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ABSTRACT 

Title of Dissertation:  Celastrol Limits Autoimmune Arthritis by Reducing Th17 

and Promoting Treg Cells in Inflamed Joints 

Brian Calvin Astry, Doctor of Philosophy, 2014  

Dissertation Directed By:  Dr. Kamal D. Moudgil, M.D., Ph.D.  

Department of Microbiology and Immunology 

Rheumatoid arthritis (RA) is an autoimmune disease characterized by synovial 

inflammation leading to bone and cartilage damage in the joints. Th17 cells play a vital 

role in arthritis induction and progression. However, there is limited information about 

the relative proportion of Th17 and regulatory cells (Treg) in the target organ, the 

inflamed joint. We determined the frequency of Th17 and Treg in the joints of rats with 

adjuvant arthritis (AA), an experimental model of human RA. We also investigated the 

impact of Celastrol, a bioactive component of the traditional Chinese medicine Celastrus 

aculeatus, on the Th17/Treg balance in the synovial-infiltrating cells (SIC) of arthritic 

rats. Lewis rats were treated either with Celastrol or the vehicle daily for 9 d beginning at 

the onset of AA. The severity of arthritis was assessed clinically and histologically, and 

the SIC were examined by flow cytometry. Celastrol treatment reduced Th17 cells, but 

increased Treg in the SIC. The in vitro assay for T cell differentiation in the presence of 

specific cytokines revealed that Celastrol inhibited Th17, but promoted Treg 

differentiation by blocking the activation of pSTAT3 (T cell-intrinsic effect). Further, 

Celastrol limited the production of primary Th17-differentiating cytokines (IL-6 and IL-

1β), pro-inflammatory chemokines (CCL3 and CCL5), and stimulatory receptors (MHCII 



 
 

and CD80) on spleen adherent cells and SIC. These T cell-extrinsic effects comprise 

additional anti-arthritic mechanisms of action of Celastrol. Our results support the 

rationale for testing Celastrol as a potential adjunct/alternative to conventional drugs for 

the treatment of human RA. 
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Chapter 1 

1. INTRODUCTION 

Rheumatoid Arthritis 

Rheumatoid arthritis (RA) is a chronic autoimmune disease of unknown etiology 

characterized by inflammation of the synovial lining leading to inflammatory cell 

infiltration into the synovium, angiogenesis, and pannus formation (cellular infiltration 

into hyperplastic, vascularized synovium). RA affects about 1% of the world’s 

population, and women are affected approximately three times more often than men. 

Untreated RA progresses to bone and cartilage damage in the joints leading to 

deformities and disability. Abnormalities in the cellular and humoral immune response 

lead to the generation of antibodies such as rheumatoid factor (RF) and antibodies against 

citrullinated proteins (ACPA). In arthritis, leukocytes infiltrate the synovial membrane 

and the synovial fluid leading to synovitis. The T cells accumulate in the synovium, while 

neutrophils enter the synovial fluid. The synovial lining becomes thickened due to 

invasion of macrophages and proliferation of the synovial fibroblasts (synoviocytes). 

Originally considered to be a Th1 disease, more recently attention has been put on Th17 

cells. The Th17 produces both interleukin (IL)-17A (IL-17) and tumor necrosis factor α 

(TNFα) and together these cytokines promote activation of fibroblasts and chondrocytes 

(Shahrara et al., 2008a). In addition, the expression of IL-17RA on many cells involved 

with RA inflammation (fibroblasts, endothelial cells, and neutrophils) suggests that it 

plays an important role in progressing arthritic inflammation (Kolls and Linden, 2004). B 

cells are also found in the synovium. Synovial B cells localize in T – B cell aggregates 

leading to the formation of some lymphoid follicles, where they produce autoantibodies 

and cytokines that perpetuate inflammation (Choy, 2012). The innate immune system 
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plays an important role as well. The production of pro-inflammatory cytokines and 

antigen presentation by macrophages, and reactive oxygen species (ROS) and proteases 

by neutrophils all feed into the inflammation of RA (McInnes and Schett, 2011) (Figure 

1).  

RA involves interplay between genetic and environmental factors. Genome-wide 

analyses have identified several genes that predispose patients to RA development. The 

first and most common gene is the human leukocyte antigen (HLA)-DRB1. Patients that 

are found to test positive for ACPA have been shown to have a specific epitope in HLA-

DRB1 termed the shared epitope (Gregersen et al., 1987). Studies in mice have shown 

that HLA-DRB1 with the shared epitope will preferentially polarize T cells into T helper 

17 cells (Th17) and inhibit T regulatory cells (Treg) (De Almeida et al., 2010). Other 

genes with single-nucleotide polymorphisms that confer susceptibility include T and B 

cell activation pathways (T cell, PTPN22; B cell, BLK) costimulatory receptors (CD28 

and CD40), and T regulatory cell associated genes (CTLA4 and IL-2RA) (Kurko et al., 

2013). Infectious microbes (Epstein-Barr virus, Human herpes virus-6, etc.) have long 

been linked to RA(Alvarez-Lafuente et al., 2005; Costenbader and Karlson, 2006). The 

mechanisms remain unknown, but molecular mimicry with foreign proteins (e.g., heat-

shock proteins) or the formation of immune complexes during infection has been 

hypothesized to be a trigger (Kamphuis et al., 2005; McInnes and Schett, 2011). 

The precise autoantigens that initiate the pathogenic autoimmune response in RA 

are not yet defined. Type II collagen, heat-shock proteins (Hsps), cartilage glycoprotein 

39, glucose-6 phosphate isomerase (GPI), and Binding immunoglobulin protein (BiP) are 

some of the proteins to which RA patients have been shown to develop a T cell response. 
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In addition, several citrullinated proteins have been identified as humoral targets 

including: α-enolase, keratin, fibrinogen, fibronectin, collagen, and vimentin(McInnes 

and Schett, 2011). Citrullination occurs when peptidyl arginine deiminase, type IV 

(PADI4) is activated by anti-PAD4 autoantibodies (Darrah et al., 2013) causing a 

conversion of arginine to citrulline. This causes self-proteins to be viewed as foreign by 

the immune system. PAD-4 autoantibodies correlate with increased RA severity (Harris 

et al., 2008). 

If RA is left untreated, inflammation can induce bone damage as the two 

processes are linked via common mediators. These mediators include receptor activator 

of NF-B ligand (RANKL) and its receptor RANK, pro-inflammatory cytokines (e.g., 

TNFα, IL-1β, IL-6, IL-17, and IL-18), and matrix-degrading enzymes (e.g., matrix 

metalloproteinases; MMPs). Osteoclasts, a myeloid lineage cell, can be activated by 

proinflammatory cytokines and/or RANKL initiating bone resorption by releasing 

catalytic enzymes like cathepsin K (Cat K) and MMPs (Nanjundaiah et al., 2013). 
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Figure 1. Stages of the development of RA 

Panel (A) identifies the induction phase when the innate immune system is activated by 

an unknown event and antigen. Autoantigens are citrullinated, and  then presented by 

activated APCs. This leads to the inflammation phase (B) in which APCs activate T and 

B cells. Treg cells are unable to control this phase of the disease (C) Pro-inflammatory 

cytokines and antibodies against citrullinated autoantigens help perpetuate inflammation 

in the joint leading to epitope spreading. (D) Cytokines produced by activated T cells, 

TNFα, and IL-17 activate synovial cells, including osteoclasts, leading to bone and 

cartilage degradation.  

Reprinted by permission from Macmillan Publishers Ltd: [Nature Reviews 

Rheumatology] Burmester GR, Feist E, Dörner T. Emerging cell and cytokine targets in 

rheumatoid arthritis. Nat Rev Rheumatol. 10(2):77-88 copyright 2014 
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Adjuvant-induced arthritis  

Adjuvant-induced arthritis (AA) in the rat is a well-studied model of human RA 

(Pearson, 1956; Taurog et al., 1988). It can be induced in inbred Lewis rat (LEW) (RT.11) 

by s.c. immunization with heat-killed M. tuberculosis H37Ra (Mtb) suspended in mineral 

oil/mannide monooleate. AA is a T cell-mediated disease. Interestingly, immune 

response against mycobacterial heat-shock protein 65 (Bhsp65) has been implicated in 

the immunopathogenesis of AA (Anderton et al., 1995; Cohen, 1991; Moudgil et al., 

1997; van Eden et al., 1988). Given the highly conserved nature of heat-shock proteins 

(Hsps), the T cells and antibodies directed against Bhsp65 are cross-reactive with self 

hsp65 or other self-ligands that mimic the foreign hsp65 epitopes (Durai et al., 2004; 

Ulmansky et al., 2002).  

The disease manifests as a polyarthritis affecting primarily the ankles, wrists and 

smaller joints including interphalangeal joints. The primary lesion is synovitis and 

periarthritis followed by pannus formation, destruction of cartilage and bone, and finally 

ankylosis (Waksman, 2002). Lesions appear in the ankles, wrists, fore paws, and hind 

paws 8-10 days post immunization with Mtb (Figure 2). Calcification of the joint 

components occurs around 10 days after the start of inflammation in the ankles 

coinciding with the peak of AA. After recovery from AA, rats are partially or completely 

protected from subsequent re-induction of AA by Mtb injection. 

The pathogenesis of AA is believed to be mediated mainly by pro-inflammatory 

CD4+ T cells. It has been shown that AA can be passively transferred to naïve rats by 

Mtb-primed lymphocytes from arthritic rats (Waksman and Wennersten, 1963). 

Furthermore, when the draining lymph nodes were removed within 5 days post 
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immunization with Mtb, the rats failed to develop the disease (Newbould, 1964). 

However, when concanavalin A (ConA)-stimulated T cells from Mtb-immunized rats 

were adoptively transferred, AA was induced in the recipient rat (Taurog et al., 1983). 

The in vivo depletion of CD4+ T cells using an anti-CD4 monoclonal antibody (mAB) 

caused a reduction in disease and caused the rats to remain resistant to AA induction by 

rechallenge with Mtb after the CD4+ T cell population had recovered (Billingham et al., 

1990). The depletion of CD8+ T cells did not have any effect on disease induction or 

severity indicating that AA is a CD4+ mediated disease.   

The cytokines IL-17 and IL-6 are expressed in the lymph nodes early and 

throughout the peak phase of disease (Rajaiah et al., 2011; Szekanecz et al., 2000) along 

with macrophage-produced cytokines/chemokines IL-1β and macrophage inflammatory 

protein 1α (MIP-1α). In the later stages of the disease IFNγ, IL-4 and TGFβ are elevated 

(Bush et al., 2001; Rajaiah et al., 2011) (Table 1). These cytokines will be discussed more 

in later sections. 
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Figure 2. The clinical course of adjuvant arthritis (AA) in the LEW rat. 

A group of LEW rats were immunized s.c. at the base of the tail with Mtb. After the 

injection, these rats were scored regularly for clinical signs of arthritis as described under 

Materials and Methods. AA in the Lewis rat, induced following immunization with Mtb, 

displays distinct phases of the disease. These phases include incubation, onset, peak and 

regression. The representative pictures shown are of LEW rat hind paws of a normal rat 

and s rat with severe disease on d 18 post immunization.  
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Table 1. The dynamics of cytokine expression during the course of adjuvant 

arthritis. 

Pro-inflammatory cytokines play a vital role in the initiation and progression of arthritis, 

whereas anti-inflammatory cytokines facilitate regression of inflammatory arthritis. The 

levels of cytokines represented by the number of triangles are relative to each phase for 

that particular cytokine based on a review of the literature. (Mtb= heat-killed M. 

tuberculosis H37Ra) 

 

Subsets of T helper cells and regulatory T cells involved in the pathogenesis of 

autoimmunity 

T helper cells 

AA is a T cell mediated disease (Astry et al., 2011) similar to the human disease, 

RA (Cope, 2008). The CD4+ helper T cells play an important role in the initiation and 

progression of acute inflammation in situations involving immune response to self 

(autoimmunity) or foreign (e.g., infectious disease) antigens. The cytokines produced by 

these cells help to facilitate the activation and chemotactic migration of other cell types to 

the site of inflammation. The most widely studied helper CD4+ T cell types are the T 

helper 1 (Th1), Th2, and Th17. The cytokines produced by dendritic cells (DC) during an 
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immune response are among the important factors that dictate the differentiation of T 

helper progenitor cells into specific subsets (Liew, 2002) (Figure 3). For example, when 

activated DCs and macrophages produce IL-12, it activates the ‘signal transducer and 

activator of transcription’ (STAT) 4 pathway leading to the upregulation of the 

transcription factor ‘T-box expressed in T cells’ (T-bet). T-bet drives Th1 cell 

differentiation resulting in upregulation of interferon (IFN)γ and downregulation of  

‘GATA binding protein 3’ (GATA3) and IL-4 (Liew, 2002; Seder et al., 1993). The Th1 

cell produces IFNγ and promotes cellular immune responses. In contrast, IL-4 signaling 

through STAT6 leads to Th2 differentiation, upregulation of GATA3, and 

downregulation of IFNγ (Hsieh et al., 1992).  

