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Abstract

Objective—Endoplasmic reticulum (ER) aminopeptidase 1 (ERAP1) variants contribute to the 

risk of ankylosing spondylitis in HLA-B27 positive individuals, implying a disease-related 

interaction between these gene products. The aim of this study was to determine whether reduced 

ERAP1 expression would alter the cell surface expression of HLA-B27 and the formation of 

aberrant disulfide-linked forms that have been implicated in the pathogenesis of spondyloarthritis.

Methods—ERAP1 expression was knocked down in monocytic U937 cells expressing HLA-B27 

and endogenous HLA class I. The effect of ERAP1 knockdown on the accumulation HLA-B 

alleles (B18, B51, and B27) was assessed using immunoprecipitation, isoelectric focusing, and 

immunoblotting, as well as flow cytometry with antibodies specific for different forms of HLA-

B27. Cell surface expression of aberrant disulfide-linked HLA-B27 dimers was assessed by 

immunoprecipitation and electrophoresis on non-reducing polyacrylamide gels.

Results—ERAP1 knockdown increased the accumulation of HLA-B27 on the cell surface 

including disulfide-linked dimers, but had no effect on levels of HLA-B18 or -B51. Antibodies 

with unique specificity for HLA-B27 confirmed increased cell surface expression of complexes 

shown previously to contain long peptides. IFN-γ treatment resulted in striking increases in the 

expression of disulfide-linked HLA-B27 heavy chains, even in cells with normal ERAP1 

expression.

Conclusions—Our results suggest that normal levels of ERAP1 reduce the accumulation of 

aberrant and disulfide-linked forms of HLA-B27 in monocytes, and thus help to maintain the 

integrity of cell surface HLA-B27 complexes.
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Introduction

HLA-B27 promotes the development of spondyloarthritis through a mechanism, or 

mechanisms, that remain incompletely understood (Bowness, 2015). The disease has been 

hypothesized to be linked to the presentation of arthritogenic peptides to CD8+ T cells by 

canonical HLA-B27 class I complexes. However, CD8+ T cells are not required for 

spondyloarthritis in HLA-B27 transgenic rats (Taurog et al., 2009), and direct evidence for 

arthritogenic peptides in humans is lacking, yet their existence has not been ruled out 

(Sorrentino et al., 2014). Alternative mechanisms have been proposed based on aberrant 

features of HLA-B27, including its tendency to misfold and generate endoplasmic reticulum 

(ER) stress (Colbert et al., 2014), and to form disulfide-linked homodimers on the cell 

surface that trigger other immune cells (Shaw et al., 2014). Genetic studies, patient-derived 

material, animal models, and early results from therapeutic trials implicate the IL-23/IL-17 

axis in spondyloarthritis pathogenesis (Smith and Colbert, 2014). The aberrant properties of 

HLA-B27 have been linked to activation of the IL-23/IL-17 axis through ER stress-mediated 

IL-23 overproduction from myeloid cells in rats (DeLay et al., 2009), and homodimer 

interaction with the killer immunoglobulin receptor (KIR)-3DL2 on CD4+ Th17 cells in 

humans, which promotes IL-17 production (Bowness et al., 2011). HLA-B27 also affects the 

survival and function of CD103+ dendritic cells in HLA-B27 transgenic rats (Utriainen et 

al., 2012), which may lead to a loss of immunologic tolerance and promote Th17 

development (Glatigny et al., 2012), although the mechanism is unclear.

Endoplasmic reticulum (ER) aminopeptidase-1 (ERAP1) plays an important role in the N-

terminal processing of ER peptides that are ultimately displayed by MHC class I complexes 

on the cell surface. ERAP1 has also been implicated in cytokine receptor shedding (then 

known as ARTS1) (Cui et al., 2002), and can be secreted from stimulated macrophages 

resulting in enhanced phagocytic activity (Goto et al., 2011; Goto et al., 2014). Non-

synonymous coding variants of the ERAP1 gene are associated with ankylosing spondylitis 

and other HLA class I-associated immune-mediated inflammatory diseases including 

Behçet’s (HLA-B51) and psoriasis (HLA-Cw6) (Burton et al., 2007; Genetic Analysis of 

Psoriasis et al., 2010; Kirino et al., 2013). Epistasis between ERAP1 and HLA class I risk 

alleles suggests that the peptide editing function of ERAP1 is important in these immune-

mediated inflammatory diseases, and underscores the need to better understand how this 

aminopeptidase affects the biology of HLA class I molecules.

ERAP1 trims peptides that are longer than 8–9 amino acids (Saric et al., 2002), reducing 

their length and optimizing their suitability to bind MHC class I proteins. Reducing ERAP1 

expression through targeted deletion or knockdown approaches can reduce MHC class I 

expression on the cell surface (Hammer et al., 2006; Saveanu et al., 2005), although 

increased expression or no change have also been noted (York et al., 2002). In ERAP1-

deficient mice where MHC class I expression was reduced, N-terminally extended peptides 

were overrepresented in pools of peptides eluted from MHC class I (Blanchard et al., 2010). 

