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Abstract 

Inflammatory conditions continue to be on the rise in Canada, due in part to the increase in aging 

population. Although effective in some cases, the anti-inflammatory drugs that are currently 

available have their own pitfalls, with toxic side effects and being non-selective in their 

mechanisms of action. In an attempt to develop an effective anti-inflammatory drug, I have 

characterized VR23, a novel 4-aminoquinoline derived sulfonyl hybrid compound. VR23 was 

initially developed in our laboratory as potentially an effective and safe anticancer agent. 

Previously, data obtained from an in vivo study for its anticancer effects raised a possibility that 

VR23 might also possess anti-inflammatory property. In a nutshell, data presented in this thesis 

confirm that the hypothesis is correct. In the study, I used both acute and chronic inflammatory 

models. In Chapter 1, I have shown that VR23 is able to effectively down-regulate pro-

inflammatory cytokines comparably to dexamethasone, a well-known anti-inflammatory agent. 

Specifically, VR23 was able to down-regulate IL-6 with great sensitivity. In rheumatoid arthritis 

cell models of chronic inflammation, VR23 demonstrated superiority over the anti-rheumatic 

hydroxychloroquine in its ability to regulate pro-inflammatory cytokines. In Chapter 2, I 

demonstrated VR23’s anti-inflammatory mechanism is likely through its prevention of the 

phosphorylation of STAT3, leading to a decrease in the production of its down-stream targets, 

IL-6 and MCP-1. Lastly, in Chapter 3 I describe the discovery that VR23 is rapidly metabolized 

into CPQ and DK23. CPQ is not an active compound with respect to its anti-inflammatory 

activity, indicating that it is a by-product of the VR23 detoxification process. On the contrary, 

DK23 possesses active anti-inflammatory property, as potent as VR23 at their respective IC50 

concentrations. Data from an acute lung injury model showed that the anti-inflammatory activity 

of VR23 is comparable to that of dexamethasone, a well-known corticosteroid. Data obtained 

from the rheumatoid arthritis study showed that VR23 is much more superior to 

hydroxychloroquine, a commonly used anti-rheumatic drug. Overall, this study demonstrates the 

potential for the novel compound, VR23, to be used as a non-toxic specific anti-inflammatory 

drug to treat IL-6 driven conditions such as rheumatoid arthritis. 
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1.0 Introduction 

1.1 Acute inflammation 

Inflammatory conditions remain prevalent in the population, claiming numerous lives each year. 

In Canada, acute inflammation caused by influenza and pneumonia is the 7th leading cause of 

death [1]. Acute inflammation occurs rapidly after a bodily injury or illness occurs [2]. Classical 

signs and symptoms of acute inflammation include pain, swelling (edema), redness, loss of 

function, and heat at the affected area [3]. Inflammation is a response to tissue injury caused by 

environmental agents, trauma, or infection [3]. The inflammatory response can be helpful in 

healing wounds and controlling infection, but also can be pathological in many chronic disease 

states when not properly regulated [3]. Acute inflammation as an initial response is generally 

non-specific, as it works as the first line of defense of the body against the potential invaders [4]. 

Three major events occur during the inflammatory response: increase in blood supply to the 

affected area, increase of capillary permeability, and leucocyte migration from the interstitial 

spaces to the site of inflammation or injury [5]. Within the cells recruited, the first responders are 

phagocytic immune cells. These cells work to detect bacterial cell components in order to 

become activated [6]. Upon activation, cells release pro-inflammatory cytokines such as Tumor 

Necrosis Factor (TNF-α), Interleukin (IL)-1, IL-6, IL-8 to recruit more immune cells to the site 

of infection [6]. Anti-inflammatory mediators such as IL-10 and TGF-β also are released to 

prevent the excessive unregulated secretion of pro-inflammatory cytokines [4]. Activation of 

phagocytic cells kills bacteria directly through engulfment and/or the secretion of oxygen free 

radicals [4]. In ideal conditions, the acute inflammatory response can eliminate the pathogen and 

then subside the symptoms [7, 8]. However, there are cases where the response may not be 

potent enough to clear the pathogen [7, 8]. This could lead to a stronger non-regulated 

inflammatory response that may act in a positive feedback loop furthering inflammation [7, 8]. 

The sustained inflammatory response and the persistence of high levels of pro-inflammatory 

cytokines can lead to septic shock, a sudden life-threatening condition [7, 8]. 
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1.1.1 Current therapies for acute inflammation 

Treatment of acute inflammation becomes necessary if the inflammatory reaction is severe or if 

the infection is entering the blood, leading to sepsis [9]. In some acute inflammatory infections, 

antibiotics or anti-fungal treatments will be prescribed [10, 11]. For treatment specific to 

inflammation, nonsteroidal anti-inflammatory drugs or corticosteroids are often used [12, 13]. 

 

1.1.1.1 NSAID 

Nonsteroidal anti-inflammatory drugs (NSAIDs) are used to relieve pain, swelling, and fever, 

without affecting the cause of inflammation [14]. NSAIDs work by inhibiting the enzymes, 

cyclooxygenase-1 or -2, which are responsible for the synthesis of the biological mediators, 

prostaglandins [14]. Prostaglandins are lipid compounds and are active in blood clotting 

processes and are found in an increased amount in inflamed tissue, with pro-inflammatory 

properties [15].  

 

NSAIDs while effective in treating acute inflammation, have associated risks with their 

use, including upper gastrointestinal bleeding and ulceration [14, 16]. In addition, COX-2 

NSAIDs have been associated with an increased risk of cardiovascular events such as myocardial 

infarction [14, 16, 17].  

 

1.1.1.2 Corticosteroids 

Corticosteroids (or glucocorticoids) have been widely used for acute inflammation owing to their 

fast acting ability to combat inflammation [13]. Corticosteroid is a synthetic version of cortisol, a 

hormone produced by the adrenal gland [13]. Corticosteroids work to reduce inflammation by 

binding glucocorticoid receptors, leading to the suppression of multiple inflammatory genes [13]. 

At higher doses, corticosteroids have the ability to interact with DNA recognition sites to 

activate transcription of anti-inflammatory genes [13].  

 

A drawback of corticosteroids is their immunosuppressive nature, which causes patients 

to be more susceptible to infections [18]. A common long-term side effect of corticosteroids is 

bone loss, leading to fractures [19]. In addition, the prolonged usage of corticosteroids can cause 
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adrenal glands to stop making cortisol, leading to dangerously low blood pressure if discontinued 

suddenly [18]. The long-term use of steroids can also lead to other adverse side effects including 

cardiovascular effects [20], ophthalmologic [21] and gastrointestinal effects [22]. 

 

1.2 Chronic Inflammation 

Chronic inflammatory conditions are the most significant cause of death in the world [23]. The 

prevalence of diseases with chronic inflammation are expected to increase over the next 30 years 

in the United States, due mainly to the increase of the aging population. Chronic inflammatory 

conditions include stroke, chronic respiratory diseases, heart disorders, arthritis and joint 

diseases, cancer, obesity and diabetes.  

 

Chronic inflammation is long-term inflammation, which may last for periods of months 

to years [24]. The perpetuation of acute inflammation can lead to chronic inflammatory 

conditions. In contrast to acute inflammation, in chronic inflammation there is the continued 

recruitment of monocytes, lymphocytes, and plasma cells to the site of inflammation [25]. The 

accumulation of monocytes contributes to inflammation through the formation of monocyte-

derived macrophages [25]. Macrophages act as a critical element of the inflammatory response 

and their distinct populations of M1 and M2 macrophages work to regulate the inflammatory 

environment [25]. The recruited monocytes and monocyte-derived macrophages are critical in 

the persistence of chronic inflammation by yielding many active products, including proteases, 

chemotactic factors, reactive oxygen, growth-promoting factors, and cytokines [26]. The 

presence of lymphocytes and plasma cells form the immune reaction of antibody production and 

hypersensitivity response [26]. In some chronic inflammatory responses, the pro-inflammatory 

response by the immune cells can lead to tissue damage and fibrosis or granuloma formation 

[25].  

 

1.3 Autoimmune disorders 

Autoimmune disorders or diseases occur in about 3-5 % of the population in the United States, 

with women being affected more often than men [27, 28]. Autoimmune disorders/diseases are 

conditions that form from a dysregulated immune response, leading to the immune system 
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mistakenly attacking healthy cells, tissues, or organs [29]. The delicate balance of recognition of 

pathogens and avoiding self-attack becomes impaired in autoimmune conditions, leading to 

continued inflammation and immune activation [30]. Continuous immune activation without a 

specific infection is what occurs during the flares of autoimmune diseases [30]. Currently, there 

are about 80 different conditions involving various body parts including lungs, eyes, heart, skin, 

and joints [29]. The direct cause of autoimmune conditions is unknown; however, some have 

known genetic transmission or are triggered by infections or environmental factors. While signs 

and symptoms vary between conditions, some general symptoms are fatigue, low grade fever, 

general feeling of unwellness, muscle aches, and rash.  

 

Autoimmune disorders range from being organ specific, by which antibodies and T cells 

react to self-antigens in a specific tissue, to systemic, which demonstrate reactivity against a 

specific antigen spread throughout the body [31]. Organ specific diseases show predominance in 

Th1 cytokines like IL-2 and IFN-γ, leading to an increase in effector responses. Cell mediated 

immune responses lead to cytotoxic T cell killing through cytokine or antibody release [31]. 

Organ specific autoimmune conditions often target the thyroid, stomach, pancreas, and adrenal 

glands [31]. Due to specific antigens expressed on certain organs, there are autoimmune disease 

for every organ in the body [32]. Systemic autoimmune conditions are characterized by high 

levels of Th2 cytokines, IL-4, IL-5, and IL-10, in addition to the presence of autoantibodies and 

immune complexes [31]. Systemic autoimmune disorders typically involve the skin, joints, and 

muscle tissue [31] .  

 

While many autoimmune conditions can be classified by their organ specificity or 

systemic traits, some diseases such as multiple sclerosis demonstrate both components [31].  

In addition, certain conditions involve the targeting of specific cell types rather than organs, 

leading to conditions like systemic lupus erythematosus (SLE) [32]. Regardless, if cells or 

organs are targeted, these diseases are a result of an antigen specific reaction [32].  

 

1.3.1 Rheumatoid arthritis 

Rheumatoid arthritis (RA) is the most common chronic autoimmune condition that leads to the 

damage of the cartilage and bone, making it the leading cause of disability worldwide [33]. 
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Approximately one out of every 100 Canadians are affected by RA, with women being 2 to 3 

times more likely to develop the condition than males [34]. It is estimated that RA affects about 

six million people in Canada, representing about 20% of the population [35]. While there are 

many different treatment options for RA, there is no cure [35]. It is estimated that by 2040, 

approximately nine million Canadians will be living with this chronic condition. Patients with 

RA often experience joint pain, stiffness and swelling, and joint damage can occur if left 

untreated [36]. The exact etiology of RA remains unknown, but it is believed that genetic factors 

combined with various environmental factors can lead to the occurrence of chronic inflammation 

[37].  

 

Autoantibodies for RA have been identified as rheumatoid factor (RF) and anti-cyclic 

citrullinated peptides (anti-CCP) autoantibodies. Rheumatoid factor is an autoantibody that acts 

on the Fc region of IgG, and has been used as a diagnostic tool for RA [38, 39]. While positive 

RF does indicate more severe disease activity, it is not specific to RA and can be found in other 

autoimmune patients [40, 41]. The other autoantibody identified specific to RA is anti-cyclic 

citrullinated peptides [42]. Anti-CCP autoantibodies are created as a response to citrulline 

production due to inflammation and oxidative stress [42]. Anti-CCP autoantibodies are also used 

as a diagnostic tool, and in some studies have been found in patients prior to the development or 

onset of disease [43]. Since there are variable citrullinated autoantigens that ACPA recognizes, 

each autoantigen is only present in a particular subset of RA.  

 

1.3.1.1 Histopathology 

In healthy joints, synovial tissue is critical for providing lubrication and nutrients to the joint for 

normal functioning [44]. In RA, the synovial tissue within the joint capsule is primarily where 

the immune response occurs, leading to synovitis, the inflammation of the synovial membrane 

[45, 46]. This occurs when the synovial lining, typically two to three cells thick undergoes 

dramatic hyperplasia and increase to 10 to 15 cells thick [47]. This prominent histological 

change is the hyperplasia of the synovium (including fibroblasts and fibroblast like synoviocytes) 

leading to the formation of an invasive granulation tissue, known as the pannus (Fig. 0.1). 
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The pannus is similar to a tumor-like tissue as it allows immune cells to infiltrate it, 

giving them greater access to the cartilage and bone, furthering destruction [48]. Within the 

pannus tissue, there are CD4+ T cells, B cells, macrophage and fibroblast-like mesenchymal 

cells [49], macrophage-like cells, and many other inflammatory cells [49-51]. The pannus allows 

these inflammatory cells to be in closer proximity to the bone and cartilage, furthering 

destruction via their release of degradative enzymes and inflammatory cytokines such as IL-1β, 

IL-6, and TNF-α [52]. The ability of synovial fibroblast within the pannus to produce matrix 

metalloproteinases and cathepsins increases their capacity to contribute to joint destruction. 

Taken together, the inflammatory pannus in RA patients is critical in the pathogenesis of the 

inflammatory condition.  

 

1.3.1.2 Propagation of RA 

The propagation of RA is complex and involves the recruitment and activation of many immune 

cell types that lead to the inflammation and destruction of the joint. CD4+ T cells play a 

significant role in the cell mediated immune response and have been implicated as having a key 

role in RA, by responding to an arthritogenic antigen [53]. Upon activation, the CD4+ T cells 

can stimulate other inflammatory cell types in the synovial cavity such as monocytes, 

macrophages, and synovial fibroblast and secrete cytokines including IL-2, TNF, and IL-4 (Fig. 

0.1) [54, 55]. Further, the CD4+ T cells can also induce B cells through contact bindings to 

produce immunoglobulins [55]. B cells can also be found in rheumatoid synovium as lymphoid 

aggregates and contribute to cytokine production and can act as antigen presenting cells to T 

cells [56, 57]. The T cells and B cells represent the immunological cell types of RA; however, 

the damage of bone and cartilage in RA is driven by effector cells and their pro-inflammatory 

mediators. Macrophages are critical drivers of inflammation in RA, as they produce many pro-

inflammatory cytokines including TNF, IL-1, IL-6, MCP-1 and IL-8 [58, 59]. These pro-

inflammatory cytokines will further stimulate cytokines and activate other nearby cell types such 

as fibroblasts and osteoclasts [60, 61]. The synovial fibroblasts have also been implicated as 

drivers of inflammation in RA, as they secrete cytokines such as IL-6, IL-8, and other destructive 

proteases and collagenases [62, 63].  

 



  7 

Through dysregulated secretion of pro-angiogenic factors by synovial tissue macrophages 

and fibroblasts, angiogenesis occurs in RA patients [64]. The increase in blood flow to the area 

can propagate the inflammation by allowing destructive inflammatory cells to migrate to the area 

[64].  
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Figure 0.1. Pathogenesis of a rheumatoid arthritis joint compared to a healthy joint. In a healthy 

joint, the synovium within the joint capsule secretes lubricants that allow for the movement and 

maintenance of the joint. In rheumatoid arthritis, the inflammation leads to an increase in 

recruited immune cells to the synovial cavity. The recruited immune cells can then work to 

activate one another to further induce the inflammation present. The activated immune cells will 

secrete pro-inflammatory cytokines and enzymes that will contribute to joint by forming a 

pannus. The pannus is a tumor like tissue that allows immune cells to gain access to bone and 

cartilage, furthering the degradation of cartilage and bone, propagating chronic inflammation. 
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1.3.1.3 IL6-JAK-STAT signaling  

The IL-6-JAK-STAT signaling pathway is critical in inflammatory conditions such as 

rheumatoid arthritis and has been widely studied for its role in driving chronic inflammation [65-

68]. The IL-6 type cytokines exert their action through the activation of JAK-STAT pathway. 

The receptors involved in IL-6 signaling are the alpha receptor (IL-6R-α) and the transducing 

receptor gp130 (IL-6R-β) [69]. IL-6 can bind to membrane bound IL6-R and gp130 in cell types 

such as hepatocytes, neutrophils, monocytes, B cells, and T cells through classical signaling (Fig. 

0.2a) [69, 70]. IL-6 can also bind to the soluble form of the receptor, sIL6-R. The IL6/sIL6-R 

complex can bind and activate gp130-expressing cells, known as trans-signalling (Fig. 0.2c) [71, 

72]. The receptor gp130 is ubiquitously expressed in cells, allowing those cells not expressing 

transmembrane IL6-R to respond to IL-6 through trans-signaling [73]. Classic signaling is 

typically involved in a protective response, while trans-signaling induces pro-inflammatory 

responses [74]. In human serum, both sIL6-R and soluble gp130 are found and may act naturally 

to modulate systemic responses to the circulating IL-6 [69, 75-78]. However, in disease states, 

sIL6-R bound to IL6 that was produced by limited proteolysis can act to stimulate other immune 

cells, extending inflammation.  

 

The initial signaling complex formation occurs in both classic and trans-signaling to 

induce the interaction of JAKs with the cytoplasmic portion of gp130 [79, 80]. Upon interaction, 

the JAK family members (JAK1, JAK2, and TYK2) become tyrosine phosphorylated and serve 

as binding sites for the transcription factor, signal transducer and activator of transcription 

(STAT3) [69, 81-83]. STAT3 is phosphorylated on a tyrosine residue (Y705), leading to the 

heterodimer formation of STAT3. Upon being phosphorylated in the cytosol, the dimerized 

STAT3 rapidly translocates to the nucleus where it binds to DNA to induce STAT-specific gene 

expression [84]. STAT3 also works to negatively regulate the JAK-STAT signalling by inducing 

the expression of cytokine signaling 3 (SOCS3) to prevent the excess level of inflammation [85, 

86]. In addition to classical and trans-signaling, IL-6 can also activate gp130 intracellularly in 

the endosomal compartment when the IL-6 bound IL6-R is taken up by endocytosis (Fig. 0.2b) 

[87]. 
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Many studies have found that STAT3 activation promotes inflammation and joint erosion 

in arthritis [88]. Specifically, in RA, the phosphorylation of STAT3 is increased in the synovium 

compared with healthy controls [89, 90]. The level of p-STAT3 (Y705) in resting T cells and 

monocytes from RA patients was found to be significantly higher than in healthy volunteers [68, 

91]. IL-6 levels were also elevated in the plasma of RA patients and are correlated with the level 

of STAT3 phosphorylation in T cells and monocytes [68, 91]. The increased activation of p-

STAT3 in RA may be effective as a potential biomarker for RA, alongside the increased 

expression of serum and synovial fluid IL-6 levels.  

 

1.3.1.4 Pro-inflammatory mediators 

Cytokines are proteins released by immune cells as a form of cell-to-cell communications to 

regulate cell division, differentiation, stimulation, and chemotaxis [92]. In inflammatory settings 

however, cytokines can potentiate the situation by further inducing and recruiting immune cells 

to the area [93].  

 

In RA patients, the monocytes, macrophages, fibroblasts, and T cells recruited to the 

synovial cavity release pro-inflammatory mediators upon stimulation [94-96]. Common 

cytokines found in the synovial fluid of RA patients are IL-6, TNF-α, and IL-1β [97]. These 

cytokines can be amplified by the interaction between antigen presenting cells and CD4+ T cells 

[98]. Macrophage activation results in abundant production of pro-inflammatory cytokines that 

stimulate the cartilage’s synovial fibroblasts and chondrocytes [98]. This can lead to the 

degradation of the proteoglycans and collagen in the tissue by secretion of enzymes [98]. Several 

studies have found inflammatory cytokines, including IL-17, IL-6, TNF-α, and IL-1β to be 

drivers of inflammation in RA patients [99, 100].  

 

Many studies have found that IL-6 is critical in the pathogenesis of RA, as its levels are 

increased in the serum and synovial fluid of RA patients compared to healthy patients [101]. The 

IL-6 levels in the serum and synovial fluid levels correlate with the severity and activity of RA 

[101-103]. Further, IL-6 can induce the development of Th17 cells while preventing the 

differentiation of regulator T cells [104]. Th17 cells have a beneficial role in protecting against 

microbial infections but are also involved in many autoimmune conditions, like RA [104]. A 
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downstream cytokine of IL-6, MCP-1, which is responsible for the recruitment of monocytic 

phagocytes is also high in RA sera and synovial fluid when compared to healthy patients, 

indicating its importance in disease progression [105, 106]. Similarly, ΤΝF-α levels in RA 

patients’ serum and synovial fluid are significantly higher than in healthy individuals [107]. Due 

to the pro-inflammatory nature of these cytokines and their prevalence in both RA patients’ sera 

and synovial fluid, they have the potential to be used as biomarkers for this inflammatory 

disease.  
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Figure 0.2. IL-6-JAK-STAT signaling. IL-6 can bind membrane bound gp130 and IL6-R to 

activate STAT3, known as classical signaling (a). IL-6 bound to soluble IL-6R can also bind to 

membrane bound gp130 to induce the activation of STAT3, which is known as trans-signaling 

(c). IL-6 can also activate gp130 through the endosome, after the uptake of the IL-6 bound IL-6R 

in endocytosis (b). 
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1.3.1.5 Current therapies for Rheumatoid Arthritis 

Disease modifying anti-rheumatic drugs (DMARDs) are a class of drugs used for the treatment 

of inflammatory conditions such as rheumatoid arthritis, lupus, and inflammatory bowel disease 

[108]. Typically, they are divided into two classes, the conventional DMARDs and biological 

DMARDs [109]. The conventional DMARDs include methotrexate, leflunomide, 

hydroxychloroquine, and sulfasalazine [109]. Methotrexate is the most commonly used DMARD 

for RA, however its exact mechanism of action at a low dose in RA remains unknown. 

Methotrexate was originally used as an anti-cancer agent due to its low toxicity profile compared 

to other agents [110]. The most likely methotrexate effect at a low dose is its ability to increase 

the adenosine level and reduce pro-inflammatory cytokine levels [111, 112]. Through alteration 

of adenosine, methotrexate has an anti-inflammatory effect by decreasing the secretion of TNF, 

IFN-γ, IL-6, and phagocytosis [113]. The most common adverse effects are hepatotoxicity, 

ulcerative stomatitis and leukopenia [114]. Methotrexate may also cause an increased risk of 

infections, renal toxicity, neurotoxicity, and gastro-intestinal toxicity [115].  

 

Leflunomide, is an anti-rheumatic drug used because of its ability to regulate the cell 

cycle progression by preventing de novo pyrimidine ribonucleotide biosynthesis [116]. 

Leflunomide is a pro-drug and is rapidly metabolized into an active metabolite form [116]. Its 

mechanism of action in rheumatoid arthritis is through its ability to regulate lymphocyte 

proliferation, inhibition of tyrosine kinase activity, and the inhibition of de novo pyrimidine 

synthesis [116]. While leflunomide does provide remission for some patients, its side effects are 

discouraging with diarrhea, alopecia, hepatic dysfunction, and hypertension occurring in many 

patients [117].  

 

Sulfasalazine is another DMARD commonly used in the treatment of RA [118]. 

Sulfasalazine has a short latent period before its onset of action compared to other DMARDs 

[118]. However, the exact mechanism of how sulfasalazine or its metabolites work in providing 

efficacy in RA is still not clear [118]. In vitro assays have demonstrated that sulfasalazine and its 

metabolites can inhibit the release of pro-inflammatory cytokines such as IL-1, IL-2, IL-6, and 

IL-12 [118]. A study with animal models supported the immunomodulatory action of 

sulfasalazine and the down-regulation of pro-inflammatory cytokines [118]. Further, it has been 
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suggested that sulfasalazine also may work to inhibit RA progression by the inhibition of 

transcription factor nuclear factor kappa-B [119], inhibition of osteoclast formation [120], and 

induction of converting adenine nucleotides to adenosine [121]. The most common side effects 

of sulfasalazine are gastrointestinal problems, headache, and rash [118].  

 

Hydroxychloroquine belongs to a class of drugs known as the 4-aminoquinolines and was 

originally used as an anti-malarial agent [122]. Hydroxychloroquine has a different mechanism 

than other DMARDs, as its original intent was not for inflammatory conditions [123]. The 

proposed mechanism of hydroxychloroquine for rheumatoid arthritis is through its ability to 

increase the lysosomal pH in antigen presenting cells [124]. This leads to a blockade of toll-like 

receptors on dendritic cells, preventing the action of the cells and reducing the inflammatory 

markers secreted by them [125, 126]. The increase in pH of acidic organelles also results in a 

blockade of the processing of antigenic peptides that can induce autoimmune response [124]. 

Hydroxychloroquine can accumulate in the acidic organelles because it is a weak base, which 

upon accepting protons within the lysosome becomes trapped, leading to a rise in pH [127, 128].  

 

Hydroxychloroquine was initially created to replace chloroquine to reduce the incidences 

of retinopathy in patients [129]. However, the risk is not completely eliminated, and some 

patients still experience retinopathy symptoms [129]. Hydroxychloroquine must be administered 

for 3-6 months before effects are seen in RA patients, and often this time period is ineffective if 

the patient is undergoing a severe flare [130, 131]. The long period of time hydroxychloroquine 

requires to build up in the body is based on the pharmacokinetics and time the drug needs to fully 

saturate the lysosome [132, 133]. Common side effects of the drug are vomiting, muscle 

weakness, changes in vision, and headache.  

 

Traditionally, if the use of a single DMARD leads to a disease flare or toxicity, the drug 

is substituted with an alternative DMARD [134]. However, many studies have shown that this 

strategy does not lead to long term remission [134]. In fact, sustained remission rarely occurs, as 

monotherapy with DMARDs tends to be ineffective [134]. Due to the lack of efficacy with 

monotherapy, combinational therapy has been used to increase the efficacy whiles maintaining a 

favourable side effect profile [135]. Typically, with the combinatorial approach, more aggressive 
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combinations of DMARDs occur if the patient continues to not respond to single agents [135]. In 

many cases, combinations of two or more DMARDs are used to attempt to attain a remissive 

state in patients. Triple therapy, for example is the combination of methotrexate, sulfasalazine, 

and hydroxychloroquine that has been used for the treatment of RA.  

 

Biological DMARDs are typically used after the failure of conventional therapy or in 

cases of severe disease activity. Some examples of biological DMARDs are adalimumab, 

etanercept, rituximab, tocilizumab among others. In contrast to conventional therapies, biologics 

are highly specific and target specific cell type or pathways of the immune system [109]. 

Tocilizumab for example targets and binds to soluble and membrane-bound IL-6 receptors, 

blocking IL-6 signal transduction [136]. Tocilizumab is administered intravenously every four 

weeks and has shown effectiveness in moderate to severe RA as monotherapy and in 

combination with methotrexate [136]. In Canada, it is only recommended as a treatment course 

after a patient has failed to respond to one or more DMARD or tumour necrosis factor antagonist 

[137]. However, the adverse side effects of tocilizumab administration are infections, infusion 

reactions, gastrointestinal issues, and neutropenia [138].  

