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Trogocytosis in innate immunity
to cancer is an intimate relationship
with unexpected outcomes

Fabrizio Mattei,1 Sara Andreone,1 Francesca Spadaro,2 Francesco Noto,1 Antonella Tinari,3 Mario Falchi,4

Silvia Piconese,5,6,7 Claudia Afferni,8 and Giovanna Schiavoni1,9,*

SUMMARY

Trogocytosis is a cellular process whereby a cell acquires a membrane fragment
from a donor cell in a contact-dependent manner allowing for the transfer of
surface proteins with functional integrity. It is involved in various biological
processes, including cell-cell communication, immune regulation, and response
to pathogens and cancer cells, with poorly defined molecular mechanisms. With
the exception of eosinophils, trogocytosis has been reported in most immune
cells and plays diverse roles in the modulation of anti-tumor immune responses.
Here, we report that eosinophils acquire membrane fragments from tumor cells
early after contact through the CD11b/CD18 integrin complex. We discuss the
impact of trogocytosis in innate immune cells on cancer progression in the
context of the evidence that eosinophils can engage in trogocytosis with tumor
cells. We also discuss shared and cell-specific mechanisms underlying this process
based on in silico modeling and provide a hypothetical molecular model for the
stabilization of the immunological synapse operating in granulocytes and
possibly other innate immune cells that enables trogocytosis.

INTRODUCTION

Trogocytosis is a biological process whereby a cell (receiving cell) nibbles membrane fragments from

another cell (donor cell) and subsequently to cell-cell contact. This bite-and-detach event has been first re-

ported in the Naegleria fowleri ameba, where this eukaryotic microorganism exploits trogocytosis to bite

rat neuroblastoma cells, resulting in a markedly compromised nervous system in hosts (Marciano-Cabral

et al., 1990). Here, transmission electron microphotography showed that N. fowleri amebae can engage

nerve cells via strict membrane-to-membrane contact, and radiolabeling experiments demonstrated the

transfer of little membrane pieces from B013 rat neuroblastoma cell to the receiving microorganism

causing nerve cell injury. After about a decade, this phenomenon was coined as trans-endocytosis to

correctly define the passage of material from a donor cell to a receiving one (Klueg and Muskavitch,

1999). However, the definition trogocytosis (from Greek trogo = nibble) gradually became the most com-

mon term to describe these sequential biological events. It is now well established that trogocytosis is a

process largely diffused in and between species, although the biological impact, as well as the molecular

basis behind this complex event, are still under investigation.

In the cells of the immune system, the first hint of trogocytosis dates back to 1972, when Cone et al. noted

the presence of allogeneic MHC class II molecules on adoptively transferred T cells (Cone et al., 1972). This

observation was confirmed by subsequent studies but the mechanism of molecule transfer was only

described in the early 2000s (Hudrisier and Bongrand, 2002; Joly and Hudrisier, 2003). To date, trogocytosis

has been reported in many immune cell types, including T and B lymphocytes, natural killer (NK) cells, mac-

rophages and monocytes, dendritic cells (DCs), neutrophils and basophils (Miyake and Karasuyama, 2021),

whereas it has never been described in eosinophils. In general, trogocytosis is an active process that re-

quires actin cytoskeleton remodeling and, in the majority of immune cells, is triggered by receptor-ligand

interaction. For example, T cells are able to engage in trogocytosis with antigen-presenting cells (APCs)

during the interaction of the T cell receptor (TCR) with MHC molecules restricted by antigen-derived pep-

tides. This event requires the formation of an immunological synapse (IS) that allows the internalization into

T cells of peptide-MHC (pMHC) complexes and adjacent membrane patches that include co-stimulatory
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(i.e., CD80, CD86, OX40L) inhibitory (PD-L1) and adhesion (ICAM-1) molecules (Reed et al., 2021). The mol-

ecules transferred via trogocytosis are functional and influence the response of the receiving cell, thus

implying consequences for the modulation of immune responses. Therefore, trogocytosis represents an

important process for cell-cell communication, immune regulation, and response to pathogens and

cancerous cells (Li et al., 2021; Miyake and Karasuyama, 2021).

In the tumor microenvironment (TME), malignant cells may exploit trogocytosis as a mechanism to escape

immunity. This may occur by the removal of tumor antigens from cancer cells that reduce ‘‘immunovisibility’’

or by the replacement of stimulatory with inhibitory molecules on immune effector cells that limit immune

surveillance (Zhao et al., 2022). On the other hand, trogocytosis can be a strategy that immune cells adopt

to limit cancer expansion. By hijacking protein antigens from tumor cell membrane immune cells may ac-

quire enhanced anti-tumor function (Lu et al., 2021; Machlenkin et al., 2008; Miyake and Karasuyama, 2021).

In addition, as we will discuss, innate immune cells may employ prolonged trogocytosis to induce tumor

cell death (Matlung et al., 2018; Velmurugan et al., 2016). The contact between different types of immune

cells via trogocytosis is a phenomenon also occurring in the TME as a strategy to modulate the function of

immune cells, thus indirectly affecting cancer progression (Li et al., 2021). In this respect, trogocytosis can

be regarded as a double-edge sword in cancer immunity involved in both activation and repression path-

ways of immune responses to cancer. In this study, we report that eosinophils can engage in trogocytosis

with several tumor cell types, providing evidence of trogocytosis in this granulocyte subset. We discuss our

data in the context of trogocytosis in innate immune cells and the role of this biological process in the regu-

lation of immune responses to cancer. Finally, we discuss the mechanisms underlying trogocytosis in innate

immune cells, highlighting similarities and distinct traits among cell lineages, and propose a model for the

stabilization of the IS.

RESULTS AND DISCUSSION

Eosinophils engage trogocytosis with cancer cells via CD18/CD11b-guided immunological

synapse

Eosinophils are major actors in allergic and parasitic diseases. Moreover, eosinophils infiltrate a variety of

solid cancers and play diverse roles in tumor progression (Varricchi et al., 2018). Human and mouse eosin-

ophils express various integrins and adhesion molecules that allow direct interaction with their targets,

including tumor cells (Barthel et al., 2008; Gatault et al., 2015; Mattei et al., 2020). Whether eosinophils

can carry out trogocytosis following cell-cell contact is currently unknown. Our previous work showed

that eosinophils activated with the cytokine IL-33 up-regulate adhesion (CD11b/CD18, ICAM-1) and

activation (CD63, CD69) molecules resulting in tight binding to target tumor cells, formation of an IS,

and tumor cell killing via degranulation (Andreone et al., 2019). We here report that, following direct

contact with a variety of tumor cell lines, activation of eosinophils with IL-33 induces trogocytosis of

membrane fragments from the target cells.

