
ABSTRACT 

KORTUM, AMANDA NOELE. Comparative Analysis of Tripartite Motif Containing 9 Protein 

Expression in Macrophages and Neutrophils. (Under the direction of Dr. Jeffrey Yoder). 

 

The persistence of an immune response can contribute to the development of disease 

states, increasing the extent of tissue damage or perpetuating the disease condition. Chronic 

inflammation is often characterized by high numbers of macrophages and neutrophils 

(phagocytes) that release ROS, cytotoxic factors, and cytokines, which can further amplify 

inflammation. Phagocytes have been shown to contribute to disease in both natural and 

laboratory-induced models of chronic inflammation in veterinary species. Understanding the 

cellular mechanisms that mediate phagocyte function may reveal how these cells could be 

therapeutically targeted during persistent inflammation.  

The E3 ubiquitin ligase TRIM9 is highly expressed in the brain where it mediates axon 

migration and synaptic vesicle release. While current literature on TRIM9 function in the brain is 

limited to human cell lines and mouse models, a recent study demonstrated TRIM9 is critical to 

normal macrophage cell shape and motility in zebrafish. In this study, I aimed to establish a 

novel mammalian model for the study of TRIM9 in phagocytes. Through the comparative 

analysis of the TRIM9 expression in macrophages and neutrophils from human, horse, pig, dog, 

and mouse, I identify TRIM9 isoforms exhibit tissue specificity that are observed across species. 

Furthermore, based on similar tissue expression of TRIM9 in humans and horses, I propose the 

use of an equine model for future studies on TRIM9 function in phagocytes. 
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INTRODUCTION 

When an organism experiences infection or injury, the body‟s first response is activation 

of the innate immune system, resulting in inflammation. Inflammation is characterized by the 

recruitment of immune cells to the site of invading pathogens or tissue damage. Phagocytes, such 

as macrophages and neutrophils, are the first cells to be recruited and act quickly, targeting 

microbes through the release of cytotoxic factors and reactive oxygen species (ROS) and 

clearing infected, dead, or apoptotic cells through phagocytosis. As first responders, phagocytes 

also release cytokines, which recruit additional immune cells to the site of inflammation. 

Unfortunately, phagocytic functions that are essential to combat harmful pathogens such as 

viruses and bacteria can also contribute to the development of disease states, amplifying the 

extent of tissue damage or perpetuating the disease condition. 

Therapeutics that target the anti-inflammatory pathway to treat autoimmune diseases or 

other chronic inflammatory conditions vary in availability and success and have a wide range of 

undesirable side effects. For example, certain medications can result in immune suppression, 

leaving the host vulnerable to infection or cancer. Consequently, the need for novel therapies that 

specifically target innate immune cells is crucial. 

While there are numerous studies on the negative impact phagocytes can have in multiple 

disease states, there is still much to learn about the cellular and molecular mechanisms of 

phagocyte function during chronic inflammatory conditions. A more thorough understanding of 

the mechanisms and molecules involved in innate immune cell activation, recruitment, and 

function at the site of inflammation is critical in the development of more targeted therapeutic 

approaches that mediate harmful immune responses.  
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Tripartite Motif Containing 9 (TRIM9) is an E3 ubiquitin ligase that belongs to a large 

protein family known for their role in ubiquitylation of a multitude of protein substrates. First 

characterized in the brain, TRIM9 has been shown to be critical in controlled axonal migration as 

well as in neuron development
1–3

. While TRIM9 has been implicated in the regulation of the 

NF𝜅B pathway and Type I Interferon signaling, data on TRIM9‟s function in the immune system 

is lacking, particularly in phagocytes
4–6

. Recently, it was shown that TRIM9 is critical to 

macrophage morphology and chemotaxis in zebrafish
7
. Little information is known on the 

expression of TRIM9 outside of human and mouse models and even less is known about the role 

TRIM9 plays in mammalian phagocytes. Through a comparative analysis of the TRIM9 

expression in macrophages and neutrophils from human, horse, pig, dog, and mouse, this study 

aimed to establish a novel mammalian model for the future study of TRIM9 function in innate 

immune cells.  
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CHAPTER 1: LITERATURE REVIEW 

Innate Immune Response 

The immune system is responsible for the maintenance of health in living organisms. 

From a rudimentary system found in bacteria, to the complex, memory-forming system in 

mammals, it is vital in the defense against pathogens and plays an important role in maintaining 

homeostasis. In vertebrate species, the immune system is divided into two branches, the innate 

immune system and the adaptive immune system. The innate immune system consists of basic 

barrier defenses such as the skin as well as immune cells that provide a rapid, nonspecific 

response to invading pathogens. The adaptive response is slower to respond, but provides 

targeted protection against disease-causing organisms or threats to homeostasis and can result in 

the formation of immunological memory.  

A state of inflammation is not solely dependent on the presence of traditional immune 

cells of the innate (e.g. neutrophils and macrophages) and adaptive (e.g. T and B lymphocytes) 

immune systems. Non-immune cells such as keratinocytes, fibroblasts, and epithelial cells can 

contribute to the immune response through sensing a threat and sending out danger signals
8,9

. 

The detection of danger can occur through pattern recognition receptors (PRRs) present on non-

immune cells as well as immune cells, which then activate complex signaling cascades, such as 

the nuclear factor kappa B (NF𝜅B) and interferon (IFN) pathways. Induction of the NF𝜅B 

pathway results in the production of pro-inflammatory mediators such as interleukins and tumor 

necrosis factor alpha (TNF𝛼), while Type I IFN signaling requires the activation of interferon 

regulatory factor 3 (IRF3) to produce interferons
10

. The activation of both of these pathways 

ultimately leads to the recruitment of traditional innate immune cells, such as macrophages and 

neutrophils, to the site of inflammation. 



   

4 

 

Macrophages and neutrophils have the ability to engulf foreign material in a process 

called phagocytosis and as such, are collectively referred to as professional phagocytes. 

Neutrophils often patrol the vasculature and only migrate into the tissues in times of need, while 

macrophages can be found in tissues or migrate from the periphery. Macrophages found in the 

tissue are long-lived and referred to as tissue-resident macrophages
11

. In response to a threat, 

macrophage precursors, called monocytes, exit the vasculature, migrate to the tissues, and 

differentiate into macrophages
11

. The process in which these cells arrive to the damaged area is 

sequential, with neutrophils arriving within minutes to an hour, followed by inflammatory 

monocyte-derived macrophages (MDMs)
9
. After clearance of the pathogen, a second population 

of MDMs arrive, secreting factors that aid in wound healing and tissue repair. If the threat is not 

resolved, cells from the adaptive response will also respond. 

During an active immune response, neutrophils and macrophages migrate to the site of 

inflammation in response to chemoattractants in a process called chemotaxis. These 

chemoattractants are produced by local cells within the affected tissue such as keratinocytes, 

fibroblasts, epithelial cells, dendritic cells, and resident macrophages. Well known 

chemoattractants include leukotrienes, cytokines (IL-8), chemokines (RANTES, CXCL8, 

CCL2), and complement peptides (C5a), which then create a concentration gradient that 

phagocytes use to navigate to the site of inflammation
12,13

. Chemotaxis is a step-wise, organized 

process, involving the recruited cells, cells that make up the vasculature such as endothelium, 

and the expression of cell surface receptors that mediate the interactions of these cells. For 

example, neutrophils within the periphery express cell adhesion molecules such as L-selectins 

which allow for loose connections to be made with E-selectin, P-selectin, and PSGL-1 molecules 

on the surface of vascular endothelium
13,14

. These interactions bring the recruited cells to a slow 
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rolling process. Conformational changes in integrin adhesion molecules such as LFA-1 and 

MAC-1 on neutrophils allow high-affinity ligand binding to occur with endothelial molecules 

that include ICAMs and VCAM-1
13

. Following rolling arrest, the recruited cells cross the 

vasculature wall in a paracellular or transcellular manner in a process called extravasation
13

. 

Once in the tissue, the cells migrate through the tissue across the chemoattractant gradient, in a 

process that requires structural changes within the cell, in order to form cellular extensions called 

pseudopodia
13

. When they reach the site of inflammation, phagocytes can begin the process of 

combating pathogens as well as clearing debris, dead, and dying cells. They also further amplify 

the inflammatory response through the production of more cytokines. For example, neutrophils 

and macrophages recruit and activate more innate immune cells as well as those of the adaptive 

system through the production of leukotriene B4, CXCL8, IL-1, IL-6, IL-12, and TNF
14,15

. 

Neutrophils can act directly on pathogens through release of cytotoxic mediators such as 

proteases, antimicrobial peptides, ROS, nitric oxide (NO), and granules containing hypochlorous 

acid
14

. The release of these mediators is termed degranulation and occurs through the exocytosis 

of membrane-bound secretory granules
16

. There are 4 types of granules and the order in which 

they are released is tightly regulated. For example, secretory vesicles are the most readily 

released and contain albumin
16,17

. Secondary and tertiary granules, containing Matrix 

Metalloproteinase 9 (MMP), are released next and lastly, primary granules sometimes called 

azurophilic granules are released
16,17

. Exocytosis of primary granules occurs in response to the 

strongest stimuli, which typically occurs when cells arrive at the source of inflammation since 

these granules contain the most toxic mediators (elastase, defensins, lysozyme, 

myeloperoxidase)
16,17

. 
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Macrophages, and to a lesser extent neutrophils, indirectly combat invading pathogens 

through the phagocytosis of opsonized pathogens and infected cells, at which point they use their 

internal machinery to kill and digest the microbes. This process is dependent on phagolysosomal 

acidification. Other mechanisms of killing include the production of enzymes, ROS, NO, and 

antimicrobial peptides
14

. Macrophages can also contribute indirectly to the adaptive response by 

activating T-cells
11

. 

The tactics phagocytes utilize to directly and indirectly fight invaders require cellular 

restructuring and complex cytoskeletal changes that require a cascade of cellular proteins and 

signals. Cytoskeleton rearrangement is critical in several phagocyte basic functions from 

extravasation and migration through the tissues to phagocytosis and degranulation. For example, 

the cellular polarization required during chemotaxis includes the formation of actin-rich 

pseudopodia at the leading edge of the migrating cell, while microtubule organizing center 

(MTOC) reorientation is important during phagocytosis
13,18

. Another instance where cytoskeletal 

rearrangement is critical is in neutrophil degranulation, as the first step of exocytosis is 

recruitment of the granules from the cytoplasm to the plasma membrane
16

. This requires 

rearrangement of the cytoskeletal microtubules and is followed by vesicle tethering, docking, and 

finally, fusion to the plasma membrane.  

Phagocytes in Disease – Comparative Inflammatory Conditions 

 

The release of cytotoxic factors, ROS, and cytokines by phagocytes are critical to 

combating invading pathogens. However, dysregulation of any of these functions can pose a 

threat to homeostasis as phagocytic functions that are essential to the inflammatory response can 

also contribute to the development of disease states, amplifying the extent of tissue damage or 

perpetuating the disease condition. There are many conditions in which innate immune cells 
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exacerbate the disease process or directly cause destructive inflammatory states. The following 

examples will highlight some of these conditions, provide relevant naturally occurring models, 

and collectively, demonstrate the critical need for tight regulation of innate immune cell 

function. 

In patients with cardiovascular disease, phagocytes are recruited to the site of the lesion 

through chemoattractant signals released by epithelial and endothelial cells to help restore 

homeostasis
19,20

. Macrophages and monocytes travel to atherosclerotic lesions to clear lipid 

blockage
20,21

. The death of lipid laden macrophages can enhance lesion development by 

contributing to an unstable necrotic core, promoting plaque rupture which can lead to 

thrombosis, a major cause of myocardial infarction (MI)
22–25

. After a MI, or another ischemic 

event, such as kidney injury, ischemic colitis, or organ transplant, injured tissues release 

chemotactic mediators during reperfusion that recruit innate immune cells to the injured site. 

Activated neutrophils, and possibly macrophages, are major contributors to ischemic reperfusion 

injuries (IRI) through superoxide, cytokine, and protease production
26–31

. Cells of monocytic 

lineage, found in high numbers at these sites, have been shown to impair infarct healing and 

delay recovery of ventricular function after acute MI, although their role in IRI pathology is still 

unclear
32–35

. Horses are highly susceptible to ischemic bowel injury and in the resultant IRI or 

endotoxemia, neutrophils play key roles in the pathogenesis of the disease
36

. Furthermore, the 

merits of using experimental models of canine MI have long been known and in a study that 

directly compared mouse and dog MI models, researchers found that mice exhibit a more rapid 

and transient inflammatory response and differences in macrophage accumulation in the lesion 

when compared to large mammalian species
37

. 
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Damaging inflammatory states can also occur in response to infectious disease. In an 

attempt to prevent pathogenic bacterial colonization, neutrophils are prevalent in early 

periodontal disease; however, the same neutrophil proteases that kill microbes can damage 

extracellular matrix, exacerbating the disease state
38–40

. In extreme cases such as septic shock, 

the accumulation and overactivation of neutrophils leads to the increased release of cytotoxic 

mediators that can have devastating systemic effects
16

. 

Not surprisingly, innate immune cells can contribute to the pathology observed in 

autoimmune disorders and allergy. For example, in systemic lupus erythematosus (SLE) and 

rheumatoid arthritis (RA), it has been hypothesized that phagocytes contribute to autoantibody 

production
22,41–45

. Developing as a common theme, neutrophils in both SLE and RA produce 

molecules that directly damage vascular endothelial cells or cartilage, respectively
46,47

. In fact, 

synovial neutrophils from RA patients had higher levels of basal NADPH oxidase activity when 

compared to healthy controls and after stimulation, had higher ROS production than blood 

neutrophils, suggesting they were primed
48

. Type IV allergies, also referred to as delayed-type 

hypersensitivities, are a T-cell mediated disease that result in large recruitment of macrophage 

and neutrophil populations. The clinical presentation of flea allergy, scabies, and demodecosis 

are all similar to those in humans with contact allergies to metal or certain drug allergies
49

. In 

fact, recent work has demonstrated that canine macrophages can be polarized towards the 

alternatively activated, anti-inflammatory M2 phenotype in vitro, which will prove a valuable 

model for allergy studies
50

. 

Complex diseases and chronic disorders such asthma and irritable bowel disorder (IBD) 

have been extensively researched, and while there is still much to learn about the roles 

phagocytes play in the pathological findings, utilization of naturally occurring disease in novel 
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animal models may offer insight. For example, while IBD in humans is still not fully understood 

and believed to be multi-factorial disorder, it is well established that macrophages recruited from 

the blood infiltrate the intestinal mucosa
51

. Although inflammatory bowel conditions in dogs and 

horses have also proven difficult to characterize, horses with the IBD granulomatous enteritis 

resemble Crohn‟s disease at the villus level and also have high numbers of macrophages in 

affected regions
49,51

. Furthermore, neutrophils are the second most common clinicopathological 

finding in equine IBD and in human IBD, neutrophils accumulate in lesions where they display 

increased levels of ROS
49,52

. These naturally occurring models of IBD are of value to the 

scientific community as genetically altered mice models of IBD have questionable physiological 

relevance and in fact, genetically modified mice that lack human IBD-associated genes 

(identified through genome wide association studies) do not develop IBD
53

. 

