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Infiltration of monocyte-derived cells to sites of infection
and injury is greater in males than in females, due in part, to
increased chemotaxis, the process of directed cell movement
toward a chemical signal. The mechanisms governing sexual
dimorphism in chemotaxis are not known. We hypothesized a
role for the store-operated calcium entry (SOCE) pathway in
regulating chemotaxis by modulating leading and trailing edge
membrane dynamics. We measured the chemotactic response
of bone marrow-derived macrophages migrating toward com-
plement component 5a (C5a). Chemotactic ability was depen-
dent on sex and inflammatory phenotype (M0, M1, and M2),
and correlated with SOCE. Notably, females exhibited a
significantly lower magnitude of SOCE than males. When we
knocked out the SOCE gene, stromal interaction molecule 1
(STIM1), it eliminated SOCE and equalized chemotaxis across
both sexes. Analysis of membrane dynamics at the leading and
trailing edges showed that STIM1 influences chemotaxis by
facilitating retraction of the trailing edge. Using BTP2 to
pharmacologically inhibit SOCE mirrored the effects of STIM1
knockout, demonstrating a central role of STIM/Orai-
mediated calcium signaling. Importantly, by monitoring the
recruitment of adoptively transferred monocytes in an in vivo
model of peritonitis, we show that increased infiltration of male
monocytes during infection is dependent on STIM1. These
data support a model in which STIM1-dependent SOCE is
necessary and sufficient for mediating the sex difference in
monocyte recruitment and macrophage chemotactic ability by
regulating trailing edge dynamics.

Sexual dimorphism in the innate immune system is well-
established and determined by a complex interaction be-
tween hormones, the environment, and genetics (1, 2). Mac-
rophages in particular have been identified as being
intrinsically different between males and females (1). One key
difference is the increased infiltration of macrophages to sites
of infection and injury in males compared to females (3–6).
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Infiltrating macrophages are derived from circulating mono-
cytes and recruited during inflammation by chemotaxis, the
process of directed migration along a concentration gradient
of chemoattractant protein (7). Macrophages are also highly
plastic, and their inflammatory phenotype is complex and
likely exists along a continuum of proinflammatory (M1 or
classically activated) to anti-inflammatory (M2 or alternatively
activated) subtypes. Importantly, once at the site of inflam-
mation, macrophages adopt a position along the M1-M2
spectrum that is determined by sex as well as the local envi-
ronment (5, 8, 9). Interestingly, M1-polarized macrophages
demonstrate less robust chemotactic ability (10–12). While
considerable effort has been focused on defining the regulation
of macrophage phenotype and the mechanisms of chemotaxis,
the influence of biological sex on how these pathways interact
has not been explored.

Chemotactic motility progresses by a series of steps begin-
ning with the extension of lamellipodia at the cell’s leading
edge, followed by substrate attachment at focal adhesion
complexes, and ending in forward movement initiated by the
coordinated contraction of actin filaments and detachment of
the trailing edge (13). These steps are tightly regulated by
distinct spatial and temporal cytoplasmic calcium (Ca2+) sig-
nals evoked by chemoattractant-receptor interactions (14–18).
Several types of Ca2+ channels have been identified to play a
role in this process although it isn’t known if their expression
or function is affected by sex and inflammatory phenotype.

The store-operated calcium entry (SOCE) pathway is
ubiquitous and impinges on diverse cellular processes (19, 20),
and has been implicated as a regulator of motility in many cell
types including lymphocytes (14, 21–25). SOCE is activated
following Ca2+ release from the endoplasmic reticulum (ER)
Ca2+ stores. Decreased store content is sensed by the ER
membrane-resident STIM1 and 2 proteins which then interact
and gate open the plasma membrane Ca2+ release-activated
Ca2+ (CRAC) channels Orai1, 2 and 3. Depending on the de-
gree of activation, the resultant Ca2+ influx can serve to locally
refill the store or support larger global Ca2+ signals (19).
Knockdown and overexpression studies in cell lines have
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STIM1 regulates sex differences in macrophage chemotaxis
clearly demonstrated a role for STIM and Orai proteins in
determining migration efficiency, most notably in cancer cells
(26). Mechanistically, STIM and Orai-mediated SOCE have
been shown to influence chemotaxis by regulating lamellipodia
formation as well as focal adhesion turnover at both the
leading and trailing edges (21, 27, 28); however, it remains to
be determined if these mechanisms are operative in
macrophages.

The overall objective of the current study was to gain
mechanistic insight into how SOCE-mediated Ca2+ signaling
might interact with biological sex to influence monocyte
recruitment and macrophage chemotaxis. We hypothesized that
Ca2+ signaling by SOCE is a key regulator of chemotaxis whose
modulation of leading and trailing edge membrane dynamics
determines sex differences and dictates how cells respond to
inflammatory stimuli. This hypothesis was tested using bone
marrow-derived macrophages (BMDMs) from both male and
female, wild-type and STIM1-knockout mice, by examining the
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Figure 1. Sex and inflammatory phenotype determine differences in chem
entry (SOCE). A, representative migration tracks of male and female M0, M1,
summary (mean ± SEM) of the mean forward migrating index (FMIDx). Each da
and 7 female mice and pooled from 4 to 8 independentnt experiments. **p <
in male and female M0, M1, and M2-treated bone marrow-derived macropha
[Ca2+]cyto. Each dataset represents measurements from 90 to 207 cells deriv
experiments. ***p < 0.001 (two-way ANOVA).