After 1-h co-culture with tumor cells labeled with the PKH membrane dye, activated, but not resting,

eosinophils acquired the PKH fluorescent dye, as visualized by confocal microscopy (Figure 1A) and flow

cytometry (Figure 1B). Time-lapse fluorescence microscopy revealed that trogocytosis by activated

eosinophils occurs rapidly (within 2 min; Figure 2), as described for other innate immune cells. Of note,

transmission electron microscopy of eosinophil and tumor cell conjugates showed the formation of typical

protrusions (Figure 3), which resemble the tubular structures found in neutrophils during their trogocytic

engagement with cancer cells (Matlung et al., 2018).

As we will discuss later in discussion, this is an early event preceding trogocytosis that, in granulocytes,

implies the formation of a stable complex between membrane integrins and F-actin in the cytoplasmic

region of the granulocyte via the intermediate actin linkers talin-2 and kindlin-3. Moreover, it has

been demonstrated that kindlin-3, but not kindlin-1, is selectively expressed in hematopoietic cells

and is central for the CD11b/CD18 integrin complex stability (Fagerholm et al., 2014). As the formation

of conjugates between eosinophils and cancer cells is strictly dependent on CD11b/CD18-mediated

adhesion (Andreone et al., 2019) and eosinophil trogocytosis is inhibited by CD11b/CD18 blockade (Fig-

ure 4), it is likely that eosinophils carry out adhesion molecule-dependent trogocytosis with a similar

mechanism as neutrophils (Matlung et al., 2018). It remains to be established whether trogocytosis in

eosinophils results in trogoptosis and, if this is the case, what is the contribution of this process to tumor

killing.
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Lastly, the observation that trogocytosis is increased in activated eosinophils is in line with what was

observed with activated NK cells (Caumartin et al., 2007; Hasim et al., 2022) and suggests a correlation be-

tween cell activation, adhesion, and trogocytosis.

Trogocytosis in innate immune cells is a double-edged sword in cancer immunity

Innate immune cells spatially and temporally interact with tumor cells, both systemically and locally in the

TME (Costa et al., 2021). As we will discuss, trogocytosis between immune cells does not cause cell death

and is generally employed as a means of immune regulation whereby cells acquire or down-regulate a

certain function. Instead, trogocytosis between innate immune and cancer cells may ensue in cancer cell

death, in a process termed trogoptosis. Furthermore, although trogocytosis is performed by most, if not

all, cells of hemopoietic origin, the molecular pathways and mechanisms involved can differ depending

on the lineage of the immune cell (see Table 1).

NK cells are able to form tight IS with the target cell which enable the exchange of membrane patches early

after conjugation. Trogocytosis in NK cells is an active process that is controlled by ATP, tyrosine kinase

activation, and intracellular Ca2+ and involves rearrangements of the actin cytoskeleton, as it is inhibited

at low temperature (4�C), resistant to tubulin inhibitors but sensitive to inhibitors of actin polymerization

(i.e., latrunculin B and Cytochalasin D) (Alari-Pahissa et al., 2021; Tabiasco et al., 2002). These findings

have suggested a role for ATP/ADP balance in the actin polymerization/depolymerization process of cyto-

skeleton architecture during the trogocytic events.

Figure 1. Eosinophils engage in trogocytosis with cancer cells

(A) Resting and IL-33 activated bone marrow-derived murine eosinophils were co-cultured with PKH67-labeled EG7.OVA

lymphoma cells (4:1 ratio) for 1 h at 37�C. DAPI stain allowed distinguishing multilobate eosinophil nuclei. Fluorescence

images show the capture of PKH67 membrane dye by activated but not resting eosinophils. Bar = 10 mm. One

representative experiment out of three is shown.

(B) Trogocytosis in resting vs activated eosinophils co-cultured (2:1 ratio) with the indicated tumor cell lines labeled with

PKH26 dye was evaluated by flow cytometry. Data are expressed as mean values of culture triplicates +/� SD *p < 0.05.

One-way ANOVA test. One representative experiment out of three is shown.
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Early studies have shown that mouse and humanNK cells acquire from their targets class I p-MHC (pMHC-I)

complexes through NK inhibitory receptors, respectively, mouse Ly49 (Sjöström et al., 2001; Zimmer et al.,

2001) and human killer cell Ig-like receptors (KIR) (Carlin et al., 2001) with the bidirectional transfer of inhib-

itory receptors onto target cells (Vanherberghen et al., 2004). In mice, trogocytosis of MHC-I (H-2Dd)

through Ly49A is accompanied by partial inactivation of cytotoxic activity of NK cells (Sjöström et al.,

2001; Zimmer et al., 2001). Similarly, trogocytosis-mediated acquisition of tumor-derived NKG2D ligands

(i.e., Rae-1, the NKG2D ligand retinoic acid early inducible protein 1) by NK cells leads to fratricide killing

(Nakamura et al., 2013). Activated, but not resting, human NK cells that capture the immunosuppressive

molecule human leukocyte antigen (HLA)-G1 from melanoma cells through the NK inhibitory receptor

ILT2 have impaired effector function and acquire suppressive function toward neighboring NK cells (Cau-

martin et al., 2007). Thus, trogocytosis through these inhibitory receptors negatively regulate NK responses

and can be a major mechanism of immune escape.

Trogocytosis of tumor molecules can also result in reduced NK effector function. NK cells that have

captured the CD9 molecule from ovarian cancer cells exhibit impaired anti-tumor cytokine production

and cytotoxicity that can be restored with a CD9-blocking antibody in the co-culture (Gonzalez et al.,

2021). Hasim et al. reported that NK cells acquire the immune checkpoint molecule programmed

death-1 (PD-1) from leukemia cells in vitro and in vivo through trogocytosis via the signaling lymphocytic

activation molecule (SLAM) family of receptors (Hasim et al., 2022). PD-1 expressing NK cells have impaired

anti-tumor activities and respond to PD-1 blockade in tumor-bearing mice, indicating full functionality of

trogocytosed PD-1. Of interest, NK cells acquiring PD-1 expressed higher levels of activating receptors

and maturation markers (i.e., CD11b), produced more IFNg, and exhibited higher degranulation (Hasim

et al., 2022). This observation suggests that activated NK cells are more likely to directly interact with tumor

cells but are also more susceptible to taking up PD-1 and, consequently, to its inhibitory effects.