Asthma in humans is a heterogenous group of respiratory diseases that are believed to 

have both genetic and environmental contributions
54

. Feline asthma and equine asthma are also 

collective terms used to describe a complex set of diseases characterized by inflammation of the 

lower airway
49

. The disease in both species is influenced by environmental factors and associated 

with breed predispositions reminiscent of the genetic aspect seen in humans
49

. Asthma in 

humans, horses, and cats all present with increased mucus production of the airways, increased 

airway reactivity, and airway remodeling
49,55,56

. Furthermore, humans and horses suffering from 

asthma often have a chronic cough, while humans and cats experience air-trapping, difficulty 

exhaling against the obstruction of mucus and edema within the bronchi
49

. Increased neutrophil 

levels are observed in the lungs of all three species with certain subtypes of asthma, and 

neutrophils in humans and horses have been shown to perpetuate the disease
54,57–61

. Research on 

the role of neutrophils and macrophages in equine asthma provides compelling evidence that 
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innate immune cells are responsible for a certain degree of pathology during the disease course. 

For example, the most apparent pathological consequence of the characteristic infiltration of 

neutrophils in equine asthma is their ability to produce proteases and ROS that directly damage 

tissue, as well as cytokines that further recruit other immune cells. In a study of severe asthma 

(previously known as heaves/recurrent airway obstruction) by Lindberg et al., data suggest that 

leukotriene B4 produced by neutrophils contributes to additional neutrophil infiltration into the 

lungs and further tissue damage
62–64

. Comparatively, neutrophils from asthmatic humans have 

been shown to have enhanced functional capabilities such as increased migratory capacity and 

cytokine production (TNF𝛼, GM-CSF, IFN𝛾)
54

. In addition to the evident role neutrophils have 

in equine asthma, macrophages have been implicated in the disease process as well. Both 

macrophages and neutrophils produce damaging MMPs in severe asthma
63,64

. While MMP8 

expression correlates with neutrophil number and disease severity in bronchoalveolar lavage 

fluid(BALF), a study by Raulo et al. found that lung macrophages were the major sources of 

MMP8 in horses with severe asthma
62,63

. Another study found a correlation between protein 

levels, gelatinolytic activity of MMP9, and neutrophil levels of BALF from horses with severe 

asthma and similarly, increased levels of MMP9 has been reported in the neutrophils of 

asthmatic humans
54,64

. 

A better understanding of the mechanisms mediating macrophage and neutrophil 

activation, migration, and function during an immune response can lead to the development of 

more efficient, targeted therapeutics to mediate phagocytes‟ roles in damaging inflammatory 

conditions. The need for new treatments for exuberant inflammation is highlighted by the side 

effects that accompany one of the common medications for chronic inflammation, 

corticosteroids. The mode of action of these drugs, in combination with systemic delivery results 
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in targeting a broad range of cell types. Side effects can include hypokalemia, adrenal 

insufficiency, and immunosuppression which can leave the patient susceptible to infection
65–67

. 

These drawbacks of currently available treatment options demonstrate a critical need for a more 

thorough understanding of the mechanisms by which innate immune cells are activated, recruited 

and participate in the immune response. Furthermore, the discrepancies between in vivo mouse 

studies and the translational relevance to humans demonstrate a need for new models
68

. Through 

utilization of naturally occurring disease models in large animals, the cellular and molecular 

mechanisms mediating innate immune cell migration may be discerned, contributing to the 

development of therapies that target this process during damaging inflammatory states. 

Activation of the NF𝜅B Pathway and Type I Interferon Induction  

NF𝜅B activation 

NF𝜅B-mediated signaling is one of the most influential, complex pathways activated 

during an immune response. The complexity arises from a wide variety of inducers/activators of 

the pathway as well as the vast number of proteins and processes (such as protein-protein 

interactions and post-translational modifications) mediating the signaling cascades once 

activated. The substantial influence of NF𝜅B is reflected by the thousands of genes it can 

activate or repress as a transcription factor. 

In resting cells, NF𝜅B exists either as mature proteins that are inhibited by a second 

protein or inactive precursor subunits in the cytoplasm. After loss of inhibition or activation of 

precursors, respectively, these subunits form dimers, translocate to the nucleus, and bind 

enhancer or promoter regions of NF𝜅B-stimulated genes. Inhibited subunits, RelA (p65), RelB 

and c-Rel, are synthesized as mature proteins and inhibited by the Inhibitor of 𝜅B (I𝜅B) proteins: 

I𝜅B𝛼, I𝜅B𝛽, I𝜅B𝜀, BCL-3, I𝜅Bz, and I𝜅BNS
69

. p100 (I𝜅Bδ) and p105 (I𝜅B𝛾) are the inactive 
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precursors of NF𝜅B and after C-terminal cleavage, their subunits, p52 and p50 respectively, are 

activated
69

. 

There are two pathways of NF𝜅B activation, canonical and alternative, both of which 

result in the loss of NF𝜅B inhibitors or activation of the precursor proteins (Figure 1). During 

canonical activation, I𝜅B kinases (IKK) phosphorylate I𝜅B inhibitory proteins which leads to 

their degradation and subsequent activation of NF𝜅B subunits
69

. Canonical IKK is a complex of 

proteins made up of NF𝜅B Essential Modifier (NEMO), IKK𝛼, and IKK𝛽. IKK𝛽 can 

phosphorylate I𝜅B𝛼 or I𝜅B𝛽, which mark them for polyubiquitylation by the E3 ubiquitin ligase, 

Beta-transducin repeat containing protein (𝛽-TrCP)
70

. This ubiquitylation targets the I𝜅B 

proteins for proteasomal degradation. During alternative activation, dimerized IKK𝛼, 

independent of the canonical IKK complex, phosphorylates inactive NF𝜅B precursor p100, 

allowing 𝛽-TrCP to ubiquitylated p100, leading to proteasomal processing that yields the active 

p52 subunit
69–71

. For the sake of simplicity, this review will not cover the numerous proteins 

upstream of the IKK proteins that vary depending on the method of induction/receptor 

stimulated.  

Receptors known to induce the canonical NF𝜅B pathway include Toll-like receptors 

(TLRs), RIG-I-like receptors (RLRs), and nod-like receptors (NLR)
72

. Inducers of the canonical 

NF𝜅B pathway include pro-inflammatory cytokines as well as pathogen-associated molecular 

patterns (PAMPs) found on harmful organisms such as bacteria and viruses. Inducers of the 

canonical pathway potently activate immune cells such as lymphocytes, macrophages, 

neutrophils, and dendritic cells and result in the release of pro-inflammatory cytokines and 

chemokines
69

. The alternative pathway is induced largely by TNF receptor family proteins and 

can also be activated by certain pathogens such as RNA viruses
73,74

. Through alternative 
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activation, NF𝜅B plays critical roles in processes such as lymphoid organ development, B-cell 

survival, and osteoclast differentiation
69,74

. It is critical to reiterate that the ligand and receptor 

combination dictate which downstream proteins involved in the signaling cascade lead to IKK 

activity and ultimately, NF𝜅B translocation into the nucleus. Furthermore, there are multiple 

mechanisms of regulation throughout the NF𝜅B pathway, including post-translational 

modifications that can alter the interactions of the many signal transducing proteins, as well as 

positive and negative feedback loops.  

Induction of Type I Interferon  

The IFN pathway is most notably involved in antiviral responses, but IFN production can 

be induced by a number of ligands, including PAMPs and damage associated molecular patterns 

(DAMPs) through PRRs. Members of the IFN superfamily are categorized into three subtypes. 

Type I Interferons include IFN𝛼, IFN𝛽, IFN𝜅, IFN𝜀, and IFN𝜔, while Type II consists of IFN𝛾 

75
. Type III Interferons are not well characterized, but contain proteins that are distantly related 

to the IL-10 cytokine family
75

.  

Many types of cells, both professional immune and non-immune cells, have the ability to 

produce IFN and after being produced, all IFNs signal through the well-studied Janus 

kinase(JAK)-signal transducer and activator of transcription(STAT) pathway
76,77

. JAK-STAT 

signaling results in the activation of a wide variety of innate and adaptive immune responses, 

critical in combatting pathogens. The cell type, receptors expressed on it, and the inducing 

stimuli collectively dictate which IFN subtype will be produced. As mentioned above, many cell 

types have the ability to produce IFN, but often, specific IFNs are associated with particular cell 

types due to their ability to produce high amounts of a particular IFN. For example, IFN𝛽 is the 
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predominant form of IFN produced by macrophages, while IFN𝛾 production is mainly associated 

with T-cells
77

.  

IFN signaling is an extremely complex process with many proteins involved, countless 

methods of regulation, and a wide variety of outcomes. Therefore, the focus of this section will 

be an introductory overview of the induction of Type I IFN production through IRF3 and the 

main protein players involved, rather than the process and outcomes of IFN signaling.  

IRF3, a key regulator in the initiation of Type I IFN expression induced by viruses, acts 

as a transcription factor
78–80

. The PRRs known to result in the activation of IRF3 include TLR3, 

TLR4, RLRs, NLRs, and cytosolic DNA sensors
79,81

. In response to detection of PAMPs, there 

are two main signaling cascades through which IRF3 can be activated (Figure 1). The first occurs 

after activation of TANK Binding Kinase 1 (TBK1) through signaling of one of three adapter 

proteins: TLR/IL-1R domain-containing adaptor protein inducing IFN𝛽 (TRIF), mitochondrial 

antiviral signaling protein (MAVS), and stimulator of IFN genes (STING)
82

. Activated TBK1 

facilitates the phosphorylation of IRF3 and upon phosphorylation, IRF3 translocates to the 

nucleus
83

. In a TBK1-independent manner, the second pathway of IRF3 activation requires the 

phosphorylation of 𝛽-catenin by GSK3, which then interacts with IRF3, resulting in its 

translocation to the nucleus
83

. Within the nucleus, IRF3 undergoes another phosphorylation 

event, dimerizes and then binds interferon stimulated response elements (ISREs) which can lead 

to the transcription of over 20 genes that encode for Type I interferons
79,83,84

. Similarly, IRF7 is 

another transcription factor activated by TBK1 and plays a role in positive feedback, creating an 

amplification loop that further induces Type I IFN gene expression
83

.  

As alluded to through the sheer complexity of the activation of these pathways, the 

outcome of NF𝜅B and IFN signaling can have widespread implications on host immunity. 
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Furthermore, while often categorized as two separate pathways, the activation, regulation, and 

protein mediators of NF𝜅B and IFN signaling often overlap, adding to the intricacies of these 

critical mediators of the immune response. For example, TLR3 signaling leads to TRIF 

recruitment of a protein complex that includes TRAF3, TBK1, and the NF𝜅B kinase, IKK𝜀. This 

group of proteins then activate IRF3 to induce Type I IFN production
69

. Conversely, there are 

several interesting examples that highlight the regulatory cross-over between these pathways. A 

study in mice demonstrated that when a critical upstream component of alternative NF𝜅B 

signaling, NF𝜅B-inducing kinase (NIK), is knocked out, macrophages produce elevated levels of 

Type I IFN in response to viral infection, suggesting components of the NF𝜅B pathway 

negatively regulate Type I IFN responses
74

. Similarly, in the cytoplasm of resting cells, IRF3 can 

interfere with IKK𝛽 activity, serving as an example of the Type I IFN system inhibiting 

canonical NF𝜅B activation
83

. Lastly, IRF3-activating kinase TBK1 has been shown to mediate 

the phosphorylation and subsequent degradation of NIK, illustrating a protein that promotes 

Type I IFN response and negatively regulates non-canonical NF𝜅B signaling (Figure 1)
85

. 

Ubiquitin Pathway 

Ubiquitylation is a reversible post-translational modification that enzymatically adds one 

or more ubiquitins onto a specific lysine of the target substrate. Ubiquitin is a highly conserved 

76 amino acid protein and ubiquitylation of a protein can target it to one of many pathways. The 

type of ubiquitin linkage, the number of ubiquitin added, and the branching pattern of the 

ubiquitin dictates the fate of the substrate. There are three general classifications of ubiquitin 

modification: monoubiquitylation, multi-monoubiquitylation, and polyubiquitylation
86

. Ubiquitin 

linkage occurs on a lysine residue of the substrate protein and then additional ubiquitin peptides 

can be added to the chain through linkages with one of seven lysine residues within ubiquitin 
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(K6, K11, K27, K29, K33, K48, K63) or the starting methionine, M1
86–88

. Polyubiquitylation 

that consists of ubiquitin in chains linked in the same manner is considered homotypic, while 

ubiquitin chains formed through multiple types of linkages are heterotypic
86

. Heterotypic 

ubiquitylation is often referred to as mixed, branched, or hybrid ubiquitin chains
86

. Due to 

obvious reasons of complexity, homotypic ubiquitylation is better understood than heterotypic 

ubiquitylation. Homotypic ubiquitin linkage to any of the above mentioned eight residues except 

K63 and M1 can result in targeting to the most well characterized ubiquitin pathway, 

proteasomal degradation (expanded upon in Proteasomal Degradation)
86

. K63 and M1 

homotypic linkages allow for the formation of large protein complexes that are involved in DNA 

repair, NF𝜅B activation, or protein synthesis
89

. Additional pathways that substrate proteins can 

be targeted to, through both homotypic and heterotypic polyubiquitylation, include localization 

to certain cellular compartments such as the ER, nucleus, or cell surface, endocytosis, 

involvement in histone regulation, and mitophagy
86,89,90

.  

The process of ubiquitylation occurs when an E1 protein transfers ubiquitin onto the E2 

protein, and an E3 ubiquitin ligase can then catalyze the transfer of ubiquitin from the E2 protein 

onto the substrate protein. As a reversible modification, removal of ubiquitin from a substrate 

protein occurs by deubiquitylases (DUBs). In mammals, only two E1 proteins have been 

identified, while E2 and E3 proteins are numerous
88

. E3 proteins contain RING, HECT, UBOX, 

or RDR domains that possess enzymatic ubiquitin ligase activity
89

. RING-containing proteins are 

the majority of E3 ligases, and many RING containing proteins have subunits that serve as 

scaffolds that tether the substrate and the E2-ubiquitin complex
87,88

. At least 600 E3 ubiquitin 

ligases have been identified in the human genome and it is predicted these collectively have 

>9,000 substrate targets
91

. To complicate matters further, the ubiquitin system is tightly regulated 
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through various methods, one of which is through ubiquitylation itself. For example, E3 ligases 

can self-ubiquitylate in a cis-manner or alternatively, one ligase can ubiquitylate another
88

. 

Ubiquitylation of an E3 ligase can target it for degradation or can modify protein-protein 

interactions. In addition to ubiquitylation, other types of post-translational modifications 

(phosphorylation as an example) either within a substrate or on the E3 ligase, as well as cellular 

conditions (such as oxygen concentration) can modify protein-protein interactions between an E3 

ligase and its substrate protein
70,91,92

. 

Proteasomal Degradation  

As an important method of regulation, it is not surprising that the ubiquitin pathway is 

critical in many aspects of the immune system. The most well-known consequence of 

ubiquitylation is the targeting of a substrate protein to the 26S proteasome. The following 

discussion will provide a basic description of the proteasome and how it functions as well as 

highlight well-studied instances where ubiquitin-mediated proteasomal degradation is essential 

in immune responses. 

Found in both the nucleus and cytoplasm of cells, the 26S proteasome is a large 

molecule, 50-100X larger than extracellular proteases, and is dependent on ATP hydrolysis
92

. 

There are two defined reasons a substrate protein would be ubiquitylated and targeted to the 

proteasome. First, this system has been shown to act as a method of quality control in the cell. 

