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                                                          Abstract 

Gamma interferon Inducible Lysosomal Thiol reductase (GILT) is an enzyme involved in the 

initial steps of antigen processing and presentation.  GILT facilitates protein unfolding, which makes the 

endocytosed protein accessible to further enzymatic processing by lysosomal/endosomal proteases [1].  In 

order to study the in vivo role of GILT, a GILT-/- mouse was previously generated [2].  It has been shown 

that by changing the redox state of exogenous antigenic proteins, GILT alters the adaptive immune 

response.  Mice lacking GILT have defective immune responses against disulfide bond containing proteins.  

In order to detect possible alterations in the self-peptide repertoire between GILT wild-type (WT) and 

deficient mice, we have isolated MHC class II associated peptides from mouse splenocytes and analyzed 

them by ESI-MS/MS tandem mass spectrometry.  We have found an altered self-peptide repertoire in the 

GILT-deficient cells in comparison to the GILT WT cells.   We have also shown that GILT is expressed 

not only in professional antigen presenting cells, but also in mouse T cells and fibroblasts. Furthermore, we 

have defined a novel role of GILT in the regulation of cellular proliferation.  GILT appears to have an 

inhibitory role in T cell activation, and in cellular proliferation of fibroblasts.  We have identified the 

mitochondrial manganese superoxide dismutase (SOD2) as one of the key intermediates through which 

GILT alters cellular proliferation of fibroblasts and T cells.  The expression and activity of SOD2 is 

reduced in the absence of GILT.  In addition, forced increase of SOD2 expression in the absence of GILT 

restores proliferation of mouse fibroblasts to wild type levels.  Therefore, GILT appears to have an 

important role in cellular proliferation, mediated through its effect on SOD2 protein expression and 

activity. 
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INTRODUCTION 

1. Thiol reductases 

Most proteins contain the amino acid cysteine that under certain conditions easily 

forms disulfide bonds (S-S) with other cysteine residue(s) [3]. These bonds stabilize the 

native conformation of proteins by lowering the entropy of their unfolded forms, 

therefore making unfolded forms thermodynamically less favorable [4], [5].  In addition, 

it has been shown that cleavage of disulfide bonds can control the biological function of a 

protein [6], [7], [8].   

Thiol reductases are enzymes that catalyze thiol-disulfide exchange reactions, and 

are required for the following functions: 1) electron and proton transport to essential 

enzymes, 2) formation of disulfides in protein folding, and reduction of disulfides in 

protein unfolding, and 3) general regulation of protein function by thiol redox control [9], 

[10].   

Enzymes of the thiol reductase family carry out reduction, oxidation, and 

isomerization of protein disulfide bonds in the cytosol (for example-thioredoxin) [11], 

[12], mitochondria (mitochondrial thioredoxin reductase) [13], endoplasmic reticulum 

(protein disulfide isomerase, ERp57) [12], [14] and lysosomes (GILT).  The majority of 

these enzymes are functional at neutral or slightly alkaline pH [15].  They have similar 

three-dimensional structure and all feature a conserved active-site loop containing two 

cysteines in the sequence (–C-G-H/P-C-) [16]. 
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GILT OVERVIEW 

2. GILT Discovery 

In biological systems, disulfide reduction requires the presence of a thiolate anion 

(S-), and mostly occurs as a consequence of thiol-disulfide exchange. However, 

deprotonation of thiols is thermodynamically disfavored (pKa=8.3) in acidic 

environments (such as endosomes/lysosomes), hence disulfide reduction is inefficient 

[17].  Therefore, the existence of thiol reductases in lysosomes was predicted In an earlier 

study Collins, et al. proposed that a high concentration of cysteine transported into the 

lumen by amino acid transporters catalyze disulfide bond reduction in lysosomes [18].   

In addition  to cysteine , a γ-Interferon Inducible Lysosomal Thiol Reductase (GILT) 

was suggested to contribute to the reducing activity in the endosomal/lysosomal 

compartments [19]. 

GILT was originally discovered as a novel IFN γ-inducible protein in the human 

monocytic cell line U937 [20].  Later, its function as a thiol reductase was described by 

Arunachalam et al. [1], where a new assay was developed using 125I-F(ab’)2 as a 

substrate.  The reduction of F(ab’)2 into Fab and heavy and light chains was analyzed by 

non-reducing SDS-PAGE followed by autoradiography.  With GILT, the reduction of 

F(ab’)2 was maximal between pH 4.0 and pH 5.0, whereas the spontaneous reduction of 

F(ab’)2 by DTT in the absence of GILT was seen only at pH 7.0 [1].  
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3. Uniqueness of GILT 

GILT is a unique and unusual member of the thioredoxin (thiol reductase) family 

of enzymes, because its optimal enzymatic activity is at a low pH (4.5-5.5), and is so far 

the only thiol reductase known to be active at low pH [20], [1], [21].  In addition, it’s 

catalytic active site (-C-X-X-C-), does not have the common active site motif (–C-G-H/P-

C-) but rather a modification of it: (-C-G-G-C-) in human, and (-C-G-A-C-) in mice. 

4. Mechanism of the Thiol Reductase Action  

GILT in human cells has been shown to possess thiol reductase activity mediated 

by Cys-46 and Cys-49 in human enzyme [1].  To reduce a substrate, the N-terminal 

cysteine (Cys-46) of the active site motif is deprotonated and initiates a nucleophilic 

attack on the substrate disulfide bond, resulting in the formation of a disulfide enzyme-

substrate intermediate complex. This intermediate is then followed by the subsequent 

intramolecular nucleophilic attack by deprotonated C-terminal cysteine (Cys-49), 

releasing the reduced substrate and the oxidized enzyme Fig. 1 [19].   It is not known 

how GILT’s reduced active site is regenerated, although in vitro studies have shown that 

the estimated lysosomal concentrations of both cysteine and cysteinyl-glycine are capable 

of mediating this activity [19].   
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Figure 1 

 

Mechanism of thiol reductase action.  To reduce a substrate, the N-terminal cysteine of 

the active site motif is deprotonated and proposed to initiate a nucleophilic attack on the 

substrate disulfide bond, resulting in the formation of a mixed disulfide enzyme-substrate 

intermediate complex. Subsequent intramolecular nucleophilic attack by the deprotonated 

C-terminal cysteine, enables the release of reduced substrate and oxidized enzyme [19]. 
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5. GILT maturation 

Mouse GILT is synthesized as an approximately 35 kDa soluble glycoprotein 

precursor which contains a mannose-6-phosphate signal, and is transported to the 

endosomal compartment via the mannose-6-P-receptor pathway [19].  In early 

endosomes GILT is found as a proform and in the lysosomes mostly as a mature 

(approximately 25kDa) form.  The mature form results from proteolytic removal of the 

N- and C- terminal propeptides [1] by multiple proteases, cathepsins B, D, L and S [19]. 

Both forms have thiol reductase activity [22].   

6. GILT Localization 

GILT is most abundantly expressed in mouse tissues rich in antigen presenting 

cells, such as lymph nodes, spleen, and lungs [2], but is also present in tissues that 

contain far fewer APCs (e.g. kidney) [2].  In addition, roughly 20% of newly synthesized 

GILT is secreted from cells and can be found in culture supernatants [21], [2], and in 

mouse serum (M. Maric, unpublished observations).  Whether this secreted protein is 

eventually re-internalized and delivered to lysosomes, or has functions outside the cell is 

currently unknown. 

  7.  GILT homology 

In the mouse, GILT is located on chromosome 8 and in humans on chromosome 

19.  BLAST nucleotide alignment analysis of Mus musculus GILT (cDNA and genomic 

sequence accession number AF309650) and Homo sapiens GILT (cDNA and genomic 
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sequence accession number AF097362) shows an identity of 76%.  The genomic DNA of 

GILT from both species consists of seven exons spanning similar lengths [23].  The 

similarity of mouse and human GILT is approximately 69% at the amino acid level Fig. 

2.    

Proteins with a different degree of similarity to mouse and human GILT are found 

in Caenorhabditis elegans, and Arabidopsis thaliana [23].  In fact, GILT belongs to a 

family of homologous proteins that is expressed in evolutionary distant species, from 

unicellular organisms, insects, amphibians, fish, cattle, rodents, and even plants Fig. 3. 
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Figure 2 

Similarity of human and mouse GILT.  GILT is located on mouse chromosome 8 and 

human chromosome 19.  Blast nucleotide alignment analysis of Mus musculus GILT 

(cDNA and genomic sequence accession number AF309650) and Homo sapiens GILT 

(cDNA and genomic sequence accession number AF097362) shows an identity of 76%.  

The genome from both species comprises seven exons spanning similar lengths [23].  The 

homology of mouse and human GILT is approximately 69% at the amino acid level. 
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Similarity of human and mouse GILT 

 

v10       v20       v30          v40       v50       v60           
MSWSPILPFLSLLLLLFPLEVPRAATASLSQAS---SEGTTTCKVHDVCLLGPRPLPPSPPV RVS LYYES
M: SP:L FL: LLLL: : .: ..:::L . .   :. ....K. ::.L GP   : :P V .V: LYYE:
MTLSPLLLFLPPLLLLLDVPTAAVQASPLQALDFFGNGPPVNYKTGNLYLRGPLKKSNAPLV NVT LYYEA

v70       v80       v90         v100        v110      v120      v130          
LCGACCGACCGACCGACRYFLVRDLFPTWLMVMEIM NIT LVPYGNAQER NVS GTWEFTCQHGELECRLNMVEACLLDKLEKE
LCG:CCG:CCG:CCG:CR FL:R:LFPTWL:VMEI: N:T LVPYGNAQE: NVS G WEF.CQHGE EC::N.VEAC:LD.L:.E
LCGGCCGGCCGGCCGGCRAFLIRELFPTWLLVMEIL NVT LVPYGNAQEQ NVS GRWEFKCQHGEEECKFNKVEACVLDELDME

v140      v150      v160      v170      v180      v190      v200          
AAFLTIVCMEEMDDMEKKLGPCLQVYAPEVSPESIMECATGKRGTQLMHENAQLTDALHPPHEYVPWVLV
AFLTIVCMEE.:DME:.L  CLQ:YAP.:SP::IMECA G.RG QLMH.NAQ TDAL:PPHEYVPWV V
LAFLTIVCMEEFEDMERSLPLCLQLYAPGLSPDTIMECAMGERGMQLMHANAQRTDALQPPHEYVPWVTV

^160      ^170      ^180      ^190      ^200      ^210      ^220    
v210      v220      v230      v240           

NEKPLKDPSELLSIVCQLYQGTEKPDICSSIADSPRKVCYK
N.KPL.D.::LL::VCQLYQG. KPD:C:S :.S R.VC:K
NGKPLEDQTQLLTLVCQLYQGK-KPDVCPSSTSSLRSVCFK

Mouse

Human

Human: Chromosome 19 (Ifi30) IP30

Mouse: Chromosome8 (Ifi30) IP30

 

 

 

Figure 2 
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Figure 3 

            Family of GILT homologues. Sequence of mouse GILT was used to identify 

potential homologues in various species using BLAST search on several web-

based servers.  All of the above sequences were entered into Clustalw for multiple 

alignment.  Aligned sequences by Clustalw were used to compute the phylogenic 

tree.  The web site used was www.ebi.ac.uk/clustalw 
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NP_075552.1 Mus musculusNP_075552.1 Mus musculusNP_075552.1 Mus musculusNP_075552.1 Mus musculus
QPl051 Rattus norvegicusQPl051 Rattus norvegicusQPl051 Rattus norvegicusQPl051 Rattus norvegicus
Q6PT98 Bos TaurusQ6PT98 Bos TaurusQ6PT98 Bos TaurusQ6PT98 Bos Taurus

XPXPXPXP----53387 Canis familiaris53387 Canis familiaris53387 Canis familiaris53387 Canis familiaris
Q8WU77 Homo sapiensQ8WU77 Homo sapiensQ8WU77 Homo sapiensQ8WU77 Homo sapiens

Q6WMS9 Q6WMS9 Q6WMS9 Q6WMS9 Branchiostoma belcheri tsingtaunese (amphioxusBranchiostoma belcheri tsingtaunese (amphioxusBranchiostoma belcheri tsingtaunese (amphioxusBranchiostoma belcheri tsingtaunese (amphioxus))))
Q7Q1K2 Q7Q1K2 Q7Q1K2 Q7Q1K2 Anopheles gambiaeAnopheles gambiaeAnopheles gambiaeAnopheles gambiae

Q95RA9 Q95RA9 Q95RA9 Q95RA9 Drosophila melanogasterDrosophila melanogasterDrosophila melanogasterDrosophila melanogaster

Q95P83 Q95P83 Q95P83 Q95P83 Amblyomma americanum (lone star tick)Amblyomma americanum (lone star tick)Amblyomma americanum (lone star tick)Amblyomma americanum (lone star tick)

Q7Y1Z2 Triticum aestivum (wheatQ7Y1Z2 Triticum aestivum (wheatQ7Y1Z2 Triticum aestivum (wheatQ7Y1Z2 Triticum aestivum (wheat))))

Q5LT3 Oryza sativa (riceQ5LT3 Oryza sativa (riceQ5LT3 Oryza sativa (riceQ5LT3 Oryza sativa (rice))))
Q8LB16 Arabidopsis thaliana (mouse ear cress)Q8LB16 Arabidopsis thaliana (mouse ear cress)Q8LB16 Arabidopsis thaliana (mouse ear cress)Q8LB16 Arabidopsis thaliana (mouse ear cress)

Q6BFL3 Paramecium tetraurelia (unicel.org.)Q6BFL3 Paramecium tetraurelia (unicel.org.)Q6BFL3 Paramecium tetraurelia (unicel.org.)Q6BFL3 Paramecium tetraurelia (unicel.org.)

O17861 Caenorhabditis elegans (nematodeO17861 Caenorhabditis elegans (nematodeO17861 Caenorhabditis elegans (nematodeO17861 Caenorhabditis elegans (nematode))))

XP_418246 Gallus gallusXP_418246 Gallus gallusXP_418246 Gallus gallusXP_418246 Gallus gallus

Q45BL6 Tetraodon nigroviridis (Green pufferQ45BL6 Tetraodon nigroviridis (Green pufferQ45BL6 Tetraodon nigroviridis (Green pufferQ45BL6 Tetraodon nigroviridis (Green puffer))))

Q5XJN2 Danio rerio (Zebra fishQ5XJN2 Danio rerio (Zebra fishQ5XJN2 Danio rerio (Zebra fishQ5XJN2 Danio rerio (Zebra fish)

Q2L163 Ictalurus punctatus (Channel catfishQ2L163 Ictalurus punctatus (Channel catfishQ2L163 Ictalurus punctatus (Channel catfishQ2L163 Ictalurus punctatus (Channel catfish)

NP_001017196.1 Xenopus tropicalis (Frog)NP_001017196.1 Xenopus tropicalis (Frog)NP_001017196.1 Xenopus tropicalis (Frog)NP_001017196.1 Xenopus tropicalis (Frog)

 

 

 

Figure 3 
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Roles of GILT in antigen processing and beyond 

 8.  Overview of MHC II antigen (Ag) processing and presentation  

Cell surface class II major histocompatability (MHC class II) associated peptide 

complexes are created within MHC class II Ag processing pathway. The CD4+ T 

lymphocytes (T cells) engage these MHC II associated peptide complexes on the surface 

of the antigen presenting cell such as dendritic cells, macrophages, and B lymphocytes (B 

cells), in order to become activated [24]. 

The MHC II α and β chains are synthesized on the rough endoplasmic reticulum 

(rER) and form heterodimers in the ER lumen.  X-ray crystallographic studies 

demonstrated that MHC class II epitope binding site consists of a groove and several 

pockets provided by a β-sheet and two α-helices. In the ER the invariant chain (Ii) 

molecule forms trimers, and each subunit non-covalently binds to MHC II α:β 

heterodimer molecule. The Ii serves as a chaperone, which guides MHC class II molecule 

out of the ER, through the Golgi, in a vesicle that eventually becomes part of the 

endocytic pathway.  In addition, the invariant chain prevents non-specific binding of 

peptides and unfolded proteins to MHC class II molecules, in the ER and during the 

transport of molecule into endocytic vesicles.  The Ii is sequentially cleaved, leaving a C-

terminal portion of the Ii, termed Class II-associated Ii peptide (CLIP). CLIP also 

protects the MHC II binding groove from binding non-specific peptides outside of the 

class II loading compartment [24], [25],[26]. 
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Extracellular foreign antigens can enter APCs through the process of endocytosis, 

phagocytosis, or macropinocytosis. Antigenic proteins that enter cells through the 

endocytic process become part of endosomes, whose pH gradually decreases, as they 

progress to the cell interior, and ultimately fuse with lysosomes [26].  The acidic 

environment of the endosomal/lysosomal compartments contains acid proteases, such as 

cathepsins.  Acid proteases are usually activated by the autocatalytic cleavage of a 

propeptide, which blocks the active site in the precursor form.  Cathepsins eventually 

degrade the endocytosed exogenous and the endogenous protein antigens located in this 

compartment, for the generation of the MHC II-binding peptides [25],[26]. 

Antigenic proteins are taken up from outside the cell and degraded into peptides 

within acidified endocytic vesicles; however, they cannot bind to MHC II binding 

grooves engaged by CLIP. The class II-like molecule H2-M (HLA-DM in humans) 

interacts with the MHC II: CLIP complexes and facilitates the release of CLIP, as well as 

binds the antigenic peptides generated in the endocytic compartment.  The MHC II 

associated peptide complexes are then directed to the cell surface, for the presentation to 

CD4+ T cells [25], [26] Fig. 4.  
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Figure 4 

The role of GILT in MHC class II antigen processing. The MHC II α and β chains are 

synthesized on the rough endoplasmic reticulum (rER) and form heterodimers in the ER 

lumen.  X-ray crystallographic studies demonstrated that MHC class II epitope binding 

site consists of a groove and several pockets provided by a β-sheet and two α-helices. In 

the ER the invariant chain (Ii) molecule forms trimers, and each subunit non-covalently 

binds to MHC II α:β heterodimer molecule. The Ii serves as a chaperone, which guides 

MHC class II molecule out of the ER, through the Golgi, in a vesicle that eventually 

becomes part of the endocytic pathway.  In addition, the invariant chain prevents non-

specific binding of peptides and unfolded proteins to MHC class II molecules, in the ER 

and during the transport of molecule into endocytic vesicles.  The Ii is sequentially 

cleaved, leaving a C-terminal portion of the Ii, termed Class II-associated Ii peptide 

(CLIP). CLIP also protects the MHC II binding groove from binding non-specific 

peptides outside of the class II loading compartment[25], [26].  By reducing disulfide 

bonds of exogenous antigenic proteins in endosomal/lysosomal cell compartments, GILT 

makes proteins accessible for further enzymatic processing by lysosomal proteases.  The 

MHC class II-associated peptide complexes are then aimed to the cell surface, for 

presentation to CD4+ T cells. 
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Figure 4                                                                              Dr. Cresswell (Yale University)                                                                                 

http://www.cellbiology.yale.edu/cellbio/html/faculty/p_cresswell.shtml 
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 9.  The role of GILT in MHC II antigen processing and presentation 

 Reduction of antigens  is an essential step for MHC II processing and presentation 

[18], [27], [28], [29]. As mentioned above, GILT is localized in the endosomal/lysosomal 

cell compartments where the removal of Ii from MHC class II molecule, as well as 

antigen processing takes place.  GILT is constitutively expressed in professional APCs, 

but is also inducible by pro-inflammatory cytokines such as IFNγ, TNFα, and IL-1β [19].  

Using the GILT-/- mouse as a model, it has been shown that GILT catalyzes 

initial unfolding of the antigenic protein (protein becomes accessible for further 

processing by cathepsins) and therefore facilitates peptide binding to MHC class II 

molecules [2].  The response to hen egg lysozyme (HEL), a model antigen containing 

four intrachain disulfide bonds [30], was examined in depth [2].  In addition to the 

disulfide bond content, HEL is an excellent model antigen for evaluating the role of 

GILT in Ag processing and presentation, because it is resistant to proteolytic cleavage 

without prior reduction [31].  Maric et al., showed that the recall T cell response to HEL 

in GILT-deficient mice was about one-tenth of that seen in wild-type mice [2].  Similar 

reduction in the recall responses was seen in GILT-deficient mice immunized with other 

disulfide bond containing proteins such as bovine RNase A and human IgM[2].  After 

immunization with bovine α-casein (an Ag that does not contain disulfide bonds), no 

statistically significant difference was observed [2].  Furthermore, GILT-deficient APCs 

(incubated with HEL74-88 peptide) were able to present this peptide to an HEL74-88 -
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specific T cell hybridoma to a similar degree as the wild-type APCs (M. Maric, 

unpublished data).  

Additional study by Hastings, et al., evaluated the molecular requirements for the 

function of GILT in intracellular MHC II-restricted antigen processing.  B cell lymphoma 

cell lines were generated from GILT knockout and wild-type mice. GILT-deficient B cell 

lines were stably transduced with the GILT active site (-Cys46-X-X-Cys49-) mutants or 

WT GILT [25].  Mutation of Cys46 or Cys49, either individually or together, resulted in a 

loss of GILT-dependent HEL74-88 epitope processing [25].  These data suggest that 

GILT’s thiol reductase activity is essential for MHC class II-restricted Ag processing. 

Collectively, these studies revealed the crucial role of GILT in MHC II processing 

and presentation of disulfide bond containing antigens, as well as the important role in 

the development of immune responses to these proteins.  By changing the redox state of 

exogenous antigenic proteins with disulfide bonds, GILT regulates the adaptive immune 

response.   

10. The role of GILT in the processing and presentation of viral, tumor and self-

antigens 

The presence or absence of GILT can affect immune responses to viral antigens 

[32], tumor antigen [33], and encephalitogenic self-antigens (N. Ruddle and M. Maric, 

unpublished data).  Sinnathamby, et al., examined the role of Ag reduction in the 

presentation of two H2-Ed restricted epitopes (S1, and S3) which occupy distinct domains 
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of the influenza hemagglutinin (HA) major subunit.  The HA major subunit contains four 

intrachain disulfide bonds and is connected to the virion by one interchain bond. Several 

approaches in this study showed that the presentation of S1 but not S3 is reduction 

dependent.  The generation of S1 was not dependent on GILT (the only reductase so far 

known to be involved in MHC class II-dependent Ag processing).  However, GILT is 

essential for the presentation of either epitope when the virus is pre-treated with a 

reducible cross-linker (which prevents HA from undergoing the acid-induced 

conformational change necessary for fusion) [32].  These results suggest that GILT may 

preferentially act on particular disulfide bonds, including those within the cross-linker. 

Sealy, et al., studied the influence of GILT on processing of MHC class II 

associated epitopes from the human immunodeficiency (HIV) 1 envelope protein.  

Envelope-specific, MHC class II-restricted murine T-cell hybridomas (UGP1-81 and 

1007P1-22.1) were tested for responsiveness to mouse splenic antigen-presenting cells 

exposed to HIV-1-infected GHOST cells.  GILT-deficient APCs were more comparable 

to GILT WT cells in their capacities to present viral antigen to hybridoma UGP1-81 than 

to hybridoma 1007P1-22.1. Furthermore, MHC class II expression patterns were 

equivalent for GILT WT and GILT-/- splenocytes.  These data suggest a differential 

requirement for GILT’s thiol reductase activity for viral antigen processing [34].  Similar 

findings were described for the presentation of two influenza virus hemagglutinin 

peptides to T-helper hybridomas, as mentioned above. 

 Haque, et al. [33], examined antigen processing and presentation using 

professional APCs and MHC class II-expressing melanomas. They monitored the ability 
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of melanoma cells to process and present a cysteinylated peptide, cys-κI, derived from 

human antigen IgG κ.  GILT was either absent or expressed at significantly reduced 

levels in human melanomas. Results showed that GILT-negative, MHC class II-positive 

melanomas failed to process cysteinylated peptides, resulting in altered epitope display, 

as well as disrupted T cell receptor (TCR) recognition.  However, transfection of 

melanomas with GILT restored the presentation of the immunodominant IgG epitope, as 

well as enhanced the presentation of a distant antigenic epitope [33]. 

 Overall these findings demonstrated the important role of GILT in reductive 

processing (within the MHC class II pathway) for Ag presentation and immunodominant 

epitope selection.  Furthermore, GILT was suggested to be critical for the processing of 

viral antigens that are more constrained by disulfide bonds. 

 11.  The role of GILT beyond antigen processing 

Until recently the only known function of GILT was in the initial steps of 

processing antigens containing disulfide bonds.  However, different GILT expression 

patterns raised a possibility that GILT has an additional function not related to the 

processing of endosomal antigens in the MHC class II pathway. In support of this notion, 

proteins with different degrees of similarity to human and mouse GILT were found in 

evolutionary distant species, from unicellular organism such as Paramecium, to insects, 

amphibians, fish, and plants as previously mentioned. Some of these organisms do not 

express MHC class II, suggesting that GILT may have additional function(s), possibly 

evolutionarily older than involvement in antigen processing. 
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GILT and regulation of T cell activation 

i. GILT and SOD2 

We have found that GILT-deficient T lymphocytes have decreased expression of the 

mitochondrial manganese superoxide dismutase (SOD2), and increased proliferation post  

activation in comparison to GILT WT T cells.  We hypothesized that a possible 

mechanism of GILT regulation of T cell activation involves SOD2.   

  ii. SOD2 and reactive oxygen species (ROS) 

SOD2 is a mitochondrial enzyme responsible for the dismutation of superoxide 

anion into hydrogen peroxide [35], [36]. SOD2 is encoded by the nuclear DNA but the 

the protein localizes to the mitochondrial matrix.  The SOD2 gene is tightly regulated by 

the transcriptional factors FOXO3a, NFκB, and Nrf2. FOXO3a regulates gene activation 

in quiescent cells in response to H2O2 [37], and NFκB regulates activation of the gene in 

normal growing cells in response to mitochondria-generated superoxide anion [38].  Nrf2 

signaling appears to be an important mechanism in controlling cell susceptibility to 

reactive oxygen and nitrogen species-induced cytotoxicty [39]. 

Superoxide radicals are normal by-products of the respiratory chain and SOD2 is 

necessary to maintain the redox balance under normal conditions and stress. The 

expression of SOD2 increases in response to ROS [40]. It has been demonstrated that 

SOD2 is able to prevent ROS-linked respiratory and other mitochondrial damage [41], 

[42], [43].  SOD2 is essential in decelerating cell senescence [44], provides cell 
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ionization radiation resistance [45], decreases the lethal effects of sepsis and septic shock 

[46], and defers or prevents apoptosis [47], [48].  A complete loss of SOD2 in mice is 

shown to produce a neonatal lethal phenotype (due to cardiomyopathy) [49], and 

neurodegeneration [50], implying the importance of this enzyme.  In addition, 

heterozygous mice showed increased apoptosis [51].  Overexpression of SOD2 is 

reported to stabilize the mitochondrial membrane and inhibit permeability transition and 

apoptosis induced by TNFα [52], [53].   

Mitochondria generate much of the cellular energy (ATP) through the process of 

oxidative phosphorylation.  As a by-product, toxic reactive oxygen species 

(ROS=partially reduced O2 derivatives such as: superoxide anion radical O2
-, the hydroxyl 

radical OH., hydroxyl ion OH-, hypochlorite ion OCl-, and a milder, partially oxidant-

hydrogen peroxide, H2O2) [54] are produced.  Mitochondria-generated ROS originate 

from complex I, and complex III of the electron transport chain localized at the 

mitochondrial inner membrane.  At these complexes ubisemiquinones donate electrons to 

oxygen and generate superoxide Fig. 7.  From these sites 70-80% of superoxide is 

released into the mitochondrial matrix, while the other 20-30% is released into the 

intermembrane space.  The superoxide anion from the intermembrane space, leaks 

through the mitochondrial permeability transition pore (MPTP) into the cytoplasm [55], 

where it is detoxified by the copper/zinc superoxide dismutase (SOD1).  The superoxide 

anion in the mitochondrial matrix is detoxified by SOD2.  This leads to the generation of 

hydrogen peroxide (H2O2), a small, uncharged non radical ROS, which can pass 

membranes readily and reach the cytosol [56].  H2O2 is eventually neutralized into water 
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and molecular oxygen by catalase in the cytosol, and glutathione peroxidase within the 

mitochondrial matrix Fig. 5.  H2O2 in the presence of free iron or copper undergoes the 

Fenton reaction (Fe2++ H2O2-�OH+OH-+Fe3+) to form a much more robust hydroxyl 

radical (OH.).  Both superoxide and hydrogen peroxide can function as regulators of cell 

signaling cascades [57].   

iii. ROS and cell signaling 

ROS were previously considered only as damaging, toxic agents, but during the 

last decade evidence emerged that they also serve as  key second messengers.  

