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Abstract 
Objectives: Glucocorticoid-induced leucine zipper (GILZ) has effects on inflammatory 

pathways that suggest it as a key inhibitory regulator of the immune system, and its 

expression is exquisitely sensitive to induction by glucocorticoids. We therefore hypothesized 

that GILZ deficiency would exacerbate models of immune-mediated inflammation, and 

impair the effects of glucocorticoids on inflammation, and correspondingly that exogenous 

GILZ would inhibit these events.  

Methods: GILZ-/- mice were generated using the LoxP/Cre system and responses were studied 

in delayed-type hypersensitivity (DTH), antigen-induced arthritis (AIA), K/BxN serum 

transfer arthritis, and LPS-induced cytokinemia. Therapeutic expression of GILZ via injection 

of recombinant adeno-associated virus expressing GILZ gene was compared to the effects of 

glucocorticoid in collagen-induced arthritis (CIA). 

Results: Increased T cell proliferation and DTH were observed in GILZ-/- mice but neither 

AIA or K/BxN arthritis were affected, and GILZ deficiency did not affect LPS-induced 

cytokinemia. Deletion of GILZ did not impair the effects of exogenous glucocorticoids on 

CIA or cytokinemia. In contrast, overexpression of GILZ in joints significantly inhibited CIA, 

with an effect similar to that of dexamethasone.  

Conclusion: Despite effects on T cell activation, GILZ deficiency was without impact on 

effector pathways of arthritis, and was unexpectedly redundant in glucocorticoid effects. 

These findings do not support GILZ being central to the actions of glucocorticoids. Despite 

this, effectiveness of exogenous GILZ in inhibiting CIA suggests further evaluation of GILZ 

in inflammatory disease.  
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Profound anti-inflammatory actions of glucocorticoids underpins their widespread use in RA, 

despite adverse effects reflecting their metabolic actions (1-3). Greater mechanistic 

understanding may enable the development of therapies mimicking the anti-inflammatory but 

not metabolic effects of glucocorticoids. Glucocorticoid actions are integrated at the 

molecular level by the effects of the glucocorticoid-glucocorticoid receptor (GR) complex on 

gene transcription (4). The glucocorticoid/GR complex binds as a dimer to glucocorticoid 

response elements in target gene DNA, or inhibits (‘transrepresses’) gene expression by 

tethering as a monomer to other transcription factors such as NF-κB and AP-1 (5). Among the 

genes most sensitive to transcriptional activation by glucocorticoids is glucocorticoid-induced 

leucine zipper (GILZ (TSC22D3)) (6). GILZ inhibits NF-κB through a physical interaction 

with the NF-κB p65 subunit  which impedes nuclear translocation (7). GILZ also binds to the 

AP-1 components c-Jun and c-Fos (8), and also inhibits Raf-1 (9) and Ras (10). GILZ 

silencing increased the severity of murine collagen-induced arthritis (CIA), and GILZ 

overexpression inhibited chemokine and cytokine expression in human RA synovial 

fibroblasts (RASF) (11). These observations have lead to the concept that GILZ is a critical 

mediator of glucocorticoid anti-inflammatory effects (12, 13).  

The majority of the effects of GILZ have been reported in forced overexpression studies. 

Although male infertility was recently reported in a GILZ-/- mouse strain (14), the 

physiological effects of GILZ on the immune system, and whether GILZ is required for the 

therapeutic effects of glucocorticoids, remain unknown. In order to investigate these issues, 

and probe the potential for GILZ-based RA therapies, we created GILZ-/- mice and the means 

to locally overexpress GILZ in vivo. We report that although GILZ deficiency resulted in 

increased T cell activation, there was no effect on effector pathways of inflammation, or on 

the expression of two distinct models of RA. Moreover, and unexpectedly, glucocorticoid 

effects on inflammation were retained in the absence of GILZ. In contrast, therapeutic 
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overexpression of GILZ mimicked the inhibitory effects of glucocorticoids in a model of RA. 

These findings revise understanding of the role of GILZ in immunity and inflammation, and 

in the actions of glucocorticoids, yet support the possibility of GILZ manipulation being 

explored as a therapy for RA.  