The Th1- Th2 paradigm, which had been used as a framework to characterize 

human diseases, was expanded and revised with the discovery of IL-23, which shares the 

p40 subunit with IL-12 and thereby, was responsible for many of the immune effects that 

had previously been attributed to IL-12, or the lack of it (Cua et al., 2003). In addition, 

newer cytokines (e.g., IL-17, IL-21, and IL-22) associated with inflammation were 

described, which helped identify additional families of T helper cells such as Th17 and 

Th22 (Astry et al., 2011). It has now been shown Th17 cells are involved in many 

autoimmune diseases once thought to be primarily Th1-driven, including RA (Peck and 

Mellins, 2009). The Th17 cells produce IL-17, IL-21, IL-22, and IL-23 and play a role in 

RA and mucosal immunity (Lubberts, 2010). In mice, the Th17 cells differentiate from 

naïve T cells in the presence of transforming growth factor (TGF) β and IL-6. This 

process involves signaling through STAT3 and increased expression of the transcription 

factor ‘retinoic acid receptor-related orphan receptor gamma t’ (RORγt) (Bettelli et al., 
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2006). STAT3 has proven to be crucial for mouse and human Th17 differentiation as IL-

21 and IL-23 also signal through STAT3. However, in the absence of IL-6, TGF-beta 

drives  T cells to preferentially differentiate into Forkhead box p 3 (Foxp3)-expressing 

CD4+CD25+ Treg cells, indicating that IL-6 and STAT3 signaling is a regulator of the 

balance between Th17 and Treg (Korn et al., 2007). CD25 is the IL-2 receptor alpha 

chain and together, the IL-2R signals through STAT5, which has been shown in mice to 

directly inhibit STAT3 activation of Th17-mediated genes (Yang et al., 2011). 

 

Th17 Cells 

Th17 cells were first discovered when genetic deficiencies of Th1 molecules such 

as IL-12p35, IL-12Rb2, STAT-1 and IFN-cR did not limit experimental autoimmune 

encephalitis (EAE) in mice, but rather enhanced it. This led to the discovery of the p19 

subunit and IL-23 (McGeachy and Cua, 2008). Further experiments identified an increase 

in IL-17 producing T cells (Th17) with the presence of IL-23 (Aggarwal et al., 2003). 

The detection of Th17 in autoimmune arthritis (Kotake et al., 1999) and EAE (Lock et 

al., 2002) led to the identification of Th17 cells as a major player in autoimmune 

inflammation.   

The natural role of Th17 cells is to direct immune responses against intracellular 

and extracellular bacteria, and fungi. IL-17A and IL-17F produced by Th17 cells aid the 

migration of neutrophils and other myeloid cells to sites of infection by inducing the 

production of chemokines (e.g. IL-8) (Luzza et al., 2000). It has been shown that 

mycobacteria and Pneumocystis carinii induce IL-23 production by infected APCs. 

Knocking out p19-IL-23 or neutralizing IL-17 prevents clearance of P. carinii supporting 
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the role of Th17 cells in anti-fungal immune response (Rudner et al., 2007). In addition, 

Staphylococcus aureus clearance in the nasal mucosa has been shown to be Th17 

dependent and mediated via IL-17A production and neutrophil influx (Archer et al., 

2013). 

Th17 cells as described above are differentiated in mice with IL-6 and TGFβ. 

Although not as strong of an effect, IL-21 in conjunction with TGFβ can also 

differentiate Th17 cells. A low dose of TGFβ synergizes with IL-6 and IL-21 to induce 

Th17 generation (Ivanov et al., 2006). IL-6R, IL-21R, and IL-23, which helps expand and 

maintain the Th17 lineage, signal through STAT3 indicating an important role for 

STAT3 signaling in mouse Th17 cells. In humans, Th17 differentiation occurs when IL-

1β is paired with either IL-6 or IL-23 (Acosta-Rodriguez et al., 2007; Wilson et al., 

2007). It was later shown that this type of differentiation occurs in CD4+CD25+CD62L-

CD45RA- (T central memory cells), but that IL-21 and TGFβ combine to differentiate 

CD4+CD25+CD62L-CD45RA+ naïve cells into Th17 cells (Yang et al., 2008). 

Regardless of the cytokine combination, the importance of STAT3 signaling in Th17 

development is again highlighted in human T cells. The necessity of TGFβ is less clear. 

However, in mice, high doses of TGFβ inhibit IL-23R expression while helping to 

increase Foxp3 expression, favoring the generation of Treg cells (Zhou et al., 2008). This 

illustrates a reciprocal correlation between the inflammatory Th17 cells and the 

protective Treg cells. 
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Regulatory T cells 

The CD4+CD25+Foxp3+ regulatory T cells (Treg) were first identified by 

Sakaguchi et al when they showed that adoptive transfer of CD4+CD25- T cells to T cell-

deficient mice resulted in autoimmune disease development. This can then be prevented 

by co-transfer of CD4+CD25+ T cells (Sakaguchi et al., 1995). These cells can either 

differentiate naturally in the thymus (nTreg) or be induced in the periphery in response to 

antigen exposure and termed inducible Treg (iTreg) (Bluestone and Abbas, 2003). It has 

recently been proposed that Tregs should now be referred to as thymic Tregs (tTreg) and 

peripheral Treg (pTreg) (Abbas et al., 2013). Foxp3 is the master transcriptional regulator 

of Treg cells. Loss of function mutations in Foxp3 lead to generation of spontaneous 

autoimmune disease in both animal models and in humans. In humans, this is classified 

called immunodysregulation polyendocrinopathy enteropathy X-linked (IPEX) 

syndrome. Moreover, ectopic retroviral transduction of the Foxp3 gene in CD25-CD4+ T 

cells can convert them to CD25+CD4+ Treg-like cells that can suppress proliferation of 

other T cells in vitro and inhibit the development of autoimmune disease produced by 

Treg depletion (Fontenot et al., 2003). 

The differentiation of Treg requires TGFβ (Chen et al., 2003).  TGFβ signals 

through the TGFβ-R and SMAD proteins leading to Foxp3 expression. IL-2 has been 

shown to be indispensable for both Treg proliferation and differentiation (Thornton et al., 

2004). IL-2 signals through the IL-2R and STAT5 to induce and maintain Foxp3 

expression. This was first evident in IL-2 treatment in cancer patients that resulted in an 

increase in Treg cells, followed by a decrease of Treg cells when IL-2 treatment was 
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terminated (Wei et al., 2007). Once the Treg cell differentiates, it up-regulates the 

expression of CD25 and CTLA4, but down-regulates CD127 (Rudensky, 2011). 

Treg cells suppress effector cells through a number of secreted and surface 

expressed proteins. Evidence supports three main mechanisms of suppression: cell-cell 

contact, anti-inflammatory cytokine suppression, and as a “cytokine sink.” First, Treg 

cells express CTLA-4, which, in mice, has the ability to trans-endocytose CD80/CD86 

from DC (Qureshi et al., 2011). This prevents DCs from activating and expanding the 

effector T cell population. The next mechanism of Tregs is the production of anti-

inflammatory cytokines (e.g. IL-10, IL-35, and TGFβ) (Collison et al., 2009; Rubtsov et 

al., 2008). Finally, high-level IL-2R expression on Treg cells may deprive effector T cells 

of IL-2 and inhibit their proliferation and induce apoptosis (Josefowicz et al., 2012; 

Pandiyan et al., 2007). The balance between the effector T cells and the regulatory T cells 

determines whether or not autoreactive cells cause an autoimmune response. 
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Figure 3. Cytokines and transcription factors regulating T helper cell 

differentiation.  

The cytokine environment plays a major role in determining the differentiation, lineage 

commitment, and cytokine profile of a CD4+ T cell. IL-12 signals through STAT4 and 

activates the production of IFNγ, which signals through STAT1, leading to the expression 

of T-bet. T-bet produces more IFNγ, increases expression of IL-12Rβ2, and inhibits IL-4 

production. In contrast, IL-4 signals through STAT6, increasing the expression of 

GATA-3, which leads to increased IL-4 and reduced IFNγ production. In mice, IL-6 

signals through STAT3 and synergizes with TGFβ, signaling through SMAD2/3, which 

leads to RORγt expression. IL-6R signaling blocks the expression of Foxp3. In contrast, 

TGFβ alone or in conjunction with IL-2, signaling through STAT5, leads to expression of 

Foxp3 and blocking of RORγt expression. 
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The effector functions of the cytokines that play a key role in arthritis pathogenesis 

In RA and animal models of arthritis, inflammatory cytokines play a pivotal role 

in driving the disease process (Table 2). Accordingly, biologics targeting these cytokines 

are being used for the treatment of arthritis. In this regard, the cytokines that have been 

studied extensively are TNFα, IL-1β, and IL-6 (Brennan and McInnes, 2008).  

TNFα has been at the center of RA research for several years because of its 

pivotal role in joint destruction and its control over other pro-inflammatory cytokines. It 

has been shown that TNFα controls the production of IL-1β and IL-8 by synovial cells 

(Brennan et al., 1989). In addition to increasing the release of other cytokines, TNFα can 

increase cellular infiltration into the synovium by enhancing chemokine expression, 

endothelial cell activation, and angiogenesis (Brennan and McInnes, 2008). Treg cells 

lose their suppressive function by TNFα induced phosphatase 1, which dephosphorylates 

Foxp3 (Nie et al., 2013). Finally, TNFα and IL-1β cause bone damage, the hallmark of 

RA pathogenesis (Bertolini et al., 1986; Joosten et al., 1999). IL-1β and TNFα are 

capable of stimulating membrane-bound RANKL in activated T cells resulting in 

osteoclastogenesis and increased bone resorption (Dai et al., 2004). 

IL-1β is secreted by many cell types and is a pleiotropic cytokine (Kwan Tat et 

al., 2004). It is produced in an inactive 31kD pro-IL-1β form that must be activated by 

cleavage from the aspartate specific cysteine protease, caspase 1 (Black et al., 1988). 

In mouse embryonic fibroblasts, IL-1β, TNFα, and IL-6 stimulate the production 

of IL-6 and other IL-6 cytokine family members. IL-6 is a glycoprotein (gp)130 family 

cytokine that is produced by macrophages, DCs, endothelial cells, and T cells. IL-6 

signals through STAT3 and stimulates IL-1β and RANKL production. This amplification 
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loop associated with IL-1β, TNFα, and IL-6 signaling also leads to increased 

osteoclastogenesis and bone resorption in autoimmune arthritis (Kwan Tat et al., 2004; 

Mori et al., 2011). In animal models of arthritis, IL-1β works in conjunction with IL-6 

during the early phases of the disease, acting on endothelial cells to secrete chemokines 

like IL-8 and monocyte chemotactic protein (MCP)-1 to attract monocytes. IL-6 further 

up-regulates chemokines that attract T cells leading to enhanced cellular infiltration and 

beginning the transition from an acute inflammatory disease to a chronic immune disease 

(Ferraccioli et al., 2010). These two phases are dominated by innate and adaptive 

immunity, respectively. Finally, IL-6 is a proinflammatory cytokine that can help 

differentiate Th17 cells, which play a role in bone damage in pathological states like RA 

(Takayanagi, 2007).  

IL-17 is involved in the inflammatory response and it has been implicated in the 

pathogenesis of several autoimmune disease including RA (Chabaud et al., 1998) and 

multiple sclerosis (Tzartos et al., 2008). IL-17 is predominantly produced by the CD4+ 

Th17 cells. Other sources of IL-17 include CD8+ T cells, γδ T cells, NKT cells, and 

lymphoid tissue inducer (LTi) cells (Albanesi et al., 2000; Sawa et al., 2011). There are 

six isoforms of IL-17, with IL-17A most commonly referred to as IL-17. IL-17 is a pro-

inflammatory cytokine that plays an important role in the inflammation of the synovium 

during RA. IL-17 can help promote the production of inflammatory cytokines like IL-6 

and leukemia inhibitory factor (LIF) (Chabaud et al., 1998), and matrix degrading 

enzymes, MMP 1 and 3 by synovial fibroblasts (Agarwal et al., 2008). IL-17 also induces 

osteoclastogenesis by upregulating RANK on osteoclast precursors and its ligand 

RANKL on the surface of activated T cells resulting in bone erosion (Sato et al., 2006). 
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IL-17 also facilitates cellular infiltration directly or by increasing the expression of 

Chemokine (C-C motif) ligand (CCL) 20, CXC motif chemokine ligand (CXCL) 12, and 

CXCL5 attracting B cells, T cells, neutrophils, and monocytes to the synovium (Hirahara 

et al., 2012; Kim et al., 2007; Ruddy et al., 2004). The pannus formation (cellular 

infiltration into hyperplastic, vascularized synovium) in an arthritic joint is enhanced 

further by the induction of IL-17-induced angiogenesis (Pickens et al., 2010). 

IL-17 can be regulated by other cytokines. IL-1β, TNFα, and IL-23 increase IL-17 

expression (Astry et al., 2011; Cua et al., 2003), while IFNγ decreases IL-17 expression 

in autoimmune arthritis models (Rajaiah et al., 2011). IFNγ has for years been invoked as 

one of the major pro-inflammatory cytokines contributing to the pathogenesis of 

autoimmune disease until the discovery of IL-17. However, recent studies have unraveled 

an opposite, anti-inflammatory role of IFNγ in arthritis models (Rajaiah et al., 2011). 

IFNγ-deficient mice showed an exacerbation of autoimmune arthritis and an increase in 

IL-17 (Irmler et al., 2007). Similarly, we observed in the adjuvant arthritis model that 

IFNγ was expressed at highest levels in the later phase of the disease (Kim et al., 2008). 

Further, the treatment of rats during the incubation phase or after disease onset with 

exogenous IFNγ reduced disease severity (Rajaiah et al., 2011). In addition, pre-treatment 

of rats with a C-terminal epitope 465-479 of rat heat-shock protein 65 (Rhsp65) 

suppressed arthritis, increased IFNγ production, but reduced IL-17 expression (Kim et al., 

2008).  

