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Heat shock protein 90 inhibition by 17-DMAG lessens
disease in the MRL/Ipr mouse model of systemic lupus
erythematosus

Samuel K Shimp M1, Cristen B Chafin?, Nicole L Regnaz, Sarah E Hammond?, Molly A Read!, David L Caudell?,
Marissa Nichole Rylander"* and Christopher M Reilly*>*

Elevated expression of heat shock protein 90 (HSP90) has been found in kidneys and serum of systemic lupus erythematosus (SLE)
patients and MRL/Mp-Fas’?/Fas'P" (MRL/Ipr) autoimmune mice. We investigated if inhibition of HSP90 would reduce disease in MRL/
Ipr 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. /n vivo, we found HSP90 expression was elevated in MRL/Ipr kidneys when compared to C57BL/6
mice and MRL/Ipr mice treated with HSP9O0 inhibitor 17-DMAG. MRL/Ipr 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/Ipr. 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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INTRODUCTION

Heat shock protein 90 (HSP90) is increasingly recognized as a poten-
tial 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 modu-
lation of Toll-like receptor (TLR) activation.' 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.*” Elevated
serum levels of HSP90 have been correlated to elevated levels of IL-6.®
Furthermore, the glomeruli of some SLE patients have been found to
have deposits of HSP90.” In addition, HSP90 and its endoplasmic
reticulum homologue, glycoprotein 96 (gp96), have been linked to
autoimmunity.>'>"!

There are several compounds in clinical trials that target HSP90
for the treatment of cancer.'>"® 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."* This binding prevents conformational changes in HSP90
that are required for chaperone function."” Unfortunately, GA has low
systemic duration (3—4 h) and causes acute hepatic necrosis when
administered in vivo.'® However, the GA derivative 17-(dimethyla-
minoethylamino)-17-demethoxygeldanamycin (17-DMAG) exhibits

similar effectiveness at inhibiting HSP90 with significantly reduced
hepatotoxicity, increased systemic duration (more than 24 h) and
greater water solubility.'”™"” GA has been shown to reduce the inflam-
matory response in a murine sepsis model.”® Recently, GA was also used
to reduce inflammation as a treatment for rheumatoid arthritis.*' In
addition to GA and 17-DMAG, HSP90 can also be inhibited by novo-
biocin, epigallocatechin gallate, cisplatin and others.”>** These alterna-
tive inhibitors differ from GA and 17-DMAG in that they exert
additional effects on cellular mechanisms beyond the blockade of
HSP90.** Recently, a synthetic HSP90 inhibitor (EC144) was found
to decrease disease severity in mouse and rat models of induced arth-
ritis.>> Also, the gp96 inhibitor, (S)-methyl 2-(4,6-dimethoxypyrimi-
dine-2-yloxy)-3-methylbutanoate, was shown to reduce the severity of
SLE-like disease in transgenic mice.'!

MRL/Ipr mice serve as a model to study human SLE as they exhibit
similar manifestations to the human disease including glomerulonephri-
tis (GN), vasculitis and arthritis.?® Mesangial cells isolated from MRL/lpr
mice exhibit increased sensitivity when immune-stimulated by inflam-
matory cytokines and chemokines such as tumor necrosis factor-o. (TNF-
a), IL-1B, interferon-y (IFN-y) or lipopolysaccharide (LPS).*”*° In SLE,
increased sensitivity to immune stimulation leads to higher expression of
TNEF-a, IL-6, IL-12 and increased nitric oxide (NO) produc‘r_ion.zg"31
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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.>*™” Renal histological mar-
kers of glomerular lesions and glomerular deposition of IgG and C3
can also indicate disease.****™*' Splenocyte populations are often
altered in autoimmune mice including differences in T-cell subtypes
(including T regulatory cells (Trgg)) and also alterations in B-cell
subtypes.>®*”*>* HSP9( 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.** Other recent work has shown that T-cell activation by the
T-cell receptor is dependent on functioning HSP90.*

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 relationship of HSP90 and SLE by studying the effect of HSP90
inhibition in the MRL/lpr lupus mouse model.

MATERIALS AND METHODS

Mesangial cell culture

SV40 MES13 cells (MES13 cells) were purchased from the American
Type Culture Collection (Rockville, MD, USA) and cultured ina 3:1
mixture of Dulbecco’s modified Eagle’s medium and Ham’s F12 med-
ium 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
Dulbecco’s modified Eagle’s medium containing 1% serum for a min-
imum of 2 h prior to stimulation.