Methods	  

Generation	  of	  GILZ	  knockout	  mice	  

GILZ knockout mice were generated in conjunction with Ozgene (Perth, Australia), by 

disruption of the GILZ gene in C57BL/6 mouse embryonic stem (ES) cells via homologous 

recombination using the LoxP/Cre system (15). The targeting construct of the GILZ gene 

(Supplementary Figure 1A) was built by using the in house targeting vector backbone 

(FLSniper, Ozgene) with homologous sequences spanning approximately 6Kb upstream and 

6Kb downstream of GILZ.  The floxed genomic area was approximately 2.2Kb with two 

LoxP sites flanking the last exon of GILZ. The neomycin cassette was removed by crossing 

with FLP C57BL/6 deletor mice. The resulting heterozygous floxed animals 

(GILZfloxed∆Neo/wt) were crossed with a general Cre C57BL/6 deletor, and the resulting 

GILZflox/wt, cre+ mice were backcrossed to WT C57BL/6 mice to remove the Cre gene. 

Genotypes of the resulting mice were determined by PCR using genomic DNA isolated from 

mice tails (Supplementary Figure 1B). The reported infertility of male GILZ-/- mice (14) 

was confirmed; consequently, GILZwt/KO females and GILZwt/Y males were bred and male 

offspring genotyped to select GILZ-deficient (GILZ-/-) mice (Supplementary Figure 1B). 

GILZ-/- mice developed normally in relation to size and general development, had no 

difference in spleen neutrophil, monocyte or total T cell numbers, but had a modest but 

statistically significant increase in spleen CD4:CD8+T cell ratio (data not shown).  
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Induction	  of	  delayed	  type	  hypersensitivity	  (DTH),	  antigen-‐induced	  arthritis	  (AIA),	  collagen	  

induced	  arthritis	  (CIA),	  and	  K/BxN	  serum	  transfer	  arthritis	  

Ovalbumin (OVA)-induced DTH was induced in WT and GILZ-/- mice and paw swelling 

assessed at 24hours using calipers as previously described (16). Lymph node T cells were 

stimulated with OVA (10-00µg/mL) for 24hours, and IFN-γ and IL-17A ELISPOT assays 

(BD Biosciences) performed according to the manufacturer’s protocol. Methylated bovine 

serum albumin (mBSA)-induced DTH and AIA were induced in WT and GILZ-/- mice, and 

assessed by measurement of joint swelling using calipers and histological analysis, as 

described (17). CIA was induced in DBA/1 mice, as described (11). Joints were scored daily 

for arthritis development as described, with a maximum score of 12 per mouse (11). Antigen-

specific T cell proliferation was analysed as previously described (17) using single cell 

suspensions of lymph node or spleen cells stimulated with Concanavalin A (Con A) (Sigma-

Aldrich), or mBSA. DNA synthesis (incorporation of 3Hthymidine (0.5µCi, GE Healthcare)) 

was measured using a liquid scintillation β-counter (Cambridge Scientific). K/BxN serum 

transfer arthritis was induced as previously described, and each limb was scored daily from 0 

– 5 allowing for the greater degree of swelling and erythema observed in this model (18). 

Histological severity was evaluated on 4µm sections stained with Safranin–O and 

counterstained with fast green/iron hematoxylin (11). DBA/1 mice developing CIA were 

treated from day 21 with liposome-encapsulated control and GILZ siRNA sequences as 

previously described (11). Mice were injected intravenously (i.v.) with 200µl of cationic 

liposome/nucleic acid formulation thrice weekly. All animal experiments were performed in 

accordance with the regulations of the Monash University Animal Ethics Committee. 

LPS-‐induced	  cytokine	  production	  	  

WT and GILZ-/- mice were injected i.p with LPS 10mg/kg. Mice were bled via tail vein at 0, 

30 minutes, 1, 2, 4 and 24hours and serum collected. In some experiments Dex 1mg/kg (or 
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vehicle) was injected i.p 1hour prior to LPS. Murine dermal fibroblasts (MDF) were isolated 

as previously described (19) and maintained in complete RPMI. Cells were seeded overnight, 

and serum starved (0.5% FBS RPMI) prior to 24hours treatment with 10-7M - 10-10M Dex +/- 

LPS (200ng/mL).  

RA	  synovial	  fibroblasts	  

RA synovial fibroblasts (RASF) were cultured as previously described (20). RA patients 

fulfilled the ACR criteria for the classification of RA (21). All experiments were approved by 

the Human Research Ethics Committee, Monash Medical Centre. RASF were transfected 

with 100nM control siRNA or GILZ siRNA for 24hours using RNAiMAX  (Invitrogen) as 

previously described (11). Cells were treated with 1ng/ml TNF (BioSource, Camarillo, CA) 

with or without Dex (10-7 - 10-10M) and supernatants collected 7hours later.  

