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A B S T R A C T

Background: Women and men are different on many biological levels. Mounting evidence is now recognized that 
even the immune system has some significant sex differences, which are mainly cell mediated. This study 
investigated sex-specific differences in function and regulation of polymorphonuclear neutrophil granulocytes 
(PMNs) in male and female healthy human donors to gain a deeper understanding of the immune response and 
potential sex-specific dimorphism in immunology.
Methods: PMNs were obtained from whole blood samples of healthy female and male donors by leuko− /lym
phospin density centrifugation. Chemotaxis assays using μ-slide chemotaxis chambers were performed, in which 
N-formylmethionin-leucyl-phenylalanine (fMLP) stimulated PMNs migrated through a type I collagen matrix. We 
measured the production of reactive oxygen species (ROS), the release of myeloperoxidase (MPO), and the 
formation of Neutrophil Extracellular Traps (NETs). Additionally, a flow cytometry assay was conducted to 
examine functional variations of neutrophil surface markers CD62L, CD11b, and CD66b, as well as the oxidative 
burst in PMNs obtained from male and female donors.
Results: Sex specific differences of neutrophil function could be determined. Male-derived PMNs initially 
migrated further distances, while female-derived PMNs showed more targeted movement. However, as the 
observation period progressed, male-derived PMNs began to exhibit more targeted migration, maintaining 
straightness towards the end. Differences in neutrophil surface marker expression were observed, with greater 
levels of CD11b and CD66b on male-derived PMNs after 2 h resting. The different immune effects between the 
sexes were seen in live cell imaging as well as in flow cytometry analyses.
Conclusion: The study revealed significant functional differences between PMNs from male and female donors. To 
gain reliable results in future PMN studies, it is crucial to consider the sex of the donor.

1. Introduction

The human immune system displays notable variations between 
males and females. There is growing evidence that, even outside of 
reproductive organs, biological sex influences the innate immune system 
through genetic disparities and also variations in sex hormones. This 
leads to sexual dimorphism in immune processes (see Fig. 1, (Jaillon 
et al., 2019; Libert et al., 2010)).

The major genetic changes involved in differences existing between 
male and female innate immune response reside in the X chromosome 
(Jaillon et al., 2019; Libert et al., 2010). In fact, the X chromosome 

carries different genes that are involved in innate disorders, such as 
genes escaping X chromosome inactivation and cellular mosaicism 
(Jaillon et al., 2019; Chuang et al., 2009). X-linked primary immuno
deficiencies are genetic disorders of the immune system that predomi
nantly affect males. In the context of the innate immune response, a 
mutation in the NOX2 gene, essential for triggering the intracellular 
oxidative burst necessary for phagocytes, such as polymorphonuclear 
neutrophil granulocytes (PMNs), to eliminate microorganisms, leads to 
X-linked chronic granulomatous disease (CGD). Individuals with this 
condition are particularly vulnerable to frequent bacterial, fungal and 
viral infections (Jaillon et al., 2019).
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However, not only in congenital defects, but also in healthy in
dividuals, there is growing evidence that sexual dimorphism of the 
innate immune response exists, which is mediated most notably at the 
cellular level. In the case of PMNs, the most important cellular compo
nent of the innate immune system, a cellular difference between female- 
and male-derived cells can even be recognized histologically (see Fig. 2).

Evidence for a cellular difference between PMNs from phenotypical 
female and male mammals (in the following described as “female” and 
“male” PMNs) is based on an observation from the early 2000s. This 
revealed that female rat PMNs were more resistant to activation by 
burns or plasma from trauma or hemorrhagic subjects than the male 
equivalents (Deitch et al., 2006). Since then, research into sexual im
mune dimorphism has revealed many differences between male and 
female PMNs. In female PMNs, for instance, a reduced spontaneous 
apoptosis compared to male PMNs has been observed (Shepherd et al., 
2020; Molloy et al., 2003). Furthermore, young (20 to 30 years old) 
healthy adult males, displayed a significant enhancement in an imma
ture neutrophil gene signature compared to age-matched females (Gupta 
et al., 2020). The ITGAX and FCGR3A genes (encoding for CD11b and 
CD66b as markers for neutrophil activation surface epitopes) were 
found to be downregulated in immature PMNs compared with mature 
ones (Blazkova et al., 2017). There is a difference in the transcriptional 
profile of female PMNs compared to male PMNs. 106 genes were 
observed to be up-regulated and 128 genes to be downregulated in fe
male PMNs compared to male neutrophils. It is therefore important to 
note that PMNs in earlier stages of development are more transcrip
tionally active. Primary granule genes, which are expressed at higher 
levels during the early stages of PMN development, were higher in male 
than in female PMNs, suggesting a more immature phenotype (Gupta 
et al., 2020).

Moreover, healthy young adult females exhibit an activated/mature 
neutrophil profile characterized by enhanced type I interferon pathway 
activity, enhanced proinflammatory responses, and distinct bio
energetics (Gupta et al., 2020).

Peripheral blood PMNs appeared to be more mature and responsive 

in young females, who also exhibited an elevated capacity formation of 
Neutrophil Extracellular Traps (NETs) at baseline and upon microbial or 
sterile autoimmune stimuli (Blazkova et al., 2017). Conversely, PMNs 
during pregnancy showed increased expression of CD15 and decreased 
expression of CD10 - which is characteristic of less mature neutrophils 
(Blazkova et al., 2017).

Furthermore, blood transfusion products from female donors are at 
risk of developing antibodies against neutrophil surface structures 
(known as anti-human-neutrophil-antigen antibodies (anti-HNA)), 
which are partly responsible for one of the most serious adverse effect in 
recipients of blood transfusions, the transfusion-related acute lung 
injury (TRALI) (Schönbacher et al., 2021; Peters et al., 2015).

Anti-HNA antibody production can occur when women are exposed 
to foreign antigens of their foetus during pregnancy. If these “primed” 
women then donate blood after pregnancy, their donated plasma may 
contain anti-HNA antibodies (Peters et al., 2015). If a patient subse
quently receives a transfusion of blood plasma containing such anti
bodies against PMN surfaces, this can trigger TRALI. The key initiation 
steps of TRALI involve the priming and activation of neutrophils due to 
anti-HNA. Therefore, also from this point of view special attention 
should be paid to sex-specific differences, with a focus on exploring the 
unique nuances that exist between male and female donors (Liu et al., 
2023).