Quality control E3 ligases have the ability to detect degenerate motifs, degrons, that are 

exclusively presented by misfolded proteins, and are undetectable in non-accessible regions of 

correctly folded proteins
89

. Consequently, incorrectly folded proteins are degraded by the 

proteasome and in fact, 10-15% of all newly synthesized proteins are disposed of in this 

manner
89

. Alternatively, ubiquitylation that targets correctly folded, functional proteins for 
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degradation is often a process critical in many signaling cascades. Thus, this method of protein 

disposal through ubiquitylation is a regulatory mechanism. Perhaps the best known example of 

ubiquitin-mediated proteasomal degradation in the immune response occurs when I𝜅B, the 

inhibitory partner of NF𝜅B, is phosphorylated by IKK. This targets I𝜅B for ubiquitylation by 𝛽-

TrCP and subsequent proteasomal degradation, which results in canonical NF𝜅B activation (see 

NF𝜅B Activation above)
70

.  

The 26S proteasome‟s active cleavage chamber contains six proteolytic sites: two sites 

cleave after hydrophobic residues, two sites cleave after acidic residues, and the final two cleave 

after basic residues
92

. The amino acid cleavage that the proteolytic sites utilize is unique to the 

proteasome, and therefore, blocking this process requires highly specific inhibitors such as 

lactacystin. 

There are two main ways the 26S proteasome degrades proteins. The first, most frequent 

method begins with protein unfolding and then entry of the entire polypeptide inside the 20S 

chamber. The polypeptide is then cleaved continuously until peptides of only 3-25 amino acids 

remain, which are then released and quickly digested into single amino acids by endopeptidases 

and aminopeptidases
92

. This mode of proteasomal degradation differs from classical protease 

activity, which only cleaves peptides once and releases the two remaining fragments. The other 

infrequent, but still quite important method, is partial degradation of a protein, yielding an active 

component. This is the method the proteasome utilizes to produce the active p52 subunit of the 

alternative NF𝜅B pathway (see NF𝜅B Activation above)
92

.  

Indeed, there are countless instances where proteasomal degradation results in the 

activation or inhibition of important mediators in immune signaling pathways. However, with the 

relatively new discovery of a specialized proteasome, the immunoproteasome, it is apparent that 
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the importance of proteasomal degradation extends past signaling pathways. Found abundantly 

in immune cells, such as antigen presenting cells, immunoproteasomes have novel proteolytic 

cleavage sites that allow for the production of larger peptides than the 26S proteasome
92,93

. These 

larger peptides are then able to be processed and presented by the MHC Class I complexes
92,94

. 

Although not fully understood, new roles for the immunoproteasome, such as during 

differentiation of non-immune cells, have been recently reported
93

. While there is much to learn 

about these specialized structures, it is of note that immunoproteasome expression is inducible by 

cytokines such as INF𝛾 and TNF
93

. 

TRIM9 

The Tripartite Motif Containing (TRIM) family is a large family of proteins known for 

their pivotal role in the ubiquitin pathway. These proteins are highly conserved across species 

and contain the Tripartite Motif which includes an amino-terminal Really Interesting New Gene 

(RING) domain followed by one or two Bbox domains and a Coiled Coil (CC) domain
95–97

. This 

Ring-Bbox-Coiled Coil domain pattern (RBCC) is then followed by a variable carboxyl-terminal 

that dictates which subfamily a TRIM protein belongs to and is also important in protein-protein 

interactions
97–99

. TRIM proteins are E3 ubiquitin ligases, the third protein in the ubiquitin 

pathway which catalyze the transfer of ubiquitin onto substrate proteins
100,101

. This ubiquitin 

ligase activity is dependent on the zinc-binding RING domain, while the Bbox-Coil Coiled 

domains seem to be critical in target specificity
79,95,96,100,101

. The Bbox domains are unique to 

TRIM proteins and also contain zinc-binding motifs, although these differ from that of the RING 

domain
96,97,101

. It is hypothesized that the Bbox domains may contribute to ubiquitin activity, 

while the Coiled Coil region is essential in homodimerization
97,99,102

.  
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As described above in the Ubiquitin Pathways and Proteasomal Degradation sections, 

ubiquitylated proteins are targeted to one of many pathways, the best characterized is that of 

proteasomal degradation. Other pathways include protein localization to certain cellular 

compartments such as the ER or nucleus
89,90

. TRIM proteins are involved in two main types of 

ubiquitylation-linkage, K48 and K63. K48 ubiquitylation results in the proteasomal degradation 

of the target protein, while K63 ubiquitylation is implicated in the NF𝜅B pathway, DNA repair, 

and lysosomal targeting
72,73,103

. 

TRIM9 contains the amino-terminal RBCC motif conserved in TRIM proteins, while the 

carboxyl-terminal domain places TRIM9 in the C-I subfamily of TRIMs
98

. The C-I subfamily 

also contains TRIM1, 18, 36, 46, and 67 and are characterized by the presence of a C-terminal 

Subgroup One Signature (COS) domain, a Fibronectin Type 3 Repeat (FN3) domain, and a PRY-

SPRY domain
98

. The functions of each of the domains have yet to be fully characterized, but a 

few key roles have been demonstrated (see TRIM9 Function in Neurodevelopment and TRIM9 in 

the Immune Response sections below). In general, the COS domain binds microtubules and may 

be involved in cytoskeletal rearrangement, while the PRY-SPRY domain, sometimes referred to 

as B30.2, contains an immunoglobulin-like fold and has been shown to have antiviral activity in 

some TRIM proteins (see TRIM Family Proteins in the Immune Response)
98,104,105

.  

TRIM9 is highly expressed in the brain and has been shown to play critical roles during 

the development and maturity of the neural network in both invertebrates and vertebrates
1,2,97

. 

The TRIM9 gene is located on human chromosome 14 and the longest transcript encodes 10 

exons and is 4.9 kilobases in length
97

. Although the first report of TRIM9 predicted 3 isoforms, 

only two of these isoforms have been studied in depth: TRIM9 long (TRIM9L) and TRIM9 short 

(TRIM9S)
97

. TRIM9L contains all the above mentioned domains and is translated from the 
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transcript that contains Exons 1-10. TRIM9S lacks the SPRY-PRY domain and the 

corresponding transcript contains Exons 1-7. Until recently, most studies were focused on 

TRIM9L, or failed to make a distinction, and therefore, much of what is known about TRIM9 

function is presumably based on TRIM9L.  

TRIM9 Function in Neurodevelopment 

First identified in the brain, TRIM9 was originally thought to be specific to the central 

nervous system (CNS)
97

. The first report on TRIM9 function in vertebrates was in a rat model 

where the gene was initially named SNAP25-interacting RING finger protein (SPRING)
106

. In 

this study, researchers identify TRIM9 (SPRING) as a negative regulator of SNARE complex 

formation through its interactions with SNAP25
106

. Through competitive binding of SNAP25, 

dependent on the Bbox-CC domains, TRIM9 prevents Syntaxin1 and VAMP2 from interacting 

with SNAP25 to form the SNARE complex
106

. This interaction effectively suppresses synaptic 

vesicle exocytosis. Interestingly, several of the components of the SNARE complex, as well as 

TRIM9, have been shown to be downregulated in the brains of rabies-infected mice
107

. Similarly, 

TRIM9 expression is decreased in the brains of humans with Parkinson‟s Disease and dementia 

with Lewy bodies present
108

. In that study, it was also demonstrated that TRIM9 has E3 ubiquitin 

ligase activity
108

.  

A candidate for an invertebrate TRIM9 homolog was first identified in a forward genetic 

screen on Caenorhabditis elegans mutants that had fewer muscle arms, an extension of the 

plasma membrane that contains body muscles
109

. Muscle arm development defective 2 

(MADD2) is the only TRIM that belongs to the TRIM C-I subfamily in invertebrates
110,111

. 

Reports vary on whether MADD2 is a true TRIM9 homolog or a homolog of another C-I TRIM 

protein (see Models for Studying TRIM9 section below), but regardless of classification, 
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MADD2, as well as the Drosophila melanogaster homolog Anomalies in sensory axonal 

patterning (Asap), show many functional similarities to TRIM9
110–113

. Initial studies done in 

invertebrate species identified many MADD2/Asap-interacting proteins and were then later 

corroborated by studies of TRIM9 in mammals. For example, through interactions between 

UNC6 and UNC40, MADD2 mediates ventral axon migration and branching and MADD2
-/-

 

mutant C. elegans have defects in midline muscle orientation
110,113

. UNC6 is a nematode 

homolog of mammalian signaling molecule netrin, while UNC40 is a homolog for mammalian 

Deleted in Colon Cancer (DCC), which is a netrin receptor
114

. The comparative relevance of 

these findings is expanded upon below. 

Since the initial studies in invertebrate models identified UNC40/DCC as a TRIM9 

binding partner, much work has been done to elucidate the functional relevance of this 

interaction. Highly expressed in the CNS and critical to neural development, netrin is a soluble, 

laminin-like protein that mediates both the chemoattraction and repulsion of neurons. This dual 

guidance property is dependent on the receptor repertoire it acts on and includes the netrin family 

receptors: DCC, neogenin, UNC5, and the A2B adenosine receptor (A2BAR). The best 

characterized instance of netrin bifunctionality is through binding to DCC, which leads to 

homodimerization with another DCC receptor through cytoplasmic tail P3 domains, resulting in 

guidance-cue mediated axonal attraction
114

. However, when both DCC and UNC5b are present, 

netrin induces repulsive effects on neuron migration
114

. Winkle et al. demonstrated that the 

negative regulation TRIM9 exerts on SNARE complex formation occurs through DCC and is 

netrin dependent
1,106

. In the cerebral cortex, TRIM9 binds and ubiquitylates the intracellular 

portion of the DCC receptor in a non-degradative manner and in conjunction with its interactions 

with SNAP25, prevents SNARE complex formation in the absence of netrin
1,3,106

. These 
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interactions are dependent on functional RING and CC domains and result in controlled, basal 

levels of axonal branching in the absence of netrin
1
. However, when netrin is introduced, TRIM9 

releases SNAP25 which then assembles with other SNARE complex proteins
1
. Concurrently, 

netrin induces DCC clustering to form multimers and through a reduction in TRIM9-mediated 

ubiquitylation of DCC, focal adhesion kinase (FAK) is able to bind the cytoplasmic domain of 

DCC
3
. FAK then mediates vesicle fusion in a phosphorylation dependent manner, which results 

in local plasma membrane expansion
1,3

. This series of events allows for controlled axon branch 

formation and in the absence of TRIM9, constitutive SNARE complex formation results in 

unconstrained axon branching, independent of netrin
1
.  

TRIM9 also mediates cortical axon development through ubiquitylation of vasodilator-

stimulated phosphoprotein (VASP), a protein that assembles filamentous actin (F-actin) bundles 

in the growth cone
2,115

. At the end of axons, growth cones contain filamentous filopodial 

protrusions which are made of F-actin and possess the ability to respond to growth cues, such as 

those given by netrin. The filopodia of growth cones depend on VASP function in order to 

respond to netrin
116

. Menon et al. demonstrated that when TRIM9 ubiquitylates VASP, 

localization of VASP at the tips of filopodia is lost and deubiquitylation is required to restore 

netrin-induced stability and axon turning
2
. These results suggest that TRIM9 acts as a negative 

regulator of filopodia stability and growth
2
. These findings translate to the hippocampus as well, 

and in fact, TRIM9 deletion results in impaired learning and memory, further demonstrating the 

important role TRIM9 plays in neuron morphogenesis
117

.  

Most recently, a role for TRIM9 in CNS cancer has been elucidated. Liu and colleagues 

found that TRIM9 expression is decreased in glioblastoma and through interactions of MKK6, 
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TRIM9S creates a positive feedback loop for p38 signaling that suppresses glioblastoma 

progression
118

. 

TRIM9 in the Immune Response 

Many of the TRIM family proteins have well established roles in the immune system and 

with the growing interest in the clear role the ubiquitin pathway plays in immunity, a number of 

studies have aimed to identify functions for TRIM9 in the immune response. The result of this 

work is highlighted below.  

Initial microarray data comparing expression in human monocytes throughout 

differentiation into macrophages and then polarized M1 or M2 phenotypes revealed TRIM9 

expression was detectable
119

. While TRIM9 was not differentially expressed across macrophages 

in varying states of differentiation, a later publication reported significant increases of TRIM9 in 

response to immune stimuli
41,119

. Type I IFN stimulation did not significantly alter TRIM9 levels 

in human MDMs, while Type II IFN decreased TRIM9 mildly
41

. Interestingly, TRIM9 expression 

was significantly upregulated by immune complexes and out of a total 72 TRIMs tested, only 

one other gene, TRIM54, was significantly upregulated in response to the immune-complex 

induced Fc𝛾R stimulation
41

. TRIM54 shared similar patterns of expression throughout the 

experiment, with low levels in resting MDMs and downregulation in response to both types of 

IFN stimulation
41

. TRIM9, belonging to the TRIM C-I subset, and TRIM54, belonging to the C-

II subset, share similar domain architecture with possession of a COS domain
98

. This domain is 

only found in 8 other TRIMs (belonging to the TRIM subsets C-I through C-III), and is thought 

to be involved in microtubule binding
98

. Authors note that Fc𝛾R stimulation of macrophages can 

activate signaling pathways other than IFNs, in addition to playing a role in the negative 

regulation of IFN induced signaling
41

. It is interesting to speculate that the COS domains of these 
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two TRIMs could be playing key roles in Fc𝛾R-stimulated macrophages. For example, MTOC 

reorientation occurs quickly, exclusively during Fc𝛾R-mediated phagocytosis
18

. The findings 

from Carthagena et al. support a role for TRIM9 in innate immune cells and one that may be 

independent of the signaling pathways discussed below. 

Conversely to data from humans, Rajsbaum et al. reported TRIM9 was undetectable in 

mouse macrophages and dendritic cells, during both resting and stimulated conditions
120

. 

Interestingly, TRIM9 was detected in both resting and stimulated IL-10
+
 Tregs as well as in 

stimulated Th2 cells
120

. The TRIM9 expression pattern across these cell types was mirrored by 3 

other TRIMs (1, 18, and 46), all members of the TRIM C-I subset family
120

.  

In 2013, a study by Versteeg et al. investigated the TRIM family and using full length 

mRNAs from GenBank and Spliceminer, found that 90% of all TRIMs have more than one 

splice variant
121

. Interestingly, 52% of these variants encode proteins that lack at least one major 

domain and 63% of those lack the tripartite motif
121

. The authors hypothesized that splice 

variants negatively regulate full-length proteins
121

. Recombinant expression of TRIM proteins in 

the presence of a proteasomal inhibitor revealed that 24 TRIM proteins, including TRIM9, 

showed a >100% increased level of expression
121

. These findings suggest that many of the TRIM 

proteins may self-ubiquitylate, targeting them for proteasomal degradation. Through a series of 

experiments using reporter plasmids, TRIM9L was capable of enhancing constitutive activity as 

well as inducing IFN𝛽 and ISRE promoter activity alone
121

. This work is supported by Qin et al., 

that reported moderate antiviral activity when TRIM9 is overexpressed in HEK cells
6
. The 

reporter experiments also revealed enhanced IFN𝛽 and ISRE promoter activity by 90% of TRIM 

proteins containing a COS domain tested
121

. These findings add further support to Carthagena et 

al.‟s earlier theory that the COS domain may play a role in innate immune function
41,121

. Viral 
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infection in HeLa cells expressing recombinant TRIM9 induced changes in the localization of 

the recombinant protein from microtubule-associated to a dispersed cytoplasmic distribution
121

. 

Lastly, this report also investigated TRIM family expression in lung-derived A549 cells and 

monocyte-like THP-1 cells in response to stimuli
121

. Transcript amplification primers for this 

work were located in Exons 1 and 2 of TRIM9, which likely resulted in the amplification of 

multiple TRIM9 transcript variants. Viral infection led to increased TRIM9 expression in A549 

cells but interestingly, did not change TRIM9 expression in THP-1 cells
121

. However, TRIM9 was 

downregulated when THP-1 cells were treated with IFN𝛽121
. Furthermore, multiple TRIM genes 

in this study exhibited opposite expression patterns across cell types in response to infection, 

suggesting cell-type specific regulatory roles for TRIM proteins in immune response
121

.  