In some circumstances, trogocytosis may promote NK cell activation. NK cells that capture the CCR7 che-

mokine receptor by trogocytosis upon interaction with CCR7+ cells acquire migrating properties to lymph

nodes (Marcenaro et al., 2009). This mechanism is dependent on adhesion molecules, including leukocyte

function-associated antigen 1 (LFA-1) and CD2, while it is prevented by KIR-mediated recognition of HLA

class I. HumanNK cells that have acquired HER2 from trastuzumab-opsonizedHER2-expressing breast can-

cer cells via trogocytosis exhibited greater expression of the degranulation marker CD107a than non-

HER2-trogocytosed cells (Suzuki et al., 2015). Moreover, human NK cells were shown to take up the tyrosine

kinase receptor TYRO from tumor cells in vitro and in vivo via rapid (within 5 min) and cell-cell contact-

dependent trogocytosis (Lu et al., 2021). Trogocytosis of TYRO by NK cells positively correlated with the

tumor expression level of TYRO and with the activation status of NK cells. TYRO-expressing NK cells

acquired enhanced effector functions and proliferation in vitro, but had similar anti-tumor functions in vivo

with respect to TYRO� NK cells, probably owing to the limited half-life (8 h) of the acquired TYRO. Thus,

although the current literature suggests that trogocytosis in NK cells may be exploited for immune

regulation or activation, in the latter case it is unclear whether NK activation translates into the gain of

anti-tumor effector function.

Dendritic cells (DC) are professional APCs that prime naive CD4+ and CD8+ T cell responses. Priming of

CD8+ T cells occurs via three mechanisms (Miyake and Karasuyama, 2021). The first is the direct presenta-

tion of endogenous antigens that are processed and presented by the pMHC-I complex, typically when the

DC is directly infected by a virus. The second is the cross-presentation of exogenous antigens, such as

Figure 2. Trogocytosis in eosinophils occurs early after contact with cancer cells

Time-lapse fluorescence microscopy images showing an in vivo trogocytic event between an eosinophil and an MC38

tumor cell (red). Arrows indicate the acquisition of red fluorescence in the eosinophil following cell contact and within

2 min. Numbers indicate seconds elapsed from the PKH26 labeling.
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those derived from engulfed dying cells, via re-routing of proteins into specific endosomal compartments

where antigens are processed and loaded onto MHC I molecules. A third mechanism described for MHC-I

restricted presentation is cross-dressing, whereby pMHC-I complexes are borrowed from neighboring

APCs and thus antigen presentation occurs without antigen processing. It is now established that this latter

mechanism can occur through trogocytosis of pMHC-I complexes from neighboring APC or non-APC cells

(Nakayama, 2014). Trogocytosis of pMHC-I complexes derived from tumors and infected cells results in

enhanced DC cross-priming and promotes adaptive CD8+ T cell responses (Dolan et al., 2006; MacNabb

et al., 2022;Wakim and Bevan, 2011; Zhang et al., 2008). Of note, trogocytosis of tumor-associated antigens

was shown to be the primary mechanism for cross-priming mediated by CD8a+ DCs in mice immunized

with small numbers of live tumor cells (Das Mohapatra et al., 2020). Moreover, the acquisition of tumor-

derived antigens via trogocytosis was shown as an important mechanism for antigen presentation by

plasmacytoid DC (pDC). Although human pDCs are inefficient in the internalization of tumor cells by

phagocytosis, they can rapidly acquire membrane antigens and HLA molecules from melanoma cells in

a cell-cell contact-dependent manner, and subsequently stimulate melanoma antigen-specific CD8+

T cell responses (Bonaccorsi et al., 2014). Overall, cross-dressing via trogocytosis of pMHC-I complexes

represents an important mechanism of antigen presentation by DC in cancer.

Through trogocytic capture by neighboring immune cells, DC can be deprived of surface molecules that

impair their function. For example, regulatory T cells (Tregs) can strip co-stimulatory molecules, such as

CD70 (Dhainaut et al., 2015), CD80, and CD86 (Gu et al., 2012) from the membrane of DCs, gaining the

enhanced suppressive ability and resulting in defective APC function by the DCs. This process occurs via

Treg-expressed CTLA-4, which facilitates the IS formation with DCs and concomitant transfer of CD80/

CD86 molecules from DCs to Tregs by trogocytosis (Qureshi et al., 2011; Tekguc et al., 2021). Of note,

Treg-dependent depletion of CD80 disrupted cis-CD80/programmed death ligand-1 (PD-L1) hetero-

dimers and increased free PD-L1 on DCs, further inhibiting DC activity. T cell ability to engage trogocytosis

with DCs represents a key example of how immune cells can interchange membrane molecules that may

affect anti-tumor immune responses. In a recent report, expression of Tim-3 by DCs engaged its receptor

phosphatidylserine on tumor-infiltrating CD8+ T cells (TILs) to promote the trogocytosis of myeloid mole-

cules by tumor antigen-specific TILs, including pMHC-I complexes, which converted these TILs into a target

for fratricide CD8+ T cell killing (Pagliano et al., 2022). Moreover, trogocytic transfer of PD-L1 from human

DCs to CD8+ T cells upon antigen-specific recognition endowed PD-L1+ CD8+ T cells with fratricide-killing

properties (Gary et al., 2012). Therefore, in DCs active trogocytosis is a mechanism of cross-dressing that

strengthens DC presentation of tumor antigens, whereas the transfer of co-stimulatory and immune check-

points from DCs to neighboring immune cells may hamper anti-tumor immunity.

Monocytes and macrophages express Fcg receptors through which they interact with antibody-opsonized

cancer cells resulting in either phagocytosis of whole cells or trogocytosis of membrane patches

Figure 3. Evidence of trogocytosis by transmission electronic microscopy

Ultrastructural analysis showing a trogocytic invagination at the activated eosinophil interface with a tumor cell (B16.F10

melanoma cell) after 1-h co-culture at 10:1 ratio. The right rectangle delineates a magnified image of the white dashed

contour.
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(Miyake and Karasuyama, 2021). Trogocytosis can result in the removal of relevant antigens from target tu-

mor cells that can compromise the efficiency of anticancer immunotherapeutic monoclonal antibodies.

This is the case of the anti-CD20 antibody Rituximab for the treatment of patients with chronic lymphocytic

leukemia, whereby antibody opsonization of leukemia cells produced the stripping (shaving) of CD20

molecule from target tumor cells by monocytes or macrophages via Fcg receptors that limited tumor

cell clearance (Beum et al., 2006). This mechanism was later reported for other immunotherapeutic anti-

bodies targeting malignant cells (Beum et al., 2008; Taylor and Lindorfer, 2015).

However, persistent trogocytosis of antibody-opsonized cancer cells can result in tumor killing. Trogocy-

tosis of antibody-opsonized HER2+ human breast carcinoma cells mediated by macrophages was shown

to lead to tumor killing in vitro (Velmurugan et al., 2016). Trogocytosis involved the extension of tubular

structures in the macrophage that result in the formation of an invagination embracing a piece of the tumor

cell membrane. Membrane patches of the cancer cell are then enclosed by the macrophage membrane

surface and eventually bit off by the latter. This membrane tubulation event can be considered an early

biomechanical force initiating the trogocytic process (Figure 5).