However, examination of individual epitopes recognized by CD8+ T cells has also revealed 

that while ERAP1 is necessary for generating certain epitopes, others are destroyed (York et 

al., 2006). These studies suggest that while the general rules governing the role of ERAP1 in 
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antigen processing may be clear, effects on individual MHC class I alleles and epitopes may 

differ.

Several effects of reduced ERAP1 expression on HLA-B27 have been reported. Folded 

forms of HLA-B27 were found to be unchanged (Chen et al., 2015; Haroon et al., 2012), 

increased (Seregin et al., 2013; Zervoudi et al., 2013), or decreased (Akram et al., 2014). 

Intracellular β2m-free HLA-B27 heavy chains and a subset of cell surface complexes that 

contain longer peptides (MARB4-reactive) were both increased in ERAP1 knockdown C1R 

cells transfected with HLA-B27 (Haroon et al., 2012). ERAP1 knockdown was also shown 

to increase the abundance of longer peptides (11–13 amino acids) presented by HLA-B27 in 

C1R and HeLa cells at the expense of 9 amino acid ligands (Chen et al., 2014), but to 

decrease free heavy chain expression in these cells (Chen et al., 2015). Previous studies have 

not determined whether ERAP1 alters the formation of aberrant forms of HLA-B27, nor 

have effects on other B alleles been compared under the same conditions. To address these 

questions, we compared folded and unfolded forms of HLA-B27 with HLA-B18 and HLA-

B51 in human monocytic U937 cells where ERAP1 expression had been knocked down, and 

examined effects of IFN-γ. We show that several forms of HLA-B27 in monocytes are 

increased by reduced ERAP1 expression, and demonstrate for the first time ERAP1 

knockdown leads to accumulation of aberrant disulfide-linked forms of HLA-B27. 

Interestingly, reduced ERAP1 expression had a differential effect on HLA-B27 compared to 

HLA-B51 and HLA-B18, suggesting that the ERAP1-HLA-B27 interaction may have 

unique immunobiological consequences.

Materials and Methods

Antibodies and reagents

Antibodies used in this study were HC10 (mouse IgG2a), which recognizes HLA-B and –C, 

β2m-free unfolded heavy chains (Stam et al., 1986); 3B10.7 (rat IgG2a), which recognizes 

HLA-B in immunoblots (Dangoria et al., 2002; Lutz and Cresswell, 1987); W6/32 (mouse 

IgG2a), which recognizes folded (conformational epitope) HLA class I (Barnstable et al., 

1978); ME1 (mouse IgG1), which recognizes HLA-B27, -B7, -B42, -B67, and -Bw22 (Chen 

et al., 2015; Ellis et al., 1982); and MARB4 (mouse IgG2a), which recognizes a subset of 

HLA-B27 molecules that includes complexes containing long peptides and β2m-free heavy 

chains (Malik et al., 2002; Urban et al., 1994). These antibodies were isolated from 

hybridoma cultures and affinity purified on protein A-sepharose. Antibodies against ERAP1 

(Novus Biologicals, Littleton, CO) and GAPDH (Santa Cruz Biotechnology, Dallas, TX) for 

immunoblots were purchased and used as recommended by the suppliers. W6/32 conjugated 

to Pacific Blue (Biolegend, San Diego, CA) and HLA.ABC.m3 conjugated to FITC 

(Millipore, Billerica, MA) were used in flow cytometry studies. HLA.ABC.m3 recognizes a 

conformational epitope on HLA-B27. HC10 was conjugated to APC using a kit (Columbia 

BioSciences, Frederick, MD) and following the manufacturer’s instructions. ME1 and 

MARB4 were conjugated to Pacific Blue (Life Technologies, Grand Island, NY) per 

manufacturer’s instructions. Methyl methanethiosulfonate (MMTS) was obtained from 

ThermoScientific (Rockford, IL), and N-glycanase from Prozyme (Hayward, CA).
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Cell lines and ERAP1 knockdown

The human monocytic cell line U937 (HLA-A*03:01, A*31:01, B*18:01, B*51:01, 

C*01:02 and C*07:02) (Gebreselassie et al., 2006) stably expressing HLA-B27 (B*27:05) 

(U937.B27) was created by co-transfection with genomic HLA-B27 DNA and pSV2Neo 

and selection for G418 resistance and HLA-B27 expression (Penttinen et al., 2004). U937 

cells transfected with pSV2Neo alone (U937.pSV2) were used as controls. U937.B27 and 

U937.pSV2 lines were maintained in RPMI supplemented with 10% FBS, penicillin-

streptomycin (100 U/ml), and 600 μg/ml G418. U937.B27 cells were infected with 

retrovirus encoding ERAP1 shRNA or scrambled control shRNA (Origene, Rockville, MD), 

and selected with puromycin and for loss of ERAP1 expression by immunoblotting. Cells 

were maintained in the same medium (described above) supplemented with 1.5 ug/ml 

puromycin. Cells cultured in medium without antibiotics for 2–3 days prior to performing 

experiments. Cells were treated with recombinant human IFN-γ (Peprotech, Rocky Hill, 

NJ) at 100 ng/ml or PBS for 24 hours before harvesting.

