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In the context of aging, the susceptibility to infectious diseases
increases, leading to heightened morbidity and mortality. This
phenomenon, termed immunosenescence, is characterized by
dysregulation in the aging immune system, including abnormal
alterations in lymphocyte composition, elevated basal inflam-
mation, and the accumulation of senescent T cells. Such changes
contribute to increased autoimmune diseases, enhanced infec-
tion severity, and reduced responsiveness to vaccines. Utilizing
aging animal models becomes imperative for a comprehensive
understanding of immunosenescence, given the complexity of
aging as a physiological process in living organisms. Our in-
vestigation focuses on Cisd2, a causative gene for Wolfram
syndrome, to elucidate on immunosenescence. Cisd2 knockout
(KO) mice, serving as a model for premature aging, exhibit a
shortened lifespan with early onset of aging-related features,
such as decreased bone density, hair loss, depigmentation, and
optic nerve degeneration. Intriguingly, we found that the Cisd2
KO mice present a higher number of neutrophils in the blood;
however, isolated neutrophils from these mice display functional
defects. Through mass spectrometry analysis, we identified an
interaction between Cisd2 and Calnexin, a protein known for
its role in protein quality control. Beyond this function, Cal-
nexin also regulates calcium homeostasis through interaction
with sarcoendoplasmic reticulum calcium transport ATPase
(SERCA). Our study proposes that Cisd2 modulates calcium
homeostasis via its interaction with Calnexin and SERCA, con-
sequently influencing neutrophil functions. [BMB Reports 2024;
57(5): 256-261]
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INTRODUCTION

The aging process weakens the immune system, leading to im-
munosenescence, a decline in overall immune function. This
decline contributes to increased susceptibility to infectious
diseases, reduced responsiveness to vaccines, heightened risk
of cancer, and elevated incidence of autoimmune diseases
among the elderly (1). Unlike cellular senescence, which en-
tails the cessation of cell proliferation, immunosenescence is
characterized by significant immunological changes from the
young and elderly individual, including alterations in immune
cell composition, such as reduction in naive T cells, and in-
crease in myeloid/lymphoid cell ratios (2). The functional dec-
line due to aging of innate immune cells, including neutrophil,
Natural Killer (NK) cells, macrophages, and dendritic cells,
further exacerbates susceptibility to infectious diseases in the
elderly (3).

CDGSH iron sulfur domain 2 (Cisd2) has been found to be a
causative gene for Wolfram syndrome, and recognized as a
pro-longevity gene. Cisd2 knockout (KO) mice exhibit early
onset of various signs that are reminiscent of human aging,
such as decreased bone density, alopecia, depigmentation, and
optic nerve degeneration, coupled with shortened lifespan (4,
5). However, the impact of Cisd2 deficiency on the immune
system remains unexplored.

One of the pivotal functions of Cisd2 is the regulation of
Ca’* homeostasis and mitochondrial function. The Cids2 pro-
tein is localized on the endoplasmic reticulum (ER), outer mi-
tochondrial membrane (OMM), and Mitochondria-associated
membranes (MAMs), collectively playing a central role in in-
tracellular Ca>* homeostasis (6, 7). Notably, Cisd2 has been
identified as interacting with key proteins involved in Ca**
regulation, which include the Sarco/Endoplasmic Reticulum
Calcium ATPase (SERCA), GTPase, IMAP Family Member 5
(Gimapb), and B cell lymphoma-2 (BCL-2) (8-11).

In this study, we utilized Cisd2 knockout (KO) mice as a
premature aging model to investigate the aging immune system.
We observed that Cisd2 KO mice exhibited a high number
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of neutrophils in the blood, whereas those neutrophils displayed
defective functions. Through affinity purification and subsequent
mass spectrometry analysis, we identified that Cisd2 binds to
Calnexin, which is known to assist in protein quality control.
Further investigation showed that Cisd2 modulates calcium
homeostasis by regulating the interaction between Calnexin
and SERCA, thus impacting neutrophil function.