In summary, accumulated studies suggest that aspects of neutrophil 
biology exhibit sex dimorphism. However, the pathways underlying 
sexual dimorphism in neutrophils, and the extent to which it occurs, 
remain unclear (Lu et al., 2021). Importantly, the mechanisms driving 
these contrasts between male and female neutrophil response remain 
insufficiently characterized (Gupta et al., 2020). To further characterize 
the functional and molecular differences between male and female 
PMNs, we performed functional testing by live cell imaging and a mo
lecular analysis of surface epitopes by flow cytometry of male and fe
male PMNs. We examined CD11b, CD66b and CD62L due to their 
important roles in indicating PMN activation status and enabling PMNs 
to fulfill their functions. Upregulation of CD11b facilitates the adhesion 
of activated PMNs to the vascular endothelium and promotes their 
subsequent transmigration across the blood vessel wall (Kraus and 
Gruber, 2021a). CD66b, a member of the carcinoembryonic antigen 
family, functions as a granulocyte-specific receptor primarily involved 
in mediating phagocytosis (Lakschevitz et al., 2016). CD62L is crucial 
for extravasation across blood vessels and is consequently expressed at 
higher levels in the bloodstream. Moreover, by this surface epitopes we 
examined the PMN activation status (Kraus and Gruber, 2021a).

2. Materials and methods

2.1. Vote of the ethics committee

For the implementation of this study, results of several projects were 
summarized. The conduct of the projects was in line with the principles 
of the Declaration of Helsinki and were approved by the local Ethics 
Committee of the Medical Faculty at the University of Regensburg (vote 
numbers 16-101-0322, 18-1210-10 and 18-1025-101).

2.2. Sample collection and isolation of neutrophil granulocytes

After obtaining informed consent 7.5 mL of whole blood was taken 
from a suitable antecubital vein into a lithium heparin blood collection 
tube using a safety multifly cannula from healthy Caucasian volunteers 
(demographic data is summarizes in Table S1 & S2 in the supplement). 
Thereby, an age-matched selection of female and male test persons was 
accomplished, with sex determined based on external phenotype. 
Chromosome analyses were not performed. For live cell imaging (see 
section 2.3) a total of n = 12 (5 female and 7 male) samples were 
examined. For flow cytometry the total was n = 97 (48 female and 49 
male samples). Blood samples were all taken in the morning (08.00 to 

Fig. 1. In the human (innate) immune system, a sexual dimorphism is 
increasingly emerging, which appears to be primarily cell-mediated. Neutro
phils are the most important component of the innate immune system and seem 
to play a central role.
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Fig. 2. a) Blood smear in Pappenheim stain of a female person. The drumstick is clearly recognizable: A neutrophil’s drumstick is a small projection of chromatin 
that is attached to the nucleus. It is also known as “Barr body” and is typically found in the nuclei of female neutrophils. The presence of a drumstick is result of X- 
chromosome inactivation (Graphic provided by the Institute of Clinical Chemistry and Laboratory Medicine, University Hospital Regensburg, Germany). b) Male 
segmented neutrophil granulocytes in Pappenheim-stained blood cell smears (graphic provided by the laboratory for Paediatric Oncology and Haematology at the 
University Hospital Regensburg, Germany). Both images were originally taken at 1000× magnification by light microscopy, digitally enlarged and edited.

Fig. 3. Experimental setup μ-slide chemotaxis chamber with three examination positions (here marked by numbers). At each position there was a canal with collagen 
matrix in the middle and two adjacent reservoirs filled with RPMI resp. RPMI with fMLP (Graphic provided by IBIDI GmbH Martinsried).
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10.00 am) (Kraus et al., 2021).
PMNs were separated at room temperature using density gradient 

centrifugation for 20 min at 756 g by layering PBMC (Lympho) Spin 
Medium on top of Leuko Spin Medium (both from pluriSelect Life Sci
ence). They were then washed once and resuspended in fetal calf serum 
to obtain a solution at a concentration of 18 × 106 cells/mL as previously 
described (Kraus et al., 2021; Doblinger et al., 2019).

2.3. Live cell imaging

2.3.1. Preparation of the μ-Slide chemotaxis chambers
For live cell imaging a 3D-μ-Slide chemotaxis device (IBIDI GmbH, 

Graefelfing, Germany) was used. At each of the three positions, these 
chambers have a canal in the middle, which was filled with a type I 
collagen matrix mixed with the isolated PMNs as described in several 
publications by our research group (see Fig. 3) (Kraus et al., 2021; 
Doblinger et al., 2019; Pai et al., 2020). On either side of the canal were 
two reservoirs. The reservoir on the left consistently contained a 10 nM 
solution of N-formylmethionin-leucyl-phenylalanine (fMLP) throughout 
all experiments. Similarly, the reservoir on the right was filled with 
RPMI medium once the canal matrix had set. This setup established a 
gradient for chemotaxis (Kraus et al., 2021).

2.3.2. Microscopy and live cell imaging
The IBIDI Heating and Gas Incubation System (IBIDI GmbH, Mar

tinsried, Germany) was used to establish an experimental setting 
maintained at 37 ◦C, with 5 % CO2 and 50 % humidity for microscopic 
analysis. Reactive oxygen species (ROS) generation was detected using 
1 μM dihydrorhodamine 123 (DHR 123, Life Technologies - Thermo 
Fisher Scientific). To visualize NET formation, a DNA stain, 4′,6-dia
midino-2-phenylindole (DAPI, Sigma-Aldrich), was applied at a con
centration of 0.5 μg/mL. The release of myeloperoxidase (MPO) was 
assessed using 0.5 μg/mL of an APC-conjugated anti-human MPO anti
body (REA491, Miltenyi Biotec) (Kraus et al., 2021). Migration and 
fluorescence were evaluated following a protocol outlined by Doblinger 
et al. using a DMi8 inverted microscope (Leica Microsystems, Wetzlar, 
Germany) (Doblinger et al., 2019). Over a period of up to six hours, 
fluorescence and phase contrast images were captured automatically at 
a magnification of 100× using a DFC9000 GT SCMOS black and white 
camera (Leica Microsystems). This was accomplished with the Appli
cation Suite X software platform (Version 3.4.2.18368, Leica Micro
systems), taking a photograph every 30 s, resulting in the collection of 
720 individual images documenting the activities within each IBIDI 
channel (Kraus et al., 2021).

2.3.3. Analysis of image data
The series of images produced by the microscope were examined 

using Imaris® software (Version 9.0.2, Bitplane AG). To assess migra
tion, the x and y axes were defined for each channel throughout the 
entire relevant image area, similar to a Cartesian coordinate system (see 
Fig. 3). This enabled the determination of precise migration metrics (see 
Table 1 and Fig. 4).

