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Abstract 

Tyrosinase-related protein 1 (TRP1) is a melanosomal integral 

membrane protein and melanocyte differentiation antigen that 

contributes to the synthesis of melanin in melanocytes.  Present in 

both benign and malignant melanocytes, it has been implicated in the 

autoimmune development of vitiligo and melanoma antitumor 

immunity.  Since a naturally occurring MHC class II-restricted TRP1 

epitope contains cysteine residues, we hypothesized that this epitope 

will require internalization and reduction by gamma-interferon-

inducible lysosomal thiol reductase (GILT) for presentation on class II.  

GILT is known to catalyze the reduction of protein disulfide bonds in 

the endocytic pathway and contribute to antigen processing and 

presentation of certain MHC class I and class II epitopes.  We have 

previously shown that GILT is required for efficient class II-restricted 

presentation of TRP1.  Here, we found that TRP1 peptide presentation 

is partially dependent on GILT and that TRP1 peptide requires 

internalization for efficient presentation on class II.  We also 

determined that antigen presentation increased with increasing 

peptide dose and increasing APC:T cell ratio.   Compared to other 

TRP1-specific T cells, primary TRP1-specific T cells from TRP1BwRAG-/-
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TRP1tg mice produce maximal IL-2 in response to presentation of 

TRP1.  These results further illustrate the importance of GILT in the 

processing and presentation of TRP1.  Thus, GILT may play a role in 

both the development of autoimmune vitiligo and anti-melanoma 

immune responses. 
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Introduction 

 Gamma-interferon inducible lysosomal thiol reductase 

(GILT) is a component of the MHC class II-restricted processing 

pathway seen in antigen presenting cells (APCs) like dendritic cells 

(DCs) and B cells. The MHC class II (MHCII) pathway processes 

antigens in the endocytic compartment, so that they may be presented 

as MHCII-peptide complexes (Hiltbold and Roche 2002) for the 

activation of CD4+ T lymphocytes.  MHCII αβ heterodimers form in the 

endoplasmic reticulum and then associate with the invariant chain (Ii).  

The presence of the C-terminal portion of Ii (CLIP) in the class II 

peptide binding groove prevents MHCII from binding antigens outside 

of the lysosomal compartment; whereas, the Ii N-terminal cytoplasmic 

domain targets the MHCII-Ii complex to endosomes and lysosomes.  

GILT is constitutively expressed in APCs and is present in its mature 

form in late endosomes and lysosomes, where it has maximal reductase 

activity at low pH (Arunachalam et al. 2000).  GILT catalyzes the 

reduction of disulfide bonds of proteins (foreign and self) in the 

endocytic pathway (Arunachalam et al. 2000).  GILT-mediated 

reduction facilitates MHCII loading by reducing disulfide bonds to 

expose epitopes for MHCII binding (Hastings et al. 2006; Haque et al. 
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2002; Hastings et al. 2006; Maric et al. 2001; Sealy et al. 2008).  

Lysosomal proteases, such as members of the cathepsin family, trim 

protein antigens in preparation for MHCII binding and trim protein 

fragments already bound to class II.  Once in the lysosome, MHCII-

related molecule H-2M (HLA-DM in humans) exchanges CLIP for the 

processed antigen.  Once the MHCII-peptide complex is complete, it is 

directed to the cell surface where it can activate CD4+ T cells.  In mice 

there are two MHCII proteins, I-A and I-E.  In C57BL/6 mice on the H-

2b background, the MHCII alleles are referred to I-Ab and I-Eb (Abbas 

et al. 2007).   

Tyrosinase-related protein 1 (TRP1) is an autoantigen in 

vitiligo, leading to destruction of melanocytes and subsequent 

depigmentation, and a tumor antigen in melanoma, assisting the 

antitumor immune response.  Patients with vitiligo have 

autoantibodies directed against TRP1 (Kemp et al. 2008) and 

melanoma patients’ CD4+ and CD8+ T cells recognize multiple epitopes 

from melanocyte differentiation antigens including TRP1 (van der 

Bruggen et al. 2011).  TRP1 is a melanocyte differentiation antigen 

and is a melanosomal integral membrane protein that contributes to 

the synthesis of melanin pigment in melanocytes (Ghanem and Fabrice 
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2011).  It is expressed in both benign and malignant melanocytes (Tai 

et al. 1983).  It is localized mainly to melanosomes within melanocytes, 

but a small fraction is also expressed on the surface of melanocytes and 

melanoma cells (Takechi et al. 1996).  APCs are able to take up 

fragments of cells containing TRP1 for presentation on MHCII.  In 

addition, melanoma cells expressing TRP1 may be able to present 

TRP1 on MHCII, similar to how melanoma antigen gp100 is processed 

and presented on MHCII in melanoma cells (Robila et al. 2008).  TRP1 

contains multiple cysteine residues and internal disulfide bonds 

(García-Borrón and Solano 2002; Negroiu et al. 2004) and, thus, is 

likely to require lysosomal reduction by GILT.  TRP1 contains a 

dileucine-based sorting signal, which is essential for endocytic pathway 

targeting and may facilitate MHC class II-restricted presentation in 

melanoma cells (Wang et al. 1999).    

The transgenic mouse strain that expresses an MHCII-restricted 

T cell receptor (TCR) that recognizes the endogenous self-antigen 

TRP1 (Muranski et al. 2008) is an ideal model for studying MHCII 

processing of self-antigen and subsequent activation of CD4+ T cells.  