Shi and colleagues made the first report of TRIM9 involvement in the NF𝜅B pathway
4
. 

𝛽-TrCP plays an important role in both the canonical and alternative activation of the NF𝜅B 

pathway through ubiquitlyation of I𝜅B𝛼 and p100, respectively. As a result of both types of 

activation, NF𝜅B translocates to the nucleus and activates many critical genes in the immune 

response. This study demonstrated that TRIM9 negatively regulates NF𝜅B activation and 

subsequent cytokine production such as IL-6
4
. This finding is supported by similar studies on the 

TRIM9 homolog found in the Hong Kong Oyster (Crassostrea hongkongensis)
122

. Their 

concluding model hypothesizes that in a manner dependent on TRIM9 phosphorylation, 

TRIM9L interacts with 𝛽-TrCP, preventing it from ubiquitylating its target proteins (Figure 1)
4
. 

This work supports earlier findings from Versteeg et al., that reported NF𝜅B was not induced by 

TRIM9 overexpression in reporter assays
121

. 

Perhaps the most informative study to reveal TRIM9‟s complex role in the regulation of 

immune signaling was done by Qin et al. in 2016
6
. Researchers investigated the ability of 
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TRIM9S to positively regulate IFN production
6
. Protein and mRNA analysis demonstrated both 

TRIM9L and TRIM9S are expressed in peripheral blood mononuclear cells (PBMCs), 

comparable to liver levels, although at lower levels than the lung or spleen
6
. The authors then 

cloned both isoforms from human PBMCs and evaluated the effect of their overexpression in 

HEK293T cells during vesicular stomatitis virus (VSV) infection
6
. Overexpression of TRIM9S 

was associated with lower levels of VSV infection and increased IFN𝛽, although in the absence 

of infection, IFN𝛽 was undetectable
6
. Through immunoprecipitation assays combined with 

knockdown or overexpression of TRIM9S, researchers demonstrated that TRIM9S binds TBK1 

in a RING-domain dependent manner and also binds GSK3𝛽, independent of the RING domain
6
. 

Ultimately, this study revealed that ubiquitylated TRIM9S, but not TRIM9L, mediates the 

interactions between TBK1 and GSK3𝛽 to enhance TBK1 phosphorylation and subsequent IRF3 

activation
6
. Furthermore, neither TBK1 nor GSK3𝛽 were target substrates of TRIM9, but rather 

oligomerized TRIM9 undergoes K63-linked self-ubiquitylation, and recruits GSK3𝛽 to initiate 

activation of TBK1 (Figure 1)
6
. Self-ubiquitylation of TRIM9 is supported by earlier findings by 

Versteeg et al.
121

. Lastly, the ability of both TRIM9 isoforms to repress NF𝜅B activation was 

investigated and findings demonstrated that while only TRIM9S activates ISREs in a ligase 

dependent manner, both isoforms can repress NF𝜅B activity in a manner dependent on 

phosphorylation of TRIM9 at S76 and S80
6
. While these residues are located in the RING 

domain, ubiquitin ligase activity was not a requirement for NF𝜅B repression
6
. 

The first in vivo demonstration of negative regulation of the NF𝜅B pathway by TRIM9 

was in a mouse model of ischemic stroke
5
. Using a medial cerebral artery occlusion (MCAO) 

model, RNAseq data revealed TRIM9 was upregulated in mice after MCAO and protein levels 

reflected these findings
5
. Three isoforms were observed in this study, but data was a reflection of 
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TRIM9L
5
. Using TRIM9

-/-
 mice, investigators show TRIM9 deficiency leads to more severe 

brain injury, increased production of pro-inflammatory mediators such as IL-6, TNF𝛼, IL-1𝛽, 

and CCL2, and higher infiltrating immune cells such as CD45
high

GR1
+
CD11b

+
 granulocytes, 

inflammatory monocytes, and CD45
high

CD11b
-
CD3e

+
 T cells

5
. In vivo lentiviral transduction of 

TRIM9 resolved the severity of injury to the level of TRIM9
+/+

 mice
5
. Due to an age-associated 

risk for stroke, experimenters looked at differences in ischemia response between young and old 

mice. Interestingly, after MCAO, TRIM9 expression in the brain is lower in old mice compared 

to younger individuals
5,123

.  

TRIM9 demonstrates variable endogenous expression across cell types which is mirrored 

by differential expression in response to varying immune stimuli. Indeed, the data presented in 

the studies described above, as well as data from our lab utilizing the zebrafish model and human 

cell lines, suggest that constitutive TRIM9 expression is dependent on cell type and inducibility 

of expression varies on the immune stimulation. After detecting trim9 expression in zebrafish 

innate immune cells, our lab investigated the hypothesis that TRIM9 could act as a mediator of 

immune cell migration, similar to its role in neurons. Through experiments utilizing a dominant 

negative transgenic zebrafish model, TRIM9 function was disrupted and the chemotactic ability 

of macrophages measured in vivo. Resting macrophages lacking Trim9 ubiquitin ligase activity 

exhibited abnormal morphology, migrated limited distances, and in response to TLR2 and TLR3 

stimuli, chemotaxed at significantly slower velocities
7
. This is the first report of TRIM9 

influencing the migration of cells outside of the nervous system as well as a novel description of 

TRIM9 function in zebrafish
7
. 
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TRIM9 Associated Proteins in the Immune System  

Roles for TRIM9 have been reported in signaling pathways, cytoskeletal interactions, 

exocytosis, and cellular migration/chemotaxis. The extensive amount of literature on TRIM9 

covered in the previous sections provides some insight into potential TRIM9 interacting proteins 

within innate immune cells. 

In neurons, TRIM9 interacts with the cytoplasmic tail of DCC, a receptor that mediates 

axonal migration and branching in response to netrin. Interestingly, current literature reports little 

to no expression of DCC in immune cells, although a number of studies have investigated netrin 

signaling in the immune system. Ly et al. first demonstrated netrin-mediated inhibition of 

leukocyte migration in 2005
124

. Years later, netrin was shown to be upregulated by hypoxia and 

positively regulated by the NF𝜅B pathway
42,125

. Since the Ly et al. publication, several studies 

have implicated netrin, netrin receptors, or both molecules as influential in regulating immune 

cell migration
122,124–132

. 

Within the vertebrate netrin receptor family, DCC is 50% homologous at the amino acid 

level to neogenin and the secondary structures of these molecules, especially the extracellular 

portions, are highly similar
133

. Neogenin, which is more prevalent outside of the CNS than DCC, 

has been shown to be crucial in the development of other organ systems during embryogenesis, 

such as angiogenesis, myogenesis, and mammary cap gland formation
133

. Other netrin receptor 

family members include UNC5b and A2BAR and all netrin receptors have been implicated in the 

dual guidance of netrin within the nervous system. Neogenin expression is increased in 

stimulated T-cells and T-cell chemotaxis is influenced by neogenin
126

. Furthermore, neogenin 

expression is induced in neutrophils during IRI, and mice lacking neogenin (NEO
-/-

) exhibit 

lower numbers of immune-responsive neutrophils as well as decreased pro-inflammatory 
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cytokine production
132

. Similar studies using models of acute peritonitis and acute pulmonary 

injury in mice corroborate these findings
130,131

. 

Conversely, netrin signaling through UNC5b inhibits the recruitment of MDMs during 

immune stimulation
124,128

. This was corroborated in a study that utilized primary peritoneal 

macrophages from mice and measured their response to multiple chemoattractants
42

. 

Interestingly, this study demonstrated that netrin itself inhibited the typical cytoskeletal 

rearrangements seen during macrophage stimulation
42

. Similarly, A2BAR expression has been 

shown in neutrophils and is hypothesized to be required for netrin-controlled inhibition of 

neutrophil migration
125

. 

While these experiments provide essential information about netrin signaling in 

immunological processes, a comprehensive understanding of these mechanisms is lacking. For 

example, several studies that show migratory inhibition is dependent on netrin signaling through 

UNC5b failed to look for concurrent neogenin expression
42,124,128

. Likewise, studies that 

demonstrate that increased neogenin expression is associated with pro-inflammatory conditions 

in vivo did not investigate netrin expression levels in these diseased states
130–132

. Additionally, 

only one of these studies tested whether exposure to netrin enhances netrin receptor expression 

on immune cells
126

.  

A role for TRIM9 in netrin signaling in leukocyte migration has yet to be demonstrated 

and the only netrin receptor TRIM9 is known to interact with, DCC, is undetectable in immune 

cells. However, the failure to detect DCC in immune cells may be a reflection of low basal levels 

and the inability to identify induction conditions. In fact, published studies investigating tissue-

wide DCC expression changes in response to immune stimuli are lacking, and as mentioned 

above, there is limited literature on the influence of netrin on netrin receptor expression. DCC, 
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along with neogenin and UNC5b, are dependence receptors and as such, cells that express these 

receptors rely on netrin binding and in its absence, these cells undergo caspase-mediated 

apoptosis
134

. Whether failure to detect DCC in immune cells is due to a true absence of receptor 

expression or the apoptosis of DCC
+
 cells in netrin-deficient conditions has yet to be studied. 

Interestingly, although DCC expression outside of the CNS is debated, morpholino knockdown 

of DCC in zebrafish embryos leads to defects in lymphangiogenesis
135

. 

Of the TRIM family, TRIM9 is most similar toTRIM67, sharing 67% sequence 

similarity. While TRIM67 has not been characterized in the immune system in depth, it has been 

shown to induce reporter activity of IFN𝛽 and ISRE promoters, similar toTRIM9, which 

suggests it is directly involved in activating these immune pathways
121

. Recent work has shown 

that TRIM9 and TRIM67 heterodimerize in neurons
112

. Further, TRIM67 competitively binds 

VASP to prevent TRIM9 binding and subsequent ubiquitylation of VASP
136

. It would be 

interesting to investigate a role for TRIM9-TRIM67 interactions in the regulation of the immune 

pathways that have been previously reported for TRIM9. 

In axons, VASP mediates F-actin remodeling in response to netrin in a phosphorylation-

dependent process
2,137

. Through ubiquitylation, TRIM9 disrupts VASP localization at the tips of 

filopodia, acting as a negative regulator of filopodia stability and growth
2
. As phosphorylation of 

VASP decreases when filopodia density increases, it is hypothesized that the ubiquitylation and 

phosphorylation of VASP work in tandem to alter VASP localization and subsequently, its 

function in filopodia formation
2
. Interestingly, VASP is also involved in the chemotaxis of 

leukocytes. Two initial studies in neutrophils identified VASP as a regulator of CXCR2-

mediated chemotaxis and polarity, as well as 𝛽2 integrin expression
137,138

. More recently, VASP 
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has been shown to mediate the movement of activated T-cells during inflammation and 

negatively regulates the chemotaxis of monocytes and neutrophils after injury
139,140

. 

In the nervous system, TRIM9 acts as a negative regulator of SNARE complex formation 

through its interactions with SNAP25, preventing its interaction with Syntaxin1 and VAMP2
1,106

. 

This interaction effectively suppresses synaptic vesicle exocytosis. Many of the molecular 

processes required for synaptic vesicle exocytosis are shared by neutrophils during granule 

release. In fact, SNAP25, Syntaxin1, and VAMP2 expression have been detected in 

neutrophils
16,17,141,142

. Specifically, SNAP25 and VAMP2 associate with tertiary granules and 

secretory vesicles, while VAMP2 is also directly involved in the exocytosis of secondary 

granules
16,141

. It is interesting to speculate that if TRIM9 negatively regulates exocytosis of 

neutrophil degranulation through interactions with SNAP25 as it does in neurons, then the role it 

would play in mediating inappropriate inflammation would be quite important. Intriguingly, p38 

has also been shown to play a role in neutrophil degranulation and just recently, a role for 

TRIM9S in p38 signaling was demonstrated by Liu and colleagues
118

. 

TRIM Family Proteins in the Immune Response  

Proteins of the TRIM family are involved in a wide variety of cellular processes, from 

DNA repair and cell cycle regulation to apoptosis, epigenetic silencing, and differentiation. The 

number of TRIM proteins expanded rapidly with the evolution of vertebrates, with 6 TRIM genes 

in Drosophila, approximately 30 in non-jawed vertebrates, and more than 70 known TRIM 

proteins in humans
143

. This expansion across species suggests that the evolutionarily older 

TRIMs have conserved functions while many of the newer TRIMs have demonstrated roles in 

the immune system, from cytokine signaling to direct antiviral activity
143

. Furthermore, 
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disruptions to TRIM-mediated pathways or mutations in TRIM proteins themselves have been 

implicated in a number of inflammatory states and autoimmunity.  

A number of studies have performed TRIM family-wide screens to investigate the role 

these proteins play in many immune signaling pathways
120,121,144

. Among these screens, a 

multitude of TRIM proteins that positively or negatively regulate the NF𝜅B and IFN pathways 

were identified. Similarly, the differential expression of TRIM genes in response to immune 

stimuli has been studied many times using a variety of experimental methods and cell 

types
41,120,121,145

. The following examples of these findings are meant to highlight some of the 

better understood roles of TRIM proteins in immunity and are not an exhaustive list. 

Over 20 TRIM proteins have demonstrated anti-retroviral activity and as such, it should 

not be surprising that the expression of many TRIM genes are induced in response to IFN
41,79,120

. 

However, not all antiviral TRIMs exert antiviral properties through regulation of the IFN 

pathway. For example, in many TRIMs, the SPRY domain mediates the interaction with the 

virus, while ubiquitin ligase activity is required for antiviral activity
104,105

. TRIM22 does this by 

directly ubiquitylating an encephalomyocarditis virus protease that is crucial in viral processing, 

which results in proteasomal degradation
79

. TRIM28 acts as a transcriptional silencer, through 

histone H3 trimethylation, on endogenous retroviruses in murine stem cells
79

. One of the best 

characterized TRIMs in antiviral immunity, TRIM5𝛼 has direct antiviral activity against 

retroviruses
143

. Through the formation of multimers via RBCC interactions, TRIM5 proteins 

form a hexagonal structure that effectively acts as a net
143

. This structure „traps‟ the virus by its 

capsid, prevents uncoating of the viral genome, and targets it for autophagosomal degradation
143

. 

In another role within the immune system, TRIM5𝛼 mediates the activation of TAK1 which then 

activates the NF𝜅B pathway
146

. 
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Several other TRIMs regulate the NF𝜅B pathway and have been well characterized. 

Similar to TRIM9, TRIM27 inhibits the degradation of a NF𝜅B inhibitor, I𝜅B, which represses 

NF𝜅B activation
79

. In a different approach, TRIM19 sequesters active NF𝜅B in nuclear bodies, 

preventing it from binding gene promoters
79

. 

TRIM21 plays an unique role in immunity through its involvement in opsonization. The 

SPRY domain of TRIM21 has the ability to bind the constant region of IgG and upon binding, 

targets IgG bound to the opsonized protein for proteasomal degradation through RING-

dependent ubiquitylation
143

. Conflicting reports have published roles for TRIM21 in both the 

NF𝜅B and IFN pathways. For example, one study found that TRIM21 ubiquitylates IRF3, 

targeting it for degradation, and consequently negatively regulates the Type I IFN system while a 

separate study found that TRIM21acts as a positive regulator by interfering with an interaction 

between IRF3 and the IRF3 inhibitor, PIN1
79

.  