We also determined the common ERAP1 variants present in the U937 cells by sequencing. 

They are homozygous for rs72773968 C (encodes Thr at position 12; Thr12), rs3734016 G 

(Glu56), rs26653 C (Pro127), rs26618 A (Ile276), rs27895 G (Gly346), rs2287987 A 

(Met349), rs10050860 G (Asp575), and rs17482078 G (Arg725). U937 cells are 

heterozygous at rs30187 A/G (Lys528 and Arg528) and rs27044 C/G (Gln730 and Glu730).

Immunoprecipitations

Cells were harvested and treated with MMTS (10 mM) in ice-cold PBS for 15 min to 

prevent spontaneous sulfhydryl bond formation and loss during and after cell lysis. 

Immunoprecipitations were performed as previously described (Dangoria et al., 2002) with 

some modifications. All steps were carried out at 4°C. Briefly, cells were lysed in lysis 

buffer (20 mM Tris-HCl pH 7.5, 100 mM NaCl, 1% Triton X-100, 10 mM EDTA, 1X 

Protease inhibitor complete tablet (Roche, Indianapolis, IN), 0.04% NaN3, 0.5 mM PMSF, 

10 mM MMTS). Cell lysates were centrifuged at 16,000 × g for 5 min. Supernatants were 

collected and pre-cleared with protein A-sepharose and normal mouse serum for 1 hour. 

Following removal of protein A-sepharose by centrifugation, supernatants were incubated 

with antibody or mouse IgG2a (control) together with protein A-sepharose overnight. 

Immuoprecipitates were then washed once each with the following: Buffer 1 (20 mM Tris 

HCl pH 7.5, 100 mM NaCl, 10 mM EDTA, 1% Triton X-100, 0.1% SDS, 1% BSA), Buffer 

2 (2 mM Tris Cl pH 7.5, 90 mM NACl, 1 mM EDTA, 0.1% Triton X-100), Buffer 3 (20 mM 

Tri HCl pH 7.5, 100 mM NaCl, 10 mM EDTA, 1% Triton X-100), and then subjected to 

further analysis.

For immunoprecipitation of cell surface HLA class I molecules, cells were treated with 

MMTS, washed and then harvested, resuspended in PBS, and incubated with HC10, W6/32, 

or mouse IgG2a (control) for 1 hour. Cells were washed 3 times with PBS to remove non-

binding antibody, and then lysed as described above for 1 hour. Cell lysates were centrifuged 

at 16,000 × g for 5 min and then antibody-HLA class I complexes were collected with 

protein A-sepharose and washed exactly as described above, and then subjected to further 

analysis.
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Protein separation and immunoblotting

Immunoprecipitates for isoelectric focusing (IEF) were treated with N-glycanase (1 mU for 

material from 1×105 cells) overnight at 37°C (Dangoria et al., 2002) to remove sialylated 

carbohydrate side chains. HLA class I heavy chains were separated on IEF gels (Hoeffer) 

(Ploegh, 1995). Gels were then pre-soaked in 50% methanol with 1% (w/v) SDS, 5 mM 

Tris-HCl (pH 8.0) before immunoblotting. Samples for SDS-polyacrylamide gel 

electrophoresis (SDS-PAGE) were dissolved in Laemmli sample buffer (without reducing 

agents), boiled for 90 sec, and then applied to 4–20% gradient gels (Bio-RAD, Hercules, 

CA) under non-reducing conditions (Dangoria et al., 2002). Proteins on IEF and 

polyacrylamide gels were transferred to PVDF membranes (Bio-RAD), and HLA-B alleles 

were visualized using 3B10.7 as the primary antibody and goat anti-rat IgG2a-horseradish 

peroxidase (Southern Biotech, Birmingham, AL) as the secondary antibody. The signal was 

developed with SuperSignal West Femto Maximum Sensitivity substrates (ThermoScientific, 

Waltham, MA) and ECL reagents.

Image analysis and quantitation

Immunblot images were captured using a ChemiDoc Imager (BioRad, Hercules, CA) and 

quantified by Imagelab software program (BioRad). Exposures were adjusted to enable band 

quantitation in the linear response range, and avoid saturated bands. All replicates for a 

given experiment were imaged from the same gel.

