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ABSTRACT 

 

 

Heat shock protein 90 (HSP90) is a molecular chaperone protein that protects 

proteins from degradation, repairs damaged proteins, and assists proteins in carrying out 

their functions. HSP90 has hundreds of clients, many of which are inflammatory 

signaling kinases. The mechanism by which HSP90 enables inflammatory pathways is an 

active area of investigation. The HSP90 inhibitors such as geldanamycin (GA) and its 

derivative 17-dimethylaminoethylamino-17-demethoxygeldanamycin (17-DMAG) have 

been shown to reduce inflammation. It was hypothesized that inhibiting HSP90 would 

reduce inflammatory signal cascade levels. 

To test this, J774 mouse macrophage cells were treated with 17-DMAG and 

immune-stimulated with lipopolysaccharide (LPS). 17-DMAG treatment reduced nitric 

oxide (NO) production and the expression of pro-inflammatory cytokines interleukin 

(IL)-6, IL-12, and TNF-α. Inhibition of HSP90 also prevented nuclear translocation of 

NF-κB. 

To investigate the anti-inflammatory effects of HSP90 inhibition in vivo, MRL/lpr 

lupus mice were administered 5 mg/kg 17-DMAG for six weeks via intraperitoneal 

injection. Mice treated with 17-DMAG were found to have reduced proteinuria and 

reduced splenomegaly. Flow cytometric analysis of splenocytes showed that 17-DMAG 

decreased double negative T (DNT) cells. Renal expression of HSP90 was also measured 

and found to be increased in MRL/lpr mice that did not receive 17-DMAG. 
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The mechanistic interactions between HSP90 and the pro-inflammatory nuclear 

factor-κB (NF-κB) pathway were studied and a computational model was developed. The 

model predicts cellular response of inhibitor of κB kinase (IKK) activation and NF-κB 

activation to LPS stimulation. Model parameters were fit to IKK activation data. 

Parameter sensitivity was assessed through simulation studies and showed a strong 

dependence on IKK-HSP90 binding. The model also accounts for the effect of a general 

HSP90 inhibitor to disrupt the IKK-HSP90 interaction for reduced activation of NF-κB. 

Model simulations were validated with experimental data. 

In conclusion, HSP90 facilitates inflammation through multiple signal pathways 

including Akt and IKK. Inhibition of HSP90 by 17-DMAG reduced disease in the 

MRL/lpr lupus mouse model. A computational model supported the hypothesis that 

HSP90 is required for IKK to activate the NF-κB pathway. Taken together, HSP90 is a 

prime target for therapeutic regulation of many inflammatory processes and warrants 

further study to understand its mechanism of regulating cell signaling cascades. 
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CHAPTER 1.  

INTRODUCTION 

1.1 Motivation for research 

Inflammation is a non-specific immune response that is used by an organism to react to 

injury. Under normal conditions the inflammatory response is well regulated and self-limiting in 

its role to provide a protective role for an organism in response to harmful stimuli such as tissue 

injury, pathogens, chemicals, and other phenomenon [1]. However, when the inflammatory 

response does not resolve properly, prolonged or chronic inflammation may result. This leads to a 

progressive shift in the cell type at the inflammation site and is characterized by simultaneous 

destruction and healing of the tissue from the inflammatory process. Chronic inflammation can 

lead to numerous diseases including: atherosclerosis, cancer, and autoimmunity [2-4]. 

Understanding inflammation and its regulatory signal networks can enable development of 

improved treatments for chronic inflammatory conditions. 

1.2 Background 

Inflammation, an integral part of the innate immune system, is a complex response that 

can affect any tissue and cell type in the body. Inflammation is considered part of the innate 

immune response. When innate immunity recognizes a threat it responds instantly by deploying 

antimicrobial peptides and  phagocytes as well as activating the complement cascades, all in order 

to contain the infection and limit tissue damage [5]. This is in contrast to the adaptive immune 

response that involves T cells, B cells and antibodies that proliferate and attack the foreign 
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antigens. The adaptive immune system may take days to build a sufficiently strong response to 

the invading pathogens [5]. 

Inside the cell, the innate immune response activates a myriad of signal transduction 

pathways such as the Toll-like receptor (TLR), tumor necrosis factor receptor (TNFR), Akt 

(protein kinase B), Janus acting kinase/Signal Transducers and Activators of Transcription 

(JAK/Stat), the inhibitor of κB kinase (IKK),, and others [6]. These signal transduction pathways 

are upstream of nuclear factor-κB (NF-κB) and interferon regulatory factors (IRFs) which enter 

the nucleus of the cell to promote production of inflammatory cytokines [7]. Increased activation 

of pro-inflammatory transcription factors leads to expression of pro-inflammatory molecules such 

as tumor necrosis factor-α (TNF-α), interleukins, type I and II interferons and increased 

production of nitric oxide (NO) [8, 9]. 

Inflammatory responses can be initiated and regulated by diverse intracellular signaling 

networks, including the TLR network. In particular, TLR4 selectively recognizes microbial 

lipopolysaccharide (LPS) as well as many host metabolites and lipids including saturated fatty 

acids [10, 11]. Activation of the TLR4 signaling network initiates multiple cascades of 

inflammatory processes [12, 13]. At a molecular level, TLR4 activation leads to expression of 

pro-inflammatory cytokines and mediators including TNF, interleukin 6 (IL-6,), and inducible 

nitric oxide synthase (iNOS) [14]. At a cellular level, TLR4 activation leads to enhanced 

macrophage phagocytosis, exacerbated immune cell activation, and increased cross-talk between 

innate and adaptive immune cells [15].  Collectively, exacerbated TLR4 signaling processes can 

lead to pathogenesis of autoimmune diseases including lupus [12]. 
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1.2.1 Systemic lupus erythematosus 

Systemic lupus erythematosus (SLE) is a chronic inflammatory autoimmune disorder that 

can affect nearly every organ in the body [16]. It is an autoimmune disease in which the immune 

system attacks the body’s own cells and tissue. The result of the autoimmune attack is chronic 

inflammation and tissue damage [17]. SLE may manifest in skin, joints, kidneys, heart, lungs, 

blood vessels, brain, and other organs [18]. Recent studies indicate that inflammation associated 

with SLE leads to atherosclerosis and accelerated coronary artery disease [19]. For example, 

women with SLE under age 40 are nearly five times more likely to have atherosclerosis than their 

healthy, same-age peers, independent of conventional risk factors (smoking, high cholesterol, 

advanced age, high blood pressure, obesity, and diabetes) [20-22].  

 
Figure 1.1. Development of SLE has been linked to dysregulation of B cells, T cells, and 

innate immune cells in addition to some correlation to environmental factors. 
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The mechanisms underlying the development of SLE are still not understood. Presently, 

the data suggests correlations between SLE and B cells, or SLE and T cells, or SLE and innate 

immune cells [23-26]. In addition, there is data suggesting environmental factors and deficiency 

of the complement component 1, q subcomponent (C1q) can determine susceptibility to 

developing SLE [18, 27]. It is likely that SLE development is determined by a combination of all 

of these factors, as is represented in the diagram in Figure 1.1. The notion that SLE development 

lies in dysregulation of any one of B cells, T cells, or innate immune cells finds support in the 

literature that shows therapeutic success in targeting B cells, T cells or even extracellular 

cytokines [23, 26, 28, 29]. The most recent drug approved by the Food and Drug Administration 

(FDA, March 2011) for treatment of lupus was Belimumab (or LymphoStat-B), a monoclonal 

antibody that inhibits B-cell activating factor (BAFF) for a net effect called B cell depletion [30]. 

The difficulty in identifying viable therapies for SLE is highlighted by the fact that Belimumab is 

the first drug in 56 years to be approved by the FDA for the treatment of SLE [31]. 

Research has shown that the severity of SLE can also be diminished through down-

regulation of the inflammatory pathway comprising phosphatidylinositol 3-kinase (PI3K), Akt, 

and mammalian target of rapamycin (mTOR) (PI3K/Akt/mTOR) [32, 33]. Recently, several 

studies have linked modulation of Akt as a potential target for the treatment of SLE [33-35]. 

Autoimmunity and inflammation are also associated with activation of the NF-κB pathway [36]. 

The up-regulation of many pro-inflammatory cytokines and mediators such as TNF-α and 

interleukins (IL-6, IL-8 etc.) and NO are linked to NF-κB activation as was discussed by Hacker 

and Karin [37] and illustrated in Figure 1.2. Numerous other reports show that severity of 

glomerular nephritis in New Zealand Black/White F1 (NZB/W) mice is attenuated by rapamycin 

[38]. Rapamycin is a potent immunosuppressive compound [39] that acts by inhibiting mTOR, 

which is involved with cell cycle progression [40]. 
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Figure 1.2. HSP90 chaperones of key inflammatory and apoptotic proteins. This chaperone 

effect can be inhibited by HSP90 inhibitors such as 17-DMAG. 

To study SLE, mouse models have provided a valuable tool to understand and test the 

mechanisms responsible for the human disease [41]. There are several mouse models of lupus 

nephritis with the three most well recognized being the MRL/lpr model, NZB/W model, and the 

anti-glomerular basement membrane (anti-GBM) sera induced animal model [41-43]. The 

MRL/lpr lupus model originates from a mixture of strains where a recessive mutation of the Fas 

gene implicated in the programmed cell death pathway of auto-reactive thymic T cells appeared 

spontaneously [44]. In this disease model, mice show glomerulonephritis (GN), vasculitis, 
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arthritis, increased serum antibodies to double stranded DNA (dsDNA), and increased serum IgG 

and IgM [44]. 

In summary, SLE is a complex disease with many factors affecting its development. There 

is a broad range of approaches to treating the disease that includes targeting specific immune 

cells. Nevertheless, the overarching approach to SLE therapies, regardless of cellular target, is to 

suppress the immune system and/or the inflammatory response. 

1.2.2 Heat shock protein 90 

Heat shock protein 90 (HSP90) is a homo-dimeric molecular chaperone comprising 

greater than 3% of total cellular protein [45]. HSP90 has a prominent role in folding and 

conformational regulation of numerous client proteins [46, 47]. The active process of HSP90 

chaperone functions is associated with cycles of adenosine tri-phosphate (ATP) binding and 

hydrolysis [48, 49].   

The list of signal transduction client proteins for HSP90 is long, and known to include 

over 100 proteins including PI3K and Akt [46, 50-52]. This chaperone-client relationship leads to 

activation and subsequent downstream production of inflammatory mediators. HSP90 has also 

been linked to SLE with an as yet, unknown role in the disease [53-56]. 

HSP90 readily binds ATP at its N-terminal domain causing conformational change in 

HSP90, making it “clamp down” on its client protein [46, 50]. Compounds referred to as “HSP90 

inhibitors”, such as radicicol, geldanamycin (GA), and derivatives of GA, 17-allylamino-17-

demethoxygeldanamycin (17-AAG) and 17-dimethylaminoethylamino-17-

demethoxygeldanamycin (17-DMAG) function by out-competing with ATP to bind to HSP90. 

Inhibitors binding to HSP90 result in deactivation, destabilization and degradation of client 

proteins [46, 49, 57]. HSP90 inhibitors suppress immune stimulated release of IL-6, IL-12, TNF-
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α, NO [58]. Inhibition of HSP90 is characterized by up-regulation of heat shock regulator 

mechanisms by activating Heat Shock Factor 1 (HSF1), leading to increased expression of 

HSP70 [52, 59-61]. The well characterized inhibitor of HSP90, GA, inhibits HSP90 by binding to 

the N-terminus and preventing proper HSP90-client binding [46, 62-64]. The GA derived HSP90 

inhibitor 17-DMAG has been shown to prolong survival while attenuating inflammation and 

reducing lung injury in induced murine sepsis [65]. Of the GA derivatives, 17-DMAG has shown 

low toxicity and enhanced water solubility and is currently in clinical trials for the treatment of 

cancer [66]. 

Another HSP90 domain associated with ATP binding is the carboxyl domain (C-

terminal). Several HSP90 inhibitors are known to produce their inhibitory effect by binding to the 

C-terminus [46].  The active compound in green tea, epigallocatechin-3-gallate (EGCG) directly 

binds to the C-terminus of HSP90 [50]. Similar to other HSP90 inhibitors, this HSP90 carboxyl 

domain binding agent exerts anti-inflammatory effects in animals and humans [67-69].  

The literature discussed shows that HSP90 plays an important role in inflammation and 

HSP90 has been linked to SLE [53-55, 70, 71]. Nevertheless, the mechanistic role that HSP90 

plays in SLE continues to be studied. Most studies on HSP90 are performed in cancer cell lines 

with limited data on the role of HSP90 in immune cells and in vivo inflammatory models. To 

date, there have been no published studies showing the effect of HSP90 inhibition on in vivo SLE 

models. Testing HSP90 inhibitors in a mouse model for SLE would inform us of the extent to 

which the in vitro anti-inflammatory effects of HSP90 inhibition extend to the in vivo domain. 

Furthermore, HSP90 inhibition may be used therapeutically to treat chronic inflammatory 

diseases such as SLE. 
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1.2.3 Modeling 

Understanding the structure and dynamics of complex intercellular interactions that create 

and regulate the cellular environment is a key challenge in biology and medicine in the 21
st
 

century [72]. Computational and predictive models are becoming increasingly useful in the 

clinical setting. An example of this comes from using data from microarrays in pathology 

diagnosis and interpreting that data with well-developed models of the complex cellular networks 

to see how cell signaling pathways are pathologically altered in disease [72, 73].  

A number of computational models have been developed to predict the molecular 

pathways involved with inflammation. Previous studies have created computational models to 

elucidate some of the signaling pathways in apoptosis [74, 75], inflammation [76], and heat shock 

protein responses [74, 77, 78]. Experimental measurements have been integrated with 

computational methods for the creation of computational models that predict inflammatory 

response of cartilage in response to compressive loads [79]. 

Developmental work has also been presented for computational treatment planning 

models for predicting and optimizing the cellular and tissue response including cell death and 

heat shock protein expression associated with laser therapy alone or in combination with nano-

particles [80-94]. Empirical and mechanistic molecular pathway models for thermal induction of 

HSP27, HSP70 and HSP90 expression was investigated. Another research report presented a 

computational model as a virtual prototype for the mechanism of cdc37 assisted protein client 

binding to HSP90 [95]. In this study, the ATP binding cycle of HSP90 was modeled as a way to 

explore theoretical responses. In the computational models of cell signal pathways that depend on 

HSP90, there has yet to be an inclusion of terms for the chaperone effect of HSP90. Modeling 
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provides a theoretical rationale to mathematically predict how reducing inflammation by 

inhibiting HSP90 might simultaneously affect other, non-inflammatory cellular processes. 

Of the many pathways dependent on HSP90, the NF-κB pathway has been well 

characterized through computational modeling. Originally described by Hoffmann and 

colleagues, the NF-κB model has been verified and expanded by numerous other investigators 

[78]. Early modeling efforts focused on predicting NF-κB activation in response to assumed or 

measured IKK activity [96-98]. Later models began to incorporate signaling components 

upstream of IKK. Most models have focused on TNF-α signaling, however there have been a few 

mathematical models that have incorporated LPS activation or IL-1β activation of NF-κB [99-

102]. Nevertheless, efforts have focused on NF-κB and Iκβ dynamics and in many studies, IKK is 

used as an input. IKK is a well-known client of HSP90 [103-105]. Taken together, IKK’s role in 

NF-κB dynamics and its dependence on HSP90 make it an excellent candidate for development 

of a computational model that includes HSP90 in cell signaling dynamics. 

In summary, computational modeling offers a virtual environment in which to test 

hypotheses regarding cellular signaling. The interest in HSP90 as a potential mediator for 

inflammatory signals is motivation to develop a model that includes the dependence on HSP90 

for propagating inflammatory signals. Furthermore, the computational models that have 

characterized the response of NF-κB provide an excellent basis on which to build a useful 

predictive model. 

1.3 Hypothesis 

Taken together, HSP90 plays a prominent role in inflammation and that inhibition of 

HSP90 attenuates the inflammatory response. The exact mechanism for this effect is unknown 

but it is hypothesized that inhibition of HSP90 may, in part, reduce the activity of Akt 
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and/or IKK. We hypothesize that this interruption occurs by the prevention of the client 

proteins from binding to HSP90. In other words, Akt and or IKK must be bound to HSP90 

in order to propagate the signaling cascade. Furthermore, we propose that when the 

interaction between HSP90 and IKK or HSP90 and Akt is interrupted, there is a 

subsequent attenuation of inflammatory processes of in vitro inflammatory models as well 

as in vivo SLE models. To test these hypotheses, the effect of HSP90 in inflammation was 

studies according to the following three specific aims: 

Specific Aim 1: Determine the in vitro mechanistic effects of HSP90 inhibition on the Akt 

and NF-κB pro-inflammatory signal cascades. This will expand understanding of the role of 

HSP90 in inflammation and will highlight the effect of HSP90 inhibition on reduction of 

inflammation. 

Specific Aim 2: Mathematically model the cellular response to immune stimulation and 

HSP90 inhibition. In silico models will provide quantitative predictions of cytokine and 

inflammatory mediator production in terms of cellular mechanisms. 

Specific Aim 3: Test the in vivo effectiveness of HSP90 inhibition as a potential treatment 

for SLE. This proof of concept study will explore the effect of HSP90 inhibition on disease 

pathogenesis in MRL/lpr mice and will explore the in vivo mechanisms of HSP90 in SLE. 

These specific aims guided the exploration of the effects of HSP90 inhibition on 

inflammation. It was found that inhibition of HSP90 reduced Akt activity with a net effect of 

reducing production of inducible NO and expression of IL-6, IL-12, and TNF-α. A mathematical 

model was developed to explore the role of HSP90 among the complex inflammatory signal 

cascades. Analysis of the model showed that IKK activation was highly sensitive to the HSP90 

binding rate and that in the presence of HSP90 inhibitors the activation of NF-κB was reduced. 

Perhaps the most significant contribution of this work comes from the results of the in vivo study 
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of specific aim 3. This work provides evidence that HSP90 inhibition may reduce disease. We 

found that HSP90 inhibition significantly affected splenocyte T cell profiles. This suggests that 

targeting HSP90 may have efficacy in the treatment of SLE through inhibition of T cell 

activation. 
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CHAPTER 2.  

HSP90 INHIBITION BY 17-DMAG REDUCES INFLAMMATION IN J774 

MACROPHAGES THROUGH SUPPRESSION OF  

AKT AND NUCLEAR FACTOR-ΚB PATHWAYS 

Shimp III, S. K., Parson, C., Regna, N., Chafin, C., Reilly, C. M., Rylander, M. N., 

“HSP90 inhibition by 17-DMAG reduces inflammation in J774 macrophages through 

suppression of Akt and NF-κB pathways”, Inflamm Res, 2012 May; 61(5):521-533. 

ABSTRACT 

Objective: 

This study was designed to determine whether inhibition of Heat Shock Protein 90 

(HSP90) reduces pro-inflammatory mediator production by decreasing the Nuclear Factor (NF)-

κB and Akt signaling pathways in immune-stimulated macrophages. 

Methods: 

J774A.1 murine macrophages were treated with the HSP90 inhibitor 17-DMAG (0.01, 0.1 

or 1μM) prior to immune stimulation with lipopolysaccharide and interferon-γ. Expression of 

Akt, inhibitor of κB kinase (IKK), and heat shock proteins were measured in whole cell lysates 

by Western blot. Phosphorylated Akt and Inhibitor of κB (IκB) were measured in whole cell 

lysates by ELISA. Cell supernatants were analyzed for interleukin (IL)-6, tumor necrosis factor 

(TNF)-α and nitric oxide (NO). Translocation of NF-κB and heat shock factor (HSF)-1 was 

assessed by immunofluorescence. 
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Results: 

Treating cells with 17-DMAG reduced expression of Akt and IKK in immune-stimulated 

cells. 17-DMAG reduced nuclear translocation of NF-κB and reduced immune-stimulated 

production of IL-6, TNF-α and NO, but did not decrease inducible nitric oxide synthase 

expression. 

Conclusions: 

Our studies show that the immune mediated NF-κB inflammatory cascade is blocked by 

the HSP90 inhibitor 17-DMAG. Due to the broad interaction of HSP90 with many pro-

inflammatory kinase cascades, inhibition of HSP90 may provide a novel approach to reduce 

chronic inflammation. 

2.1 Introduction 

Heat shock proteins (HSPs) are chaperone proteins that bind to and stabilize many 

signaling kinases involved with various physiological and pathophysiological cellular functions. 

One such protein that has been linked to inflammatory conditions is Heat Shock Protein 90 

(HSP90). HSP90 is a homo-dimeric molecular chaperone comprising 1-2% of total cellular 

protein [1]. HSP90 has a prominent role in folding and conformational regulation of many 

proteins ranging from kinases to transcription factors [2-4]. The extensive list of HSP90 client 

proteins includes the pro-inflammatory kinase Akt [5-11]. Dissociation of HSP90 from its client 

proteins is associated with client protein degradation [2]. Inhibition of HSP90 has been shown to 

exert anti-inflammatory effects through various mechanisms [12]. HSP90 inhibition has been 

shown to deactivate Akt and reduce the response of the Phosphatidylinositol-3 Kinase (PI3K)/Akt 

inflammatory cascade [5-7, 13-15]. 
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Given that HSP90 plays a role in inflammatory conditions, controlling HSP90 function 

and/or expression experimentally may provide a novel mechanism to inhibit the inflammatory 

cascade. Geldanamycin (GA) and its analogue 17-demethylaminoethylamino-17-

demethoxygeldanamycin (17-DMAG or alvespimycin) are inhibitors of HSP90. They function by 

binding to HSP90 at the N-terminal ATP binding pocket preventing chaperone-client binding [4, 

12, 16, 17]. 17-DMAG has been reported to be more soluble and elicit less toxicity compared to 

the parent compound GA [16, 17]. Due to its improved solubility and lower hepatotoxicity than 

GA, 17-DMAG is currently being investigated in clinical trials as an anti-cancer therapeutic [18]. 

It was recently reported that inhibition of HSP90 by 17-DMAG prevented activation of the 

Nuclear Factor (NF)-κB pathway in chronic lymphoid leukemia cells [19]. HSP90 inhibition has 

been reported to decrease inflammatory mediators and cytokines including interleukin (IL)-1β, 

IL-6, tumor necrosis factor (TNF)-α, and nitric oxide (NO) [20-22]. Because of the lower toxicity 

and clinical relevance of HSP90 inhibition, we selected 17-DMAG as the HSP90 inhibitor for 

this study. 

Pro-inflammatory signaling proteins including Akt, Inhibitor of κB Kinase (IKK), and 

NF-κB have all been found to interact with HSP90 [19, 23-28]. Lipopolysaccharide (LPS) and 

Interferon (IFN)-γ synergistically stimulate inflammatory mediator production in macrophages by 

binding to their respective receptors and stimulating various cell signaling cascades [29, 30]. 

Immune stimulation leads to signal transduction by the activation of pathways including 

Akt/Mammalian Target of Rapamycin (mTOR), IKK/NF-κB, and others. This results in the 

production of pro-inflammatory cytokines and mediators including TNF-α, IL-6, and NO [31]. 

The purpose of this study was to define the mechanism by which 17-DMAG reduces 

inflammation by inhibiting HSP90.  
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2.2 Methods 

J774 Mouse Macrophage Cell Culture: Mouse macrophages (J774A.1, ATCC, 

Manassas, VA) were cultured in DMEM media supplemented with 4 mM L-glutamine, 4.5 g/L 

glucose, 1.5 g/L sodium bicarbonate, 10% fetal bovine serum (FBS), and 1% 

penicillin/streptomycin. Prior to treatment, the media was changed to 1% FBS. Cells were seeded 

in 6 well cell culture treated dishes (ThermoFisher Scientific, Waltham, MA) at a density of 

2x10
5
 cells per cm

2
 of growth area. To measure the effect of HSP90 inhibition on inflammatory 

pathway activation, cells were cultured in 0.01 μM or 0.1 μM 17-DMAG for 1 hour and then 

stimulated for 15, 30, 60 or 120 minutes with LPS (1 µg/ml; Sigma, St. Louis, MO) and IFN-γ 

(300 units/ml; Accurate Chemical, Westbury, NY). To measure the effect of HSP90 inhibition on 

protein expression, cells were treated with 17-DMAG (0.01, 0.1, 1, or 10 M) for 24 hours 

followed by 24 hours of stimulation with LPS/IFN-γ. 17-DMAG concentrations were selected 

based on prior published reports showing that 0.01 to 1 μM of 17-DMAG inhibited HSP90 

function without cellular toxicity [19, 32]. 

Nitrite Production: Media was collected at the indicated times and analyzed for nitrite 

concentration (a stable metabolite of NO) as previously described [33]. Briefly, supernatants were 

analyzed by mixing an equal volume of sample with Griess reagents (1% sulfanilamide and 0.1% 

naphthylethylenediamene in 2.5% H3PO4) in a 96 well plate. Absorbance was determined by a 

microplate reader reading at a wavelength of 550 nm. 

Cell Lysis: At the indicated times cells were collected and lysed in the following manner: 

the media was removed from the cells and replaced with PBS. Cells were scraped from the 

culture dish and the resulting suspension was pelleted by centrifugation at 120xg for 5 minutes. 

The supernatant was removed and the pellet was suspended in RIPA lysis buffer (Santa Cruz 
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Biotechnology, Santa Cruz, CA) and mixed by vortexing. The suspension was placed on ice for 

40 minutes with additional mixing occurring after 20 minutes and at the end of the incubation. 