Antibody engineering to increase FcgR binding affinity augments trogocytosis and cancer cell death (Vel-

murugan et al., 2016), indicating that prolonged interactions and persistent trogocytosis may result in cell

death. In this view, clusterization of trogocytic factors may improve the cell-cell contact stability, thus

allowing a sustained contact time interval and then cell death. Moreover, in non-small cell lung cancer,

administration of a bispecific antibody targeting EGFR and cMet receptors caused FcgR-mediated

monocyte and macrophage interactions and associated trogocytosis of EGFR and cMet from cancer cells,

leading to the inhibition of proliferation (Vijayaraghavan et al., 2020). In this model, macrophage-mediated

trogocytosis was the major mechanism underlying antibody-mediated anti-tumor efficacy. Thus, although

the mechanisms dictating the fate of antibody-opsonized cancer cells following macrophage trogocytosis

are unclear, it is likely that cancer cells may not survive persistent trogocytic events and thus undergo cell

death.

Monocytes and macrophages can also trogocytose inhibitory molecules that impair their function. For

example, monocytes co-cultured with Hodgkin lymphoma cells rapidly (within 1 h) increased their expres-

sion of PD-L1/L2 (Kawashima et al., 2020). When monocytes were co-cultured with PD-L1/L2-deficient lym-

phoma cells, the membrane expression of PD-L1/L2 on monocytes was not increased, suggesting that the

augmented expression of PD-L1/L2 occurred via direct membrane transfer from lymphoma cells to mono-

cytes and not by the up-regulation of monocyte endogenous molecules. In vitro, the monocytes acquiring

PD-L1 inhibited IFN-g release by T cells.

Figure 4. Trogocytosis in eosinophils is CD11b/CD18-dependent

IL-33 activated eosinophils were incubated with 10 mg/mL anti-CD18/CD11b blocking antibody for 25 min at 4�C prior to

the co-culture with indicated PKH26-labelled tumor cells (4:1 ratio). Trogocytosis was evaluated by fluorescence

microscopy. Data represent the mean percentages of trogocytic eosinophils of multiple fields (at least 400 cells/

condition) +/� SD *p < 0.05. One-way ANOVA test. One representative experiment out of two is shown.
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Table 1. Trogocytosis in innate immune cells: role in the regulation of anti-tumor immune responses

Cell type Target cell Acquired molecule Donated molecule Molecular mechanism Outcome References

NK Various target cells MHC-I Ly49A; KIR Ly49 A/H-2D; KIR2DL1/HLA-C;

ILT2/HLA-G; ATP-dependent

Reduction in NK cell cytotoxic

activity

(Carlin et al., 2001;

Sjöström et al., 2001;

Vanherberghen et al., 2004;

Zimmer et al., 2001)

DCs; tumor cells CCR7 LFA-1 and CD2-mediated

adhesion; prevented by

KIR/HLA-class I interaction

Acquired NK cell migration to

lymph nodes

(Marcenaro et al., 2009)

Tumor cells Rae-1 NKG2D NK fratricide killing (Nakamura et al., 2013)

Tumor cells CD9 NE Impaired NK cell function (Gonzalez et al., 2021)

Tumor cells HER2; TYRO NE NK activation and degranulation;

unaffected anti-tumor immunity

(Lu et al., 2021; Suzuki

et al., 2015)

Tumor cells PD-1 SLAM receptors NK activation and degranulation;

reduced anti-tumor immunity

(Hasim et al., 2022)

DCs APCs; tumor cells pMHC-I NE Enhanced Ag presentation by

cross-dressing

(Das Mohapatra et al., 2020;

Zhang et al., 2008)

Treg CD70, CD80, CD86 CTLA-4 mediated IS formation Decreased APC function; increased

expression of free PD-L1

(Dhainaut et al., 2015;

Gu et al., 2012; Tekguc

et al., 2021)

CD8 T cells PD-L1 pMHC-I/TCR recognition Fratricide CD8 T cell killing (Gary et al., 2012)

CD8 T cells pMHC-I Phosphatidylserine/Tim-3 Fratricide CD8 T cell killing (Pagliano et al., 2022)

pDC Tumor cells pMHC-I NE CD8 T cell priming by cross-dressing (Bonaccorsi et al., 2014)

Macrophages mAb-opsonized

tumor cells

TAA FcgR-mediated TAA shaving; impaired mAb-based

immunotherapy efficiency

(Beum et al., 2006, 2008;

Taylor and Lindorfer, 2015)

mAb-opsonized

tumor cells

TAA FcgR-mediated with

increased affinity

Persistent trogocytosis leads to

tumor cell death

(Velmurugan et al., 2016;

Vijayaraghavan et al., 2020)

Tumor cells PD-L1/PD-L2 NE Inhibition of T cell activation (Kawashima et al., 2020)

Neutrophils mAb-opsonized

tumor cells

NE NE FcgR-mediated; CD11b/CD18-

mediated adhesion; enhanced

by CD47/SIRPa blockade

Tumor cell death by prolonged

trogocytosis (trogoptosis)

(Bouti et al., 2021; Horner

et al., 2007; Martinez Sanz

et al., 2021; Matlung et al.,

2018; van Rees et al., 2022)

Basophils DCs pMHC-II LFA-1 and ICAM-1-mediated

adhesion; CD11b/CD18

independent

Acquisition of APC function by

cross-dressing

(Miyake et al., 2017)

Eosinophils Tumor cells NE NE CD11b/CD18-mediated adhesion NE Figure 4

TAA, Tumor-associated antigens; mAb, monoclonal antibody; Ag, antigen; IS, immunological synapse; NE, not explored. ll
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Neutrophils express several types of Fcg receptors (Futosi et al., 2013) relevant for the induction of

antibody-dependent cellular cytotoxicity (ADCC) (Vanderven et al., 2017). Several studies indicate that

neutrophils, like macrophages, employ FcgR engagement for trogocytosis (Masuda et al., 2013). The first

evidence of trogocytosis in neutrophils comes from a study showing that during contact between neutro-

phils and HER-2/neu expressing tumor cells there was a mutual exchange of fluorescent membrane lipid

dyes that was strongly increased in the presence of antibodies targeting HER-2/neu (Horner et al., 2007).

Subsequently, Masuda et al. showed that peripheral blood neutrophils acquire T-cell-derived surface

molecules in the presence of serum and cell-cell direct interaction as a result of FcgR-mediated trogocy-

tosis, explaining the odd phenomenon of false positives appearing in flow cytometry analyses (Masuda

et al., 2012).