Flow cytometry

Cells were harvested, washed and incubated in PBS with 5% normal mouse serum for 1 hour 

at 4°C to block non-specific antibody binding, then washed and incubated with fluorescence 

probe-conjugated specific antibodies or IgG controls for 1 hour at 4°C. Cells were then 

washed 4 times before analysis (BD FACS CANTO II, BD Biosciences, San Jose, CA).

Statistical analysis

Statistical analyses were performed using Student’s t-test.

Results

Expression of free and folded HLA class I in U937 cells

To examine effects of ERAP1 deficiency on HLA-B*27:05 (HLA-B27) in the context of 

other HLA-B alleles, we used U937 cells stably transfected with HLA-B27 (U937.B27). 

U937 cells are myeloid in origin, and express HLA-A*03:01 and A*31:01, HLA-B*18:01 

(HLA-B18) and B*51:01 (HLA-B51), and HLA-C*01:02, C*07:02 from endogenous loci 

(Gebreselassie et al., 2006). The relative abundance of unfolded (β2m free) and folded HLA-

B heavy chains immunoprecipitated by HC10 and W6/32, respectively, was compared using 

isoelectric focusing after removal of N-linked carbohydrates with N-glycanase (Ploegh, 

1995). Isoelectric focusing distinguishes the different class I alleles that have identical 

molecular weights, and carbohydrate removal eliminates multiple isoforms of the heavy 

chain resulting from sialylation, thus enabling identification of specific alleles and 

facilitating quantitation (Neefjes and Ploegh, 1988). The expression of HLA-B27 is 
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intermediate between HLA-B51 and HLA-B18, and as expected is seen only in the 

transfected cells (Figure 1A). The ratio of folded to unfolded heavy chain is approximately 3 

for HLA-B27, substantially lower than for HLA-B51 and B18 (Figure 1B), consistent with 

the known inefficient folding of HLA-B27 (Dangoria et al., 2002). HLA-B27-expressing 

cells exhibit slightly greater staining with W6/32 (Figure 1C), whereas staining with 

HLA.ABC.m3 or ME1 is dependent on HLA-B27 expression (Figure 1D,E). HLA.ABC.m3 

is sold as HLA-B27-specific, and ME1 recognizes several B alleles, none of which are 

expressed in U937 cells (Gebreselassie et al., 2006). MARB4, which recognizes a subset of 

HLA-B27 molecules that includes dimers (Dangoria et al., 2002), free heavy chains (Malik 

et al., 2002), and complexes containing longer peptides (Urban et al., 1994), only reacts with 

the HLA-B27 transfected cells (Figure 1F). Mock-transfected U937 cells (pSV2) are 

positive for HC10, and staining is marginally increased on HLA-B27-expressing cells, 

consistent with the presence of free cell surface HLA-B heavy chains (Figure 1G). These 

results establish the experimental system and specificity of antibodies used to determine 

effects of ERAP1 deficiency on various forms of HLA-B27.

Reduced ERAP1 expression promotes HLA-B27 expression

U937.B27 cells transduced with shRNA targeting ERAP1 exhibited approximately 65% 

reduction of ERAP1 protein expression compared with scrambled shRNA transduced 

U937.B27 cells (Figure 2A). These cells exhibit increased expression of folded HLA class I 

heavy chains (W6/32), β2m-free heavy chains (HC10), and forms of HLA-B27 recognized 

by ME1, HLA.ABC.m3, and MARB4 (Figure 2B). To determine whether loss of ERAP1 

expression was affecting B alleles other than HLA-B27, W6/32 and HC10 

immunoprecipitates of cell surface proteins were examined by isoelectric focusing. 

Consistent increases in HLA-B27 were observed with ERAP1 knockdown for both W6/32 

and HC10, while the amount of HLA-B18 and HLA-B51 remained unchanged (Figure 

2C,D). Examination of whole cell lysates revealed more folded HLA-B27 in the absence of 

ERAP1, while the total HC10-reactive material was no different for the 3 HLA-B alleles. 

(Supplemental Figure S1A,B shows whole cell lysates. Supplemental Figure S1C shows 

longer exposure of Figure 2D enabling visualization of the HLA-B27 band.)

To establish the specificity of antibodies during cell surface immunoprecipitation, and to 

ensure that antibodies were not gaining access to the intracellular compartment during this 

procedure, an isotype control antibody (IgG2a) was carried through the same procedure. 