2 J. Biol. Chem. (2024) 300(7) 107422
influence of sex and inflammatory phenotype on SOCE, STIM,
and Orai gene expression, and in vitro and in vivo chemotaxis.
Results

Sex and inflammatory phenotype interact to determine
macrophage chemotaxis and calcium signaling

We first assessed the interaction between sex and inflam-
matory phenotype on bone marrow-derived macrophage
(BMDM) chemotaxis. To generate proinflammatory (M1) and
anti-inflammatory (M2) phenotypes we treated cells for 24 h
with LPS/IFNg (100 ng/ml and 50 ng/ml) or IL-4 (10 ng/ml),
respectively (29, 30). Untreated, non-activated (M0) BMDMs
served as controls. We then loaded cells into a m-Slide
chemotaxis assay chamber (31) and used phase-contrast video
microscopy to track movement along a concentration gradient
of the chemoattractant, complement component 5a (C5a;
20 nM) (Supplementary Videos 1 and 2) (32, 33). Figure 1A
F

B

otaxis, basal cytoplasmic [Ca2+] ([Ca2+]cyto), and store-operated calcium
and M2 bone marrow-derived macrophages (BMDMs) in a C5a gradient. B,
ta point represents measurements from 85 to 448 cells derived from 5 male
0.01, *p < 0.05 (2-way ANOVA). C and D, representative [Ca2+]cyto recordings
ges (BMDMs). E and F, summary data showing SOCE amplitude and basal
ed from 4 male and 3 female mice and pooled from 4 to 7 independent



STIM1 regulates sex differences in macrophage chemotaxis
shows the individual migration paths for male and female M0,
M1, and M2 cells. To better quantify the efficiency and
directionality of cell movement we calculated the Forward
Migration Index (FMIDx) for individual cells. FMI is the ratio
between the cell’s progress in the correct direction (a straight
line toward the stimulus) and the actual path that the cell
travels. Here, a value closer to 1 indicates the cell is moving
directly toward the chemoattractant, whereas a value closer to
0 indicates that migration is unrelated to the chemoattractant.
We calculated the FMIDx for each cell and summarized the
mean for each experimental replicate (Fig. 1B). Chemotaxis in
male cells, as measured by FMIDx, is highest in M0 and M2
cells and inhibited by M1 stimulation. In comparison, female
cells are only weakly chemotactic and chemotaxis is
completely eliminated by M1 stimulation (Fig. 1B). These data
show that chemotaxis is highly dependent on both sex and
inflammatory phenotype.

Store-operated calcium entry (SOCE) was shown to regulate
motility and chemotaxis in neutrophils and dendritic cells (23,
34). We postulated that changes in SOCE might underpin the
effects of sex and inflammatory phenotype on BMDM
chemotaxis. To test this, we measured the magnitude of
maximally activated SOCE in M0, M1, and M2 macrophages.
To do this we first depleted the endoplasmic reticulum (ER)
stores in the absence of extracellular Ca2+ by inhibiting the
sarco-endoplasmic reticulum Ca2+-ATPase (SERCA) pump
with the blocker cyclopiazonic acid (CPA; 10 mM). When Ca2+

is added back to the media it enters the cell through the
activated Ca2+ release-activated Ca2+ (CRAC) channels—the
amplitude of the resulting increase in [Ca2+]cyto therefore re-
flects the activation status of SOCE. The effect of phenotype
was qualitatively similar in both males and females, in that,
when compared to M0, M1 stimulation reduced SOCE and
M2 had no effect on SOCE (Fig. 1, C and D). Surprisingly, the
amplitude of SOCE in unstimulated M0 cells from females was
significantly lower than that of males (Fig. 1E). In addition,
basal [Ca2+]cyto was the same in male and female M0 and M2
cells and decreased by M1 stimulation (Fig. 1F).
Sex and inflammatory phenotype regulate the expression
levels of STIM and Orai isoforms

To further explore the mechanisms of sex and phenotypic-
dependent changes in SOCE amplitude we measured the
expression levels of STIM and Orai genes. Using qRT-PCR, we
quantified the mRNA levels of Orai1, 2 and 3, and STIM1 and
2 in M0, M1, and M2 bone marrow-derived macrophages
(BMDMs) isolated from males and females. The effects of
phenotype on STIM and Orai isoforms were highly consistent
between the sexes. In both male and females, M1 and M2
polarization induced upregulation of Orai1 and 2, while
STIM2 was upregulated in M1 cells only (Fig. 2A). M2 stim-
ulation did statistically increase STIM1 expression in males
only although the trend was the same in females. Overall, our
data are consistent with the hypothesis that inflammatory
phenotype remodels SOCE similarly in males and females by
altering the expression of specific STIM and Orai isoforms. We
next asked if the differential expression of STIM and Orai
isoforms could account for the reduced SOCE seen in females.
We compared STIM and Orai expression in females relative to
male M0 cells and found that Orai2, STIM1, and STIM2 were
expressed at significantly lower levels in females (Fig. 2B). To
confirm that sex differences in SOCE are not experimental
artifacts of differentiated BMDMs we measured SOCE in
freshly isolated male and female primary adipose tissue mac-
rophages (ATMs). Similar to BMDMs, the magnitude of SOCE
was smaller in females compared to males (Fig. 2, C and D).
Transcriptomic analysis of publicly available datasets (NCBI
GEO accession GSE181841) (5) revealed decreased levels of
STIM1 in ATMs from females compared to males (Fig. 2E).
Taken together, these data show that the decreased SOCE
phenotype is associated with remodeling of STIM/Orai gene
expression.
Sex differences in C5a-dependent [Ca2+]cyto signaling and
chemotaxis are STIM1-dependent

Our Ca2+ imaging data show that macrophages from fe-
males have a lower SOCE compared to males and that SOCE
can be further inhibited in both males and females by M1
stimulation. Importantly, decreased SOCE repeatedly corre-
lates with decreased chemotaxis regardless of sex and pheno-
type. To establish causation, we knocked out the STIM1 gene
in cells of the hematopoietic lineage by crossing STIM1fl/fl

mice with Vav-iCre to generate Vav-cre−STIM1fl/fl control
(WT) and Vav-cre+STIM1fl/fl (STIM1-KO). The deletion was
confirmed by the complete loss of STIM1 protein (Fig. 3A) and
SOCE (Fig. 3, B and C) in unstimulated (M0) BMDMs from
both males and females. Interestingly, the abundance of
STIM1 protein is the same in males and females (Fig. 3A),
indicating that sex differences in the magnitude of SOCE are
not due to differential STIM1 protein expression.

