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Dear Colleagues,
It is our great pleasure to present the first issue of the Turkish Journal of Immu-
nology for 2025.

This issue highlights the diversity and depth of current immunological research. 
In our Review Article, the emerging concept of PANoptosis is explored as a novel 
form of programmed cell death, shedding light on its intricate relationship with 
immune responses and inflammatory diseases.

Our Original Research Articles span various themes across experimental and clin-
ical immunology. A murine study investigates how genetic background and gen-
der influence susceptibility to H1N1 infection, underlining the complexity of host 
immune responses. Another contribution identifies soluble HLA-G as a promising 
biomarker for the diagnosis of acute lymphoblastic leukemia, while a third paper 
examines Fc receptor-like-3 gene polymorphisms in lupus nephritis patients, pro-
viding insight into genetic risk factors in autoimmunity. A final research article pres-
ents a methodological comparison of oxidative burst assays in neutrophils, offer-
ing practical guidance for laboratory immunologists working with flow cytometry.

The issue concludes with a Commentary titled "Symbiotic Life is a Success of Im-
munity," which reflects on the evolutionary interplay between host and microorgan-
isms and emphasizes the immunological foundations of life’s symbiotic balance.

We thank our authors, reviewers, and editorial board members for their continued 
commitment to scientific excellence. This issue marks not only the beginning of a 
new volume but also a fresh chapter for our journal as we transition to a new pub-
lishing platform. With DOC Design and Informatics as our new publisher, we aim to 
further elevate the visibility and impact of TJI within the international immunology 
community. 

We warmly invite you to submit your research to the Turkish Journal of Immu-
nology. With your valuable contributions and support, our journal will continue to 
grow stronger.

https://orcid.org/0000-0002-0721-6213
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REVIEW ARTICLE

Mert Karaca1,2 , Haluk Barbaros Oral1 

PANoptosis: A Coordinated Response in the Diversity 
of Cell Death

Abstract
The recently introduced concept of PANoptosis describes a highly regulated mechanism in-
volving the coordinated action of pyroptosis, apoptosis, and necroptosis. However, none of 
these three types of cell death can explain this concept alone. PANoptosis is mediated by 
a structure called the PANoptosome. PANoptosome components can be formed in differ-
ent ways according to triggers and receptor interactions. Therefore, stimulators and regu-
lators become central to understanding the mechanism of PANoptosis. In this review, the 
mechanism of PANoptosis was summarized in general, and PANoptosome regulators in the 
literature were discussed collectively. We aimed to contribute to the possible therapeutic 
approaches.
Keywords: PANoptosis, pyroptosis, apoptosis, necroptosis, cell death

Introduction
Programmed cell death (PCD) mechanisms are an inherent part of protection 
against pathogens and cellular stress. Pyroptosis, apoptosis, and necroptosis are 
the best-known PCD pathways that protect the body against both internal and 
external risk factors (1, 2). The observation that all three cell death pathways can 
be activated in response to certain stimuli, such as influenza virus (IAV) infection, 
has raised the question of whether they are triggered independently or work in 
concert. In 2019, PANoptosis (P, pyroptosis; A, apoptosis; N, necroptosis), a concept 
that encompasses the interplay of pyroptosis, apoptosis, and necroptosis, was de-
fined by realizing that the three PCD mechanisms are linked (3). With the discovery 
of the regulators of the PANoptosis mechanism, it became evident in 2020 that 
these three death pathways are controlled through the PANoptosome complex 

https://orcid.org/0000-0001-6711-676X
https://orcid.org/0000-0003-0463-6818
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(4). PANoptosis is an inflammatory PCD mechanism that 
highlights the important cross-talk and coordination be-
tween the three death pathways regulated by the forma-
tion of PANoptosome complexes as a result of complex 
interactions of different receptors and molecular signal-
ing. It has been associated with many diseases, including 
infectious, neurodegenerative, autoinflammatory, can-
cer, and metabolic (5, 6). In particular, inflammasome el-
ements, which act as constituents of the PANoptosome, 
have a pivotal function in the regulation of inflammatory 
responses and cell death pathways. Components such 
as the NOD-like receptor family and pyrin domain-con-
taining 12 (NLRP12) also contribute to the activation of 
PANoptosomes, as well as the inflammasome, shaping 
inflammatory outcomes and cell death (7).      

PANoptosome production and PANoptosis activation 
begin with sensing pathogen-associated molecular 
patterns (PAMP), damage-associated molecular pat-
terns (DAMPs), or other risk factors. Almost all PAN-
optosomes share common structural components of 
pyroptosis, apoptosis, and necroptosis. In essence, a 
PANoptosome consists of three types of structures: 
the sensor protein, which is important for sensing and 
determining the type of PANoptosome; the adaptor 
protein region with the caspase (CASP) recruitment do-
main (CARD); and the effector protein, which is required 
for subsequent catalytic activity. In general, the initi-
ation of PANoptosis involves sensing endogenous or 
exogenous danger signals by specific sensors, such as 
absent in melanoma 2 (AIM2), Z-DNA binding protein 
1 (ZBP1), NLRP12, followed by the transduction of sig-
nals recognized by downstream adapter proteins to ef-
fector proteins. These effectors, gasdermin D (GSDMD), 
Casp3, Casp7, and mixed lineage kinase domain-like 
protein (MLKL), are activated in response to PANop-
tosome formation and drive PANoptosis. These are 
followed by pyroptosis, which is mediated by GSDMD, 
Casp8-dependent apoptosis, and necroptosis, which is 
mediated by MLKL. Amongst them, GSDMD is cleaved 
by Casp1 and certain other caspases. Casp3 and Casp7 
are activated by Casp8, while receptor-interacting pro-
tein kinase 1 (RIPK1) interacts with RIPK3 for activa-
tion. MLKL is then phosphorylated, and PANoptosis is 
induced through the three death pathways (8). How-
ever, this generalization is not valid for every stimulus. 
The components and interactions that make up the 
PANoptosome vary depending on the triggers. There-
fore, the PANoptosome has become a central focus for 
the study of the mechanism of PANoptosis (5). 

An important point to consider in understanding PAN-
optosis is the coactivation of the three death pathways 
(pyroptosis, apoptosis, and necroptosis). However, this 
does not mean all three cell death forms occur simul-
taneously. In some cases, when one type of cell death 
in PANoptosis is inhibited, other types of cell death can 
be promoted (9). For example, in Salmonella infection, 
a PANoptosis mechanism can be observed in which py-
roptosis and apoptosis are inhibited, and necroptosis is 
promoted by the down-regulation of Casp8 (10).

Awareness of the basic mechanisms of types of PCD is 
important for understanding the mechanism of PANop-
tosis and its relationship with diseases, as these process-
es are interconnected in PANoptosis through common 
regulatory proteins and signaling pathways.  

Pyroptosis, Apoptosis, 
Necroptosis
Each multicellular organism has a number of processes 
that kill its own cells. Physiologically, the reasons for 
this are related to defense, development, homeostasis, 

Highlights

• PANoptosis provides an integrated cell death
mechanism that responds to a wide range of
triggers, from viruses to fungi, supporting the
immune response against invading pathogens.

• The composition of the PANoptosome varies
depending on specific triggers and disease con-
texts; this review compiles PANoptosis regula-
tors that have previously been discussed sepa-
rately in the literature.

• Reviewing the molecular interactions among
pyroptosis, apoptosis, and necroptosis, draws
attention to the context-dependent roles of
caspases, contributing to a better understand-
ing of PANoptosis.

• Recent findings on macrophage polarization,
dendritic cell activation, and immunogenic cell
death have begun to shape our understanding
of the role of PANoptosis in tumor immunity.

• The coordinated activation of pyroptosis, apop-
tosis, and necroptosis in PANoptosis does not
necessarily indicate that all three cell death
pathways occur simultaneously.
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and aging. Apoptosis is a morphologically recognizable 
form of cell death that can occur through multiple 
mechanisms (11).  Apoptosis, one of the first defined 
PCD pathways, can occur through three pathways. En-
dogenous (intrinsic) apoptosis, exogenous (extrinsic) 
apoptosis, and the later identified endoplasmic retic-
ulum (ER) stress pathway. Intrinsic and extrinsic path-
ways are summarised in Figure 1. In the endogenous 
apoptosis pathway, mitochondrial damage or dysfunc-
tion causes the outer membrane to become permeable, 
releasing several molecules, including cytochrome C 
(cyto-C). Subsequently, cytosolic cyto-C is recognized 
by Apaf-1. Casp9, an intrinsic apoptosis pathway ini-
tiator, is activated by cyto-C to mediate apoptosome 
formation (12). Afterward, Casp3, Casp6, and Casp7 are 
activated, and apoptosis occurs (13). The Bcl-2 gene 
family regulates this pathway (14). Binding extracellu-
lar death ligands to death receptors on the cell surface 

initiates the extrinsic apoptosis pathway and triggers 
apoptosis. Casp8 has been identified as the initiator of 
this pathway (15). These ligands can be secreted by im-
mune cells (T lymphocytes, natural killers [NKs], mac-
rophages, and dendritic cells [DCs]). The subsequent 
signaling pathway differs depending on the activated 
ligand (16). In the stress-induced apoptosis pathway 
of the ER, a response termed the unfolded protein re-
sponse (UPR) is triggered when the stress of the ER is 
experienced due to various factors. The UPR is activated 
by three major ER stress-integrated proteins: inositol 
requiring enzyme-1 (IRE1), protein kinase RNA-like en-
doplasmic reticulum kinase (PERK), and activating tran-
scription factor 6 (ATF6). This is followed by a process 
in which the pro-apoptotic proteins Bcl-2 associated 
X protein (BAX), Bcl-2 associated agonist of cell death 
(BAD), and Bcl-2 antagonist/killer (BAK) are activated 
(17). Killer caspases have the ability to initiate apopto-

Figure 1. General representation of signaling molecules involved in endogenous and exogenous apoptosis pathways. While signaling 
molecules basically mediate apoptosis, they also play a role in the PANoptosis mechanism by cross-talking with molecules involved in pyro-
ptosis and necroptosis. (Modified and created with BioRender.com by Karaca, M.  Adapted from "Apoptosis Extrinsic and Intrinsic Pathways" 
by BioRender.com, 2025. Retrieved from https://app.biorender.com/biorender-templates)

https://app.biorender.com/biorender-templates
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sis by acting on chaperones and approximately a thou-
sand substrates. The morphological characterization of 
apoptotic cells is also well-known (18).

Pyroptosis was first reported in 1992 as Casp1-mediated 
cell death (19). However, its mechanism was elucidated 
in the following years with the realization that GSDMD 
is a target for cleavage by different caspases (20, 21). 
Thus, pyroptosis was identified as a GSDMD-driven lytic 
and inflammatory-driven cell death program. GSDMD is 
a lethal protein that is proteolytically cleaved and ac-
tivated by pro-inflammatory caspases (Casp1/4/5/11), 
forming cytoplasmic membrane pores (19). Pro-inflam-
matory caspases are localized in inflammasomes, which 
are large cytosolic protein complexes that can cleave 
and activate protein substrates. Inflammasomes are 
a complex that executes pyroptosis of multimeric pro-
tein structures formed in a cell to regulate host defense 
mechanisms against infectious agents and physiological 

perturbations (22). Some NOD-like receptors (NLRs) and 
other sensors, such as AIM2, act as sensors for assem-
bling inflammasomes. Inflammasomes often contain 
the apoptosis-associated speck-like (ASC) adaptor pro-
tein, which has both the pyrin domain (PYD) and CARD. 
Following the formation of the inflammasome, inactive 
pro-IL-1ß, and pro-IL-18 cytokines are cleaved and re-
leased in their mature and bioactive form as IL-1ß and 
IL-18, similar to GSDMD, and pyroptosis is initiated (23), 
summarised in Figure 2. According to distinct molec-
ular mechanisms, it can occur in four ways: canonical, 
non-canonical, Casp3/8-mediated, and granzyme-me-
diated (24). Pyroptosis occurs mainly in professional 
phagocytes of the myeloid lineage but is also seen in 
some other cell types, such as CD4+ T lymphocytes and 
neurons (25). Furthermore, while GSDMD is the most 
well-known executioner protein of pyroptosis, it is not 
the only gasdermin capable of inducing pyroptotic cell 
death (26). 

Figure 2. Structures involved in NLRP3 inflammasome-mediated pyroptosis mechanism. (Modified and created with BioRender.com by 
Karaca, M. Adapted from “NLRP3 Inflammasome Activation” by BioRender.com, 2025. Retrieved from https://app.biorender.com/bioren-
der-templates)

https://app.biorender.com/biorender-templates
https://app.biorender.com/biorender-templates
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Although necroptosis is activated by MLKL phosphoryla-
tion mediated by RIPK1 and RIPK3 oligomerization rath-
er than caspase cleavage, its initiation requires Casp-8 
inhibition. Nevertheless, unlike apoptosis and pyroptosis, 
it is generally considered caspase-independent (27). It 
is a regulated form of necrosis in which the dying cell 
releases its intracellular components, which can trigger 
an innate immune response (28). Necroptosis is typically 
caused by tumor necrosis factor (TNF), Fas, or lipopoly-
saccharide (LPS) activating RIPK3 kinase, allowing the 
subsequent phosphorylation of the pseudokinase MLKL. 
It is triggered by Casp8-mediated disruption of apopto-
sis and depends on receptor-interacting protein kinases 
(RIPK1/3) and the mixed lineage kinase domain to form 
the necroptosome. The release of cytosolic contents and 
cell death-associated molecular patterns (CDAMPs) can 

trigger innate immune responses and promote acquired 
immune responses (29).  

These three death pathways have a more complex 
mechanism than outlined above and are regulated by 
many additional factors not mentioned here (1, 18). The 
focus of this review is PANoptosis, which arises from the 
interactions among these three death pathways that act 
together, as well as the connections between the PAN-
optosome and diseases and the associated regulatory 
molecules.

PANoptosome Component
The PANoptosome serves as an integrative platform for 
the simultaneous interaction of the active elements of 

Figure 3. Components involved in PANoptosome formation. The components depicted in the figure do not coexist in this exact arrange-
ment during PANoptosome formation. Variations in formation are seen according to the type of PANoptosome. Therefore, both sensor 
molecules and stimulus diversity are essential. PANoptosome structure should be evaluated specific to the pathogen and should not be 
generalised. (Created with BioRender.com by Karaca, M., 2025)
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the three death pathways. This flexible, multiprotein 
complex consists of several proteins, including serine/
threonine kinases, caspases, and specific death do-
mains. Various stimuli such as IAV, vesicular stomatitis 
virus, Listeria monocytogenes, and Salmonella enterica 
serovar Typhimurium activate sensors such as ZBP1 that 
trigger the formation of PANoptosome. Once the PANop-
tosome is formed, it promotes the activation of execu-
tors in each death pathway, including apoptosis mediat-
ed by Casp3/7, pyroptosis via GSDMD/E, and necroptosis 
driven by RIPK1/MLKL (4, 30-38). (Figure 3 summarises 
the structures mainly involved in PANoptosome forma-
tion.) Sensors encountering stimuli interact with various 
molecules to form PANoptosomes. The components of 
PANoptosomes vary depending on the stimulus and the 
sensor. The known types of PANoptosomes are summa-
rized in Figure 4.

It was initially shown that the PANoptosome is composed 
of RIPK1, CARD, NLRP3, and caspases (39). Further stud-
ies showed that RIPK3, Casp6, ZBP1, and Casp1 are also 
involved in the PANoptosome formation triggered by IAV 
infection (32). Understanding the diversity of these mole-
cules and how they interact reveals that the three types of 
PCD are interconnected, constituting PANoptosis. Rather 
than being activated separately, they are regulated togeth-
er by the PANoptosome complex, inducing cell death (3, 4, 
39). In some cases, inhibition of pyroptosis allows Casp8 to 
activate the inflammasome, which may trigger both apop-
tosis and a Casp8-dependent form of cell death known as 
secondary pyroptosis (4, 40, 41). Moreover, the inhibition of 
Casp-8 results in the formation of complex IIb via the TNF 
or Toll-like receptor (TLR) pathway, which ultimately cul-
minates in necroptosis (42). These analogous mechanisms 
permit us to comprehend the reasons behind the non-stan-
dardized structure of the PANoptosome, the potential for 

Figure 4. Types of PANoptosome defined for different stimuli. (Created with BioRender.com by Karaca, M., 2025)
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it to comprise disparate components and the necessity 
for a PANoptosome in which the three death pathways  
operate in concert. 

The components of the PANoptosome vary between 
different diseases. Therefore, the main phenotypic 
members can vary depending on the type of stimulus 
applied. Single cell analysis of PANoptosome complex-
es has led to a better understanding of PANoptosomes 
under specific conditions (30, 43). In addition to the first 
described PANoptosomes, RIPK1-PANoptosome and 
NLRP12-PANoptosome were identified (7, 44). Most re-
cently, it was reported that NLR family, CARD domain 
containing 5 (NLRC5) similarly mediates PANoptosome 
formation (45).

In the mechanism of PANoptosome formation, the struc-
tures that give the aforementioned PANoptosome types 
their names (ZBP1, AIM2, RIPK1, NLRP12) act as sensors 
for triggers such as various microbial infections and altered 
cellular homeostasis. Sensor interactions then initiate the 
assembly of other components to form the PANoptosome. 
In necroptosis-associated structures, homotypic actions 
among receptor-interacting protein homotypic interac-
tion motifs (RHIMs) domains and in the assembly of py-
roptotic and apoptotic structures, heterotypic actions be-
tween the PYD and the death effector domain are realized 
(46-49). The PANoptosome is thought to be formed by 
similar interactions. Furthermore, intrinsically disordered 
regions (IDRs) have alternatively been reported to be in-
volved in PANoptosome formation (30). The known iden-
tified PANoptosome types; ZBP1-PANoptosome (ZBP1, 
NLRP3, ASC, Casp1, Casp6, Casp8, RIPK1 and RIPK3) (4, 
50), AIM2-PANoptosome (AIM2, Pyrin, ZBP1, ASC, Casp1, 
Casp8, Fas-associated death domain [FADD], RIPK1 and 
RIPK3) (51), RIPK1-PANoptosome (RIPK1, RIPK3, NLRP3, 
ASC, Casp1 and Casp8) (44) and NLRP12-PANoptosome 
(NLRP12, ASC, Casp8 and RIPK3) (7). These PANopto-
somes then induce Casp3/7 activation, GSDMD / E cleav-
age, and phosphorylation of MLKL, leading to membrane 
pore formation and PANoptosis progression (52). A sys-
tematic examination of the established molecular con-
stituents of pyroptosis, apoptosis, and necroptosis, as an-
alyzed through STRING, indicates that these three forms 
of cell death are not independent processes. This observa-
tion supports the hypothesis that they are part of a larger, 
interconnected PCD network (46, 53). 

Furthermore, the formation of PANoptosomes can be 
regulated by interferon regulatory factor 1 (IRF1) in spe-

cific circumstances (54). This topic has been elaborated 
in the section on ‘Regulatory Factors and Diseases.’

ZBP1-PANoptosome 
ZBP1 is also known as a DNA-dependent activator of 
interferon-regulatory factors (DAI) or a DNA-dependent 
activator of DLM1. ZBP1 consists of three parts: N-ter-
minal Z-DNA binding domain (ZBD), RHIM, and C-termi-
nal signal domain (SD) (55-57). The N terminal contains 
two Z-form nucleic acid binding domains (Zα1 and Zα2) 
and a protein homotypic interaction motif (RHIM1 and 
RHIM2) in the middle that interacts with two receptors. 
It is inducible by interferon (IFN) and interacts with the 
RHIM domain and other proteins. The Zα2 domain plays 
a critical role in the activation of PCDs (51, 58).

Activation of ZBP1 results in its interaction with RIPK3 
and recruitment of Casp8, thereby forming cell death 
signaling scaffolds. The resulting ternary complex has 
the capacity to activate all three death pathways. Fur-
thermore, ZBP1 induces NF-κB signaling during influen-
za infection (59, 60). 

In addition to its ability to recruit cell death elements 
such as RIPK3 and Casp8, which are required for the for-
mation of PANoptosomes, ZBP1 can activate cell death 
signals. A lack of Zα domains has been demonstrated to 
restrict infection-induced ZBP1 mediated inflammatory 
cell death (55, 56, 58). ZBP1 deletion prevents IAV-in-
duced activation of the NLRP3 inflammasome. Addi-
tionally, RIPK1 plays an active role in preventing ZBP1/
RIPK3/MLKL-dependent necroptosis during the develop-
ment of RHIM (61, 62). 

