. The
cantilever was pulled using a micropipette puller (Narishige, PN-31) and shaped with a microforge (Narishige, MF-900).

Prior to use, the MFS requires calibration to determine its spring constant, kp. We calibrate our cantilevers using the water
droplet method developed by Colbert et al. [9] and described in detail in [49], using water drops of different sizes as control
weights. The cantilever was mounted horizontally, and a droplet of Milli-Q water (Millipore Direct-Q 3 UV) was pushed out
to rest on the cantilever end using a syringe connected with a plastic tube to the micropipette holder (IM-H3 Injection Holder
Set by Narishige Lifemed Co., Ltd.). A camera was used to image the experiment from the side at a frame rate of 30 frames
s−1. Using an in-house MATLAB (MathWorks) image analysis script, the shape of the drop was modelled as an ellipsoid with
a volume of V . The drop weight was then calculated as W = ρgV , where ρ is the density of water. The cantilever deflection Δx
was measured as a function of time through image analysis in MATLAB, and the micropipette spring constant was determined
using Hooke’s law: kp = W /Δx. The calibration was repeated several times for each cantilever. In this study, micropipettes with
spring constants ranging from 10 to 40 nN µm−1 were used.
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6.6. Stretching experiments

6.6.1. Microscope set-up

An inverted wide-field microscope (Nikon ECLIPSE Ts2-FL) equipped with a manually adjustable xy-stage was used to securely
position the sample chamber. A 10× objective (Nikon 10×/0.25 Ph1 DL Objective Lens) was used to ensure sufficient resolution
as well as a big enough field of view to observe the cluster deformation and micropipette motion. Image acquisition was
performed using a FLIR camera (GS3-U3-23S6M-C, Integrated Imaging Solutions, Inc.) mounted on the microscope. An image
sequence of the experiment was recorded at 30 frames s−1, a frame rate chosen to match the experimental speed and ensure
adequate temporal resolution.

6.6.2. Experimental chamber

The sample chamber was constructed using aluminium and designed to hold two untreated glass slides at a fixed spacing.
Depending on the volume of the cell solution media, two sizes of glass slides were used (Plain Pre-Cleaned Microscope Slides,
75 × 50 mm, thickness of 0.96 to 1.06 mm, and VWR Ground Edge Microscope Slides, 75 × 25 mm, thickness of 0.8 to 1.2 mm).
Spacing between the slides was maintained using four plastic spacers, each 2 mm thick, placed at the corners of the slides to
create a uniform 2 mm gap (figure 2a). The cell culture media was injected into the chamber using a plastic pipette, with the tip
widened by cutting it with scissors to minimize disruption of the clusters during injection. Surface tension prevented leakage
from the chamber, while strong intercellular bonds ensured the integrity of the clusters during their transfer from a 24-well
plate to the sample chamber.

6.6.3. Micropipette set-up

Cantilevers of two micropipettes were positioned parallel to the xy-plane, situated between the glass slides and submerged in
the cell culture medium. Each micropipette was connected to a micropipette injection holder (IM-H3 Injection Holder Set by
Narishige Lifemed Co., Ltd.), which was linked via plastic tubing (i.d. = 1 mm; Narishige, model no. CT-1) to syringes (sizes
ranging from 10 to 20 ml) filled with water. The holders were securely mounted on optical bases (Dynamically Damped Post, 14’
Long, Metric, Ø1.5’, Thorlabs, model no. DP14A/M) fixed to an active vibration isolation stage (MVIS 30 × 30 model by Newport
Corporation), minimizing interference from environmental vibrations or nearby movement. Suction pressure, controlled via the
syringes, was used to enable the micropipettes to firmly grasp the clusters.

A straight micropipette was attached to a linear motor (Thorlabs Kinesis Brushed Motor Controller) to enable controlled
motion along the x-axis, with an initial acceleration of 1 mm s−2 and a constant velocity of 20 µm s−1. An L-shaped micropipette
was positioned such that the bent portion of its cantilever was parallel to the cantilever of the straight micropipette. The
L-shaped micropipette remained stationary throughout the experiment and functioned as a force sensor.

6.6.4. Experimental procedure

T-cells were extracted and activated at the University of Helsinki and moved to Aalto University for mechanical analysis in
6-well cell culture plates in a Styrofoam box at 37°C. All samples were analysed within 12 h of activation. The prepared cell
media contained a high density of single T-cells and a small number of aggregates. Since the cells and aggregates were denser
than the surrounding medium, they settled onto the bottom slide of the experimental chamber. To allow for proper settling,
the sample was left undisturbed for a few minutes before beginning the experiment. Once an aggregate had stabilized on the
bottom slide, the straight micropipette was used to lift it from the surface and position it between the slides. Both micropipettes
then grasped the aggregate, ensuring that neither of them made contact with the slides. The linear motor was activated,
causing the straight micropipette to move backward and stretch the cluster. This induced deflection in the stationary L-shaped
micropipette, which served as a force sensor. The applied force and cluster deformation were determined by analysing the
recorded images using MATLAB.

In the cell culture medium, a limited number of aggregates were present, exhibiting variations in size and shape. For the
experiments, aggregates with a somewhat uniform shape, structure and density were selected. Experiments were deemed
invalid, and their results were excluded if any of the following conditions occurred: aggregate rotation, vertical displacement
of the straight micropipette, rupture of the aggregate at the onset of the test without any observed stretching or deformation,
or the appearance of jumps in the stress–strain graph. These jumps in the measured force were attributed to fluctuations in
suction pressure during the experiment, leading to inconsistent data. Keeping the aspirated part of the aggregate fixed typically
required less suction at the beginning of the experiment compared with when the cluster was fully stretched and close to
rupture. As a result, the applied suction pressure was not constant throughout the experiment and was instead adjusted to
maintain a stable aspiration length. However, in some instances, the cluster was drawn further into the micropipette due to
excessive suction, or it slipped out because of insufficient suction. In such cases, we discarded the ultimate tensile strength from
our measurements and only reported the Young’s modulus.