RESULTS

Enhanced neutrophil levels in Cisd2 knockout mice

To characterize the immune cell subsets in Cisd2 KO, a pre-
mature aging model, blood samples were collected from 6
month-old wild-type (WT) and Cisd2 KO mice, and flow
cytometry analysis was performed. Peripheral blood cells were
stained with cell-specific markers to identify adaptive and in-
nate immune cells. Gating strategies were applied to distin-
guish various immune cell populations, including total leuko-
cyte (CD45), T cells (CD3 %), CD4 T cells (CD4" CD3*), CD8
T cells (CD8" CD3%), B cells (CD19"), neutrophil (CD11b",
Ly-6G*), eosinophil (CD11c", Siglec-F*), dendritic cells (CD11c”,
Siglec-F ), and other myeloid cells (CD11b", Ly-6G ), including
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Fig. 1. Immunophenotyping of blood cells in Cisd2 knockout and
WT mice. (A) Quantitative flow cytometric analysis of various mye-
loid cells and lymphocytes in blood of WT and Cisd2 KO mice
(n = 9-10 each group). Each dot plot shows the percentage of im-
mune cell population in CD45" cell populations. (B) Representative
flow cytometric analysis of neutrophils (CD11+ and Ly6G+ cells)
neutrophils in WT and Cisd2 KO mice at indicated age. (C) Repre-
sentative flow cytometric analysis of neutrophils in 6-8 months-old
WT and Cisd2 KO bone marrow (n = 4 each group). Percentage
of neutrophil in CD45" cell populations is indicated. (D) Graph showing
frequency (left) and absolute (right) number of bone marrow neutro-
phil in mice of the indicated genotype. (E) The percentage of live
neutrophils isolated form bone marrow. Data are presented as the
mean + SEM. ***P = 0.0007. ns, not significant, by Student’s t test.
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macrophages and monocytes (Supplementary Fig. 1A).

In Cisd2 KO mice, significantly elevated relative and abso-
lute neutrophil numbers were observed in the blood, while no
differences were detected in the percentage and absolute
number of total leukocyte and other immune cell populations,
compared to WT mice (Fig. 1A and Supplementary Fig. 2). The
accumulation of neutrophils in Cisd2 KO mice was detected
as early as 7 weeks of age, but as the mice aged, it became
more pronounced (Fig. 1B). To determine if there were differ-
ences in neutrophil production from bone marrow (BM) in
Cisd2 KO mice, we examined the number and relative per-
centage of neutrophils in BM, and found no difference between
WT and Cisd2 KO mice (Fig. 1C, D, and Supplementary Fig.
1B). Additionally, to investigate the role of Cisd2 in neutrophil
death, we assessed the death of neutrophils purified from the
BM of WT and Cisd2 KO mice cultured for up to 48 h, and
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Fig. 2. Neutrophil dysfunction of Cisd2 KO mice. Calcium influx
in blood neutrophils from WT and Cisd2 KO mice measured by
flow cytometry over time after (A) thapsigargin (TG; 1 uM) or (B)
fMLP (1 uM) treatment. Baseline calcium level was established for
30 sec prior to addition of stimuli. (C) Levels of IL-1B or IL-6 in
the cell supernatants of blood neutrophils from WT and Cisd2 KO
mice primed with LPS (500 ng/ml) alone for 4 h or further stimu-
lated with ATP (2 mM) for 30 min. Each point represents data
from single mouse. (D) ROS in blood neutrophils from WT and
Cisd2 KO mice measured by flow cytometry over time after fMLP
(1 uM) treatment. Baseline ROS level was established for 30 sec
prior to addition of stimuli. (E) Phagocytic activity of blood neutro-
phils from WT and Cisd2 KO mice using IgG-coated latex beads.
Each point represents data from single mouse (left). The fluorescence
intensity was read in a fluorescence plate reader at an excitation
of 485 nm and an emission of 535 nm. Scale bar, 40 um. Data are
presented as the mean + SEM. *P = 0.0286 by Student’s t test
(right). Representative image of three independent experiments.

BMB Reports

257



Cisd2’s role in calcium regulation and neutrophils
Un Yung Choi, et al.

observed no difference in spontaneous cell death between WT
and Cisd2 KO (Fig. 1E). These results revealed that the absence
of Cisd2, a gene implicated in premature aging, elevates neu-
trophil levels in the peripheral blood; notably, this phenotype
becomes more pronounced with aging in mice.

