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abSTRaCT

Both natural killer (NK) cells and phagocytes, including neutrophils and macrophages, 
can mediate antibody-dependent cellular cytotoxicity (ADCC) and this contributes to the 
clinical efficacy of cancer therapeutic antibodies. However, whereas the effector mechanisms 
underlying NK cell- and macrophage- mediated ADCC are relatively well defined, the 
way in which neutrophils kill antibody-opsonized cancer cells has remained an enigma. 
We investigated the mechanism of human neutrophil ADCC towards cancer cells. Our 
findings establish that the killing of antibody-opsonized tumor cells does not require the 
classical antimicrobial mechanisms of neutrophils, including the NADPH oxidase and/or 
the secretion of granule-derived mediators. Instead, we provide preliminary evidence for 
‘trogocytosis’ as a mechanism of ADCC by neutrophils. Trogocytosis (‘trogo’ is greek for 
gnaw) is a process in which neutrophils mechanically tear off fragments from the plasma 
membrane of antibody-coated cancer target cells, thereby causing a type of necrotic cell 
death that we propose to term trogoptosis. Triggering of neutrophil trogoptosis requires 
intracellular signaling involving phosphoinositol-3 kinase (PI3K), and it can be promoted by 
interference with CD47-SIRPa interactions that were previously shown to restrict neutrophil 
ADCC towards cancer cells in vitro and in vivo. Collectively, our findings provide insight 
into the mechanism of neutrophil ADCC against tumor cells, and suggest that this can occur 
though trogocytosis. Future studies should be directed to establish the in vivo relevance 
of neutrophil trogocytosis and the underlying mechanism, and the latter may also identify 
molecular targets for enhancing the clinical efficacy of antibody therapy in cancer.
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InTRoDuCTIon

Antibody therapy is used for the treatment of certain forms of cancer, and immune-mediated 
mechanisms, including complement-mediated cytotoxicity (CDC) and antibody-dependent 
cellular cytotoxicity (ADCC), are known to account for at least part of the cancer cell 
destruction1,2. However, the clinical efficacy of cancer therapeutic antibodies remains much 
too limited, and as a result such these presumed selective antibody therapeutics still have to be 
used generally in combination with non-specific and harmful (e.g. mutagenic) chemotherapy. 
Unfortunately, chemotherapy also undermines the clinical benefit of antibody therapy as 
it causes leukopenia, thereby strongly reducing the availability of relevant effector cells. 
ADCC is triggered via FcγR expressed on NK-cells and phagocytes in both experimental 
animal models3 and also during therapeutic antibody treatment of cancer patients4. The 
latter is supported by strong indirect evidence from genetic studies in which a link between 
the efficacy of treatment and polymorphisms in the patient FcγR have been shown5-7. The 
fact that significant independent associations were observed for either FcγRIIIa and FcγRIIa 
furthermore suggested a contribution of both NK cells and phagocytes to the cellular 
destruction of cancer cells. The effector mechanism of NK cell ADCC towards cancer 
cells is well established. It involves tumor cell apoptosis caused by the regulated release of 
granzyme-B and perforin from preformed and stored cytotoxic granules. NK cell ADCC is 
known to involve signaling downstream of Fcγ-receptors and the formation of cytotoxic 
(or ‘killer’) synapses, which ensure a localized and directed release of granule contents at 
the surface of the target cell. In contrary, macrophages have been reported to eliminate 
antibody-opsonized cancer cells by phagocytosis, also known as antibody-dependent 
(cellular) phagocytosis (ADCP)5. However, the exact mechanism by which neutrophils 
kill cancer cells has remained unknown. In contrary to macrophages neutrophils appear 
incapable of phagocytosing intact opsonized cancer cells and there is debate as to whether 
they might express perforin and granzymes8,9. Nevertheless, evidence presented in chapter 
4 and by others10 has clearly demonstrated that neutrophil ADCC also requires direct cell-
cell interactions with the tumor cells and the formation of killer synapses, and that these 
critically depend on the CD11b/CD18 integrin.  