In vitro inhibition of HSP90 using GA

Cells were pre-treated with GA (Santa Cruz, Santa Cruz, CA, USA) at
concentrations of 0.01, 0.1 and 1 pM for 1 h prior to stimulation with
the combination of 1 ug/ml LPS (Sigma, St Louis, MO, USA) and 300
units/ml IFN-y (Accurate Chemical, Westbury, NY, USA). Cell cul-
ture media was collected 24 h after stimulation.

Cytokine ELISA and Griess assay

Supernatants were collected 24 h 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, USA). Griess assay was used
to quantify nitrite concentration (a stable reaction product of NO with
oxygen).*® Briefly, supernatants were analyzed by mixing an equal
volume of sample with Griess reagents (1% sulfanilamide and 0.1%
naphthylethylenediamene in 2.5% H3;PO,) 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 NaNO, in the assay.

Mice

MRL/Mp-Fas*"/Fas’" (MRL/lpr) mice purchased from Jackson
Laboratory (Bar Harbor, ME, USA) 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
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were recorded twice weekly and serum was collected every 2 weeks
until mice were euthanized at 18 weeks of age.

Treatment of mice with 17-DMAG

L.P. injections of DMSO (control) or 17-DMAG (ChemieTek,
Indianapolis, IN, USA) 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 solu-
bility 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.*” Dosage of 5 mg/kg 17-DMAG was adminis-
tered in a bolus of 50 pl per injection. To control for DMSO effects in
the mice, control mice received a 50 pl bolus of DMSO at the same
frequency as the 17-DMAG treated mice.

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, nec-
rosis 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,
USA) and frozen. Frozen kidneys were cut into 3-um sections and
stained with one of the following: goat anti-mouse IgG-conjugated
to fluorescein isothiocyanate (FITC) diluted 1: 100 (Pierce, Rockford,
IL, USA), goat anti-mouse C3-FITC diluted 1:100 (Pierce), mouse
anti-HSP90-DyLight 488 diluted 1:500 or mouse anti-HSP70-
DyLight 488 diluted 1:500 (Enzo Life Sciences, Farmingdale, NY,
USA). 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.

Measurement of proteinuria

Urine was collected twice a week and tested for proteinuria by a stand-
ard semiquantitative test using Siemens Uristix dipsticks (Siemens
Healthcare, Deerfield, IL, USA). 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.

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.*®
Briefly, ELISA plates (Corning Life Sciences, Lowell, MA, USA) were
coated with 100 pl of 5 pg/ml calf thymus DNA (Sigma) and incubated
at 37 °C overnight. After washing, the plates were blocked with BSA, then
incubated sequentially for 45 min 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, USA), and
finally 3,3',5,5'-tetramethylbenzidine was added (Pierce). A high titer
serum was run in serial dilutions on each plate to allow quantification.
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Figure 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 uM. (b) IL-6 concentrations measured by ELISA showed
that IL-6 expression stimulated by LPS/IFN-y was reduced by GA in a concentration-dependent manner at concentrations greater than 0.1 uM. (c¢) Expression of IL-12
was reduced in all samples treated with GA, regardless of LPS/IFN-y 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. GA, Geldanamycin; IFN,

interferon; LPS, lipopolysaccharide; NO, nitric oxide.

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, USA) and/or allophyco-
cyanin (APC)-conjugated anti-CD3e, anti-CD4-FITC, anti-CD5-APC,
eFluor450 (eF450)-conjugated anti-CD8a, anti-FoxP3-PE (eBioscience,
San Diego, CA, USA). 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 lysis buffer
to remove erythrocytes, washed and suspended in RPMI media. Cells
were stained with monoclonal antibodies and measured for fluor-
escence on a FACS Aria 1 (BD Biosciences, San Jose, CA, USA). Flow
data were analyzed by FlowJo software (Tree Star, Ashland, OR, USA).

Statistical analysis
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 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 #-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.

RESULTS

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 cyto-
kines that recruit other immune cells to migrate to the kidney.*
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.”® Given that HSP90 is a chaperone for
multiple proteins involved in the activation of inflammatory signal
transduction cascade pathways, we sought to reduce inflammatory
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Figure 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 Pvalue less
than 0.01. The difference between linear regression of proteinuria in the control and treated groups was also statistically significant (P<<0.001). (b) Group average total
body weight at euthanasia was not statistically different between control and treatment groups. 17-DMAG, 17-(dimethylaminoethylamino)-17-demethoxygeldana-

mycin.

cytokine and molecule expression in mesangial cells through the
inhibition of the HSP90 chaperone activity. Cultured mesangial cells
were treated with GA for 24 h prior to stimulation with LPS/IFN-y.
Concentrations of 0.01-1 utM GA were used in these experiments
based on the literature and our own unpublished observations show-
ing minimal toxicity after 24-h treatments with concentrations of GA
below 5 uM.>"2 After 24 h of stimulation, supernatants were collected
and assayed for NO, IL-6 and IL-12 production (Figure 1).