IFNγ functions as a regulatory cytokine directly (as described above) as well as 

indirectly in autoimmune arthritis. One indirect effect that IFNγ has is the upregulation of 

IL-27, a cytokine that can reduce IL-17 production. IL-27 is an IL-12 superfamily 
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cytokine, and it can prevent the differentiation of Th17 by reducing the expression of 

RORγt and the phosphorylation of STAT3 (Rajaiah et al., 2011). Both of these 

transcription factors are integral to the differentiation of Th17.  IL-27 is comprised of two 

subunits, Epstein-Barr virus-induced gene 3 (EBI3) and p28. It is secreted by 

macrophages, dendritic cells, epithelial cells and a wide range of innate and adaptive 

immune cells, most notably the CD4+ T cells (Pflanz et al., 2004). In addition to 

preventing pathogenic T cell differentiation, IL-27 can induce both the expression of 

program death-ligand 1 (PD-L1), a co-receptor that is a negative regulator of T cell 

function (Hirahara et al., 2012), and the generation of IL-10-producing Tr1 cells 

(Awasthi et al., 2007). IL-27 is also able to downregulate the expression of RANK on 

osteoclast precursors and RANKL on CD14+ cells causing a decrease in 

osteoclastogenesis and thereby limiting bone loss (Kalliolias et al., 2010). Though the 

role of IL-27 in autoimmunity has not been fully defined, increasing evidence points to 

its anti-inflammatory and anti-arthritic activities. 
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Table 2. Cytokines in Autoimmune Arthritis 
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RA Therapies 

The gold standard of RA treatment is the disease-modifying anti-rheumatic drug 

(DMARD) methotrexate (MTX). The mechanism of action for MTX is thought to be very 

broad in RA patients. At a cellular level, MTX can directly and indirectly inhibit many 

folate enzymes including dihydrofolate reductase leading to decrease in folate. Folate is 

needed for purine base synthesis (Fairbanks et al., 1999), required for DNA and RNA 

syntheses, and consequently inhibits cellular proliferation of lymphocytes involved in the 

inflammation process (Quemeneur et al., 2003). Folate inhibition by MTX has also been 

shown to reduce T cell produced cytokines while having little effect on monocyte 

produced cytokines (Gerards et al., 2003).  

The recommended first-line treatment of patients with RA is MTX monotherapy 

or a combination of MTX with another DMARD. Patients with a poor response to 

MTX/DMARDs are typically put on a TNFα inhibitor (biologic DMARD or biologic) in 

combination with MTX (Saag et al., 2008). Unfortunately, due to adverse events 

associated with MTX, patients or physicians discontinue treatment.  Reasons for 

treatment discontinuation include: gastrointestinal, hepatic, dermatologic and neurologic 

adverse events. One study showed that 58% of patients on a MTX/biologic dual therapy 

did not purchase or take the MTX despite 80-90% of physicians indicating a DMARD 

was co-prescribed with a biologic. Removal of the DMARD greatly reduced the efficacy 

of the biologics (Emery et al., 2013).  

As described above, RA is an autoimmune disease that is driven by pro-

inflammatory cytokines. Therefore, if the pro-inflammatory cytokines can be reduced, the 

inflammatory component of the disease can be reduced and the destruction of bone and 
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cartilage limited. The current biologics targeting cytokines are anti-TNFα, anti-IL-6R, 

and (coming soon) anti-IL-17A.  

The direct effect that TNFα has on Th17 differentiation is not clear, but anti-

TNFα therapy can reduce Th17 differentiation in Th17-mediated diseases (Sugita et al., 

2012). Indirect effects of anti-TNFα therapy on Th17 differentiation include restoration 

of Treg suppressive function, which is accompanied by a reduction in the activity of 

Th17 and Th1 cells (Nie et al., 2013). 

Other cytokine-associated RA treatments that involve the Th17 cell include an 

anti-IL-6 receptor antibody and an anti-IL-17A antibody (Noack and Miossec, 2014). 

One study using tocilizumab (humanized anti-IL-6 receptor antibody) revealed that RA 

patients with higher Th17/Treg ratio, when treated with this drug, showed reduced 

Th17/Treg ratio that was in the range of healthy controls throughout the course of 

tocilizumab therapy.  Secukinumab (humanized anti-IL-17A antibody) successfully 

completed phase II clinical trials for RA patients showing efficacy in patients that have 

not responded to DMARDs or other biologics (Genovese et al., 2014). It must be noted 

that personal correspondence with researchers at Medimmune has indicated that anti-IL-

17A therapy is not working well in patients with RA. 

The next class of intervention modulates the immune cells directly. Patients 

treated with Abatacept (cytotoxic T-Lymphocyte Antigen 4-Ig; CTLA-4-Ig) have shown 

good responses. CTLA-4-Ig works by influencing the T cell co-stimulation pathway and 

its interaction with the APC (Fiocco et al., 2008). B cells also play a role in RA as 

evident by autoantibodies. Currently there are antibodies designed to deplete B cells by 

targeting CD20 (rituximab) (Burmester et al., 2014). 
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Finally, there is an increase in the number of patients that have ‘cycled’ through 

the current available therapies. This means conventional DMARDs, anti-TNF, anti-IL-6, 

CTLA4 agonists, and B cell depletion therapies have been tried and have failed. This 

highlights a need for new treatments. 

 

Traditional Chinese Medicine: Celastrus aculeatus Merrill 

Complementary and alternative medications (CAM) including Traditional 

Chinese Medicines (TCM) have been used for centuries in traditional systems of 

medicine to treat inflammatory disorders without toxic side effects. TCM have been 

shown to reduce inflammatory mediators and thereby limit disease (Venkatesha et al., 

2011a). The advantage of using alternative medicines is that they can provide a broad, 

non-toxic anti-inflammatory treatment and cost significantly less than conventional 

medication. In 2007, 61% of Americans indicated they had utilized at least one form of 

CAM and 17% said they used herbal remedies (Herman et al., 2012; Wu et al., 2011). 

This growing use of CAM products has increased the need for research on the efficacy of 

these therapies. One TCM, Celastrus aculeatus Merr. (Celastrus), has been used in China 

for the treatment of RA.  

Celastrus is a deciduous, woody, perennial climbing, twining vine plant that 

belongs to the staff-tree family Celastraceae (Tang, 2000; Xu, 1997). It is native to the 

forest edges of China and on grassy slopes in lowland and mountains throughout Japan. It 

is also native to Korea and some other Eastern Asian countries like India. Celastrus 

scandens is native to the United States (Dirr, 1990). The bark of the roots, stems and 

leaves of Celastrus have been used in China for several disorders including RA, skin 
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ailments (like burns, scrapes, skin eruptions), neurological disorders like paralysis, and 

cancer, as well as an analgesic for headaches, toothache, pain during child birth, 

menstrual disorders, and snake bite, etc. (Tang, 2000; Xu, 1997).  

The dried roots and stems of Celastrus are minced with a grinder and mixed with 

75% ethanol for 2 hours. The ethanol extract is collected, and the procedure is repeated 

twice. The final ethanol extract is condensed with a rotary evaporator, and the 

concentrated extract is dried. The use of Celastrus extract has been shown to reduce 

inflammatory cytokines, clinical disease, and pathology associated with autoimmune 

arthritis (Tong and Moudgil, 2007).  

 

Celastrol 

The ethanol extract of Celastrus was analyzed using high-performance liquid 

chromatography and mass spectrometry. Various chemical components of Celastrus have 

been shown to possess anti-inflammatory, anti-oxidant, and anti-cancer properties (Tang, 

2000). One group of compounds that has been widely studied for its anti-inflammatory 

properties comprise the ‘sesquiterpene’ esters (e.g., celastrol, celaphanol and some 

dihydro-beta-agarofuran derivatives). These esters have been shown to inhibit NF-kB 

activation as well as nitric oxide (NO) production to variable extent. Of these, Celastrol 

[Figure 4] was found to be most active in this regard (Jin et al., 2002). Most of the 

literature on Celastrol is devoted to its anti-cancer properties (Kannaiyan et al., 2011). 

We used Celastrol to elucidate the effect of the Celastrus ethanol extract on CD4+ T cells 

in arthritic synovium.  
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Figure 4. Chemical structure of Celastrol 

Celastrol is a pentacyclic triterpenoid and belongs in the family of quinone methides. It is 

a hydophobic molecule that is isolated from Tripterygium wilfordii and Celastrus 

aculeatus. It has anti-oxidative, anti-cancer, and anti-inflammatory effects. The molecular 

weight of Celastrol is 450.6 g/mole. 

 

Scope of the Thesis 

We have previously reported that Celastrus aculeatus Merr., a traditional Chinese 

medicine, and its bioactive component, Celastrol, effectively reduced the severity of AA, 

and improved bone and cartilage damage (Venkatesha et al., 2011b). However, little is 

known about the relative frequency of Th17 and Treg in arthritic joints in rats with AA 

and the influence of Celastrol treatment on these cellular parameters.  

In our pilot study, we observed a direct correlation between the Th17 cell 

phenotype and the clinical disease score throughout the course of the disease in rats with 

AA. Although there was an initial infiltration of Treg cells into the synovium, the Treg 
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phenotype had an inverse correlation with the disease score. These preliminary results 

combined with those showing the anti-arthritic activity of Celastrol led to the generation 

of our hypothesis. We hypothesized that Celastrol limits the progression of arthritis by 

altering the Th17/Treg balance in the target organ to facilitate immune regulation. In 

addition, Celastrol may influence T cell activation and cellular migration into the joints. 

Thus, we predicted that Celastrol-treatment would negatively affect the differentiation of 

Th17 either directly (T cell-intrinsic effect) or through reduction of pro-inflammatory 

cytokines required for Th17 differentiation (T cell-extrinsic effect). 

The first aim of the project was to determine the relative frequency of Th17 and 

Treg in Celastrol-treated versus vehicle-treated (control) rats during the course of AA. 

This was accomplished by isolating cells from the synovium and the draining lymph 

nodes of arthritic rats, defining the cellular phenotype of SIC, and examining the 

influence of Celastrol treatment on Th17/Treg ratio. In addition, we performed 

Th17/Treg cell differentiation assays. The second aim was focused on the influence of 

Celastrol on antigen-specific T cell response in the lymph nodes and the trafficking of 

cells from the lymph nodes into the synovium. For this, we tested the T cell proliferative 

response to arthritis-related antigens. We also examined changes in specific chemokines 

following Celastrol treatment and performed in vitro cell migration assays.  Finally, the 

third aim addressed how Celastrol might indirectly affect Th17 cells. We determined the 

effect of Celastrol on APC activation and cytokine production. 

This dissertation reports the results of experiments performed to investigate these 

aims. The work has revealed four major findings. In brief, Celastrol: 1) reduced the 

frequency of Th17 and augmented Treg cell frequency in the synovium of arthritic joints, 
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2) directly inhibited Th17 cell differentiation by reducing phosphorylation of STAT3, 3) 

reduced T cell proliferative responses to arthritis-related antigens, and inhibited 

inflammatory cell migration into the joints, and 4) limited the activation of APCs and the 

production of cytokines required for Th17 differentiation.  

These findings provide evidence for the mechanisms by which Celastrol 

suppresses AA. On the basis of these results, we suggest that Celastrol should be 

considered further for testing in RA patients. 
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Chapter 2 

2. METHODS AND MATERIALS 

Rats 

Male Lewis (LEW/SsNHsd) (RT.11) rats aged 5-6 weeks old were purchased from 

Harlan Sprague-Dawley (HSD) Laboratories (San Diego, CA). The animals were 

maintained in the vivarium of the University of Maryland School of Medicine 

(Baltimore, MD). Animal care and all experimental procedures were performed in 

accordance with the guidelines of the Institutional Animal Care and Use Committee.  

 

Mice 

Spleens from inbred male C57BL/6 mice aged 6-8 wk old, purchased from Jackson 

Laboratories, were graciously donated by Dr. Darren Perkins from the laboratory of Dr. 

Stephanie Vogel, Department of Microbiology and Immunology, UMB. 

 

Antigens/Mitogens 

Heat-killed Mycobacterium tuberculosis H37Ra (Mtb) was obtained from Difco (Detroit, 

MI). The recombinant mycobacterial heat-shock protein 65 (Bhsp65) and rat heat-shock 

protein 65 (Rhsp65) were expressed and purified in our laboratory as described elsewhere 

(Durai et al., 2004). Keyhole limpet hemocyanin (KLH) was obtained from Sigma-

Aldrich. Sonicated Mtb (Mtb sonicate) was prepared as described previously (Rajaiah et 

al., 2011). 