In the present study we provide preliminary evidence with respect to the effector mechanism by 
which neutrophils mediate ADCC towards cancer cells. First, we demonstrate that neutrophil 
ADCC surprisingly does not depend on either of the two ‘classical’ anti-microbial effector 
functions of neutrophils, i.e. the production of toxic reactive oxygen species (ROS) by the 
phagocyte NADPH oxidase, or the mobilization of cytotoxic granule components, including 
the neutrophil serine proteases. Instead, our results provide evidence that neutrophil ADCC 
occurs by a trogocytosis-related process 11,12 in which neutrophils actively tear-off fragments of 
target cell membrane in an antibody-dependent fashion, which results in type of necrotic cell 
death  in the target cell, which we propose to term ‘trogoptosis’. Finally, we demonstrate that 
interference with CD47-SIRPa interactions between respectively tumor cells and neutrophils, 
which was previously demonstrated to selectively enhance antibody-mediated tumor cell 
destruction, strongly potentiates neutrophil trogocytosis. Collectively, these findings identify 
trogocytosis as an effector mechanism by which neutrophils perform antibody-dependent 
killing of cancer cells. 
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MeThoDS

Cells and culture
The Her2/Neu-positive human breast cancer carcinoma cell line SKBR3 was routinely 
cultured in IMDM medium (Gibco, Paisley, UK) supplemented with 20% fetal bovine serum, 
2 mM L-glutamine, 100 U/ml penicillin and 100 mg/ml streptomycin at 37°C and 5% CO2. 
CD47 was knocked-down in SKBR3 cells using shRNA (SKBR3-CD47KD cells), resulting in 
10-15% expression of normal CD47 surface levels as shown previously13. Knock-down was 
routinely verified by flow cytometry and was found to be very stable.

Effector cell isolation
Neutrophils (PMNs) were isolated as previously described14. After isolation, neutrophils 
were cultured for either 4 h or overnight in RPMI culture medium, supplemented with 10% 
FCS, 100 U/ml penicillin, 100 mg/ml streptomycin, and 1% L-glutamin, in the presence of 
10 ng/ml clinical grade recombinant G-CSF (Neupogen) and 50 ng/ml recombinant human 
interferon-γ (PEPROTECH) at a concentration of 5x106 cells/ml. Neutrophils from healthy 
donors or from chronic granulomatous disease (CGD) patients and FHL5 patients were 
also used (Suppl. Table1). NK cells were isolated from the PBMC fraction of blood after 
Percoll fractionation using anti-CD56 coated MACS beads (Miltenyi Biotech), according to 
procedures provided by the manufacturer.

ADCC assays
SKBR3 cells and SKBR3-CD47KD cells were used as target cells and labeled with 100 μCi 
51Cr (Perkin-Elmer) for 90 minutes at 37ºC. After 3 washes with PBS, 5*103 cells were 
incubated in RPMI culture medium supplemented with 10% FCS for 4 hours at 37ºC and 
5% CO2 in a 96-wells U-bottom plate together with PMNs in an E:T ratio of 50:1 or with 
NK cells at an E:T ratios of 6:1 and 12:1. After the incubation supernatant was harvested and 
analyzed for radioactivity using a gamma counter (Wallac). The percentage of cytotoxicity 
was calculated as [(experimental cpm- spontaneous cpm)/ (total cpm- spontaneous cpm)] x 
100%. All conditions were measured in triplicate. 

Respiratory burst and myeloperoxidase (MPO) production during ADCC
NADPH oxidase activity was evaluated during ADCC by measuring extracellular hydrogen 
peroxide (H202) release using Amplex Red assay kit (Molecular Probes) as previously 
described15. Samples were measured in the presence of Amplex Red (0.5 μM) and 
horseradish peroxidase (1 U/ml). Fluorescence was measured at 30-second intervals for 30 
minutes with the HTS7000+ plate reader (Perkin Elmer, Norwalk, CT). The maximal slope 
of H2O2 release was assessed over a 2-minute interval as a measure of the activity of the 
NADPH oxidase. Myeloperoxidase (MPO) release from PMNs during ADCC of cancer cells 
was measured using an ELISA kit (HyCult Biotechnology), according to manufacturers’ 
instructions. Abolished ROS production with treatment of  DPI (Diphenylene iodonium), 
a NADPH oxidase inhibitor, was reported previously16. A final concentration of 20 μM 
(1:200; Sigma-Aldrich) DPI was added during 4 hours ADCC assay to inhibit NADPH-
dependent ROS production. 
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Live cell imaging
Target cells were cultured on glass coverslips and labeled with the membrane dye DiO 
(5uM, Invitrogen) for 30 minutes at 37ºC. Target cells were incubated with PMNs in E:T 
ratio 5:1 at 37°C in 5% CO2 in IMDM culture medium supplemented with 20% FCS and 
imaging was performed at various indicated times and intervals using a LSM 510 META 
laser scanning microscope (Carl Zeiss).. 