The transient increase in [Ca2+]cyto seen upon CPA (10 mM)
application reflects the release of stored ER Ca2+, and so
measuring the area under the curve yields an indirect measure
of the filling state of the ER. STIM1 knockout decreased the ER
content in males but not females indicating a dependency on
SOCE to maintain the filling state in male BMDMs (Fig. 3D).
Basal [Ca2+]cyto was unaffected by loss of STIM1 (Fig. 3E).
Binding of C5a to its G-protein coupled receptor increases
[Ca2+]cyto by triggering IP3R-dependent ER Ca2+ release and
SOCE activation (35–37). However, it is not known if there is a
sex difference in the response to C5a. Exposing WT BMDMs
to C5a evoked a transient increase in [Ca2+]cyto which was
larger in male cells compared to female (Fig. 3, F and G).
Furthermore, the [Ca2+]cyto response to C5a was similarly
attenuated by STIM1 knockout in both males and females
(Fig. 3, F and G), demonstrating that the sex difference in C5a
response can be attributed to STIM1-dependent SOCE.

We then measured C5a-stimulated chemotaxis in M0 WT
and STIM1-KO BMDMs from males and females using the
m-Slide assay chamber (Fig. 4A). The Forward Migration Index
(FMIDx) is summarized in Figure 4B and shows that knockout
of STIM1 normalized chemotaxis in male and female BMDMs
J. Biol. Chem. (2024) 300(7) 107422 3
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Figure 2. Sex and inflammatory phenotype regulate STIM and Orai gene expression. A, expression of STIM1, 2 and Orai1, 2 and 3 genes in male and
female bone marrow-derived macrophages (BMDMs) determined by quantitative real-time PCR. Data (mean ± SD) are pooled from 5 male and 5 female
mice, ***p < 0.001, *p < 0.05 (one-way ANOVA). B, expression of STIM1, 2 and Orai1, 2 and 3 genes in BMDMs plotted as female relative to male (**p < 0.01,
*p < 0.05; Student’s t test). C, original traces showing SOCE-dependent [Ca2+]cyto influx in freshly isolated male and female adipose tissue macrophages
(ATMs). D, summary data showing SOCE amplitude in male (n = 204 cells, 9 experiments, 3 animals) and female (n = 67 cells, 7 experiments, 3 animals) ATMs
(***p < 0.001; Student’s t test). E, summary (mean ± SEM) of RNA-seq data plotted as FPKM (fragments per kilobase of exon model per million reads
mapped) showing gene expression of STIM1, 2 and Orai1, 2 and 3 in male (n = 4 animals) and female (n = 4 animals) ATMs. NCBI GEO accession GSE181841
(*p < 0.05; Student’s t test).

STIM1 regulates sex differences in macrophage chemotaxis
by reducing the chemotactic ability of male cells. Thus, sex
differences in chemotaxis are STIM1-dependent.
Sex differences at the trailing but not leading edges are
STIM1-dependent

Directed motility requires the coordination of leading and
trailing edge membrane dynamics (38); therefore, we postu-
lated that STIM1-mediated SOCE regulates directionality by
influencing membrane dynamics. To assess dynamics at the
leading edge, we exposed cells to a highly localized C5a
gradient delivered from a micropipette and visualized the
formation of lamellipodia using phase contrast video
4 J. Biol. Chem. (2024) 300(7) 107422
microscopy. We were also able to discern membrane ruffles,
which form when lamellipodia fail to adhere and detach from
the substrate and could be observed as waves of dark contrast
moving away from the leading edge (Fig. 5A, and Supple-
mentary Video 3). We quantified lamellipodia persistence as
well as lamellipodia and ruffle frequency from kymograph
plots of the time-lapse recordings (Fig. 5, B–D). While STIM1
knockout did not affect any of the measured variables, there
was a significant effect of sex on the frequency of lamellipodia
and ruffles (Fig. 5, C and D). Increased frequency of lamelli-
podia formation and ruffling can be attributed to decreased
substrate adherence and loss of efficient migration (39). Taken
together, these data suggest a role for leading-edge dynamics
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Figure 3. Knocking out STIM1 abolishes store-operated Ca2+ entry (SOCE) and attenuates C5a-evoked [Ca2+]cyto transients. A, Western blot (left-hand
panel) showing expression of STIM1 in WT and STIM1-KO (KO) bone marrow-derived macrophages (BMDMs) from male and female. Summary (mean ± SEM)
of densitometry analysis (right-hand panel) from 5 male and 5 female WT animals (Student’s t test). B, representative [Ca2+]cyto recordings in male and
female, WT and STIM1-KO (KO) BMDMs, showing store depletion in zero external Ca2+ and the resultant Ca2+ influx through the maximally activated SOCE
pathway. C–E, summary data showing SOCE amplitude (C), ER content estimated by area under the curve of the CPA-evoked transient (D), and basal
[Ca2+]cyto (E). Each dataset represents measurements from 119 to 155 cells derived from 3 male WT and 3 female KO mice and pooled from 5 to 6 in-
dependent experiments. F and G, representative [Ca2+]cyto recordings in male and female, WT and KO BMDMs, showing transient increases in [Ca2+]cyto in
response to addition of C5a (20 nM). Summary data show the [Ca2+]cyto transient amplitude evoked by C5a. Each dataset represents measurements from
measurements in 105 to 168 cells derived from 3 male WT and 3 female KO mice and pooled from 5 to 7 independent experiments. ***p < 0.001 (two-way
ANOVA).

STIM1 regulates sex differences in macrophage chemotaxis
in determining sex differences but cannot account for STIM1-
dependent effects on chemotaxis.

To examine the role of STIM1 in regulating trailing edge
dynamics we performed a secondary image analysis of WT and
STIM1-KO cells migrating in the m-Slide assay chamber
(Fig. 5, E and F). A key step in forward motion is the disas-
sembly of adhesions and retraction of the trailing edge. A
single cycle capturing the formation, maintenance, and
retraction of the trailing edge for a representative WT and
STIM1-KO cell is shown (Fig. 5E). To quantify this process, we
monitored the change in tail length, defined as the distance
along the trailing edge from the center of the cell body to the
tip of the tail (Fig. 5F). The extension and retraction phases
were quantified by measuring the rise and fall times required
J. Biol. Chem. (2024) 300(7) 107422 5
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Figure 4. Knocking out STIM1 inhibits chemotaxis in males. A, representative migration tracks of male and female, WT and STIM1-KO (KO) bone marrow-
derived macrophages (BMDMs) in a C5a gradient. B, summary (mean ± SEM) of the mean forward migrating index (FMIDx). Each data point represents
measurements from 231 to 448 cells derived from male WT (n = 5), male KO (n = 3), female WT (n = 5), and female KO (n = 3) mice and pooled from 4 to 8
independent experiments. ***p < 0.001 (2-way ANOVA).