 

 

Antibodies 
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Antibodies used in Western Blotting 

Anti-Jak1 (Cell Signaling Technology, Beverly, MA), Anti-Phospho-Jak1 

(Tyr1022/1023; Cell Signaling Technology), Anti-Jak2 (D2E12; Cell Signaling 

Technology), Anti-Phospho-Jak2 (C80C3, Tyr1007/1008; Cell Signaling Technology), 

Anti-Stat3 (79D7; Cell Signaling Technology), Anti- Phospho-STAT3 (D3A7, Tyr705; 

Cell Signaling Technology), Anti-STAT5 (Cell Signaling Technology), Anti- Phospho-

STAT5 (Tyr694; Cell Signaling Technology), anti-IL-1β (Abcam; Cambridge, MA), 

anti-GAPDH (6C5; Millipore, Temecula, CA) 

 

Antibodies used in Cell Culture 

Mouse: purified anti-CD3 (145-2c11; eBioscience, San Diego, CA), functional grade 

purified anti-CD28 (37.51; eBioscience), anti-IFNγ (XMG1.2 ; BioXCell, West Lebanon, 

NH), anti-IL-4 (11B11; BioXCell), anti-IL-2(S4B6-1; BioXCell) Human: purified anti-

CD3 (OKT3, eBioscience), functional grade purified anti-CD28 (CD28.2, eBioscience) 

 

Anti-Rat Flow Cytometry Antibodies 

Anti-CD3 APC/FITC (G4.18; eBioscience), anti-CD4 APC/FITC/PerCP-eFlour710 

(OX35; eBioscience), anti-CD4 PE (OX38; Biolegend, San Diego, CA), anti-CD4 Biotin 

(OX35; eBioscience), anti-CD8b FITC (eBio341; eBioscience), anti-αβ TCR PE (R73; 

Biolegend), anti- γδ TCR FITC (V65; Biolegend), anti-CD25 PE (OX39; eBioscience), 

anti-CD45 APC (OX1; eBioscience), anti-MHCII FITC (HIS19; eBioscience), anti-CD80 

PE (3H5; eBioscience), anti-CD86 PE (24F; eBioscience), anti-CD11b/c PerCP-

eFlour710 (OX42; eBioscience), anti-IL-17A eFlour 450 (eBio17B7; eBioscience), anti-
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Foxp3 eFlour 450 (FJK-16s; eBioscience), anti-KI-67 FITC (SolA15; eBioscience), anti-

IFNγ PE (DB-1; eBioscience) 

 

Anti-Mouse Flow Cytometry Antibodies 

anti-IL-17A PE (eBio17B7; eBioscience), anti-Foxp3 eFlour 450 (FJK-16s; eBioscience), 

anti-RORγt PerCP-eFlour 710 (B2D; eBioscience), anti-IFNγ FITC (XMG1.2; BD 

Bioscience, San Jose, CA), anti-T-bet PE (XMG1.2; BD Bioscience), anti-CD4 FITC 

(GK1.5; BD Bioscience), anti-CD44 APC (IM7; BD Bioscience), anti-CD62L PE(MEL-

14; BD Bioscience) 

 

Anti-Human Flow Cytometry Antibodies 

anti-IFNγ FITC (B27, BioLegend), anti-IL-17A PerCP-Cy5.5 (eBio64DEC17, 

eBioscience), anti-CD3 V450 (UCHT1 BD Bioscience), anti CD4 PE (SK3, BD 

Bioscience), anti-CCR6 APC (11A9, BD Bioscience) 

 

Media 

Complete RPMI 

RPMI 1640 (Quality Biological, Gaithersburg, MD) 

10% Fetal Bovine Serum (Gibco) 

100 U/mL Penicillin(Gibco) 

100 ug/mL Streptomycin (Gibco) 

2mM L-Glutamine (Gibco) 

0.1% β-2 mercaptoethanol (Sigma-Aldrich) 

 

HL-1 

 

HL-1 (Lonza) 

100 U/mL Penicillin(Gibco) 

100 ug/mL Streptomycin (Gibco) 

2mM L-Glutamine (Gibco) 
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FACS Staining Buffer 

 

1X Phosphate Buffer Saline (Quality Biological) 

5% Fetal Bovine Serum (Gibco) 

0.1% NaN3 (Sigma-Aldrich) 

 

Cell Separation Media 

 

1X Phosphate Buffer Saline (Quality Biological) 

2% Fetal Bovine Serum (Gibco) 

 

 

Western Blotting Buffers 

 

Cell Lysis Buffer 

 

1x Cell Lysis Buffer (Cell Signaling Technologies) 

1mM PMSF 

Phosphatase Inhibitor (Sigma Aldrich) 

 

Running Buffer 

 

1 L DI Water 

3.03 g Trizma base 

14.4 g Glycine 

1 g sodium dodecyl sulfate (SDS) 

 

Blocking Buffer 

 

1X Tris Buffered Saline (TBS, Quality Biological) 

0.1% Tween-20 

5% Casein (Nonfat Dry Milk, Sigma-Aldrich) 

 

Wash Buffer 

 

1X TBS 

0.1% Tween-20 

 

Antibody Dilution Buffer 

 

1X TBS 

0.1% Tween-20 

5% BSA 

Induction and Evaluation of AA 
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LEW rats were immunized subcutaneously (s.c.) at the base of the tail with 200 µL of M. 

tuberculosis H37Ra (Mtb) suspended in mineral oil (Sigma-Aldrich, St. Louis, MO) at 

7.5 mg/mL. Beginning day 10 post immunization, the rats were scored daily for clinical 

signs of arthritis for a period of one to three weeks depending on the experiment. The 

severity of arthritis in each paw was evaluated on the basis of erythema and swelling of 

the paw as follows: the fore/hind paws were visually divided into four sections 

(wrist/ankle joints, carpals/tarsals, metacarpals/metatarsals, and phalanges). Each section 

was graded on a scale of 0 to 4. 0 = no erythema or swelling, 1 = slight erythema or 

swelling of the ankle/wrist, 2 = moderate erythema and swelling at the wrist/ankle and 

slight erythema and swelling at carpals/tarsals, 3 = severe erythema and swelling at the 

wrist/ankle and moderate swelling at carpals/tarsals and metacarpals/metatarsals, and 4 = 

severe erythema and swelling of the entire forepaw or hind paw. The evaluation of the 

disease score in different groups of rats was performed in a blinded fashion; each day, the 

arthritic scores were recorded on a new sheet so that the observer had no information 

about the scores from the preceding days. In addition, for experiments relating to 

modulation of arthritis, the treatment regimen written on the card was blinded by a new 

card. 

 

Treatment of arthritic rats with Celastrol 

A cohort of Lewis rats was randomly divided into two groups following the onset of 

arthritis after Mtb injection. Lyophilized Celastrol (EMD Millipore, San Diego, CA) was 

dissolved in dimethylsulfoxide (DMSO, Sigma-Aldrich) and diluted in 1X PBS (6 μl of 

stock in 500 μl of PBS) and injected into rats (1 mg/kg daily) intraperitoneally (i.p.) from 
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the onset of AA (about day 10) to day 18 as described in our previous study (Venkatesha 

et al., 2011b). The corresponding control group received the vehicle, DMSO (1.2%) in 

PBS. (For simplicity, this vehicle is referred to as PBS.) 

 

Histology 

The hind paws were harvested from rats on day 0 and day 18 after Mtb immunization and 

then immersed for 9 day in Cal-Ex Decalcifying solution CS510-1D (Fisher Scientific, 

Fair Lawn, NJ). Thereafter, the paws were immersed in 70% ethanol for 5 d and then 

embedded in paraffin, sectioned serially using a microtome, and mounted on microscope 

slides (Histology Core, UMB). Thereafter, the sections were stained with hematoxylin 

and eosin (H&E). Histopathological changes in the joints like synovial hyperplasia, 

pannus formation, and cartilage and bone damage were observed under a microscope 

(Nikon Eclips E800 Microscope, Nikon Industries Inc. Melville, NY) using the Spot 

Imaging Software, (Diagnostic Instruments Inc., Sterling Heights, MI) and digital images 

were obtained. 

 

Cell Culture 

Isolation of Synovium-infiltrating Cells 

Arthritic hind paws were harvested from the rats and the skin of paws was removed. The 

joints were cut in half with a sagittal and longitudinal cut releasing infiltrating cells into a 

petri dish filled with DMEM (Gibco) media. SIC were collected and filtered using a 40 

µM mesh filter. The cells were washed twice in 1X PBS (Gibco). Cells were then 

counted and cultured in complete RPMI 1640 in a six well plate at 37oC.  
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Isolation of Spleen Adherent Cells 

Spleens were harvested and gently minced to prepare single cell suspensions and red 

blood cells were lysed using ACK lysis buffer. Cells were filtered using a 40 µM mesh 

filter and washed using 1X PBS. After washing, the splenocytes were counted and 

resuspended at 15 x 106 cells/mL in complete RPMI. The cells were cultured at 3mL/well 

in six well plates for 5 hours at 37oC. Thereafter, the splenocytes were washed to remove 

non-adherent cells. Splenocytes that required restimulation with Mtb were incubated 

overnight at 37oC. 

 

Isolation of Lymph Node Cells (LNC) 

The inguinal, mesenteric, and popliteal lymph nodes were harvested, gently minced, and 

filtered using a 40 µM mesh filter to prepare a single cell suspension.  Cells were washed 

thrice in 1X PBS (Quality Biological). After washing, the LNC were counted and 

resuspended at 2.5 x 106 cells/mL in serum-free HL-1 (Lonza) medium for proliferation 

assays or complete RPMI for flow cytometry as per the protocol. 

 

Testing the cytotoxicity of Celastrol for lymphocytes 

Mouse CD4+ T cells prepared from the spleen of C57BL/6 (B6) mice were cultured at 5 

x 105 cells/mL for 72 h in RPMI-1640 supplemented with 10% FBS, 1% L-glutamine, 

1% penicillin/streptomycin, and 0.1% β-mercaptoethanol with varying concentrations of 

Celastrol. MTT (Life Technologies) assay was used to determine cell viability as per 
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manufacturer’s protocol. The dose of Celastrol used in all in vitro assays was far below 

the minimal toxic dose (Venkatesha et al., 2011b). 

 

T cell Proliferation Assay 

The draining lymph nodes of Lewis rats were harvested at day 18 post antigenic 

challenge at the base of the tail. A single-cell suspension of LNC was prepared and 

cultured at 37oC in 95% air and 5% CO2 in a flat-bottom 96-well plate at a concentration 

of 5 x 105 cells/well in HL-1 serum-free medium (Lonza) supplemented with 100 U/mL 

Penicillin(Gibco), 100 µg/mL Streptomycin (Gibco), 2mM L-Glutamine (Gibco) with or 

without antigen added at different concentrations. Sonicated Mtb was used as a positive 

control. After day 2 of culture, 1 µCi of [3H]-thymidine (Perkin-Elmer, Gaithersburg, 

MD) was added into each well and cells cultured for another 16 – 18 hours. Thereafter, 

the cells were harvested onto a Printed Filament A glass fiber filter (Wallac, Turku, 

Finland) using TOMTEC Microplate Cell Harvester (Perkin-Elmer). The filter was then 

dried overnight at room temperature, scintillation fluid was added, and the filter was 

sealed in an envelope (Wallac). The radioactivity incorporated was counted by using 

Microbeta Wallac Jet 1450 (Microbeta liquid scintillation counter; Perkin Elmer). The 

results were expressed as counts per minute (CPM; cpm of cells cultured with antigen 

minus cpm of cells in medium alone). 

 

 

 

In vitro cell migration assay 



35 
 

Primary lymphocytes derived from the draining lymph nodes of rats were suspended in 

serum-free RPMI medium (without any supplements) and then placed (2 x 106 cells/mL) 

in the top well of a Transwell chamber (6-well with an 8.0-µm pore size, Corning). RPMI 

containing 50 ng/ml chemokine (C-C motif) ligand 3 (CCL3; MIP-1α) or 5 (CCL5; 

RANTES) (Gemini Bio-Products) in the presence or absence of Celastrol (100, 200 and 

300nM) was placed in the lower compartment. Cells were allowed to migrate through the 

membrane for 24 h at 37o C in an atmosphere of 5% CO2 and 95% air. Thereafter, the top 

chambers were discarded, and the migrated cells in the bottom chamber were quantified 

using a 1/10 dilution with Trypan Blue and a hemocytometer. The migration of cells in 

response to CCL3/ CCL5 in the presence of Celastrol was compared with that with the 

vehicle (control). 

 

Total RNA Extraction and cDNA Synthesis 

One to two million cells were lysed and total RNA was extracted using Trizol reagent 

(Invitrogen, Grand Island, NY). RNA was precipitated by isopropanol and washed with 

75% ethanol. The RNA pellet was dried and resuspended in diethylpyrocarbonate 

(DEPC)-treated water (Quality Biological). RNA was quantitated, and 1 µg of RNA was 

used to synthesize cDNA using iScript cDNA synthesis kit (Bio-Rad Laboratories, 

Hercules, CA) 

 

 

 

Multiplex analysis for chemokines and cytokines 
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The preparation of synovium-infiltrating cells (SIC) from Celastrol-treated and vehicle-

treated rats and their cultivation is described elsewhere (Rajaiah et al., 2011) as 

mentioned above. The culture supernate was analyzed for cytokines (IL-1β and IL-6) and 

chemokines (CCL3 (MIP-1α) and CCL5 (RANTES)) using a Multiplex assay (Cytokine 

Core Facility, University of Maryland School of Medicine). The assays were read using 

the Luminex 100 system following the manufacturer’s instructions. 

 

Isolation of Naïve CD4+ T Cells 

Naïve CD4+ T lymphocytes were enriched by immunomagnetic depletion. Spleens were 

harvested and gently minced to prepare a single cell suspension. Red blood cells were 

removed by ACK lysis buffer. After washing, the cells were resuspended in cell 

separation media at a concentration of 1 x 108 cells/mL. Two mL of cells were placed 

into a 5 mL (12 x 75 mm) round bottom polystyrene tube (BD Bioscience) and treated 

with 100 µL of normal rat serum to block Fc receptors. 100 µL of the EasySepTM mouse 

CD4+ T cell isolation cocktail was added to the cells and incubated at room temperature 

(15-25oC) for 10 minutes. Next, 150 µL of EasySepTM streptavidin magnetic beads were 

added, the mixture was vortexed, and incubated for 2.5 minutes at room temperature. 150 

µL of cell separation media was added and the cell suspension was placed inside the 

EasySepTM magnet for 2.5 minutes at room temperature before decanting the purified 

CD4+ T cell fraction into a new 5 mL tube and placed on ice. Isolated CD4+ T cells were 

surface-stained with anti-mouse CD4 FITC, CD44 APC, CD62L PE, and CD25. The 

CD4+CD62L+CD44−CD25− population was isolated by flow cytometric cell sorting with 

a FACSAria (BD Bioscience). 
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Figure 5. Isolation of naïve CD4+ T cells from purified mouse splenic CD4+ T cells 

Spleens were harvested and gently minced to prepare single cell suspensions and red 

blood cells were removed by ACK lysis buffer. CD4+ T cells were isolated using the 

EasySep separation kit. Isolated CD4+ T cells were stained using anti-mouse CD4 FITC, 

CD62L PE, and CD44 APC. Naïve CD4+ cells were selected by gating on CD4+ CD44- 

CD62L+ cells.   
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CD4+ T cell differentiation assay 

Mouse 

The CD4+CD62L+CD44− cells were activated by plate-bound anti-CD3 (5 µg/mL) and 

soluble anti-CD28 (5 µg/mL) for 3 days and cultured either under neutral conditions with 

no exogenous cytokines and anti-cytokine antibodies (Th0 conditions) or in the presence 

of polarizing cytokines. For Th17-generating conditions, cell cultures were supplemented 

with IL-6 (20 ng/ml; R&D Systems), TGF-β-1 (2.5 ng/ml; R&D Systems), anti-IFN-γ (10 

µg/ml), and anti-IL-4 (10 µg/ml; BioXCell). For Treg-generating conditions, cultures 

were supplemented with TGF-β-1 (2.5 ng/ml; R&D Systems) and IL-2 (10 ng/mL; R&D 

Systems). For Th1-generating conditions, cultures were supplemented with IL-12 (10 

ng/ml, Life Technologies) and anti-IL-4 (10 μg/ml). 