Recently, van den Berg group showed that neutrophils employ trogocytosis to kill antibody-opsonized can-

cer cells in a process termed trogoptosis (Matlung et al., 2018). Trogoptosis is a mechanical process

ensuing trogocytosis that involves the disruption of the plasma membrane of target cancer cells leading

to lysis and necrotic death. Neutrophil trogoptosis is dependent on both FcgR engagement and cell-

cell interactions via the neutrophil b2 integrin CD11b/CD18 that mediates the formation of conjugates

with cancer cells (Martinez Sanz et al., 2021; Matlung et al., 2018; van Spriel et al., 2001, 2003). Of note,

CD47-SIRPa checkpoint blockade strongly enhances trogoptosis by enabling the integrin-associated pro-

tein kindlin-3 to bind talin-2 and the b chain of the integrin in order to stabilize both the interaction of

CD11b/CD18 with the cancer target and the anchorage to the cytoskeleton (Bouti et al., 2021; Matlung

et al., 2018). This molecular conformation fits with the tubular structures observed in macrophages

(Velmurugan et al., 2016) and supports the concept of biomechanical forces driving the initial phases of

trogocytosis (Figure 5). In neutrophils, this process allows the formation of an IS that results in trogocytosis

and tumor killing (Bouti et al., 2021). Strategies aimed at blocking or disrupting the CD47-SIRPa axis were

reported to enable neutrophils to trogocytosis (Cendrowicz et al., 2022) and trogoptotic killing (van Rees

et al., 2022) of B-cell lymphoma cells. Furthermore, the activation of neutrophils with Galectin-9 down-

modulated CD47, while it up-regulated integrin expression and tumor cell adhesion, resulting in enhanced

neutrophil trogocytosis and tumor killing (Ustyanovska Avtenyuk et al., 2021). These studies underline the

importance of integrin activation and the role of CD47 as a negative regulator of neutrophil-mediated

trogocytosis.

Although trogocytosis and trogoptosis are strictly related mechanical events, this does not necessarily

imply that every single ‘‘bite’’, caused by a trogocytic event, results in the lytic disruption of the cell mem-

brane (i.e., trogoptosis). This is the case of rituximab-opsonized B cell lymphoma cells, where neutrophils

can bite off CD20, but are incapable to kill lymphoma cells. Newer studies from van den Berg group

demonstrated that a combination of CD47-SIRPa checkpoint blockade and the anti-leishmaniasis drug

sodium stibogluconate overcomes the resistance of B-cell lymphoma cells toward neutrophil trogoptotic

killing (van Rees et al., 2022).

Figure 5. Role of tubular structures in macrophage trogocytosis

Fluorescence image acquired at 1020 s inside the 1.8 and 1.2 mm focal planes showing the Trastuzumab signal in cancer cells (red fluorescence) and

displaying a trogocytic event (enlarged in the left panel) involving the formation of two tubular structures (orange arrows and white dashed line) engaging

between a macrophage (green fluorescence) and a cancer cell. These tubular structures evolve with the invagination of the cancer cell membrane. Yellow

arrows in the grayscale panels indicate intermediate architectures in the evolution of the tubular structure. Numbers at the bottom left of each black/white

panel depict the acquisition time (seconds) for each frame. Scale bars = 5 mm (ª Velmurugan et al., 2016; The American Association for Cancer Research).
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Basophils represent the rarest population of granulocytes playing key roles in allergic inflammation and

parasitic infections. Evidence that basophils can carry out trogocytosis comes from one study demon-

strating that basophils acquire peptide-MHC-II complexes from DCs through cell contact-dependent tro-

gocytosis (Miyake et al., 2017). These peptide-MHC-II-dressed basophils gained APC function and induced

the priming of peptide-specific T cells, as reported for other cross-dressed immune cells including CD4+

T cells, NK cells, macrophages, and mast cells (Dudeck et al., 2017). Blocking of either CD11a or ICAM-1

(but not CD11b) abrogated MHC-II transfer from DCs to basophils, indicating a role for these adhesion

molecules in basophil trogocytosis. Of note, Miyake et al. also evidenced the formation of the peculiar

tubular architectures during in vivo trogocytosis between DCs and basophils, occurring in mouse-draining

lymph nodes (Figure 6) (Miyake et al., 2017). These findings indicate that actin network formation and poly-

merization could be associated with these tubulation processes and may represent a common early event

of trogocytosis, independently of the cell type engaging trogocytosis. Whether trogocytosis between ba-

sophils and DCs affects immune system homeostasis in the TME and whether this process occurs among

basophils and cancer cells is currently unknown.

Innate immune cell trogocytosis via stable CD11b/CD18 immunological synapse: data from in

silico modeling analysis

Despite trogocytosis being a conserved biological process in and between cellular species, it can be

triggered by different molecular signals. Innate immune cells express different patterns of membrane

receptors, some of which are shared among lineages, whereas others are cell type-specific. As a conse-

quence, the molecular mechanisms mediating trogocytosis in these cells may depend on the cell type

with some shared similarities. Given the dependence on cell-cell contact, trogocytosis in immune cells

crucially depends on the formation of the IS. However, the links bridging IS to trogocytic event and the

underlying molecular mechanisms are still unclear.

During TCR/MHC interaction between T cells and APCs, the IS directs the actin network close to the

clusters of TCR complexes (Dopfer et al., 2011) via the PI3K and two small GTPases RhoG and RRas

(Uribe-Querol and Rosales, 2021). As Rho compounds are well recognized for their key role in F-actin

contraction and polymerization (Lou et al., 2019), it is likely that Rho molecules are recruited near the clus-

tering TCR molecules and then bind actin filaments, triggering synchronized contraction that results in an

engulfment-like rearrangement of the membrane. The contractile force derives from the tropomyosin-

mediated shortening of the multiple actin fibers (Dogterom and Koenderink, 2019) and leads to the

engulfment of the T cell membrane close to the TCR/pMHC clusters. The process then culminates with

the internalization of the vesicles containing the TCR/pMHC complexes. These assumptions are consoli-

dated by studies demonstrating the central role of RhoG and RRas GTPases for T cell receptor internaliza-

tion concomitantly with the formation of IS (Martı́nez-Martı́n et al., 2011), whereas the initial formation of the

IS requires the recruitment of F-actin polymers (Calvo and Izquierdo, 2021).