The suspension was centrifuged at 10,000xg for 10 minutes and the supernatant was collected and 

stored at -80°C until analysis.  

Western Blot: Total cellular protein concentrations of cell lysates were measured by 

Pierce BCA assay (ThermoFisher Scientific, Waltham, MA) according to the manufacturer’s 

protocol. Cell lysates were diluted to achieve uniform total protein concentrations across samples. 

Samples were boiled in Laemmli Buffer for 5 minutes and resolved with 10% SDS-PAGE. The 

proteins were transferred to a Polyvinylidene Difluoride (PVDF) membrane and probed with 

antibodies against HSP70 and HSP90 (Enzo Life Sciences, Farmingdale, NY); iNOS (Cell 

Signaling, Boston, MA); and β-Actin (Santa Cruz Biotechnology, Santa Cruz, CA). 

Densitometric analysis of Western blot images was performed using ImageJ (NIH, Bethesda, 

MD). 

ELISA: Supernatants were collected at the indicated times and analyzed for IL-6 and 

TNF-α levels by ELISA per the manufacturer’s instructions (eBioscience, San Diego, CA). Cell 

lysates were analyzed by ELISA for phosphorylated Akt (p-Akt) (Cell Signaling, Boston, MA), 

phosphorylated IκB (p-IκB), and total IκB (Millipore, Billerica, MA) per the manufacturers’ 

instructions. 

Apoptosis Assay: Cells were pretreated for 24 hours with 17-DMAG (0.1 and 1 μM) and 

stimulated with LPS/IFN-γ for 2 hours. To collect samples, media was removed and the cells 

were detached using trypsin (Invitrogen, Carlsbad, CA), and pelleted by centrifugation at 120xg 

for 5 minutes and the cells were suspended in growth media. Cell suspensions were pelleted by 

centrifugation at 120xg for five minutes and were suspended in binding buffer containing 

Annexin V-FITC (AnnV) and Propidium Iodide (PI) following the manufacturer’s instructions 
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(Biovision, Mountain View, CA). Cells were analyzed by flow cytometry using a FACS Aria 1 

flow cytometer (BD Biosciences, San Jose, CA) and data were analyzed by FlowJo software 

(Tree Star, Ashland, OR). 

Immunofluorescence Microscopy: Cells were seeded on Lab-Tek II slides (Nalge Nunc 

International, Rochester, NY) at a density of 1x10
5
cells/cm

2
. Cells were treated with 0.1 M of 

17-DMAG for 1 hour prior to stimulation with LPS/IFN-γ. After 30 minutes, cells were fixed 

with HistoChoiceMB fixative (Amresco, Solon, OH) and permeabilized using 0.5% Triton-X. 

Fixed cells were incubated for 1 hour in PBS with 2% BSA and 1% Tween for blocking. Cells 

were stained with rabbit anti-NF-κB (Cell Signaling, Boston, MA) and rat anti-HSF1 (Abcam, 

Cambridge, MA) as primary antibodies, followed by incubation with anti-rabbit-AlexaFluor 488 

(Invitrogen, Carlsbad, CA) and anti-rat-rhodamine red-x (Jackson Immunoresearch, West Grove, 

PA). Cells were counterstained with DAPI nuclear stain using VectaShield mounting media with 

DAPI (Vector Labs, Burlingame, CA). 

Statistical Analysis: Values are expressed as means plus or minus the standard error of 

the mean (SEM). One-way ANOVA with Tukey’s multiple comparison post-test was used to 

assess the statistical significance of the effect of 17-DMAG concentration (Figures 1, 2, 5, and 7). 

Two-way ANOVA with Bonferroni post-tests was used to assess the statistical significance of 

time and 17-DMAG concentration data (Figure 3). For 95% confidence intervals, p values less 

than 0.05 were considered significant. 
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2.3 Results 

2.3.1 17-DMAG reduced viability in immune-stimulated cells 

17-DMAG has been shown to induce apoptosis [19]. To determine the optimal 

concentration for decreasing cell activation without toxicity, we measured cellular viability and 

cell death by apoptosis (Figure1). To perform this test cells were treated with 17-DMAG (0.1 or 1 

μM) for 24 hours then stimulated cells with LPS/IFN-γ for an additional 2 hours. We found no 

reduction in viability from cells receiving 0.1 μM 17-DMAG either with or without stimulation 

by LPS/IFN-γ (Figure 1A). However, 1μM 17-DMAG reduced cell viability when combined with 

LPS/IFN-γ stimulation (p < 0.01; Figure 1A). 

Apoptotic and necrotic populations were also assessed to elucidate further the mechanism 

of cell death (Figure 1B, C, and D). There was no increase in apoptosis or necrosis in cells treated 

with 0.1 μM 17-DMAG (with or without LPS/IFN-γ). The combination of 1 μM 17-DMAG and 

LPS/IFN-γ resulted in increased apoptosis (p < 0.05 vs. non-stimulated control) and increased 

necrosis (p < 0.05 vs. non-stimulated control). 
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Figure 2.1. 17-DMAG reduced viability and induced apoptosis and necrosis in J774 cells 

stimulated with LPS/IFN-γ. Cells were pre-treated with 0.1 or 1 μM 17-DMAG for 24 

hours, stimulated for 2 hours with LPS/IFN-γ, and analyzed by flow cytometry for Annexin 

V and propidium iodide staining. A) There was no significant reduction of cell viability in 

cells treated with 0.1 M 17-DMAG with or without LPS/IFN-γ. Treatment with 1 μM 17-

DMAG alone did not reduce viability but 1 M 17-DMAG with LPS/IFN-γ showed reduced 

cell viability. B) Cells treated with 0.1 M of 17-DMAG did not show an increase in 

apoptosis. In contrast, 1 M of 17-DMAG with LPS/IFN-γ stimulation exhibited an increase 

in apoptosis. C) 17-DMAG (0.1 M) did not induce necrosis with or without LPS/IFN-γ. 

Treatment with 1 M 17-DMAG and LPS/IFN-γ stimulation induced necrosis. D) 

Representative flow cytometry data for cells treated with or without 1 μM of 17-DMAG and 

with or without LPS/IFN-γ. One-way ANOVA with Tukey’s multi-comparison post-test: * p 

< 0.05, ** p < 0.01, non-treated, non-stimulated control; # p < 0.05, ## p < 0.01 vs. indicated 

samples. The results represent four independent experiments performed in duplicate. 
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2.3.2 17-DMAG decreases Akt and IKK expression 

To determine the mechanism by which 17-DMAG inhibits the pro-inflammatory signaling 

cascade, total expression of IKK-α and Akt were measured by Western blot (Figure 2). Cells 

were treated for 24 hours with 17-DMAG (0.1 μM) and then stimulated with LPS/IFN-γ for an 

additional 24 hours. Total Akt expression was not significantly affected in cells treated for 24 

hours with 17-DMAG alone. Treatment with 17-DMAG and LPS/IFN-γ showed a significant 

reduction in total Akt expression (p < 0.01 vs. non-stimulated control; p < 0.05 vs. LPS/IFN-γ 

control). Total IKK was reduced by treatment with 17-DMAG alone (p < 0.01 vs. non-treated 

control) or with 17-DMAG and LPS/IFN-γ (p < 0.001 vs. non-treated control; p < 0.01 vs. 

LPS/IFN-γ control),  

To test if HSP90 inhibition altered the phosphorylation of Inhibitor of κB (IκB), we 

treated cells with 17-DMAG for one hour, followed by stimulation with LPS/IFN-γ. Cell lysates 

were collected at 15, 30, 60 and 120 minutes and analyzed for total and phosphorylated IκB (p-

IκB) (Figure 3A and C). We found that one-hour treatment with 17-DMAG significantly 

decreased LPS/IFN-γ stimulated p-IκB expression prior to and after 15 minutes of stimulation (p 

< 0.001). However, p-IκB was not affected by 17-DMAG at 30, 60 and 120 minutes, suggesting 

that the 17-DMAG inhibitory effect on p-IκB was transient. We also found that total IκB was 

reduced prior to stimulation (p < 0.01) and 15 minutes after stimulation (p< 0.05). We found no 

effect of 17-DMAG on total IκB after 30, 60 and 120 minutes of LPS/IFN-γ stimulation. 



 

 36 

 
Figure 2.2. 17-DMAG reduced Akt and IKK expression. Cells were treated for 24-hours 

with 17-DMAG then stimulated for another 24 hours with LPS/IFN-γ. Cell lysates were 

collected and analyzed by Western blot for total IKK, Akt, and -Actin expression. A) 

Representative Western blot and averaged densitometry of Akt normalized to β-actin 

expression. 17-DMAG and LPS/IFN-γ stimulation reduced Akt. Treatment with 17-DMAG 

alone did not significantly affect Akt. B) Representative Western blot and averaged 

densitometry of IKK normalized to β-actin expression. 17-DMAG reduced IKK 

expression with and without LPS/IFN-γ stimulation. Analysis of densitometry data by one-

way ANOVA with Tukey’s multi-comparison test: * p < 0.05, ** p < 0.01 and *** p < 0.001 

vs. non-treated, non-stimulated control; # p < 0.05, ## p < 0.01 vs. LPS/IFN-γ control. The 

results represent three independent experiments performed in duplicate. 

To test if Akt activation was affected by 17-DMAG, cells were treated with 17-DMAG 

for one hour, followed by stimulation with LPS/IFN-γ. At 15, 30, 60 and 120 minutes following 

stimulation, the cells were collected, lysed, and analyzed for p-Akt expression (Figure 3B). We 

found phosphorylated Akt (p-Akt) expression was reduced prior to LPS/IFN-γ stimulation (p < 
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0.001) and 15 minutes after LPS/IFN-γ stimulation (p < 0.01). Interestingly, p-Akt was increased 

by 17-DMAG after 30 minutes of stimulation (p < 0.05) but was reduced again by 17-DMAG 

after 120 minutes of stimulation (p < 0.001). 

 
Figure 2.3. 17-DMAG reduced initial phosphorylation of IκB and Akt in LPS/IFN-γ 

stimulated cells. Cells were pre-treated for 1 hour with 17-DMAG then stimulated with LPS 

/ IFN-γ. Cell lysates were collected 15, 30, 60, and 120 minutes after stimulation and 

analyzed by ELISA. A) p-IκB was reduced prior to and at 15 minutes of LPS/IFN-γ 

stimulation. 17-DMAG did not affect IκB phosphorylation at 30, 60 or 120 minutes of 

LPS/IFN-γ stimulation. B) 17-DMAG reduced p-Akt prior to and at 15 minutes of 

stimulation. P-Akt was increased in 17-DMAG treated cells at 30 minutes of stimulation, 

however, p-Akt was reduced by 17-DMAG at 120 minutes of stimulation. C) Total IκB 

expression was reduced prior to and at 15 minutes of stimulation. 17-DMAG did not affect 

total IκB  at any other time point. Analysis by two-way ANOVA with Bonferroni post-tests: 

* p < 0.05, ** p < 0.01, *** p < 0.001, vs control. Four independent experiments were done 

in duplicate for n = 4, representative experiments shown. 
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2.3.3 Translocation of NF-κB was inhibited in cells treated with 17-DMAG. 

Having determined that 17-DMAG reduced expression of total Akt and IKKα as well as 

delaying IκB phosphorylation, we sought to determine if 17-DMAG would prevent LPS/IFN-γ 

stimulated NF-κB translocation (Figure 4). Cells were cultured on microscope slides and treated 

with 17-DMAG (0.1 or 1 μM) for 24 hours followed by stimulation with LPS/IFN-γ for 30 

minutes. NF-κB translocation was assessed by immunofluorescence microscopy. We found that 

17-DMAG alone did not induce NF-κB nuclear translocation but reduced overall NF-κB 

expression. Stimulation with LPS/IFN-γ alone resulted in strong NF-κB nuclear localization. In 

cells treated with 17-DMAG and stimulated with LPS/IFN-γ, nuclear translocation of NF-κB was 

abrogated and total NF-κB expression was reduced. 
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Figure 2.4. Nuclear translocation of NF-κB in immune-stimulated cells pretreated with 17-

DMAG shown by immunofluorescence. Cells were cultured on microscopy slides, treated 

for 24 hours with 0.1 or 1 μM concentrations of 17-DMAG followed by 30 minutes of 

immune stimulation to activate NF-κB. Background subtraction was performed uniformly 

for improved image clarity. A-F) AlexaFluor-488 labeled anti-NF-κB. G-L) DAPI nuclear 

counterstain. A) Cytosolic expression of NF-κB with nominal nuclear translocation in the 

non-stimulated control. D) Immune stimulation only (no 17-DMAG) increased nuclear 

translocation of NF-κB. B and C) Decreased NF-κB expression and reduced nuclear 

translocation in cells treated with 17-DMAG alone. E and F) Decreased expression and 

reduced nuclear translocation of NF-κB in cells pre-treated with 17-DMAG with LPS/IFN-γ 

stimulation. Two independent experiments were performed in duplicate, 25 images were 

taken per slide to verify uniform response. Most representative image is shown. Scale bar is 

shown for reference. 
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2.3.4 HSP70 expression increased, HSP90 expression was unchanged in LPS/IFN-γ 

stimulated cells treated with 17-DMAG 

HSP70 protein expression increases in response to HSP90 inhibition and HSP70 

expression is frequently used to confirm HSP90 inhibition [34, 35]. Additionally, the heat shock 

factor 1 (HSF1) protein is known to translocate from the cytosol to the nucleus in response to 

HSP90 inhibition [34]. To verify that 17-DMAG was exerting its effects through HSP90 

inhibition, we assessed HSP70 and HSP90 expression and examined the translocation of HSF1 in 

response to 17-DMAG treatment. 

We treated cells for 24 hours with 17-DMAG followed by stimulation with LPS/IFN-γ for 

24 hours. Cell lysates were collected and analyzed by Western blot (Figure 5). We found 

LPS/IFN-γ stimulation alone did not affect HSP70 expression but cells treated with 17-DMAG 

and stimulated with LPS/IFN-γ showed elevated HSP70 expression (p < 0.05). 

To validate further that HSP90 was being inhibited by 17-DMAG, we used 

immunofluorescence microscopy to examine the translocation of HSF1 (Figure 6). Cells were 

cultured on microscope slides and treated with 17-DMAG (0.1 and 1 μM) for 24 hours then 

stimulated for 30 minutes with LPS/IFN-γ. We found that cells that did not receive 17-DMAG 

had higher cytosolic localization of HSF1 compared to cells that were treated with 17-DMAG 

(Figure 6A & D). Cells treated with 17-DMAG exhibited nuclear staining indicative of HSP-1 

translocation (Figure 6B, C, E, and F). Nuclear translocation of HSF1 occurred equally in 

immune-stimulated cells and non-immune-stimulated cells treated with 17-DMAG. Furthermore, 

nuclear localization of HSF1 correlated with increasing concentrations of 17-DMAG 

administration (Figure 6C & F).  

 



 

 41 

 
Figure 2.5. Treatment with 17-DMAG increased HSP70 expression but did not change 

HSP90 expression. Cells were cultured for 24 hours with 17-DMAG then stimulated by 

LPS/IFN-γ. Cell lysates were collected 24 hours after simulation and analyzed by Western 

blot for HSP70, HSP90, and β-Actin expression. A) Representative Western blot and 

average densitometry is shown. 17-DMAG increased HSP70 expression only in cells 

stimulated with LPS / IFN-γ. B) Representative Western blot and average densitometry is 

shown. Neither 17-DMAG nor LPS/IFN-γ stimulation affected HSP90 expression. Analysis 

of densitometry data by one-way ANOVA with Tukey’s multi-comparison test: * p < 0.05, 

vs. non-treated, non-stimulated control; # p < 0.05, vs. LPS/IFN-γ control. The results 

represent three independent experiments performed in duplicate. 
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Figure 2.6. HSF1 translocation increased in response to 17-DMAG treatment. A-F) Images 

of RRX labeled anti-HSF1 stained cells. G-L) Images of DAPI nuclear counterstained cells. 

A and D) Cytosolic localization of HSF1 is exhibited in cells not treated with 17-DMAG. B, 

C, E, and F) Cells treated with 17-DMAG showed reduction of cytosolic HSF1 with 

increased nuclear translocation of HSF1(bright spots) with and without LPS/IFN-γ 

stimulation. Background subtraction was performed uniformly for improved image clarity. 

Two independent experiments performed in duplicate, 25 images were taken per slide to 

verify uniform response. Most representative image is shown. Scale bar is shown for 

reference. 
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2.3.5 Immune-stimulated NO production and IL-6 expression were reduced in response 

to treatment with 17-DMAG 

Immune stimulation of macrophages by LPS/IFN-γ induces the release of NO, IL-6, TNF-

α, and other cytokines [36]. We tested if HSP90 inhibition would decrease the production of IL-6, 

TNF-α, and NO in immune-stimulated cells. Cells were treated with 17-DMAG (0.1 or 1 μM) for 

24 hours then stimulated with LPS/IFN-γ. Media was collected 24 hours post stimulation and 

analyzed by ELISA for IL-6 and TNF-α or by Griess assay for NO (Figure 7).  

Production of NO stimulated by LPS/IFN-γ was reduced by treatment with 17-DMAG 

(Figure 7A). Both concentrations of 17-DMAG that were tested (0.1 and 1 μM) reduced 

LPS/IFN-γ stimulated NO production significantly when compared to the LPS/IFN-γ stimulated 

control (p < 0.05, 0.1 μM; p < 0.01, 1 μM). Next, we sought to determine if 17-DMAG reduced 

NO production by inhibiting iNOS protein expression. Cell lysates were collected and analyzed 

by Western blot (Figure 7B). Interestingly, despite the reduction in NO found in cells treated with 

17-DMAG, iNOS protein expression was increased with 17-DMAG treatment (p < 0.05; Figure 

7B). 

Media was also analyzed by ELISA for IL-6 production (Figure 7C). As expected, 

LPS/IFN-γ stimulation increased IL-6 production. Treatment with 17-DMAG reduced immune-

stimulated expression of IL-6 in a concentration dependent manner. Treatment with 0.1 μM 17-

DMAG reduced LPS-IFN-γ stimulated IL-6 (p < 0.001 vs. LPS/IFN-γ control) but was still 

elevated above the level of the non-treated, non-stimulated control (p < 0.001 vs. control). 

However, 1 μM 17-DMAG reduced LPS-IFN-γ stimulated IL-6 to levels comparable to the non-

treated, non-stimulated control (p < 0.001 vs. LPS/IFN-γ control). Finally, we used ELISA to 
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analyze the media for TNF-α expression (Figure 7D). We found TNF-α expression was reduced 

in 17-DMAG treated cells with LPS-IFN-γ stimulation (p < 0.01 vs. LPS/IFN-γ control). 
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Figure 2.7. 17-DMAG reduced expression of NO, IL-6 and TNF-α. Cells were treated for 24 

hours with indicated concentrations of 17-DMAG followed by 24 hours of LPS/IFN-γ 

stimulation. Media was collected and analyzed by ELISA for IL-6 and TNF-α expression. 

Media analyzed by Griess assay for NO production. Cell lysates collected and analyzed by 

Western blot for iNOS and β-Actin expression. A) 17-DMAG reduced immune-stimulated 

NO expression. B) Representative Western blot and average densitometry showed that 17-

DMAG and LPS/IFN-γ stimulation increased iNOS. C) IL-6 expression was reduced by 17-

DMAG in LPS/IFN-γ stimulated cells. D) 17-DMAG reduced TNF-α expression in immune-

stimulated cells. One-way ANOVA with Tukey’s multi-comparison test was performed on 

ELISA and densitometry data: * p < 0.05, ** p < 0.01, *** p < 0.001, vs. non-stimulated 

control; # p < 0.05, ## p < 0.01, ### p < 0.001, vs. LPS/IFN-γ stimulated control. Western 

blot sample loading was normalized by β-actin bands. 
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2.4 Discussion 

Our results show that inhibition of HSP90 by 17-DMAG reduced Akt and IKK expression 

and decreased NO, IL-6, and TNF-α production in LPS/IFN-γ stimulated macrophages. With 

more than 100 HSP90-dependent client proteins targeting HSP90 therapeutically, HSP90 

inhibition has potential for broad and effective treatment of inflammatory diseases [2]. Activation 

of macrophages and monocytes in inflammation can prevent apoptosis and lead to prolonged 

macrophage and monocyte viability [37, 38]. Apoptosis induced by HSP90 inhibitors has shown 

selectivity for abnormal cells, and recently was shown to be dependent on the activation of 

specific apoptotic proteins [39]. The HSP90 inhibitor 17-DMAG has been shown to induce 

apoptosis selectively in chronic lymphoid leukemia cells [19]. In our studies, we found that 1 μM 

17-DMAG induced apoptosis in LPS/IFN-γ stimulated cells but 17-DMAG treatment alone did 

not induce cell death at any concentration tested. Our data, along with results previously 

published by other groups [19], suggest that 17-DMAG selectively targets activated macrophage 

cells in a concentration-dependent manner. To study anti-inflammatory effects of 17-DMAG 

independent of cell death induction, we used 17-DMAG at concentrations below 1 μM. 

We found that one of the mechanisms for 17-DMAG’s anti-inflammatory effects was 

through reduction of Akt and IKK expression. Akt activation affects cell functions by several 

mechanisms including protein phosphorylation, inflammatory mediator production, apoptosis, 

and cell proliferation [40-42]. Activation of Akt pathways increases transcription of several pro-

inflammatory cytokines including TNF-α and IL-6 as well as the effector molecule NO. This 

occurs in part through Akt-associated induction of NF-κB [40-45]. 

Akt is a client of HSP90 and known to bind to the middle domain of HSP90 [3, 6]. 

Inhibition of HSP90 increases Akt degradation which results in decreased Akt expression after 12 
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hours of exposure to HSP90 inhibitors [5]. HSP90 inhibitors have also been shown to reduce Akt 

activation [14]. With regard to Akt activation, HSP90 has been found to protect Akt from protein 

phosphatase 2A (PP2A) mediated dephosphorylation whereas inhibition of HSP90 allows PP2A 

to deactivate Akt [6]. We found that 24 hour treatment with 17-DMAG reduced total Akt 

expression in cells stimulated with LPS/IFN-γ. Additionally, we found the reduction in Akt could 

be achieved at concentrations that did not induce apoptosis. In terms of Akt phosphorylation, our 

results were mixed. We observed that one hour of treatment with 17-DMAG, Akt 

phosphorylation induced by LPS/IFN-γ was abrogated for the first 15 minutes. However, at 30 

minutes Akt phosphorylation was increased in 17-DMAG treated cells. At 120 minutes of 

stimulation by LPS/IFN-γ, the 17-DMAG treated cells again showed a reduction in Akt 

phosphorylation. Our study showed that 24 hour treatment with 17-DMAG does reduce total Akt 

expression while Akt phosphorylation is only transiently affected by 17-DMAG. 

As an intermediate member of the Akt/NF-κB pathway, IKK is also an HSP90 client 

protein. In various cell types, IKK-mediated activation of NF-κB was abrogated by inhibition of 

HSP90. This suggests that HSP90 is required for IKK to activate NF-κB [46]. In endothelial cells, 

enhanced affinity of HSP90 and IKK leads to increased NF-κB activation and cellular 

dysfunction [47]. Furthermore, in cardiac cells the HSP90 inhibitor GA prevented HSP90-IKK 

complex formation, leading to increased IKKα/β degradation [48]. Treatment with HSP90 

inhibitors in bladder cancer cells has also been shown to down-regulate expression of IKK, which  

resulted in reduced NF-κB activity [49]. Our studies support a role for HSP90 in blocking IKK 

mediated NF-κB activation. We found that 17-DMAG reduced IKK expression in LPS/IFN-γ 

stimulated macrophage cells. To define further how IKK activation is affected by HSP90 

inhibition, we examined the downstream protein, IκB. IκB is part of the classical NF-κB pathway. 

In a recent study, treatment with 17-DMAG for 24 hours reduced IκB phosphorylation in cancer 
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cells [19]. IκB phosphorylation was also reduced in cardiac cells treated with GA and this 

decrease was attributed to the reduction in IKK expression, and not due to a direct interaction 

between HSP90 and IκB [48]. In addition, a four-hour treatment with 17-DMAG prevented IκBα 

from being phosphorylated in IL-6/IFN-γ activated human vascular smooth muscle cells [50]. 

However, we found that a one-hour treatment with 17-DMAG followed by stimulation from 

LPS/IFN-γ only reduced phosphorylation of IκB prior to and at 15 minutes stimulation. Our data 

suggests that HSP90 does not directly affect IκB activity; however, our data would also suggest 

that inhibition of IκB phosphorylation requires 17-DMAG treatment time greater than 1 hour. 

Upon phosphorylation of IκB, it dissociates from NF-κB which allows NF-κB to translocate to 

the nucleus and bind to specific inflammatory gene promoters [51]. Recently, 17-DMAG was 

shown to reduce NF-κB activation in human macrophage cells by preventing IκB deactivation 

[50]. Similarly, our results showed that 17-DMAG reduced nuclear translocation of NF-κB which 

we attribute to the degradation of IKK and Akt by inhibition of HSP90. 