Stimulation of receptors by diverse ligands such as: PDGF [58], EGF [59], TGFβ [60], 

TNFα [61], insulin [62], and angiotensin II [63], induces intracellular ROS production.  It 

has been shown in these studies that ROS function as the second messengers that are 

needed for the ligand-mediated regulation of signal transduction and signal amplification, 

especially at low concentrations of ROS [64].  ROS production can mediate a positive 

feedback on signal transduction from these receptors because intracellular signaling is 

enhanced by ROS, or by a pro-oxidative shift of the intracellular redox state.  As ROS 

levels increase different signaling pathways may be activated that lead to apoptosis [65].   

In T cells, stimulation with: mitogens (phytohaemagglutinin (PHA) [66] or Con A 

[64] ), anti-CD3 [57], and phorbol myristate acetate (PMA) [67] has been proposed to 

induce ROS generation and regulate cell activation, proliferation, and survival.  ROS are 

generated early after T cell activation [57], and are thought to have an important role in 

the T cell activation process. ROS are thought to transiently inactivate the protein 
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tyrosine phosphatase (SHP-2), leading to stronger activation of mitogen-activated protein 

(MAP) kinases, such as extracellular signal-regulated kinases ERK1/2 [68].  In addition, 

other subfamilies of MAP kinases are also sensitive to ROS, for example, c-Jun NH2-

terminal kinase (JNK), p38 kinase, and big MAP kinase (BMK1 or Erk 5) [69], [70], 

[71].  Each of these subfamilies may be regulated via different signaling pathways and 

modulate specific cell functions [70]. 

While there is more extensive knowledge about H2O2 effects on cellular signaling 

[72], relatively little is known about signaling effects of superoxide anion (O2
-). One of 

the established effects of signaling via superoxide anion is the activation of the ras/rac-

Raf1-MAPK pathway Fig. 6 [73], [74], [75].  As more aggressive ROS, such as the 

hydroxyl radical (OH.), can react without selectivity, superoxide anion (O2
-) is more 

moderate, but highly nucleophilic.  Therefore, the suggested mechanism of reaction is 

through deprotonation of the protein serine or threonine residues that accelerates the rates 

of nucleophilic reaction between kinases and phosphorylating proteins [74]. 

Furthermore, hydrogen peroxide (H2O2) is a milder oxidant that primarily 

oxidizes cysteine residues in the protein.  An important group of redox-regulated proteins 

are protein tyrosine phosphatases (PTPs) [76].  PTPs contain a reactive and redox-

regulated cysteine in their catalytic center.  This cysteine forms thiol phosphate which is 

an intermediate in the dephosphorylation reaction of PTPs. Oxidation of this cysteine 

renders the PTP inactive [77], [78].  This is a reversible process, and PTPs exist in two 

states:  an active state (where cysteine is reduced), and an inactive state (with oxidized 
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cysteine).  Inactivating PTPs by oxidation is most likely the mechanism of how 

endogenously produced H2O2 enhances and regulates cell signaling. In addition, 

exogenously added peroxide may directly oxidize membrane receptors, causing cross-

linking and activating signaling cascades in addition to inactivating PTPs. Therefore, 

endogenous and exogenous pathways may have different activation mechanisms.   
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Figure 5 

Generation of mitochondrial ROS in GILT WT cells.  Mitochondria-generated ROS 

originate from complex I, and complex III of the electron transport chain localized at the 

mitochondrial inner membrane. At these complexes ubisemiquinones donate electrons to 

oxygen and generate superoxide anions.  From the site where they are generated, 

superoxide anions are released into the mitochondrial matrix and the intermembrane 

space.  From the intermembrane space, superoxide anions leak through the permeability 

transition pore into the cytoplasm, where they are detoxified by SOD1 and catalase.  

Superoxide anions discharged into the mitochondrial matrix are neutralized by SOD2 and 

glutathione peroxidase.   
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Figure 6 

Mechanism of ERK1/2 MAP kinase activation. MAP kinases are activated by 

combined threonine and tyrosine phosphorylation catalyzed by MAP kinase kinases 

(MEK1 and MEK2). MAP kinase kinase has specificity for both tyrosine and 

serine/threonine.  The activity of MAP kinase kinase is also regulated by serine/threonine 

phosphorylation catalyzed by a MAP kinase kinase kinase, c-Raf (which is activated by 

Ras). 
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HYPOTHESIS AND SPECIFIC AIMS 

The long-term goal of my research is to better understand the influence of the 

enzyme-catalyzed chemical process, oxido-reduction, on the responsive of the immune 

system.  More specifically, the goal of this dissertation is to understand the role of 

Gamma interferon Inducible Lysosomal Thiol reductase (GILT) in the adaptive immune 

response.  

Hypothesis I: The absence of GILT alters the processing of self antigens. 

Specific Aim I tests hypothesis I that the absence of GILT alters the presentation of 

MHC class II-associated self-antigens.   

In the absence of GILT disulfide bonds of an antigenic protein are not properly 

reduced, and therefore the protein cannot fully unfold. Unfolding of proteins is one of the 

first steps necessary for effective antigen processing.  As a consequence of defective 

antigen processing, the self-peptide repertoire may be altered and/or limited in GILT-

deficient cells in comparison to GILT WT cells Fig. 7. 

The above hypothesis is based on a) previously generated data demonstrating 

reduced T cell responses in GILT-deficient mice immunized with HEL and several other 

proteins rich in disulfide bonds (IgM, RNase A, Insulin) as model antigens [2], b) Mixed 

Lymphocyte Reactions (MLR) between GILT-/- and GILT WT mouse splenocytes  Fig. 
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8.  As a negative control GILT WT responder cells were mixed with WT-mitomycin C 

fixed presenting cells, and GILT knockout (KO) responder cells were mixed with GILT 

KO mitomycin C fixed presenting cells. In both cases, when GILT WT responding cells 

were mixed with wild-type presenter cells, and GILT KO responding cells were mixed 

with GILT KO presenter cells, proliferative responses (which present basal proliferation 

levels) were significantly lower.  If there was no significant difference in proliferation of 

GILT WT lymphocytes used as (effectors/responders) in response to incubation with 

mitomycin-C fixed, syngeneic, GILT KO splenocytes (presenters), and vice versa, we 

would have expected to see basic proliferation levels comparable to the levels seen in 

negative controls.  However, Fig. 8 shows that in MLR, GILT WT responder cells 

proliferate more strongly in response to incubation with GILT-deficient presenting cells, 

and that GILT KO responder cells show stronger proliferation in response to GILT WT 

presenting cells.  When compared with WT/WT and KO/KO controls, MLR data suggest 

that there is a measurable difference in self-peptides presented by GILT-deficient versus 

GILT WT splenocytes.  
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Figure 7 

   Potential differential self-antigen repertoire between GILT WT and GILT-/- cells.  

In GILT-deficient cells S-S bonds are not reduced, and proteins do not properly unfold, 

which in turn decreases the accessibility of certain epitopes (within proteins), to the 

enzymes present in the endosomal compartment. Therefore, a potentially different set of 

peptides (most likely epitopes found on the protein surface, i.e. epitopes that do not need 

GILT for processing) is generated as a result of defective antigen processing.  Depending 

on the proportion of proteins affected by GILT, self-peptide repertoire on the surface of 

GILT-deficient cells may differ from that presented by GILT WT cells. 
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Figure 8 

Mixed Lymphocyte Reaction (MLR).  Inguinal and aortal lymphocytes were isolated  

from the naïve GILT-/- (inbred for 10 generations on H2b background) mice and the 

syngeneic wild-type (C57BL/6 H2b) mice and used as responder/effector cells.   Mouse 

splenocytes fixed with mitomycin C were used as the antigen-presenting cells were 

mixed with syngeneic lymphocytes (as effectors/responders) and incubated for 48 hrs.  

[3H]dT was added and incubated for 18 h, samples were harvested, and [3H]dT uptake 

was measured in a beta counter.  Y-axis represents count per minute (cpm) [3H]dT 

incorporation.  The X-axis represents various combinations of syngeneic, mitomycin C 

fixed presenter splenocytes (left)/live effector lymphocytes (right).  1. WT splenocytes 

were fixed with the mitomycin C and used as APCs in MLR with WT (unfixed) 

lymphocytes as effectors; 2. WT splenocytes were fixed and used as APCs in MLR with 

live GILT-/- lymphocytes as effectors; 3. GILT-/- splenocytes were fixed and used as 

APCs in MLR with WT lymphocytes as effectors; 4.  The GILT-/- splenocytes were 

fixed and used as APCs with GILT-/-lymphocytes as effectors.  Results are stated as 

mean ± S.E. *p < 0.05, and* *p < 0.01 probability associated with a Student’s paired t 

test. One representative experiment of two is shown. 
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Gene deficient mice are the ultimate tool for assessing the function of candidate 

molecules [79]. We hypothesized that in GILT-deficient mice self-peptides that would 

normally be generated as a consequence of reduction by GILT are replaced by peptides 

that are normally out-competed in the presence of GILT.  Therefore, the diversity of self-

peptides presented may be reduced in the absence of GILT.  We predict that certain 

peptide species would be missing from the repertoire of MHC class II-presented peptides 

in GILT-/- mice.  Therefore, GILT-deficient mice would have a limited number of 

peptide species presented by MHC class II. Alternatively, it is possible that novel peptide 

species could be generated in GILT-/- mice due to an altered processing, or differences in 

thymic presentation and TCR repertoire. 

Collaborative studies with Dr. N. Ruddle on Myelin Oligodendrocyte 

Glycoprotein (MOG)-induced EAE demonstrate unanticipated complexities in how GILT 

might affect the pathogenesis of autoimmune diseases. As expected from previous 

findings, GILT-deficient mice immunized with the known encephalitogenic rodent MOG 

peptide 35-55, were protected from developing EAE.  However, GILT-deficient mice 

immunized with the whole protein were not only unprotected, but instead were more 

severely affected than GILT WT mice (unpublished data).  This surprising finding may 

suggest that due to altered antigen processing in the absence of GILT, novel epitopes that 

are potentially more encephalitogenic than MOG35-55 were generated.  Alternatively, 

more encephalitogenic T cell clones were selected in the absence of GILT. 



 

36 

In order to better understand the role of GILT in the processing and presentation of 

self antigens we have directly examined the peptide repertoires bound to MHC II 

molecules on WT and GILT deficient spleen cells.  We have: 

1. Isolated MHC class II-associated peptide complexes from GILT WT and GILT-

deficient mouse splenocyte cell surface using affinity chromatography. 

2.  Utilized nano-LC-MS/MS mass spectrometry to identify the chemical 

composition of GILT WT and GILT-deficient MHC class II-associated peptides. 

3. Identified proteins from which these peptides were derived using ProteinPilot™ 

Software for bioinformatic analysis. The goal was to determine the difference 

between GILT WT and GILT -/- MHC class II-associated peptides composition, 

quantity, and protein identification. 

Hypothesis II: GILT regulates cell activation through mechanisms that involve 

SOD2.  

The original identified function of GILT is in the processing of Ags in MHC class II 

pathway.  As previously mentioned, GILT homologues are found in organisms that do 

not express MHC class II, therefore suggesting that GILT may have additional 

function(s), possibly evolutionarily older than antigen processing. Surprisingly, we have 

found that GILT is constitutively expressed in T cells.  Since mouse T cells do not 

express MHC class II molecules, GILT cannot be involved in the classical antigen 

processing that facilitates MHC class II presentation on the cell surface in these cells. Our 

data showed that GILT-deficient T cells are more sensitive than GILT WT T cells to 
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proliferative stimuli, and are more efficient cytotoxic cells, independent of the function of 

the antigen-presenting cells. This suggests that GILT has an inhibitory role in T cell 

activation.  Here we studied a novel antigen processing-independent role of GILT in T 

cell activation. 

We have also discovered that GILT-deficient T cells have decreased expression of 

mitochondrial manganese superoxide dismutase (SOD2), suggesting a potential 

mechanism of regulation. SOD2 has been shown to play a major role in cell proliferation 

and differentiation. We therefore hypothesize that GILT regulates cell activation through 

mechanisms that include SOD2. 

Specific Aim II tests the hypothesis that reduced levels and activity of SOD2 in  

GILT-deficient T cells leads to altered transmission of TCR signals.  

We hypothesized that, as a consequence of decreased levels and activity of SOD2, 

moderately increased ROS levels in GILT-deficient T cells, lead to increased activation 

of MAP kinases, and ultimately stronger proliferative responses. 

In order to test whether GILT regulates T cell activation through mechanisms that 

involve SOD2 we have: 

1. Compared SOD2 expression and function in GILT WT and GILT-deficient mouse 

primary T lymphocytes by immunoblotting and SOD functional assays. 

2. Compared endogenous ROS production in activated GILT WT and GILT-

deficient T cells using flow cytometry. 



 

38 

3. Compared phosphorylation levels of the MAP kinases ERK1/2 in GILT WT and 

GILT-deficient T cells post-activation, by immunoblotting, and flow cytometry. 

Specific Aim III tests the hypothesis that GILT regulates fibroblast proliferation, 

through a mechanism that involves SOD2. 

In order to determine if the role of GILT in the process of cellular proliferation is 

intrinsic to cells of the immune system only, we used mouse fibroblasts as a model to 

explore the role of GILT in cellular proliferation.  Our data demonstrate increased 

proliferation of a GILT-deficient mouse fibroblast cell line, as well as GILT -/- primary 

mouse fibroblasts, in comparison to GILT WT mouse fibroblasts.  As in T cells, we 

detected decreased SOD 2 levels in GILT-deficient fibroblasts. 

To determine whether GILT regulates mouse fibroblast cell proliferation through the 

molecular pathway that includes SOD2 we have: 

1. Separately transfected a GILT-deficient mouse fibroblasts cell line with either 

mGILT or hSOD2. We tested stable transfectants by PCR and Western blot for 

the expression of mGILT and hSOD2. 

2. Compared basal proliferative responses of GILT WT and a GILT-/- mouse 

fibroblast cell line, mGILT and hSOD2 transfectants, and primary GILT WT and 

GILT-/-mouse fibroblasts. 
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3. Compared both SOD2 protein expression, and activity in GILT WT and GILT-/-

mouse fibroblast cell lines, primary mouse fibroblasts, and in mGILT and hSOD2 

transfectants. 

4. Compared SOD2 mRNA levels by Quantitative Real-time PCR, and SOD2 

protein stability by cycloheximide chase experiment in GILT WT and GILT -/- 

mouse fibroblasts. 

5. Compared endogenous ROS production in GILT WT and GILT -/- mouse 

fibroblast cell lines, and mGILT and hSOD2 transfectants by flow cytometry. 

6. Compared phosphorylation levels of the MAP kinases ERK1/2 post-EGF 

stimulation in GILT WT and a GILT-deficient mouse fibroblasts cell line, by 

semiquantitative immunoblot analysis. 
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MATERIALS AND METHODS 

1.  Mice and cell lines  

C57BL/6 mice were purchased from Jackson Laboratory (Bar Harbor, ME). The 

GILT -/- mice [2] were bred and maintained in the Georgetown University pathogen-free 

animal facility. All mice were used at 6-12 wk of age.    The GILT-/- and WT SV40 large 

T antigen-immortalized mouse fibroblast cell line were generated from GILT-/- and wild-

type mice in Dr. Peter Cresswell's laboratory at Yale University. Stable GILT-/- 

transfectants with mouse GILT and/or hSOD2 (kind gift from Dr. M. Williams, 

University of Maryland) were made using a Lipofectamine 2000 (Invitrogen) standard 

protocol. Both cDNAs were subcloned into the pcDNA3.1 vector with zeocin resistance, 

at EcoRI and BamHI restriction enzyme sites. Stable transfectants were maintained for 

two weeks in RPMI 1640 containing 10% (v/v) heated (56 °C, 30 min) FBS (Gibco, 

26140-079), HEPES 10mM (Sigma-Aldrich), sodium pyruvate 1 mM (Sigma-Aldrich), 

L-glutamine 2 mM (Sigma-Aldrich), 2-beta mercaptoethanol (50 µM) [Invitrogen], 

NaHCO3 19 mM (Fisher Scientific), and zeocin 0.3 mg/ml (Invitrogen).  GILT-deficient 

B cells were obtained from Dr. P. Cresswell (Yale University) [25].  The P815 mouse 

lymphoblast-like mastocytoma cell line was obtained from Dr. S. Vukmanovic 

(Children’s Hospital, Washington, DC). 
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2.  Isolation of primary mouse fibroblasts 

Primary fibroblasts were isolated from GILT-/- and wild-type (WT) mouse 

spleens as previously described with some modifications [80]. Briefly, mouse spleens 

were removed, minced into small pieces, then passed through a tissue strainer (70 µm, 

BD Biosciences), and washed three times in RPMI 1640 containing 10% (v/v) heated (56 

°C, 30 min) FBS, HEPES 10mM, sodium pyruvate 1 mM, L-glutamine 2 mM, 100 U/ml 

penicillin (Invitrogen), 100 µg/ml streptomycin (Invitrogen), 2-betamercaptanol 50 µM, 

and NaHCO3 19 mM, hereafter referred to as RPMI complete medium (RPMI CM). Cells 

were resuspended in RPMI CM in tissue-culture dishes (100 mm diameter BD 

Biosciences) and maintained at 37 °C in humidified 5% CO2 in air. Non-adherent cell and 

debris were removed by replenishing RPMI CM after 24, 48, and 72 h.  Cells were 

replenished with fresh medium every 3 days until they reached confluence.  Primary 

mouse fibroblasts obtained by this method do not contain macrophages or other cells of 

hematopoietic origin REF and had typical fibroblast morphology. 

3.  T cell purification 

Spleen cells were labeled and isolated according to the Miltenyi Biotec 

manufacturer’s instructions.  Briefly, the cells were labeled with cocktail antibody (Ab) 

mixture microbeads (Miltenyi Biotec). Labeled cells were negatively selected on MACS 

columns (Miltenyi Biotec). Cell purity was analyzed with CD3- R-Phycoerythrin (PE) -

conjugated Ab (Molecular Probes) using a FACSAria™ cell sorter (BD Biosciences).  

The purity of the cells was generally 92–97%, as determined by flow cytometry.  CD4+ 
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and CD8+ GILT WT and GILT-/- mouse primary T cells were purified by CD4+ or CD8+ 

T cell isolation kit according to the manufacturer’s instructions (Miltenyi Biotech).   

4.  T cell and fibroblasts proliferation assay 

GILT-/- and WT mouse fibroblasts were plated in triplicates at a density of 1 x 

104 cells/well (unless indicated otherwise), in 96-well flat-bottom plates and incubated at 

37°C in 5% CO2 for 30 min in RPMI CM. Cells were pulsed with 1 µCi/well of [3H] dT 

(Amersham Biosciences/GE Healthcare) overnight, and radioactive thymidine 

incorporation was subsequently measured using a β scintillation counter 1450 Micro-

BetaTM (Wallac, Turku, Finland). GILT WT and GILT-/- mouse fibroblasts ± 100 ng/ml 

of mouse rEGF (BD Biosciences), or ± 10mM N-Acetyl-L-(+)-cysteine (NAC) (Fisher 

Scientific) were handled in the same manner as described above. 

GILT-/- and GILT WT spleen cells (5 x 105/well) were incubated for 72 h in flat-

bottom 96-well plates in the absence or presence of desired concentrations of soluble 

mouse anti-CD3 mAb or Con A in RPMI CM. During the last 16 h of culture, cells were 

pulsed with 0.5 µCi of [3H] dT overnight, and thymidine incorporation was subsequently 

measured as described above. 

5.  T cell chromium release assay 

P815 target cells (1 x 106) were labeled with 50 µCi 51Cr (Amersham 

Biosciences/GE Healthcare) for 60 min at 37 °C in DMEM medium (Gibco), and plated 

at 104 cells/well in the 96-well round-bottom plates. GILT-/- and GILT WT primary 
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mouse splenocytes were activated with 1 µg/ml of mouse anti-CD3 and used as effector 

cells. GILT WT and GILT-/- effector populations were added at different ratios, and the 

plates were incubated at 37°C for 4 h. After 4 h, cells were spun at 500 x g for 10 min, 

and 30 µl of supernatant was harvested onto Luma plates (Canberra Packard, Dreieich, 

Germany).  Target cells release of 51Cr in the supernatant was measured on Wallac 

scintillation counter (Perkin-Elmer). The maximal release from target cells was 

determined by treatment of the cells with 1% Triton X-100. Spontaneous release was 

determined from cultures of labeled target cells incubated with medium only. Specific 

lysis was determined according to the formula: [(experimental release – spontaneous 

release)/ (maximal release – spontaneous release)] x 100. 

6.  Percoll gradient fractionation of cell lysates 

GILT -/- and WT mouse fibroblasts were cultured in RPMI CM at 37˚C in 5% 

CO2.  50x106 cells were used per gradient. Cells were washed in 1X Homogenization 

Buffer (10 mM Triethanolamine (Fisher Scientific), 10 mM acetic acid (Fisher 

Scientific), 1mM EDTA (EMD Chemicals), 250 mM sucrose (Sigma-Aldrich), 10mM N-

ethylmaleimide (Fisher Scientific), pH 7.4), and homogenized using a ball bearing 

homogenizer (Isobiotec, Germany), (3 strokes using an 18µm diameter ball).  Nuclei 

were removed by centrifugation (2 times, 500 x g for 5 min).  Four ml of post-nuclear 

supernatant, 4.5 ml of homogenization buffer, and 2.4 ml of Percoll solution (9ml Percoll 

Sigma P1644, 0.1 ml [1 M HEPES, 0.1 M EDTA], 1ml of 2.5 M sucrose) were mixed in 

a Beckman ultracentrifuge tube and underlayed with 27.6% Nycodenz solution (Sigma-
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Aldrich).  Samples were centrifuged in a Beckman OptimaTM LE-80K Ultracentrifuge, at 

17,500 RPM for 60min, in an SW40Ti rotor.  Fourteen fractions, each of 785 µl were 

collected.  Twenty µl aliquots from each fraction were mixed with 10X SDS sample 

buffer, boiled for 5 min, and centrifuged for 5 min at 5000 x g.  Samples were separated 

by SDS-PAGE and lysosome-containing fractions were identified by Western blotting 

with lysosomal marker antibodies (Cathepsin D) [Santa Cruz Biotechnology], and Lamp1 

(Iowa Hybridoma Bank). 

After overnight dialysis of positive lysosomal fractions against the 1X PBS, 

protein concentration was measured using the BCATM protein assay kit (Pierce).  

Analysis performed in Kendrick Labs Inc. (Madison, WI) included 2D gel 

electrophoresis, visual (qualitative), or computer (quantitative) analysis and mass 

spectrometry to identify different spots. 

7.  Western blotting  

Typically 5 µg and/or 2.5 µg of cell lysates in Tris-saline (TS) buffer (50 mM Tris 

base, 150 mM NaCl, 1% Triton X-100, pH 7.5 containing a protease inhibitor mixture 

tablet from Roche were separated by SDS-PAGE.  Proteins from the gel were transferred 

to a polyvinylidene fluoride (PVDF) membrane (Immobilon P, Millipore), using 

Multiphor II Nova Blot transfer system (GE Healthcare). Membranes were blocked for 1 

h at room temperature in Blotto buffer [PBS containing 0.1 % Tween 20 (TW 20) 

(Sigma-Aldrich) and 5% Skim-milk].  Membranes were incubated overnight at 4˚C with 

1:1000 dilution of mouse anti-SOD2 antibody (Abcam), 1:1000 dilution of mouse anti-
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SOD1 antibody (Abcam), 1:500 dilution of mouse anti-cathepsin D (Santa Cruz 

Biotechnology.), 1:1000 dilution of mouse anti-phospho-p44/42 MAP kinase (pERK1/2) 

antibody (Cell Signaling Technology), 1:1000 dilution of mouse anti-MAP kinase 1/2 

(ERK1/2) antibody (Upstate), 1:1000 dilution of mouse anti-phospho-PKCδ antibody 

(Cell Signaling Technology), or 1:500 dilution of mouse anti-PKCδ antibody (Santa Cruz 

Biotechnology) in the primary Ab buffer [PBS containing 0.1% TW 20 and 5% BSA], 

followed by 1:2500 dilution of secondary antibodies.  The following day membranes 

were washed 3x5 min in PBS-Tween (PBS containing 0.1% TW20).  Secondary 

antibodies comprised horseradish peroxidase (HRP)-conjugated goat anti-mouse Ig or 

goat anti-rabbit Ig obtained from Jackson ImmunoResearch Laboratories.  They were 

diluted in the secondary Ab buffer [PBS containing 0.1% TW 20 and 1% BSA].  

Membranes were incubated in the appropriate secondary Ab for 45 min at RT, and 

washed 3x5 min in PBS-Tween.  Immunoreactive bands were visualized using enhanced 

chemiluminescence Western LightningTM (PerkinElmer). In some cases membranes were 

stripped using RestoreTM western blot stripping buffer (Pierce) and incubated at room 

temperature for 120 min, followed by incubation in 1:1000 dilution of rabbit anti-actin 

Ab (Sigma), or 1:1000 dilution of mouse anti-GAPDH Ab (Santa Cruz Biotechnology) as 

a loading control and the appropriate secondary HRP-conjugated antibody. 

8.  Real time PCR analysis of SOD2 

Total RNA was isolated using TRIzol reagent (Invitrogen). The RNase free-

DNase kit for DNA digestion during RNA purification was used according to the 
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manufacturer’s instructions (QUIAGEN). Total RNA (5 µg) was reverse transcribed 

using the Superscript II RT kit and random hexamers as primers (Invitrogen). All PCR 

reactions were performed in triplicate samples using the ABI Prism 7700 Sequence 

Detector (Applied Biosystems). SOD2 and 18SrRNA (as a control) were amplified using 

TaqMan Universal PCR master mix (Applied Biosystems), and the average threshold 

cycles (Ct) of the triplicates was used to compare the relative abundance of the mRNA. 

Ct values of 18SrRNA were used to normalize all samples. Primers and TaqMan probe 

for SOD2 were designed using the Primer Express Software (Applied Biosystems) and 

had the  following sequence: forward: 5’-cctgctctaatcaggacccatt-3’, reverse 5’-

gtgctcccacacgtcaatcc-3’, TaqMan probe 5’-FAM-aacaacaggccttattc-MGB-3’. FAM is 6-

carboxyfluorescein and MGB is a 3’-dihydrocyclopyrroloindole tripeptide minor groove 

binder. Primers and probe for 18SrRNA were previously reported [81].  The TaqMan 

probe for SOD2 was designed to span the junction between exons 3 and 4 in order to 

avoid detection of amplified genomic DNA. This was not possible for 18SrRNA which 

has no introns. The possibility of DNA contamination in these samples was excluded by 

amplifying control samples treated identically with the exception of the reverse 

transcriptase step.   

9.  Cycloheximide chase experiment 

Five million GILT WT and GILT-/- primary mouse fibroblasts, or mouse 

fibroblast cell lines were incubated in RPMI CM medium with 0.2 mg/ml cycloheximide 

(MP Biomedicals). Equivalent amounts of cell lysates were processed for 
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immunoblotting with mouse anti-SOD2 antibody at 0, 1 6, and 24 h post cycloheximide 

treatment to compare SOD 2 protein stability.   

10.  Superoxide dismutase activity assay  

Twenty million GILT-/- and WT mouse fibroblast cells were homogenized in 1 

ml of cold buffer (20 mM HEPES, 1 mM EGTA, 210 mM mannitol, and 70 mM 

sucrose), pH 7.2, using a Dounce homogenizer (5 strokes). Cells were spun at 500 x g or 

5 min.  The protein concentration of the cytoplasmic lysate was measured using the 

BCATM protein assay kit (Pierce). The SOD activity assay was performed as suggested by 

the supplier (Cayman Chemical). This protocol is based on the oxidation of nitro blue 

tetrazolium (NBT) salt for the detection of superoxide radicals generated by xanthine 

oxidase and hypoxanthine. One unit of SOD is defined as the amount of enzyme needed 

to dismutate 50% of the superoxide radical. When measuring SOD2 activity, 3 mM 

potassium cyanide was added to inhibit the cytosolic (SOD1) activity. When measuring 

SOD1 activity, fractions containing (cytosolic) SOD1 were separated from fractions 

containing (mitochondrial) SOD2 by centrifugation at 10,000 x g as recommended by the 

manufacturer's protocol. The absorbance was read at 450 nm using a SpectraMax 190 

plate reader (Molecular Devices), and data were analyzed using the SoftMaxPro software 

(Molecular Devices). 

