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Abstract: The Golgi apparatus, long known for protein processing and vesicular trafficking, has recently
emerged as an essential player in innate immune signaling pathways. This review article discusses our growing
understanding of Golgi cells' roles in initiating and activating innate immunity pathways. We elaborate on the
relevance of membrane connections between Golgi organelles and other organelles such as endoplasmic
reticulum, mitochondria, endosomes, and autophagosomes that facilitate efficient access to innate immune
signal transduction and subsequent effector responses. Additionally, we discuss microbial strategies that
exploit the Golgi while diminishing its associated innate immune responses. By providing greater illumination
of its multiple functions and mechanisms of operation, this article offers invaluable insight into how protein

processing impacts innate immunity and vice versa.
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1. Introduction

Camillo Golgi's 1898 discovery of the Golgi apparatus using silver nitrate staining marked a
pivotal moment. Initially called the internal reticular apparatus, it was later recognized as a crucial
cellular component rather than an artifact[1].

The Golgi apparatus is vital for modifying and sorting newly synthesized proteins and lipids.
Its dynamic structure, composed of stacked cisternae layers, undergoes regulated disassembly and
reassembly during cell cycles. Positioned near nuclei in mammalian cells, it responds to stressors and
mediates the transport of proteins and lipids from the endoplasmic reticulum to the trans-Golgi
network (TGN)[2,3].

Eukaryotic cells rely on the secretory pathway for protein synthesis, processing, and delivery.
Proteins originating in the endoplasmic reticulum progress to the Golgi complex for further
processing and sorting. The Golgi's role in cargo movement is debated between the cisternal
maturation and vesicular transport models. The Cisternal Maturation Model envisions cisternae
maturation from the ER to the trans-Golgi network (TGN) cisterna, while the Vesicular Transport
Model emphasizes compartmental stability and vesicular trafficking[4].

The controlled release of cytokines and inflammatory mediators in response to stimuli involves
transcription, translation, post-translational modifications, and secretion via the ER, Golgi complex,
or cell surface. Cytokines such as IL-2, IL-3, IL-6, IL-10, IL-12, and TNF are directed to the ER for
folding via signal peptides. Properly folded cytokines are packaged into vesicles coated with coat
protein complex II (COPII) for transport to the ER-Golgi intermediate compartment (ERGIC) and
further to the medial-Golgi network (medial Golgi network/TGN) for sorting and modifications.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Additionally, the Golgi apparatus plays a crucial role in cargo sorting, separating transmembrane
and soluble cytokines, and contributing to protein trafficking[5,6].

The innate immune system orchestrates inflammatory responses to infections and tissue
damage. Pattern recognition receptors (PRRs), including Toll-like receptors (TLRs) and RIG-I-like
receptors (RLRs), detect microbial and damage-related molecules. Non-professional immune cells,
such as epithelial and endothelial cells, also participate in innate immune responses|7].

Toll-like receptor (TLR) transport to endosomes is meticulously regulated. TLR7's interaction
with Unc93B1 in the Golgi complex facilitates direct transport to endosomes, bypassing intermediate
cell surface steps[8,9].

Inflammasomes are protein complexes that activate pro-inflammatory cytokines, such as IL-1b,
through caspase-1-dependent pathways. The NLRP3 inflammasome's distinct responsiveness to
various stimuli, including antibiotics and ATP, has implications for various disorders. Recent insights
highlight trans-Golgi network (TGN) disruption during NLRP3 inflammasome activation, facilitating
inflammasome assembly[10,11]. STING, an ER-associated membrane protein, is crucial for pathogen
recognition and activates type I interferon (IFN-I) pathways via the TBK1/IRF3 signaling axis[12,13].

This review integrates the Golgi apparatus's role within innate immunity pathways, exploring
its interactions with inflammasomes, cGAS-STING pathways, and TLR/RLR signaling. By shedding
light on its involvement, we unveil how the Golgi apparatus shapes immune responses to infections
and cellular damage.

2. Golgi Apparatus and NLRP3 Inflammasome

The Golgi apparatus has long been known for its role in protein modification and trafficking.
However, recent studies have unveiled the Golgi apparatus's influence on the activation of
inflammasomes. Inflammasomes, complex molecular structures that emerge as a response to
pathogens or danger signals, are critical components of the body's defense mechanism. Their precise
control is essential for effective host defense in complex organisms.