The 30-min observation periods were adjusted based on the timing of 

gel–cell interaction. In this process, filters were applied to ensure that 
Track Duration was >1000 s and Tracklength >10 μm (Kraus et al., 
2021).

Two distinct evaluation approaches were employed to analyze 
migration. In the initial analytical approach, all cells were regarded as 
distinct units, with each single PMN cell entered into the analysis as an 
individual entity. In the second approach, the cells were considered 
“technical replicates”, with all cells from a given test person combined 
and examined as a group.

All dyes utilized to measure NETs, MPO and ROS were visualized as 
colored regions in the fluorescence images. These were automatically 
identified by Imaris® in each single image and exported to a separate 
Excel file containing the areas [μm2] of each specific color surface in 
every image. The cumulative areas at each time point were aggregated 
in Excel. The assessment of ROS generation using DHR 123 exhibited a 
parabolic trend. The time taken to reach maximum ROS production, 
(TmaxROS), was determined using a third-degree polynomial trendline 
on the relevant section of the graph. The first derivative of this equation 
and its zero point were computed (see Fig. 5) (Doblinger et al., 2019).

NET quantification with DAPI and anti-MPO resulted in sigmoidal 
curves (see Fig. 6). The time to achieve half-maximum effect, ET50, was 
calculated using Phoenix NLME (Certara Inc., see Fig. 6) (Doblinger 
et al., 2019).

2.3.4. Flow cytometry
The levels of neutrophil cell-surface antigen expression and the res

piratory burst were analyzed using flow cytometry, employing a 
FACSCalibur flow cytometer along with CellQuest Pro Software (Version 
5.2), both provided by BD Biosciences, as outlined previously (Doblinger 
et al., 2019; Kraus et al., 2024a). The respiratory burst was assessed 
using 20 μL of preincubated cells suspended in 1 mL of Dulbecco’s 
phosphate-buffered saline (DPBS, Sigma-Aldrich), along with 10 μL of 
DHR 123 (10 μM) and 10 μL of the fluorescent dye semi
naphtharhodafluor (SNARF) at a concentration of 10 μM (Invitrogen). 

Table 1 
Parameters recorded for quantifying migration via live-cell imaging.

Track Displacement X (TDX) [μm] covered distance in direction x
Track Displacement Y (TDY) [μm] covered distance in direction y
Track Length (TL) [μm] effectively covered distance
Track Displacement Length (TDL) [μm] Euclidean distance between the start and the end point

Track Straightness (TS) =
Track Displacement Length

Track Length

measure for directionality of movement

Track Duration [s] duration of ‘tracked’ chemotactic migration

Fig. 4. Illustration of the migration parameters: TL = Track Length, TDX =
Track Displacement Length X, TDY = Track Displacement Length Y within the 
set Cartesian coordinate system.
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The respiratory burst was triggered by adding either 10 μL of fMLP (10 
μM) combined with 10 μL of human tumor necrosis factor alpha (TNFα, 
1 μg/mL, PeproTech Inc.) or 10 μL of phorbol-12-myristate-13-acetate 
(PMA, 10 μM, Sigma-Aldrich). For immunophenotyping purposes, the 
expression of various antigens on the surface of PMNs was analyzed 
using antibodies tagged with phycoerythrin (PE), fluorescein isothio
cyanate (FITC), or allophycocyanin (APC) for fluorescence detection 
(Doblinger et al., 2019; Kraus et al., 2024a). The following antibodies 
were utilized: anti-CD11b conjugated with PE (ICRF44, BioLegend), 
anti-CD62L conjugated with FITC (DREG-65, BioLegend), anti-CD66b 
conjugated with APC (G10F5, BioLegend), and anti-LOX-1 also conju
gated with APC (130–122-111, MiltenyiBiotec, Bergisch Gladbach, 
Germany). The data obtained from these measurements were evaluated 
using FlowJo (Version 10.0.7; FlowJo LLC) (Doblinger et al., 2019; Pai 
et al., 2020; Kraus et al., 2024a). The gating strategies are shown in 
Fig. S1 in the supplement.

2.3.5. Statistical analysis
Statistical evaluations were performed using SPSS® Statistics 29 

(IBM). The normality of the data distribution was assessed through the 
Kolmogorov–Smirnov test. Where the data exhibited a normal distri
bution, and homogeneity of variance was present during multiple 
comparisons, mean values (MV) were analyzed for significant differ
ences using a one-way analysis of variance (ANOVA), with standard 
deviations reported as ± SD. In cases where homogeneity of variance 

was not present, Welch’s ANOVA was employed. For datasets demon
strating homogeneity of variance, post hoc analyses were conducted 
using the Bonferroni method. Conversely, when variance was found to 
be heterogeneous, the Dunnett’s T3 test was utilized. Levene’s test was 
applied to evaluate homogeneity of variance. When the data did not 
conform to a normal distribution, central tendencies of the groups were 
compared using the Kruskal–Wallis test and the results were reported as 
medians and interquartile ranges. The subsequent post hoc analysis for 
this test was carried out using Dunn-Bonferroni testing. A significance 
level of p < 0.05 was considered statistically significant. The distribution 
of results is illustrated through simple or grouped boxplots, displaying 
the median, interquartile range, and calculated minimum and maximum 
values. Statistical outliers are indicated by circles and extreme values by 
asterisks (Kraus et al., 2021; Kraus et al., 2024a).

3. Results

3.1. Live cell imaging – migration analysis

More detailed results of the statistical analysis of migration can be 
found in Table S5 in the supplement.

3.1.1. Individual cell-based evaluation

3.1.1.1. Male PMNs cover longer distances. As indicated by greater 
values for parameter TrackLength, male PMNs migrated further dis
tances in every time slot than female PMNs (see Fig. 7 and Table 2).

3.1.1.2. Male PMNs move further away from the origin. In every time slot 
male PMNs moved further away from their starting point as indicated by 
greater values for parameter TrackDisplacementLength in male than in 
female PMNs (see Fig. 8 and Table 3).

3.1.1.3. Female PMNś migration more targeted at the beginning. At the 
start of the experiments, female PMNs migrated in a more targeted way 
than male PMNs as indicated by greater values for parameter Track
Straightness (p = 0.04, see Fig. 9). In the second time slot (31–60), both 
migrated equally targeted (p = 0.955). However in the third time slot 
(61–90) male PMNs began to migrate more targeted, maintaining 
straightness towards the end despite minimal overall migration (see 
Fig. 9 and Table 4).