Since TRP1 is a self-antigen, it would be difficult to generate TRP1-

specific T cells in a mouse expressing TRP1.  To bypass tolerance, the 
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TRP1Bw mice, which have a defect in TRP1 expression, were used to 

generate the TRP1-specific TCR transgenic (TRP1tg) mouse strain and 

a TRP1-specifc T cell hybridoma.  The resulting 7A6 T cell hybridoma 

and subclone 95-10 are I-Ab-restricted and TRP1-specific (Muranski et 

al. 2008; Rausch et al. 2010).   In TRP1tg mice on the RAG-/- 

background, all TCRs are TRP1-specific since the mice cannot undergo 

VDJ recombination and produce novel TCRs.  On the TRP1Bw 

background, all TRP1-specific T cells are naïve in the absence of TRP1 

expression.  In TRP1BwRAG-/-TRP1tg, GILT-/-RAG-/-TRP1tg, and 

TRP1tg mice, TRP1-specific transgenic T cells are not centrally deleted 

and are found in the peripheral lymphoid organs (Rausch et al. 2010; 

Rausch and Hastings 2011).   Progressive vitiligo occurs spontaneously 

in TRP1tg mice on the C57BL/6 wild-type (WT) background (Rausch et 

al. 2010; Xie et al. 2010).  The CD4+ T cells from TRP1BwRAG-/-TRP1tg 

mice have anti-melanoma activity and can cause vitiligo (Muranski et 

al. 2008; Xie et al. 2010; Quezada et al. 2010).  An advantage of the 

TRP1tg mouse model is that the transgenic TCR is a naturally 

occurring TCR specific for an endogenously expressed self-antigen.   

We have previously shown that GILT is required for efficient 

processing of TRP1 protein for MHCII-restricted presentation (Rausch 
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et al. 2010).   The TRP1-specific 95-10 T cell hybridoma and the 

primary TRP1-specific T cells from TRP1BwRAG-/-TRP1tg mice were 

used to detect TRP1 presentation.  Both WT DCs and B cells were 

shown to have increased TRP1 epitope processing than GILT-/- DCs 

and B cells.  B cells were completely dependent on GILT to process and 

present the TRP1 epitope.  GILT-/- DCs, however, were still able to 

present a small amount of the TRP1 epitope in the presence of large 

antigen doses, consistent with improved antigen processing and 

presentation capabilities of DCs (Rausch et al. 2010).   Although intact 

proteins require internalization and processing in the endocytic 

pathway, often peptide fragments can be exchanged on cell surface 

MHCII molecules without internalization (Shimonkevitz et al. 1983; 

Monji and Pious 1997; Fox et al. 1988).  Alternately, some peptides 

with cysteine residues have been shown to require internalization for 

presentation on MHCII, as the associated disulfide bonds need to be 

reduced to allow for epitope presentation (Haque et al. 2001; Haque et 

al. 2002).  In addition, other small peptides, such as an exogenously 

provided peptide from human serum albumin (HSA) residues 64-76K, 

has shown requirement for internalization in order for MHCII 

presentation.  This is likely secondary to the need for processing and 
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modification of the peptide in order to enhance T cell recognition and 

also secondary to the protection against peptide degradation afforded 

by peptide binding to MHCII in the endosome (Pathak and Blum 

2000).  Of note, this HSA epitope does not contain cysteine residues.  

Since the TRP1 epitope contains cysteine residues, we hypothesized 

that this epitope will require internalization and reduction by GILT.  

Previous studies showing no apparent difference in TRP1 peptide 

presentation by WT and GILT-/- APCs used a single high peptide 

concentration and APC:T cell ratio.  Therefore, we evaluated the 

requirement for GILT across a range of peptide and APC:T cell ratios, 

directly tested the need for internalization, and compared detection of 

presentation by different T cell sources. 
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Research Materials and Methods 

Cell lines 

The TRP1-specific 95-10 T cell hybridoma line is an I-Ab-restricted T 

cell hybridoma that recognizes murine TRP1 and is a subclone of 7A6 

(Muranski et al. 2008 and Rausch et al. 2010).  The minimal epitope is 

murine TRP1113-25 CRPGWRGAACNQKI (Muranski et al. 2008). Two 

other murine H-2b-derived tumor cell lines were used:  the B16.F10 

melanoma cell line (American Type Culture Collection, Manassas, VA) 

and  PDV keratinocyte-derived squamous cell carcinoma (SCC) cell line 

(Fusenig et al. 1978), which was provided by M. Girardi (Yale 

University, New Haven, CT). 

 

Mice 

The five mouse strains utilized were C57BL/6 WT mice (Jackson 

Laboratory), GILT-/- mice (Maric et al., 2001), TRP1tg mice (Muranski 

et al. 2008; Rausch et al., 2010), GILT-/- RAG-/-TRP1tg mice (Rausch 

and Hastings 2011), and TRP1BwRAG-/-TRP1tg mice (Muranski et al. 

2008), all of which have been described.  TRP1tg mice express an I-Ab-

restricted TRP1-specific TCR.   
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Isolation of Splenocytes 

Splenocytes were harvested from WT and GILT-/- mice.  Upon removal, 

spleens were ground into a single cell suspension, combined with 5 ml 

cold phosphate buffered saline (PBS), 2% fetal bovine serum (FBS), 

and 1 mM EDTA, allowed to settle by gravity, and then the suspension 

was decanted and centrifuged at 1200 rpm for 5 min.  The supernatant 

was discarded and the cell pellet resuspended with 5 ml of 0.15 M 

NH4Cl, 1 mM KHCO3, 0.1 mM Na2EDTA (ACK red blood cell (RBC) 

lysis buffer) to deplete RBCs. After a 1 min incubation, it was 

combined with 5 ml Hyclone RPMI-1650 medium with10% FBS, 

centrifuged at 1200 rpm for 5 min, and the cell pellet resuspended in 

10 ml PBS.  Clumped cells were filtered out.  Cells were then stored on 

ice, counted, and diluted to their final concentrations depending on 

experiment. 

 

Isolation of bone marrow-derived dendritic cells 

Dendritic cells (DCs) were isolated from the bone marrow of TRP1tg 

mice (Inaba et al. 1992).  The femur and tibias were removed from the 

mouse and cleaned of tissue.  Bones were washed three times in sterile 

Hyclone RPMI-1650 medium with 5% FBS.  Cleaned bones were then 
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washed twice with a wash solution of RPMI-1650 medium with 5% 

FBS, 50 µM 2-mercaptoethanol, and 20 µg/ml gentamicin, then placed 

in 70% ethanol for 1 min, and then washed three times with the wash 

solution.  In fresh wash solution, scissors were used to remove the ends 

of the bones.  Ends were placed in a separate dish of solution than the 

shafts.  Marrow was flushed from the shafts using a 10 ml syringe with 

a 25 gauge needle.   The newly flushed marrow and the wash solution 

were combined into a single suspension using a needleless syringe.  

