ARTHRITIS & RHEUMATISM
Vol. 65, No. 10, October 2013, pp 2573–2582 DOI  10.1002/art.38067
© 2013, American College of Rheumatology








Germinal Center Kinase–like Kinase Overexpression in T Cells as a Novel Biomarker in Rheumatoid Arthritis

Yi-Ming Chen,1  Huai-Chia Chuang,2  Wen-Chun Lin,3  Ching-Yi Tsai,3  Chia-Wei Wu,3 Ning-Rong Gong,3  Wei-Ting Hung,3  Tsuo-Hung Lan,1  Joung-Liang Lan,4
Tse-Hua Tan,5 and Der-Yuan Chen6


Objective. Germinal center kinase–like kinase (GLK; also called MAPKKKK-3) activates protein ki- nase C0 (PKC0) during T cell activation and controls autoimmunity in lupus patients. Intracellular kinases are involved in the pathogenesis of rheumatoid arthritis (RA). We undertook this study to determine the role of GLK in RA.
Methods. The severity of collagen-induced arthri- tis (CIA) was studied in GLK-deficient mice. Expression levels of GLK from RA patients were determined by Western blotting, flow cytometry, real-time polymerase
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chain reaction, and immunohistochemical staining. Lo- calization of GLK in T cells was identified by confocal microscopy. RA disease activity was assessed using the Disease Activity Score in 28 joints.
Results. GLK-deficient mice displayed impaired CIA development and decreased inflammatory cytokine levels. Local T cell infiltration and collagen restimula- tion responses were impaired by GLK deficiency. RA patients showed significantly higher GLK protein and messenger RNA levels in peripheral blood T cells than did healthy controls. GLK-overexpressing T cells in synovial fluid and synovial tissue samples from RA patients were increased compared with those from os- teoarthritis patients. Confocal microscopy and flow cytometry showed that GLK colocalized and coexisted with phosphorylated PKC0 in T cells from RA patients. Frequencies of GLK-expressing T cells were signifi- cantly correlated with RA disease activity.
Conclusion. GLK overexpression in T cells con- tributes to the pathogenesis of RA, indicating that GLK is a novel biomarker for autoimmune disease severity and a potential therapeutic target for RA.

Rheumatoid arthritis (RA) is characterized by devastating joint damage, leading to significant morbid- ity and mortality. Despite recent advances in biologic therapies, more than 30% of RA patients do not re- spond to any therapies, and the majority cannot achieve remission (1,2). One-third of RA patients are classified as nonresponders by the European League Against Rheumatism criteria (3), and the therapeutic response may diminish over time, indicating that novel therapies through different mechanisms are needed to achieve better disease control (4,5).
Intracellular kinases are involved in the patho- genesis of RA (6). Among them, inhibitors of JAKs and spleen tyrosine kinases have demonstrated promising efficacy by targeting upstream molecules of the signaling
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pathways (7,8). Abundant evidence shows that the down- stream kinase p38 MAPK appears to be an attractive target in RA treatment (9); however, due to lack of efficacy, none of the p38 MAPK inhibitors has progressed to phase III trials (10). Lessons learned from studies of these p38 MAPK inhibitors suggest that upstream sig- naling molecules may be more useful therapeutic targets than downstream signaling molecules (10,11).
Germinal center kinase–like kinase (GLK; also called MAPKKKK-3), an Ste20-like serine/threonine kinase, activates MAPK through MAPKKK and MAPKK (12). Our previous study demonstrated that GLK controls autoimmunity through activation of the
protein kinase C8 (PKC8)/IKK/NF-KB signaling path-
way in T cells (13). T cells from patients with systemic lupus  erythematosus  (SLE)  display  GLK  overexpres- sion, which is highly correlated with disease severity (13); however, the role of GLK in RA remains unknown. Collagen-induced arthritis (CIA) is an extensively studied animal model in which a destructive inflamma- tory  synovitis  resembling  RA  develops  (14).  PKC8- deficient mice display an attenuated response to CIA (15). IKK戶 inhibition is an effective treatment for bone and cartilage destruction in an arthritis animal model