We showed that Akt and IKK expression and NF-κB nuclear translocation are reduced by 

17-DMAG at concentrations that do not induce cell death. To confirm that these effects were 

induced by HSP90 inhibition, we tested several markers for HSP90 inhibition. When HSP90 is 

not bound to a client protein, HSP90 binds to HSF1 and other co-chaperone proteins [52]. When 

a client protein binds to HSP90 or when HSP90 is inhibited, HSF1 is activated and released from 

the co-chaperone complex. Activated HSF1 translocates to the nucleus where it initiates the 

transcription of heat shock responding proteins including heat shock protein 70 (HSP70) [53]. 

Increased HSP70 and translocation of HSF1 are often used as indicators for the inhibition of 

HSP90 [34, 35]. There is some disparity in the literature about the effect that HSP90 inhibitors 

have on the actual expression of HSP90 itself. A report by Clark et. al. showed reduced HSP90 

expression following inhibition by GA [54]. Reports by Madrigal-Matute et. al. and Ghoshal et. 
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al. showed no change in HSP90 expression following inhibition with 17-DMAG [50, 55]. In our 

studies, we did not observe alterations of HSP90 expression with 17-DMAG regardless of cell 

activation with LPS/IFN-γ. This would lead us to conclude that 17-DMAG does not affect overall 

HSP90 protein levels. Nevertheless, we did observe an increase in nuclear translocation of HSF1 

which we interpret as an indication of HSP90 inhibition. We also detected an increase in HSP70 

in response to treatment with 17-DMAG. We interpreted the increase in HSP70 expression as a 

marker for HSP90 inhibition. Taken together, these two markers of HSP90 inhibition suggest that 

the anti-inflammatory mechanism of action that 17-DMAG has on macrophage cells is, in part, 

due to the inhibition of HSP90.  

HSP70 is often negatively associated with suppression of apoptosis and the chaperoning 

of pro-inflammatory signal proteins [8, 56]. In contrast to this idea, it has also been shown that 

HSP70 and other HSPs are actively secreted from cancer cells and/or passively lost from necrotic 

cells as a way to signal tissue stress and destruction to innate and adaptive immune systems [57]. 

Whether or not this immune signal by HSP70 is a positive or negative effect for inflammation has 

not been fully determined. It may be that some of the anti-inflammatory effects of HSP90 

inhibition are suppressed by the increased expression of HSP70. However, extracellular HSP70 

has been associated with anti-inflammatory effects in atherosclerosis as activation of the TLR4 

receptor on CD4
+
 CD25

+
 T regulatory cells is believed to increase their suppressive activity in 

atherosclerosis [58]. Although we did not directly show that HSP70 inhibited IKK activity in our 

studies, others have shown that HSP70 has a negative feedback effect on NF-κB signaling 

activity, possibly by inhibiting IKK activity [59]. Furthermore, HSP70 has been demonstrated to 

switch off tumor necrosis factor receptor-associated factor 6 (TRAF6) [60]. Taken together, these 

studies suggest increased HSP70 may have an anti-inflammatory effect and warrants further 

investigation. 
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Our investigation of downstream effectors of inflammation included IL-6, TNF-α, and 

NO. NO production can be induced by immune stimulation [61]. Recently it was shown that 

HSP70 can function as an inhibitor of iNOS [62]. HSP90 has also been shown to complex with 

iNOS [63]. Inhibition of iNOS has been achieved with 17-DMAG which is a result of preventing 

HSP90 from forming a complex with iNOS as well as a result of increased HSP70 which 

suppresses iNOS activity [64]. We found that 17-DMAG significantly reduced immune-

stimulated NO at a concentration (0.1 μM) that did not reduce cell viability. However, our 

viability data suggests that at 1 μM 17-DMAG there may be some effect on NO by the reduction 

in cell viability. Interestingly, despite the reduction in NO production, iNOS protein levels were 

not reduced in the 17-DMAG treated immune-stimulated cells. We would expect iNOS 

expression to be reduced with suppression of NF-κB translocation [45, 61]. While we did observe 

reduced NF-κB translocation with 17-DMAG treatment in immune-stimulated cells, we did not 

find a reduction in iNOS expression suggesting that inhibiting NF-κB translocation may not be 

sufficient to down-regulate iNOS expression. Additionally, these studies suggest alternative 

HSP90-independent pathways may regulate iNOS. 

IL-6 is an inflammatory cytokine that plays a key role in the transition from acute to 

chronic inflammation. Targeting IL-6 and IL-6 signaling is being actively investigated in clinical 

trials to treat chronic inflammatory diseases [65]. Nuclear factor (NF)-IL-6, also known as 

CCAAT/enhancer-binding protein-β (C/EBPβ), stimulates expression of HSP90 which suggests a 

co-stimulatory relationship between IL-6 and HSP90 [66]. The HSP90 inhibitor GA has been 

shown to reduce expression of several cytokines, including IL-6, without significantly reducing 

the transcription of IL-6 mRNA [20]. This would suggest a post-translational dependence of pro-

inflammatory cytokines on HSP90. This is the mechanism by which down-regulation of IL-6 was 

achieved by treating human prostate cancer cells with the HSP90 inhibitor 17-AAG [67]. This 
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same mechanism may be the explanation for the results we observed with 17-DMAG treatment 

on IL-6 production. 

Altogether, our results showed that inhibition of HSP90 by 17-DMAG reduced 

inflammation by disrupting the Akt/NF-κB pathway resulting in reduced expression of IL-6 and 

NO. We found significant reductions of Akt and IKK expression along with reduced nuclear 

translocation of NF-κB which diminished expression of IL-6 and NO. Our studies found 17-

DMAG reduced Akt activation but had limited effect on IκB phosphorylation. We found non-

toxic concentrations of 17-DMAG reduced production of the pro-inflammatory mediators IL-6, 

TNF-α, and NO. However, iNOS protein levels in stimulated cells were unaffected. Our studies 

focused primarily on the Akt/NF-κB pathway; however, it is likely that crosstalk between other 

pathways such as the JAK/STAT pathway may be influenced by the chaperone activity of 

HSP90. Additional investigations into the effect of HSP90 inhibition on these pathways warrants 

further investigation. Future studies may elucidate how HSP70 expression affects pro-

inflammatory cascades or how LPS/IFN-γ stimulated NO production is suppressed by 17-DMAG 

without a decrease in iNOS expression. Finally, we showed that 17-DMAG altered cytokine 

release but intracellular RNA levels may be unaffected. Future investigation will examine how 

mRNA levels are affected by 17-DMAG. 
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CHAPTER 3.  

HEAT SHOCK PROTEIN 90 INHIBITION BY 17-DMAG LESSENS 

DISEASE IN THE MRL/LPR MOUSE MODEL OF  

SYSTEMIC LUPUS ERYTHEMATOSUS 

Shimp III, S. K., Chafin, C. B., Regna, N. L., Hammond, S. E., Read, M. A., Caudell, D. 

L., Rylander, M. N., Reilly, C. M., “Heat shock protein 90 inhibition by 17-DMAG lessens 

disease in the MRL/lpr mouse model of systemic lupus erythematosus”, Cell Mol Immunol, 2012 

May; 9(3): 255-66. 

ABSTRACT 

Elevated expression of heat shock protein 90 has been found in kidneys and serum of 

systemic lupus erythematosus (SLE) patients and MRL/Mp-Fas
lpr

/Fas
lpr (MRL/lpr) autoimmune 

mice. We investigated if inhibition of HSP90 would reduce disease in MRL/lpr mice. In vitro, 

pretreatment of mesangial cells with HSP90 inhibitor Geldanamycin prior to immune-stimulation 

showed reduced expression of IL-6, IL-12, and NO. In vivo, we found HSP90 expression was 

elevated in MRL/lpr kidneys when compared to C57BL/6 mice and MRL/lpr mice treated with 

HSP90 inhibitor 17-DMAG. MRL/lpr mice treated with 17-DMAG showed decreased proteinuria 

and reduced serum anti-dsDNA antibody production. Glomerulonephritis and glomerular IgG and 

C3 were not significantly affected by administration of 17-DMAG in MRL/lpr. 17-DMAG 

increased CD8
+
 T cells, reduced double-negative T cells, decreased the CD4:CD8 ratio, and 

reduced follicular B cells. These studies suggest that HSP90 may play a role in regulating T cell 

differentiation and activation and that HSP90 inhibition may reduce inflammation in lupus. 
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3.1 Introduction 

Heat shock protein 90 (HSP90) is increasingly recognized as a potential therapeutic target 

in various diseases and has been shown to act as a signaling mediator for inducible nitric oxide 

synthase (iNOS) and interleukin-6 (IL-6) production as well as play a crucial role in modulation 

of Toll-like Receptor (TLR) activation [1-3]. HSP90 has also been found to be elevated in some 

subsets of systemic lupus erythematosus (SLE) patients but its role in the disease is still unknown 

[4-7]. Elevated serum levels of HSP90 have been correlated to elevated levels of IL-6 [8]. 

Furthermore, the glomeruli of some SLE patients have been found to have deposits of HSP90 [9]. 

In addition, HSP90 and its endoplasmic reticulum homologue, glycoprotein 96 (gp96), have been 

linked to autoimmunity [3, 10, 11]. 

There are several compounds in clinical trials that target HSP90 for the treatment of 

cancer [12, 13]. The naturally-occurring benzoquinoid ansamycin known as Geldanamycin (GA) 

has been found to be a potent and specific HSP90 inhibitor. It binds to an ATP binding site 

unique to HSP90 [14]. This binding prevents conformational changes in HSP90 that are required 

for chaperone function [15]. Unfortunately, GA has low systemic duration (3-4 hours) and causes 

acute hepatic necrosis when administered in vivo [16]. However, the GA derivative 17-

(Dimethylaminoethylamino)-17-demethoxygeldanamycin (17-DMAG) exhibits similar 

effectiveness at inhibiting HSP90 with significantly reduced hepatotoxicity, increased systemic 

duration (more than 24 hours) and greater water solubility [17-19]. GA has been shown to reduce 

the inflammatory response in a murine sepsis model [20]. Recently, GA was also used to reduce 

inflammation as a treatment for rheumatoid arthritis [21]. In addition to GA and 17-DMAG, 

HSP90 can also be inhibited by novobiocin, epigallocatechin gallate (EGCG), cisplatin, and 

others [22, 23]. These alternative inhibitors differ from GA and 17-DMAG in that they exert 
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additional effects on cellular mechanisms beyond the blockade of HSP90 [24]. Recently, a 

synthetic HSP90 inhibitor (EC144) was found to decrease disease severity in mouse and rat 

models of induced arthritis [25]. Also, the gp96 inhibitor, (S)-methyl 2-(4,6-

dimethoxypyrimidine-2-yloxy)-3-methylbutanoate, (GPM1) was shown to reduce the severity of 

SLE like disease in transgenic mice [11]. 

MRL/lpr mice serve as a model to study human SLE as they exhibit similar 

manifestations to the human disease including glomerulonephritis (GN), vasculitis, and arthritis 

[26]. Mesangial cells isolated from MRL/lpr mice exhibit increased sensitivity when immune-

stimulated by inflammatory cytokines and chemokines such as tumor necrosis factor-α (TNF-α), 

interleukin-1β (IL-1β), interferon-γ (IFN-γ) or lipopolysaccharide (LPS) [27-29]. In SLE, 

increased sensitivity to immune stimulation leads to higher expression of TNF-α, IL-6, IL-12 and 

increased nitric oxide (NO) production [29-31]. 

 Lupus mice excrete elevated levels of protein in their urine and possess increased serum 

IgG antibodies to double stranded DNA (anti-dsDNA) or anti-nuclear antibodies [32-37]. Renal 

histological markers of glomerular lesions and glomerular deposition of IgG and C3 can also 

indicate disease [36, 38-41]. Splenocyte populations are often altered in autoimmune mice 

including differences in T cell subtypes (including T regulatory cells (TREG)), and also alterations 

in B cell subtypes [36, 37, 42, 43]. HSP90 has been implicated in studies investigating similar 

autoimmune diseases and it has been reported that T cells respond to extracellular HSP90 by 

increasing their anti-inflammatory cytokines [44]. Other recent work has shown that T cell 

activation by the T-cell receptor (TCR) is dependent on functioning HSP90 [45]. 

Despite findings suggesting a role for HSP90 in SLE, or the anti-inflammatory effects of 

HSP90 inhibition, little has been published exploring the effect of HSP90 inhibition in SLE. 

Based on the evidence that suggests a possible link between HSP90 and lupus, we explored the 
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relationship of HSP90 and SLE by studying the effect of HSP90 inhibition in the MRL/lpr lupus 

mouse model. 

3.2 Materials and Methods 

3.2.1 Mesangial Cell Culture 

SV40 MES13 cells (MES13 cells) were purchased from the American Type Culture 

Collection (Rockville, MD, USA) and cultured in a 3:1 mixture of Dulbecco's Modified Eagle's 

Medium (DMEM) and Ham's F12 medium with 14 mM HEPES, supplemented with fetal bovine 

serum and penicillin/streptomycin at a final concentration of 5% and 1%, respectively. MES13 

cells between passages 10 and 20 were used for the experiments. Where appropriate, cells were 

rendered quiescent in DMEM containing 1% serum for a minimum of 2 hours prior to 

stimulation. 

3.2.2 In Vitro Inhibition of HSP90 using Geldanamycin 

Cells were pre-treated with GA (Santa Cruz, Santa Cruz, CA) at concentrations of 0.01, 

0.1, and 1 M for 1 hour prior to stimulation with the combination of 1µg/ml LPS (Sigma, St. 

Louis, MO) and 300 units/ml IFN-γ (Accurate Chemical, Westbury, NY). Cell culture media was 

collected 24 hours after stimulation. 

3.2.3 Cytokine ELISA and Griess assay 

Supernatants were collected 24 hours after stimulation and analyzed for IL-6 and NO. IL-

6 levels were quantified by ELISA per the manufacturer’s instructions (eBioscience, San Diego, 

CA). Griess assay was used to quantify nitrite concentration (a stable reaction product of  NO 

with oxygen) [46]. Briefly, supernatants were analyzed by mixing an equal volume of sample 
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with Griess reagents (1% sulfanilamide and 0.1% naphthylethylenediamene in 2.5% H3PO4) in a 

96 well plate. Absorbance was determined by a microplate reader measuring at a wavelength of 

550 nm. The concentration of nitrite was calculated from a standard curve produced by the 

reaction of known quantities of control NaNO2 in the assay. 

3.2.4 Mice 

MRL/Mp-Fas
lpr

/Fas
lpr (MRL/lpr) mice purchased from Jackson Laboratory (Bar Harbor, 

ME) were bred and maintained at the Virginia-Maryland Regional College of Veterinary 

Medicine. Mice were treated in accordance with the Institutional Animal Care and Use 

Committee guidelines of Virginia Tech. Experiments were conducted in male and female mice. 

Baseline proteinuria, weight, and blood data were collected at 12-weeks-of-age. Proteinuria and 

weight were recorded twice weekly and serum was collected every two weeks until mice were 

euthanized at 18-weeks-of-age. 

3.2.5 Treatment of mice with 17-DMAG 

I.P. injections of DMSO (control) or 17-DMAG (ChemieTek, Indianapolis, IN) 

reconstituted in DMSO (Treatment Group) were administered at a frequency of 3 days/week 

(alternating days). Treatment of mice with 17-DMAG and vehicle began at 12-weeks-of-age and 

continued until mice exhibited signs of severe lupus at 18-weeks-of-age. While 17-DMAG is 

soluble in water, it has greater solubility in DMSO and to minimize the volume of vehicle 

required to treat the mice, we followed the work by Hertlein et. al. and dissolved 17-DMAG in 

DMSO [47]. Dosage of 5 mg/kg 17-DMAG was administered in a bolus of 50 μl per injection. To 

control for DMSO effects in the mice, control mice received a 50 μl bolus of DMSO at the same 

frequency as the 17-DMAG treated mice.  
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3.2.6 Histology of the Kidney 

At the time of euthanasia the mice were weighed; kidneys were removed. One kidney was 

placed in buffered formalin, embedded in paraffin, sectioned, and stained by Periodic acid-Schiff 

(PAS). Sections were assessed via light microscopy for glomerular proliferation, inflammation, 

size, number of nuclei per glomerulus, crescents, necrosis, and fibrosis. Each of these parameters 

was graded for 0–3+ and an overall glomerular score derived. The pathology and morphometric 

analysis were performed by a pathologist blinded to the groups (Dr. David Caudell). The other 

kidney was embedded in OCT media (Miles, Elkhart, IN) and frozen. Frozen kidneys were cut 

into 3-µm sections and stained with one of the following: goat anti-mouse IgG-conjugated to 

fluorescein–isothiocyanate (FITC) diluted 1:100 (Pierce, Rockford, IL), goat anti-mouse C3-

FITC diluted 1:100 (Pierce, Rockford, IL), mouse anti-HSP90-DyLight 488 diluted 1:500, or 

mouse anti-HSP70-DyLight 488 diluted 1:500 (Enzo Life Sciences, Farmingdale, NY). The 

severity of glomerulonephritis and immune complex deposition was determined in a blind 

manner. Scores ranged from 0 to 3+, where 0 corresponded to a non-autoimmune healthy mouse 

and 3+ to the maximal alteration observed in the study. 

3.2.7 Measurement of Proteinuria 

Urine was collected twice a week and tested for proteinuria by a standard semi-

quantitative test using Siemens Uristix dipsticks (Siemens Healthcare, Deerfield, IL). Results 

were quantified according to the manufacturer's instructions and scored as follows: Dipstick 

reading of 0 mg/dl = 0, Trace = 1, 30-100 mg/dl = 2, 100-300 mg/dl = 3, 300-2000 mg/dl = 4, and 

2000+ mg/dl = 5. 
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3.2.8 Anti-dsDNA ELISA 

Serum was collected at 12-weeks-of-age and at the time of euthanasia (18-weeks-of-age). 

Mice were bled from the retro-orbital sinus following inhalation of isoflurane anesthesia. Serum 

levels of antibodies to dsDNA were measured by ELISA as described in the literature [48]. 

Briefly, ELISA plates (Corning Life Sciences, Lowell, MA) were coated with 100 μL of 5 μg/mL 

Calf Thymus DNA (Sigma, St. Louis, MO) and incubated at 37°C overnight. After washing, the 

plates were blocked with BSA, then incubated sequentially for 45 minutes at room temperature 

with 1:100 diluted serum followed by HRP-conjugated goat anti-mouse IgG gamma chain 

specific (1:4000; Southern Biotech, Birmingham, AL), and finally 3,3’,5,5’-

Tetramethylbenzidine (TMB) was added (Pierce, ThermoScientific, Rockford, IL). A high titer 

serum was run in serial dilutions on each plate to allow quantification. 

3.2.9 Flow cytometry 

Flow cytometric analysis was performed using monoclonal antibodies of PerCP-CY5.5-

conjugated anti-CD25, FITC-conjugated anti-CD21, PerCP–CY5.5 conjugated anti-CD19, 

phycoerythrin (PE)-conjugated anti-CD23 (BD Pharmingen, San Diego, CA) and/or 

Allophycocyanin (APC)-conjugated anti-CD3e, anti-CD4-FITC, anti-CD5-APC, eFluor450 

(eF450)-conjugated anti-CD8a, anti-FoxP3-PE (eBioscience, San Diego, CA). Splenic cells were 

isolated as previously described [173]. Briefly, spleen lymphocytes from MRL/lpr mice at 18-

weeks-of-age were aseptically dissociated, treated with red blood cell (RBC) lysis buffer to 

remove erythrocytes, washed and suspended in RPMI media. Cells were stained with monoclonal 

antibodies and measured for fluorescence on a FACS Aria 1 (BD Biosciences, San Jose, CA). 

Flow data was analyzed by FlowJo software (Tree Star, Ashland, OR). 
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3.2.10 Statistics 

Statistical analysis was performed using GraphPad Prism 4 software (GraphPad Software 

Inc.). Values are expressed as means plus or minus the standard error of the mean (SEM) of seven 

mice. One-way ANOVA was used to compare data among groups and samples. Comparison of 

differences between groups was performed using paired, one-tailed t-tests (any use of unpaired t-

tests is noted in figure captions). Proteinuria data was analyzed by linear regression. P values less 

than 0.05 were considered significant. 

3.3 Results 

3.3.1 HSP90 inhibition reduced inflammatory mediator production in stimulated 

mesangial cells 

Mesangial cells are the resident kidney macrophage and regulate the immune response in 

the kidney by releasing pro-inflammatory cytokines that recruit other immune cells to migrate to 

the kidney [49]. Because mesangial cells in lupus mice are hyper-responsive to immune 

stimulation, they are a valuable model for testing the role of HSP90 in the inflammatory response 

[50]. Given that HSP90 is a chaperone for multiple proteins involved in the activation of 

inflammatory signal transduction cascade pathways, we sought to reduce inflammatory cytokine 

and molecule expression in mesangial cells through the inhibition of the HSP90 chaperone 

activity. Cultured mesangial cells were treated with GA for 24 hours prior to stimulation with 

LPS/IFN-γ. Concentrations of 0.01 μM to 1 μM GA were used in these experiments based on the 

literature and our own unpublished observations showing minimal toxicity after 24 hour 

treatments with concentrations of GA below 5 μM [51, 52]. After 24 hours of stimulation, 

supernatants were collected and assayed for NO, IL-6, and IL-12 production (Figure 1). 
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Our results showed that GA decreased NO production in a concentration-dependent 

manner. Treatment with GA alone had no effect over baseline. LPS/IFN-γ stimulated NO 

production as expected (Figure 3.1A). With increasing concentrations of GA, the level of NO 

decreased. This decrease in NO was significantly different from cells receiving LPS/IFN-γ alone 

when GA was applied at concentrations of 0.1 μM and 1 μM (P < 0.001) (Figure 3.1A).  

IL-6 expression was also significantly reduced in LPS/IFN-γ stimulated cells pre-treated 

with GA (Figure 1 B). Compared to the LPS/IFN-γ stimulated cells, we found that IL-6 was 

reduced by 0.1 μM and 1 μM concentrations of GA (P < 0.001). GA treatment alone had no affect 

over baseline. Reductions in IL-12 were also determined to be dependent on GA concentrations 

and the reductions occurred in all concentrations of GA tested (P < 0.001) (Figure 1 C). GA also 

reduced IL-12 expression below baseline in cells not stimulated with LPS/IFN-γ (P < 0.01). 
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Figure 3.1. Inhibiting HSP90 reduced immune stimulated NO, IL-6 and IL-12 expression. 

A) Nitrite concentrations measured by Griess assay show that post-stimulation NO 

expression was reduced by GA in a concentration dependent manner for concentrations 

greater than 0.1 μM. B) IL-6 concentrations measured by ELISA showed that IL-6 

expression stimulated by LPS/IFN-γ was reduced by GA in a concentration-dependent 

manner at concentrations greater than 0.1 μM. C) Expression of IL-12 was reduced in all 

samples treated with GA, regardless of LPS/IFN-γ stimulation. One-way ANOVA, Tukey’s 

multi-comparison tests: ** p<0.01, *** p<0.001 for non-stimulated control vs. all other 

samples; ### p <0.001 for comparisons between samples indicated by connecting bar; n.s. 

for not significant. 
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3.3.2 Proteinuria was reduced in mice treated with 17-DMAG 

Having found that HSP90 facilitates cytokine and NO expression in mesangial cells in 

vitro, we tested the role of HSP90 in the development of SLE in vivo. To perform this test, we 

inhibited HSP90 in a lupus mouse model by administration of the HSP90 inhibitor 17-DMAG. 

We selected 17-DMAG over GA as our in vivo inhibitor based on published results showing 

reduced hepatotoxicity in vivo when compared to GA or 17-Allylamino-17-

demethoxygeldanamycin (17-AAG) [16, 18, 53, 54]. Dosages were selected based on studies 

showing effective treatment and minimal toxicity at dosages under 15 mg/kg administered three 

days per week for three weeks [55]. We injected MRL/lpr mice with 17-DMAG three days a 

week on alternating days for six weeks, beginning at 12-weeks-of-age and lasting until euthanasia 

at 18-weeks-of-age. Disease progression during the study was measured by total body weight and 

proteinuria. We found that proteinuria increased with age in the control group whereas the 17-

DMAG treated group did not increase in proteinuria (Figure 3.2A). Linear regression of 

proteinuria showed a statistically significant increase in the control group but no significant 

increase in the group receiving 17-DMAG (P < 0.01, control group; P < 0.001, control vs. 17-

DMAG). The groups maintained a comparable average weight throughout the study with no 

significant increase measured by linear regression (data not shown). Total body weight at the end 

of the study did not differ significantly between the groups at the time of euthanasia (Figure 

3.2B). 



 

 73 

 
Figure 3.2. Treatment with 17-DMAG decreased proteinuria. A) Linear regression of 

grouped proteinuria scores showed control mice exhibited increased proteinuria while mice 

treated with 17-DMAG did not increase in proteinuria. Linear regression for proteinuria in 

the control group was statistically significant with a p-value less than 0.01. The difference 

between linear regression of proteinuria in the control and treated groups was also 

statistically significant (p-value < 0.001). B) Group average total body weight at euthanasia 

was not statistically different between control and treatment groups. 
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3.3.3 Treatment with HSP90 inhibitor 17-DMAG reduced serum anti-dsDNA antibodies 

but not total IgG 

We measured autoantibodies and total IgG in sera of MRL/lpr mice treated with 17-

DMAG. We found that mice treated with 17-DMAG had a significant reduction in anti-dsDNA 

antibodies when compared to their own baseline serum levels measured prior to treatment at 12-

weeks-of-age (P < 0.05, paired one-tail t-test) (Figure 3.3A). However, the difference between the 

control group and the treated group at 18-weeks-of-age was determined to not be significant. 