The bone tips were cut further with the scissors so that more marrow 

was released and then was collected into a single cell suspension using 

another needleless syringe.  The two cell suspensions were strained 

using a cell strainer.  The suspension was centrifuged for 7 min at 

1200 rpm and then resuspended in 1 ml wash solution and 1 ml ACK 

RBC lysis buffer, inverted to mix, combined with 8 ml of the wash 

solution, and then centrifuged for 7 min at 1200 rpm.  Cells were 

resuspended using wash solution, counted, and then resuspended in 

growth media (wash solution plus 20 ng/ml granulocyte macrophage 

colony stimulating factor, GM-CSF) to a final concentration of 

1x106 cells/ml. Cells were then incubated in 24 well plates with 1 ml 

per well at 37ºC with 5% CO2 for two days.  On day 2, 1 ml of growth 
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media was added to each culture.  On day 4, 1 ml of media was 

aspirated from each culture and replaced with 1 ml of fresh growth 

media. DCs were harvested on day 4 or day 5 by pipetting solution in 

each well 3 times while releasing media two times around the 

perimeter of the well with the third time releasing media in the center.  

The media was collected from all wells, combined, centrifuged at 1200 

rpm for 7 min, and then resuspended at necessary concentration. 

 

Isolation of lymph nodes 

Cervical, axillary, and inguinal lymph nodes were harvested from 

TRP1tg, GILT-/-RAG-/-TRP1tg mice, and TRP1BwRAG-/-TRP1tg mice.  

Upon removal, the lymph nodes were ground into a single cell 

suspension, combined with 5 ml cold PBS, 2% FBS, and 1 mM EDTA 

and centrifuged at 1200 rpm for 5 min.  The supernatant was 

discarded and the cell pellet resuspended with 10 ml Hyclone RPMI-

1650 medium with 10% FBS, centrifuged for 5 min, and the cell pellet 

resuspended in 10 ml PBS.  Clumped cells were filtered out.  Cells 

were then stored on ice, counted, and diluted to their final 

concentrations with DC growth media. 
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Flow cytometry 

In order to block FcγRIII/II (CD16/CD32), DCs were preincubated with 

rat anti-mouse CD16/CD32 monoclonal antibody (mAb) (1 µg/million 

cells, mouse BD Fc block; BD Biosciences, San Jose, CA) in PBS with 

1% bovine serum albumin (BSA) and 0.05% sodium azide.  Cells were 

then stained with PE- or allophycocyanin-conjugated mAbs against 

murine CD11c (N418), I-Ab (AF6-120.1), CD80 (16-10A1), and 

corresponding isotype controls (BD Biosciences eBioscience, San Diego, 

CA).  An LSRII flow cytometer (BD Biosciences) was used to measure 

cell-associated fluorescence, and analysis was performed using FlowJo 

software (Tree Star, Ashland, OR). 

 

Class II Antigen Processing Assay  

T cells used included the TRP1-specific 95-10 T cell hybridoma or 

whole lymph node cells as a source of T cells from TRP1BwRAG-/-

TRP1tg, GILT-/-RAG-/-TRP1tg, or TRP1tg mice.  APCs used included 

WT and GILT-/- splenocytes, composed primarily of B cells, and WT 

bone marrow-derived DCs.  For antigen processing by splenocytes, T 

cells were cocultured with APCs (APC:T cell ratio adjusted as 

indicated, with range including 5:1, 2.5:1, 1:1, 1:2.5, and 1:5) and 
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murine TRP1109-130 peptide: NCGTCRPGWRGAACNQKILTVR 

(peptide titrated as indicated with concentrations including 10 µg/ml, 

3.33 µg/ml, 1.11 µg/ml, 0.37 µg/ml, and 0.123 µg/ml), BSA (10 µg/ml or 

1mg/ml), B16 melanoma lysate (1.25x105 cell equivalents/well), or PDV 

SCC lysate (1.25x105 cell equivalents/well) per well in a 96-well plate 

at 37o C for 24 hours.  As indicated, in some experiments WT 

splenocytes were fixed using paraformaldehyde (PFA) fixation.  For 

PFA fixation, APCs were combined with 0.4% PFA in PBS solution for 

a final concentration of 0.2% for 5 min at room temperature, then 

combined with 5 volumes 0.2 M glycine in serum free medium, and 

finally washed three times in RPMI medium to yield fixed, PFA-free 

cells. To examine antigen processing using DCs, DCs were cocultured 

with T cells at a 5:1 ratio with TRP1 (10 µg/ml), BSA (1mg/ml), B16 

melanoma lysate (1.25x105 cell equivalents/well), or PDV SCC lysate 

(1.25x105 cell equivalents/well) per well in a 96-well plate at 37o C.  

The DC and 95-10 T cell hybridoma coculture used 5 day old DCs and 

was incubated for 24 hours.  The DC and primary T cell cocultures 

used 4 day old DCs and was incubated for 48 hours.  The purity of DC 

populations ranged from 37-51%, based on the percentage of I-Ab+ 

CD11c+ cell determined by flow cytometry.  For all experiments, IL-2 
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concentrations of the culture supernatants were determined using 

ELISA (mouse IL-2 ELISA, BD OptEIA; BD Biosciences) per the 

manufacturer’s protocol.   