Figure 6. Role of tubular structures in basophil trogocytosis

Fluorescence image showing an in vivo trogocytic event between a basophil (green fluorescence) and a DC (red

fluorescence) within a mouse-draining lymph node. Orange arrows indicate the presence of a tubular architecture during

trogocytosis (ª Miyake et al., 2017; National Academy of Sciences).
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As mentioned above, NK cells, macrophages, and neutrophils express FcgR that allows the killing of target

cells by ADCC, which classically occurs through phagocytosis (in the case of macrophages) or degranula-

tion-mediated apoptosis (in the case of NK cells and neutrophils) of the opsonized target cell. Matlung

et al. showed that neutrophils employ trogocytosis as a means for ADCC of cancer cells, namely trogop-

tosis, whereas NK cell-mediated ADCC is independent of trogocytosis and is strictly degranulation-medi-

ated (Matlung et al., 2018). This suggests that different immune effector cells employ trogocytosis for

distinct purposes. Neutrophils and antibody-opsonized cancer cells associate through high-affinity inter-

actions that involve the integrins CD11b/CD18. Of note, these integrins are known to be capable to

bind specific focal adhesion molecules, including talins and kindlins, as depicted in our model (Figure 7A

and Data S1) and reported previously (Sun et al., 2020). For example, kindlin-3, the only kindlin expressed in

hematopoietic cells (Fagerholm et al., 2014), is another focal adhesion factor with similar properties shared

by talin-2 (Sun et al., 2020). On the other hand, kindlin-3 and talin-2 are required for the binding to and acti-

vation of integrins, including CD11b/CD18 (Bouti et al., 2021; Critchley et al., 1999). These considerations

enforce the role of talins and kindlins as key adapter molecules permitting integrins association with

F-actin. Indeed, our computational model processed by the protein-protein docking platform ClusPro (Ko-

zakov et al., 2017; Comeau et al 2004; Kozakov et al., 2006) suggests that talin-2 and kindlin-3 not only bind

to actin homotrimers but also associate to form a stable talin/kindlin complex (Figure 7B and Data S1).

Figure 7. Association of integrins to F-actin through talin-2 and kindlin-3 in granulocytes

(A) Hypothetical surface model of human integrins CD18 and CD11b associated with F-actin through focal adhesion molecules (Talin-2, Kindlin-3) as an early

signal for integrin/ligand stabilization and clusterization within the granulocyte cell membrane. Talin-2markedly activates Integrin-beta-2 thus increasing the

affinity binding of the CD18/CD11b integrins to its ligand on cancer cells (cyan arrow). Actin (ACTC1) monomers (Uniprot code, P68032); talin-2 (Uniprot

code, Q9Y4G6); kindlin-3 (Uniprot code, Q86UX7); integrin beta-2 (Uniprot code, P05107); integrin alpha-M (Uniprot code, P11215).

(B) 3D stereoscopic computational model showing integrin Alpha-M (RCSB-PDB code: 7P2D) with its C-terminal sequence (cytoplasmic region in panel A)

binding the kindlin-3 (RCSB-PDB code: 7C3M) and talin-2 (RCSB-PDB code: 6R9T). These two focal adhesion molecules are in turn stably complexed to an

actin homotrimer composed of ACTC1 monomers (RCSB-PDB code: 7LRG). Dashed lines represent the cell membrane separating the extracellular space

from the cell cytosol. Upper right box depicts the integrin side view of the model referred to as the actin homotrimer axis. The intermediate and lower right

boxes represent the kindlin-3 and talin-2 side views of themodel referred to as the same trimer axis. The dockingmodel was obtained via ClusPro processing

of the indicated RCSB-PDB codes (ª Kozakov et al., 2017).

(C) Particular of the integrin-talin associationmediated by the cytoplasmic regions of the integrin molecule (pink & purple colors) demonstrating the ability of

talin-2 to act as a focal adhesion factor by binding to integrins (RCSB-PDB code: 3G9W).
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Talins also display binding affinity to the cytosolic region of integrins b1-D (Figure 7C). These observations

consolidate the notion that the CD11b/CD18 complex can bind to actin through a stable association to ta-

lin/kindlin dimers, which in turn allows the clusterization of integrins onto the granulocyte membrane and a

concomitant local accumulation of F-actin segments. Preserving F-actin architecture inside the granulocyte

membrane is pivotal for the generation of membrane tubules around the target cell membrane.

The maintenance of the cytoskeletal F-actin network can in part occur by a fine modulation of local poly-

merization/depolymerization of F-actin filaments. Therefore, all relevant molecules known to stably bind

actin monomers or F-actin could play a key role in these processes. In this regard, the Arp2/3 complex

with actin monomers (i.e., ACTC1) constitutes a key molecule to generate and maintain the F-actin network

architecture (Figure 8A and Data S1) (Lee and Dominguez, 2010). Actin monomers also bind to profilin and

VASP (Figure 8B), which are relevant factors for the elongation and formation of the aforementioned

tubular units (Critchley et al., 1999). Fascin, a F-actin crosslinker, further increases the stability of these struc-

tures by cross-linking F-actin filaments as shown by our docking analysis (Figure 8C and Data S1) and by

other reports (Lee and Dominguez, 2010). BAR/IMD Domain Containing Adaptor Protein 2 (BAIAP2) con-

tributes to membrane ruffling via F-actin linking close to the membrane, as reported by Lee and co-workers

(Lee and Dominguez, 2010) and by our protein-protein docking model (Figure 8D and Data S1). These ob-

servations and other studies (Critchley et al., 1999; Pinon et al., 2014) strongly suggest that these actin-

binding molecules, together with focal adhesion molecules (including talin-2 and kindlin-3), serve as inter-

mediate factors connecting F-actin with membrane integrins.

Figure 8. Models of relevant actin-binding molecules mediating the cytoskeleton architecture maintenance and organization

(A) Details of the Arp2/3 complex (colored protein subunits) associated with F-actin filaments (gray color), composed by ACTC1 monomers. Light cyan box

shows the role of the Arp2/3 complex (light cyan circle) in F-actin network architecture. RCSB-PDB code, 7AQK.

(B) Actin (ACTC1) monomer associated with two elongation elements (profilin and VASP), needed for the formation and elongation of the F-actin fibers.

Details on ATP/GTP (orange box) binding region are depicted. RCSB-PDB code, 2PAV.

(C) 3D stereoscopic computational model delineating fascin (RCSB-PDB code, 1DFC) complexed to an ACTC1 homotrimer (RCSB-PDB code, 7LRG). Fascin binds

actin polymers to generate F-actin fibers. Box shows a front view referring to the actin homotrimer axis underlining the strict association between the two proteins.