 

Current slow-acting anti-rheumatic drugs are very limited in specificity and efficacy and 

have many side effects [139]. In addition, they also have limited effects on the long term 

prognosis of rheumatoid arthritis [139]. Despite new advancements in biological therapies 

targeting the signaling pathways involved in RA, few patients are able to achieve and maintain a 

state of drug-free remission. Therefore, the need for novel anti-inflammatories that are able to 

combat the chronic inflammation that occurs in RA, in a more specific manner are needed. 

 

1.4 VR23  

7-chloro-4-(4-(2,4-dinitrophenylsulfonyl)piperazin-1-yl)quinolone (VR23) is a quinoline-

sulfonyl hybrid compound (Fig. 0.3), created in Dr. Hoyun Lee’s lab in search of a novel anti-

cancer agent. VR23 was derived using chloroquine as the parent molecule. Prior studies have 

documented its proteasome inhibition properties by targeting the β2 subunit of the 20S 

proteasome [140]. We have further analyzed VR23 in mouse models of cancer and found that 

VR23 was able to selectively kill cancer cells over non-cancer cells [140]. In addition, when 
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VR23 was administered in combination with other anti-cancer agents such as paclitaxel, it was 

able to reduce the toxic side effects [140].  

  



  17 

 

Figure 0.3. Chemical structure of VR23. [140, 141]   
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1.5 Objective 

The parent molecule of VR23 is chloroquine, which has been modified to become 

hydroxychloroquine, which is used in the clinics as a DMARD for rheumatoid arthritis. Further, 

VR23’s unique ability to reduce other anti-cancer drugs’ side effects may show that it has 

potential as an anti-inflammatory agent. With this evidence, I hypothesized that VR23 had anti-

inflammatory properties. To study this, initially, I investigated its ability to reduce acute 

inflammation through in vitro and in vivo experiments representing acute lung inflammation. 

Further, I analyzed whether VR23 can prevent chronic inflammation, and help patients 

diagnosed with autoimmune conditions like rheumatoid arthritis. Lastly, I investigated the 

mechanism by which VR23 works to reduce inflammation. 
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2.0 Chapter 1: The anti-tumor VR23 also shows strong anti-inflammatory 

effects on human rheumatoid arthritis cell models and acute lung 

inflammation in mice  

* Adopted from the article published in the Journal of Immunology 204, 788-799 (2020) 
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Abstract 

We previously found that the novel VR23 proteasome inhibitor not only possesses an effective 

anti-tumor activity without causing any ill-effects to animals but also reduces side effects caused 

by a partner drug when used in combination. Here we report that VR23, unlike other proteasome 

inhibitors, exhibits potent anti-inflammatory activity. In the lipopolysaccharide (LPS)-induced 

THP-1 monocyte model, VR23 down-regulates pro-inflammatory cytokines IL-1β, TNF-α, IL-6, 

and IL-8 at a similar efficacy to dexamethasone. In contrast, two well-known proteasome 

inhibitors, bortezomib and carfilzomib do not effectively down-regulate these pro-inflammatory 

cytokines. Data from a study with SW982 synovial cell line and primary human synoviocytes 

showed that VR23 not only effectively down-regulates IL-6 but also inhibits cell migration. 

Interestingly, the IL-6 down-regulation by VR23 was significantly more pronounced in the 

primary synovial cells from rheumatoid arthritis (RA) patients than those from healthy donors, 

suggesting that VR23 can be selective against RA. Finally, VR23 effectively reduces neutrophil 

migration, TNF-α secretion, and tissue inflammation in mice (female Balb/c strain) with an LPS-

induced acute lung injury. Thus, our current data indicate that VR23 can be effective on both 

acute and chronic inflammatory conditions. Taken together with our previous work, VR23 is not 

only effective on inflammatory conditions but also applicable to different aspects of cancer 

control including the treatment and prevention of tumor development by chronic inflammatory 

responses.  

 

Introduction  

Well-regulated inflammatory response is essential for the control of microbial infections and 

clearing dead cells and other debris. However, its dysregulation may lead to general 

inflammatory conditions such as acute lung inflammation (ALI), pneumonia, and rheumatoid 

arthritis (RA). It is also increasingly clear that chronic inflammation often results in permanent 

genomic alterations, eventually leading to the initiation, promotion and malignant conversion of 

tumors [142-145]. Many different inflammatory mediators including pro-inflammatory 

cytokines, growth factors and free radicals are involved in these processes [142, 145] 

 Currently, non-steroidal anti-inflammatory drugs (NSAIDs) and glucocorticoids are most 

often used to treat general inflammatory conditions [146]. Unfortunately, however, these drugs 

often cause toxic gastro-intestinal side effects such as ulceration and hemorrhage [146]. In 
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addition, NSAID also increases the risk of vascular and coronary problems, heart failure, and 

hypertension [147, 148]. Glucocorticoids are a class of corticosteroids that up-regulate anti-

inflammatory proteins and down regulate multiple inflammatory genes [149]. Although 

dexamethasone (DEX), one of the most widely used glucocorticoids, is very effective in 

reducing inflammation, it can also lead to serious toxic side effects if used over a prolonged 

period [150, 151]. The common side effects include musculoskeletal weakness, endocrine 

abnormality, pancreatitis, increase of blood pressure, and problems in cardiovascular and central 

nervous systems, underscoring the importance of developing effective new drugs with minimal 

side effects [152].  

Autoimmune diseases are difficult to control and, unfortunately, the incident rates are on 

the rise [29, 153]. One of the most common autoimmune diseases is RA, which results in 

inflammatory arthritis of the joints and, in some cases, bone and cartilage destruction [154]. Like 

in many other autoimmune conditions, a high level of pro-inflammatory cytokines is usually 

involved in the initiation and progress of RA [29]. Rheumatoid arthritis is currently treated with 

disease modifying anti-rheumatic drugs (DMARDs) such as methotrexate, hydroxychloroquine 

(HCQ), glucocorticoids, and biological agents [155]. However, monotherapy with these agents 

typically is ineffective, due to the development of drug resistance [156]. The combination of 

conventional DMARDs with biological agents is effective for 50% of RA patients, allowing 

them to achieve clinical remission [156]. However, for the remaining 50% of patients, there is 

insufficient disease reduction [156]. Therefore, RA still requires the development of new drugs 

with novel mods of actions.  

We previously reported the synthesis and characterization of 7-chloro-4-(4-(2,4-

dinitrophenylsulfonyl) piperazin-1-yl) quinolone 7-chloro (VR23) , which possesses effective 

anti-tumor activity [140, 157]. The major molecular target of VR23 is β2 of the 20S proteasome 

catalytic subunit [158]. It was suggested previously that proteasome inhibitors may possess anti-

inflammatory property, since they can theoretically down-regulate the NF-κB pathway by 

inhibiting Ikβ degradation [159-161]. However, this assumption remains controversial as others 

have shown pro-inflammatory activity of certain proteasome inhibitors [162, 163].  

Chloroquine (CQ) and hydroxychloroquine (HCQ) possess anti-inflammatory properties 

[164]. In addition, CQ/HCQ can decrease reactivity against auto-antigenic peptides by 

interfering antigen processing, thus effectively controlling autoimmune disorders such as RA and 
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systemic lupus erythematosus (SLE) [124, 165]. As a quinoline-sulfonyl hybrid compound, 

VR23 contains the main scaffold of CQ. Therefore, we hypothesized that VR23 may also possess 

anti-inflammatory and anti-autoimmune activities. We here report that VR23 does indeed 

possess these properties – just much stronger than CQ/HCQ.  
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Materials and Methods  

Reagents 

VR23 was synthesized by Dalton Pharma Services (Toronto, ON, Canada) following the 

protocol described previously [157], and its stock solution (20 mM) was prepared in dimethyl 

sulfoxide (DMSO) as previously described [166]. Bortezomib (BTZ), Carfilzomib (CFZ), Cell 

Counting Kit-8 (CCK-8) (Enzo Life Sciences) were purchased through Cedarlane Inc. 

(Burlington, ON, Canada). The following items were purchased from Sigma Aldrich (Oakville, 

ON, Canada): DEX (>97%), HCQ sulfate (>98%), lipopolysaccharide (LPS) from Escherichia 

Coli O111:B4. The following items were purchased from Thermofisher Scientific (Waltham, 

MA): tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), RPMI 1640, high glucose 

Dulbecco’s Modified Eagle Medium (DMEM), fetal bovine serum (FBS) and antibiotic and 

antimycotic solutions. The single-analyte enzyme linked immunosorbent assay (ELISA) kits 

were purchased from Qiagen (Montreal, QC, Canada).  

 

Cell lines and cell culture  

THP-1 and SW982 cells, purchased from the American Type Culture Collection (ATCC), were 

cultured in RPMI-1640 (the former) or high glucose DMEM (the latter) supplemented with 100 

μg/mL streptomycin, 100 units/mL penicillin and 10% (v/v) FBS. The THP-1 and SW-982 cell 

lines were used at passages less than 10. Primary human fibroblast-like synoviocytes from three 

healthy donors (HFLS-N; catalog number 408-05a) and three donors with rheumatoid arthritis 

(HFLS-RA; catalog number 408RA-05a) were purchased from Cell Applications Inc. (San 

Diego, CA) through Cedarlane Inc. (Burlington, ON, Canada). The cells were cultured in 

synoviocyte growth medium from the same supplier. The cells in each vial were isolated from a 

single donor and provided at passage 1, and all experiments were conducted at passage 3-8, as 

described previously [167].  

Determining IC50 values using the sulforhodamine B (SRB) colorimetric assay 

The SRB assay [168] was used to determine the drug concentration that half of the cell 

growth/proliferation is inhibited (IC50). Cells were cultured in 96-well plates, with 5,000 cells in 

100 μL of culture medium per well. The rest of the protocol was described previously [169, 170].  
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Cell Counting Kit-8 assay 

Cells were cultured in 11 columns of 96-well plates, with approximately 5,000 cells in 100 μL of 

culture medium per well, excluding one column for a medium-only control. The plates were 

incubated overnight in a humidified atmosphere at 37C with 5% CO2 and 95% air. Following 

incubation, the plates were treated with test compounds diluted in media at a total volume of 100 

μL. Each column was treated with a different condition, and each treatment consisted of 8 

repeats to ensure accuracy of the results. The plates were then incubated for 6 h in a cell-culture 

incubator, and then added 10 μL of CCK-8 reagent to each well, followed by the incubation of 

additional 2 h to allow colour formation. The absorbance was measured using an automatic plate 

reader (Synergy H4 Hybrid Multi-Mode Microplate Reader, BioTek) at 450 nm wavelength. 

Finally, cell viability was determined using the following equation: cell viability (%) = (Abstrtmt-

Absmedia)/(AbsUT- Absmedia) × 100, where Abstrtmt is the absorbance value of cells with the various 

treatment conditions; Absmedia is the absorbance of the wells containing media only; AbsUT is the 

absorbance of the wells with untreated cells. 

 

Enzyme-linked immunosorbent assay (ELISA) 

THP-1 cells were plated at the density of 500,000 cells/mL in 1 mL volume, and the SW982 and 

HFLS cells were at 50,000 cells/mL in 0.5mL for cytokine analysis. Single Analyte ELISArray 

human kits for each of the individual cytokines, tumor necrosis factor (TNF-α), interleukin-1β 

(IL-1β), interleukin-6 (IL-6), and interleukin-8 (IL-8) (all from Qiagen) were used following 

recommendation by the supplier. A mouse TNF-α ELISA Kit (Thermofisher) was used for the 

analysis of cytokine secretion in the mouse bronchoalveolar lung fluid.  

 

Cell migration assay 

Cell migration assays were performed using Corning Invasion chambers with matrigel matrix 

(Fisher Scientific). The lower chamber contained compounds (e.g., VR23 or HCQ) and chemo-

attractant (e.g., 10% FBS). The upper chamber was loaded with 25,000 cells in FBS-free 

medium. The analysis of the trans-well inserts was performed as described previously [171]. 
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After 24-h incubation, the trans-well insert was removed, and then the remaining culture medium 

and cells on the upper chamber were also removed from the top of the membrane with cotton 

swab. The trans-well insert was placed back into the well containing 1 mL of 70% ethanol for 10 

min to fix the cells. The residual ethanol was carefully removed with cotton swab. Cells on the 

trans-well insert membrane were air-dried for 15 min at room temperature. To stain cells, the 

trans-well insert containing cells was placed in 1 mL of 0.2 % (w/v) crystal violet for 10 min. 

The excessive crystal violet was carefully removed from the membrane with cotton swab. Cells 

on the membrane were air-dried at room temperature prior to analysis by the Olympus IX73 

inverted microscope. Cell images (10×) were captured at five different fields. The average 

number of cells that migrated through the membrane towards the chemo-attractant was 

determined. Adherent cells attach to the membrane on the lower chamber side upon migration, 

and suspension cells drop into the lower chamber. 

 

Animal work 

Female Balb/c mice strain 028 (6-8 weeks old), purchased from Charles River Laboratories 

(Senneville, QC, Canada), were fed regularly with laboratory chow and water upon arrival at the 

Laurentian University Animal Care Facility (Sudbury, ON, Canada) where this work was carried 

out.  

To determine an optimal dose of LPS, three mice per group were treated intranasally for 

24 h under the following three different conditions: (i) no LPS, (ii) 0.25 mg of LPS per kg of 

body weight, and (iii) 0.50 mg of LPS per kg of body weight. After the animals were sacrificed, 

the bronchoalveolar lavage fluid (BALF) of each mouse was collected and analyzed for LPS-

induced inflammatory response. The results indicated that 0.40 mg/kg (i.e.; between 0.25 mg/kg 

and 0.5 mg/kg) is the optimal concentration.  

Experimental design involving the use of VR23 and the control was based on acute lung 

injury instillation described by Wei and Huang [172]. Briefly, mice were divided into 5 groups, 

with 3-5 mice in each as follows: no acute lung injury (i.e., no treatment), sham treatment, LPS 

only, LPS + DEX, and LPS + VR23. VR23 (30 mg/kg) and DEX (4 mg/kg) were 

intraperitoneally (i.p.) injected 1 h prior to LPS administration. The mice were given LPS (0.4 

mg/kg) in phosphate buffered saline (PBS) intranasally to induce acute lung injury. The sham 

treated mice were given PBS plus DMSO (i.p.; since VR23 was dissolved in DMSO). The mice 
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in the no-acute-lung-injury group were not given any drugs or stimulation. The mice were 

sacrificed by isoflurane inhalation at 24 h post-induction of ALI with LPS. Bronchoalveolar 

lavage fluid was collected and cells infiltrated into the bronchoalveolar fluid were counted. The 

fluid was also used to measure the amount of TNF-α by ELISA. The lungs were removed to 

determine the levels of myeloperoxidase (MPO) and histopathological analysis. The animal 

study protocol was reviewed and approved by the Animal Care Committee at Laurentian 

University. 

 

Myeloperoxidase (MPO) assay 

The accumulation of neutrophils in the lung tissue was analyzed using a colorimetric MPO assay 

kit (Sigma Aldrich), which measures the amount of myeloperoxidase activity. After 24 h of lung 

injury induction, the upper and lower lobes of the right lung were snap-frozen and kept at -80C 

until analysis. Immediately prior to experiments, the lungs were weighed, thawed, and 

homogenized using cold MPO assay buffer (included in the kit) with a sonic dismembrator. The 

MPO activity was then determined as per the protocol provided by the supplier (Sigma Aldrich).  

 

Histopathological analysis 

Following 24 h of the lung injury induced with LPS, lung tissues were embedded in paraffin 

blocks, followed by slicing them into 10 μm sections using a microtome. Each slice was stained 

with haematoxylin and eosin (H & E) for examination of cell morphology and tissue type. For 

microscopy, at least 10 fields were analyzed per sample using an Olympus IX73 microscope 

(20× magnification). 

 

Statistical analyses  

Each experiment was repeated in three biological replicates unless otherwise indicated. The 

mean values of these results were used for statistical analysis and expressed as mean ± standard 

error. Comparison between experimental groups was made by p value determination using one-

way ANOVA. The p value of <0.05 is considered to be statistically significant. The Dunnett’s 

post-hoc test was performed when necessary, to determine the significance between the 

treatment groups and controls. Analyses were performed using GraphPad Prism software, 

version 7.0e (San Diego, CA). 
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Results  

VR23 effectively down-regulates the level of pro-inflammatory cytokines in monocytes  

To determine the optimal concentrations of LPS and TNF-α in stimulating monocyte cells, we 

measured the level of tumor growth factor-β (TGF-β) or IL-8 induction in the presence of 

various concentrations of LPS or TNFα (Figs. 1.5 and 1.6). The resultant data determined by 

ELISA indicated that the optimal doses of LPS and TNF-α are 5 μg/mL and 10 ng/mL, 

respectively. Thus, throughout this work, we used these concentrations unless stated otherwise. 

Similarly, we determined optimal time post-stimulation. As shown in Fig. 1.5c-g, the levels of 

secreted cytokines IL-1β, TNF-α and IL-8 reached a plateau at 6 h after stimulation. One 

exception was the level of IL-6 induced by LPS, which never reached a peak by 24 h post-

stimulation, the last time point used in this experiment. Nevertheless, the 6 h post-stimulation 

time point could still be used to measure the relative amounts of secreted IL-6. 

As VR23 contains the main scaffold of the anti-inflammatory CQ, we examined whether 

VR23 can also down-regulate inflammation. To standardize the doses for different compounds 

used for comparison, we first determined the values of growth inhibition by 50% (IC50) for 

SW982 and THP-1 cells in response to VR23, CQ, HCQ, BTZ, CFZ or DEX. We then 

determined changes in the levels of four major pro-inflammatory cytokines after THP-1 cells 

were stimulated with either LPS or TNF-α for 6 h. As shown in Fig. 1.1a and 1.1b, VR23 at 3 

μM down-regulates IL-1β and IL-6 secretion to near the background level. At the same 

concentration, VR23 also substantially (approximately 50%) down-regulates the level of TNF-α 

(Fig. 1.1c). VR23 down-regulates IL-8 by 19% and 76% at 3 μM and 6 μM, respectively, in 

LPS-stimulated THP-cells (Fig. 1.1e). Interestingly, under our experimental conditions, VR23 

more effective down-regulates IL-8 in TNF-α stimulated THP-1 cells (60% at 3 μM and almost 

completely at 6 μM) (Fig. 1.1e).  

In contrast, the other two proteasome inhibitors, BTZ and CFZ, do not down-regulate the 

levels of IL-1β, IL-6, TNF-α, or IL-8 at indicated concentrations. Thus, proteasome inhibitors do 

not necessarily have the same effects on the regulation of pro-inflammatory cytokines. 

Compared to VR23, the “parental” CQ is much less effective on the level of IL-1β and TNF-α at 

25 μM, although it does down-regulate IL-6 in a similar level rendered by 3 μM VR23, 

indicating that VR23 is clearly superior to CQ in modulating pro-inflammatory cytokines. At the 
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IC50 concentration, DEX also effectively down-regulates IL-1β, TNF-α, and IL-6. However, 

VR23 is generally more effective than DEX (Fig. 1.1).  
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Figure 1.1. VR23 down-regulates pro-inflammatory cytokines. Shown are the levels of IL-1β 

(a), IL-6 (b), TNF-α (c) and IL-8 (d) in the supernatant of THP-1 cells stimulated with LPS (5 

μg/mL) for 6 h in the absence (control) or presence of varying concentrations of VR23. (e) 

Shown are the levels of IL-8 after THP-1 cells were stimulated for 6 h with TNF-α (10 ng/mL) 

alone or in combination with varying concentrations of VR23. For comparison, bortezomib 

(BTZ, 6 nM), carfilzomib (CFZ, 1 nM), dexamethasone (DEX, 2 μM), and chloroquine (CQ, 25 

μM) were also included. The comparison between groups was made using a one-way ANOVA. 

*, **, and *** are p<0.05, p<0.01, and p<0.001, respectively, which denote significant 

differences from the LPS only or TNF-α only group. P values were determined by a Dunnett’s 

test, and the values presented are mean ± SEM (n=3).  
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VR23 effectively down-regulates IL-6 in human synovial cells from rheumatoid arthritis 

patients. 

Having established that VR23 has strong anti-inflammatory activity in monocytes, the next 

question was whether VR23 can also regulate chronic inflammation, a major factor involved in 

the initiation and progress of autoimmune disease such as in RA patients. To address this 

question, a study was carried out with SW982, a cell line derived from human synovial sarcoma. 

The SW982 cell line is widely used as a model for studying rheumatoid arthritis, as it possesses 

similar immunological properties as primary synovial cells [173]. Since IL-6 is strongly 

implicated to the progress of RA [174], we measured IL-6 as its surrogate. We found that VR23 

effectively down-regulates IL-6 by 6 h post-treatment in SW982 cells. HCQ also shows a trend 

of down-regulation, but with no clear significance (Fig. 1.2a). Note that HCQ was included in 

this experiment as it is often used to treat RA and SLE [128, 175, 176]. In addition, both HCQ 

and VR23 contain a 7-chloro-4-aminoquinoline group found in many anti-inflammatory 

molecules [177]. Our findings thus indicate that VR23 can be effective and potentially safe for 

the treatment of RA patients. 

We next examined the effects of VR23 on primary human synovial cells. Our model in 

this study was human fibroblast-like synoviocytes isolated from the synovial fluid in joint 

capsules of healthy donors (HFLS-N) or RA patients (HFLS-RA). It is known that synoviocytes 

in RA patients produce harmful molecules that contribute to joint destruction and the 

exacerbation of the disease. For these experiments, we first determined the dose of compounds 

that are effective without killing cells at 6 h post-stimulation (Fig. 1.6). For both HFLS-N and 

HFLS-RA, up to 10 μΜ of VR23 did not affect cell viability either used alone or in combination 

with IL-1β (Fig. 1.6d-e). We then determined changes in the level of the IL-6 pro-inflammatory 

cytokine after HFLS-N or HFLS-RA cells were stimulated with IL-1β or LPS for 6 h. We found 

that both VR23 (5 μM) and HCQ (15 μM) down-regulate IL-6 by ~30% in comparison to the IL-

1β stimulated sample in the HFLS-N cells (Fig. 1.2b). The picture is quite different in HFLS-RA 

cells: while VR23 (5 μM) down-regulated IL-6 by 63% in comparison to the IL-1β stimulated 

sample, while HCQ (30 μM) did so only by 45% (Fig. 1.2c). These data thus suggest that VR23 

can be more effective in modulating IL-6 production on RA patients than healthy persons. When 

LPS is a stimulant, 2.5-5.0 μM VR23 effectively down-regulate IL-6 to the background level, 

while HCQ was ineffective (Fig. 1.2d,e). Therefore, HCQ is much less effective in down-
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regulating IL-6 than VR23 on HFLS-RA cells stimulated by either IL-1β or LPS. These findings 

are consistent with data from the study carried out with SW982 (Fig. 1.2a), and strengthen the 

idea that VR23 could be an effective drug against RA.  

The migration of human fibroblast-like synovial cells plays a key role in RA progression 

as they eventually invade and destruct the cartilage and bone [178, 179]. Since we previously 

found that VR23 prevents tumor cell spread to adjacent tissues [166], we examined whether 

VR23 also inhibits synovial cell migration. As shown in Fig. 1.3a and b, 5 μM of VR23 down-

regulates cell migration to the background level when 10% FBS was used as chemo-attractant. 

We also examined the effect of VR23 on the level of monocyte chemoattractant protein-1 (MCP-

1), secreted in both HFLS-N and HFLS-RA cells. As shown in Fig. 1.3c and d, VR23 at 5 μM 

down-regulates MCP-1 secretion to the background level in both HFLS-N and HFLS-RA. In 

contrast, HCQ is ineffective on both, HFLS-N and HFLS-RA. We also carried out a scratch-

wound healing assay using an Incucyte S3 Live cell analysis system (Fig. 1.7). The scratch 

wound inflicted to the SW982 cell population was completely healed by 24 h post-scratch in the 

presence of 25 μM CQ. In contrast, even by 48 h post-scratch, the wound was not completely 

healed in the presence of 5 μM of VR23. Thus, these data indicate that VR23 is much better in 

preventing synoviocyte migration than CQ/HCQ. Together, our data again indicate that VR23 

may be an effective treatment option against RA and possibly other autoimmune conditions. 

  



  32 

 

Figure 1.2. VR23 down-regulates IL-6 in human synovial cells. (a) The levels of IL-6 secreted 

in the supernatant of SW982 cells stimulated with IL-1β (1 ng/mL) for 6 h in the absence or 

presence of varying doses of VR23 or hydroxychloroquine (HCQ). (b, c) The levels of IL-6 in 

the supernatant of HFLS-N (b) or HFLS-RA (c) cells are shown at 6 h post-stimulation with IL-

1β in the absence or presence of varying doses of either VR23 or HCQ. For “VR23 Only” 

samples, 5 μM VR23 was used. The values presented are mean ± SEM (n=3). (d, e) The levels of 

IL-6 in the supernatant of HFLS-N (d) and HFLS-RA (e) cells are shown at 6 h post-treatment 

with LPS alone (100 ng/mL), HCQ, or in the presence of varying concentrations of VR23. The 

values presented are mean ± SEM (n=3).The comparison between groups was made using a one-

way ANOVA. *, **, and *** are p<0.05, p<0.01, and p<0.001, respectively, which denote 

significant differences from the IL-1β only or LPS only group, determined by a Dunnett’s test. 

“n=3” shown above denotes three independent experiments with samples from three different 

individuals.  
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Figure 1.3. VR23 prevents synovial cell migration. (a, b) VR23 at 5 μM completely prevents 

HFLS-RA cell migration promoted by 10% FBS. An example of actual data is shown in b. 

Detailed protocol of the Matrigel matrix-based assay is described in the Materials and Methods. 

No FBS and FBS (10%) denote 0% FBS and 10% FBS included in the lower chamber, 

respectively. As described in panels, 10% FBS + 5 μM VR23 or 10% FBS + 10 μM VR23 were 

included in the lower chamber. An Olympus IX73 microscope (10× magnitude) was used to 

capture 10 separate fields for each sample. The values presented are mean ± SEM (n=2). 

Data in panels c and d show the levels of MCP-1 in the supernatant of HFLS-RA (c) and HFLS-

N (d) cells treated with IL-1β (1 ng/mL) for 6 h in the absence (control) or presence of varying 

concentrations of either VR23 or HCQ. The values presented are mean ± SEM (n=3). The 

comparison between groups was made using one-way ANOVA. *, **, and *** are p<0.05, 

p<0.01, and p<0.001, respectively, which denote significant differences from the 10% FBS or 

IL-1β group, determined by a Dunnett’s test.   
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VR23 is capable of treating acute lung injury in mice 

Since our data from in vitro studies showed that VR23 can substantially reduce or almost 

completely prevent the secretion of pro-inflammatory cytokines in THP-1 and SW982 cells, we 

examined its anti-inflammatory effects using a mouse model. Toward this goal, we first 

determined an optimal LPS dose to induce TNF-α in the mouse bronchoalveolar. We found that 

0.4 mg LPS per kg body weight is an optimal dose when the subjected animals’ lungs were 

analyzed at 24 h post-LPS (Fig. 1.8).  