After incubation with isotype control antibody, cells were washed and lysed, and lysates 

then incubated with protein A-sepharose, followed by electrophoresis and immunoblotting 

with a secondary antibody against the isotype control (anti-mouse IgG). The isotype control 

does not precipitate any HLA class I from the cell surface, nor does it gain access to the 

intracellular compartment (Supplemental Figure S1D,E). Intracellular isotype control would 

be protected from washing, captured by protein A-sepharose, and visualized by secondary 

antibodies. No isotype control antibody was detected after the cell surface 

immunoprecipitation protocol unless it was added directly to the cell lysate as a positive 

control (Figure S1E).
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Reduced ERAP1 expression promotes accumulation of disulfide-linked HLA-B27 dimers

To determine the effect of reduced ERAP1 expression on the accumulation of disulfide-

linked HLA-B27 dimers, HC10 immunoprecipates were examined on non-reducing SDS-

PAGE. Dimers were consistently increased by about 50% on the cell surface (Figure 3A), 

with a similar increase detected in whole cell lysates (40%) (Figure 3B). Disulfide-linked 

dimers were not seen in U937.pSV2 cells, and were eliminated when samples were 

electrophoresed under reducing conditions, indicating that they are a consequence of HLA-

B27 expression and dimerization (data not shown) consistent with previous reports 

(Dangoria et al., 2002).

IFN-γ promotes accumulation of aberrant forms of HLA-B27

When U937 cells were treated with IFN-γ there was an increase in ERAP1 expression, but 

cells transduced with ERAP1 shRNA continued to exhibit ERAP1 expression, with levels 

about 50% of control (scrambled shRNA) cells (Figure 4A). When cell surface complexes 

were examined by flow cytometry in IFN-γ-treated cells, the increased expression of folded 

(W6/32) and unfolded (HC10) molecules seen in ERAP1 knockdown cells in the absence of 

IFN-γ was maintained, as was increased staining with ME1, HLA.ABC.m3, and MARB4 

(Figure 4B). Comparing the 3 B alleles using isoelectric focusing of cell surface 

immunopreciptates, the increase in class I molecules recognized by W6/32 appeared to be 

largely a consequence of increased HLA-B27 expression, although there was a trend toward 

increased expression of HLA-B18 as well (Figure 4C). In the cell surface HC10 

immunoprecipitates, the difference in total unfolded HLA-B27 also appeared to be increased 

in ERAP1 knockdown cells, but the difference did not reach statistical significance (P = 

0.07) (Figure 4D). Differences in HLA-B alleles immunoprecipitated from whole cell 

lysates with W6/32 and HC10 before and after IFN-γ treatment are shown in supplemental 

Figure S2. It is worth noting that the largest IFN-γ-induced increase in cell surface HLA 

expression detected by flow cytometry was seen with MARB4 and HC10 regardless of 

whether or not ERAP1 expression was reduced. Both of these antibodies have been shown to 

recognize HLA-B27 dimers as well as unfolded or aberrant monomers (Dangoria et al., 

2002). When cell surface expression of disulfide-linked dimers was specifically assessed 

using non-reducing SDS-PAGE, dimers of HLA-B27 were substantially increased with IFN-

γ treatment (4–5-fold) (Figure 5A), consistent with flow cytometry results (Figure 4B). 

Increases in disulfide-linked dimers were also observed in whole cell lysates (5–6-fold) 

(Figure 5B).

Discussion

We investigated whether reduced ERAP1 expression would affect the accumulation of 

different forms of HLA-B27 in monocytic cells, and whether effects of ERAP1 would differ 

between B alleles. Our results show that ERAP1 knockdown increases the accumulation of 

HLA-B27 on the cell surface as recognized by monoclonal antibodies HLA.ABC.m3, ME1, 

and MARB4. Staining with W6/32 and HC10 was also increased by ERAP1 knockdown. 

Since W6/32 and HC10 are not HLA-B27-specific, we measured the amount of HLA-B27 

compared to other B alleles by immunoprecipitation, isoelectric focusing, and 

immunoblotting. This revealed that the increase in cell surface HLA-B was due to HLA-B27 
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and not HLA-B51 or HLA-B18. Moreover, we found that disulfide-linked, β2m-free HLA-

B27 dimers accumulate on the cell surface when ERAP1 expression is reduced.

The panel of antibodies used here exhibits distinct but also overlapping specificities that 

warrant further discussion. HLA class I complexes recognized by W6/32 and HC10 are 

largely non-overlapping, with W6/32 being specific for a conformational epitope on folded 

heavy chain-peptide-β2m complexes, and HC10 restricted to a subset of β2m-free HLA-B 

and C heavy chains (Barnstable et al., 1978; Stam et al., 1986). In previous studies we 

demonstrated that HC10 recognizes unfolded (β2m-free) and dimerized forms of the HLA-

B27 heavy chain (Dangoria et al., 2002; Turner et al., 2007; Turner et al., 2005). It is worth 

mentioning that cell lysis conditions, particularly the detergents used, could influence the 

spectrum of HLA class I heavy chains (and therefore HLA-B27 heavy chains) recognized by 

HC10. For example, under milder conditions than those used here, some heavy chains may 

be partially folded and β2m associated. We also reported that W6/32 recognizes a small pool 

of dimers (‘folded’ dimers) that differ from the species immunoprecipitated by HC10 

(Dangoria et al., 2002). Thus, the increase in W6/32-reactive forms of HLA-B27 in ERAP1 

knockdown cells could include ‘folded’ dimers. Since W6/32-reactive complexes were the 

least affected by ERAP1 knockdown, we did not further pursue their composition. ME1 

recognizes a conformational epitope present primarily on trimolecular complexes. 