One member of the TRIM family that is of particular interest is TRIM33. Similar to the 

findings Tokarz et al. published on the importance of TRIM9 in macrophage mobility, Demy et 

al. revealed that TRIM33 was critical in the migration of innate immune cells towards an area of 

infection in zebrafish
7,147

. The translational relevance of this work was supported by ex vivo 

studies in murine MDMs
147

. This study revealed that macrophage movement in an amoeboid-

fashion, but not mesenchymal migration, was dependent on TRIM33
147

. TRIM33 is also known 

for its role in regulating the TNF𝛽 pathway where it ubiquitylates Smad4
101

. 

TRIMs have also been implicated in immunological diseases and inflammatory 

conditions. For example, TRIM21 is an autoantigen in SLE and Sjogren‟s syndrome and 

mutations in TRIM20 are associated with familial Mediterranean fever
79,148

. 
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Models for Studying TRIM9 

The C-I subtype TRIM protein, MADD2/Asap, has been well studied in the invertebrate 

models, C. elegans and D. melanogaster, respectively
110,111,113

. However, the classification of 

invertebrate TRIM9 homologs has not been straightforward. Identification of MADD2 as a 

TRIM homolog was initially based on similarities of domain architecture which placed it in the 

TRIM family subgroup C-I, the only member of that subgroup in C. elegans
98,110

. After 

identifying MADD2, Alexander and colleagues then characterized it as a homolog of 

MID1/TRIM18 based on functional similarities
109,110

. Another study published later that year 

acknowledged that sequence homology indicated MADD2 could be a homolog for either 

TRIM9, TRIM 18, or TRIM67, but expression patterns were similar to TRIM9 expression 

observed in the CNS of mammals
113

. Two studies then published in 2011 concurrently 

reclassified MADD2/Asap as a TRIM9 homolog based on phylogenetic analysis and the 

protein‟s role in netrin signaling
111,149

. Interestingly, a more recent publication questioned this 

classification based on phenotypic differences seen between TRIM9
-/- 

mice and MADD2
-/-

 C. 

elegans, and hypothesized that MADD2 was a true homolog for TRIM67 instead
112

. However, 

their results demonstrated TRIM67 deletion in mice also does not phenocopy MADD2 knockout 

in C. elegans, leaving the classification of this invertebrate TRIM homolog unclear
112

. 

Preliminary identification of the TRIM9 gene was in the human genome and expression 

was investigated in the mouse
97

. The first functional studies on TRIM9 were done in rats, where 

the TRIM9 homolog was initially called SPRING
106

. Since then, mouse and human TRIM9 have 

been investigated through ex vivo studies of brain tissue, in vitro neural cell culture lines, and 

transgenic work using common cancer cell lines such as HeLa and HEK293 cells. A TRIM9
-/-

 

mouse was generated and has been used to investigate TRIM9 function and identify binding 
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partners in multiple studies
1,5,112

. Reports of TRIM9 as mentioned above (see TRIM9 in the 

Immune Response section) have offered inconsistent accounts of expression in immune cells. 

Two studies in human MDMs and two studies in the monocyte-like cell line THP-1 identified 

TRIM9, with varying differential response to immune stimuli
41,119,121,145

. Another study identified 

TRIM9 and cloned it from PBMCs for functional assays
6
. Conversely, TRIM9 was undetectable 

in resting and induced MDMs, but observed in certain subsets of T-cells in mice
120

. 

The role of TRIM9 in disease has been briefly studied and is limited to three 

investigations. TRIM9 shows differential expression in human brains of individuals with 

Parkinson‟s disease and dementia with Lewy Bodies as well as in mice infected with rabies
107,108

. 

A more recent study identified anti-TRIM9 autoantibodies in two human patients that do not 

seem to have pathogenic effects on neuronal viability or development, but may be useful 

biomarkers in the future for paraneoplastic cerebellar degeneration
150

. To our knowledge, our lab 

published the first report on TRIM9 function utilizing a zebrafish model, which was also a novel 

report on TRIM‟s role in immune cell migration
7
. Other studies using non-mammalian vertebrate 

models have not been reported. 

 



   

37 

 

Figure 1. NF𝜅B pathway activation and Type I Interferon induction: Dual roles for TRIM9 

in the immune response. Through the recognition of PAMPs, PRRs start the signaling cascades 

that lead to the induction of Type I IFN production and NF𝜅B activation. Once activated, TBK1 

phosphorylates IRF3 and phosphorylated IRF3 translocates to the nucleus to act as a 

transcription factor for Type I IFN genes. Activation of the canonical and alternative NF𝜅B 

pathways lead to the ubiquitylation of inhibitory or inactive proteins. Proteasomal processing of 

these proteins result in the activation of NF𝜅B, which then enters the nucleus and initiates the 

transcription of pro-inflammatory genes. This figure was created using BioRender.com. 
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CHAPTER 2: COMPARATIVE ANALYSIS OF TRIM9 EXPRESSION IN 

PHAGOCYTES 

 

Introduction 

Inflammation is the immune system’s response to infection or injury and is characterized 

by the recruitment of immune cells to the site of invading pathogens or tissue damage. The 

persistence of an immune response is often characterized by high numbers of macrophages and 

neutrophils that release reactive oxygen species (ROS), cytotoxic factors, and cytokines. 

Phagocytes can contribute to the development of disease states, increasing the extent of tissue 

damage or perpetuating the disease condition. Characterizing the molecular pathways that 

regulate phagocytic cell function and subsequently contribute to persistent, damaging 

inflammatory states is necessary for the development of targeted therapeutics to mediate these 

conditions.  

Tripartite Motif Containing 9 (TRIM9) is an E3 ubiquitin ligase highly expressed in the 

brain where it plays critical roles in neuronal development
1–3

. Importantly, recently published 

studies support a role for TRIM9 in the immune response, but this work was performed almost 

exclusively in murine neural tissue or mammalian cell lines of non-immune lineage
4–6

. 

Additionally, in vitro cell culture experiments heavily relied on the overexpression of TRIM9 

through plasmid transfection, while knockdown or knockout of TRIM9 was performed in cells 

that may have little endogenous TRIM9 expression or may lack the proper co-expression of other 

immune genes that TRIM9 acts with or upon. The single study that studied TRIM9 in innate 

immune cells was published from our lab using a zebrafish model
7
. In that report, TRIM9 

function was disrupted in macrophages using a dominant negative approach which resulted in 

decreased motility in response to immune stimuli and abnormal morphology in vivo
7
. These 

results suggested that TRIM9 is critical to macrophage function. While the zebrafish model is 
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beneficial for in vivo experiments, low numbers of innate immune cells make ex vivo studies 

difficult and comparative relevance is essential. There is a need for a mammalian model in which 

higher numbers of innate immune cells can be isolated from a single animal. 

Preliminary data from our lab as well as the literature has demonstrated TRIM9 is 

expressed in mammalian innate immune cells, albeit at low levels
5,8–11

. The study of immune 

cells such as phagocytes can be challenging: neutrophils are short-lived cells, while in vitro 

differentiation of monocyte-derived macrophages (MDMs) results in high rates of cell death. 

Thus, there is a limitation on the number and viability of harvestable phagocytes from small 

research animals such as the mouse. Through a comparative study on TRIM9 expression in 

mammalian innate immune cells, I aimed to establish a new animal model that could be 

employed in future studies on TRIM9 function in immune cells. 

Materials & Methods 

Protein sequence comparison 

The human TRIM9 protein sequence (NP_055978) was obtained from GenBank and used 

as a query in a protein BLAST (BLASTp) analysis to identify and determine sequence homology 

in putative equine, canine, and porcine protein homologs. Murine TRIM9 isoform 1 has already 

been reported: NP_444397.2. Protein sequences were aligned using T-Coffee and Boxshade
12

   

(v3.21). SMART analysis was used to predict protein domains
13

. 

GST fusion protein expression 

The pGEX-6P-1 parental plasmid and pGEX-6P-1-TRIM9 fusion plasmids were a kind 

gift from the Stephanie Gupton lab (UNC, Chapel Hill, NC). These vectors contained full 

isoforms TRIM9L (NP_055978) and TRIM9S (NP_443210) and the following TRIM9 domain 

or domain combinations: Bbox-Coiled Coil-Cos, Bbox-Coiled Coil, SPRY, and FN3. Cultures 
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were started in Terrific Broth (24 g/L yeast extract, 20 g/L Tryptone, 4% glycerol, 100 mL/L 1X 

Phosphate buffered saline[PBS]) containing 0.2% glucose and ampicillin. After overnight 

incubation at 225 RPM, 37 °C, 12.5 mL of this culture was used to inoculate 250 mL of Luria-

Burtani (LB) broth (5 g/L yeast extract, 10 g/L tryptone, 10 g/L sodium chloride) containing 

ampicillin. This culture was incubated at 37 °C, 225 RPM until it reached an OD600 of 1.0 (~3 

hours). The bacteria were induced with 10 mM Isopropyl 𝛽-D-1-thiogalactopyranoside (IPTG) 

and then incubated overnight at 25 °C at 240 RPM. The next day, cultures were centrifuged at 

5,000 RPM, at 4 °C for 10 minutes, the supernatant was collected, and aliquoted for storage at -

80 °C for future use. 

J774.2 cell culture  

A macrophage-like mouse cell line, J774.2, derived from BALB/c mice, was purchased 

from Sigma-Aldrich (85011428). Cells were grown and maintained in complete Dulbecco’s 

Modified Eagle Media (DMEM with 4.5 g/L glucose and sodium pyruvate without L-glutamine 

(Corning; 15013) supplemented with 10% heat inactivated fetal bovine serum (FBS; Corning; 

35-011-CV), 1X penicillin/streptomycin (Corning, 30-002-Cl), and 2 mM GlutaMAX (Gibco; 

35050061) at 37 °C, 5% CO2. As needed, cells were collected with a cell scraper, centrifuged at 

1,500 RPM for three minutes, resuspended in the above media and passaged. Cells were plated at 

350,000 cells/well in complete DMEM and incubated for 48 hours. PBS (GenClone; 25-507) or 

lipopolysaccharide (LPS Escherichia coli 055:B5; Sigma; L2880) was added to the wells at 0.1 

or 1 μg/mL. At the indicated times, media was aspirated, PBS was added, and cells were scraped 

and collected. Samples were centrifuged at 1,400 RPM for 3 minutes and the supernatant was 

removed. Cell pellets from each well were resuspended in 100 μL of radioimmunoprecipitation 

assay (RIPA) lysis buffer (150 mm NaCl, 5 mM EDTA, pH 8, 50 mM Tris, pH 8, 1% Triton-X 
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100, 0.1% sodium dodecyl sulfate[SDS]) containing Halt protease inhibitor cocktail 

(ThermoFisher; 78430).  

Tissue collection  

Brain tissue was generously donated by the following groups at NCSU: CVM Diagnostic 

Laboratories – Dr. Debra Tokarz (horse, dog), Clinical Immunology – Laura Edwards (pig), 

Molecular Education, Technology and Research Innovation Center – Dr. David Muddiman 

(human), and the Ghashghaei lab – Dr. Caroline Johnson (mouse). Tissue (30-150mg) was 

homogenized using a pellet pistol in 600 μL of RIPA lysis buffer containing Halt protease 

inhibitor cocktail.  

Blood collection and phagocyte isolation 

Venous blood was collected from anonymous human volunteers, NCSU CVM research 

animals (Jones lab; horses), purchased from the NCSU Clinical Laboratories (dog), or donated 

by the Piedrahita lab (pig) using heparinized syringes. Human blood mixed 1:5 with 6% dextran 

(Alfa Aesar; J63789), horse blood with no additional additives, pig blood mixed 1:1 with 6% 

dextran, and dog blood mixed 1:1 with 3% dextran were incubated for one hour at room 

temperature to allow erythrocytes to settle. Leukocyte rich plasma was then harvested and 

layered onto FicollⓇ Paque PLUS (GE Healthcare;17-1440-02) in 15 mL conical tubes in a 2:1 

ratio using a bulb pipet. Tubes were then centrifuged at 550Xg for 20 minutes at room 

temperature with no brake upon deceleration. 

Human and horse monocyte isolation and differentiation into macrophages 

Peripheral blood mononuclear cells (PBMCs) were collected and mixed 1:5 with ice cold 

1X PBS. They were centrifuged at 400Xg for 5 minutes and pellets were washed two additional 

times with ice cold 1X PBS. Total PBMC population was counted using the Cellometer Vision 
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CBA cell imaging system (Nexcelom) and then plated in 60 mm plates in complete RPMI 1640 

medium (GenClone; 25-506) containing 10% FBS and 1X penicillin/streptomycin. After 24 

hours of incubation at 37 °C, 5% CO2, nonadherent cells were washed away with warm complete 

RPMI media and plated cells continued to incubate in complete media supplemented with 

recombinant human GM-CSF (25 ng/mL; Gibco; PHC2015). Human cells were incubated for 7 

days total, with fresh media and GM-CSF being replaced every 2-3 days. Horse cells incubated 

for 48 additional hours after nonadherent cells were washed away in complete RPMI media with 

no additional factors added. They were then counted using a Cellometer imaging system and 

viability was measured. MDMs were lysed in 150μL RIPA buffer containing Halt protease 

inhibitor cocktail per 2 X 10
6
 cells. To establish that differentiation conditions were appropriate, 

a board certified pathologist viewed Romanowsky stained slides prepared by cytospin. 

Neutrophil isolation 

Neutrophil pellets were gently resuspended in 3 mL of eBioscience 1X RBC Lysis buffer 

(Invitrogen, 00-4333-57). Ten mL of 1X PBS was added immediately afterwards and cells were 

centrifuged at 400Xg for 4 minutes at room temperature. This step was repeated once more if 

necessary. Neutrophils were then counted using a Cellometer imaging system and viability was 

measured. Neutrophils were lysed in 100 μL RIPA buffer containing Halt protease inhibitor 

cocktail per 2.5 X 10
7
 cells. Cytospin and staining was done to ensure species-specific protocols 

yielded highly pure cell populations. 

Cell lysis for protein isolation  

Samples of J774.2 cells, homogenized brain, MDMs, and neutrophils in RIPA buffer 

containing protease inhibitors were incubated on ice, rocking at 60 RPM for 15 minutes. After 

incubation, samples were sonicated five times at ten second intervals using the cuphorn 
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Ultrasonic Processor (Misonix) on setting 5. Samples were then incubated on ice, rocking at 60 

RPM for an additional 10 minutes and were centrifuged at 14,000Xg for 15 minutes at 4 °C. 

Supernatant was collected and aliquoted for storage at -80 °C. Protein lysates were quantified 

using the Pierce™ BCA Protein Assay Kit (23227). 

Western blot 

Lysates were prepared with 5X SDS Loading buffer (250mM Tris-HCl pH 6.8, 10% 

SDS, 50% glycerol, 500mM DTT, 0.1% bromophenol blue) and boiled for 10 minutes. They 

were then loaded on Mini PROTEAN stain-free 10% TGX gels (BioRad; 4561034) in 1X 

Tris/Glycine/SDS Running buffer (BioRad; 1610732) and ran for 60 to 75 minutes at 100V. Ten 

μL of PageRuler Plus Prestained Ladder (ThermoFisher; 26619) were also loaded. Gels were 

transferred using the TransBlot Turbo Transfer Pack, Mini format, onto 0.2 μM PVDF (BioRad 

;1704156) set to 2.5 A, 25 V. Blots were immediately washed with 1X TBST (50 mM Tris-HCl, 

pH 7.0, 150 mM NaCl, 0.1% Tween-20) and then stained with Ponceau S (Sigma; 7170) to 

ensure complete transfer. Blots were washed with deionized water until stain was removed and 

then incubated in 5% blocking buffer (non-fat dry milk, 1X TBST) overnight, rocking at 4 °C. 