Total IgG in sera was measured at 12 and 18-weeks-of-age and was not found to be statistically 

significant (Figure 3.3B). 

 
Figure 3.3. HSP90 inhibitor 17-DMAG reduced sera anti-dsDNA but not total IgG. A) Anti-

dsDNA antibodies in sera were reduced in the 17-DMAG group at 18-weeks-of-age when 

compared to the same group at 12-weeks-of-age. * P < 0.05 (paired one-tailed t-test). B) 17-

DMAG did not have a statistically significant effect on serum IgG. 

3.3.4 Renal deposition of IgG and C3 were unaffected by 17-DMAG treatment 

Renal histological markers of glomerular lesions by PAS and/or hematoxylin and eosin 

(H&E) staining and glomerular deposition of IgG and C3 are indications of the severity of GN 

and lupus in MRL/lpr mice [36, 38-41]. To assess the effect of HSP90 inhibition on renal 
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pathology, kidneys were taken from MRL/lpr mice at 18 weeks-of-age after being treated with 

17-DMAG. For PAS staining, kidneys were formalin-fixed and sections were stained by the PAS 

method. For C3 and IgG deposition, tissues were frozen in OCT media and 3μM sections were 

stained with FITC-conjugated anti-IgG or anti-C3 antibodies (Figure 4). Histopathology sections 

were assessed in a blinded fashion and scored according to a rubric described in materials and 

methods. We found the glomerular pathology scores were not significantly different between the 

treated and control groups (scoring data not shown; representative images in (Figure 3.4A). We 

also found that the C3 and IgG fluorescence intensity was not significantly different between 

treated and control groups as determined by a blinded assessment (scoring data not shown; 

representative images in Figure 3.4B & C). 



 

 76 

 
Figure 3.4. Renal histopathology showed no significant differences in renal histopathology 

between the control and treated groups. Representative images of kidney sections stained 

with A) PAS for renal histology assessment and GN scoring, B) C3-FITC and DAPI stain, 

C) IgG and DAPI staining. Representative pictures shown at 400x original magnification. 
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3.3.5 HSP90 expression increased in untreated MRL/lpr mice, compared to MRL/lpr 

mice treated with 17-DMAG and untreated C57BL/6 mice. 

HSP90 expression has been shown to be altered in SLE patients [9]. To verify that 17-

DMAG has pharmacological effects on the murine renal organs, we performed 

immunofluorescence microscopy of renal tissue sections stained for HSP90 or HSP70. Inhibition 

of HSP90 by 17-DMAG has been shown to affect HSP90 and HSP70 expression both in vivo and 

clinically [53, 54]. In addition, we questioned if HSP90 expression is altered in MRL/lpr mice 

compared to other mice strains such as the C57BL/6 strain. To answer these questions, we stained 

frozen kidney sections with DyLight 488-conjugated anti-HSP90 or anti-HSP70 antibodies and 

with DAPI nuclear stain. We found that HSP90 was expressed in the kidney at a low level in the 

C57BL/6 mice strain, but was greatly increased in the tubules and interstitium of untreated 

MRL/lpr mice; expression only slightly increased in the glomeruli (Figure 3.5A, top 2 rows of 

frames). In contrast, MRL/lpr mice treated with 17-DMAG exhibited low levels of HSP90 

expression in all structures of the kidney, comparable to the C57BL/6 mice (Figure 3.5A, bottom 

row of frames). Examination of HSP70 expression showed that C57BL/6 mice expressed HSP70 

relatively equally in tubules and glomeruli but MRL/lpr mice had decreased HSP70 expression in 

all renal structures (Figure 3.5B). Interestingly, HSP70 expression was not upregulated in the 

kidney of MRL/lpr mice treated with 17-DMAG (Figure 3.5B, bottom row of frames). 
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Figure 3.5. Comparison of renal HSP90 and HSP70 expression in C57BL/6 mice and 

MRL/lpr mice with and without 17-DMAG. Immunofluorescence microscopy of frozen 

tissue sections stained with DyLight 488-conjugated antibodies to HSP90 or HSP70 and 

DAPI nuclear stain. A) C57BL/6 mice express low levels of HSP90 in tubules and glomeruli 

(top row of frames). Expression of HSP90 was increased in tubules but not glomeruli in 
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diseased MRL/lpr control mice as compared to C57BL/6 mice (middle row of frames). 

MRL/lpr mice treated with 17-DMAG showed reduced HSP90 expression compared to 

MRL/lpr controls (bottom row of frames). B) Renal expression of HSP70 was high in 

tubules and glomeruli C57BL/6 (top row of frames) compared to both groups of MRL/lpr 

mice (bottom 2 rows of frames). MRL/lpr mice treated with 17-DMAG did not exhibit 

elevated levels of HSP70 in the tubules or glomeruli of kidney sections. Representative 

images shown at 400x original magnification. 

3.3.6 Reduction of splenomegaly by 17-DMAG 

HSP90 inhibition has been shown to reduce cellular proliferation in cancer cells [56, 57]. 

Splenomegaly is exhibited in the lymphoproliferative (lpr) model of MRL/lpr [58]. To test the 

effect of HSP90 inhibition on splenomegaly in MRL/lpr mice, spleens were collected and 

weighed and the average mass of treatment groups was compared. We found a significant 

difference in spleen weights between the control and treated groups where P < 0.05, unpaired 

one-tailed t-test (Figure 3.6A, B).  

 
Figure 3.6. Treatment with 17-DMAG reduced splenomegaly A) The grouped average 

spleen weight was significantly lower for the 17-DMAG group compared to the control 

group (one-tail unpaired t-test, p-value < 0.05). B) Picture of representative spleens taken 

from both groups. 
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3.3.7 17-DMAG altered splenocyte profiles in MRL/lpr lupus mice 

In addition to splenomegaly prevalent in MRL/lpr mice, disease pathogenesis of lupus in 

humans and murine models has been shown to include alterations in many T cell and B cell 

subtypes [59]. The alterations in T and B cells subtypes has led to the investigation of many T 

and B cell targeted therapies for the treatment of lupus, as recently reviewed [60, 61]. We tested 

the effect of HSP90 on T and B cells by quantifying populations of splenocytes expressing 

markers for specific subtypes of T and B cells shown to be altered in MRL/lpr mice. Splenocytes 

were collected from 18-week old mice treated with 17-DMAG for six weeks or treated with 

DMSO for six weeks (control), stained for appropriate markers, and analyzed by flow cytometry. 

3.3.7.1 Double-negative T cells decreased and CD8+ T cells increased in mice treated 

with 17-DMAG 

First, we assessed CD4 and CD8 splenocyte profiles by staining with fluorescent-tagged 

antibodies to CD3, CD4, and CD8. We were able to show 17-DMAG decreased CD3
+
 CD4

-
 CD8

- 

or double-negative T (DNT) cells (P < 0.05, paired one-tailed t-test) (Figure 7 A, F, & G). CD3
+
 

CD4
+
 T cells were not significantly different between groups (Figure 3.7B, F, & G). 17-DMAG 

treatment produced an increase in CD3
+
 CD4

-
 CD8

+
 T cells (P < 0.05, paired one-tailed t-test) 

(Figure 3.7C, F, & G) CD3
+
 CD4

+
 CD8

+
 T cells were also not significantly different between 

groups (Figure 3.7D, F, & G). We compared CD4 and CD8 expressing T cells by computing the 

ratio between CD3
+
 CD4

+
 CD8

-
 and CD3

+
 CD4

-
 CD8

+
 T cells (CD4:CD8 ratio). We found the 

CD4:CD8 ratio decreased in mice treated with 17-DMAG (P < 0.01, paired one-tailed t-test) 

(Figure 3.7E, F, & G).  
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Figure 3.7. 17-DMAG increased CD8+ T cells and reduced DNT cells (CD4- CD8-). 

Splenocytes were stained with fluorescent antibodies to CD3, CD4 and CD8 and analyzed 

by flow cytometry. A) DNT cells were reduced in mice treated with 17-DMAG compared to 

the control (* p-value < 0.05, paired one-tailed t-test). B) CD3+ CD4+ CD8- T cells were not 

significantly affected by 17-DMAG treatment compared to the control. C) CD4- CD8+ T 

cells were increased in mice receiving 17-DMAG treatments. (* p-value < 0.05, paired one-

tailed t-test). D) CD4+ CD8+ T cells were not significantly altered in the group of mice 

receiving 17-DMAG. E) The ratio of CD4+ T cells to CD8+ T cells was reduced in mice 

receiving 17-DMAG (** p-value < 0.01, paired one-tailed t-test). F and G) Representative 
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images of flow cytometry data showing CD3+ gating of CD4 vs. CD8 splenocyte profiles for 

control and 17-DMAG treatment groups, respectively. 
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3.3.7.2 17-DMAG affected FoxP3- phenotypes in CD3+ T cell subsets 

CD8
+
 T cells and TREG cells CD4

+
 CD25

+
 forkhead box P3

+
 (FoxP3

+
) have been shown to 

reduce autoimmune reactivity in SLE [62]. We studied the effect of 17-DMAG on regulatory 

immune cells by profiling CD4, CD8 and FoxP3 expression in CD3
+
 T cells. We found no 

significant difference in CD4 and FoxP3 expressing populations between the control and treated 

groups (data not shown). However, CD8 and FoxP3 T cell profiles for the control and 17-DMAG 

groups did show that CD8 subsets of CD3
+
 FoxP3

-
 T cells were altered (Figure 3.8). 17-DMAG 

reduced the population of CD3
+
 CD8

-
 FoxP3

-
 T cells (P < 0.01, unpaired one-tailed t-test) (Figure 

3.8A, E, & F). Populations of CD3
+
 CD8

+
 FoxP3

-
 T cells were increased in mice treated with 17-

DMAG (P < 0.05, unpaired one-tailed t- test) (Figure 3.8B, E, & F). No significant difference 

was found between the groups for CD3
+
 FoxP3

+
 CD8

-
 or CD3

+
 FoxP3

+
 CD8

+
 (Figure 3.8C - F). 



 

 84 

 
Figure 3.8. CD3+ FoxP3- phenotypes were affected by 17-DMAG treatment in MRL/lpr 

mice. A) A significant decrease in CD3+ CD8- FoxP3- T cells was seen in the mice treated 

with 17-DMAG (* P <0.01, unpaired one-tailed t-test). B) Treatment with 17-DMAG 

increased CD3+ CD8+ FoxP3- T cells (P <0.05, unpaired one-tailed t-test). C & D) No 

significant difference in CD3+ CD8- FoxP3+ or CD3+ CD8+ FoxP3+ T cells between 

groups. E & F) Representative images of flow cytometry data showing splenocyte profiles 

gated on CD3+, with axes corresponding to CD8 vs. FoxP3. 
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3.3.7.3 Mature B cells were decreased in mice treated with 17-DMAG 

To test the effect of HSP90 inhibition on B cell populations, we used flow cytometry to 

examine splenocytes stained with fluorescently-tagged antibodies to CD5, CD19, CD21, and 

CD23. We found follicular B cells (CD19
+
 CD21

-
 CD23

+
) were decreased in mice treated with 

17-DMAG compared to the controls (P < 0.05, paired one-tailed t-test) (Figure 3.9A, E, & F). In 

contrast, populations of marginal zone B cells CD19
+
 CD21

+
 CD23

-
 were found to be unchanged 

in the 17-DMAG group (Figure 3.9B, E, & F). We examined B-1 cell populations and found that 

17-DMAG had no effect on either the CD19
+
 CD5

+
 B-1a cells (Figure 3.9C, G, & H) or on the 

CD19
+
 CD5

-
 B-2a cells (Figure 3.9D, G, & H). 
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Figure 3.9. Mice treated with 17-DMAG showed a decrease in CD19+ CD21- CD23+ B cell 

populations. A) CD19+ CD21- CD23+ follicular B cells decreased in mice treated with 17-

DMAG (P < 0.05, paired one-tailed t-test). B) CD19+ CD21+ CD23- marginal zone B cells 

were unchanged by 17-DMAG. C) CD19+ CD5+ B-1a cells were not affected by the 

treatment. D) CD19+ CD5- B-1b cells were not affected by the treatment. E & F) 

Representative splenocyte flow cytometry gate: CD19+, plotting CD21 vs. CD23. G & H) 

Representative splenocyte flow cytometry CD19 vs. CD5. 
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3.4 Discussion 

Several reports in the literature have demonstrated a link between HSP90 and lupus 

including studies showing increased HSP90 expression in SLE patients or antibody reactivity to 

extracellular HSP90 [63]. Recently investigations into the regulation of HSP90 in lupus has been 

renewed due to the ability of HSP90 to serve as a client protein for inflammatory signaling 

molecules such as phosphoinositide 3-kinase (PI3K), mammalian target of rapamycin (mTOR), 

and Akt (protein kinase B) [64, 65]. Another example of HSP90 dependence in the inflammatory 

response is in the NF-κB pathway which depends on functional HSP90 in order for upstream 

signal molecules to activate NF-κB [66, 67]. TLR-mediated inflammation is regulated by HSP90 

chaperoning of key TLR signal components that promote expression of TNF-α and IL-1β 

messenger RNA (mRNA) [2, 68]. It has also been shown that several HSP90 homologs fold 

multiple TLRs [68]. It has been shown that the severity of SLE can be diminished in mice and 

humans through down-regulation of many of these HSP90-dependent inflammatory pathways 

[69-72]. Our current studies were undertaken to determine if modulation of HSP90 would 

decrease mesangial cell inflammatory mediator production and lessen renal disease in MRL/lpr 

lupus mice. 

Mesangial cells are the principal resident immunoregulatory cells in the kidney. To assess 

the role of HSP90 in pro-inflammatory cytokine expression, we examined the effect of HSP90 

inhibition in immune stimulated mesangial cells by measuring output of several pro-

inflammatory cytokines (IL-6, and IL-12 and the mediator NO). Each of these is known to play a 

role in SLE and known to be linked to HSP90. Mice and SLE patients exhibit elevated IL-6 and 

inhibition of IL-6 or the IL-6 receptor decreases anti-dsDNA and proteinuria [73-75]. With 

HSP90 inhibition by GA, IL-6 expression was reduced in macrophages by preventing HSP90 
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from chaperoning newly transcripted cytokines [76]. HSP90 complexes with iNOS and is 

required for iNOS to synthesize NO [77]. It has also been found that HSP90 inhibition reduces 

iNOS function without reducing iNOS expression [78]. Additionally, IL-12 promotes disease in 

MRL/lpr mice while a deficiency in IL-12 will delay GN in the same MRL mice [31]. HSP90 has 

been linked to IL-12, with one example being that mature dendritic cells cultured in GA had their 

IL-12 expression significantly reduced [79]. We have previously shown that HSP90 inhibition by 

17-DMAG reduced Inhibitor of κB Kinase (IKK) expression and decreased NF-κB translocation 

to the nucleus in J774 macrophage cells [80]. Our results agree with the literature and we showed 

that HSP90 inhibition reduced mesangial cell responsiveness to inflammatory stimuli by 

decreasing NO, IL-6 and IL-12 expression. Changes in these cytokines would suggest the 

potential for an overall decrease of inflammation in SLE. 

For initial in vitro experiments, our team focused on determining the mechanistic effects 

of HSP90 inhibition using the HSP90 inhibitor, GA. Having measured significant effects of 

HSP90 inhibition by GA, we set out to determine if HSP90 inhibition had in vivo effects in 

MRL/lpr mice. Our studies were focused on mechanism, and based on the in vivo toxicity of GA, 

we opted to use 17-DMAG, a derivative of GA with lower toxicity and similar mechanism of 

action, for the in vivo studies [53]. Others have reported heat shock proteins expressed in 

glomeruli and tubules of some SLE patients [9]. However, our assessment of HSP90 expression 

in our control and HSP90 inhibited groups as well as C57BL/6 mouse kidneys showed that the 

diseased mice exhibited elevated HSP90 in tubules but not in glomeruli. While HSP90 inhibition 

reduced inflammatory mediator production in mesangial cells in vitro, the relatively lower levels 

of HSP90 in the glomeruli may suggest that the anti-inflammatory effects of HSP90 inhibition in 

the glomeruli may not be as critical to mesangial cell function as the in vitro studies would 

suggest. 
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Interestingly, HSP70 in C57BL/6 mice was higher than in either of the MRL/lpr groups 

we tested. Both 17-AAG and 17-DMAG have been shown to increase HSP70 expression in 

human macrophages and vascular smooth muscle cells after four hours of treatment and is 

typically used as a marker for HSP90 inhibition [3, 81]. Early pre-clinical study of 17-DMAG 

found that short term (24 hour) dosages of 17-DMAG increased renal and liver HSP70 

expression. However, we found in our long-term (six week) study that HSP70 did not increase in 

renal tissue following treatment with an HSP90 inhibitor (17-DMAG) in a lupus mouse model. It 

is possible that there is a compensation mechanism for HSP70 during long-term in vivo treatment 

with 17-DMAG that was beyond the scope of the present studies. Further work can be done to 

measure HSP70 expression during long term treatment with HSP90 inhibitors. Understanding 

HSP70 expression in SLE mice treated with HSP90 inhibitors may be instructive for several 

reasons. First, it has been shown that extracellular HSP70 is a ligand for TLR2 and TLR4 

activation. Second, HSP70 activation of the TLR4 ligand on CD4
+
 CD25

+
 T cells is attributed to 

an increase in suppressive activity of these T cells in atherosclerosis [82, 83]. Furthermore, 

HSP70 has been indicated to have a negative feedback effect on NF-κB signaling activity [84]. 

HSP70 has also been demonstrated to switch off TNF receptor-associated factor 6 (TRAF6) [85]. 

Active lupus renal disease can be defined clinically or pathologically. As MRL/lpr mice 

age and disease progresses they develop proteinuria. We report reductions in proteinuria in mice 

treated with 17-DMAG. Interestingly, we still found elevated levels of IgG and C3 deposition in 

both groups and the difference between the groups was not significantly different. We also found 

that there was no significant difference in glomerular pathology between the treated and control 

groups. Pathological assessment of MRL/lpr kidney sections typically exhibit elevated levels of 

IgG and C3 deposition in mice with active SLE [86]. Therefore, we would expect to see some 

difference in C3 and IgG deposition or renal pathology due to the decrease in proteinuria and 
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decrease in anti-dsDNA. However, it has been previously shown that C3 deposition in glomeruli 

can be uncoupled from the inflammatory response and that complement activation by immune 

complexes (ICs) is not sufficient to trigger the inflammatory response [87].  It was somewhat 

perplexing that proteinuria and glomerulonephritis were not as markedly increased in MRL/lpr 

mice at 18 weeks-of-age as many others have reported for the strain [88, 89]. Possibly having the 

treatment regime progress for a longer period of time would have allowed us to determine more 

significant differences between the treated and the untreated groups. However, the downside of a 

prolonged treatment could either overshoot the window of therapeutic effects of 17-DMAG or 

risk the loss of untreated animals due to disease as several reports have shown 50% mortality for 

MRL/lpr mice after 20 weeks of age, with disease expression by the 14-16 week [32, 89, 90].    

Another pathological aspect of MRL/lpr mice is the presence of splenomegaly in mice 

exhibiting disease [59]. We found that splenomegaly was reduced in mice treated with the HSP90 

inhibitor 17-DMAG. We infer from this that HSP90 may be enabling the proliferation of T and B 

cells. In support of this hypothesis, it was recently reported that cells isolated from draining 

lymph nodes in experimental epidermolysis bullosa acquisita mice were shown to have 

significantly reduced proliferation of T cells when treated with 17-DMAG [91]. The increased 

proliferation of T and B cells in SLE leads to increased expression of serum IgG with high levels 

of the IgG being antibodies to double stranded DNA (anti-dsDNA). It has been shown that mice 

treated with 17-DMAG exhibit suppressed autoantibody production [91]. We found that 17-

DMAG did reduce anti-dsDNA, but we did not see a significant change in total IgG expression in 

the serum. 

T cell regulation has long been pursued as a potential therapy for lupus. There are a 

number of altered or distinct T cell subtypes in lupus. The DNT cells are known to be upregulated 

in lupus mice and it is believed that this contributes to the disease state when they infiltrate target 
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organs to produce pro-inflammatory cytokines and activate B cell antibody production [59, 60]. 

CD8
+
 T cells suppress autoimmune reactivity in SLE [62]. Elevated CD4:CD8 ratios have been 

identified in murine SLE models [92, 93]. We tested CD4 and CD8 profiles of splenic T cells and 

found that HSP90 inhibition decreased DNT cells, increased CD8
+
 T cells, but did not change 

CD4
+
 T cells. As a result, we found an overall decrease in the CD4:CD8 ratio. Recently, T cells 

from mice treated with an HSP90 inhibitor showed reduced responsiveness to activating antigens 

in the collagen induced arthritis model [25]. Han et. al. found that an inhibitor for the 

endoplasmic reticulum homologue of HSP90, gp96, reduced both the CD4
+
 memory T cells and 

activated CD4
+
 T cells in the spleen and lymph nodes [11]. The effects of HSP90 inhibition on T 

cell populations might be explained by the fact that stimulation of the T cell receptor (TCR) 

leading to T cell activation requires HSP90 to stabilize lymphocyte-specific protein tyrosine 

kinase (Lck) in order to initiate activation [45]. Furthermore, it has been shown that HSP90 is an 

essential regulator for gene expression of Linker for activation of T cells (LAT) and that 

following inhibition of HSP90, LAT mRNA was decreased, followed by a decrease in total LAT 

protein. Taken together, HSP90 plays a role in activation of T cells which may be the mechanism 

behind the changes in T cell subtypes we found in mice treated with an HSP90 inhibitor. 

TREG cells are marked by expression of the master TREG transcription factor, FoxP3. These 

cells are necessary for maintaining an immunological balance due to their suppressive role, but 

are typically low in SLE patients [60]. Furthermore, TREG cell suppressive functions are reduced 

in SLE patients and MRL mice and it is thought that this is due to elevated levels of IL-6, which 

inhibits TREG cell function [42, 94, 95]. TREG cells have significantly higher expression of HSP90 

than T cells. The high expression of HSP90 in TREG suggests a role for HSP90 in FoxP3 

expression and may explain why we found higher levels of FoxP3 negative CD3
+
 CD8

+
 T cells. 

However, we also found that CD4
+
 CD25

+
 FoxP3

+
 TREG cells were unaffected by 17-DMAG 
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treatment. Nevertheless, HSP90 inhibitors have been shown to improve TREG suppressive 

functions. For example, TREG cells co-cultured with T cells in the presence of HSP90 inhibitors 

exhibit an increased suppressive function. Furthermore, HSP90 inhibition (17-AAG) decreased 

homeostatic proliferation of T cells in spleens and lymph nodes after daily injection for a week 

[96]. Taken together, we propose that HSP90 plays a role in regulating CD8
+
 T cells and DNT 

proliferation. This likely occurs through an IL-6 and TREG or FoxP3-mediated mechanism. 

Understanding the role of HSP90 in TREG cells may provide clues to how HSP90 contributes to 

SLE via a T cell mediated mechanism. 

B cells also play an important role in the development of lupus pathology [97-99]. 

According to a recent review article, B cells act in lupus to present auto-antigens, induce T helper 

cells, CD8
+
 effector cells, and to inhibit TREG cells [61]. Some B cell therapy approaches being 

investigated include the therapeutic targeting of HSP90 client proteins such as TLR and PI3K. 

When inhibited, these signal pathway proteins reduce B cell activation and survival. It should 

also be noted that targeting IL-6 (an HSP90 dependent cytokine) reduces memory-cell 

differentiation [61]. The inhibitor for gp96 was shown to reduce populations of mature B cells, 

B220+, and MHC class II+ cells [11]. However, it has also been shown that splenic plasma cells 

and germinal center B cells are unaffected by 17-DMAG treatment [91]. We found that only 

follicular B cells were affected by the HSP90 inhibition treatment while marginal zone B cells 

(B1a and B1b) were not significantly affected. Current thinking in lupus literature suggests that 

follicular B cells are important for pathogenic autoantibody production while the role for 

marginal zone B cells has yet to be established [100]. B1 cells have been indicated as a possible 

source or activation of auto-reactive CD4 T cells and autoantibody production in the development 

of lupus. Taken together, our results suggest that HSP90 does not play a significant role in B cell 

regulation in lupus. 
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In summary, we have shown that HSP90 is important for the expression of the key lupus 

cytokines IL-6, IL-12 and the mediator NO in mesangial cells in vitro. Inhibition of HSP90 in the 

MRL/lpr mouse resulted in decreased proteinuria and decreased spleen size, but did not affect 

renal histopathology or C3 and IgG deposition. However, we show that HSP90 is upregulated in 

diseased MRL/lpr mice in the renal tubules while HSP70 is downregulated in MRL/lpr mice, 

regardless of HSP90 inhibition. Furthermore, our data showed that anti-dsDNA can be decreased 

with HSP90 inhibition. We also found that DNT cells are down-regulated while CD8
+
 T cells are 

upregulated in mice treated with 17-DMAG. Some effects were also observed in TREG cells which 

express high levels of HSP90. Follicular B cells were decreased, but the role of follicular B cells 

has yet to be determined for lupus. Future work should focus on determining the mechanisms that 

link HSP90 to T cell activation and TREG suppressive potency. Targeting HSP90 may be an 

effective treatment for SLE, especially if combined with other targeted therapeutic approaches. 
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CHAPTER 4.  