Interestingly, MARB4 has been shown to recognize HLA-B27 displaying peptides longer 

than the canonical 8–10 amino acids (Urban et al., 1994) as well as β2m-free HLA-B27 

heavy chains (Malik et al., 2002). Since ME1 pre-incubation was reported to block staining 

of HLA-B27 with MARB4, and HLA-B27 complexes immunopurified with ME1 contain 

MARB4-reactive complexes (Malik et al., 2002), ME1 may recognize some forms of HLA-

B27 with long peptides. This is consistent with peptide elution studies of HLA-B27 

expressed in ERAP1 knockdown cells and immunopurified with ME1 (Chen et al., 2014). 

Little is known about the fine specificity of HLA.ABC.m3 and thus we do not know whether 

there is overlap with long peptide complexes recognized by MARB4. Taken together, our 

results provide direct evidence that reduced ERAP1 expression increases the accumulation 

of aberrant disulfide-linked complexes of HLA-B27 displayed on the cell surface. Increased 

staining with MARB4 suggests greater accumulation of HLA-B27 with longer peptides, 

consistent with recent peptide elution studies done with ERAP1 knockdown cells (Chen et 

al., 2014). Thus, increased staining with ME1 could represent recognition of complexes with 

longer peptides, although we cannot rule greater expression of canonical HLA-B27 

complexes when ERAP1 is deficient.

The separation of immunoprecipitated heavy chains by isoelectric focusing enabled 

quantitative assessment of the expression of 3 different HLA-B alleles immunoprecipitated 

with W6/32 and HC10, and revealed a differential effect of ERAP1 knockdown on HLA-

B27. Whereas both folded (W6/32) and β2m-free and aberrant (HC10-reactive) HLA-B27 

heavy chains were increased by ERAP1 knockdown, no increase (or decrease) was seen for 

either HLA-B51 or B18. This is of interest particularly with regard to HLA-B51, which 

interacts with ERAP1 in conferring risk for Behçet’s disease (Kirino et al., 2013). The 

ERAP1 variants associated with Behçet’s disease differ from those associated with 

ankylosing spondylitis, although functional analyses have not been reported. Nevertheless, 

the differential effect of ERAP1 knockdown on HLA-B27 and HLA-B51 expression 
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suggests that diminished peptide editing and an altered supply of peptides in the ER has a 

differential effect on these two alleles. Given the dramatically different phenotypes of 

ankylosing spondylitis and Behçet’s disease, it would not be surprising for the ERAP1-HLA 

interaction to have allele-specific consequences. The lack of HLA-B51 or -B18-specific 

antibody reagents (such as HLA.ABC.m3 and MARB4 for HLA-B27) precludes a more 

detailed evaluation of these alleles. It may be that HLA-B51 also displays longer peptides 

when ERAP1 expression is reduced, but that these complexes replace others such total 

expression is not increased. It will be of interest to explore effects of ERAP1 on HLA-Cw6 

as well as HLA-B51, since the ERAP1-C6 gene-gene interaction is important in 

predisposition to psoriasis.

Several non-synonymous single nucleotide polymorphisms (SNPs) in ERAP1 are associated 

with ankylosing spondylitis (Burton et al., 2007; Evans et al., 2011; Keidel et al., 2013). For 

two SNPs, rs30187 (A/G sense strand, resulting in substitution of Arg for Lys at position 

528 or p.Lys528Arg) and rs27044 (C/G sense strand results in p.Gln730Glu), the most 

common allele (listed second) is associated with protection from disease (Burton et al., 

2007; Evans et al., 2011; Keidel et al., 2013). For other common variants at positions 349 

(p.Met349Val), 575 (p.Asp575Asn), and 725 (p.Arg725Gln), the most common allele (listed 

first) confers increased risk (Keidel et al., 2013). Several of these variants affect the 

enzymatic activity of ERAP1. Most notably, p.Lys528Arg was shown to reduce ERAP1 

activity (Evans et al., 2011), whereas another study revealed that p.Lys528Arg and 

p.Gln730Glu could reduce or increase ERAP1 activity depending on the substrate 

(Evnouchidou et al., 2011; Keidel et al., 2013). Despite some inconsistent results, the 

majority of evidence suggests that ERAP1 variants reducing aminopeptidase activity are 

associated with protection from developing ankylosing spondylitis (reviewed in (Tran and 