 

Human 

Peripheral blood mononuclear cells (PBMC) were purified from whole blood using 

Lymphoprep™, and CD4+ T lymphocytes were then isolated by negative selection using 

Easy Sep™ CD4+ Human T cell negative selection kit, as per manufacturer’s protocol 

(Stem Cell Technologies). CD4+ T cells were stained for CCR6 and then sorted by flow 

cytometry. CCR6+ cells were activated with plate-bound anti-CD3 (5ug/mL) and soluble 

CD28 (1ug/mL) for 3 days in the presence of IL-1β (5ng/mL) or IL-6 (10ng/mL), TGF-β 

(2ng/mL) and IL-23 (20ng/mL, Peprotech, Rocky Hill, NJ), in the presence or absence of 

Celastrol at the indicated concentrations. Following activation, the cells were washed, 

resuspended in fresh medium, and then treated with cytokines and Celastrol for 3-4 

additional days.  
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Western blot analysis for cytokines and cytokine signaling  

IL-1β 

Spleen adherent cells (SAC) from arthritic rats treated with Celastrol (test) or vehicle 

(control) were stimulated ex vivo with or without Mtb sonicate (10 µg/ml) for 3 h in a 6-

well plate. For in vitro treatment, SAC were stimulated as described in the presence or 

absence of Celastrol at indicated concentrations.  The cells were lysed using lysis buffer 

and then centrifuged at 10,000 × g for 10 min. Aliquots of the lysate samples (20 µg) 

were resolved by SDS-PAGE (4-20%) and then transferred onto a PVDF membrane. The 

membrane was blocked with 5% milk powder, followed by probing with rabbit anti-rat 

IL-1β (Abcam) and then with HRP-conjugated secondary anti-rabbit antibody (Pierce). 

GAPDH was used as a protein- loading control. Protein bands were visualized with 

chemiluminescent HRP antibody detection reagent (Denville Scientific, Inc) using LAS 

4000 (Fujifilm Life Science). 

 

IL-6 Signaling Pathway 

To determine IL-6-induced signaling via the JAK/STAT pathway, CD4+ T cells were 

isolated from inbred C57BL/6 (B6) mouse spleens using the EasySep CD4+ T cell 

isolation kit (Stemcell Technologies). Cells were cultured (2 x 106/mL) in the presence or 

absence of 300 nM Celastrol at 37oC for 8 h. Recombinant IL-6 (2 ng/mL Life 

Technologies) was added to the culture and incubated at 37oC in a water bath for 0, 15, 

30, 60, or 90 min. Cell lysates were collected and intracellular levels of phosphorylated 

STAT proteins were identified by blotting with antibodies against pSTAT3, STAT3, 

pSTAT5, STAT5 and then densitometry was performed. 
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NF-kB luciferase assay 

NF-kB-induced gene induction was analyzed by performing a luciferase reporter assay in 

HEK293T cells. An expression construct containing Firefly luciferase and a promoter 

containing three copies of the NF-kB binding site (NF-kB luciferase) was used. 

Transfections of reporter plasmids into HEK293T cells were performed with the 

Lipofectamine LTX (Invitrogen) transfection reagent. For all transfections, 200 ng of 

luciferase plasmid was used in each well of a 48-well plate with 1 μl of Lipofectamine 

LTX (Invitrogen). At 18 h post-transfection, cells were cultured with indicated 

concentrations of Celastrol or vehicle for 2 h prior to stimulation with 10 ng TNF-α 

(Sigma). After 6 h, cells were lysed and assayed for luciferase expression using Dual 

luciferase reporter system per manufacturer’s instructions (Promega). The percent 

reduction over the vehicle control was plotted in each figure. All transfections were 

performed in triplicate. 

 

Statistical analysis 

Results are expressed as mean ± SEM as calculated by GraphPad Prism 6 (GraphPad 

Software). Differences in the mean values were analyzed using a Student’s t test or one-

way analysis of variance (ANOVA) for multiple comparisons. Significance was set as 

P<0.05. 
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3. RESULTS 

Imbalance between inflammatory and regulatory CD4+ T cells is found in the 

synovium of arthritic joints of rats with adjuvant arthritis 

RA is characterized by an infiltration of leukocytes including CD4+ T cells 

leading to inflammation of the synovial joints. Th17 and Treg cells have opposing roles 

in the development of autoimmune disease. The Th17 cells promote inflammation and 

autoimmune arthritis, whereas the Treg cells maintain self-tolerance and function to 

control autoimmune pathogenesis. The Th17/Treg cell balance is critical for the 

development and progression of RA.  An increase in peripheral Th1/Th17 cells and 

Th1/Th17-related cytokines has been observed in RA patients. However, clinical studies 

show that Th1 cells only reached a significant difference at the advanced stage of RA, but 

Th17 cells were significantly increased at all stages of RA (Chen et al., 2012; van 

Hamburg et al., 2011). The changes in Treg cells in RA are less defined as some clinical 

studies show a decrease of Tregs in the peripheral blood and synovial fluid, while others 

show an increase in Treg in peripheral blood (Noack and Miossec, 2014). Despite the 

contradictory results on Tregs, it appears that the Th17/Treg ratio is lower in healthy 

controls versus active RA patients (Wang et al., 2012). 

In autoimmune arthritis models (e.g. collagen-induced arthritis; CIA), the Th1, 

Th17, and Treg frequencies have been investigated in peripheral lymph nodes, but there 

is much less information in the target organ, the joint. This may be due to the limitation 

in cell numbers obtained from arthritic mouse joints. To determine the phenotypic 

changes in CD4+ T cells in the synovium of the joints of rats with AA, inbred LEW rats 

were immunized with Mtb. The synovium-infiltrating cells (SIC) and spleens were 

collected from naïve and Mtb-immunized rats on day 10, 14, 16, 20, and 30 post-
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immunization. A single cell suspension was prepared and cells were restimulated in vitro 

with PMA and ionomycin, and stained for intracellular IFNγ, IL-17, and Foxp3. Th1, 

Th17, and Treg cells were all found to be present in the synovium of arthritic joints. 

When plotted with the clinical disease score, the kinetics of Th17 cells correlated well 

with the disease severity in both the synovium (Figure 6A) and the spleen (Figure 6B). In 

contrast, the kinetics of Treg cells had an inverse correlation with the disease scores in 

the synovium and to a lesser extent in the spleen (Figure 6A, 6B). This led to an increase 

in the mean Th17/Treg ratio in the SIC from about 5.5:1 during early disease (at onset) to 

27:1 during the peak phase of the disease. Although Th1 cells were found in the 

synovium (Figure 6A), the correlation with disease score change was not consistent. This 

was confirmed in the spleen (Figure 6B). Combining the lack of target organ data 

reported in animal autoimmune arthritis models and the more robust cytokine expression 

changes in the synovium compared with that of the spleen, we decided to use SIC-

characterization as a tool to analyze the efficacy of novel therapeutics.  
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Figure 6. Th17 cells show a positive, whereas Treg cells show an inverse correlation 

to disease score progression in the synovium of arthritic joints. 

(A) On day 0 (naïve), d 14 (onset), d 16 (late onset), d 20 (Peak), and d 30 (regression) 

after Mtb immunization of rats, SIC were collected from the joints of arthritic rats (n = 2 

each), and the cells analyzed by flow cytometry for Th1, Th17, and Treg cells. (B) The 

frequency of each T cell subset in the spleen is similarly plotted for d 0 (naïve), d 12 

(onset), d 20 (peak), and d 30 (regression). In each section (A/B), the mean frequency of 

each T cell subset (red line) is plotted on the left axis and the disease score (blue line) on 

the right axis over the course of disease.  



44 
 

Celastrus aculeatus Merr. suppresses the progression of autoimmune arthritis by 

modulating Th17 cells in the spleen 

Complementary and alternative medicine (CAM) products including those 

belonging to traditional Chinese medicine (TCM) have been long used to treat 

inflammatory disorders and they are generally well-tolerated by patients. TCM products 

have been shown to reduce inflammatory mediators, including disease-inducing 

cytokines.  Over the past decade, 61% of Americans indicated they had utilized at least 

one form of CAM and 17% said they used herbal remedies (Wu et al., 2011). This 

growing use of CAM has necessitated urgent research into the mechanism of action of 

natural products. One TCM, Celastrus aculeatus Merr. (Celastrus), has been used in folk 

medicine for the treatment of a variety of inflammatory disorders including RA (Tong 

and Moudgil, 2007). 

We examined the effects of Celastrus on AA. The roots and stems of Celastrus 

were collected in the Guangdong province of China, dried, minced, and the powder was 

extracted for 2 h with 75% ethanol. The ethanol extract was collected, and the procedure 

was repeated twice. The final ethanol extract was condensed with a rotary evaporator, 

and the concentrated extract was dried. This crude extract was dissolved in water and 

then fed daily to the rats beginning at disease onset (typically day 10). Control rats were 

fed water (the vehicle). The arthritic scores were recorded and the splenocytes and SICs 

were collected at the peak disease phase. These cells were restimulated with Mtb 

overnight. In addition, cells were harvested from the joints at the peak phase of AA to 

acquire highest number of cells. The Celastrus treatment significantly reduced (p < 0.05) 

the clinical signs of the disease at the peak phase from an average of 6.00 to 2.75 (Figure 
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7A). The splenocytes also showed a reduction in Th17 phenotype, but a slight increase in 

the Treg phenotype (Figure 7B). SIC also showed a slight increase in the Treg phenotype, 

but did not show a difference in Th17 frequency (Figure 7C). Although cell numbers 

were not recorded for statistical purposes, one experiment showed a decrease of total cell 

numbers from 6 x 106 cells in the water-treated rats to 3.5 x 106 in the Celastrus-treated 

rats. Because Celastrus extract has multiple components, for clarity on its anti-arthritic 

mechanisms, we decided to use Celastrol, a purified bioactive component of Celastrus 

extract. 
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Figure 7. The feeding of traditional Chinese medicine Celastrus limits clinical signs 

of autoimmune arthritis. 

(A) Mtb-immunized LEW rats (n = 6 per group) were fed Celastrus extract (3 mg/kg) or 

the vehicle (water) daily beginning at disease onset. The arthritic scores of the paw were 

recorded daily. The (B) splenocytes and (C) SIC were collected from Celastrus- and 

vehicle- treated rats were analyzed by flow cytometry for Th17 (left panel) and Treg cells 

(right panel). Flow cytometry plots are representative profiles of two experiments.  
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Celastrol, a bioactive derivative of Celastrus can suppress AA in Lewis rats  

 Celastrol was identified as one of the major chemical components of Celastrus by 

solubilizing the dried Celastrus extract in methanol and running the samples through 

high-performance liquid chromatography (HPLC) and a mass spectrometer (MS) by our 

collaborators. 

A group each of Mtb-immunized Lewis rats was injected intraperitoneally (i.p.) 

daily with Celastrol (n = 12) starting at the onset of AA and then continued until the peak 

phase of the disease. The control rats received the vehicle (PBS/DMSO 1.2%) i.p. (n = 

12). The Celastrol-treated rats showed significant reduction in the severity of AA 

compared with the control rats (p < 0.05) (Figure 8A, 8B). At the peak phase of the 

disease, Celastrol-treated and control rats displayed mean arthritic score of 1.0 and 6.3, 

respectively (Figure 8A). The anti-arthritic activity of Celastrol was further confirmed by 

histological examination of the hind paws (Figure 8C). Synovial mononuclear cell 

infiltration, pannus formation, and cartilage and bone destruction were significantly 

reduced in the joints of Celastrol-treated rats compared with the respective control rats. 

These results show that both Celastrus and its bioactive component, Celastrol, have anti-

arthritic activity and that the suppression effect of Celastrol is much more pronounced 

than that of Celastrus extract. 
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Figure 8. Celastrol limits clinical signs of arthritis and bone pathology in 

autoimmune arthritis. 

Mtb-immunized Lewis rats (n = 12 per group) were treated either with Celastrol (1 

mg/kg) or with the vehicle beginning at disease onset. (A) Arthritic scores of paws were 

recorded regularly. (B) (C) Representative hematoxylin/eosin-stained hind paw sections 

of each rat group are shown. B, bone; C, cartilage; JS, joint space; P, pannus containing 

synovium-infiltrating cells (SIC).  
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The toxicity of Celastrol was assessed by using purified mouse CD4+ T cells 

from wild-type C57BL/6 mouse splenocytes. Cells were plated for 3 days with varying 

concentrations of Celastrol (0 – 500 nM) and then the viability of cells was tested using 

3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT). The results 

showed that concentrations beyond 300 nM Celastrol in vitro were toxic to the T cells 

(Figure 9A). As such, the remainder of in vitro experiments was performed at this or 

lower concentrations to avoid toxic effects on cells. To determine the effect of Celastrol 

treatment in vivo we monitored the weight of AA LEW rats over the course of disease as 

one of the parameters. In LEW rats with AA, weight gain was found to plateau after the 

onset of disease (Figure 9B). Following Celastrol treatment, the reduction of disease 

corresponded to an increase in weight gain, albeit not comparable to that in naive LEW 

rats (Figure 9B). These results show that our 1 mg/kg dose of Celastrol had little systemic 

adverse effects.    
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Figure 9. Testing the cytotoxicity of Celastrol. 