Induction and scoring of arthritis. CIA was induced in wild-type (WT) or GLK-deficient mice as previously described (20). At age 12 weeks (day 0), mice were injected intradermally in the base of the tail with a total of 100 µl of an emulsion containing chicken type II collagen/Freund’s complete adju- vant emulsification (MD Biosciences). Due to injection with 100 µg type II collagen per mouse in the superficial layer of dermis, the incidence of arthritis in this study was higher (8 of 8 mice) than previously reported in B6 mice using a low dose (50 µg per mouse). The same injection was repeated intraperi- toneally on day 21. Clinical signs of disease in WT or GLK- deficient mice were then scored on a scale of 1–4, where 1 = a swollen digit(s), 2 = erythema, 3 = swollen paw/ankle, and 4 = loss of function. Hind paws were collected for hematoxylin and eosin staining. Measurement of IgG anti–type II collagen levels was performed using enzyme-linked immunosorbent assay (ELISA) with serum samples prepared 21 days after the first immunization.
Collagen restimulation. Inguinal lymph nodes were harvested 14 days after the first immunization. T cells were cultured in RPMI 1640 containing 10% fetal calf serum at 1 × 106/ml in 96-well plates in the presence of chicken type II collagen at a concentration of 10 µg/ml. Levels of interleukin-2 (IL-2), IL-4, IL-6, IL-17A, IL-1戶, and tumor necrosis factor α (TNFα) in supernatants were determined by ELISA according to the manufacturer’s instructions (eBioscience).
Reagents and antibodies. Antibodies to GLK were generated by immunizing rabbits with individual peptides (13).
538

(16).  Because  PKC8  and  IKK  play  critical  roles  in

Anti–p-PKC8 (at Thr

)  antibody  (Upstate  Biotechnology)

inflammatory arthritis, we investigated the potential role of the upstream kinase GLK in the pathogenesis of RA using collagen-immunized mice and clinical samples from human RA patients.

PATIENTS AND METHODS
Participants. We enrolled 30 RA patients fulfilling the 1987 revised criteria of the American College of Rheumatol- ogy (17). Twenty-four healthy volunteers served as healthy controls. Synovial fluid and tissue samples from 8 osteoarthritis (OA) patients and 8 RA patients were obtained at joint replacement surgery. The study protocol was approved by the Ethics Committee of Clinical Research, Taichung Veterans General  Hospital.
Disease activity. The erythrocyte sedimentation rate (ESR), serum levels of C-reactive protein (CRP), and the Disease Activity Score in 28 joints (DAS28) (18) were used to assess RA disease activity. Inactive disease was defined as a DAS28 of <3.2 (19).
GLK-deficient mice. A 129 mouse embryonic stem cell clone with GLK deficiency (RRO270) obtained from the European Conditional Mouse Mutagenesis Project was in- jected into blastocysts from the mouse line C57BL/6 (B6) to generate chimeric mice at the Transgenic Mouse Model Core, National Research Program for Genomic Medicine of Taiwan. GLK-deficient mice were backcrossed onto a B6 background for 9 generations. All animal experiments were performed using protocols approved by the Institutional Animal Care and Use Committee at the National Health Research Institutes, Taiwan.