3.1.1.4. Intact chemotaxis gradient in all experiments. The values ob
tained for TrackDisplacementX and TrackDisplacementY indicated the 
primary movement of neutrophils with a focus on the positive X direc
tion, aligning with the direction of the fMLP gradient. The medians of 

Fig. 5. Schematic illustration of the relationship of ROS production over the total experimental time (left) and selection of the maximum range (right) with rep
resentation of the calculation of a third-degree polynomial (trend line) to determine TmaxROS by mathematic derivation and determination of the zero point.

Fig. 6. Graphical (schematic) description for calculating the ET50-values of 
NETs and MPO release by Phoenix®.
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TDX had a positive value in every time slot -with exception of time slot 
(61–90 with TDX = − 0.1 μm [IQR 3.1 μm]; see Table S3 and Fig. S2 in 
the supplement). The medians of the parameter TDY were around zero, 
ranging from 0.0 to +1.7 μm (see Table S4 and Fig. S3 in the 
supplement).

3.1.2. Aggregation of cells as technical replicates for combined evaluation

3.1.2.1. Male PMNs cover longer distances in the middle time slots. In 
every time slot male PMNs migrated further distances (reaching signif
icance in time slot 31–60 and 121–150; see Fig. 10 and Table 5).

3.1.2.2. Male PMNs showed tendency to move further away from the ori
gin. Initially, the female PMNs exhibited a tendency to move more 
distant from the origin as indicated by the greater mean TrackDispla
cementLength. However, as the experiments progressed, a notable shift 
was observed. From time slot 31–60 the male PMNs moved further away 
from the origin, reaching statistical significance by the end of the 
experiment (see Fig. 11 and Table 6).

3.1.2.3. Female PMNś migration showed tendency for more targeted at the 
beginning. In the beginning of the experiments female PMNs showed 
tendency for a more targeted way than male PMNs. This turned in the 
end of the experiments where male PMNs exhibited more targeted 
migration, though this difference was not statistically significant (see 
Fig. 12 and Table 7).

3.2. Live cell imaging: no difference in immune functions

No differences were found in the immune effects between male and 
female PMNs (see Table 8): (p = 0.68 for MeanValues(TmaxROS); p =
0.24 for MeanValus(ET50MPO); p = 1.0 for MeanValues(ET50NETosis).

3.3. Results of flow cytometry

Flow cytometry analysis acquired 10,000 cells per sample, of which 
16–99 % were identified as PMNs. The mean PMN proportion across the 
antibody staining samples was 66 % (±24.9 %), which remained 
consistent with the rhodamine 123 testing assays, which averaged 66 % 
(±21.4 %). More detailed results of the statistical analysis of the flow 
cytometry can be found in Table S6 of the supplement.

3.3.1. Results of CD11b
Immediately after isolation (= without resting), the mean fluores

cence intensity (MFI) of CD11b in female (n = 12) and male (n = 25) 
PMNs showed no significant change (p = 0.142). After resting for two 
hours at 37 ◦C, male (n = 14) PMNs showed an increased MFI (CD11b) 
compared to point zero and in comparison to female PMNs (n = 24; see 
Fig. 13).

3.3.2. Results of CD62L
Directly after isolation (= without resting) MFI(CD62L) of female (n 

= 12) and male (n = 25) PMNs showed no difference (p = 0.142). After 
resting for two hours, female (n = 24) and male (n = 14) PMNs showed 

Fig. 7. Overview of migration distances of PMN (TrackLength [μm]), split in observation periods of 30 min, and sex. Overall migration decreased towards the end of 
the observation period. The grouped box plot presents the results of n = 12 experiments, using medians with interquartil range. Statistical outliers are represented as 
circles, and extreme values are depicted as asterisks.

Table 2 
Overview of medians and interquartile ranges (round brackets) of migration lengths (TrackLength TL) of the different sexes (individual cell number (n) in square 
brackets) in determined 30 min time sections, which could be observed by means of live-cell imaging.

Time [min] 0–30 31–60 61–90 91–120 121–150 151–180

Female TL 97.8 μm 
(263.4 μm) 
[n = 725]

65.6 μm 
(137.9 μm) 
[n = 687]

27.4 μm 
(40.0 μm) 
[n = 743]

17.4 μm 
(11.3 μm) 
[n = 734]

14.0 μm 
(7.7 μm) 
[n = 752]

12.3 μm 
(7.4 μm) 
[n = 663]

Male TL

193.5 μm 
(206.6 μm) 
[n = 930]

177.2 μm 
(181.4 μm) 
[n = 1067]

112.5 μm 
(147.3 μm) 
[n = 1044]

43.5 μm 
(74.2 μm) 
[n = 1029]

29.9 μm 
(37.5 μm) 
[n = 797]

18.6 μm 
(22.7 μm) 
[n = 778]
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decreased MFI(CD62L) compared to point zero (p < 0.001), but no 
difference (p = 0.471; p = 0.463) could be determined between the sexes 
(n = 24; see Fig. 14).

3.3.3. Results of CD66b
Directly after isolation (= without resting) MFI (CD66b) of female (n 

= 8) and male (n = 22) PMNs showed no significant change (p = 0.277). 
After resting for two hours, male (n = 14) PMNs showed an increased 
MFI (CD66b) compared to point zero and in comparison to female PMNs 
(n = 23; see Fig. 15).

3.3.4. Results of Rhodamine 123 testing
Both with (p = 0.156) and without (p = 0.189) resting, no differences 

of the neutrophil oxidative burst could be determined by rhodamine 123 
testing in the flow cytometry between the sexes.

4. Discussion

Between female and male PMNs we observed a different migration 
behavior and a different surface epitope expression, but no different 
immune effects. Given the context of sex differences in immune re
sponses, this different behavior is remarkable. For this reason, our ob
servations are examined alongside earlier findings in the following 
sections.

4.1. Different migration behavior

In our chemotaxis experiments, male PMNs migrated further dis
tances and moved farther from their starting point. However, at the 
beginning of the live cell imaging, female PMNs migrated in a more 
targeted way than male PMNs. This changed towards the middle of the 
observation period, when male PMNs started to migrate more targeted, 
maintaining straightness towards the end despite very little migration 
overall in the end of our experiments.

Previous research suggests that sex hormones have a greater impact 
on the chemotactic migration of PMNs than genetic factors. Specifically, 
female hormones such as estrogen and progesterone have been found to 
influence the chemotactic behavior of PMNs (Bouman et al., 2005; 
Miyagi et al., 1992). More specifically, Jaillon et al. reported that pro
gesterone increased the chemotaxis of PMNs in response to fMLP, while 
estradiol decreased it. Conversely, testosterone did not demonstrate any 
significant direct effect on neutrophil chemotaxis (Jaillon et al., 2019). 
In our experiments, it could not be ruled out that residual traces of sex 
hormones could be present in the final experimental setup. However, 
due to the complex isolation steps this seems unlikely. Nevertheless, the 
male and female cells may have already been primed when they came 
into contact with sex hormones in vivo prior to isolation.