Trogocytosis assay
During trogocytosis the transfer of membrane between tumor cell and neutrophil was 
quantified by FACS. SKBR3 cells and SKBR3-CD47KD cells were labeled with DiO as 
indicated above. After washing with PBS, cells were incubated together with neutrophils in 
a U-bottom 96-wells plate at a E:T ratio of 5:1 in the absence or presence of Trastuzumab 
(Roche). Subsequently, the samples were directly fixed with 0.5% PFA at several timepoints 
between 0 and 120 minutes and measured on FACS flow cytometer (LSRII/CantoII, BD 
Biosciences) and data analyzed by FACSDiva software (BD Biosciences). After gating for 
individual neutrophils by forward and side scatter profiles, the mean fluorescent intensity 
(MFI) and the percentage of cells positive for DiO were determined.

ReSulTS

Neutrophil ADCC is independent of NADPH oxidase and granule secretion 
In order to identify the mechanism of killing by human neutrophils during ADCC we first 
aimed to investigate the contribution of the two classical anti-microbial effector mechanisms, 
i.e. the NADPH oxidase and cytotoxic granules. During ADCC using the Her2/Neu-positive 
breast cancer cell line SKBR-3 and Trasuzumab we measured the extracellular production 
of ROS and the azurophilic granule constituent MPO. The generation of both components 
was increased during ADCC (Figure 1A,B). Furthermore, upon interference with CD47-
SIRPa interactions by knock-down of CD47 in the cancer cells, which had previously 
been shown reduced CD47 surface levels to 10-15% of control levels and to potentiate 
ADCC13, a further enhancement of both components was seen. This suggested that at least 
NADPH oxidase activation and granule exocytosis were triggered during neutrophil ADCC. 
To investigate the relevance of NADPH-mediated ROS production during ADCC, we used 
neutrophils from patients with chronic granulomatous disease (CGD), which have defective 
ROS production17. As shown in Figure 1C CGD neutrophils induce similar Trastuzumab-
dependent cytotoxicity towards cancer cells compared to control neutrophils, demonstrating 
that NADPH-mediated ROS production is not required for ADCC.

Figure1 A,B,C (first option)

Because NK cell ADCC towards tumor cells requires granule secretion18, we investigated 
ADCC by neutrophils from FHL5 patients which carry mutations in the STXBP2 gene, 
encoding the STXBP2/munc18-2 protein19, and therefore have a virtually absolute defect 
in granule exocytosis, which in turn compromises bacterial killing (chapter 6, Zhao et al.20) 
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Clearly, FHL5 patient neutrophils were comparable to control neutrophils with respect to 
their ADCC capacity (Figure 1D), showing that killing did not require neutrophil granule 
secretion. In contrary and as expected, NK cells from FHL-5 patients displayed strongly 
defective ADCC against Trastuzumab-opsonized SKBR-3 cells (Figure 1E). Finally, to rule 
out possible redundancy among the two effector pathways we used DPI (Diphenylene 
iodonium), an effective flavoprotein inhibitor that completely abrogates ROS production in 
combination with neutrophils from FHL5 patients. Incubation of the FHL5 patient PMNs 
with DPI (20μM) also did not significantly affect the capacity of cytotoxicity towards cancer 
cells (Figure 1F), confirming indeed that neither NADPH oxidase-derived ROS nor granule 
release from PMNs are essential for neutrophil ADCC towards cancer cells.
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figure 1 | ADCC is independent of neutrophil NADPH oxidase activity and granule exocytosis. 

A: Extracellular H2O2 production, quantified by Amplex Red assay, during neutrophil ADCC of 

Trastuzumab opsonized SKBR3 cells. Note that incubation with Trastuzumab increases the amount of 

hydrogen peroxide produced substantially. Knockdown of CD47 in SKBR3 cells further enhances the 

production ROS. B: MPO production measured by ELISA in supernatant of ADCC assay. Knockdown 

of CD47 in SKBR3 cells is enhancing the exocytosis of MPO. C: Antibody-dependent tumor cell 

cytotoxicity by PMNs in the absence and presence of Trastuzumab and knockdown of CD47. PMNs from 

5 individual CGD patients do not influence the extent of cytoxicity towards cancer cells. D: Neutrophils 

of FHL5 patients, which are unable to exocytose their granules have normal ADCC capacity towards 

Trastuzumab-opsonized SKBR3 cells. E: FHL-5 patient NK cell ADCC towards Trastuzumab-opsonized 

SKBR3 cells is virtually absent compared to control cells (n=3). F: SKBR3 cells were opsonized by 

Trastuzumab and incubated with neutrophils of two FHL5 patient in a effector:target ratio of 50:1. 