COMPUTATIONAL MODEL OF NF-ΚB: INHIBITION OF  

HEAT SHOCK PROTEIN 90 REDUCES CHRONIC ACTIVATION OF 

NUCLEAR FACTOR-ΚB BY PREVENTING  

HEAT SHOCK PROTEIN CHAPERONING OF INHIBITOR OF ΚB KINASE 

Shimp III, S. K., Hammond, S. E., Regna, N. L., Achenie, L., Lee, Y. W., Reilly, C. M., 

Rylander, M. N. “Computational model of NF-κB: Inhibition of heat shock protein 90 reduces 

chronic activation of nuclear factor-κB by preventing heat shock protein chaperoning of inhibitor 

of κB kinase”, Manuscript in Preparation for BMC Computational Biology
 

ABSTRACT 

Background: Inflammation is a critical process for healing and combating infection. It is 

a potent physiological process that if not tightly regulated it can become chronic, leading to more 

tissue damage instead of healing. Activation of the nuclear factor-κB (NF-κB) signaling pathway 

increases expression of many pro-inflammatory molecules. NF-κB can be activated by multiple 

external stimuli to which it responds dynamically and has multiple feedback mechanisms to 

regulate its activity. The characteristics of the dynamic response of NF-κB dictate which 

inflammatory molecules are up-regulated. Heat shock protein 90 (HSP90) has been linked to NF-

κB as a chaperone for inhibitor of κB kinase (IKK) which is upstream of NF-κB. Molecules that 

inhibit HSP90 reduce the activity of many of the inflammatory kinases that HSP90 chaperones, 

such as IKK. The complex dynamics of NF-κB have been studied through experimental and 

computational biology methods. 
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Results: We sought to explore the interaction between HSP90 and NF-κB in response to 

immune-stimulation by lipopolysaccharide (LPS) with and without HSP90 inhibition. A model 

was constructed containing the core NF-κB signaling constituents of inhibitor of κB (IκB), IKK, 

NF-κB, and A20, as well as binding interactions between HSP90, IKK, and a generalized HSP90 

inhibitor. Parameter sensitivity was assessed for the parameters regulating HSP90 interactions 

with IKK. HSP90-IKK binding rate, IKK activation rate, and the rate of A20 deactivation of IKK 

were all identified as parameters requiring accurate estimation. Parameters were estimated by 

fitting the model IKKp response to experimental data. A second parameter sensitivity study 

explored HSP90 inhibitor concentrations and binding rates. Complete blockage of NF-κB activity 

by HSP90 inhibition requires a high relative inhibitor concentrations and high binding rates. 

While NF-κB activation was difficult to block, longer term NF-κB activity was reduced by 

HSP90 inhibition. The model response to LPS stimulation with and without HSP90 inhibition 

was validated using experimental NF-κB activity data. 

Conclusions: The effect of HSP90 inhibition on the dynamics of NF-κB activity may 

alter the genes NF-κB promotes. This suggests that HSP90 inhibition may provide a therapeutic 

option to reduce chronic NF-κB activity for reduction of chronic inflammation. 

4.1 Background 

Inflammation is a non-specific immune response that is used by an organism to react to 

injury. Under normal conditions the inflammatory response is well regulated and self-limiting in 

its role to provide a protective role for an organism in response to harmful stimuli such as tissue 

injury, pathogens, and chemicals, and other phenomenon [1]. Inflammation that becomes chronic 

can lead to diseases including atherosclerosis, cancer, and autoimmunity [2-5].  
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The cellular signaling mechanisms for inflammation involve complicated interactions 

beginning at cell surface receptors and are transmitted through a series of phosphorylation, 

ubiquitination, and binding events that eventually lead to upregulation of inflammatory mediators 

such as TNF-α, IL-6, and NO [6, 7]. Key intracellular pathways for inflammation include NF-κB, 

mitogen-activated protein kinases (MAPKs), phosphatidylinositol 3-kinase (PI3K)/Akt, signal 

transducers and activators of transcription (STATs), and reactive oxygen species (ROS) 

production [8]. The NF-κB pathway impacts many disease states such as tumor development, 

malignant lymphomas, rheumatoid arthritis, and lupus, therefore we elected to focus our 

modeling to the NF-κB pathway [6, 9-12]. Amino acid inhibition of NF-κB was shown to reduce 

inflammation in atherosclerosis [13]. Targeting the receptor activator NF-κB ligand (RANKL) is 

a therapeutic approach currently undergoing multiple clinical trials [14].  

NF-κB in its inactivated form is bound to an inhibitor protein, inhibitor of κB (IκBα/β) 

which prevents NF-κB from translocating to the nucleus. When the upstream inflammatory signal 

cascade is initiated, IκB kinase (IKK) is activated through a phosphorylation reaction and in turn, 

IKKp phosphorylates IκBα. Phosphorylation of IκBα releases the inhibitor from its complex with 

NF-κB and NF-κB translocates to the nucleus and binds to inflammatory gene promoter regions 

[15, 16]. 

Further investigation has shown that NF-κB activation cannot be characterized as simply 

and on/off switch. Rather NF-κB has an oscillatory pattern to its activation. The oscillations of 

NF-κB are distinct for individual cellular stimuli. For example, in response to tumor necrosis 

factor (TNF)-α stimulation, NF-κB will strongly activate (spike) in less than 10 minutes and 

activation will reduce to near zero within an hour, only to activate again about 30 minutes later. 

This cycle will repeat each time with decreased amplitude of NF-κB activation [17]. However, in 
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response to lipopolysaccharide (LPS) stimulation, NF-κB activation occurs approximately 30 

minutes to an hour after exposure. The activation of NF-κB very slowly decreases as long as LPS 

is present [18]. Other inflammatory stimuli are shown to have their own characteristic NF-κB 

response. The dynamics of the NF-κB response ultimately determine the overall cellular 

response, appropriate for the initial cellular stimuli. Cheong, Hoffmann and Levchenko assert that 

the dynamic response of NF-κB enables the cell to use one activation factor, in this case, NF-κB, 

while still distinguishing between distinct cellular stimuli [19]. 

The 90 kD heat shock protein (HSP90) is a homo-dimeric molecular chaperone 

comprising greater than 3% of total cellular protein [20]. HSP90 has a prominent role in folding 

and conformational regulation of numerous client proteins including many inflammatory pathway 

kinases [21-25]. NF-κB relies on functional HSP90 in order for full activation of the nuclear 

factor. HSP90 has several small molecule inhibitors that prevent its chaperone activity [21, 26, 

27]. Geldanamycin (GA) and its derivatives 17-allylamino-17-demethoxygeldanamycin (17-

AAG) and 17-(dimethylaminoethylamino)-17-demethoxygeldanamycin (17-DMAG) have been 

shown to reduce NF-κB activity [28, 29].  

Having previously shown that HSP90 inhibition reduces NF-κB activity, these studies 

sough to show how HSP90 inhibition would alter the dynamic response of NF-κB. We sought to 

quantify the effectiveness at which HSP90 inhibition blocks NF-κB activity in terms of 

oscillation magnitude, frequency, and duration. We hypothesized that HSP90 inhibition would 

not only reduce the amplitude of the NF-κB response, but might also affect the amplitude and 

period of the subsequent oscillations as a mechanistic explanation for the anti-inflammatory 

effects of HSP90 inhibitors. A large body of data on NF-κB dynamics shows extensive use of 

computational modeling to describe the temporal characteristics [17, 18, 30-44]. We developed a 

model based on the reduced NF-κB model developed and analyzed in previously published 
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reports [36, 38-40] where we incorporated HSP90 interactions with IKK and a generalized 

HSP90 inhibitor.  

In this report we present our model for NF-κB, including HSP90 chaperoning of IKK and 

the interaction of HSP90 inhibitors to prevent that chaperoning. We explored the model through 

parameter sensitivity analysis and discovered several key parameters that significantly influence 

system response. We estimated new parameter values using experimental data. We also explored 

the effect of HSP90 inhibitor concentration and binding rates. Experimental data for HSP90 

inhibition was used to validate the model. 

4.2 Model Description 

Investigations into the role of HSP90 in the IKK- NF-κB pathway have elucidated a 

mechanism by which HSP90 chaperones the inflammatory pathway. Inhibiting HSP90 decreases 

IKK expression and kinase activity [45, 46]. Inhibition of HSP90 prevented client proteins such 

as IKK from binding to HSP90 [47]. Other HSP90 client proteins, such as Akt (protein kinase B) 

have been shown to rely on HSP90 for protection not only from degradation, but also from 

deactivation by protein phosphatases such as protein phosphatase 2A (PP2A) [48]. Inhibition of 

HSP90 resulted in decreased NF-κB activation by TNF-α, LPS, and other immune-stimulating 

compounds [29, 49]. 

To investigate the role of HSP90 in the NF-κB pathway, we constructed kinetic ordinary 

differential equations (ODEs) to describe the reactions among HSP90, IKK, and a general HSP90 

inhibitor. The model reactions are shown graphically in Figure 4.1. The IKK-IκB-NF-κB 

reactions and parameter values were obtained from the literature [36, 38, 44]. 
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Figure 4.1 Diagram NF-κB reactions with the inclusion of HSP90-IKK binding and an 

HSP90 inhibitor. A) IKK interactions with IKKK, HSP90, and IHSP90. B) NF-κB activation 

reactions. 

4.2.1 Notation Guide 

In this section we give a complete listing of the terms and notation describing the 

constituent molecules and complexes of the model. Nuclear concentration is represented by the 

subscript n, while phosphorylated molecules are denoted by the subscript p. Concentration of 

mRNA transcripts are represented by the subscript t. All other concentrations are cytoplasmic. 

 IKKi – cytoplasmic concentration of in-active IKK, 

 IKKp – cytoplasmic concentration of  IKK activated through phosphorylation, 

 HSP90 – cytoplasmic concentration of the endogenous, unbound HSP90, 

 HSP90_IKK – cytoplasmic concentration of the complex formed between HSP90 and IKKi, 

 IKKK – cytoplasmic concentration of in-active IKKK, 

 IKKKp – cytoplasmic concentration of IKKK activated through phosphorylation, 

 NFκB – cytoplasmic concentration of NF-κB, free and unbound from complexes, 

 NFκBn – Activated or nuclear NF-κB. We assume that NF-κB found in the nucleus, when not 

complexed with other proteins, is in its activated state, 
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 A20 – cytoplasmic concentration of A20 protein, 

 A20t – concentration of the A20 mRNA transcript, assumed to be a cytoplasmic concentration, 

 IκBα – cytoplasmic concentration of IκBα, 

 IκBαn – nuclear concentration of IκBα, 

 IκBαp – cytoplasmic concentration of phosphorylated IκBα, 

 IκBαt – concentration of the IκBα mRNA transcript, assumed to be a cytoplasmic 

concentration, 

 HSP90_IHSP90 – cytoplasmic concentration of inhibited HSP90, 

 IHSP90 – cytoplasmic concentration of HSP90 inhibitor not bound to HSP90, 

 IκBα_NFκB – cytoplasmic concentration of the complexes of IκBα and NF-κB, 

 IκBαn-NFκBn – nuclear concentration of the complexes of IκBα and NF-κB, 

 IκBαp_NFκB – cytoplasmic concentration of the complexes of IκBαp and NF-κB, 

 kv = V/U – the ratio of cytoplasmic and nuclear volumes, 

 τ – the time delay between introduction of LPS to the cellular environment and actual onset of 

activity by IKKK. 

4.2.2 Model Equations 

In this section we discuss the equations of the model following the assumed kinetics. 

Molecules and complexes are represented as described in the above notation guide. 

In-active IKK (IKKi) 

In-active IKK represents the endogenous form of the IKK protein, as found generally in 

the cytoplasm. We assumed that new IKK is inactive until it becomes bound to HSP90 which 

enables activation of IKK. We also assumed that IKK unbound from HSP90 is inactive [45]. In 

our model (Eq. 1), the first two terms in describe the production of new IKK and degradation of 
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unbound IKK. Production is assumed to be continuous and at a level such that under non-

stimulated conditions the levels of total IKK do not vary significantly. The third and fourth terms 

in the first line of the equation describe IKK binding to and unbinding from HSP90. In the second 

line of the equation, the first term describes deactivation of IKK by endogenous phosphatase 

while the second term describes deactivation by the IKK inhibitor A20. Finally, the last two terms 

describe the unbinding of IKK from HSP90 as induced by the HSP90 inhibitor (IHSP90).  

 
         

       tItIKKHSPktAtIKKkIKKk

tIKKHSPktIKKitHSPktIKKikktIKKi
dt

d
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905204

11deg

_9020

_9090





 

Eq. 1 

Activated IKK (IKKp) 

IKK is phosphorylated by several known kinases as well as some yet to be identified 

kinases. We represent IKK activation kinetics as an interaction between the activated form of the 

general IKK kinase (we term IKKK). We also assume that the activation of IKK by IKKKp 

occurs only to IKK in the HSP90 complex [45, 47]. In the model equations (Eq. 2), we first 

describe degradation of IKK. The second term describes the activation of IKK bound to HSP90 

occurring by IKKKp. The third term describes the deactivation of IKK by endogenous 

phosphatases. The final term of the equation describes deactivation of IKK by the IKK inhibitor 

A20. 
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Eq. 2 

Free (unbound) HSP90 

Free HSP90 is defined for our model as being unbound to IKK or inhibitors. The first two 

terms of Eq. 3 describe the reversible binding between HSP90 and IKK. The third term (second 
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line) describes the activation of IKK by IKKKp. Line three describes the reversible binding of 

HSP90 to the HSP90 inhibitor. 
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Eq. 3 

IKK bound to HSP90 IKK (HSP90_IKK) 

This constituent is analogous to the neutral IKK presented in previous models [38-40]. 

Lipniacki et. al. defined neutral IKK as also including a production term and degradation term as 

well as having a term that described direct conversion to its activated state [38]. However, we 

assume that HSP90 protects IKK from degradation and have removed the degradation term [50]. 

We also assume that new IKK (as described by the production term) is inactive, and only after 

binding to HSP90 does it become active. This assumption is in agreement with the general 

function of HSP90 as a chaperone that completes protein folding and enables kinase activity. In 

our model equation (Eq. 4), the first two terms describe the binding and unbinding of HSP90 and 

IKKi to form HSP90_IKK. The term in the second line describes the activation of HSP90_IKK 

by IKK kinase (IKKKp). The term n the third line represents the binding of the HSP90 inhibitor 

(IHSP90) to HSP90_IKK complex when it simultaneously frees IKK from the complex. 
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Eq. 4 

Neutral IKK kinase (IKKK) 

Instead of direct IKK activation by the addition of a stimulant as in other published 

models [38-40], we created simplified reactions describing kinase activation by LPS upstream of 

IKK. We based our reaction equations on two other models in which IKK is activated by IKKKp 
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[40, 44]. In our model equation for IKKK concentration (Eq. 5), the first term of the formula 

describes dephosphorylation of IKKKp by phosphatases to result in replenishment of neutral 

IKK. The second term describes LPS activation of IKKK with an assumed time delay. 

      tIKKKtLPSktIKKKkIKKK
dt

d
KIpKphtaseI  33

 

Eq. 5 

Active IKK kinase (IKKKp) 

In our model equation describing IKKK activation, we use two terms (Eq. 6). The first 

describes the time-delayed activation of IKKK as a result of LPS stimulation. The second term 

describes the decrease in IKKKp as a result of phosphatase activity. 

        tIKKKktIKKKtLPSktIKKK
dt

d
pKphtaseIKIp 33  

 

Eq. 6 

Free Cytoplasmic NF-κB: 

To describe the concentration of free cytoplasmic NF-κB over time, we used formulas 

found in [38]. In the equation (Eq. 7), the first term describes the liberation of NF-κB when 

dissociated from complexes with IκBα. The second term describes the depletion of NF-κB due to 

the formation of complexes with IκBα. The third term represents the liberation of NF-κB due to 

the catalytic activity of IKKp when it phosphorylates IκBα. The final term accounts for free NF-

κB removed from the cytoplasm when it is transported to the nucleus. 

        

   tBNFitBNFBIt
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dt
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Eq. 7 

Active NF-κB (NF-κBn): 

Activation is of NF-κB is described as the localization of free NF-κB in the nucleus. Our 

model equation below (Eq. 8) is derived from that presented in [38-40]. The first term represents 

the translocation of free NF-κB from the cytoplasm to the nucleus. This transport is adjusted by 
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the coefficient kv which accounts for changes in nuclear concentration due to the smaller relative 

volume of the nucleus. The second term describes depletion of free NF-κB when it forms a 

complex with nuclear IκBα. 

        tBItBNFatBNFkitBNF
dt

d
nnvn  11 

 

Eq. 8 

A20 protein: 

We describe the formation of A20 protein below (Eq. 9) using the equations presented by 

[38-40]. The first term describes the formation of new A20 protein from the A20 mRNA 

transcript. Depletion of A20 protein is represented by the second term. 

      tActActA
dt

d
t 202020 54 

 

Eq. 9 

A20 transcript: 

The concentration of A20 mRNA transcripts is described using previously published 

equations [38-40]. The first term in Eq. 10 describes nominal A20 mRNA production. The 

second term describes the production of A20 mRNA as induced by NF-κB activation. The third 

term describes the degradation of A20 mRNA. 

      tActBNFcctA
dt

d
tnt 2020 312  

 

Eq. 10 

Free Cytoplasmic IκBα: 

Concentrations of free cytoplasmic IκBα are represented by equations derived from [38-

40]. The first term in Eq. 11 describes the depletion of free IκBα by the catalytic activity of IKKp 

which phosphorylates it. The second term describes the depletion of IκBα by the formation of 

complexes with NF-κB. The third term represents the formation of new IκBα from the IκBα 

mRNA transcripts. The fourth term shows constitutive degradation of IκBα. The fifth and sixth 

terms represent the transport of IκBα into and out of the nucleus. 
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Eq. 11 

Free Nuclear IκBα: 

Concentrations of free nuclear IκBα are represented by equations derived from [38-40]. 

The first term in Eq. 12 represents the depletion of nuclear IκBα from the formation of nuclear 

complexes of IκBα and NF-κB. The second and third terms represent the transport of IκBα into 

and out of the nucleus. 

 
         tBIketBIkitBNFtBIatBI

dt

d
nvavannn  111 

 

Eq. 12 

Phospho-IκB 

To describe phosphorylated IκBα, we used equations presented in [40]. In Eq. 13 the first 

term describes IκBα phosphorylation due to catalytic action of IKKp. The second term describes 

the catalytic degradation of phosphorylated IκBα. 

        tBIttBItIKKatBI
dt

d
ppp  12 

 

Eq. 13 

IκBα transcript: 

The concentration of IκBα mRNA transcripts occurs similar to that of A20. Using 

equations from [38-40]. In Eq. 14, the first term, we account for nominal IκBα transcript 

production. The second term represents the induced production of IκBα transcripts by activated 

NF-κB. The third term describes the constitutive degradation of IκBα transcripts. 

      tBIctBNFcctBI
dt

d
tnt  312 

 

Eq. 14 

Inhibited HSP90: 
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The inhibited form of HSP90 is created as HSP90 binds to IHSP90. We account for the 

dynamic behavior of inhibited HSP90 concentration in Eq. 15. The first two terms represent the 

binding of and HSP90 inhibitor to HSP90 and the reverse reaction. The third term describes the 

increase of inhibited HSP90 when IHSP90 out competes with IKK to bind to HSP90. 
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Eq. 15 

HSP90 Inhibitor: 

The total concentration of HSP90 inhibitor (IHSP90,total) is a known, externally controllable 

concentration. In order to fix the total HSP90 inhibitor concentration in the model, we compute 

that the free IHSP90 is a function of the total concentration of IHSP90 minus the concentration of 

IHSP90 bound to HSP90 as shown in Eq. 16a. In order to represent the intracellular concentration 

of IHSP90,total, we approximate the concentration using a logistic function as presented in Eq. 16b. 

      tIHSPtItI HSPtotalHSPHSP 90,9090 _90
 

Eq. 16a 
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Eq. 16b 

Cytoplasmic IκBα_NF-κB Complexes: 

We represent the concentration of cytoplasmic IκBα_NF-κB in Eq. 17 complexes using 

the equations found in [38-40]. The first term describes the formation of the complex when IκBα 

associates with NF-κB. The second term shows that the complex is depleted due to the catalytic 

activity of IKKp. The third term describes depletion of the complex due to constitutive IκBα 

degradation. The fourth term represents the translocation of nuclear complexes of IκBα NFκB 

from the nucleus to the cytoplasm. 
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Eq. 17 

Nuclear IκBα_NF-κB Complexes: 

The concentration of nuclear IκBα_NF-κB complexes is described in Eq. 18, which is 

based on equations presented in [38-40]. The first term describes the formation of the complex 

when IκBαn associates with NF-κBn. The second terms describes the transport of the nuclear 

complex into the cytoplasm. 

 
       tBNFBIketBNFtBIatBNFBI

dt

d
nnvannnn  __ 21 

 

Eq. 18 

Phospho-IκBα complexed to NF-κB 

We describe the concentration of phosphorylated IκBα in complex with NF-κB in Eq. 19 

using equations presented in [40]. The first term describes phosphorylation of IκBα in NF-κB 

complexes as it occurs by the catalytic action of IKKp. The second term describes the 

degradation of phosphorylated IκBα (NF-κB is recovered). 

        tBNFBIttBNFBItIKKatBNFBI
dt

d
ppp  ___ 13 

 

Eq. 19 

4.3 Materials and Methods 

Model Simulation: Model ODEs were constructed in Matlab and simulations were 

performed using the ODE solver ode15s in Matlab 2010a (Mathworks, Inc., Natick, MA) to solve 

the differential equations. All Matlab files are included as supplementary materials in the 

appendix. 

Parameter Estimation: Parameters were estimated using the sequential quadratic 

programming (sqp) algorithm in the Matlab function “fmincon”. An objective function (J) was 
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computed and minimized by the “fmincon” optimization routine by adjusting two or three 

specified parameters until a local minimum was found. The resulting parameters were tested and 

the accuracy of the response was assessed and key discrepancies in the response were identified 

and the parameters that most affected those features were then selected for estimation. The 

optimization routine was repeated until a new local cost function minimum was found. Response 

was assessed again by identifying key discrepancies. A third round of parameters was selected 

and the optimization conducted. The objective function (J) minimized by the optimization routine 

was the sum of the error squared between the model response and the data (Eq. 20). 
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Eq. 20 

Cell Culture: J774 macrophage cells were cultured overnight in 60 mm tissue culture 

treated dishes at an approximate density of 3.2x10
6
 cells/dish. Prior to experiment, cells were 

rendered quiescent by replacing growth media with low serum media constituted as follows: 

DMEM (ATCC, Manassas, VA) supplemented with 1% FBS and 1% Penicillin/Streptomycin 

(Sigma, St. Louis, MO). 

Treatment with 17-DMAG and Stimulation with LPS: One hour prior to stimulation, 

cells were pre-treated with or without 1 μM of the HSP90 inhibitor, 17-DMAG (ChemieTek, 

Indianapolis, IN). Cells were stimulated with 1 μg/ml LPS (Sigma). Following LPS stimulation 

cells were collected for nuclear lysate extraction at 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 

and 120 minutes. Un-stimulated cells were also collected as experimental controls. 

Nuclear Extract Preparation: Cytoplasmic and nuclear extracts were prepared using a 

commercial nuclear extract kit (Active Motif, Carlsbad, CA). Extracts were prepared according to 

manufacturer instructions. In brief, cells were rinsed with PBS containing phosphatase inhibitors 

(PBS/pi) and then cells were suspended in PBS/pi followed by centrifugation at 500 rpm for 5 
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minutes at 4°C. Supernatant was removed and cells were resuspended in ice-cold hypotonic 

buffer. Cells were kept in buffer for 15 minutes, after which, detergent was added, cells were 

vortexed for 10 seconds, and then were pelleted by centrifugation for 30 seconds at 14000 xg at 

4°C. Supernatant was collected as the cytoplasmic fraction and stored at -80°C until assay. The 

remaining pellet (intact nuclei) was resuspended in complete lysis buffer, vortexed for 10 

seconds, and then incubated on ice for 30 minutes. Following incubation in lysis buffer, samples 

were vortexed for 30 seconds and then spun down in a centrifuge at 14000xg for 10 minutes at 

4°C. The supernatant was then collected as the nuclear fraction and stored at -80°C until assay. 

Nuclear and cytoplasmic fractions were analyzed for protein concentration using BCA protein 

assay (ThermoScientific, Rockford, IL) following manufacturer instructions. 

NF-κB ELISA: Cell lysates were analyzed for NF-κB p65 by TransAM ELISA 

(ActivMotif, Carlsbad, CA) following manufacturer instructions. Briefly, nuclear extracts were 

diluted in lysis buffer to equalize total protein content of all samples. Diluted samples were 

incubated in oligonucleotide coated ELISA plates in the presence of binding buffer for one hour. 

The plate was washed three times using manufacturers wash buffer. The plate was then incubated 

for one hour with antibody to NF-κB followed by washing of the plate three times with wash 

buffer. Next, the plate was incubated for one hour with HRP conjugated secondary antibody. 