11.  Reactive oxygen species (ROS) detection 

Changes in the intracellular ROS concentration were assessed with a method 

adapted from Bass et al. [82].  GILT-/- and WT mouse fibroblast cell lines were starved 
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overnight in phenol red-free OPTI-MEM (Gibco) medium containing 1% FBS. Fresh 

medium and 10 ng/ml of Dihydroethidium (DHE), 2',7'-dichlorodihydrofluorescein 

diacetate (DC-FDA), or DAF-2 diacetate (Molecular Probes) were added and cells were 

incubated for 5 minutes at 37˚C (a preliminary kinetics experiment suggested 5 min to be 

the optimal incubation time). Cells were washed in PBS, resuspended in cold PBS 

containing 0.5% BSA and immediately analyzed by flow cytometry.  

One million GILT WT and GILT-/- primary T cells either non-stimulated or 

stimulated with 1 µg/ml of anti-CD3 (BD Pharmingen) and 1 µg/ml of anti-CD28 (BD 

Pharmingen) for 15 min at 37˚C, were washed in cold PBS, and incubated with 10 µg/ml 

of DHE for 5 min at 37˚C. Cells were washed in ice cold PBS and resuspended in PBS 

containing 0.5% BSA, and immediately analyzed by flow cytometry. 

Another set of GILT WT and GILT-/- primary T cells (106/time point) were 

stimulated with 1 µg/ml of anti-CD3 and 1 µg/ml of anti-CD28 for 30 min at 37˚C. Cells 

were washed, resuspended in the complete medium (phenol red free OPTI-MEM 

containing 10%  FBS), and maintained on ice for an additional 15, or 45 min.  Ten µl/ml 

of oxidation sensitive dye-DHE were added 15 min before harvest.  Incubation was 

terminated by 10-fold dilution with ice cold PBS containing 0.5% BSA. Cells were 

washed in PBS, resuspended in the PBS containing 0.5% BSA, and immediately 

analyzed by flow cytometry. 
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12.  Glutathione Assay  

Twenty million GILT WT, and GILT-/- mouse fibroblasts were homogenized in 

cold buffer using a Dounce homogenizer (5 strokes).  Cells were spun at 500 x g or 5 

min. Protein concentration of the supernatant (cytoplasmic lysate) was measured using 

the BCATM protein assay kit (Pierce).  The GSH assay was performed as suggested by the 

supplier (Oxford Biomedical Research).  GSH is converted to the oxidized form of 

glutathione (GSSG). GSSG is then recycled by the glutathione reductase and NADPH 

back to the reduced form, GSH.  The method employs Ellman’s reagent (5,5'-dithiobis-2-

nitrobenzoic acid or DTNB), which reacts with GSH to form a spectrophotometrically 

detectable product (5-thiol-2-nitrobenzoic acid or 2TNB) at 412 nm.  Absorbance was 

read for 3 min using a SpectraMax 190 plate reader (Molecular Devices) and data 

analyzed using the SoftMaxPro software (Molecular Devices).  

 

13. Fibroblast and splenocyte activation 

Mouse fibroblast cells (106 cells/time point) were stimulated for the indicated 

times at 37°C with 100 ng/ml of recombinant mouse EGF (Biosource).  Stimulation was 

terminated by rapidly chilling the cells by 10-fold dilution with cold PBS containing 0.2 

mM EDTA. Five µg of cell lysates dissolved in TS buffer, containing a protease inhibitor 

mixture tablet were separated by SDS-PAGE and transferred to PDVF membrane. 

Following blocking membranes were incubated overnight in phospho-ERK1/2 and 

phospho-PKCδ specific antibodies. After film developing, membranes were stripped and 

re-incubated with ERK1/2, PKCδ, or GAPDH Abs. Primary mouse splenocytes (4x 107 
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cells/time point) were stimulated for the indicated times at 37°C with 1 µg/ml of anti-

mouse CD3 (BD Pharmingen). Immunoblotting with pERK1/2 and ERK1/2 antibodies 

was performed as described above. 

14.  Flow cytometry analysis of ERK1/2 phosphorylation during T cell activation 

Both CD4+ and CD8+ T cells (106 cells/time point) were stimulated with 1 µg/ml 

of anti-CD3 and 1 µg/ml of anti-CD28 for 0, 10, 20, and 30 min at 37°C in RPMI CM.  

Incubation was terminated by 10-fold dilution with ice cold PBS containing 2 mM 

EDTA. Cells were washed in ice cold PBS (calcium and magnesium free), resuspended 

in 500 µl of ice cold PBS containing 2 mM EDTA, and incubated in 500 µl of 1% 

paraformaldehyde (PFA) fixing buffer (BD Pharmingen) for 30 min on ice. Cells were 

washed in PBS containing 2 mM EDTA, and incubated in cold permeabilization buffer 

(90% methanol) for 30 min on ice.  Cells were washed twice at room temperature with 

staining buffer (4% FCS in PBS). Cells were incubated with E10 Ab (pERK1/2-

AlexaFluor-647) [Cell Signaling], diluted 1:100 in staining buffer for 30 min at RT.  

Cells were washed twice in PBS containing 2 mM EDTA, resuspended in 200 µl of the 

staining buffer, and analyzed by flow cytometry. 
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15.  GILT and SOD2 localization by intracellular immunoflourescent staining 

GILT WT mouse fibroblast cells were allowed to adhere to glass slides over night 

at 37°C and fixed in 10% formalin (Fisher Scientific).  Cell membranes were 

permeabilized with 90% methanol for 30 min on ice. Methanol was aspirated and cells 

were washed 3 times in PBS. Cells were incubated using different antibody 

combinations: 1) anti-SOD2-FITC (5 µg/ml, Invitrogen), anti-MTOC1-Texas red (5 

µg/ml, Invitrogen) antibody combination, 2) 1:100 dilution of anti-GILT-FITC 

(Invitrogen), MTOC1-Texas red (5 µg/ml) antibody combination, or 3) 1:100 dilution of 

anti-GILT-FITC, 1:200 dilution of SOD2-Texas red (Invitrogen) antibody combination in 

staining buffer.  An Olympus IX-70 Laser Confocal Scanning Microscope at 40x 

magnification was used to view the slides. 

16.  Statistical Analysis  

Functional differences between GILT WT and GILT-deficient cells were 

compared using a paired t-test. The Student t-test was used to compare measured values 

obtained from proliferation, SOD function, and GSH production assays between GILT 

WT and GILT-/- cells.  A p value of less than 0.05 (two-sided) was used as the level of 

significance for rejecting the null hypothesis that values measured in GILT WT cells 

were similar to those measured in GILT-deficient cells. Statistical analysis was 

performed using Prism Software (GraphPad Software, Inc).   Results are reported as 

mean ± the standard error of the mean (SEM).  



 

52 

MHCII associated peptide purification 

Affinity chromatography columns and antibodies 

i.  Sepharose CL-4B Column 

Sepharose CL-4B (1.5g) (GE Healthcare) beads were resuspended by gentle swirling 

and washed as indicated: 1x50 ml H2O, 3x50 ml PBS, pH 7.4, 4x50 ml PBS, pH 8.0, 5-7 

min, 500 x g, at 4°C.  Final resuspension was in 5 ml of PBS, pH 8.0.  Sepharose was 

transferred to an Econo chromatography column (1.0 x 20 cm, 16 ml), [Bio Rad].  The 

column was equilibrated with 20% ethanol in H2O and stored at 4°C. 

ii.  Mouse IgG Ab column 

Seven milliliters of acidification solution (1 mM HCl) were added to 2 g of 

freeze-dried CNBr-activated sepharose (GE Healthcare) and sepharose was washed  with 

4 x 100 ml of acidification solution on a sintered glass filter.  One milliliter of mouse IgG 

Ab (5mg/ml) [Jackson Laboratories] was added to 2.5 ml of coupling buffer (0.2 M 

NaHCO3, 0.5 M NaCl, pH 8.56).  The Ab was mixed with washed Sepharose in a 15 ml 

tube and rotated end over end overnight at 4°C. The sample was centrifuged at 500 x g 

for 5 min. Unbound antibody remained in the supernatant.  Excess ligand was washed 

from the beads with at least 5 volumes of the coupling buffer (5x7 ml in this case).  The 

Sepharose slurry was transferred to 0.1 M Tris-HCl, pH 8.0, and incubated for 2 h at RT 

to block any remaining active groups.  The Sepharose was washed alternately with acidic 

and basic buffers for three cycles. Each cycle consisted of a wash with 35 ml of 0.1 M 
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acetate buffer, pH 4.0, containing 0.5M NaCl followed by 35 ml of the coupling buffer at 

pH 8.56.  Then IgG coupled Sepharose was poured into a column.  The column was 

equilibrated with 20% ethanol in H2O and stored at 4°C. 

iii.  Y3JP (anti IA
b
) antibody purification 

Protein A Sepharose was resuspened by gentle swirling and washed as follows: 1x50 

ml H2O, 3x50 ml PBS, pH 7.4, 4x50 ml PBS, pH 8.0, 5-7 min, 500xg.  Final 

resuspension was in 5 ml of PBS, pH 8.0.  Sepharose was transferred to a column filled 

with 20% ethanol in PBS, pH 8.0, and settled by gravity.  A column bed with height to 

diameter ratio 5:1 was used.  Before loading the column 3 L of Y3JP hybridoma cells 

were centrifuged 500 x g for 5 min, the supernatant was filtered through a 0.2 µm filter 

and the pH adjusted to 7.8-8.0. Hybridoma cells were expanded in tissue culture 

Hybridoma medium (Invitrogen) at 37°C in an atmosphere of 5% CO2 in air.  The column 

was loaded at 4°C, under gravity (flow rate ~ 1ml/min). An aliquot of the starting 

supernatant was saved and used to check depletion in the flow through.  The column was 

washed with PBS, pH 8.0, until the eluate had an OD280  of less than 0.05 AU.  Y3JP 

antibody was eluted with 100 mM Glycine buffer, pH 2.5, and immediately neutralized 

with 500 mM NaH2PO4 (sodium phosphate buffer).  

Fractions were collected based on OD280 and dialyzed against PBS in a Spectra/Por 

molecular porous membrane with a molecular weight cut-off of 12-14,000 kDa 

(Spectrum).  After overnight dialysis the Ab concentration was determined using the 
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BCATM protein assay method. Ab was aliquoted and frozen at -80°C for long term 

storage.   

iv.  Coupling Y3JP Ab (anti IA
b
) to the CNBr-activated Sepharose 

Fourteen ml of 1 mM HCl was added to 4 g of freeze-dried CNBr-activated Sepharose 

CL-4B (Amersham Bioscience).  Sepharose was washed for 15 min with 1 mM of HCl 

on a sintered glass filter (porosity G3). Two-hundred ml of cold 1 mM HCl /1g Sepharose 

was added in four aliquots.   

Ligand preparation: Approximately 2ml (15 mg total) of Y3JP Ab (ligand) was added 

to 1.5 ml of coupling buffer (0.1M NaHCO3/0.5M NaCl, pH 8.3). The total volume was 

~3.5ml (~5 mg/ml protein concentration). Y3JP Ab ligand was mixed with swollen and 

pre-washed sepharose CL-4B in a 15ml screw capped tube secured with parafilm. The 

slurry was rotated end over end overnight at 4°C.  The slurry was centrifuged at low 

speed (500xg for 10 min) and the supernatant was discarded.  Excess ligand was washed 

out of the beaded matrix with at least 5 bed volumes of the coupling buffer. The coupled 

Sepharose was transferred to 14 ml of 0.1 mM Tris-HCl, pH 8.0 and incubated for 2 h at 

RT to block any remaining active groups. The Sepharose was washed with at least 3 

cycles of alternating pH buffers. A single cycle consisted of washing with 5 volumes (5 x 

14ml=70ml) of the wash buffer (0.1 M Acetate, 0.5 M NaCl, pH 4.0), followed by 

washing with 70 ml of the coupling buffer.  Sepharose was then poured into the column.  

The column was then equilibrated with PBS containing 0.02% NaN3 and stored at 4°C. 
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v.  Isolation of cells 

One-hundred GILT WT and 100 GILT -/- (C57BL/6 H-2b) mice (8-12 weeks old) 

were euthanized and spleens were removed.  Spleens were ground between the frosted 

ends of microscope slides (Fisher Scientific) in 60 mm Petri dishes containing 5ml of 

PBS, pH 7.4, per spleen.  Individual spleens were transferred to 15 ml tubes allowing 

large pieces to settle by gravity. Single cell suspensions were carefully decanted into a 

fresh tube and centrifuged at 500 x g for 5min. 

ACK lysis buffer (150 mM NH4Cl. 10 mM KHCO3. 0.1 mM Na2EDTA) was 

added (5ml/spleen) for 5 min at RT to lyse the red blood cells.  Lysis was terminated by 

adding an equal amount of RPMI CM, and centrifuged at 500 x g for 5 min. The 

supernatant was aspirated and the pellet resuspended in 10 ml of PBS, filtered through a 

100 µm cell strainer and the cells were washed twice in the cold (4°C) PBS. Cells were 

counted and cell pellets were frozen at -80°C at this point so that several successive cell 

harvests could be pooled and extracted at one time.   Cells (5x10^9) from each GILT WT 

and GILT -/- mice were collected over the course of 6 months.  All of the steps described 

below were conducted at 4°C. 

 vi.  Cell lysis 

Cells were lysed at a concentration of 1X10^8/ml by resuspending them in NP-40 

Lysis Buffer consisting of 1% NP-40, 25 mM iodoacetamide (MP Biomedicals)  in PBS, 

pH 7.4), and containing the protease inhibitors PMSF at 20 mM (Pierce), and TLCK 
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(Acros) at 10 mM final concentrations.  The cell lysate was rocked gently on a Nutator 

mixer for 2 hrs at 4°C, and centrifuged in a Sorvall RC5C Plus centrifuge (Kendo) at 

20,000xg for 45 min at 4°C. 

vii.  Sample elution 

Columns were first washed/equilibrated with the NP-40 lysis buffer.  Filtered 

lysate was sequentially run through the CL-4B column, IgG column and the Y3JP Ab 

column at no more than 1ml/min, until all the lysate was through the Y3JP column Fig. 

34. The Y3JP column was then washed individually until the OD280 of the eluent 

fractions was less or equal to 0.05 U (typically 10-12 ml for a 1 ml column).  Twenty to 

forty, 750 µl fractions were eluted with the Diethylamine (DEA) buffer [25 mM 

Diethylamine (Sigma-Aldrich), 1% octyl-β-D-Glucopyranoside (A.G. Scientific, INC), 

150 mM NaCl (Sigma), 25 mM PMSF, 10 mM TLCK, pH 10.5] and neutralized with 150 

µl of the Neutralization buffer, 0.5 M Tris pH 6.8. 

viii.  Immunoblot analysis of MHC class II positive fractions 

Western blot analysis using rabbit anti-MHC class II cytoplasmic tail (anti-CII) 

antibody (generous gift from Dr. Rudensky, University of Washington, Seattle) was 

performed to test each fraction for the presence of MHC class II protein. 

ix.  Sample lyophilization and dialysis 

MHC class II containing fraction were combined for each GILT WT and GILT -/- 

samples and dialyzed against H2O (3x1 L), using Spectra/Por 3 Dialysis Membrane 
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(Spectrum) with a molecular weight cut-off of 3,500 kDa, lyophilized overnight in 50 ml 

tubes, and transferred to 1.5 ml tubes.  The final volume of each sample after 

lyophilization was 150 µl. 

x.  Reverse Phase High Performance Liquid Chromatography (RP-HPLC) 

RP-HPLC analysis of MHC class II containing GILT WT and GILT-deficient 

samples was performed on an Agilent 1100 Chromatographic system (Aglient 

Technologies). Chromatographic separation was achieved on an Agilent Zorbax 300SB-

C18 column (4.6 mm ID x 150 mm, 5 µm), with an Aglient Zorbax High Pressure, 

Reliance Cartridge, (4.6 mm ID x 12.5 mm) Guard-Column.  The aqueous solvent 

consisted of: 0.1% TFA, 8.7% acetic acid and 2.2% formic acid in HPLC quality water, 

and the organic solvent consisted of 0.08% TFA in acetonitrile. Flow rate was 1000 

µl/min and the gradient was run from 0% organic solvent to 100% organic solvent in 

30min.   35 x 1ml fractions were collected for each GILT WT and GILT-/- sample. 

xi.   Dot blot analysis of MHC class II positive fractions 

Three µl of each fraction were pipetted onto the PVFD membrane and allowed to 

dry for 30 min at RT.  Once the fractions were dry, membranes were incubated for 1 hr, 

at RT in Blotto buffer and rinsed 1x in PBS.  Membranes were incubated overnight at 

4°C in a 1:500 dilution of rabbit anti-CII cytoplasmic tail antibody in primary Ab buffer.  

The next morning the membranes were washed three times for five minutes each in PBS-

Tween and incubated in the secondary antibody (goat-anti-rabbit HRP) diluted 1:2500 in 
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secondary Ab buffer for 45min at RT.  Membranes were washed again (3x5) min in PBS-

Tween and immunoreactive bands were visualized using the enhanced 

chemiluminescence Western Lightningtm (PerkinElmer) system. 

xii.  Quantitative Western blot analysis  

MHC class II positive fractions (detected by dot blot analysis described above) 

were combined for GILT WT and GILT-deficient sample. Aliquots of 25 µl, 12.5 µl and 

6 µl of GILT WT and the GILT-/- pooled fractions were separated by SDS-PAGE.  

Proteins from the gel were transferred to PVFD membranes.  Membranes were incubated 

for 1 h, at RT in Blotto buffer, and rinsed 1x in PBS.  Membranes were incubated 

overnight at 4°C in a 1:500 dilution of rabbit anti-CII cytoplasmic tail Ab in primary Ab 

buffer, and then washed three times for ten minutes each in PBS-Tween. IRDyetm 800 

goat anti-rabbit secondary antibody (LI-COR Biosciences) was used as the reporter.  

Bands were scanned using an Odyssey infrared imaging system (LI-COR Biosciences), 

and analyzed by the Odyssey 2.1 software (LI-COR Biosciences). 

 xiii. iTRAQ labeling of GILT WT and GILT-deficient MHC class II negative 

samples 

iTRAQ (isobaric tags for relative and absolute quantitation) labeling was 

performed according to the manufacturer’s instructions (Applied Biosciences).  The 

iTRAQ® reagents are amine-specific, stable isotope reagents that can label all peptides in 

up to eight different biological samples, enabling simultaneous identification and 
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quantification, both relative and absolute.  Two isotopes (114 and 117) from the fourplex 

(114,115,116, and 117 m/z reporter ions) iTRAQ® reagent were used in our case.  Due to 

the isobaric mass design of the iTRAQ reagents, differentially labeled proteins do not 

differ in mass.  “Relative quantification of proteins is achieved by comparing peak 

intensities of reporter ions observed in fragmentation spectra of iTRAQ-labeled peptides” 

[83]. The GILT WT samples were labeled with the iTRAQ-114, and the GILT-deficient 

samples were labeled with the iTRAQ-117, under equal conditions. The two labeled 

samples were then combined to ensure equal conditions for the rest of the procedure.  To 

obtain quantitative information of iTRAQ reporter ions in MS/MS spectra, efficient 

cleavage of the chemically formed amide bond is induced by collision activation [83]. 

We have analyzed the fragmentation behavior of ESI ions of the peptides with the 

iTRAQ-label using a high performance nano ESI quadrupole time-of-flight (QqTOF) 

instrument.  

xiv.  Ion Exchange Chromatography 

Seven milliliters of 5 mM sodium phosphate buffer, pH 3.0, 15% acetonitrile 

were added to the iTRAQ labeled sample. The sample was filtered through a 0.2 µm 

syringe filter.  Eight milliliters of the sample were applied to the SP-PEEK (SulfoPropyl-

Polyetheretherketone) ion exchange column (Waters Corporation) that had been 

equilibrated with sodium phosphate buffer.  The particle size of the spherical matrix was 

7 µm, and the column had a 4.6 mm bore and 5 cm length. Sulfopropyl is a strong cation 

exchanger and most of the peptide should bind when low pH buffer is applied. PEEK is 
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semicrystalline thermoplastic material, which makes the housing of the column.  It is 

inert to most of the buffers and has a low binding affinity to proteins and peptides [84].  

Two buffers were used to form the gradient, buffer A was 5 mM sodium phosphate 

buffer, pH 3.0, containing 15% acetonitrile and buffer B was the same composition as 

buffer A but with the addition of 1M NaCl.  A shallow gradient was used with 0 to 40% 

B (20ml) to 100% B (5ml).  Total of 17 fractions were isolated. 

 xv.  Desalting 

MacroSpin™ Columns (50-450 µL elution volume, 30-300 µg capacity) were 

used as suggested by the supplier (The Nest Group, Inc).  To condition the column 500 µl 

of the conditioning solvent (100% acetonitrile) was poured into the column and the 

column was centrifuged for 1 min at approximately 110 x g.  The column was then 

flushed with 2 bed volumes (500 µl) of water.   Two milliliters (2 x 800 µl + 400 µl of 

sample) of the sample was added to the column and placed in a new 2 ml centrifuge tube, 

and centrifuged for 1 min at 110 x g. Samples were washed twice with the washing buffer 

(5% acetonitrile, 0.1% formic acid).  Two aliquots each of 400 µl of 80% acetonitrile, and 

0.1% formic acid were added to the tube and spun as above. The sample volume was 

reduced to 30 µl by SpeedVac system (Savant), and samples were stored at -80°C. 

xvi.  Nano-Liquid Chromatography-Electrospray ionization Tandem Mass 

Spectrometry (Nano-LC-ESI-MS/MS) 
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Nanoflow chromatography was performed with a TempoTM nano MDLC (multi-

dimensional liquid chromatography) system (Applied Biosystems). A 5µl sample was 

injected onto the 75 µm, C18 reverse phase column (Vydac C18), at a flow rate of 200 

µl/min, and operating pressure of 1,200 psi. The peptides were eluted using a 5-60% 

acetonitrile-water gradient over a 120 min period with a flow rate of 300 nl/min, and a 

total run time of 150 min.  Samples from the reverse-phase column were inserted directly 

into the PicoTip electrospray needle (New Objective).  The automated tandem mass 

spectral data acquisition was performed using a QSTAR ELITE Hybrid LC/MS/MS 

(Applied Biosystems), a high performance quadrupole time-of-flight (QqTOF) mass 

spectrometer (with a mass range of m/z 5-40,000), using Analyst® QS 2.0 software.  This 

software allowed faster MS/MS acquisition and selected precursor ions for MS/MS with 

data optimization features such as Mass Defect Triggered information Dependant 

Acquisition (MDt™ IDA), Dynamic Background Subtraction (DBS), Smart CE and 

Smart Exit. ProteinPilot™ 2.0 Software was used for detailed data analysis.  

ProteinPilotTM Software combines the two state-of-the-art algorithms to perform thorough, 

reliable, and easy-to-use protein identification; Mascot (Matrix Sciences) and the 

ParagonTM Algorithm (Applied Biosystems). The novel ParagonTM Algorithm for database 

searching can efficiently consider about 150 modifications and unexpected cleavages to 

identify peptides from MS/MS spectra.  Precursor masses are scanned in the first mass 

analyzer (MS).  Peptide ions are then selected for fragmentation to generate observed 

masses (m/z) that are collected by a second MS scan (MS/MS). The observed mass and its 

fragmentation pattern are used to derive candidate peptide sequences.   The identified 
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peptides are then assembled to identify the proteins.  The Pro GroupTM Algorithm 

statistically analyzes the confidence of peptide identifications, accurately accesses how 

peptides are shared with other proteins, and accounts for the redundancy of the search 

database. 
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RESULTS 

The role of GILT in self-Ag processing 

The use of LC-tandem mass spectrometry and Bioinformatics for the sequence 

analysis of the self-peptide repertoire displayed by the MHC class II molecules in 

GILT WT and GILT-/- mouse splenocytes. 

Y3JP antibody was purified by affinity chromatography.  Coomassie blue gel staining 

was used to confirm successful purification of Y3JP antibody and Western blot analysis 

confirmed antibody specificity by detecting MHC class II protein in 1153 IAb B 

lymphoma cells and A20 B cell line Fig. 9. 

In order to isolate MHC class II-bound peptide complexes, MHC class II I-Ab 

molecules were purified from spleen cells derived from GILT WT and GILT-deficient 

C57BL/6 (B6) mice.  NP40 cell lysates (from 5x109cells from each type) were subjected 

to affinity chromatography using I-Ab-specific mAb Y3JP as depicted in Fig. 10. 

The MHC class II-associated peptide fractions were eluted with the diethylamine 

(DEA) buffer.  A total of 20 fractions were collected for the GILT WT sample and 40 

fractions were collected for the GILT-deficient sample.  Western blot analysis using 

rabbit anti-MHC class II cytoplasmic tail Ab showed that fractions 4-18 were positive for  

MHC class II in GILT WT cells Fig. 11A, and fractions 6-40 were positive for MHC 

class II in GILT-deficient cells Fig. 11B.  Both samples had a very similar elution profile. 
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Figure 9 

Y3JP (anti IA
b
) antibody purification.  Y3JP antibody was purified from the Y3JP- 

producing hybridoma cells by affinity chromatography as described in “Materials and 

Methods”.  A. Coomassie blue gel staining was used to test the Y3JP antibody purity. 

The Y3JP Ab heavy chain (HC) and light chain (LC) are shown. The flow through was 

tested as a negative control.  B. Western blot analysis showed antibody specificity by 

detecting MHC class II protein in 1153 IAb B lymphoma cells and the A20 B cell line. 
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Figure 10 

MHC class II-associated peptides purification.  Filtered mouse spleen cell lysates were 

run through: A. Sepharose-CL-4B column (to remove any cell debris), B. IgG (negative 

peptide control) column and C. Y3JP Ab (MHC class II specific) column until all of the 

lysate was through the Y3JP column.  The MHC class II-associated peptide complexes 

were eluted, and peptides were separated from MHC class II before analysis by tandem 

mass spectrometry. 
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Figure 11 

GILT WT and GILT-/- fractions positive for MHC class II.                                       

A. The GILT WT and B. the GILT -/- eluted fractions were separated by SDS-PAGE 

using 12% gels. Proteins were transferred onto a PVDF membrane, and incubated 

overnight in rabbit anti-MHC class II cytoplasmic tail antibody to test each fraction for 

presence of MHC class II protein.  Immunoreactive bands were visualized using 

enhanced chemiluminescence.  Fractions 4-18 were positive for MHC class II in GILT 

WT cells (A), and fractions 6-40 were positive for MHC class II in GILT-deficient cells 

(B). 
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Reverse Phase High-Performance Liquid Chromatography (RP-HPLC) 

purification of the samples to remove large proteins (including MHC class II proteins) 

was performed on an Agilent 1100 Chromatographic system.   Peptides were released 

from MHC class II, using the aqueous solvent that consisted of 0.1% TFA, 8.7% acetic 

acid and 2.2% formic acid, and eluted with a linear gradient of acetonitrile up to 80%. A 

total of 35 fractions were collected for each GILT WT and GILT-deficient sample Fig. 

12.  The RP-HPLC data analysis indicated that there could be potentially more 

hydrophobic peptides in the GILT WT fractions in comparison to the GILT-deficient 

fractions.  However, the HPLC chromatograms are based on absorbance at 280 nm and 

besides peptides, detergents and other proteins are detected at this wavelength. 

Dot blot analysis of the RP-HPLC fractions was performed to test each fraction 

for the presence of MHC class II.  The results showed that for both GILT WT Fig. 13A, 

and GILT-deficient samples Fig. 13B, fractions 18-27 were positive for MHC class II 

protein.  Fractions 1-17 were most likely to contain peptides released from the MHC 

class II complex.  All the MHC class II positive fractions were combined to determine the 

ratio of the total MHC class II protein amounts between the GILT-/- and the GILT WT 

samples.  Quantitative immunoblot analysis by Odyssey showed that the GILT KO/WT 

MHC class II ratio was about 1/1.5, Fig 14.  
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Figure 12 

Reverse Phase High Performance Liquid Chromatography (RP-HPLC) separated 

GILT WT and GILT-/- sample fractions.  RP-HPLC analysis of the samples was 

performed on an Agilent 1100 Chromatographic system (Aglient Technologies). 