Our results showed that GA decreased NO production in a concen-
tration-dependent manner. Treatment with GA alone had no effect
over baseline. LPS/IFN-y stimulated NO production as expected
(Figure 1a). With increasing concentrations of GA, the level of NO
decreased. This decrease in NO was significantly different from cells
receiving LPS/IFN-y alone when GA was applied at concentrations of
0.1 and 1 pM (P<0.001) (Figure la).

IL-6 expression was also significantly reduced in LPS/IFN-y stimulated
cells pre-treated with GA (Figure 1b). Compared to the LPS/IFN-y sti-
mulated cells, we found that IL-6 was reduced by 0.1 and 1 uM
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concentrations of GA (P<<0.001). GA treatment alone had no effect 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 1c). GA also reduced IL-12 expression
below baseline in cells not stimulated with LPS/IEN-y (P<<0.01).

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 com-
pared to GA or 17-allylamino-17-demethoxygeldanamycin (17-
AAG).'®12>%* Dosages were selected based on studies showing
effective treatment and minimal toxicity at dosages under 15 mg/kg
administered 3 days per week for 3 weeks.”> We injected MRL/Ipr
mice with 17-DMAG 3 days a week on alternating days for 6 weeks,

20+
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Figure 3 HSP9O0 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.
Anti-dsDNA, antibodies to double-stranded DNA; 17-DMAG, 17-(dimethylaminoethylamino)-17-demethoxygeldanamycin.
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Figure 4 Renal histopathology showed no significant differences in renal his-
topathology 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, and (c) IgG and DAPI staining.
Representative pictures shown at X400 original magnification. FITC, fluores-
cein—isothiocyanate; GN, glomerulonephritis; PAS, periodic acid-Schiff.

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 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 2b).

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
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to their own baseline serum levels measured prior to treatment at 12
weeks of age (P<<0.05, paired one-tail #-test) (Figure 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 statist-
ically significant (Figure 3b).

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

Renal histological markers of glomerular lesions by PAS and/or hema-
toxylin and eosin staining and glomerular deposition of IgG and C3 are
indications of the severity of GN and lupus in MRL/Ipr mice.****!
To assess the effect of HSP90 inhibition on renal pathology, kidneys
were taken from MRL/Ipr 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 3 UM 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 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 4b and c).

HSP90 expression increased in untreated MRL/Ipr mice,
compared to MRL/Ipr mice treated with 17-DMAG and untreated
C57BL/6 mice

HSPY0 expression has been shown to be altered in SLE patients.” 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 vivoand clinically.”>* In addition, we questioned if HSP90 express-
ion is altered in MRL/Ipr 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/Ipr mice; expression only slightly increased in the
glomeruli (Figure 5a, top 2 rows of frames). In contrast, MRL/Ipr mice
treated with 17-DMAG exhibited low levels of HSP90 expression in all
structures of the kidney, comparable to the C57BL/6 mice (Figure 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 5b). Interestingly, HSP70 expression
was not upregulated in the kidney of MRL/Ipr mice treated with 17-
DMAG (Figure 5b, bottom row of frames).

Reduction of splenomegaly by 17-DMAG

HSP90 inhibition has been shown to reduce cellular proliferation in
cancer cells.’®” Splenomegaly is exhibited in the lymphoproliferative
(Ipr) model of MRL/Ipr.>® To test the effect of HSP90 inhibition on
splenomegaly in MRL/Ipr mice, spleens were collected and weighed
and the average mass of treatment groups was compared. We found a
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Figure 5 Comparison of renal HSP90 and HSP70 expression in C57BL/6 mice
and MRU/Ipr mice with and without 17-DMAG. Immunofluorescence microscopy
of frozen tissue sections stained with DylLight 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 diseased MRL/Ipr control mice as com-
pared to C57BL/6 mice (middle row of frames). MRL/Ipr mice treated with 17-
DMAG showed reduced HSP90 expression compared to MRL/Ipr 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/
Ipr mice (bottom two rows of frames). MRL/Ipr mice treated with 17-DMAG did
not exhibit elevated levels of HSP70 in the tubules or glomeruli of kidney sections.
Representative images shown at X400 original magnification. HSP90, Heat
shock protein 90; 17-DMAG, 17-(dimethylaminoethylamino)-17-demethoxygel-
danamycin.

significant difference in spleen weights between the control and
treated groups where P<<0.05, unpaired one-tailed #-test (Figure 6).