was used for Western blotting. Anti-PKC8 antibody (Santa
Cruz Biotechnology) was used for intracellular staining. Phycoerythrin–Cy7–conjugated anti-human CD3 (SK7; BD PharMingen), anti–p-PKC8 at Thr538 (19/PKC; BD PharMin- gen), and anti–p-IKK (2681S; Santa Cruz Biotechnology) antibodies were used for flow cytometry analyses. TaqMan probes and primer sets (Applied Biosystems) were used for messenger RNA (mRNA) detection.
Western blot and flow cytometric analyses. For immuno- blot analyses, samples of synovial leukocytes and purified peripheral blood T cells were tested as described previously (13). Flow cytometric analyses of peripheral blood and synovial fluid samples were also performed as described previously (13).
Immunohistochemistry. Paraffin-embedded tissues were boiled for 10 minutes and washed with water for 2 min- utes. Sections were then preincubated with hydrogen peroxide block (Thermo Scientific) for 1 hour and incubated with anti- CD3 antibody (Santa Cruz Biotechnology) or anti-CD14 anti- body (BD Biosciences) plus anti-GLK antibody at 4°C over- night. Colors were produced with LVBlue/LVRed (MultiVision Polymer Detection System; Thermo Scientific).
Induction of primary T cell activation. For induction of primary T cell activation, 3 × 106  purified T cells were stimulated with 3 µg/ml biotin-conjugated anti-CD3 (500A2; eBioscience) plus 3 µg/ml of streptavidin (Sigma-Aldrich).
Confocal microscopy. For confocal images of the im- munologic synapse, T cells in synovial fluid and peripheral blood samples from RA patients and healthy controls were examined using a Leica TCS SP5 confocal system.
Statistical analysis. SPSS software version 13.0 was used for statistical analyses. Student’s t-test was used for comparisons between continuous variables. Pearson’s correla-
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Figure 1. Impaired induction of collagen-induced arthritis and reduced inflammation in germinal center kinase–like kinase (GLK)–knockout (KO) mice. A, Clinical scores comparing disease development between GLK-deficient mice (n = 8) and wild-type (WT) mice (n = 8). Animals were evaluated and changes were scored once daily after collagen immunization. B, Hind joints obtained on day 7 after the second immunization. C, Comparison of average hind paw ankle diameters between GLK-deficient and WT mice on day 7 after the second immunization. D, Representative hematoxylin and eosin–stained sections of ankle joints from WT and GLK-deficient mice. Arrowheads indicate pannus formation; arrows indicate cartilage destruction. Original magnification × 200. E, Serum levels of interleukin-2 (IL-2), IL-6, and IL-17A in WT and GLK-deficient mice on day 7 after immunization, as determined by enzyme-linked immunosorbent assay. F, Serum levels of IgG anti–type II collagen antibody in WT and GLK-deficient mice on day 7 after immunization. Bars in A, C, E, and F show the mean 士 SEM. ＊ = P < 0.05; ＊＊ = P < 0.01.


tion was used to determine the correlation between variables. Simple linear regression was used to study the correlation between the frequencies of GLK-expressing T cells and disease activity in RA patients.
RESULTS
Impaired development of CIA in GLK-deficient mice. We previously demonstrated that T cell–mediated immune responses are impaired in GLK-deficient mice

(13). To investigate the contribution of GLK to inflam- matory arthritis, we studied the induction of auto- immune responses in WT and GLK-deficient mice using the CIA model. All 8 of the WT mice tested developed severe CIA, whereas GLK-deficient mice showed signif- icantly reduced symptoms, synovial proliferation, and cartilage destruction (Figures 1A–D). Inflammatory cy- tokines are induced during CIA development (15,21,22).
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Figure 2. Decreased collagen-specific cytokine production in GLK-deficient mouse T cells. A, Synovial tissue levels of tumor necrosis factor α (TNFα), IL-6, and IL-17A in ankle joints of WT mice (n = 3) and GLK-deficient mice (n = 3). B, Immunohistochemical staining for anti-CD3 (brown) in representative ankle joint sections from WT and GLK-deficient mice. Arrows indicate CD3-positive T cells. Original magnification × 200. C, Immunohistochemical staining for anti-CD14 (brown) in representative ankle joint sections from WT and GLK-deficient mice. Arrows indicate CD14-positive monocytes. Original magnification × 200. D, Levels of TNFα, IL-6, and IL-17A in supernatants, as measured by enzyme-linked immunosorbent assay, after isolation of T cells from the inguinal lymph nodes of WT and GLK-deficient mice (n = 4 per group) and culture with type II collagen (10 µg/ml). Bars in A and D show the mean 士 SEM. ＊ = P < 0.05; ＊＊ = P < 0.01. See Figure 1 for other definitions.