Acute lung injury (ALI) is characterized by increased permeability of the capillary 

barrier, which is accompanied by an increase in lung edema and an influx of neutrophils into the 

bronchoalveolar space [180]. The influx of neutrophils caused by ALI induces the release of pro-

inflammatory cytokines such a IL-1β, TNF-α, and IL-8 [180]. To determine the anti-

inflammatory effects of VR23, the level of TNF-α in the BALF was measured at 24 h after the 

animal was treated with 0.4 mg of LPS. We found that VR23 effectively reduces the level of 

TNF-α (Fig. 1.4a). Furthermore, VR23 at 30 mg/kg body weight completely inhibited cell 

invasion into the bronchoalveolar space (Fig. 1.4b). In both cases, VR23 and DEX showed 

similar efficacy. 

Myeloperoxidase is a marker distinctly correlated with inflammation. Neutrophils that 

influx into the bronchoalveolar space due to ALI caused by acute inflammation will degranulate 

and release the pro-inflammatory enzyme MPO [181]. Therefore, the level of MPO can be an 

excellent inflammation marker in lung [181]. Data in Fig. 1.4c show that VR23 is a strong 

inhibitor of MPO. 

LPS-induced ALI can lead to lung tissue inflammation due to the influx of immune cells 

into the alveolar space. To gain insight into this aspect, we examined the effects of VR23 on lung 

tissue sections stained with H & E. The resultant histopathological data show that alveolar 

inflammation caused by LPS is largely prevented when animals are treated with 30 mg/kg VR23 

(Fig. 1.4d). DEX treatment also showed a similar result (Fig. 1.4d). This suggests that the anti-

inflammatory activities of VR23 observed in the cell culture system can be translated into a pre-

clinical model.  



  35 

 

Figure 1.4. VR23 down-regulates the acute lung inflammatory response caused by LPS. (a) The 

level of TNF-α was measured by ELISA with bronchoalveolar fluid of mice with ALI induced 

with LPS (0.4 mg/kg). Mice with ALI were treated with 30 mg/kg VR23 at 1 h prior to the 

induction with LPS for 24 h. (b) The effects of VR23 on the total cell counts per mL of the 

bronchoalveolar fluid of mice with LPS-induced ALI. (c) The effects of VR23 on MPO 

production in the lung tissues of mice with LPS-induced ALI. (d) Histopathological images of 

LPS-induced acute lung injury. An Olympus IX73 microscope (20× magnitude) was used to 

capture 10 separate fields for each sample. The comparison between groups was made using a 

one-way ANOVA. *, **, and *** are p<0.05, p<0.01, and p<0.001, respectively, which denote 

significant differences from the LPS only group, determined by a Dunnett’s test. The values 

presented are mean ± SEM (n=3-6).    
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Figure 1.5. The levels of inflammatory cytokines secreted in the presence of LPS or TNF-α. (a) 

Levels of TGF-β secreted in the supernatant of THP-1 cells stimulated with varying 

concentrations of LPS. (b) Levels of IL-8 in the supernatant of THP-1 cells stimulated with 

varying concentrations of TNF-α. (c-f) Levels of IL-1β (c), TNF-α (d), IL-6 (e) and IL-8 (f) 

measured in the supernatant of THP-1 cells stimulated with LPS (5 μg/mL) as the function of 

time. (g) Levels of IL-8 in the supernatant of THP-1 cells stimulated with TNF-α (10 ng/mL) for 

different durations. The comparison between groups was made using one-way ANOVA. *, **, 

and *** are p<0.05, p<0.01, and p<0.001, respectively, which denote significant differences 

from the no treatment group, determined by a Dunnett’s test. The values presented are mean ± 

SEM (n=3).   
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Figure 1.6. Cell growth and viability are largely unaffected under the experimental conditions 

employed in this study. (a-d) The viability rates are shown for THP-1 (a,b) or SW982 (c) cells 

after they were treated with LPS (5 μg/mL), TNF-α (10 ng/mL), or IL-1β (1 ng/mL) in the 

absence or presence of different compounds for 6 h. Results of the viability tests with HFLS-N 

(d) and HFLS-RA (e) cells (5,000 cells/well) measured at 6-h post-stimulation in the absence 

(control) or presence of varying concentrations of VR23 or HCQ. For abbreviation, see text. 

Figures A-C treated with compounds at their relative IC50 values. The comparison between 

groups was made using one-way ANOVA. * is p<0.05, which denotes a significant difference 

from the LPS,TNF-α, or IL-1β only group, determined by a Dunnett’s test. The values presented 

are mean ± SEM (n=3).   
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Figure 1.7. The results of the scratch wound assay of SW982 cells. (a) Images were taken using 

Incucyte S3 Live Cell Analysis System (10×) at every 2 h intervals (although shown only four 

time points). Scratch borders are outlined in black on the images. (b) Relative wound density 

calculated over 48-h time period.   
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Figure 1.8. The optimal LPS concentration for the induction of TNF-α in the mouse lung was 

determined to be 0.4 mg/kg body weight.   
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Discussion 

We previously showed that VR23 possesses strong anti-tumor activity in vitro and in animal 

models [157, 166]. VR23 is especially notable because it is not only non-toxic and preferentially 

kills cancer over non-cancer cells, but also shows strong synergy when combined with other 

therapeutic agents such as paclitaxel [166]. Here we report that VR23 also possesses strong anti-

inflammatory property, which is consistent with the notion that the 7-chloro-4-aminoquinoline 

group renders anti-inflammatory property [177, 182]. The anti-inflammatory effect of VR23 is 

not specific to certain cell lines only, since it can reduce the response in a number of different 

model systems including monocyte cell lines, primary synoviocytes and the bronchoalveolar 

system in mice.  

 

In our cell culture models, we found that VR23 substantially down-regulates the levels of 

IL-1β, TNF-α, IL-6, and IL-8, all of which are associated with inflammation [174, 183-186]. IL-

6 is especially sensitive to VR23, suggesting that the IL-6 pathway may be a major target of 

VR23. Under conditions of acute stimulation, IL-6 can function as an anti-inflammatory cytokine 

[74]. However, overwhelmingly stimulated, IL-6 can be pro-inflammatory, leading to the 

development of chronic inflammation, autoimmune diseases, and cancer [187]. Data from our 

experiment with high doses of stimulants are likely translatable to the chronic inflammation 

caused by pro-inflammatory IL-6. 

 

All of the four cytokines mentioned above critical inflammatory mediators that can 

induce damage even under acute inflammatory conditions and are intimately associated with the 

initiation of autoimmune conditions when unregulated for a prolonged period. The ability of 

VR23 to down-regulate all of these pro-inflammatory cytokines demonstrates its substantial 

potential for the treatment of both acute and chronic inflammatory conditions.  

 

While VR23 effectively down-regulates four pro-inflammatory cytokines examined (i.e., 

TNF-α, IL-1β, IL-6, and IL-8), the BTZ and CFZ proteasome inhibitors do not show the same 

effects on the monocytic cells. It was previously suggested that proteasome inhibitors may down-

regulate inflammation through the modulation of the nuclear factor-κB (NF-κB) pathway [159-

161]. Bortezomib, in particular, was previously suggested to ameliorate inflammation if 
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administered prior to inflammatory induction. For example, Han and colleagues demonstrated 

that BTZ (25 nM or 50 nM) could reduce inflammation when administered prior to inflammation 

induction [188]. Similarly, Chen et al. demonstrated that BTZ at a dose of 25 nM down-regulated 

the inflammatory response in endotoxin-induced uveitis [161]. Contrarily to these reports, 

Hideshima et al. demonstrated that BTZ induces inflammatory response in multiple myeloma 

cells [162]. At least in part, the progression of multiple myeloma by BTZ could be due its ability 

to induce pro-inflammatory macrophages [163]. A study by Tilahun and colleagues also 

demonstrated the detrimental effects of BTZ in acute systemic inflammatory conditions such as 

sepsis [189]. Our data shown here clearly demonstrate that BTZ and CFZ do not notably down-

regulate or up-regulate inflammatory cytokines at IC50 doses. The discrepancies discussed above 

may be stemmed from different doses and/or different cells used for each experiment. In any 

event, it is highly likely that the anti-inflammatory effect shown by VR23 is not a general 

property shared by proteasome inhibitors. 

 

The anti-malarial HCQ is one of five non-biologic DMARDs. HCQ and its parental drug 

CQ were initially documented for their uses to treat autoimmune disorders such as RA and SLE 

[190], mainly due to their reported ability in down-regulating the levels of TNF-α, IL-6, and IL-

1β in cells stimulated with endotoxin [191]. Today, HCQ is still used as a DMARD for RA due 

to its low toxicity profile, though it only has moderate clinical effects [192]. In the treatment of 

early RA, the use of non-biologic DMARD monotherapy is the recommended treatment by the 

American College of Rheumatology (ACR) guidelines [192]. If the patient has still high disease 

activity, combinations of methotrexate with HCQ or other DMARDs are recommended as initial 

therapy [192]. However, if the patient has poor prognostics with high disease activity, biologics 

such as anti-TNF agents are recommended [192]. Thus, DMARDs, including HCQ, remain 

essential treatment options for patients with RA even if more effective (and expensive) 

biological agents are available [192].  

 

In our study, we found that CQ is effective only in down-regulating IL-6 in monocytes, 

and not effective on TNF-α, IL-6, and IL-8. This discrepancy may be due to the differences in 

CQ concentrations used. For example, Karres et al. [191] used 100-200 μM (which is 5-10 fold 

of IC50 values) while we used more clinically relevant doses (15 or 30 μM). Our data thus 
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indicate that VR23 would be more appropriate than CQ/HCQ for the treatment of inflammatory 

and autoimmune conditions. In particular, VR23 has the potential to be a highly effective agent 

for the treatment of RA, as it can not only effectively and preferentially down-regulate the level 

of IL-6 in HFLS-RA over HFLS-N, but also inhibit synovial cell migration (Figs 1.2 and 1.3). It 

should be noted that the dysregulation of IL-6 plays a large role in the development and 

progression of RA (and often other autoimmune conditions) [193]. IL-6 plays a critical role in 

the progression of RA; however, it is not the only factor involved in the manifestation and 

progression of RA. Rheumatoid arthritis is a complex disease, involving the dysregulation of 

many cytokines and factors. Nevertheless, the ability of VR23 to specifically down-regulate IL-6 

in addition to other pro-inflammatory cytokines, making it an excellent candidate as a novel 

DMARD for RA treatments. 

 

Our animal-based study clearly demonstrates that VR23 can be very effective for the 

treatment of ALI caused by LPS (and, potentially, by bacterial infection) (Fig. 1.4). When 

compared for efficacy alone, VR23 is similar to DEX, a glucocorticoid widely used at clinics. 

However, the prolonged use of corticosteroid hormone can lead to serious side effects on the 

musculoskeletal function, endocrine regulation, and cardiovascular and central nervous systems 

[194, 195]. Considering VR23 does not show any ill-effects to pre-clinical models [166], it 

would be better than DEX as a treatment agent against inflammation and autoimmune 

conditions.  

 

Together with our previous reports [157, 166], data presented here suggest that VR23 is 

not only an effective and safe anti-tumor agent but also highly effective for the treatment of 

inflammation and autoimmune conditions, especially RA. Thus, VR23 can be a uniquely 

effective drug for cancer treatment as well as for the prevention of cancer development and 

progression caused by prolonged inflammation. 
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3.0 Chapter 2: The anti-inflammatory effect of VR23 is through the 

downregulation of the IL-6 mediated STAT3 signaling pathway 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Abbreviations used in this article: BAF, bafilomycin; BTZ, bortezomib; CFZ, carfilzomib; 

CREB, cAMP-response element binding; CRP, c-reactive protein; DEX, dexamethasone; 

DMARD, disease-modifying anti-rheumatic drug; ELISA, enzyme linked immunosorbent assay; 

HCQ, hydroxychloroquine; HFLS, human fibroblast like synoviocytes; IL-6, interleukin-6; LPS, 

lipopolysaccharide; MCP-1, monocyte chemoattractant protein-1; RA, rheumatoid arthritis; 

SOCS3, suppressor of cytokine signalling 3; STAT3, signal transducer and activator of 

transcription 3 
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Abstract  

We previously demonstrated that VR23, a novel quinolone-sulfonyl compound with anticancer 

activity, downregulates IL-6 pro-inflammatory cytokine in response to LPS. To determine its 

functional mechanism, we examined if the anti-inflammatory effects of VR23 are through the 

STAT3, CREB, and/or SOCS3 pathways as they are all involved in the regulation of cellular 

inflammatory responses. STAT3 contains two pronounced phosphorylation sites, one on tyrosine 

705 and the other on serine 727: the former residue is phosphorylated by JAK1 and the latter by 

PKC, MAPK and CDK5. We found that STAT3 phosphorylation on tyrosine 705 was 

substantially decreased in response to VR23, but not on serine 727. In addition, VR23 does not 

appear to involve in the regulation of JAK1, JAK2, CREB or SOCS3, indicating that its anti-

inflammatory activity is not through IL-10 or IL-6/JAK1/JAK2. Thus, these data demonstrate 

that VR23 anti-inflammatory effect is specifically through the prevention of STAT3 

phosphorylation on tyrosine 705. This conclusion was strengthened by the fact that: (a) the level 

of STAT3 upstream IL-6R was not affected, and (b) the expression of two STAT3 downstream 

genes, c-myc and MCP-1, were dramatically downregulated in response to VR23. Our data also 

showed that, unlike hydroxychloroquine, VR23 rapidly increased lysosomal pH. Taken together, 

our data are consistent with a model where VR23 targets STAT3 while promoting lysosomal pH 

to inhibit the amplification of the IL-6-STAT3 signaling pathway, resulting in strong anti-

inflammatory effects.  

 

Key words:  

VR23; inflammation; rheumatoid arthritis; STAT3 pathway; IL-6; lysosomal acidity; cytokines; 

autoimmune; chloroquine; dexamethasone 
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Introduction 

Interleukin 6 (IL-6) is a pleiotropic cytokine with important functions in the regulation of 

the immune system and inflammatory responses [196]. Thus, perhaps not surprisingly, its 

dysregulation may lead to the pathogenesis of various human diseases including rheumatoid 

arthritis (RA), juvenile chronic arthritis, Crohn’s, psoriasis, and even cancers [187, 197-200]. 

Rheumatoid arthritis, a systemic and chronic inflammatory condition that leads to detrimental 

tissue damage [201], is characterized by an abnormal activation of T-lymphocytes, B-

lymphocytes, mast cells, neutrophils, macrophages [202], and fibroblast-like synoviocytes [203]. 

It was shown previously that cells in the hyperplastic synovium in RA synovial joints express 

substantially elevated levels of pro-inflammatory cytokines such as TNF-α, IL-1β, IL-6, IL-8, 

IL-17, and IL-32 [204]. Among these cytokines, IL-6 has been widely implicated with the 

pathological progression of RA; where patients with active RA disease have elevated IL-6 levels 

both in serum [205] and synovial fluid [197]. The persistently high level of IL-6 can further drive 

synovial cell proliferation, leading to progressive joint destruction in RA patients [97, 206]. 

Since C-reactive protein (CRP) is produced by the liver in response to IL-6, it is widely used as a 

surrogate marker for IL-6 expression as well as for RA disease activity [100, 206-208]. 

 The elevation of IL-6 in RA patients leads to the constitutive activation of STAT3, a 

critical player in the IL-6-JAK-STAT pathway important for cell proliferation and survival [68, 

91]. STAT3 functions as a positive feedback loop driving high expression of inflammatory 

cytokines and receptor activator of nuclear factor kappa B ligand (RANKL). Furthermore, the 

phosphorylation of STAT3, which is correlated with the plasma concentration of IL-6, leads to 

an increase in the production of pro-inflammatory cytokines [68]. This in turn leads to even 

higher inflammation and greater joint destruction in RA patients. Therefore, the IL-6 mediated 

STAT3 pathway can be an effective target for the control of inflammatory and autoimmune 

conditions as well as many other human diseases including cancer [209].  

Recently, tocilizumab, a monoclonal antibody targeting IL-6 receptor (IL-6R), has been 

developed for the treatment of autoimmune conditions including RA [196]. Data from clinical 

trials showed that tocilizumab is effective against several autoimmune conditions including RA 

[210]. In addition, several other monoclonal antibodies targeting IL-6 are in various stages of 

clinical trials, showing promises of this class of IL-6 targeting agents [211]. However, the 

monoclonal antibody-based treatment option has its own limit in a clinical setting as they are 
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generally expensive [212]; use invasive route of administration; and cause high rates of 

infections [213]. Thus, the development of novel inhibitors that are orally absorbed, fast in 

effectiveness, and low in toxicity are needed. 

Currently, there are four common conventional disease-modifying anti-rheumatic drugs 

(DMARDs) available: methotrexate, sulfasalazine, hydroxychloroquine (HCQ), and leflunomide. 

Of these common DMARDs, none has been shown to specifically target IL-6 or IL-6R. In our 

previous study, we demonstrated that VR23, a novel 4-piperazinyl/amino quinolone derived 

sulfonyl compound with anticancer activity, has the ability to specifically reduce IL-6 in immune 

cell lines as well as in primary synoviocytes from RA patients [158, 214, 215]. We show in these 

papers that VR23 is not only safe and effective against tumors, but also possesses far greater 

anti-inflammatory effect than HCQ. In the current paper, we demonstrate that the anti-

inflammatory effect of VR23 is through targeting the IL-6 mediated STAT3 pathway. The rest of 

the protocol was described previously [169, 170].  

 

Materials and Methods 

Reagents 

VR23 was synthesized by Dalton Pharma Services (Toronto, Ontario, Canada). Bortezomib 

(BTZ), carfilzomib (CFZ), and cell-counting kit-8 (Enzo Life Sciences) were purchased through 

Cedarlane (Burlington, Ontario, Canada). The following reagents were purchased from Sigma 

Aldrich (Oakville, Ontario, Canada): dexamethasone (DEX), HCQ sulfate, LMT-28, LPS from 

Escherichia coli O111:B4, PCR primers, Phorbol 12-myristate 13-acetate (PMA), and soluble 

IL-6R. The following reagents were from Thermo Fisher Scientific (Waltham, MA): SYBR 

Green PCR Master Mix, ROX Reference Dye, LysoSensor Green DND-18, RPMI 1640, high-

glucose DMEM, FBS, antibiotics and anti-mycotic solutions. The single analyte ELISA kits 

were from Qiagen (Montreal, Quebec, Canada). The following items were from R&D systems 

(Oakville, Ontario, Canada): IL-6, Human C-Reactive Protein Quantikine ELISA kit, phospho-

STAT3 (Y705), phospho-STAT (s727) and total STAT3 antibodies. CREB, p-CREB, ERK and 

p-ERK antibodies and Monarch Total RNA Miniprep Kits were from Cell Signalling/New 

England Biolab (Whitby, Ontario, Canada). GAPDH antibody was purchased from Santa Cruz 

Biotechnology (Santa Cruz, CA). C-myc, SOCS3, and total (t)-IL-6R antibodies were from 

Abcam (Pleasanton, CA). IncuCyte pHrodo Green E. Coli Bioparticles were from Sartorius 
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Canada (Oakville, Ontario, Canada). RT2 First Strand Kit was from Qiagen (Montreal, Quebec, 

Canada). VR23 and control compounds were used at their respective IC50 concentrations as 

described previously [216], unless specified otherwise.  

 

Cell lines and cell culture 

THP-1 and SW-982 cells, purchased from the American Type Culture Collection, were cultured 

in RPMI 1640 (for the former) or high-glucose DMEM (latter) supplemented with 100 μg/mL 

streptomycin, 100 U/mL penicillin, and 10% (v/v) FBS. THP-1 and SW-982 cell lines were 

cultured at passages <10. J774A cell line was a kind gift of Dr. Hoang-Thanh Le (HSNRI, 

Ontario, Canada). Primary human fibroblast-like synoviocytes (HFLS) from three healthy donors 

(HFLS-NR) and two from RA patients (HFLS-RA) were purchased from Cell Applications (San 

Diego, CA) through Cedarlane. The cells were cultured in synoviocyte growth media and 

subcultured using reagents from the same supplier. The cells in each vial were from a single 

donor and provided at passage 1. All experiments with the HFLS-RA and HFLS-NR were 

conducted at passages 3-8, as previously described [167]. Primary human hepatocytes from three 

donors were from Sigma Aldrich (St. Louis, MO). Cells were thawed in Hepatocyte Thawing 

medium and used in Hepatocyte plating media for experiments. Both of the media were 

purchased from Sigma Aldrich. All experiments with the primary hepatocytes were conducted 

immediately after thawing. 

 

ELISA 

Human hepatocytes were plated at 0.7 x 106 cells/mL in a 0.5 mL volume for cytokine analysis. 

Quantikine ELISA was used for the measurement of CRP according to the supplier’s 

recommendation (R & D system).  

 

RT-qPCR 

Total RNA was isolated from THP-1 cells (1.5 x 106 cells) with a Monarch Total RNA Miniprep 

Kit (New England Biolab). The isolated RNA was quantified on a Nanodrop spectrophotometer. 

RNA (3 µg) was reverse transcribed into cDNA with a RT2 First Strand kit (Qiagen). The 

resultant cDNA was used for quantitative (q)PCR with SYBR green master mix, Rox reference 

dye, and reverse and forward primers to measure the relative amounts of mRNA (i.e., gene 
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expression) in an AriaMx Real-Time PCR system. The forward (FH1) and reverse primer 

sequences (RH1) for c-myc and MCP-1 (Sigma Aldrich ) are as follows: (FH1 MCP1) 5’-

AGACTAACCCAGAAACATCC-3’; (RH1 MCP1) 5’-ATTGATTGCATCTGGCTG-3’; (FH1 

c-MYC) 5’–TGAGGAGGAACAAGAAGATG-3’; and (RH1 c-MYC) 5’–

ATCCAGACTGTGACCTTTTG-3’.  

 

Western Blot Analysis 

THP-1 cells were seeded in six-well plates at 0.5 x 106 cells /mL in 3 mL volume; and the HFLS 

cells were seeded in 10 cm plates at 0.05 x 106 cells /mL in 10 mL volume. The hepatocytes 

were seeded in six-well plates at 0.75 x 106 cells /mL in 2 mL. To examine phosphorylation 

status, THP-1 cells were incubated overnight at 37°C, treated with VR23 or control compounds 

for 1 h, and then stimulated with IL-6 (10 ng/mL) for 15 minutes. In the case of HFLS, cells 

were incubated overnight at 37°C, followed by treatment with VR23 or HCQ for 1 h, and then 

stimulated with IL-6 (100 ng/mL) and sIL-6R (100 ng/mL) for 30 minutes. The hepatocytes cells 

were incubated overnight at 37°C, treated with VR23 or HCQ for 1 h, and stimulated with IL-6 

(50 ng/mL) for 15 minutes. To measure the total amounts of proteins, THP-1 cells were treated 

with VR23 and IL-6 (10 ng/mL) for 6 or 24 h. The cells were then treated with RIPA buffer for 

30 minutes on ice, followed by triturating them using a syringe with a 25-gauge needle. The 

resultant cell lysates were resolved on a 10% (w/v) SDS-PAGE gel, followed by transfer to a 

nitrocellulose membrane. The membrane was blocked for 1 h in 5% (w/v) non-fat dry milk and 

then incubated overnight with appropriate primary antibodies against p-STAT3 (Y705) (1:400), 

p-STAT-3 (S727) (1:1000), p-ERK (1:1000), ERK (1:1000), c-myc (1:1000), IL-6R (1:1000), p-

CREB (1:1000), CREB (1:1000), SOCS3 (1:1000), or GAPDH (1:10 000) in Tris-buffered 

solution (TBST) containing 5% (W/v) non-fat dry milk at 4°C. The membrane was washed three 

times (10 minutes each time) and incubated for 1 h with HRP-conjugated secondary antibodies 

diluted to 1:10 000. After 3 washes with TBST, the membrane was incubated with ECL select 

reagents, and chemiluminescent signals were visualized using a gel dock system and associate 

imaging program. The resultant bands were quantified by a densitometer.  
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Bioparticle Analysis 

J774A cells were seeded at a density of 10,000 cells per well (50 μL/well) on a 96-well flat-

bottom plate. The cells were incubated overnight to allow them to adhere to the plate. Serial 

dilutions of VR23 or HCQ (25 μL/well) were added at 4× final assay concentrations for 1 h. The 

Incucyte pHrodo Green Bioparticles from E. coli (25 μL/well) were added to each well at 10 

µg/well. Live cell fluorescent imaging was captured every 10 minutes using an Incucyte Live-

cell Imaging S3 system. Phagocytosis is quantified using the Incucyte analysis software 

(https://www.essenbioscience.com/en/applications/phagocytosis-bioparticles) by determining the 

green object area (acidic phagosomes) in the field of view over time. The area under curve from 

0-12 h was then calculated for each dose of the compound in order to create a dose-response 

curve. This allows the pharmacology of VR23 and HCQ to be compared in terms of their ability 

to inhibit phagocytosis.  

 

Immunofluorescence staining 

SW-982 cells were seeded at a density of 62,500 cells per well on a 6-well plate. The cells were 

incubated overnight to allow adhere to the plate, followed by treating them with VR23, HCQ, or 

bafilomycin (BAF) for 6 h. Culture medium was replaced with fresh media containing lysosensor 

(Thermo Fisher) at 1 μM for 30 minutes. The cells were then imaged on the microscope.  

 

Statistical analyses  

Each experiment was repeated in three biological replicates unless otherwise indicated. The 

mean values of these results were used for statistical analysis and expressed as mean ± standard 

error. Comparison between experimental groups was made by p value determination using one-

way ANOVA. The p value of <0.05 is considered to be statistically significant. Dunnett’s post-

hoc test was performed when necessary, to determine the significance between the treatment 

groups and controls. Analyses were performed using GraphPad Prism software, version 7.0e 

(San Diego, CA). 
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Results 

VR23 prevents the phosphorylation of STAT3 in an LPS-induced cell model 

Our previous study demonstrated that VR23 downregulates pro-inflammatory cytokines in 

response to LPS stimulation [214]. To further our previous work, we set out to examine the anti-

inflammatory mechanism of VR23. We first examined if the anti-inflammatory effects of VR23 

is through the STAT3, CREB, and/or SOCS3 pathways as they are all involved in the regulation 

of cellular inflammatory responses. As shown in Fig. 2.1a, VR23 decreased the phosphorylation 

of STAT3 on tyrosine 705 (Y705) by ~50% compared to the LPS-only sample by 6 h post-

treatment. In contrast, carfilzomib (CFZ, a proteasome inhibitor like VR23) and dexamethasone 

(DEX, a well-known anti-inflammatory agent) did not show substantial reduction of STAT3 

phosphorylation (Fig. 2.1a). These results suggest that VR23 targets the STAT3 activity while 

DEX and proteasome inhibitors in general do not. 