However, evidence suggests that the chemotaxis of female and male- 
derived PMNs is different. Relatively little is known about chemo
repulsion, where cells move away from a repellent signal. In 2022 it was 

Fig. 8. TrackDisplacementLength was determined with live-cell imaging. Data are shown as median with interquartile range from n = 12 experiments. Statistical 
outliers are represented as circles, and extreme values are depicted as asterisks.

Table 3 
Overview of medians and interquartile ranges (round brackets) of TrackDisplacementLength (TDL) of the different sexes (individual cell number (n) in square brackets) 
in determined 30 min time slots, which could be observed by means of live-cell imaging.

Time [min] 0–30 31–60 61–90 91–120 121–150 151–180

Female TDL 21.7 μm 
(96.6 μm) 
[n = 725]

6.4 μm 
(40.0 μm) 
[n = 687]

1.6 μm 
(6.1 μm) 
[n = 743]

0.9 μm 
(1.5 μm) 
[n = 734]

0.6 μm 
(1.0 μm) 
[n = 752]

0.4 μm 
(0.7 μm) 
[n = 663]

Male TDL

22,7 μm 
(89,7 μm) 
[n = 930]

20.4 μm 
(68.3 μm) 
[n = 1067]

10.3 μm 
(28.0 μm) 
[n = 1044]

3.1 μm 
(7.1 μm) 
[n = 1029]

2.3 μm 
(3.5 μm) 
[n = 797]

1.6 μm 
(2.7 μm) 
[n = 778]
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reported that, in the presence of a chemorepellent, female PMNs 
exhibited a lower percentage of repelled cells, greater persistence in 
their movement, increased adhesion, and decreased actin polymeriza
tion compared to male PMNs (Consalvo et al., 2022).

The differences in our observations could rather be explained by 
differences in susceptibility to fMLP. Despite no studies can be found in 
the literature, which directly investigate a possible different nature of 
the fMLP receptor in men and women, Aomatsu et al. described a 
different response of male and female PMNs to stimulation with lipo
polysaccharides. Their findings indicated that male PMNs show greater 
responsiveness to LPS stimulation (Aomatsu et al., 2013).

PMNs were outlined as heterogeneous in terms of sensitivity to fMLP. 
Even though Fletcher and Seligman characterized age as a major influ
encing factor, they also found differences in sensitivity to fMLP in men 
and women. Their data indicated that PMNs from healthy adults 
demonstrate a heterogeneous membrane potential response to the fMLP 
that correlated with the cellś oxidative responsiveness and that inter
subject differences could be detected. In addition, the proportion of 
responsive PMNs increased with increasing age in women (Fletcher and 
Seligmann, 1986).

In summary, our data supports, that female and male PMNs seem to 
be different in terms of chemotaxis. But the phenomenon of PMN sexual 
dimorphism extends beyond this. The subsequent sections will address 
further aspects in greater detail.

4.2. Different surface expression

Differences in the expression of neutrophil surface markers could be 
determined. Indeed there were no differences directly after isolation, 

however, after two hours resting at body temperature CD11b and CD66b 
expression was significantly greater in male than female PMNs, while 
CD62L expression did not differ. Our observations support the theory 
that although PMNs do not exhibit any sex-specific differences from 
their origin, they do have different properties when primed.

The time of resting was set to two hours because this time is usually 
corresponding to an apharesis procedure for production of a granulocyte 
transfusion concentrate, which patients with neutropenia or granulocyte 
dysfunction may require for adequate immune restoration (Doblinger 
et al., 2019). Typical recipients of such granulocyte transfusions are 
patients with neutropenia suffering from progressive infection despite 
maximum antibiotic therapy (Strauss, 2015; Dullinger et al., 2017).

As our results indicate, such resting (even when physiological tem
peratures prevailed) could lead to the activation of PMNs (as indicated 
by increased CD11b and CD66b expression). Thereby, the priming effect 
was significantly greater in male than that in female neutrophils 
(Aomatsu et al., 2013).

Our findings align with earlier observations that neutrophil activa
tion, as reflected by CD11b expression and respiratory burst activity, 
was increased to a greater extent in male rats than in female rats after 
trauma, hemorrhagic shock or burn injury. Thereby, testosterone 
appeared to potentiate neutrophil activation, because castration 
reduced neutrophil activation, whereas ovariectomy had little effect 
(Deitch et al., 2006). Slightly contradictory are observations of Blazkova 
et al., who found reduced levels of cell surface maturation markers 
(CD11c and CD16) in males compared to females. However, they also 
identified an neutrophil signature (ILNS), including genes encoding for 
granule-containing proteins, to be upregulated 3-fold in healthy males 
compared with females (Blazkova et al., 2017). Consequently, sex 

Fig. 9. TrackStraightness was determined with live-cell imaging. Data are shown as median with interquartile range from n = 12 experiments. Statistical outliers are 
represented as circles, and extreme values are depicted as asterisks.

Table 4 
Overview of medians and interquartile ranges of TrackStraightness (TS) of the different sexes in determined 30 min time slots, which could be observed by means of 
live-cell imaging (individual cell number (n) in brackets).

Time [min] 0–30 31–60 61–90 91–120 121–150 151–180

Female TS 0.25 
(0.34) 
[n = 725]

0.12 
(0.24) 
[n = 687]

0.06 
(0.13) 
[n = 743]

0.06 
(0.07) 
[n = 734]

0.04 
(0.05) 
[n = 752]

0.03 
(0.04) 
[n = 663]

Male TS

0.20 
(0.31) 
[n = 930]

0.13 
(0.26) 
[n = 1067]

0.11 
(0.17) 
[n = 1044]

0.07 
(0.11) 
[n = 1029]

0.08 
(0.09) 
[n = 797]

0.08 
(0.09) 
[n = 778]
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hormones appear to play a minor role in influencing neutrophil surfaces. 
As described by Molloy et al. physiologic doses of estradiol and pro
gesterone caused no alterations in neutrophil CD11 (Molloy et al., 
2003).

4.3. Influence of sex differences on adverse effects of blood component 
transfusion

Our results show a certain priming effect due to the storage of PMNs, 
which is sex dependent and important for any form of transfusion 
product containing PMNs, but especially for granulocyte transfusions 
administered in severely neutropenic patients to prevent or treat in
fections (Strauss, 2015). In this context, it should be kept in mind that 
TRALI may also develop following transfusion of PMN concentrates. 
There are rare cases, where preexisting anti-HNA against transfused 
donor neutrophil antigens in recipients of PMN concentrates cause 
TRALI by a reverse mechanism (Basu et al., 2022).