Recently, a novel cell death complex known as TRIFos-
ome, which is triggered by TRIF signaling and involves 
FADD, RIPK1, and Casp8, has been reported. This com-
plex has a critical role in LPS-induced cell death in the 
context of transforming growth factor-β (TGF-β)-acti-
vated kinase 1 (TAK1) inhibition (63). The regulatory im-
portance of TAK1 for PANoptosis has been mentioned in 
the “Regulatory Factors and Diseases” section. Despite 
the absence of evidence indicating a direct interaction 
between TRIF and other death mediators, it is plausible 
that TRIF may facilitate the assembly of the PANopto-
some complex through its RHIM domain. 

PANoptosis caused by ZBP1-PANoptosome is bidirec-
tional. It promotes the elimination of invading patho-
gens and dysregulated cancer cells, but aberrantly, it 
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may trigger severe infectious and non-infectious inflam-
matory responses (64).

AIM2-PANoptosome
The inflammasome is an oligomeric multiprotein complex 
located in the cytosol. It is not a fixed cell structure but 
only forms when stimulated by specific DAMPs and PAMPs. 
Inflammasomes are classified according to the structure 
of the sensor molecule (64-68). AIM2 is one of these sen-
sor molecules, characterized by a hematopoietic, interfer-
on-induced, and nuclear localization (HIN) region at the 
carboxyl site and a PYD at the amino-terminal. The AIM2 
inflammasome is activated in response to the presence 
of dsDNA in the cytoplasm and mediates pyroptosis (69). 
DNA can be of microbial origin (from pathogens) or host 
DNA released during cellular stress or damage. 

Inflammasome formation is initiated following AIM2 de-
tection of dsDNA produced by pathogens, nucleus, and 
mitochondria. ASC establishes homotypic domain-based 
connections with AIM2 and pro-Casp1 through PYD-PYD 
and CARD-CARD. The components of AIM2-ASC-pro-
Casp1 bind to the pseudo-axis of double-stranded DNA, 
forming a large oligomeric complex. Casp1 is the mature 
form of pro-Casp1 that converts pro-IL-1β, pro-IL-18, and 
GSDMD into their active forms. IL-1β and IL-18 elicit a cas-
cade of inflammatory responses, while GSDMD-N binds to 
the cell membrane and induces pyroptosis (70,71). 

The inflammasome is a crucial component in the process 
of PANoptosis as a part of PANoptosomes (7). The inter-
action of pyrin and ZBP1 facilitates the formation of the 
AIM2-PANoptosome. However, current knowledge shows 
this is limited to infections such as herpes simplex virus 
1 and Francisella novicida and does not occur upon ex-
posure to pure dsDNA. Zα domains of ZBP1 are activated 
by detecting nucleic acids. AIM2 can also be controlled by 
activating the IFN signaling pathway. The AIM2-PANop-
tosome complex includes AIM2, pyrin and ZBP1 as well 
as ASC, Casp1, Casp8, RIPK3, RIPK1 and FADD (51). These 
additional components play an important role in facili-
tating the PANoptosis process. Targeting AIM2 or other 
components of the PANoptosome may show therapeutic 
efficacy in the treatment of inflammatory cell death mol-
ecules, as well as various viral and inflammatory diseases. 

RIPK1-PANoptosome
RIPK1 regulation of PANoptosis is crucial for maintaining 
cell homeostasis and mediating both PCD and inflamma-
tory reactions. The scaffolding role of RIPK1 facilitates 

survival signaling by assembling complex I that inhibits 
cell death, thereby maintaining TNF receptor-1 (TNFR-1) 
activity (30, 72-76). Complex I activate the NF-κB prosur-
vival pathway, yet should this signal be disrupted, com-
plex II will then initiate cell death (77, 78). In this con-
text, Casp8 can suppress necroptosis through proteolytic 
cleavage of RIPK, which are necroptotic mediators. Con-
versely, the deletion of Casp8 results in the formation of 
the necrosome (79-82). Deletion of RIPK1 in mice is em-
bryonically lethal and has been shown to cause systemic 
inflammation through activation of PANoptosis-like cell 
death regulated by RIPK3, with the involvement of Casp8 
and FADD (83-85). PAMPs, via TLRs or death receptor 
signaling, can promote RIPK1-dependent PANoptosome 
formation when regulatory proteins such as TAK1 are in-
hibited (39). Moreover, mutations that inactivate Casp8 
catalytic activity can lead to death in embryonic mice by 
activating RIPK1, RIPK3-MLKL, and Casp1 (86, 87). This 
situation could be considered as PANoptosis-relation 
death with the involvement of other effectors. However, 
it should be noted that MLKL has not been identified in 
the RIPK1-PANoptosome core scaffold. More specifical-
ly, these studies collectively contribute to understanding 
the regulation of PANoptosis by RIPK1 and Casp8 (30).

NLRP12-PANoptosome
NLRs belong to a group of cytoplasmic pattern recogni-
tion receptors (PRRs) that play a role in detecting patho-
gens or damage, regulating inflammatory signaling, and 
controlling the transcription of specific genes. NLRP12 is 
one of the first members identified in the NLR family to 
contain an N-terminal PYD, nucleotide-binding domain 
(NBD), and C-terminal leucine-rich repeat (LRR) domain 
(88). Furthermore, NLRP12 is the first identified to in-
teract with the adaptor protein ASC, leading to the for-
mation of an active inflammasome capable of releasing 
IL-1β (89). Following the introduction of the PANoptosis 
concept, it was recognized that NLRP12 not only acti-
vates the inflammasome in response to specific PAMPs or 
TNF but also drives PANoptosome activation, cell death, 
and inflammation. TLR2/4-mediated signaling through 
IRF1 leads to inflammasome formation. NLRP12 acts 
as an integral component of an NLRP12-PANoptosome 
that drives inflammatory cell death via Casp8 / RIPK3. 
PAMPs containing ‘heme’ groups can trigger cell death 
(90). Under certain conditions, these heme-containing 
PAMPs can also activate the NLRP3 inflammasome (91, 
92). In addition to the inflammasome, Casp8 has also 
been shown to play an essential role in directing NL-
RP12-mediated inflammatory cell death in response to 
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exposure to PAMP carrying the heme domain. With this, a 
multiprotein PANoptosome complex is formed that spe-
cifically contains ASC, RIPK3, Casp8, and NLRP3. PANop-
tosomes can form against heme-positive PAMPs even in 
the absence of NLRP3, demonstrating that NLRP12 is 
the main actor (7).

PAMPs and DAMPs released as a result of hemolysis-in-
ducing events can induce activation of TLR-2 and TLR4 
by a combination of ‘heme.’ Therefore, Myd88 signaling 
is also seen with NLRP12 activity. Mitochondrial reactive 
oxygen species (ROS) also contribute to NLRP12 induc-
tion. Activated NLRP12 triggers the formation of an NL-
RP12-PANoptosome protein complex involving RIPK3, 
ASC, and Casp8. This complex promotes the well-charac-
terized mechanism of gasdermins (D and E) cleavage in 
pyroptosis and pore formation in the plasma membrane, 
leading to PANoptotic cell death (93). During some infec-
tions, ZBP1 can be stimulated simultaneously with AIM2. 
This shows that it is possible to create PANoptosomes 
containing different sensors (51). 

Molecular Mechanisms and 
Involvement of the Three 
Types of Cell Death in 
PANoptosis      
In PANoptosis, the apoptosis, pyroptosis, and necropto-
sis pathways act together within the same cell, with the 
components of the three death pathways interacting with 
each other. This interaction has been described in the lit-
erature as cross-talk. The emerging understanding of the 
connections between cell death pathways has guided the 
conceptualization of PANoptosis as an inflammatory cell 
death mechanism. The caspase and RIPK families play 
the most prominent roles in cross-talk (36).

Caspases are members of the cysteine protease fami-
ly, proteolytic enzymes that are particularly well char-
acterized in apoptosis. They can be classified according 
to their role, mechanism of action, and the organism in 
which they are found. In addition to apoptosis, caspases 
are also involved in the nonapoptotic cell death pro-
cesses of necroptosis and autophagy. They also have 
central roles in pyroptosis (94). In mammals, caspases 
are classified into three functional groups according to 
their role: inducers (Casp2, Casp8, Casp9, Casp10), effec-
tors (Casp3, Casp6, Casp7), and inflammatory caspases 
(Casp1, Casp4, Casp5, Casp11, Casp12, Casp13, Casp14). 

Aside from some exceptional caspases, the roles of al-
most all known caspases in apoptosis, necroptosis, and 
pyroptosis have been described in detail (95, 96). Casp1, 
which is known to mediate pyroptosis, can function 
through the Bid-Casp9-Casp3 axis to initiate apoptosis in 
cells lacking GSDMD (94). Casp3, which is also involved 
in apoptosis, can initiate secondary necrosis and pyro-
ptosis after cutting the GSDMD-related protein DFNA5 
(97). Furthermore, GSDMD / DFNA5 redirects Casp3-me-
diated apoptosis to pyroptosis upon stimuli such as TNF 
or chemotherapy drugs (98, 99).

During PANaptosis, Casp1, Casp8, and Casp3 are activat-
ed simultaneously to induce cell death through a com-
plex interaction. Casp8 has emerged as a pioneer reg-
ulator that links the apoptotic and necrotic pathways. 
NLRP3 induces pyroptosis in inflammasome activation. 
Therefore, Casp8 plays a central role in PANoptosis, reg-
ulating the delicate balance between the three pathways 
and ultimately influencing cell fate by activating specific 
death signals (100, 101).

Apaf-1, one of the leading players in apoptosis, has 
been shown to cause Casp4-mediated pyroptosis (102). 
Looking at the close interaction between apoptosis and 
necroptosis at the signaling level, the double knockout 
assays FADD / RIPK3 and FLIP / RIPK3 reveal a complex 
cross-regulation of apoptosis and necrosis. FLIP (an im-
portant modulator of apoptosis) prevents the association 
of FADD-bound Casp8 homodimers that mediate apop-
tosis. Instead, Casp8-FLIP heterodimers form, preventing 
the activation of necrosis-mediating RIPK3. In the ab-
sence of this heterocomplex, RIPK3 promotes necrosis; 
however, when FADD is present without FLIP, Casp8-me-
diated apoptosis is favored (103). In other words, when 
RIPK3 expression is high, cells undergo necroptosis, 
whereas when RIPK3 expression is low, they tend toward 
apoptosis (104).

The binding of TNF-α to TNFR1 results in the formation 
of complex II also referred to as the cytosolic death-in-
ducing signaling complex (DISC), which is capable of 
mediating necroptosis. Polyubiquitination of RIPK1 
also affects the transition from complex I to complex 
II. Casp8 has the capacity to inactivate complex II and 
RIPK1-3 through proteolytic cleavage, thereby initiat-
ing the pro-apoptotic caspase cascade. On the contrary, 
when Casp8 undergoes deletion, depleted or inhibited 
complex II does not initiate the apoptotic program, and 
binding of TNFR1 causes necroptosis (105). 
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The first genetic argument for a relationship between 
pyroptosis and apoptosis was the ability of Casp1 to dis-
sociate Casp7 from its activation site in macrophages 
(106).

Casp8 can act on NLRP3 inflammasome-induced pyro-
ptosis interactions, interact with other inflammasomes, 
and mediate their activation (46). 

In the absence of GSDMD, Casp1 has been shown to in-
duce apoptosis by activating Casp3 and Casp7 in mono-
cytes and macrophages. In contrast, during apoptosis, 
Casp3 and Casp7 can specifically inhibit pyroptosis by 
interrupting GSDMD at a different point from inflam-
matory caspases that inactivate the protein (107, 108). 
 

Table 1. The key regulators of PANoptosis identified so far in various diseases and conditions.

Regulator Role Condition/Pathogen Mechanisms

M2, NS1, PB1-F2 Regulates ZBP1-NLRP3 Influenza Viral proteins act as regulators for  
PANoptosis

Casp6 Facilitates PANoptosis through the  
ZBP1-RIPK3 interaction

IAV infection 
Thyroid cancer

Bridges sensor-effector interaction,  
diagnostic marker in cancer

RDX Prognostic marker Breast cancer Associated with molecular clustering in 
PANoptosis-based survival prediction

Certain lncRNAs linked to  
PANoptosis Associated with metastasis Colon adenocarcinoma Linked to immune infiltration and tumor 

microenvironment

RIPK1, RIPK3, Casp8,  
NLRP3, ASC, Casp1 Forms RIPK-PANoptosome Yersinia infection Induces PANoptosis in macrophages 

independent of ZBP1

TAK1 Inhibits RIPK1 activation, prevents  
spontaneous PANoptosis Yersinia infection

TAK1-RIPK1 phosphorylation restricts 
PANoptosis; TAK1 inhibitors allow the 
formation of RIPK-PANoptosomes

ADAR1 Negative regulator of ZBP1-mediated 
PANoptosis Cancer Tumor suppressor through PANoptosis 

induction when inhibited

Caspase-1 (Casp1) Inhibits PANoptosis E. faecalis infection Suppresses osteoblast PANoptosis through 
regulation of the NLRP3 inflammasome

IRF1
It promotes PANoptosome assembly by 
various mechanisms. (such as the JAK/
STAT pathway)

COVID-19 
Cancer 
IAV infection

NLRP12 and RIPK1 activate PANoptosomes 
and inhibit tumor progression

ZBP1 Sensor for PANoptosis SLE 
Fungal infections

Activates immune response and links to 
immune cells through type I interferon 
signaling

S100A8/A9hi neutrophils ZBP1-mediated PANoptosis inducer Lung tissues of septic mice Mitochondrial dysfunctions and mtDNA-
mediated PANoptosis

SopF Regulates PANoptosis in epithelial cells Salmonella infection PDK1-RSK phosphorylation downregulates 
Caspase-8

AIM2 Activates the IL-23 / IL-7 axis, sensor for 
PANoptosis Psoriasis Inflammasome activation increases pro-

inflammatory cytokine release

NLRC5 Regulates PANoptosome formation Colitis 
Hemophagocytic lymphohistiocytosis

Activated by TLR2/4 signals and NAD+ 
levels

Melatonin, Dickkopf-1 Inhibits PANoptosis Ocular hypertension  
Diabetic retinopathy

Suppress cell death and retinal ganglion 
cell loss

M2: Matrix protein 2, NS1: Nonstructural protein 1, PB1-F2: Polymerase basic protein 1-F2, Casp6: Caspase-6, RDX: Radixin, RIPK1: Receptor-interacting protein kinase 1,  
RIPK3: Receptor-interacting protein kinase 3, Casp8: Caspase-8, NLRP3: NOD-like receptor pyrin domain containing 3, ASC: Apoptosis-associated speck-like protein containing 
a CARD, Casp1: Caspase-1, TAK1: TGF-β activated kinase 1, ADAR1: Adenosine deaminase acting on RNA 1, IRF1: Interferon regulatory factor 1, ZBP1: Z-DNA binding protein 
1, S100A8/A9hi: High expression of S100A8/A9, SopF:  Salmonella outer protein F, AIM2: Absent in melanoma 2, NLRC5: NLR family, CARD domain containing 5, TLR2/4: Toll-
like receptor 2/4, PDK1: 3-phosphoinositide dependent protein kinase-1, RSK: Ribosomal S6 kinase, IL-23: Interleukin 23, IL-7: Interleukin 7, SLE: Systemic lupus erythematosus, 
mtDNA: Mitochondrial DNA, IAV: Influenza A virus, COVID-19: Coronavirus disease 2019, SLE: Systemic lupus erythematosus, TGF-β: Transforming growth factor-beta,  
TLR2/4: Toll-like receptor 2/4.
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Inflammasome-activated Casp1 can cleave Bid, leading 
to the release of mitochondrial SMAC (the second mi-
tochondria-derived activator of caspases) and triggering 
subsequent necrosis (109). In apoptotic Casp3, it cleaves 
GSDMD at a cytotoxic N-terminal cleavage point, form-
ing an inactive fragment. This may potentially limit GSD-
MD-mediated pore formation and pyroptosis (46). 

Programmed cell death pathways are nonlinear, includ-
ing interactions not mentioned here. They are intercon-
nected and have complex signaling cascades and inter-
actions. These interactions between death pathways 
facilitate the fight against pathogenic agents, including 
preventing some of the escape strategies of cells gener-
ated by pathogens. For this reason, PANoptosis is import-
ant for the control of infections and host defense.

PANoptosis and Its 
Relationship with Different 
Modes of Cell Death
Available evidence of the relationship between PANop-
tosis and other pathways of PCD is still limited. Unlike 
PANoptosis, autophagy was traditionally thought to be 
regulated primarily through lysosomal pathways rather 
than caspase enzymes or RIPKs. In time, with the under-
standing that autophagy and apoptosis are in extensive 
cross-talk with each other, it is not surprising that many 
ATGs are recognized and cleaved by caspases (110-114). 
For instance, hATG3 can be cut down by Casp3, Casp6, 
and Casp8 (115).  While recent research has yet to es-
tablish a definitive connection between ER stress, auto-
phagy, and PANoptosis, their involvement in managing 
cellular stress and orchestrating PCD remains signifi-
cant. In central gene analyses performed in ulcerative 
colitis, the TIMP1, TIMP2, TIMP3, IL6, and CCL2 genes 
were identified as associated with PANoptosis and au-
tophagy (116). Some of the central genes associated 
with PANoptosis and autophagy have been reported to 
be correlated with certain immune system cell infiltra-
tions (116). Another study reported that mitochondrial 
damage mediated by S100A8/A9hi (high expression of 
S100A8/A9) neutrophils in lung tissues of septic mice 
causes mtDNA-mediated ZBP1 PANoptozome forma-
tion. The same study also reported that S100a8/a9 in-
creased the expression of LC3B, a marker of autopha-
gosomes (117). Furthermore, the impaired autophagy 
mechanism is known to lead to abnormal activation of 
inflammasomes by cross-talk (118).

In the metabolic-associated fatty liver disease (MAFLD) 
mice model, it has been reported that the ferroptosis in-
hibitor LPT1 can act as a PANoptosis blocker and may 
protect against steatosis (119). Screening for PANopto-
sis-related genes identified ten genes associated with 
colorectal adenocarcinoma (120). Among these, CAV1 
has regulatory roles for apoptosis, pyroptosis, and ferro-
ptosis (121-123). The GPX3, IGFBP6, and TIMP1 genes, 
which are known to be associated with ferroptosis, were 
also identified among these ten genes (124-126). These 
results raise an important question of whether ferro-
ptosis can be induced simultaneously with PANoptosis 
and draw attention to the possible relationship between 
ferroptosis and PANoptosis. It is suggested that anoikis, 
a type of apoptosis occurring within tissues, may be as-
sociated with PANoptosis due to caspase and signaling 
molecule interactions such as PI3K/Akt and Smad (101).

The elaboration of these interactions and a better un-
derstanding of the relationships linking PANoptosis and 
other types of PCD are still crucial for the development 
of clinical and therapeutic approaches. Current studies 
focus on gene analyses for different diseases to under-
stand the relationship between the death complex PAN-
optosome and PANoptosis, which can differ from disease 
to disease. 

Regulatory Factors and 
Diseases
The most important factor affecting PANoptosis and the 
formation of PANoptosomes with different cellular com-
ponents is the diversity of the pathogen. Different dis-
eases, such as bacterial, viral, fungal infections, tumors, 
and autoimmune disorders, can lead to differences in 
PANoptosome types and regulators. An overview of the 
summarized regulators is provided in Table 1. For ex-
ample, influenza viral proteins such as matrix protein 2 
(M2), nonstructural protein 1(NS1), and polymerase ba-
sic protein 1-F2 (PB1-F2) may play a regulatory role for 
ZBP1-NLRP (31). 

Casp6 also promotes IAV-induced PANoptosis and fa-
cilitates the connection between ZBP1 and RIPK3 after 
infection (32). This is surprising for Casp6, which is char-
acterized as an executioner caspase due to its role as a 
bridge between a sensor and an effector. Casp6 has also 
been identified as an important regulator of the cross-
talk signaling pathway for PANoptosis in cancer. When 
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scanning for PANoptosis-related genes as prognostic in-
dicators of thyroid cancer, Casp6 was found to be high-
ly diagnostic and abundant in tumor tissue (127, 128). 
Casp6 can also promote the differentiation of M2 mac-
rophages and activation of inflammasomes and PANop-
tosis (32). Despite these, we still have limited knowledge 
about the role of Casp6 in PANoptosis induced by other 
pathogens or stimuli (4). Radixin (RDX) was found to be 
the most relevant gene in investigating the potential of 
PANoptosis-based molecular profiling and prognostic 
factors to predict survival in breast cancer patients (129). 
Nine lncRNAs associated with PANoptosis and colon ad-
enocarcinoma metastasis have been identified and are 
significantly associated with immune infiltration. This 
suggests that PANoptosis plays an important role in the 
tumor immune microenvironment (130).