To gain further insight into its specificity of targeting the STAT3 pathway, we examined 

if VR23 also affects the CREB and SOCS3 pathways. As shown in Fig. 2.1b, VR23, BTZ and 

CFZ did not significantly affect the phosphorylation of CREB, indicating that proteasome 

inhibitors do not upregulate CREB activity. The only exception was DEX, which upregulated 

CREB phosphorylation by approximately 40% (Fig. 2.1b). The phosphorylation of CREB 

protein leads to the induction of IL-10, which is known to inhibit the production of pro-

inflammatory cytokines such as IL-6 in macrophage models [217-220]. We found that the 

SOCS3 protein levels are not substantially different between LPS-only and LPS+VR23 (Fig. 

2.1c). SOCS3 is an inhibitor of IL-6 family signalling through directly inhibiting JAK1 and 

JAK2 [221]. Together data shown in Fig. 2.1 indicate that, unlike DEX, VR23 downregulates 

inflammation by directly targeting the STAT3 pathway, but not indirectly through targeting 

STAT1, STAT2, CREB or SOCS3.  
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Figure 2.1 VR23, a known proteasome inhibitor, downregulates STAT3 activity in THP-

1 cells. THP-1 cells were treated with VR23 or with various other compounds of related 

functionality at their respective IC50 concentrations for 6 h under the stimulation with LPS, 

followed by collection and analysis by Western blotting. (a) p-STAT3 (Y705), (b) p-CREB 

(S133) and (c) SOCS3 were detected by Western blotting with appropriate antibodies as 

described in Methods. For comparison, two other proteasome inhibitors (Bortezomib [BTZ, 6 

nM] and carfilzomib [CFZ, 1 nM]), and one anti-inflammatory agent (dexamethasone [DEX, 2 

mM]) were also included. Relative amounts of phosphorylated proteins were compared with 

those of respective total proteins and GAPDH (loading control). Fold change is displayed in 

relation to the no-treatment group. The comparison between samples was made using one-way 

ANOVA. The p values were determined by a Dunnett test, and the values presented are mean 

SEM (n = 3). *p<0.05, **p<0.01, and ***p<0.001, which denote significant differences from the 

LPS-only group. Note that p value is >0.05 when there is no asterisk. The values presented are 

mean ± SEM (n=3).   
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VR23 may downregulate STAT3 activity through IL-6 but not IL-6R 

Having established that VR23 prevents STAT3 phosphorylation induced by LPS, we next 

determined whether the reduction of STAT3 phosphorylation by VR23 was due to a decrease in 

kinase activities, or indirectly through other signaling pathways. It was known that STAT3 can 

be activated through phosphorylation on the tyrosine 705 residue and on serine 727: the former 

mainly by JAK1 [222] and the latter by PKC, MAPK and CDK5 [223]. THP-1 cells were pre-

treated for 1 h prior to IL-6 stimulation for 15 minutes as described previously [224]. We found 

that VR23 at 2.5 μM effectively decreased the phosphorylation of STAT3 on tyrosine 705 in a 

similar extent to LMT-28 in THP-1 cells (Fig. 2.2a). LMT-28 is an inhibitor of the IL-6-JAK-

STAT pathway, through binding to the IL-6R, leading to the broad down-regulation of this 

pathway. Unlike VR23, none of the reference compounds, BTZ and CFZ proteasome inhibitors, 

DEX, or chloroquine (CQ) showed significant effects on the STAT3 phosphorylation on tyrosine 

705 (Fig. 2.2a).  

VR23 at 2.5 µM slightly decreased the phosphorylation of STAT3 on serine 727. 

However, this slight downregulation is considered not significant since LMT-28 also decreased 

the phosphorylation to a similar extent (Fig. 2.2b). None of the reference compounds showed any 

significant effect on the STAT3 phosphorylation on serine 727 (Fig. 2.2b). We then investigated 

whether VR23 inhibits PMA-induced ERK phosphorylation. We found that VR23 had little 

effects on ERK phosphorylation, even at 5 µM (Fig. 2.2c), indicating that VR23 is not directly 

involved in the regulation of the Raf-MEK-ERK pathway.  

Since our data indicated that STAT3 is the target of VR23, we examined the effects of 

VR23 on the expression of c-myc as its transcription is induced by activated STAT3. VR23 at 

2.5 µM downregulated c-myc expression by almost 80%, of which decrease is similar to that by 

LMT-28 (Fig. 2.2d). To determine more accurate functional point, we examined if VR23 has any 

effects on IL-6R, an upstream component of the IL-6-JAK-STAT3 signaling pathway (Fig. 2.2d, 

e). We found that at both 6- and 24-h post-treatment, neither VR23 nor LMT-28 downregulated 

the level of IL-6R. Together these results demonstrate that VR23 targets STAT3, but probably 

not the upstream components of the IL-6-JAK-STAT3 pathway, although we cannot completely 

rule it out (see Discussion).  
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Figure 2.2. Blockade of IL-6 signaling by VR23 is through the inhibition of STAT3 in THP-1 

cells. THP-1 cells were treated with VR23 or various other compounds of related functionality at 

their respective IC50 concentrations for 1 h prior to stimulation with IL-6 (10 ng/mL) or PMA 

(100 nM) for 15 minutes, followed by Western blot analysis. Lysates were analyzed for (a) p-

STAT3 (Y705), (b) p-STAT (S727), and (c) p-ERK1/2 (T202, Y204). THP-1 cells were treated 

similarly but for 6 h or 24 h under the stimulation with IL-6 (10 ng/mL). Lysates were analyzed 

for c-myc (d), or IL-6R (e, f) at 6-h (e) or 24-h (f) post-treatment. For comparison, BTZ (6 nM), 

CFZ (1 nM), DEX (2 mM), chloroquine (CQ; 25 μM), and LMT-28 (40 μM) were also included. 

Fold change is displayed in relation to the no-treatment control. The comparison between groups 

was made using one-way ANOVA. The p values were determined by a Dunnett test, and the 

values presented are mean SEM (n = 3). *p<0.05, **p<0.01, and ***p<0.001, which denote 

significant differences from the IL6-only or PMA-only group. Note that p value is >0.05 when 

there is no asterisk. The values presented are mean ± SEM (n=3).   
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VR23 reduces gene expression of IL-6/STAT3 signaling components 

To understand the full effects of VR23 on the IL-6-JAK-STAT signaling, the mRNA levels of 

important downstream genes were analyzed by RT-qPCR. In response to VR23, the mRNA 

levels of c-myc proto-oncogene and monocyte chemoattractant protein-1 (MCP-1) were 

decreased by 4-fold and 12-fold, respectively (Fig. 2.3a, b). Interestingly, DEX downregulated 

MCP-1 by approximately 30-fold, of which implication is currently unclear.  
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Figure 2.3. VR23 downregulates the expression of c-myc (a) and MCP-1 (b) genes that function 

downstream of IL-6. The relative levels of mRNA of indicated genes were quantified through 

RT-qPCR. Quantification of relative gene expression levels in fold change was calculated using 

ΔΔCt, and then normalized the fold change to the IL-6-only samples. The inverse of the fold 

change here is shown to illustrate the downregulation of gene expression. For comparison, BTZ 

(6 nM), CFZ (1 nM), DEX (2 mM), CQ (25μM), and LMT-28 (40 μM) were also included. The 

comparison between groups was made using one-way ANOVA. The p values were determined 

by a Dunnett test, and the values presented are mean SEM (n = 3). *p<0.05, **p<0.01, and 

***p<0.001, which denote significant differences from the IL6-only group. Note that p value is 

>0.05 when there is no asterisk. The values presented are mean ± SEM (n=3).    
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VR23 prevents STAT3 phosphorylation in human primary fibroblast-like synoviocytes 

(HFLS) and hepatocytes.  

Data in Fig. 2.1 showed that VR23 suppresses STAT3 activation in the THP-1 cell line. We next 

examined whether VR23 also similarly suppresses STAT3 activity in primary human cells with 

chronic inflammation. For this study, soluble IL-6R (sIL-6R) and IL-6 were used as stimulants to 

mimic a microenvironment similar to an inflamed RA joint. We found that VR23 was effective 

in reducing the phosphorylation of STAT3 (Y705) to the no treatment background level in HFLS 

cells from RA patients (Fig. 2.4a). VR23 also prevents STAT3 phosphorylation induced by IL-

6/sIL-6R in HFLS-NR (normal) cells to a similar extent (Fig. 2.4b). In contrast, HCQ, a common 

DMARD used for treating RA was not effective in downregulating p-STAT3 in HFLS cells from 

either healthy donors or RA patients (Fig. 2.4).  

 C-reactive protein is a protein of hepatic origin found in blood plasma, whose circulating 

concentrations rise in response to inflammation following IL-6 secretion by macrophages and T 

cells [225-227]. CRP is a vital component of the acute phase response and high levels have been 

found in patients with high disease activity of RA patients [228, 229]. Therefore, we examined 

the levels of CRP in primary hepatocytes. In the experiment, we first examined the 

phosphorylation levels of STAT3 to confirm that STAT3 activation is also controlled by IL-6 in 

hepatocytes. As shown in Fig. 2.5a, VR23 was effective in reducing STAT3 phosphorylation on 

tyrosine 705 by approximately 45%, compared to the IL-6 only control. As anticipated, the CRP 

level in the hepatocyte supernatant was also mildly decreased in response to VR23 (Fig. 2.5b). 

Interestingly, HCQ was as effective as VR23 in reducing the level of STAT3 phosphorylation on 

tyrosine 705 in hepatocytes (Fig. 2.5a) but was substantially less effective in reducing the level 

of hepatocyte CRP (Fig. 2.5b).   
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Figure 2.4. VR23 prevents the STAT3 phosphorylation induced by IL-6/sIL-6R in HFLS cells 

from both healthy donors and RA patients. (a) Primary RA (HFLS-RA) and (b) normal (HFLS-

NR) synoviocytes were treated with VR23 (5 μM) or HCQ (30 μM) for 1 h prior to stimulation 

with sIL-6R (100 ng/mL) + IL-6 (100 ng/mL) for 30 minutes. Lysates were then analyzed for p-

STAT3 (Y705) levels. The levels of phosphorylated STAT3 were compared with those of total 

proteins and the GAPDH loading control. Fold change is displayed in relation to the no-

treatment control. The comparison between samples was made using one-way ANOVA. Note 

that p value is >0.05 when there is no asterisk. The values presented are mean ± SEM (n=3). 
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Figure 2.5. VR23 downregulates the STAT3 pathway through decreasing phosphorylation on 

tyrosine 705 and the level of C-reactive protein (CRP) in the IL-6-stimulated primary 

hepatocytes. (a) Primary hepatocytes were treated with VR23 (5 μΜ) or HCQ (30 μM) for 1 h, 

stimulated with IL-6 (50 ng/mL) for 15 minutes, and then collected to analyze the level of p-

STAT3 (Y705) and total STAT3 (t-STAT3) proteins. GAPDH was used as a loading control. 

Fold change is displayed in relation to the no-treatment control. The comparison between 

samples was made using one-way ANOVA. The p values were determined by a Dunnett test, and 

the values presented are mean SEM (n = 3) *p< 0.05, **p<0.01, and ***p<0.001 denote 

significant differences from the IL-6 group. (b) Shown are the levels of CRP secreted in the 

supernatant of primary hepatocytes stimulated with IL-6 (50 ng/mL) and then treated with VR23 

or HCQ at their respective IC50 values for 6 h. CRP levels were measured using an ELISA. The 

comparison between samples was made using one-way ANOVA. The p values were determined 

by a Dunnett test, and the values presented are mean SEM (n = 3). Data shown in panel b are 

p>0.05.   
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VR23 strongly disrupts lysosomal acidity.  

STAT3 is known to coordinately regulate endocytosis, intracellular trafficking, and lysosome 

biogenesis, in addition to its regulation on inflammatory response [230]. We previously found 

that both VR23 and HCQ localize in the lysosome [141, 231]. This raises the possibility that both 

VR23 and HCQ may downregulate STAT3 activation through the lysosome signal. The anti-

inflammatory capability of chloroquine, specifically its ability to reduce IL-6, has been attributed 

to its ability to alter the endosomal and lysosome pathways [232, 233]. Since maintaining acidity 

(pH 4.8-5.0) is important for normal lysosomal functions, we examined whether lysosomal pH is 

altered in response to VR23 or HCQ. Toward this study, we first measured the IC50 values 

(inhibiting cell growth by 50%) of both VR23 and HCQ in J774A macrophage cells, which were 

23-24 µM range for both (Fig. 2.6a). Next, we studied the ability of VR23 and HCQ in reducing 

the acidity of phagosome/lysosomes using bioparticles which increase fluorescence in an acidic 

environment. The data are then shown as an area under curve for data points collected from 0-12 

h with varying concentrations of the compounds (Fig. 2.6b), from which phagocytosis inhibition 

IC50 values are determined (Fig. 2.6c). The phagocytosis IC50 values demonstrated that VR23 is 

able to increase lysosomal pH by a dose 4.6 times lower than HCQ (8.85 µM vs 41.45 µM) even 

though their IC50 values for cell growth were comparable. This demonstrates the superior ability 

of VR23 to effectively alter lysosomal pH. 

To gain further insights into VR23 effects on autoimmune-related inflammation, we 

examined the alterations of lysosome acidity in the SW-982 human synovial cells [173]. Cells 

were treated for 6 h with either VR23, HCQ, or BAF, a V-ATPase inhibitor known to increase 

lysosomal pH [234]. The resultant data showed that both VR23 and BAF effectively reduced the 

fluorescent punctae of the lysosomes, indicating that they effectively increased pH. In contrast, 

HCQ was not effective on increasing lysosomal pH (Fig. 2.6d, e). These data indicate that the 

anti-inflammatory effects by VR23 and HCQ are not the same and could demonstrate why VR23 

is much more effective than the latter in downregulating inflammation. 
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Figure 2.6. VR23 may disrupt lysosomal acidification. (a) IC50 values of VR23 and HCQ on 

J774A macrophages are shown. (b) Data collected from Incucyte software is displayed as area 

under curve for 0-12 h to determine the ability of the compounds to inhibit phagocytosis using a 

dose curve. Area under curve is a cumulative measurement of drug effect in pharmacokinetics. 

(c) Phagocytosis inhibition IC50 values determined from data in panel b. (d) SW982 cells were 

treated with VR23, HCQ, or BAF at their respective IC50 values for 6 h, followed by incubation 

with lysosensor for 30 minutes prior to imaging. (e) Integrated density of cells in the microscopic 

images shown in panel d, normalized to the area of the cells and to background. The comparison 

between samples was made using one-way ANOVA. The p values were determined by a Dunnett 

test, and the values presented are mean SEM (n = 3). *p< 0.05, **p< 0.01, and ***p<0.001 

denote significant differences from the no-treatment control.   
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Figure 2.7. Illustration of potential anti-inflammatory mechanism of VR23. VR23 inhibits the 

production of IL-6 from cells, as shown previously [214]. Data in this paper demonstrate that 

VR23 can reduce p-STAT3 through IL-6 signalling, leading to the downregulation of STAT3 

dependent genes such as MCP-1, c-myc, and CRP. Thus, our data are consistent with the model 

that VR23 is eliciting anti-inflammatory effects through altering the pH of the endosome, thereby 

preventing further amplification of the IL-6-STAT3 signal.   
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Discussion 

We previously showed that VR23 downregulates IL-6, which was thought relevant to its strong 

anti-inflammatory property [214]. Here we report that the anti-inflammatory mechanism of 

VR23 is through the downregulation of the IL-6 mediated STAT3 pathway. First, we showed 

that, unlike other proteasome inhibitors such as BTZ and CFZ or the corticosteroid DEX, VR23 

effectively downregulated the STAT3 activity by preventing its phosphorylation on tyrosine 705 

(Fig. 2.1a). However, unlike DEX, VR23 did not upregulate the phosphorylation of CREB that 

induces IL-10 (Fig. 2.1b). Since IL-10 can inhibit the production of pro-inflammatory cytokines 

such as IL-6, this data indicates that the anti-inflammatory effect of VR23 may directly target 

STAT3. In contrast, DEX may downregulate inflammation through the IL-10 pathway. Further, 

VR23 did not affect SOCS3, an IL-6 inhibitor that works by directly binding to JAK1 and JAK2, 

but not JAK3 [221]. Thus, our data are consistent with the notion that the VR23-mediated 

downregulation of the IL-6-STAT3 activity may not be through the JAK pathway. However, the 

effects of VR23 on the JAK1-STAT3 pathway may need further investigation to confirm this 

tentative conclusion. In contrast to VR23, CFZ, another proteasome inhibitor, upregulated 

SOCS3 (Fig. 2.1c). Together, these data demonstrate that VR23 may downregulate inflammation 

by directly targeting the IL-6-STAT3 pathway, but not through the STAT1, STAT2, CREB, or 

SOCS3 pathway. Our data also suggest that the VR23 anti-inflammatory effect is independent of 

its proteasome inhibitor function.  

 

In response to IL-6 stimulation, 2.5 µM VR23 effectively prevented STAT3 

phosphorylation on tyrosine 705 in a similar extent to LMT-28, a specific inhibitor of the IL-6 

mediated JAK-STAT pathway (Fig. 2.2a). Under the same conditions, however, VR23 did not 

effectively downregulate STAT3 phosphorylation on serine 727 (Fig. 2.2b), or ERK1/2 (Fig. 

2.2c). These data demonstrate that the VR23-mediated downregulation of STAT3 activity is 

indeed through the IL-6-STAT3 pathway, but not through the PKC, MAPK or CDK5 pathway. 

This conclusion is further strengthened by the fact that the IL-6-STAT3 induced expression of c-

myc was effectively downregulated by a low dose VR23 (Figs. 2.2d, 2.3a). Unlike the expression 

of c-myc, the level of IL-6R was not downregulated at least up to 24 h of post-treatment (Fig. 

2.2e, f). This data may indicate that VR23 specifically targets IL-6-STAT3, but not through IL-

6R-STAT3 signal. However, with our data alone, we cannot completely rule out the possibility 
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that VR23 downregulates the IL-6-STAT3 pathway at the IL-6R endocytosis step or through the 

gp130 subunit. Since DEX and HCQ had little effects on the STAT3 phosphorylation on tyrosine 

705 (Fig. 2.2), VR23 possesses a unique mechanism of action in the downregulation of 

inflammation among well-known anti-inflammatory agents. 

 

The chemotactic cytokine MCP-1 has been implicated in the pathological progress of 

RA. MCP-1 levels are higher in synovial fluid and sera from RA patients compared to synovial 

fluid from osteoarthritis patients [105]. We previously showed that VR23 effectively 

downregulates the level of MCP-1 in HFLS cells [214]. Our data shown here demonstrate that 

the VR23-mediated downregulation of MCP-1 is at the level of transcription regulated by IL-6 

(Fig. 2.3b), which is consistent with the notion that VR23 functional point is at IL-6, leading to 

the downregulation of STAT3 and its controlled genes. Our data thus suggest that VR23 targets 

IL-6-STAT3 mediated genes, leading to a downregulation of the IL-6-STAT3 mediated signal 

amplification.  

 

Data from our bioparticle and microscopic assays clearly demonstrate that VR23 is 

effective at increasing the pH of the lysosomes. When compared for pH altering abilities, VR23 

showed similar efficacy to BAF, an antibiotic well-known for its ability to raise the pH of acidic 

vacuoles. It may be important to note that STAT3 coordinately regulate endocytosis, intracellular 

trafficking, and lysosome biogenesis [230]. In this context, our data appear to indicate that VR23 

disrupts pH in relatively short time, thereby preventing the IL-6 uptake in the cell, leading to the 

downregulation of the phosphorylation of STAT3. Overall, our data are consistent with a model 

where VR23 inhibits the IL-6 mediated STAT3 pathway by targeting the endosomal axis, by 

which the expression of genes controlled by the pathway is downregulated, and the further signal 

amplification of the IL-6-STAT3 pathway is inhibited, resulting in strong anti-inflammatory 

effects by VR23 (Fig. 2.7). 

 

Contrary to many studies, HCQ did not substantially increase the pH of the acidic 

vacuoles in the bioparticle assay or the lysosensor microscopy. However, our data is consistent 

with a recent study [235]. The discrepancy may be, at least in part, due to the length of HCQ 

treatment duration used in different experiments since lysosomal pH increase by HCQ is not an 
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active mechanism but caused mainly by the accumulation of protonated HCQ molecules in the 

lysosome. 

 

RA is a chronic disease that is characterized by joint inflammation and destruction [236] 

promoted by elevated IL-6 activities [237]. RA patients have shown to have increased STAT3 

activities in synovial tissues [90, 238]. HCQ remains to be one of four non-biologic DMARDs 

used for the treatment of autoimmune-related diseases including RA. Despite the availability of 

other options developed more recently, HCQ remains a common treatment option due to a 

variety of reasons including the high cost of antibody-based treatments [192]. However, our data 

demonstrate that HCQ is not effective at downregulating STAT3 activity in synoviocytes (Figs. 

2.1, 2.4), MCP-1 (Fig. 2.3 & [214]), phagocytosis (Fig.2.6), or other anti-inflammatory effects 

[214]. In contrast, VR23 specifically downregulates the IL-6 mediated STAT3 pathway with 

high anti-inflammatory effects [214]. Therefore, VR23 has an excellent potential as an anti-RA 

agent, and perhaps for the control of other autoimmune-related chronic inflammatory diseases. 
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4.0 Chapter 3: The identification of VR23 metabolites and their activity as 

anti-inflammatory agents 

 
* Mass spectrometry data were generated by Dr. James Knockleby, a Research Associate at the 

Lee laboratory. 

 

 

 

 

 

 

 

 

 

 

 

Abbreviations used in this article: BAF, bafilomycin; DMARD, disease-modifying anti-

rheumatic drug; ELISA, enzyme linked immunosorbent assay; HCQ, hydroxychloroquine; 

HFLS, human fibroblast like synoviocytes; IL-6, interleukin-6; LPS, lipopolysaccharide; MCP-1, 

monocyte chemoattractant protein-1; RA, rheumatoid arthritis; STAT3, signal transducer and 

activator of transcription 3 
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Abstract:  

I previously demonstrated that the VR23-mediated downregulation of IL-6 pro-inflammatory 

cytokine is likely through the prevention of STAT3 phosphorylation on tyrosine 705. The data 

also indicated that the downregulation is independent of proteasome inhibition activity although 

VR23 is a proteasome inhibitor targeting β2 subunit of the 20S proteasome catalytic unit. 

Interestingly, I noted during our study of its anti-inflammatory potential that VR23 rather rapidly 

metabolizes in human cells, raising a possibility that the VR23-mediated anti-inflammatory 

effects could be by the metabolite molecules not by VR23 per se. I therefore systematically 

investigated VR23 metabolites. We found that 7-chloro-4-(piperazin-1-yl)quinoline (CPQ) and 

4-((4-(7-chloroquinolin-4-yl)piperazin-1-yl)sulfonyl)-3-nitroaniline (DK23) are two major 

metabolites. Among these two, only DK23 was active and possessed the ability to downregulate 

pro-inflammatory cytokines in human synovial cells. I found that DK23 downregulated STAT3 

phosphorylation on tyrosine 705 at a similar extent to its parental VR23. Also, similarly to 

VR23, DK23 rapidly increased lysosomal pH. Taken together, the data are consistent with the 

notion that VR23 is metabolized in the cells to produce DK23, which in turn functions as a 

strong anti-inflammatory agent. This data also indicates that VR23 is a prodrug in 

downregulating the inflammatory response.  
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Introduction 

Disease modifying anti-rheumatic drugs (DMARDs) are often used for autoimmune 

conditions such as rheumatoid arthritis. One important aspect of using these drugs is to 

understand how they are metabolized in the body. An active metabolite may form when a drug is 

metabolized into a modified form which elicits its effects in the body [239]. The 

pharmacological effects of metabolites are often similar to that of the parent drug, although they 

can also be toxic in certain cases [240]. 

 

In the treatment of rheumatoid arthritis, there are four conventional DMARDs that are 

commonly used to control the disease: leflunomide, sulfasalazine, methotrexate, and 

hydroxychloroquine. The main active metabolite of leflunomide is teriflunomide, which accounts 

for 70% of leflunomide after conversion in the body [241]. Leflunomide and teriflunomide have 

the same pharmacological mechanism in their immunosuppressive effects [241, 242]. 

Sulfasalazine, another DMARD, is 90% metabolized upon reaching the colon where its 

converted into sulfapyridine and mesalazine [118, 243]. Both metabolites are active, however 

mesalazine remains in the colon while sulfapyridine is further broken down to N-

acetylsulfapyridine [118, 243]. Hydroxychloroquine and other 4-aminochloroquines are 

metabolized in the liver by dealkylation leading to the production of two metabolites, desethyl 

chloroquine and bisdesethyl chloroquine [244]. Approximately 30-80% of hydroxychloroquine is 

typically metabolized, while the rest is excreted [245-247]. Both metabolites have similar 

pharmacological activity as their parent molecules [244]. Lastly, methotrexate is a commonly 

used DMARD for RA, however it does not have an active metabolite, rather it acts as an 

unchanged drug, with a small percentage of it converted to 7-hydroxymethotrexate [248].  

 

Our novel anti-inflammatory agent, VR23, has previously demonstrated potent activity in 

reducing pro-inflammatory cytokines in both acute and chronic inflammatory models. Further, 

VR23 has demonstrated the ability to regulate the IL-6-STAT3 axis, by preventing the 

phosphorylation of STAT3 under inflammatory conditions. Specifically, we have demonstrated 

VR23’s ability to reduce inflammation and p-STAT3 in human fibroblast like synoviocytes 

(HFLS) from rheumatoid arthritis patients, giving it substantial potential as a therapeutic for 

rheumatoid patients who have not experienced effective disease reduction with the conventional 
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DMARDs. To further characterize the drug and understand how it may elicit these effects in 

humans, I examined the existence of VR23 metabolites. I found that VR23 rapidly metabolized 

into two different compounds, one of which is as active as VR23, and the other not active at all. 

 

Materials and Methods 

Reagents  

VR23 [141] (Dalton Pharma Services, Toronto, Ontario, Canada) was prepared in DMSO to a 

stock solution of 20 mM. HCQ sulfate (>98%) and CPQ were purchased from Sigma Aldrich 

(Oakville, ON) and solubilized with water and DMSO respectively. DK23 was synthesized by 

Toronto Research Chemicals (Toronto, ON, Canada) and its stock solution (20 mM) was 

prepared in DMSO. The following items were purchased from Thermo Fisher Scientific 

(Waltham, MA): IL-1β, RPMI 1640, high glucose DMEM, FBS, and antibiotic and antimycotic 

solution. The IL-1β single analyte ELISA kit was purchased from Qiagen (Montreal, Quebec, 

Canada). The following items were purchased from R&D systems (Oakville, Ontario, Canada): 

IL-6, MCP-1 Protein Quantikine ELISA kit, IL-6 Protein Quantikine ELISA kit, phospho-

STAT3 (Y705), and total STAT3 antibodies. GAPDH antibody was purchased from Origene. 