ELISA	  

Anti-CII IgG, IgG1, IgG2a and cytokine concentrations were measured by enzyme-linked 

immunosorbent assays (ELISA) as previously described (11, 22). Murine tumor necrosis 

factor (TNF) and interleukin-6 (IL-6) (R&D systems, Minneapolis, U.S.A), IL-1β (Endogen, 

Rockford, U.S.A), interferon gamma (IFN-γ) and monocyte chemotactic protein-1 (MCP-1) 

(BD Biosciences, Australia) were detected following recommendations of the manufacturer. 

RASF supernatant cytokine concentrations were analyzed using cytometric bead array (BD 

Biosciences, Australia) as recommended by the manufacturer. 

Construction,	  production	  and	  administration	  of	  GILZ-‐recombinant	  adeno-‐associated	  virus	  

5	  (rAAV5)	  

GILZ-recombinant adeno-associated virus 5 (GILZ-rAAV) was constructed as described (23). 

Briefly, the mouse gene coding for GILZ flanked by AAV2 inverted terminal repeats and 

under control of a CMV promoter was packaged into the capsid from AAV5 resulting in the 
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GILZ-rAAV vector. Vectors were produced with a adenovirus-free system in HEK-293 cells 

using a triple transfection method (24) and purified by density gradient centrifugation. AAV 

titers  were measured by QPCR, and final titers were 7 x 1013 (mock (empty vector)) and 3.85 

x 1013 vector genomes/mL (GILZ-rAAV). DBA1 mice induced with CIA (as above) were 

treated with an intra-articular injection of PBS, mock rAAV or GILZ-rAAV in both knee 

joints (5µl, 2x1011vg) and both ankle joints (2,5µl, 1x1011 vg), administered in each mouse on 

the day of onset of arthritis (n=10 per group).  

Western	  blotting	  and	  quantitative	  polymerase	  chain	  reaction	  (QPCR)	  

Cell lysates were collected and Western blotting performed as previously described (11). 

Primary and secondary antibodies were rabbit anti-GILZ (FL134) (Santa Cruz), mouse anti-β-

actin (Sigma), anti-rabbit Alexa680 for GILZ and anti-mouse Alexa750 for β-actin (Biolabs). 

Bands were detected using Odyssey Infrared Imaging System (LI-COR Biosciences). GILZ 

mRNA expression was measured by quantitative PCR using methods and primers previously 

described (11).   

RAW264.7	  macrophage	  cell	  lines	  

The P3K (25) cell line derived from RAW264.7 macrophages expresses a NF-κB luciferase 

reporter construct. Cells were maintained in minimal essential medium-alpha (MEM) (Gibco 

BRL, Gaithersburg, MD) containing 10% FCS, 2 mM L-glutamine, 1% penicillin-

streptomycin-fungzione. GILZ expression was induced using GILZ-rAAV. After 72hours 

cells were stimulated with 100ng/mL RANKL for 6hours and luciferase activity detected as 

described (25).  

Statistical	  analysis	  

Student’s t-tests or Mann-Whitney tests were used for continuous or discontinuous variables, 

respectively. P values less than 0.05 were considered significant.  
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Results	  

Effect	  of	  GILZ	  deficiency	  on	  T	  cell	  activation	  and	  inflammatory	  arthritis	  	  

As inhibitory effects of GILZ overexpression on Th1 activation in response to OVA have 

been reported (26), we examined these responses in WT and GILZ-/- mice. Cutaneous DTH 

responses to OVA were significantly increased in GILZ-/- compared to WT mice (Figure 1A). 

This was accompanied by increased lymph node T cell IFN-γ production as measured by 

ELISPOT (Figure 1B). Lymph node T cell IL-17A production was also increased in GILZ-/- 

compared to WT mice (Figure 1C). To establish whether these effects would impact on 

inflammatory arthritis, we next examined the Th1-dependent mBSA-AIA model, which also 

allows examination of DTH (17). Cutaneous DTH responses to mBSA were significantly 

increased in GILZ-/- compared to WT mice (Figure 1D), and antigen-induced T cell 

activation, as measured by proliferation and IFN-γ release, were significantly increased in 

lymph node cells from GILZ-/- mice (Figure 1E-F). In contrast, no difference in arthritis 

severity, measured by knee thickness or histological examination, was observed between WT 

and GILZ-/- mice (Figure 1G-H). These findings suggest that endogenous GILZ is a 

physiological inhibitor of T cell activation, but that the loss of this inhibition in GILZ-/- mice 

is not associated with activation of effector pathways that mediate joint inflammation.  