Membranes were washed three times rocking at room temperature for five minutes and then 

incubated with primary antibodies. Antibodies were diluted in 5% blocking buffer in the 

following ratios: rabbit anti-TRIM9 polyclonal 1:1000 (Proteintech; 10786-1-AP), mouse anti-

TRIM9 monoclonal 1:2000 (Origene; TA800044), rabbit anti-TRIM9 polyclonal 1:2000 (Gupton 

lab), anti-GST 1:1000, mouse anti-𝛽-actin monoclonal 1:800 (Santa Cruz; 47778 ), or goat anti-

GAPDH polyclonal conjugated to horseradish peroxidase (HRP) 1:5000 (Santa Cruz; 20357). 

After an overnight incubation, rocking at 4 °C, blots were washed three times in 1X TBST 

rocking at room temperature for five minutes and then incubated with secondary antibodies in 
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5% blocking buffer: 1:5000 anti-rabbit IgG-HRP (Promega; W401B) for Proteintech and Gupton 

anti-TRIM9 and 1:2500 anti-mouse IgG-HRP (Promega; W4012) for Origene anti-TRIM9, anti-

GST, and anti-𝛽-actin. Membranes were washed three times as above and then visualized using 

Clarity™ Western ECL Substrate (BioRad; 1705061). Chemiluminescence was imaged using the 

BioRad ChemiDoc™ MP Imaging System and ImageLab6.0.1 software. Blots were incubated at 

room temperature for 10 minutes with Restore™ Western Blot Stripping Buffer 

(ThermoScientific; 21059) or at 50 °C for 45 minutes in Tris HCl, pH 6.8, 0.5 M, 2% SDS, and 

0.8% BME when reprobing for loading controls. 

RNA isolation, Rapid Amplification of cDNA Ends(RACE), and RT-PCR 

For neutrophil RNA isolation, 3 X 10
7
 cells were lysed in one mL of TRIzol™ reagent 

(Invitrogen; 15596026) and samples were stored at -80 °C or immediately processed. 

Chloroform (0.2 mL) was added and samples incubated at room temperature for three minutes 

and then centrifuged at 12,000Xg for 15 minutes at 4 °C. The aqueous upper phase was collected 

and 0.5 mL of isopropanol was added. After a 10 minute incubation, samples were centrifuged 

for 10 minutes at 12,000Xg, 4 °C. Pellets were resuspended in 1 mL of 75% ethanol, vortexed 

quickly and then centrifuged for 5 minutes at 7,500Xg, 4 °C. RNA pellets air dried for 10 

minutes at room temperature, were resuspended in 30 μL of molecular grade water, and 

incubated at 55 °C for 10 minutes. RNA was stored at -80 °C. Total RNA (1 μg) was used to 

prepare cDNA using the Superscript™ IV VILO™ Master Mix with ezDNase™ Enzyme 

(Invitrogen; 11766050) or RACE ready cDNA using the GeneRacer™ Kit with SuperScript™ 

III (Invitrogen; L150201). cDNA was diluted 1:10 with molecular grade water and used as a 

template for nested or hemi-nested PCR. The type of cDNA used, primer sets, enzymes, and 

cycling parameters are listed in Table 1.  
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Results 

TRIM9 protein sequence is highly conserved across human, mouse, horse, dog, and pig  

BLASTp analysis revealed predicted sequences that encode human TRIM9 isoform 1 in 

the horse (XP_023480921), dog (XP_013971371), and pig (XP_013848850). All three protein 

sequences were predicted from automated computational analyses of genomic sequence. An 

alignment of these protein sequences to human TRIM9 isoform 1 and mouse Trim9 isoform a 

revealed high homology across all five species (Figure 1).  

A commercial anti-TRIM9 antibody detects TRIM9 in brain protein lysate from multiple species 

Based on the high homology of TRIM9 sequences across the species of interest, it was 

reasoned that it was likely that a polyclonal antibody (Proteintech) would detect TRIM9 in 

multiple species. Proteintech anti-TRIM9 was raised in rabbit against the 350 N-terminal amino 

acids of human TRIM9. This region of TRIM9 contains the highly conserved Tripartite motif 

found in both well-studied isoforms, TRIM9 Short (TRIM9S) and TRIM9 Long (TRIM9L; 

Figure 2a).  

To confirm antibody sensitivity across species, brain lysates were analyzed by western 

blot. Proteins were detected in cerebral cortex samples from all species investigated at ~100 kDa 

and 73 kDa (Figure 2b). Longer exposures revealed a smaller band at 61 kDa in the human and 

horse samples (not shown on representative blot; Figure 6). Interestingly, a faint band in the pig 

sample was observed near the top of the blot that would represent a higher molecular weight 

protein than any reported isoform of TRIM9. These findings were supported by similar results 

obtained from brainstem protein lysate from mouse, horse, and dog (blots not pictured; Figure 6). 

TRIM9 is undetectable in a mouse macrophage-like cell line 
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Limitations in obtaining high numbers of phagocytes from individual mice led to an 

initial approach of investigating TRIM9 expression in mammalian macrophages through the use 

of a macrophage-like cell line of mouse origin. When resting J774.2 cells were analyzed by 

western blot for TRIM9 expression using the Proteintech antibody, no detectable levels of 

TRIM9 were visible. Hypothesizing that TRIM9 expression may only be induced in response to 

immune stimuli, a timecourse of LPS stimulation using two different concentrations was 

performed and analyzed by western blot (Figure 3). Stimulation of J774.2 cells failed to result in 

visibly detectable levels of TRIM9 as compared to the mouse brain lysate controls. Detection of 

𝛽-actin demonstrates protein loading and protein transfer to the membranes was adequate. These 

findings indicated that J774.2 cells may not be an ideal model for studying TRIM9 in phagocytes 

and it was then hypothesized that primary phagocytic cells from large animal species could be 

feasibly collected and were biologically more relevant than mammalian phagocyte-like cell lines. 

Proteintech anti-TRIM9 detects proteins of many molecular weights in MDMs and neutrophils 

from multiple species 

Human and horse MDMs were analyzed by western blot using an anti-TRIM9 antibody 

(Proteintech). Proteins were detected in both samples at 63 and 14 kDa (Figure 4). Multiple 

bands in the 37- 46 kDa range are also seen but band intensity varied between species. A 

prominent band at 93 kDa in human MDMs is also observed. TRIM9 expression in pig and dog 

MDMs was investigated, but limited cell numbers led to low total protein yield and western blot 

loading controls demonstrated undetectable levels of protein (data not shown).  

Representative images of western blots of multi-species neutrophils using anti-TRIM9 

antibody (Proteintech) show proteins in each species that migrated at much lower molecular 

weights than expected for TRIM9L and TRIM9S (Figure 5). Of note, is the presence of strong 
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bands at ~26 kD and 15 kDa in human, horse, and dog neutrophils. While less prominent bands 

are observed at those locations in neutrophil lysate from pigs, results from another animal 

confirmed the presence of faint bands at these regions (data not shown). Other species’ 

differences include the presence of a faint band at 100 kDa in horse, a prominent 40 kDa protein 

in pig, and a faint band at 58 kDa in the canine sample.  

A compilation of all western blot data using the Proteintech anti-TRIM9 antibody is 

shown in Figure 6. Each band depicted is the representation of protein that was observed in 

MDMs and neutrophils of two or more different animals within a species (≥2 biological 

replicates). For brain TRIM9 expression, bands represent proteins that were observed in at least 2 

technical replicates (≥2 separate blots). Exceptions to these stipulations include observations 

from samples in which cells were harvested from only one animal of that species (canine 

neutrophils). This composite analysis reveals other cell-type specific and species-specific 

patterns of protein expression not depicted or apparent in representative blots shown in Figures 4 

and 5. For example, the anti-TRIM9 antibody from Proteintech detects a 40 kDa protein in both 

MDMs and neutrophils of several species that is absent in all brain tissue tested. Additionally, 

human MDMs express a ~100 kDa protein that is also observed in the cerebrum. The presence of 

a protein detected migrating at ~74 kDa is seen in the cerebrum of three species as well as the 

mouse brainstem. Interestingly, products that migrated at >100 kDa were observed in the brain of 

some species.  

Two additional anti-TRIM9 antibodies detect bands in human and horse phagocytes  

The comparative analysis of TRIM9 expression using the anti-TRIM9 Proteintech 

antibody provides new and intriguing data that suggests that TRIM9 may have uncharacterized 

isoforms that are unique to phagocytes. To investigate this hypothesis further, human and horse 
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phagocytes were used for the next set of experiments. If the bands observed in protein lysate 

from human, horse, pig, and dog phagocytes represent true isoforms or products derived from 

TRIM9, then these findings would likely be corroborated with the use of other anti-TRIM9 

antibodies. 

 A rabbit polyclonal antibody raised against mouse TRIM9 Bbox domains was a kind gift 

from Dr. Stephanie Gupton at the University of North Carolina at Chapel Hill. A second 

antibody, a mouse monoclonal antibody raised against a recombinant protein consisting of the 

carboxyl-terminal 385 amino acids of human TRIM9 (Origene) was also chosen with the aim of 

increasing the protein specificity (Figure 7a). To test species reactivity and specificity of each 

anti-TRIM9 antibody, human and horse cerebral cortex lysates were analyzed through western 

blotting (Figure 7b). The Origene TRIM9 antibody detected several proteins in each species. 

Interestingly, with the exception of a band at ~73 kDa in horse brain, all proteins are below the 

predicted molecular weight of TRIM9S (61 kDa). 

Through western blotting, the anti-TRIM9 Origene antibody revealed two prominent 

bands at 60 and 35 kDa in human MDM protein lysate (Figure 7c). Inadequate loading of horse 

MDMs led to the failure of detectable protein by the Origene anti-TRIM9 or anti-GAPDH 

antibodies. The Gupton anti-TRIM antibody reveals eight bands in both human and horse 

samples that range from 21 kDa to >250 kDa. The pattern of these bands is similar in each 

species, although several proteins in the human sample are ~5 kDa smaller than their horse 

counterpart.  

A comparative analysis of TRIM9 expression in neutrophils reveal that the Origene 

antibody detected proteins that migrated at 28 and 16 kDa in human neutrophil samples (Figure 

7d). The equine sample also shows a band at 15 kDa using this antibody. Multiple bands were 
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seen in both species’ neutrophils using the Gupton antibody. Of note is a distinct protein signal 

shared between both species located at approximately 51 kDa. The four proteins detected in 

horse neutrophils are also represented at the same molecular weights in MDMs.  

A compilation of all human neutrophil western blot data is shown in Figure 8 and 

compares the results obtained using the Proteintech polyclonal, Gupton polyclonal, and the 

Origene monoclonal anti-TRIM9 antibodies. Unless indicated, each band represents a protein 

observed in two separate western blots that was within 3 kDa of the other. Consistently, across 5 

humans, bands are detected using the Origene antibody at 15-17 kDa, corroborating earlier 

findings using the Proteintech antibody. Similarly, the Origene antibody detected a 24-28 kDa 

protein in three different humans, two of which also contained a protein of that size detected by 

the Proteintech antibody.  

These results collectively add support to the likelihood that the proteins detected in 

mammalian phagocytes are products of TRIM9 transcripts. The next focus of this study was to 

investigate if these proteins represent true TRIM9 isoforms or products of degraded TRIM9 

protein. Preliminary transcriptomic studies failed to detect TRIM9 transcript variants that differ 

from the canonical sequence (data not shown). By determining which TRIM9 domains are 

present in the proteins observed, a more targeted approach to identifying mRNA transcripts 

through PCR could be utilized.  

Monoclonal anti-TRIM9 antibody detects TRIM9 FN3 domain 

In order to discern the TRIM9 epitope location of the monoclonal anti-TRIM9 antibody 

by Origene, a series of TRIM9 expression constructs were used to generate GST-fusion proteins 

containing two full TRIM9 isoforms (TRIM9L and TRIM9S) and various domain combinations 

of TRIM9 (Figure 9a; left). Western blot analysis performed on the fusion proteins using an anti-
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GST antibody revealed that all constructs were being expressed and migrated at the predicted 

rate based on molecular weight (Figure 9a). The anti-TRIM9 antibody (Origene) recognized 

protein in the GST-FN3 sample at 36 kDa, corresponding to the combined predicted molecular 

weight of GST (26 kDa) and the FN3 domain (9.15 kDa; Figure 9b). The Origene antibody also 

recognized proteins in the samples containing GST-TRIM9S and GST-TRIM9L. The polyclonal 

anti-TRIM9 antibody (Proteintech) and the anti-TRIM9-Bbox domain antibody (Gupton lab) 

were used to verify these findings. Both GST-TRIM9 isoforms are strongly detected by the 

Proteintech and Gupton antibodies (Figure 9c and d). The Proteintech antibody detected a 

distinct band in lane 5, which contains a fusion protein consisting of the first 350 amino-terminal 

residues of TRIM9. The Gupton antibody strongly detects two additional TRIM9-domain-fusion 

proteins in lanes 4 and 5. These findings confirm the regions of immunogenicity within TRIM9 

for the Proteintech and Gupton antibodies. For both polyclonal antibodies, faint bands are visible 

in all lanes at the predicted molecular weight for the corresponding fusion proteins. These may 

represent contaminating anti-GST antibodies that were produced in conjunction with anti-TRIM9 

antibodies since both immunogens were GST-fusion proteins. The presence of a faint band in 

lane 1, the GST control, for both antibodies and the absence of this band in the Origene blot 

supports this reasoning. Figure 9f reflects the findings of this experiment and demonstrates the 

updated immunoreactive portions of TRIM9 for all antibodies used in this study. 

Partial TRIM9 transcripts amplified from human neutrophils 

To corroborate protein data suggesting that novel FN3 domain-containing TRIM9 

isoforms are expressed, mRNA transcript analysis through PCR in human neutrophils was 

performed. Neutrophils offer a few technical advantages over macrophages (abundance, 

harvested in mature form) and furthermore, TRIM9 expression has been detected in T-cells and 
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both mRNA and protein expression has been observed in MDMs
8,9,14

. An investigation of 

TRIM9 in neutrophils has yet to be published and the characterization of TRIM9 expression in 

human neutrophils would provide novel information supporting a role for TRIM9 function in 

innate immune cells.  

The two well characterized TRIM9 isoforms, TRIM9L and TRIM9S are encoded by two 

GenBank reviewed transcript variants (Table 2; Figure 10). There is an additional TRIM9 

transcript that is computationally predicted to be protein-coding and is supported by the literature 

(See Discussion)
1,6

. Using the known transcript variant sequences and a combination of PCR 

strategies, I sought to identify novel TRIM9 transcripts (Table 1). Through these experiments, 

five partial TRIM9 transcripts were identified from two humans (Figure 11). For all transcripts, 

predicted start and stop codons were mapped based on the assumption that no frameshift or 

nonsense mutations exist upstream and downstream of the partial sequence.  
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Table 1. PCR Primers and Parameters 
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Table 2. TRIM9 Transcript Variants and Isoforms 
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Table 3. TRIM9 antibody isoform specificity in the literature
1,2,4–6,15,16
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Figure 1. TRIM9 is highly conserved at the protein level across five mammalian species. 
Protein sequences of Human TRIM9 isoform 1 ( TRIM9 Long; NP_055978), mouse TRIM9 

isoform a (NP_444397), and BLASTp predicted TRIM9 sequences in dog (XP_013971371), 

horse (XP_023480921), and pig (XP_013848850.1) were aligned using T-coffee. Identical 

residues are shaded black and structurally similar residues are shaded gray. Sequences that 

correspond to the Bbox domains are marked above them with blue and the FN3 domain is boxed 

in red. 