We found that serum levels of IL-2, IL-6, IL-17A, IL-4, and IL-1戶 were significantly decreased in collagen- immunized GLK-deficient mice as compared with WT mice  (Figure  1E)  (further  information  is  available  at

http://www.nhri.org.tw/NHRI_ADM/userfiles/file/IM/ PAPER/TANTH/Arthritis%20Rheum_Supplementary_ data.pdf); however, the level of the antiinflammatory cytokine transforming growth factor 戶 (TGF戶) was not





affected  (further  information  is  available  at  http:// www.nhri. org.tw/NHRI_ADM/userfiles/file/IM/PAPER/TANTH/ Arthritis%20Rheum_Supplementary_data.pdf).  The  re- duction of IL-17A, IL-2, IL-4, and IL-6 serum levels in whole body GLK-deficient mice may be due to the GLK deficiency in T cells; the reduction of IL-1戶 and IL-6 serum levels may be due to the GLK deficiency in other cell types, such as macrophages. GLK-deficient mice showed reduced levels of pathogenic anti–type II colla- gen antibodies (Figure 1F). These results suggest that GLK is required for inflammatory arthritis.
Decreased collagen-specific cytokine production in GLK-deficient mouse T cells. To study T cell re- sponses to collagen in GLK-deficient mice, we deter- mined  synovial  cytokines,  infiltrating  leukocytes,  and collagen-specific responses. In synovial tissue samples, TNFα, IL-6, and IL-17A levels were significantly de- creased  in  collagen-immunized  GLK-deficient  mice (Figure 2A). Infiltrating T cells, but not macrophages, in hind paws of GLK-deficient mice were markedly de- creased as compared with those in the hind paws of WT mice  (Figures  2B  and  C).  Next,  we  studied  ex  vivo collagen restimulated T cell responses. GLK-deficient mouse T cells showed significant reductions in TNFα, IL-6, and IL-17A production compared with WT mouse T cells in the collagen restimulation assays (Figure 2D). Demographic and clinical features of the RA patients. To study whether GLK levels were increased in T cells from RA patients, 30 RA patients (66.7% female;


Table 1.   Demographic data, clinical manifestations, and laboratory findings in the RA patients and healthy controls*
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Figure 3. Increased germinal center kinase–like kinase (GLK) pro- tein and mRNA levels in peripheral blood T cells from rheumatoid arthritis (RA) patients. A, Immunoblot analyses of GLK and phos- phorylated protein kinase C8 (PKC8) in purified peripheral blood T cells from 5 randomly sampled RA patients and 2 healthy controls (HC) (top). Arrows indicate 2 different GLK isoforms (99.5 kd and
97.0 kd), which may be due to differential RNA splicing. Relative fold changes in GLK were normalized to GAPDH (bottom). B, Compari-

RA patients
(n = 30)

Healthy controls
(n = 24)

son of GLK expression levels between RA patients (n = 15) and
healthy controls (n = 10). Data are presented as the relative fold



Age at study entry, years	50.3 士 15.7†	33.4 士 8.3 Female,  no.  (%)		20 (66.7)		15 (62.5)
Disease duration, years	6.7 士 9.8	NA
RF,  IU/ml	64.8 士 63.1	NA
Anti-CCP  antibody,  units	133.4 士 86.5	NA DAS28		4.8 士 1.0	NA
ESR,   mm/hour	35.9 士 24.4‡	14.0 士 2.3
CRP,  mg/dl	1.00 士 1.72†	0.09 士 0.02
Daily  prednisolone  dose,  mg	5.9 士 2.8	NA
Methotrexate, no. (%)	23 (76.6)	NA
Hydroxychloroquine, no. (%)	11 (36.6)	NA
Sulfasalazine, no. (%)	4 (13.3)	NA
Anti-TNFα therapy, no. (%)	19 (63.3)	NA


* Except where indicated otherwise, values are the mean 士 SD. RA = rheumatoid arthritis; NA = not applicable; RF = rheumatoid factor; anti-CCP = anti–cyclic citrullinated peptide; DAS28 = Disease Ac- tivity Score in 28 joints; ESR = erythrocyte sedimentation rate; CRP = C-reactive protein; anti-TNFα = anti–tumor necrosis factor α.
† P < 0.05 versus healthy controls, by Student’s t-test.
‡ P < 0.001 versus healthy controls, by Student’s t-test.