To further explore this, we next examined the effect of physiological GILZ on the K/BxN 

serum transfer arthritis model, which is T cell-independent but depends on chemokine-

mediated recruitment of myeloid effector cells (27). No significant difference in clinical or 

histological arthritis severity was observed between WT and GILZ-/- mice (Figure 2A-B). 

Lastly, we investigated the effect of physiological GILZ on LPS induction of TNF, IL-1β, and 

IL-6. LPS increased serum cytokines in both WT and GILZ-/- mice, and no significant 

differences were observed (Figure 2C-E). These observations were confirmed in vitro using 

thioglycollate-induced peritoneal macrophages (22) from WT and GILZ-/- mice (data not 
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shown). Together, these data suggest that despite its effects on T cell activation, physiological 

expression of GILZ may not exert dramatic inhibitory effects on B cell activation, myeloid 

effector cell recruitment, or the expression of pro-inflammatory effector cytokines, and thus 

on models of RA that depend on these pathways.  

Effects	  of	  glucocorticoids	  in	  GILZ-‐/-‐	  mice	  	  

The lack of effect of physiological GILZ on effector pathways suggested that GILZ may not 

be required for the actions of glucocorticoids on these events, and hence on arthritis. We 

therefore examined Dex effects on LPS-induced cytokines in WT and GILZ-/- mice. Dex 

inhibited LPS-induced TNF, IL-1β, and IL-6 in both WT and GILZ-/- mice, and no significant 

difference between WT and GILZ-/- mice was detected (Figure 3A-C). We next examined the 

effect of GILZ deficiency on glucocorticoid sensitivity in vitro. Dex 10-7M robustly induced 

the expression of GILZ in MDF over 4-8 hours (Figure 3D). The chemokine MCP-1 is 

abundantly produced by MDF (19). Dex dose-dependently inhibited basal and LPS-induced 

MCP-1 in both WT and GILZ-/- cells, and no significant difference between WT and GILZ-/- 

cells was observed (Figure 3E-F).  

As CIA in C57Bl/6 mice is insufficiently severe to permit the examination of glucocorticoid 

effects, we examined the effects of glucocorticoids on CIA in DBA/1 mice depleted of GILZ 

using liposome-encapsulated siRNA that we have shown effectively silences GILZ 

expression in this model(11). Exacerbation of CIA severity by GILZ siRNA treatment in the 

absence of Dex was confirmed (data not shown and Figure 4B). In contrast, GILZ siRNA 

treatment had no significant impact on Dex inhibition of CIA (Figure 4A-B). Inhibition of 

Dex-induced GILZ expression in human RASF by siRNA was demonstrated using Western 

blotting (Figure 4C). GILZ siRNA had no effect on Dex inhibition of RASF TNF, IL-8, and 

IL-6, either basally (data not shown) or in response to TNF (Figure 4D-F). These data do not 



	   10 

support an essential role of GILZ in the anti-inflammatory effects of glucocorticoids on these 

phenomena.  

Effect	  of	  therapeutic	  GILZ-‐rAAV	  on	  CIA	  

The preceding experiments suggest that endogenous GILZ is not a significant inhibitor of 

effector pathways or the effects of glucocorticoids in arthritis. To test the hypothesis that 

therapeutic induction of GILZ could nonetheless suppress established disease, we induced 

CIA in DBA/1 mice, and induced GILZ local expression with GILZ-rAAV. Western blot 

analysis indicated that infection of RAW246.7 macrophages with GILZ-rAAV resulted in 

GILZ protein expression (Supplementary Figure 2A) and inhibition of NF-κB luciferase 

activity (Supplementary Figure 2B). Compared to mock-rAAV or PBS injected joints, intra-

articular injection of GILZ-rAAV significantly increased GILZ mRNA in distal paw and knee 

(Figure 5A). In contrast, there was no increase in GILZ mRNA in the spleen (Figure 5A). A 

single GILZ-rAAV injection on the day of onset of clinical disease significantly reduced 

arthritis severity over the subsequent 15 days (Figure 5B). In separate experiments, mice 

developing CIA were treated from the same timepoint with daily s.c injections of Dex. The 

requirement for daily injections limited to the duration of this experiment to 7 days. 