6.6.5. Analysis of measurements

MATLAB was used to determine the initial dimensions of the aggregate by measuring the distance between designated points
in the experimental frames. In particular, the initial radius (R0) and length (L0) of the aggregate were determined from the first
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frame. The initial length was measured as the distance between the openings of the two micropipettes. To ensure measurement
accuracy, each measurement was repeated five times across different positions of the cluster, with the mean and standard
deviation calculated and reported for subsequent calculations. The error bars in figure 2c are error propagations based on the
formula used to calculate the stress–strain relationship using these standard deviations for R0 and L0 as well as the standard
deviation for kp (from several calibration measurements on the same micropipette). The errors for the stress are so small that
they are not visible in the graph. We also used MATLAB to determine the deflection of the L-shaped micropipette as a function
of time, x t . This deflection was used to calculate the applied force as a function of time, F t . Additionally, the change in
the length of the cluster as ΔL = xs − x, where xs = vt is the motion of the straight micropipette. The Young’s modulus was
determined by fitting a line to the first 10−30 data points in the stress–strain graph.

6.6.6. Validation and replication

To ensure consistency and accuracy, stiffness measurements were performed on 5 to 25 clusters from each prepared cell media
sample.

6.7. Statistical analysis
We performed Welch’s t-test (MATLAB ‘ttest2’) to statistically validate the difference between (i) unactivated and activated
T-cells with respect to expression levels of CD69 and CD25 (figure 1c–d) and (ii) Young’s moduli of aggregates activated by
different agents (figure 7).

Ethics. All the experiments were performed according to the Finnish Act on the Protection of Animals Used for Scientific or Educational Purposes
(497/2013) and to the Directive 2010/63/EU of the European Parliament and of the Council of 22 September 2010 on the protection of animals
used for scientific purposes and approved by the Finnish National Animal Experiment Board (Hankelupalautakunta—ELLA).
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Knock-in cells 
There is a mouse model which has a knock-in (KI) TTT/AAA mutation in the β2 integrin that prevents 

the binding of Kindlin 3 to the cytoplasmatic tail of the protein and impairs part of its function, especially 
under conditions of shear flow. However, we found that the mutation has no effect on T-cell aggregate 
stiffness (Fig. S1), which correlates well will previous experiments that it also does not impact T-cell 
activation under these conditions (67).  

FIG. S1. Young’s modulus of wild-type (WT) and knock-in (KI) T-cell aggregates 4 and 10h post-induction 
with PMA (10 ng/mL) and ionomycin (0.5 µg/ml). No significant difference was found between these two 
groups (n.s., p > 0.05). 
 
 

Metabolic activity 
     T-cell activation leads not only to cell aggregation and increased expression of activation markers, but 
also to changes in cellular metabolism. To investigate whether increased aggregate stiffness of W-7-treated 
cells was associated with an increased rate of cellular metabolism, we investigated protein translation rates 
of PMA+ionomycin-treated cells versus those treated also with W-7, by utilizing a puromycin-
incorporation assay (78). Interestingly, we observed a minor (not significant) increase in cell metabolism 
of W-7-treated cells (FIG. S2), indicating that aggregate stiffness may correlate with altered cellular 
responses during activation. 
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FIG. S2. Translation rate of T-cells at 24h post-induction with either PMA (10 ng/mL) and ionomycin (0.5 
µg/ml) or with the same after a 30 min incubation with W-7 (50 µM). The results are normalized to the 
translation rate without W-7 (𝑛 = 5). No significant difference was found between these two groups. 

 
 
Supplementary Movies 
 
Movie S1 | Stretching experiment of T-cell aggregate 
Movie (S1.mp4) from a representative MFS stretching experiment on a T-cell aggregate (volume 𝑉 =
(20 ± 2) ×	10!	𝜇m3) activated with PMA+I (same as plotted in Fig. 2c). 
 
Movie S2 | Stretching experiment of small T-cell aggregate 
Movie (S2.mp4) from a representative MFS stretching experiment on a small T-cell aggregate (volume 𝑉 =
(15 ± 2) ×	10!		𝜇m3) activated with PMA+I. 
 
Movie S3 | Stretching experiment of large T-cell aggregate 
Movie (S3.mp4) from a representative MFS stretching experiment on a large T-cell aggregate (volume 𝑉 =
(51 ± 10) ×	10!		𝜇m3) activated with PMA+I. 
 
Movie S4 | Pre-stretching experiment of T-cell aggregate 
Movie (S4.mp4) from a representative MFS pre-stretching experiment on a T-cell aggregate (volume 𝑉 =
(32 ± 2) ×	10!		𝜇m3) activated with PMA+I. The aggregate is pre-stretched to a maximum strain of	𝜀" ≈
0.7, after which it is returned to the initial configuration to finally be stretched again until rupture. 
 
Movie S5 | Stretching experiment of T-cell aggregate activated with W-7 
Movie (S5.mp4) from a representative MFS stretching experiment on a T-cell aggregate (volume 𝑉 =
(52 ± 6) ×	10!		𝜇m3) activated with PMA+I+W-7. 
 
Movie S6 | Stretching experiment of T-cell aggregate activated with Anti-CD3 
Movie (S6.mp4) from a representative MFS stretching experiment on a T-cell aggregate (volume 𝑉 =
(26 ± 2) ×	10!		𝜇m3) activated with Anti-CD3. 
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