change in GLK, with normalization to GAPDH. Bars  show  the mean 士 SEM. ＊ = P = 0.020. C, Levels of GLK mRNA in purified peripheral blood T cells from 12 RA patients and 13 healthy controls, as determined by real-time polymerase chain reaction. Data are expressed as the ratio of GLK to peptidylprolyl isomerase A mRNA transcripts. Bars show the mean 士 SEM. ＊ = P = 0.0029. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.38067/abstract.



mean 士 SD age 50.3 士 15.7 years) and 24 healthy controls (62.5% female; mean 士 SD age 33.4 士 8.3 years) were enrolled in the study (Table 1).
Increased GLK expression in purified peripheral blood T cells from RA patients. Levels of GLK protein were increased in purified peripheral blood T cells from RA  patients,  as  determined  by  Western  blotting  (Figure
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Figure 4. Overexpression of GLK in T cells from synovial fluid and synovial tissue samples from RA patients. A, Immunoblot analyses of GLK and phosphorylated PKC8 in synovial fluid leukocytes from RA and osteoarthritis (OA) patients. B, Comparison of GLK expression levels between RA patients (n = 3) and OA patients (n = 2). Data are presented as the relative fold change in GLK, with normalization to GAPDH. C, Flow cytometric analyses of GLK-positive CD3-gated T cells in synovial fluid samples from 4 RA patients and 4 OA patients (P = 0.021 between groups). D, Representative immunohistochemical staining for anti-GLK (blue) and anti-CD3 (brown) in synovial tissue samples from patients with active RA, patients with inactive RA, and patients with OA (n = 2 per group). Arrows indicate GLK-expressing T cells. Original magnification × 400. E, Comparisons of GLK-expressing T cells in synovial biopsy specimens from 4 patients with OA, 4 patients with inactive RA, and 4 patients with active RA. Bars in B and E show the mean 士 SEM. ＊ = P < 0.05; ＊＊ = P < 0.01. See Figure 3 for other definitions.




3A) (further information is available at http://www.nhri. org.tw/NHRI_ADM/userfiles/file/IM/PAPER/TANTH/ Arthritis%20Rheum_Supplementary_data.pdf). GLK expression levels in purified T cells from RA patients were significantly higher than those in purified T cells from healthy controls (mean 士 SEM 1.2 士 0.7 versus
0.6 士 0.4; P = 0.020) (Figure 3B). Moreover, GLK mRNA levels in purified peripheral blood T cells were


also significantly higher in RA patients compared with healthy controls (mean 士 SEM 12.3 士 18.5 versus 1.0 士 1.2; P = 0.029) (Figure 3C). Because GLK activates PKC8 by phosphorylating PKC8 at Thr538 (13), we studied whether GLK-induced PKC8 activation was involved in RA. PKC8 phosphorylation was also en- hanced in peripheral blood T cells from RA patients (Figure 3A).