Following secondary incubation, the plate was washed four times with wash buffer. The plate 

was then incubated for five minutes with developing solution provided by manufacturer, followed 

immediately by addition of stop solution. Absorbance was read on a spectrophotometer plate 

reader at wavelength of 450 nm. Active NF-κB concentration was computed using a linear curve 

fit of a prepared standard curve. 
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4.4 Results and Discussion 

To test the model presented in the Model Equations section we first conducted a 

numerical sensitivity study of parameters that form the HSP90, IKK, and IKKK reaction 

equations. We performed the study by testing one parameter at a time at discrete intervals over a 

range of assumed parameter values. Only one parameter was varied for each simulation, and each 

parameter was tested at 5 discrete values spaced an order of magnitude apart. From this study we 

obtained a sense for how each parameter affected the overall system response. These studies also 

identified the parameters to which the system was most sensitive. 

Next we used published experimental IKK activation data to determine improved 

estimates of the parameter values. The data used can be found in the supplemental materials 

section of [18]. Our third task was to conduct a secondary parameter sensitivity analysis in which 

we assessed the sensitivity of the model to the parameter values associated with IHSP90. This 

allowed us to determine an estimated range for the IHSP90 associated parameters. The secondary 

parameter study enabled us to test our hypothesis that an HSP90 inhibitor must out-compete IKK 

for binding to HSP90. Finally, we validated the model by comparing experimental data to our 

simulated NF-κB activity. 

4.4.1 IKK activation profile sensitive to HSP90 binding rate 

To test the sensitivity of the predicted IKKp profile to model parameters associated with 

IKKK and IKK activation, we ran simulations in which a single parameter was iteratively varied 

across a range of values. Only one parameter was varied at a time while all other parameters were 

held fixed. The parameters we tested and their respective test ranges are shown in Table 4.1. The 

parameter ranges tested spanned across several orders of magnitude which allowed us to test for 

singularities at extreme parameters. We found that among the parameters tested, three exhibited 
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interesting and significant behavior. Those three were, not surprisingly, the HSP90-IKK binding 

rate (k1a), the IKK activation rate (k2a), and the IKKK activation rate (ki3k). The complete system 

response for all parameters tested is provided as an appendix. 

Table 4.1. Parameters and ranges tested in parameter sensitivity study for IKKK, IKK, and 

HSP90 reactions. 

Parameter Range Units Description 

k1a 10-4 – 100  μM-1 s-1 IKK_HSP90 association 

k1b 10-5 – 10-1 s-1 IKK_HSP90 dissociation 

k2a 10-4 – 100  µM-1 s-1 IKK activation by IKKKp 

k4a 10-4 – 100  s-1 IKKp deactivation by phosphatases 

ki3kphtase 10-6 – 10-2 s-1 

Dephosphorylation of IKKK by 

phosphatases 

ki3k 10-6 – 10-1 µM-1s-1 IKKK activation (phosphorylation) rate 

kA20 10-3 – 101 µM-1s-1 IKK inactivation by A20 

 

To test the parameters, the model was simulated for 1200 hours (simulation time) to 

ensure the system reached equilibrium values for all model concentrations at each of the 

parameter values tested. Final concentrations of the steady-state equilibration simulation were 

used as initial conditions for the parameter sensitivity simulations. To simulate LPS stimulation, 
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the model was simulated so that two hours after initializing, LPS was “turned on”. We show the 

LPS stimulation curve in Figure 4.2A, Figure 4.3A, and Figure 4.4A.  

Testing the parameter k1a across the range of values illustrated the sensitivity of NF-κB to 

any level of IKKp response, shown in Figure 4.2D and G. Neither IKKKp nor IKKK was affected 

by k1a which was expected as the model does not have a feedback loop to IKKK (Figure 4.2B & 

C). IKKi exhibited an interesting, non-linear response as shown in Figure 4.2E. For the lowest 

three values of k1a, the magnitude of the IKKi concentration after LPS stimulation increased as 

k1a increased. However, for k1a values of 0.1 and 1 μM
-1

s
-1

 IKKi magnitudes decreased. Perhaps 

least surprising is that as k1a increased, the concentration of HSP90_IKK increased. However, 

while each parameter was an order of magnitude greater than the last, the increase of 

HSP90_IKK concentration did not increase at the same rate (Figure 4.2F). Finally, free HSP90 

was not significantly affected by the variation in the parameter (Figure 4.2H). 

Next we tested the activation rate of IKKp, k2a. The LPS stimulation profile, IKKKp, and 

IKKK are shown in Figure 4.3A-C. IKKp increased in magnitude at the initial response peak and 

the width of the initial peak increased as k2a increased. The change in magnitude of the peak was 

most sensitive to the lower parameter values, suggesting an upper bound to the parameter value 

(Figure 4.3D). IKKi also exhibited interesting behavior in that not only did it increase in 

concentration, but for higher parameter values (0.1 and 1 μM
-1

s
-1

) the response peaked just after 

stimulation, then fell to a steady value (Figure 4.3E). HSP90_IKK concentrations decrease 

dramatically just after stimulation, with the sharpest declines occurring as k2a increased (Figure 

4.3F). NF-κB was not as significantly affected by k2a as it was by k1a. That is likely due in part to 

the fact that the changes in IKKp magnitude were smaller for k2a than the changes were for k1a. 

Again it was seen that lower k2a values produce more oscillatory behavior in NF-κB (Figure 

4.3G). Free HSP90, shown in Figure 4.3H was not significantly affected by k2a. 
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We tested ki3k across a broader range of parameter values as the system seemed highly 

sensitive to this parameter. Figure 4.4B and C show that IKKKp is indeed sensitive to the 

activation rate, however, the higher activation rates did not have an effect on increasing IKKK 

activity as all the free IKKK was depleted. Lower parameter values exhibited great variations in 

the response of IKKKp. IKKp was sensitive to ki3k, especially at the lower values which caused a 

decrease in the magnitude of the IKKp and IKKi responses (Figure 4.4D and E). HSP90_IKK 

showed sharp changes in concentration for larger ki3k values (Figure 4.4F). With IKKp sensitive 

to ki3k, that sensitivity propagated to NF-κB activity which responded to the parameter changes 

with its own changes in oscillatory frequency and magnitude (Figure 4.4G). Free HSP90 was 

again not significantly affected by the parameter (Figure 4.4H). 

In constructing the model, we assumed the initial parameter values describing interactions 

between HSP90 and IKK based on constraints determined by findings in the literature. As HSP90 

is typically bound to IKK [51, 52], we assumed that HSP90 and IKK would preferentially bind 

and any reverse reaction would occur at a slower rate, thus ba kk 11  . We also assumed that the 

rate at which HSP90 and IKK form a complex should not reduce the rate at which IKK is 

activated under normal (non-HSP90 inhibited) conditions, thus, aa kk 21  . 

We found that despite changing HSP90 binding rates across 5 orders of magnitude, NF-

κB activity still responded strongly to the smallest of IKKp activity profiles. This is in agreement 

with previous studies showing how NF-κB activity is highly sensitive to IKK activation [34]. In 

summary, the system was sensitive to parameters that directly impact IKKp activity and that 

sensitivity was propagated to NF-κB activity. With the parameter sensitivity results, we were able 

prioritize which parameters to fit to experimental data. 
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Figure 4.2. HSP90-IKK association parameter k1a varied from 0.0001 to 1 μM

-1
s

-1
. A) Model 

was allowed to equilibrate for 2 hours before LPS stimulation began. B and C) IKKKp and 

IKKK are unaffected by k1a. D) IKKp activity increases as the HSP90 binding rate 

increases with an order of magnitude difference in IKKp profile for the middle range of 

parameter values. E) IKKi has a non-linear response to the change in k1a as seen by the fact 

that the middle parameter value (0.01 μM
-1

s
-1

) reached the highest concentration while the 

highest parameter value (1 μM
-1

s
-1

) was the lowest concentration. F) HSP90:IKK complex 

concentrations show some variation, though it is interesting to note that the equilibration 
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values were affected by the parameter. G) NF-κB activity increases as a result of an 

increased rate of binding between HSP90 and IKK. H) Free HSP90 was not significantly 

affected by the change in binding rate. 
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Figure 4.3. Model response when IKK activation parameter k2a was tested at values from 

0.0001 to 1 μM
-1

s
-1

. A) Model was allowed to equilibrate for 2 hours before LPS stimulation 

began. B and C) IKKKp and IKKK are unaffected by k2a. D) Magnitude and duration of 

IKKp activity increased as k2a increased. E) IKKi Concentration increased as k2a increased. 

IKKi also exhibited a pronounced peak for higher values of k2a. F) HSP90:IKK complex 

concentrations decreased as k2a increased. G) NF-κB activity increased in response to 

increased k2a. NF-κB activity also had less oscillatory behavior as k2a increased. H) The 

magnitude of the free HSP90 concentration was not significantly affected by the change k2a. 



 

 131 

 
Figure 4.4. Model response when IKKK activation parameter ki3k was tested at values from 

0.0001 to 1 μM
-1

s
-1

. A) Model was allowed to equilibrate for 2 hours before LPS stimulation 

began. B) IKKKp response was slow and a lower magnitude for the ki3k at 0.0001 and 0.001 

μM
-1

s
-1

 whereas IKKKp response was fast and higher in magnitude for ki3k at the higher 

parameter values. IKKKp response was not sensitive to changes in ki3k at the larger 

parameter values. C) IKKK was only sensitive to the smaller ki3k parameter values. D) The 

magnitude of IKKp activity increased as ki3k increased, but the system was not sensitive to 

ki3k parameter values greater than 0.01. E) IKKi Concentration increased as ki3k increased. 
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F) HSP90:IKK complex concentrations exhibited sharp changes in concentration in when 

ki3k was set to a larger value. G) NF-κB activity was only slightly affected by the parameter 

change from 0.0001 to 0.001 μM
-1

s
-1

. NF-κB exhibited stronger oscillations for the lower ki3k 

value. H) Other than small but sharp changes in concentration, the magnitude of the free 

HSP90 concentration was not significantly affected by the change ki3k. 
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4.4.2 Parameters were fit using experimental data from mouse embryonic fibroblasts. 

Based on our parameter sensitivity results, we proceeded to estimate model parameters by 

fitting the model IKKp response to an existing data set provided in the supplemental materials 

section in [18]. The data provided was obtained by stimulating mouse embryonic fibroblasts 

(MEFs) with a 45 minute pulse of 0.1 μg/ml LPS. IKKp data was collected for 120 minutes and 

was normalized such that the nominal, un-stimulated value for IKKp at the initial time point is 

unity. Given that the experimental data is normalized, it does not represent an absolute 

concentration for IKKp but rather provides a relative trend. As stated in [38], the concentrations 

of the simulated system are also arbitrary and only represent qualitative concentrations. 

Therefore, in order to use the IKKp experimental dataset, we were required to scale our simulated 

IKKp profile using a scaling factor of 1000 and offset the baseline by +1. This put our initial 

IKKp concentration within an order of magnitude of the measured data. 

The data was fit in a semi-manual manner. First, the fitting algorithm was used to adjust 

k1a, k2a, and ki3k simultaneously. We constrained the fitting algorithm to find parameter values 

within a specified range. We found that the fitting algorithm obtained a result that approached the 

experimental data but did not seem to capture the rate at which IKKp decreased after the initial 

spike. A review of the parameter sensitivity data led us to believe that kA20 could be re-estimated 

to provide a better fit the experimental data. We repeated the parameter estimation for ki3k and 

kA20. We then conducted a third round of fitting was performed in which we re-estimated k1a and 

also estimated k4a. We found the model and experimental data in good agreement. The final 

estimates for the parameters are given in Table 4.2. A comparison of the predicted response to the 

experimental data used for fitting is provided in Figure 4.5. 
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Table 4.2. Parameters estimated through fitting IKKp profile to experimental data. 

Symbol Initial Estimate Fitted Value Units 

k1a 0.01 0.005 μM-1s-1 

k2a 0.01 0.073 μM-1s-1 

k4a 0.01 0.0099 s-1 

ki3k 0.01 0.000848 μM-1s-1 

kA20 0.1 0.001 μM-1s-1 
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Figure 4.5. The simulated IKKp response matches the response of IKKp as measured in 

MEF cells. A) Comparison of the simulated IKKp profile to the measured IKKp profile 

shows qualitatively how well the parameters fit. B) The relative error between the measured 

data and simulated data quantifies how well the model fits the data over time. Parameters 

k1a, k2a, k4a, ki3k, and kA20 were estimated using the “sqp” algorithm in the fmincon function 

in Matlab. 
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4.4.3 Sensitivity of IHSP90 parameters was assessed 

Once the model parameters for the HSP90, IKK, and IKKK interactions were adequately 

estimated, we tested the effect that inhibitor concentration and inhibitor binding rate would have 

on activation of IKK, NF-κB and total IκBα. We performed the simulations by fixing the IHSP90 

concentration as a ratio of total HSP90 concentration. Ratios of HSP90 to IHSP90 of 0.9, 1, and 1.1 

were each tested across a range of IHSP90 binding rate (k5a) values. The range of k5a values were 

selected to be either 10x, 1x, or 0.1x the fitted value for HSP90-IKK binding rate (k1a). Linking 

the range of k5a to the HSP90-IKK binding rate allowed us to test the sensitivity of the model to 

the assumption that the inhibitor binds competitively to HSP90. Figure 4.6 shows that IKKp is 

relatively sensitive to k5a for inhibitor concentrations near the total HSP90 concentration. Figure 

4.6A-C shows that for k5a set to a value 1/10 of k1a the IKKp activation was reduced. This 

reduction was relatively equal across the range of concentration ratios tested. When k5a is 

increased to 10 times that of k1a we found that for the inhibitor concentration ratio of 0.9, IKKp 

was reduce by approximately 1/5. For the same parameter value tested in the model with the 

concentration ratio of 1.1 the IKKp activity was all but eliminated. 

Interestingly, NF-κB activity was less sensitive to the reduction in IKKp activation 

(Figure 4.6D-E) in that the smallest increase in IKKp elicited an induction of NF-κB activity. 

However, NF-κB activity died out more rapidly in the presence of an inhibitor.  

From this simulation data, we see that NF-κB activation was not completely blocked by 

the lower dose of HSP90 inhibitor but it did show that after initial NF-κB activation, the level of 

activity was not sustained. Taken from another viewpoint, IKKp activity is amplified in NF-κB as 

the slightest activation of IKKp induces NF-κB activity. Taking into consideration the more rapid 

decrease in activity that was seen with HSP90 inhibition, over the long term, an HSP90 inhibitor 
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may prevent chronic activation of NF-κB. This has implications for chronic diseases where NF-

κB activity is elevated for long periods of time, such as lupus. We recently reported that in 

MRL/lpr mice treatment with 17-DMAG over 6 weeks reduced proteinuria and anti-dsDNA but 

did not elicit significant differences in renal tissue pathology [53]. In other words, inflammation 

was reduced but not eliminated. We also infer from this data that to reduce NF-κB activity, IKK 

activation must be completely eliminated and to do so by interrupting HSP90 would require an 

inhibitor with either a high binding affinity for HSP90, and/or a concentration much larger than 

the total HSP90. It has been reported that several HSP90 inhibitors, such as Geldanamycin or 17-

DMAG have increased affinity for HSP90 produced by tumor cell lines [54]. 

Figure 4.6G-I we see that total IκB still responds to the LPS stimulation, even in the 

presence of an HSP90 inhibitor. Nevertheless, the highest concentration of inhibitor and largest 

k5a value, the fluctuations in IκBα were prevented. In order for NF-κB to be activated, IκBα must 

be phosphorylated and degraded. Therefore, in order for NF-κB to be sensitive to IKKp it is 

required that IκBα be sensitive to IKKp. The simulated responses of the other concentrations can 

be found in the appendix. 

We see from the model that NF-κB activation dynamics are affected by HSP90. Changing 

NF-κB activation magnitudes as well as frequency of oscillation through HSP90 inhibition effect 

which genes get upregulated by NF-κB [19, 34]. It may be possible to externally control NF-κB 

dynamics using HSP90 inhibitors combined with other NF-κB therapeutics, and external cell 

stimuli. 
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Figure 4.6. Reduction in NF-κB response requires high concentration of HSP90 inhibitor 

and high binding affinity. Simulations were performed in which the cells were treated with 

various inhibitor concentrations fixed as a ratio to total HSP90 (IHSP90:HSP90). Three ratios 

of the concentration ratio were tested: 0.9 (A, D, & G), 1 (B, E, & H), and 1.1 (C, F, & I). 

For each concentration ratio tested, the binding rate parameter, k5a was varied across a 

range spanning from 5x10
-4

 to 5x10
-2

. A-C) IKKp response for each value of k5a and 

concentration ratio tested. D-F) Nuclear NF-κB for each value of k5a and concentration 

ratio tested.  G-H) Total Cellular IκBα for each value of k5a and concentration ratio tested. 
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4.4.4 Simulated IKKp, IκBα, and NF-κB profiles agree with experimentally measured 

data 

Based on our parameter sensitivity results, we determined to experimentally determine the 

effectiveness of an HSP90 inhibitor, 17-DMAG, at reducing the activity of NF-κB. There have 

been several studies that have published results indicating that 17-DMAG and other HSP90 

inhibitors reduce NF-κB activity in various cell types [45, 46, 51, 55, 56]. However, much of this 

data is presented for single time points, most often 30-60 minutes post stimulation. In order to 

obtain time domain data on NF-κB activity, we conducted an experiment in which we treated 

J774 macrophage cells with 1 μM 17-DMAG for 1 hour, followed by immune-stimulation with 1 

μg/ml of LPS. These concentrations were selected based on previous work that showed 1μM 17-

DMAG having significant anti-inflammatory effects on J774 cells when stimulated with 1 μg/ml 

LPS [29]. At the time points indicated, cells were collected and lysed for nuclear extracts. The 

nuclear extracts were analyzed by ELISA for NF-κB activity. 

The simulations mimicked the experimental conditions by introducing an HSP90 inhibitor 

1 hour into simulation time followed by LPS at the 2 hour mark. We fixed the inhibitor 

concentration ratio at a value of 2:1 to total HSP90. The k5a parameter was fixed at a value of 

0.01 (2 x k1a) as guided by our sensitivity results. The model predicted results for NF-κB activity 

in response to LPS stimulation. Predicted responses of the model with and without 17-DMAG 

were compared qualitatively to the experimental data (Figure 4.7A). We see that for the 

inhibitor:HSP90 ratio and the parameters used, the model predicts the qualitative trend for NF-κB 

activation and the relative error between the experimental data and the model data supports this 

(Figure 4.7B).We do note that for later time points, the model appears to lose accuracy as the 
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experimental NF-κB activity data begins to decrease at a higher rate than the model. We also see 

that the model does capture the slight increase in NF-κB activity for the 17-DMAG set. 

One explanation for the difference at the later time points is that the model parameters 

were estimated using data from MEF cells. Our validation data came from J774 macrophage 

cells. It is likely that these cell types respond differently. As more time series experimental data 

becomes available, it will be possible to find better estimates for the parameters to account for the 

more rapid decrease in NF-κB. It is also important to note the fluctuations in NF-κB for the 

HSP90 inhibited data set. As NF-κB is sensitive to the least IKK activation, it may be that some 

IKKp is still being transiently activated and thereby activating NF-κB. 

 
Figure 4.7. Experimental NF-κB data supports the modeled HSP90-IKK interactions in the 

NF-κB model. Experimental data was obtained by treating J774 cells with or without 17-

DMAG for 1 hour followed by immune-stimulation with LPS. Samples were collected at 10 

minute intervals and analyzed by ELISA for quantification of NF-κB activity. Model was 
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simulated to receive 17-DMAG 1 hour before LPS. A) Simulated NF-κB activity in response 

to LPS stimulation without HSP90 inhibition (solid, blue curve) and with HSP90 inhibition 

(dashed, red curve) are compared to experimentally measured NF-κB activity in cells 

cultured without HSP90 inhibition (green circles) or with HSP90 inhibition (baby blue 

triangles). The NF-κB simulation data was linearly scaled by a factor of 1.75 to facilitate 

qualitative comparison in figure. B) The relative error between the experimental and 

simulation data for LPS only (solid blue line) and for HSP90 inhibitor treated (dashed, red 

line) shows relative agreement between the model and the experimental data. 
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4.5 Conclusions 

Previous models of NF-κB included IKK activation as the input to the model and 

illustrated the important role of IKK activation in NF-κB activation. In fact, the dynamic behavior 

of IKK activation determines the response time and magnitude of NF-κB activity as well as the 

duration of the activity. NF-κB activity can be reduced by the anti-inflammatory and pro-

apoptotic HSP90 inhibitors. To explore the anti-inflammatory effects of HSP90 inhibition on NF-

κB activation, we employed the use of computational modeling techniques to predict the response 

of IKK activation to interference by HSP90 inhibitors and then apply that response to the 

downstream activity of NF-κB. We modified an existing model by adding the reactions that 

describe the interactions between HSP90 and IKK.  

We tested the sensitivity of the model to parameter variation and prioritized model 

parameters for estimation. Model parameters were successfully estimated using published data on 

IKKp in response to a 45-minute pulse of LPS. Model sensitivity to HSP90 inhibition parameters 

was also tested. We found that IKKp was sensitive to fluctuations in concentration ratio and 

inhibitor binding rates. We also saw that NF-κB greatly amplified IKKp and that HSP90 

inhibition did not stop the initial NF-κB activity; it did reduce the longer term activation levels. 

The effect on chronic NF-κB activity has implications in the treatment of chronic inflammatory 

diseases. 

Future work should focus on elucidating the pathway between the TLR and IKK. It is 

likely that other HSP90 clients up stream of IKK are involved and contribute to the reduction in 

NF-κB. It will be critical to identify any additional HSP90 clients in said pathway. Identification 

of the specific IKKK proteins would also allow greater fidelity in the model. Future efforts in 
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evaluating HSP90 inhibitors could use this model to estimate HSP90 binding rates and/or 

affinities. 
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CHAPTER 5.  

SUMMARY AND FUTURE WORK 

5.1 Conclusions 

The inflammatory response can be a lifesaving process as it enables the body to respond 

rapidly and decisively to foreign pathogens and tissue damage. Some disease models have shown 

that quick and decisive response is the only way to contain the most serious of epidemics [1]. Yet 

if that quick and decisive mechanism becomes unbalanced, the process can become life 

threatening. In extreme cases, such as septic shock, the inflammatory response is so extremely out 

of control that organs simply fail [2]. In less extreme cases, chronic inflammation contributes to 

and amplifies disease pathogenesis of atherosclerosis, cancer, and autoimmunity [3-5]. The 

studies presented in this work contribute to the understanding of the regulation of inflammation 

and inflammatory signaling within the cell and should be applied to the development of therapies 

to treat chronic and unregulated inflammation. 

5.1.1 What we learned about HSP90 and inflammation from in vitro studies 

In the in vitro study of HSP90 inhibition, it was shown that inhibiting HSP90 with 17-

DMAG reduced inflammation by disrupting the Akt/NF-κB pathway. Investigating for 

mechanistic explanations for the reduction in cytokines and inflammatory mediators, it was found 

that in the presence of HSP90 inhibitors for 24 hours or more, Akt and IKK expression were 

reduced in the J774 cells. In addition, it was also shown in the results that nuclear translocation of 

NF-κB was reduced. It was inferred from this data that the reduction in NF-κB activity resulted in 

the diminished expression of IL-6 and NO. One hour pre-treatment, with a relatively low dose of 

0.1 µM 17-DMAG showed reduced Akt activation but had limited effect on IκB phosphorylation. 



 

 153 

Looking to the computational model for answers, it can be seen that IκB phosphorylation is 

highly sensitive to even the smallest level of IKK activation. The parameter sensitivity studies for 

the HSP90 inhibitor showed a strong dependence on high concentrations of 17-DMAG in order to 

sufficiently block IκB phosphorylation. Therefore, it is likely that with a higher concentration of 

17-DMAG the IκB phosphorylation would be significantly reduced. 

Despite the fact that 0.1 µM 17-DMAG had little effect on IκB activity, it was shown that 

this concentration still reduced production of the pro-inflammatory mediators IL-6, TNF-α, and 

NO. It was interesting that iNOS protein levels in stimulated cells were unaffected. At the time of 

publication of this manuscript the lack of an effect on iNOS was attributed to be due to crosstalk 

between other pathways such as the JAK/STAT pathway as the JAK/STAT pathway plays an 

important role in iNOS transcription. In light of more recent modeling studies showing that 

HSP90 inhibition does not block the NF-κB activity, only reduce its long term activation, it must 

also be considered that the lack of an effect on iNOS transcription may be due to insufficient 

treatment concentration. Perhaps this warrants further in vitro study in which higher HSP90 

inhibitor concentrations are used, or perhaps an inhibitor with a larger binding rate could be used.  

5.1.2 How does HSP90 affect inflammation and autoimmunity in an in vivo model? 

The effect of HSP90 inhibition in the MRL/lpr lupus mouse model was studied. Typical 

markers for disease severity and pathology were assessed to determine if HSP90 inhibition would 

reduce disease in the mouse. Splenocytes and serum were examined for clues to mechanistic 

explanations for any measured effects. In vitro tests of HSP90 inhibition in mesangial cells 

resulted in reduced expression of the key lupus cytokines IL-6, IL-12, and the mediator NO. 