STIM1 regulates sex differences in macrophage chemotaxis
for the tail to transition from 5% to 95% of its final maximum
and minimum lengths, respectively. These data are summa-
rized together with measurements of tail duration and
maximum tail length (Fig. 5, G–F). Tail extension, duration,
and retraction times as well as maximum tail length were all
longer in females compared with males. All of these metrics of
trailing edge function were increased by STIM1 knockout in
males but were unaffected by STIM1-KO in females (Fig. 5,
G–F). These data demonstrate the dependence of trailing edge
dynamics on sex and STIM1 and support a role for SOCE in
mediating sex differences in chemotaxis by regulating Ca2+

signaling at the trailing edge.

Pharmacological inhibition of SOCE attenuates macrophage
chemotaxis and trailing edge retraction

To confirm that STIM1-KO phenotypes are truly Ca2+

signaling dependent, we assessed the effects of BTP2, an Orai
channel inhibitor and blocker of SOCE, on chemotaxis in male
BMDMs. Preincubation (1 h) with BTP2 (1 mM) blocked
SOCE (Fig. 6, A and B) as well as decreased ER store content
(Fig. 6C). BTP2 also decreased [Ca2+]cyto (Fig. 6D), consistent
with its known effects on other Ca2+ regulatory pathways (40).
As with STIM1 knockout, BTP2 decreased macrophage
chemotaxis (Fig. 6, E and F) by modulating trailing edge dy-
namics (Fig. 6, G–K). These data further support the hypoth-
eses that STIM1 regulates chemotaxis through modulation of
SOCE-mediated Ca2+ signaling.

STIM1 determines sex differences in monocyte recruitment
in vivo

Circulating bone marrow-derived monocytes are the pri-
mary source of macrophages recruited to the tissue in
6 J. Biol. Chem. (2024) 300(7) 107422
response to inflammatory stimulation. We isolated bone
marrow-derived monocytes from male and female WT and
measured SOCE. The magnitude of SOCE was lower in fe-
males compared to males (Fig. 7, A and B) while both basal
[Ca2+]cyto and ER store content were the same (Fig. 7, C and
D). To determine the role of STIM1 in monocyte infiltration
we measured the recruitment of adoptively transferred
monocytes in vivo using the well-characterized zymosan
model of peritonitis (41) First, we isolated and purified
monocytes from the bone marrow of male or female WT or
STIM1-KO mice and labeled them with the cell tracer
CytoTrace Green CMFDA. Next, labeled donor monocytes
were i.v.-injected into male C57BL/6J recipients previously
i.p.-injected with the inflammatory stimulus zymosan (1 mg/
ml). Finally, peritoneal cells were harvested at 18 h and
labeled with CD45 and CD11b antibodies as markers of the
total monocyte/macrophage population (Fig. 7E). The
recruited CytoTrace-positive donor cells were quantified by
flow cytometry as the percentage of the total macrophage
population using the gating scheme depicted in Figure 7F.
Consistent with previous studies, the recruitment of WT male
monocytes was greater than female monocytes. Additionally,
the knockout of STIM1 decreased the recruitment of male
monocytes only (Fig. 7G). These observations are consistent
with our in vitro chemotaxis data and support a necessary
role for STIM1 in mediating sex differences in monocyte/
macrophage recruitment in vivo.
Discussion

The current study tested the hypothesis that Ca2+ signaling
by SOCE is a key regulator of macrophage chemotaxis whose
modulation of leading and trailing edge membrane dynamics
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Figure 5. Knocking out STIM1 has no effect on sex differences at the leading edge but eliminates sex differences in trailing edge dynamics. A,
images of bone marrow-derived macrophages (BMDMs) captured before (t = 0) and during (t = 140s) application of C5a from the pipette. The solid line
shows the position of the 1-pixel-wide image extracted from each frame and aligned to form the space-time plot. Lamellipodia protrusions are represented
by linear ascending contours (white dashed line), with their persistence measured by the duration these contours last before they start to retract. Ruffle
frequency is determined by counting the number of dark descending lines (white solid line), which represent membrane ruffles, per unit of time. B–D,
summary data showing lamellipodia persistence (B), lamellipodia (C) and ruffle (D) frequency. Each dataset contains measurements from 72 to 139 cells
derived from male WT (n = 4), female WT (n = 4), male KO (n = 5), and female KO (n = 3) mice and pooled from 9 to 11 independent experiments. ***p <
0.001 (two-way ANOVA). E, representative images of male WT and KO BMDMs at different time points as they migrate in a C5a gradient. The direction of
motion is left to right and each set of images depicts one extension, duration, and retraction cycle of the trailing edge tail. Scale bar = 25 mm. F, the time
course of tail extension (blue shading), duration (red shading), and retraction (green shading) in representative WT and STIM1-KO cells. G–J, summary data of
extension, duration, and retraction phases as well as the maximum tail length during one cycle. Data are measurements from 20 to 22 cells derived from
male WT (n = 5), female WT (n = 7), male KO (n = 5), and female KO (n = 4) mice and pooled from 6 to 10 independent experiments. ***p < 0.001, **p < 0.01
(two-way ANOVA).