Increased expression in T cells from RA synovial fluid and synovial tissue samples. We next studied whether GLK was also expressed in T cells from the synovial microenvironment of human RA patients. Us- ing Western blotting, we determined that GLK expres- sion and PKC8 phosphorylation were significantly en- hanced in synovial fluid leukocytes from RA patients (Figures 4A and B). Using flow cytometry analyses, we determined that the frequency of GLK-expressing CD3- positive T cells in synovial fluid samples from RA patients was much higher than that in synovial fluid samples from OA patients (Figure 4C). We performed immunohistochemical staining for anti-GLK and anti- CD3 in synovial tissue samples from patients with active RA, patients with inactive RA, and OA patients. As illustrated in Figures 4D and E, GLK-expressing T cells were significantly increased in synovial tissue samples from patients with active RA but barely detected  in those from OA patients.
Colocalization of GLK, PKC0, and CD3 in  T cells from synovial fluid and peripheral blood samples. Confocal microscopy showed that GLK colocalized with PKC8 and CD3 in T cells from both synovial fluid (Figure 5A) and peripheral blood (Figure 5B) samples from RA patients, suggesting that GLK interacts with active PKC8 on the T cell membrane.
Correlation of GLK-expressing T cell frequencies with RA disease activity. Serum levels of TNFα (27.6 士 42.4 pg/ml versus 5.4 士 13.9 pg/ml; P = 0.019)
and IL-17A (14.2 士 12.1 pg/ml versus 7.5 士 4.4 pg/ml;
P = 0.015), but not TGF戶 (6.5 士 5.1 pg/ml versus
5.2 士 7.6 pg/ml, respectively; P = 0.5), were higher in RA patients than in healthy controls (further informa- tion is available at http://www.nhri.org.tw/NHRI_ ADM/userfiles/file/IM/PAPER/TANTH/Arthritis%20 Rheum_Supplementary_data.pdf). Flow cytometric ana- lyses showed that the frequencies of GLK-expressing peripheral blood T cells, but not B cells or monocytes, were greater in RA patients (Figures 5C and D). Con- sistent with confocal images, GLK-expressing T cells were p-PKC8– and p-IKK–positive cells (Figure 5C). The frequencies of GLK-expressing peripheral blood T cells were significantly higher in RA patients than in healthy controls (18.4 士 7.6% versus 10.5 士 5.0%; P < 0.001) (Figure 5E). These data suggest that the GLK/ PKC8/IKK cascade is involved in the pathogenesis of human RA. Compared with controls, the frequencies of GLK-positive T cells in RA patients were 1.8-fold higher in peripheral blood (Figure 5E) and 4.4-fold higher in synovial fluid (Figure 4C). The induction of GLK- expressing T cells in RA synovium was even higher (14.0-fold)  than  that  in  OA  synovium  (Figure  4E),


indicating local GLK activation in inflamed synovial tissue samples.
The frequencies of GLK-expressing T cells were correlated with tender joint counts (r = 0.500, P = 0.005), ESR (r = 0.400, P = 0.003), CRP (r = 0.330, P =
0.015), and DAS28 (r = 0.606, P = 0.0005) in RA
patients (further information is available at http://www. nhri.org.tw/NHRI_ADM/userfiles/file/IM/PAPER/ TANTH/Arthritis%20Rheum_Supplementary_data. pdf). After removing 4 outliers who showed high resid- ual (modulus  >1)  in  simple  linear  regression,  the  re- maining 86.7% of RA patients (26 of 30) showed even higher correlation between the frequencies of GLK- expressing T cells and the DAS28 (r = 0.712, P = 0.0000639) (further information is available at http://www. nhri.org.tw/NHRI_ADM/userfiles/file/IM/PAPER/ TANTH/Arthritis%20Rheum_Supplementary_data. pdf). These results suggest that GLK signaling plays important roles in the pathogenesis of RA.

DISCUSSION
In this study, we found that GLK was overex- pressed in T cells of peripheral blood and synovial tissue samples from RA patients. GLK deficiency attenuated the development of CIA in mice. Moreover, the fre- quencies of GLK-expressing T cells were significantly correlated with RA disease severity, indicating that GLK contributes to the pathogenesis of RA. Our results suggest that GLK is a novel biomarker for autoimmune disease severity and is a potential target for therapeutic regimens.
Recently, p38 MAPK has been considered crucial to the induction and maintenance of Th1/Th17 cell– mediated chronic inflammation in RA (9); however, inhibition of p38 MAPK does not provide significant benefits in early-phase trials (10). GLK is a serine/ threonine kinase that is widely expressed in different human tissues and is an upstream kinase of MAPK signaling (12,13). Our recent study demonstrates that
GLK induces the IKK/NF-KB pathway by directly phos-
phorylating and activating PKC8 (13). Our studies and those of others using experimental autoimmune enceph- alomyelitis and CIA models showed that both GLK- deficient and PKC8-deficient mice display lower Th1/ Th17 cell–mediated autoimmune responses (13,15,21) (Figure 1), suggesting that GLK signaling controls auto- immunity. GLK colocalized with PKC8 in T cells from peripheral blood and synovial fluid samples from RA patients. Furthermore, most of the GLK-expressing T cells were PKC8/IKK-activated cells. To our knowledge, ours  is  the  first  report  that  GLK  overexpression  and
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Figure 5. GLK overexpression and colocalization with phosphorylated PKC8 in T cells from RA patients. A, Confocal microscopy of GLK, PKC8, and CD3 in synovial fluid T cells from RA and osteoarthritis (OA) patients using a TCS SP5 confocal system (Leica). B, Confocal microscopy of GLK, PKC8, and CD3 in peripheral blood T cells of RA patients and healthy controls (HC) using a TCS SP5 confocal system. Colocalization of GLK (green) and PKC8 (red) showed yellow color. Colocalization of GLK (green) and CD3 (purple) resulted in white color. Merged images for GLK, PKC8, and CD3 showed bright yellow. C and D, Flow cytometric analyses of GLK/p-PKC8/p-IKK–positive cells from peripheral blood leukocytes of representative RA patients and healthy controls. CD3-positive T cells (C), CD14-positive monocytes (D), and CD19-positive B cells (D) were gated and then analyzed by flow cytometry. E, Frequencies of GLK-overexpressing T cells in 30 RA patients and 24 healthy controls. Bars show the mean 士 SEM. ＊＊ = P < 0.001. See Figure 3 for other definitions.