Chromatographic separation was achieved on an Agilent Zorbax 300SB-C18 column.  The 

aqueous solvent consisted of: 0.1% TFA, 8.7% acetic acid and 2.2% formic acid in HPLC 

quality water, and the organic solvent consisted of 0.08% TFA/acetonitrile. 35 x 1 ml 

fractions were collected for each GILT WT and GILT-/- sample. 

Figure 12-Done by Yumi Ueda, M.S. (Dr. York Tomita’s laboratory, Georgetown 
University, Washington, DC) 
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Figure 13 

GILT WT and GILT-/- sample MHC class II positive fractions.                                  

3 µl of each GILT WT and GILT-/- sample fractions were added onto PVDF membrane 

and incubated overnight in anti-MHC class II cytoplasmic tail Ab.  Immunoreactive 

bands were visualized using enhanced chemiluminescence. In both GILT WT (A), and 

GILT-deficient samples (B), fractions 18-27 were positive for the MHC class II protein.  

These fractions were excluded from the mass spectrometry analysis. The MHC class II-

negative, peptide containing fractions (1-17) were used for the mass spectrometry 

analysis. 
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Figure 14 

Total MHC class II ratio measured between GILT-deficient and GILT WT samples.  

MHC class II positive fractions (detected by dot blot analysis) were combined for GILT 

WT and GILT-deficient sample. Both GILT WT and GILT-/- samples were loaded in 

high (25µl), medium (12.5µl), and low (6µl) volumes and separated by the SDS-PAGE.  

Proteins from the gel were transferred to a PVDF membrane.  Membrane was incubated 

for 1 h at RT in the Blotto buffer and rinsed 1x in PBS.  Membrane was incubated 

overnight at 4°C in a 1:500 dilution of anti-CII cytoplasmic tail Ab in PBS-Tween. 

IRDyetm 800 goat anti-rabbit secondary antibody (LI-COR Biosciences) was used.  Bands 

were scanned on an Odyssey infrared imaging system (LI-COR Biosciences), and 

analyzed by the Odyssey 2.1 software (LI-COR Biosciences).  The average total MHC 

class II protein ratio between GILT-/- (KO) and GILT WT samples was around 1/1.5 

(KO/WT) at high and low sample loading volume. Bands were scanned and analyzed by 

Dr. Saba Aid (NIH, Bethesda, MD). 
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Figure 14  
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To quantify the amounts of peptides bound by MHC class II, the GILT WT and 

the GILT-deficient, MHC class II negative fractions from RP-HPLC (fractions 1-17), 

were labeled with the iTRAQ® reagent and combined.  The ion exchange 

chromatography was performed in order to clean the sample from the chemicals used in 

the iTRAQ labeling procedure. Total of 17 fractions obtained from the ion exchange 

chromatography procedure, Fig. 15 were subjected to Vydac C18 reverse phase column 

to remove salts.  
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Figure 15 

The Ion Exchange Chromatography (IEC) separated GILT WT and GILT-/- 

sample peptide fractions.  The iTRAQ labeled GILT WT and GILT-/- samples were 

combined, filtered through 0.2 µm syringe, and applied to a 7 µm BioSuite SP-PEEK ion 

exchange column (Waters Corporation). Matrix Particle Size: 7 µm Column Bore: 4.6 

mm. Column Length: 5 cm. Particle Shape: Spherical. Buffer A: 5mM sodium phosphate 

buffer, pH 3.0, 15% acetonitrile.  Buffer B: 1M NaCl in buffer A.  A shallow gradient 

was used from 0 to 40% B to 100% B.  A total of 17 fractions were isolated.                 

Figure 15-Done by Yumi Ueda, M.S. (Dr. York Tomita’s laboratory, Georgetown 
University, Washington, DC) 
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As described in Dongre, et al., [85] the peptide eluent from the reverse phase 

column was further separated by a nano-HPLC system, TEMPO with a capillary reverse 

phase column, which is connected with the nano-electrospray ionization source.  Two 

experiments were performed in series. The first experiment recorded the molecular mass 

information (TofMS), and the second experiment obtained selected protonated peptide 

fragment ion masses (Product Ion Scan) [85].  Automated tandem mass spectral data 

acquisition was performed on QSTAR ELITE Hybrid LC/MS/MS, using the Analyst® 

QS 2.0 software.  The tandem mass spectra were analyzed by a ProteinPilot proteomics 

software. 

Limited self-peptide repertoire detected in GILT-deficient sample fractions in 

comparison to GILT WT sample fractions. 

Rapid high through-put sequence analysis of MHC class II-bound peptides 

resulted in the detection of 5126 peptide sequences.  However, of these only 748 distinct 

peptide sequences were considered statistically significant, based on the confidence score 

associated with the peptide identification.  Out of the statistically significant peptide 

population, 501 peptides were present in both GILT WT and GILT-deficient sample 

fractions, (Table 1), 10 were specific to GILT-deficient samples (Table 2), and 237 were 

assigned as GILT WT sample specific (Table 3).  Out of the 501 peptides detected in 

both GILT WT and GILT-deficient fractions (Table 1), 276 were derived from identified 

proteins, 96 peptides were derived from proteins with unknown function, and 129 

peptides were not identified due to the incomplete murine DNA and protein databases.  
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Out of 10 peptides found in GILT KO fractions only (Table 2), 5 were unidentified.   In 

addition, 96 peptides out of 237 found solely in GILT WT sample fractions (Table 3), 

were not identified.  GILT KO/WT (117/114) ratio of peptides (10-30 amino acid long) 

found in both GILT WT and GILT-/- samples was normalized against the total MHC 

class II ratio determined by the quantitative immunoblot analysis, Fig 16.  These findings 

suggested moderately increased peptide amounts in GILT WT, in comparison to GILT-

deficient samples, Table 1A.   

Furthermore, we have improved MHC class II peptide purification protocol, and 

applied more efficient MS/MS acquisition methods combined with better database 

searching tools.  The use of many more potential peptide modifications by the 

ProteinPilot software increased the number of peptides found and the percent of spectra 

that produce peptide identifications (www.appliedbiosystems.com).  Various biological 

modification patterns were observed in peptides found in GILT WT and GILT-deficient 

samples (Table 1-3). 

Together these data indicate that there is a changed and limited expression of self-

peptides on the surface of GILT-deficient cells.  These findings support the hypothesis 

that the absence of GILT alters presentation of MHC class II associated self-antigens. 
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Table 1 

MHC class II-associated peptides presented by GILT WT and GILT-deficient 

mouse splenocytes. High through-put sequence analysis of  MHC class II-bound 

peptides resulted in a detection of 501 peptides present in both GILT WT and GILT-

deficient sample fractions.  These peptides were identified using non-redundant NCBI 

protein database.  276 were derived from identified protein source, 96 peptides were 

derived from proteins with the unknown function, and 129 peptides have not been 

identified due to an incomplete murine DNA and protein databases. Modifications 

represent peptide modifications obtained during data acquisition. GILT ko/wt represents 

the quantitative ratio of peptides found in both GILT-deficient and GILT WT samples.  

A) List of MHC class II- binding self-peptides derived from transmembrane, secreted, 

and cytoplasmic/cytoskeletal proteins.  B) List of peptides less or equal to 10 amino acids 

in length. 
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Table 1A 

Peptide sequence Modifications Protein source GILT 
ko/wt 

AAAAAPGSGNGVGGGGGTAGPGS Oxidation(N)@10 Translocase of 
outer mitochondrial 
membrane 70 
homolog A 

1.0 

AAAIPRRHAPLEQLVR Oxidation(P)@10, 
Deamidated(Q)@13 

Numb1 protein 1.0 

AAAQQRSHPAMSPGTP Oxidation(P)@9, 
Oxidation(M)@11 

AT rich interactive 
domain 1B (Swi1 
like) 

1.5 

   
AAKGKGSPQAQTVRR NoiTRAQ4plex(K)@3, 

iTRAQ4plex(K)@5, 
Oxidation(P)@8 

 Potassium voltage-
gated channel 
subfamily Q 

0.5 

AATGGLRGDNALGAASTP  RNA-binding 
protein  

1.6 

ACGGAGSEDSGDRGGTLGG Methylthio(C)@2 Ring finger protein 
1 

1.7 

ADRAAALRGAAGRDAAAV Oxidation(R)@3, 
Oxidation(R)@8 

Protein tyrosine 
phosphatase, 
receptor type A 

1.0 

AFLDGNSASAIEQGSTT Deamidated(N)@6 Heath shock factor 
2 

1.4 

AFPRPGGPMAAMYPN Oxidation(P)@5, 
Oxidation(P)@8, 
Oxidation(M)@12 

Protein DERPC 0.6 

AGAGGGGCPAGG Methylthio(C)@8 Protein 
phosphatase 2, 
regulatory subunit 
B, delta isoform 

0.9 

AGAPFSVIGNTISRIT  Methionine 
aminopeptidase-
like 1 

2.0 

AGDEGNAGPDGAPGERGGP Oxidation(R)@16 Procollagen type 
VI, alpha 1 

1.0 

 

AGGASGPLGRAISPIPTETA 

Deamidated(R)@10 Fanconi anemia, 
complementation 
group M 

0.8 

 

AGGGGTGNIGAGQHWQFG 

Deamidated(Q)@13, 
Oxidation(H)@14 

N-
acetylglucosamine-
1-phosphate 
transferase, alpha 
and beta subunit 

0.5 

    
 

                AGGGTGGGSNNG 

 PDZ and LIM 
domain 7 family 

0.8 

   
AGGRGSSPSAGAGSVCPR Deamidated(R)@4, 

Methylthio(C)@16 
Cleft palate related 
protein 1 

0.5 
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Peptide sequence Modifications Protein source GILT 
ko/wt 

AGLAKGAAAATPSLPRTP iTRAQ4plex(K)@5 TAF4A RNA 
polymerase II, 
TATA box binding 
protein 

1.3 

AGPATRNSKSGQGPDT iTRAQ4plex(K)@9, 
Deamidated(Q)@12 

Armcx4 protein 0.4 

   
AGPQSPPPDQDAQRQAP Oxidation(P)@17 Protein tyrosine 

phosphatase, non-
receptor type 13 

2.5 

   
AGTPESTLSGNKPAK iTRAQ4plex(K)@12,No 

iTRAQ4plex(K)@15 
Novel protein 
containing SH3 
domains 

1.0 

   
AGVEVEAGVKRGFVT iTRAQ4plex(K)@10, 

Oxidation(R)@11 
RNA binding motif 
protein 26 

1.2 

AHGQGIVHKDIKPGNLLLTTNGT NoiTRAQ4plex(K)@9, 
iTRAQ4plex(K)@12, 
Deamidated(N)@21 

Serine/threonine 
kinase 

4.4 

AHMLQEISSSYTTT iTRAQ4plex(H)@2, 
Deamidated(Q)@5 

Stearoyl-CoA 
desaturase 

1.0 

    
ALVFNNSVPVENPRGT Deamidated(N)@12 Glutamate 

receptor, 
ionotropic,NMDA2
D 

1.0 

   
 

 

AQQAADKYLYVDK 

 

 

Protein Terminal Acetyl@N-
term,iTRAQ4plex(K)@7, 
iTRAQ4plex(K)@13 

 

 

Myh9 protein 

 

 

0.4 

AREGLYPPAMDYWGQGT  Immunoglobulin 
heavy chain (VH-
DH-JH4) region 

1.8 

               ARGGRGGSGGSGAGPGTTGAA Deamidated(R)@2, 
Oxidation(R)@5, 
Oxidation(P)@15 

Cat eye syndrome 
chromosome 
region, candidate 6 
homolog 

1.0 

 

ASETNGTDSNGSNSSN 

iTRAQ4plex(S)@9, 
iTRAQ4plex(S)@12, 
Oxidation(N)@13 

Protein 
phosphatase 3, 
catalytic subunit, 
alpha isoform 

1.6 

   
   
ASQGWEDGAGEQLRGGP  Coiled-coil domain 

containing 9 
1.0 
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Peptide sequence Modifications Protein source GILT
ko/wt 

CASPLITTATFAYWGQGT Methylthio(C)@1 Immunoglobulin 
heavy chain 

17 

CESGNFRVHTVMT  

Methylthio(C)@1, 
iTRAQ4plex(S)@3, 
Deamidated(N)@5, 
Oxidation(F)@6, 
Deamidated(R)@7 

 

 

Interleukin 
enhancer binding 
factor 2 (ILF2) 
protein 

 

0.6 

CGRLNPGGYFIGTTP Methylthio(C)@1, 
Deamidated(N)@5 

RNA (guanine-7-) 
methyltransferase 

2.1 

CRQVTQGPGFGTGAIV Methylthio(C)@1, 
Deamidated(Q)@6 

MARVEL-
membrane 
associating domain 
containing 2 

 

1.5 

   
                DNGDPSASGTPDTLLPSA  Inositol1,4,5-

triphosphate receptor 
2  

 

 

1.0 

DSRGGGFRGRGGGGGFQR  Hnrpul1 protein 1.7 
 

DTAIYYCAGRWGTAMDYWGQGT 

Methylthio(C)@7, 
Oxidation(W)@18, 
Deamidated(Q)@20 

Immunoglobulin 
gamma chain 

1.5 

EAGSGASGAILSPPALFGT Glu->pyro-Glu@N-term Angiotensinogen  0.6 
EDDIEADHVGTYGISVY  Histocompatability 

2, class II alpha 
chain 

10 

   
               EGATALPGAPAAKGEPE Glu->pyro-Glu@N-term, 

iTRAQ4plex(K)@13 
Chondroitin sulfate 
synthase 3 

2.6 

EGLAVKFPTGGLFPGN No iTRAQ4plex(K)@6 Functional Smad 
suppressor element 
on chromosome 18 

1.3 

ELEEQLGPVAEETR  Apo lipoprotein A 0.7 
EMTTLPSGYGLEARP Glu->pyro-Glu@N-term Chemokine (C-X-C 

motif) ligand 16 
1.3 

EPSPAAPTLRSELELT Glu->pyro-Glu@N-term Plectin-1 2.1 
    
ERGGKMDAGFFRGT iTRAQ4plex(K)@5, 

Dethiomethyl(M)@6, 
Oxidation(D)@7, 
Deamidated(R)@12 

Serine/arginine 
repetitive matrix 1 

1.8 

ESTGWVLEEGPAAGSAPG  ATPase type 13A2  1.0 
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             Peptide sequence 

 

Modifications 

 

Protein source 

 

GILT
ko/wt 

 

FAEPGGGGGGDSGKVTT 

 

iTRAQ4plex(K)@14 

 

Glycogen synthase 
kinase 3 alpha 

 

0.8 

 
FGEGNPGGGVT Deamidated(N)@5 TCR alpha chain 

joining region gene 
segment 

0.4 

   
FLGGMSRGLLGRNHP Deamidated(R)@12 ilvB(bacterial 

acetolactate 
synthase) like 

1.0 

   
GAAGKSGANPAGGANAGNGGSG NoiTRAQ4plex(K)@5, 

Phospho(S)@6 
SRY-box 
containing gene 3 

0.7 

   
GAGGGGCPAGGG No Methylthio(C)@7 Zink finger , X-

linked, duplicated B 
0.5 

   
   
GAPGAAGGASASASGAGGAGGGGP  c-Maf long form 5.9 
GAPGEKGEPGDDGPSGL iTRAQ4plex(K)@6, 

Oxidation(D)@11, 
Oxidation(D)@12, 
Oxidation(P)@14 

Procollagen, type 
II, alpha 1 

2.6 

GAPGERGGPGERGPRGTP Oxidation(R)@6, 
Oxidation(P)@9 

Procollagen, type 
VI, alpha 1 

0.4 

   
GASLLTQASTLMSVQP Deamidated(Q)@7 Bassoon 0.6 
   
GATQAPTGAPQGPPGAAPG Oxidation(P)@13 Mediator of RNA 

polymerase II 
transcription 

0.5 

    
GAVPGALPGAVPAVPGAGGVP Oxidation(P)@8 ELN 0.5 

GCHSPRAGGQGPGGDRGT Methylthio(C)@2, 

Deamidated(R)@6, 
Deamidated(Q)@10, 
Deamidated(R)@16 

Rnf26 protein 1.0 

GEKGPIGAPGMGGPPGEPG No iTRAQ4plex(K)@3 Procollagen, type 
VIII, alpha 1 

1.0 

   

GESFAEFRSTGTDDGFTDFKTADSVSP Oxidation(F)@4, 
Deamidated(R)@8, 
iTRAQ4plex(K)@20 

MKIAA4231 protein 2.1 
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Peptide sequence 

 

Modifications 

 

Protein source GILT 
ko/wt 

GESRSMESMRPSSTP  Adrenergic receptor 
kinase, beta 2 

1.3 

GGAGGGGGGSGGGG  Zink finger, X-
linked, duplicated B 

0.6 

GGAGGHVIGGSRTDQSSGT  Armadilo repeat 
containing, X-linked 
4 

9.0 

GGAYTYGGGGSAAGAGAGGTGA  T cell leukemia, 
homeobox 1 

1.3 

GGEDDIEADHVGTYGISVY iTRAQ4plex(K)@3, 
iTRAQ4plex(K)@9, 
Oxidation(P)@13, 
NoiTRAQ4plex(K)@18 

MHC H2-IA-alpha 0.7 

GGEGKTGRVVDIRGWDVETGRSVASVT Oxidation(P)@3 Mib2 protein 1.7 

GGGGGGSSGGGGGGGGGSGLRMSSN 

 

Deamidated(R)@21 

 

Potassium large 
conductance 
calcium-activated 
channel, subfamily 
M 

 

0.7 

GGGGGGWHSGQRSQQR Oxidation(P)@1, 
Deamidated(R)@6 

2310002B14Rik 
protein 10 

GGGGGNATAAATGGNQKNSP NoiTRAQ4plex(K)@4, 
iTRAQ4plex(K)@7 

Transcription factor 
SOX-2 

0.6 

                GGGGSGGGGSGGGGSDIQMT iTRAQ4plex(K)@12 scFv 6H8 protein   

0.6 

GGGSGGSHGGKSGGGYGGGSSSGGGSGGSYG

GGSGGSHGGKSG 

Oxidation(H)@12 Trophinin 0.3 

GGLFGNSQTKPGGLFGT Oxidation(P)@2, 
Oxidation(P)@6, 
Methylthio(C)@12, 
Oxidation(H)@13 

Nup98 protein 1.2 

GGLLGAGPREACLATPGPPT Oxidation(P)@4 Serine-argenine 
receptor protein 
(Srrp) 

1.8 

GGLPRGLPPGAGTAEGPT Oxidation(P)@7 Sema domain, 
type1 and type1-
like TM and short 
cytoplasmic domain 

1.2 
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Peptide sequence 

 

Modifications 

 

Protein source GILT 
ko/wt 

GGNVADKLGHETHH  Suprabasin isoform 1 0.7 

GGPGGAGGPGGP iTRAQ4plex(S)@2, 
Oxidation(P)@4 

Nonsense mRNA 
reducing factor 1 
NORF1 

0.3 

   

GGSLPDAASESLVSLDSGT Oxidation(F)@5 Caudal type homeo 
box 4 

1.2 

GGSSGGGGSCGG iTRAQ4plex(T)@6, 
Oxidation(P)@16 

Loricrin 0.7 

GGSYGGGSGGS Deamidated(Q)@1, 
Oxidation(P)@14 

Keratin, type I 
cytoskeletal 9 
(Cytokeratin 9) 

1.4 

GGVGSGPYPPPQPPYGT iTRAQ4plex(S)@12 Homeobox B1 10 

    

 

 

GGYDKDGRGPMTGSSGG 

 

 

 

Deamidated(N)@4, 
Deamidated(Q)@5, 
iTRAQ4plex(K)@8 

 

 

 

TAF15 RNA 
polymerase II, 
TATA box binding 
protein 

 

 

 

 

0.5 

                 GHRKAVTVVKFN 

 

iTRAQ4plex(K)@4, 
iTRAQ4plex(K)@10 

 

Histone cell cycle 
regulation defective 
homolog A 

 

1.7 

GIDPYDQPNAIYIER Deamidated(R)@1, 
Methylthio(C)@5 

Sortilin-related 
receptor, LDLR 
class A repeats-
containing 

 

0.5 

 

GPGAGKMAAATGQDGGGGG 

 

Deamidated(Q)@9, 
Oxidation(R)@12, 
iTRAQ4plex(K)@14 

Protein 
phosphatase 1 
regulatory 
(inhibitor) subunit 
3F 

 

 

3.0 
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Peptide sequence 

 

Modifications 

 

Protein source GILT
ko/wt 

GPGGPGPAGPM  KH-type splicing 
regulatory protein 

0.5 

GPPGQRGLPGEPGRPGT Methylthio(C)@9, 

Methylthio(C)@21 

Procollagen, Type 
IV, alpha 4 

 

0.7 

GPPPGPPGAGDRGGGGPGGG  KH-type splicing 
regulatory protein 

 

0.4 

GQGTVTVTLPVAGNVVNS  Nuclear 
transcription factor-
Y alpha  

 

8.6 

GQQCGNPGGAAEQRVSFRHHESSAA

Q 

 Acylpeptide 
hydrolase 

 

0.5 

    

GSAQVTPGTPLCLLT  Protein tyrosine 
phosphatase, 
receptor type T 

 

0.6 

GSGEAAPDGEGNQAADGP  Flt3 interacting zinc 

finger protein 1 

 

0.6 

GSGRLNVAGSGGDDGAGGPA  Zinc finger and 
BTB domain 
containing 7 

 

0.5 

    

GSGVVTTVTMSGRDP Deamidated(Q)@6 Death inducer-
obliterator 1 

0.6 

   

GSSAGLSALLAGAGLLMLL  SORCS receptor 1 1.2 

GSSNPPGGASAPLAPSSPP  Serine/threonine 
protein kinase 
WNK2 

0.3 

            GTGLQSSGLGSSNLGGFGTSSGFGCGT Protein Terminal Acetyl@N-
term, iTRAQ4plex(K)@3 

Nucleoporin like 1 2.1 
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Peptide sequence 

 

Modifications 

 

Protein source GILT 
ko/wt 

GTGSGSGSGSGSGSGSGSGSGSGS  Signal peptide, 
CUB domain, EGF-
like 2 

2.1 

GVSCEDQDECLMGT Deamidated(R)@6 Fibrulin 2 0.7 

HLNSSVQQGAPSEPGA Oxidation(M)@3 Neurotensin 
receptor 

0.8 

IVTDGVPLGNIQTSLP  GA repeat binding 
protein , beta2 

0.4 

    

LDGQKTGTLRFCGT  CLIP-170-related 
protein 

2.7 

LESVFTQIQKTNI  Solute carrier 
family 26, member 
3 

0.7 

LLEGSLGEPAPLPLPT  Bassoon 5.0 

LRAKDEASARSWAGAIQAQIGT  Syntrophin, acidic 1 2.4 

LSAAGPGAYGGERPGVLAA Deamidated(R)@11,iTRAQ4pl
ex(K)@12, Methylthio(C)@16 

Iroquois related 
homeobox 1 

0.9 

   

LSSEAHCGKRGQVP Oxidation(P)@2, 
Oxidation(P)@6, 
Methylthio(C)@12, 
Oxidation(H)@13 

Luzp1 protein  

3.7 

LSTRLATDAAQVQGAT Oxidation(P)@7 ATP-binding 
cassette, subfamily 
B(MDR/TAP), 
member 4 

 

 

1.4 
LVPCSTTPPPPPPRP Oxidation(P)@2, 

Deamidated(R)@11, 
Deamidated(R)@13 

SH3-domain 
GRB2-like 
interacting protein 1 
alpha 

 

0.5 
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Peptide sequence 

 

Modifications 

 

Protein source GILT 
ko/wt 

MELGRSPSTPQEEAI  FYVE, RhoGEF 
and PH domain 
containing 3 

1.2 

MGHLLASVAGGSGSSGGAGPGT iTRAQ4plex(S)@2, 
Oxidation(P)@4 

T-box 2 1.0 

    

MPCVQAQYGSSPQGASP  Steroid/thyroid 
hormone orphan 
nuclear receptor 

 

0.8 

MPYAHCKGILYGT  Oxysterol-binding 
protein-like protein 
8 isoform b  

 

2.5 

MSRQVQKQLVGVT Oxidation(P)@1, 
Oxidation(F)@4 

Olfr432protein(olfac
tory receptors) 

 

1.0 

   

NCPVLEGMELENQGGMGT  Leishmanolysin like 
(metallopeptidase 
M8 family) 

 

0.3 

   

NIGGGGNGSNRSDSNSN Oxidation(F)@5 Interferon 
dependent positive 
acting transcription 
factor 3 gamma 

 

 

1.2 
NLSLNLNGNDIAGIEPG Gln->pyro-Glu@N-term, 

Oxidation(N)@2 
CD180 antigen 0.9 

NPAPPGPPAQASSPSAGV iTRAQ4plex(S)@12 Small optic lobes 0.9 

PAAQAASSPQAAAPAPGQPGP Deamidated(R)@1, 
Oxidation(P)@8 

Eph receptor A6 0.6 
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Peptide sequence 

 

Modifications 

 

Protein source 

 

GILT
ko/wt 

PAPESSSDSDSHDSFT Deamidated(R)@1, 
Oxidation(D)@3 

FAT tumor 
suppressor 
homolog 4 

0.3 

PDRQEGEEGQGARSAP Deamidated(R)@1, 
Oxidation(P)@3, 
iTRAQ4plex(K)@9 

Interferon 
stimulated 
exonuclease gene 
20-like 1 

1.0 

PEEVEEPSHQIEIP Deamidated(R)@1, 
iTRAQ4plex(S)@6 

IQ motif containing 
H 

0.1 

    

PEKGPVETKSEPPESEAKPAPT Methylthio(C)@6 Neural cell 
adhesion molecule 
1 

1.2 

    

PGHEGRGPPPHDMRGGPLAEPRP Deamidated(N)@6, 
Deamidated(N)@8, 
Oxidation(D)@14 

Cleavage 
stimulation factor, 
3' pre-RNA subunit 
2 

0.7 

PGPKGDKGDMGPPGPP Deamidated(N)@3 Procollagen, type 
XIX, alpha 1 

0.6 

PLEEEIIGENTKP  N-terminal EF-hand 
calcium binding 
protein 1  

1.4 

PMSNGNFFAAPHPGPGT Methylthio(C)@9, 
Methylthio(C)@21 

DnaJ (Hsp40) 
homolog, subfamily 
C, member 14 

1.0 

   

PSPPREDVSPPAVP  Zink finger protein , 
multitype1 

11 

PTEDEVFDFGDTMV  ATPase family, H+ 
transporting, 
lysosomal V0 
subunit A1 

0.8 

QGGTIGVNEDDIVTPGT Oxidation(P)@2, 
Oxidation(N)@3, 
Deamidated(R)@15 

Podoplanin 5.0 

QSQGGQVFQAGDVPSSS Deamidated(R)@13 Aldehyde 
dehydrogenase 
family 16 member 

0.3 
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             Peptide sequence Modifications Protein source GILT
ko/wt 

QSSHREALPGLSSSGT Protein Terminal Acetyl@N-
term, iTRAQ4plex(K)@3 

Neighbor of Punc 
e11 protein 

1.8 

QTDFTFFMIQNAGM  Solute carrier 
family 39, member 
8 

0.8 

QVFNQIIKSRPH Phospho(S)@5, 

Dehydrated(E)@8 

Serine or (cysteine) 
peptidase inhibitor, 
clade E, member2 

0.7 

RAGSAGQTFLGASSAPVGT  Mastermind like 1 
(Drosophila) 

1.4 

RLDAADGPEHGRPVAH  Mastermind like 1 
(Drosophila) 

1.0 

RSEAQRQAQRLQK Deamidated(R)@6 Valyl-tRNA 
synthetase 

0.4 

RVPVTNEEKTMSAN  Solute carrier 
family 35, member 
3 

0.8 

RWSLASLPSSGYGT Oxidation(P)@9, 
Methylthio(C)@11, 
Oxidation(D)@16 

Microtubule 
associated 
serine/threonine 
kinase 2 

0.6 

SAASSCRPLGSGTAPNPT Pro->pyro-Glu(P)@9 Striatin, calmodulin 
binding protein 4 

0.3 

SAGQFPRLSLHFQL iTRAQ4plex(K)@7, 
Oxidation(P)@12 

Gamma-
aminobutyric acid 
receptor, subunit 
delta 

1.2 

            SAQVVVGPVSEAEPPKASSA Deamidated(N)@5, 
iTRAQ4plex(S)@13 

Calcium-binding 
tyrosine 
phosphorylation 
regulated protein 

17 

SASGEGNLATAHTSTGP  Casitas B-lineage 
lymphoma 

1.5 

SEGRNNNNRIFFGDG Deamidated(N)@5, 
Oxidation(F)@6 

TCR alpha 1 chain 
variable region 

0.9 

SENQSSSSDSEAERR  Transcription factor 
3 

1.6 

SFSAMPAGQSERGKGS Methylthio(C)@3, 
Methylthio(C)@4, 
iTRAQ4plex(T)@7 

DnaJ (Hsp40) 
homolog, subfamily 
C 

1.8 
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 Peptide sequence Modifications Protein source GILT
ko/wt 