Yersinia infection triggers PANoptosis in macrophages by 
promoting the formation of a RIPK-PANoptosome com-
plex that includes RIPK1, RIPK3, Casp8, NLRP3, ASC, and 
Casp1 (independent of ZBP1) (44). TAK1 is pivotal for 
cell survival and cellular homeostasis in innate immunity 
(131). This is significant, as it was among the first regula-
tors to identify PANoptosis. The TAK1-RIPK1 relationship 
is a good demonstration that phosphorylation does not 
always lead to activation. TAK1 inhibits RIPK1, limiting 
its activation and preventing spontaneous activation of 
PANoptosis (3). Yersinia can inhibit TAK1 through YopJ 
mediation, acting as a handbrake for PANoptosis (39, 
132, 133). In fact, the effects of TAK1 on cell death 
were recognized and investigated prior to the identifica-
tion of PANoptosis (20, 21, 134). Many pathogens pro-
duce inhibitors of TAK1 (TAK1i). Inhibition or deletion of 
TAK1 results in the induction of PANoptosis in the host 
through the RIPK1-PANoptosome complex. PANoptosis 
also promotes pathological inflammation. Therefore, it 
is important to understand the molecular mechanisms 
that regulate TAK1i-induced cell death. Recently, it was 
reported that TAK1i-induced RIPK1-mediated activation 
of PANoptosis requires the phosphatase PP6 complex 
(131). PTBP1 and RAVER1 are also functional regulators 
involved in activating TAK1i-induced PANoptosis (135).

Since deletion of components of the linear-ubiquitin as-
sembly complex (LUBAC) associated with cell death sig-
naling and other complex-I molecules such as ubiquitin 
effector protein A20 can lead to embryonic death and 
autoinflammatory diseases, it is thought that they may 
contribute to the regulation of PANoptosis in a similar 
way to TAK inhibitors (30, 136).

Another regulator of PANoptosis is adenosine deaminase 
acting on RNA1 (ADAR1). Acting as an RNA regulator to 
maintain homeostasis, ADAR1 is a negative regulator of 
ZBP1-mediated PANoptosis. Inhibition of ADAR1 activity 
triggers ZBP1-mediated PANoptosis to inhibit tumor for-
mation (137).

Casp1 inhibition in macrophages infected with Entero-
coccus faecalis OG1RF prevents PANoptosis formation 
(138). E. faecalis can also induce PANoptosis of osteo-
blasts, which is detrimental to the regeneration of peri-
apical bone tissue. The regulation is provided by the 
NLRP3 inflammasome (139).

IRF1 is known to regulate cell death (140-142). TLR2/4 
can induce NLRP12 expression through IRF1-medi-
ated signaling, resulting in inflammasome formation 
to trigger IL-1β/-18 maturation. In addition, the gen-
erated inflammasome acts as an integral element of 
an NLRP12-PANoptosome that drives PANoptosis via 
Casp8 / RPK3 (94). Studies indicate that pro-inflam-
matory cytokines are significantly overexpressed during 
COVID-19 infection (143). However, only the combina-
tion of TNF-α and interferon-gamma (IFN-γ) has been 
reported to trigger PANoptosis. Collectively, TNF-α and 
IFN-γ trigger nitric oxide (NO) formation by activating 
JAK/STAT1/IRF1 signaling. This is followed by Casp8/
FADD-based PANoptosis (144). The synergistic effect of 
these two cytokines can also inhibit PANoptosis-medi-
ated growth of various types of tumors (145). Although 
other cytokine associations are not clear for PANopto-
sis, the signaling of IL6-JAK-STAT3, the IFN-γ response, 
and IL-2-STAT5 signaling in cancer positively correlate 
with the PANoptosis scoring. This scoring shows that 
PANoptosis is significantly correlated with the tumor 
microenvironment and infiltration levels of many types 
of immune cells, including NK cells, CD4+ and CD8+ T 
cells, and DCs (146). The discovery of gain-of-function 
mutations in STAT1 and STAT3 has expanded immuno-
logical research aimed at understanding both signaling 
pathways and associated disorders (147). In this respect, 
their relationship with the realization of PANoptosis is 
open to further investigation. In a different study, IRF1 
was identified as a master regulator of PANoptosis in 
myeloid and epithelial cells to protect against colorec-
tal cancer formation (148). Furthermore, IRF1 acts as an 
up-regulator of RIPK1-PANoptosis when co-stimulated 
with TAKi and LPS (54). In IAV infection, IRF1 contributes 
to the formation of the ZBP1-PANoptosome and drives 
PANoptotic cell death during infection (60). 
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ZBP1, MEFV, LCN2, IFI27, and HSP90AB1 have been 
identified as PANoptosis-associated genes in systemic lu-
pus erythematosus (SLE) and are associated with memo-
ry B cells, neutrophils, and CD8+ T cells. These genes play 
a role in SLE by regulating type I interferon responses 
and IL-6-JAK-STAT3 signaling-mediated regulation of 
immune cells (149).

In response to fungus, particularly infections by Candida 
albicans and Aspergillus fumigatus, ZBP1 acts as an api-
cal sensor to induce an immune response by activating 
PANoptosis (150).

Salmonella outer protein F (SopF) acts as an effector in 
Salmonella infection, regulating PANoptosis of intestinal 
epithelial cells to aggravate infection systemically. Phos-
phoinositide-dependent protein kinase-1 (PDK1) activat-
ed by SopF phosphorylates the p90 ribosomal S6 kinase 
(RSK). Phosphorylation of RSK leads to the downregula-
tion of Casp8. Thus, PANoptosis in intestinal epithelial 
cells contributes to the severity of systemic infection 
(10). 

The IL-23/IL-7 axis plays an important role in psoriasis 
and is strongly associated with PANoptosis. AIM2, one of 
the important sensors of the PANoptosome complex, is 
elevated in keratinocytes of psoriatic lesions and shows 
a pro-inflammatory effect by increasing the release of 
IL-1B and IL-18 and activating the IL-23/IL-7 axis after 
stimulation (151, 152).

NLRC5, which functions as an innate immune sensor, 
acts as a regulator for PANoptosome formation by regu-
lating TLR 2/4 signaling and NAD+ levels. NLRC5 deletion 
also protects against colitis and hemophagocytic lym-
phohistiocytosis in mice (45).

PANoptosis is also involved in the death of retinal gan-
glion cells (RGCs) induced by acute ocular hypertension 
and diabetic retinopathy. Melatonin and Dickkopf-1 may 
inhibit PANoptosis and prevent cell death (153, 154).

PANoptosome interactions vary according to the patho-
genesis of the disease. Therefore, our molecular under-
standing of PANoptosis is not yet as well established as 
that of apoptosis or other cell death mechanisms. Dis-
ease- or inducer-specific regulatory mechanisms con-
tinue to be investigated. Various PANoptosome com-
ponents, such as NLRP3 and RIPK3, were known to be 
associated with different diseases even before PANopto-

sis was identified (30). Reassessing these diseases with 
PANoptosis mechanisms can contribute to improve our 
further understanding of PANoptosis regulation. 

The classification of many autoimmune diseases, for 
which there are still no effective treatments, may vary for 
related reasons, including environmental, biological, and 
genetic factors (155). The regulatory mechanisms of PAN-
optosis in autoimmune diseases have been investigated 
(156). Mechanisms such as the secretion of significant 
amounts of IFNs by regulating upstream pathways such 
as GAS/STING influence PANoptosome formation (156).

Other Interactions of 
PANoptosis with the Immune 
System 
As a result of the conflict between the host and patho-
gens, pathogens can develop escape strategies from the 
immune system and death mechanisms. The innate im-
mune system also has different mechanisms to eliminate 
pathogens and protect the host.  PANoptosis also allows 
the activation of an innate immune response, giving host 
cell immunity an advantage as an integrated cell death 
mechanism that can be particularly effective against in-
vading infectious agents. With different sensors, it can 
be activated in response to pathogenic triggers ranging 
from viruses to fungi (157). Cross-talk mechanisms be-
tween death pathways are important to overcome bac-
terial and viral escape strategies. This is because the 
escape strategies of pathogens are well understood and 
are generally focused on bypassing a single death path-
way; some bacterial species can perform Casp1, Casp4 
activations, NLRC4, and NLRP3 inhibition to avoid pyro-
ptosis (158-160). 

Furthermore, they can develop different strategies to 
keep pyrin inactive, such as activating PRK1/2 (161). 
Both viruses and bacteria carry out this and similar eva-
sion strategies through some specific proteins. For ex-
ample, HPV from the papillomavirus family can regulate 
the degradation of the IFI16 inflammasome through 
the E7 protein (162). Both bacteria and viruses can try 
to avoid death by similar mechanisms to escape apop-
tosis and necroptosis (18). PANoptosis offers a strategy 
to block immune evasion and infections. In addition, it 
may promote immune activation to combat immune re-
sistance in certain cancer types.
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Interactions between innate immune system cells and 
PANoptosis in cancer studies have been examined ac-
cording to PAN scoring, a risk-scoring system based on 
PANoptosis models.   M2 macrophage infiltration and 
cancer-associated fibroblasts were significantly associ-
ated with high TGF-β expression. A negative correlation 
exists between M1 macrophages and PAN score (163). 
Casp6, which plays an important role in inflammasome 
activation and PANoptosis, promotes differentiation into 
M2 macrophages. The PAN score is notably correlat-
ed with the tumor microenvironment, immune-related 
genes, and infiltration levels of most immune cells, such 
as NKs, CD4+/CD8+ lymphocytes, and DCs (146).

A study with specifically created extracellular vesicles 
(EVs) and ultrasound (US) technique, which has been sug-
gested to improve the efficacy of cancer immunother-
apy, showed that immunogenic PANoptotic cell death 
promotes dendritic cell maturation and macrophage 
polarization and subsequent presentation of antigens 
to T cells by activating the STING pathway STING is an 
interferon stimulator (164). IFN-γ produced by DC cells 
promotes PANoptosis in mice. IFN-γ deficiency affects 
the activation of the PANoptosis-specific markers Casp3, 
GSDMD, and MLKL and decreases IL-1β expression. Fur-
thermore, dendritic cells express ZBP1, AIM2, and RIPK1, 
which are also PANoptosome sensors (165). The role of 
the STING pathway in immunity against intracellular 
pathogens and its possible direct effects on T-cells are 
well known (166). Additional studies are required to un-
derstand the contribution of these effects to PANoptosis.

A pro-tumoral group of tumor-associated neutrophils 
has been identified, with HMGB1 overexpression that re-
duces anti-tumor immunity and contributes to immune 
escape through the GATA2 / HMGB1 / TIM-3 axis (167). 
However, we still have limited knowledge about the di-
rect function of neutrophils, NK cells, and other innate 
immune system cells in the mechanism of PANoptosis.     

Future perspectives
Our knowledge of the concept of PANoptosis in the liter-
ature remains limited. Currently, research conducted pri-
marily by the groups that defined this concept has con-
tributed to its development. In this review, we provide an 
overview of the basic mechanisms of PANoptosis based 
on these studies; however, our main goal is to present 

the regulators identified in the literature in a compre-
hensive manner. 

The diversity of these regulators across different trig-
gers and disease pathogenesis makes PANoptosomes 
particularly interesting. Each of the identified sensors 
mediating the formation of PANoptosomes responds to 
different pathogens and endogenous danger signals, var-
ious PAMPs and DAMPs, to induce PANoptosis. To better 
understand the mechanisms of PANoptosis and develop 
therapeutic approaches, it is important to identify down-
stream molecules and different sensor compositions 
that activate phenotypic outcomes. The most stunning 
example of this is that PANoptosis has been implicated in 
the failure of IFN treatment for SARS-CoV-2 (64). SARS-
COV-2 is able to escape the immune system by inhibiting 
IFN-I production and reducing its activity (168). IFN ther-
apy can be used to reduce viral load. It was also thought 
that patients would improve when administered; how-
ever, IFN-induced upregulation of ZBP1 activated PAN-
optosis in response to IFN treatment, compromising 
therapeutic benefits (64). This suggests that inhibition 
of ZBP1 may improve the efficacy of IFN-based thera-
pies, suggesting the importance of PANoptosis inhibitors 
and PANoptosome components in the development of 
novel therapeutic approaches. Research in this area has 
shown promising results. A study targeting the inhibition 
of PANoptosis demonstrated that this approach protects 
the kidney from reperfusion injury (169).

For therapeutic approaches targeting cancer, infection, 
and inflammatory diseases, it is important to investigate 
not only PANoptosome components and regulators but 
also to consider triggers. For example, as a strategy for 
escape from bacterial death, Shigella flexneri prevents 
necroptosis by targeting RIPK1 and RIPK3 with the pro-
tease effector Ospd3. Similarly, OspC1 can inhibit CASP8 
apoptotic signaling (170). Shigella’s ability to block two 
death pathways is noteworthy, but its connection to 
PANoptosis remains unexplored. There are many triggers 
that have not been investigated in relation to PANopto-
sis, and this gap is rapidly being filled in the literature. 
Accumulated knowledge will improve our understanding 
of the mechanisms, sensors, and regulators of PANop-
tosis, paving the way for the development of potentially 
significant new therapeutic strategies.
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ORIGINAL RESEARCH

Dina Nadeem Abd-Elshafy1,3 , Mohamed Hassan Nasraa2,3 , Rola Nadeem2,3 , 
Mahmoud Mohamed Bahgat2,3,4 

Objective: This study aimed to compare the susceptibility of different mouse strains to 
H1N1-PR8 influenza A virus (IAV) infection. 
Materials and Methods: The virus was produced in 293T/ Madin-Darby canine kidney (MDCK) 
cells following a plasmid rescue protocol and then used to infect males of BALB/c, CD1 IGS 
(CD-1 imprinting control strain), and National Institutes of Health (NIH) Swiss mouse strain 
as well as both genders of C57BL/6J mice. Both serum virus-specific immunoglobulin M / 
immunoglobulin G (IgM/IgG) and interferon-gamma (IFN-ɣ) levels, as well as H1N1-RNA in 
lungs of infected mouse strains, were investigated. 
Results: Differential body weight with superior loss was recorded in the C57BL/6J. Differen-
tial virus-IgM/IgG levels were recorded with higher IgM in the BALB/c (p=0.001) and higher 
IgG in the CD1 IGS (p=0.022). The C57BL/6 males were more susceptible to H1N1 infection 
and mounted higher IgM compared to females (p=0.001), whereas females showed higher 
IgG than males (p=0.034). Differential IFN-γ levels were observed among male mice of var-
ious strains, with a notable increase in BALB/c mice (p=0.071) and a significant decrease in 
C57BL/6J mice (p=0.035). A significant increase in the IFN-ɣ level was recorded in C57BL/6J 
females compared to males (p=0.015). The viral RNA was almost equal in the lungs of the 
males of various infected mouse strains’ and in both genders of the infected C57BL/6J. 
Conclusion: The studied host factors can be partially implicated in the recorded differential 
susceptibility of various mouse strains to infection with the H1N1-PR8 IAV. Our results can 
help in selecting the proper mouse model for vaccine evaluation and can be translated to 
future human studies to identify the highly susceptible individuals to influenza infection and 
learn more about the host factors involved in resistance to IAV infection.
Keywords: H1N1-PR8 influenza A virus, mice of different genetic backgrounds, IgM/IgG and 
IFN-ɣ levels
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Introduction
Due to feasibility, small size, easiness of handling and 
maintaining in an animal house, uncomplicated ethical 
approval to work with, and a high degree of homology 
to both the human genome and metabolome (1-3), the 
mouse has always been considered as a very suitable an-
imal model to study virus pathogenesis and understand 
host susceptibility to virus infection. 

Within a given mouse strain, individual animals do not 
respond similarly to infection (4-7). Also, strains of dif-
ferent genetic backgrounds behave differently in their 
response to infection (8, 9). Understanding the reasons 
behind intra- and inter-strain individualized respons-
es might significantly contribute to our understanding 
of human personalized response to infection. Differen-
tial expression of proteases involved in function, cleav-
age, and activation of virus virulence molecules among 
mouse strains of different genetic backgrounds could 
differentially affect infection outcome (10), and their 
inhibition could block virus infection (11). Also, differen-
tial regulation of immune responses in mouse strains of 
different genetic backgrounds could differentially affect 
their susceptibility to virus infection (12).

In this study, we compared the susceptibility of BALB/c, 
C57BL/6J, CD1 IGS (CD-1 imprinting control strain) and 
National Institutes of Health (NIH) Swiss mouse strains 
to the H1N1-PR8 influenza A virus (IAV) infection. We 
also compared the anti-H1N1 immune responses of 
these mouse strains upon infection to learn how resis-
tant/susceptible mouse strains serologically respond to 
IAV infection.

Materials and Methods
Production of the PR8-H1N1 Virus in Cell 
Culture
Constructs of the cloned 8 PR8-H1N1 genes in the 
pHW2000 vector, which encode for the virus hemaggluti-
nin (HA), matrix (M), neuraminidase (NA), nucleoprotein 
(NP), nonstructural protein (NS), polymerase acidic pro-
tein (PA) and polymerase subunits (PB1 and PB2) as well 
as the empty plasmid, were kindly provided by Prof. Rich-
ard Webby at St. Jude Children Hospital, Memphis, the 
USA through a fully executed material transfer agree-
ment (MTA) with Prof. Mahmoud Mohamed Bahgat. 
Plasmids encoding individual PR8-H1N1 segments were 

used to transfect competent Escherichia coli bacterial 
cells (Invitrogen; Thermo Fisher Scientific Inc., USA) in 
the presence of ampicillin, as the plasmid contains an 
ampicillin resistance gene. To prepare stocks of the con-
structs encoding the individual influenza virus proteins, 
the growing colonies carrying each construct were sub-
jected to plasmid midi-preparations (Qiagen, Germany), 
and the concentrations of the purified plasmids were 
quantified using a NanoDrop 1000 spectrophotometer 
(Thermo Fisher Scientific Inc., USA). Both their purity 
and integrity were checked by electrophoresis on 1.1% 
agarose gel (Promega) followed by visualization using 
ethidium bromide (EtBr) staining solution, Sigma-Aldrich 
(Merck KGaA, Germany) in the presence of a molecular 
weight marker (Promega Corp., USA). The production of 
the PR8-H1N1 virus in cell culture was done through 
the plasmid rescue protocol as formerly described (13). 
Briefly, the equimolar ratio of the individual constructs 
encoding the PR8-H1N1 8 proteins was mixed and used 
to co-transfect 293T cells co-cultured with Madin-Dar-
by canine kidney (MDCK) cells (both from the American 
Type Culture Collection - ATCC) and incubated at 37ºC, 
5% CO₂. Control wells where cells were transfected with 
empty plasmids were included. Cells were assessed dai-
ly for the development of cytopathic effect (CPE) in the 
MDCK sheet as a result of the virus propagation. Once 
the CPE became obvious, the medium containing the 
PR8-H1N1virus was harvested and centrifuged at 1200 
g for 5 minutes. The supernatant was collected, divided 
into aliquots, and subjected to slow deep freezing over-
night in Mr. Frosty™ Freezing Container (Thermo Fisher 
Scientific Inc., USA) (-80ºC, cooled with isopropanol). 

Titration of the Generated PR8-H1N1 Virus
The generated virus was propagated in MDCK, as previ-
ously reported by us and others (13, 14). Briefly, MDCK 
cells were co-incubated with the stock PR8-H1N1 virus 
diluted in infection medium (Dulbecco’s modified eagle 
medium [DMEM]-GlutaMax; 1% penicillin/streptomy-
cin, 1 mM sodium pyruvate, 1% bovine serum albumin,  
2 µg/mL tosyl-phenylalanyl-chloromethyl ketone-treat-
ed trypsin [TPCK-trypsin]) (Invitrogen; Thermo Fisher 
Scientific Inc., USA) and with 10-fold dilutions (10-1 to 
10-6) for one hour (h) at 37ºC, 5% CO₂. The infection me-
dium was discarded, wells were washed and then coated 
with agarose overlayer diluted 1:1 with 2X concentrat-
ed culture medium (DMEM) to a final concentration of 
1%. Then, plates were returned to 37ºC, 5% CO₂, and 
the formed plaques were monitored within the following 
48-72 h. Control wells were included in the same plates; 
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they were treated with a virus-free infection medium and 
the agarose overlay to ensure that the observed CPE 
was because of the virus and not because of any stress 
caused while manipulating the MDCK cells. For visual-
ization of the growing plaques, wells were first fixed for 
1 h in 4% formaldehyde solution, Sigma-Aldrich (Merck 
KGaA, Germany), stained using 1% crystal violet Staining 
Solution, Sigma-Aldrich (Merck KGaA, Darmstadt, Ger-
many) diluted in 10% ethanol/acetic acid mixture for 15 
minutes, then destained with continuous water flow till 
appearance of white plaques in blue cells background.