Central to this intricate interplay is the Golgi apparatus's involvement in the assembly and
activation of the NLR family pyrin domain containing 3 protein (NLRP3) inflammasome (see Figure
1). The NLRP3 inflammasome comprises three major components: the sensor protein NLRP3, the
adaptor protein ASC (also known as PYCARD), and the effector protein caspase 1. NLRP3 belongs
to the NOD-like receptor (NLR) protein family, consisting of proteins with an NOD-like domain
(NACHT), an N-terminal effector domain such as Pyrin domains (PYD), caspase recruitment
domains (CARD) or baculovirus inhibitor of apoptosis protein repeat (BIR), and a C-terminal leucine-
rich repeats (LRR). An ATPase activity within their central NACHT domain facilitates receptor
oligomerization while their N-terminal PYD or CARD interact with ASC/caspase-1 domains via
interaction ATPase activity[14]. While the roles of these components have been extensively
documented, recent research has unveiled the Golgi apparatus's pivotal role in this process.

Activation of the NLRP3 inflammasome triggers the maturation and release of proinflammatory
cytokines such as IL-13 and IL-18[15,16], crucial for initiating early inflammation responses and a
form of rapid cell death called pyroptosis[17]. The Golgi apparatus's participation in these processes
has emerged as a groundbreaking revelation. This dynamic organelle, responsible for protein
modification and trafficking, contributes significantly to the assembly and activation of the NLRP3
inflammasome[18]. Signals like potassium (K+) or chloride ions (Cl-), calcium ion influx, disruption
of lysosomes, mitochondrial dysfunction, metabolic changes, and metabolic disruption[18] may also
be involved in NLRP3 activation.
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Figure 1. PLC releases Ca2+ from the ER through inositol-1, 4, 5-trisphosphate (InsP3) Receptor.Ca 2+
accumulates in the mitochondria which may lead to mitochondrial damage.(1) Damaged
mitochondria release several factors that trigger activation of the NLRP3 inflammasome.(2) NLRP3
was shown to directly bind to mitochondria-associated ER membranes (MAMs).(black arrow) The
other product of PLC activation, diacylglycerol (DAG), accumulates in the Golgi (3) and increases the
activity of PKD (protein kinase D) which then phosphorylates NLRP3-Inflammasome and activates it
(3%), releasing it from MAMs.(4).

One of the key findings is the Golgi apparatus's role in positioning and localizing NLRP3-an
aspect that plays a pivotal role in inflammasome activation. Upon activation, NLRP3 directly
interacts with mitochondria-associated endoplasmic reticulum membranes (MAMs), and substances
capable of activating NLRP3 facilitate the proximity of MAMs to Golgi membranes[17]. Furthermore,
Zhang et al recently proved an increased level of diacylglycerol (DAG) in Golgi organelles [17]. When
activated with inflammasome activators, MAMs localize near Golgi membranes; an increase in
diacylglycerol DAG levels at Golgi promotes recruitment and activation of protein kinase D (PKD).
Once is activated, PKD phosphorylates NLRP3, leading to its release from MAMs and full maturation
within the cytosol[17,19]. This spatial relationship between the Golgi apparatus and NLRP3 hints at
the Golgi's regulatory function in the assembly and activation of the NLRP3 inflammasome.

The activation of the NLRP3 inflammasome involves two distinct signals: priming signals and
activation signals. Priming signals are typically initiated by microbes or endogenous cytokines, while
activation signals are triggered by pathogen-associated molecular patterns (PAMPs) or danger-
associated molecular patterns (DAMPs). These signals set off a cascade of events, culminating in the
assembly of the NLRP3 inflammasome[20]. Inflammasome activation plays an essential role in
protecting against invading pathogens. Still, excessive activation and gain-of-function mutations of
these proteins have been implicated in numerous inflammatory diseases, including gout, type 2
diabetes, Alzheimer's disease, atherosclerosis, and arthritis - in addition to autoinflammatory
conditions like CAPS/FMF/MAS syndromes and cryopyrin-associated periodic syndromes
(CAPS/FMF/MAS)[21,22]. NLRP3 inflammasome has also been implicated in an inflammatory
response triggered by dying cells without evidence of infection, which may contribute to tissue
damage and worsen diseases such as acute kidney injury[23,24].
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The Golgi apparatus's involvement in inflammasome activation goes beyond its conventional
roles. As a central hub for cellular trafficking and modification processes, the Golgi apparatus
assumes a regulatory role in coordinating precise component positioning and molecular interactions.
This orchestration optimizes the assembly and activation of the NLRP3 inflammasome, thereby
contributing to efficient and controlled responses against viral infections. In collective alignment,
these discoveries underscore the Golgi apparatus's profound role as a central orchestrator of immune
signaling events. Its remarkable ability to regulate inflammasome activation, enhance immune
responses, and intersect with intricate cellular processes, including cholesterol metabolism,
highlights its significance.