SGAQPGGVPSAPTGPLGPP iTRAQ4plex(K)@5 HLA-B-associated 
transcript 3 

27 

SGGGDGPNLNNNNNNNN No iTRAQ4plex(K)@11, 
Dehydrated(S)@14 

Insulin receptor 
substrate 2 

3.9 

SGGSSGAGPSGAGPGTQQGS iTRAQ4plex(K)@9 GATA binding 
protein 4 

0.6 

SGIAFWRAASLAEPE  Transmembrane 
protein 70 isoform 1 

0.7 

   

SISLKAGLSIPFPE  Solute carrier 
family 9, isoform 10 

0.7 

   

             SLSSEQHDITIDLSP iTRAQ4plex(K)@3, 
iTRAQ4plex(K)@9, 
Oxidation(P)@13, No 
iTRAQ4plex(K)@18 

Insulin growth like 
factor 2 receptor 

1.7 

   

SPNVTQPVRDLGSGRV iTRAQ4plex(K)@4 Nucleolar protein 9 0.6 

SPSPTQLFPWMRPQ Deamidated(R)@6, 
Deamidated(R)@13, 
Deamidated(R)@15, 
Deamidated(R)@16 

Homeobox B8 0.9 

SQGAPGTPGPVGAPGDAGQ Deamidated(R)@14, 
Deamidated(R)@22 

Collagen, type V, 
alpha 2 

1.0 

   

SSASPGNYVGPPGGGGPPGT iTRAQ4plex(K)@12 ssDNA binding 
protein 2 

1.0 
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 Peptide sequence Modifications Protein source GILT
ko/wt 

SSDSSAGVLSSSRVLGP  Mucin 20 1.7 

   

SSTAPDAAAGG  Abl-interactor 2 43 

TPQDSRQSIQKPPSPGAEED  Rhox 9 protein 13 

TQQQPPQLLRRYSVAKVPASPT Gln->pyro-Glu@N-term, 
Oxidation(D)@11 

SRY-box 
containing gene 11 

5.4 

   

TTTTTSTSSSTTTTTGT  Olfactomedin-like 
2A 

0.6 

VAGSGEAEGSSASSPSLPP Deamidated(Q)@1, 

Oxidation(P)@14 

Transmembrane 
protein 119 

0.6 

VMNMQCTGNLDLIPL              Dethiomethyl(M)@14 Histidine   acid 
phosphatase    
domain containing   
2A 

0.4 

YTQSATYSTTAVTYSGT Deamidated(R)@1, 
iTRAQ4plex(S)@6 

Zinc  finger RNA 
binding protein 

10 

 

 

 

 

 

 



 

97 

Table 1B 

 

           

Peptide sequence 

 

Modifications 

 

Protein source 

AAAVLPSAAA  Zink finger ZZ-type and EF-hand 
domain-containing protein 

AAGLKDS iTRAQ4plex(K)@5 Calpain 5 

AAHRLVSA Deamidated(R)@4 Glutamate--cysteine ligase GshA 

AATMRFL  Death inducer-obliterator 1 

AATSGAGSTT  HECT,UBA,WWE domain 
containing 1 

ADSGGQPQL  Chain A, crystal structure of N-
Myc downstream regulated 2 

AEAASATVN  Ankyrin repeat domain 9 

AELQTDGT  DEAH (Asp-Glu-Ala-His) box 
polypeptide 33 

AETSSQQP  CREB binding protein  

AGAGATEEP  Solute carrier family 9 

AGGGEGTSPT  Protein phosphatase 1 
regulatory(inhibitor) subunit 3F 

AGGGSTRVSN  Keratin 35 

AGGPHLEH  POU domain, class 3, 
transcription factor 1  

 

AGPKGEAGA iTRAQ4plex(K)@4 Ficolin B 

AGQTSCPN Methylthio(C)@6 Zink finger,CCHC domain 
containing 14 

 AGQVSMVQ  V-set and immunoglobulin domain 
containing 1 protein 

AGRSPFAD Dehydrated(S)@4 Ectopic viral integration site 2b 

AGTYRCT Methylthio(C)@6 Intercellular adhesion molecule 
(ICAM)5, telencephalin 

AGVRARVGT Deamidated(R)@4 Coiled-coil domain  

DDLERSSG  Bms1 protein 

ALTNNTVQ Deamidated(N)@4 Solute carrier family 13 

APPSALFAA  Forkhead box D1 

ASKHSPT iTRAQ4plex(K)@3 Microtubule-associated protein 1 
B 

ATANPARC Deamidated(R)@7, 
Methylthio(C)@8 

Fkrp protein 

ATQNAHGT Oxidation(H)@6 Forkhead box J3 
AYHGLPGGP  Slc18a2 protein 
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Peptide sequence 

 

Modifications 

 

Protein source 
DDLPSEF  Disintegrin and 

metallopeptidase domain 22 
DGSGALFGT  Eukaryotic translation 

termination factor 1 
DHSGTSTT  Mucin-1 precursor (MUC-1) 
EDGLVRGT Glu->pyro-Glu@N-term Calcium binding and coiled-coil 

domain 2 
EGVRSGTGT Glu->pyro-Glu@N-term, 

Deamidated(R)@4 
Mitogen-activated protein 
kinase kinase kinase 15 

EIESDTGT Glu->pyro-Glu@N-term Sv2c protein 
ENFRCP Methylthio(C)@5 Otogelin  
EPASNHNGG  HHIP-like protein 2 precursor 
EPVDFVN  Serine(or cysteine) peptidase 

inhibitor 
FENAFLS  ATP synthase, H+ 

transporting, mitochondrial F1 
complex, alpha subunit 

FHSAVVGT  Lipase, member H 
GAAENPGTSG Deamidated(N)@5 Armadilo repeat containing, X-

linked 2 
GAASGARWT Deamidated(R)@7 Ectonucleoside triphosphate 

diphosphohydrolase 6 

GAGGGGGGTRA  Rusc2 protein 
GAGGGWDTP  Tripartite motif-containing 41 
GAGTRQNN  TU52 isoform A 
GAGTTEAPN  Zink finger protein 628 
GAPGPVGPAGP  Colla 2 protein 
GATGGNRPA  Nipbl protein 
GEPGGAGADGV  AP1 gamma subunit 

binding protein 
GGLFFLGT  Adhesion molecule, interacts 

with CXADR antigen 1 
GGNPFVTATT Oxidation(P)@1, Deamidated(N)@5, 

Oxidation(N)@6 
Ubqln3 

 

GGPGPAMHT 

Deamidated(R)@13 Outer dense fiber of sperm 
tails 3-like 1 

GGQNTLYF  T cell receptor beta-chain 
CDR3 

GGQPFGLF  Desmocollin 1 

GGRPGFPGT Deamidated(Q)@1 Collagen alpha-1 (XII) chain  
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Peptide sequence 

 

Modifications 

 

Protein source 
GGSGAALKT  Odd-skipped related 

1(Drosophila) 
GGSGGGGRPT Gln->pyro-Glu@N-

term,Oxidation(D)@11 
SLIT and NTRK-like family, 
member 3 

GIALGDLQ Deamidated(Q)@7 Carbohydrate kinase-like 

GIEVLWT Deamidated(R)@1, Oxidation(D)@3 Mgea5 protein 

GLRSMNGA Deamidated(Q)@13 Eif3b protein 

GMMGYPGT iTRAQ4plex(K)@16, 

iTRAQ4plex(S)@18 

Procollagen, type IV,alpha 3 

GNVVLCGV Phospho(S)@14 Kinesin family member 7 

 

GPAPGGPAQP 

Deamidated(N)@6,8 

Oxidation(D)@14 

 

HLA-B-associated transcript 3 

GSAQLQALA  Recq14 

GSCVNRGT  Ankyrin repeat domain 6 

GSDSSEEN Oxidation(P)@12, iTRAQ4plex(S)@15 Sialoprotein II 

GSGSGRPNGT Oxidation(P)@2, Oxidation(N)@3, 
Deamidated(R)@15 

LysM, putative peptidoglycan 
binding domain containing 1 

GSQRRVF  HEG homolog 1 

GSVATTTIP Deamidated(R)@13 Slc6a5 

GTQVTITGT Phospho(S)@5 Plexin A4 

GTVVRVSN  Minichromosome maintenance 
deficient 8 

HLGQVWAE Deamidated(N)@5, Oxidation(F)@6 ATP-binding cassette, 
subfamily A, member 4 

IEKVAN  ATP-binding cassette, 
subfamily A, member 4 

INPILYN iTRAQ4plex(Y)@12, 
iTRAQ4plex(K)@16 

Growth hormone secretagogue 
receptor 

LAGAFAIGV  Tetraspanin 18 

LEDELQAT Oxidation(M)@2, Deamidated(N)@3, 
Methylthio(C)@6, Oxidation(P)@14 

Myosin, heavy polypeptide 10, 
non-muscle 

LGRAARR Methylthio(C)@12, Oxidation(N)@14, 
Oxidation(M)@21 

YY1 transcription factor 
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Peptide sequence 

 

Modifications 

 

Protein source 
LLDCASGT iTRAQ4plex(K)@6 WD repeat-containing protein 

90 
LLTEDVN  F-box only protein 22 

LNPKWN  Itsn2 protein 

 

LNVHDYT iTRAQ4plex(K)@3, 
iTRAQ4plex(K)@9, 
Oxidation(P)@13,No 
iTRAQ4plex(K)@18 

Prolactin family 4, subfamily a, 
member 1 

LPSLGEDT Deamidated(R)@14, 

Deamidated(R)@22 

Leucine rich repeat and fibronectin 
type III domain 

LQHEAAVP Oxidation(P)@1,  Deoxyhypusine 
hydroxylase/monooxygenase 

   
LQPDFSGAAA iTRAQ4plex(K)@12 Synaptosomal-associated protein 

91 
LSGNTGEGT  RalGDS-like factor 

LVHANFGT Oxidation(P)@19 Transferrin receptor  

MISSESGT Deamidated(R)@13 Middle T antigen 

MSSPPAPGT Deamidated(Q)@1 Splicing factor, arginine/serine-rich 
11 

NGYCFGV Gln->pyro-Glu@N-term ATP binding domain 1 family, 
member B 

PAGPITQGT Deamidated(R)@1, 
Methylthio(C)@5 

Phosphodiesterase 10A 

PEPTYPN Deamidated(Q)@13 Leucine rich repeat containing 8 
family 

PPGLAGPPGS  Collagen, type V, alpha 2 

PPGMSMPT  One cut domain, family member 1 

PPGPGGVVGP iTRAQ4plex(K)@5, 
iTRAQ4plex(K)@6 

Procollagen, type XI, alpha 1 

PVNQYVN iTRAQ4plex(K)@5 Membrane-associated guanylate 
kinase protein 3 

PVTFGDGT  Immunoglobulin kappa light chain 
variable region 

QAHTGFLT  EF-hand calcium binding domain 
4A 

QNSESNPT  Zinc finger protein (C2H2 type) 
276 

QPGGVPSAP  HLA-B-associated transcript 3 
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Peptide sequence 

 

Modifications 

 

Protein source 
RGLSCEGS  Immunoglobulin mu chain 

SGRLMGSP Deamidated(N)@5 F-box protein 28 

SLGGESSGGT  Rho guanine nucleotide exchange 
factor 

SLPSMSSN  Lymphocyte cytosolic protein 2 

SPIIFIGT Oxidation(P)@3 Signal recognition particle 54C 

SRPISSPP No iTRAQ4plex(K)@4, 
iTRAQ4plex(K)@7 

ATP-binding cassette, sub-family 
A, member 17 

SSVRVFAT Oxidation(P)@2, 6,13 
Methylthio(C)@12 

Basal cell adhesion molecule 

STGARRTT Oxidation(P)@4 Keratin 35 

SVISTRTP Oxidation(P)@7 Nuclear factor I/B 

TEPLITGT Deamidated(R)@13 Alpha 1 microglobulin/bikunin 

TSKNYPGT Gln->pyro-Glu@N-term Discoidin, CUB and LCCL domain  

VGATLPSR iTRAQ4plex(S)@12 Ubiquitin specific peptidase 36 

VTTANTTT Deamidated(Q)@7 1600029D21Rik protein 

VVLLDTTT Deamidated(R)@1, Oxidation(D)@3 Eph receptor A6 

VVSEWIT iTRAQ4plex(K)@13 Prostaglandin F2 receptor 
negative regulator 
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Table 2 

MHC class II-associated self-peptides presented by GILT-/- mouse splenocytes.  

High through-put sequence analysis of MHC class II-bound peptides resulted in a 

detection of 10 peptides uniquely presented in GILT-deficient sample fractions.  These 

peptides were identified using the non-redundant NCBI protein database.  Five peptides 

have not been identified due to an incomplete murine DNA and protein databases. 

Modifications represent peptide modifications obtained during data acquisition. 
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Table 2 

 

           

Peptide sequence 

 

Modifications 

 

Protein source 
ASSPAVTAP                    Unnamed protein 

KLDLGSGGRALGGVGTAPAGGPAS iTRAQ4plex(K)@1 Apoptosis associated protein 
kinase 3 

VGAVAAAEAAGLPGGGEGPKLAEG iTRAQ4plex(K)@20 Magi1 protein  

SPRIQLSSCRSLESLR Protein Terminal iTRAQ4plex@N-

term, Methylthio(C)@9 

PREDICTED: hypothetical 
protein 

VGNVENTLFINTSNHGVF Oxidation(N)@3 PREDICTED: similar to 
transmembrane protein 

GGAGGGGAGGGAGGGRSPVRELDM Deamidated(R)@20, 

Oxidation(M)@24 

Short  stature homeobox 2  

TLGTGKGT iTRAQ4plex(K)@6 PREDICTED: similar to cyclin B1  

LTMMSLTQPDVLMGT Deamidated(Q)@8 Hypothetical protein LOC69885 

SGQEADSE  Centrosomal protein 68  

GGGGGGFGGSGG 

 

 DEAH (Asp-Glu-Ala-His) box 
polypeptide 9   
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Table 3 

MHC class II-associated self-peptides presented by GILT WT mouse splenocytes.  

High through-put sequence analysis of MHC class II-bound peptides resulted in a 

detection of 237 peptides that were uniquely presented in GILT WT sample fractions.  

These peptides were identified using non-redundant NCBI protein database.  ~96 

peptides have not been identified due to an incomplete murine DNA and protein 

databases.  Modifications represent peptide modifications obtained during data 

acquisition. A) List of MHC class II- binding self-peptides derived from transmembrane, 

secreted, and cytoplasmic/cytoskeletal proteins.  B) List of peptides that are less or equal 

to 10 amino acids in length. 
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Table 3A 

           

Peptide sequence 

 

Modifications 

 

Protein source 
LANPGSGQIQLWQFLLELLSDSSN 

SNCITWEGTNGEFK 

 

Methyl(D)@21, 

Oxidation(N)@26, 

Methylthio(C)@27, 

Deamidated(N)@34, No 

iTRAQ4plex(K)@38 

 

 Erg G 

 

 

EDDIEADHVGTYGIS                                                               

 

  MHC H2-IA-alpha  

 

 ELEEQLGPVAEETRA 

 

 Apolipoprotein E  

 
GIDPYDQPNAIYIER 

 

 Sortilin-related receptor, 
LDLR class A repeats-
containing  

 
EFPPDETSLFYSQKFPIQF                        

 

iTRAQ4plex(K)@14, 
Deamidated(Q)@18 

 

Calpain 3  

 
   

IMIFFASGFHGDSSPFDGEGGF 

 

iTRAQ4plex(S)@14                   

 

Matrix 
metallopeptidase 24   

GPDPNSFRCYCVPG 

 

Oxidation(D)@3, 
Deamidated(N)@5, 
Oxidation(R)@8, 
Methylthio(C)@9, 
Methylthio(C)@11 

 

Calcium-binding EGF-
like domain-

mCG49449 
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Peptide sequence Modifications Protein source 
EDQGPGRNPSPSAGDLVASEDLEM 

 

Oxidation(M)@24 

 

Anion exchanger 3 
cardiac isoform  

 

   

VHFGGNPDRVTIFGESAGGT    iTRAQ4plex(H)@2, 
Deamidated(N)@6 Carboxylesterase 5  

QEDEQKARGLEESIT Deamidated(Q)@5, 
iTRAQ4plex(K)@6 Palm protein   

AGGGGGGGSGGGGG  
Zinc finger protein 282   

PESSAAAAAPEAAASLESSAAAAAPEAA  
Testis specific gene A8  

EDPVHGIRLEAFTQATPVPLEF 
Glu->pyro-Glu@N-term, 
Oxidation(D)@2, 
Deamidated(Q)@14 

RIKEN cDNA 
1190002C06  

VIQAMPSDLTSAIQNIHSASK 

Deamidated(Q)@3, 
Oxidation(M)@5, 
Phospho(S)@11, 
iTRAQ4plex(K)@21 

Liver receptor-like 
protein 1 variant 2  

  
 

LEILDQNIDIEALQVAF Deamidated(Q)@6, 
Oxidation(D)@9 Germ cell-less  

ASRSQSRNATRSLSP 

Deamidated(Q)@5, 
Deamidated(N)@8, 
Oxidation(R)@11, 
iTRAQ4plex(S)@12 

Proto-oncogene 
serine/threonine-protein 
kinase Pim-1   

NYDPDVVLKQVHYNEFIPQF  Tubulin tyrosine ligase-
like family, member 12   

  
 

SAVPSQLLPSGPLAAGVASA   

 

Oxidation(P)@4, 
Phospho(S)@10, 
Oxidation(P)@12 

 

Olfr1341 protein  

 

LQRHLLSGEFDQLRDFPIFE 

 

Deamidated(Q)@2, 
Deamidated(R)@3, 
Deamidated(Q)@12, 
Deamidated(R)@14 

 

Transmembrane protein 
20  

 

 

 

YGGFGYGYRRPLSYGGYG 

 

Oxidation(F)@4, 

Oxidation(P)@11  

 

 

Potassium channel 
tetramerisation domain 
containing 18   

 
           

Peptide sequence 

 

Modifications 

 

Protein source 
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AAGTVGGPGSRSAVGAGGTGT 

  

Cat  eye syndrome 
chromosome region 

   

AFSDLTSQPSFNENTAAFPLQF 
Oxidation(D)@4, 
Oxidation(P)@9, 
Deamidated(Q)@21 Olfactory receptor 1037  

RCKAFSTCASHLTAVTIFYGT 

Methylthio(C)@2,No 
iTRAQ4plex(K)@3, 
Methylthio(C)@8, 
Oxidation(H)@11, 
Phospho(T)@16 

Vomeronasal 2, 
receptor 104 

 
  

RGPPGPPGLPGPSGITVPGLPGPAGL               

GKPGLDGIPGAPGDKGDSGPPGV 

 

iTRAQ4plex(K)@28, 
Oxidation(P)@38, 
iTRAQ4plex(K)@41 

 

Col8a2 protein  

 

GSGPQRAGPGGGTEVIQV Oxidation(R)@6 
Sfrs11 protein  

  
 

GGYGSRFGGSFGIGGGAGSGFGFGGG 

Deamidated(R)@6, 
Phospho(S)@10 

 
Epidermal keratin 
subunit II  

VDAGETEASTSGRGRQT  

Whirlin  
  

 
  

 

GANDELIPFQDEGGEEQEPSSDT Deamidated(Q)@10 Transcription factor 7-
like 1  

PLEGRYEWQEVERGSLPEF iTRAQ4plex(S)@15 Cyclin-dependent 
kinase inhibitor 1B  

SILASGVPARFSGSGSGT  
Desmocollin 3  

  
 

   
LLGGNEDNAFVLTASGELRVT  FAT tumor suppressor 

homolog 4 

PPPRPPPLSPVPSGCFEGGAGN Methylthio©@15 Potassium voltage 
gated channel  

  
 

PIEAKLPWFKQAQELEEGAAVSEEPSFIPE iTRAQ4plex(K)@5, 
iTRAQ4plex(K)@10      ADAMTS-like 1  

QDLKYVRDALQPQTTDAEATIFFTRLIE 

Deamidated(Q)@1, No 
iTRAQ4plex(K)@4, 
Oxidation(F)@23, 
Deamidated(R)@25 

Phosphatidylinositol 3-      
kinase, C2 domain 
containing, alpha 
polypeptide  

           

Peptide sequence 

 

Modifications 

 

Protein source 
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SLSADKPQGSPLLNEVSSSHIETDSQDFPPT 

 

No iTRAQ4plex(K)@6, 
Deamidated(Q)@8, 
Oxidation(H)@20 

 

c-Cbl associated protein 
CAP  

 

EDLAELDQLLRQRPSGAMP 

 

Oxidation(D)@7, 
Oxidation(R)@11 

 

     Noggin  

 

   

   

LEPLEPTMEDVENISDFEPLF Deamidated(N)@13 ARP5 actin-related protein 
5 homolog (yeast) 

EEVQRRAFLFLNPDDFLDEE 

Glu->pyro-Glu@N-term, 

Deamidated(Q)@4 

Beta-1,4-N-acetyl-
galactosaminyl 
transferase 4 

   

  
 

ALQSTDVSLESKVSSLPASEKNRECERQVQELQSPVA 

iTRAQ4plex(K)@12, 
iTRAQ4plex(K)@21, 
Methylthio(C)@25, 
Deamidated(R)@27 

  A-kinase anchor protein 9 
  

 

SGASSSGQRHDRDSYSSSR  AF4/FMR2 family, 
member 4 

  A-kinase anchor protein 9 
PIETNQNAVFQYISRTDN  

Zinc finger protein 800  
GVPGGVGVGGIPGGVGVGGVPGGV 

 

 ELN  

 

GGYVVLDESFNIGLKFEIA 
iTRAQ4plex(K)@15 Lama4 protein  

 
  

SSLLPDASCFYTGTV 
Methylthio(C)@9 

A disintegrin-like and 
metallopeptidase   

   

 

   
DGPPGPDGLQGPPGPPGT 

 

 Procollagen type IV alpha 5  

 
           

Peptide sequence 

 

Modifications 

 

Protein source 
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GGGGSGGVAKWLREHLGFRGGGGGGG 
iTRAQ4plex(K)@10 

Src homology 2 domain 
containing F   

 
  

   

RHNGFPLFPVTSETIPDLPGN  Coiled-coil domain containing 
116  

QKLFLRLREKGMLEEGN 

Deamidated(Q)@1, 
iTRAQ4plex(K)@2, 
Deamidated(R)@6, 
Deamidated(R)@8, 
iTRAQ4plex(K)@10 

 Casp8  
GGGSGGGGRGGFPSGGGGGGGQ 

 

Deamidated(R)@9, 
Deamidated(Q)@22 

 

Fusion, derived from t(12;16) 
malignant liposarcoma (human) 

 
DCNPKHSGGSSTPGGAGGSGTPGG Methylthio(C)@2,No 

iTRAQ4plex(K)@5 

Cbp/p300-interacting 
transactivator  

PASSATPALHVQPLAPAAAP 
Deamidated(Q)@12 

Minichromosome maintenance 
deficient 3 

FHFLDRLERHDVTCTVSGGG 
Oxidation(F)@3, Methylthio(C)@14 

Mitochondrial ribosomal protein 
S9  

  

 
AGGGAGTVGPEGPAVGGVPGAT  

    Adrenergic receptor, alpha 1d  

 

 

 

 

 

 

 

 

 

Table 3B 
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Peptide sequence 

 

Modifications 

 

Protein source 
GSGHHGAHH  Mafa homolog   

PEYTPASP Oxidation(P)@5 Polymerase (RNA) II (DNA 
directed) polypeptide A  

RAENRTT 

 

 Fibrinogen, gamma polypeptide  

 

VRDGQQN Deamidated(Q)@6, 
Deamidated(N)@7 

Procollagen, type XVIII, alpha 1 

IGPLTITP  Solute carrier family 23 
(nucleobase transporters), 
member 2 

DPPDNCP Methylthio(C)@6 Insulin receptor  

ASLVAFGGT  Kelch-like 26 isoform 3  

GFLTPPAP Oxidation(F)@2 Wnk1 protein  

GPRNSMTP  Intercellular adhesion molecule 5, 
telencephalin 

EDQADGSQ  Coiled-coil domain containing 40  

RDYVGTLEF 

 

 DEP domain containing 2 isoform 
1  

 
GGNTTSPW  Novel protein (B230312A22Rik) 

ELGLDYGT  Chibby homolog 1  

DQRGGGPN Oxidation(D)@1, 

Deaminted(Q)@2 

Leucine-rich repeat-containing 
protein 16C  

AFFAMVAN  Protein kinase, AMP-activated, 
gamma 3 non-catatlytic subunit 

GTGLGTGLGT  Nucleoporin 54  

GAGAGGGGMFGS Dethiomethyl(M)@9 Nuclear factor of kappa light chain 
gene enhancer in B-cells 1  

GGPPGLPGSA  Procollagen, type VIII, alpha 2 

SRRVHDT  mAb6H8 immunoglobulin kappa 
light chain  

MSACNPTN Methylthio(C)@4 Olfactory receptor 1098  

           

Peptide sequence 

 

Modifications 

 

Protein source 
GGGGAAQAGGST 

 

 Heat shock protein 4 like  
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SRFCLSA  Methylthio(C)@4 

 

Dystrophin related protein 2  

AGGPNASME  Dystrophia myotonica-containing 
WD repeat motif  

AMDYWGQ Deamidated(Q)@7 Immunoglobulin heavy chain  

AGGGGAAKT    

 

 Ubiquitin-conjugating enzyme 
E2O  

 
RAMIPNYT  Notch gene homolog 4 

(Drosophila)  
ATKTDGT  Double C2, alpha 

ADAEQEEN  Glutamate receptor interacting 
protein 1  

AAPAAATAPA 

 

Oxidation(P)@9 Keratin associated protein 16-4  

 

RVPAMREQ  Cartilage intermediate layer 
protein  

TQPSYGGGT  Misshapen-like kinase 1 
(zebrafish)  

PPGIGLPGTP  

 

 Procollagen type XVI alpha 1 

 

PPGPPGNQS                           

 

 

Oxidation(N)@7 

 

Scara3 protein  

 

SQVPGLGAGGS Phospho(S)@11 Prolactin regulatory element 
binding 

 

 

The role of GILT beyond Ag processing 

GILT is expressed in T lymphocytes 
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To test whether GILT is expressed in T lymphocytes, CD4+ and CD8+ T cell 

lysates were analyzed by Western blot under both reducing and nonreducing conditions 

Fig. 16A.  GILT was expressed in CD4+, CD8+ T cells, and lymphoblastoid B cell line 

A20, except that the molecular mass of GILT analyzed under nonreducing conditions 

appeared slightly lower. To test whether this difference was caused by alternative 

splicing, GILT mRNA isolated from T cells was amplified and sequenced. No differences 

were found relative to the deposited sequence (data not shown), suggesting that 

differences in the protein size are due to posttranslational modification(s). Subcellular 

localization of mouse GILT in T cells was determined using intracellular staining and 

confocal microscopy.   Co-staining of GILT (red) and lysosomal marker LAMP-2 (green) 

was performed, which revealed largely overlapping localization of the two molecules Fig. 

16B. Taken together, these data demonstrate that GILT is expressed in T cells and that its 

pattern of localization is similar to that found in professional APCs [2]. 