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
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to include alterations in many T- and B-cell subtypes.” The alterations
in T- and B-cell subtypes has led to the investigation of many T and
B cell-targeted therapies for the treatment of lupus, as recently
reviewed.®”®" 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.

Double-negative T cells decreased and CD8" T cells increased in
mice treated with 17-DMAG

First, we assessed CD4 and CDS8 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 #-test) (Figure 7a, f and g).
CD3"CD4" T cells were not significantly different between groups
(Figure 7b, f and g). 17-DMAG treatment produced an increase
in CD3"CD4 CD8" T cells (P<0.05, paired one-tailed #-test)
(Figure 7c¢, f and g); CD37CD47CD8™ T cells were also not signifi-
cantly different between groups (Figure 7d, f and g). We compared
CD4 and CDS8 expressing T cells by computing the ratio between
CD3"CD4"CD8™ and CD3"CD4 CD8" T cells (CD4/CDS8 ratio).
We found the CD4/CD8 ratio decreased in mice treated with 17-
DMAG (P<0.01, paired one-tailed t-test) (Figure 7e-g).

17-DMAG affected FoxP3™ phenotypes in CD3" T-cell subsets

CD8™ T cells and Tggg cells CD47CD25" forkhead box P3™* (FoxP3™)
have been shown to reduce autoimmune reactivity in SLE.** 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 sig-
nificant 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 8). 17-
DMAG reduced the population of CD3"CD8 FoxP3™ T cells (P<0.01,
unpaired one-tailed t-test) (Figure 8a, e and f). Populations of
CD3*CD8 FoxP3™ T cells were increased in mice treated with 17-
DMAG (P<0.05, unpaired one-tailed ¢- test) (Figure 8b, e and f).
No significant difference was found between the groups for
CD3*FoxP3"CD8™ or CD3*FoxP37CD8™ T cells (Figure 8c—f).

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 follic-
ular B cells (CD197CD217CD23™) were decreased in mice treated
with 17-DMAG compared to the controls (P<<0.05, paired one-tailed
t-test) (Figure 9a, e and f). In contrast, populations of marginal zone B
cells CD19"CD21"CD23~ were found to be unchanged in the 17-
DMAG group (Figure 9b, e and f). We examined B-1-cell populations
and found that 17-DMAG had no effect on either the CD19*CD5" B-
la cells (Figure 9¢, g and h) or on the CD19"CD5  B-2a cells
(Figure 9d, g and h).

DISCUSSION

Several reports in the literature have demonstrated a link between
HSP90 and lupus including studies showing increased HSP90 express-
ion in SLE patients or antibody reactivity to extracellular HSP90.%®
Recently investigations into the regulation of HSP90 in lupus has been
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Figure 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<0.05). (b) Picture of representative spleens taken from both groups. 17-DMAG, 17-(dimethylaminoethylamino)-17-

demethoxygeldanamycin.

renewed due to the ability of HSP90 to serve as a client protein for
inflammatory signaling molecules such as phosphoinositide 3-kinase,
mammalian target of rapamycin and Akt (protein kinase B).**
Another example of HSP90 dependence in the inflammatory response
is in the nuclear factor-kB (NF-«B) pathway which depends on func-
tional HSP90 in order for upstream signal molecules to activate NF-
«B.*** TLR-mediated inflammation is regulated by HSP90 chaperoning
of key TLR signal components that promote expression of TNF-o and IL-
1B messenger RNA.>*® It has also been shown that several HSP90 homo-
logs fold multiple TLRs.%® It has been shown that the severity of SLE can
be diminished in mice and humans through downregulation of many of
these HSP90-dependent inflammatory pathways.®>”* Our current stud-
ies 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-inflam-
matory cytokines (IL-6, 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.”>””> With HSP90
inhibition by GA, IL-6 expression was reduced in macrophages by
preventing HSP90 from chaperoning newly transcripted cytokines.”®
HSP90 complexes with iNOS and is required for iNOS to synthesize
NO.”” It has also been found that HSP90 inhibition reduces iNOS
function without reducing iNOS expression.”® Additionally, IL-12
promotes disease in MRL/lpr mice while a deficiency in IL-12 will
delay GN in the same MRL mice.>! HSP90 has been linked to 1L-12,
with one example being that mature dendritic cells cultured in GA had
their IL-12 expression significantly reduced.”” We have previously
shown that HSP90 inhibition by 17-DMAG reduced inhibitor of kB
kinase expression and decreased NF-kB translocation to the nucleus in
J774 macrophage cells.®® 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/Ipr 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.>® Others
have reported HSPs expressed in glomeruli and tubules of some SLE
patients.” 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 pro-
duction 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 func-
tion as the in vitro studies would suggest.