To simultaneously inhibit ROS production by the NADPH oxidase cells were incubated with the ROS 

inhibitor DPI. Defective protease release combined with inhibition of ROS did not influence the amount 

of cytotoxicity towards cancer cells compared to controls. * = P≤0.05, n.s. =  not significant.
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Cancer cell killing by NK cells and cytotoxic T cells depends on the release of perforin and 
granzyme B, leading to the activation of apoptotic caspases18. To investigate the contribution 
of apoptosis to cancer cell killing by PMNs, ADCC was performed in the presence of 20 μM 
of the pan-caspase inhibitor ZVAD-FMK. This concentration was shown to potently inhibit 
neutrophil apoptosis in parallel experiments as also reported by us before21. However, the 
inhibition of caspase did not decrease ADCC of PMNs towards cancer cells compared to 
controls (Figure 2) indicating that, unlike NK cells and CTL, PMNs induce cancer cell death 
by a caspase-independent pathway. 

figure 2 | ADCC of SKBR3 cells by PMNs is not caspase-dependent. Inhibition of caspases by ZVAD is 

not affecting neutrophil antibody dependent cytotoxicity of SKBR3 cells (n=3). * = P≤0.05, n.s. =  not 

significant

Neutrophil ADCC occurs by a trogocytosis-related process
We and others have previously shown that neutrophil ADCC involves the formation of 
cytotoxic synapses10,13. In order to visualize the interaction between tumor cells and 
neutrophils and to explore the mechanism of killing we performed life cell imaging using 
confocal microscopy. As can be seen in the stills provided in Figure 3B, neutrophils form 
transient but intimate interactions with their cancer cell targets, which were labeled using 
the membrane dye DiO. Typically, neutrophils were observed to migrate towards the cancer 
cell, after which they adhered to and spread onto their targets forming cytotoxic synapses 
(see also chapter 4). Intriguingly, during  rounding up and detaching from the tumor cells 
the neutrophils were observed to take up parts of the target cell membrane (Figure 3B) and 
this could also be confirmed by electron microscopy (Figure 3A). This process, which was 
reminiscent of trogocytosis previously described during e.g. antigen presentation22, could 
further be quantified using flow cytometry (Figure 3C). As can be seen trogocytosis could be 
observed as early as 10-20’ after initiation of the experiment, and this clearly preceded the 
detection of cell lysis in ADCC (Figure 3D). After 60’ the vast majority of neutrophils had 
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acquired cancer cell membrane. Importantly, the process absolutely required Trastuzumab, 
suggesting that it was induced by active FcγR cross-linking and signaling in the neutrophil, 
and it was strongly enhanced by interference with CD47-SIRPa interactions, either by using 
CD47KD target cells (Fig. 3 C and D), or by using antibodies that block CD47-SIRPa 
interactions (data not shown). 

figure 3 | Neutrophil ADCC is associated with trogocytosis. A: EM pictures of a neutrophil forming a 

synapse with an SKBR3 cell (left image); after 90 minutes of incubation large invaginations of the tumor 

cell into the neutrophil can be seen (right image). B: Confocal imaging (63x objective) of trogocytosis 

during neutrophil ADCC. Trastuzumab opsonized SKBR3 cells, labelled with DiO (green fluorescence), 

were incubated in a E:T ratio of 5:1 with neutrophils. Example of a neutrophil that can be seen to: 

i) migrate towards an SKBR3 cells, ii) spread upon the surface of its target cell to form a cytotoxic 

synapse, and iii) tear away a fragment of the SKBR3 membrane, before iv) detaching and moving 

away with this  fragment of tumor cell membrane. C: Flow cytometric quantification of trogocytosis. 