 

Cell lines and Cell culture 

THP-1 and SW-982 cell lines were purchased from the American Type Culture Collections 

(ATCC) and cultured in RPMI 1640 (former) and high-glucose DMEM (latter) supplemented 

with 100 μg/mL streptomycin, 100 U/mL penicillin, and 10% (v/v) FBS. The THP-1 cells were 

used for experiments at passages <10. Primary human fibroblast-like synoviocytes from healthy 

donors (HFLS-N) and donors with RA (HFLS-RA) were purchased from Cell Applications (San 

Diego, CA) through Cedarlane (Burlington, Ontario, Canada). The cells were cultured according 

to suppliers’ instruction, using synoviocyte growth medium from the supplier. The cells in each 

vial were isolated from a single donor and all experiments were conducted at passages 3-8, as 

described previously [167].  

 

ELISA 

THP-1 cells were plated at a density of 500,000 cells/ml in 1 ml volume and HFLS were plated 

at 50,000 cells/ml in 0.5 ml for cytokine analysis. Single Analyte ELISA kit (Qiagen) was used 
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for IL-1β as per supplier’s recommendations. Quantikine ELISA kits for each of the individual 

cytokines, MCP-1 and IL-6, (R&D Systems) were also used following recommendations by the 

supplier.  

 

Western Blotting 

To examine phosphorylation status, HFLS cells were incubated overnight at 37°C, followed by 

treatment with VR23 or HCQ for 1 h, and then stimulated with IL-6 (100 ng/mL) and sIL-6R 

(100 ng/mL) for 30 minutes. The cells were treated with RIPA buffer for 30 minutes on ice, 

followed by lysing with trituration using a syringe with a 25-gauge needle. The resultant cell 

lysates were resolved on a 10% (w/v) SDS-PAGE gel, followed by transfer to a nitrocellulose 

membrane. The membrane was blocked for 1 h in 5% (w/v) non-fat dry milk and then incubated 

overnight with appropriate primary antibodies against p-STAT3 (Y705) (1:400), t-STAT-3 

(1:1000), or GAPDH (1:10 000) in Tris-buffered solution (TBST) containing 5% (w/v) non-fat 

dry milk at 4°C. The membrane was washed three times (10 minutes each time) and incubated 

for 1 h with HRP-conjugated secondary antibodies diluted to 1:10 000. After 3 washes with 

TBST, the membrane was incubated with ECL select reagents, and chemiluminescent signals 

were visualized using a Fluorochem Q gel doc system and associate AlphaView (version 

number) imaging program. The resultant bands were quantified by a densitometer.  

 

Liquid chromatography mass spectrometry 

Cells treated with VR23 were lysed in ddH2O by sonication, and then cleared with an equal 

amount of acetonitrile. The lysates were centrifuged at 13,000g for 10 minutes and supernatant 

collected into HPLC insert vials and stored at -20°C until analysed. Analytes were measured on a 

Waters Xevo G2-XS Quadrupole Time-of-Flight mass spectrometer coupled to a Water Acquity 

Class I UHPLC (Laurentian University; Perdue Central Analytical Facility). A 10 cm Waters 

ACQUITY UPLC BEH (ethylene bridged hybrid) C18 130Å, 1.7 µm, 2.1 mm X 100 mm 

Column, coupled to a Waters ACQUITY UPLC BEH C18 VanGuard 130Å, 1.7 µm, 2.1 mm X 5 

mm Pre-column was used to separate analytes, using a ballistic gradient from 70:30 H2O:ACN to 

20:80 H2O:ACN over the course of 10 minutes. Leucine Enkephalin was used as a lock mass and 

sodium formate was used to calibrate the mass spectrometer. Standards were dissolved in 50:50 

ddH2O:ACN from a DMSO stock. All reagents used were HPLC grade. 
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Microscopy 

SW-982 cells were seeded at a density of 62,500 cells per well on a 6-well plate. The cells were 

incubated overnight to allow adherence to the plate, followed by treatment with the compounds: 

DK23, VR23, HCQ, or bafilomycin (BAF) for 6 h. Culture medium was replaced with fresh 

media containing Lysosensor (Thermo Fisher) at 1 μM for 30 minutes. The cells were then 

imaged on the microscope. 

 

Statistical analyses  

Experiments that were repeated in three biological replicates were analyzed for their statistical 

differences. The mean values of these results were used for statistical analysis and expressed as 

mean ± standard error. Comparison between experimental groups was made by p value 

determination using one-way ANOVA. The p value of <0.05 is considered to be statistically 

significant. Dunnett’s post-hoc test was performed when necessary, to determine the significance 

between the treatment groups and controls. Analyses were performed using GraphPad Prism 

software, version 7.0e (San Diego, CA). 

 

Results 

Determination of VR23’s metabolites 

Our previous studies demonstrated that VR23 is anti-inflammatory for both acute and chronic 

inflammatory conditions [214]. As a potential new DMARD, it is important to know whether 

VR23 is metabolized in vivo as most of the current DMARDs for RA are metabolized into active 

compounds in human cells. We found that VR23 is also metabolized rather quickly in human 

cells. We first examined VR23 treated SW982 synovial cells by LCMS, to determine if 

metabolites of VR23 were present or if VR23 remained as the only active molecule in the cell. 

We found that VR23 is metabolized into two main compounds (Fig. 3.1a). Drug metabolism 

usually occurs in hepatic cells through the CYP450 system [249], so it was surprising to see the 

metabolism of VR23 into two different compounds in the synovial cells. To identify the 

metabolites, we performed electrospray ionization mass spectrometry coupled with liquid 

chromatography. Based on the predicted masses of the ions and collision induced disassociation 

(CID) fragmentation, we predicted the structures of the two compounds. To confirm their 

identities, we obtained those compounds predicted by the analysis of metabolites: CPQ, an 
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already known compound, was purchased from Sigma Aldrich, and the novel DK23 compound 

was synthesized through the Toronto Research Chemicals (Fig. 3.1b).  
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Figure 3.1. The identification of two major VR23 metabolites. (a) Whole cell extracts of SW982 

cells treated with VR23 (10 μM) for 6 h were dissolved in a 50:50 mix of H2O and Acetonitrile 

(ACN) and injected onto a reverse phase ACQUITY UPLC BEH C18 10 cm column and eluted 

using a ballistic gradient from 70:30 H2O:ACN to 20:80 H2O:ACN over the course of 10 

minutes. Detection of analytes was carried out by electrospray ionization mass spectrometry. (b) 

DK23 and CPQ were detected by comparison with commercially prepared known mass 

standards (TRC, Toronto, Canada).   
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DK23 has active anti-inflammatory properties  

Having established that the two major metabolites of VR23 are CPQ and DK23, we determined 

if either or both of them possess anti-inflammatory activities by measuring the levels of pro-

inflammatory cytokines as described previously [216].  

 

We found that CPQ at its IC50 concentration of cell growth did not decrease the level of 

IL-6 in the IL-1β-stimulated cells (Fig. 3.2), indicating that CPQ is not an active VR23 

metabolite against inflammation while, as expected, VR23 was highly active (Fig. 3.2). In 

contrast to CPQ, DK23 at its IC50 concentration significantly reduced the level of IL-6 in the 

stimulated cells. This data demonstrates that the major mechanism of VR23-mediated anti-

inflammatory response is through its metabolite DK23.  
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Figure 3.2. The VR23 metabolite, DK23, down-regulates the pro-inflammatory cytokine, IL-6. 

Shown are the levels of SW982 with IL-1β (10 ng/mL) for 6 h in the absence (control) or 

presence of CPQ or DK23. For comparison, VR23 at two concentrations was also included. The 

comparison between groups was made using a one-way ANOVA. The p values were determined 

by a Dunnett test, and the values presented are mean ± SEM (n = 3). *p < 0.05, **p < 0.01, ***p 

< 0.001, which denote significant differences from the IL-1β–only group.   
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DK23 down-regulates IL-6 and MCP-1 in human primary synovial cells 

As demonstrated in Chapter 2, VR23 can effectively down-regulate the IL-6-STAT3 

inflammatory pathway in HFLS cells from RA patients. DK23 was then analyzed to determine if 

it can also downregulate inflammatory responses in primary synoviocytes. DK23, at its IC50 

concentration shows a trend of down-regulation of the level of IL-6 in cells stimulated with IL-

1β by approximately 50%, in comparison to the IL-1β only treated sample (Fig. 3.3a). 

Interestingly, at 2 times the IC50 concentration, VR23 was more effective than DK23 in reducing 

the level of IL-6 (Figure 3.3a).  

In addition to reducing the level of IL-6, DK23 also demonstrated a downregulation trend 

of the MCP-1 expression level. At the IC50 concentrations, VR23 was more effective than DK23 

by approximately 10% (50% vs 60%) in downregulating the level of MCP-1, while HCQ was 

similar to that of DK23 (Fig. 3.3c). Similar trends of reducing the levels of IL-6 and MCP-1 by 

VR23, DK23, and HCQ were also found in human primary synovial cells from a healthy donor 

(Fig. 3.3b,d). These data indicate that: (1) VR23 is also similarly metabolized in primary 

synoviocytes to produce DK23, thus VR23 can be a prodrug in human body; and (2) DK23 can 

be an effective drug to treat RA.   
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Figure 3.3 DK23, a major metabolite of VR23, down-regulates IL-6 and MCP-1 in human 

synovial cells. (a and b) The levels of IL-6 in the supernatant of HFLS-RA (a) or HFLS-N (b) 

cells are shown at 6 h post-stimulation with IL-1β in the absence or presence of various doses of 

either DK23, VR23, or HCQ. (c and d) The levels of MCP-1 in the supernatant of HFLS-RA (c) 

and HFLS-N (d) cells are shown at 6 h post-stimulation with IL-1β in the absence or presence of 

various doses of either DK23, VR23, or HCQ. The values presented in (a) and (c) are mean ± 

SEM (n = 2), while (b) and (d) are n=1.   
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DK23 downregulates the STAT3 pathway through decreasing phosphorylation on tyrosine 

705 in the IL-6-stimulated primary human synovial cells from RA patients 

I showed previously that VR23 prevents the phosphorylation of STAT3 on the tyrosine 705 

residue, by which it prevents/reduces inflammatory response. Therefore, I examined if DK23 can 

also downregulate the level of STAT3 phosphorylation on tyrosine 705. To mimic chronic 

inflammation in a joint, HFLS cells were stimulated with a combination of IL6 and sIL-6R. Data 

from HFLS-RA showed that DK23 (~50%) demonstrated a trend of down-regulation of the level 

of p-STAT3 (Y705), to a similar extent to VR23 (Fig. 3.4a). The trend was similar in HFLS from 

a healthy donor; however, the degree of the decrease was generally smaller, compared to the 

decrease in HFLS-RA. Interestingly, HCQ was either not effective or slightly increased the level 

of p-STAT3 (Y705) (Fig. 3.4).  
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Figure 3.4. Both VR23 and DK23 downregulate the STAT3 pathway through decreasing 

phosphorylation on tyrosine 705 in the IL-6-stimulated primary human synovial cells from RA 

patients. Primary HFLS from RA patients (a) or healthy donors (b) were treated with VR23 (5 

μΜ), DK23 (20 μM), or HCQ (30 μM) for 1 h, stimulated with IL-6 (50 ng/mL) for 15 minutes, 

and then collected to analyze the level of p-STAT3 (Y705) and total STAT3 (t-STAT3) proteins. 

GAPDH was used as a loading control. Fold change is displayed in relation to the no-treatment 

control. The values presented are mean ± SEM (n = 2).    
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DK23 disrupts lysosomal acidity 

We previously demonstrated that VR23 relatively quickly elevates lysosomal pH, which may be 

relevant to the downregulation of the IL-6/STAT3 inflammatory pathway (Chapter 2). Since 

DK23 is the major active metabolite of VR23, it may also decrease the level of p-STAT3 

(Y705). This possibility was examined using SW982 human synovial cells. Cells were treated 

for 6 h with either VR23, DK23, HCQ, or BAF, a V-ATPase inhibitor that increases lysosomal 

pH. The resultant data show that VR23 and DK23 did not increase the fluorescent punctae of the 

acidic organelles to a similar extent as BAF, indicating both VR23 and DK23 increase the 

lysosomal pH within 6 h. In contrast, HCQ demonstrated a trend of up-regulating acidic 

organelles (decreasing pH) under these conditions. Therefore, this data suggests that the 

elevation of the lysosomal pH by VR23 is through its metabolite DK23.   
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Figure 3.5. DK23 elevates lysosomal pH. SW982 cells were treated with VR23, DK23, HCQ, or 

BAF at their respective IC50 values for 6 h, followed by incubation with lysosensor for 30 

minutes prior to imaging. (a) Integrated density of cells in the microscopic images shown in 

panel b, normalized to the area of the cells and to background. The values presented are mean ± 

SEM (n = 2).   
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Discussion 

I have previously documented the anti-inflammatory properties of VR23 through the down-

regulation of pro-inflammatory cytokines in acute and chronic inflammatory cell models [214]. 

Specifically, I have found the ability of VR23 to regulate IL-6, likely through preventing the 

phosphorylation of STAT3 (Chapter 2). Here, we report that VR23 is rapidly metabolized in 

human cells into two metabolites, CPQ and DK23. Drugs similar to VR23, such as anti-cancer 

agents are often processed by drug-metabolizing enzymes such as glutathione S-transferase, aryl 

sulfatase, and UDP-glucoronyl transferase into less toxic or inactive metabolites [250]. In ideal 

situations, upon being processed, there would be a delicate balance of detoxification and 

activation. Upon being taken up by a cell, VR23 is metabolized into the relatively harmless CPQ, 

which appears to be the most abundant metabolite of VR23. The CPQ structure is the quinoline 

portion of VR23’s main scaffold, indicating it may be a by-product of VR23 being processed by 

the cell. DK23, however while not present in the highest quantity, has the identical chemical 

structure with VR23, except that one of the two nitro groups is replaced with an -NH2 group. 

 

Upon examining the anti-inflammatory activity of the two metabolites, CPQ was not 

active but DK23 has similar potency as VR23. My data clearly shows that DK23 can down-

regulate pro-inflammatory cytokine at a similar efficacy as VR23 at their respective IC50 

concentrations. CPQ did not show any activity in mediating pro-inflammatory cytokines. The 

cleavage of VR23 is likely through sulfonamide cleavage by glutathione-S-transferase (GST), as 

prior studies have found that similar drugs such as protease inhibitors are processed in this 

manner [251]. In other DMARDs, some of the metabolites are active and are able to help 

mitigate inflammation, and others are simply metabolic by-products, perhaps as part of the 

detoxification process.  

 

A promising aspect of VR23’s anti-inflammatory properties is its ability to down-regulate 

the pro-inflammatory mediators in both acute and chronic inflammatory settings. MCP-1 and IL-

6 are found in high levels in synovial fluid and in the serum of patients with RA, implicating 

their importance in the progression of this disease [100, 252]. VR23 has shown great potential as 

an anti-rheumatic agent, through its ability to mitigate IL-6 and MCP-1 secreted by HFLS cells 

from RA patients [216]. Data from our cytokine assays clearly demonstrate that DK23 is 
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effective at down-regulating IL-6 and MCP-1 in RA HFLS cells, at a similar potency as VR23. 

Interestingly, at a higher concentration, VR23 appears to be more effective at reducing the 

cytokine concentrations than DK23. This difference could be attributed to the toxicity of VR23 

as an anti-cancer agent, while DK23 as a metabolite is less toxic. Typically, nitro-group 

containing drugs have higher toxicity profiles, however the metabolite DK23 has one less nitro 

group than VR23, indicating it may be less toxic and a preferable option for anti-inflammatory 

treatment [253]. 

 

In response to IL-6 stimulation, DK23 was effective in preventing STAT3 

phosphorylation on tyrosine 705 to a similar extent as VR23, although the former was used at a 

higher concentration than the latter. This confirms that the active metabolite, DK23 is effective 

in mitigating inflammation through the IL6-STAT3 pathway. To further this, I confirmed that 

DK23 also demonstrated the ability to increase lysosomal pH at a similar capacity to VR23, and 

BAF. Consistent with my prior studies, HCQ did not demonstrate the ability to increase the 

lysosomal pH under the same experimental conditions.  

 

Overall, I have demonstrated here that upon being metabolized by a cell, VR23 is converted into 

CPQ and DK23, the latter is structurally very close to VR23. While CPQ is inactive, DK23 

showed quite potent anti-inflammatory properties of VR23. DK23 showed quite potent anti-

inflammatory activity in HFLS-RA cells in reducing IL-6, MCP-1 and p-STAT3. VR23, as a 

novel anti-inflammatory drug may act as a pro-drug by converting into DK23, which actually 

possesses anti-inflammatory activity.   
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5.0 General Discussion 

Throughout this study, I studied the novel anti-cancer agent, VR23 for its potential as an anti-

inflammatory agent. Further, I investigated the mechanism by which VR23 acts to down-regulate 

inflammatory markers.  

 

In Chapter 1, I investigated the ability of VR23 to down-regulate pro-inflammatory 

markers in an acute inflammatory cell model. I observed previously that the level of 

macrophages in a mouse spleen treated with VR23 was much lower than those treated with other 

compounds such as paclitaxel. From this data and the fact that VR23 was created as a hybrid 

molecule of HCQ, we thought that VR23 would have anti-inflammatory capabilities. I found that 

in an acute inflammatory cell model VR23 can effectively down-regulate pro-inflammatory 

cytokines such as IL-6, TNF-α, IL-1β, and IL-8. In addition, VR23 presented potent anti-

inflammatory capabilities in reducing IL-6 and MCP-1 in chronic inflammatory cell models, 

including HFLS cells from RA patients. Lastly, VR23 showed effectiveness in an acute lung 

injury mouse model by reducing cytokine secretion, cell recruitment, and myeloperoxidase 

activity. In Chapter 1, I found that VR23 indeed possesses quite potent anti-inflammatory 

property. It also furthered our understanding of VR23 and its effectiveness in specifically 

reducing IL-6 and MCP-1 in both acute and chronic inflammatory settings. This study showed 

the potential for VR23 to be used as a novel anti-inflammatory drug, in addition to increasing its 

effectiveness as an anti-cancer drug.  

 

In Chapter 2, I investigated the mechanism by which VR23 is able to reduce 

inflammation. In Chapter 1, I showed that VR23 effectively down-regulates the levels of IL-6 

and its down-stream gene expression. This Chapter focuses on unraveling the potential for VR23 

to disrupt the IL-6-STAT3 pathway as a mechanism for how it may prevent inflammation. With 

a focus on IL-6 related pathways, I examined the effects of VR23 on LPS induced p-STAT3, 

CREB, and SOCS3 and I found that VR23 effectively down-regulates p-STAT3. In the IL-6 

induced inflammatory model, I further corroborated this by demonstrating VR23’s potency at 

reducing p-STAT (Y705), while not affecting upstream markers of the IL6-STAT3 pathway. 

Hydroxychloroquine, a well-known DMARD being frequently used at clinics, showed no 

effectiveness in mitigating p-STAT3, while VR23 demonstrated the same effectiveness as an IL-
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6R specific inhibitor, LMT-28. Further, the gene expression of down-stream IL-6-STAT3 

pathway proteins, MCP-1 and c-myc were also down-regulated by VR23. To determine if VR23 

could affect the IL-6-STAT3 pathway in a chronic RA model, I examined its capabilities in 

primary HFLS from RA patients and healthy donors. VR23 demonstrated effectiveness in 

preventing the phosphorylation of STAT3 in HFLS cells from RA patients, while the clinically 

used DMARD, HCQ, was not effective. Systemic inflammation often involves the production 

and circulation of CRP [254], which is induced by IL-6 stimulation in hepatocytes [255]. In this 

model I showed that VR23 has the potential to prevent the phosphorylation of STAT3, while 

reducing the CRP cytokine levels. Hydroxychloroquine is known for its ability to increase the 

pH of acidic organelles, which in part is the mechanism that helps to mitigate inflammation. 

VR23 was tested in parallel with HCQ to determine their abilities to inhibit phagocytosis and 

increase the pH of acidic organelles. Interestingly, we found that VR23 was very effective at 

inhibiting phagocytosis in comparison to HCQ. In addition, VR23 was able to easily increase the 

pH of acidic organelles, while HCQ actually decreased the lysosomal pH. I found that VR23 has 

the ability to mitigate acidic organelle’s pH in a relatively shorter time frame. This is a contrast 

with HCQ which requires quite a long time to show its effects in elevating lysosomal pH.  

 

This study unraveled the effects of VR23 on IL-6, by demonstrating its potency in 

preventing the phosphorylation of STAT3 (Y705) in monocytes, HFLS cells, and hepatocytes. It 

also further showed the ability of VR23 to increase the pH of acidic organelles which may be 

attributed to its effects on the phosphorylation of STAT3. In the future, VR23 could be analyzed 

in a collagen-induced arthritis mouse model to further understand its effects on mitigating p-

STAT3 and IL-6 in sera and synovial tissue.  

 

In Chapter 3, I investigated VR23 treated cells to determine if cells metabolize it and 

whether the metabolites are active. An LCMS-based study revealed that VR23 is metabolized 

into two major products, CPQ and DK23, in human cells. I confirmed the identities of the two 

metabolites by synthesizing CPQ and DK23 and analyzing them by LCMS. I then examined 

them for their anti-inflammatory activities. DK23 showed anti-inflammatory activity, of which 

potency was comparable to that of VR23 at their respective IC50 concentrations. In contrast, CPQ 

was inactive in terms of mitigating inflammation. Specifically, DK23, as an analog of VR23, 
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showed similar anti-inflammatory effects as VR23 in reducing MCP-1, IL-6, p-STAT3 (Y705) in 

HFLS-RA cells. These findings should be corroborated in the future with more RA patient 

samples, as limited samples were available. Perhaps importantly, the VR23 metabolism study led 

us to the discovery of the DK23 novel anti-inflammatory agent. Thus, it is warranted to further 

characterize DK23 including in vivo toxicology, solubility and the route of administration, etc. in 

order to develop it as a potential anti-inflammatory and anti-rheumatic drug.  

 

Overall, my study has demonstrated great potential for VR23 as a novel anti-

inflammatory agent. VR23 has the potential to be used in both acute and chronic settings of 

inflammation, specifically for RA. VR23 is superior as an anti-inflammatory to the currently 

available DMARDs, as its mechanism is more specific and it has a low toxicity profile. Further, 

in comparison to hydroxychloroquine, VR23 appears more effective as it can reduce 

inflammatory markers more effectively and in a timely manner. VR23 works to prevent the 

phosphorylation of STAT3 and its down-stream genes, leading to the reduction of pro-

inflammatory cytokines such as IL-6 and MCP-1, which play a critical role in RA disease 

progression. This allows VR23 to have similar specificity to biologics, with less systemic toxic 

side effects. DK23, the major active metabolite of VR23, demonstrates similar anti-inflammatory 

effects as VR23, which functions through the regulation of the IL6-STAT3 pathway. The 

validation of DK23’s activity furthers our understanding of VR23 as a novel anti-inflammatory 

agent. These findings also expand the potential for DK23 in its ability to be used on its own as a 

novel anti-inflammatory compound for chronic inflammatory conditions. VR23 and its 

metabolite, DK23, have great potential as novel compounds for the treatment of chronic 

inflammatory conditions such as RA by being effective, selective, and low in toxicity. 



  86 

6.0 References 

1. Statistics Canada. Table 13-10-0394-01 Leading causes of death, total population, by age 

group. 2021. 

2. Stone, W.L., H. Basit, and B. Burns, Pathology, Inflammation. StatPearls [Internet], 

2019. 

3. Punchard, N.A., C.J. Whelan, and I. Adcock, The Journal of Inflammation. J Inflamm 

(Lond), 2004. 1(1): p. 1. 

4. Janeway, C.A., et al., Immunobiology: the immune system in health and disease. 1999. 

5. Rankin, J.A., Biological mediators of acute inflammation. AACN Advanced Critical 

Care, 2004. 15(1): p. 3-17. 

6. Cross, A.S. and S.M. Opal, A new paradigm for the treatment of sepsis: is it time to 

consider combination therapy? Annals of internal medicine, 2003. 138(6): p. 502-505. 

7. Pinsky, M.R., et al., Serum cytokine levels in human septic shock: relation to multiple-

system organ failure and mortality. Chest, 1993. 103(2): p. 565-575. 

8. Abraham, E., Therapies for sepsis. Emerging therapies for sepsis and septic shock. 

Western journal of medicine, 1997. 166(3): p. 195. 

9. Chakraborty, R.K. and B. Burns, Systemic inflammatory response syndrome. 2019. 

10. Pradhan, S., et al., Anti-inflammatory and Immunomodulatory Effects of Antibiotics and 

Their Use in Dermatology. Indian journal of dermatology, 2016. 61(5): p. 469-481. 

11. McKeny, P.T., T.A. Nessel, and P.M. Zito, Antifungal antibiotics. StatPearls [Internet], 

2020. 

12. Abdulla, A., et al., Guidance on the management of pain in older people. Age Ageing, 

2013. 42 Suppl 1: p. i1-57. 

13. Barnes, P.J., How corticosteroids control inflammation: quintiles prize lecture 2005. 

British journal of pharmacology, 2006. 148(3): p. 245-254. 

14. Risser, A., et al., NSAID prescribing precautions. American family physician, 2009. 

80(12): p. 1371-1378. 

15. Ricciotti, E. and G.A. FitzGerald, Prostaglandins and inflammation. Arteriosclerosis, 

thrombosis, and vascular biology, 2011. 31(5): p. 986-1000. 

16. Abramson, S.B. and A.L. Weaver, Current state of therapy for pain and inflammation. 

Arthritis Research & Therapy, 2005. 7(4): p. 1-6. 



  87 

17. Day, R.O. and G.G. Graham, The vascular effects of COX-2 selective inhibitors. 

18. Grennan, D. and S. Wang, Steroid Side Effects. Jama, 2019. 322(3): p. 282. 

19. Dykman, T.R., et al., Evaluation of factors associated with glucocorticoid‐induced 

osteopenia in patients with rheumatic diseases. Arthritis & Rheumatism, 1985. 28(4): p. 

361-368. 

20. Panoulas, V.F., et al., Long-term exposure to medium-dose glucocorticoid therapy 

associates with hypertension in patients with rheumatoid arthritis. Rheumatology, 2008. 

47(1): p. 72-75. 

21. Thiele, K., et al., Current use of glucocorticoids in patients with rheumatoid arthritis in 

Germany. Arthritis Care & Research, 2005. 53(5): p. 740-747. 

22. Piper, J.M., et al., Corticosteroid use and peptic ulcer disease: role of nonsteroidal anti-

inflammatory drugs. Annals of internal medicine, 1991. 114(9): p. 735-740. 

23. Furman, D., et al., Chronic inflammation in the etiology of disease across the life span. 

Nature medicine, 2019. 25(12): p. 1822-1832. 