STIM1 regulates sex differences in macrophage chemotaxis
determines sex differences and dictates how cells respond to
inflammatory stimuli. The major findings are: (1) BMDMs
from males are more chemotactic than those from females; (2)
chemotaxis in males is inhibited by a switch to pro-
inflammatory M1 phenotype; (3) SOCE is larger in male
BMDMs and adipose tissue macrophages compared to females
and is inhibited by M1 stimulation; (4) Knockout of STIM1
abolishes SOCE in male and female BMDMs and eliminates
the sex difference in chemotaxis; (5) STIM1 mediates sex
differences in trailing edge dynamics but has no effect on
leading edge membrane dynamics; and (6) STIM1 mediates
sex differences in monocyte recruitment during peritonitis.
J. Biol. Chem. (2024) 300(7) 107422 7
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Figure 6. The store-operated Ca2+ entry (SOCE) blocker, BTP2, inhibits chemotaxis and modifies trailing edge dynamics in male WT cells. A,
representative [Ca2+]cyto recordings in male WT bone marrow-derived macrophages (BMDMs). Traces show store depletion in zero external Ca2+ and the
resultant Ca2+ influx through the maximally activated SOCE pathway in cells pretreated with either BTP2 or vehicle control. B–D, summary data showing
SOCE amplitude (B), ER content estimated by area under the curve of the CPA-evoked transient (C), and basal [Ca2+]cyto (D). Datasets represent mea-
surements from 123 to 137 cells derived from 3 male WT mice and pooled from 5 to 6 independent experiments. ***p < 0.001, *p < 0.05 (Student’s t test). E,
representative migration tracks of WT male cells pretreated with BTP2 (10 mM) or vehicle control moving in a C5a gradient. F, summary (mean ± SEM) of the
mean forward migrating index (FMIDx) from 100 to 251 cells derived from 3 male WT mice and pooled from 4 to 6 independent experiments, *p < 0.05
(Student’s t test). G, representative images of male WT BMDMs migrating in a C5a gradient. Arrows indicate trailing edge tails and the scale bar = 50 mm.
H–K, summary data of extension, duration, and retraction phases, as well as the maximum tail length during one cycle. Data are measurements from 11 to
12 cells derived from male WT (n = 5), mice and pooled from 4 to 5 independent experiments. ***p < 0.001, *p < 0.05 (Student’s t test).

STIM1 regulates sex differences in macrophage chemotaxis
Collectively, our data support a model in which sex and
phenotypic modulation of chemotaxis are tightly controlled by
STIM1-dependent regulation of trailing edge dynamics.

Increased chemotactic ability in male compared with female
cells has been reported for monocytes and macrophages (4, 5),
neutrophils (3), and microglia (42), and reproduced by the
current study (Fig. 1, A and B). It is well known that transition
to the M1 phenotype robustly inhibits macrophage chemotaxis
(10, 12, 43–45). We induced M1 activation using the standard
protocol of treating cells for 24 h with LPS/IFNg and showed
decreased chemotaxis (Fig. 1B). A similar trend was observed
in the female, although not significant, suggesting that
phenotypic-induced changes in chemotaxis operate over a
smaller range in the female. Physiologically, less chemotactic
ability could enable female macrophages to persist longer at
8 J. Biol. Chem. (2024) 300(7) 107422
sites of infection and contribute to the more aggressive im-
mune responses seen in females (2). Interestingly, acute
exposure to LPS increases chemotaxis in neutrophils, dendritic
cells, and monocytes (46–48); however, this disparity is likely
due to these cells having different functional requirements as
well as the shorter duration of LPS exposure.

We have identified novel sex differences in macrophage
[Ca2+]cyto signaling. We found that M1 stimulation decreased
SOCE and basal [Ca2+]cyto in both male and female BMDMs
(Fig. 1, C–E). The effects of phenotype on SOCE and basal
[Ca2+]cyto are likely unrelated for several reasons. First, SOCE
is also lower in females compared to males, regardless of
phenotype (Fig. 1E), and second, complete ablation of SOCE
by STIM1 knockout does not affect basal [Ca2+]cyto (Fig. 3E).
The mechanism by which M1 stimulation lowers basal
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Figure 7. STIM1 knockout in adoptively transferred monocytes decreases the recruitment of male but not female cells during acute inflammation
in vivo. A, representative [Ca2+]cyto recordings in WT male and female bone marrow-derived monocytes, showing store depletion in zero external Ca2+ and
the resultant Ca2+ influx through the maximally activated SOCE pathway. B–D, summary data showing SOCE amplitude (B), ER content estimated by area
under the curve of the CPA-evoked transient (C), and basal [Ca2+]cyto (D). Each dataset represents measurements from 199 to 225 cells derived from 4 male
and 3 female mice and pooled from 11 independent experiments. ***p < 0.001 (two-way ANOVA). E, donor monocytes from the bone marrow of WT and
STIM1-KO, male and female mice were labeled with CytoTrace green and i.v. injected into recipient (wild type male C57BL/6) mice 30 min after the in-
duction of peritonitis by i.p administration of zymosan (1 mg/ml). Peritoneal cells were harvested after 18 h and analyzed by flow cytometry. Created with
BioRender.com. F, flow cytometry plots from a representative experiment quantifying the percentage of adoptively transferred (male WT) CytoTrace positive
cells in the monocyte/macrophage population characterized as CD45+CD11b+. G, summary data (mean ± SEM) showing the number of CytoTrace positive
cells as a percentage of the peritoneal CD45+/CD11b+ population. Monocytes from single donors (n = 4–7 mice) were adoptively transferred into a single
recipient, ***p < 0.001 (two-way ANOVA).
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[Ca2+]cyto remains unknown and was not explored in the
current study. Instead, we chose to focus on SOCE.

The measured SOCE is dependent on the Ca2+ current
carried by heteromeric CRAC channels formed by varying
ratios of Orai1, 2, and 3 subunits (49, 50). This arrangement
enables the CRAC channel activity and thus the SOCE
magnitude to be tuned by adjusting the expression of Orai
isoform subunits. For example, increasing Orai1 or 3 relative
to Orai2 increases CRAC current and SOCE, while increasing
Orai2 relative to Orai1 or 3 tends to be inhibitory and decrease
SOCE (51, 52). Additional regulation is conferred by the
stoichiometry of Orai and STIM proteins, such that increasing
STIM without a complementary increase in the number of
CRAC channels fails to increase SOCE (53, 54). Furthermore,
upregulation of STIM2 has been shown to inhibit SOCE,
suggesting that modifying the relative expression of STIM1
and 2 is yet another mechanism of regulation (55). Clearly, the
relationship between SOCE and Orai and STIM isoform
expression is complex. In our experiments, the effect of in-
flammatory phenotype on SOCE gene expression is qualita-
tively similar in both males and females (Fig. 2A). We see
upregulation of the Orai1, and 2 genes during M1 and M2
stimulation and STIM2 being upregulated by M1 stimulation.
It is possible that these expression changes are sufficient to
produce the observed changes in SOCE with M1 and M2
stimulation, however, without actual protein quantification
and information on stoichiometry, this interpretation is highly
speculative. Nevertheless, our data are consistent with the
hypothesis that SOCE genes are exquisitely regulated by
macrophage phenotype.