 

Immunoblotting 

Cell lysates (1x105 cell equivalents/lane) were resolved by SDS-PAGE 

(8% w/v acrylamide), using non-reducing conditions, and transferred 

via electrophoresis to Immobilon-P membrane (Millipore, Bedford, 

MA).  The membrane was then blocked in PBS, 0.2% Tween 20, and 

5% dehydrated milk, following which it was incubated with mouse 

anti-TRP1 mAb supernatant (clone TA-99; American Type Culture 

Collection).  The loading control used was rat anti-GRP94 mAb 

(1:2500; StressGen Biotechnologies, Victoria, Canada).  The 

membranes were washed and incubated with HRP-conjugated goat 

anti-mouse or rat IgG (1:2500; Jackson ImmunoResearch laboratories) 

in addition to enhanced chemiluminescent substrate (SuperSignal 

West Pico; Pierce, Rockford, IL).  Then, it was exposed to film. 
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Statistical Analysis 

Independent sample t tests were utilized to make comparisons between 

two groups, where p ≤ 0.05 was considered significant.  One-way 

ANOVA was used to compare three groups, where p ≤ 0.05 was 

considered significant. 
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Results 

Antigen presentation increases with increasing peptide dose  

Whereas the TRP1 protein must be intracellularly processed and 

loaded onto the MHCII, it is uncertain whether this is true for TRP1 

peptide.  Some cysteine-containing peptides must be intracellularly 

processed to be presented on MHCII (Pathak and Blum 2000; Haque et 

al. 2001; Haque et al. 2002) rather than solely exchanged on cell 

surface MHCII without internalization (Shimonkevitz et al. 1983; 

Monji and Pious 1997; Fox et al. 1988).  GILT is present in endosomes 

and lysosomes, so a requirement for GILT would suggest that 

internalization is necessary for MHCII presentation.  If TRP1 peptide 

is exchanged on the cell surface, then there will not be a need for 

internalization or for GILT.   A prior study from our lab (Rausch et al. 

2010) solely focused on a single high peptide concentration.  Since a 

difference in presentation may be more apparent at a suboptimal 

peptide dose, we compared stimulation of the TRP1-specific 95-10 T 

cell hybridoma by WT and GILT-/- APCs across a range of peptide doses 

(Fig. 1).  Splenocytes, which are primarily composed of B cells, from 

WT and GILT-/- mice were used as APCs.  The TRP1-specific 95-10 T 

cell hybridoma was used as the source of TRP1-specific, I-Ab-restricted  
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Figure 1: Antigen presentation increases with increasing peptide dose  

Comparison of the stimulation of 1x105 I-Ab-restricted TRP1-specific 95-10 

T cell hybridoma in response to coculture with either 5x105 WT or GILT-/- 

splenocytes as APCs, both with varying concentrations of TRP1 peptide 

(10, 3.33, 1.11, 0.37, or 0.123 µg/ml).  The negative control was BSA (10 

µg/ml).  ELISA was used to quantify the IL-2 concentrations in culture 

supernatants to determine the extent of T cell stimulation.  Each condition 

was performed in triplicate. Columns represent the mean ± SEM. Data 

from one experiment is presented. 
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T cells.  The effect of varying the TRP1 peptide concentration on 

antigen presentation and activation of TRP1-specific 95-10 T cell 

hybridoma cells was evaluated by coculturing the T cells with the WT 

or GILT-/- splenocytes with TRP1 peptide at concentrations of 10, 3.33, 

1.11, 0.37, and 0.123 µg/ml.  IL-2 production was measured using 

ELISA.  BSA served as the negative control.  As TRP1 peptide 

concentration increased from 0.12 µg/ml to 10 µg/ml, we observed 

increased IL-2 production from approximately 10 to 300 pg/ml (Fig. 1).  

With both WT and GILT-/- APCs, the highest IL-2 concentrations were 

seen when TRP1 peptide concentrations of 10 µg/ml were used (Fig. 1).  

There was a small, but statistically significant, increase in IL-2 

production on the average response across all doses of TRP1 peptide 

presented by WT compared to GILT-/- splenocytes (p < 0.05 Fig. 1).  We 

selected 3.33 µg/ml as a suboptimal dose to further investigate whether 

there are differences in presentation of TRP1 peptide in the presence 

or absence of GILT.  These data suggest that presentation of TRP1 

peptide is mildly improved in the presence of GILT.  Mildly improved 

presentation of TRP1 peptide in the presence of GILT suggests that 

TRP1 peptide internalization is necessary for MHCII loading.   
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Increased APC:T cell ratios result in improved antigen presentation 

Next, we evaluated whether changes in the APC:T cell ratio can be 

used to further demonstrate a role for GILT in presentation of TRP1 

peptide.  In order to have effective T cell activation, there must be a 

sufficient quantity of APCs presenting antigen to the T cells.  

Decreasing the APC:T cell ratio is anticipated to decrease T cell 

stimulation (Hassan 2006; Ping 2005), and a suboptimal APC:T cell 

ratio may better define a role for GILT in presentation of TRP1 

peptide.  Splenocytes from WT and GILT-/- mice were used as APCs.  

The effect of varying the APC:T cell ratio on antigen presentation of 

TRP1 peptide and activation of TRP1-specific 95-10 T cell hybridoma 

cells was evaluated by coculturing T cells with the WT or GILT-/- 

splenocytes at APC:T cell ratios of 5:1, 2.5:1, 1:1, 1:2.5, and 1:5 (Fig. 2).  

A suboptimal TRP1 peptide concentration of 3.3 µg/ml, identified in 

Fig. 1, was used.  The APC:T cell ratio of 5:1 produced the highest IL-2 

concentrations (Fig. 2).  IL-2 production decreased as the APC:T cell 

ratio decreased with a constant amount of antigen (Fig. 2), as expected 

(Hassan 2006; Ping 2005).  Comparison of the averages across all 

APC:T cell ratios using an unpaired t test showed that there was not a 

statistical difference between the ability of the WT and the GILT-/-   
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Figure 2: Increased APC:T cell ratios result in improved antigen presentation 

Comparison of the stimulation of I-Ab-restricted TRP1-specific 95-10 T cell 

hybridoma in response to coculture with either WT or GILT-/- splenocytes as APCs 

with TRP1 peptide (10 µg/ml). A range of APC:T cell ratios used was 5:1, 2.5:1, 

1:1, 1:2.5, 1:5 cells.  The negative control was BSA (10 µg/ml).  ELISA was used to 

determine the IL-2 concentration in culture supernatants.  Each condition was 

performed in triplicate. Columns represent the mean ± SEM. Data from one 

experiment is presented. 
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APCs to present the TRP1 peptide (p = 0.07; Fig. 2).  Although there 

was not an overall difference across all APC:T cell ratios, at the 

highest APC:T cell ratio (5:1), also used in Fig. 1, we did observe 

greater IL-2 production in response to WT APCs (p < 0.01; Fig. 2).  The 

WT and GILT-/- splenocytes cocultured with an APC:T cell ratio of 

5:1 processed and presented the TRP1 peptide to the TRP1-specific 95-

10 T cell hybridoma, resulting in an average IL-2 production of 175 

pg/ml and 103 pg/ml, respectively (Fig. 2).  This difference represents 

an approximately 40% decrease in presentation in the absence of 

GILT, again suggesting that internalization is necessary for efficient 

processing and presentation of TRP1 peptide.  As the greatest 

difference in TRP1 presentation by WT and GILT-/- splenocytes was 

seen with a 5:1 APC:T cell ratio, this ratio was selected for subsequent 

experiments. 