Dexamethasone resulted in a significant reduction in arthritis severity that was similar in 

magnitude to the effect of GILZ-rAAV treatment (Figure 5C). Clinical scores calculated as 

the area under the curve (AUC) adjusted for the number of days observed were significantly 

reduced by both GILZ-rAAV and Dex treatment, and the effects of these treatments were not 

significantly different (GILZ rAAV 1.5±0.3, Dex 1.0±0.2, P = 0.26) (Figure 5D). Separate 

experiments in which mice were observed for up to 21 days after GILZ-rAAV injection 

demonstrated that the inhibition of arthritis persisted (data not shown). Histological severity 

was also markedly attenuated in GILZ-rAAV treated mice (Figure 5E). In contrast, GILZ-

rAAV treatment did not affect serum levels of anti-CII IgG, IgG1 and IgG2a antibodies 



	   11 

(Figure 5F), or CII-induced T cell proliferation in cells from draining lymph nodes (Figure 

5G). These data indicate an inhibitory effect on joint inflammation during CIA of 

therapeutically-induced local GILZ expression.  

Discussion	  

Since the discovery that dimerisation of the GR is not required for inhibition of the NF-κB 

and AP-1 pathways (28), transrepression has been considered the dominant means through 

which glucocorticoids regulate inflammation. Recently, however, it has been shown that 

many effects of glucocorticoids on inflammation require homodimeric GR effects (29), and 

that selectivity for transrepression reduces effectiveness of GR ligands (30). This suggests 

that genes transcriptionally activated by glucocorticoids are essential for the control of 

immune-inflammatory responses. GILZ is among the most sensitively glucocorticoid-induced 

proteins. Together with its ability to directly inhibit NF-κB and AP-1, this suggests GILZ as a 

potential mediator of the immune-inflammatory effects of glucocorticoids. Whether 

endogenous GILZ is required for the effects of glucocorticoids, or acts as a constitutive 

inhibitory regulator of the immune response like other glucocorticoid-induced anti-

inflammatory proteins(31, 32), has not previously been established. 

Our first experiments demonstrated increased OVA-induced DTH responses and IFN-γ 

production in GILZ-/- mice, consistent with previous findings in mice transgenic for GILZ in 

T cells (33). In addition, a previously unsuspected effect of GILZ on Th17 activation was 

suggested by increased IL-17A production in the setting of GILZ deficiency. The mechanism 

of these effects may depend on the reported effects of GILZ on Ras (10) or on other pathways 

such as NFATc1, as both impact on T cell IL-17A expression (34). Unexpectedly, increased T 

cell activation in GILZ-/- mice was not accompanied by increased AIA severity. Although 

AIA requires the activation of T cells (31, 32), activation of effector cells resulting in the 

production of pro-inflammatory cytokines is also required, and such effects may vary between 
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tissues. Our observations suggest either that physiological GILZ is not a major regulator of 

effector responses to T cell activation, that increased T cell activation in the absence of GILZ 

was insufficient to exacerbate joint disease, or that GILZ deficiency resulted in a paradoxical 

insensitivity of local effector cells to T cell-driven activation.  

To exclude the possibility that the lack of effect of endogenous GILZ on arthritis severity was 

specific to the relatively mild AIA model, we studied the more robust K/BxN serum transfer 

arthritis model, which is mediated by chemokine-dependent recruitment of myeloid cells (27). 

Here we also found no significant difference between WT and GILZ-/- mice in clinical or 

histological arthritis severity. Finally, LPS-induced production of the cytokines TNF, IL-6 

and IL-1β was unaffected by the absence of GILZ. Although multiple pathways are involved 

in the pathogenesis of arthritis models, one explanation for our findings is that the effects of 

physiological GILZ on T cells are not accompanied by effects on effector events such as 

antibody production, leukocyte recruitment, or cytokine expression that are essential for the 

development of arthritis.  

Glucocorticoids act therapeutically via effects on both T cell and effector leukocyte function. 

The lack of effect of GILZ deficiency in these experiments called into question the 

hypothesized requirement for GILZ in the effects of glucocorticoids, suggested by previous in 

vitro studies using GILZ silencing (35, 36). Therefore, we examined the requirement for 

GILZ in the effects of glucocorticoids using GILZ-/- mice and cells, and in vivo siRNA 

silencing. In contrast to expectations, LPS-induced serum cytokines were inhibited in vivo by 

Dex to an equivalent degree in WT and GILZ-/- mice, and dose-dependent effects of Dex on 

cytokine release in vitro were equivalent in WT and GILZ-/- cells. Moreover, the attenuation 

of CIA by Dex was unaffected by treatment with a GILZ-siRNA regimen that we have 

previously shown to inhibit GILZ expression in vivo (11). Finally, GILZ silencing in RASF 

did not impair Dex inhibition of cytokine production by these cells. Together, these data do 
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not support the hypothesis that GILZ is required for glucocorticoids to exert their therapeutic 

effects on these aspects of the immune response.  