Sex differences in Orai and STIM expression were previ-
ously reported in the vasculature of a spontaneously
J. Biol. Chem. (2024) 300(7) 107422 9
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hypertensive rat model, however, no direct measurements of
SOCE were made (56). In addition, Orai and STIM expression
levels were shown to be sensitive to sex hormone regulation in
cancer cell lines (57, 58). We report that SOCE is lower in
female macrophages compared to males, as demonstrated in
Figure 1E. The persistence of these sex differences in BMDMs
which have been differentiated and cultured without the
addition of sex hormones, suggests that these characteristics
are established early in the cell’s developmental program.
Furthermore, the fact that similar differences are observed in
freshly isolated ATMs and monocytes indicates that these
differences are not merely artifacts of cell culture (Figs. 2, C
and D and 7, A and D). Not surprisingly, mRNA expression
levels of Orai and STIM isoforms also differ between males
and females (Fig. 2).

To explore the mechanistic consequences of SOCE sex
differences, we generated a STIM1 knockout model (STIM1-
KO). The complete loss of Ca2+ influx in store-depleted
STIM1-KO cells demonstrates the requirement for STIM1 in
activating SOCE in macrophages (Fig. 3, B and C). Measure-
ment of the filing state of the endoplasmic reticulum (ER) Ca2+

stores also revealed a sex difference (Fig. 3D). As expected,
males possess a higher stored Ca2+ content than females,
consistent with males having larger SOCE. However, knocking
out STIM1 affected Ca2+ store content in the male-only,
decreasing store content to levels similar to those seen in the
female. These data suggest that a STIM1-dependent mecha-
nism normally operates to supplement stored Ca2+ in males
and that this mechanism is absent in females. The molecular
nature of such a mechanism remains to be defined.

The complement C5a receptor signals through Gai-coupled
heterotrimers to evoke IP3R-dependent ER Ca2+ release and
subsequent SOCE activation (36, 37, 59). C5a-evoked Ca2+

transients are larger in males compared to females (Fig. 3, F
and G). Once again, the sex differences are eliminated by
STIM1 knockout, although additional experiments are needed
to determine if STIM1 dependence is mediated through
decreased Ca2+ influx or reduced ER store content. Never-
theless, we can conclude that deleting STIM1 equalizes the
C5a-dependent Ca2+ signals in males and females by elimi-
nating SOCE and normalizing ER store content.

STIM1 knockout also equalizes chemotaxis in males and
females (Fig. 4) by a mechanism that is dependent on STIM1-
regulated C5a-evoked Ca2+ signaling. These findings appear at
odds with previous studies of peritoneal macrophages that
report C5a-dependent Ca2+ signaling to be dispensable for
chemotaxis and independent of STIM1 (60, 61). Indeed,
peritoneal macrophages SOCE was shown by Sogkas et al. to
be dependent on both STIM1 and STIM2 (60), whereas
STIM1 appears to be the dominant Ca2+ sensor in the current
study. This disparity could be attributed to peritoneal mac-
rophages being resident cells, and therefore likely to have
adopted a completely different phenotype to that of BMDMs.
In addition, our chemotaxis experiments were performed on
fibronectin-coated coverslips which are known to enhance
chemotaxis by promoting adhesion through Ca2+ signaling-
dependent integrin-fibronectin interactions (62–64).
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Additionally, Sogkas et al. reported STIM1 knockout to have
no effect on macrophage chemotaxis. However, their study
used chimeric mice made by transplanting bone marrow from
systemic knockouts into irradiated wild-type female recipients,
and so, macrophages would have matured on a female back-
ground, regardless of donor sex.

Cells move in the direction of membrane extensions at the
leading edge, where membrane dynamics are influenced by
spatially and temporally regulated Ca2+ signals (14, 15, 65). In
macrophages, the leading edge is maintained by Ca2+-depen-
dent signaling that coordinates actin localization, however, the
identity of the channels involved is not known (16, 66). We
hypothesized a role for STIM1-mediated SOCE, however,
deleting STIM1 had no effect on lamellipodia or ruffles in
either male or female BMDMs, demonstrating that SOCE is
not required to maintain leading edge membrane dynamics
(Fig. 5, A–D). Interestingly, we did observe an increased fre-
quency of lamellipodia and ruffles in females compared to
males. The frequency of membrane protrusions is also an
important determinant of phagocytic ability in macrophages
(67); therefore, our observed sex difference in lamellipodia and
ruffles might reflect the well-established increased phagocytic
capacity of female macrophages (68, 69).

Chemotaxis is also regulated by trailing edge membrane
dynamics. The formation of an elongated tail in chemotaxing
cells creates physical drag which aids in directional persistence
(70). Proper tail formation and retraction are coordinated by
the assembly and disassembly of focal adhesions (FAs) (13).
Increased actomyosin contractility driven by Rho-ROCK
signaling at the rear of the cell promotes the disassembly of
FAs, facilitating tail retraction (71). Impaired FA disassembly
and trailing edge detachment are known to increase tail length
and decrease directionality (72). We determined that in female
cells, tails were longer in length, formed and retracted more
slowly, and persisted longer. Deletion of STIM1 in male cells
remodeled trailing edge dynamics to resemble that of the fe-
male cells (Fig. 5, E and F). Taken together, we show that
STIM1 deletion in males eliminates sex differences in
chemotaxis (Fig. 4) by modulating trailing edge dynamics
(Fig. 5, G–F). Additional studies are needed to identify the
downstream targets of STIM1. These are likely to be Ca2+-
sensitive components or regulators of FAs. Indeed, in
HEK293 cells, STIM1 accumulates at FAs where it promotes
disassembly and tail retraction possibly influencing Rho-
ROCK signaling; moreover, siRNA knockdown of STIM1 in-
hibits disassembly and increases tail length (28). The effects of
STIM1 are most likely mediated through its role in gating Orai
channels and regulating Ca2+ signaling. In the current study,
the involvement of this pathway is evidenced by the ability of
BTP2, an Orai channel inhibitor, to recapitulate the SOCE and
chemotaxis phenotype (Fig. 6).