 

TRP1 peptide requires internalization for efficient presentation on 
MHCII 

To determine whether the TRP1 peptide requires internalization for 

efficient presentation on MHCII, we compared presentation by fixed 

APCs, which are not capable of taking up extracellular antigen, with 

live APCs.  The TRP1-specific 95-10 T cell hybridoma cells were 



29 
 

cocultured with fixed or metabolically active WT splenocytes with 

TRP1 peptide (10 µg/ml).  Our positive control is B16 melanoma lysate 

(1.25x105 cell equivalents/well), as a source of folded TRP1 protein, 

which must be internalized and processed by GILT to expose epitopes 

to be presented on MHCII (Rausch et al. 2010). Our negative controls 

were BSA and keratinocyte-derived PDV SCC lysate, which does not 

contain TRP1.  The TRP1 peptide was not used at a suboptimal dose in 

this experiment, as this was the first attempt at fixing the APCs and 

we wanted to make sure that there was sufficient peptide available in 

the coculture so that any potential decreased IL-2 production in fixed 

populations could be attributed to fixation and not to insufficient 

peptide.  The metabolically active splenocytes processed and presented 

the TRP1 peptide to the TRP1-specific 95-10 T cell hybridoma cells, 

resulting in an average IL-2 production of 265 pg/ml (Fig. 3).  In  

contrast, the fixed splenocytes and TRP1-specific 95-10 T cell 

hybridoma coculture resulted in a statistically significant decrease in 

IL-2 production (average of 101 pg/ml) (p < 0.0001, Fig. 3).  Similarly, 

the non-fixed splenocytes processed and presented the TRP1 protein 

from the B16 lysate to the TRP1-specific 95-10 T cell hybridoma cells, 

resulting in an average IL-2 production of 60 pg/ml; whereas the fixed  
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Figure 3: TRP1 peptide requires internalization for efficient presentation on 

MHCII 

Comparison of the stimulation of I-Ab-restricted TRP1-specific 95-10 T cell 

hybridoma in response to coculture with either fixed or live WT splenocytes as 

APCs with TRP1-peptide (10 µg/ml), B16 melanoma lysate (1.25x105 cell 

equivalents/well), PDV SCC lysate (1.25x105 cell equivalents/well), or BSA 

(1mg/ml). IL-2 concentration was determined using ELISA. One experiment with 

each condition performed in triplicate is shown.  Columns represent the mean ± 

SEM. The data for presentation of TRP1 peptide and BSA is representative of 

three experiments; the data for presentation of tumor cell lysates is 

representative of two experiments.  
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splenocyte and TRP1-specific 95-10 T cell hybridoma coculture resulted 

in an average IL-2 production of 22 pg/ml (Fig. 3).  The reduction in IL-

2 concentration in response to fixed APCs presenting TRP1 derived 

from the melanoma lysate was statistically significant (p < 0.01; Fig. 

3). IL-2 production in response to fixed APCs cocultured with TRP1 

peptide is greater than the background observed in coculture with 

irrelevant antigens (Fig. 3), demonstrating that a portion of TRP1 

peptide does not require internalization for presentation.  These data 

demonstrate that internalization enhances MHCII-restricted 

presentation of TRP1 peptide and are consistent with a partial 

requirement for GILT (Fig. 1). 

We also compared live APCs cocultured with TRP1 peptide to 

live APCs cocultured with TRP1 protein derived from B16 melanoma 

lysate.  Our results show that the TRP1 protein was not as efficiently 

presented as the TRP1 peptide.  One explanation is that the amount of 

TRP1 epitope available in coculture with TRP1 peptide may be greater 

than that present in the melanoma lysate.  However, the magnitude of 

this difference was not seen previously, and our IL-2 concentrations 

are diminished compared to a previous study from our lab (Rausch et 

al. 2010). This difference from past experiments may be due to several 
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possibilities.  The TRP1-specific 95-10 T cell hybridoma line may have 

lost reactivity or the B16 melanoma cells may have diminished 

melanocyte differentiation antigen expression over time (Durda et al. 

2003), both of which will be addressed further.  In summary, our data 

supports that TRP1 peptide must first be internalized in order to be 

presented on MCHII. 

 

Primary TRP1-specific T cells produce more IL-2 than the TRP1-

specific 95-10 T cell hybridoma 

To evaluate whether the B16 melanoma cell line lost TRP1 expression, 

we compared the TRP1 expression in the B16 lysate currently being 

used for antigen processing assays with a previous batch of B16 lysate 

by Western blot.  PDV lysate was used as a negative control, and 

GRP94 was used as a loading control.  Immunoblotting with TRP1-

specific mAb TA-99 detected an approximately 75 kD protein in both 

B16 lysates and was not detected in the PDV lysate (Fig. 4A, left). 

Immunoblotting with the GRP94-specific mAb detected a 94kD protein 

of roughly equal intensity in the current melanoma lysate and PDV 

lysate control (Fig. 4A, right).  However, in this experiment GRP94 

was not detected in the old melanoma lysate and may have been  
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Figure 4A:  The current B16 melanoma lysate expresses less TRP1 than a 

previously used B16 melanoma lysate   

Immunoblot analysis suggests decreased expression of TRP1 in the current B16 

melanoma lysate being used (B16 - current) compared to previous B16 melanoma 

lysate (B16 - previous) and its absence in the PDV SCC lysate cells. GRP94 served 

as the loading control but was not detected in the previous melanoma lysate, 

possibly being obscured by the previous B16 melanoma lysate’s large TRP1 band.  