Cisd2-deficient neutrophils exhibit impaired function

While our data revealed an increase in neutrophil numbers in
the Cisd2 KO mice, the functional implications of the Cisd2-
deficient neutrophils remained unclear. To clarify this, we iso-
lated neutrophil from both WT and Cisd2 KO, and investi-
gated calcium flux using thapsigargin (Tg), an irreversible SERCA
inhibitor (Fig. 2A). Cisd2-deficient neutrophils exhibited a sig-
nificant reduction in ER store release induced by Tg. To assess
whether Cisd2 regulates calcium response to physiological ago-
nist, we exposed cells to the neutrophil-stimulating bacterial
peptide N-formyl-methionyl-leucyl-phenylalanine (fMLP). Calcium
response was nearly abrogated in Cisd2-deficient neutrophils
with fMLP stimulation (Fig. 2B), indicating that Cisd2 plays a
role in regulating effective calcium signaling in neutrophils.
We also examined the expression of pro-inflammatory cyto-
kines, such as interleukin 1B (IL-1B), and interleukin 6 (IL-6).
Fig. 2C shows that compared to the WT, following ATP stimu-
lation post-LPS priming, the secretion of IL-1f in Cisd2-defi-
cient neutrophils was diminished. Additionally, when treated
with either LPS alone, or following ATP stimulation, the sec-
retion of IL-6 consistently occurred at lower levels in Cisd2-
deficient neutrophils.

Furthermore, we assessed the production of reactive oxygen
species (ROS) in response to fMLP in Cisd2-deficient neutro-
phils. Compared to the WT, ROS production was markedly
reduced in Cisd2 KO neutrophils (Fig. 2D). Additionally, we
investigated the phagocytic activity, another crucial microbi-
cidal function of neutrophils, which is regulated by calcium
and ROS (12). Analysis of phagocytic ability using FITC-labeled
IgG latex beads revealed a significant decrease in phagocytic
activity in Cisd2-deficient neutrophils, compared to the WT
counterparts (Fig. 2E). These results suggest that the neutro-
phils derived from Cisd2 KO mice exhibit increased abun-
dance, but impaired functionality that is critical for effective
pathogen-fighting capabilities.

Cisd2 interacts with Calnexin and SERCA

To elucidate the molecular role of Cisd2, we conducted GST
pull-down experiments by incubating GST-conjugated Cisd2
(GST-Cisd2) with HEK293T cell lysate to identify its interacting
partners. The subsequent mass spectrometry analysis revealed
the binding of Cisd2 to 110 kDa SERCA and 90 kDa Calnexin
proteins (Fig. 3A). While the interaction between Cisd2 and
SERCA had previously been established (8), the newly disco-
vered interaction with Calnexin prompted a focused investi-
gation. To validate this interaction observed in the mass spec-
trometry results, we performed immunoprecipitation experiments.
Remarkably, upon thapsigargin (Tg) treatment, the binding of
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Fig. 3. Cisd2 interacts with Calnexin and SERCA. (A) Silver-stained
SDS-PAGE gel showing proteins recovered from GST pull down
assay. HEK293T cells were transfected GST-only or GST-Cisd2 con-
structs, lysed, and subjected to GST pull down. Bands correspon-
ding to 110-kDa and 90-kDa proteins (indicated by arrows) were ex-
cised and identified by mass-spectrometry. Asterisks indicate GST
and GST-Cisd2. (B) Western blot analysis of whole cell lysates (WCL)
and GST pull down products from HEK293T cells transfected with
GST-only or GST-Cisd2 constructs and treated with thapsigargin
(Tg) at varying doses (0, 0.01, 0.05, 0.1, and 0.3 uM) for 12 h
before cell harvest. (C) Western blot analysis of whole cell lysates
(WCL) and GST pull down products from HEK293T cells transfected
with GST-only or GST-Cisd2 constructs and treated with 0.1 uM
of thapsigargin (Tg) or 1 pg/ml of Tunicamycin (Tu) for 12 h before
cell harvest. (D) Confocal image representing Hela cell cultures
transfected with GFP-Cisd2. The cells were treated with Tg (2 uM)
or Tu (2 ug/ml) for 4 h. Cells were immunostained for Calnexin
(red) and nuclei were stained by DAPI (blue). Scale bar, 10 um.

GST-Cisd2 to endogenous Calnexin increased in a concen-
tration-dependent manner (Fig. 3B). Thapsigargin is a substance
that has previously been shown to cause differences in cal-
cium release from neutrophil (Fig. 2A), and is also known to
induce stress in the endoplasmic reticulum (ER), where both
Cisd2 and Calnexin are located.