Nevertheless, the majority of adverse transfusion cases reported are 
due to transfusion of plasma rich blood components containing anti- 
HNA against recipient’s cells (Basu et al., 2022). These anti-HNA are 
found mainly in blood from multiparous women as they have become 
sensitized during pregnancy (Peters et al., 2015). Thereby, only small 
amounts of transfusions are sufficient to trigger a TRALI. Aggregating 
anti-HNA, in particular, have the potential to induce possibly fatal 
TRALI, even when only a small amount of plasma, like that in red blood 
cell (RBC) concentrates, is transfused (Schönbacher et al., 2021).

Binding of these anti-HNA to their cognate antigens (including 
CD11b) causes PMN activation. These activated PMNs sequester in the 
lungs, causing endothelial damage, capillary leakage and pulmonary 
edema (van Stein et al., 2016; Browne et al., 2021). We showed that a 
storage of blood products (only two hours) can affect neutrophil surfaces 
in a sex-differentiated manner. In this context, Khan et al. described that 
soluble ligands against neutrophil surface antigens accumulate during 
blood component storage, have the capacity to activate adherent PMNs, 
causing endothelial damage and possibly TRALI in predisposed patients 
(Khan et al., 2006). From these two aspects, we support Stein et al.’s 
statement that older blood products would therefore be more prone to 
cause TRALI (van Stein et al., 2016).

Nevertheless, the observed changes in the surface epitopes observed 
in our study could also be due to neutrophil aging, because PMNs un
dergo rapid aging (Chen et al., 2025). Thus, there have been several 
studies in the past that observed an activating effect on PMNs when 
stored, indicated similarly to our data by increased CD11b and 
decreased CD62L after 24 h storage (Loi et al., 2018). Moreover, Rim
boeck et al. observed that PMN cells migrate up to 150 h without acti
vation (e.g. by centrifugation or chemoattractants). Therefore two hours 
of resting seem unlikely to cause “aging” (Rimboeck et al., 2023). It was 
previously assumed that “PMN aging” by storage of PMNs, was associ
ated with TRALI. However, however, not the storage time of the trans
fusion product led to TRALI, but the amount of transfused 
proinflammatory activity (Loi et al., 2018). During storage of trans
fusion products (not only PMN concentrate, but also red blood cell or 

Fig. 10. Overview of migration distances of PMN (TrackLength [μm]), split in observation periods of 30 min, and sex. The single cells of one test person and 
experiment were combined (median TL) and then further analyzed. Overall migration decreased towards the end of the observation period. The grouped box plot 
presents the results of n = 12 experiments (female: n = 5, male: n = 7), using medians with interquartil range. Statistical outliers are represented as circles, and 
extreme values are depicted as asterisks.

Table 5 
Overview of means and standard deviations [μm] of the medians of parameter migration lengths (TrackLength TL) combined of each test person separated in the 
different sexes (female: n = 5; male n = 7) in determined 30 min time slots which could be observed by means of live-cell imaging.

Time [min] 0–30 31–60 61–90 91–120 121–150 151–180

Female mean TL [μm] 104.9 ± 52.4 62.2 ± 37.5 28.8 ± 8.8 16.4 ± 3.3 13.1± 1.8 11.8 ± 0.8
Male mean TL 

[μm] 152.3 ± 79.1 139.7 ± 67.8 78.8 ± 66.2 34.2 ± 29.7 25.0 ± 10.2 18.9 ± 8.1
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platelet concentrates), substances (such as non-polar lipids or platelet- 
derived microparticles) can accumulate which can trigger priming of 
PMNs and thus be responsible for TRALI (Silliman et al., 2011; Xie et al., 
2014). The isolation method (density gradient centrifugation) also in
fluences the PMNs with regard to activation and priming (Krémer et al., 
2023). The observed activation of the examined surface epitopes CD11b, 
CD66b and CD62L in our study is therefore more likely due to a priming 
effect than due to PMN aging. Nevertheless, the difference between fe
male and male in this priming process is remarkable.

4.4. No difference in neutrophil immune functions

There was no difference of the immune effects when observing PMNs 
by live cell imaging. Similarly, no differences in the oxidative burst 
could be detected in flow cytometry. This results contradict earlier ob
servations by Blazkova et al. who characterized circulating male PMNs 
with reduced NET formation at baseline and upon bacterial and auto
immune stimuli compared with female PMNs (Blazkova et al., 2017). 
Moreover, Jaillon et al. reported heightened PMN activation in males 
during noninfectious inflammatory conditions, including burn injuries, 
trauma, and hemorrhagic shock, which could contribute to increased 
tissue damage. The production of reactive oxygen species (ROS) by 
PMNs was found to be more pronounced in male rats than in proestrus 
females, and neutrophil activation was significantly diminished 
following castration. Consequently, it was suggested that sex hormones 
play a regulatory role in the generation of reactive oxygen intermediates 
by PMNs (Jaillon et al., 2019). However, this issue remains controver
sial. PMN free radical production has been shown to be increased 
(Molloy et al., 2003 (Molloy et al., 2003)), decreased (Bekesi et al., 2000 

(Békési et al., 2000)) or not affected (Cassidy, 2003 (Cassidy, 2003)) by 
estrogen or progesterone incubations in vitro (Bouman et al., 2005).

Nevertheless studies in PMNs from subjects with Klinefelter syn
drome (karyotype: 47, XXY) and prepubescent children indicate that sex 
differences in neutrophil biology are not explained by X chromosome 
gene dosage and appear to be driven by sex hormones (Gupta et al., 
2020). Thus, there are consistent reports in the literature about physi
ologic doses of female sex hormones estradiol and progesterone 
affecting neutrophil lifespan and causing a delay in spontaneous 
apoptosis in both men and women (Jaillon et al., 2019; Molloy et al., 
2003). Moreover, estrogen has been shown to be implicated in the for
mation of NETs (Shepherd et al., 2020). Additionally, Lu et al. stated, 
that the regulation of chromatin metabolism is a hallmark of neutrophil 
aging and a key aspect of sex-dimorphic regulation (Lu et al., 2021). 
Since our experiments were designed without sex hormones, this would 
explain the lack of different immune effects in our results.