Colbert, 2015)). Thus, our results showing that ERAP1 knockdown increases the 

accumulation of cell surface disulfide-linked HLA-B27 dimers could be interpreted to 

suggest that its protective role in disease is not mediated through an effect on these 

complexes. However, Chen et al. recently reported that ERAP1 knockdown reduced the 

ability of HLA-B27-expressing cells to promote IL-17 production from CD4+ KIR3DL2+ T 

cells (Chen et al., 2015). In their experiments ERAP1 knockdown reduced the expression of 

free HLA-B27 heavy chains (HC10-reactive) on the cell surface, leading to the conclusion 

that the protective effect of ERAP1 loss-of-function might be related to lower expression of 

aberrant HLA-B27 molecules. Although they did not report the effect of ERAP1 knockdown 

on disulfide-linked HLA-B27 dimers, the reduction of HC10-reactive heavy chains is the 

opposite of what we see, and different from what Haroon et al. reported (Haroon et al., 

2012). The HLA-B27-specific effects of Chen et al. were observed in transfected HeLa and 

C1R cells, while we used U937 monocytes. There are several possible reasons for these 

differences, including cell-specific variation in MHC class I assembly pathway components, 

the presence of other MHC class I alleles, overexpression of HLA-B27, and the degree of 

ERAP1 knockdown. It should be emphasized that we used cells where HLA-B27 expression 

is intermediate between the two other B alleles, and therefore not overexpressed. The 

relative expression of HLA-B27 and ERAP1 may be a critical determinant in studies of this 

kind. It is generally thought that peptide supply in the ER is limiting for HLA class I 

expression, and thus further overexpression of class I in many transfected cells may result in 
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conditions that do not reflect the usual in vivo situation. Additional studies will be needed to 

resolve these questions before definitive conclusions can be made about protective 

mechanisms that underlie the ERAP1-HLA-B27 interaction.

It is important to note that while most studies examining the effects of ERAP1 variants have 

looked at single amino acid changes in isolation, this does not reflect the natural 

circumstances. ERAP1 genetic variants exist as haplotypes encoding distinct allotypes that 

differ by several amino acids (Ombrello et al., 2015; Reeves et al., 2014). In addition, co-

dominant expression of allotypes increases complexity, making it difficult to interpret results 

from experiments comparing single amino acid substitutions. Genetic association studies of 

ERAP1 SNPs have revealed small differences in the frequency of risk vs. protective variants 

in ankylosing spondylitis. Indeed, given the high allele frequency of protective SNPs (55–

70% for rs30187 G and rs27044 G) in the population (Ombrello et al., 2015), the majority of 

HLA-B27 positive ankylosing spondylitis patients actually carry protective ERAP1 SNPs. 

When Reeves et al. examined entire haplotypes they found that the pairs of haplotypes in 

patients were distinct from the pairs found in healthy controls (Reeves et al., 2014). 

Functional analysis revealed that allotype pairs found in ankylosing spondylitis patients were 

poor at generating optimal peptides for HLA-B27. Poor generation of MHC class I epitopes 

was inferred based on the ability of the ERAP1 allotype pairs to increase cell surface 

expression of HLA-B27, and poor generation of optimal peptides is generally construed as 

‘loss-of-function’. However, our data show that reduced ERAP1 expression (loss-of-

function) can actually increase HLA-B27 expression in monocytes. Thus, it remains unclear 

whether poor generation of optimal peptides for HLA-B27 represents ‘loss’ or ‘gain’ of 

ERAP1 function. The seemingly paradoxical effect of ERAP1 was not seen with other B 

alleles, and could be due to a tendency of HLA-B27 to escape quality control in the ER 

when loaded with suboptimal (e.g. longer) peptides. This notion is supported by the 

observation that HLA-B27 can assemble in the absence of tapasin (Peh et al., 1998), which 

also results in the accumulation of disulfide-linked HLA-B27 complexes (Dangoria et al., 

2002).

Reeves et al. have proposed a complex model where both high and low ERAP1 activity was 

predicted to be associated with risk (Reeves et al., 2014). Both over- and under-trimming 

were hypothesized to result in greater accumulation of disulfide-linked HLA-B27 dimers. 