(A) Mouse CD4+ T cells were incubated for 72 h with increasing concentration of 

Celastrol. Cell viability was measured by MTT dye and the results were analyzed using 

densitometry (n = 3). (B) The weight of naïve and Mtb-immunized rats treated with and 

without Celastrol (n = 4 per group) were monitored for 20 d. Results are presented as 

percent change over the baseline weight (mean ± SEM).  
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Characterization of T cell phenotypic changes after Celastrol treatment 

Th17 Cells 

After confirming the effectiveness of Celastrol in AA and showing that it was 

more effective in suppressing inflammation of the paws than the whole Celastrus extract, 

we extended our study to the effect of Celastrol on T cell subsets in SIC. We determined 

the phenotype of the SIC of Celastrol-treated versus control rats for different subsets of T 

cells. The frequency of CD4+ T cells producing IL-17 was significantly reduced from an 

average of 68.8% in vehicle-treated rats to 21.8% in Celastrol-treated animals (n=8, 

p<0.05) (Figure 10A top panel). We also observed a reduction in IFN-γ-producing CD4+ 

T cells in the synovial tissue in Celastrol-treated rats compared with control rats, but this 

was not statistically significant (Figure 10A bottom panel). Interestingly, the production 

of IFN-γ by CD4+ T cells in the synovial tissue and its reduction by Celastrol was 

primarily seen in IL-17+ IFN-γ+ double-producing T cell subset (Figure 10B). In fact, the 

IFN-γ produced by IFN-γ solo producers (Th1) was slightly increased, although this was 

not statistically significant. Taken together, we believe this data indicates that Celastrol 

affects Th17 differentiation and has little effect on Th1 differentiation. 
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Figure 10. Celastrol limits Th17 cells in the synovium of arthritic joints. 

On d 18 after Mtb immunization of rats, SIC were collected from the joints of arthritic 

rats treated with Celastrol or vehicle (n = 8), and the cells analyzed by flow cytometry for 

IL-17-/IFN-γ -expressing CD4+ (A). The frequency of ‘double-producing’ cells was 

compared with that of single cytokine-producing CD4+ T cells (B). In each section 

(A/B), the left panel shows a representative profile, whereas the right panel shows the 

average (mean + SEM) values of the group.  
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Tc17 Cells 

The reduction in frequency of IL-17-producing cells was observed in CD8+ T 

cells producing IL-17 (Tc17); a reduction from 14.6% to 2.5% (p<0.05) for vehicle- to 

Celastrol-treated rats, respectively (Figure 11A). This reduction affected only the IL-17 

solo producers as there were very few IL-17+ IFN+ CD8+ T cells in the SIC (Figure 11A 

bottom panel). A statistically significant reduction in IFN-γ+ CD8+ T cells was also 

observed in the SIC of vehicle-treated over Celastrol-treated rats, 45.4% and 31.5%, 

respectively (Figure 11A bottom panel). However, because the IFN-γ+ CD8+ T cell 

frequency was a 30% reduction and the IL-17+ CD8+ T cell was a 90% reduction, we 

inferred that Celastrol had more effect on IL-17-producers than on IFN-γ-producing T 

cells.  
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Figure 11. Celastrol limits Tc17 cells in the synovium of arthritic joints. 

On d 18 after Mtb immunization of rats, SIC were collected from the joints of arthritic 

rats treated with Celastrol or vehicle (n = 8), and the cells analyzed by flow cytometry for 

IL-17-/IFN-γ -expressing CD4+ (A). The frequency of ‘double-producing’ cells was 

compared with that of single cytokine-producing CD8+ T cells (B). In each section 

(A/B), the left panel shows a representative profile, whereas the right panel shows the 

average (mean + SEM) values of the group.  
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Antigen-specific Th17 Responses and IL-17+ γδ T cells 

Antigen specific CD4+ T cells in the SIC also had a reduction in Th17 frequency. 

Since rat MHCII tetramers are not yet available, the approach of overnight stimulation of 

isolated SICs was used to identify antigen specific T cells. Antigen-presenting cells 

(macrophage and B cells) are present in the synovium of AA rats. This allowed us to 

pulse APC with arthritis-related antigens such as Bhsp65 and Rhsp65 (Durai et al., 2004) 

to stimulate antigen-specific T cells in the synovium. The highest response was to the 

whole Mtb, with relatively lower response to Bhsp65 and Rhsp65 proteins (Figure 12A). 

This data validates that Celastrol can reduce IL-17-production by CD4+ T cells reactive 

against arthritis-related antigens. Moreover, the reduction in IL-17-producing cells was 

observed in both the αβ and the γδ TCR subset of T cells (Figure 12B).  
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Figure 12. Celastrol treatment limits arthritic antigen specific Th17 cells and γδ T 

cells in the synovium. 

SICs were isolated from arthritic joints from rats treated with Celastrol or the vehicle 

control. (A) Total SIC were restimulated with arthritis-related antigens, Mtb, Bhsp65, and 

Rhsp65 as indicated overnight and analyzed by flow cytometry. (B) SICs were analyzed 

by flow cytometry for IL-17 production by αβ and γδ TCR T cells. Representative plots 

of two experiments are shown. 
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Treg Cells 

Conversely, the Treg phenotype was significantly increased in SIC from 

Celastrol-treated over vehicle-treated rats, 8.4% over 3.9%, respectively (Figure 13A). As 

it was described above, it appears the Th17/Treg ratio and not the frequency of Tregs 

alone is the better predictor of human RA development (Noack and Miossec, 2014; Wang 

et al., 2012). After Celastrol treatment, the average ratio of IL-17-producing CD4+ T 

cells to Treg (Th17/Treg) in the synovium showed significant reduction from 23.7 

(vehicle) to 2.9 (Celastrol) (Figure 13B left panel). A similar trend was observed for the 

ratio of IL-17-producing CD8+ T cells and Treg, with a reduction from 5.3 to 0.3 

(P<0.05) (Figure 13B right panel). Taken together, these results suggest that Celastrol 

attenuates autoimmune arthritis in part by reducing the ratio of Th17 to Treg in the 

cellular infiltrate of arthritic joints. 
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Figure 13. Celastrol augments the Treg cell frequency in the synovium of arthritic 

joints 

On d 18 after Mtb immunization of rats, SIC were collected from the joints of arthritic 

rats treated with Celastrol or vehicle (n = 8), and the cells analyzed by flow cytometry for 

Foxp3+ CD25+ CD4+ T cells (A). The left panel shows a representative profile, whereas 

the right panel shows the average values of the group. (B) The Th17/Treg (n = 8) (left 

panel) and Tc17/Treg (n = 8) (right panel) frequency ratios in SIC are shown. (Where 

indicated, the error bars represent SEM.) 

 

  



59 
 

Peripheral Lymph Node CD4+ T Cells 

 The popliteal, inguinal, and mesenteric lymph nodes were isolated during the 

peak phase of the disease from Celastrol-treated and vehicle-treated arthritic rats (n = 3). 

A single cell suspension of LNC was restimulated and stained for intracellular cytokines 

and transcription factors. Similar to the phenotypic changes observed in the synovium, 

the average frequency of the Th17 cell in the LNCs was reduced significantly in the 

Celastrol-treated rats over vehicle-treated rats, 1.52% to 2.58% respectively (Figure 14 

top panel). However, this reduction, 59%, was not as dramatic as the decrease seen in the 

SIC, 90%. Furthermore, there was no change in the Th1 frequency (vehicle 0.93% to 

Celastrol 0.98%) (Figure 14 middle panel). Finally, there was a small increase in the 

frequency of Treg cells (Figure 14 bottom panel) in the LNC following Celastrol 

treatment (5.88% vehicle to 6.66% Celastrol) similar to the SIC, but this change was not 

statistically significant.   
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Figure 14. Celastrol treatment downregulates Th17, but has little effect on Th1 and 

Treg cells in the draining lymph nodes. 

On d 18 after Mtb immunization of rats, SIC were collected from the draining lymph 

nodes of arthritic rats treated with Celastrol or vehicle in three separate experiments (n = 

3 rats per group), and the cells analyzed by flow cytometry for the composition of IL-17-

/IFN-γ/Foxp3 - expressing CD4+ T cells. In each row, the left panel shows a 

representative profile, whereas the right panel shows the average (mean + SEM) values of 

the group.  
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The T cell-intrinsic effect of Celastrol on Th17 differentiation 

Th17 Differentiation 

To determine the potential mechanisms associated with the altered cellular 

phenotype seen in the synovial tissue of arthritic rats, we set out to test the effects of 

Celastrol on changes intrinsic to the T cell differentiation process.  Currently, the 

reagents required for Th17/Treg differentiation of rat T cells are limited compared with 

those for mouse and human T cells. Therefore, we addressed the above question using 

wild type C57BL/6 (B6) mouse splenocytes and human peripheral blood mononuclear 

cells (PBMC).  In mice, the synergistic action of IL-6 and TGF-β in the presence of anti-

IL-2 facilitates differentiation of T cells into Th17 cells, driving RORγt expression and 

IL-17 production. In contrast, TGF-β and IL-2 drive expression of Foxp3 and 

differentiation of Treg cells (Noack and Miossec, 2014).  

To ascertain if Celastrol had any direct inhibitory effect on Th17 differentiation, 

we stimulated naïve CD4+ mouse T cells with anti-CD3/CD28 for 72 h with and without 

Celastrol under Th17-generating conditions (IL-6, TGF-β, and anti-IL-2 Aby). Treatment 

with Celastrol markedly decreased Th17 differentiation in a dose-dependent manner. IL-

17 expression was reduced by 20% at 200 nM and 80% at 300 nM Celastrol in vitro 

(Figure 15A top panel). Moreover, RORγt, the transcription factor that regulates Th17 

cell differentiation, was also reduced in a dose-dependent manner (Figure 15A bottom 

panel). The dose-dependent inhibition of Th17 differentiation was also seen in naïve 

human CD4+ T cells differentiated with IL-1β, IL-6, IL-23, and TGF-β (Figure 15B). 

Thus, Celastrol inhibited differentiation of both murine and human Th17. These findings 

suggest that Celastrol might be an effective inhibitor of Th17 in human RA.  
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Figure 15. Celastrol inhibits the in vitro differentiation of Th17 

For Th17 differentiation, naive CD4+ T cells were isolated from mouse splenocytes that 

had been polyclonally stimulated for 3 d with plate-bound anti-CD3 and soluble anti-

CD28 in the presence of TGF-β, IL-6, and anti-IL-2 and varying concentrations of 

Celastrol as described in detail under Methods. Flow cytometric analysis of intracellular 

staining of IL-17, Foxp3, and RORγt (A) was performed. A representative profile of 

RORγt (left panel) and average (mean + SEM, n= 3) values of the group (right panel) are 

shown. Human CD4+ CCR6+ PBMCs were similarly stimulated for 3 d with IL-1β, IL-6, 

TGF-β, and IL-23 in the presence or absence of Celastrol (B). Flow cytometry plots are 

representative of three experiments.   
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iTreg Differentiation 

Since we observed an increase in the Treg phenotype in the SIC of arthritic rats 

treated with Celastrol, we next tested whether Celastrol could promote induced Treg 

(iTreg) differentiation. Similar to the Th17 differentiation assay, we stimulated naïve 

mouse CD4+ T cells for 72 h in the presence of TGF-β and IL-2 with increasing amounts 

of Celastrol. We found that Celastrol does in fact promote the expression of Foxp3 

(Figure 16A). 

In mice, Th17 and Treg differentiation is only separated by exogenous IL-6. 

Moreover, in vitro Th17 and iTreg differentiation both require TGF-β and are separated 

by IL-6 and IL-2. Since Celastrol had not only inhibited Th17 differentiation, but also 

promoted iTreg development we hypothesized that Celastrol may be interfering with IL-6 

signaling. To test this, we differentiated naïve T cells with IL-6 and TGF-β, but in the 

absence of anti-IL-2 to allow the endogenous IL-2 produced by the activated T cells to 

influence the differentiation process. We observed that in this environment, Celastrol 

treatment decreased IL-17, but increased Foxp3 expression (Figure 16B). Taken together, 

these results indicate that Celastrol inhibits IL-6 signaling causing an inflammatory 

cytokine milieu with IL-6 to act like a non-inflammatory environment with only TGF-β 

and IL-2 present. 
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Figure 16. Celastrol inhibits Th17, but augments Treg differentiation 

Similar to the Th17 differentiation, for iTreg differentiation, naive CD4+ T cells were 

isolated from mouse splenocytes that had been polyclonally stimulated for 3 d with plate-

bound anti-CD3 and soluble anti-CD28 in the presence of TGF-β and IL-2 and varying 

concentrations of Celastrol (A). The effect of Celastrol on the Th17/Treg differentiation 

was determined using the aforementioned Th17 differentiation without anti-IL-2 antibody 

(B). Flow cytometry plots are representative of two experiments.  
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IL-6 Signaling Pathway 

The T cell differentiation assays revealed that Celastrol can inhibit Th17 

differentiation and promote Treg differentiation in the same culture. We hypothesized 

that this was in part due to inhibition of the IL-6 signaling pathway, which resulted in 

exogenous TGF-β and endogenous IL-2 mimicking the Treg differentiation environment. 

To test this, we incubated mouse CD4+ T cells with rIL-6 with and without Celastrol. 