Males are more susceptible than females to a range of in-
fectious diseases and generally have worse outcomes (73). The
disparity results in part from reduced leukocyte mobilization
and infiltration in females. In a study by Kay et al., males
exhibited increased neutrophil and monocyte recruitment to
the peritoneal cavity in response to zymosan-induced
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inflammation. Moreover, they showed that infiltration of
adoptively transferred male monocytes was greater than fe-
male monocytes, regardless of the recipient’s sex (3). We also
see the same-sex difference in WT cells using a similar
experimental paradigm (Fig. 7). Knockout of STIM1, however,
eliminated the sex difference by reducing the infiltration of
male donor cells (Fig. 7F). These data add new mechanistic
insight by demonstrating a key role for STIM1-dependent
SOCE in mediating sex differences in monocyte recruitment.

In conclusion, we have identified STIM1-mediated SOCE
and its resultant effect on the trailing edge as a novel
mechanism that confers sex differences in monocyte
recruitment and macrophage chemotaxis and defined its
relationship to inflammatory phenotype. Our findings pro-
vide insight into inflammatory conditions characterized by
sex differences in monocyte/macrophage infiltration. These
include both acute conditions such as infection and trauma
(3, 6), but also chronic diseases associated with obesity-
induced adipose tissue inflammation (5, 74). Overall, our
studies further highlight the importance of sex as a consid-
eration in defining physiological mechanisms and future
therapeutic interventions.

Experimental procedures

Chemicals and reagents

Recombinant mouse IL-4, recombinant mouse IFNg, re-
combinant mouse complement C5a (R & D systems, Inc); CPA
(Alfa Aesar); ethylene glycol-bis(b-aminoethyl ether)-
N,N,N0,N0-tetraacetic acid (EGTA; J.T. Baker); fibronectin
(Sigma-Aldrich); ACK buffer (Quality Biological Inc); Fetal
Bovine Serum (FBS; Gemini Bio Products); recombinant
mouse M-CSF (Tonbo Biosciences); Dulbecco’s Modified Eagle
Medium (DMEM), N-[4-[3,5-Bis(trifluoromethyl)-1H-pyrazol-
1-yl]phenyl]-4-methyl-1,2,3-thiadiazole-5-carboxamide (BTP2;
Bio-Techne Corporation), CytoTrace Green CMFDA (AAT
Bioquest, Inc), Ham’s F-12, antibiotic/antimycotic (Corning Inc
- Life Sciences); fura2-AM (Biotium); probenecid, M-MLV
Reverse Transcriptase (Thermo Fisher Scientific Corp); Trizol
(Applied Biosystems), and Syber Green PCR Master Mix
(Applied Biosystems), MojoSort Mouse Monocyte Isolation Kit,
CD11b clone M1-70 and CD45 clone S18009F (Biolegend).

Animals

Male and female C57BL/6J mice were purchased from The
Jackson Laboratory and housed in the biological resource fa-
cility at Rosalind Franklin University. For the study duration,
all mice were housed with a 12-h light/dark cycle in 12 × 6.25-
inch cages with standard enrichment and ad libitum access to
food and water. Euthanasia was by inhalation of a lethal dose of
CO-2 followed by cervical dislocation, according to the Na-
tional Institutes of Health Guide for the Care and Use of
Laboratory Animals and approved by the Institutional Animal
Care and Use Committee of Rosalind Franklin University of
Medicine and Science. STIM1 hematopoietic KO mice were
generated using B6.Cg-Stim1tm1Rao/J (STIM1fl/fl) (75) which
were the kind gift of Anne George (University of Illinois
Chicago) and B6.Cg-Commd10Tg(Vav1-icre)A2Kio/J JAX stock
number 008610 purchased from The Jackson Laboratory. Mice
were crossed to generate Vav-cre+ STIM1fl/WT progeny which
were then backcrossed to the parent generation to generate
homozygous Vav-cre+ STIM1fl/fl mice. The line was main-
tained by a Vav-cre+ STIM1fl/fl × Vav-cre− STIM1fl/fl breeding
scheme. Stim1fl/fl Vav1-Cre age-matched littermates were
used as controls.

Bone marrow-derived and adipose tissue macrophages
(BMDMs and ATMs)

For BMDMs, femur and tibia bones were dissected from
5- to 10-week-old male and female mice, and the marrow was
extracted by centrifugation for 30 s at 14,000 RPM, or by
removing the epiphyses and flushing the marrow out with a
23G needle. The pellet was resuspended in ACK buffer for
2 min followed by the addition of Ca2+ and Mg2+ free
phosphate-buffered saline (PBS) containing 1% FBS. The cells
were then resuspended in BMDM complete culture media
comprising 1:1 DMEM and Ham’s F-12 supplemented with
10% FBS, 1% antibiotic/antimycotic, and 20 ng/ml recombi-
nant mouse M-CSF and plated onto a 10 cm uncoated tissue
culture dish and incubated overnight under tissue culture
conditions. The following day, cells were split evenly into three
wells of a tissue culture coated 6-well plate and cultured for a
further 7 days before harvesting. For ATMs, the stromal
vascular fraction was first isolated from gonadal fat pads, as
described (76). The macrophage population within the SVF
was then purified by immunomagnetic separation (EasySep
Mouse CD11b Positive Selection Kit II; STEMCELL Tech-
nologies Inc) according to the manufacturer’s protocol.

Cytoplasmic calcium ([Ca2+]cyto) measurement

BMDMs suspended in complete media were seeded at 4.0 ×
105 cells per well in a 24-well plate containing round 11 mm
glass coverslips and allowed to adhere for at least 2 h. Cells
were then loaded with 2 mM fura2-AM for 45 min at room
temperature and the coverslip was mounted in a recording
chamber and positioned on the stage of an IX71 inverted
fluorescence microscope (Olympus Corp). A CCD-based im-
aging system running SimplePCI software (Hamamatsu Pho-
tonics) was used to record fura-2 fluorescence and the
[Ca2+]cyto reported as the ratio of background-corrected fluo-
rescence intensity excited at 340 nm and 380 nm and collected
at 510 nm. Experiments that measured SOCE were performed
at room temperature and cells were continuously perfused
with Hank’s Balanced Salt Solution (HBSS) containing (mM):
NaCl (137.9), KCl (5.33), KH2PO4 (0.44), Na2HPO4 (0.34),
Glucose (5.56), NaHCO3 (4.17), CaCl2 (1.8), MgCl2 (0.49),
MgSO4 (0.41), HEPES (10), pH 7.4 with NaOH. To prepare
Ca2+-free HBSS, CaCl2 was substituted with MgCl2 and 1 mM
EGTA was added. For experiments that measured [Ca2+]cyto in
response to the addition of Complement C5a, cells were
maintained at 37 �C in the continued presence of 1 mM
probenecid, a blocker of organic anion transporters that re-
duces loss of fura-2 (77).
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Chemotaxis