Subsequently, we further examined the impact of different
ER stress inducers on the interaction between Cisd2, Calnexin,
and SERCA. Treatment with tunicamycin, an inducer of ER
stress through N-linked glycosylation degradation, did not
significantly alter the interaction of Cisd2 with Calnexin; how-
ever, the presence of thapsigargin, which disrupts calcium home-
ostasis, consistently enhanced the interaction (Fig. 3C). Addi-
tionally, we investigated the subcellular localization of Cisd2
and its colocalization with Calnexin under different ER stress
conditions. Consistent with our immunoprecipitation results,
we observed the colocalization of Cisd2 with Calnexin upon
thapsigargin treatment, but not under unstressed or tunicamy-
cin-treated conditions (Fig. 3D). Both thapsigargin and tunica-
mycin led to increased levels of ER stress-associated proteins,
such as Binding Immunoglobulin Protein (BIP) and (/EBP Homo-
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logous Protein (CHOP) (Supplementary Fig. 3), despite inducing
ER stress through distinct mechanisms—thapsigargin disrupts
calcium homeostasis, while tunicamycin inhibits N-glycopro-
tein synthesis. These findings suggest that the interaction
between Cisd2 and Calnexin responds selectively to specific
ER stress conditions, in particular, impacting SERCA function
in the presence of thapsigargin.

Cisd2 interrupts Calnexin and SERCA complex formation
While the interaction between calnexin and SERCA is widely
acknowledged, the effect of Calnexin on SERCA function remains
open to debate (13, 14). However, recent studies suggest a
positive role, indicating that Calnexin interacts with SERCA,
and enhances its function (15). To further explore the impact
of Cisd2 on the Calnexin-SERCA interaction, we conducted
overexpression experiments of the three proteins in HEK293T.
Intriguingly, we observed that increased Cisd2 levels reduced
the interaction between Calnexin and SERCA (Fig. 4A). More-
over, thapsigargin treatment completely disrupted the Calnexin-
SERCA interaction, with Calnexin preferentially binding to Cisd2
instead.

To further validate the observed modulation in the Calnexin-
SERCA interaction by Cisd2, we used size-exclusion chromato-
graphy (SEC) to investigate Calnexin-SERCA complex in Cisd2-
deficient mouse embryonic fibroblasts (MEF) (Fig. 4B). Under
basal conditions without ER stress, Calnexin and SERCA co-
localize in fractions 20 and 21. Following thapsigargin treat-
ment, Calnexin shifted to a higher molecular weight fraction,
while SERCA relocated to a lower molecular weight fraction,
resulting in their separation. Intriguingly, in the presence of
thapsigargin-induced ER stress, this separation was less pro-
nounced in Cisd2 KO MEFs, indicating that Calnexin and SERCA
still formed a complex in the 20 and 21 fractions (Fig. 4C).
Similarly, following thapsigargin treatment, we observed a re-
duced separation of Calnexin and SERCA in Cisd2 knockout
neutrophils (Supplementary Fig. 4). These findings suggest that
both human and mouse Cisd2 play a role in disrupting the
Calnexin and SERCA complex during thapsigargin-induced ER
stress. This elucidates the interaction between Cisd2, Calnexin,
and SERCA, providing new insights into the regulatory dyna-
mics of calcium homeostasis.

DISCUSSION

Our study explores the intricate interplay between Cisd2, Cal-
nexin, and SERCA, shedding light on their collective role in
neutrophil dysfunction. The elevated neutrophil count in the
blood of Cisd2 KO mice, reminiscent of premature aging, raises
questions concerning the functional implications of these im-
mune cells. Our results suggest that despite the increased abun-
dance of neutrophils, their functionality is markedly compro-
mised, which is consistent with the notion of premature aging
and immunosenescence (16, 17).

The discovery of an interaction between Cisd2 and Cal-
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Fig. 4. Cisd2 interrupts Calnexin and SERCA complex formation.
(A) HEK293T cells were transfected with V5-Calnexin (CNX), GFP-
SERCA, GST, GST-Cisd2 constructs individually or in combinations.
The expression level of GST-Cisd2 was varied between low (+)
and high (++) levels. Two days post-transfection, whole cell lysates
(WCL) were prepared and immunoprecipitated (IP) with anti-V5 anti-
bodies. Co-immunoprecipitated proteins were detected by Western
blotting by using anti-GFP, anti-GST, anti-V5, and anti-B-actin. (B) Re-
presentative Western blots of size-exclusion chromatography (SEC)
fractions (13-25) from MEF cell lysates, prepared with or without
Tg (0.3 uM for 6 h) treatment. Western blotting with anti-Calnexin
(CNX), and anti-SERCA. (C) SEC fraction profiles represented as the
percentage of Calnexin and SERCA in each fraction, indicating the
amount per fraction relative to the total protein amount across all
fractions. *P < 0.05, **P = 0.0094, ***P = 0.0009, by two-way
ANOVA.