Since we cannot compare with the loading control, we cannot definitively state 

whether TRP1 expression by the current B16 melanoma lysate has diminished.  

However, equal cell equivalents were loaded in each lane, so it is likely that the 

current B16 melanoma lysate contains less TRP1 protein than previous B16 

melanoma lysate, suggesting that decreased TRP1 protein expression in the 

current B16 melanoma lysate cell line may contribute to decreased stimulation of 

TRP1-specific T cells. 
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obscured by the large TRP1 band in the old melanoma lysate.  Without 

the ability to compare to the loading control, we cannot definitively 

state whether TRP1 expression in the current B16 cells has 

diminished.  However, given that equal cell equivalents were loaded in 

each lane, it is likely that the current melanoma lysate contains less 

TRP1 protein than the previous batch.  This result suggests that 

decreased TRP1 protein expression in the B16 cell line may contribute 

to decreased stimulation of TRP1-specific T cells. 

To evaluate whether the TRP1-specific 95-10 T cell hybridoma 

has lost sensitivity to detect TRP1 presentation, we compared the 

stimulation of TRP1-specific 95-10 T cell hybridoma cells with primary 

TRP1-specific T cells with the same TCR specificity.  First, primary T 

cells were isolated from the TRP1BwRAG-/-TRP1tg mouse line.  The 

TRP1Bw background was selected because in the absence of TRP1 

expression, TRP1-specific T cells are not subject to tolerance 

mechanisms which may limit their reactivity.  The RAG-/- background 

was selected, because in the absence of RAG, VDJ recombination of 

endogenous TCRs does not occur, such that all T cells solely express 

the TRP1-specific TCR transgene.   Antigen processing and subsequent 

T cell activation was evaluated by coculturing primary TRP1-specific T 
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cells and TRP1-specific 95-10 T cell hybridoma cells with WT bone 

marrow-derived DCs and TRP1 peptide at 10µg/ml and B16 lysate at 

1.25x105 cell equivalents/well.  PDV lysate and BSA were the negative 

controls in both cases.  Since primary T cells were used in this 

experiment, bone marrow-derived DCs had to be used as APCs rather 

than splenocytes, as DCs are needed to provide the requisite co-

stimulatory signals that primary T cells require for activation.  

Attempts to use splenocytes resulted in no detectable IL-2 production 

(data not shown).  The primary TRP1-specific T cells were activated by 

coculture with TRP1 peptide, inducing the production of IL-2 at an 

average of 255 pg/ml.  IL-2 production by the TRP1-specific 95-10 T cell 

hybridoma cells in response to coculture with TRP1 peptide was 

significantly reduced (average of 44 pg/ml) (Fig. 4B, p < 0.001).  The 

primary TRP1-specific T cells also responded to coculture with B16 

melanoma lysate, inducing an average production of IL-2 of 384 pg/ml 

(Fig. 4B).  Whereas coculture with TRP1-specific 95-10 T cell 

hybridoma cells did not produce IL-2 above the limit of detection in 

this assay (Fig. 4B).   The difference between the ability of the primary 

TRP1-specific T cells and the TRP1-specific 95-10 T cell hybridoma 

cells to respond to B16 melanoma lysate is statistically significant (p < 
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Figure 4B:  Primary TRP1-specific T cells produce more IL-2 than the TRP1-

specific 95-10 T cell hybridoma   

Increased IL-2 concentrations were seen in cocultures with primary TRP1-specific 

T cells from TRP1BwRAG-/-TRP1tg mice compared to the TRP1-specific 95-10 T cell 

hybridoma.  IL-2 production by these two T cell types were compared in response to 

coculture with WT bone marrow-derived DCs and TRP1-peptide (10 µg/ml), B16 

melanoma lysate (1.25x105 cell equivalents/well), PDV SCC lysate (1.25x105 cell 

equivalents/well), and BSA (1 mg/ml).  T cell stimulation was measured through 

quantification of IL-2 concentrations via ELISA. The data is shown from one 

experiment comparing primary T cells and the T cell hybridoma with each 

condition performed in triplicate.  Columns represent the mean ± SEM.  
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0.0001; Fig. 4B).  These data indicate that the TRP1-specific 95-10 T 

cell hybridoma has lost sensitivity to stimulation by TRP1:MHCII, 

most notably in response to melanoma lysate.   

Having established that primary TRP1-specific T cells are the 

preferable T cell for co-culture, as represented by increased IL-2 

production (Fig. 4B), we next sought to identify which primary TRP1-

specifc T cell would be best for future experiments.  Primary T cells 

were studied from three TRP1-specific mouse strains: TRP1BwRAG-/-

TRP1tg, TRP1tg, and GILT-/-RAG-/-TRP1tg.  In each of these strains, 

TRP1-specific T cells develop in the thymus and populate the 

periphery (Rausch and Hastings 2011; Muranski et al. 2008; Xie et al. 

2010).  On the RAG-/- background, all TCRs are specific for TRP1, 

whereas RAG-expressing TRP1tg mice express endogenous TCRs 

(Rausch et al. 2010).  T cells from TRP1tg mice and TRP1BwRAG-/-

TRP1tg induce vitiligo (Rausch and Hastings 2011, Muranski et al. 

2008, Rausch et al. 2010, Xie et al. 2010).  However, in GILT-/-RAG-/-

TRP1tg mice, TRP1-specific T cells are tolerant and do not induce 

vitiligo (Rausch and Hastings 2011).   Primary T cells (1x105 cells/well) 

were cocultured with TRP1 peptide (10 µg/ml), B16 melanoma lysate 

(1.25x105 cell equivalents/well), PDV SCC lysate (1.25x105 cell 
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equivalents/well), or BSA (1 mg/ml).  The DC:T cell ratio was 5:1.  The 

T cells isolated from TRP1BwRAG-/-TRP1tg mice produced the highest 

IL-2 concentrations in response to TRP1 peptide (average IL-2 

concentration of 202 pg/ml) and B16 melanoma lysate (average IL-2 

concentration of 453 pg/ml) (Fig. 4C).  IL-2 production by TRP1BwRAG-

/-TRP1tg-derived T cells was significantly greater than that produced 

by T cells isolated from GILT-/-RAG-/-TRP1tg or TRP1tg mice in 

response to TRP1 peptide (p < 0.001) and B16 lysate (p < 0.001; Fig. 