Mice Infection
BALB/c, C57BL/6J, CD1 IGS, and NIH Swiss mice were 
bred and maintained at the animal house of the National 
Research Centre (NRC). Animals were fed on a standard 
diet and maintained at ambient temperature accord-
ing to the animal welfare protocols of the NRC in Egypt. 
Anesthesia procedures complied with the guidelines of 
the National Institutes of Health in the USA and were 
approved by the Medical Ethical Committee of the NRC 
(MREC Registration number: 17-120). Mice infection was 
carried out according to our previous report (11). Of each 
strain, five animals received intranasal infection with 
H1N1-PR8 (2 × 10³ plaque-forming units [PFU] in 25 µL/ 
mouse) diluted in phosphate-buffered saline (PBS) and 
five animals received PBS (25 µL each) as a control group. 
Weight loss and survival of infected mice were followed 
over a period of 11 days. Animals were relaxed by being 
anesthetized with discontinuous sniffs of diethyl ether 
vapor before infection and before recording body weight. 
After 14 days, animals were fully anesthetized with the 
ketamine-xylazine mixture, Sigma-Aldrich (Merck KGaA, 
Germany), and blood samples were collected from indi-
vidual mice by inserting a heparinized capillary tube into 
the orbital optical venous plexus. Sera were separated by 
centrifugation of individual blood samples at 10,000 g, 
divided into multiple aliquots, and frozen at −80°C until 
being used.

Detection of Virus-Specific Immunoglobulin 
M / Immunoglobulin G (IgM/IgG) in Sera 
from the Infected Mouse Strains 
Quantification of the immunoglobulin classes in sera 
of infected and control groups of various mouse strains 
was performed according to our published protocol with 
minor modifications (15). Briefly, the ELISA plates were 
coated (100 µL/well) with killed H1N1-PR8 virus (106 

PFUs/mL) diluted 1:1 in coating buffer (1 M Na₂CO₃; 1 M 
NaHCO₃, pH 9.6) and incubated at 37°C  for 3 h. Plates 

were washed thrice with PBS–0.05% Tween 20 (PBST). 
None specific binding was blocked by incubating the 
plates with PBST–5% fetal bovine serum (PBST–FBS; 
200 µL/well) at 37°C for 2 h. After washing thrice with 
PBST, wells were loaded with diluted mice sera in PBST–
FBS (1:50; 100 µL/well), and plates were incubated at  
37°C for 2 h. Plates were washed thrice and then incubat-
ed with 1:2000 (100 µL/well) anti-mice IgM/IgG conju-
gated to horseradish peroxidase (Kirkgaard & Perry Lab-
oratories, Germany) at 37°C for 2 h, followed by washing 
plates thrice with PBST. For color development, 100 µL/
well O-phenylenediamine (OPD) substrate Sigma-Aldrich 
(Merck KGaA, Germany) was diluted in substrate buffer 
(0.1 M anhydrous citric acid and 0.2 M dibasic sodium 
phosphate, pH 5.0) containing 0.06% H₂O₂, and plates 
were left for 10 minutes at room temperature until color 
developed. The enzymatic reaction was stopped with 40 
µL/well 2 M HCl, and the changes in the optical density 
(OD) in plate wells were recorded at a λmax of 490 nm 
using a multi-well SUNRISE plate reader (TECAN Group 
LTD., Switzerland).
 
IFN-ɣ Detection in Sera from the Infected 
Mouse Strains
IFN-γ levels in sera of various infected mouse strains were 
measured using an indirect ELISA assay. The microtiter 
plates (SPL Life Sciences Co. Ltd., South Korea) were 
coated in duplicates with 50 µL of individual mouse sera 
diluted 1:25 in carbonate/bicarbonate coating buffer and 
incubated at 37°C overnight. Plate wells were blocked 
with 100 µL blocking buffer containing 5% fetal bovine 
serum (Serana Europe GmbH, Germany) in phosphate 
buffer saline-0.05% Tween-20 (LobaChemie PVT, LTD, 
India) for 1 h. Rat anti-mouse IFN-γ antibody (Biolegend, 
USA) was applied 50 µL of 1:1000 dilution (5 µg/mL) 
followed by 2 h incubation at 37ºC. Horseradish peroxi-
dase (HRP)-labeled anti-rat IgG antibody (KPL; USA) was 
applied 50 µL of 1:1000 dilution (5 µg/mL) and incubat-
ed for 1 h at 37°C. OPD substrate, Sigma-Aldrich (Mer-
ck KGaA, Germany), was used at 0.04% in citrate buffer 
supplemented with 30% H₂O₂, 50 µL was applied to each 
well and incubated for 10 minutes at 37°C, and the reac-
tion was stopped using 50 µL 2M H₂SO₄. Absorbance was 
measured at 492 nm, and a reference wavelength at 620 
nm filters (Clindiag Systems Co., Ltd., China). 

Quantification of Viral RNA in the Lungs of 
Infected Mouse Strains 
QIAamp viral RNA purification kit was used to extract 
the nucleic acid of the H1N1-PR8 virus from individual 
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lung tissues of various mouse strains. RNA concentra-
tions were quantified using a NanoDrop 1000 spectro-
photometer (Thermo Fisher Scientific Inc., USA). Spe-
cific forward (F) and reverse (R) primers were used to 
amplify the H1N1-PR8-HA segment by quantitative re-
verse transcription polymerase chain reaction RT-PCR 
(qRT-PCR) of the extracted RNA from individual mice 
(14). The R primer was initially used to reverse transcribe 
the virus RNA into cDNA using SuperScript III reverse 
transcriptase (Invitrogen; Thermo Fisher Scientific Inc., 
USA). The cDNA was quantified using the SYBR Green I 
Master kit (Roche, Switzerland) in a Rotor-Gene-Q 6000 
real-time PCR cycler. The cycling conditions of the con-
ventional PCR included initial denaturation at 94°C for 
3 minutes followed by 40 amplification cycles each of 
denaturation at 94°C for 30 seconds, annealing at 48°C 
for 1 minute, and extension at 72°C for 1 minute. The 
program included a final extension at 72°C for 10 min-
utes.

Statistical Analysis
Statistical analysis and plots were done using the Graph-
Pad PRISM version 5 software (GraphPad Software Inc., 
USA). Results were expressed as means ± standard de-
viations (SDs). Statistical significance was calculated by 
comparing the differences between the means of dif-
ferent studied groups using the Student’s t-test. Differ-
ences were considered significant when the p-value was 
<0.05.

Results
The H1N1-PR8 Virus Rescue and Analysis of 
Its Infectivity 
Visualizing midi preps of the eight plasmids encoding for 
influenza virus HA, M, NA, NP, NS, PA, PB1, and PB2 on 
agarose gel side by side with the empty pHW2000 vector 
and molecular weight marker revealed both their purity, 
integrity, and correct relative migration with respect to 
the molecular weights of the eight inserts. As demon-
strated, the eight constructs showed slower migration 
(higher molecular weight) than the empty vector (EV) 
(Figure 1A).

Using the supernatant (medium) of co-transfected 
293T/MDCK cells with the eight plasmids to infect MDCK 
cells in a plaque infectivity assay revealed high titer of 
the produced virus that caused complete damage of the 
cell monolayer until titer of 10-2, the plaques became 

Figure 1. The H1N1-PR8 influenza A virus rescue and analysis of its infec-
tivity. (A) Visualizing the midi preps of the eight plasmids encoding for the 
influenza HA, M, NA, NP, NS, PA, PB1 and PB2 on agarose gel side by side with 
the empty pHW2000 vector and molecular weight ladder (1kb). Both the pu-
rity and integrity of the eight inserts were indicated and the eight constructs 
showed slower migration than the empty vector. The ladder (L), HA, NA, NS, 
PB1 and EV bands are in the up section while the M, NP, PA and PB2 are in the 
down section of the gel. (B) Plaque infectivity assay for the produced virus. 
The medium of co-transfected 293T/MDCK cells with the 8 plasmids was used 
to infect MDCK cells. The results revealed high titer of the produced virus 
that caused complete damage of the cell monolayer until titer of 10-2, the 
plaques became visible but uncountable at 10-3 and could be counted at 10-4, 
whereas, the control cells remained intact.
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visible but uncountable at 10-3 and could be counted at 
10-4 whereas, the control uninfected cells layer remained 
totally intact (Figure 1B).

Susceptibility of the Various Mouse Strains’ 
Males and Both Genders of the C57BL/6 to 
H1N1-PR8 Infection 
The BALB/c, C57BL/6J, CD1 IGS, and NIH Swiss male 
mice showed differential susceptibilities to the produced 
H1N1-PR8 IAV as reflected by their differential body-
weight loss at different days (d) post-infection (pi) with 
the top weight loss recorded for C57BL/6J males which 
reached its peak (25% loss) at d8 pi. In contrast, none 
of the control, PBS-given male mice of different strains, 
showed body weight loss (Figure 2A).

Since the C57BL/6J males showed the top body weight 
loss upon the H1N1-PR8 infection, we decided to com-
pare their susceptibility on the gender level. Of interest, 
the results showed a gender-specific pattern as recorded 
by a sharp weight loss in female mice between d1-3 pi, 
which reached its peak at d3 pi (~20% loss), followed by 
regaining weight that never reached the starting weight 
(stayed at 10% loss), whereas, male mice continued to 
lose weight to reach its peak (25% loss) at d8 pi followed 
by slight regaining weight thereafter (Figure 2B).

Serum Levels of Virus-Specific IgM/IgG 
in Various Mouse Strains’ Males and Both 
Genders of the C57BL/6 Post Infection
The IgM levels were significantly higher in the BALB/c, 
CD1 IGS, C57BL/6J, and NIH mouse strains’ males 
compared to control ones (p=0.001, p=0.011, p=0.016, 
and p=0.007, respectively) (Figure 3A). In comparison, 
only the infected males of the CD1 IGS and NIH strains 
showed a significant increase in IgG levels than the 
PBS-given ones (p<0.05) (Figure 3B). 

Generally, serum IgM and IgG levels were significant-
ly higher in the C57BL/6J infected mice (p=0.0003 
and p=0.0025, respectively, for females; p=0.0002 and 
p=0.0014, respectively, for males) compared to the con-
trol mice with a significantly higher IgM level recorded 
for the infected males (p=0.001) (Figure 4A), and IgG lev-
el for the infected females (p=0.034) (Figure 4B).

Interferon-gamma (IFN-ɣ) Levels in Various 
Mouse Strains’ Males and Both Genders of 
the C57BL/6J Post Infection
Obvious strain-specific variations in the IFN-γ levels 

were observed, where both the CD-1IGS and C57BL/6J 
mouse strain males showed non-significant (p=0.142) 
and significant (p=0.035) decreases in the IFN-ɣ levels 

Figure 2. Susceptibility of the mouse strains’ males (A) and C57BL/6J both 
genders (B) to the H1N1-PR8 infection. The BALB/c, C57BL/6J, CD1 IGS and 
NIH Swiss male mice (n=5 each) were either intranasally infected with diluted 
H1N1-PR8 in PBS (2 × 10³ plaque forming units (PFU) in 25 µL/ mouse) or re-
ceived PBS (25 µL each) as control group. Weight loss and survival of infected 
mice was followed over a period of 14 days. Animals were relaxed by being 
anesthetized with discontinuous sniffs of diethyl ether vapor before infection 
and before recording bodyweight.
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compared to control mice. Both the NIH and BALB/c 
mouse strains’ males showed non-significant increases 
in the IFN-ɣ levels (p=0.571 and p=0.071, respectively) 
compared to control mice (Figure 5A).

Gender-specific IFN-ɣ levels were noticed in the C57BL/6J 
mouse strain, where IFN-ɣ level was significantly higher 
in the infected females (p=0.0337) compared to control 
ones. A non-significant decrease in the IFN-ɣ level was 
recorded in infected males (p=0.111) compared to con-
trol mice (Figure 5B). 

The IFN-ɣ means in the PBS-received and H1N1-PR8 in-
fected mouse strain males were 1.203667 and 0.7261, 
respectively, for the CD1 IGS; 0.6645 and 0.7908, re-
spectively, for the NIH; 0.811667 and 1.1907, respec-
tively, for BALB/c. The gender levels of the C57BL/6J 
means were 1.3515 and 0.9433, respectively, for fe-
males, whereas they were 1.0556 and 1.292125, re-
spectively, for males. 

Finally, the IFN-ɣ fold change in the infected mouse 
strains was 0.60323993 for the CD1 IGS males, 

Figure 3. Serum levels of virus-specific IgM (A) and IgG (B) in the 
mouse strains’ males post infection. IgM and IgG levels in the in-
fected and control males (n=5 each) from various mouse strains 
were measured using ELISA. 

Figure 4. Serum levels of virus-specific IgM (A) and IgG (B) in the 
C57BL/6J both genders post infection.  IgM and IgG levels in the 
infected and control mice from both genders (n=5 each) were mea-
sured using ELISA. 
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1.19006772 for the NIH males, 1.46698092 for the BAL-
B/c males, 0.69796522 for the C57BL/6J females, and 
1.22406688 for the C57BL/6J males compared to the 
control mice of the same strain and gender.

Viral RNA Detection in the Lungs of Mouse 
Strains’ Males and Both Genders of the 
C57BL/6 Post H1N1 Infection
Although not high, slight differences in the viral RNA lev-
els were recorded in the lungs of infected mouse strains, 
as revealed by the cycle threshold (Ct) values. The lowest 
mean Ct values, i.e., the highest virus RNA levels, were 
recorded in the lungs of C57BL/6J males (p=0.227), 

NIH Swiss males (p=0.294), followed by BALB/c males 
(p=0.104) (Figure 6A). On gender levels, the mean viral 
RNA Ct value was slightly higher in the C57BL/6J males 
than in females (p=0.251) (Figure 6B).

Figure 5. Interferon gamma (IFN-ɣ) levels in the mouse strains’ 
males (A) and C57BL/6J both genders (B) post infection. IFN-ɣ) lev-
els in the infected and control mice (n=5 each) from all groups were 
measured using ELISA. 

Figure 6. Viral RNA detection in the lungs of mouse strains’ 
males (A) and the C57BL/6J both genders. (B) post infection. The 
virus RNA was extracted, The H1N1-PR8 HA was initially transcribed 
by specific R primer into cDNA using SuperScript III reverse tran-
scriptase. The cycle threshold (Ct) means corresponding to HA virus 
RNA in the lungs of infected mouse strains and C57BL/6J genders 
was quantified by quantitative RT-PCR (qRT-PCR) using HA specific 
forward (F) and reverse (R) primers and the SYBR Green I Master kit 
in a Rotor-Gene-Q 6000 real-time PCR cycler. 
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Discussion
The high titer plaque count of the H1N1-PR8 we pro-
duced by the plasmid rescue protocol confirms the in-
fectivity of the generated virus and the validity of the 
early reported protocol to generate influenza viruses by 
transfecting mammalian cells with plasmids encoding 
for the eight IAV proteins (13).

The differential body weight loss and susceptibility of 
various mouse strains to infection with the generated 
H1N1-PR8 virus agrees with previous reports on influ-
enza and SARS-CoV2, though using different mouse 
strains, and may be attributed to differential expression 
of proteases involved both in the activation and func-
tional cleavage of influenza HA which is mandatory for 
infecting host cells (8, 9-11). Also, the differential body 
weight loss of the studied mouse strains upon infection 
with the H1N1-PR8 can be referred to the previously re-
ported differential regulation of immune responses in 
mouse strains of various genetic backgrounds, which can 
differentially influence their susceptibility to infection 
(12). This finding agrees with the differential anti-H1N1-
IgM/IgG levels observed in the mouse strains studied in 
our study; post-H1N1 infection with the highest IgM lev-
els seen in the BALB/c and the CD1 IGS mice and the 
highest IgG levels recorded in the CD1 IGS and NIH Swiss 
mice, which all did not show obvious weight loss upon 
infection. 

BALB/c and C57BL/6J are inbred mouse strains that 
exhibit Th2- and Th1-biased immune responses, re-
spectively, with C57BL/6J mice known for their higher 
susceptibility to diet-induced obesity. However, CD1 IGS 
and NIH Swiss are outbred mouse strains with genetic 
diversity favoring robust immune responses or displaying 
high reproductive performance and general adaptability, 
respectively (16).

Mouse genetic background can greatly impact the 
immune responses to virus infection (17). Research 
has demonstrated that BALB/c and C57BL/6J strains 
have different immune profiles, where BALB/c shows a 
Th2-biased response, which is linked to increased anti-
body production, while C57BL/6J mounts a Th1-biased 
response, which is marked by an increased pro-inflam-
matory cytokine production (18, 19). These variances 
might be among the factors leading to variations in the 
susceptibility and the course of the disease after IAV in-
fection. 

Studies comparing the pathogenicity of avian influen-
za A/H7N9 virus infection in these strains revealed that 
both showed significant weight loss and lung damage; 
however, the underlying immune mechanisms varied, in-
dicating that the genetic background is a key factor in 
regulating the immune responses to influenza viruses 
(20, 21). On the other hand, we could not find reports 
concerning infection of the CD1 IGS and NIH Swiss 
strains with the H1N1-PR8 IAV, but it is known that out-
bred strains like both have more genetic variability than 
inbred strains. 

The differential mouse gender susceptibility we saw in 
the present study was reported by others previously, 
showing that male C57BL/6J mice are more suscepti-
ble than females. Specific variants in the Y chromosome 
were shown to increase susceptibility to IAV infection 
in males and augment pathogenic immune responses 
in the lung, including activation of pro-inflammatory 
IL-17-producing γδ T cells, without affecting viral repli-
cation (22-25). 

Of note, we found that the anti-H1N1-IgM levels were 
higher among C57BL/6J males than females, while the 
anti-H1N1-IgG levels were higher among females than 
males. This finding might indicate that IgG, but not IgM, 
is the essential immunoglobulin class in neutralizing the 
IAV infection. The observed heterogeneity in the levels 
of IFN-ɣ in control, PBS-given, studied mouse strains re-
flects the influence of genetic background on the reg-
ulation of IFN-ɣ production and could support our sug-
gestion of a differential susceptibility of those mouse 
strains to H1N1 infection as evidenced by both differen-
tial bodyweight loss and differential antibody responses 
to infection. 

In agreement with our results, several studies reported 
a clear impact of genetic backgrounds on IFN-γ produc-
tion in different mouse strains (26, 27). The noticed drop 
in the IFN-γ levels in the infected C57BL/6J mice com-
pared to the PBS-given mice is directly proportional to 
the drop in the body weight of the same mouse strain 
upon infection. It points out the partial implication of 
this cytokine in host susceptibility to influenza infection. 
Consistent with our findings, several studies proved that 
H1N1 infection can decrease IFN-γ levels in mice, con-
tributing to impaired viral clearance, increased disease 
severity, and enhanced susceptibility to secondary bac-
terial infections (26, 28, 29). Unlikely, H1N1 infection 
induced an increase in the IFN-ɣ levels in the BALB/c 
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and NIH mice compared to control animals, and this 
might be partially the reason why these mouse strains 
did not lose weight upon infection. In agreement with 
our results, several studies demonstrated that infection 
of mice with H1N1 induces an increase in IFN-ɣ levels, 
which is associated with enhanced antiviral immune re-
sponses and improved outcomes (26, 30, 31). 

The only conflicting result is that although infection 
caused a drop in the IFN-γ levels in CD1 IGS mice, they 
did not lose weight upon infection, yet, from our partic-
ular point of view, this reflects the complexity of the ge-
netic susceptibility of mouse strains to infection which 
extends beyond interferon regulation and involves many 
other players. At the gender level, the recorded recov-
ery of the body weight loss in the female C57BL/6J mice 
between days 3-4 coincides with the observed increase 
of the IFN-γ upon infection of this animal group. Similar 
results have been previously reported where female mice 
exhibited higher production of IFN-ɣ level compared to 
male mice, suggesting that gender influences the im-
mune response to H1N1 infection (32).

In another study, ovariectomized female mice, which 
lack ovarian hormones such as estrogen, exhibited re-
duced IFN-ɣ production compared to intact females. 
This suggests that sex hormones, particularly estrogen, 
may contribute to the gender differences observed in 
IFN-γ response to H1N1 infection (33). Contrarily, in-
fection of the C57BL/6J male mice resulted in a drop 
in the IFN-ɣ levels, which might explain why male mice 
did not regain body weight until day 11. 