SKBR3 cells were labeled green with DiO and incubated in the absence or presence of Trastuzumab with 

either control SKBR3 or SKBR3-CD47KD cells. Samples were fixed at the indicated timepoints and the 

transferred target cell membrane was quantified by determining the % of individual neutrophils that 

had trogocytosed or by expressing the mean fluorescent intensity (MFI) within the entire neutrophil 

population. Trastuzumab-dependent trogocytosis is observed as early as 10-20’after the initiation of the 

experiment and it is strongly enhanced by interference with CD47-SIRPa interactions. D: Tumor cell 

lysis (ADCC) was measured at the indicated timepoints (n=1), methods is described in Figure 1 C, color 

bar indicated the tumor cell in the presence of Trastuzumab. 
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Antibody-dependent neutrophil trogocytosis is PI3K-dependent 
We wanted to investigate whether signaling in neutrophils was important for antibody-
induced trogocytosis. As previously reported in the context of T-cell trogocytosis, the PI3K 
inhibitor Wortmannin is inhibiting membrane transfer between antigen presenting cells and 
T-cells. Moreover PI3K can act downstream of FcγR signaling in neutrophils23. Therefore, 
we tested the inhibition of the PI3K pathway using Wortmannin (100 nM concentration) in 
neutrophils ADCC against cancer cells and trogocytosis. Wortmannin significantly inhibited 
Trastuzumab-induced cancer cells lysis as compared to that of control cells (Figure 4A). 
Furthermore, PMN-mediated trogocytosis induced by opsonization of cancer cells by 
Trastuzumab was essentially abolished when treating the cells with Wortmannin (Figure 
4B). This suggests that PI3K is a critical intermediary in neutrophil FcγR signaling-induced 
trogocytosis and killing.   

figure 4 | Inhibition of PI3K reduces trogocytosis and ADCC. A: Inhibition of PI3K activity by 

Wortmannin (100 nM) reduces antibody dependent cytotoxicity of neutrophils towards SKBR3 

cells (n=7). B: Neutrophil trogocytosis is completely inhibited upon incubation with Wortmannin at 

timepoint of 90 mins (n=3).
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DISCuSSIon

In this study we have investigated the nature of the antibody-dependent mechanism(s) 
of cancer cell killing by neutrophils. There has been some controversy about whether 
neutrophil granules contain perforin and granzyme B, and might use these compounds to 
induce caspase-dependent apoptosis of cancer cells, like NK cells24. However, this seems 
rather unlikely because of several reasons. Firstly, we have not detected any granzyme B and 
perforin in neutrophils (Zhao, unpublished). Secondly, during neutrophil ADCC the tumor 
target cells do not show the typical morphological features of apoptosis (Fig. 3B) as seen 
in e.g. NK cell-mediated cytotoxicity18, and also because the pan-caspase inhibitor ZVAD 
apparently did not affect the killing process (Fig. 2). Third, and most importantly, by using 
neutrophils from FHL5 patients, which have a profound defect in granule exocytosis (see 
chapter 6)19, we have found that neutrophil ADCC does not depend on release of serine 
proteases nor any other granule-derived components to induce antibody-dependent killing of 
cancer cells. Furthermore, the other major anti-microbial mechanism of neutrophils, i.e. the 
production of ROS by the phagocyte NADPH oxidase, was also not required for ADCC of 
cancer cells, as shown by the normal killing capacity of CDG patient neutrophils. The latter 
is also in agreement with data from a report Horner et al., who previously also reported 
effective killing of Trastuzumab opsonized Her2/Neu transfected Raji cells by neutrophils 
from a CGD patient.

It has been shown by us (chapter 4) and others10 that neutrophil-mediated ADCC of cancer 
cells depends on the CD11b/CD18-dependent cytotoxic synapse formation between effector 
cell and target cell. Here we show that upon synapse formation between neutrophils and 
cancer cells, the effector cells actively acquire pieces of membrane from the cancer cell, as 
demonstrated by both live cell imaging, ultrastructural analysis, and a newly developed flow 
cytometric assay. This transfer of membrane from target cell to effector cell is remarkably 
similar to what has been described as ‘trogocytosis’ between antigen presenting cells and 
T-cells12. This process is induced in T-cells upon activation of the TCR through its associated 
cytoplasmic ITAM motifs. Interestingly, the ITAM motifs associated with FcγR-signaling on 
the various effector cells, including neutrophils and NK cells, provide a very similar signaling 
platform in the context of trogocytosis and ADCC. Furthermore, the completely antibody-
dependent trogocytosis by neutrophils was shown to be strongly enhanced after disruption 
of CD47-SIRPa signaling, correlating with an enhanced antibody-dependent cytotoxicity13, 
and supporting the idea that ADCC and trogocytosis are causally related processes. Clearly, 
at this point more evidence is required to substantiate a causative role of trogocytosis in 
neutrophil-mediated ADCC.