Chemotaxis was assayed using the m-Slide Chemotaxis
system (Ibidi GmbH), according to the manufacturer’s in-
structions, and as described (31). Each m-Slide has two solution
reservoirs on either side of a central chamber. Filling one of the
chambers with chemoattractant generates a concentration
across the central chamber. Cells cultured in the central
chamber are then visualized moving toward the
chemoattractant-containing reservoir. Prior to loading cells,
the m-slides were coated with fibronectin (40 mg/ml) in PBS,
for 2 h at 37 �C and washed three times with PBS. Cells were
then loaded into the central chamber and allowed to adhere
for 2 h in a tissue culture incubator. To establish the chemo-
tactic gradient, one of the reservoirs was filled with culture
media (60 ml) and the other with culture media containing
20 nM recombinant mouse complement C5a. The loaded slide
was then placed in a custom-made incubator and maintained
at 37 �C in a humidified 5% CO2 atmosphere on the stage of a
Nikon Eclipse TE2000-U (Nikon Instruments Inc) and cells
visualized using a ×10/0.45 DIC objective. Images were ac-
quired every 2 min using MetaMorph Microscopy Automation
and Image Analysis Software (Molecular Devices, LLC). Im-
ages captured between 2 and 9 h were analyzed using the
FastTrack AI software (MetaVi Labs Inc) to define individual
cell migration tracks, and the chemotaxis and migration plugin
(Ibidi) for ImageJ (31, 78) to generate migration plots and
calculate Forward Migrating Index (FMIDx).

Membrane dynamics

BMDMs (5.0 × 105 cells/ml) were plated on fibronectin
(10 mg/ml) coated coverslips and mounted in a chamber on the
microscope stage (Nikon Eclipse TE2000-U). Cells were visu-
alized using a ×40/0.95 DIC objective and the preparation was
continuously perfused with HBSS at 37 �C. A glass micropi-
pette containing C5a (10 nM) coupled to a homemade
picospritzer was positioned 30 to 40 mm from the cell and a
localized concentration gradient was established by delivering
20 ms pulses of C5a every second. Images were captured every
2 s for 10 min using MetaMorph Microscopy Automation and
Image Analysis Software. Recordings were further analyzed in
ImageJ. First, the line tool was used to mark a single pixel-wide
line from the cell nucleus to the pipette tip. Next, the pixel-
wide images were extracted from the same position at each
time point and aligned as a space-time plot using the
KymographBuilder plugin (79). The kymograph plots were
used to quantify lamellipodia extensions and ruffles as previ-
ously described in detail (39).

Real-time quantitative PCR and Western blot

Total RNA was extracted from BMDMs using Trizol ac-
cording to the manufacturer’s protocol and cDNA was syn-
thesized from 1 mg of total RNA using M-MLV Reverse
Transcriptase. Real-time quantitative RT-PCR was performed
on a ViiA7 thermo cycler using Syber Green PCR Master Mix
and validated primers. Fluorescent signals generated during
PCR amplifications were normalized to an internal reference
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(Hprt), the threshold cycle (Ct) was set within the exponential
phase, and the relative quantitative evaluation of target gene
levels was performed using the 2−DDCt method. For Western
blot, whole cell lysates were prepared in RIPA buffer and a
protease inhibitor cocktail, resolved by SDS-PAGE in a 10%
gel, and transferred to a nitrocellulose membrane. Membranes
were blocked with 5% non-fat milk in TBST (10 mM Tris, pH
8.0, 150 mM NaCl, 0.5% Tween 20) for 60 min, incubated with
primary antibodies for 12 h at 4 �C, then washed with TBST
three times and incubated with HRP-conjugated secondary
antibodies for 60 min at room temperature. The membrane
was washed three times and developed using the ECL system.
Primary antibodies used included Anti-GOK/Stim1 (1:250),
BD Transduction Laboratories; anti-Actin (1:1000), Sigma Life
Science (A2066-2Ml).
In vivo monocyte trafficking

Bone marrow cells were harvested as described above and
monocytes were isolated using MojoSort Mouse Monocyte
Isolation Kit according to the manufacturer’s instructions.
Monocytes were resuspended in FACS buffer (PBS supple-
mented with 2% FBS, and 1 mM EDTA) and labeled with
CytoTrace Green CMFDA (0.2 mM) for 15 min at 37 �C. Cells
were washed once and resuspended in sterile PBS. Recipient
animals were first i.p.-injected with 0.5 ml zymosan (1 mg/ml)
followed 30 min later by an i.v.-injection of 2 × 106 labeled
monocytes. Peritoneal cells were harvested 18 h later and
stained with antibodies specific for CD11b and CD45 and
analyzed by flow cytometry.
Data collection and statistical analysis

For m-Slide Chemotaxis experiments we tracked 2 to
200 cells per well to generate one set of the center of mass
coordinates, Forward Migration Index (FMIDx), velocity, and
directionality. The number of independent replicates and an-
imals used are indicated in the figure legends. Calcium imaging
measurements were made on individual cells. The number of
cells, coverslips, and animals are indicated on the figure
legend. We summarized the data as box (median and 25th to
75th percentiles) and whisker (10th and 90th percentile) plots.
A Student’s t test was used for pairwise comparisons and a
one-way ANOVA with Bonferroni post hoc analysis was used
for multiple comparisons. The effect of, and interaction be-
tween, sex and inflammatory phenotype (M0, M1, M2), or
genotype (WT, STIM-KO), was assessed by two-way ANOVA.
Analyses were performed using GraphPad Prism version 9, and
p < 0.05 was considered significant.
Data availability

All data are contained within the manuscript. Analyzed data
files are available from the corresponding author on request.
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