In contrast to our findings and on the innate immunity 
level, another report showed that male mice exhibited 

higher levels of pro-inflammatory cytokines, including 
IFN-ɣ, compared to female mice, which suggests gen-
der-related differences in the immune responses corre-
sponding to variations in the innate immune activation 
(34). While these studies provide evidence for gender-re-
lated differences in IFN-ɣ response to H1N1 infection in 
mice, further research is needed to fully understand the 
underlying mechanisms and whether similar findings can 
be extrapolated to humans. Finally, the recorded latest 
Ct values in the qRT-PCR detection of the virus RNA in 
lungs of BALB/c, CD1 IGS, NIH Swiss, and the earliest 
among the C57BL/6J illustrate the differential influen-
za infectivity of the mice from different genetic back-
grounds.

Study Limitations 
First, the sample size of animals per group in the study 
is relatively low. Second, the live virus in the lungs of in-
fected mouse strains was not titrated by plaque infectivi-
ty assay. Therefore, we plan to design a larger-scale study 
with adequate mice numbers per group and include the 
missing assays.

Conclusion
The studied host factors can be partially behind the re-
corded differential susceptibility of various mouse strains 
to infection with the H1N1-PR8 IAV. Our findings can 
help in selecting the proper mouse model for evaluating  
anti-IAV-vaccines. They can also be translated to future 
human studies to identify the highly susceptible individ-
uals to influenza infection and learn more about the host 
factors involved in resistance to IAV infection. 
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Validation and Comparative Analysis of  
Dihydrorhodamine 123 Oxidative Burst Measurement 
by Flow Cytometry in Neutrophils: A Study of Two  
Isolation Techniques and Two Bacterial Strains

Objective: Dihydrorhodamine (DHR) 123 measurement by flow cytometry is widely used 
to detect neutrophil phagocytosis and oxidative burst activity. Our study aimed to eval-
uate the performance characteristics of DHR 123 assay results of neutrophils isolated 
by two different techniques and stimulated with two bacterial strains according to the 
validation principles.
Material and Methods: The oxidative burst index of neutrophils was measured by flow cy-
tometry using healthy human venous blood samples. Granulocytes were separated by two 
different density separation methods, Ficoll and dextran sedimentation, and stimulated with 
two bacterial strains (ATCC 25923 Staphylococcus aureus subsp. aureus Rosenbach and 
ATCC 25913 methicillin-resistant S. aureus). Flow cytometric measurements were performed 
at five different time points (0, 10, 20, 30, 60 min). Statistical analysis was performed using 
GraphPad Prism version 8 software (GraphPad Software, Boston, USA) to assess linearity, 
precision, and sensitivity and to compare methods, bacterial strains, and incubation times. 
Results: Our study showed that isolation by the dextran method was more suitable due to 
low limits of detection and quantification. Both ATCC strains were suitable for use, but ATCC 
25923 may be preferred because the dextran isolation method with strain ATCC 25923 had 
the lowest limit of detection and quantification. Our data also showed that measurement at 
0 and 30 min was appropriate.
Conclusion: Our study contributes to the standardization of functional methods for neutro-
phil oxidative burst analysis.
Keywords: Flow cytometry, dihydrorhodamine 123, neutrophil, validation study
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Introduction
Neutrophils are the most abundant cells, accounting for 
50-70% of all white blood cells. They are critical in the 
immune response against bacterial and fungal patho-
gens. They are characterized by their ability to rapidly 
migrate to sites of infection or injury to eliminate in-
vading pathogens (1). Neutrophils trigger microbicidal 
mechanisms by engulfing and digesting foreign particles 
via phagocytosis, secretion of proteolytic enzymes, and 
antimicrobial peptides (2, 3). Neutrophils also perform a 
process called respiratory oxidative burst activity, which 
leads to an increase in reactive oxygen species (ROS) and 
oxidative stress (3). ROS are composed of superoxide 
anions (O2-) and hydrogen peroxide (H₂O₂) and create 
a highly toxic environment for ingested microorgan-
isms, allowing the bactericidal action of neutrophils (4). 
Therefore, ROS are ideal targets for investigating neutro-
phil function.

Defects in neutrophil activity, which can be quantitative 
or functional, result in weak defense against infection. 
The functional defect, in which reactive oxidative burst 
activity fails, is well described in chronic granuloma-
tous disease (CGD) (5). In addition, neutrophil oxidative 
burst activity may be higher or lower compared to the 
healthy state during the progression of many diseases, 
under treatment with certain drugs, or in environmen-
tal exposure to certain agents (6-11). The measurement 
of neutrophil oxidative burst has historically been per-
formed using different techniques to guide clinical prac-
tice and research on neutrophil function (12-16). One 
of these techniques is the widely used flow cytometric 
dihydrorhodamine (DHR) 123 assay (16). The DHR 123 
assay is widely used in clinical immunology to evaluate 
phagocytic function, particularly for diagnosing CGD 
and, in some cases, glucose-6-phosphate dehydroge-
nase (G6PD) deficiency (17, 18). In CGD, the test helps 
detect nicotinamide adenine dinucleotide phosphate 
(NADPH) oxidase complex dysfunction by assessing neu-
trophil oxidative burst capacity. DHR 123 test can also 
distinguish between the genetic forms of CGD (19, 20). 
Pathogenic variants in the CYBB gene, which follows an 
X-linked inheritance pattern, are responsible for about 
70% of cases, and carriers can be detected with the DHR 
123 test (21). The remaining genetic causes follow an 
autosomal recessive inheritance pattern and involve mu-
tations in NCF1, NCF2, CYBA, NCF4, or CYBC1 (20). While 
the DHR 123 test is primarily used for clinical diagnosis, 
the assay can also be adapted for research purposes to 

study neutrophil responses to various stimuli and clini-
cal conditions. 

DHR 123, the reduced form of rhodamine 123, is a com-
monly utilized fluorescent mitochondrial dye (22). DHR 
123 itself is non-fluorescent, but it easily enters most 
cells. It is oxidized by ROS to the fluorescent rhodamine 
123, which accumulates in mitochondrial membranes 
and exhibits green fluorescence (23). Rhodamine 123 
emits light at 488 nm, and a right shift in the histogram 
is observed in flow cytometric analysis due to strong flu-
orescence excitation (24). Measuring fluorescence in-
tensity by flow cytometry helps us detect the oxidative 
burst activity of neutrophils (24). Several factors may 
influence DHR 123 flow cytometric neutrophil oxidative 
burst assay results, including sample preparation, neu-
trophil purification technique, storage time and condi-
tions, DHR 123 concentration, type of stimulant used, 
pre-measurement incubation time, temperature and pH, 
laser power and filter settings of the flow cytometry (25-
32). The validation and optimization of these factors for 
the experiment are crucial for obtaining the most accu-
rate results.

Before conducting a DHR 123 neutrophil oxidative 
burst assay, every step must be considered and care-
fully planned, as neutrophils are sensitive to physical 
and chemical interventions in in vitro studies and have 
a short lifespan of 4-6 hours when out of circulation 
(33). At the beginning of the assay, good selection and 
application of the neutrophil isolation protocol during 
the sample preparation phase are essential to obtain a 
cell population with as high survival and purity without 
monocyte contamination as possible and to avoid de 
novo activation and false positive signals (34). For this 
purpose, “gradient separation”, called the “Ficoll meth-
od”, and “dextran sedimentation followed by the densi-
ty gradient separation”,  called the “dextran method”, 
are commonly used methods for neutrophil isolation. In 
addition, the chemical or biological agents used in the 
stimulation and pre-measurement incubation time are 
also important parameters affecting the test results’ 
accuracy and sensitivity. Therefore, meticulously iden-
tifying and controlling these factors are essential for 
obtaining accurate and reliable results. Various methods 
for isolating and stimulating neutrophils have been pro-
posed in the literature; however, there is no consensus 
on which isolation technique and stimulation type is ide-
al (27, 35-42). Furthermore, the pre-measurement incu-
bation time, an important part of DHR 123 analysis, may 
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vary according to different protocols. It is important to 
optimize and standardize the DHR 123 neutrophil oxida-
tive burst measurement technique between laboratories 
to achieve accurate results and correctly guide the clinic 
(43). Validation studies are important stepping stones to 
this path and help us assess the suitability of different 
protocols and analysis methods for their intended use 
(34). To validate an analytical procedure, prior knowl-
edge, data, or experiments are evaluated. According 
to “ICH Harmonised Guideline: Validation of analytical 
procedures Q2 (R2)”, in the validation process, analyti-
cal procedure objectives should be set in the first step, 
performance characteristics should be clarified based on 
the objectives in the second step, and validation tests 
should be performed in the last step (44). Assay valida-
tion is a crucial process in which an assay is rigorously 
tested against specific criteria to confirm its suitability, 
reliability, and consistency for its intended use. It is es-
sential for accurate research outputs and ensuring the 
accuracy of measurement results provided to healthcare 
providers.

In the framework explained above, in our study, we aimed 
to detect the performance characteristics of the assay re-
sults of the DHR 123 test of healthy human neutrophils 
isolated by two different techniques and stimulated with 
two different ATCC strains (ATCC 25923 - Staphylococcus 
aureus subsp. aureus Rosenbach and ATCC 25913 - meth-
icillin-resistant S. aureus [MRSA]). The results obtained 
for this purpose were evaluated using validation parame-
ters such as precision (including reproducibility), linearity 
and analytical sensitivity (limit of detection and limit of 
quantification). In addition, our research involved com-
paring two different separation methods, assessing stim-
ulation with two distinct bacterial strains and evaluating 
incubation and measurement times.

Materials and Methods 
Blood Samples
For this study, venous blood samples of five healthy vol-
unteers were drawn into 10 mL syringes pre-filled with 
sodium heparin (40 IU/mL) and immediately subject-
ed to neutrophil isolation. Voluntary informed consent 
forms were obtained before the utilization of blood sam-
ples from healthy individuals. The Yeditepe University 
Clinical Research Ethics Committee approved the study 
on October 18, 2024, with the decision number 2024-
KAEK-21/1035.

Bacterial Strains 
In this study, two different bacterial strains, S. aureus 
subsp. aureus Rosenbach (ATCC® 25923™) and MRSA 
(ATCC® 25913™), were used to stimulate neutrophils in 
an oxidative burst assay. Both strains were kindly provid-
ed by the Medical Microbiology Department, Faculty of 
Medicine, Yeditepe University.

Neutrophil Isolation 
Two distinct methods were compared within the context 
of the study. For the “density gradient separation” meth-
od, which we called the “Ficoll method” in the context 
of the study, 3 mL whole blood samples were layered on 
the lymphocyte separation medium containing Ficoll  
(v/v: 1/1) (Lymphocyte Separation Medium, Density 
1.077 g/mL, Cat-No: LSM-B; Capricorn Scientific, Germa-
ny) and incubated for 40 min at room temperature. Su-
pernatants containing the polymorphonuclear cells were 
transferred to a clean flow cytometry tube for further 
analysis. For the “dextran sedimentation followed by the 
density gradient separation” method, which we called 
the “dextran method” in the context of the study, whole 
blood samples were mixed by inverting the tubes with 
dextran solution (3% in 0.9% NaCl, Cat-No: 31392; Sig-
ma Aldrich, USA). After 40 min of incubation, the tubes 
were centrifuged at 300 g for 5 min, and the collected 
supernatants were layered on a lymphocyte separation 
medium containing Ficoll (v/v: 1/1). The tubes were fur-
ther incubated for 40 min at room temperature, followed 
by centrifugation at 300 g for 5 min. The supernatants 
were discarded, and erythrocytes in the erythrocyte-gran-
ulocytes pellet were lysed with VersaLyse Lysing Solution 
(Cat-No: A09777; Beckman Coulter, USA). After 15 min 
of incubation, the tubes were centrifuged at 300 g for  
5 min. The granulocyte pellets were suspended in Dulbec-
co’s phosphate-buffered saline (DPBS) and transferred to 
a clean flow cytometry tube for further analysis. 

Oxidative Burst Measurement in Neutrophils
For stimulating neutrophils, 50 µL of bacterial solution 
at a concentration of 1 MacFarland was added to 50 µL 
of neutrophil suspension in each tube. The total vol-
ume of the sample was then completed to 500 µL with 
DPBS, followed by the addition of DHR 123 to tubes (5 
µM/test, Cat-No: sc-203027; Santa Cruz Biotechnology, 
USA).  Tubes were incubated at room temperature un-
der dark for 60 min. Mean fluorescence intensity (MFI) 
values were measured using a DxFLEX flow cytometry 
system (Beckman Coulter, USA) at 0, 10, 20, 30, and 60 
min post-stimulation. The oxidative burst index was cal-
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culated by dividing the MFI measured at each relevant 
time point by the MFI at minute 0.

Statistical Analysis and Validation of 
Analytical Methods
Statistical analyses were conducted using GraphPad 
Prism version 8 software (GraphPad Software, Boston, 
USA), incorporating 2-way ANOVA, Pearson correlation, 
and linear regression methods. The parameters assessed 
within the framework of this study comprised linearity, 
analytical sensitivity (including limit of detection [LOD] 
and limit of quantification [LOQ]), and precision. Two-
way ANOVA was performed to compare the efficacy of 
separation methods and bacterial strains and to deter-
mine the optimal incubation duration. Linearity refers to 
the ability of the method to produce test results that 

are directly proportional to analyte concentration. When 
comparing the performance of different protocols, a 
higher r² value approaching 1 indicates greater protocol 
linearity. The terms “LOD” and “LOQ” mean the low-
est concentration at which the analyte can be detected 
and reliably quantified, respectively. We calculated the 
detection and quantification limits using the standard 
deviation of the blank samples (σ) and the slope of the 
standard curve (S). However, the precision between labo-
ratories could not be analyzed. 

Results
Linearity 
The Ficoll isolation method used ATCC 25913 MRSA 

Figure 1. Comparative analysis of protocol performances. The coefficient of determination, denoted as r², is computed by squaring the 
coefficient of correlation (r). This metric represents the percentage of variation in the dependent variable (y) elucidated by the collective 
influence of all independent variables (x). The higher r² value, approaching 1, signifies enhanced linearity in the protocol. The Ficoll isola-
tion method demonstrated the highest level of linearity in the MRSA-25913 protocol. 

MFI: Mean Fluorescence Intensity.
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showed the highest linearity.
In this study, the Ficoll isolation method showed the high-
est linearity with the MRSA-25913 protocol (Figure 1). 

Precision
The first and second measurements did not show sig-
nificant differences.
Precision refers to the degree of agreement between in-
dividual test results obtained under identical conditions. 
The study was conducted in duplicate, and no significant 
differences (p>0.05) were observed between the first and 
second measurements (Figure 2, Table S1). 

Analytical Sensitivity 
The dextran isolation method with strain ATCC 25923 
had the lowest LOD and LOQ. 
The detection limit was determined using the formula 

Figure 2. Evaluation of measurement repeatability. Measurement repeatability was assessed by conducting the study in duplicate, re-
vealing no significant differences between the first and second measurements (p>0.05). 

Table 1. Comparative analysis of limit of detection (LOD) and limit 
of quantification (LOQ) across protocols.

Protocol LOD (MFI) LOQ (MFI)

Ficoll-25923 39.35 119.26

Dextran-25923 5.51 16.68

Ficoll-25913 21.66 65.64

Dextran-25913 60.44 183.14

LOD and LOQ were determined using the standard deviation of blank sam-
ples (σ) and slope of the standard curve (S), with the formulas (3.3×σ)/S and 
(10×σ)/S, respectively. The dextran isolation method using bacteria coded 
25923 yielded the lowest limits.

MFI: Mean Fluorescence Intensity.

LOD: Limit of detection LOQ: Limit of quantification  
MFI: Mean fluorescence intensity 

https://turkishimmunology.org/wp-content/uploads/2025/04/TJI-13-1-574_SUPPLEMENTARY_MATERIAL.V2.pdf
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“limit of detection= (3.3×σ)/S”, and the lowest detec-
tion limit was found using the dextran isolation method 
and bacteria coded 25923 (Table 1). The quantitative de-
tection limit was calculated using the formula “limit of 
quantification= (10×σ)/S”, and the lowest limit was ob-
tained using the dextran isolation method with bacteria 
coded 25923 (Table 1).

Comparison Among Bacteria Between 
Periods
In the neutrophil oxidative burst test, the index is ob-
tained by dividing the average fluorescence value ob-
tained in the relevant period by the average fluores-
cence value at minute zero. No significant difference 

was detected between the bacteria between the periods 
(p>0.05) (Figure 3-A, Figure 3-B, Table S2).

Pre-Measurement Incubation Time 
Neutrophils isolated using the dextran method 
showed a notable change in the oxidative burst index 
between the 10th and 60th minutes for both bacteri-
al strains. However, measurements at 0 and 30 min-
utes are appropriate. 
A significant difference was found between the 10th and 
60th minutes in both bacterial strains in neutrophils iso-
lated by the dextran method (Dextran-25913: 10 min. 
vs. 60 min. p=0.04; Dextran-25923 10 min. vs 60 min  
p=0.02) (Figure 3-C). The literature has reported that 

Figure 3. Comparative analysis among protocols and bacterial strains. No significant difference was observed among bacterial strains 
for stimulation between the periods (p>0.05) (A, B). However, a significant difference was identified between the 10th and 60th minutes 
for both bacterial strains in neutrophils isolated using the dextran method (Dextran-25913: 10 min. vs. 60 min. p=0.04; Dextran-25923 10 
min. vs 60 min p= 0.02) (C).

https://turkishimmunology.org/wp-content/uploads/2025/04/TJI-13-1-574_SUPPLEMENTARY_MATERIAL.V2.pdf
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the dextran isolation method activates neutrophils, and 
the stability of DHR 123 in aqueous solutions needs to 
be investigated to confirm the specificity of the increase 
in DHR 123 signal in long-term incubation conditions 
(30, 45). Thus, the data suggests that measurements at 
0 and 30 min are appropriate (Figure 1).

Discussion
The production of ROS is integral to the antimicrobial 
and physiological functions of phagocytes (1). The pre-
cise measurement of this activity is essential, prompting 
the development of various techniques over the years, 
each with distinct advantages and limitations (13, 14, 
16, 22, 24, 27). Among these, flow cytometric assays 
have been established to precisely detect oxidative burst 
activity, traditionally employing nitroblue tetrazolium 
(NBT) and DHR 123 assays. Emmendörffer et al. (22), in 
their validation study, identified the DHR 123 method 
as a highly sensitive alternative to the clinically utilized 
NBT test for diagnosing chronic granulomatous disease 
(46). Subsequent studies have established the DHR 123 
method as a widely used probe (34, 36, 43). In this study, 
we used a DHR probe to measure oxidative burst activity.

Purifying human neutrophils for in vitro studies is chal-
lenging because of their susceptibility to activation 
during ex vivo manipulations (36). Although the DHR 123 
test is commonly performed on whole blood in clinical 
settings, we chose to use isolated neutrophils to ensure 
a more standardized evaluation of bacterial stimulation 
effects. This approach minimizes background noise from 
other blood components, allows more precise gating, 
and provides better control over the experimental con-
ditions, particularly in assessing bacterial stimulation 
effects on oxidative burst responses. Quach and Ferran-
te (45) conducted a comparative analysis of neutrophils 
purified using the classical 2-step method (dextran sed-
imentation followed by low-density Ficoll-Hypaque) and 
the 1-step high-density Ficoll-Hypaque gradient centrif-
ugation. Their findings demonstrated that the 2-step 
method led to increased CD11b expression, CD62L shed-
ding, adhesion, decreased random migration and che-
motaxis, and increased baseline oxidative burst activity. 
Notably, this effect was not confined to dextran, as Ficoll 
used for erythrocyte sedimentation also replicated the 
observed elevation in neutrophil adherence (45). In our 
study, emphasis was placed on the relative MFI values 
concerning the zero time point to mitigate the impact 

of baseline activation on measurement outcomes. DHR 
123 measurements were performed at five separate time 
points following neutrophil stimulation. Additionally, 
two distinct isolation procedures were employed, and 
the purified neutrophils were segregated into groups 
stimulated by two different bacterial strains. This ap-
proach allowed us to assess the relative efficacy of the 
bacterial strains and determine the isolation technique 
that yielded optimal results under diverse stimulation 
conditions. Based on the results obtained by validation 
methods, the superiority of the dextran method over the 
Ficoll method with low LOD and LOQ was demonstrated. 