Assessment of a potential therapeutic molecule based on results observed in its absence may 

be incompletely informative. Previous studies have demonstrated that T cell overexpression 

of GILZ leads to reductions in severity of models of colitis and spinal cord injury in vivo (26, 

37). Therefore, to determine if GILZ could exert therapeutic effects in CIA despite the 

redundancy demonstrated by its deletion, we used rAAV as a means to induce the synthesis of 

GILZ in the joints (38). AAV serotype 5 has been shown to have tropism for dendritic cells, 

synovial fibroblasts and endothelial cells in vitro, and to successfully deliver genes to the 

inflamed joint in vivo (23, 39). Here, GILZ-rAAV injection at the onset of disease in CIA 

successfully induced local GILZ expression, accompanied by significant attenuation of 

clinical and histological joint inflammation. The reduction of joint disease in response to 

GILZ-rAAV, despite the lack of effect on T cell proliferation and anti-CII antibody 

production, is consistent with the restriction of GILZ overexpression to the joint, and to the 

fact that GILZ-rAAV treatment was given during established arthritis, after the time at which 

T and B cell responses against CII are established. These effects also differ from those 

observed in AIA in the context of GILZ-deficiency, in which increased T cell activation was 

observed without increased joint disease. These two observations, that systemic deletion of 

GILZ during the development of immune responses resulted in increased T cell activation but 

not arthritis, while local GILZ overexpression inhibited joint inflammation without affecting 

T cell responses, suggest differences between endogenous and supra-physiological, and local 

and systemic, effects of GILZ.  

Despite the effects of exogenous GILZ, we demonstrated redundancy of endogenous GILZ to 

glucocorticoid anti-inflammatory effects. No published studies inform as to the potential 

redundancy of GILZ in glucocorticoid metabolic effects. However, GILZ has been described 
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to promote osteoblast differentiation (40), suggesting the possibility that therapeutic GILZ 

induction may not transduce pro-resorptive signals of glucocorticoids. A wide array of studies 

is needed to probe the participation of GILZ in the metabolic effects of glucocorticoids, and 

the availability of GILZ-deficient mice such as those we have generated here will enable such 

studies for the first time.  

Several caveats apply to the interpretation of the results presented here. The mechanisms 

through which physiological GILZ impacts on T cell activation, and the functional 

consequences of these effects, requires detailed examination. The lack of a phenotype in AIA 

in GILZ-/- mice is at odds with the previously reported exacerbation of CIA in DBA/1 mice by 

GILZ silencing (11), that our current results with GILZ siRNA confirm. Our GILZ-/- mice are 

on the C57Bl/6 background, a strain relatively resistant to the induction of CIA (41). 

Backcrossing the GILZ-/- mouse strain onto the DBA/1 background would assist in addressing 

the effects of GILZ on CIA, however the infertility of GILZ-/- male mice renders this 

infeasible. Moreover, it remains possible that a GILZ-based therapy would be insufficiently 

broad in its effects to be an effective therapy for inflammatory disease. For example, the 

ability of GILZ to mimic the recently highlighted direct GR-mediated repression of gene 

expression (42) is unknown.  

In conclusion, we have demonstrated the unexpected finding that despite attenuation of CIA 

in response to therapeutic GILZ overexpression, and increased T cell activation in GILZ-/- 

mice, GILZ is not a significant physiological inhibitor of effector pathways of arthritis. 

Moreover, our results indicate that GILZ is redundant for the inhibitory effects of 

glucocorticoids on CIA and on LPS-induced cytokine production. These findings suggest that, 

rather than being essential to the actions of glucocorticoids, the expression of GILZ may 

represent a ‘backup’ pathway, wherein the effects of GILZ on transcription factors such as 

NF-κB and AP-1 operate in parallel to direct GR transrepression of these pathways. Given the 
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lethal effects of inflammation in the absence of endogenous glucocorticoids (43), the 

existence of such redundancy in glucocorticoid effects could confer a survival advantage. 