nexin, particularly its consistent augmentation under thapsigar-
gin-induced ER stress, unveils a novel regulatory mechanism.
Calnexin, primarily residing in the ER, fulfills crucial roles,
such as facilitating the N-linked glycosylation of glycoproteins,
and modulating ER calcium ion levels. Intriguingly, the in-
hibition of N-linked glycoprotein synthesis by tunicamycin did
not affect the binding strength of Cisd2-Calnexin. However,
thapsigargin treatment, inhibiting SERCA and thereby impeding
calcium ion reuptake into the ER, enhanced Cisd2 binding to
Calnexin. Following the previously identified interaction of
Cisd2 and SERCA (8), we found in this study an interaction of
Cisd2 and Calnexin, suggesting a possible involvement of
Cisd2 as a modulator in the regulation of SERCA by Calnexin
during calcium homeostasis. Moreover, observations from
Cisd2 KO mouse embryonic fibroblasts (MEFs) and neutrophils
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using size-exclusion chromatography support the disruption of
the Calnexin-SERCA complex during thapsigargin-induced ER
stress.

We hypothesize that under normal conditions without ER
stress, Calnexin associates with SERCA, facilitating calcium
transport into the ER in WT cells. Meanwhile, in Cisd2-defi-
cient cells, the Calnexin-SERCA interaction intensifies, poten-
tially resulting in a slight decrease in cytosolic calcium levels
(Fig. 2A, B). However, when SERCA function is inhibited by
thapsigargin, Calnexin dissociates from SERCA, and forms a
stronger association with Cisd2. This leads to a complete in-
hibition of SERCA function, and an increase in cytosolic cal-
cium levels. Conversely, in Cisd2-deficient cells lacking Cisd2
to sequester Calnexin from SERCA, Calnexin maintains its
binding to and activation of SERCA, even after thapsigargin
treatment (Supplementary Fig. 5). These findings, corroborated
by our human cell line results, underscore the evolutionarily
conserved role of Cisd2 in modulating the Calnexin-SERCA
interaction during ER stress triggered by calcium imbalance.

Calcium signaling governs key processes associated with
neutrophil functions (18). Disruption of calcium homeostasis
due to Cisd2 deficiency ultimately leads to diminished pro-
inflammatory cytokine secretion and compromised phagocytic
activity. Stimulation with fMLP initiates signaling cascades that
involve calcium-dependent enzymes, such as phospholipase C
(PLC), which generates inositol trisphosphate (IP3), triggering
calcium release from ER stores (19). Increased extracellular
calcium concentrations trigger activation of the NLRP3 inflam-
masome and NFAT transcription factor, and increase proin-
flammatory cytokines, such as IL-1B and IL-6. We hypothesize
that in the absence of Cisd2, there is increased calcium tran-
sport through SERCA into the ER (Supplementary Fig. 5), re-
sulting in reduced calcium levels in the cytosol. This reduction
in cytosolic calcium may impair cytokine induction. Further
elucidation of the molecular mechanisms underlying NLRP3
inflammasome activation and NFAT transcription factor modu-
lation is necessary to fully comprehend the dysregulated im-
mune response observed in Cisd2-deficient conditions.

In addition, the SNARE complex, a family of calcium-bind-
ing proteins, plays a crucial role in cytokine secretion via
membrane fusion (20). It is plausible that the insufficient cal-
cium levels in the cytosol of Cisd2-deficient neutrophils hinder
cytokine release through membrane fusion. Calcium-dependent
proteins, like calmodulin, myosin, and gelsolin, also regulate
actin dynamics during phagocytosis (21, 22). Thus, the re-
duced phagocytosis observed in Cisd2-deficient neutrophils
may be attributed to calcium dysregulation mediated by Cisd2.
These findings underscore the critical role of Cisd2 in orche-
strating effective immune responses through calcium home-
ostasis. To broaden the scope of our findings from the mole-
cular to the physiological level, further investigation into the in
vitro bactericidal ability of neutrophils should be conducted to
complement these findings. Additionally, conducting in vivo
studies utilizing Cisd2 KO mice could provide comprehensive
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understanding of the physiological implications of the observed
molecular interactions.

In summary, our study unveils a previously unrecognized
regulatory axis involving Cisd2, Calnexin, and SERCA, which
collectively influence neutrophil functions and respond to ER
stress. Considering that Cisd2 is a putative gene associated
with aging and exhibits an age-dependent decrease in ex-
pression, our findings suggest that Cisd2 may hold potential as
a therapeutic target to enhance impaired immune function.

MATERIALS AND METHODS

Materials and Methods are available in the Supplementary
Data.
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