Smith and Weidemann (47) examined the oxidative burst 
in human neutrophils stimulated in vitro with opsonized 
zymosan or phorbol myristate acetate (PMA) at the sin-
gle-cell level using dichlorofluorescein diacetate and 
DHR 123 as oxidative probes. DHR was the most sensitive 
probe, with PMA being the stronger stimulus (47). In the 
diagnosis of CGD, patients with a stimulation index (SI) 
below 1.5 are considered to have X-linked CYBB deficien-
cy (48). In our study, SI values in healthy controls were 
lower than expected compared to previously reported 
values in studies using PMA stimulation (48). This dis-
crepancy is likely due to the choice of stimulation meth-
od, as PMA is a potent activator of the NADPH oxidase 
complex, leading to a strong oxidative burst response. 
In contrast, bacterial stimulation may elicit a more vari-
able or lower oxidative response, depending on the bac-
terial component and strain used, opsonization status, 
and experimental conditions. Smits et al. (49) suggested 
that a 20-minute incubation period following Escherich-
ia coli stimulation is optimal for testing polymorphonu-
clear neutrophils (PMN) activity in bovine blood (49). In 
our study, we found that measurements taken at both 
the 0th and 30th minutes are adequate and optimal 
for isolated neutrophils stimulated by either of the two 
bacterial strains: ATCC 25923 (S. aureus subsp. aureus 
Rosenbach) and ATCC 25913 (MRSA). Both ATCC strains 
are suitable for use, but ATCC 25923 may be preferred 
because the dextran isolation method with strain 25923 
has the lowest LOD and LOQ.

Proper sample preparation, neutrophil purification 
technique, storage time and conditions, DHR 123 con-
centration, type of stimulant used, pre-measurement 
incubation time, temperature and pH, laser power and 
filter settings of the flow cytometry, and optimization of 
all these factors for the specific experiment are crucial 
to obtain the most accurate results. Within the existing 
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literature, investigations pertaining to neutrophil isola-
tion or stimulation methods commonly emphasize the 
parameters as viability, purity, cellular yield, pre-activa-
tion states of cells, and the expression levels of immu-
nological receptors (26, 27, 29, 34, 37, 40, 41, 44-46). As 
is different from existing literature, our study focused on 
the validation parameters, including linearity, analytical 
sensitivity (LOD, LOQ), and precision. 

Recently, Krémer et al. (50) compared different neu-
trophil isolation methods in terms of their efficacy and 
impact on neutrophil physiology, and the authors re-
vealed that negative immunomagnetic selection yielded 
neutrophils resembling those in whole blood in terms of 
their functions. However, this method is more costly than 
the methods evaluated in our study. Herein, although 
the dextran method with 30 min stimulation provided 
similar data compared to the Ficoll method with 60 
min stimulation, it is widely accepted that the dextran 
method yields high-purity neutrophils (40, 45). Addition-
ally, prolonged incubation with DHR 123 may result in 
non-specific signals (51). Shorter incubation durations 
with DHR 123 may increase assay sensitivity, but this 
should be confirmed in future studies.

Study Limitations
The main limitations of this study were the use of only 
two standard bacterial strains, the limited number of 
healthy samples, and the use of a single measurement 
method and device. Evaluating more bacterial strains for 
clinical trials, increasing the sample size, and comparing 
the DHR 123 test with other tests based on fluorescence 
emission detection, such as fluorimetry, would increase 

the accuracy and reliability of the study. Additionally, an-
alyzing the inter-instrument validity of the test by mea-
suring the samples of the same individuals in another 
flow cytometry device is recommended. Future studies 
should address these limitations and compare data from 
a more comprehensive sample.

Conclusion
Our study revealed that the dextran isolation method 
was optimal, given its lower LOD and LOQ. ATCC 25923- 
S. aureus subsp. aureus Rosenbach was the preferred 
strain because of its lowest LOD and LOQ using this 
method, whereas ATCC 25913 MRSA remained suitable. 
Furthermore, our data suggested that measuring at 0 
and 30 min was appropriate.

Our study provided a detailed overview of the DHR 123 
flow cytometric assay for measuring neutrophil oxida-
tive burst, the critical role of isolation methodologies, 
stimulation protocols, and temporal considerations in 
ensuring the accuracy of the results. By addressing key 
technical questions, our research significantly contrib-
utes to the ongoing efforts to identify ideal methods 
for studying neutrophil oxidative bursts, benefiting both 
research and clinical applications. In future studies, ex-
ploring alternative methods to isolate neutrophils, ex-
amining additional bacterial strains, testing different 
stimulants, conducting more extensive validation stud-
ies, and exploring potential diagnostic applications will 
further enhance our understanding and application of 
these assays.
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Fc Receptor-Like 3 Gene Polymorphism and the Risk 
of Lupus Nephritis in Systemic Lupus Erythematosus 
Patients

Objective: Fc receptor-like 3 (FCRL3) is a novel autoimmune activator with an immunoreg-
ulatory role in several autoimmune disorders, including systemic lupus erythematosus (SLE). 
We aimed to assess FCRL3 gene polymorphism in the risk of nephritis and different clinical 
and laboratory parameters in Egyptian SLE patients. 
Materials and Methods: The study categorized SLE patients into two groups with and with-
out lupus nephritis (LN) and compared them with healthy controls. SLE patients underwent 
clinical and laboratory assessment. Single nucleotide polymorphism of the FCRL3 gene was 
done at positions −169A/G rs7528684 and −110C/T rs11264799. 
Results: The study included 47 SLE patients divided into patients with and without lupus 
nephritis (LN) and 40 healthy controls. SLE patients with LN had higher disease activity, were 
positive for anti-DNA, and had disturbed kidney and liver functions, disturbed hematological 
parameters, higher inflammatory markers, and lower immunological markers (complement 
3 and 4) levels than patients without nephritis. Statistical analysis showed no deviation of 
genotype frequencies of rs7528648 and rs11264799 of FCRL3 gene from Hardy–Weinberg 
equilibrium, neither in SLE patients compared to controls nor in SLE patients with nephritis 
compared to patients without nephritis. 
Conclusion: For the rs7528648 single nucleotide polymorphism (SNP), the C allele and the 
CC genotype were non-significantly higher in SLE patients than in patients without nephritis. 
The rs11264799 SNP showed that the frequency of the G allele and the GG genotype was 
non-significantly higher in LN patients, while the frequency of the A allele was higher among 
patients without nephritis. 
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Introduction
Systemic lupus erythematosus (SLE) is a chronic autoim-
mune disease that affects multiple organs. Its prevalence 
is higher in women, but its course is more critical in men 
with bad prognosis expeditious (1). The exact etiology 
of SLE is unclear. However, an interaction that includes 
genetic and environmental issues triggers the immune 
system to produce autoantibodies and cytokine dysreg-
ulation, resulting in tissue injury (2). SLE is distinguished 
by the presence of antinuclear and anticytoplasmic anti-
bodies, and other autoantibodies can be found as well (3). 

Lupus nephritis (LN) is a severe complication of SLE. 
Most SLE patients develop kidney affection during the 
disease course (4). Fc receptor-like (FCRL) proteins are 
groups of six molecules (FCRL1-FCRL6) that belong to 
the immunoglobulin superfamily (5). FCRL3 is particu-
larly highly valued because it is a significant marker for 
B lymphocytes and responsible for the maturation and 
reaction of these cells (6). Other cells that express FCRL3 
include natural killer (NK) and regulatory T (Treg) cells 
(7). Single nucleotide polymorphism (SNP) in the FCRL3 
has been identified in previous reports (polymorphisms at 
rs7528684 and rs11264799), and it is associated with the 
occurrence of autoimmune diseases like rheumatoid ar-
thritis, Behçet’s disease, and multiple sclerosis (MS) (8). 

Previous data had found an association between the SNP 
of rs7528684 of the FCRL3 gene and the occurrence of 
SLE in Japan (9). The expression of the FCRL3 gene on 
various immune cells could be affected by SNP of the 
gene, which may lead to modulation of the B and T cell 
activation and function and alter the signaling pathways 
in these cells (10). Reports about SNP of rs7528684 and 
rs11264799 in SLE and LN are globally few and lacking 
for Egyptian SLE patients.  Therefore, in this study, we 
aimed to assess the potential association of common 
polymorphism of FCRL3 gene in SLE Egyptian patients 
with and without nephritis and to correlate FCRL3 gene 
polymorphism with different clinical and laboratory data.

Materials and Methods
Study Design and Participants
This hospital-based case-control study included patients 
with SLE who met the criteria approved by the European 
League Against Rheumatism (EULAR) Executive Commit-
tee and the Board of the American College of Rheuma-

tology (ACR). They were divided into two groups (based 
on the results of histopathological examination of renal 
biopsy): a group of SLE patients without LN and another 
group included SLE patients with LN. Controls comprised 
healthy age- and sex-matched individuals. Patients aged 
<18 years old or >60 years old, coexistence of other au-
toimmune diseases, viral infections (including viral hep-
atitis B or C), malignancies, and pregnant or lactating 
females were excluded. 

The Institutional Review Board of the Faculty of Medi-
cine, Assiut University, approved the study with the num-
ber 04-2023-200089. Written consent was obtained from 
all participants. Each participant was coded by number 
to ensure confidentiality. 

Clinical and Laboratory Assessment
Controls and SLE patients underwent a full medical histo-
ry and clinical assessment, including chest, cardiovascu-
lar, gastrointestinal, eye, genitourinary, neuropsychiatric, 
and associated comorbidities. Additionally, they under-
went an assessment of disease activity (using the SLE dis-
ease activity index; SLEDAI) and disease-induced damage 
(using the SLEDAI-2K index). Laboratory investigations in-
cluded complete blood count, liver function tests, kidney 
function tests, complete urine analysis, C-reactive protein 
(CRP) levels, erythrocyte sedimentation rate (ESR), anti-
nuclear antibody (ANA), anti-double stranded DNA (an-
ti-ds-DNA), complement 3 (C3), and complement 4 (C4). 
Renal biopsy for histopathological grading of LN was col-
lected from SLE patients suspected to have LN. 

Determination of FCRL3 Gene Polymorphism 
(SNP Genotyping) 
For the SNP genotyping assay of FCRL3, 3 mL of periph-
eral venous blood was collected from SLE patients and 
controls in labeled EDTA tubes. Genomic DNA (gDNA) ex-
traction from whole blood was done using QIAamp DNA 
Blood Mini Kit (Qiagen N.V., Germany; Catalog no: 51104) 
according to the manufacturer’s instructions. NanoDrop® 
Spectrophotometer (ThermoFisher Scientific, USA) was 
used to quantify and assess the purity of DNA in samples. 
Determination of FCRL3 gene polymorphism of two stud-
ied SNPs was performed using TaqMan™ SNP Genotyping 
Assay (ThermoFisher Scientific, USA) at positions −169A/G 
rs7528684 (primer sequences were F:5′GAAAATAATACAAAT-
GTACAGATTA3′ and R:5′GGCTTTAAAAACGGTGGTAC3′) and 
−110C/T rs11264799 (primer sequences were F:5′CTCAATC-
CCGGTAGTGATACA3′ and R:5′CTCATAAACAACTTATGTGA-
GA3′) as recommended previously (11). The total reaction
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volume of the allele discrimination reaction mix was 20 μL. 
The reaction mix was composed of 10 μL Applied Biosys-
tems™ TaqMan™ Universal PCR Master Mix (ThermoFisher 
Scientific, USA), 0.5 μL of 40XSNP genotyping assay, and 9.5 
μL of 20 ng purified gDNA diluted in nuclease-free water. 

The reaction was conducted on a 7500 Real-Time PCR 
system (ThermoFisher Scientific, USA). The following 
protocol was used: denaturation at 95°C for 10 min, fol-
lowed by 40 cycles of denaturation at 92°C for 15 sec-
onds and annealing and extension at 60°C for 1 min. The 
plate’s post-PCR fluorescence measurement was evalu-
ated by real-time PCR software (ThermoFisher Scientific, 
USA).

Statistical Analysis
All statistical calculations were done using SPSS version 
22. Data were statistically described as mean ± standard
deviation, or median and range as appropriate, frequen-
cies (number of cases), and relative frequencies (per-
centages) when appropriate. Student-t test, Mann-Whit-
ney U test, and chi-square test were used. Significance
was considered when the p-value was ≤ 0.05.

Results
Demographic, Clinical Data, And Treatment 
Regimens of SLE Patients
The study included 47 SLE patients and 40 healthy con-
trols. SLE patients were 46 (98%) females and one (2%) 
male and aged 33.2 ± 7.9 years (childbearing age). The 
mean age at onset of SLE disease in patients was 27.6 ± 
7.6 (range 18–40.5) years, with a mean disease duration 
of 5.3 ± 4.5 (range 0.25–21) years. Healthy controls were 
age- and sex-matched with SLE patients. Histopatho-
logical examination of renal biopsies of SLE patients re-
vealed that 22 (47%) patients had no LN; on the other 
hand, 25 (53%) patients had LN categorized as class 4 in 
24 patients and class 5 in one patient. The mean age of 
LN patients was significantly younger than those without 
nephritis (30.3 ± 6.9 years vs. 36.4 ± 8 years; p=0.008). 
The mean disease duration in LN patients was signifi-
cantly shorter than patients without nephritis (4.4 ± 2.7 
years vs 6.3 ± 5.85 years; p=0.034). Body mass index 
(BMI) was lower for LN patients than patients without 
nephritis (24.7 ± 2.9 vs. 25.2 ± 4.5), but differences were 
not significant (p=0.161). Clinical manifestations of LN 
patients showed that they significantly had frothy urine 
and suffered nephrotic syndrome and nasal ulcers more 

than patients without nephritis. Clinical data, including 
chest, cardiovascular, gastrointestinal, and associated 
comorbidities, did not show significant differences be-
tween the groups. Arthralgia and arthritis affected LN 
patients more than others, but such differences did not 
reach significant levels (Table 1). Treatment medication 
for SLE patients is shown in Table 2. Significantly, a high-
er number of LN patients were treated with methotrex-
ate, azathioprine, mycophenolate, and methylpredniso-
lone. No significant differences were shown between the 
two groups regarding other regimens. 

Disease-Induced Damage Among SLE with 
and without LN according to SLICC/ACR 
Damage Index and SLEADI-2K
Out of the 25 SLE patients complicated with nephritis, 
10 cases (40%) suffered from disease-induced damage 
as assessed by the Systemic Lupus International Col-
laborating Clinics (SLICC)/ACR Damage Index; on the 
other hand, this number was 2 (9%) among patients 
without nephritis (p=0.02). Furthermore, patients with 
LN suffered significantly higher SLEDAI-2K compared 
to patients without nephritis (p≤0.001), including 19 
(76%) patients who suffered severe disease activity and 
6 (24%) who suffered very severe activity. Among non-
LN patients, 12 (54.5%) had moderate activity, 6 (27%) 
had mild activity, and 4 (18.2%) had no flare.

Laboratory Findings
Kidney function tests of SLE patients showed that LN 
patients had significantly higher blood urea, higher se-
rum creatinine, elevated 24-hour protein in urine, and 
lower creatinine clearance compared to patients without 
nephritis. LN patients showed significant proteinuria, 
increased number of casts, red blood cells (RBCs), and 
pus cells in urine compared to patients without nephri-
tis. Complete blood count findings showed that LN pa-
tients were significantly anemic compared to non-LN 
patients, and RBC count, white blood cell (WBC) count, 
and platelet count showed no significant differences be-
tween both groups (p>0.05). In addition, patients with 
LN had significantly higher neutrophils, lower lympho-
cytes, lower eosinophils, and lower basophils than pa-
tients without nephritis. Liver function tests showed that 
LN patients had significantly lower serum protein levels, 
albumin levels, total bilirubin levels, and alkaline phos-
phatase enzyme levels compared to patients without 
nephritis (p<0.05). Meanwhile, aspartate transaminase 
(AST) and alanine transaminase (ALT) levels show no sig-
nificant differences between patients with and without 
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Variables 
Without LN (n=22) With LN (n=25)

p-value*
n (%)

Clinical Presentation

Fatigue 11 (50) 13 (52) 1.00

Morning stiffness 4 (18) 7 (28) 0.500

Fever 2 (9) 2 (8) 1.00

Raynaud’s phenomenon 1 (4.5) 0 (0) 0.468

Delirium 1 (4.5) 0 (0) 0.468

Headache 2 (9) 0 (0) 0.214

Frothy urine 3 (13.6) 22 (88) <0.001*

Nephrotic syndrome 0 (0) 5 (20) 0.050*

Alopecia 19 (86.4) 21 (84) 1.00

Vascular purpura 1 (4.5) 1 (4) 1.00

Urticaria 0 (0) 1 (4) 1.00

Malar rash 12 (54.5) 15 (60) 0.773

Oral ulcers 17 (77) 22 (88) 0.446

Nasal ulcers 1 (4.5) 7 (28) 0.050*

Genitourinary manifestations 0 (00) 1 (4) 1.00

Photosensitivity 15 (68) 21 (84) 0.300

Chest Manifestations

Dyspnea on exertion 2 (9) 4 (16)
0.530

Cough 1 (4.5) 0 (0)

Arthralgia 12 (54.5) 14 (56) 1.00

Arthritis 6 (27) 10 (40) 0.540

Cardiovascular

Palpitation 0 (0.0) 1 (3.4)
1.00

History of angina 1 (3.2) 0 (0)

Gastrointestinal

Constipation 1 (4.5) 0 (0)
0.214

Epigastric pain 1 (4.5) 0 (0)

Associated Comorbidities

Diabetes mellitus 1 (4.5) 2 (8)
1.00

Hypertension 1 (4.5) 1 (4)

Positive Family History 1 (4.5) 0 (0) 1.00

Table 1. Clinical data of SLE patients with and without lupus nephritis (LN).

*Significance defined by p<0.05
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nephritis. SLE patients with LN have significantly higher 
inflammatory markers  (ESR & CRP) and significantly low-
er immunological markers (C3 & C4) compared to those 
without nephritis (p<0.05). All SLE patients were ANA 
positive (p=1.00), while all LN patients were anti-DNA 
positive compared to patients without nephritis (were 
negative for anti-DNA) (chi-square; p≤0.001) (Table 3).

FCRL3 Gene Polymorphism and Risk of LN
Table 4 demonstrates the frequencies of genotypes and 
alleles of rs7528648 and r s 1 1 2 6 4 7 9 9  FCRL3 in 
SLE patients and controls. There were no significant 
genotype differences between patients and controls 
(p>0.05). For rs7528648, we found that SLE patients 
had a higher predominance of the homozygous CC and 
TT genotypes vs controls. LN patients had a higher CC 
genotype than patients without nephritis. The frequen-
cies of C and T alleles were higher in SLE patients than in 
controls. LN patients had a higher C allele than patients 
without nephritis. Concerning the rs11264799 SNP, 
there were no significant differences between patients 
and controls (p>0.05). Nevertheless, SLE patients had a 
higher predominance of the heterozygous AG genotype 
and higher G and A alleles than the control group. 

LN patients had higher GG and AG genotype frequencies 
than patients without nephritis. The frequency of the G 
allele was higher in LN patients than in patients with-
out nephritis, while the frequency of the A allele was 
higher among patients without nephritis. The genotype 
and allelic frequencies of rs7528684 and rs11264799 
genes in SLE patients regarding different clinical data 
are shown in Table 5. According to renal biopsy grades 
of 4 and 5, SLICC/ACR Damage Index, and SLEDAI-2K, 
the predominance of the TC genotype and C allele for the 
rs7528684 gene, and the GG genotype and the G allele 
for the rs11264799 gene was observed. However, this pre-
dominance was not significant. The genotype and allelic 
frequencies of rs7528684 and rs11264799 genes in SLE 
patients regarding different laboratory data are shown in 
Table 6. For the rs7528684 gene, predominance of the CC 
genotype was observed with higher levels of 24h protein, 
significantly higher levels of C4 in serum, and higher lev-
els of CRP. 

On the other hand, the TT genotype was predominant, 
with higher creatinine clearance and higher C3 levels. The 
heterozygous TC genotype was predominant in higher 
ESR levels and among patients with positive anti-DNA. 

Treatment
Without LN (n=22) With LN (n=25)

p-value*
n (%)

Methotrexate 11 (50) 21 (84) 0.026

Hydroquinone 2 (9) 1 (4) 0.590

Sulfasalazine 0 (0) 4 (16) 0.110

Azathioprine 1 (4.5) 9 (36) 0.012

Cyclophosphamide 12 (54.5) 18 (72) 0.240

Steroids 15 (68) 22 (88) 0.150

NSAIDS 2 (9) 5 (20) 0.420

Others

Mycophenolate 0 (0) 4 (16)

0.014

Methylprednisolone 0 (0) 2 (8)

ACEI 0 (0) 1 (4)

Calcium channel blocker 0 (0) 1 (4)

Marivan 0 (0) 1 (4)

Table 2. Treatment history of SLE patients with and without nephritis.