Interestingly, HSP70 in C57BL/6 mice was higher than in either of
the MRL/Ipr groups we tested. Both 17-AAG and 17-DMAG have been
shown to increase HSP70 expression in human macrophages and vas-
cular smooth muscle cells after 4 h of treatment and is typically used as a
marker for HSP90 inhibition.>®' Early preclinical study of 17-DMAG
found that short-term (24-h) dosages of 17-DMAG increased renal and
liver HSP70 expression. However, we found in our long-term (6-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.®>®* Furthermore, HSP70 has been indicated to have a
negative feedback effect on NF-«B signaling activity.** HSP70 has also
been demonstrated to switch off TNF receptor-associated factor 6.2

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 signifi-
cantly 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.*®
Therefore, we would expect to see some difference in C3 and IgG
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deposition or renal pathology due to the decrease in proteinuria and
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 is not
sufficient to trigger the inflammatory response.®” It was somewhat
perplexing that proteinuria and glomerulonephritis were not as mark-
edly increased in MRL/lpr mice at 18 weeks-of-age as many others
have reported for the strain.***° Possibly having the treatment regime
progress for a longer period of time would have allowed us to deter-
mine more significant differences between the treated and the
untreated groups. However, the downside of a prolonged treatment

Cellular & Molecular Immunology

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.*>%>%°

Another pathological aspect of MRL/lpr mice is the presence of
splenomegaly in mice exhibiting disease.”® We found that splenomeg-
aly 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 epidermo-
lysis bullosa acquisita mice were shown to have significantly reduced
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proliferation of T cells when treated with 17-DMAG.’" The increased
proliferation of T and B cells in SLE leads to increased expression of
serum IgG with high levels of the IgG being anti-dsDNA. It has been
shown that mice treated with 17-DMAG exhibit suppressed autoanti-
body 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 organs to produce pro-inflammatory cytokines

and activate B-cell antibody production.”®® CD8™ T cells suppress
autoimmune reactivity in SLE.®* Elevated CD4/CDS8 ratios have been
identified in murine SLE models.”>"> 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.”> 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. The effects of HSP90 inhibition on T-cell populations might be
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explained by the fact that stimulation of the T-cell receptor leading to
T-cell activation requires HSP90 to stabilize lymphocyte-specific pro-
tein tyrosine kinase (Lck) in order to initiate activation.*’
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 messenger RNA 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 Trgg transcription
factor, FoxP3. These cells are necessary for maintaining an immuno-
logical balance due to their suppressive role, but are typically low in SLE
patients.*® Furthermore, Tpgg 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 Trpg cell function.***** Typq cells have
significantly higher expression of HSP90 than T cells. The high express-
ion of HSP90 in Tggg suggests a role for HSP90 in FoxP3 expression
and may explain why we found higher levels of FoxP3~CD3"CD8" T
cells. However, we also found that CD4"CD25 *FoxP3 " Tygg cells were
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unaffected by 17-DMAG treatment. Nevertheless, HSP90 inhibitors
have been shown to improve Trgg suppressive functions. For example,
Treg cells cocultured with T cells in the presence of HSP90 inhibitors
exhibit an increased suppressive function. Furthermore, HSP90 inhibi-
tion (17-AAG) decreased homeostatic proliferation of T cells in spleens
and lymph nodes after daily injection for a week.”® 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 Trgg or FoxP3-
mediated mechanism. Understanding the role of HSP90 in Tggg 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.””*° 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 Trpg cells.®’ Some B-cell therapy approaches being
investigated include the therapeutic targeting of HSP90 client proteins
such as TLR and phosphoinositide 3-kinase. 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.®’ The inhibitor for gp96 was



shown to reduce populations of mature B cells, B220+ and MHC class
11+ cells."’ However, it has also been shown that splenic plasma cells
and germinal center B cells are unaffected by 17-DMAG treatment.”!
We found that only follicular B cells were affected by the HSP90
inhibition treatment, while marginal zone B cells (Bla and B1b) were
not significantly affected. Current thinking in lupus literature suggests
that follicular B cells are important for pathogenic autoantibody pro-
duction, while the role for marginal zone B cells has yet to be estab-
lished.' 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.
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/Ipr
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 downregulated, while CD8" T cells are
upregulated in mice treated with 17-DMAG. Some effects were also
observed in Trgg 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 Trgg suppressive
potency. Targeting HSP90 may be an effective treatment for SLE,
especially if combined with other targeted therapeutic approaches.
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