Inhibition of HSP90 in the MRL/lpr mouse decreased proteinuria. Spleens from the 17-DMAG 

treated mice were smaller, suggesting an attenuation of splenomegaly as a result of the HSP90 
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inhibition. But, HSP90 inhibition did not affect renal histopathology or C3 and IgG deposition. It 

is interesting to find from immunofluorescence staining that HSP90 was upregulated in the renal 

tubules of diseased MRL/lpr mice. Immunofluorescence staining for HSP70 expression in the 

kidneys showed that HSP70 was downregulated in both the MRL/lpr control and 17-DMAG 

MRL/lpr mice, as compared to C57BL/6 mice kidneys. Data showed that anti-dsDNA decreased 

within the 17-DMAG treatment group. It was also found that with 17-DMAG treatment, DNT 

cells were down-regulated while CD8
+
 T cells were upregulated. Some effects were also 

observed in TREG cells which express high levels of HSP90.  

5.2 Future Work 

5.2.1 Revisiting in vitro work to validate the current model and extend it to include 

cytokine production 

It was mentioned above that a testing higher concentrations of HSP90 inhibitors to and 

measuring the response of IκB phosphorylation would be beneficial. If these experiments were 

repeated, they would confirm what the computational model shows, that a concentration of 

HSP90 inhibitor greater than 0.1 µM 17-DMAG, or a more potent inhibitor than 17-DMAG, 

would have a significant effect in the reduction of IκB phosphorylation. This work could be 

further extended by measuring how cytokine mRNA levels would be altered by treatment with 

17-DMAG. Experiments should be conducted in which mRNA expression and NF-κB activation 

are each measured at discrete time points following LPS and/or TNF-α stimulation. This time-

domain data would then be used to develop modeling equations that would be implemented in the 

existing NF-κB model. The benefit of extending the model beyond NF-κB activation into the 
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realm of transcription and translation, is that the effects of autocrine signaling could then be 

addressed. 

5.2.2 Studying the effects of HSP70 on inflammation 

The exciting results of the in vitro study opened up additional questions. Future efforts 

should examine how HSP70 expression affects pro-inflammatory cascades. Interest in HSP70 and 

inflammation comes for the following reasons. It has been shown that extracellular HSP70 is a 

ligand for TLR2 and TLR4 activation. Second, HSP70 activation of the TLR4 ligand on CD4
+
 

CD25
+
 T cells is attributed to an increase in suppressive activity of these T cells in atherosclerosis 

[6, 7]. Furthermore, HSP70 has been indicated to have a negative feedback effect on NF-κB 

signaling activity [8]. HSP70 has also been demonstrated to switch off TNF receptor-associated 

factor 6 (TRAF6) [9]. And finally, increased HSP70 suppresses iNOS activity [10]. These studies 

would be conducted with the use of siRNA for HSP70  downregulation or over-expression 

vectors to artificially increase HSP70 expression. With HSP70 regulated such, the cells would be 

analyzed for the response of NF-κB activity, iNOS expression, upregulation of TNF-α, IL-6, and 

NO production. Given the negative feedback effect that HSP70 may have on NF-κB signaling, it 

would be valuable to develop some modeling equations to describe the possible mechanistic 

interactions, and then test the model in parallel with the experiments to validate the mechanistic 

hypotheses. 

5.2.3 Linking HSP90 to T cell activation 

Given the interesting results of the splenocyte profiles in the in vivo study, work should be 

done to determine the mechanisms that link HSP90 to T cell activation and TREG suppressive 

potency. Considering the interesting results of [11], it would be worth the effort to explore how 
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HSP90 inhibition affects Tregs and how HSP90 may be linked to histone deacetalases. Based on 

the results of the modeling study, targeting HSP90 to reduce chronic activation of inflammatory 

signals may be an effective treatment for SLE. Exploration of T cells and Tregs would aid in 

understanding how the HSP90 inhibitors would alter T cell populations. 

5.2.4 Other potential research directions 

Several other ideas that may warrant future studies include the exploration of the NF-κB 

pathway upstream of IKK. This would enhance the model by accounting for any HSP90 

interactions with other proteins. The model would also be enhanced by experimentally 

determining HSP90 binding parameters, obtained from measurement of HSP90 IKK binding 

affinity with and without an HSP90 inhibitor. This may be achieved by immune precipitation. 

The author is unaware of any NF-κB models that incorporate cross-talk with other signal 

pathways. This could be achieved by exploring the JAK/Stat pathway in the presence of HSP90 

inhibitor and developing models to describe the interactions. 

5.3 Final Remarks 

Taking the results of the entire body of work together, HSP90 may be a worthy 

therapeutic target for combating chronic inflammation. The challenge is that HSP90 presents 

itself as a regulator of many complex cellular mechanisms and parsing out the role of HSP90 is 

complicated. Inhibiting HSP90 in any therapeutic application will have far reaching 

consequences. Part of the complexity is that HSP90 can be both beneficial and detrimental to 

cellular function. As the computational models improve, the picture of HSP90 and its role in the 

cell will likely become clearer and enable the development of therapeutics that target HSP90 for 

suppression or perhaps even utilize HSP90 for enhancing other therapeutics. 
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Appendix A. Development of Total IgG ELISA for analyzing mouse serum 

Results 

For a range of standards as high as 100 ng/ml down to 1.5625 ng/ml, it was found that 

detection antibody dilution of 1:16000 or greater was sufficient produce non-saturated O.D. data. 

Figure A.1 shows the resulting O.D. data for the standard curve tested. 

 
Figure A.1 - Detection Antibody dilutions were tested at several concentrations of known 

standards. Data shows that 1:4000 and 1:8000 had high levels of saturation for the range of 

detection antibody tested. 

For mouse serum, a dilution of 1:10000 to 1:64000 produced the best results when 

detected with detection antibody diluted 1:32000 or higher. The 1:32000 dilution of detection AB 

produced some saturation, but it also produced a very low O.D. value for the highest serum 

concentration Figure A.2. This data was obtained using serum from an untreated MRL/LPR 

mouse whose other indications for lupus were severe. 
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Figure A.2 Detection antibody dilutions were tested at several dilutions of serum taken from 

an MRL/LPR control mouse. An optimum range of serum and detection antibody can be 

determined from this data. 
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Table A.1 Serum optimization layout. 

 
 

Conclusions 

Based on the optimization performed, Serum dilution from 1:10000 and higher, combined 

with a secondary dilution of 1:32000 worked well. Because of the strong, readable signal, it must 

be assumed that the previous, low signal error must be the result of an incorrect dilution of 

capture or detection antibody. It is most likely that capture antibody was diluted incorrectly. As 

for the saturated signal, this data shows that the serum and detection antibody dilutions were too 

strong. 

For the official protocol I will use the following concentrations and dilutions: 

1 2 3 4 5 6 7 8 9 10 11 12
Det AB 1:4000 1:8000 1:16000 1:32000 1:64000 0 1:4000 1:8000 1:16000 1:32000 1:64000 0

A 100 ng/ml 1:10000

B 50 ng/ml 1:20000

C 25 ng/ml 1:40000

D 12.5 ng/ml 1:80000

E 6.25 ng/ml 1:160000

F 3.125 ng/ml 1:320000

G 1.5625 ng/ml 1:640000

H 0 ng/ml 1:1280000

R3-5 Endpoint

1:2 Dilutions:
Start with 250μl stock  
at top, and 125μl 
diluent in the others.

1:2 Dilutions:
Start with 250μl stock at 
top and 125 diluent in 
the others.

125ul

125ul

125ul

125ul

125ul

125ul

125ul

125ul

125ul

125ul

125ul

125ul

Stock Dilution: 5mg/ml
Dilute 1:500 (10ul in 5ml) => 
10ug/ml
Dilute again 1:100 (10ul in 1ml) 
=> 100ng/ml

Dilute 1:10000 (2μl in 20ml) and 
use this to create top

125ul
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 Capture: 1 μg/ml 

 Serum: Will be serial diluted 1:2 starting at 1:10000 and increasing dilution to 1:1280000 

 Standard Curve: Will be serial diluted 1:2 starting at 500 ng/ml and decreasing in 

concentration to 7.8125 ng/ml. 

 Detection antibody will be diluted 1:30000. 

 All incubation times will be kept as is, and serum will be prepared/diluted prior to the 

beginning of the blocking step so as not to overblock the plate. 
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Appendix B. Complete Model Response for Initial Parameter Sensitivity Study 

 

 
Figure B.1 Response of model when k1b is varied (Part 1 of 2). 
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Figure B.2 Response of model when k1b is varied (Part 2of 2). 
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Figure B.3 Response of model when k1a is varied. 
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Figure B.4 Response of model when k2a is varied. 
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Figure B.5 Response of model when k4a is varied (Part 1 of 2). 
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Figure B.6 Response of model when k4a is varied (Part 2 of 2). 
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Figure B.7 Response of model when ki3k is varied. 
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Figure B.8 Response of model when ki3kphtase is varied (Part 1 of 2). 
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Figure B.9 Response of model when ki3kphtase is varied (Part 2 of 2). 
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Figure B.10 Response of model when ka20 is varied (Part 1 of 2). 
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Figure B.11 Response of model when ka20 is varied (Part 2 of 2). 
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Appendix C. Complete Model Response for HSP90 Inhibitor Parametric Study 

 
Figure C.1 Response of model to variations in HSP90 inhibitor parameters. A-C) IKKi. D-

F) HSP90. G-I) HSP90_IKK. J-L) HSP90_IHSP90. 
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Figure C.2 Response of model to variations in HSP90 inhibitor parameters. A-C) IKKK.  D-

F) IKKKp. G-I) A20 protein. J-L) A20 mRNA. 
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Figure C.3 Response of model to variations in HSP90 inhibitor parameters. A-C) 

Cytoplasmic NF-κB.  D-F) IκB-NFκB. G-I) Nuclear IκB-NFκB. J-L) IκBp-NFκB. 
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Figure C.4 Response of model to variations in HSP90 inhibitor parameters. A-C) 

Cytoplasmic IκB.  D-F) Nuclear IκB. G-I) IκBp. J-L) IκB mRNA. 
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Appendix D. Complete Model Response for Validation Study 

 
Figure D.1 Complete response of model for validation simulations (Part 1 of 2). 
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Figure D.2 Complete response of model to validation simulations (Part 2 of 2). 
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Appendix E. Model Validation data 

Time 
(min) 

LPS 
(1µg/m)l 

17-DMAG 
(1µM) 

+ 
LPS 

(1µg/ml) 

Time 
(min) 

LPS 
(1µg/m)l 

17-DMAG 
(1µM) 

+ 
LPS 

(1µg/ml) 

Time 
(min) 

LPS 
(1µg/m)l 

17-DMAG 
(1µM) 

+ 
LPS 

(1µg/ml) 

0 1 0.898195 80 1 0.898195 170 5.766238 3.294117 

10 1 0.898195 90 1 0.898195 180 5.473626 2.593503 

20 1 0.898195 100 1 0.898195 190 8.871107 2.437203 

30 1 0.898195 120 1 0.898195 200 7.397175 1.676776 

40 1 0.898195 130 2.639719 0.898195 210 9.741172 3.238887 

50 1 0.898195 140 6.240964 0.509956 220 4.055193 0.502285 

60 1 0.898195 150 7.302567 1.577482 230 4.642854 1.85376 

70 1 0.898195 160 6.749331 3.291877 240 1.828002 0.537183 
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Appendix F. Matlab Code 

Appendix F.1 HSP90_TD_ODE.m – A Matlab function containing the set of ODEs for the 

HSP90-IKK-NFκB model. 

HSP90_TD_ODE.m 

 

%% Set of ODE equatoins that describe HSP90 and IKK interactions 
% 1/18/2012 
% By Samuel Shimp 

  
function [outputs t] = HSP90_TD_ODE(t,x,tau,p,LPSpar,inhpar) 

  
% define concentrations 
IKKi = x(1);    IKKp = x(2);  
HSP90 = x(3);   HSP90_IKK = x(4);  
IKKK = x(5);    IKKKp = x(6); 
NFkBcyto = x(7); NFkBnuc = x(8); 

  
A20 = x(9);    A20t = x(10); 
IkBa = x(11);   IkBanuc = x(12); 
IkBap = x(13);  IkBat = x(14); 
inhib = x(15);  HSP90_inhib = x(16); 

  
IkBa_NFkB = x(17); 
IkBa_NFkBnuc = x(18); 
IkBap_NFkB = x(19); 

  
%% Define Parameters 

  
% IKK Synthesis/Degradation reactions 
kprod = p(1);   kdeg = p(2); 

  
% HSP90_IKK Binding 
k1a = p(3);     k1b = p(4); 

  
% IKK Activation with HSP90 
k2a = p(5); 

  
% Phtase reaction parameters 
k4a = p(6); 

  
% HSP90 inhibitor 
k5a = p(7);     k5b = p(8); 

  
%IKKK Phtase 
ki3kphtase = p(9);  ki3k = p(10); 

  
%A20 and IKK interaction 
ka20 = p(11); 
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% IkB params 
a1 = p(12);     a2 = p(13);     a3 = p(14); 
t1 = p(15);     i1 = p(16);     i1a = p(17); 
e1a = p(18);    e2a = p(19); 

  
% A20 parameters 
c1 = p(20);     c2 = p(21);     c3 = p(22); 
c4 = p(23);     c5 = p(24);     c5a = p(25); 
c6a = p(26); 

  
kv = 5; % kc = V/U -- the ratio of cytoplasmic and nuclear volumes 

  
% LPS function 
[LPS LPSlag] = LPSfun(t,tau,LPSpar(1),LPSpar(2),LPSpar(3)); 

  
% HSP90 inhibitor function 
inhibtot = INHfun(t,inhpar(1),inhpar(2)); 
inhib = inhibtot - HSP90_inhib;  

  
%% Define ODEs 

  
dIKKi = kprod - kdeg*IKKi... 
        - (k1a * HSP90 * IKKi) + (k1b * HSP90_IKK)... 
        + (k4a * IKKp) + (ka20 * IKKp * A20)... 
        + (k5a * HSP90_IKK * inhib);  

  
dIKKp = - (kdeg * IKKp) + (k2a * HSP90_IKK * IKKKp)... 
        - (k4a * IKKp) - (ka20 * IKKp * A20); 

  

     
dHSP90 = -(k1a * HSP90 * IKKi) + (k1b * HSP90_IKK)... 
        + (k2a * HSP90_IKK * IKKKp)... 
        - (k5a * HSP90 * inhib) + (k5b * HSP90_inhib); 

     
dHSP90_IKK = (k1a * HSP90 * IKKi) - (k1b * HSP90_IKK)... 
        - (k2a * HSP90_IKK * IKKKp) - (k5a * HSP90_IKK * inhib); 

  
dIKKK = ki3kphtase * IKKKp - ki3k * LPSlag * IKKK; 

  
dIKKKp = ki3k * LPSlag * IKKK - ki3kphtase * IKKKp; 

  
dNFkBcyto = (c6a * IkBa_NFkB) - (a1 * IkBa * NFkBcyto)... 
    + (t1 * IkBap_NFkB) - (i1 * NFkBcyto); 

  
dNFkBnuc = (i1 * kv * NFkBcyto) - (a1 * NFkBnuc * IkBanuc); 

  

  
dA20 = (c4 * A20t) - (c5 * A20); 

  
dA20t = c2 + (c1 * NFkBnuc) - (c3 * A20t); 

  
dIkBa = - (a2 * IKKp * IkBa) - (a1 * IkBa * NFkBcyto)... 
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    + (c4 * IkBat) - (c5a * IkBa)... 
    - (i1a * IkBa) + (e1a * IkBanuc); 

  
dIkBanuc = - (a1 * NFkBnuc * IkBanuc) + (i1a * kv * IkBa)... 
    - (e1a * kv * IkBanuc); 

  
dIkBap = (a2 * IKKp * IkBa) - (t1 * IkBap); 

  
dIkBat = c2 + (c1 * NFkBnuc) - (c3 * IkBat); 

  
dHSP90_inhib = (k5a * HSP90 * inhib) - (k5b * HSP90_inhib)... 
    + (k5a * HSP90_IKK * inhib); 

     
dinhib = 0; 

  

  
dIkBa_NFkB = + (a1 * IkBa * NFkBcyto)... 
    - (c6a * IkBa_NFkB)... 
    - (a3 * IKKp * IkBa_NFkB)... 
    + (e2a * IkBa_NFkBnuc); 

  
dIkBa_NFkBnuc = a1 * NFkBnuc * IkBanuc... 
    - (e2a * kv * IkBa_NFkBnuc); 

  
dIkBap_NFkB = (a3 *  IKKp * IkBa_NFkB) - (t1 * IkBap_NFkB); 

  

  
outputs  = [dIKKi, dIKKp, dHSP90, dHSP90_IKK,... 
            dIKKK, dIKKKp, dNFkBcyto, dNFkBnuc,... 
            dA20, dA20t, dIkBa, dIkBanuc, dIkBap, dIkBat,... 
            dinhib, dHSP90_inhib,dIkBa_NFkB, dIkBa_NFkBnuc, dIkBap_NFkB]'; 

         
end 

 

Appendix F.2 LPSfun.m – A function that generates the LPS profile and the time delay 

for IKK activation. 

function [LPS LPSlag] = LPSfun(t,tau1,stmtm,LPSmax,dur) 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% This function computes the LPS concentration and the time-delayed LPS 
% concentration for use in the HSP90_IKK ode functions. 
% 
% The function returns the LPS concentration and lagged LPS concentratoin  
% LPSlag at time t.  
% 
% Inputs for the function are 
% t, the time in seconds 
% tau1, the LPS lag time in seconds 
% stmtm, time of stimulation in seconds 
% LPSmas, the LPS stimulation concentration (uM) 
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% dur, the duration of the LPS stimulation in seconds 
%  
% Created by Samuel Shimp 
% 4/16/2012 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
%% Extracellular LPS concentration is a step function 

    

     
LPS = 0;    % LPS concentration defaults to 0 
if t > stmtm && t < stmtm + dur 
    LPS = LPSmax; 
end 

  
%% LPS lag is a logistic function 

  
a = 0.1;   % define logistic function slope 

  
LPSlag = LPSmax.*(1./(1 + exp(-a.*((t - stmtm - 10/a) - tau1)))); 

  
if t-tau1 > stmtm + dur 
    LPSlag = LPSmax.*(1./(1 + exp(a.*((t - stmtm - 10/a - dur) - tau1)))); 
end 

  
return 

 

Appendix F.3 INHfun.m – function that generates total HSP90 inhibitor concentration a 

time t using a logistic function. 

function inhibtot = INHfun(t,trttm,trtcon) 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% This function computes the total HSP90 inhibitor concentration for use in 
% HSP90_IKK ode functions. 
% 
% The function returns the total inhibitor concentration at time t. 
%  
% Inputs for the function are 
% t, the time in seconds 
% trttm, the time of treatment in seconds 
% trtcon, treatment concentration in uM 
%  
% Created by Samuel Shimp 
% 4/16/2012 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%% Total HSP90 inhibitor is represented by a logistic function 

  
a = 0.1;   % define logistic function slope 

  
inhibtot = trtcon.*(1./(1 + exp(-a.*(t - trttm - 10/a)))); 

  
return 
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Appendix F.4 HSP90_inhib_Model_Params.m – an m-file script developed to iteratively 

simulate the model with a different parameter value for each simulation run. This was 

used to generate the data for the parameter sensitivity study. 

% HSP90_inhib_Model_Params.m 

  

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

% This m-file sets up and runs a simulation of the HSP90_TD_ODE assumingLPS 

% stimulation at a specified point and for various levels of HSP90 

% inhibition.  

% 

% Created: 3/27/12 

% By: Samuel Shimp 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  

clear all; clc; clf; 

  

%% Define Parameters 

% IKK Synthesis/Degradation reactions 

kprod = 1.250e-7;   kdeg = 1.250e-4; 

  

% HSP90_IKK Binding 

k1a = 1.0e-2;    k1b = 1.0e-3; 

% k1a = 3e-3; %fitted 

  

% IKK Activation with HSP90 

k2a = 1.0e-2; 

% k2a = 7.3e-2;   %fitted 

  

% Phtase reaction parameters 

k4a = 1.0e-2; 

  

% HSP90 inhibitor 

k5a = 1.0e-1;   k5b = 5.0e-2; 

  

%IKKKp 

ki3kphtase = 1e-4;  ki3k = 1e-2; 

% ki3k = 8.48e-4; %fitted 

  

%A20 and IKK interaction 

ka20 = 0.1; 

% ka20 = 0.001; %fitted 

  

% IkB params 

a1 = 0.5;       a2 = 0.2;       a3 = 1; 

t1 = 0.1;       i1 = 0.0025;    i1a = 0.001; 

e1a = 0.005;    e2a = 0.01; 

  

% A20 parameters 

c1 = 5e-7;      c2 = 0.0;       c3 = 0.0004; 

c4 = 0.5;       c5 = 0.0005;    c5a = 0.0001; 
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c6a = 0.00002; 

  

params = [kprod,kdeg,k1a,k1b,k2a,k4a,k5a,k5b,... 

    ki3kphtase,ki3k,ka20,a1,a2,a3,t1,i1,i1a,e1a,e2a,... 

    c1,c2,c3,c4,c5,c5a,c6a]; 

  

%% Simulate model response for HSP90_ODE with LPS stimulation 

% This simulates the cellular response for the HSP90_ODE  

% model under the with LPS stimulation and various levels of HSP90 

% inhibition. 

  

% Setup ODE solver parameters for LPS stimulation 

tspan = 0:6*3600/250:6*3600; % Spanning 6 hours 

  

% LPS function 

tau = 30*60;    % LPS time delay 

stmtm = 2*3600; % Stimulate with LPS at time point 

LPSmax = 1; % 0 or 1 

dur = tspan(end); 

LPSpar = [stmtm,LPSmax,dur]; 

  

%% Simulate HSP90_ODE 

% Initial Conditions 

IKKi_0 = 0.001;     IKKp_0 = 0; 

HSP90_0 = 9.9;      HSP90_IKK_0 = 0.1; 

IKKK_0 = 0.5;       IKKKp_0 = 0; 

NFkBcyto_0 = 0;     NFkBnuc_0 = 0; 

  

A20_0 = 0;          A20t_0 = 0; 

IkBa_0 = 0.009;     IkBanuc_0 = 0.001; 

IkBap_0 = 0;        IkBat_0 = 0; 

inhib_0 = 0;        HSP90_inhib_0 = 0; 

  

IkBa_NFkB_0 = 0.85; IkBa_NFkBnuc_0 = 0.01; 

IkBap_NFkB_0 = 0; 

  

%% Parameter sensitivity 

% pertvar = 'ki3k'; 

% pert = [1e-2,1e-1,1e0,1e1,1e2,1e3]*1e-2 *eval(pertvar); 

  

% Enter name of variable for pertvar 

pertvar = 'ka20'; 

pert = [1e-2,1e-1,1e0,1e1,1e2]*1e0 *eval(pertvar); 

  

% Cycle through parameter values 

for count = 1:length(pert) 

  

    IC = [IKKi_0,IKKp_0,... 

        HSP90_0, HSP90_IKK_0,... 

        IKKK_0,IKKKp_0,... 

        NFkBcyto_0,NFkBnuc_0,... 

        A20_0,A20t_0,IkBa_0,IkBanuc_0,IkBap_0,IkBat_0,... 

        inhib_0,HSP90_inhib_0,IkBa_NFkB_0,IkBa_NFkBnuc_0,IkBap_NFkB_0]; 

     

    % Simulate for steady state initials 

    disp('Now computing HSP90 NT/NS solution'); tic; 
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    % redefine parameter vector 

    eval([pertvar,'=pert(count);']); 

    params = [kprod,kdeg,k1a,k1b,k2a,k4a,k5a,k5b,... 

    ki3kphtase,ki3k,ka20,a1,a2,a3,t1,i1,i1a,e1a,e2a,... 

    c1,c2,c3,c4,c5,c5a,c6a]; 

  

    % HSP90 inhibitor Concentration function 

    trttm = 1*3600; % Treat with inhibitor 1 hour into stimulation 

    trtcon = 0;     % Treatment concentration, 0 or 1 

    inhpar = [trttm, trtcon];     

     

    LPSpar(2) = 0; % 0 or 1 

    tspan = [0,1200*3600]; % Spanning 1200 hours 

    [HSPtout,HSPfout] = ode15s(@HSP90_TD_ODE,tspan,IC,[],... 

        tau,params,LPSpar,inhpar); toc; 

     

    % Define new ICs 

    IC = HSPfout(end,:)'; 

    clear HSPtout; 

     

    %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

    % Simulate for Stimulated, Non-Treated Solution 

    disp('Now computing HSP90 NT/S solution'); tic; 

     

    LPSpar(2) = 1; % LPS_max = 0 or 1; 

    tspan = 0:6*3600/50:6*3600; % Spanning 6 hours 

    [HSPtout,HSPfout] = ode15s(@HSP90_TD_ODE,tspan,IC,[],... 

        tau,params,LPSpar,inhpar); toc; 

    timevarname{count} = ['HSPtout_' num2str(count)]; 

    datavarname{count} = ['HSPfout_' num2str(count)]; 

    eval([timevarname{count} '=HSPtout;']); 

    eval([datavarname{count} '=HSPfout;']); 

     

    if count == 1 

        save('ParamSensData.mat','pertvar','pert',timevarname{count},... 

            datavarname{count}); 

    else 

        save('ParamSensData.mat',timevarname{count},datavarname{count},... 

            '-append'); 

    end 

    clear('HSPtout','HSPfout',timevarname{count},datavarname{count}) 

end 

 

Appendix F.5 ParamFit.m – a Matlab m-file script that estimates parameters for the 

model. Uses the cost function HSP90_error.m. Optimizes using the sqp algorithm in the 

fmincon function. 