The comprehensive utilization of the Golgi apparatus's multifaceted contributions holds
exceptional promise in shaping innovative therapeutic strategies. These strategies, aiming to
intricately modulate immune responses, bear the potential to alleviate inflammatory disorders and
usher in a new era of targeted interventions.

In summary, the Golgi apparatus's multifaceted contributions to inflammasome activation are
increasingly recognized as essential for immune responses. Its role in modulating NLRP3 assembly,
optimizing spatial relationships, and enhancing immune signaling sheds light on new dimensions of
innate immunity regulation. Understanding the Golgi apparatus's involvement holds the potential
to shape novel therapeutic strategies, targeting immune responses and offering insights into the
treatment of inflammatory disorders.

3. Golgi Apparatus and cGAS-STING Signaling

This section undertakes a comprehensive exploration of STING (Stimulator of Interferon Genes),
a pivotal player in immune signaling. While STING predominantly activates transcription pathways
NF-kB and IRF3, culminating in the production of type I interferons as a fundamental antiviral
defense mechanism, it is crucial to emphasize the contribution of the Golgi apparatus in these
processes.

Mammalian cells intricately employ DNA as a signaling trigger to initiate immune defense
responses, driving type-I interferon production through the cGAMP-STING pathway. This pathway
originates from DNA molecules producing cyclic-GMP-AMP, subsequently activating STING
protein. The ensuing downstream activation of transcription factors IRF3 and IRF7 amplifies this
process. This collaborative effort of the Golgi apparatus and STING accentuates the significance of
Golgi-mediated trafficking in immune response orchestration.

The cGAS-STING pathway stands as a cornerstone in DNA sensing within mammalian cells.
Here, the interactions between DNA sensing enzyme cGAS, cyclic GMP-AMP (its product), and
STING acquire paramount importance in combatting infections, leading to the production of type I
interferons and proinflammatory cytokines. Through meticulous exploration, we showcase how the
Golgi apparatus intricately modulates this process, highlighting the Golgi's role in fine-tuning
immune responses[25].

3.1. cGAMP-STING Pathway: Golgi-Mediated Regulation of DNA-Triggered Immune Response

DNA, a vital trigger for immune defense mechanisms within mammalian cells, catalyzes type-I
interferon production via the cGAMP-STING pathway. The detection of cytosolic DNA serves as a
critical alert, initiating defense mechanisms. For instance, the formation of cyclic-GMP-AMP from
DNA molecules, followed by binding and activation of STING protein, triggers a cascade of events
culminating in the activation of transcription factors IRF3 and IRF7, ultimately fostering IFNb
production. This multi-faceted process benefits from the Golgi apparatus's participation in
orchestrating timely and efficient protein trafficking, thereby enhancing the immune response[26].

3.2. cGAS-STING pathway: Golgi’s Intricate Participation in Pathway Initiation

After STING binds to cGAMP, it exits the endoplasmic reticulum (ER). It translocates to the
Golgi apparatus, where it triggers type I interferon and proinflammatory responses through the
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activation of interferon regulatory factor 3 (IRF3) and nuclear factor-kappa B (NF-kB)[27]. Recent
studies have shown that Golgi apparatus-synthesized sulfated glycosaminoglycans (sGAGs) interact
with STING to initiate its oligomerization at the Golgi apparatus, thus identifying sGAGs as
necessary coligands for STING activation and downstream IFN signaling[28]. Palmitoylation of
STING at the Golgi is essential for the activation of STING. Treatment of cells with palmitoylation
inhibitor 2-bromopalmitate (2-BP) inhibits type I interferon response without affecting the trafficking
of STING from the ER. After reaching the Golgi, STING undergoes palmitoylation and activates TBK1
at the trans-Golgi network[28].

3.3. ¢Gas activation: Golgi's Intricate Participation in Pathway Initiation

Direct activation of the DNA sensor cGAS by DNA binding triggers conformational changes that
activate its enzyme and subsequent enzymatic activity[29-31]. The production of cGAMP, an
endogenous second messenger with specific mixed phosphodiester linkages, takes place. The liquid-
liquid phase separation resulting from DNA binding creates microreactors where active cGAS can
thrive, augmenting cGAMP production. In the context of these intricate processes, the Golgi
apparatus's strategic role in facilitating these reactions comes to the fore, underscoring its
contribution to immune response regulation.