The IL-6 receptor (IL-6R) consists of the IL-6Rα and gp130, and signals through a 

pSTAT3 homodimer with some ancillary pSTAT5.  Our results show that Celastrol 

treatment resulted in a decrease in STAT3 and STAT5 phosphorylation (Figure 16A top 

panel), and STAT3-induced expression of suppressor of cytokine signaling 3 (SOCS3) 

(Figure 16B). SOCS3 is a STAT3-induced gene that acts as a phosphatase and 

dephosphorylates STAT3 in a negative feedback-loop. The gene expression of SOCS3 

was used to determine if the reduction in pSTAT3 caused by Celastrol treatment was due 

to a block in STAT3 signaling or an increase in SOCS3 expression. The decrease in 

SOCS3 expression and pSTAT3 suggest that Celastrol can directly inhibit Th17 

differentiation and promote Treg differentiation in part by blocking IL-6R signaling 

pathway. 
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Figure 17. Celastrol inhibits IL-6R signaling by reducing STAT3 signaling. 

Mouse CD4+ T cells were treated with Celastrol (300 nM) for 8 h and then activated with 

IL-6 (2 ng/mL) for the indicated duration. (A) Cell lysates were collected and pSTAT3 

and pSTAT5 were tested using a western blot assay. Total STAT3 and total STAT5 were 

used as protein-loading controls. The intensity of the bands was quantified by 

densitometric analysis and normalized against the loading controls. (B) Total RNA 

isolated from cells treated as described above was tested for STAT3-induced gene 

SOCS3 by qRT-PCR (mean ± SEM, n = 3).   
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The influence of Celastrol on antigen-specific T cell response and cellular migration 

T Cell Proliferation 

 Celastrol is a small molecule with a molecular weight of 450 g/mole and is 

nonpolar. As a result, the molecule is cell permeable. We wanted to define other 

mechanisms besides T-intrinsic effects on T cell differentiation that Celastrol might 

recruit to limit inflammation and the corresponding increase in Th17 cells in the arthritic 

synovium. We first tested whether Celastrol had an effect on T cell proliferation as an 

increase in cellular proliferation may lead to the expansion of Th17 cells in the synovium. 

Using bulk LNCs, which contain lymphocytes and APCs, we restimulated lymphocytes 

ex vivo with arthritis-related antigens. Cells were stimulated for three days and then 

pulsed with 3H-Thymidine on the final day. The recall response of the T cells to an 

irrelevant control antigen (KLH) was comparable in the LNCs from Celastrol-treated and 

control rats. On the other hand, the response to arthritis-related antigens (Mtb, 

mycobacterial hsp65 (Bhsp65), and rat hsp65 (Rhsp65)) was significantly reduced in 

Celastrol-treated rats compared to that of control rats (Figure 18A). 

As described above, we observed changes in Th17/Treg ratio in arthritic joints of 

Celastrol-treated vs. control rats. We wanted to test whether this outcome might have 

been the outcome of differential proliferation of T cell subsets in the two groups of rats.  

Since we were unable to detect a proliferative response in the activated T cells in the SIC 

using the 3H-Thymidine incorporation assay, we chose to perform intracellular staining of 

the SIC T cells with Ki67. Ki67 is a nuclear protein that is expressed during cell 

proliferation. Intracellular staining of CD4+ T cells in the SIC from Celastrol- and 

vehicle-treated (n = 3) rats showed no difference between either population (Figure 18B 
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top panel). Similarly, in both the Th17 and Treg cell phenotype, the Ki67 appeared to be 

relatively unchanged (Figure 18B bottom panel). Taken together, these results show that 

the difference in SIC Th17/Treg ratio observed in Celastrol-treated vs. control rats is not 

because of a differential effect of Celastrol on proliferation of CD4+ T cells or CD4+ T 

cell subsets. 
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Figure 18. Celastrol limits T cell proliferative responses to arthritis-related antigens 

in lymph nodes, but does not reduce proliferation of SIC T cells in the synovium. 

(A) Ex vivo T cell recall responses to arthritis-related antigens were measured using LNC 

of Celastrol-/vehicle-treated rats. The draining LNC from these rats were harvested 18 d 

after Mtb-immunization and tested in a proliferation assay using the indicated recall 

antigens (mean ± SEM, n = 3). (B) SIC from arthritic joints treated with and without 

Celastrol were analyzed by flow cytometry for Ki67 expression of total CD4+ T cells 

(top panel), and Th17 and Treg cells (bottom panel). (Keyhole limpet hemocyanin, KLH; 

Mycobacterium tuberculosis H37Ra, Mtb; Mycobacterial heat shock protein 65, Bhsp65; 

and Rat heat shock protein 65, Rhsp65.) 
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T Cell Migration 

We have already determined that in vivo Celastrol treatment can limit the 

frequency of the pathogenic T cell subsets and promote the protective Treg subset. This 

together with the similar Ki67 expression of T cells in the synovium, indicated that 

Celastrol treatment may also be limiting the migration of the inflammatory cell types into 

the joint. Using flow cytometry and trypan blue dye exclusion, we identified a decrease in 

the frequency and the number of neutrophils (vehicle: 2.3 x 106; Celastrol: 1.2 x 106 

cells) and CD4+ T cells (vehicle: 2.5 x 105; Celastrol: 1.4 x 105 cells) in the joints of 

Celastrol-treated rats compared to vehicle-treated controls (Figure 19A). These results 

were confirmed with a differential cell count of the total SIC from each treatment group. 

There is a significant reduction of neutrophils (Figure 19B), a cell type that is attracted by 

IL-17 mediated chemokines. Within the T cell populations, we observed a statistical 

significant reduction in cell numbers for Th1, Th17, and Tc17 cells, but no change for the 

Tc1 and Treg subsets (Figure 19A).  

The reduction of neutrophils and inflammatory T cell subset corresponds with a 

reduction in the production of pro-inflammatory chemokines CCL3 and CCL5 by the SIC 

in Celastrol-treated group compared to the control group (Figure 20A). This identified 

another T cell-extrinsic mechanism of Celastrol-induced inhibition of Th17 cells in the 

synovium. Further, Celastrol also inhibited the chemotactic migration of LNC in a 

transwell migration assay (Figure 20B). Despite the exogenous addition of CCL3 or 

CCL5 to the cells in migration assay, Celastrol was able to inhibit the migration of LNCs. 

Taken together, these results suggest that Celastrol has the potential to inhibit the 
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migration of inflammatory cells into an arthritic joint through T cell-intrinsic 

(chemotaxis) and T cell-extrinsic (chemokine production) mechanisms.   
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Figure 19. Celastrol inhibits progression of AA in Lewis rats by limiting 

inflammatory cell infiltration. 

(A) Neutrophils (CD45+ CD11b/c+ Rat Granulocyte Marker+), CD4+ and CD8+ T cells 

(CD3+) were isolated from SIC from arthritic joints and enumerated by flow cytometry. 

Th1/Tc1, Th17/Tc17, and Treg cells were detected by intracellular staining for IFNγ, IL-

17, and Foxp3, respectively. Data from 4 – 5 independent experiments (n = 3 rats per 

group) are presented. (B) Representative pictures (400x) from a differential cell count of 

1 x 106 SICs are shown.  
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Figure 20. Celastrol limits the production of pro-inflammatory cytokines and the 

migration of lymphocytes. 

(A) Total SIC from arthritic rats treated with Celastrol or vehicle were stimulated ex vivo 

with Mtb sonicate. Chemokines in cell supernatants were measured by Multiplex assay. 

(B) LNC derived from untreated arthritic rats were allowed to migrate using a Transwell 

chamber in the presence of CCL3 or CCL5 (50 ng/mL) and Celastrol at the indicated 

concentrations. Cells treated with vehicle served as controls for Celastrol-treated cells (n 

= 3). (Where indicated, the error bars represent SEM.) 
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The T cell-extrinsic Effect of Celastrol on Th17 differentiation 

Antigen Presenting Cell (APC) Activation 

We next examined whether Celastrol had any influence on Th17-Treg 

differentiation through T cell-extrinsic mechanisms. Specifically, we determined the 

effect of Celastrol on the activation state of antigen presenting cells (APCs: CD45+ 

CD11b/c+) using common activation markers CD80, CD86, and MHCII. The spleen 

adherent cells (SAC) and SICs from Celastrol-treated rats showed reduction in the 

expression of CD80 when compared to those from control rats, but the reduction in the 

expression of MHCII and CD86 was much less pronounced than that of CD80 in the 

SACs (Figure 21A). Due to the lack of availability of anti-rat PD-L1 and anti-rat PD-L2 

antibodies, mRNA expression of these inhibitory coreceptors was tested in Mtb-

restimulated SACs ex vivo. Celastrol treatment increased the expression of these 

receptors (Figure 21B).   
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Figure 21. Celastrol treatment reduces CD80 costimulator receptor expression in 

the spleen and synovium. 

SAC and SIC from Mtb-immunized arthritic rats treated with Celastrol or the vehicle 

were harvested on day 18 of AA. (A) Cells were analyzed by flow cytometry for surface 

expression of MHCII, CD80, and CD86. In each section (SAC and SIC), the left panel 

shows a representative profile, whereas the right panel shows the average (mean + SEM) 

values of the group. (B) SAC from Mtb-immunized rats treated with Celastrol or PBS  

were harvested on day 18 and  restimulated ex vivo for 6 h with sonicated Mtb (10 µg/ml; 

n=4 each). mRNA expression was quantified by RT-PCR and normalized to HPRT. 
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NF-kB-mediated cytokines IL-6 and IL-1β  

As described above, Celastrol can directly inhibit Th17 cell . In addition, a 

potential extrinsic effect of Celastrol is to limit the pro-inflammatory cytokines necessary 

for Th17 differentiation. The pro-inflammatory cytokines IL-6 and IL-1β are relevant for 

both T cell differentiation and arthritis progression. These cytokines are NF-kB-induced 

cytokines. We have confirmed previous reports by other labs that Celastrol treatment can 

inhibit NF-kB activity. Using an NF-kB luciferase reporter assay, Celastrol inhibited up 

to 50% of the NF-kB activity at the highest 300 nM concentration (Figure 22A).   

Since IL-6 and IL-1β  are induced by NF-kB, we expected and confirmed that 

Celastrol treatment of arthritic rats led to decreased production of IL-1β and IL-6 by both 

the SAC and SIC compared to vehicle treatment, when tested ex vivo (Figure 22B). IL-1β 

is a little different than IL-6 and other NF-kB-induced cytokines in that it is produced in 

the pro- form that must be processed by proteases (e.g. caspase 1) into the active form. 

SAC obtained from an arthritic rat and then restimulated with Mtb sonicate in the 

presence of Celastrol in vitro showed reduction in both the gene expression and the level 

of protein corresponding to pro-IL-1β and IL-1β (Figure 23A). This result was expected. 

However, SAC obtained from Celastrol-treated rats and then restimulated with Mtb ex 

vivo without subsequent exposure to Celastrol showed marked reduction in the 

expression of the active (mature) form of IL-1β, but relatively much less reduction in pro-

IL-1β (Figure 23B). This result was unexpected, and we are currently attempting to 

elucidate the mechanism by which Celastrol limits the conversion of pro-IL-1β to mature 

IL-1β. Together, these results indicate that Celastrol can extrinsically limit the cytokines 

required for Th17 differentiation (T cell-extrinsic effect).  
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Figure 22. Celastrol treatment reduces NF-kB activity and production of IL-6 and 

IL-1β by SAC and SIC. 

(A) HEK 293T cells were transfected with an expression construct containing Firefly 

luciferase and a promoter containing three copies of the NF-kB binding site (NF-kB 

luciferase). Cells were pretreated with indicated concentrations of Celastrol for 2 h 

followed by stimulation with TNF-α for 6 h. Luciferase activity was read and the results 

presented as percent inhibition over the medium control. (B) Cells were restimulated in 

vitro for 24 h with or without Mtb sonicate (10 μg/ml). Thereafter, cell free culture 

supernatants were collected, and the levels of IL-1β and IL-6 were measured by a 

Multiplex assay.  
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Figure 23. Celastrol treatment reduces pro-IL-1β and active IL-1β by SAC in vitro, 

but only reduces active IL-1β ex vivo. 

(A) SAC from arthritic rats were restimulated in vitro for 6 h with Mtb sonicate in the 

presence or absence of Celastrol (100 or 300 nM) (n = 3 each) and the total RNA was 

processed by quantitative RT-PCR. Values were normalized to the respective HPRT 

mRNA levels and are expressed as relative message. In parallel, cell lysates were 

prepared from and the levels of pro-IL-1β (p31) and IL-1β (p17) were analyzed by 

western blot. (B) SAC from rats treated with Celastrol or the vehicle were restimulated ex 

vivo for 6 h with or without Mtb sonicate (n = 3). IL-1β mRNA and protein expression in 

these cells was analyzed by quantitative RT-PCR as in section ‘A’. Western blots 

represent three experiments. 
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The rat AA has been shown in our laboratory to be an IL-17 mediated disease 

(Rajaiah et al., 2011). The reduction of Th17-differentiating cytokines by Celastrol may 

create an environment where activated CD4+ T cells differentiate into iTregs because of 

the altered cytokine milieu. To test this hypothesis, we injected recombinant rat IL-6 

(Figure 24A) and recombinant rat IL-6 and IL-1β combined (Figure 24B) in parallel to 

Celastrol treatment to test if we could rescue arthritic inflammation. We injected 

Celastrol on day 10 (onset) and followed the next day (day 11) with an injection of 

recombinant cytokine. We repeated this treatment for the duration of disease.  We found 

that we could not rescue the disease severity. There are many reasons as to why this 

experiment might have failed, but it appears as though the multiple mechanisms of action 

of Celastrol cannot simply be overcome by the reintroduction of cytokines.  
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Figure 24. Intraperitoneal injection of recombinant pro-inflammatory cytokines 

fails to rescue the disease severity in arthritic LEW rats treated with Celastrol. 