24. Pahwa, R., et al., Chronic inflammation. StatPearls [Internet], 2020. 

25. Fleit, H.B., Chronic Inflammation, in Pathobiology of Human Disease, L.M. McManus 

and R.N. Mitchell, Editors. 2014, Academic Press: San Diego. p. 300-314. 

26. Anderson, J.M., Chapter 39 - Biocompatibility and Bioresponse to Biomaterials, in 

Principles of Regenerative Medicine (Third Edition), A. Atala, et al., Editors. 2019, 

Academic Press: Boston. p. 675-694. 

27. Office on Women’s Health. Autoimmune diseases fact sheet. 2012; Available from: 

https://web.archive.org/web/20161005144045/https://www.womenshealth.gov/publicatio

ns/our-publications/fact-sheet/autoimmune-diseases.html. 

28. Jacobson, D.L., et al., Epidemiology and estimated population burden of selected 

autoimmune diseases in the United States. Clinical immunology and immunopathology, 

1997. 84(3): p. 223-243. 

29. National Institute of Allergy and Infectious Diseases. Autoimmune Diseases. 2015 [cited 

2016 January 3]; Available from: 

http://www.niaid.nih.gov/topics/autoimmune/pages/default.aspx. 

30. Wahren-Herlenius, M. and T. Dörner, Immunopathogenic mechanisms of systemic 

autoimmune disease. The Lancet, 2013. 382(9894): p. 819-831. 



  88 

31. Smith, D.A. and D.R. Germolec, Introduction to immunology and autoimmunity. 

Environmental health perspectives, 1999. 107(suppl 5): p. 661-665. 

32. Marrack, P., J. Kappler, and B.L. Kotzin, Autoimmune disease: why and where it occurs. 

Nature Medicine, 2001. 7(8): p. 899-905. 

33. Widdifield, J., et al., Rheumatoid arthritis surveillance in Ontario: monitoring the 

burden, quality of care and patient outcomes through linkage of administrative health 

data. 

34. Arthritis Society. Rheumatoid Arthritis. 2017; Available from: https://arthritis.ca/about-

arthritis/arthritis-types-(a-z)/types/rheumatoid-arthritis. 

35. Badley, E., et al., The Status of Arthritis in Canada: National Report Arthritis Society, 

2019. 

36. Grassi, W., et al., The clinical features of rheumatoid arthritis. European journal of 

radiology, 1998. 27: p. S18-S24. 

37. Deane, K.D., et al., Genetic and environmental risk factors for rheumatoid arthritis. Best 

practice & research Clinical rheumatology, 2017. 31(1): p. 3-18. 

38. Mackay, I.R., Travels and travails of autoimmunity: a historical journey from discovery 

to rediscovery. Autoimmunity reviews, 2010. 9(5): p. A251-A258. 

39. György, B., et al., Citrullination: a posttranslational modification in health and disease. 

The international journal of biochemistry & cell biology, 2006. 38(10): p. 1662-1677. 

40. Shin, Y.-S., et al., Rheumatoid factor is a marker of disease severity in Korean 

rheumatoid arthritis. Yonsei medical journal, 2005. 46(4): p. 464. 

41. Hoffman, I.E.A., et al., Presence of rheumatoid factor and antibodies to citrullinated 

peptides in systemic lupus erythematosus. Annals of the Rheumatic Diseases, 2005. 

64(2): p. 330-332. 

42. Elkon, K. and P. Casali, Nature and functions of autoantibodies. Nature clinical practice 

Rheumatology, 2008. 4(9): p. 491-498. 

43. Klareskog, L., et al., Genes, environment and immunity in the development of rheumatoid 

arthritis. Current opinion in immunology, 2006. 18(6): p. 650-655. 

44. Sudoł-Szopińska, I., et al., The pathogenesis of rheumatoid arthritis in radiological 

studies. Part II: Imaging studies in rheumatoid arthritis. Journal of ultrasonography, 

2012. 12(50): p. 319. 



  89 

45. Pisetsky, D.S. and G. McCleane, Chapter 27 - Pain in Rheumatoid Arthritis and 

Osteoarthritis, in Pain Management Secrets (Third Edition), C.E. Argoff and G. 

McCleane, Editors. 2009, Mosby: Philadelphia. p. 170-183. 

46. Fang, Q., C. Zhou, and K.S. Nandakumar, Molecular and Cellular Pathways 

Contributing to Joint Damage in Rheumatoid Arthritis. Mediators Inflamm, 2020. 2020: 

p. 3830212. 

47. Noss, E.H. and M.B. Brenner, The role and therapeutic implications of fibroblast‐like 

synoviocytes in inflammation and cartilage erosion in rheumatoid arthritis. 

Immunological reviews, 2008. 223(1): p. 252-270. 

48. Mohr, W., et al., Proliferation of pannus tissue cells in rheumatoid arthritis. Rheumatol 

Int, 1986. 6(3): p. 127-32. 

49. Fassbender, H. and M. Simmling‐Annefeld, The potential aggressiveness of synovial 

tissue in rheumatoid arthritis. The Journal of pathology, 1983. 139(3): p. 399-406. 

50. Allard, S., R. Maini, and K. Muirden, Cells and matrix expressing cartilage components 

in fibroblastic tissue in rheumatoid pannus. Scandinavian Journal of Rheumatology, 

1988. 17(sup76): p. 125-129. 

51. Shiozawa, S. and K. Shiozawa, A review of the histopathological evidence on the 

pathogenesis of cartilage destruction in rheumatoid arthritis. Scandinavian Journal of 

Rheumatology, 1988. 17(sup74): p. 65-72. 

52. Goldring, S., Pathogenesis of bone and cartilage destruction in rheumatoid arthritis. 

Rheumatology, 2003. 42(suppl_2): p. ii11-ii16. 

53. Gregersen, P.K., J. Silver, and R.J. Winchester, The shared epitope hypothesis. An 

approach to understanding the molecular genetics of susceptibility to rheumatoid 

arthritis. Arthritis & Rheumatism: Official Journal of the American College of 

Rheumatology, 1987. 30(11): p. 1205-1213. 

54. Raphael, I., et al., T cell subsets and their signature cytokines in autoimmune and 

inflammatory diseases. Cytokine, 2015. 74(1): p. 5-17. 

55. Choy, E.H. and G.S. Panayi, Cytokine pathways and joint inflammation in rheumatoid 

arthritis. New England Journal of Medicine, 2001. 344(12): p. 907-916. 

56. Pistoia, V., Production of cytokines by human B cells in health and disease. Immunology 

today, 1997. 18(7): p. 343-350. 



  90 

57. Marston, B., A. Palanichamy, and J.H. Anolik, B cells in the pathogenesis and treatment 

of rheumatoid arthritis. Current opinion in rheumatology, 2010. 22(3): p. 307-315. 

58. Kinne, R., et al., The role of macrophages in the pathogenesis of rheumatoid arthritis. 

Rheumatoid Arthritis: The New frontiers in Pathogenesis and Treatment, 2000: p. 69-87. 

59. Bresnihan, B., Pathogenesis of joint damage in rheumatoid arthritis. The Journal of 

rheumatology, 1999. 26(3): p. 717-719. 

60. Gravallese, E.M., et al., Identification of cell types responsible for bone resorption in 

rheumatoid arthritis and juvenile rheumatoid arthritis. The American journal of 

pathology, 1998. 152(4): p. 943. 

61. Kotake, S., et al., Interleukin-6 and soluble interleukin-6 receptors in the synovial fluids 

from rheumatoid arthritis patients are responsible for osteoclast-like cell formation. J 

Bone Miner Res, 1996. 11(1): p. 88-95. 

62. Bartok, B. and G.S. Firestein, Fibroblast-like synoviocytes: key effector cells in 

rheumatoid arthritis. Immunological reviews, 2010. 233(1): p. 233-255. 

63. Bottini, N. and G.S. Firestein, Duality of fibroblast-like synoviocytes in RA: passive 

responders and imprinted aggressors. Nature reviews. Rheumatology, 2013. 9(1): p. 24-

33. 

64. Elshabrawy, H.A., et al., The pathogenic role of angiogenesis in rheumatoid arthritis. 

Angiogenesis, 2015. 18(4): p. 433-448. 

65. Malemud, C.J., The role of the JAK/STAT signal pathway in rheumatoid arthritis. 

Therapeutic advances in musculoskeletal disease, 2018. 10(5-6): p. 117-127. 

66. Walker, J.G. and M.D. Smith, The Jak-STAT pathway in rheumatoid arthritis. The 

Journal of rheumatology, 2005. 32(9): p. 1650-1653. 

67. Ciobanu, D.A., et al., JAK/STAT pathway in pathology of rheumatoid arthritis. 

Experimental and Therapeutic Medicine, 2020. 20(4): p. 3498-3503. 

68. Isomaki, P., et al., The activity of JAK-STAT pathways in rheumatoid arthritis: 

constitutive activation of STAT3 correlates with interleukin 6 levels. Rheumatology 

(Oxford), 2015. 54(6): p. 1103-13. 

69. Heinrich, P.C., et al., Principles of interleukin (IL)-6-type cytokine signalling and its 

regulation. Biochemical journal, 2003. 374(1): p. 1-20. 



  91 

70. Hunter, C.A. and S.A. Jones, IL-6 as a keystone cytokine in health and disease. Nature 

immunology, 2015. 16(5): p. 448-457. 

71. Narazaki, M., et al., Soluble forms of the interleukin-6 signal-transducing receptor 

component gp130 in human serum possessing a potential to inhibit signals through 

membrane-anchored gp130. 1993. 

72. Heink, S., et al., Trans-presentation of IL-6 by dendritic cells is required for the priming 

of pathogenic TH 17 cells. Nature immunology, 2017. 18(1): p. 74-85. 

73. Reeh, H., et al., Response to IL-6 trans-and IL-6 classic signalling is determined by the 

ratio of the IL-6 receptor α to gp130 expression: fusing experimental insights and 

dynamic modelling. Cell Communication and Signaling, 2019. 17(1): p. 1-21. 

74. Scheller, J., et al., The pro-and anti-inflammatory properties of the cytokine interleukin-6. 

Biochimica et Biophysica Acta (BBA)-Molecular Cell Research, 2011. 1813(5): p. 878-

888. 

75. Larregina, A., et al., Pattern of cytokine receptors expressed by human dendritic cells 

migrated ‘qc from dermal explants. Immunology, 1997. 91(2): p. 303-313. 

76. Wolf, J., S. Rose-John, and C. Garbers, Interleukin-6 and its receptors: a highly 

regulated and dynamic system. Cytokine, 2014. 70(1): p. 11-20. 

77. Garbers, C., S. Aparicio-Siegmund, and S. Rose-John, The IL-6/gp130/STAT3 signaling 

axis: recent advances towards specific inhibition. Current opinion in immunology, 2015. 

34: p. 75-82. 

78. McFarland-Mancini, M.M., et al., Differences in wound healing in mice with deficiency 

of IL-6 versus IL-6 receptor. The journal of immunology, 2010. 184(12): p. 7219-7228. 

79. Lütticken, C., et al., Association of transcription factor APRF and protein kinase JAK1 

with the IL-6 signal transducer gp130. 1994. 

80. Stahl, N., et al., Association and activation of Jak-Tyk kinases by CNTF-LIF-OSM-IL-6 

beta receptor components. Science, 1994. 263(5143): p. 92-95. 

81. Stahl, N., et al., Choice of STATs and other substrates specified by modular tyrosine-

based motifs in cytokine receptors. Science, 1995. 267(5202): p. 1349-1353. 

82. Schmitz, J., et al., The cytoplasmic tyrosine motifs in full-length glycoprotein 130 have 

different roles in IL-6 signal transduction. The Journal of Immunology, 2000. 164(2): p. 

848-854. 



  92 

83. Lehmann, U., et al., Determinants governing the potency of STAT3 activation via the 

individual STAT3-recruiting motifs of gp130. Cellular signalling, 2006. 18(1): p. 40-49. 

84. Lerner, L., et al., STAT3-dependent enhanceosome assembly and disassembly: synergy 

with GR for full transcriptional increase of the α2-macroglobulin gene. Genes & 

development, 2003. 17(20): p. 2564-2577. 

85. Starr, R., et al., A family of cytokine-inducible inhibitors of signalling. Nature, 1997. 

387(6636): p. 917-921. 

86. Naka, T., et al., Structure and function of a new STAT-induced STAT inhibitor. Nature, 

1997. 387(6636): p. 924-929. 

87. Narazaki, M. and T. Kishimoto, The two-faced cytokine IL-6 in host defense and 

diseases. International journal of molecular sciences, 2018. 19(11): p. 3528. 

88. Oike, T., et al., Stat3 as a potential therapeutic target for rheumatoid arthritis. Scientific 

Reports, 2017. 7(1): p. 10965. 

89. Gao, W., et al., Hypoxia and STAT3 signalling interactions regulate pro-inflammatory 

pathways in rheumatoid arthritis. Annals of the Rheumatic Diseases, 2015. 74(6): p. 

1275-1283. 

90. Niu, Q., et al., Enhanced IL-6/phosphorylated STAT3 signaling is related to the 

imbalance of circulating T follicular helper/T follicular regulatory cells in patients with 

rheumatoid arthritis. Arthritis research & therapy, 2018. 20(1): p. 200. 

91. Deng, J., et al., Signal transducer and activator of transcription 3 hyperactivation 

associates with follicular helper T cell differentiation and disease activity in rheumatoid 

arthritis. Frontiers in immunology, 2018. 9: p. 1226. 

92. Zhang, J.-M. and J. An, Cytokines, inflammation, and pain. International anesthesiology 

clinics, 2007. 45(2): p. 27-37. 

93. Kany, S., J.T. Vollrath, and B. Relja, Cytokines in Inflammatory Disease. International 

journal of molecular sciences, 2019. 20(23): p. 6008. 

94. Kinne, R.W., et al., Macrophages in rheumatoid arthritis. Arthritis research, 2000. 2(3): 

p. 189-202. 

95. Roberts, C.A., A.K. Dickinson, and L.S. Taams, The Interplay Between 

Monocytes/Macrophages and CD4+ T Cell Subsets in Rheumatoid Arthritis. Frontiers in 

Immunology, 2015. 6(571). 



  93 

96. Burska, A., M. Boissinot, and F. Ponchel, Cytokines as biomarkers in rheumatoid 

arthritis. Mediators of inflammation, 2014. 2014. 

97. Feldmann, M., F.M. Brennan, and R.N. Maini, Role of cytokines in rheumatoid arthritis. 

Annual review of immunology, 1996. 14(1): p. 397-440. 

98. Lubberts, E. and W.B. van den Berg, Cytokines in the pathogenesis of rheumatoid 

arthritis and collagen-induced arthritis. Madame Curie Bioscience Database [Internet], 

2013. 

99. Alghasham, A. and Z. Rasheed, Therapeutic targets for rheumatoid arthritis: Progress 

and promises. Autoimmunity, 2014. 47(2): p. 77-94. 

100. Houssiau, F.A., et al., Interleukin‐6 in synovial fluid and serum of patients with 

rheumatoid arthritis and other inflammatory arthritides. Arthritis & Rheumatism: 

Official Journal of the American College of Rheumatology, 1988. 31(6): p. 784-788. 

101. Madhok, R., et al., Serum interleukin 6 levels in rheumatoid arthritis: correlations with 

clinical and laboratory indices of disease activity. Annals of the rheumatic diseases, 

1993. 52(3): p. 232-234. 

102. Rajaei, E., et al., Evaluating the Relationship Between Serum Level of Interleukin-6 and 

Rheumatoid Arthritis Severity and Disease Activity. Curr Rheumatol Rev, 2020. 16(3): p. 

249-255. 

103. Houssiau, F.A., et al., Interleukin-6 in synovial fluid and serum of patients with 

rheumatoid arthritis and other inflammatory arthritides. Arthritis Rheum, 1988. 31(6): p. 

784-8. 

104. Kimura, A. and T. Kishimoto, IL‐6: regulator of Treg/Th17 balance. European journal of 

immunology, 2010. 40(7): p. 1830-1835. 

105. Koch, A.E., et al., Enhanced production of monocyte chemoattractant protein-1 in 

rheumatoid arthritis. The Journal of clinical investigation, 1992. 90(3): p. 772-779. 

106. Harigai, M., et al., Monocyte chemoattractant protein-1 (MCP-1) in inflammatory joint 

diseases and its involvement in the cytokine network of rheumatoid synovium. Clin 

Immunol Immunopathol, 1993. 69(1): p. 83-91. 

107. Wei, S.-T., et al., Serum Levels of IL-6 and TNF-α May Correlate with Activity and 

Severity of Rheumatoid Arthritis. Medical science monitor : international medical journal 

of experimental and clinical research, 2015. 21: p. 4030-4038. 



  94 

108. Abbasi, M., et al., Strategies toward rheumatoid arthritis therapy; the old and the new. J 

Cell Physiol, 2019. 234(7): p. 10018-10031. 

109. Benjamin, O., et al., Disease modifying anti-rheumatic drugs (DMARD). 2018. 

110. Connor, H., Drug Discovery—A History. Journal of the Royal Society of Medicine, 2005. 

98(11): p. 517-518. 

111. Riksen, N.P., et al., Methotrexate modulates the kinetics of adenosine in humans in vivo. 

Annals of the rheumatic diseases, 2006. 65(4): p. 465-470. 

112. Cronstein, B., Going with the flow: methotrexate, adenosine, and blood flow. 2006, BMJ 

Publishing Group Ltd. 

113. Cutolo, M., et al., Anti-inflammatory mechanisms of methotrexate in rheumatoid arthritis. 

Annals of the rheumatic diseases, 2001. 60(8): p. 729-735. 

114. Chamorro-Petronacci, C., et al., Management options for low-dose methotrexate-induced 

oral ulcers: A systematic review. Medicina oral, patologia oral y cirugia bucal, 2019. 

24(2): p. e181-e189. 

115. Gaies, E., et al., Methotrexate side effects: review article. J Drug Metab Toxicol, 2012. 

3(4): p. 1-5. 

116. Breedveld, F. and J. Dayer, Leflunomide: mode of action in the treatment of rheumatoid 

arthritis. Annals of the rheumatic diseases, 2000. 59(11): p. 841-849. 

117. van Riel, P.L., et al., Leflunomide: a manageable safety profile. The Journal of 

Rheumatology Supplement, 2004. 71: p. 21-24. 

118. Plosker, G.L. and K.F. Croom, Sulfasalazine. Drugs, 2005. 65(13): p. 1825-1849. 

119. Wahl, C., et al., Sulfasalazine: a potent and specific inhibitor of nuclear factor kappa B. 

The Journal of clinical investigation, 1998. 101(5): p. 1163-1174. 

120. Lee, C.K., et al., Effects of disease‐modifying antirheumatic drugs and antiinflammatory 

cytokines on human osteoclastogenesis through interaction with receptor activator of 

nuclear factor κB, osteoprotegerin, and receptor activator of nuclear factor κB ligand. 

Arthritis & rheumatism, 2004. 50(12): p. 3831-3843. 

121. Cronstein, B.N., M.C. Montesinos, and G. Weissmann, Salicylates and sulfasalazine, but 

not glucocorticoids, inhibit leukocyte accumulation by an adenosine-dependent 

mechanism that is independent of inhibition of prostaglandin synthesis and p105 of 

NFκB. Proceedings of the National Academy of Sciences, 1999. 96(11): p. 6377-6381. 



  95 

122. Qozi, M. and F.L. Cantrell, Chloroquine/Hydroxychloroquine, in Encyclopedia of 

Toxicology (Third Edition), P. Wexler, Editor. 2014, Academic Press: Oxford. p. 913-

915. 

123. Al-Bari, M.A., Chloroquine analogues in drug discovery: new directions of uses, 

mechanisms of actions and toxic manifestations from malaria to multifarious diseases. J 

Antimicrob Chemother, 2015. 70(6): p. 1608-21. 

124. Fox, R.I. Mechanism of action of hydroxychloroquine as an antirheumatic drug. in 

Seminars in Arthritis and Rheumatism. 1993. Elsevier. 

125. Stokkermans, T.J. and G. Trichonas, Chloroquine and hydroxychloroquine toxicity. 

StatPearls [Internet], 2019. 

126. Costedoat-Chalumeau, N., et al., Hydroxychloroquine: a multifaceted treatment in lupus. 

La Presse Médicale, 2014. 43(6): p. e167-e180. 

127. Peters, W. and W.H. Richards, Antimalarial Drug II: Current Antimalarial and New 

Drug Developments. 1984: Springer. 

128. Ben-Zvi, I., et al., Hydroxychloroquine: from malaria to autoimmunity. Clinical Reviews 

in Allergy & Immunology, 2012. 42(2): p. 145-153. 

129. Yusuf, I., et al., Hydroxychloroquine retinopathy. Eye, 2017. 31(6): p. 828-845. 

130. Titus, E.O., Recent developments in the understanding of the pharmacokinetics and 

mechanism of action of chloroquine. Therapeutic drug monitoring, 1989. 11(4): p. 369-

379. 

131. Kalia, S. and J.P. Dutz, New concepts in antimalarial use and mode of action in 

dermatology. Dermatologic therapy, 2007. 20(4): p. 160-174. 

132. Goldstein, A., Principles of drug action. 1974. 

133. Kaufmann, A.M. and J.P. Krise, Lysosomal sequestration of amine-containing drugs: 

analysis and therapeutic implications. Journal of pharmaceutical sciences, 2007. 96(4): p. 

729-746. 

134. Agency for Healthcare Research and Quality. Comparative Effectiveness Review 

Summary Guides for Clinicians. 2007; Available from: 

https://www.ncbi.nlm.nih.gov/books/NBK43420/. 

135. Suresh, E. and C.M. Lambert, Combination treatment strategies in early rheumatoid 

arthritis. Annals of the rheumatic diseases, 2005. 64(9): p. 1252-1256. 



  96 

136. Oldfield, V., S. Dhillon, and G.L. Plosker, Tocilizumab: a review of its use in the 

management of rheumatoid arthritis. Drugs, 2009. 69(5): p. 609-32. 

137. Canadian Agency for Drugs and Technologies in Health. Tocilizumab (Actemra): Adults 

with Moderately to Severely Active Rheumatoid Arthritis. 2015; Available from: 

ttps://www.ncbi.nlm.nih.gov/books/NBK349506/. 

138. Bannwarth, B. and C. Richez, Clinical safety of tocilizumab in rheumatoid arthritis. 

Expert Opinion on Drug Safety, 2011. 10(1): p. 123-131. 

139. Scott, D., et al., Long-term outcome of treating rheumatoid arthritis: results after 20 

years. The Lancet, 1987. 329(8542): p. 1108-1111. 

140. Pundir, S., et al., VR23: A Quinoline-Sulfonyl Hybrid Proteasome Inhibitor That 

Selectively Kills Cancer via Cyclin E-Mediated Centrosome Amplification. Cancer 

Research, 2015. 75(19): p. 4164-75. 

141. Solomon, V.R., S. Pundir, and H. Lee, Examination of novel 4-aminoquinoline 

derivatives designed and synthesized by a hybrid pharmacophore approach to enhance 

their anticancer activities. Sci Rep, 2019. 9(1): p. 6315. 

142. Todoric, J., L. Antonucci, and M. Karin, Targeting Inflammation in Cancer Prevention 

and Therapy. Cancer Prev Res (Phila), 2016. 9(12): p. 895-905. 

143. Maeda, H. and T. Akaike, Nitric oxide and oxygen radicals in infection, inflammation, 

and cancer. Biochemistry (Moscow), 1998. 63(7): p. 854-65. 

144. Shaked, H., et al., Chronic epithelial NF-kappaB activation accelerates APC loss and 

intestinal tumor initiation through iNOS up-regulation. Proc Natl Acad Sci U S A, 2012. 

109(35): p. 14007-12. 

145. Coussens, L.M. and Z. Werb, Inflammation and cancer. Nature, 2002. 420(6917): p. 860-

7. 

146. Shah, A., D. Fitzgerald, and F. Murray, Non-steroidal anti-inflammatory drugs (NSAIDs) 

and gastro-intestinal toxicity: current issues. Irish journal of medical science, 1999. 

168(4): p. 242-245. 

147. Bhala, N., et al., Vascular and upper gastrointestinal effects of non-steroidal anti-

inflammatory drugs: meta-analyses of individual participant data from randomised trials. 

The Lancet, 2013. 382(9894): p. 769-779. 



  97 

148. Antman, E.M., et al., Use of nonsteroidal antiinflammatory drugs: an update for 

clinicians: a scientific statement from the American Heart Association. Circulation, 2007. 

115(12): p. 1634-1642. 

149. Barnes, P.J., Anti-inflammatory actions of glucocorticoids: molecular mechanisms. 

Clinical Science, 1998. 94(6): p. 557-572. 

150. Moghadam-Kia, S. and V.P. Werth, Prevention and treatment of systemic glucocorticoid 

side effects. International Journal of Dermatology, 2010. 49(3): p. 239-48. 

151. Aulakh, R. and S. Singh, Strategies for minimizing corticosteroid toxicity: a review. The 

Indian Journal of Pediatrics, 2008. 75(10): p. 1067-73. 

152. McKay, L. and J. Cidlowski, Cancer Medicine: Physiologic and Pharmacologic Effects 

of Corticosteroids, ed. P.R. Kufe DW, Weichselbaum RR, et al. 2003, Hamilton, ON: BC 

Decker. 

153. The Autoimmune Diseases Coordinating Committee, Progress in Autoimmune Disease 

Research, in Report to Congress. 2005, National Insitute of Allergy and Infections 

Diseases, National Institutes of Health: Bethesda, MD. 

154. Firestein, G.S., Evolving concepts of rheumatoid arthritis. Nature, 2003. 423(6937): p. 

356-361. 

155. Gaffo, A., K.G. Saag, and J.R. Curtis, Treatment of rheumatoid arthritis. American 

Journal of Health-System Pharmacy, 2006. 63(24): p. 2451-2465. 

156. Goekoop-Ruiterman, Y.P., et al., Comparison of treatment strategies in early rheumatoid 

arthritis: a randomized trial. Annals of Internal Medicine, 2007. 146(6): p. 406-415. 

157. Solomon, V.R., S. Pundir, and H. Lee, Examination of novel 4-aminoquinoline 

derivatives designed and synthesized by a hybrid pharmacophore approach to enhance 

their anticancer activities. Scientific Reports, 2019. 9(1): p. 6315. 

158. Pundir, S., et al., VR23: A Quinoline–Sulfonyl Hybrid Proteasome Inhibitor That 

Selectively Kills Cancer via Cyclin E–Mediated Centrosome Amplification. Cancer 

research, 2015. 75(19): p. 4164-4175. 

159. Hsu, S.-M., et al., Proteasome inhibitor bortezomib suppresses nuclear factor-kappa B 

activation and ameliorates eye inflammation in experimental autoimmune uveitis. 

Mediators of inflammation, 2015. 2015. 