% ParamFit.m 

  

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

% This m-file estimates parameters for the HSP90-IKK model.  
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% 1) It defines parameters and initial conditions. 

% 2) It defines bounds for parameter(s) being fitted. 

% 3) It uses the fmincon function to search for parameters that minimize 

% the error between the simulation and data published by Werner et. al.  

% This error is computed by the cost function "HSP90_error." 

% 4) It returns the optimized parameters and runs a simulation with the 

% optimized parameters and compares the simulated output to the Werner 

% data. 

% 

% Created: 4/13/12 

% By: Samuel Shimp 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  

clear all; clc; clf; 

  

%% 1) Define Parameters and initial conditions 

  

% IKK Synthesis/Degradation reactions 

kdeg = 1.250e-4;    kprod = 1.25e-7; 

  

% HSP90_IKK Binding 

k1a = 1.0e-2;       k1b = 1.0e-3; 

k1a = 3e-3; %fmincon result 

k1a = 5e-3; %fitted (3rd round) 

  

% IKK Activation with HSP90 

k2a = 1.0e-2; 

k2a = 7.3e-2;   %fmincon result 

  

  

% Phtase reaction parameters 

k4a = 1.0e-2;  % IKK deactivation by phosphatase 

k4a = 9.9e-3;   %fitted (3rd round) 

  

% HSP90 inhibitor 

k5a = 1.0e-1;       k5b = 5.0e-2; 

  

%IKKKp 

ki3kphtase = 0.0001;    ki3k = 0.01; 

ki3k = 7.3e-2;  % fmincon result 

ki3k = 0.001;   % fmincon result when tried with a20 

ki3k = 0.000848;% fmincon result when tried with a20 

  

%A20 and IKK interaction 

ka20 = 0.1; 

% fmincon result when tried with ki3k, stayed here on second attempt 

ka20 = 0.001; 

  

% IkB params 

a1 = 0.5;       a2 = 0.2;       a3 = 1; 

t1 = 0.1;       i1 = 0.0025;    i1a = 0.001; 

e1a = 0.005;    e2a = 0.01; 

  

% A20 parameters 

c1 = 5e-7;      c2 = 0.0;       c3 = 0.0004; 

c4 = 0.5;       c5 = 0.0005;    c5a = 0.0001; 

c6a = 0.00002;   
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params = [kprod,kdeg,k1a,k1b,k2a,k4a,k5a,k5b,ki3kphtase,ki3k,... 

    ka20,a1,a2,a3,t1,i1,i1a,e1a,e2a,c1,c2,c3,c4,c5,c5a,c6a]; 

  

  

% Time delay 

tau = 30*60; 

  

% Initial Conditions 

IKKi_0 = 0.001;     IKKp_0 = 0; 

HSP90_0 = 9.9;      HSP90_IKK_0 = 0.1; 

IKKK_0 = 0.5;       IKKKp_0 = 0; 

NFkBcyto_0 = 0;     NFkBnuc_0 = 0; 

  

A20_0 = 0;          A20t_0 = 0; 

IkBa_0 = 0.009;     IkBanuc_0 = 0.001; 

IkBap_0 = 0;        IkBat_0 = 0; 

inhib = 0;          HSP90_inhib = 0; 

  

IkBa_NFkB_0 = 0.85; IkBa_NFkBnuc_0 = 0.01;  IkBap_NFkB_0 = 0; 

  

IC = [IKKi_0,IKKp_0,HSP90_0, HSP90_IKK_0,IKKK_0,IKKKp_0,... 

    NFkBcyto_0,NFkBnuc_0,... 

    A20_0,A20t_0,IkBa_0,IkBanuc_0,IkBap_0,IkBat_0,inhib,HSP90_inhib,... 

    IkBa_NFkB_0,IkBa_NFkBnuc_0,IkBap_NFkB_0]; 

  

%% 2) Define parameter bounds 

%  define the initial parameter guess and search bounds 

  

% x0 = [ki3k ka20]; 

% ub = x0.*[1e1 1e1]; 

% lb = x0.*[1e-1 1e-3]; 

  

x0 = [k1a k4a]; 

ub = x0.*[1e2 0.2e1]; 

lb = x0.*[5e-1 1e-2]; 

  

  

% x0 = [k1a k2a ki3k]; 

% ub = x0 .* [1e2 1e1 5];      % lower bound 

% lb = x0 .* [1e-2 1e-1 1e-2];      % upper bound 

  

  

  

if length(x0) == 1 

%     lbl = {'k2a'}; 

    lbl = {'tau'}; 

end 

if length(x0) == 2 

    lbl = {'ki3k','ka20'}; 

    lbl = {'k1a','k4a'}; 

end 

if length(x0) == 3 

    lbl = {'k1a','k2a','ki3k'}; 

end 

if length(x0) == 4 

    lbl = {'k1a','k2a','ki3k','tau'}; 
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end 

  

%% 3) Search for Parameters 

%  prepare for the optimization 

options = optimset(... 

    'Display','iter',...  % want to display lots of resuls 

    'MaxFunevals',1000*length(x0),...  % maximum number of iterations 

    'TolCon',1e-12,...     % termination tolerance for constraint violation 

    'TolFun',1e-8,...     % termination tolerance for f 

    'TolX',1e-6,...       % termination tolerance for x 

    'Algorithm','sqp'); 

% Load Werner et. al. data 

load IKKdata;  % Loads data as two variables, t and IKKmeas. 

  

%  find the optimal parameter vector 

xopt = fmincon('HSP90_error',x0,[],[],[],[],lb,ub,[],... 

    options,tau,params,IKKmeas,t); 

  

  

%% 4) Display optimized parameters and run a simulation for comparison 

  

%  display the results 

fmt = '%s:  %g  <  %g  <  %g'; 

for i = 1:length(xopt), 

    disp(sprintf(fmt,lbl{i},lb(i),xopt(i),ub(i))) 

end 

  

%  assign the optimized parameter values 

if length(xopt) < 2 

%     k2a = xopt; 

tau = xopt; 

end 

if length(xopt) == 2 

%     ki3k = xopt(1);      ka20 = xopt(2); 

    k1a = xopt(1);      k4a = xopt(2); 

end 

if length(xopt) == 3 

    k1a = xopt(1);      k2a = xopt(2);      ki3k = xopt(3); 

end 

if length(xopt) > 3 

    k1a = xopt(1);      k2a = xopt(2);      ki3k = xopt(3);      

    tau = xopt(4); 

end 

  

% Simulate model response 

% LPS & HSP90 inhib functions 

LPS_0 = 0; 

stmtm = 2*3600; % Stimulate with LPS at time point 

LPSmax = 1; % 0 or 1 

dur = 45*60; 

LPSpar = [stmtm,LPSmax,dur];  

  

trtcon = 0; 

trttm = 60*60; 

inhpar = [trttm, trtcon]; 

  

% Simulate for steady-state 
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LPSpar(2) = 0; % set stimulation to 0 for steady state 

[HSPtout,HSPfout] = ode15s(@HSP90_TD_ODE,[0,1200*3600],IC,[],... 

    tau,params,LPSpar,inhpar); 

  

IC = HSPfout(end,:)'; 

clear HSPtout HSPfout 

  

% Simulate with LPS activation 

LPSpar(2) = LPSmax; % set stimulation to 1 for activation 

[HSPtout,HSPfout] = ode15s(@HSP90_TD_ODE,t,IC,[],... 

    tau,params,LPSpar,inhpar); 

  

% Plot Response 

mt = 'none'; lw = 2; 

figure(1); 

h = plot(HSPtout./3600,HSPfout(:,2)*1000+1,... 

    t./3600,IKKmeas); 

set(h,'LineWidth',lw,'Marker',mt); 

set(h(1),'LineStyle','-','LineWidth',lw); 

set(h(2),'LineStyle','none','Marker','o'); 

title('IKK activation profiles: Simulated and Measured in MEFs'); 

legend({'Simulated','Measured'}); 

  

save('ParamFitData1.mat','HSPtout','HSPfout','xopt') 

 

Appendix F.6 HSP90_error.m – The function that calculates the cost function for 

estimating parameters in the model. 

function e = HSP90_error(xopt,tau,params,IKKmeas,t) 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

% This function simulates the HSP90_IKK model and computes the error 

% (difference) between simulated IKKp and measured IKKp. 

% 

% Created: 4/13/12 

% By: Samuel Shimp 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

%% Simulate model response for HSP90_ODE with TNF stimulation 

  

% This simulates the cellular response for the HSP90_ODE  

% model under the with LPS stimulation. 

  

% LPS function 

stmtm = 2*3600;     % Stimulate with LPS at time point 

LPSmax = 1; % 0 or 1 

dur = 45*60;    % Duration of stimulation in experimental data 

LPSpar = [stmtm,LPSmax,dur]; 

  

% HSP90 inhibitor function 

trttm = 60*60; 

trtcon = 0; 

inhpar = [trttm, trtcon]; 

  

%% Simulate HSP90_ODE 
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%  assign the optimized parameter values 

if length(xopt) < 2 

%     params(5) = xopt; %k2a 

        tau = xopt; 

end 

if length(xopt) == 2 

%     params(10) = xopt(1);    params(11) = xopt(2);    %ki3k and ka20 

    params(3) = xopt(1);    params(6) = xopt(2); 

end 

if length(xopt) == 3 

    params(3) = xopt(1);    params(5) = xopt(2);    params(10) = xopt(3); 

    %k1a                    k2a                     ki3k 

end 

if length(xopt) > 3 

    params(3) = xopt(1);    params(5) = xopt(2);    params(10) = xopt(3); 

    %k1a                    k2a                     ki3k 

    tau = xopt(4); 

end 

  

% Initial Conditions 

IKKi_0 = 0.001;     IKKp_0 = 0; 

HSP90_0 = 9.9;      HSP90_IKK_0 = 0.1; 

IKKK_0 = 0.5;       IKKKp_0 = 0; 

NFkBcyto_0 = 0;     NFkBnuc_0 = 0; 

  

A20_0 = 0;          A20t_0 = 0; 

IkBa_0 = 0.009;     IkBanuc_0 = 0.001; 

IkBap_0 = 0;        IkBat_0 = 0; 

  

inhib = 0;          HSP90_inhib = 0; 

  

IkBa_NFkB_0 = 0.85; IkBa_NFkBnuc_0 = 0.01;  IkBap_NFkB_0 = 0; 

  

IC = [IKKi_0,IKKp_0,HSP90_0, HSP90_IKK_0,IKKK_0,IKKKp_0,... 

    NFkBcyto_0,NFkBnuc_0,... 

    A20_0,A20t_0,IkBa_0,IkBanuc_0,IkBap_0,IkBat_0,inhib,HSP90_inhib,... 

    IkBa_NFkB_0,IkBa_NFkBnuc_0,IkBap_NFkB_0]; 

  

% Simulate for steady-state 

inhpar(2) = 0; 

LPSpar(2) = 0; % set stimulation to 0 for steady state 

[HSPtout,HSPfout] = ode15s(@HSP90_TD_ODE,[0,1200*3600],IC,[],... 

    tau,params,LPSpar,inhpar); 

  

IC = HSPfout(end,:)'; 

clear HSPtout HSPfout 

  

% Simulate for LPS activation 

LPSpar(2) = LPSmax; % set stimulation to 1 for activation 

[HSPtout,HSPfout] = ode15s(@HSP90_TD_ODE,t,IC,[]... 

    ,tau,params,LPSpar,inhpar); 

  

% Normalize Simulated data 

% HSPfout = HSPfout(:,2).*1000+1; 

HSPfout = HSPfout(:,2).*1500+1; % for last run 
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e = (HSPfout-IKKmeas); 

  

e = sum(e .* e); 

  

return 

 

Appendix F.7 HSP90_inhib_Model_InhibParams.m – A Matlab m-file script that runs 

model simulations for multiple values of the inhibitor parameters and for multiple 

concentrations ratios of inhibitor. 

% HSP90_inhib_Model_InhibParams 

  

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

% This m-file simulates the response of the HSP90_TD_ODE model with and 

% without inhibitor treatment. It allows for variation of parameter 

% specified by the user and saves the outputs for later plotting. 

% 

% The file performs the following tasks 

% 1) Defines parameters, initial conditions, and inputs for LPSfun and 

% INHfun. 

% 2) Iteratively performs simulations with each iteration using a different 

% value for the selected parameter. Each iteration runs a 1200 hour 

% equilibration simulation and then an LPS stimulation run with inhibitor.  

% On the first iteration the NT/S solution is computed just before the T/S 

% solution. All LPS stimulation solutions are saved for later plotting. 

% 

% Created: 4/18/12 

% By: Samuel Shimp 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  

clear all; clc; clf; 

  

%% Define Parameters  

  

% Stage 2 Parameters values 

  

% IKK Synthesis/Degradation reactions 

kdeg = 1.250e-4;    kprod = 1.25e-7; 

  

% HSP90_IKK Binding 

k1a = 5e-3;   k1b = 1.0e-3;     % k1a fitted 

  

% IKK Activation with HSP90 

k2a = 7.3e-2;   % fitted 

  

% Phtase reaction parameters 

k4a = 9.9e-3;   % fitted 

  

% HSP90 inhibitor 

k5a = 1.0e-1;   k5b = 1.0e-3; 

% k5b = 0; 
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%IKKKp 

ki3kphtase = 0.0001;    ki3k = 8.48e-4;     % ki3k fitted 

  

%A20 and IKK interaction 

ka20 = 0.001;   % fitted 

  

% IkB params 

a1 = 0.5;       a2 = 0.2;       a3 = 1; 

t1 = 0.1;       i1 = 0.0025;    i1a = 0.001; 

e1a = 0.005;    e2a = 0.01; 

  

% A20 parameters 

c1 = 5e-7;      c2 = 0.0;       c3 = 0.0004; 

c4 = 0.5;       c5 = 0.0005;    c5a = 0.0001; 

c6a = 0.00002; 

  

% Initial Conditions 

IKKi_0 = 0.001;     IKKp_0 = 0; 

HSP90_0 = 9.9;      HSP90_IKK_0 = 0.1; 

IKKK_0 = 0.5;       IKKKp_0 = 0; 

NFkBcyto_0 = 0;     NFkBnuc_0 = 0; 

  

A20_0 = 0;          A20t_0 = 0; 

IkBa_0 = 0.009;     IkBanuc_0 = 0.001; 

IkBap_0 = 0;        IkBat_0 = 0; 

inhib_0 = 0;        HSP90_inhib_0 = 0; 

  

IkBa_NFkB_0 = 0.85; IkBa_NFkBnuc_0 = 0.01;  IkBap_NFkB_0 = 0; 

  

% HSP90 inhibitor Concentration function 

trttm = 1*3600; % Treat with inhibitor 1 hour into stimulation 

trtcon = 1;     % Treatment concentration, 0 or 1 

INHpar = [trttm trtcon]; 

  

% LPS function 

tau = 30*60;    % 30 minutes (in unit sof seconds) 

stmtm = 2*3600; % Stimulate with LPS at time point 

LPS_max = 1;    % 0 or 1 

dur = 6*3600;   % Once LPS on, stimulate for entire simulation 

LPSpar = [stmtm,LPS_max,dur]; 

  

%% Parameter sensitivity 

kval = 'k5a'; 

rat = 0.9; 

krange = [10,1,0.1] .* k1a; 

% k5b = k1a*krange(3)*1e-1; 

  

% Cycle through parameter values 

for iter = 1:length(krange) 

    IC = [IKKi_0,IKKp_0,HSP90_0, HSP90_IKK_0,... 

        IKKK_0,IKKKp_0,NFkBcyto_0,NFkBnuc_0,... 

        A20_0,A20t_0,IkBa_0,IkBanuc_0,IkBap_0,IkBat_0,... 

        inhib_0,HSP90_inhib_0,IkBa_NFkB_0,IkBa_NFkBnuc_0,IkBap_NFkB_0]; 

  

    % Simulate for steatdy state initials 

    disp('Now computing Steady State ICs'); tic 
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    % Redefine parameter vector 

    eval([kval,'=krange(iter);']);  

%     k5b = k5a*1e1; k5b=0; 

    params = [kprod,kdeg,k1a,k1b,k2a,k4a,k5a,k5b,... 

    ki3kphtase,ki3k,ka20,a1,a2,a3,t1,i1,i1a,e1a,e2a,... 

    c1,c2,c3,c4,c5,c5a,c6a]; 

  

    % Simulate 

    LPSpar(2) = 0;  % set concnetration to zero for steady state 

    INHpar(2) = 0;  % set concentration to zero for steady state 

    tspan = [0 1200*3600];  % spanning 1200 hours 

  

    [HSPtout,HSPfout] = ode15s(@HSP90_TD_ODE,tspan,IC,[],... 

        tau,params,LPSpar,INHpar); toc; 

     

    % Define new ICs 

    IC = HSPfout(end,:)'; 

    clear HSPtout HSPfout 

     

    %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

    % Simulate for with HSPO90 inhibition and LPS Stimulation 

    if iter < 2 

        disp('Now computing solution for LPS Stimulation Only'); tic 

  

        LPSpar(2) = LPS_max;    % redefine to turn on LPS 

        INHpar(2) = 0;     % redefine to turn on inhibitor treatment 

        tspan = linspace(0,6*3600,100); % span 6 hours 

        [HSPtout HSPfout] = ode15s(@HSP90_TD_ODE,tspan,IC,[],... 

            tau,params,LPSpar,INHpar); toc; 

  

        % Record for plotting 

        tNTS = HSPtout; 

        fNTS = HSPfout; 

        if rat < 0.95; sim = '1'; end 

        if rat >= 0.95 && rat < 1.05; sim = '2'; end 

        if rat >= 1.05; sim = '3'; end 

        savefile = ['InhParDat' sim '.mat']; 

        save(savefile,'kval','krange','tNTS','fNTS','rat'); 

        clear HSPtout HSPfout 

    end 

     

    % Begin Simulation WITH HSP90 inhibitor & LPS stimulation 

    disp(['Now computing Solution for Treatment & LPS Stimulation for '... 

        'iteration number ' num2str(iter)]); tic; 

     

     

    LPSpar(2) = LPS_max;    % redefine to turn on LPS 

    % redefine trtcon to turn on inhibitor treatment 

    INHpar(2) = rat*trtcon*sum(IC(3:4));  

    tspan = linspace(0,6*3600,100); % span 6 hours 

    [HSPtout HSPfout] = ode15s(@HSP90_TD_ODE,tspan,IC,[],... 

        tau,params,LPSpar,INHpar); toc; 

  

    % Record for plotting 

    tTSnm{iter} = ['HSPtout_' num2str(iter)]; 

    fTSnm{iter} = ['HSPfout_' num2str(iter)]; 

    temp = ['trtcon_' num2str(iter)]; 
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    eval([tTSnm{iter} '=HSPtout;']); 

    eval([fTSnm{iter} '=HSPfout;']); 

    eval([temp '=INHpar(2);']); 

     

    save(savefile,tTSnm{iter},fTSnm{iter},temp,'-append'); 

    clear('HSPtout','HSPfout',tTSnm{iter},fTSnm{iter},temp); 

     

end 

 

Appendix F.8 Validate.m – An m-file script that runs model simulations and compares 

the simulation data to the measured NF-κB data. 

% Validate.m 

  

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  

% 

% Created: 4/13/12 

% By: Samuel Shimp 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  

clear all; clc; clf; 

  

%% 1) Define Parameters and initial conditions 

  

% IKK Synthesis/Degradation reactions 

kdeg = 1.250e-4;    kprod = 1.25e-7; 

  

% HSP90_IKK Binding 

k1a = 1.0e-2;       k1b = 1.0e-3; 

k1a = 3e-3; %fmincon result 

k1a = 5e-3; %fitted (3rd round) 

  

% IKK Activation with HSP90 

k2a = 1.0e-2; 

k2a = 7.3e-2;   %fmincon result 

  

  

% Phtase reaction parameters 

k4a = 1.0e-2;  % IKK deactivation by phosphatase 

k4a = 9.9e-3;   %fitted (3rd round) 

  

% HSP90 inhibitor 

k5a = 1e-2;       k5b = 1.0e-3; 

  

%IKKKp 

ki3kphtase = 0.0001;    ki3k = 0.01; 

ki3k = 7.3e-2;  % fmincon result 

ki3k = 0.001;   % fmincon result when tried with a20 

ki3k = 0.000848;% fmincon result when tried with a20 

  

%A20 and IKK interaction 

ka20 = 0.1; 
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% fmincon result when tried with ki3k, stayed here on second attempt 

ka20 = 0.001; 

  

% IkB params 

a1 = 0.5;       a2 = 0.2;       a3 = 1; 

t1 = 0.1;       i1 = 0.0025;    i1a = 0.001; 

e1a = 0.005;    e2a = 0.01; 

  

% A20 parameters 

c1 = 5e-7;      c2 = 0.0;       c3 = 0.0004; 

c4 = 0.5;       c5 = 0.0005;    c5a = 0.0001; 

c6a = 0.00002;   

  

params = [kprod,kdeg,k1a,k1b,k2a,k4a,k5a,k5b,ki3kphtase,ki3k,... 

    ka20,a1,a2,a3,t1,i1,i1a,e1a,e2a,c1,c2,c3,c4,c5,c5a,c6a]; 

  

  

% Time delay 

% tau = 86030*60; 

tau = 4*60; 

  

% Initial Conditions 

IKKi_0 = 0.001;     IKKp_0 = 0; 

HSP90_0 = 9.9;      HSP90_IKK_0 = 0.1; 

IKKK_0 = 0.5;       IKKKp_0 = 0; 

NFkBcyto_0 = 0;     NFkBnuc_0 = 0; 

  

A20_0 = 0;          A20t_0 = 0; 

IkBa_0 = 0.009;     IkBanuc_0 = 0.001; 

IkBap_0 = 0;        IkBat_0 = 0; 

inhib = 0;          HSP90_inhib = 0; 

  

IkBa_NFkB_0 = 0.85; IkBa_NFkBnuc_0 = 0.01;  IkBap_NFkB_0 = 0; 

  

IC = [IKKi_0,IKKp_0,HSP90_0, HSP90_IKK_0,IKKK_0,IKKKp_0,... 

    NFkBcyto_0,NFkBnuc_0,... 

    A20_0,A20t_0,IkBa_0,IkBanuc_0,IkBap_0,IkBat_0,inhib,HSP90_inhib,... 

    IkBa_NFkB_0,IkBa_NFkBnuc_0,IkBap_NFkB_0]; 

  

  

  

%% 2) Run a simulation for comparison 

  

% Simulate model response 

% LPS & HSP90 inhib functions 

LPS_0 = 0; 

stmtm = 2*3600; % Stimulate with LPS at time point 

LPS_max = 1; % 0 or 1 

dur = 45*60; 

LPSpar = [stmtm,LPS_max,dur];  

  

trtcon = 1; 

trttm = 60*60; 

INHpar = [trttm, trtcon]; 

  

% Simulate for steady-state 

LPSpar(2) = 0; % set stimulation to 0 for steady state 
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INHpar(2) = 0; % Set inhibitoin to 0 for steady state 

[HSPtout,HSPfout] = ode15s(@HSP90_TD_ODE,[0,1200*3600],IC,[],... 

    tau,params,LPSpar,INHpar); 

  

IC = HSPfout(end,:)'; 

clear HSPtout HSPfout 

  

% Load experimental data 

load NFkBdata 

  

  

 % Simulate for with HSP90 inhibition and LPS Stimulation 

disp('Now computing solution for LPS Stimulation Only'); tic 

  

LPSpar(2) = LPS_max;    % redefine to turn on LPS 

INHpar(2) = 0;     % redefine to turn on inhibitor treatment 

% tspan = linspace(0,2*3600,100); % span 2 hours 

[tNTS fNTS] = ode15s(@HSP90_TD_ODE,t,IC,[],... 

    tau,params,LPSpar,INHpar); toc; 

  

% Begin Simulation WITH HSP90 inhibitor & LPS stimulation 

disp('Now computing Solution for Treatment & LPS Stimulation'); tic; 

  

  

LPSpar(2) = LPS_max;    % redefine to turn on LPS 

% redefine trtcon to turn on inhibitor treatment 

INHpar(2) = 2*trtcon*sum(IC(3:4));  

% tspan = linspace(0,2*3600,100); % span 6 hours 

[HSPtout HSPfout] = ode15s(@HSP90_TD_ODE,t,IC,[],... 

tau,params,LPSpar,INHpar); toc; 

  

% Record for plotting 

savefile = 'validata'; 

save(savefile,'tNTS','fNTS','HSPtout','HSPfout'); 

  

  

% Plot Response 

mt = 'none'; lw = 2; 

figure(1); 

h = plot(tNTS./60,fNTS(:,8)*1.5+1,HSPtout./60,HSPfout(:,8)*1.5+1,... 

    t./60,NFkBmeas(1,:),t./60,NFkBmeas(2,:)); 

set(h,'LineWidth',lw,'Marker',mt); 

set(h(1),'LineStyle','-','LineWidth',lw); 

set(h(2),'LineStyle','--','LineWidth',lw); 

set(h(3),'LineStyle','-','Marker','o','LineWidth',lw/2); 

set(h(4),'LineStyle','-','Marker','^','LineWidth',lw/2); 

title('NF-{\kappa}B in J774s'); 

legend({'Simulated LPS CTRL','Simulated 17-DMAG','Measured LPS CTRL',... 

    'Measured 17-DMAG'},'Location','NorthWest'); 

 

 