Mtb-immunized LEW rats were treated with i.p. Celastrol on day 10 (disease onset) and 

then treated every other day (QOD). Beginning day 11 (day after first Celastrol 

injection), recombinant IL-6 (A) or IL-6 and IL-1β (B) were injected i.p. QOD. Clinical 

scores were recorded daily and the results are presented as mean values (n = 2 per group). 

 

  



81 
 

4. DISCUSSION 

RA is an autoimmune disease characterized by infiltration of leukocytes into the 

synovial tissue and fluid of joints leading to inflammation and degradation of bone and 

cartilage. As with most diseases, the study of RA pathogenesis and the testing of novel 

drugs have relied heavily on animal models. Several studies in RA and experimental 

models of arthritis have revealed changes in the proportion of T cell subsets in the blood 

and peripheral lymphoid organs. However, there is relatively meager information about 

the frequency of pathogenic (Th17)/regulatory (Treg) T cell subsets in the target organ, 

the joint, as well as alteration in the balance of these subsets in inflamed joints following 

therapeutic interventions. This study provides a comprehensive insight into the T cell 

phenotype in the synovium-infiltrating population and the immune parameters that play a 

role in the reduction of arthritis by Celastrus-derived Celastrol in a model of RA. 

This project began by trying to identify the phenotype of the cellular infiltration 

into the synovium, the SIC, using the AA model. The rat AA model allowed us to obtain 

adequate number of SIC for flow cytometric analysis. The development of a SIC T cell 

assay allowed us to test the effectiveness of Celastrus and Celastrol with the target organ 

as the readout. In collaboration with Dr. Li Tong (Southern Medical University, China), 

our lab previously tested Celastrus in the AA model. Celastrus-treated rats showed 

reduced clinical arthritis as well as frequency of Th17 cells in the spleen, but with a small 

increase in Treg cells. Comparing this to our Th17/Treg phenotype kinetics in the SIC, 

this was expected, but the SIC of Celastrus-treated rats had no detectable change in the 

frequency of Th17 cells over the water-treated group. We concluded that Celastrus was 

effective, but this was not sensitively reflected in the SIC phenotypic readout. Therefore, 
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we decided to test Celastrol, which is much more potent than Celastrus in suppressing 

AA.  

We first defined the cellular composition of the synovium-infiltrating cells in the 

joints of arthritic rats, and then determined changes in the cellular phenotype following 

treatment with Celastrol. We were able to characterize neutrophils and T cells that 

migrated into the joints at different time points throughout the disease, but were unable to 

properly identify other cell types due to a lack of reagents for rat-specific markers. For 

example, a mouse anti-CD19 antibody was  used to identify activated B cells in the SIC, 

but despite a 90% overlap in amino acid sequences, the antibody did not bind to rat B 

cells in either the SIC nor the spleen. By plotting the average frequencies of each CD4+ T 

cell subset (Th1, Th17, and Treg), we observed that the pathogenic Th17 population 

correlated well with the clinical disease score. However, the Treg cells seemed to have an 

inverse relationship with progression of the disease. 

 Our results of SIC analysis revealed that the frequency and number of neutrophils 

and CD4+ T cells were both reduced in the joints of Celastrol-treated rats. When the 

subsets of CD4+ and CD8+ T cells were analyzed, we observed a reduction in the 

frequency and absolute number of inflammatory Th17/Tc17 cells and saw an increase in 

the protective Treg cell frequency, but no change in Treg cell numbers in the treated rat 

group compared with the non-treated group. 

 The seeding of cells in the synovium results from T cell activation in the draining 

lymph nodes and subsequent migration into the joint. Our results suggest that Celastrol 

modulates both these processes. We observed reduced T cell proliferation in response to 

arthritis-related antigens. This might in part be owing to the reduced in vivo expression of 
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stimulatory receptors (CD80 and MHCII) on APCs. The importance of the 

downregulation of the stimulatory receptors is highlighted by the success of the CTLA-4-

Ig biologic used in treating human RA (Fiocco et al., 2008). 

The influence of Celastrol on cellular migration in part owes to reduction in the 

production of CCL3 (MIP-1α) and CCL5 (RANTES) by synovial-infiltrating cells as well 

as by a direct effect on the migration of T cells in response to the same chemokines 

provided exogenously. These results are supported by other studies showing that the 

blockade or inhibition of chemokines (Marotte et al., 2010; Shahrara et al., 2008b; 

Szekanecz et al., 2010) and synovium-associated adhesion molecules (Lee et al., 2007) 

can suppress arthritis. 

The synovial-infiltrating cells (SIC) of Celastrol-treated rats showed reduced 

frequency of IL-17-producing CD4+ and CD8+ T cells. Both the αβ and the γδ T cell 

subsets showed a reduction in IL-17-producing cells. In contrast, the proportion of Treg 

was increased in the same SIC specimen. These changes in the T cell phenotype in the 

SIC correspond to a reduction in the severity of arthritis. Our findings regarding the 

Th17/Treg imbalance in AA and its reversal following Celastrol treatment are supported 

by those in RA patients and other experimental models of RA. For example, the numbers 

of IL-17 producing CD4+, CD8+, and γδ T cells are all increased in the synovial fluid of 

RA patients, and have an inverse relationship with that of Treg cells (Nistala et al., 2008). 

The reversal of the Th17/Treg imbalance in PBMCs has been observed in clinical trials 

using conventional single therapy tocilizumab (human anti-IL-6) (Samson et al., 2012). 

Similarly, vasoactive intestinal peptide and grape seed proanthocyanidin extract have 

been shown to alter the Th17/Treg ratio in splenocytes in mice with collagen-induced 
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arthritis (Deng et al., 2010; Park et al., 2011). In another study on AA but in Wistar rats, 

Celastrol was found to be more effective than Digoxin in suppressing arthritis (Cascao et 

al., 2012). Further, Digoxin, a known inhibitor of RORγt, was found to reduce the 

frequency of IL-17-producing cells in the spleen of treated rats. The above studies 

highlight the utility of natural products for the treatment of experimental arthritis. Earlier, 

an extract of Tripterygium wilfordii and its bioactive component triptolide were shown to 

be effective in the treatment of RA (Goldbach-Mansky et al., 2009; Lv et al., 2014), 

further reinforcing the potential of the vast resource of natural products for the treatment 

of RA. 

We examined the effect of Celastrol on T cell differentiation to explain the 

alteration of the Th17/Treg ratio in the SIC. We considered two mechanisms by which 

Celastrol could affect T cell differentiation, namely T cell-intrinsic and T cell-extrinsic. 

Celastrol could block T cell differentiation either directly (intrinsically) through 

inhibition of cellular signaling or (extrinsically) by reducing the cytokines (IL-6 and IL-

1β) necessary for Th17 differentiation (Figure 25). 
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Figure 25. Extrinsic and Intrinsic Effects of Celastrol on Th17 Differentiation 

Inhibition. 

(1) In mice and humans, IL-6 and IL-1β play a role in Th17 differentiation. Both of these 

pro-inflammatory cytokines are expressed with the activation of the NFkB transcription 

factor. Inhibition of NFkB activity by Celastrol can reduce the production of these 

cytokine preventing Th17 differentiation and causing an activated cell to become a Treg 

cell. (2) Celastrol can also directly inhibit Th17 differentiation through inhibition of 

transcription factors necessary for Th17 development (e.g. pSTAT3 and RORγt). 
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Using a T cell differentiation assay, we showed that Celastrol can directly reduce 

the frequency of IL-17-producing and RORγt-expressing T cells, but augment the 

frequency of Foxp3-expressing T cells (Figure 26). The cytokine cocktail required for rat 

Th17/Treg differentiation has not been reported in the literature. Accordingly, we tested 

Celastrol on mouse and human CD4+ T cells. Celastrol was able to reduce the frequency 

of IL-17-producing mouse and human CD4+ T cells. Using only IL-6 as the stimulus, we 

also showed one potential mechanism of Celastrol, namely reduction in pSTAT3, which 

plays an important role in modulating Th17/Treg balance (Durant et al., 2010) (Figure 

26). The IL-6 signaling pathway also has ancillary phosphorylation of STAT5, which can 

inhibit pSTAT3 signaling. It is believed that this is a negative feedback mechanism 

(Tormo et al., 2012). As such, activation of STAT5 by cytokines such as IL-2 can 

counteract IL-6-induced Th17 cell differentiation and promote the induction of regulatory 

T cell generation. Our data showed that CD4+ T cells stimulated with IL-6 had reduced 

pSTAT5, which indicates that Celastrol limits IL-6 signaling without increasing IL-2 

signaling. This was supported by the reduction of SOCS3, a STAT3 mediated gene that 

also works in a negative feedback mechanism on STAT3 signaling. 
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Figure 26. Celastrol Limits phosphorylation of STAT3 Blocking Th17 

differentiation. 

In mice and humans, IL-6, IL-21, and IL-23 signal through pSTAT3. Inhibition of 

pSTAT3 can prevent Th17 differentiation by preventing transcription of Th17 genes. 

This figure shows how inhibition of IL-6 signaling can block Th17 differentiation by 

allowing TGFβ and IL-2 to induce Foxp3 expression.  

 

The data suggest that Celastrol subverts Th17 differentiation by blocking the IL-

6R signaling pathway involving STAT3, which in turn helps attenuate a Th17-mediated 

disease like AA. Many Th17-specific inhibitors have been developed, but have not been 

tested on Treg (Huh and Littman, 2012). In contrast, a molecule like Celastrol can reduce 

Th17, while enhancing Treg differentiation, potentially controlling arthritis via two 

synergistic mechanisms. Our findings on this reciprocal effect of Celastrol on Th17 and 

Treg are supported by similar results using STA-21, a STAT3 specific inhibitor, in the 

collagen-induced arthritis model of RA (Park et al., 2013). 
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As mentioned above, the primary difference in the differentiation of Th17 and 

Treg is the presence or absence of the pro-inflammatory cytokine IL-6 and/or IL-1β 

(Bettelli et al., 2006). Therefore, these two cytokines, which are produced by myeloid 

cells (macrophage and dendritic cells) during inflammatory conditions, are valid targets 

for influencing T cell subset differentiation. In this regard, our results showed that 

Celastrol treatment can significantly reduce the levels of IL-6 and IL-1β produced by 

mouse macrophages, offering a T cell-extrinsic mechanism of Celastrol-induced 

inhibition of Th17 differentiation under inflammatory conditions. These results are 

further supported by our earlier finding in the AA model showing that the levels of IL-6 

and IL-1β are significantly reduced in Celastrol-treated arthritic Lewis rats compared to 

controls (Venkatesha et al., 2011b). The reduction in the levels of these cytokines 

corresponded to reduced pathology in the arthritic joints. Additional support is derived 

from our results along with those of others (Jin et al., 2002) showing that Celastrol has an 

inhibitory effect on NF-kB, the master transcription factor. As NF-kB also regulates the 

production of IL-6 and IL-1β, our results provide at least one mechanism of the T cell-

extrinsic effect of Celastrol on Th17 differentiation via the inhibition of NF-kB activity.  

In regard to IL-1β, the observed Celastrol-induced reduction in the level of mature 

IL-1β can occur because of two reasons- reduced production of pro-IL-1β, and decreased 

conversion of pro-IL-1β into mature IL-1β (Figure 27). Pro-IL-1β production is regulated 

by NF-κB, whereas production of mature IL-1β from pro-IL-1β involves the action of 

enzymes such as caspase-1, caspase-11, or others (Dinarello, 2010). The reduction in pro-

IL-1β, which was much more marked in response to in vitro Celastrol treatment than 

following in vivo Celastrol treatment, can be explained by the inhibition of NF-kB (Jin et 
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al., 2002). However, significant decrease in mature IL-1β under both conditions points to 

a likely additional direct effect of Celastrol on the conversion of pro-IL-1β into mature 

IL-1β. We are currently examining the effect of Celastrol on enzymes involved in the 

generation of mature IL-1β. 

In summary, we report in this study that Celastrol can impede Th17 

differentiation and augment Treg differentiation. The effect of Celastrol on Th17 

differentiation is both direct (T cell-intrinsic) and indirect (T cell-extrinsic). Celastrol can 

directly limit Th17 differentiation, but enhance Treg generation by preventing STAT3 

activation. In addition, it can limit the production of IL-6 and IL-1β, thereby indirectly 

reducing Th17 differentiation. Taken together, the reciprocal effect of Celastrol on Th17 

and Treg is an advantage over compounds/drugs that inhibit Th17 only. On the basis of 

our results, we suggest that Celastrol be further investigated for its efficacy against RA 

and its eventual use as an adjunct/ alternative to conventionally used anti-arthritic drugs. 
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Figure 27. The potential effect of Celastrol on the production and processing of IL-

1β. 

The production of active IL-1β requires two signals. The first signal occurs when a 

surface pattern recognition receptor (e.g. TLR4) becomes active it signals through NFkB 

leading to production of pro- IL-1β. The second signal comes from the activation of an 

intracellular pattern recognition receptor activating the inflammasome. The 

inflammasome is a collaboration of proteins that activate caspase proteins (e.g. caspase 1 

or caspase 11). Active caspase 1 cleaves the pro- IL-1β into active IL-1β. Celastrol has 

the ability to disrupt this pathway in several areas. It may limit IL-1β by blocking 

synthesis of pro- IL-1β through NFkB inhibition. Next, Celastrol may be able to limit the 

inflammaosome activation or limit caspase activity preventing pro- IL-1β processing. 

Adapted with permission from InvivoGen: Inflammasomes Review 

[www.invivogen.com] copyright 2012 
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