However, there is evidence that female and male PMNs act differ
ently in terms of their immune functions. Klein et al. reportet that the 
phagocytic activity of PMNs is higher in females than in males (Klein and 
Flanagan, 2016). According to Pace et al., PMNs from male animals 
produced less pro-inflammatory cytokines after bacteria-induced pros
tate inflammation (Pace and Werz, 2020). During noninfectious in
flammatory states (such as burn injury, trauma, or haemorrhagic shock) 
increased PMN activation in male may lead to exacerbated tissue injury 
(Jaillon et al., 2019). Moreover, in two different trauma models (i.e., 
thermal injury and traumahaemorrhagic shock), activation of PMN was 
stronger in male rats compared with proestrus females and castration 
abrogated PMN activation (Jaillon et al., 2019; Deitch et al., 2006). The 
discrepancy regarding sexual dimorphism in the PMN immune response 

Fig. 11. Overview of migrated euclidean distances of PMNs (TrackDisplacementLength [μm]), split in observation periods of 30 min, and sex. The single cells of one 
test person and experiment were combined (median TDL) and then further analyzed. The grouped box plot presents the results of n = 12 experiments (female: n = 5, 
male: n = 7), using medians with interquartil range. Statistical outliers are represented as circles, and extreme values are depicted as asterisks.

Table 6 
Overview of means and standard deviations [μm] of the medians of migrated euclidean distances (TrackDisplacementLength TDL) combined of each test person 
separated in the different sexes (female: n = 5; male n = 7) in determined 30 min time slots which could be observed by means of live-cell imaging.

Time [min] 0–30 31–60 61–90 91–120 121–150 151–180

Female mean TDL [μm] 28.2 ± 22.6 8.1 ± 9.6 2.1 ± 1.6 1.0 ± 0.4 0.7 ± 0.4 0.5 ± 0.1
Male mean TDL [μm] 23.2 ± 26.2 17.4 ± 13.5 8.6 ± 8.3 2.3 ± 2.0 2.0 ± 0.6 1.2 ± 0.6
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between previous literature and our data underscores the necessity for 
further research to elucidate these differences comprehensively.

4.5. Sexual differences in sepsis

Although there is some debate regarding sex-specific responses in 
sepsis patients, it has been suggested that sex significantly influences 
post-injury pathogenesis and is associated with differential susceptibil
ity to sepsis, with a higher prevalence observed in males compared to 
females. A differential immune response regarding the sexes was 
observed during sepsis, characterized by a distinct profile of pro- and 
anti-inflammatory cytokines (Vázquez-Martínez et al., 2018). The 
observed immune response variations in sepsis suggest that females 
exhibit an initial, regulated pro-inflammatory response that impedes 
infection. This is followed by an anti-inflammatory response that pre
vents systemic injury. Conversely, males exhibit a protracted and sus
tained pro-inflammatory response that ultimately is likely to result in 
systemic damage (Vázquez-Martínez et al., 2018; Adrie et al., 2007; 
Bindl et al., 2003).

Our in vitro data can be linked to these clinical observations, which 
might contribute for understanding sexual difference in sepsis. Female 

PMNs demonstrated more directed movement in the beginning of our 
experiments which might be one of the reasons why women initially 
show a regulated pro-inflammatory response that hinders infection 
(Vázquez-Martínez et al., 2018; Adrie et al., 2007). Male PMNs, in 
contrast, migrated further distances overall and progressively displayed 
increased targeted migration. Maintaining a higher degree of directional 
straightness towards the end in combination higher levels of activation 
markers (CD11b and CD66b) following a two hour resting period could 
be one reason why men display a late and persistent pro-inflammatory 
response that leads to systemic damage (Vázquez-Martínez et al., 
2018; Bindl et al., 2003). In addition to our migratory data, the presence 
of sexual dimorphism in severe sepsis in both prepubertal children and 
elderly individuals suggests that genetic and environmental factors both 
contribute to this gender bias (Vázquez-Martínez et al., 2018).

4.6. Different migration analysis approaches

When performing live cell imaging and single-cell analysis, re
searchers are confronted with the question how to analyze the data best. 
In this manuscript, we also wanted to draw attention to the essential 
question whether to consider each PMN cell on its own (i.e. as a single 

Fig. 12. Overview of the results of parameter track straightess (TS), split in observation periods of 30 min, and sex. The single cells of one test person and experiment 
were combined (median TS) and then further analyzed. The grouped box plot presents the results of n = 12 experiments (female: n = 5, male: n = 7), using medians 
with interquartil range. Statistical outliers are represented as circles, and extreme values are depicted as asterisks.

Table 7 
Overview of means and standard deviations [μm] of the medians of parameter track straightness (TS) combined of each test person separated in the different sexes 
(female: n = 5; male n = 7) in determined 30 min time slots which could be observed by means of live-cell imaging.

Time [min] 0–30 31–60 61–90 91–120 121–150 151–180

Female mean TS 0.23 ± 0.12 0.13 ± 0.05 0.06 ± 0.03 0.06 ± 0.03 0.05 ± 0.09 0.03 ± 0.01
Male mean TS 0.18 ± 0.09 0.13 ± 0.05 0.10 ± 0.04 0.06 ± 0.03 0.09 ± 0.03 0.06 ± 0.01

Table 8 
Overview of immune effect parameters determined by live-cell imaging displayed by mean ± standard deviation and sample number (n) in round brackets.

Parameter TmaxROS (n = 12) ET50MPO (n = 9) ET50NETosis (n = 12)

Female [min] 144.1 (±17.1) (n = 5) 169.5 (±50.6) (n = 4) 267.5 (±40.3) (n = 5)
Male [min] 152.1 (±44.7) (n = 7) 233.9 (±88.6) (n = 5) 222.5 (± 48.4)(n = 7)
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unit), or to consider the PMN cells of one single donor as a single unit, 
aggregating the individual cells to the level of the donor. This also in
cludes the question of which difference is greater: the difference be
tween the individual cells or the inter-individual difference between the 
donors. As our sample size is relatively small, we ensured that no donor 
was duplicated. This was to prevent technical replicates (i.e. multiple 
neutrophil cells from the same donor) from being represented as bio
logical replicates, which would have posed a problem in terms of 

statistical independence. Indeed, when cells come from the same donor, 
the independence assumption of every statistical analysis would be 
violated. However, to ensure proper representation of the data, we 
performed an additional analysis where the data of each donor where 
summarized as median (see section 3.1.2).

Nevertheless, we support the hypothesis that each PMN cell adapts 
individually to its environment, and can therefore be regarded as a 
biological unit. This is the rationale behind the decision to conduct the 

Fig. 13. The mean fluorescence intensity (MFI) of CD11b-PE on male and female PMNs (y-axis) is shown. A distinction is made between female and male PMNs and 
by resting time of 2 h at 37 ◦C. Significant differences were observed between male and female cells after 2 h resting and between cells of the same sex with and 
without resting. Statistical outliers are represented as circles.