PKC8/IKK hyperactivation in T cells are novel biomark- ers for RA. Moreover, the frequency of GLK-positive T cells was positively correlated with RA disease activity, indicating that the GLK/PKC8/IKK pathway plays a crucial role in the pathogenesis of RA.

Up-regulation of the NF-KB pathway is critical for synthesis of matrix-degrading enzymes, leading to bone erosion in RA, while inhibition of IKK protects against bone and cartilage destruction (16). Anti-CD3– induced  NF-KB  activation  is  also  enhanced  by  GLK





overexpression and suppressed by GLK small interfering RNA in T cell lines (13), suggesting that inhibition of GLK may alleviate inflammation in RA. Compromised Treg cell  function has  been reported  in  RA patients, while inhibition of PKC8 reverses defective Treg cell activity in RA patients (22). GLK-deficient mice show that Treg cell–mediated suppressing function is en- hanced (13). Thus, the GLK/PKC8 pathway negatively regulates Treg cell function. Taken together, antagoniz- ing GLK in RA patients might diminish T cell–mediated immune responses and boost Treg cell–mediated sup- pressing functions, suggesting that GLK is a promising therapeutic target for RA.
Both synovial tissue and synovial fluid samples from RA patients showed higher frequencies of GLK- expressing T cells as compared to those  in the peri- pheral blood. Consistently, infiltrating T cells and in- flammatory cytokines were decreased in synovial tissue samples from GLK-deficient mice. These data suggest that GLK-overexpressing T cells may contribute to synovial inflammation in RA. Our previous study (13) showed that the frequencies of GLK-expressing T cells in the peripheral blood from SLE patients are higher (2.4-fold) than those from RA patients (1.8-fold) (Fig- ure 5E). The correlation between frequencies of GLK- expressing T cells and disease activity in SLE patients was higher than that in RA patients (r = 0.773 and r = 0.606). Nevertheless, the correlation between frequen- cies of GLK-overexpressing T cells and RA disease severity was still significant. The above findings suggest that the accumulation of GLK-overexpressing T cells plays an important role in the pathogenesis of auto- immune diseases.
This study has some limitations. First, its design is cross-sectional, making it difficult to assess the influence of pharmacologic treatment on GLK expression. Previ- ous studies have shown that glucocorticoids inhibit PKC8 signaling and that TNFα inhibitors reduce NF- KB–regulated gene expression (23,24). Although immu- nosuppressive agents may reduce the expression of GLK, PKC8, IKK, or NF-KB in T cells of RA patients, GLK levels were still significantly higher and correlated with disease activity in at least 86% of RA patients. Second, the role of GLK in the pathogenesis of bone destruction and cartilage damage is still elusive. Never- theless, our results demonstrate a link between GLK and joint inflammation in RA patients.
In conclusion, our results indicate that GLK plays a critical role in the pathogenesis of RA and is a potential biomarker for disease severity. In addition, the inhibition of GLK and its downstream PKC8/IKK sig- naling may offer novel therapeutic strategies for RA.
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