ACEI: Angiotensin converting enzyme inhibitors, NSAIDS: Non-steroidal anti-inflammatory drugs, SLE: Systemic lupus erythematosus.  
*Significance defined by p<0.05.
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Laboratory Tests without LN (n=22) with LN (n=25) p-value*

Kidney Function

Serum urea (mmol/L) 6.7 ± 6 12.43 ± 12.1 0.012*

Serum creatinine (µmol/L) 72.6 ± 38.2 104 ± 107.6 0.033*

Serum uric acid (mg/dL) 3.9 ± 1.4 4 ± 1.6 0.567

24h protein in urine (mg/day) 286 ± 142.5 2880 ± 1956 <0.001*

Creatinine clearance (mL/min) 104.7 ± 38.2 80.4 ± 42 0.043*

Liver Function Tests

Total protein (g/L) 72.5 ± 14.4 58.2 ± 15.8 0.002*

Serum albumin (g/L) 43.2 ± 3.4 33.3 ± 7.6 <0.001*

Total bilirubin (µmol/L) 10.4 ± 10.9 5.3 ± 3.8 0.033*

Aspartate transaminase (U/L) 18.9 ± 10.2 24.6 ± 11.16 0.072

Alanine transaminase (U/L) 25.4 ± 15.9 22.7 ± 16.1 0.566

Alkaline phosphatase (U/L) 60.8 ± 22.3 46 ± 22 0.029*

Urine Examination, n (%)

Proteinuria 4 (18) 25 (100) <0.001*

Casts in Urine

None 22 (100) 13 (52)

<0.001*Hyaline casts 0 (0) 7 (28)

Granular casts 0 (0) 5 (20)

Hematuria (RBCs in urine) 3 (9.7) 12 (41.4) 0.002*

Pyuria (pus in urine) 2 (90) 20 (80)

<0.001*
Low (6-10 pus cells/HPF) 2 (9) 2 (8)

Moderate (11-20 pus cells/HPF) 0 (0) 3 (12)

High (>20 pus cells/HPF) 0 (0) 15 (60)

Complete Blood Count

Hemoglobin level (g/dL) 12.3 ± 1.0 10.8 ± 2.3 0.008*

RBC (106/µL) 4.2 ± 0.54 4.0 ± 0.71 0.216

WBC (10³/µL) 6.6 ± 2.6 6.9 ± 3.8 0.735

Neutrophils (%) 59 ± 15 74 ± 10 <0.001*

Lymphocytes (%) 27.5 ± 11 18 ± 12.5 0.008*

Eosinophils (%) 1.8 ± 1.78 0.96 ± 1.0 0.007*

Basophils (%) 0.45 ± 0.32 0.28 ± 0.31 0.050*

Platelets (103/µL) 250.4 ± 75.5 272.2 ± 85.5 0.358

Inflammatory and Immunologic Markers

ESR (mm/h) 29.8 ± 25.7 48.8 ± 30 0.024*

CRP (mg/L) 9 ± 7.2 13.6 ± 7.6 0.046*

C3 (g/L) 1.53 ± 0.27 0.12 ± 0.25 <0.001*

C4 (g/L) 1.1 ± 0.66 0.084 ± 0.14 <0.001*

ANA: Positive, n (%) 22 (100) 25 (100) 1.00

Anti-DNA: Positive, n (%) 0 (0) 25 (100) <0.001*

Table 3. Laboratory and immunologic markers of SLE patients with and without nephritis.

ANA: Antinuclear antibody, C3: Complement 3, C4: Complement 4, CRP: C-reactive protein; ESR: Erythrocyte sedimentation rate, LN: Lupus nephritis,  
RBC: Red blood cells, WBC: White blood cells. *Significance defined by p<0.05.
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For the rs11264799 gene, predominance of the AA gen-
otype was observed in higher C3, higher C4, higher ESR, 
and higher CRP serum levels. At the same time, the ho-
mozygous GG genotype was predominant in patients with 
positive anti-DNA.

Discussion
This study aimed to assess the common polymorphism 
in the FCRL3 gene in SLE Egyptian patients with and 
without nephritis, compare them with healthy controls, 
and evaluate such polymorphisms with clinical and labo-
ratory data in SLE patients. Our SLE patients were mostly 
females. It is consistent with Narani (12) and Jolly et al. 
(13), who concluded that SLE is more common in the 
female sex, especially at childbearing age. The mean age 
of our patients complicated with nephritis was younger 
than that of the patients without nephritis. This finding 
aligned with previous data that declared that the devel-
opment of LN in SLE patients occurs at an earlier age 
than in patients with no nephritis. In addition, LN devel-
ops early during the disease, within six to 36 months, 

and may be present at initial diagnosis (14, 15). Clini-
cal evaluation for SLE patients included in the study re-
vealed that frothy urine, nephrotic syndrome, and labo-
ratory evaluation of proteinuria were significantly higher 
among patients complicated with LN.  Parikh et al. (16) 
concluded that proteinuria must be present to diagnose 
LN and nephrotic-range proteinuria clinically, which was 
found in more than half of the cases in their study. 

A considerable number of our LN patients suffered from 
disease-induced damage as assessed by the SLICC/ACR 
Damage Index vs patients without nephritis. Also, our 
LN patients suffered significantly higher disease activity 
compared to patients without nephritis.  Previous data 
revealed that LN is considered a serious organ involve-
ment in SLE that increases the risk of mortality in those 
patients. Mortality rate ranges from 5% to 25% in LN 
patients within 5 years of onset. 

Moreover, about a third of LN patients may proceed to 
renal failure that requires renal replacement treatment 
(17, 18). In the current study, patients with LN had sig-
nificantly higher serum urea and creatinine levels and 

SNPs  
(genotype/allele)

Controls 
(n=40)

SLE patients 
(n=47) p-value*

Patients with-
out nephritis 

(n=22)
LN patients 

(n=25) p-value*

rs7528684, n (%)

 CC 8 (20) 12 (25.5)

0.60

5 (23) 7 (28)

0.643

 TT 3 (7.5) 6 (12.8) 4 (18) 2 (8)

 TC 29 (72.5) 29 (61.7) 13 (59) 16 (64)

 C 45 (56) 53 (56.4) 23 (52) 30 (60)

 T 35 (44) 41 (43.6) 21 (48) 20 (40)

 rs11264799, n (%)

 GG 26 (65) 26 (55.3)

0.241

11 (50) 15 (60)

0.567

 AA 6 (15) 4 (8.5) 3 (13.6) 1 (4)

 AG 8 (20) 17 (36.2) 8 (36.4) 9 (36)

 G 60 (75) 69 (73.4) 30 (68) 39 (78)

 A 20 (25) 25 (26.6) 14 (32) 11 (22)

*Significance defined by p<0.05.

Table 4. Genotype & allelic frequencies of the studied cohort (SLE patients vs controls) of rs7528684 (T/C) and rs11264799 (A/G)  
SNPs of FCRL3 gene. 
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significantly lower creatinine clearance compared to SLE 
patients without nephritis. Also, patients with LN have 
significantly higher 24-hour protein in the urine, higher 
hematuria, pyuria, and increased urinary casts compared 
to patients without nephritis. Previous reports revealed 
that abnormal laboratory findings of kidney function 
tests raise the possibility of LN and necessitate renal bi-
opsy for proper diagnosis and grading (16). Also, Pons-Es-
tel et al. (17) declared that LN is a type of glomerulone-
phritis and represents an important organ manifestation 

of SLE associated with disturbed renal functions and may 
lead to end-stage renal failure. 

In our study, analysis of liver function tests showed that 
patients complicated with LN had significantly lower to-
tal protein, lower serum albumin levels, and lower total 
bilirubin levels compared to patients without nephritis. 
González-Regueiro et al. (19) correlated the degree of 
hypoalbuminemia and lower total protein level in pa-
tients with LN to the degree of proteinuria. Also, intensive 

rs7528684 rs11264799

Variables CC TT TC C T p-value GG AA AG G A p-value

Renal Biopsy, n (%)

Class 4 (n=24) 7 (29) 2 (8) 15 (63) 29 (60) 19 (40)
0.78

14 (58) 1 (4) 9 (38) 37 (77) 11 (23)
0.721

Class 5 (n=1) 0 (0) 0 (0) 1 (100) 1 (50) 1 (50) 1 (100) 0 (0) 0 (0) 2 (100) 0 (0)

SLIC/ACR Damage, n (%)

Yes (n=12) 4 (33) 1 (8) 7 (53) 15 (63) 9 (37) 0.793 7 (58) 1 (8) 4 (33) 18 (75) 6 (25) 0.858

SLEDAI-2K, n (%)

Mild activity (n=6) 2 (33) 1 (17) 3 (50) 7 (58) 5 (42)

0.956

3 (50) 2(33) 1 (17) 7 (58) 5 (42)

0.429
Moderate activity (n=12) 2 (17) 2 (17) 8 (67) 12 (50) 12 (50) 6 (50) 1 (8) 5 (42) 17 (71) 7 (29)

Severe activity (n=19) 5 (26) 2 (10.5) 12 (63) 22 (58) 16 (42) 10 (53) 1 (5) 8 (42) 28 (74) 10 (26)

Very severe activity (n=6) 2 (33) 0 (0) 4 (67) 8 (67) 4 (33) 5 (83) 0 (0) 1 (17) 11 (92) 1 (8)

Table 5. Relation between rs7528684 and rs11264799 genes polymorphism and clinical data in SLE patients (n=47).

Variables
rs7528684 rs11264799

CC TT TC p-value GG AA AG p-value

24 h protein (mg/day) 2381 ± 2778 897±1186 1529 ± 1568 0.257 1714 ± 1885 1414 ± 2036 1652 ± 2083 0.960

Urea (mg/dL) 7.2 ± 5.8 12.3±15.2 10.3 ± 10.4 0.55 11 ± 12 10.7 ± 12 7 ± 5 0.269

Creatinine (mg/dL) 74.8 ± 52 99 ± 45 93 ± 99.4 0.78 100 ± 106 104 ± 85 70 ± 23 0.495

Creatinine clearance (mL/min) 94 ± 36 104 ± 39 88.2 ± 45 0.68 89.3 ± 47 93 ± 54 95 ± 32 0.899

C3 (g/L) 0.75 ± 0.76 1 ± 0.84 0.73 ± 0.76 0.643 0.7 ± 0.76 1.43 ± 0.23 0.74 ± 0.78 0.198

C4 (g/L) 0.65 ± 0.8 0.5 ± 0.56 0.53 ± 0.67 0.852 0.43 ± 0.55 1.4 ± 0.8 0.54 ± 0.44 0.026

ESR (mm/h) 36 ± 24 37 ± 27 42 ± 32 0.81 42.3 ± 32 48 ± 33 34 ± 24 0.573

CRP (mg/L) 15.7 ± 7.8 9.3 ± 8.9 10.2 ± 6.7 0.086 11.1 ± 8.6 15.8 ± 4.3 11 ± 6.7 0.517

Anti-DNA: positive (n=25), n (%) 7 (28) 2 (8) 16 (64) 0.643 15 (60) 1 (4) 9 (36) 0.567

Table 6. Relation between rs7528684 and rs11264799 genes polymorphism and some laboratory data in SLE patients (n=47).
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drug therapy for high-class LN can explain the disturbed 
liver function tests (14). Previous data determined the 
antioxidant and immunomodulator role of bilirubin, thus 
acting as a protector against autoimmune diseases (20). 
In a meta-analysis conducted in 2023, the authors found 
that levels of bilirubin were significantly elevated in SLE 
patients without nephritis than in patients with nephritis, 
as revealed in our study (21). 

Our LN patients were significantly anemic compared to 
those without nephritis. Previous studies clarified that 
decreased erythropoietin production and erythropoi-
etin resistance in LN contribute to anemia in SLE (22). 
Additionally, in this study, patients with LN suffered sig-
nificantly higher neutrophils, lower lymphocytes, lower 
eosinophils, and lower basophils when compared to pa-
tients without nephritis. Abdalhadi et al. (23) explained 
that high neutrophil counts in SLE patients with nephri-
tis are due to the inability of the complement pathway 
to get rid of the lupus neutrophils, thus leading to their 
accumulation. Wanitpongpun et al. (24) declared that 
the low lymphocytes, eosinophils, and basophils counts 
in patients with LN were explained based on intensive 
myelosuppressive drugs used for these patients. 

Patients with LN included in this study had significantly 
higher inflammatory markers (ESR & CRP) and signifi-
cantly lower immunological markers (C3 & C4) com-
pared to those without nephritis. Our findings are consis-
tent with previous data that declared LN to be a form of 
glomerulonephritis (inflammation of renal parenchyma) 
that is markedly associated with elevated inflammatory 
markers (i.e., ESR & CRP) (17). Complement proteins are 
engaged in the pathogenesis of LN; any decline in com-
plement levels in serum or the complement deposition/
activation in kidney tissues are related to LN and can be 
used as a diagnostic label for LN (25). 

All patients with LN in our study had positive anti-DNA 
in contrast to patients without nephritis, who were all 
negative for anti-DNA. Rekvig (26) assumed that the 
pathogenic potential of anti-DNA interactions is to stir 
up LN, which could be related to a common pathogenic 
sequela. Previous reports on genetic polymorphism in 
the FCRL3 gene and its relation to SLE are scarce. We 
evaluated the genotype frequency for rs7528648 and 
rs11264799 genes of FCRL3. Statistical analysis showed 
no deviation of genotype frequencies of rs7528648 and 
rs11264799 of FCRL3 neither in SLE patients in compar-
ison to controls nor LN patients in comparison to non-LN 

patients. However, certain genotypes and certain alleles 
were associated with some clinical or laboratory data in 
SLE patients, such as the predominance of the TC, GG 
genotypes, and C and G alleles in patients with severe 
kidney affection, SLICC/ACR damage, and degree of dis-
ease activity. Meanwhile, the TT genotype was associat-
ed with improved creatinine clearance and elevated C3 
levels. The AA genotype was associated with elevated C3 
and C4 levels but also with elevated levels of inflamma-
tory markers. Although such associations did not reach 
significant values, they are still promising. With larg-
er-scale studies, results could reveal significant values. 

In contrast to our findings, SNP at rs7528684 was found 
to be related to SLE in Japanese patients but not in Af-
rican Americans or European Americans (9). Ikari et al. 
(27) studies, including rheumatoid arthritis patients in
Japanese, Dutch Caucasian, and several autoimmune
thyroiditis cohorts in the United Kingdom (UK) and Cau-
casian populations, reported an association between
FCRL3 variants and these autoimmune diseases. Also,
they reported its association with autoimmune pancre-
atitis in Japan. So, findings reveal that FCRL3 SNP rela-
tions with disease susceptibility are common in variable
autoimmune diseases and ethnic populations. The poly-
morphism in the promoter region of FCRL3 increases
its expression in the disease-risk allele. The preferred
expression of FCRL3 in B-cell’s germinal center can in-
fluence B cell maturation and reactivity, which may en-
hance autoimmune responses by B cells. Furthermore,
previous clinical data stated that the production of au-
toantibodies that are elevated in patients with the dis-
ease-susceptibility genotype reveals the important role
of FCRL3 in B cell-driven autoimmunity (28).

Study Limitations
The study was limited by the small number of partici-
pants, and only a limited number of SNPs were tested.

Conclusion
SLE patients with nephritis suffered higher grades of 
disease activity than patients without nephritis.  For the 
rs7528648 SNP, the C allele and the CC genotype were 
non-significantly higher in LN patients than in patients 
without nephritis. The rs11264799 SNP showed that 
the frequency of the G allele and the GG genotype was 
non-significantly higher in LN patients, while the fre-
quency of the A allele was higher among patients with-
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out nephritis. Although these differences did not reach 
significant levels, larger-scale studies, different ethnic 
groups, and different SNPs have to be performed to de-

cide whether FCRL3 gene polymorphism is related to the 
occurrence of SLE or a risk factor for LN, relation to the 
disease activity index and patient outcome.
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Soluble HLA-G as a Novel Biomarker for the Diagnosis 
of Acute Lymphoblastic Leukemia

Objective: Acute lymphoblastic leukemia (ALL) is a malignant proliferation of immature 
lymphocytes in the bone marrow and blood. Cancer cells utilize soluble human leuko-
cyte antigen G (sHLA-G) as a key component of their immune evasion strategy. This 
study aimed to assess sHLA-G levels in patients with ALL, as it may serve as a diagnostic 
marker for tumors. 
Materials and Methods: Children diagnosed with ALL were compared with healthy chil-
dren in a control group. Participants in both groups were between 1 and 14 years of age. 
Patient samples were categorized into three subgroups based on disease duration and 
treatment. Serum sHLA-G levels were measured using enzyme-linked immunosorbent 
assay (ELISA). 
Results: The patient group consisted of 80 participants, while the control group includ-
ed 40 individuals. The findings indicated that sHLA-G levels were significantly higher in 
patients (mean ± standard deviation [SD]= 42.08 ± 21.62 ng/mL) in contrast to control 
subjects (mean ± SD=23.20 ± 21.54 ng/mL; p=0.001). While no significant differences 
were found in sHLA-G levels across the three patient subgroups compared with Dun-
can's test (p=0.213), all patient groups had a considerable elevation in sHLA-G levels 
compared to the control group. 
Conclusions:  sHLA-G acts as an immune checkpoint used by tumor cells to spread and 
evade immunity. Therefore, it can be used as an indicator for diagnosing and monitoring 
tumor development and treatment response.
Keywords: Acute lymphoblastic leukemia, biomarker, cancer, children, diagnosis, 
sHLA-G
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Introduction
Acute lymphoblastic leukemia (ALL) is an uncontrolled proliferation of imma-
ture lymphocytes that are precursors to either B-cells or T-cells, and their rapid 
proliferation leads to their collection in the blood, bone marrow, and other or-
gans (1). ALL is one of the most common types of tumors among children, and 
the incidence rate peaks between the ages of 1-4 years (2, 3). It also constitutes 
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about 20% of leukemia among adults (4, 5). Following 
the bone marrow, leukemia cells spread to the brain, 
spinal cord, and other extramedullary locations, such as 
the spleen, liver, mediastinum, and lymph nodes. In pe-
diatric ALL patients, B cells constitute 85%, and T cells 
account for 15% (5-7). 

Human leukocyte antigen G (HLA-G) is primarily derived 
from the non-classical major histocompatibility complex 
class I molecule. It is a molecule associated with autoim-
mune illnesses and susceptibility to viral infections, re-
sulting in an imbalanced and pathological environment 
(8). First identified in fetal cytotrophoblasts through ges-
tation, HLA is believed to contribute to a phenomenon 
known as fetal-maternal tolerance, which shields the 
fetus from immune system destruction (9). Also, HLA-G 
is observed in tumors (10). In both normal and abnor-
mal circumstances, HLA-G is located on the membrane 
of various cell types, and it can also be found in soluble 
form in cerebrospinal fluid, bodily plasma, and even ex-
tracellular vesicles (11).

sHLA-G serves as an immune checkpoint and is a prom-
ising candidate for disease monitoring and cancer out-
come prediction due to (i) its restricted expression pat-
tern in physiological tissues, (ii) minimal polymorphism 
in the coding region, and (iii) diverse immunomodulatory 
properties. Under pathological circumstances, Nonethe-
less, HLA-G is present in several primary tumor types and 
metastases with differing frequencies, and it is signifi-
cantly associated with elevated tumor grade and a bad 
prognosis for cancer patients (12).

sHLA-G plays a critical role in the clinical context of ALL, 
particularly regarding prognosis and immunological re-
sponse, as a biomarker for forecasting outcomes in ALL 
patients. sHLA-G expression in ALL facilitates immune 
evasion by down-regulating natural killer (NK) cells and 
compromising both innate and adaptive immunological 
responses (13). The engagement of sHLA-G with immune 
cells results in a suppressive tumor microenvironment, 
hence facilitating tumor survival and growth (14).

Functioning through its receptors on immune cells, such 
as immunoglobulin-like transcript receptor 4 (ILT-4), 
immunoglobulin-like transcript receptor 2 (ILT-2), killer 
inhibitory receptor (KIR), CD160 receptor, and CD8 recep-
tor, sHLA-G functionally impacts both non-specific and 
specific immune by compromising anti-tumor immune 
responses (15-17). 

This study aimed to quantify sHLA-G concentrations 
in patients with ALL since it serves as a significant and 
promising immunological marker for diagnosis and dis-
ease progression while assessing its use in monitoring 
tumor growth.