Nonetheless, the inhibitory effect observed in response to local GILZ overexpression in CIA 

suggests that further exploration of potential glucocorticoid-mimicking therapeutic effects of 

GILZ is warranted. Understanding of the contribution of GILZ to metabolic effects of 

glucocorticoids would be required prior to advancing such an application to the clinic.  
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Figure	  Legends	  

 

Figure 1 Effect of GILZ deficiency on DTH responses to OVA and T cell responses in 

AIA.  

(A-C) OVA/CFA was injected into WT (n=6) and GILZ-/- (n=6) mice and footpad DTH 

induced on day 10. (A) DTH responses (mm) were measured after 24hours. (B-C) WT and 

GILZ-/- lymph node T cells re-stimulated with OVA or non-treated (NT) for 24hours and IFN-

γ (B) and IL-17A (C) measured by ELISPOT in response to OVA. (D-H) AIA was induced in 

WT (n=16) and GILZ-/- (n=14) mice with mBSA/CFA and DTH initiated on day 27 into the 

footpads as described. (D) DTH responses were measured after 24hours. (E) Lymph node T 

cells were re-stimulated with mBSA (0.1, 1, 10µg/mL), Con A or non-treated (NT) for 

48hours prior to measurement of thymidine incorporation. (F) IFN-γ was measured by ELISA 

in T cell supernatants. (G) AIA severity was measured by change in knee thickness (mm) 

measured on day 28. (H) Representative images of knee joints stained with Safranin-O from 

WT and GILZ-/- mice with AIA. Data represent the mean ± SEM. *P < 0.05, WT vs GILZ-/-.  

Figure 2 Effect of GILZ deficiency on K/BxN serum transfer arthritis and LPS induced 

cytokinemia.  

(A-B) K/BxN serum transfer arthritis was induced in WT (n=5) and GILZ-/- (n=4) mice. 

Clinical score (A) and histological score (B) were measured as described. (C-E) WT and 

GILZ-/- mice were injected i.p with LPS (10mg/kg). Serum was collected at indicated 

timepoints and concentrations of (C) TNF, (D) IL-1β and (E) IL-6 in WT and GILZ-/- mice 

measured by ELISA. Data represents the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, 

WT vs GILZ-/-. 

Figure 3 Effect of glucocorticoid treatment in GILZ deficient mice.  
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(A-C) WT (n=11) and GILZ-/- (n=13) mice were injected with vehicle or Dex (1mg/kg) 1hour 

prior to i.p injection of LPS (10mg/kg). Serum was collected at indicated timepoints after LPS 

injection and concentrations of (A) TNF, (B) IL-1β and (C) IL-6 in WT and GILZ-/- mice 

measured by ELISA. Data is represented as the mean ± SEM. †P < 0.05, †††P < 0.001, 

WT+Dex vs WT; *P < 0.05, ***P < 0.001 GILZ-/- + Dex vs WT. (D) WT and GILZ-/- mouse 

dermal fibroblasts (MDF) were treated with Dex at 10-7M for 4 and 8hours and GILZ 

expression detected by Western blot. (E) WT and GILZ-/- MDF were treated with Dex (10-7M 

– 10-10M) for 24hours and MCP-1 concentration measured in supernatants by ELISA. Values 

are expressed relative to no treatment (NT) controls. (F) WT and GILZ-/- MDFs were pre-

treated with Dex (10-7M – 10-10M) for 1hour prior to LPS (200ng/mL) stimulation for 24hours 

and MCP-1 concentration measured in supernatants by ELISA. Values are expressed relative 

to LPS-treated controls (n=4 independent experiments). Data is represented as the mean ± 

SEM. *P < 0.05, **P < 0.01, Dex-treated vs control.  

Figure 4 Effect of glucocorticoid treatment in the absence of GILZ  

(A-B) DBA/1 mice were induced with CIA and treated thrice weekly from the onset of 

disease with control (ct) (n=10) or GILZ siRNA (n=10) as described, and daily with vehicle 

or Dex (0.25mg/kg s.c) for 10 days. (A) Arthritic scores were observed in control and GILZ 

siRNA-treated mice undergoing Dex treatment. *P < 0.05, **P < 0.01 Dex vs vehicle. (B) 

Scores were expressed as area under the curve (AUC)/days observed. *P < 0.05. No 

significant (NS) difference was observed between control- and GILZ siRNA-treated mice 

undergoing Dex treatment. (C-F) GILZ expression was silenced in RA synovial fibroblasts 

(RASF) by treatment with control or GILZ siRNA using RNAiMAX. (C) Cells were treated 

with Dex (10-7M) for 5hours and protein lysates isolated for GILZ expression measured by 

Western blot. (D-F) Cells were co-treated with Dex (10-7M – 10-10M) and TNF (1ng/mL) for 

7hours and supernatant concentrations of (D) TNF, (E) IL-8 and (F) IL-6 measured using 
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Cytometric Bead Array kit (n=3 independent experiments). Data are represented as the mean 

± SEM.  