4C).  No difference was observed between IL-2 production by T cells 

from GILT-/-RAG-/-TRP1tg and TRP1tg mice (Fig. 4C).  This data show 

that the T cells from the TRP1BwRAG-/-TRP1tg mice, which develop in 

the absence of TRP1 antigen and are all specific for TRP1, respond the 

best to TRP1 peptide:MHCII stimulation and are the most logical 

choice for future experiments. 
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Figure 4C:  Primary TRP1-specific T cells from TRP1BwRAG-/-TRP1tg mice 

produce more IL-2 than primary TRP1-specific T cells from TRP1tg and GILT-/-

RAG-/-TRP1tg mice  

Increased IL-2 concentrations were seen following coculture with primary TRP1-

specific T cells from TRP1BwRAG-/-TRP1tg mice compared to T cells from TRP1tg 

and GILT-/-RAG-/-TRP1tg mice.  IL-2 production by these three T cell sources were 

compared in response to coculture with bone marrow-derived DCs and TRP1 

peptide (10 µg/ml), B16 melanoma lysate (1.25x105 cell equivalents/well), PDV 

SCC lysate (1.25x105 cell equivalents/well), and BSA (1 mg/ml).  IL-2 

concentration was determined by ELISA.   The data is shown from one 

experiment comparing the three primary T cell sources with each condition 
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Discussion  

TRP1 is an autoantigen in vitiligo and tumor antigen in melanoma.  

Therefore, it is important to determine the requirements for TRP1 

processing and subsequent T cell stimulation.  There is some debate as 

to whether peptides, unlike proteins, truly require internalization and 

presentation on MCHII.  It is suggested that some peptides must be 

both intracellularly processed to be presented on MHCII (Pathak and 

Blum 2000; Haque et al. 2001; Haque et al. 2002) and also that 

peptides may be exchanged on the cell surface without internalization 

(Shimonkevitz et al. 1983; Monji and Pious 1997; Fox et al. 1988).  An 

exogenously provided peptide HSA 64-76K  requires internalization in 

order for MHCII presentation, suggesting that internalization of some 

peptides allows for processing and modifications of the peptide that 

enhance T cell recognition and that packaging with MHCII in the 

endosome may offer protection against peptide degradation (Pathak 

and Blum 2000).  Furthermore, cysteinylated peptides, in which a 

peptide’s cysteine forms a disulfide bond with a free cysteine, such as 

Ig κ and an epitope from hen egg lysozyme (HEL), require 

internalization and processing for presentation on MHCII (Haque et al. 

2001; Kang et al. 2000), and tyrosinase has shown the potential for 
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spontaneous cysteinylation (Kittlesen et al. 1998; Haque et al. 2002).    

Given TRP1’s cysteine bonds and its similarity to tyrosinase, it is 

possible that this TRP1 epitope may have the potential to undergo 

cysteinylation as well.  Our data show a partial dependence on GILT 

for processing and presentation of the TRP1 peptide (Fig. 1 and 2).  

Consistent with a partial need for GILT, we demonstrated that 

internalization of the TRP1 peptide is necessary for efficient processing 

and presentation (Fig. 3).  However, internalization is not necessary 

for the entire pool of TRP1 peptide (Fig. 3).   This difference is likely 

due to the composition of the peptide themselves.  It is likely that only 

a portion of the TRP1 peptides contain a cysteine modification that 

requires internalization and reduction.   

We then sought to select the best T cell population for detection 

of TRP1 MHCII-restricted presentation.  In general, stimulation of a T 

cell hybridoma is a measure of cell surface peptide:MHC complexes, as 

it does not require costimulatory molecule engagement.  An advantage 

of a T cell hybridoma is that it eliminates the need for mice as a source 

of T cells.  On the other hand, a primary T cell population requires 

mice but provides better physiologic representation of antigen 

presentation, since it requires costimulation in addition to MHCII:TCR 
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interaction. Our data shows that primary TRP1-specific T cells produce 

more IL-2 than the TRP1-specific 95-10 T cell hybridoma, making 

them a better candidate for future experiments.  We observed a 

decrease in processing and presentation of the TRP1 protein by the 

TRP1-specific 95-10 T cell hybridoma (Fig. 3 and 4B), the magnitude of 

which has not been seen in previous experiments in our lab (Rausch et 

al. 2010), suggesting a possible loss of reactivity of the TRP1-specific 

95-10 T cell hybridoma.  Decreased sensitivity to detect TRP1 

presentation from melanoma cell lysates may also be due to loss of 

TRP1 expression over time (Fig. 4A), as has been reported previously 

(Durda et al. 2003).  While using the primary TRP1-specific T cells will 

require maintaining a mouse population, whereas the TRP1-specific 

95-10 T cell hybridoma does not, primary T cells are a better 

representation of antigen presentation since they require costimulation 

in addition to MHCII:TCR interaction.  Our data show that among 

three primary TRP1-specific T populations (GILT-/-RAG-/-TRP1tg mice, 

TRP1BwRAG-/-TRP1tg, and TRP1tg mice), the T cells from the 

TRP1BwRAG-/-TRP1tg mice are the most responsive in detecting TRP1 

presentation.  TRP1BwRAG-/-TRP1tg T cells develop in absence of TRP1 

and are not subject to tolerance mechanisms, which limit T cell 
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reactivity to self proteins.  Similar to our results, previous reports from 

our lab have demonstrated strong IL-2 production by these cells 

(Rausch et al. 2010).  In contrast, T cells from GILT-/-RAG-/-TRP1tg 

mice develop in the presence of TRP1 and are subject to tolerance 

mechanisms.  Indeed, unlike T cells from TRP1BwRAG-/-TRP1tg mice, T 

cells from GILT-/-RAG-/-TRP1tg mice do not induce vitiligo, have 

diminished cytokine production after in vitro or in vivo stimulation 

with antigen, and have increased regulatory T cells (Rausch and 

Hastings 2011). TRP1tg mice spontaneously develop vitiligo, so their T 

cells are likely to be capable of responding to TRP1.  However, T cells 

in TRP1tg mice also develop in the presence of antigen, so their 

activity may be limited by tolerance mechanisms similar to T cells 

from GILT-/-RAG-/-TRP1tg mice.  For example, regulatory T cells have 

been shown to diminish autoimmune vitiligo in both TRP1tg and GILT-

/-RAG-/-TRP1tg mice (Rausch and Hastings 2011; Xie et al. 2010). 