Enhanced T cell responses in the absence of GILT 

To test whether the function of T cells is affected by GILT, GILT WT and  GILT-

deficient spleen cells were activated with anti-CD3 Ab or ConA. The proliferative 

response of T cells was measured by [3H]dT incorporation. Surprisingly, we found 

moderately, but statistically significant superior proliferation of GILT-deficient T cells 

Fig. 17 A-D.  Interestingly, cell cultures activated with lower concentrations of mitogen 

showed the most significant (p<0.001) differences in proliferative responses. The GILT-

deficient and WT splenocytes were activated with anti-CD3 Ab in order to test the effect 

of GILT expression on the cytotoxic activity of effector cells. Cytolytic activity of 
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effector T cells was tested in an anti-CD3 redirected assay using 51Cr-labeled P815 target 

cells. The GILT-deficient T cells showed statistically significant, consistently higher 

cytotoxic activity when compared with GILT WT cells Fig. 17 E and F.  Interestingly, 

the lower concentrations of anti-CD3 Ab led to the most significant differences in 

cytotoxicity. Together, these data suggest that the presence of GILT reduces T cell 

functions.   

From our collaborative study with Dr. Vukmanovic’s laboratory we learned that 

there were no significant differences before T cell activation between GILT-deficient and 

GILT WT spleens in the relative or absolute numbers of total T cells, in the CD4/CD8 

subset distribution, in the proportions of naïve and/or memory cells as determined by 

CD62L and CD44 staining, or in the proportion of CD4+CD25+ cells [86].  Therefore, we 

hypothesized that GILT expression in T lymphocytes reduces their responsiveness to 

TCR engagement. 

Differences between GILT WT and GILT-deficient T cell responses could be due 

to: 1) different proportions of activated T cells; 2) different kinetics of activation, or 3) 

stronger activation on a single cell level.  To distinguish between these possibilities, in 

collaboration with Dr. Vukmanovic’s laboratory we analyzed CD69 induction in anti-

CD3 activated CD4+ and CD8+ T cells [86].  The CD69  is a type II C-type lectin receptor 

expressed on a small portion of mature T cells [87], [88].  CD69 expression is associated 

with activation, and is a good indicator of T cell sensitivity [89].  The levels of CD69 

induced in GILT-deficient T lymphocytes were significantly higher than those induced in 
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WT T cells, especially at later time points [86]. In addition, the frequency of CD69+ cells 

were, at all time points, only mildly higher in GILT-deficient T cells in comparison to 

GILT WT CD4+ or CD8+ T cells, and reached the level of ~90% positive cells in both 

types of T cells.  

Other consequences of T cell activation were tested via CD25 up-regulation and 

CD3 down-modulation. CD25 is also known as the α chain of the IL-2 receptor and is 

induced in T cells within several hours, with the peak around 24 hours post-activation 

[90]. TCR down-regulation has been shown to correlate with TCR occupancy [91]. 

Unlike CD69 and CD25 induction, TCR down-regulation  appears to be independent of 

TCR signal transduction [92].  Both GILT WT and GILT-deficient T cells, up-regulated 

CD25, 24 hours post-activation and down-modulated CD3 six hours post-activation [86].  

Collectively, these results suggest that the kinetics of activation are similar in GILT-

deficient and GILT WT T cells and that the superior function of the former is due to the 

stronger rather than faster activation of all T cells. In addition, the activation of GILT-

deficient T cells is stronger on an individual cell basis, and becomes evident at relatively 

later stages of activation [86]. 

If both GILT-deficient and GILT WT T cells are activated in their entirety, and 

yet their proliferative responses are different, then the numbers of cell cycles that each 

population of T cells undergoes must be different.  Indeed, we have demonstrated that, 

anti-CD3 stimulation of GILT-deficient T cells results in more cell divisions than in 

GILT WT cells [86].  Overall, these data suggest that GILT-deficiency leads to a greater 
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sensitivity of T cells to stimuli, increased activation and effector function of T 

lymphocytes.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16 
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The expression of GILT by T cells. 

A. The CD4
+
 and CD8

+
 subsets of T cells express GILT. Lysates from purified CD4+ 

and CD8+ cells were subjected to SDS-PAGE under reducing (R) or nonreducing (N) 

conditions, transferred to PVDF membrane, and probed using GILT-specific polyclonal 

Ab. The A20 cell line was used as a positive control.  

B. GILT is localized in the lysosomal compartments of mouse T cells. Spleen cells 

from C57BL/6 mice were activated with anti-CD3 Ab for 4 days.  CD4+ and CD8+ T cells 

were purified and stained using rabbit anti-mouse GILT, followed by Alexa Fluor 594 

(red)-conjugated anti-rabbit Ig and CD107a-FITC (green) conjugated anti-rabbit Ig 

specific for LAMP and analyzed by confocal microscopy.  

Fig. 16B-Done by Dr. Igor Barjaktarevic (Children’s Hospital, Washington, DC) 
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Figure 16 
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Figure 17 

Enhanced T cell responses in the absence of GILT. 

Proliferation of GILT-deficient  and WT spleen cells in response to cross-linking to anti-

CD3 Ab (A and B) and Con A (C and D). Results are stated as mean ± S.E.  Statistically 

significant differences at 0.001 < p < 0.01 (*) or p < 0.001 (**) levels are indicated.  

Results are representative of at least five individual experiments. GILT-deficient T cells 

showed consistently higher proliferation (A-D) when compared to WT T cells. 

Cytotoxic activities of GILT -/- WT spleen cells activated for 4 days with concentrations 

of 1 µg/ml (E) and 0.08 µg/ml (F) of anti-CD3 Ab. Equal numbers of the activated 

GILT-deficient and the GILT WT effectors were added at the indicated ratios to 51Cr-

labeled P815 target cells in the presence of soluble anti-CD3 Ab (1 µg/ml). Results are 

mean values of two GILT-/- and two GILT WT mice. The findings are representative of 

four experiments.  GILT-deficient T cells showed consistently higher cytotoxic activity 

(E,F) when compared to WT T cells. 
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Figure 17 
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Increased proliferation of GILT-deficient mouse fibroblasts.  

Since GILT is expressed in evolutionary distant species, we reasoned that GILT 

might be conserved in many cell types.  Therefore, we examined whether GILT may 

affect cellular proliferation cell types other than lymphocytes and APCs. Proliferation 

capabilities of mouse fibroblast cell lines (MFs) Fig. 18A and primary mouse fibroblasts 

(PFs) Fig. 18B isolated from the GILT-/- and the GILT WT mice were tested.  Because a 

high density of fibroblasts may induce contact inhibition of growth [93] we titrated the 

numbers of fibroblasts. Our data indicate that irrespective of the concentration of cells 

(1x105, 1x104, 1x103) in the wells of 96-well plates incubated overnight, proliferation of 

GILT-/- and GILT WT fibroblasts was significantly different. GILT-/- fibroblasts 

persistently showed at least two-fold increased proliferation without any exogenous 

stimuli, under standard tissue culture conditions. Both GILT-/- and GILT WT mouse 

fibroblast cell lines were generated by transfection of cells with the Large T antigen of 

SV40, and the increased proliferation in the GILT-/- cells could be a consequence of 

random insertion of the SV40 DNA. To exclude such a possibility we tested proliferation 

of primary mouse fibroblasts from GILT-/- and GILT WT mouse spleens Fig. 18B.  The 

GILT-/- primary mouse fibroblasts also showed increased proliferation when compared 

to GILT WT primary mouse fibroblasts. Identical findings were observed if mouse 

fibroblasts were treated with rEGF Fig. 18C.  Thus, GILT -/- mouse fibroblast cell lines 

display increases in both EGF-induced and basal levels of proliferation.  However, when 
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GILT-/- fibroblasts were transfected with the mouse GILT their proliferation rate became 

similar to that of WT fibroblasts Fig. 18D. 

SOD 2 is down-regulated in GILT-/- mouse fibroblasts.  

To investigate a potential underlying cause/mechanism by which GILT -/- cells 

acquire an increased proliferation phenotype we applied a proteomics approach. Most of 

the GILT is sequestered in the endosomal/lysosomal compartment, therefore its effect on 

cell proliferation is likely to be exerted by affecting the stability and/or activity of other 

endosomal/lysosomal proteins. To this end, we first analyzed the contents of Lamp-

1/cathepsin D+ Percoll density gradient fractions in GILT-/- and GILT WT fibroblast cell 

lines by 2D gel electrophoresis followed by qualitative and quantitative assessment of 

protein spots. Of the several protein spots that were differentially displayed between the 

two samples the most intriguing was identification of mitochondrial SOD2 

(gi:17390379). SOD2 was almost absent from heavy fractions of GILT-/- mouse 

fibroblasts in comparison to heavy fractions of GILT WT mouse fibroblasts Fig. 19. The 

finding of SOD2 in these fractions is not surprising since endosomal/lysosomal and 

mitochondrial fractions isolated using Percoll gradient have overlapping densities. 

However, different levels of SOD2 in GILT WT and GILT-/- cell lines were unexpected 

given their distinct subcellular localization.  
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Figure 18 

Increased proliferation of GILT-/- mouse fibroblasts. 

A. Both GILT WT and GILT-/- MFs were incubated at different concentrations (103, 104, 

105), in 96-well plates in serum-free RPMI medium with 1 µCi/well of [3H]dT overnight. 

Cells were harvested, and [3H]dT incorporation was subsequently measured in a β-

scintillation counter. Proliferation rate is presented as counts per minute (cpm). 

Irrespective of the concentration of cells, GILT-/- MFs show approximately one-third 

higher proliferation when compared with GILT WT fibroblasts.*p < 0.01 probability 

associated with a Student’s paired t test. One representative experiment of three is shown. 

Results are stated as mean ± S.E.   

B.  PFs isolated from the spleens of GILT WT and GILT-/- mice were grown for 10 days 

in RPMI, 10% FBS. 24 h before the proliferation assay, they were placed in serum-free 

RPMI medium. The following day [3H]dT was added as in A. The GILT-/- PFs show 

approximately 50% higher proliferation when compared with GILT WT fibroblasts. *p < 

0.05 probability associated with a Student’s paired t test. One representative experiment 

of two is shown.  Results are stated as mean ± S.E.   

C.  GILT WT and GILT-/- MFs ± 100 ng/ml of mouse rEGF were handled the same as in 

A. The GILT–/– MFs retain a higher proliferative ability either in the presence or absence 

of rEGF. *p < 0.001, and* *p < 0.01 probability associated with a Student’s paired t test. 

One representative experiment of three is shown.  Results are stated as mean ± S.E.   



 

123 

 D. GILT-/- MFs transfected with the empty vector pCDNA3.1 retain higher proliferation 

when compared with GILT WT MFs transfected with the same vector. When GILT is 

reconstituted into the GILT-/- MFs, proliferation is decreased to the levels of GILT WT 

MFs. This is a representative experiment with one of three different transfectants.  *p < 

0.007, and* *p < 0.04 probability associated with a Student’s paired t test.  Results are 

stated as mean ± S.E.   
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Figure 19 

Significantly lower SOD2 levels in lysosomal/mitochondrial fractions of GILT-

deficient mouse fibroblasts. The Percoll density gradient method was used to separate 

cellular fractions containing lysosomes and mitochondria (dense fractions) from fractions 

containing ER and plasma membrane (less dense fractions).  Analysis included 2D gel 

electrophoresis, visual (qualitative), or computer (quantitative) analysis and mass 

spectrometry to identify different spots between A. GILT WT and B. GILT -/- mouse 

fibroblast cell lines. 
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Figure 19 
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SOD2 has been shown to play a major role in cell proliferation and differentiation. 

Therefore, we investigated the potential regulation of A) primary mouse T cells and B) 

mouse fibroblast proliferation through the pathway that involves SOD2.  

A) SOD2 and T cell activation 

SOD2 protein expression and activity are decreased in GILT-deficient primary T 

cells. 

Semi-quantitative Western blot analysis was applied to compare SOD2 expression 

levels in GILT WT and GILT-deficient whole T cell lysates.  As shown in Fig. 20 SOD2 

protein expression was significantly decreased in GILT-deficient primary T cells in 

comparison to GILT WT T cells.  SOD2 protein expression was compared to actin 

protein expression levels tested as a loading control. 

To test whether the activity of SOD2 is decreased in the absence of GILT, GILT-

deficient and GILT WT mouse primary T cells were tested by an in vitro SOD assay.  

Cell lysates contain both cytosolic SOD1 and mitochondrial SOD2, thus in order to 

distinguish between these two enzymes, we added potassium cyanide that inhibits the 

activity of SOD1 but not SOD2 activity. Our data show that GILT-/- mouse primary T 

cells have decreased activity of SOD2, Fig. 21.   

SOD1 function is slightly decreased in GILT -/- mouse primary T cells. 
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Cytoplasmic copper/zinc SOD (SOD1) is far more abundant in the cell, 

accounting for 90% of the total SOD activity [94], [95] . Thus, we tested the protein 

expression of SOD1 in GILT-deficient and GILT WT primary T cells. Whereas SOD2 

protein levels were significantly decreased in GILT-/- primary T cells, SOD1 expression 

levels remain similar in both GILT-/- and GILT WT primary T cells Fig. 22A. However, 

the activity of SOD1 is decreased by ~30% in GILT-/- mouse primary T cells Fig. 22B. 
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Figure 20 

SOD2 protein expression is decreased in GILT-/- mouse primary T cells. Protein 

concentrations of GILT WT and GILT-/- mouse primary T cell lysates in TS buffer, were 

determined by the BCA protein assay, and 5 µg of each were loaded per well and 

separated by SDS-PAGE using 12 % gels. Proteins were transferred onto a PVDF 

membrane, and SOD2 was detected with anti-SOD2 antibody using a chemiluminescent 

method. Following the detection of SOD2, the membranes were stripped and reincubated 

with anti-actin antibody as a loading control.  The finding is a representative of three 

experiments. Multiple lysates were tested. 
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Figure 21 

SOD2 activity is decreased in GILT-/- mouse primary T cells.  GILT WT and GILT-/- 

mouse primary T cells were lysed, and equal amounts of total proteins were assayed for 

SOD2 activity using Cayman Chemical Superoxide Dismutase Assay Kit as described in 

“Materials and Methods”.  One unit of SOD2 is defined as the amount of enzyme needed 

to exhibit 50% dismutation of the superoxide radical.   SOD2 activity was 6-7 fold lower 

in GILT-deficient T cells when compared to wild-type T cells. *p < 0.001 probability 

associated with a Student's paired t test. One representative experiment of two is shown. 

Multiple lysates were tested. Results are stated as mean ± S.E. 
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Figure 22 

 SOD1 expression and function in GILT -/- and GILT WT mouse T cells.  

A. Protein concentrations of GILT WT and GILT-/- mouse primary T cell lysates in TS  

buffer were determined by the BCA protein assay, and 5 µg of each were loaded per well 

and separated by SDS-PAGE using 15% gels. Proteins were transferred onto a PVDF 

membrane, and SOD1 was detected by anti-SOD1 antibody using a chemiluminescent 

method. Following the detection of SOD1, the membranes were stripped and reincubated 

with GAPDH antibody as a loading control. SOD1 expression is similar in GILT-

deficient and GILT WT T cells.  

One representative experiment of two is shown. Multiple lysates were tested. 

B. GILT WT and GILT-/- mouse primary T cells were lysed, and equal amounts of total 

proteins were assayed for SOD1 activity using Cayman Chemical Superoxide Dismutase 

Assay Kit as described in “Materials and Methods.  SOD1 function is slightly decreased in 

the GILT-deficient T cells.*p < 0.05 probability associated with a Student's paired t test. 

One representative experiment of two is shown. Multiple lysates were tested.  Results are 

stated as mean ± S.E. 
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Increased ROS levels in GILT-deficient mouse primary T cells. 

 As the expression and function of an important ROS scavenging enzyme, SOD2 

is decreased in GILT-/- mouse primary T cells, it is possible that the levels of endogenous 

ROS are increased.  It has been shown that moderate increase of endogenous ROS can 

trigger signaling that induces cell proliferation [96]. Therefore, we tested levels of ROS 

production in both GILT-/- and GILT WT mouse primary T cells. We used 

dihydroethidium (DHE), an oxidation-sensitive dye, to specifically detect intracellular 

superoxide anion (O2
-) production. DHE is selectively oxidized by superoxide anion to 

the fluorescent product ethidium bromide [97].  T cells were either not stimulated or 

stimulated with 1 µg/ml of anti-CD3 and anti-CD28 for 15 min at 37˚C, and incubated in 

10 µg/ml DHE for 5 min at 37˚C.  Our preliminary kinetics experiment suggested 15 min 

to be the minimum T cell activation time necessary to detect a significant difference in 

ROS production between GILT WT and GILT-deficient T cells.  Our data show 

increased superoxide anion (O2
-) production in GILT-deficient T cells after T cell 

stimulation, in comparison to GILT WT T cells, Fig. 23A. 

To test the kinetics of anti-CD3-stimulated ROS production, another set of GILT 

WT and GILT-/- primary T cells were stimulated with 1 µg/ml of anti-CD3 and 1 µg/ml 

of anti-CD28 for 30 min at 37˚C, and maintained on ice for an additional 15, or 45 min.  

DHE (10 µg/ml) was added 15 min before the cells were harvested.  Cells were analyzed 

by flow cytometry.  GILT-deficient mouse primary T cells show increased superoxide 

anion (O2
-) production, 15 min and 45 min post anti-CD3/anti-CD28 T cell activation, 

Fig. 23B. 
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Figure 23 

Increased superoxide anion (O2
-
) production in GILT-/- mouse T cells.  

 A. GILT WT and GILT -/- mouse primary T cells were either non stimulated, or 

stimulated with 1 µg/ml anti-CD3 and1 µg/ml anti-CD28 for 15 min at 37°C.  10 µg/ml 

of DHE was added and cells were incubated for 5 min.  Y-axis, cell count; X-axis, FL-2 

channel.  Stimulated GILT-deficient T cells produced higher levels of superoxide anions 

in comparison to wild-type T cells. One representative experiment of two is shown.  

   B. GILT WT and GILT -/- mouse primary T cells, were stimulated  with 1 µg/ml anti-

CD3 and 1 µg/ml anti-CD28 for 30 min at 37°C, and maintained in complete medium for 

additional 15, and 45 min. 10 µg/ml of DHE was added 15 min prior to harvesting cells.  

Cells were washed again in ice cold PBS, resuspended in PBS, containing 0.5% BSA, 

and immediately analyzed by flow cytometry. Results presented as MFI (mean 

fluorescence intensity).  GILT-deficient T cells produced more superoxides 15 min and 

45 min after TCR stimulation in comparison to GILT WT T cells. One representative 

experiment of two is shown.  
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Increased phosphorylation of MAP kinase ERK1/2 observed in GILT-/- mouse 

primary T cells post TCR stimulation.   

It has been previously suggested that the TCR-induced ROS generation may be an 

important regulator of T cell signal transduction and gene expression [64]. Therefore, we 

tested whether there is any difference in MAP kinase ERK1/2 phosphorylation in primary 

mouse T cells post stimulation.  GILT WT and GILT-/- primary mouse splenocytes were 

stimulated for 0, 10, 20, and 30 min with 1 µg/ml of anti-mouse CD3 (TCR specific 

activator).  Equal amounts of samples were separated using SDS-PAGE, and 

immunobloted using phospho-ERK1/2 antibody.  Membranes were stripped and re-

incubated with ERK1/2 Ab to show no change in any indicated time period and GAPDH 

Ab as a loading control.  The GILT-deficient T cells showed increased phosphorylation 

of ERK1/2, 10 and 20 min post activation, in comparison to wild-type T cells, Fig. 24A. 

GILT WT and GILT-/- purified CD 4+ and CD8+ mouse primary T cells were stimulated 

with 1 µg/ml of anti-CD3 and 1 µg/ml of anti-CD28 for the times indicated above. The 

phosphorylation of MAP kinase ERK1/2 was analyzed by flow cytometry.  CD4+ and 

CD8+ GILT-deficient T cells showed increased phosphorylation of ERK1/2, 10 min post 

activation, in comparison to wild-type T cells, Fig. 24B.  Together these data indicate that  

GILT-deficient primary mouse T cells show increased phosphorylation of ERK1/2 post 

TCR activation. 
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Figure 24 

Increased phosphorylation of MAP kinase ERK1/2 in GILT-/- mouse primary T 

cells upon anti-CD3 antibody stimulation.   

A.  GILT WT and GILT-/- primary mouse splenocytes were stimulated for the indicated 

times with 1µg/ml anti-mouse CD3. Protein concentrations of cell lysates in TS buffer 

were determined by the BCA protein assay, and 5 µg of protein were loaded per well and 

separated by SDS-PAGE using 12% gels. Proteins were transferred onto a PVDF 

membrane, and incubated overnight in phospho-ERK1/2 antibody.  Membranes were 

stripped and re-incubated in ERK1/2, and GAPDH Abs.  GILT-deficient T cells show 

increased phosphorylation of ERK1/2, 10 and 20 min post TCR activation, in comparison 

to wild-type T cells. One representative experiment of two is shown. 

B. GILT WT and GILT-/- purified CD4+ and CD8+ mouse primary T cells (106 cells/time 

point) were stimulated with 1µg/ml anti-CD3 and 1µg/ml anti-CD28 for 0, 10, 20, and 30 

min at 37°C.  Incubation was terminated by 10-fold dilution with ice cold PBS containing 

2 mM EDTA. Cells were fixed with 4% paraformaldehyde, permeabilized, stained with 

1:100 dilution of E10 Ab (pErk1/2-AlexaFluor-647 conjugated) solution, and analyzed 

by flow cytometry.  CD4+ and CD8+ GILT-deficient T cells showed increased 

phosphorylation of ERK1/2 10 min, post TCR activation, in comparison to wild-type T 

cells. 

Figure 24B- Done with the help of Dr. Laura Salazar-Fontana (Children’s Hospital, 

Washington, DC) 
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B) SOD2 and mouse fibroblast activation 

SOD 2 protein expression and activity are decreased in GILT-deficient mouse 

fibroblasts. 

As shown in Fig. 25A SOD2 expression was down-regulated in both GILT-/- 

fibroblast cell line and GILT-/- primary mouse fibroblasts Fig. 25B.  SOD2 protein 

expression levels were compared to actin protein levels, used as a loading control in both 

experiments.  The lack of GILT in fibroblasts does not correlate with the alteration of the 

expression of other mitochondrial proteins such as Hsp60 (data not shown).  

To examine whether the activity of SOD2 is decreased in GILT–deficient mouse 

fibroblasts, cells were tested by an in vitro SOD assay as described in “Materials and 

Methods”.  Our data show that GILT-/- mouse fibroblast cell line Fig. 26A as well as 

primary mouse fibroblasts Fig. 26B have decreased activity of SOD2.   

SOD1 protein levels and activity are unaffected in both GILT-/- and GILT WT 

mouse fibroblasts 

We tested the protein expression of SOD1 in both GILT-/- and GILT WT 

fibroblast cell lines and primary fibroblasts. Whereas SOD2 levels were decreased in both 

GILT-/- fibroblast cell line and primary fibroblasts, SOD1 protein expression levels 

remain similar in both GILT-/- and GILT WT cell types Fig. 27A. SOD1 protein 

expression levels were compared to GAPDH protein expression levels used as a loading 

control in both experiments.  Furthermore, the activity of SOD1 in GILT-deficient 
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fibroblast cell line Fig. 27B and primary fibroblasts Fig. 27C also remains similar.  Thus, 

in mouse fibroblasts SOD2 levels and activity are specifically affected by GILT.  
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Figure  25 

Decreased SOD2 protein expression in GILT-/- mouse fibroblasts. Protein 

concentrations of A. The GILT WT and the GILT-/- MFs and B. PMs lysates in TS 

buffer were determined by the BCA protein assay, and either 5 or 2.5 µg of each were 

loaded per well and separated by SDS-PAGE using 12 % gels. Proteins were transferred 

onto a PVDF membrane, and SOD2 was detected with anti-SOD2 antibody using a 

chemiluminescent method. Following the detection of SOD2, the membranes were 

stripped and reincubated with anti-actin antibody as a loading control. SOD2 protein 

expression is decreased in both GILT-deficient mouse fibroblast cell line (A), and GILT-

deficient primary mouse fibroblasts (B) in comparison to wild-type mouse fibroblasts.  

One representative experiment of three is shown. Multiple lysates were tested. 
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Figure 26 

Decreased SOD2 activity in GILT-/- mouse fibroblasts.  GILT WT and GILT-/- 

mouse fibroblast cell lines (A) and primary mouse fibroblasts (B) were lysed, and equal 

amounts of total proteins were assayed for SOD2 activity using Cayman Chemical 

Superoxide Dismutase Assay Kit as described in “Materials and Methods”.  One unit of 

SOD2 is defined as the amount of enzyme needed to exhibit 50% dismutation of the 

superoxide radical. SOD 2 is ~80% decreased in GILT-deficient MFs (A), and ~ 30% 

decreased in GILT-deficient PFs (B) respectively in comparison to wild-type mouse 

fibroblasts.  *p < 0.001, and *p < 0.05 probabilities associated with a Student's paired t 

test. One representative experiment of three is shown. Multiple lysates were tested.   

Results are shown as mean ± S.E. 

 

 

 

 



 

150 

 

 

A.                                                                                         B. 

0

0.05

0.1

0.15

0.2

0.25

0.3

WT SOD2
KO SOD2

S
O

D
[U

/m
l]

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

WT SOD2
KO SOD2

S
O

D
[U

/m
l]

*

*

*  p < 0.0001 *  p < 0.05

MFs PFs

S
O

D
2
(U

/m
g

)

S
O

D
2
(U

/m
g

)

GILT WT

GILT -/-

GILT WT

GILT -/-

 

 

Figure 26 

 

 

 

 



 

151 

 

Figure 27 

SOD1 expression and function is similar in both GILT WT and GILT -/- mouse 

fibroblasts.   

A. Protein concentrations of both GILT WT and GILT-/- mouse fibroblast cell lines and 

primary mouse fibroblasts lysates in TS buffer were determined by the BCA protein 

assay, and 5 µg of each sample were loaded per well and separated by SDS-PAGE gels 

using 15% gels. Proteins were transferred onto a PVDF membrane, and SOD1 was 

detected with anti-SOD1 antibody using a chemiluminescent method. Following the 

detection of SOD1, the membranes were stripped and reincubated with anti-actin 

antibody as a loading control. SOD1 protein expression is similar in both GILT-deficient 

and wild-type mouse fibroblasts. One representative experiment of two is shown.  

Multiple lysates were tested. 

B. Both GILT WT and GILT-/- mouse fibroblast cell lines and C. primary mouse 

fibroblasts were lysed, and equal amounts of total proteins were assayed for SOD1 

activity using Cayman Chemical Superoxide Dismutase Assay Kit as described in “Materials 

and Methods”.  There is no statistically significant difference in SOD1 activity between 

GILT-deficient and wild-type mouse fibroblast cell lines (B), and primary mouse 

fibroblasts (C).  One representative experiment of two is shown. Results are shown as 

mean ± S.E. 

 



 

152 

 

 

 

A. 

                         

       

Figure 27 



 

153 

 

            

 

SO
D

1
(U

/m
g
)

SO
D

1
(U

/m
g
)

B.

C.

 

                  

Figure 27                                

 

 

 



 

154 

Reconstitution of GILT Restores SOD2 Activity. 

To test whether the difference in SOD2 protein expression and activity between 

GILT-/- and GILT WT cells is indeed a consequence of GILT elimination, we assessed 

SOD2 activity in GILT-/- fibroblasts reconstituted with mouse GILT. As shown in Fig. 

28, SOD2 activity of GILT transfectants is restored to the level of WT fibroblasts. These 

data suggest that GILT regulates and maintains the expression and activity of the 

mitochondrial enzyme SOD2 by mechanisms as yet unknown.   

SOD2 mRNA levels, and protein stability are decreased in GILT-/- mouse 

fibroblasts. 

Our data indicate that the lack of GILT correlates with lower activity and amount 

of SOD2 in fibroblasts. The decreased expression of SOD2 in GILT-/-fibroblasts may be 

due to down-regulation of Sod2 gene expression and/or due to the instability of SOD2 

protein in the absence of GILT. Thus, we first measured relative levels of SOD2 mRNA 

in both GILT-/- and GILT WT mouse fibroblast cell line by quantitative PCR. As shown 

in Fig. 29A, mRNA SOD2 levels were only moderately (~30%) decreased in GILT-/-

mouse fibroblasts when compared with GILT WT cells.  

However, this very moderate decrease of SOD2 at the level of gene expression 

does not preclude the possibility that SOD2 protein is less stable in GILT-/- fibroblasts. 

To test the stability of SOD2 protein in GILT-deficient and WT mouse fibroblasts, we 

treated both GILT-/- and GILT WT fibroblasts with the protein synthesis inhibitor 
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cycloheximide. Cell aliquots were collected at different time points up to 24 h of 

treatment with cycloheximide. The protein concentration of each sample was determined, 

and equal amounts of protein were loaded into each well. Data shown in Fig. 29B 

indicate that SOD2 stability is reduced in the GILT-/- mouse fibroblast cell line as well as 

in GILT-/- primary mouse fibroblasts, Fig. 29C, although the amounts of SOD2 between 

the GILT-/- cell line and primary cells differ.  