3.4. Downstream Signaling Events: Golgi-Mediated Regulation of STING Activation

Direct binding of STING to cyclic dinucleotides produced by bacteria holds the key to initiating
downstream signaling events crucial for immune responses. The conformational change STING
undergoes upon binding to cGAMP takes center stage. While in its quiescent state, STING resides
within the endoplasmic reticulum under the guidance of its calcium sensor, Stromal Interaction
Molecule 1 (STIM1). Upon binding to cGAMP, a sequence of events including Golgi apparatus-
mediated translocation from the ER to the ER-Golgi intermediate compartment (ERGIC) and Golgi
apparatus ensues. This concerted effort involving the Golgi apparatus sheds light on its role in
shaping STING's activation dynamics.[32]

3.5. STING interaction with TBK1: Golgi-Mediated Antiviral Response Modulation

Translocation of STING to the Golgi sets the stage for its interaction with TANK-binding kinase
1 (TBK1), a pivotal kinase in the activation of interferon regulatory factor 3 (IRF3) transcription factor.
Here, the Golgi apparatus's role is pivotal in facilitating this interaction, ensuring proper
phosphorylation of STING's C-terminal tail region. This action provides an access port for IRF3,
marking the Golgi's influence in directing immune responses. The subsequent activation of IRF3 and
its downstream effects, including transcription of type I interferon-beta (IFNb) and induction of
interferon-stimulated genes (ISGs), reinforces the Golgi apparatus's profound impact on the immune
landscape[33,34].

4. Golgi Apparatus and TLR/RLR Signaling

Viral infections have evolved strategies to exploit host factors for their replication within target
cells, distinguishing them from bacteria, fungi, and helminths. The distinct molecular patterns
present in viral genomes and replication intermediates render them discernible as pathogens,
allowing the immune system to detect viral RNA while tolerating self-RNA. This delicate balance
forms the basis of an effective antiviral response without inadvertently activating host systems. To
achieve this, various families of RNA sensors have been identified. Among them, RIG-I-like receptors
(RLRs) function in the cytosol to detect viral RN A, while Toll-like receptors (TLRs) recognize it within
endolysosomes.

The Golgi apparatus, a central hub for cellular trafficking and processing, emerges as a pivotal
player in the orchestration of these immune pathways. While the focus remains on RLR and TLR
signaling, we will elucidate the integral role of the Golgi apparatus in enhancing these processes.
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Upon recognizing pathogen-associated molecular pattern (PAMP) RNA, RLRs such as RIG-I and
MDADS undergo conformational changes, releasing their caspase activation and recruitment domains
(CARDs) from autorepression. These CARDs then engage an adaptor molecule known as
mitochondrial antiviral signaling protein (MAVS). Notably, the Golgi apparatus plays a significant
role in these interactions, acting as a platform where MAVS forms prion-like aggregates. These
aggregates attract E3 ubiquitin ligases and downstream effector proteins like TNF receptor-
associated factor 2 (TRAF2), TRAF3, and TRAF6, forming an active signaling complex termed the
"signalosome." This intricate cascade leads to phosphorylation, nuclear translocation of key innate
immune transcription factors including interferon regulatory factor 3 (IRF3) and IRF7, and activation
of NF-kB. Ultimately, this cascade results in the induction of type I and III interferons, as well as
genes encoding proinflammatory cytokines and chemokines, collectively working to restrict viral
infections[35].