Indeed, our data show that T cells from either GILT-/-RAG-/-TRP1tg or 

TRP1tg mice are less responsive to class II-restricted TRP1 

presentation (Fig. 4C). Of the currently available TRP1-specific T cell 

sources, T cells from TRP1BwRAG-/-TRP1tg mice represent the most 

sensitive measure to detect TRP1 class II-restricted presentation.  An 
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alternative approach to facilitate future studies would be to generate a 

new T cell hybridoma using primary T cells from TRP1BwRAG-/-TRP1tg 

mice.   
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Future Directions 

GILT is clinically relevant in the presentation of multiple antigens 

important in vitiligo and melanoma. Both of these conditions are 

significant public health concerns.  In the United States, 

approximately 1-2 million people suffer from vitiligo (NIH 2010), and 

over 800,000 Americans have melanoma (NCI 2011).  In fact, the 

incidence of melanoma has been increasing, with an expected 70,000 

new cases to be diagnosed in the United States this year (NCI 2010).  

In addition, melanoma is the 8th leading cause of cancer deaths in the 

United States (NCI 2011).  The immune response is paramount in the 

pathogenesis of autoimmune vitiligo and response to melanoma.  

Interestingly, patients who exhibit autoimmune disease such as 

vitiligo have improved melanoma prognosis (Gogas et al. 2006; 

Boasberg et al. 2006).  Also, an inverse relationship has been suggested 

in gene array studies looking at the gene TYR, which encodes 

tyrosinase, indicating that an increased immune surveillance of 

melanocytes increases susceptibility for vitiligo but decreases 

susceptibility for melanoma and vice versa (Gudbjartsson et al. 2008; 

Bishop et al. 2009).  In regards to melanoma treatment, surgical and 

chemotherapy options have reduced effectiveness against large and 
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metastatic melanomas, whereas immune therapies are becoming more 

efficacious.  An FDA-approved mAb, ipilimumab, is directed against 

CTLA-4 present on activated and regulatory T cells and significantly 

increases survival against metastatic melanoma (Hodi et al. 2010).    

 GILT is likely to have an important role in directing the anti-

melanocyte and anti-melanoma immune responses.  For instance, 

tyrosinase, another melanoma differentiation antigen, has an epitope 

that has been shown in vitro to be partially dependent on GILT for 

processing and presentation on MHCII (Haque et al. 2002).  GILT has 

been identified as necessary for efficient MHCII-restricted 

presentation of TRP1 in vitro, and GILT expression in peripheral APCs 

accelerates the onset of TRP1-mediated autoimmune vitiligo (Rausch 

et al. 2010).  Given that GILT is important in reducing disulfide bonds 

in antigens in order to produce antigen epitopes to display on MHCII, 

GILT is likely to be involved in the presentation of other melanocyte 

differentiation antigens, such as TRP2 and gp100/Pmel17, which also 

contain disulfide bonds (García-Borrón and Solano 2002; Negroui et al. 

2000; Berson et al. 2001).  In addition, GILT is important in the 

processing of cysteinylated peptides.  Given that tyrosinase is 

susceptible to spontaneous cysteinylation and that TRP1, TRP2, 
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MART1, and gp100/Pmel17 contain cysteines, there is the possibility 

that these melanocyte differentiation antigens may also have need of 

GILT for cysteinylated peptide processing (Haque et al. 2002).   While 

the role of GILT in MHCII-restricted antigen processing is well 

established, it has been recently been shown that GILT facilitates the 

cross-presentation of disulfide bond-containing exogenous antigens on 

MHC class I (MHCI) (Singh and Cresswell 2010).  Thus, GILT may be 

involved in the cross-presentation of melanoma antigens on MHCI by 

professional APCs for the stimulation of CD8+ cytotoxic T cell 

responses.  

 Future studies are required to determine whether GILT plays a 

role in vitiligo pathogenesis or alters the anti-melanoma immune 

response.  We predict that in the presence of GILT and improved 

presentation of melanocyte antigens, autoimmune vitiligo and anti-

melanoma immune responses will be heightened.  Future studies will 

explore whether there are changes in GILT expression or GILT 

polymorphisms in these diseases.  For example, we predict that GILT 

expression by cutaneous APCs will be increased in early, active vitiligo 

lesions compared to unaffected skin.  Similarly, GILT may play a role 

in multiple autoimmune diseases. For example, a microarray analysis 
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of the gene expression in glomeruli affected by lupus 

glomerulonephritis compared to uninvolved glomeruli revealed 

increased expression of GILT and other lysosomal enzymes important 

in MHCII processing (Peterson et al. 2004).   

TRP1 has been identified as an autoantigen in vitiligo and a 

tumor antigen in melanoma.  GILT is necessary for processing and 

presenting TRP1 to CD4+ T cells, and CD4+ T cells are important for 

specialization of B cells and durable CD8+ T cell responses.  Further 

research in this area has significant potential to increase our 

understanding of the role of antigen presentation in the pathogenesis 

of autoimmune vitiligo, the development of effective anti-tumor 

immune responses in melanoma, and the development of autoimmune 

diseases in general.   
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Conclusions 

• Antigen presentation increases with increasing peptide dose 

• Presentation of TRP1 peptide is partially dependent on GILT 

• Increased APC:T cell ratios result in improved antigen 

presentation 

• TRP1 peptide requires internalization for efficient presentation 

on MHCII 

• Primary TRP1-specific T cells produce more IL-2 than the TRP1-

specific  T cell hybridoma   

• Primary TRP1-specific T cells from TRP1BwRAG-/-TRP1tg mice 

are the T cell population of choice for future experiments 
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