The observed difference is likely to originate from different lengths that cells were 

kept under cell culture conditions. It is well known that cell culture and hyperoxic 

environment impose oxidative stress [98].  The cell line has been kept in the tissue 

culture much longer than the primary fibroblasts and therefore has been exposed to 

additional extracellular oxidative stress that may have destabilized SOD2 further than in 

primary fibroblasts. Our data suggest a possible dual regulation of GILT on SOD2 

expression: at the level of gene expression and also through its effect on the stability of 

SOD2 protein. 
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Figure 28 

Transfection of mouse GILT into GILT-/- fibroblasts restores SOD2 activity. GILT-

/- mouse fibroblasts cell lines were transfected by the Lipofectamine method with the 

pCDNA3.1Zeo.mGILT construct.  GILT-expressing clones were selected in selective 

medium containing Zeocin (0.3 mg/ml). SOD2 activity was tested in untransfected GILT-

/-, GILT WT, and GILT-/- MFs transfected with mGILT as described in "Materials and 

Methods".  GILT-/- MFs transfected with the vector only have low SOD2 activity as 

GILT-/-MFs (data not shown).  SOD2 activity is reconstituted to wild-type levels in 

mGILT transfectants.  One representative experiment of three is shown. Results are 

shown as mean ± S.E. 
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Figure 29 

Lack of GILT alters SOD2 stability on transcriptional and translational level in 

mouse fibroblasts.  

 A. SOD2 gene expression is decreased ~35% in the GILT-/- MFs when compared with 

GILT WT MFs. Real time/quantitative PCR was performed using TaqMan Universal 

PCR. The data shown is a representative one of three separate experiments.  

B. Mouse fibroblast cell lines lysates were processed for immunoblotting with mouse 

anti-SOD2 antibody after 0, 1, 6, and 24 h of cell incubation with 200 µg/ml of 

cycloheximide. Membranes were stripped and incubated with anti-actin antibody as a 

loading control. The film was scanned by a phosphorimager and bands quantified. C.  

Primary mouse fibroblast lysates were treated the in the same manner as MFs were in B. 

SOD2 protein stability is decreased in GILT-deficient mouse fibroblast cell line, and 

GILT-/- primary mouse fibroblasts when compared to the wild-type cells. One 

representative experiment of two is shown.  
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Figure 29 
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Increased ROS levels in the GILT-deficient mouse fibroblast cell line. 

As the stability and function of an important antioxidant enzyme, SOD2, is 

decreased in GILT-/- mouse fibroblasts, it is possible that the levels of endogenous ROS, 

particularly superoxide anion, are increased.  Therefore, we tested levels of superoxide 

anion and overall endogenous ROS in both GILT-/- and GILT WT fibroblast cell lines. 

We used dihydroethidium (DHE) Fig. 30, and 2’7’dichlorodihydrofluorescin diacetate 

(DCF-DA) Fig. 31 oxidation-sensitive dyes, to detect intracellular ROS production. DHE 

is recognized and widely used as a probe specific for O2
- as it shows minimal oxidation 

by other free radicals (H2O2, ONOO–, or HOCl) [98],  while DCF-DA dye is less specific 

and is used to assay cellular peroxides, and superoxide anions. DCF-DA reacts even 

faster with various cellular radicals (RO2
-, RO•, NO2

-, CO3
-, OH-, and ONOO–).  

Therefore, it is not a very specific probe and it easily oxidizes [99], [100]. Fibroblasts 

were incubated with either DHE or DC-FDA in RPMI for 5 min, at 37°C, and 

immediately analyzed by flow cytometry. Our data indicate that GILT-/- mouse 

fibroblasts have higher levels of intracellular O2
- Fig. 30a, and ROS production Fig. 31a.  

Transfection of GILT-deficient mouse fibroblasts with either mouse GILT  (mGILT) Fig. 

30b, Fig. 31b, or human SOD2 (hSOD2) Fig. 30c, Fig. 31c decreases levels of O2
-, as 

well as the overall levels of endogenous ROS to the levels seen in GILT WT fibroblasts.  
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Figure 30 

Reconstitution of mGILT or hSOD2 in GILT-deficient mouse fibroblasts decreases 

production of superoxides. Mouse fibroblasts cell lines were starved overnight in 

phenol red-free medium with 1% FBS. 10 µg/ml of DHE was added to cells and 

incubated for 5 min at 37°C. Cells were washed again in ice cold PBS, resuspended in 

PBS containing 0.5% BSA, and immediately analyzed by flow cytometry. Y-axis, cell 

count; X-axis, FL-2 channel. GILT WT MFs incubated with DHE (red line), GILT-/- 

fibroblasts incubated with DHE (black line), transfectants GILT-/-tf, pCDNA3.1 (a), 

GILT-/-tf, mGILT (b), and GILT-/-tf, hSOD2 (c), [blue line].  GILT-/- mouse fibroblasts 

have higher levels of intracellular O2
- (a).  Transfection of the GILT-deficient mouse 

fibroblasts with either mGILT (b) or hSOD2 (c) decreases levels of O2
-, to the levels 

seen in GILT WT fibroblasts.  One representative experiment of three is shown.   
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Figure 31 

Reconstitution of mGILT and hSOD2 in GILT-deficient mouse fibroblasts 

decreases endogenous ROS. Mouse fibroblasts cell lines were starved overnight in 

phenol red-free medium with 1% FBS. 10 µg/ml of DC-FDA was added to cells and 

incubated for 5 min. Cells were washed again in the ice cold PBS, resuspended in PBS 

containing 0.5% BSA and immediately analyzed by flow cytometry. Y-axis, cell count; 

X-axis, FL-2 channel.  GILT WT MFs incubated with DHE (black line), GILT-/-

fibroblasts incubated with DHE (red line), transfectants GILT-/-tf, pCDNA3.1 (a), GILT-

/-tf, mGILT (b), and GILT-/-tf, hSOD2 (c), [blue line].  GILT-/- mouse fibroblasts have 

higher levels of endogenous ROS (a).  Transfection of GILTdeficient mouse fibroblasts 

with either mGILT (b) or hSOD2 (c) decreases levels of endogenous ROS to the levels 

seen in GILT WT fibroblasts.  One representative experiment of two is shown. 
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NAC treatment of GILT WT and GILT-/- MFs equalized their proliferative 

responses. 

Both GILT WT and GILT-deficient mouse fibroblast cell lines showed no 

significant difference in proliferation, after the addition of the ROS inhibitor, N-Acetyl-

L-(+) cysteine (NAC).  Therefore, levels of endogenous ROS production appear to be the 

major part of the mechanism of GILT-induced inhibition of fibroblast proliferation Fig. 

32. 

Restoring SOD2 levels in the GILT-/- fibroblasts cell line rescues proliferation. 

 We have shown that GILT affects fibroblast proliferation and levels of SOD2 

expression. The key question is whether these two phenotypes are related.  If SOD2 

expression is the mechanism of GILT-regulated fibroblast proliferation, then 

reconstitution of SOD2 levels in GILT-deficient cells should reverse proliferation to 

GILT WT levels. Indeed, proliferation of GILT-/- fibroblasts, reconstituted with hSOD2 

(two independent transfectants) was markedly lower than in the GILT-deficient and 

similar to GILT WT fibroblasts Fig. 33. Thus, regulation of SOD2 expression and 

activity appears to be the major mechanism by which GILT induces inhibition of 

fibroblast proliferation. 
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Figure 32 

Both GILT WT and GILT -/- mouse fibroblasts proliferation decreases upon NAC 

treatment.  GILT WT and GILT-/- mouse fibroblast cell lines were incubated at a 

density of 104 cells/well in serum-free RPMI medium with 1 µCi/well of [3H]dT and ± 

10mM N-Acetyl-L-(+)-cysteine (NAC) overnight, at 37°C, 5% CO2.  Cells were 

harvested, and [3H]dT incorporation was subsequently measured in a β scintillation 

counter. Proliferation rate is presented as counts per minute (cpm). There is no statistical 

difference in GILT WT and the GILT-deficient mouse fibroblast cell lines proliferation 

post NAC treatment.  One representative experiment of two is shown. Results are 

presented as mean ± S.E. 
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Figure 33 

Decreased proliferation and increased SOD2 activity in GILT-/- mouse fibroblasts 

transfected with hSOD2.   

GILT-/- mouse fibroblasts cell lines were reconstituted with the human SOD2 gene in the 

pCDNA3.1 vector.  A.  GILT WT, GILT-/- and GILT-/- hSOD2 transfectants were 

incubated overnight with 1 µCi of [3H]dT.  The [3H]dT incorporation was subsequently 

measured in a β scintillation counter. The proliferation rate is presented as counts per 

minute (cpm). Proliferation is down-modulated in GILT-deficient MFs transfected with 

hSOD2, when compared to GILT-/- cells.  One representative experiment of three is 

shown.  Results are presented as mean ± S.E. 

 B. Equal amounts of total protein of lysates from GILT-/- MFs reconstituted with 

hSOD2 were assayed for SOD2 activity as described in "Materials and Methods."  SOD2 

activity is rescued in GILT-deficient MFs transfected with hSOD2.  One representative 

experiment of three is shown.  Results are shown as mean ± S.E. 
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MAP kinase ERK1/2 phosphorylation in GILT-/- mouse fibroblasts upon EGF 

stimulation.    

Stimulation of cell receptors with ligands such as EGF has been shown to induce 

intracellular ROS production [59].  As requisite second messengers ROS are necessary 

for the ligand-mediated regulation of protein kinase activation, gene expression and/or 

proliferative responses [64].  Hence, we tested ERK1/2 MAP kinase phosphorylation post 

EGF stimulation at different time points in GILT WT and GILT-deficient mouse 

fibroblast cells. Our data show increased ERK1/2 phosphorylation in both GILT-deficient 

mouse fibroblast cell line Fig. 34A, as well as in primary mouse fibroblasts Fig. 34B, 10 

and 20 min post EGF stimulation. 

Stronger phosphorylation and higher basal PKC δ levels in GILT-/- mouse 

fibroblasts post EGF stimulation.   

PKC  can activate MAPK at several points in the Ras/Raf/MEK/MAPK 

signaling pathway [101].  It has also been shown that activation-induced class II MHC 

cell surface expression is dependent on PKC  activation [102].  To further explore 

signaling cascade difference in the absence of GILT, we tested PKC δ phosphorylation in 

both GILT WT and GILT-deficient mouse fibroblasts after EGF stimulation at different 

time points. Equal amounts of samples were separated by SDS-PAGE and immunobloted 

using phospho-PKC δ antibody.  Membranes were stripped and re-incubated in PKC δ 

and GAPDH antibodies. Our data show an increased basal level, as well as 

phosphorylation of PKC δ post EGF stimulation in GILT-deficient mouse fibroblast cell 
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line Fig. 35A, and primary mouse fibroblasts Fig. 35B.  Overall these finding indicate 

that GILT has a regulatory role in the fundamental process of cell proliferation and that 

part of the molecular mechanism involves SOD2. 
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Figure 34  

 Increased phosphorylation of MAP kinase ERK1/2 in GILT-/- mouse fibroblasts 

upon EGF stimulation.  A.  Both GILT WT and GILT-/- mouse fibroblast cell lines and 

B. primary mouse fibroblasts were stimulated for the indicated times with 100 ng/ml of 

the mouse rEGF. Protein concentrations of cell lysates in TS buffer were determined by 

the BCA protein assay, and 5 µg of each sample were loaded per well and separated by 

SDS-PAGE using 12% gels. Proteins were transferred onto a PVDF membrane, and 

incubated overnight in phospho-ERK1/2 antibody.  Membranes were stripped and re-

incubated in ERK1/2, and GAPDH Abs.  Both GILT-deficient MFs (A), and PFs (B) 

show increased phosphorylation of ERK1/2, 10 and 20 min upon activation, in 

comparison to the wild-type mouse fibroblasts.  One representative experiment of three is 

shown. Multiple lysates were tested. 
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Figure 35 

 Increased phosphorylation and basal PKC δ levels in GILT-/- mouse fibroblasts 

upon EGF stimulation.  A.  Both GILT WT and GILT-/- mouse fibroblast cell lines and 

B. primary mouse fibroblasts were stimulated for the indicated times with 100 ng/ml of 

the mouse rEGF. Protein concentrations of cell lysates in TS buffer were determined by 

the BCA protein assay, and 5 µg of each sample were loaded per well and separated by 

SDS-PAGE using 12% gels. Proteins were transferred onto a PVDF membrane, and 

incubated overnight in phospho-PKC δ antibody.  Membranes were stripped and 

reincubated in PKC δ and GAPDH Abs.  GILT-deficient MFs (A), and PFs (B) show 

increased phosphorylation of PKC δ levels upon EGF stimulation. Our data indicate 

increased basal levels of PKC δ in GILT-deficient cells as well. 

 

 

 

 

 



 

175 

A. 

              

WT            -/- WT          -/- WT             -/- WT           - /-

No treatment              10 min                    20 min 30 min

pPKCδ

EGF stimulation

100ng/ml

GAPDH

PKCδ

MFs

 

B. 

Figure 35

-/- WT          -/- WT          -/- WT           - /- WT
No treatment              10 min                    20 min 30 min

pPKCδ

EGF stimulation

100ng/ml

GAPDH

PKCδ

PFs

    



 

176 

DISCUSSION 

The role of GILT in self-Ag processing 

Specific Aim I: To test the hypothesis that the absence of GILT alters the 

presentation of MHC class II-associated self-antigens.  

Foreign and self-antigen processing and presentation of short peptides to T 

lymphocytes are essential events that initiate the adaptive immune response.  Alterations 

in these cellular processes ultimately affect the efficiency and outcomes of the immune 

response.  Studying the machinery involved in antigen processing could provide the 

means of manipulating these outcomes.   

 The presence or absence of GILT can affect the immune response to viral [32], 

tumor [33], and parasite antigens (Dr. N. Nanda and Dr. M. Maric, unpublished), and can 

affect the development of autoimmune diseases, such as experimental allergic 

encephalomyelitis (Dr. N. Ruddle, unpublished data).   

Data generated using GILT-deficient mice strongly suggest that the role of GILT 

is to reduce disulfide bonds of endocytosed protein, which leads to protein unfolding.  

[2].  This “opened” form of protein is accessible to further processing by lysosomal 

proteases into peptides that eventually bind to MHC class II molecules.  

 Preliminary mixed lymphocyte reaction data suggested that there is a measurable 

difference in the self-peptide repertoire presented by GILT-deficient versus.  GILT WT 
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lymphocytes.  The presentation of MHC-associated self-peptides shapes both normal and 

abnormal immune system functioning [85]. Therefore, we applied electrospray ionization 

tandem mass-spectrometry (ESI-MS/MS) approach to compare the MHC class II 

associated self-peptide repertoire presented on the surface of both GILT WT and GILT-

deficient mouse splenocytes. 

ESI-MS/MS was originally applied to the analysis of MHC class I and MHC class 

II-associated peptides by Hunt, et al. [103], [104], where 650-2000 different peptides 

bound to murine class II allele, I-Ad were discovered [104]. However, peptide 

identification was limited due to slow tandem mass spectral data acquisition, as well as 

manual interpretation of peptide sequences. 

  Dongre, et al, applied rapid, high through-put MHC-bound peptide sequence 

analysis. Improved sample preparation was combined with automated tandem mass-

spectral data acquisition and computer-assisted interpretation of tandem mass spectra 

[85].  The SEQUEST computer algorithm was used to compare experimental and 

theoretically generated mass spectra [105]. Using this strategy, they characterized 128 

mouse MHC class II (I-Ab) associated peptides presented on the surface of B cells and 

macrophages. 

We further improved the method for isolation of MHC class II-associated 

peptides.  Dongre, et al, used 2.5 M acetic acid to separate peptides from MHC class II 

by ultracentrifugation through a 10-kDa cut-off Amicon filter, prior to RP-HPLC 

fractionation.  This approach could potentially lead to a loss of a portion of the sample.  
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Instead, we directly applied the MHC class II-bound peptide mixture to the RP-HPLC 

column.  The aqueous solvent used in the RP-HPLC purification of the samples consisted 

of 8.7% acetic acid, which allowed dissociation of peptides from MHC class II, and the 

following gradient step with acetonitrile separated peptides from MHC class II and other 

contaminants. 

We performed automated tandem mass spectral data acquisition on a QSTAR 

ELITE Hybrid LC/MS/MS, coupled with a Tempo nano-MDLC system, using the 

Analyst® QS 2.0 software.  The Analyst® QS 2.0 software has the Smart Exit feature, 

which monitors the amount of information obtained during the entire MS/MS experiment, 

and moves on to collect data on different ions as soon as the data quality for each ion is 

fulfilled.  This new data acquisition method maximizes the number of MS/MS acquired 

across an LC peak because of the improved detection of the lower abundant peaks. 

Maximizing the number of MS/MS spectra is valuable only if they can be 

efficiently analyzed.  Comprehensive analysis of peptide modifications by the 

ProteinPilot software with the Paragon database search algorithm increased the number 

of peptides found, improved sequence coverage, and increased peptide identification 

(www.appliedbiosystems.com).   Increasing the search space by considering many more 

biological modifications and imperfect enzymatic cleavages such as: Carboxamidomethyl 

Cys, Deamidation, Oxidation M, PyroGlutamic Acid Q, O-Phosphoryl S/T/Y, Protein-N-

Terminal Acetyl, or unusual digestion sites, allowed the identification of significantly 

increased number of peptides in our study in comparison to the similar studies performed 
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in the past.  Together, these modifications in the peptide purification method and data 

acquisition, allowed improvements in the quality and quantity of the identified peptide 

sequences. 

This rapid high through-put sequence analysis of MHC class II-bound peptides 

resulted in detection of 748 statistically significant distinct self-peptide sequences.  Five 

hundred-one peptides were present in both GILT WT and GILT-deficient sample 

fractions, (Table 1).  These peptides were identified using the non-redundant NCBI 

protein database.   As previously reported, the majority of identified peptides were 

derived from transmembrane or secreted proteins that intersect with, or reside in the 

endocytic compartment, for example, protein tyrosine phosphatase receptors, insulin 

receptor substrate, immunoglobulin heavy chain, H2-Mα, CLIP, apolipoprotein A, 

angiotensinogen, interleukin enhancer binding factor 2 (ILF2) (Table 1) to name a few.  

10 peptides were uniquely detected in GILT-deficient sample fractions (Table 2), 

while 237 peptides were uniquely presented in GILT WT sample fractions (Table 3). 

These findings suggested that there is a limited and altered self-peptide repertoire 

presented by GILT-deficient versus GILT WT mouse splenocytes. 

Labeling the GILT WT sample with the iTRAQ isotope tag-114, and the GILT-

deficient sample with the iTRAQ isotope tag-117 allowed sample-specific peptide 

quantification in each fraction.  Peptides of variable length (10-30 amino acids) were 

presented in different amounts in both GILT WT and GILT-deficient samples (Table 1).  

The GILT KO/WT (117/114) ratios were standardized based on the amounts of MHC 
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class II protein presented in GILT WT and GILT-deficient samples.  Quantitative data 

analysis in Table 1A based on the GILT KO/WT peptide ratio suggested moderate 

overall increase of peptide amounts in the GILT WT sample in comparison to the GILT-

deficient sample.   

In conclusion, these findings show that the diversity of the MHC class II- bound 

self-peptides presentation is significantly reduced in the absence of GILT. Furthermore, 

the quantity of MHC class II-bound self peptides presented on the surface of GILT-

deficient cells was less than that presented on wild-type cells.  Together these findings 

support the hypothesis that the absence of GILT alters the presentation of self-antigens on 

the cell surface.  

The core binding subsequence of both MHC I and II is approximately 9 amino 

acids long. Unlike class I, the class II binding groove is open at both ends. As a result, 

MHC I molecules rarely bind peptides much longer than 9 amino acids. However, MHC 

II molecules can accommodate peptides of variable length (10–30 amino acids), but 

typically between 13 and 25 amino acids [106], [107]. 

There were ~113 out of 501 peptides identified in both GILT WT and GILT-

deficient sample fractions (Table 1B), and ~ 34 out of 237 peptides identified in only the 

GILT WT samples (Table 3B), that were under 10 amino acids in length.  Some peptides 

could be contaminants obtained during the sample preparation like collagen and keratin. 

However, some peptides in Table 1B and Table 3B are derived from 

cytoplasmic/cytoskeletal proteins such as microtubule-associated protein PB1, 
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cytoplasmic domains of transmembrane proteins such as Notch 1, or transmembrane and 

secreted proteins such as IA-α chain, H2-Mα, Ig µ chain, Ig heavy chain, transferrin 

receptor, and fibrinogen (gamma polypeptide), and were previously reported to be MHC 

class II (I-Ab) specific [85].  These peptides could have been potentially damaged by the 

acetic acid during the separation from MHC class II, or a result of a peptide “trimming 

effect”, and therefore are shorter in length.  Nelson, et al., showed that antigen processing 

continues after a peptide binds to an MHC class II molecule.  They suggested that long 

peptides first bind to MHC class II and are then trimmed by exopeptidase [108]. 

Our findings revealed that the MHC class II presentation in vivo includes self-

peptides derived from secreted, transmembrane, and cytosolic proteins. Self-peptides are 

derived from proteins that normally do not intersect the endocytic compartment and are 

usually presented by the MHC class I pathway.  The question is how can self-peptides be 

presented by the MHC class II pathway?  Previous studies have shown that there is an 

extensive antigenic “cross-talk” between the classical MHC class I and class II 

presentation pathways in professional APCs.  For example, macrophages and DCs 

efficiently perform MHC class I-mediated presentation of exogenous protein antigens 

internalized by macropinocytosis or phagocytosis [109-111].  Furthermore, Dongre, et al 

demonstrated examples of MHC class II-mediated presentation of self–peptides [85].  

These self-peptides could potentially gain access to endosomal/lysosomal compartments 

through apoptosis, necrosis, and/or autophagy (a process involving the degradation of a 

cell's own components through the lysosomal machinery).  MHC class II-mediated 

presentation of self-peptides may be important for the establishment of tolerance to self-
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proteins which may gain access to endosomal/lysosomal compartments under 

pathological conditions [85],[112]. 

Our future studies will focus on further exploration of the mechanism behind the 

effect of GILT on self-peptides presentation.  Pymol or Swiss PDB Viewer (SPDBV) 

programs will be used to observe the three dimensional (3D) structures of proteins from 

which self-peptides determined in this study were derived.  Visualizing the 3D structure 

data for each protein will allow: 1) determination of the number of protein disulfide-

bonds, and 2) localization of antigenic determinants (epitopes) presented by GILT WT 

versus GILT-deficient cells.   In comparison to surface epitopes, “hidden” epitopes are 

more likely to require protein unfolding to become accessible for further enzymatic 

processing. By reducing disulfide bonds of exogenous antigenic proteins in the 

endosomal/lysosomal cell compartments, GILT makes proteins accessible for further 

enzymatic processing by lysosomal proteases. In the absence of GILT, proteins are not 

properly unfolded which potentially leads to the limited accessibility of epitopes 

“hidden” within the protein. As a result a changed and/or limited self-peptide repertoire is 

presented in the context of MHC II on the surface of GILT-deficient cells.   The proposed 

bioinformatics approach will confirm this hypothesis if a different set of self-peptides 

found in GILT-deficient samples are mostly “hidden” epitopes derived from the 

disulfide-bond free proteins.  These proteins do not require GILT for further processing. 

Our research study will further clarify the role of GILT in immune system 

function, one of which is the requirement of GILT for self-antigen presentation.  
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Presentation of self-peptides by MHC molecules on APC is important both in normal and 

abnormal functioning of the immune system [85].  Understanding the exact mechanism 

by which GILT affects self-peptide processing and presentation, could lead to the use of 

this thiol reductase as an immune therapy target.  The expression of more immunogenic 

epitopes could potentially boost tumor rejection and vaccination. On the other hand, 

limited accessibility of epitopes could perhaps prevent autoimmune diseases and 

potentially enhance the survival of organ transplants.   
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The role of GILT beyond Ag processing 

Specific Aim II tests the hypothesis that reduced levels and activity of SOD2 in  

GILT-deficient T cells leads to altered transmission of TCR signals.  

GILT comprises a family of proteins present in evolutionarily distant species, 

many of which do not express MHC class II, suggesting the possibility that GILT may 

have additional role(s) besides involvement in antigen processing. 

We have demonstrated that GILT is expressed under basal conditions in T 

lymphocytes, which are not involved in antigen processing. In addition, mouse T 

lymphocytes do not express MHC class II.  GILT was detected in T cells at the mRNA 

and protein levels, and had the same subcellular pattern of localization as demonstrated 

for APCs [86].  GILT-deficient T cells exhibited more potent biological activities, such 

as proliferation and cytotoxic function in response to TCR engagement [86].  Activation 

induced CD69 levels and the number of cell cycles was also higher in the absence of 

GILT, suggesting stronger activation of individual T cells in the absence of GILT [86]. 

The CD69 molecule is a type II C-type lectin receptor expressed on small portion of 

mature T cells [87], [88].  CD69 expression is associated with activation, and is a good 

indicator of T cell sensitivity [89].  Overall these data suggest that GILT deficiency leads 

to greater sensitivity of T cells to stimuli, and increased activity of T cells.  Therefore, we 

further investigated the mechanism behind this novel role of GILT in T cell activation. 
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The question remains whether the effect of GILT observed in T cells is unique 

and significant in these cells only or does it affect other cell types. Therefore, we decided 

to test proliferative capabilities of fibroblast cell lines generated from GILT-deficient and 

GILT WT mice.  Fibroblasts are not as immunologically relevant cells as are T 

lymphocytes.  Formally, they were mostly known to contribute to the structural integrity 

of connective tissues, and play a critical role during the wound healing processes [113]. 

In the past couple of years fibroblasts have been recognized as a diverse cell population 

exhibiting complex patterns of biosynthetic activity [114].  Fibroblasts have been shown 

to initiate the earliest molecular events leading to the inflammatory response [114], and 

have a limited role in promoting thymocyte-positive selection [115]. 

In this part of our study we demonstrated that the GILT-deficient mouse fibroblast 

cell line, has increased basal levels of proliferation, suggesting that GILT may regulate 

responses to serum growth factors. The same difference in proliferation is also seen upon 

stimulation of the GILT-deficient and the GILT WT mouse fibroblast cell lines with 

rEGF.  GILT-deficient primary mouse fibroblasts also show increased proliferation.  This 

effect could be ascribed directly to the presence or absence of GILT, since transfection of 

the GILT-/- fibroblast cell line with either hGILT (data not shown) or mGILT reversed 

the proliferation to the levels closely resembling those of GILT WT fibroblasts.   

To investigate a potential underlying cause/mechanism by which GILT -/- cells 

acquire an increased proliferation phenotype we have applied a proteomics approach.  

Percoll density gradients were used to isolate heavy (lysosomal/mitochondrial) fractions 
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from both GILT-deficient and GILT WT mouse fibroblasts.  The idea was to determine 

proteins co-localizing with GILT in lysosomes that are likely to be affected by the lack 

GILT either through direct protein-protein interaction, or indirectly through another 

protein(s).  The GILT WT and the GILT-deficient mouse fibroblast cell lines were used 

instead of primary mouse T cells.  Fibroblast cell lines were easy to grow in large 

numbers in order to isolate sufficient amount of lysosomes.  The heavy fractions (of 

Percoll gradient) containing lysosomes and mitochondria (both organelles have similar 

density) were subjected to 2D SDS-PAGE separation, and protein spots from the GILT 

WT sample were compared to the GILT -/- sample and quantified by densitometry.  

Protein spots present in WT and absent in GILT-deficient fibroblasts were identified by 

mass spectrometry.  Of the several protein spots that were differentially displayed in the 

two samples, the most intriguing was the identification of the mitochondrial manganese 

superoxide dismutase, SOD2 (gi:17390379). SOD2 was almost absent from heavy 

fractions of GILT-deficient mouse fibroblasts in comparison to heavy fractions of GILT 

WT mouse fibroblasts. 

Previous studies have shown that SOD2 activity is directly linked to the degree of 

cell differentiation [116], and inversely related to proliferation in several different tumor 

systems including hepatomas [117], [118], pancreatic adenocarcinoma [119], human 

thyroid tumors [120], colon tumor cell lines  [121], and human melanoma cell lines 

[122], [123].  Most types of tumor cell lines have reduced levels of SOD2 in comparison 

to their normal cell counterparts [124].   Several studies have shown that tumorgenicity of 
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various tumor cell lines is decreased after transfection with SOD2 cDNA [125], [126], 

[127]. 