(D) 3D stereoscopic computational model showing BAIAP2 (RCSB-PDB code, 1Y2O), a membrane deformation element, associated with an ACTC1

homotrimer (RCSB-PDB code 7LRG), which elicits membrane ruffling. Box illustrates a front view of the actin homotrimer axis highlighting the firm binding

between the two proteins.
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Proposed model for a role of the actin network in trogocytosis via talin/kindlin switchers

Based on these observations and with the support of the aforementioned literature, we here propose a hy-

pothetical model delineating the relevant role of integrins and focal adhesionmolecules for the association

to the F-actin network, as amain driving force to sustain the trogocytosis process in neutrophils and possibly

other innate immune cells during direct contact with cancer cells (Figure 9). Given the shared adhesionmol-

ecules and integrins expressed with neutrophils, it may be speculated that eosinophils employ this process

for facilitating the formation of the IS. In our model, the granulocyte starts to engage an IS with a tumor cell,

by the integrins CD11b/CD18 firmly associated with their specific ligand on cancer cells. This allows the for-

mation of integrin clusters in the granulocytemembrane surface and the recruitment of talin-2 and kindlin-3.

Such molecular architecture is central in intermediating a stable binding to the F-actin fibers close to the

integrin clusters. In parallel, this molecular binding cascade will sustain RhoG-induced F-actin polymeriza-

tion (through Arp2/3 and fascins) and actin elongation close to the IS region. This has two parallel effects:

(i) the formation of an F-actin network locally to the IS, and (ii) the generation and extension of F-actin-

guided tubular membrane structures via the VASP and BAIAP2 proteins (Figure 9). At this point, the tubular

structures continue to extend until they encounter another similar structure to assemble with, via mem-

brane-to-membrane fusion, thus leading to cancer cell membrane patch internalization. This activates a

cascade of events: (i) integrins on the immune cell membrane detach from ligands on the cancer cell sur-

face, (ii) integrins de-clusterize, (iii) de-clusterization favors the dissociation of talins and kindlins from the

integrins, and the subsequent F-actin depolymerization by guanine nucleotide exchange factors (GEFs)

and RhoG inactivation, and (iv) termination of trogocytic process by the exposition of integrin ligands on

granulocyte membrane. The latter occurs through sequential cholesterol-based membrane fusion events

(Witt et al., 2021; Martens and McMahon, 2008; Yang et al., 2016), leading to the final exposure of the li-

gands to the granulocyte surface membrane. Overall, this model highlights that the stability of IS is pivotal

for the initiation and termination of trogocytosis (Figure 9). We may speculate that the stability and time

duration of IS, together with immune checkpoint blockade (such as CD47-SIRPa), can determine prolonged

trogocytic events that may result in trogoptosis in neutrophils and possibly in other innate immune cells.

The present model, corroborated by our in silico docking analyses, may be theoretically applied to other

integrins that bind focal adhesion molecules, such as talins and kindlins.

Concluding remarks

Trogocytosis allows immune cells to expose on their membrane surface molecules they do not genetically

express, acquiring specific signaling features provided by the captured molecule. As trogocytosis implies

the acquisition of molecules not intrinsically expressed by the receiving cell, it may be regarded as a

transitory process depending on the mean half-life of the receiving protein and thus associated with its

biophysical features.Most studies have evaluated trogocytosis by flow cytometry and in some cases the per-

centages of reported trogocytic cells are remarkably high. If trogocytosis was such a frequent event this

would question the parameters employed for decades by immunologists to distinguish immune cell types

based on membrane receptors expressed. Given the artifacts often produced by autofluorescence, we

recommend coupling flow cytometry to fluorescence microscopy when studying trogocytosis.

In the TME, trogocytosis may be regarded both as a feedback mechanism of immune regulation and as an

opportunistic strategy for cancer cells to escape immunity following the deprivation of cognate antigens.

Figure 9. Hypothetic molecular model for the role of F-actin network reorganization as a main biomechanical driver for granulocyte trogocytosis

of cancer cells

The generation and maintenance of an immune synapse starts with CD18/CD11b integrins-ligand complex clusterization inside the granulocyte

membrane surface (orange-color membrane). These clusters elicit the recruitment of talin-2 and kindlin-3, which bind to the cytosolic regions of integrins.

Talin-2 and kindlin-3 also associate with the F-actin fibers, thus activating the accumulation of F-actin filaments tight to the clusters. Through the Arp2/3

complexes, the F-actin network extends locally and at the sides of the clusters leading to the formation of F-actin fibers. VASP, Fascins, and BAIAP2 elicit

the generation of peculiar tubular membrane structures, whose formation and stability are sustained by actin polymerization via active RhoG, which also

leads to the local extension of the actin network by the degradation of GTP into GDP and phosphate (Pi). GDP then interacts with actin monomers (upper

left box). At this point, these tubular architectures, guided by the actin network diffusion force, will entrap the cancer cell membrane (green color) and

ligands. In parallel, the ligands on the cancer cell membrane detach from the integrins located on the granulocyte membrane. This leads to the

spontaneous dissociation of talin-2 and kindlin-3 from integrins and in turn to F-actin decomplexation, with subsequent actin network disaggregation.

Concomitantly, the prevalence of inactive RhoG stimulates the GEFs-dependent F-Actin depolymerization and GEFs-guided GTP formation (lower right

box), culminating with the exposition of ligand molecules into the granulocyte membrane by sequential membrane fusion events, thus terminating the

process of trogocytosis.

ll
OPEN ACCESS

iScience 25, 105110, October 21, 2022 13

iScience
Article



The latter aspect worryingly challenges the success of cancer immunotherapies in patients and strategies

aimed at circumventing this side effect have been proposed, including alternative dosing (Taylor and Lin-

dorfer, 2015) and combinatorial targeting (Hamieh et al., 2019). On the other hand, trogocytosis can find

therapeutic applications as a tool to transiently expose molecules of interest to immune cells without ge-

netic manipulation, with the aim to enhance their functions in vivo in adoptive immunotherapy of cancer

and other diseases. This strategy was first employed to engineer CCR7 expression on expanded human

NK cells to improve lymph node homing after adoptive transfer (Somanchi et al., 2012). A thorough under-

standing of the mechanisms regulating trogocytosis in immune cells, including the complex dynamics

behind the IS formation and stabilization, will be instrumental for the development of strategies to

appropriately harness this process for therapeutic purposes.