Fig. 14. The mean fluorescence intensity (MFI) of CD62L-FITC on male and female PMNs (y-axis) is shown. A distinction is made between female and male PMNs 
and by resting time of 2 h at 37 ◦C. Significant differences were observed in cells between cells of the same sex with and without resting, but no difference could be 
determined between the sexes. Statistical outliers are represented as circles, and extreme values are depicted as asterisks.
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primary analysis at the individual cell level, which is a common 
approach to analyzing LCI experiments for the past decade not only by 
our research group (Doblinger et al., 2019; Weckmann et al., 2017). 
Moreover, the rationale of single cell focused analysis is supported by 
gene analysis observation. In 2021, Grieshaber-Bouyer et al. discovered 
through genetic analyses that PMNs represent a single developmental 
continuum. This developmental process is characterized by continual 
evolution in gene expression from prePMNs through to mature circu
lating PMNs. Furthermore, they demonstrated how this transcriptional 
evolution continues during the process of recruitment to inflamed sites, 
with variations in factors including the site and the stimulus 
(Grieshaber-Bouyer et al., 2021).

However, it is acknowledged that this approach is not without its 
challenges. To avoid confounding technical and biological variation 
(which would have invalidated our statistical analyses), we additionally 
performed all statistical tests using one summary value (median) per 
donor. Thereby we aimed to removing the caveat of pseudoreplication to 
make sure conclusions remain significant and valid. We saw that due to 
the different analysis, the central tendencies of the data did not differ 
fundamentally between the two analysis methods. With the summarized 
to donor level method, statistical significance was only missed in indi
vidual time slots due to the reduced number of cases, which would mean 
an increased number of cases would be needed for significance.

4.7. Limitations of the in vitro models and methods

As stated by Elghetany et al., the selection of anticoagulants utilized 
in blood collection tubes may influence the specific functions of PMNs 
(Elghetany and Davis, 2005). In the experiments conducted for this 
research, whole blood was collected using lithium heparin blood 
collection tubes, as the heparin anticoagulant was identified as the most 
appropriate agent for executing functional assays of PMNs, according to 
a study by Hodge et al. (Hodge et al., 1999). PMNs exhibit a notable 
susceptibility to mechanical stress, particularly during processes such as 
centrifugation. The elevated gravitational forces experienced can 
adversely affect their structural integrity and functional capabilities, 
potentially resulting in their activation (Hundhammer et al., 2022). The 

benefits of isolating PMNs from whole blood through the method of 
physical density gradient centrifugation, specifically utilizing the leuco/ 
lymphospin technique, are predominantly characterized by a minimal 
number of washing procedures and a significant level of purity of the 
resultant cells. Elghetany et al. highlighted this high purity as beneficial 
for mitigating background signals when employing fluorescently labeled 
antibodies in the experimental framework, as was conducted in our 
investigation (Elghetany and Davis, 2005; Kraus et al., 2024b).

The μ-slide chemotaxis chambers® provided by IBIDI, utilized in this 
study, allow for the embedding of cells within a matrix, creating a three- 
dimensional environment that mimics the extracellular matrix found in 
human tissues. As a result, this model is particularly effective for repli
cating in vivo conditions of the interstitial space. While the μ-slide 
chambers maintained consistent testing conditions for extended dura
tions, they fundamentally operated as a static system (Kraus et al., 
2021). An interstitial flow, which corresponds to the mechanical 
changes in human tissue caused by blood flow, could not be created. 
While the PMNs embedded within a gel matrix experienced physical 
shear forces, these forces were markedly different from the physiological 
variations typically encountered (Kraus et al., 2021). Nevertheless, it 
should be noted that the methods used were appropriate for performing 
functional testing of PMNs at examining sex differences (Kraus and 
Gruber, 2021b).

5. Conclusion

The results of this study indicates distinct functional variances be
tween male and female PMNs. Male PMNs migrated further distances 
while female PMNs showed more targeted movement in our chemotaxis 
experiments. Nevertheless, differences regarding immune effects were 
not detected. Primarily, there were no sex-specific differences in the 
expression of neutrophil surface markers directly after isolation. How
ever, after two hours resting at body temperature their expression 
significantly increased (CD62L, CD11b and CD66b) and showed greater 
levels in male than in female PMNs (CD11b and CD66b). This priming 
process might be taken into account when transfusing neutrophil 
concentrates.

Fig. 15. The mean fluorescence (MFI) of CD66b-APC on male and female PMNs (y-axis) is shown. A distinction is made between female and male PMNs and by 
resting time of 2 h at 37 ◦C. Significant differences were observed between male and female cells after 2 h resting and between cells of the same sex with and without 
resting. Statistical outliers are represented as circles.
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For future studies with PMNs, it is therefore important to select a 
balanced patient/subject collective (preferably age- and sex-matched) in 
order to be able to generate convincing results. Our data should also 
encourage conduction of further studies in transfusion medicine to 
investigate sex-dependent responses to transfusion products (especially 
PMN concentrates) in order to confirm the impact on patient care.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgement

We would like to thank Ruth Späth, Regina Lindner, and Gabriele 
Bollwein (Department of Anesthesiology, University Hospital Regens
burg) for their preparing and summarizing of the data sets and for their 
help in conducting the experiments. We are indebted to Dr. med. dent. 
Veronika Kraus for her graphical support.

Statements

All procedures were performed in compliance with relevant laws and 
institutional guidelines and have been approved by the appropriate local 
institutional committee of the University of Regensburg (vote numbers 
16-101-0322, 18-1210-10 and 18-1025-101). The privacy rights of 
human test persons have been protected and informed consent was 
obtained prior to their participation in the study at any time. Data 
availability is limited due to privacy restrictions and can be provided 
upon request.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.imbio.2025.153128.

Data availability

Data will be made available on request.

References

Adrie, C., Azoulay, E., Francais, A., Clec’h, C., Darques, L., Schwebel, C., et al., 2007. 
Influence of gender on the outcome of severe sepsis: a reappraisal. Chest 132 (6), 
1786–1793.

Aomatsu, M., Kato, T., Kasahara, E., Kitagawa, S., 2013. Gender difference in tumor 
necrosis factor-α production in human neutrophils stimulated by lipopolysaccharide 
and interferon-γ. Biochem. Biophys. Res. Commun. 441 (1), 220–225.

Basu, D., Basu, S., Datta, S.S., 2022. Are we missing reverse TRALI? - a real world 
experience from a tertiary care oncology Centre in India. Transfus. Apher. Sci. 61 
(6), 103466.
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