GILT-deficient T cells show an increased proliferation phenotype, and decreased 

SOD2 protein expression and function.   Therefore, we hypothesize that because of lower 

SOD2 expression and activity in GILT-deficient T cells, there is a moderate increase of 

endogenous ROS production. Moderate increase in ROS production can in turn stimulate 

signaling pathways involved in regulating cellular proliferation. 

SOD2 is an antioxidant enzyme responsible for the dismutation of the superoxide 

radical into hydrogen peroxide [35], [36].  Even though superoxide radicals have short 

life, and spontaneously dismutate into hydrogen peroxide, Sod2 gene deletion is perinatal 

lethal [49], [50] reduces life span in Drosophila [128], and mice lacking SOD2 in specific 

tissues show various pathologies [129], [130], [131]. 

SOD2 belongs to a superoxide dismutase family and is located in mitochondrial 

matrix.  There are two additional forms of superoxide dismutase in cells of aerobic 

organisms, namely SOD1 and SOD3.  SOD1 is primarily cytosolic, although fractions are 

also found in the intermembrane space of mitochondria [132].  SOD3 is an extracellular 

enzyme [133].  Genetic inactivation of SOD1 results in a relatively mild phenotype [134].  

Although the role of SOD2 appears to be intrinsic to cellular survival, cytoplasmic 

copper/zinc SOD (SOD1) is far more abundant in the cell, accounting for  90% of the total 

SOD activity in most cells and tissues [94], [95].  Since SOD1 is considered a principal 

scavenger in the cell, we tested the levels and the activity of SOD1 in both GILT WT and 
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GILT-deficient primary mouse T cells.  The levels of SOD1 were unaffected by the 

absence of GILT, while SOD1 function was slightly decreased in the GILT-deficient T 

cells.  These findings are in the agreement with the previous findings that cytosolic SOD1 

cannot compensate for the loss of mitochondrial SOD2 and vice versa [135], [136].  

In spite of additional systems for ROS removal (SOD1, catalase, glutathione 

peroxidase) [137], SOD2 plays a distinct and important role in the removal of reactive 

oxygen species generated by the mitochondrial respiratory chain.  Therefore, SOD2 is an 

important regulator of endogenous ROS generation [135].   

Several studies have shown that cell growth and differentiation are influenced by 

the balance between ROS production, and antioxidant defenses [128].  Reactive oxygen 

species were shown to be involved in the processes of cell growth and proliferation, cell 

signaling [138], [139], as well as apoptosis in various cell types [122], [140], [141].  

Since superoxide anion is a major target for SOD2 action we used the fluorescent 

probe dihydroethidium (DHE), to compare the overall levels of superoxide anion 

production in GILT-deficient and GILT WT T cells post-TCR stimulation.  DHE is 

selectively oxidized by superoxide anion [97].  Our flow cytometry data were obtained 

using two similar protocols, one of which was adopted from Devadas, et al. [57], where 

the kinetics of anti-CD3-stimulated ROS production was measured in both GILT WT and 

GILT-deficient mouse primary T cells using the oxidation sensitive dye, DHE.  DHE 

oxidation was increased at 15 min and 45 min after TCR stimulation in GILT-deficient T 

cells in comparison to GILT WT T cells  Overall these data indicate that superoxide 
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anion levels are increased in GILT-deficient mouse primary T cells post TCR 

stimulation. 

However, one has to be aware of caveats of using DHE, as an approach to 

measure superoxide anion production.  DHE is a non-fluorescent cell permeant that 

undergoes oxidation to a fluorescent product 2-hydroxyethidium, which intercalates into 

nuclear DNA, and shows strong fluorescence upon interaction with O2
- [142].  It shows 

little oxidation by H2O2, ONOO-, or HOCl.  DHE can spontaneously oxidize or be 

oxidized by a singlet O2, and if cytochrome c is released into cytosol by mitochondria 

[143], it can also oxidize DHE [144], [100]. Although, we think O2
- is most likely the 

source of DHE fluorescence in our model system, we cannot exclude other factors 

mentioned above. 

The overall picture is that in GILT WT T cells, SOD2 is expressed at steady state, 

and has regular activity levels. In GILT-deficient T cells, SOD 2 is less active, and there 

is less protein expressed. As previously mentioned the role of SOD2 is to scavenge 

superoxide anions (generated in the respiratory reaction within mitochondria), and 

dismutate them into peroxide that will eventually be turned into water through the action 

of catalase.  Superoxide anions and possibly hydrogen peroxide are likely to be generated 

in higher amounts, and/or persist longer within the GILT-deficient T cells, and therefore 

having the opportunity to oxidize many cellular components (among them MAP kinases, 

namely extracellular signal-regulated kinases, ERK1/2, and/or other signaling 

components) Fig. 36.  
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Figure 36 

The lack of GILT leads to increased ROS production in the cells.  ROS are produced 

as a result of normal metabolism or upon stimuli and are neutralized by the action of 

enzymes such as SOD2 (in mitochondria).  Moderately increased ROS may act as 

enhancers of signaling pathways.  A.  In GILT WT cells SOD2 acts by lowering the 

amount of ROS production and the cell signaling is kept under control. B. In GILT-

deficient cells SOD2 is down regulated/less stable and as a consequence moderately 

elevated ROS are present within the cell.  Upon stimuli, higher than normal levels of 

ROS increase the phosphorylation of MAP kinases such as ERK1/2, for example. 
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Mitogen-activated protein (MAP) kinase and ERK1/2 are common intermediates 

in the intracellular signaling cascades involved in diverse cellular functions including 

growth, proliferation, and differentiation [145], [146] . MAP kinases are activated by 

combined threonine and tyrosine phosphorylation catalyzed by MAP kinase kinases 

(MEK1 and MEK2). MAP kinase kinase has specificity for both tyrosine and 

serine/threonine.  The activity of MAP kinase kinase is also regulated by serine/threonine 

phosphorylation catalyzed by a MAP kinase kinase kinase, c-Raf [147], [148], [149], 

[150].  ERK1/2 have also been indicated as molecules that respond to the redox 

imbalance in the cell [68].  Our findings showed stronger phosphorylation of the MAP 

kinase ERK1/2 in GILT-deficient T cells TCR stimulation. These data suggest that the 

GILT regulates signaling involved in cell proliferation. 

Specific Aim III tests the hypothesis that GILT regulates fibroblast proliferation, 

through a mechanism that involves SOD2. 

In addition to decreased SOD2 protein expression levels in GILT-deficient T 

cells, we saw significant decreases of SOD2 levels in mouse fibroblasts, and B cells 

lacking GILT.  Introduction of GILT back to the GILT-deficient B cells restored SOD2 

to WT levels. Fig. 37.  Therefore, down-modulation of SOD2 levels was detected in three 

different cell types in the absence of GILT. The influence of the expression of GILT on 

SOD2 does not apply to other mitochondrial proteins such as Hsp 60 (data not shown) 

which shows equal levels of expression in both GILT WT and GILT-deficient cells. 
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Figure 37 

  Reconstitution of GILT restores SOD2 levels in GILT-/- B cells.  Protein 

concentrations of GILT-/- B cells and GILT-/- B cells (transfected with human GILT) 

lysates in TS buffer were determined by the BCA protein assay, and either 5 or 2.5 µg of 

each sample were loaded per well and separated by SDS-PAGE using 12% gels. Proteins 

were transferred onto a PVDF membrane, and SOD2 was detected by anti-SOD2 

antibody using a chemiluminescent method. Following the detection of SOD2, the 

membranes were stripped and reincubated with anti-actin antibody as a loading control.  

Introduction of GILT back into GILT-deficient B cells restored SOD2 to WT levels. One 

representative experiment of two is shown. Multiple lysates were tested. 
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Our data indicate that GILT deficiency affects SOD2 protein stability, and has a 

slight effect on SOD2 mRNA in mouse fibroblasts.  GILT-deficient mouse fibroblasts 

have a 2-4 fold lower SOD2 activity due to decreased SOD2 half-life.   Reconstitution of 

GILT-deficient fibroblasts with GILT rescued the SOD2 activity to levels closely 

resembling those of GILT WT fibroblasts. 

While the levels of SOD1 (a principal scavenger in the cell ) were unaffected by 

the absence of GILT, and SOD1 function was slightly decreased in GILT-deficient T 

cells, both the levels and function of SOD1 were similar in both GILT WT and GILT-

deficient mouse fibroblasts.  

We have used dichlorodihydrofluorescein diacetate (DC-FDA) to detect 

endogenously produced ROS. Chemically reduced and acetylated DC-FDA is non-

fluorescent until acetate groups are removed by intracellular esterases and oxidation 

occurs within the cell.  DCF becomes fluorescent in the presence of a variety of ROS 

species (including peroxyl and hydroxyl radicals) [99].  Since superoxide anion is the 

major target for SOD2, we used dihydroethidium (DHE) dye, which is a fluorescent 

probe specific for superoxide anion production.  Partial loss of SOD2 activity in GILT-

deficient mouse fibroblast cells, potentially leads to the rise of superoxide anion as 

measured by DHE dye, and possibly other endogenous ROS (measured by DC-FDA dye) 

produced by mitochondrial oxidative phosphorylation.  However, reconstitution of GILT-

deficient fibroblasts with either mGILT, or hSOD2 restored endogenous ROS levels, as 

well as specifically O2
- to levels closely resembling those of GILT WT fibroblasts. 
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Overall, these data suggest that the levels of endogenous reactive oxygen species are 

increased as a consequence of decreased expression, stability, and function of SOD2 

(ROS scavenging enzyme) in GILT-deficient mouse fibroblasts.  

Our data indicate that the presence of GILT is necessary to maintain normal levels 

and function of the mitochondrial enzyme SOD2, as well as to maintain cellular 

proliferation.  Transfection of GILT-deficient fibroblasts with hSOD2, rescued the 

proliferative phenotype, restoring proliferation to wild-type levels.  This suggests that 

SOD2 is a key step linking GILT and its effects on cellular proliferation.  

Spagnuolo, et al., showed that treatment with different concentrations of N-

Acetyl-L-(+) cysteine (NAC) significantly reduced ROS levels in human primary 

gingival fibroblasts [151].  Antioxidants such as N-acetyl-L-cysteine (NAC) have been 

used as tools for investigating the role of ROS in numerous biological and pathological 

processes. NAC inhibits activation of c-Jun N-terminal kinase, p38 MAP kinase and 

redox-sensitive activating protein-1. It also inhibits nuclear factor kappa B transcription 

by regulating expression of numerous genes. Furthermore, NAC can prevent apoptosis 

and promote cell survival by activating ERK MAP kinase pathway.  NAC directly 

modifies the activity of several proteins by its reducing activity. Regardless of its 

nonspecific ability to modify DNA and multiple molecular modes of action, NAC has 

therapeutic value for reducing endothelial dysfunction, inflammation, fibrosis, invasion, 

cartilage erosion, acetaminophen detoxification and transplant prolongation [152].  
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If a difference in ROS production between GILT WT and GILT-/- cells is the 

mechanism of GILT-regulated fibroblast proliferation, then the addition of ROS inhibitor, 

NAC, should equalize both GILT WT and GILT-/- cell proliferative responses.  There 

was no significant difference between GILT WT and GILT-deficient mouse fibroblasts 

after NAC treatment, suggesting that the levels of endogenous ROS production appear to 

be the major part of the mechanism of GILT-induced inhibition of fibroblast 

proliferation. These findings are in agreement with previously accumulated evidence that 

moderate increase in ROS production induces cell proliferation [153], [154], [155]. 

Stimulation of receptors with EGF ligand induces intracellular ROS production.  

ROS are proposed to function as necessary messengers for the ligand-mediated regulation 

of protein kinase activation, gene expression, and/or proliferative responses [59].  

Therefore, we tested phosphorylation of MAP kinase ERK1/2 in both GILT-deficient and 

GILT WT mouse fibroblasts stimulated with mouse rEGF. Our findings showed stronger 

phosphorylation of MAP kinase ERK1/2 in GILT-deficient mouse fibroblasts after  rEGF 

stimulation.  

 The signaling pathway involved in the activation of ERKs has been intensively 

studied for c-Raf and Ras, and the mechanism of their activation has been analyzed in 

detail [156].  Ueda, et al., studied the role of protein kinase C delta (PKC δ) in the 

activation of the MEK-ERK pathway [157].   PKCδ represents a family of serine-

threonine kinases whose activation pathway involves a diverse set of lipid metabolites 

activated by phospholipase C, phosphatidylinositol 3-kinases, and other molecules [158], 



 

198 

[159], in addition to phorbol esters such as TPA and phorbol 12,13-dibutyrate.  It has 

been previously shown that treatment of cells with TPA results in the activation of c-Raf 

[160] , and MAP kinase [161], [162], [163] within minutes, suggesting the involvement 

of PKC in the signaling pathway leading to MAP kinase activation. 

A series of PKC kinase-knockout mutants and mutants with constitutive kinase 

activity, showed that PKC  is actually involved in the signaling pathway from TPA to 

Raf-MEK-ERK activation that operates in a Ras-independent manner [157]. In addition 

to the mechanism mentioned above, multiple models for the activation of the MAPK 

pathway by PKC  have been described: PKC -dependent activation of MAPK by 

estrogen is dependent on Ras [164], and the PKC -dependent activation of MAPK by 

FGF is dependent on MEK, but not Raf [101], [165].  Therefore, PKC  can activate 

MAPK at several points in the Ras/Raf/MEK/MAPK signaling pathway. However, the 

exact mechanism is not yet well understood. 

Furthermore, previous studies showed that the PKC family of enzymes can 

regulate endosomal trafficking of proteins, by phosphorylation of serine-threonine 

residues near endosomal targeting motifs of the substrate [166], [167].  Majewski, et al., 

showed that activation-induced class II MHC surface expression in murine dendritic cells 

is dependent on PKC  activation [102]. 

 Given our results which showed stronger phosphorylation of MAP kinase ERK1/2 

in GILT-deficient mouse fibroblasts after rEGF stimulation, we tested basal PKC , and 

phospho PKC  expression, upon rEGF stimulation of both GILT WT and GILT-deficient 
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mouse fibroblasts at different time points.  GILT-deficient mouse fibroblasts indeed 

showed stronger basal PKC , and phospho PKC  expression upon rEGF stimulation at 

different time points. Together, these findings possibly unveil another aspect of the 

mechanism by which GILT regulates cellular proliferation. 

 The question remains how can a lysosomally located enzyme regulate the process 

of cell activation (mainly characterized by cytoplasmic events, which are targeted into the 

nucleus). We hypothesize that GILT regulates the intensity of cell proliferation through 

mechanism that involves SOD2. 

The precise mechanism of GILT-SOD2 interaction is currently under study.  

While GILT resides in the endosomal compartment, SOD2 resides in mitochondria.  A 

small possibility exists that these two proteins may interact directly either during their 

transport through the endoplasmic reticulum and Golgi, or possibly transiently co-

localize in yet another vesicular compartment. Intracellular immunofluorescence confocal 

microscopy Fig. 38 showed that the majority of GILT and SOD2 reside in their 

respective compartments (lysosomes and mitochondria). However, the resolution of this 

method does not completely exclude the possibility that small fractions of these 

molecules co-localize.   
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Figure 38 

Intracellular immunofluorescent staining of the fibroblast cell line for SOD2 and 

GILT.  GILT WT mouse fibroblast cell line was allowed to adhere to glass slides 

overnight at 37°C and was fixed in 10% formalin.  Cell membranes were permeabilized 

and incubated with: A. anti-SOD2-FITC (5 µg/ml), and MTOC1-Texas red 

(mitochondrial marker, 5 µg/ml) antibodies. B. anti-GILT-FITC (1:100 dilution), 

MTOC1-Texas red (5 µg/ml), and C. GILT-FITC (1:100 dilution) and SOD2-Texas red 

(1:200 dilution).  An Olympus IX-70 Laser Confocal Scanning Microscope at 40x 

magnification was used to view the slides.  The majority of SOD2 resides in 

mitochondria (A), and GILT resides in lysosomes (B). The majority of SOD2 and GILT 

do not co-localize (C). 
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Figure 38 
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Currently, we do not know the exact mechanism of regulation of SOD2 

expression by GILT.  One possibility is that GILT and SOD2 interact indirectly.  Our 

preliminary data show higher GSH production in the GILT WT mouse fibroblast cell line 

in comparison to the GILT-deficient fibroblasts, Fig. 39.  The lack of GILT may limit the 

source of cysteine necessary for glutathione synthesis, which may cause an overall redox 

balance alteration that may influence SOD2 stability and activity.   

 Glutathione is a tri-peptide synthesized from the amino acids L-cysteine, L-

glutamate and glycine.  Glutathione exists in reduced (GSH) and oxidized (GSSG) states. 

GSH can be regenerated from GSSG by the enzyme glutathione reductase.  GSH is a 

major tissue antioxidant that provides reducing equivalents for the glutathione peroxidase 

(GPx) catalyzed reduction of lipid hydroperoxides to their corresponding alcohols and 

hydrogen peroxide to water. In healthy cells and tissues, more than 90% of the total 

glutathione pool is in the reduced form (GSH) and less than 10% exists in the disulfide 

form (GSSG). An increased GSSG-to-GSH ratio is considered indicative of oxidative 

stress [144]. 
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Figure 39 

Reduced production of glutathione in GILT-/- fibroblasts.  Both GILT WT and 

GILT-/- mouse fibroblast cell lines were lysed, and equal amounts of total proteins were 

assayed for GSH production using a Glutathione Assay Kit as described in “Materials 

and Methods”.    The GSH assay was performed as suggested by the supplier (Oxford 

Biomedical Research).  GILT -/- mouse fibroblast cell line shows ~ 30% decrease in 

GSH levels when compared to the GILT WT cells.  One representative experiment of two 

is shown.  Results are presented as mean ± S.E. 
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 Our results showed increased superoxide anion production in GILT deficient-

cells. Superoxide (O-
2), a by-product of the mitochondrial respiratory chain increases in 

the presence of NO [168].  Complexes I and III of the mitochondrial respiratory chain are 

sites of the additional O2
- formation.  A sustained production of NO, together with the 

formation of O-
2 (and perhaps also the depletion of antioxidant defenses) are likely to be 

the cause of the irreversible inhibition of complexes I-III and II-III, because of 

peroxynitrite (ONOO-) formation within the mitochondria  [169], [170].  Our data also 

indicate that GILT-deficient mouse fibroblasts have higher levels of NO production, 

measured by using DAF-2 diacetate dye. Transfection of GILT-deficient mouse 

fibroblasts with either mGILT or hSOD2, decreased levels of NO to the levels seen in 

GILT WT fibroblasts Fig. 40.   

 The sustained mitochondrial inhibition would potentiate ONOO- formation, 

leading to the depletion of antioxidant defenses (thiols such as GSH) [171].  As 

mentioned above, GILT-deficient mouse fibroblasts have reduced GSH production in 

comparison to GILT WT mouse fibroblasts. These findings could explain how reduced 

GSH levels in GILT-deficient fibroblasts could cause an overall redox balance alteration 

which may ultimately alter SOD2 stability and activity.  
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Figure 40 

Reconstitution of mGILT and hSOD2 in GILT-deficient mouse fibroblasts 

decreases endogenous NO production. Mouse fibroblasts cell lines were starved 

overnight in phenol red-free medium with 1% FBS. 1mM DAF-2 diacetate was added to 

cells and incubated for 30 min. Cells were washed again in ice cold PBS, resuspended in 

PBS containing 0.5% BSA, and immediately analyzed by flow cytometry. Y-axis, cell 

count; X-axis, FL-2 channel.  GILT WT MFs incubated with DHE (black line), GILT-/- 

fibroblasts incubated with DHE (red line), transfectants GILT-/-tf, pCDNA3.1 (a), GILT-

/-tf, mGILT (b), and GILT-/-tf, hSOD2 (c), [blue line].  GILT-/-mouse fibroblasts have 

higher levels of endogenous NO (a).  Transfection of GILT- deficient mouse fibroblasts 

with either mGILT (b) or hSOD2 (c) decreases endogenous NO to the levels seen in 

GILT WT fibroblasts.  One representative experiment of two is shown. 
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The possibility exists that there is an additional mechanism by which GILT 

affects SOD2.  GILT may affect the activity of transcription factors [for example: nuclear 

respiratory factors 1 and 2 (NRF-1 and NRF-2)], by altering the overall redox status of 

the cell.  These transcriptional factors are involved in the expression of mitochondrial 

proteins.  Binding of NRF-2 to DNA is inhibited by ROS due to oxidation of the essential 

thiol groups, thus redox changes within the cell may affect the supply of SOD2 [172].  

NRF transcriptional factors are not the only regulators of SOD2 expression. Increased 

oxidative stress has been implicated in the cellular signaling and activation of NF-κB, 

AP-1, and AP-2 transcription factors [173], [174], [175].  All of these transcription 

factors have been found to be redox sensitive and are involved in SOD2 

transcription/expression.  Therefore, GILT may at least in part affect the expression of 

SOD2 through this mechanism.  Our data show a small SOD2 mRNA reduction in GILT-

deficient cells.  Alternatively, GILT may affect the stability of SOD2 protein indirectly 

through interaction with as yet unknown intermediates. 

In conclusion, an unexpected functional link was found between lysosomal thiol 

reductase and mitochondrial manganese superoxide dismutase.  Overall, the significance 

of this study lies in the fact that GILT-deficient cells can be used as models to study a 

novel, intracellular communication between lysosomal and mitochondrial compartments.  

In normal cells both GILT and SOD2 are expressed at steady states.  The role of SOD2 is 

to scavenge superoxide anions (generated in respiratory chain reactions within 

mitochondria) and dismutate them into peroxide that will eventually be converted into 

water through catalase or peroxidase action. In GILT-deficient cells less SOD2 protein is 
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expressed and the activity is decreased as well. As a result increased levels of ROS 

(superoxide anion and hydrogen peroxide) exist in these cells.  Moderately increased 

levels of ROS are shown to increase the activity of signaling cascades responsible for the 

fundamental cell functions such as proliferation. Hence, GILT-deficient cells have an 

increased proliferation phenotype.   

Our study supports the role of reactive oxygen species not as factors with negative 

consequences for cell survival, but also as components of cellular signaling. In many 

diseases imbalance of redox processes can cause further damage of cellular structures and 

tissues.  “Learning how to control and modify these events may lead to the prevention or 

invention of drugs that control negative consequences of our aerobic existence” [176]. 

           Future studies will focus on further analysis of the molecular mechanism by which 

GILT regulates SOD2 expression. GILT potentially regulates the expression of SOD2 

through either its function as a thiol reductase or as a component of a signaling cascade.   

          In order to investigate whether GILT alters cell activation through its role as a thiol 

reductase GILT’s active site will be mutated.  The active site of GILT is mapped at 

Cys69 and Cys72, which comprises the typical thiol reductase active site motif –CXXC-. 

Single mutants C69S, C72S, and double mutant C69S/C72S will be generated.  The 

activity of GILT mutants will be tested in a colorimetric in vitro assay.  Molecules of 

GILT with mutated C69S will not be able to initiate primary nucleophilic attack and 

therefore will not bind the potential substrate. If the second cysteine from the active site 

is mutated into its structural analogue (serine), C72S, the mixed disulfide between 
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enzyme and substrate is stabilized and trapped.  Double mutant C69S/C72S should be 

devoid of any thiol reductase activity, since it will not be able to either initiate primary 

nucleophilic attack or form mixed disulfides.  All three mutants have been shown to be 

inactive in human GILT [19].   There is a remote possibility that mouse GILT may differ 

in its requirements for the fully functioning active site. Therefore, it is better to use the 

molecule from the same species. 

            Both a GILT-deficient mouse fibroblast cell line, as well as GILT-deficient T 

cells will be transfected with mutant mouse GILT constructs. Thiol reductase function of 

GILT, SOD2 function and expression levels, as well as proliferative function of 

transfectants will be tested and compared to GILT WT transfectants.  If the thiol 

reductase activity of GILT is responsible for increased SOD2 expression and function, as 

well as cell sensitivity to stimulation, only transfectants with wild-type GILT should have 

restored SOD2 levels, and function. 

          In the scenario that the thiol reductase activity of GILT is not responsible for 

regulating SOD2 expression and function, a possibility exists that GILT acts as a 

component of a signaling cascade.  A few studies show that, upon stimulation, 

phosphorylated proteins from the lysosomal-targeted endosomal compartment can 

activate Ras-Raf-MEK-MAPK pathway [177]. In addition, there are data indicating that 

lysosomal enzymes can be directly phosphorylated on their protein residue [178], and not 

only through their mannose moiety.  
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          Our preliminary data indicate that GILT has constitutively phosphorylated tyrosine 

residues in the mouse fibroblast cell line (data not shown).  Primary sequence analysis 

points to the possibility that GILT contains domains with phosphotyrosines that can 

potentially interact with Src Homology 2 (SH2) domains. Tyrosine phosphorylation leads 

to an activation cascade of protein-protein interactions, whereby SH2 domain-containing 

proteins are recruited to tyrosine phosphorylated sites [179], [180].  This process initiates 

a series of events that eventually result in altered patterns of gene expression or other 

cellular responses. This is a potential pathway for the signal to be transduced across the 

membrane.  GILT motifs that contain tyrosines as possible target(s) of 

phosphorylation/dephosphorylation are: YGNA (98-101)-GRB2-like Src homology 

(SH2) domains binding motif, an LYYESL (63-68), identified as ITIM (immunoreceptor 

tyrosine based inhibitory motif). Phosphorylation of the ITIM motif, leads to the 

recruitment and activation of a protein tyrosine phosphatase (PTP) [181], [182].  PTPs 

have been suggested to be negative regulators of multiple signaling pathways 

downstream of receptor tyrosine kinases [183]. 

          SH2 domain binding motifs YGNA will be mutated to FGNA, and ITIM motif 

LYYESL mutated to LFFESL.  These mutant GILT constructs will be used to transfect 

the GILT-deficient mouse fibroblast cell line and T cells. SOD2 expression and function, 

as well as proliferation upon stimulation will be tested.  Mutant GILT transfectants 

phenotype similar to the one in the GILT-deficient cells (low SOD2 levels and activity, 

and enhanced proliferation), would be an indication that phosphorylation is the 

mechanism by which GILT affects SOD2 levels, function, and cell proliferation.   If cells 
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with mutated putative tyrosine phosphorylation motifs on GILT do not show any 

phenotypic difference from the wild-type cells, serine/threonine motifs typical of PKA 

and MAP kinase phosphorylation will be mutated. 

           The physiological relevance of increased responsiveness of GILT-deficient T cells 

and fibroblasts will be studied. Two models could be used: an in vivo model of 

autoimmune diabetes, and a wound healing model.   

          The goal is to examine the role of GILT in T cell function in a model of 

lymphocytic choriomeningitis virus glycoprotein (LCMV GP)-induced type I Diabetes 

mellitus.  Diabetes results from the autoimmune destruction of insulin-producing β cells 

in the pancreas by CD4+ and CD8+ T cells infiltrating pancreatic islets [184].  Our 

preliminary data indicate that GILT-deficient mice used in the streptozocin (STZ)-

induced type I diabetes model, develop earlier and more severe hyperglycemia in 

comparison to GILT WT mice (data not shown).  In addition, our published data point to 

the fact that GILT-deficient T cells are more reactive/easily stimulated upon exposure to 

anti-CD3 or ConA [86].  A possibility exists that GILT-deficient T cells are more easily 

induced to strongly react to self-antigens.  

          In addition, it would be interesting to study the potential role of GILT in wound 

healing.  Fibroblasts are cells that synthesize, organize, and maintain connective tissues 

during development, and wound healing.  Our preliminary data reveal that GILT-

deficient fibroblasts invade a scratch in larger numbers than do GILT WT fibroblasts in 

an in vitro post-confluent wound assay.  It has been proposed that changed redox status of 
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the GILT-/- fibroblasts indicated by decreased levels and activity of SOD2, increased 

proliferative ability, and ROS levels, will change the outcome of an in vitro wound 

healing model.  These data raise the possibility that GILT may play a significant role in 

wound healing. 

          Overall, future studies should further investigate the novel and unusual role of 

lysosomal thiol reductases in the regulation of cell activation.  They have the potential 

not only to unveil another component of signaling cascades in immune cells, and 

fibroblasts, but also to identify possible pharmacological targets. 
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