 

 

 



   

68 

 

 
Figure 2. TRIM9 is detected in the cerebral cortex of five mammalian species using a 

commercial antibody. (A) The protein domains of two TRIM9 isoforms, TRIM9 Short and 

TRIM9 Long, are depicted. An amino-terminal RING domain, two BBox domains, and a Coiled 

Coil domain make up the characteristic TRIM motif and are present in both isoforms. The 

carboxyl-terminus contains a COS domain and FN3 domain, while TRIM9 Long also contains a 

PRY/SPRY domain. The commercial polyclonal anti-TRIM9 antibody from Proteintech used in 

the following experiments was raised against the amino-terminal 350 amino acids of human 

TRIM9 in rabbit. The indicated domains correspond to the immunogenic portion. (B) TRIM9 

protein expression in human, horse, pig, dog and mouse cerebral cortex was evaluated by 

western blot and the antibody indicated in (A). Expression of GAPDH or Beta actin served as 

loading controls. 
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Figure 3. TRIM9 was not detected in LPS-stimulated J774.2 cells, a mouse macrophage-

like cell line. TRIM9 expression in LPS-stimulated J774.2 cells was analyzed by western 

blotting. Cells were treated with a vehicle control or stimulated with 0.1 μg or 1.0 μg of LPS 

and harvested at four different time points. Whole mouse brain was included as a positive 

control. Twenty micrograms of total protein lysate were loaded and 𝛽-actin was detected as a 

loading control. 
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Figure 4. TRIM9 is expressed in human and horse monocyte-derived macrophages. This is 

a representative image of western blots analyzing TRIM9 expression in human (n=2) and horse 

(n=6) monocyte-derived macrophages. Ten micrograms of protein lysate were loaded onto SDS-

PAGE gels and blots were incubated with polyclonal anti-TRIM9 antibody (Proteintech). 

Detection of GAPDH served as a loading control. 
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Figure 5. An anti-TRIM9 antibody detects proteins in human, horse, pig, and dog 

neutrophils. This is a representative image of western blot analysis performed using a 

polyclonal antibody to detect TRIM9 (Proteintech) in neutrophils from multiple species. 

Neutrophil lysates from human (20 μg; n=2), horse (20 μg; n=7), pig (90 μg; n=2), and dog 

(undetermined conc; n=1) were analyzed. GAPDH and 𝛽-actin were detected as a loading 

control. 
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Figure 6. A comparative representation of all western blot results obtained using the anti-

TRIM9 antibody from Proteintech. Each band depicted is the representation of at least two 

biological samples (observed in the phagocytes of ≥2 humans or animals) or two technical 

replicates (observed in brain lysate of ≥2 separate blots) within 6 kDa of each other. Exceptions: 

dog neutrophils with one biological sample analyzed once; pig cerebrum analyzed once. 
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Figure 7. Two additional TRIM9 antibodies detect proteins in human and horse 

phagocytes. Western blot analysis of TRIM9 expression was performed using two different 

antibodies. (A) The polyclonal rabbit antibody was raised against the Bbox domains of human 

TRIM9 and was a generous gift from Dr. Stephanie Gupton (UNC-CH). The monoclonal 

Origene antibody was raised in mouse against human TRIM9 amino acids 284 through 669. 

Protein lysate from human and horse cerebral cortex (B), MDMs (C), and neutrophils (D) was 

analyzed and representative images are shown. GAPDH expression was evaluated as a loading 

control. 
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Figure 8. A comparative representation of protein detection in human neutrophils using 

three different anti-TRIM9 antibodies. Each band depicted is the representation of at least two 

technical replicates that produced bands within 3 kDa of each other, with the exception of 

individuals indicated (*).  
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Figure 9. The Origene Monoclonal Anti-TRIM9 antibody binds the FN3 domain of 

TRIM9. (A) GST fusion proteins containing TRIM9 Long, TRIM9 Short, or various domain 

combinations were expressed for later use in western blot analysis. The construct designation 

refers to the indicated lanes in B-D. The final predicted molecular weight of these constructs is 

the sum of the molecular weight of GST (26 kDa) and the predicted molecular weight of the 

TRIM9 variant (left). Construct expression was verified using an anti-GST antibody and western 

blot analysis (right). (B-D) GST-TRIM9 variants were analyzed through western blotting using 

three different TRIM9 antibodies: Origene (B), Proteintech (C), and the Gupton antibody (D). 

Due to the high level of protein detection, stripping these blots was ineffective, therefore, these 

blots are the product of separate SDS-PAGE gels. (F) Based on (B), the epitope of the 

monoclonal Origene anti-TRIM9 antibody was determined to be located in the FN3 domain of 

TRIM9. 
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Figure 10. TRIM9 transcript variants encode three reported isoforms. (A) SMART analysis 

was used to predict protein domains of human TRIM9
13

. The indicated protein domains are 

encoded by the corresponding exons depicted below them in B-D. (B) TRIM9 transcript variant 1 

(NM_015163) is considered the canonical sequence and encodes for TRIM9 Long (710aa). (C) 

TRIM9 transcript variant 2 (NM_052978) encodes for TRIM9 Short (550aa). (D) TRIM9 

transcript variant XM_011536389 encodes for isoform 4 (Q9C026-4), an 810 residue protein. 

Exons are shown in dark blue solid rectangles. Introns are depicted by dashed lines and are not to 

scale. Retained introns are shown as light blue rectangles. The start codon is indicated by a 

vertical green line and the stop codon is shown in red. 
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Figure 11. Multiple partial TRIM9 transcripts isolated from human neutrophils indicate 

many unidentified splice variants of TRIM9 may exist. Partial TRIM9 transcripts A-E were 

identified through RACE PCR strategies and images depict predicted full length forms if no 

other alterations in the transcript exist. Exons are shown in dark blue solid rectangles. Introns are 

depicted by dashed lines and are not to scale. Retained introns are not shown. The location of the 

primer set used to identify each partial transcript are depicted by arrows above each transcript. 

The predicted start and stop codons are indicated by vertical green and red lines. Transcript B 

was isolated in two separate cases from two different individuals. Transcript E was identified 

twice from the same human. A BLASTx analysis showed transcript C is 98% similar through 

100% of the query to predicted TRIM9 transcript variant 16 (XM_017020950).  
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Discussion 

Absence of TRIM9 in mouse macrophages 

The failure to detect protein in resting and stimulated macrophage-like cells from mice 

using an anti-TRIM9 antibody suggests that mice may not be an adequate model for studying 

TRIM9 in phagocytes, which is supported by the literature
10

. Furthermore, as an immortalized 

cell line, J774.2 cells may not exhibit the same TRIM9 expression pattern as endogenous 

macrophages. The lack of signal for TRIM9 in these cells is likely not due to insufficient protein 

loading as ten micrograms of total protein was sufficient to detect TRIM9 in human and horse 

MDMs using the same Proteintech antibody. However, it should be noted that the exposure time 

for the mouse western blots was limited by the detection of high concentrations of TRIM9 in the 

brain which produced an overwhelming signal after a short exposure.  

Discrepancies in reported TRIM9 isoform sizes 

The analysis of TRIM9 expression in tissues outside of the central nervous system (CNS) 

is limited and largely, the presence of isoforms that differ from the canonical TRIM9L have been 

neglected. In this study, three TRIM9 isoforms are detected in the cerebral cortex of human and 

two isoforms were detected in the mouse. These results are validated by the manufacturer’s 

(Proteintech) report on species specificity to human, mouse, and rat. The same sized proteins are 

observed in the brain of horse, pig, and dog, demonstrating the Proteintech anti-TRIM9 antibody 

exhibits cross-reactivity with these species (Figure 2b). However, a discrepancy in the antibody 

manufacturer's predicted molecular weight (90 and 61 kDa) and the proteins observed in these 

experiments (100 and 73 kDa) raised concerns which spurred an extensive literature review to 

compare findings of this study with others (Table 3).  
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GenBank reports twelve isoforms of human TRIM9, two of which have been reviewed 

(Table 2) and 10 that are predicted. In depth functional studies have been done on TRIM9L and 

to a lesser extent, TRIM9S
1,3–5,15–17

. A third isoform (Q9C026-4; GenBank Isoform X1 

XP_011534691), containing 802 residues, is predicted to have a molecular weight higher than 

TRIM9L and is designated TRIM9xL in our study (Table 2).  

The predicted molecular weight of these isoforms suggests that the two proteins detected 

in brain samples using our western blotting conditions are TRIM9xL and TRIM9L. Due to 

differences in western blotting materials and methods (anti-TRIM9 antibodies, gel gradients, 

SDS-PAGE running parameters) and the cell type being studied, there is no apparent consensus 

in the molecular weights of TRIM9 isoforms when analyzed by western blotting. The following 

studies, summarized in Table 3, show proteins with varying molecular weights detected by anti-

TRIM9 antibodies. 

Shortly after the first reported genomic analysis of human TRIM9 predicted three protein-

coding transcript variants, two proteins were detected in rat brain using an antibody against a 

region of TRIM9 conserved in all three isoforms
16,18

. After recombinant expression of a 710 

amino acid isoform and detection of a 80 kDa protein, the authors conclude the smaller band 

observed at 61 kDa represent a degradation product
16

.  

The anti-TRIM9 antibody by Proteintech has been used in two additional studies
5,15

. This 

antibody detects three distinct proteins in human cerebral cortex (Table 3)
15&present study

. Tanji et 

al. validated the presence of the two lower proteins in mouse brain using a second antibody 

source and make no further mention of the 105 kDa protein
15

. More recently, TRIM9S and 

TRIM9L-encoding transcripts were cloned from PBMCs
5
. Upon recombinant expression and 

western blotting, the Proteintech anti-TRIM9 antibody detected both isoforms, migrating just 
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above and below the 75 kDa ladder mark
5
. Two proteins migrating at the same rate as 

recombinant isoforms were also detected in primary PBMCs and a human monocytic leukemia 

cell line, THP-1
5
. Detection of other sized proteins was not mentioned and the blots were 

cropped around the two proteins of interest. The same study also demonstrated that the 

monoclonal anti-TRIM9 from Origene exclusively detects TRIM9S
5
. 

The Gupton polyclonal antibody raised against mouse TRIM9 Bbox domains clearly 

detects three proteins expressed in mouse brain that correspond to TRIM9 isoform a, b, and c 

(Table 2)
1,2,6

. The middle protein, isoform b, migrates at 75 kDa, but the molecular weights of 

isoforms a and c are unable to be determined due to an absence of additional weight markers in 

these studies. Zeng et al. used this antibody to study isoform b in a mouse model of ischemic 

stroke
6
. Curiously, when researchers used this antibody with human neural progenitor derived 

neurons, only one isoform is distinct, although the blot may have been cropped to depict this
6
. 

The reported variation of two or three isoforms expressed in the brain are likely a 

reflection of the area of brain and species investigated, which is supported by our data (Table 3; 

Figure 6). For example, three isoforms were identified in horse and human cerebrum, while only 

two were observed in the mouse. Conversely, mouse brainstem expressed three isoforms and 

horse exhibited two isoforms. The data in this study also validates the presence of a third TRIM9 

isoform, TRIM9xL, in the brain. It was concluded that the Proteintech antibody detects three 

isoforms of TRIM9 in human brain that migrate at 100, 73, and 60 kDa, which correspond to 

TRIM9xL, TRIM9L and TRIM9S. Furthermore, the Proteintech anti-TRIM9 antibody exhibits 

cross-reactivity to horse, dog, and pig homologs of these isoforms. 

Interpretation of phagocyte western blots 
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After establishing that the Proteintech anti-TRIM9 antibody is cross-reactive in our 

species of interest, TRIM9 expression in phagocytes was investigated. While the detection of 

TRIM9 by the Proteintech anti-TRIM9 antibody in MDMs and neutrophils from multiple species 

was hypothesized, distinct bands that represent proteins smaller than TRIM9S were surprising. In 

human MDMs, TRIM9xL and TRIM9S were detected and it is likely that horse MDMs also 

express TRIM9S (Figure 4). The ~74 kDa protein seen in the cerebrum of three species as well 

as the mouse brainstem was not observed in innate immune cells, suggesting TRIM9L could be 

brain specific. Collective MDM results also show multiple proteins ranging from 15-45 kDa in 

both species (Figure 6). Similarly, neutrophils from all species display proteins at ~40, 27, and 

15 kDa. The presence of these bands in multiple species, and their absence from the brain, 

suggests specific recognition of the immunogen by the antibody rather than non-specific binding. 

Through the use of additional TRIM9 antibodies, I aimed to confirm these findings. 

Our literature review on TRIM9 antibody isoform specificity revealed a polyclonal 

antibody (Gupton) that detects all three isoforms in mouse (Table 3)
1,2,6

. Due to the high level of 

conservation in the immunogenic region of TRIM9, the Bbox domains (Figure 1 and 7a), it was 

predicted this antibody would cross react to human and horse TRIM9. Another antibody of 

interest from our literature review was a monoclonal antibody by Origene that a recent 

publication had deemed TRIM9S specific (Table 3). Through recombinantly expressing FLAG-

tagged TRIM9L and TRIM9S, anti-FLAG immunoprecipitation (IP) and western blotting, 

researchers demonstrated that the Proteintech antibody detects both isoforms, while the Origene 

anti-TRIM9 exclusively detects TRIM9S
5,15

. The immunogen of this antibody is located in the 

carboxyl-terminus of human TRIM9 which offered a unique region of detection in our study and 

as a monoclonal antibody, theoretically offers higher specificity (Figure 7a).  
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 Confirming species cross-reactivity in brain tissue of human and horse proved more 

difficult than anticipated. The Origene antibody detected bands which are smaller than the 

predicted molecular weight of TRIM9S in both species (Figure 7b). Horse brain showed a faint 

band that may represent TRIM9L, which disputes current reports on the TRIM9S specificity of 

this antibody. However, data on the Origene antibody is lacking, as the use of this antibody in 

CNS tissue has not been reported. In fact, the study by Qin et al. is the sole publication listed by 

the manufacturer and the validation of antigen specificity from the manufacturer is limited to 

recombinant expression of TRIM9S in HEK cells
5
. On the other hand, the Gupton antibody 

detected proteins that likely represent all three TRIM9 isoforms in both species (Figure 7b).  

TRIM9S was detected by the Origene antibody in human MDMs (Figure 7c). Equine 

samples were uninterpretable due to poor protein loading. In the MDMs of both species, the 

Gupton antibody detected several distinct proteins of varying sizes, none of which corresponded 

to known TRIM9 isoforms. Neutrophil data show a shared 15 kDa band detected by Origene in 

both species, but of particular interest is the strong band at 27 kDa detected by both antibodies in 

humans, despite poor protein loading (Figure 7d). Curiously, the 40 kDa protein seen in both cell 

types across species with the Proteintech antibody (Figure 6) was not replicated in these 

experiments.  

A composite of all human neutrophil data collected using the three anti-TRIM9 

antibodies is shown in Figure 9. These data represent bands observed in at least two separate 

western blots, the exceptions being all samples utilizing the Gupton antibody and the Origene 

investigation on human 10. The failure of the Origene antibody to consistently detect proteins 

above 26 kDa may be a reflection of its monoclonal nature and the potential for its target epitope 

site to be blocked by post-translational modifications such as ubiquitylation. Collectively, these 
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results demonstrate through the use of multiple antibodies with western blotting that TRIM9 is 

expressed in human and horse phagocytes.  