The regulation of this trogocytosis-related process involves signaling through PI3K, as shown 
by inhibition by Wortmannin. This finding further strengthens the hypothesis that trogocytosis 
and ADCC of cancer cells are related processes. Similarly, data from Bonnema et al. showed 
that in the case of ADCC mediated by NK-cells, killing of cancer cells is depending on FcγR-
ligation and downstream activation of PI3K25. Nevertheless, trogocytosis and killing may 
not actually be exactly synonymous in terms of regulation. For instance it appears that e.g. 
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the final transfer of target cell membrane material to neutrophils is completely inhibited by 
Wortmannin (Fig. 4B), whereas there appears to be a partial inhibition of ADCC (Fig. 4A). 
This could suggests either and additional parallel PI3K-independent mechanism of killing 
and/or and additional requirement for PI3K in the final uptake of target cell fragments. 
The interpretation of this is further complicated because our preliminary findings have 
shown that PI3K inhibition is also influencing, to some extent, the killer synapse formation 
between effector and target cells during neutrophil-mediated ADCC (Zhao et al., data not 
shown), which will obviously also impact the downstream events that includes the effector 
killing mechanism(s). Therefore, one of the main challenges will be to identify the molecular 
mechanism(s) that act downstream of synapse formation and are instrumental in the process 
of trogocytosis itself. This could perhaps not only help to identify components suitable for 
interference that may help to reveal the contribution of trogocytosis to tumor elimination in 

vivo, but perhaps also targets for improving antibody-dependent destruction of cancer cells 
by neutrophils.

Clearly, the exact mechanism(s) by which the exchange of membrane from cancer cell to 
neutrophil leads to lysis of the tumor cells remains to be further investigated. As outlined 
above the available evidence argues strongly against an apoptotic for of cell death, as seen 
in NK-cell mediated ADCC and CTL-mediated killing of tumor cells18. Besides apoptosis, 
autophagy has been suggested to induce antibody dependent cancer cell killing by neutrophils 
in the presence of tumor-cell specific FcaRI bispecific or IgA Abs, but direct evidence by 
interfering with components of the autophagic machinery was not provided26. Using EM 
imaging and confocal imaging for LC3, a marker of autophagosomes, we could not detect 
autophagy-related processes during IgG/Trastuzumab-dependent SKBR3 cell killing by 
neutrophils (unpublished results).

Taken together, we have shown that antibody mediated lysis of cancer cells by neutrophils is 
not depending on any of the two classical anti-microbial effector mechansisms of neutrophils, 
but rather seems to be regulated by trogocytosis in which neutrophils are actively tearing 
membrane-parts of cancer cells in an antibody and FcγR fashion. This preliminary evidence 
furthermore indicates that this leads to a form of immune cell-mediated necrotic target cell 
death that we propose to term ‘trogoptosis’. Future efforts should be dedicated to studying 
the underlying mechanism(s) of neutrophil-mediated trogocytosis and its contribution to the 
elimination of cancer cells in vivo. 
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Supplementary Table 1 | Patients information. 

Disease mutation gene mutation

patient 1 CGD CYBB c.781_782delCA  (p.Gln261ValfsX22)

patient 2 CGD CYBB c.252+5-G>A  (p.Ser48_Ala84del)

patient 3 CGD NCF2 c.551G>C   (p.Arg184Pro)

patient 4 CGD NCF1 c.75_76delGT  (p.Val25fsX51)

patient 5 CGD NCF1 c.75_76delGT  (p.Val25fsX51)

patient 6 FHL-5 STXBP-2
allele 1: c.1621G>A (p.Gly541Ser)

allele 2: c.1621G>A (p.Gly541Ser)

patient 7 FHL-5 STXBP-2
allele 1: c.1247-1G>C (exon 15 splice site)

allele 2: c.1247-1G>C (exon 15 splice site)

patient 8 FHL-5 STXBP-2
allele 1: c.1621G>A (p.Gly541Ser)

allele 2: c.1247-1G>C (exon 15 splice site)