Limitations of the study

One limitation of this study is that trogocytosis in eosinophils was demonstrated only after stimulation with

IL-33, thus other activation stimuli capable of promoting cell-cell adhesion via CD11b/CD18 should be

tested. Moreover, our 3D models obtained by ClusPro protein-protein docking analysis are in silico repre-

sentations. These protein complexes need future experimental confirmations to evaluate their real

feasibility.
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Materials availability
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Antibodies

Rat anti-mouse CD18 Biolegend Cat#101417; RRID:AB_2832273

Rat anti-mouse Siglec-F BD Biosciences Cat# 562681, RRID:AB_2722581

Chemicals, peptides, and recombinant proteins

PKH67 Sigma-Aldrich Cat#S-MINI67

PKH26 Sigma-Aldrich Cat#S-MINI26

DAPI Thermo Fisher Scientific Cat#D1306

Recombinant mouse IL-33 Biolegend Cat# 580506

Recombinant mouse IL-5 Peprotech Cat#215-15

Recombinant mouse SCF Cell Guidance Systems Cat#GFM9-10

Recombinant mouse FLT3-L Cell Guidance Systems Cat# GFM6-100

Recombinant mouse GM-CSF Cell Guidance Systems Cat# GFM15-20

Experimental models: Cell lines

EG7.OVA American Type Culture Collection CRL-2113

B16.F10 American Type Culture Collection CRL-6475

MCA205 Merck Millipore SCC173

MC38 Provided by Dr. Carlos Alfaro RRID:CVCL_B288

TC-1 Provided by Dr. Guido Kroemer RRID:CVCL_4699

Experimental models: Organisms/strains

C57BL/6 mice Charles River Laboratories C57BL/6NCrl

Software and algorithms

GraphPad Prism 7 GraphPad Software Inc. https://www.graphpad.com/

Kaluza Analysis Beckman Coulter https://www.beckman.com/

Adobe Photoshop CS5 Adobe https://www.adobe.com/

PyMol Schrödinger LLC https://pymol.org/

ClusPro (via PIPER algorithm) Boston University and

Stony Brook University

https://cluspro.org/

NGL Viewer The Center of Molecular

Life Sciences – University of Basel

https://swissmodelwxpasy.org/
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Any additional information required to reanalyze the data reported in this paper is available from the lead

contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Generation of bone marrow-derived eosinophils

Mice were housed in the animal facilities at the Istituto Superiore di Sanità (Rome, Italy). All experiments

and procedures were approved by the Italian Ministry of Health (Permit No. 243/2016-PR to protocol

No. D9997.13) and the Ethical Committee for Animal Experimentation of the Istituto Superiore di Sanità,

in accordance with the Guide for the Care and Use of Laboratory Animals of the European Community

Council Directives. Bone marrow-derived murine eosinophils were obtained following a protocol already

described (Andreone et al., 2019), with some modifications. Briefly, bone marrow cells from naı̈ve C57Bl/

6 mice were cultured in RPMI 1640 containing 20% FBS, 1% glutamine, 25 mM Hepes, 1X NEAA, 1 mM so-

dium pyruvate, supplemented with 100 ng/mL SCF and 100 ng/mL FLT3-L (all from Cell Guidance Systems).

From day 4, 10 ng/mL IL-5 (Peprotech) was added to the culture every other day. At day 14, eosinophils

were harvested and re-plated at the concentration of 1,5 3 106/mL in the presence of either 100 ng/mL

IL-33 (Biolegend; activated EOS) or 10 ng/mL IL-5 (resting EOS). GM-CSF (10 ng/mL; Cell Guidance

Systems) was added to the cultures 24 h prior to use (day 15 or 16). Eosinophil purity (>80%) was determined

by flow cytometry (CD11b+Siglec-F+Ly6G�CD11c�).

Tumor cell lines

Murine EG7.OVA lymphoma cells (EG7, CRL-2113; American Type Culture Collection), B16.F10 metastatic

melanoma cells (ATCC, CRL-6475), MC38 colon carcinoma cells (kindly provided by Dr. Carlos Alfaro,

University of Navarra, Pamplona, Spain), TC-1 lung carcinoma cells (kindly provided by Dr. Guido Kroemer,

Gustave Roussy Cancer Institute, Villejuif, France) and MCA205 fibrosarcoma cells (Merck Millipore,

Burlington, MA, USA, SCC173) were used.

METHOD DETAILS

Trogocytosis assays

Tumor cells cells were labelled with either PKH67 Green or PKH26 Red fluorescent Cell Linker (Sigma) ac-

cording to the manufacturer instructions and then co-cultured for 60 min with resting or activated EOS at

4:1 EO:tumor cells ratio. In experiments with anti-CD18 antagonist, activated EOS were pre-incubated

with 10 mg/mL anti-mouse CD18 mAb (clone M18/2, Biolegend) for 25 min at 4�C prior to co-culture

with PKH-labelled tumor cells. For trogocytosis assay by confocal microscopy, cells were transferred

onto poly-L-lysine-coated coverslips and the cover glasses were mounted on microscope slides with Vec-

tashield antifade mounting medium containing DAPI (Vector Laboratories). CLSM observations were per-

formed with a Leica TCS SP2 AOBS apparatus, using a 63X/1.40 NA oil objective and excitation spectral

laser lines at 405, 488 and 594 nm. Image acquisition and processing were carried out using the Leica

Confocal Software 2.6 rel 1537 (Leica Microsystems) and Adobe Photoshop CS5 software programs. Sig-

nals from different fluorescent probes were taken in sequential scan settings. Several cell conjugates for

each condition were analyzed for both quantitative analysis and representative images of PKH+ eosino-

phils. For trogocytosis assay by flow cytometry, at the end of the co-culture, cells were labelled with

BV421 anti-mouse Siglec-F mAb (BD Biosciences) in the presence of 0.5 mM EDTA to disrupt cell

conjugates and analyzed by flow cytometry. The percentage of trogocytosis in eosinophils was evaluated

as percentage of PKH+ cells in a population gated on Siglec-F+ and doublets exclusion. For analysis of

trogocytosis of eosinophils by time-lapse video microscopy, MC38 cells were labelled with PKH26 Red

fluorescent Cell Linker and plated on Cellvis 6 Well glass bottom plate with high performance #1.5 cover

glass (Fisher scientific). Resting or activated eosinophils were added to the culture at a 2:1 EOS: tumor

cell ratio. Time lapse recordings were performed over a period of 1 h at a 30 seconds interval with a 20X

objective in a Zeiss LSM 900 confocal microscope.

Ultrastructural analysis by transmission electron microscopy (TEM)

Resting and IL-33 activated eosinophils were co-cultured with B16 melanoma cells (10:1 ratio) for 60 min at

37�C and then fixed in 2.5% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4. Following washes in

cacodylate buffer, cells were post-fixed in 1% OsO4 in the same buffer and further washed with 0.1 M

cacodylate. Cells were then dehydrated in ethanol gradient from 50% to 100% (v/v) and embedded in

Agar 100 resin (Agar Scientific, Essex, UK) at 65�C for 48 h. Ultra thin sections were obtained using an
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ultra-microtome and collected on 200-mesh grids, counterstained with uranyl acetate for 10 min and lead

citrate for further 10 min. Samples were observed in a Philips 208s transmission electron microscope at

100 kW (Philips, Amsterdam, The Netherlands).

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analysis were performed using GraphPad Prism Software (GraphPad, La Jolla, CA). One-way

analysis of variance was performed to comparemeans among groups, followed by post hoc testing (Tukey).

Values were considered as significant when the probability was below the 5% confidence level (p < 0.05).
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