The Golgi apparatus further comes into focus in the context of TBK1, a central component of this
pathway (see Figure 2). TBK1's critical role in type I interferon (IFN) production becomes evident, as
its absence significantly diminishes the induction of type I IFNs, which are crucial for antiviral
immune responses. Notably, recent studies highlight that upon stimulation of RLR or TLR3
pathways, TBK1 can be targeted to the Golgi apparatus through its interaction with optineurin
(OPTN), an adaptor protein binding to ubiquitin[36]. This interaction initiates the assembly of
complexes between TBK1 and OPTN, leading to trans-autophosphorylation and activation of TBK1.
Subsequently, TBK1 phosphorylates interferon regulatory factor 3 (IRE3), a key step in promoting
type I IFN production and triggering an effective antiviral response.
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Figure 2. TLR3, TLR7, and TLR8, which are Toll-like receptors (TLRs), are located predominantly
within endosomes. TLR3 specifically detects double-stranded RNA (dsRNA), while TLR7 and TLR8
can be activated by single-stranded RNA (ssRNA) as well as imidazoquinoline compounds. TLR3
uses the adapter protein TRIF to activate transcription factors IRF3 and NF-kB; MyD88 can signal
activation of transcription factors IRF3, IRF5, IRF7 as well as NF-kB depending on cell type. RLRs
(RIG-I-like receptors) can be found within the cytosol. RIG-I can identify short dsSRNA and ssRNA
motifs with specific sequences such as poly-U/UC (containing sequences of uracil interspersed with
occasional cytosines) or adenine/uracil (AU) rich sequences with 5' triphosphate (5'ppp) or possibly
monophosphate (5pp) termination sites. MDA5 RLR recognizes long and structured dsRNA. When
binding their ligands, RLRs change their conformation and release caspase activators and recruitment
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domains (CARDs). CARDs then engage the adaptor protein MAVS (mitochondrial antiviral signaling
protein). MAVS then form prion-like aggregates at the Golgi which attract E3 ubiquitin ligases and
TNF receptor-associated factor 2 (TRAF2), TRAF3, and TRAF6, forming the "signalosome" and initiate
downstream signaling pathways involving IRF3 and NF-kB which lead to phosphorylation and
nuclear translocation of IRF 3, IRF 7 and NF-kB activation and also activation of TBK-I. TBK1
phosphorylates interferon regulatory factor 3 (IRE3), a key step in promoting type I IFN production.
TRAF 3 also activates IRF 3 leading to INF beta production. This cascade results in the induction of
type I and III interferons, as well as genes encoding proinflammatory cytokines and chemokines.

Furthermore, the Golgi apparatus's impact extends to the regulation of interferon responses
through TLR activation and intracellular cytoplasmic receptors like protein kinase R (PKR). The
intricate network of TNF receptor-associated factors (TRAFs) plays a pivotal role in connecting
upstream receptor signals with downstream gene activation. Of special note is TRAF3, which
facilitates IRF3 activation through TNF receptor-associated factors, leading to IFN-beta (IFN-b)
production[37].

As we delve into the role of the Golgi apparatus in these immune pathways, it becomes evident
that the Golgi's dynamic and multifaceted functions extend beyond protein trafficking. Recent
investigations have unveiled novel interactors of TRAF3, such as Sec16A and p115, which are integral
to the Endoplasmic Reticulum-to-Golgi Vesicular Transport system[38-40]. These proteins modulate
vesicle assembly and trafficking at the ER-Golgi interface, accentuating the Golgi apparatus's role in
immune signaling pathways. The fragmentation of the Golgi apparatus upon activation of the RLH
and cytoplasmic DNA sensor pathways further highlights its involvement, as it creates punctate
structures that enable TRAF3 colocalization with MAVS, reinforcing its significance in these signaling
cascades[36-38].

A study conducted by Beachboard DC et al. illustrates RAB1B's vital role in positively regulating
the RIG-I pathway, which induces type I interferon (IFN)[41]. Notably, RAB1B's interaction with
TRAF3 as an integral component of this pathway underscores its importance in facilitating
interactions between TRAF3 and MAVS. This discovery evidence the role of RAB1B as a cellular
trafficking protein, simultaneously controlling host responses to viral infections[41].

5. Conclusion

After many years of studying and debating its existence, the Golgi apparatus seems to function
not only as a central organelle in vesicular trafficking and protein and lipid transport but also as a
platform for innate immunity signaling and subsequent effectors. This review summarizes the new
discoveries on how Golgi connects intracellular compartments such as ER, and mitochondria and
therefore plays a vital role in cell defense. Although many new studies are revealing the crucial part
that this dynamic organelle plays in innate immunity, we need to better understand the detailed
mechanisms that regulate the cellular response to pathogens. The NLRP3 Inflammasome formation
still needs to be better investigated, and perhaps other roles of Golgi in innate immune pathways will
be brought to light by further inquiring the ways that the cellular compartments such as ER and
mitochondria communicate with each other to orchestrate cellular defense. Also, the type I Interferon
response initiated by activation of Toll-like receptors is vital in limiting viral infections and, as many
emerging studies show, is regulated at the Golgi by TBK1, situating Golgi in the first line of cell
defense. By better understanding the signaling pathways that stand at the molecular base of innate
immunity, we may be able to reveal how exactly can we intervene to potentiate the innate immune
system to better fight microbial infection and to also refresh the way we view the immune response
as a complex and very thorough regulated molecular process that happens due to collaboration of
many intracellular compartments in every infected cell. Finally, continuous research is much needed
to reveal ideas and new therapeutical approaches in treating both infectious and inflammatory
diseases and, why not, even improve the evolution of autoimmune diseases, a heavy burden for
millions of patients around the world.
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