  98 

160. Chen, D., et al., Bortezomib as the first proteasome inhibitor anticancer drug: current 

status and future perspectives. Current Cancer Drug Targets, 2011. 11(3): p. 239-253. 

161. Chen, F.-T., et al., Anti-inflammatory effect of the proteasome inhibitor bortezomib on 

endotoxin-induced uveitis in rats. Investigative Ophthalmology & Visual Science, 2012. 

53(7): p. 3682-3694. 

162. Hideshima, T., et al., Bortezomib induces canonical nuclear factor-κB activation in 

multiple myeloma cells. Blood, 2009. 114(5): p. 1046-1052. 

163. Beyar‐Katz, O., et al., Bortezomib‐induced pro‐inflammatory macrophages as a potential 

factor limiting anti‐tumour efficacy. The Journal of Pathology, 2016. 239(3): p. 262-273. 

164. Nujić, K., et al., Impairment of lysosomal functions by azithromycin and chloroquine 

contributes to anti-inflammatory phenotype. Cellular Immunology, 2012. 279(1): p. 78-

86. 

165. Ponticelli, C. and G. Moroni, Hydroxychloroquine in systemic lupus erythematosus 

(SLE). Expert Opinion on Drug Safety, 2017. 16(3): p. 411. 

166. Pundir, S., et al., VR23: A Quinoline-Sulfonyl Hybrid Proteasome Inhibitor That 

Selectively Kills Cancer via Cyclin E-Mediated Centrosome Amplification. Cancer Res, 

2015. 75(19): p. 4164-75. 

167. Rosengren, S., D.L. Boyle, and G.S. Firestein, Acquisition, culture, and phenotyping of 

synovial fibroblasts, in Arthritis Research. 2007, Springer. p. 365-375. 

168. Skehan, P., et al., New colorimetric cytotoxicity assay for anticancer-drug screening. J 

Natl Cancer Inst, 1990. 82(13): p. 1107-12. 

169. Vichai, V. and K. Kirtikara, Sulforhodamine B colorimetric assay for cytotoxicity 

screening. Nature Protocols, 2006. 1(3): p. 1112-6. 

170. Hu, C., et al., The efficacy and selectivity of tumor cell killing by Akt inhibitors are 

substantially increased by chloroquine. Bioorganic and Medicinal Chemistry, 2008. 

16(17): p. 7888-93. 

171. Justus, C.R., et al., In vitro cell migration and invasion assays. Journal of Visualized 

Experiments: JoVE, 2014(88). 

172. Wei, D. and Z. Huang, Anti-inflammatory effects of triptolide in LPS-induced acute lung 

injury in mice. Inflammation, 2014. 37(4): p. 1307-1316. 



  99 

173. Chang, J.-H., et al., Validity of SW982 synovial cell line for studying the drugs against 

rheumatoid arthritis in fluvastatin-induced apoptosis signaling model. The Indian journal 

of medical research, 2014. 139(1): p. 117. 

174. Yoshida, Y. and T. Tanaka, Interleukin 6 and rheumatoid arthritis. BioMed research 

international, 2014. 2014. 

175. Clark, P., et al., Hydroxychloroquine Compared with Placebo in Rheumatoid Arthritis: A 

Randomized, Controlled Trial. Annals of Internal Medicine, 1993. 119(11): p. 1067-

1071. 

176. Molad, Y., et al., Protective effect of hydroxychloroquine in systemic lupus 

erythematosus. Prospective long-term study of an Israeli cohort. Lupus, 2002. 11(6): p. 

356-361. 

177. de Meneses Santos, R., et al., Synthesis and evaluation of the anti-nociceptive and anti-

inflammatory activity of 4-aminoquinoline derivatives. J Bioorganic and chemistry, 2015. 

23(15): p. 4390-4396. 

178. Müller-Ladner, U., et al., Mechanisms of disease: the molecular and cellular basis of 

joint destruction in rheumatoid arthritis. J Nature Reviews Rheumatology, 2005. 1(2): p. 

102. 

179. Pap, T., et al., Are fibroblasts involved in joint destruction? J Annals of the Rheumatic 

Diseases, 2005. 64: p. iv52-iv54. 

180. Grommes, J. and O. Soehnlein, Contribution of neutrophils to acute lung injury. 

Molecular medicine, 2011. 17(3-4): p. 293. 

181. Pulli, B., et al., Measuring myeloperoxidase activity in biological samples. PloS One, 

2013. 8(7): p. e67976. 

182. Scherbel, A.L., J.W. Harrison, and M. Atdjian, Further observations on the use of 4-

aminoquinoline compounds in patients with rheumatoid arthritis or related diseases. 

Cleveland Clinic Quarterly, 1958. 25(2): p. 95. 

183. Gabay, C., Interleukin-6 and chronic inflammation. Arthritis Research & Therapy, 2006. 

8(2): p. S3. 

184. Bradley, J., TNF‐mediated inflammatory disease. The Journal of Pathology: A Journal of 

the Pathological Society of Great Britain, 2008. 214(2): p. 149-160. 



  100 

185. Ren, K. and R. Torres, Role of interleukin-1β during pain and inflammation. J Brain 

Research Reviews, 2009. 60(1): p. 57-64. 

186. Harada, A., et al., Essential involvement of interleukin‐8 (IL‐8) in acute inflammation. J 

Leukoc Biol, 1994. 56(5): p. 559-564. 

187. Yao, X., et al., Targeting interleukin-6 in inflammatory autoimmune diseases and 

cancers. Pharmacology & therapeutics, 2014. 141(2): p. 125-139. 

188. Han, S.H., et al., The effect of bortezomib on expression of inflammatory cytokines and 

survival in a murine sepsis model induced by cecal ligation and puncture. Yonsei 

Medical Journal, 2015. 56(1): p. 112-123. 

189. Tilahun, A.Y., et al., Detrimental effect of the proteasome inhibitor, bortezomib in 

bacterial superantigen-and lipopolysaccharide-induced systemic inflammation. 

Molecular Therapy, 2010. 18(6): p. 1143-1154. 

190. Finbloom, D., et al., Comparison of hydroxychloroquine and chloroquine use and the 

development of retinal toxicity. The Journal of Rheumatology, 1985. 12(4): p. 692. 

191. Karres, I., et al., Chloroquine inhibits proinflammatory cytokine release into human 

whole blood. Am J Physiol, 1998. 274(4): p. R1058-R1064. 

192. Burke, R. and N. White, Biologic disease-modifying antirheumatic drugs. Chronic 

Illnesses II, 2014. 

193. Srirangan, S. and E.H. Choy, The role of interleukin 6 in the pathophysiology of 

rheumatoid arthritis. Journal of Therapeutic Advances in Musculoskeletal Disease, 2010. 

2(5): p. 247-256. 

194. Moghadam-Kia, S. and V.P. Werth, Prevention and treatment of systemic glucocorticoid 

side effects. Int J Dermatol, 2010. 49(3): p. 239-48. 

195. Aulakh, R. and S. Singh, Strategies for minimizing corticosteroid toxicity: a review. 

Indian J Pediatr, 2008. 75(10): p. 1067-73. 

196. Tanaka, T., M. Narazaki, and T. Kishimoto, Anti-interleukin-6 receptor antibody, 

tocilizumab, for the treatment of autoimmune diseases. FEBS letters, 2011. 585(23): p. 

3699-3709. 

197. Hirano, T., et al., Excessive production of interleukin 6/B cell stimulatory factor‐2 in 

rheumatoid arthritis. European journal of immunology, 1988. 18(11): p. 1797-1802. 



  101 

198. Yokota, S., et al., Inflammatory cytokines and systemic-onset juvenile idiopathic arthritis. 

Modern rheumatology, 2004. 14(1): p. 12-17. 

199. Mahida, Y., et al., High circulating concentrations of interleukin-6 in active Crohn's 

disease but not ulcerative colitis. Gut, 1991. 32(12): p. 1531-1534. 

200. Grossman, R.M., et al., Interleukin 6 is expressed in high levels in psoriatic skin and 

stimulates proliferation of cultured human keratinocytes. Proceedings of the National 

Academy of Sciences, 1989. 86(16): p. 6367-6371. 

201. Guo, Q., et al., Rheumatoid arthritis: pathological mechanisms and modern 

pharmacologic therapies. Bone research, 2018. 6(1): p. 1-14. 

202. Karouzakis, E., et al., Molecular and cellular basis of rheumatoid joint destruction. 

Immunology letters, 2006. 106(1): p. 8-13. 

203. Huber, L., et al., Synovial fibroblasts: key players in rheumatoid arthritis. Rheumatology, 

2006. 45(6): p. 669-675. 

204. Fox, D.A., et al., Cell-cell interactions in rheumatoid arthritis synovium. Rheumatic 

Disease Clinics, 2010. 36(2): p. 311-323. 

205. De Benedetti, F., et al., Correlation of serum interleukin‐6 levels with joint involvement 

and thrombocytosis in systemic juvenile rheumatoid arthritis. Arthritis & Rheumatism: 

Official Journal of the American College of Rheumatology, 1991. 34(9): p. 1158-1163. 

206. Badolato, R. and J.J. Oppenheim. Role of cytokines, acute-phase proteins, and 

chemokinesin the progression of rheumatoid arthritis. in Seminars in arthritis and 

rheumatism. 1996. Elsevier. 

207. Heinrich, P.C., J.V. Castell, and T. Andus, Interleukin-6 and the acute phase response. 

Biochemical journal, 1990. 265(3): p. 621. 

208. Lacki, J., W. Samborski, and S. Mackiewicz, Interleukin-10 and interleukin-6 in lupus 

erythematosus and rheumatoid arthritis, correlations with acute phase proteins. Clinical 

rheumatology, 1997. 16(3): p. 275-278. 

209. Oike, T., et al., Stat3 as a potential therapeutic target for rheumatoid arthritis. Scientific 

reports, 2017. 7(1): p. 1-9. 

210. Ogata, A. and T. Tanaka, Tocilizumab for the treatment of rheumatoid arthritis and other 

systemic autoimmune diseases: current perspectives and future directions. International 

journal of rheumatology, 2012. 2012: p. 946048-946048. 



  102 

211. Choy, E.H., et al., Translating IL-6 biology into effective treatments. Nature Reviews 

Rheumatology, 2020. 16(6): p. 335-345. 

212. Choy, E., G. Kingsley, and G. Panayi, Monoclonal antibody therapy in rheumatoid 

arthritis. British journal of rheumatology, 1998. 37(5): p. 484-490. 

213. Uettwiller, F., E. Rigal, and C. Hoarau, Infections associated with monoclonal antibody 

and fusion protein therapy in humans. mAbs, 2011. 3(5): p. 461-466. 

214. Durkin, A., H.-Y. Vu, and H. Lee, The VR23 antitumor compound also shows strong 

anti-inflammatory effects in a human rheumatoid arthritis cell model and acute lung 

inflammation in mice. The Journal of Immunology, 2020. 204(4): p. 788-795. 

215. Solomon, V.R., S. Pundir, and H. Lee, Examination of novel 4-aminoquinoline 

derivatives designed and synthesized by a hybrid pharmacophore approach to enhance 

their anticancer activities. Scientific reports, 2019. 9(1): p. 1-17. 

216. Durkin, A., H.Y. Vu, and H. Lee, The VR23 Antitumor Compound Also Shows Strong 

Anti-Inflammatory Effects in a Human Rheumatoid Arthritis Cell Model and Acute Lung 

Inflammation in Mice. J Immunol, 2020. 204(4): p. 788-795. 

217. Schwacha, M.G., et al., Resistance of macrophages to the suppressive effect of 

interleukin-10 following thermal injury. American Journal of Physiology-Cell 

Physiology, 2001. 281(4): p. C1180-C1187. 

218. Kim, H.S., et al., IL‐10 suppresses LPS‐induced KC mRNA expression via a translation‐

dependent decrease in mRNA stability. Journal of leukocyte biology, 1998. 64(1): p. 33-

39. 

219. Bogdan, C., et al., Contrasting mechanisms for suppression of macrophage cytokine 

release by transforming growth factor-beta and interleukin-10. Journal of Biological 

Chemistry, 1992. 267(32): p. 23301-23308. 

220. Fiorentino, D.F., et al., IL-10 inhibits cytokine production by activated macrophages. The 

Journal of immunology, 1991. 147(11): p. 3815-3822. 

221. Rottenberg, M.E. and B. Carow, SOCS3, a major regulator of infection and 

inflammation. Frontiers in immunology, 2014. 5: p. 58. 

222. Guadagnin, E., et al., Tyrosine 705 phosphorylation of STAT3 is associated with 

phenotype severity in TGFβ1 transgenic mice. BioMed Research International, 2015. 

2015. 



  103 

223. Rébé, C., et al., STAT3 activation: A key factor in tumor immunoescape. Jak-stat, 2013. 

2(1): p. e23010. 

224. Hong, S.-S., et al., A novel small-molecule inhibitor targeting the IL-6 receptor β subunit, 

glycoprotein 130. The Journal of Immunology, 2015. 195(1): p. 237-245. 

225. Pepys, M., The acute phase response and C-reactive protein. Oxford textbook of 

medicine, 1995. 2: p. 1527-33. 

226. Thompson, D., M.B. Pepys, and S.P. Wood, The physiological structure of human C-

reactive protein and its complex with phosphocholine. Structure, 1999. 7(2): p. 169-77. 

227. Devaraj, S., U. Singh, and I. Jialal, The evolving role of C-reactive protein in 

atherothrombosis. Clin Chem, 2009. 55(2): p. 229-38. 

228. Gewurz, H., et al., C-reactive protein and the acute phase response. Adv Intern Med, 

1982. 27: p. 345-72. 

229. van Zanten, J.V., et al., Increased C reactive protein in response to acute stress in 

patients with rheumatoid arthritis. Annals of the rheumatic diseases, 2005. 64(9): p. 

1299-1304. 

230. Lloyd-Lewis, B., et al., Stat3-mediated alterations in lysosomal membrane protein 

composition. Journal of Biological Chemistry, 2018. 293(12): p. 4244-4261. 

231. Zhao, H., et al., Chloroquine-mediated radiosensitization is due to the destabilization of 

the lysosomal membrane and subsequent induction of cell death by necrosis. Radiat Res, 

2005. 164(3): p. 250-7. 

232. Lafyatis, R., M. York, and A. Marshak‐Rothstein, Antimalarial agents: Closing the gate 

on toll‐like receptors? Arthritis & Rheumatism: Official Journal of the American College 

of Rheumatology, 2006. 54(10): p. 3068-3070. 

233. Sperber, K., et al., Selective regulation of cytokine secretion by hydroxychloroquine: 

inhibition of interleukin 1 alpha (IL-1-alpha) and IL-6 in human monocytes and T cells. 

The Journal of Rheumatology, 1993. 20(5): p. 803-808. 

234. Yoshimori, T., et al., Bafilomycin A1, a specific inhibitor of vacuolar-type H (+)-ATPase, 

inhibits acidification and protein degradation in lysosomes of cultured cells. Journal of 

Biological Chemistry, 1991. 266(26): p. 17707-17712. 

235. Kužnik, A., et al., Mechanism of endosomal TLR inhibition by antimalarial drugs and 

imidazoquinolines. The Journal of Immunology, 2011. 186(8): p. 4794-4804. 



  104 

236. Firestein, G.S. and I.B. McInnes, Immunopathogenesis of rheumatoid arthritis. 

Immunity, 2017. 46(2): p. 183-196. 

237. Schett, G., Autoimmunity as a trigger for structural bone damage in rheumatoid arthritis. 

Modern rheumatology, 2017. 27(2): p. 193-197. 

238. Emori, T., et al., Role of JAK-STAT signaling in the pathogenic behavior of fibroblast-

like synoviocytes in rheumatoid arthritis: Effect of the novel JAK inhibitor peficitinib. 

European journal of pharmacology, 2020. 882: p. 173238. 

239. Ballard, P., et al., Chapter 10 - Metabolism and pharmacokinetic optimization strategies 

in drug discovery, in Drug Discovery and Development (Second Edition), R.G. Hill and 

H.P. Rang, Editors. 2013, Churchill Livingstone. p. 135-155. 

240. Baillie, T.A., Metabolism and toxicity of drugs. Two decades of progress in industrial 

drug metabolism. Chem Res Toxicol, 2008. 21(1): p. 129-37. 

241. European Medicines Agency Science Medicines Health, Assessment Report: Aubagio. 

2013. 

242. Bartlett, R.R., et al., Effects of leflunomide on immune responses and models of 

inflammation. Springer Semin Immunopathol, 1993. 14(4): p. 381-94. 

243. Rains, C., S. Noble, and D. Faulds, Erratum to Sulfasalazine: a review of its 

pharmacological properties and therapeutic efficacy in the treatment of rheumatoid 

arthritis. Drugs, 1995. 50(4): p. 625-625. 

244. Browning, D.J., Pharmacology of Chloroquine and Hydroxychloroquine. 

Hydroxychloroquine and Chloroquine Retinopathy, 2014: p. 35-63. 

245. Kuroda, K., Detection and distribution of chloroquine metabolites in human tissues. J 

Pharmacol Exp Ther, 1962. 137: p. 156-61. 

246. Goodman, L.S., Goodman and Gilman's the pharmacological basis of therapeutics. Vol. 

1549. 1996: McGraw-Hill New York. 

247. Wallace, D.J., et al., New insights into mechanisms of therapeutic effects of antimalarial 

agents in SLE. Nat Rev Rheumatol, 2012. 8(9): p. 522-33. 

248. Inoue, K. and H. Yuasa, Molecular basis for pharmacokinetics and pharmacodynamics 

of methotrexate in rheumatoid arthritis therapy. Drug Metab Pharmacokinet, 2014. 

29(1): p. 12-9. 



  105 

249. Lynch, T. and A. Price, The effect of cytochrome P450 metabolism on drug response, 

interactions, and adverse effects. Am Fam Physician, 2007. 76(3): p. 391-6. 

250. Sheweita, S.A., Drug-metabolizing enzymes mechanisms and functions. Current drug 

metabolism, 2000. 1(2): p. 107-132. 

251. Zhao, Z., et al., Mechanism, structure-activity studies, and potential applications of 

glutathione S-transferase-catalyzed cleavage of sulfonamides. Drug metabolism and 

disposition, 1999. 27(9): p. 992-998. 

252. Ellingsen, T., A. Buus, and K. Stengaard-Pedersen, Plasma monocyte chemoattractant 

protein 1 is a marker for joint inflammation in rheumatoid arthritis. J Rheumatol, 2001. 

28(1): p. 41-6. 

253. Nepali, K., H.Y. Lee, and J.P. Liou, Nitro-Group-Containing Drugs. J Med Chem, 2019. 

62(6): p. 2851-2893. 

254. Karadag, F., et al., The value of C-reactive protein as a marker of systemic inflammation 

in stable chronic obstructive pulmonary disease. Eur J Intern Med, 2008. 19(2): p. 104-8. 

255. Bermudez, E.A., et al., Interrelationships among circulating interleukin-6, C-reactive 

protein, and traditional cardiovascular risk factors in women. Arterioscler Thromb Vasc 

Biol, 2002. 22(10): p. 1668-73. 

  



  106 

7.0 Appendix  

Review 

The Potential of Combining Tubulin-targeting Anticancer Therapeutics and Immune 

Therapy 

Alexis Fong 1,2,†, Amanda Durkin 1,2,† and Hoyun Lee 1,2,3,* 

1 Health Sciences North Research Institute, 56 Walford Road, Sudbury, ON P3E 2H3, Canada; 

afong@hsnri.ca (A.F.); adurkin@hsnri.ca (A.D.) 
2 Biomolecular Sciences, Laurentian University, 935 Ramsey Lake Road, Sudbury, ON P3E 

2C6, Canada 
3 Departments of Medicine, the Faculty of Medicine, the University of Ottawa, Ottawa, ON 

K1H 5M8, Canada 

* Correspondence: hlee@hsnri.ca 

† These authors contributed equally to this work. 

Received: 29 December 2018; Accepted: 28 January 2019; Published: 29 January 2019 

Abstract: Cancer immune therapy has recently shown tremendous promise to combat many 

different cancers. The microtubule is a well-defined and very effective cancer therapeutic target. 

Interestingly, several lines of evidence now suggest that microtubules are intimately connected 

to the body’s immune responses. This raises the possibility that the combination of microtubule 

inhibitors and immune therapy can be a highly effective option for cancer treatments. However, 

our understanding on this potentially important aspect is still very limited, due in part to the 

multifaceted nature of microtubule functions. Microtubules are not only involved in maintaining 

cell morphology, but also a variety of cellular processes, including the movement of secretory 

vesicles and organelles, intracellular macromolecular assembly, signaling pathways, and cell 

division. Microtubule inhibitors may be subdivided into two classes: Anti-depolymerization 

agents such as the taxane family, and anti-polymerization agents such as colchicine and vinka 

alkaloids. These two different classes may have different effects on immune cell subtypes. Anti-

depolymerization agents can not only induce NK cells, but also appear to inhibit T regulatory 

(Treg) cells. However, different inhibitors may have different functions even among the same 

class. For example, the docetaxel anti-depolymerization agent up-regulates cytotoxic T cells, 
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while paclitaxel down-regulates them. Certain anti-polymerization agents such as colchicine 

appear to down-regulate most immune cell types, while inducing dendritic cell maturation and 

increasing M1 macrophage population. In contrast, the vinblastine anti-polymerization agent 

activates many of these cell types, albeit down-regulating Treg cells. In this review, we focus on 

the various effects of tubulin inhibitors on the activities of the body’s immune system, in the hope 

of paving the way to develop an effective cancer therapy by combining tubulin-targeting 

anticancer agents and immune therapy. 

Keywords: microtubule inhibitors; immune therapy; chemotherapeutics; cell cycle 

dysregulation; immune cells; cytokines 

 

1.A Brief Overview of Microtubules in the Context of Mammalian Cell Cycle 
 

The cell division cycle is a series of events leading to the formation of two mitotic daughter 

cells with a complete set of the entire genome for each cell [1]. The cell cycle comprises two 

compartments: Interphase and mitotic (M) phases. The interphase, occupying approximately 22–

23 h of the typical 24 h cell cycle, can be further subdivided into G1 (gap1), S (synthesis), and G2 

(gap 2) phases [1]. Large part of the cellular contents are duplicated during G1; the complete and 

accurate duplication of the entire genome occur during S phase; and the duplicated genome 

undergoes a “verification” process in G2 [1]. When cells are not in an active proliferation state, 

they may be arrested at a resting stage called G0 phase for a prolonged period. M phase typically 

lasts only 1–2 h. Like interphase, M phase can also be subdivided into various stages. The first 

stage, termed prophase in mammalian cells, involves chromosome condensation, and nuclear 

membrane breakdown, followed by duplication and moving of the centrosome toward two poles, 

and mitotic spindle formation [2]. The microtubule plays an essential role in this stage, particularly 

for centrosome movement and spindle formation. The attachment of the microtubules at opposite 

spindle poles allows for the chromosomes to be pulled towards the ends at the subsequent stages. 

During the second stage, termed metaphase in mammalian cells, chromosomes are further 

condensed and aligned at the cell’s equator [2]. One of the most important cell division controls 

called spindle checkpoint operates during this cell cycle compartment. The third stage, anaphase, 

discerns the separation of the sister chromatids, which is the result of the degradation of securin 
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by separase and the shortening of microtubules [2]. The chromosomes migrate towards the spindle 

poles following their separation [2]. The final stage of mitosis, telophase, occurs when the 

chromosomes reach their respective poles, followed by cytokinesis. The optimal microtubule 

dynamics are critical for the smooth cell division process [3]. 

Microtubules are composed of heterodimeric chains of α-tubulin and β-tubulin molecules. 

There is a third subtype termed γ-tubulin in eukaryotes, which is needed for the nucleation of the 

α/β-tubulin polymerization [4]. The various interactions between the tubulin dimer in the 

microtubules are responsible for maintaining its tubular form as well as trafficking proteins and 

organelles [4]. While the microtubule is a key regulator of cell division, its dysregulation may 

contribute to the development of tumorous cells, as evidenced by the fact that the majority of tumor 

cells display aneuploidy [5]. Furthermore, tubulin mutations can also contribute to the 

development of chemo-resistance and tumor propagation through altered responses to cell 

microenvironment [5]. Some of these mutations have been identified through notable differences 

between tubulin isomers, tubulin post-translational modifications, and differences in the tubulin 

associated molecular patterns [5]. While a specific oncogenic tubulin isotype is yet to be 

discovered, many studies have shown that oncogenic pathways such as the AKT and ERK 

pathways function through the microtubule [6]. 

 

2. The Immune System as the Body’s Security Guard 
 

During oncogenic activation and the subsequent cellular proliferation stage, cancerous cells 

may be recognized and eliminated through the body’s immune system [7]. As more mutations 

accumulate, pathogenic cells including cancer cells may present more cell surface antigens which 

in turn activate different components of the immune system, ultimately leading to their demise by 

the immune system [8]. Unfortunately, some cancer cells may develop special mechanisms to 

exploit and overcome their elimination by the immune system [8]. The good news is that the 

immune system can activate different subsets of mediators, which are dependent upon the 

presentation of a primary tumor (initial tumor) or a secondary tumor (a new tumor derived from 

the primary tumor) [7]. Some of these key mediators include M1 macrophages, natural killer cells 

(NK), neutrophils, T cells, B cells, and dendritic cells, among others [9]. This aspect will be 

discussed in more detail below. 
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3. Tubulin Inhibitors Effectively Target Cycling Cancer Cells 
 

While the immune system alone may be able to eliminate highly proliferative metastatic tumor 

cells, this process can be more effectively achieved when combined with other therapies. There 

are many different anticancer agents targeting various components of cell regulation, especially 

the mitotic stage of tumor cell proliferation. Although the microtubule is an effective target at 

different stages of cell regulation, many microtubule inhibitors are especially effective at the 

mitotic stage. Agents targeting tubulin may be classified into two major classes: Anti-

depolymerization and anti-polymerization of the microtubule cytoskeleton (Figure 1). Among 

microtubule depolymerization inhibitors, taxanes are arguably the most effective compounds, and 

have been used effectively for the treatments of several different cancers [10]. The binding of a 

taxane compound to its binding-site inhibits the depolymerization of the microtubules, leading to 

mitotic arrest and eventual tumor cell death [11]. Paclitaxel, a first generation taxane, was initially 

isolated from the tree brevifoliaI and utilized to treat breast cancer [11]. For clinical administration 

of paclitaxel, nab-paclitaxel (nanoparticle albumin-bound paclitaxel) allows for a higher solubility 

of the drug, enhancing its delivery to patients [12]. Nab-paclitaxel also decreases the toxicity 

associated with paclitaxel delivery to patients [12]. Due to its high demand and scarcity of the 

natural sources, its semi-synthetic version docetaxel was developed [11]. Studies with tumor cell 

lines showed that docetaxel is a 1.3–12 fold more effective than paclitaxel [13,14]. Docetaxel, 

unlike paclitaxel, displays linear pharmacokinetics and is thus retained intracellularly for a longer 

period of time [15]. Compounds binding to the taxane-binding site may also inhibit the Bcl-2 gene 

activation (through phosphorylation), thus promoting apoptosis, in addition to stabilizing 

microtubules (Table 1) [16]. 