Figure 5 Effect of GILZ-rAAV on CIA 

CIA was induced in DBA/1 mice as described. Mice were treated with an intra-articular 

injection in knees and ankles with either PBS, mock-rAAV or GILZ-rAAV from the onset of 

arthritis (n=10 per group). (A) GILZ mRNA was measured in distal paw, knee synovium and 

spleen from mice treated with PBS, mock-rAAV or GILZ-rAAV. (B) CIA clinical score was 

recorded in mice treated with PBS, mock-rAAV or GILZ-rAAV. *P < 0.05, **P < 0.01 

GILZ-rAAV vs mock-rAAV. (C) Arthritic scores were measured in mice with CIA treated 

with vehicle (control) or Dex (0.05mg/kg/day). *P < 0.05, Dex vs control (D) GILZ-rAAV 

and Dex-treated sCIA clinical scores were expressed as AUC/days observed.  *P < 0.05, **P 

< 0.01 GILZ-rAAV or Dex vs mock-rAAV treatment. No significant difference (NS, P=0.26) 

was observed between mice treated with GILZ-rAAV and Dex. The following results are 

from PBS, mock-rAAV or GILZ-rAAV treated mice with CIA. (E) Representative images of 

ankle joints stained with Safranin-O. (F) Serum anti-CII IgG, IgG1 and IgG2a antibody titres 

measured by ELISA. (G) Lymph node T cells were re-stimulated with and CII (10, 50µg/mL) 

or no treatment (NT) for 72hours prior to measurement of proliferation by thymidine 

incorporation. Data are represented as the mean ± SEM.  
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Supplementary	  Figure	  Legends	  

 

Supplementary Figure 1. Strategy for the generation of GILZ-/- mice.  

(A) The targeting vector was constructed to insert LoxP sites on either side of the last exon 

and 3’UTR of the Gilz gene. A neomycin resistance cassette was also added to the targeting 

vector within the floxed sequence, in order to select positive transformants. This neomycin 

cassette was excised by crossing the floxed mice with an Ozgene FLP deletor to create the 

floxed∆Neo conditional GILZ KO strain. Mating the floxed∆Neo mice with the Ozgene 

general Cre-deletor mice resulted in the recombination of the floxed sequence and generation 

of the GILZ KO. (B) Quantitative PCR primers pairs were designed to genotype GILZ KO 

mice. Two primers pairs were used to confirm WT, floxed or KO alleles. Primer pair 1 (red) 

amplified a 346bp DNA fragment in WT alleles, a 444bp fragment in floxed alleles and will 

not amplify ant fragment in KO alleles. The second primer pair (blue) amplified a 2261bp 

fragment in wt and floxed alleles and a 538bp fragment in KO alleles. (C) PCR amplified 

fragments were separated by electrophoresis and band sizes indicated mouse genotype as 

indicated. (D) DNA was isolated from tail samples of mice and processed for genotyping. 

Example of genotyping by PCR from heterozygous female mating with a WT male resulting 

in pups, which are female heterozygous (GILZ+/-), female or male WT (GILZ+/+) or male 

knockout (GILZ-/-). PCR fragments were separated by electrophoresis and the band size 

indicated genotypes. 

 

Supplementary Figure 2. In vitro effects of GILZ-rAAV on GILZ protein expression and 

NF-κB luciferase activity  

Mock-rAAV or GILZ-rAAV was infected into P3K RAW264.7 macrophages at 400,000 MOI 

for 72hours. (A) GILZ protein was measured using Western blot. β-actin was blotted as the 
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loading control. (B) P3K RAW264.7 macrophages infected with mock-rAAV or GILZ-rAAV 

were treated with 100ng/mL RANKL for 6hours and cell lysates measured for NF-κB 

luciferase activity. Results are expressed as fold change luciferase activity compared to non-

RANKL-treated (NT) cells. Data is represented as the mean ± SEM of n=5 experiments. 

Statistical analysis was performed using Student’s t-test. *P < 0.05. 
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