Here, we provide evidence that loss of ERAP1 expression can result in the accumulation of 

HLA-B27 heavy chain dimers, providing the first direct demonstration that ERAP1 affects 

aberrant properties of HLA-B27. Whether over-trimming can result in the same 

phenomenon is unclear, but could be addressed with overexpression studies. It is also 

apparent from the accumulated data that there may be important cell- and condition-specific 

differences in how ERAP1 function affects HLA-B27 that will need to be resolved.
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Refer to Web version on PubMed Central for supplementary material.
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Non-standard abbreviations used in this paper

β2m β2-microglobulin

HLA human leukocyte antigen

MHC major histocompatibility complex

ER endoplasmic reticulum

ERAP1 ER aminopeptidase 1
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Figure 1. Expression of free and folded HLA-B in U937 cells
(A,B) U937.B27 and U937.pSV2 cells were lysed, and HLA class I immunoprecipitated 

(IPd) with the HC10 or W6/32. IPs were N-glycanase treated and subjected to IEF. HLA 

class I heavy chains are detected by Western blotting (WB) with 3B10.7. Visualization and 

quantitation was performed as described in Materials and Methods. (A) Representative IEF 

gel of HC10 and W6/32 IPs. W6/32 IPs were diluted 5-fold. Different regions of the same 

gel are shown. (B) Relative expression of each allele IPd with W6/32 (open bar) and HC10 

(closed bar). HLA-B18 HC10 IP was set to 1. Means are the average of duplicate samples 

with the range (bar). (C–G) Cell surface staining of U937.B27 and U937.pSV2 cells with 

various antibodies compared to isotype (IgG) control. Two panels are used in (F) to facilitate 

comparison.
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Figure 2. ERAP1 knockdown increases HLA-B27 expression
(A) Whole cell extracts from U937.B27 cells stably expressing ERAP1 or scrambled 

(Scram) shRNA were subjected to SDS-PAGE and blotted for ERAP1 and GAPDH as a 

loading control. (B) ERAP1 shRNA knockdown and control (Scram) U937.B27 cells were 

stained with the antibodies indicated, and analyzed by flow cytometry. Relative expression is 

mean fluorescence intensity for ERAP1 knockdown cells compared to cells transfected with 

scrambled shRNA (set to 1). Data are from 2–4 independent experiments done in triplicate. 

(C,D) Cell surface HLA class I was IPd with W6/32 (C) or HC10 (D), treated with N-

glycanase, and quantitated by IEF and Western blotting. Representative blots (left panels) 

and quantitative results (right panels) are shown. Longer exposures are required to better 

visualize the B27 band in (D). Since this results in overexposure of the B51 band, we show 

only the shorter exposure here. A longer exposure is shown in Supplemental Figure S1C. 

Relative expression is the mean (+/−SEM) of triplicate samples, with expression in 

scrambled shRNA cells normalized to 1. * P < 0.05; **P < 0.01.
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Figure 3. ERAP1 knockdown increases expression of disulfide-linked HLA-B27 dimers
(A) Cell surface complexes were immunoprecipitated from ERAP1 knockdown and control 

(Scram) U937.B27 cells with HC10 and analyzed by SDS-PAGE under non-reducing 

conditions. Representative (left) and quantitative (right) results from triplicates are shown. 

High molecular weight complexes (HMW) migrate in the 85–90 kDa size range and are 

eliminated when samples are reduced prior to electrophoresis (not shown). (B) Whole cell 

HC10 immunoprecipitations were performed and analyzed as described in (A). Quantitative 

results are from three experiments with duplicate gels. * P < 0.05
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Figure 4. ERAP1 effects persist after IFN-γ treatment
ERAP1 knockdown and scrambled shRNA (Scram) U937.B27 cells were treated with IFN-γ 
(100 ng/ml) or PBS for 24 hours. (A) Whole cell extracts were subjected to SDS-PAGE and 

blotted for ERAP1 and GAPDH as a loading control. (B) Cells were stained with the 

antibodies indicated, and analyzed by flow cytometry. For each antibody, expression in PBS-

treated scrambled shRNA cells was normalized to 1. Data are expressed as mean +/−SEM 

from 2–4 experiments done in duplicate or triplicate. (C,D) Cell surface HLA class I was 

IPd with W6/32 (C) or HC10 (D) and quantitated by IEF and Western blotting as described 

in the legend to Figure 2 (C,D). Representative blots (left panels) and quantitative results 

(right panels) are shown. The representative images for no IFNγ treatment are the same as 

those shown in Figure 2C,D, and are included here to allow comparison with +IFNγ. 

Expression is the mean (+/−SEM) of triplicate samples, relative to PBS-treated scrambled 

shRNA cells. * P < 0.05; **P < 0.01.
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Figure 5. Cell surface disulfide-linked dimers increased by IFN-γ
ERAP1 knockdown and scrambled shRNA (Scram) U937.B27 cells were treated with IFN-γ 
(100 ng/ml) or PBS for 24 hours. (A) Cell surface complexes were immunoprecipitated with 

HC10 and analyzed by SDS-PAGE under non-reducing conditions. Representative (left) and 

quantitative (right) results from triplicates are shown. High molecular weight complexes 

(HMW) migrate in the 85–90 kDa size range and are eliminated when samples are reduced 

prior to electrophoresis (not shown). (B) Whole cell lysate HC10 immunoprecipitations were 

performed and analyzed as described in (A). Quantitative results are from three experiments 

with duplicate gels. * P < 0.05
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