Materials and Methods
Study Area
ALL patient samples were collected under the super-
vision of a haematology specialist from the Al-Hadbaa 
Specialized Hospital in Mosul, Iraq, from March to July 
2024. The samples of ALL patients were collected under 
the supervision of a hematology specialist. The study was 
approved by the Iraqi Ministry of Health and the ethical 
and scientific board of Mosul University in Mosul, Iraq. 
All procedures followed the Declaration of Helsinki. In-
formed consent was obtained from all participants. Par-
ticipants were assured confidentiality and received blood 
testing free of charge.

Study Subject
Blood samples were collected from children diagnosed 
with ALL and healthy controls. All participants were aged 
1 and 14 years. Demographic information, including age, 
sex, disease duration, treatment type, and family medical 
history, was recorded. The samples of ALL patients were 
divided into three subgroups based on disease duration 
and treatment type: 

Group 1: <1 year 
Group 2: 1–2 years 
Group 3: >2 years

Clinical features of the patients are summarized in Table 
1, and the FAB (French-American-British) classification is 
presented in Table 2. Chemotherapy regimens included 
vincristine, methotrexate, and prednisone, following in-
ternational pediatric oncology protocols. The response 
to chemotherapy was complete and within the standard 
risk category.

Serum Collection
A 3 mL venous blood sample was collected from each 
participant and placed in a gel tube. Samples were cen-
trifuged at 3000 rpm for 15 minutes. The separated se-
rum was transferred to Eppendorf tubes to prepare for 
analysis and stored at -20°C.
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Complete Blood Count (CBC)
Hematological parameters were measured using the 
Mythic™ 18 automated hematology analyzer (Orphée 
S.A., Switzerland).

Measurement of sHLA-G Concentration by 
ELISA
The principle of the assay is based on the reaction of 
sHLA-G present in serum samples with antibodies previ-
ously fixed on the surface of a polystyrene plate. A bio-
tin-labeled antibody is added, which binds to the Ag-AB 
complex. After incubation, washing is done, streptavi-
din-horseradish peroxidase (HRP) enzyme and substrate 
solution are added in order, and the color develops ac-
cording to the amount of sHLA-G. After stopping the re-
action with an acid-stop solution, the absorbance is read 
at 450 nm.

Procedure
1.	 The ELISA kit (Fine Test Company, China) was used. 

100 μL of the standard solution was added to the 
first twelve wells, and 100 μL of the sample was intro-
duced to the remaining wells; the plate was covered 
and incubated at 37°C for 90 minutes. Subsequent 
to incubation, the plate was rinsed three times and 
immersed in the wash solution for one minute. 

2.	 Added 100 µL of biotin-labeled antibody to each 
well and incubated the plate at 37°C for 60 minutes. 
After incubation, the plate was washed twice with 
wash solution.

3.	 Added 100 µL of HRP-streptavidin conjugate solu-
tion to each well and incubated at 37°C for 30 min-
utes.

4.	 Added 90 µL of TMB solution to each well. Incuba-
tion was carried out at 37°C for 10-20 minutes in the 
dark.

5.	 50μL of stop solution was added to each well, and 
the optical density was read at 450 nm within 10 
minutes using a microplate reader model Rt-2100c.

Statistical Analysis
Duncan’s test was used to compare the means, and the 
probability level was set as p≤0.05. Statistical analyses, 
including the receiver operating characteristic (ROC) 
curve, were performed using the Statistical Package for 
the Social Sciences (SPSS), version 24.0.

Results
A total of 80 blood samples from the patient group were 
compared to 40 samples from the control group. The pa-
tient group consisted of 60 males and 20 females; while 
the control group included 20 males and 20 females. 
The results of Duncan’s test for paired comparisons and 

Table 1. The clinical characteristics of ALL patients.

Subtype  
of ALL Description %

L1 Blast cells that are uniformly tiny and have a 
high nuclear-to-cytoplasm ratio 90

L2
Larger blasts that have nucleoli, a more-
varied cytoplasm, and an uneven nuclear 
structure

10

Table 2. The FAB (French-American-British) classification of  
ALL patients.

Figure 5. ROC curve of the variable sHLA-G.

Clinical characteristics of ALL patients

Fever

Extreme fatigue

Feeling of exhaustion

Anaemia

Bone pain

Easy bruising
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significance level test for white blood cell (WBC) count 
showed no significant differences between the three 
subgroups of the patients (p=0.460). However, all pa-
tient groups showed significantly lower WBC counts than 
the control group (Table 3).

sHLA-G concentrations were significantly elevated in pa-
tients with ALL compared to controls (p=0.001) (Table 
4). However, sHLA-G demonstrated no significant differ-
ence among the subgroups of the patients (p=0.213) 
(Table 5). 

Duncan test

Mean ± SDnGroupsVariable Subset for alpha = 0.05

21

3211.503211.50 ± 1948.29251-2 years

WBC

cell/µL
3482.523482.52 ± 2095.8230Less than 1 year

3705.503705.50 ± 1772.0925More than 2 years

8013.228013.22 ± 2165.7440Control

1.0000.460p-value

Table 3. Duncan’s test for pairs of comparisons and to test the significance level of the variable WBC count.

WBC: White blood cell count, SD: Standard deviation.

Parameter Groups Number Mean ± SD Extreme value T-test p-value

sHLA-G 
ng/mL

Patients 80 42.08 ± 21.62 10.85-132.09
3.292 0.001*

Control 40 23.20 ± 21.54 6.16-102.55

Table 4. Comparison of sHLA-G concentrations in ALL patients and control group.

sHLA-G: Soluble human leukocyte antigen-G, SD: Standard deviation.

Duncan’s test

Mean ± SDNumberGroupsVariable Subset for alpha=0.05

21

45.9945.99 ± 28.9530Less than 1 year

sHLA-G

ng/mL

37.0537.05 ± 13.16251-2 years

41.8241.82 ± 15.9925More than 2 years

23.2023.20 ± 21.5440Control

0.2130.2131.000p-value

Table 5. Duncan’s test for pairs of comparisons and to test the significance level of the variable sHLA-G.

sHLA-G: Soluble human leukocyte antigen-G, SD: Standard deviation.
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The results of the ROC curve analysis showed the sen-
sitivity as 0.821 and the specificity as 0.833 (Table 6) 
(Figure 1), indicating that sHLA-G is a valuable tool for 
diagnosing ALL patients. 

Discussion
The total WBC count is a measure of the presence of 
extramedullary cells in ALL (17). Alghamdi et al. (18) in-
dicated that a decrease in WBC count in patients with 
ALL undergoing chemotherapy is a common and expect-
ed outcome. This decrease is primarily due to the effects 
of chemotherapeutic agents, which target rapidly divid-
ing cells, including leukemic and normal hematopoietic 
cells.

The reason for the decrease in the total WBC counts and 
the absolute number of WBC types in ALL patients com-
pared to the control in Table 3 is that all patients were 
undergoing chemotherapy. Chemotherapy is designed 
to target rapidly dividing cells, including cancer cells. It 
also affects other rapidly dividing cells in the body, such 
as those in the bone marrow, which produces blood cells. 
The drugs damage the DNA of dividing cells, leading to 
cell death. This results in a decrease in the absolute 
number of cells, which can serve as a prognostic indi-
cator of treatment effectiveness and patient outcomes.

One important immunological checkpoint protein in 
cancer is sHLA-G (19), a vital biomarker for invasion and 
metastasis of cancer cells, as it inhibits all stages of the 
anti-tumor response (12, 21). Elevated sHLA-G in can-
cer can alter the immune surveillance system and cause 
tumor escape from the immunity in a number of hema-
tologic malignancies, including acute and chronic leu-
kemia (12).

Excessive levels of sHLA-G in children with ALL are con-
nected to leukemia cells’ capacity to elude the immune 
system, which may result in worse clinical outcomes. 
sHLA-G often acts as a “disappearance cloak” for tumor 
cells by inhibiting immune responses, including those 
from NK and T cells. Consequently, HLA-G appears as a 
potential tumor biomarker of clinical results, as shown 
in Table 1 (13, 22).

Our findings support the study by Ribeiro et al. (13), 
who reported increased sHLA-G levels in patients with 
leukemia and lymphoma but not in healthy individuals. 
Moreover, we found sHLA-G levels considerably higher in 
ALL patients than healthy controls, suggesting it is us-
able as a prognostic marker. Also, Almeida et al. found 
that elevated sHLA-G levels in bone marrow were linked 
to increased blood cell counts in juvenile T-cell ALL, a 
metric linked to a bad prognosis (24). High HLA-G levels 
are generally related to adverse outcomes in ALL. As re-
ported by Xu et al. (20), high sHLA-G levels in cancer are 
connected with poor survival in ALL. Chemotherapy in 
ALL targets leukemia cells, which may indirectly affect 
sHLA-G by reducing tumor burden.

Ribeiro et al. (13) indicated that sHLA-G levels decreased 
after chemotherapy and were associated with improved 
clinical outcomes. Chemotherapy targets tumor cells, 
which indirectly affects sHLA-G by reducing tumor bur-
den, in addition to causing significant changes in the cel-
lular metabolism of tumor cells, which may indirectly af-
fect the secretion of sHLA-G, although this has not been 
directly measured in studies (25). This situation explains 
what is shown in Table 2. The protein concentration was 
higher in Group 1 because they were at the beginning of 
the disease and the beginning of chemotherapy, and the 
expression of the protein was at its highest levels for use 
as a means of cancer cell proliferation. Then, the protein 

ROC curve

Max. Cut-off 
valueTest result  

variable Area
Asymptotic 95% CI

Lower bound Upper bound

sHLA-G 0.858 0.739 0.978
Sensitivity=0.821

27.4885
Specificity=0.833

Table 6. ROC curve of the variable sHLA-G.

sHLA-G: Soluble human leukocyte antigen-G, ROC: Receiver operating characteristic, CI: Confidence interval.
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concentration began to decrease somewhat in Group 2 
and Group 3 as a result of undergoing chemotherapy for 
long periods. Therefore, sHLA-G can serve as a prognos-
tic marker for treatment response in ALL.

Physiological tissues have a limited pattern of sHLA-G 
expression, while a wide range of primary and malignant 
tumors has shown positivity. There is a significant cor-
relation between elevated tumor grade and worse prog-
nosis in cancer patients (12). This is also attributable to 
its immunosuppressive properties, which tumor cells use 
to circumvent the host immune system. Consequently, in 
recent decades, the expression of sHLA-G and its immu-
nosuppressive effects have emerged as a significant sub-
ject of investigation, particularly in cancer research. Mul-
tiple studies suggest that sHLA-G may pave the way for 
its consideration as a novel immune checkpoint in tumor 
diagnosis, acting as a natural immune signal that pre-
vents the development of an immune response (26, 27).

The interaction of sHLA-G with its receptors causes inhi-
bition of cytotoxic T cells, inhibition of CD4+ T cell pro-
liferation (28) and may also lead to reduced expression 
of pro-inflammatory cytokines generated by T helper 1 
(Th1) cells and enhanced production of anti-inflammato-
ry cytokines produced by T helper 2 (Th2) cells. Therefore, 
it is believed that abnormal HLA-G/sHLA-G expression 
enables tumor cells to evade immune responses (29). 

Expression of this protein in hematological malignan-
cies, such as leukemia, is linked to immune cell-medi-

ated cytotoxicity resistance and the development of an 
immunological milieu that supports tumors, including 
the activation of regulatory T cells and interleukin 10 
(IL-10)-producing dendritic cells (13).  

Additionally, distinct micro RNAs that differ depending 
on the leukemia subtype affect the control of sHLA-G 
expression in leukemia, suggesting a complicated reg-
ulatory mechanism that could aid in the course of the 
disease and immune evasion (21). Therefore, it is pos-
sible to view the presence of sHLA-G in leukemic cells 
as a means of evading immune monitoring, which could 
result in treatment resistance and lower survival rates in 
afflicted children (13, 22).

Leukemia patients receiving hematopoietic stem cell 
transplantation have experienced unfavorable results 
because of genetic variations in the sHLA-G gene in 
the 3’ untranslated region (3’-UTR) and 5’ upstream 
regulatory region (5’-URR). This suggests a genetic vul-
nerability to immunological regulation by sHLA-G (30)

Conclusion
We concluded that increased sHLA-G is an immune 
mechanism that tumor cells utilize to eliminate the im-
mune system response. sHLA-G is one of the most signif-
icant contemporary indicators that should be used as a 
marker for the onset and progression of the tumor con-
dition in patients with lymphocytic leukemia.
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COMMENTARY

Şefik Ş. Alkan1 

Symbiotic Life is a Success of Immunity

This work is licensed under the Creative 
Commons Attribution-NonCommer-
cial-Non-Derivatives 4.0 International 
License (CC BY-NC-ND 4.0).

Microorganisms (including viruses) have shaped the evolution of all living creatures since 
the beginning of life on Earth 3.8 billion years ago. They still put pressure on all living or-
ganisms. Because life is symbiotic (i.e., all life depends on other lives), the initial primitive 
border protection of single cells had to be developed against transgressive microorganisms. 
Thus, all organisms needed to discriminate self from non-self. With time, this simple recog-
nition system developed into highly complex immunological mechanisms. In the symbiotic 
relationship, all animals take in and feed trillions of microorganisms in their body, mainly in 
the gut, to help digest food but also to train their immune system. We need to understand 
that microorganisms are neither our enemies nor friends. Survival of all life forms depends on 
maintaining a delicate balance between self and non-self, i.e., microorganisms. Understand-
ing the symbiotic nature of life on Earth might help prevent further destruction of nature.
Keywords: Microorganisms, symbiosis, immune system, evolution, microbiota, environmen-
tal balance

“If you shut the door to all errors, truth will be shut out.”  
R. Tagore

Introduction
Not so long ago, a tiny virus has turned our lives upside down. We witnessed how 
our civilization can fall to its knees so easily. After infecting 770 million individuals 
and killing over 7 million people across the globe, COVID-19 is still with us. Previ-
ously, I shortly examined the coronavirus pandemic from an evolutionary perspec-
tive (1, 2). It looks like SARS-CoV-2 is going to stay with us longer (3, 4). 

In this “opinion” article, I wish to examine not just coronaviruses but the co-evolution 
of all organisms and the pivotal role immune systems play. I will first remind you of 
some basics of the evolution of life, then will go into obligatory partnership and deal 
with the immune system, which keeps all life in balance. By understanding the begin-
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nings of 

life on Earth and supporting the conditions of symbiotic 
life (5), we might reduce unnecessary suffering. 

I think humanity has a lot to learn from the microorgan-
isms that are neither our enemies nor our friends. We do 
not have to hate or love them; we only need to under-
stand them because all other life forms need them. It is 
only through a deep understanding of the evolutionary 
process that we can appreciate the value of symbiotic 
life. 

Evolution in Short
As shown in Figure 1, the world's first owners are tiny 
creatures. We have 3.8 billion years of joined history with 
these first owners of Earth, and their evolutionary superi-
ority continues because microorganisms not only repro-
duce rapidly but also mutate frequently and exchange 
genes (by mechanisms such as conjugation, transforma-
tion, and transduction). Thus, they keep their superiority 
in natural selection. They still rule the world for this and 
other reasons, such as the production of our food and 
oxygen (algae). 

Metagenomic Revolution
Metagenomics refers to the application of sequencing 
techniques to analyze the totality of the genomic mate-
rial present in a sample (7). It allows us to characterize 
the entire communities of microbes in any given envi-
ronment. Thus, it enables us to understand the complex 
interactions between different micro/macro-organisms 
and their environments, including our bodies. 

The vital value of Earth has been recognized very early 
in Turkish culture; “My faithful half is black soil,” said 
the late Turkish folk poet Aşık Veysel (blinded by small-
pox infection, 1894 –1973), who is famous for his love for 
nature, soil, and people (8). Thanks to the metagenomic 
revolution, we now know that Earth's value mainly comes 
from microorganisms; one teaspoon of soil contains more 
living organisms than people in the world (Figure 2).  

Thanks to metagenomic technologies, we now have an 
idea of the number of microorganisms found in our soil, 
sea, and atmosphere (Figure 3).

Figure 1. Timeline of evolution. (From Flex Books 2.0. CK-12) (6).

Figure 2.  A teaspoon of soil probably contains more life than 
humans on Earth (9).

Box 1: Life on Earth in short
The world is run by microorganisms

All creatures have to live together/help each other

Evolution is not a chain reaction

The engine of evolution is mutation

Changes (mutations) can disrupt the established 
balance

Change survives if it fits to the environment 

Change creates new border disputes between living 
beings

Immune systems protect the borders
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Microbiome/ Microbiota
These two words are sometimes used interchangeably, 
but they have subtle differences. Microbiome refers to 
the collection of genomes from all the microorganisms 
in a given environment. Meanwhile, microbiota refers to 
microorganisms that are found within a specific environ-
ment. Think of our bodies; there are localized differenc-
es in each person's microbiota. Also, our gut microbiota 
differs greatly from the skin, mouth, etc. Predominant 
bacterial genera in the oral cavity, respiratory tract, skin, 
gut, and vagina are unique (11).

The human body consists of an estimated about 40 tril-
lion cells (Figure 4), and only about 40 % belong to us 
(12). If we look at genetic material in our bodies, 99% of 
it belongs to microbiota. 

Our microbiome is crucial to our health (13). Our micro-
biota is in symbiosis with us, contributing to homeostasis 

Figure 3. Estimated numbers of microorganisms found in our soil, sea, and atmosphere (10).

Figure 4. A normal human body contains more foreign cells and 
much more foreign genetic material than mammalian cells (13).
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and regulating immune function. Microbiota dysbiosis 
can lead to dysregulation of bodily functions and cause 
diseases. These microbes shape our metabolism and 
susceptibility to allergic and inflammatory diseases. As 
it became clear that microorganisms are no longer com-
mon germs or pathogens to be avoided—they are a cru-
cial part of what makes us human, there is an explosion 
of literature that deals with why the gut microbiota is so 
important, its impact on human health, effect on aller-
gies, or we use microbiota to treat disease, etc. Since the 
microbiota topic has been intensely reviewed, I only refer 
to some recent review articles (14-17). 

Immunity- A Peace Keeping 
Organ?
The interaction of different life forms on Earth can be 
described as a) commensalism, b) mutualism, or c) par-

asitism. Since all organisms need to protect their cell/ 
body borders, they must have defense systems. In fact, 
the first immune deference mechanism started in bacte-
ria against viruses millions of years ago. Recently discov-
ered CRISPR system protects bacteria against invading 
viruses (bacteriophages). CRISPR has become a power-
ful gene editing technology that is now revolutionizing 
biomedical research and clinical medicine (18). This 
kind of trillions of years of old protective mechanism, 

Box 2: Immunity in short
Gathers information
Solves problems; fast (innate) and slow (acquired)

Keeps records (short and long-term memory)

Communicates with brain using a common language; 
hormones, cytokines

Evolves; changes, is selected, matures over

Figure 5. Evolution of defense systems (20). 
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i.e., foreign RNA/DNA recognition, still operates in our
mammalian cells. If a mammalian cell is infected with
a virus, that cell protects its neighbor cells by releasing
interferon molecules (19).

As shown in Figure 5, starting from plants, metazoans all 
have an innate immune system that recognizes self and 
non-self. Only after fish, animals developed adaptive im-
munity. All jawed vertebrates assemble their antigen-re-
ceptor genes through combinatorial rearrangement 
of different immunoglobulin or T cell receptor gene 
segments. In humans, this sophisticated mechanism of 
“somatic mutations” has become so good that they can 
recognize an almost limitless number of antigens.  

Conclusion 
“There is no ‘final knowledge obsession’ in science…”  

R. Feynman

If one wishes to understand what life is, one must 
look at the world under the light of evolution (21, 22). 
Fast-evolving microorganisms and very slowly evolving 
multicellular organisms like us must live together. In 

fact, our bodies are multispecies cell society living to-
gether. Therefore, there will always be border disputes 
(diseases). 

Viruses and microorganisms are always one step ahead 
in evolution. Viruses are always at the center of inher-
itance (gene) wars and are strong, blind, and ruthless 
representatives of natural selection in evolution. Since 
the beginning of life on Earth, viruses and other micro-
organisms probably have shaped the evolution of all 
creatures. Recognizing strangers and protecting oneself 
started in single-celled organisms, evolved over time, 
and became more complex. The human immune system 
constantly evolves under the pressure of microbes. The 
immune system can be viewed as an army that lives to-
gether, watches over the borders, and tries to keep peace 
between multispecies cell populations. 

In the natural world, an intricate and diverse web of life 
exists. It encompasses the interconnectedness of all liv-
ing organisms, their habitats, and the ecosystems they 
form (23, 24). If this harmony is destroyed by the current 
rate of pollution, climate change, etc., consequences 
will be more frequent pandemics, which most people’s 
immune systems cannot handle. 
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