The second class of microtubule inhibitors works by inhibiting microtubule polymerization, 

which may be further divided into two subclasses based on their targets: The vinca-binding domain 

or the colchicine-binding domain. Vinca alkaloids, the prototype of the former subgroup, are 

originally from the periwinkle plant, Catharanthus roseus, and are often used to treat a variety of 

different neoplasms [17]. Contrary to taxanes, vinca alkaloids bind directly to the tubulin dimer, 

thus disrupting microtubule functions (Table 1) (Figure 1) [17]. As a result of the disruption, the 

mitotic spindle becomes defective, leading to a prolonged metaphase arrest [17]. Another 

difference is that vinca alkaloids bind rapidly to the tubulin in a reversible manner, while taxanes 

and colchicine site-binding compounds do not [18]. 
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Colchicine site-binding compounds are also important microtubule polymerization inhibitor. 

Colchicine alkaloids, originally derived from plant Autumn crocus, have been well-documented 

for their use for the treatments of gout, inflammation, and possibly cancer [19]. Similarly to vinca 

alkaloids, colchicine compounds bind to the colchicine-binding site on the β-tubulin, inhibiting 

microtubule polymerization and leading to a prolonged metaphase arrest (Table 1) [19]. Unlike 

vinca alkaloids, however, colchicine binds to the tubulin in a poorly reversible manner, leading to 

the prevention of microtubule polymer elongation [19]. Microtubule growth arrest or microtubule 

depolymerization are dose dependent with a higher dose causing the latter response [19]. 

 

Figure 1. Demonstrates how the tubulin inhibitors affect the microtubules by preventing 

depolymerization or polymerization. Panel left illustrates the effects of paclitaxel and 

docetaxel (depolymerization inhibitors), while panel right illustrates the effects of 

colchicine and vinblastine (polymerization inhibitors). 

Having briefly described the immune system and different roles of microtubule inhibitors, the 

current review aims to provide insights into microtubule inhibitors in the context of the body’s 

immune responses. We here describe how different “classes” of tubulin-targeting agents up-

regulate or down-regulate the immunomodulatory activity of T cells, NK cells, monocytes, and 

dendritic cells. There is an excellent possibility that the chemo-immuno combinational therapy can 

substantially improve the outcome of cancer treatments. To achieve this goal, it will be imperative 

to understand if and how anticancer chemotherapeutic agents affect the regulation of the body’s 

immune responses. 
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Table 1. Summary of well-known tubulin inhibitors. 

Microtubule 

Inhibitors 

Binding 

Domains 

Cancer 

Treatments 
Mode of Action References

Paclitaxel (nab-

paclitaxel) 

Taxane-

binding 

Breast, ovarian, 

prostate, lung 

Anti-microtubule 

depolymerization 

leading to mitotic arrest 

[12,20] 

Docetaxel 
Taxane-

binding 

Breast, non-small 

cell lung, androgen-

independent 

metastatic prostate 

cancer 

Anti-microtubule 

depolymerization, and 

attenuation of bcl-2 and 

bcl-xL gene expression 

[21,22] 

Colchicine * 
Colchicine-

binding 

Hepatocellular & 

prostate cancers 

Anti-microtubule 

polymerization. Cell 

cycle arrest in 

metaphase 

[19,23–25] 

Vinblastine 
Vinca-

binding 

Testicular, 

Hodgkins and non-

Hodgkins 

lymphoma, breast, 

& germ cell 

cancers. 

Induces wedge at 

tubulin interface 

causing tubulin self-

association into spiral 

aggregates. Anti-

microtubule 

polymerization, & cell 

cycle arrest in 

metaphase. 

[17,26] 

* Colchicine is often administered for the treatment of gout as it was FDA approved for 

this condition in 2009. While colchicine has not yet been approved for cancer treatment, 

it was shown to decrease cancer incidence in male gout patients [25]. 
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4. Regulation of T Cells 
 

T cells are the integral part of the immune system as they are responsible for cell-mediated 

immune reactions [27]. Naïve T cells are immunologically not active and can only differentiate 

into their effector states (CD4+ or CD8+) upon the recognition of foreign antigens presented by 

antigen presenting cells such as dendritic cells, macrophages, and B cells [27]. T cells can take on 

an activated phenotype of either CD4+ helper function or CD8+ cytotoxic capabilities [28]. 

CD8+ cytotoxic T cells are essential for providing protection against pathogens, as they can 

directly kill and remove pathogen-infected cells [27]. To kill an infected cell, a cytotoxic T cell 

may release perforin to create pores in the plasma membrane of the targeted cell, allowing 

proteases to enter the cell and promote its death [27]. Cytotoxic T cells can also induce apoptotic 

cell-killing by activating the caspase cascade in the target cell [27]. CD4+ T cells are involved in 

the adaptive immune response by becoming T helper cells upon stimulation by an APC (antigen 

presenting cell). The activated T helper cells then can stimulate B cells or cytotoxic T cells, while 

secreting cytokines and chemokines to activate neighboring cells. T helper cells are further divided 

into Th1 and Th2 cells according to the cytokines they produce [28]. Th1 cells secrete TNF-α and 

IFN-γ to activate macrophages and cytotoxic T cells, which promotes the killing of intracellular 

pathogens [27]. Th2 cells secrete several different cytokines including IL-4, IL-5, IL-10 and IL-

13 to help defend the body from extracellular pathogens [27]. The main effect of these interleukin 

cytokines is to stimulate B cells to create antibodies [27]. The antibodies would then bind to innate 

immune cells (i.e., mast cells, basophils, and eosinophils) to induce local mediators to fight off 

infection [27]. In addition to Th1 and Th2 subsets, there are other T helper cells that play an 

important role for immune responses, including Treg, Tfh, and Th17 cell types [28]. Treg cells 

may suppress the immune response by down-regulating the proliferation of T cells and their 

cytokine productions, which is important for the body to prevent the induction of autoimmune 

responses [29]. Treg cells are typically increased in the tumor microenvironment to inhibit the 

cytotoxic T cells from killing cancer cells, a typical mechanism of cancer cells evading the immune 

surveillance [30]. In general, T cells work to protect our bodies from infections and to eliminate 

foreign invaders by facilitating an effective immune response. 

5. Responses of T Cells to Microtubule Inhibitors 

The treatment of colchicine on healthy individuals results in the reduction of both T helper 

and cytotoxic T cell populations [31]. However, the exact mechanism of how this global decrease 
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in the overall T cell population by colchicine is unknown, although the down-regulation of cell 

division cycle could certainly be one reason. 

The effects of paclitaxel on T cells have been studied more in detail by several groups. For 

example, Vicari and colleagues demonstrated that paclitaxel substantially decreases the numbers 

of Treg cell numbers in the spleen of both normal and tumor-bearing mice [32]. Further 

investigation revealed that the level of FOXP3 expression was substantially decreased in Treg cells 

in response to paclitaxel, indicating a decrease in the inhibitory capacity of Treg cells [32]. As a 

result, Treg cell-mediated T cell proliferation was severely impaired [32]. Typically, the down-

regulation of Treg cells increases the CD8+ T effector cell population, due to a decrease in the 

Treg-mediated suppression of CD8+ cells [32]. Surprisingly, however, paclitaxel’s ability to 

decrease Treg cells did not result in an up-regulation of CD8+ T cell activities [32]. Paclitaxel 

actually down-regulates both Treg and CD8+ T cell subtypes, probably due to the toxic effects of 

paclitaxel on the cycling cells [32]. This indicates that paclitaxel does not promote immune 

responses, but suppresses overall T cell population and thus their activities. 

Mullins and colleagues investigated in a murine model whether paclitaxel-mediated 

immunosuppression on T cells can be reversed by IL-12 [33]. The authors found that the 

administration of exogenous IL-12 can not only overcome the paclitaxel-mediated suppression of 

CD4+ T cells, but actually promote cell proliferation [33]. This result suggests that, while 

paclitaxel alone reduces the T cell population, the combination of paclitaxel with IL-12 can have 

positive effects on T cell activities [33]. 

Li and colleagues (2014) found that docetaxel decreases Treg cells in patients with non-small 

cell lung cancer [34]. Similar to this study, Turk et al. (2004) found that docetaxel treatment 

resulted in the decrease of Treg cells in a mouse model, leading to an increase in cytotoxic T cells 

[30]. Thus, docetaxel has the potential of increasing its anti-tumor activity by promoting T cell-

mediated tumor cell killing, in addition to its direct tumor cytotoxicity. 

Similarly, vinblastine suppresses tumor-induced Treg cells [35]. In this case, the killing of the 

tumor cells appears to work by increasing the CD8+ T cell population, as vinblastine was not 

effective when CD8+ T cells were depleted in the host animals [35]. Therefore, vinblastine has the 

ability to selectively eliminate Treg cells, while not reducing the CD8+ T cell population. Thus, 

vinblastine can enhance the killing of cancerous cells by immune system [35]. 
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Taken together, certain tubulin-targeting anticancer agents have the potential of increasing 

their anti-tumor activities by down-regulating Treg cells (Figure 2). In most of these cases, the 

drugs selectively target the regulatory T cells while sparing/increasing the proliferation of 

cytotoxic T cells, allowing cytotoxic T cells to attack the cancer cells. Unfortunately, paclitaxel, 

one of the most commonly used tubulin-targeting agents, reduces both the Treg cells and the 

cytotoxic T cell populations. These aspects should be an important consideration for a combined 

cancer therapy with anti-microtubule agents and immunogenic therapeutic agents such as 

checkpoint blockades. 

 

Figure 2. Tubulin inhibitors and their effects on the various immune cell types. Green 

arrows indicate the ability of the drugs to induce activation and red arrows indicate the 

inhibition of that immune cell type. 
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6. Regulation of Monocytes 
 

Monocytes are a type of white blood cells, accounting for approximately 5% of the leukocytes 

in the body. They are found in circulating blood, bone marrow, and spleen [36,37]. Monocytes 

have many functions in the body, including maintaining homeostasis and assisting of immune 

defense and tissue repair [38]. As effector immune cells, monocytes circulate in the blood stream 

and migrate into specific sites if or when infections happen [36]. One major effector function of 

monocytes is to secrete inflammatory cytokines to combat foreign invaders/microbial infections 

[36]. Monocytes are often divided into three types based on the varying levels of CD14 and CD16 

surface markers [38]. A typical monocyte has a high expression level of CD14 and absence of 

CD16, while a non-classical monocyte has a low level of CD14 and no expression of CD16 [38]. 

The intermediate monocyte is identified by a high level of CD14 with a low level of CD16 [38]. 

The intermediate monocyte is thought to be a subpopulation of monocytes that act during 

reparative processes, as they have high levels of surface markers such as CXCR4 and vascular 

growth factor [39]. 

Monocytes are also capable of differentiating into dendritic cells or macrophages, especially 

in response to inflammation [36]. Macrophages are phagocytic cells that can detect and engulf 

foreign substances, pathogens, and cellular debris via phagocytosis [40]. Macrophages detect 

pathogens and help activate the adaptive immune system by presenting antigens, inducing the 

production of inflammatory cytokines [36]. Macrophages increase inflammation and stimulate the 

immune system. Interestingly, however, macrophages can also be anti-inflammatory, as described 

below. Macrophages that induce inflammation are referred to as M1 macrophages, while the M2 

macrophages decrease inflammation and promote tissue repair [40]. 

Monocytes and macrophages play an important role in the tumor microenvironment. Upon 

recruitment to tumors, monocytes may differentiate into tumor associated macrophages, which 

promote the initiation, progression, and metastasis of tumors [41]. Understanding the mechanism 

of how monocytes and macrophages behave in response to microtubule inhibitors is critically 

important, since relevant drugs may enhance or suppress the immune cell-mediated tumor cell 

killing. 

7. Responses of Monocytes and Macrophages to Microtubule Inhibitors 
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Manie and colleagues (1993) found that microtubule inhibitors promote the secretion of IL-1 

by human monocytes [42]. The authors also found that IL-1 expression by colchicine is due to the 

disruption of the microtubules, leading to the activation of protein kinase A [42]. The protein 

kinase A pathway is necessary but not sufficient to induce IL-1 production by disrupting the 

microtubules [42]. Unlike IL-1, the expression of IL-6 and TNF-α cytokines is not stimulated by 

colchicine [42]. 

A study carried out with mouse monocytes and macrophages revealed that colchicine could 

prevent monocyte proliferation and differentiation [43]. The authors found that the level of pro-

inflammatory M1 macrophages is up-regulated, while that of anti-inflammatory M2 macrophages 

is down-regulated in the presence of colchicine [43]. These data demonstrate that colchicine can 

simultaneously induce pro-inflammatory macrophages and prevents monocyte differentiation 

[43]. Thus, it is clear that the contradictory effects of colchicine on inflammation and immune 

system should be investigated further if we want to utilize a colchicine-immune combinational 

therapy. Similar to colchicine, docetaxel also appears to promote the differentiation of human 

monocytes into pro-inflammatory M1 type macrophages, while slightly decreasing the anti-

inflammatory M2 macrophages [44]. This is a contrast to paclitaxel, which does not alter the 

differentiation of M1 or M2 macrophages [44]. However, both of them do promote the activation 

of monocytes and macrophages in vitro [44]. Interestingly, the activation of monocytes by 

docetaxel may be relevant to its induction of IL-8 and IL-1β. The authors noted that paclitaxel can 

affect the levels of the cytokines only at a high concentration [44]. 

Taken together, colchicine effectively reduces monocytes, while inducing the pro-

inflammatory M1 macrophages. Docetaxel promotes the differentiation of monocytes into M1 

macrophages, whiles inducing cytokine secretion in monocytes. Paclitaxel appears to have no 

effect on the differentiation of monocytes and their cytokine secretion unless administered at a 

very high dose (Figure 2). Thus, different tubulin-targeting agents show different effects on 

immune responses. 

 

8. Regulation of NK Cells 
 

Natural killer cells, a specific type of lymphocyte, constitute an important component of anti-

tumoral immunity with their ability to secrete various cytokines and chemokines as well as 

displaying cytotoxic activity [45]. Mature NK cells, which comprise 10–15% of blood 
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lymphocytes, circulate through the blood stream to find and eliminate harmful foreign bodies [46]. 

Natural killer cells possess a specific phenotypic trait as they are all present with CD56 antigens 

on the cell surface [46]. Physiologically, NK cells produce IFN-γ, thus mediating adaptive immune 

responses as well as regulating antibody-dependent cytotoxicity through CD16 [46]. Natural killer 

cells also express receptors for MHC I molecules [45]. Importantly, NK cells have the ability to 

regulate a variety of cell types including dendritic cells, through the secretion of various cytokines 

[45,47]. 

Unlike T cells, NK cells do not require any previous stimulation or an adaptive immune 

response to elicit its killing properties [47]. NK cells possess only limited clonal expansion, which 

may be useful in limiting the quantity of cytokines being released in circulation [47]. In the tumor 

microenvironment, however, NK cell (like T cells) are subjected to the down-regulation of their 

receptor as a mean to circumvent their cytokine release during neoplasm development [47]. 

Historically, NK cells have been examined to prevent metastases without much success, even at a 

very high activity. This failure led to the hypothesis that NK cells do not play any major role in 

defense against tumors that do not circulate through the blood stream [48]. Activated NK cells, 

found in well-vascularized tumor microenvironments, are dependent upon the stimulation of IL-2 

or IL-15 [48]. This stimulation allows NK cells to survive, proliferate, and maintain functional 

activity. Without continuous stimulation, NK cells may begin to undergo apoptosis by 24 h [48]. 

Provided there is sufficient IL-mediated stimulation, NK cells can target cancerous cells through 

the activation of the NKp46 receptor. This allows the induction of IFN-γ, which leads to the 

expression of fibronectin [49]. Glasner et al. showed that Ncr1-l (mouse equivalent to NKp46) 

knock-out mice have increased neoplastic potential, although it did not affect primary tumor 

growth [49]. 

 

9. Responses of NK Cells to Microtubule Inhibitors 
 

Kubo et al. showed that clinically relevant concentrations (nanomolar range) of paclitaxel 

substantially increase the NK cell-mediated cytotoxicity against the BT-474 breast 

adenocarcinoma cells [50]. The same study also showed that paclitaxel induces the activation of 

NF-κB while increasing the production of perforin, a key molecule of NK cell-mediated 

cytotoxicity [50]. Di Modica and colleagues examined the expression of various ligands in the BT-

474 and MDA-MB361 breast carcinoma cells treated with 100 nM of docetaxel [51]. In this study, 
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the authors found substantially increased expression of NKG2D, an important regulator of NK cell 

activation [51]. The authors also found that there is no phenotypic difference between NK cells in 

a pre-clinical mouse model before and after docetaxel treatment [51]. In contrast, 10 μg/mL of 

paclitaxel inhibited cytotoxicity against both NK cell-sensitive (K562 ovarian cells ) and NK cell-

resistant (OV-2774) cell lines [52]. 

While certain taxanes enhanced NK cell activity, the same cannot be said about colchicine 

(see Figure 2). In a study conducted in 2013, Orange and colleagues did not find that colchicine 

has any substantial effects on the activity of human NK cells, although they show unusual 

morphology (e.g., bubbly appearance) in response to colchicine [53]. Katz et al. showed somewhat 

different results as they demonstrated that colchicine actually inhibits the cytotoxic effects of 

human NK cells [54]. A few other studies showed that colchicine does not have an effect on 

adhesion or synapsis formation of human NK cells [55]. Davis and his group determined that NK 

cell synapse formation is not compromised in the presence of colchicine in a human cell model 

[56]. The degranulation of human NK cells was increased four-fold in response to a low dose (0.1 

μM) colchicine when compared to a high dose (10 μM of colchicine) [57]. This increase in 

degranulation of NK cells leads to the release of cytolytic granules, an important prerequisite for 

the NK cell-mediated cytotoxicity [57]. 

The effects of vinblastine on NK cells are somewhat controversial. Carpén and colleagues 

reported that, unlike colchicine and taxanes, vinblastine does not impede human NK cell function 

[58]. In contrast, the Markasz group found that vinblastine inhibits human NK cell-mediated 

tumor-cell killing, without causing changes in cellular morphology [46]. Further, these authors 

found that other members of the vinca alkaloid group including vincristine and vinorelbine also 

inhibit NK cell-mediated tumor-cell killing, albeit less effective than vinblastine [46]. Studying 

with a pre-clinical mouse model, the Kang group found that vinblastine can enhance or suppress 

the NK cell activity, depending on the doses used: 1–10 µg (per kg of body weight) enhanced NK 

cytotoxic activity, while 0.1 µg suppressed it [59]. Clearly, further research is required to sort out 

this controversy and confusion associated with the vinca alkaloid group on NK cell activities. 

 

10. Regulation of Dendritic Cells 
 

Dendritic cells are the only APC with the ability to stimulate naïve T cells, through which they 

can activate primary immune responses [60]. Dendritic cells are differentiated from a diverse 
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lineage, and are found in small populations dispersed in various locations in the body, most 

commonly in the lymphatic regions [60]. Dendritic cells have an efficient mechanism to stimulate 

naïve T cells [60]. To activate T cells, dendritic cells require co-stimulators such as CD40, CD80, 

and CD86 [60]. While naïve T cells are the primary cell population modulated by dendritic cells, 

memory T cells are also effectively stimulated by them [60]. In addition, dendritic cells are 

important cytokine producers, ultimately helping to elicit immune responses. 

Comparative phenotypic studies have revealed that dendritic cells are derived predominantly 

from myeloid or plasmacytoid cells [61]. Myeloid dendritic cells express CD11b, CD11c, CD13, 

and CD33 cell surface antigens, while plasmacytoid dendritic cells express CD123, CD303, and 

CD304 antigens [61]. 

Dendritic cells are present in the tumor microenvironment (TME), where they can interact 

with antigens present on dead tumor cells or nibble at living tumor cells, leading to the activation 

of T cells [62]. However, tumor cells have the ability of preventing antigen presentation through 

various mechanisms. First, tumors can alter the typical differentiation process of monocytes by 

differentiating them to macrophages, rather than to dendritic cells, thus preventing the activation 

of tumor-specific T cells [62]. Tumors can also impede dendritic cell maturation through the 

secretion of IL-10 [62]. A recent study demonstrated that the infiltration of CD103+CD11b 

dendritic cells inhibit IL-12 expression through IL-10 secretion in a breast cancer model [63]. As 

a result, antigen-specific T cell responses may be hindered. Tumor derived factors can also impede 

dendritic cell maturation [62]. Aspord et al. showed that TSLP, a cytokine and tumor derived 

factor, induces the expression of OX40 ligand in dendritic cells, resulting in the T-helper cells 

accelerating tumor development through the release of IL-4 and IL-13 [64]. These interleukins 

play a critical role in abrogating tumor cell apoptosis and promoting tumor cell proliferation [64]. 

One of the major mechanisms by which dendritic cells are impaired during anti-tumor immunity 

is the result of lipid accumulation in dendritic cells [63]. Dendritic cells with elevated lipid content 

are not able to effectively stimulate T cells or display tumor associated antigens [65]. 

 

11. Responses of Dendritic Cells to Microtubule Inhibitors 
 

While paclitaxel is often used to treat breast, ovarian, and prostate cancers, its high doses have 

been shown to be immunosuppressive. Ferrari and colleagues demonstrated that cytotoxic levels 

of paclitaxel on dendritic cells can lead to a decrease in dendritic cell mobilization [65]. However, 
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low doses of paclitaxel (200 mg per m2 body) seem to enhance the immunostimulatory activity of 

dendritic cells [66]. Paclitaxel also interacts with TLR-4 (an LPS receptor) in a murine model, thus 

positively effecting cell maturation and promoting an immune response [67]. John et al. 

demonstrated that there is a dose-dependent relationship between dendritic cell proliferation and 

the subsequent T-cell activation when treated with paclitaxel [68]. They found that cytokine gene 

expression was down-regulated and chemokine secretion was lacking in dendritic cells treated with 

paclitaxel, the latter may suggest a decrease in dendritic cell migration in the lymphatic system 

[69]. 

Wen et al. demonstrated the importance of functional microtubules for antigen processing by 

dendritic cells [69]. For example, colchicine was found to promote dendritic cell maturation and 

antigen-cross presentation [69]. Consistent, the treatment of B16F10 mouse melanoma cells with 

2.5 μM colchicine elicited responses of CD4+ and CD8+ T cells [69]. The treatment also induced 

the expression of damage-associated molecular patterns and tumor-associated antigens [69]. 

Mizumuto, et al. demonstrated that the expression of MHC II markers was markedly increased 

following treatment with colchicine in the CD34+ murine progenitor cells [70]. The CD40, CD80 

and CD86 co-stimulatory molecules are also up-regulated in response to colchicine [70]. 

Furthermore, this group also found that dendritic cells treated with colchicine show elevated levels 

of IL-6, IL-8 and macrophage inflammatory proteins (namely 1α and 3α), without showing the 

expression of TNF-α [70]. The study also demonstrated an increase in the uptake of FITC-DX, 

indicating an increase in endocytotic activity in dendritic cells treated with colchicine [70]. 

Similarly to colchicine, vinblastine induces dendritic cell maturation [71] (Figure 2). 

Furthermore, vinblastine also inhibits suppressor T cells in tumor microenvironment of a mouse 

model [71]. Tanaka et al. found that the treatment of mouse bone marrow (BM) derived dendritic 

cells with vinblastine (ranging from 0.1 to 1.0 μM) leads to increases in the levels of IL-12, IL-6, 

and IL1-β cytokines as well as CD40, CD80, and CD86 co-stimulatory molecules [72]. In addition, 

the same treatment of dendritic cells also leads to an increase in the level of MHC II, and 

consequently, an increase in T-cell stimulatory activity [72]. The authors further alluded to the 

mechanism by which vinblastine could potentiate dendritic cell maturation, leading them to 

conclude that there are direct and indirect mechanisms involved in the maturation process in 

response to vinblastine. The latter may occur through a secondary activation of BM-DC in 

vinblastine pre-treated cells [72]. Similarly to colchicine treatment, the administration of 
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vinblastine augments the endocytotic capability of dendritic cells, but to a greater extent than 

colchicine [72]. Most of the pre-clinical studies investigating the effects of tubulin-targeting agents 

demonstrated that they can induce dendritic cells activity, as illustrated in Figure 2. 

 

12. The Art of Combining Tubulin Inhibitors and Immunotherapy 
 

Historically, much effort has been undertaken into understanding the roles and impacts of 

various tubulin-targeting agents in the context of cancer treatments. However, targeting tubulin 

alone shows only limited success. Many studies have shown the potential benefits of combination 

of anti-microtubule agents with other therapeutics, especially with immunotherapy [73,74]. 

Immunological therapeutics such as checkpoint blockades show tremendous potential for the 

control of tumors. However, immunotherapy alone is thus far more effective for only relatively 

small subpopulations of patients for certain types of cancer [73]. Under normal physiological 

conditions, immune checkpoints prevent autoimmunity by inhibiting dendritic cell activation of T 

cells [74,75]. Immune checkpoints may also act by causing T cell exhaustion at sites of 

inflammation [74,75]. In a way, tumor cells cleverly use this physiological phenomenon to protect 

them from immune surveillance mechanisms. 

Essentially, all of the currently available checkpoint blockades are monoclonal antibodies that 

can expose tumor cells to the T cell-based immune surveillance mechanism [75]. By enhancing or 

eliciting immune responses that are often down-regulated in cancerous cells, tumor cells can be 

selectively eliminated. However, for one reason or another, this seemingly straight forward 

mechanism does not always work. A promising new approach may be a chemo-immuno 

combinational approach. There are currently >200 clinical trials involving immune checkpoint 

inhibitors in conjunction with chemotherapy [74]. 

Pembrolizumab and nivolumab are common checkpoint inhibitors used to treat non-small cell 

lung cancer (NSCLC). Numerous clinical trials demonstrate the combination of tubulin inhibitors 

with the previously stated checkpoint inhibitors for the treatment of non-small-cell lung cancer 

[76–78]. One clinical study completed by Gadgeel and colleagues, concluded that the combination 

of pembrolizumab with paclitaxel and carboplatin is feasible and yielded clinically significant 

positive results regardless of pembrolizumab dose or PD-L1 status in NSCLC patients [78]. This 

is one of many clinical trial studies that demonstrates the importance and clinical impact of 

combining tubulin inhibitors with immunotherapies for the treatment of cancer. 
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13. Concluding Remarks 
 

As reviewed above, the combination of tubulin-targeting anticancer agents and immune 

therapy appears to be especially promising, as several lines of evidence suggest that agents 

functioning as anti-polymerization and anti-depolymerization of microtubules can enhance the 

body’s immune response. The next logical step would be a better understanding of the molecular 

mechanism about how different tubulin-targeting agents can enhance different immunotherapeutic 

agents in various tumor environments. Undoubtedly, this knowledge will eventually bring about 

highly effective cancer therapies in individual patients. 
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