Biological relevance of small FN3 domain-containing proteins 

Experiments with TRIM9 GST-fusion proteins and the monoclonal Origene antibody 

allowed us to conclude that neutrophils, and to a lesser extent macrophages, express small FN3-

containing proteins or protein products. To state that this is novel information is in general 

impossible because most studies only publish the ‘region of interest’ on the blot. A growing 

awareness of how misleading this can be has come with transcriptomic studies demonstrating 

that splice variants are more common than previously thought. In fact, a number of papers have 

been published lately criticizing this standard practice of ‘cropping’ and have even gone so far as 

to call it scientific misconduct
19,20

. Nonetheless, it must not be assumed that these are true 

TRIM9 isoforms, and alternative hypotheses must be considered. The remainder of this 

discussion will review three possibilities that are supported in part by data in this study:  

I. Antibody cross-reactivity with another structurally similar protein 

II. Degradation or purposeful cleavage of TRIM9 

III. Novel isoforms of TRIM9 

I. Antibody cross-reactivity with another structurally similar protein 

The protein products detected below the molecular weight of TRIM9S (60 kDa) could be 

the result of non-specific binding of an unknown protein. However, the consistency across 

multiple species and throughout samples within a species, the specificity within particular cell 

types, and the reproducibility with more than one antibody suggests non-specific binding is 

unlikely. If we conclude these bands represent true protein products, the next possibility to 

consider is whether these proteins represent TRIM9 or another structurally similar protein that 
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could exhibit cross-reactivity to multiple antibodies. To discern this, I aimed to identify the 

domain of TRIM9 which contained the epitope for the only monoclonal anti-TRIM9 antibody 

(Origene) used in this study. Through expression of GST fusion proteins, I identified the FN3 

domain as the region of TRIM9 recognized by the Origene antibody. It stands to reason that the 

proteins detected by this antibody in neutrophils, as well as the other samples, contain this 

domain. Cross reactivity to another structurally similar protein would require that protein to 

exhibit high homology to the FN3 domain of TRIM9. A BLASTp analysis using the TRIM9 FN3 

domain as a query reported the most similar sequence in a non-TRIM9 protein was the FN3 

domain of TRIM67. These proteins are 77% similar across 97% of the FN3 domain. Epitopes are 

typically 5-8 amino acids so it is possible that TRIM67 (NP_001004342) could be recognized by 

this antibody. There are two reviewed TRIM67 isoforms, which encode proteins with predicted 

molecular weights of 78 and 83 kDa, suggesting that if the Origene antibody is cross reacting 

with the FN3 domain of TRIM67, it is detecting a novel isoform or degradation product. The 

investigation into the computationally predicted isoforms of TRIM67 warrants further attention. 

II. Degradation or purposeful cleavage of TRIM9 

Consistent recognition of proteins of unexpected sizes, specifically smaller than TRIM9S, 

by multiple antibodies would also occur if they are degradation products of TRIM9. The use of 

protease inhibitors during the preparation of lysate samples as well as their absence in brain 

samples make it unlikely this degradation is occurring during sample processing. Furthermore, 

when neutrophils were boiled with SDS immediately after isolation and analyzed by western 

blot, the Origene antibody detected the expression of three proteins at 40, 26, and 15 kDa (data 

not shown). Another possibility is that TRIM9 is being targeted for degradation as a normal 

cellular process and in fact, this hypothesis could be supported by several findings reported in the 
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literature. TRIM5 auto-ubiquitylates itself, inducing proteasomal degradation, and results in high 

TRIM5 protein turnover
21

. Fletcher et al. hypothesize this is a form of negative regulation that 

allows TRIM5 to be produced and poised for an acute viral introduction, while constant 

degradation prevents the inappropriate activation of innate immune pathways such as NF𝜅B
21

. 

This type of self-regulation through ubiquitin activity is suspected of many TRIM proteins
22,23

. 

Three studies demonstrate that TRIM9 has this capability
5,10,15

. In fact, the appearance of 

proteins well above the predicted molecular weight of TRIM9xL, such as those observed in 

mouse brain and horse neutrophils are likely ubiquitylated TRIM9 (Figure 6). Ubiquitylation can 

add up to 20 ubiquitin proteins onto a target and with a molecular weight of 8.6 kDa, this can 

result in an increase in molecular weight up to 200 kDa
24

. Ubiquitylation of TRIM9 could target 

it to the proteasome, and in fact, when TRIM9 was recombinantly expressed in the presence of a 

proteasomal inhibitor, increased levels of TRIM9 were observed
10,15

.  

The observation of western blot bands below the predicted 60 kDa of TRIM9S is not 

exclusive to this study. In a brain western blot by Tanji et al., all three known TRIM9 isoforms 

as well as an additional faint band migrating below 50 kDa were observed with the Proteintech 

antibody
15

. Additionally, recombinantly expressed TRIM9S was accompanied by three distinct 

bands below 55 kDa upon western blotting. Li et al. make note of smaller protein products in 

both rat brain preparations and recombinant samples and suggest these are likely degradation 

products since their presence varies from preparation to preparation
16

. Lastly, a paper in Nature 

Communications provided all extended blots in the supplemental findings, which reveal many 

proteins above and below their 80-85 kDa protein of interest although make no mention of other 

TRIM9 isoforms
4
. These studies highlight the frequency at which unexpected western blot 

signals are dismissed as artifacts or degradation products as a result of sample processing. The 
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presence of additional proteins, particularly those as small as observed in the neutrophils of the 

present study, would easily be overlooked if authors were interested in TRIM9L which migrates 

around 70 kDa. Targeted degradation of TRIM9 may be a process amplified in innate immune 

cells as compared to neurons. It is of note that the smaller proteins observed in phagocytes were 

consistently detected by antibodies that recognize separate regions of TRIM9. This suggests that 

if the small proteins are TRIM9 degradation products, they are produced through specific 

targeted cleavage that produces fragments of TRIM9 that retain the different regions 

immunogenicity for each antibody.  

III. Novel isoforms of TRIM9 

Five partial transcripts of TRIM9 were identified that, if encoded, represent novel splice 

variants (Figure 11). Of note, Transcript A is the only partial mRNA recovered that would 

encode a protein containing portions of the FN3 domain. This protein has a predicted molecular 

weight of 41-45 kDa. Transcript B was isolated from two different humans using two different 

PCR strategies and predicted to encode a 33 kDa protein. Interestingly, a BLASTx analysis 

revealed that transcript C is 98% similar through 100% of the query to predicted TRIM9 

transcript variant 16 (XM_017020950). While the biological relevance of these transcripts is 

questionable at present, there is an increasing amount of published data demonstrating a severe 

underappreciation for alternatively spliced transcripts. In fact, a recent publication suggests that 

as few as 10% of all human genes only encode a single transcript
20

. There is a growing body of 

work that suggests that different isoforms of a gene have adopted distinct functions in a tissue-

specific manner and more often than not, behave like completely distinct proteins, with the 

majority of isoforms sharing less that 50% of their interactions
17

. In other words, not only is it 

likely that TRIM9 has unreported splice variants, but also that they encode biologically relevant 
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proteins that function independently of the reference protein, TRIM9L, in a tissue-specific 

manner. In fact, this study found that out of 10% of all human protein-coding genes, 64% of 

isoforms identified differed from the ‘reference’ isoform
17

. While the total abundance of 

reference transcripts were higher than the alternative transcripts in certain tissues, there were 

some instances were alternative transcripts were the predominant product
17

. A relevant example 

was the detection of an alternative isoform of TRIM26 in testis, placenta, and brain, while the 

reference isoform was undetectable in all five tissues investigated
17

. Authors suggest that these 

findings provide evidence that the concept of ‘reference’ isoforms is arbitrary
17

. 

The functional differences in TRIM9 isoforms have recently gained appreciation and new 

roles for TRIM9S have been identified. Interestingly, one role is as a regulator of the immune 

response. While both TRIM9S and TRIM9L have the capability to negatively regulate the NF𝜅B 

pathway, TRIM9S exclusively positively regulates the Type I IFN pathway
4,5

. Another study on 

signaling pathways demonstrated that TRIM9S, but not TRIM9L, promotes the activation of 

p38, effectively suppressing glioblastoma progression
25

. While these studies demonstrate a 

promising change in the way protein isoforms are regarded, there are still instances where 

researchers incorrectly assume functional equivalence across isoforms. For example, in a study 

of TRIM9 response during ischemic stroke, researchers measured expression through the 

detection of isoform b on western blots
6
. Later, in rescue experiments in TRIM9

-/-
 mice, 

adenovirus vectors were used for in vivo expression of TRIM9. However, the vector contained a 

transcript that encodes for isoform c, which was reflected in the western blot validation of 

protein expression
6
. Lastly, in situ hybridization experiments utilized a RNA probe that detects a 

murine transcript which encodes for isoform a
6
. The discrepancy between studying the 

endogenous expression of transcript variant 1, protein expression of isoform b, and using isoform 
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c for in vivo rescue experiments was not addressed. Furthermore, differences in isoform function 

may indeed explain the failure of TRIM9 knockout mice to phenocopy dominant negative 

models in C. elegans
1,26

.  

The idea of different isoforms performing very different functions in the TRIM family is 

not novel. Several functional isoforms of TRIM5 are the products of differential splicing and 

similarly to TRIM9, the longest form contains a SPRY domain while smaller isoforms may not
27

. 

Interestingly, a comparison of TRIM5 between humans and rhesus monkeys show that the SPRY 

domain confers anti-HIV-1 and SIV-1 properties
27

. However, in isoforms that lack this domain, 

those properties are diminished. Furthermore, it has been demonstrated that interactions between 

TRIM5𝛼, the longest isoform, and a second isoform TRIM5ι, decrease TRIM5’s activity against 

HIV-1
28

. 

I conclude that TRIM9S is expressed in both human and horse MDMs. TRIM9xL and 

TRIM9L may also be expressed in innate immune cells, but this expression was unable to be 

validated by a second antibody, and therefore, the presence of these isoforms cannot be 

concluded with confidence. For example, Gupton antibody detects a TRIM9L-sized protein in 

human neutrophils, but these findings were not technically replicated, nor seen with other 

antibodies. Smaller proteins exist in the phagocytes of both species that are detected with 

multiple anti-TRIM9 antibodies. Of note, multiple anti-TRIM9 antibodies detect 15 kDa proteins 

in the neutrophils of both horses and human, 27 kDa proteins in human neutrophils, and 48, 36, 

and 21 kDa proteins in human MDMs. Further work to characterize the origin of these proteins is 

needed and may offer insight into the role of TRIM9 isoforms in innate immune cells.  
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CHAPTER 3: CONCLUSIONS AND FUTURE DIRECTIONS 

Macrophages and neutrophils are often contributors to damaging inflammatory states. A 

more thorough understanding of the molecules involved in their activation, recruitment, and 

migration to the site of inflammation can contribute to the development of more targeted 

approaches to therapies aimed at mediating harmful immune responses. In this investigation, I 

aimed to establish a mammalian model for the study of TRIM9, a protein  that has recently been 

implicated in NF𝜅B and Type I Interferon (IFN) signaling, as well as macrophage chemotaxis
1–4

.  

In the course of this study, TRIM9 homologs were identified in the horse, pig, and dog 

and protein expression was observed in the brain of all species investigated. Three TRIM9 

isoforms, TRIM9S, TRIM9L, and TRIM9xL are expressed in the brain of humans and 

horses.  Through a comparative analysis of TRIM9 expression in innate immune cells, TRIM9S 

expression was identified in human and horse MDMs. Furthermore, macrophages and 

neutrophils of both species express small FN3 domain-containing proteins that multiple anti-

TRIM9 antibodies recognize. While a positive identification of these proteins has yet to be made, 

it is likely these are novel TRIM9 isoforms or degradation products of already characterized 

TRIM9 isoforms.  

The role TRIM9 plays in the immune response of phagocytes is likely isoform-specific 

and largely influenced by TRIM9’s level of expression. The low level of expression of the well-

characterized TRIM9 isoforms in phagocytes, combined with the appearance of what may be 

degradation products of TRIM9 could suggest that endogenous protein turnover of TRIM9 is 

quite high and leads us to wonder what biological significance, if any, TRIM9 has in phagocytes. 

On the other hand, the possibility that the small protein products recognized by anti-TRIM9 
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antibodies are indeed unreported TRIM9 isoforms that exhibit phagocyte specificity offers the 

exciting potential of discovering novel TRIM9 functions in the immune response.  

The present findings could lead to several lines of investigation. Of particular interest is 

the identification of the small proteins recognized by anti-TRIM9 antibodies in phagocytes. 

Discerning whether these are true TRIM9 isoforms could be performed through a more thorough 

identification of novel splice variants. Using PCR strategies, five partial novel transcript variants 

of TRIM9 were identified. Confirming the full sequences of these splice variants, recombinant 

expression, and western blotting techniques could corroborate these findings. However, if the 

proteins observed at low molecular weights are degradation products of TRIM9, alternative 

strategies are needed.  

Based on these findings, it is hypothesized that if TRIM9 is being degraded in the MDM 

and neutrophil samples analyzed, the degradation is likely a result of normal cellular processes, 

rather than sample handling. A common pathway of degradation is that of the ubiquitin 

proteasomal pathway. It is not unlikely that TRIM9 exhibits self-ubiquitylation in phagocytes 

and as such, is degraded. In fact, it has been shown that TRIM9 possesses self-ubiquitylation 

capabilities
2,5–7

. However, demonstrating this process will be met with a series of challenges. For 

example, identification of E3 ubiquitin ligase substrates can be difficult due to the low 

abundance of substrate proteins
8
. In this case, TRIM9, already expressed at low levels in 

phagocytes, would act as both the substrate protein and the ubiquitin ligase. In addition, the 

challenge of actively identifying the limited and weak transient interactions between enzyme and 

substrate make subsequent identification of ubiquitylated substrate proteins difficult, especially if 

those proteins are now targeted for proteasomal degradation
8
. Promising new approaches to 

identify substrate-E3 ligase interactions may overcome some of the difficulties in identifying 
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substrates of the ubiquitylation pathways. Parallel adapter capture (PAC) proteomics consists of 

mass spectrometry of immunoprecipitated E3 ligase-complex samples before and after treatment 

with a proteasomal inhibitor
8
. This approach could be helpful in determining if TRIM9 is self-

ubiquitylating and undergoing proteasomal degradation as a mode of regulation in phagocytes. 

Our findings also suggest that TRIM9 isoforms have cell-type specificity and while Zeng 

et al. found no phenotypic differences in Iba1
+
 microglia between TRIM9

-/- 
mice and wildtype 

mice, it would be valuable to identify TRIM9 in brain-specific immune cells
3
. By determining if 

isoform expression of TRIM9 differs in cells such as microglia from their peripheral 

counterparts, we could discern whether isoform expression is influenced by cell lineage, or 

alternatively, the microenvironment of the cell. For example, if brain-specific factors regulate the 

expression of TRIM9, the presence of all three TRIM9 isoforms would be expected in microglia. 

However, if isoform expression is truly cell-type specific, microglia would likely exhibit 

TRIM9S expression in addition to the unique small proteins identified in the MDMs in the 

present study.  

In summary, the results of the present study support a role for TRIM9S in regulating the 

immune response in macrophages. These findings are corroborated by studies that demonstrate 

TRIM9S-specific roles in the regulation of IFN Type I induction and p38 activation
1,2,9

. 

Furthermore, this study provides the groundwork for establishing a large animal model to study 

TRIM9 in phagocytes. Based on similar findings across all tissues observed, I propose the use of 

an equine model for future studies. 
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