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Abstract
Major histocompatibility complex class I (MHCI) glycoproteins present cytosolic peptides to

CD8+ T cells and regulate NK cell activity. Their heavy chains (HC) are expressed from up

to three MHC gene loci (human leukocyte antigen [HLA]-A, -B, and -C in humans), whose

extensive polymorphism maps predominantly to the antigen-binding groove, diversifying

the bound peptide repertoire. Codominant expression of MHCI alleles is thus functionally

critical, but how it is regulated is not fully understood. Here, we have examined the effect of

polymorphism on the turnover rates of MHCI molecules in cell lines with functional MHCI

peptide loading pathways and in monocyte-derived dendritic cells (MoDCs). Proteins were

labeled biosynthetically with heavy water (2H2O), folded MHCI molecules immunoprecipi-

tated, and tryptic digests analysed by mass spectrometry. MHCI-derived peptides were

assigned to specific alleles and isotypes, and turnover rates quantified by 2H incorporation,

after correcting for cell growth. MHCI turnover half-lives ranged from undetectable to a few

hours, depending on cell type, activation state, donor, and MHCI isotype. However, in all

settings, the turnover half-lives of alleles of the same isotype were similar. Thus, MHCI

protein turnover rates appear to be allele-independent in normal human cells. We propose

that this is an important feature enabling the normal function and codominant expression of

MHCI alleles.

Introduction
Classical MHC class Ia (MHCI) membrane glycoproteins are expressed on most nucleated
cells [1, 2]. Their maturation begins with the assembly of its constituent heavy chain (HC) with
the β2-microglobulin (β2m) light chain in the endoplasmic reticulum (ER) [3]. MHCI heterodi-
mers associate with a peptide loading complex, comprising the transporter associated with
antigen presentation (TAP), tapasin, and chaperones [3]. TAP imports diverse peptides,

PLOSONE | DOI:10.1371/journal.pone.0161011 August 16, 2016 1 / 25

a11111

OPEN ACCESS

Citation: Prevosto C, Usmani MF, McDonald S,
Gumienny AM, Key T, Goodman RS, et al. (2016)
Allele-Independent Turnover of Human Leukocyte
Antigen (HLA) Class Ia Molecules. PLoS ONE 11(8):
e0161011. doi:10.1371/journal.pone.0161011

Editor: Anna Carla Goldberg, Hospital Israelita Albert
Einstein, BRAZIL

Received: February 29, 2016

Accepted: July 28, 2016

Published: August 16, 2016

Copyright: © 2016 Prevosto et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: All relevant data are
within the paper and its Supporting Information files.

Funding: This work was funded primarily by a Senior
Research Fellowship and a Research Progression
Award from Arthritis Research UK (refs. 18543 and
20648; http://www.arthritisresearchuk.org/), with start-
up funding from Cambridge Arthritis Research
Endeavour (CARE; http://www.cambridge-arthritis.
org.uk/; all to RB). MFU was supported by an
International Scholarship from the Cambridge
Commonwealth, European and International Trust
(https://www.cambridgetrust.org/). The authors also
gratefully acknowledge support for core facilities by

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Apollo

https://core.ac.uk/display/96706153?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0161011&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://www.arthritisresearchuk.org/
http://www.cambridge-arthritis.org.uk/
http://www.cambridge-arthritis.org.uk/
https://www.cambridgetrust.org/


derived from cytosolic protein turnover, into the ER [4, 5], which may be further trimmed by
ER aminopeptidases (ERAP1 and 2 in humans) before occupying the peptide-binding groove
of MHCI molecules [6], and edited through peptide exchange catalysed by TAPBPR or tapasin
[7, 8]. Bound peptides are restricted in length and exhibit sequence preferences, generally at
the second and penultimate position, reflecting interactions with specificity pockets in the
groove [9]. Peptide-loaded MHCI molecules exit the ER and are expressed at the cell surface.
The main components of this pathway are conserved between humans and rodents [5].

Thus, MHCI proteins present cytosolic peptides for recognition by cognate αβ T-cell anti-
gen receptors (TCRs) of CD8+ T cells, enabling adaptive immune surveillance of cytosolic
pathogens, as well as establishment of tolerance to self peptides in the CD8+ T-cell repertoire
[1, 10]. In addition, both classical and non-classical MHC class I molecules engage NK cell
receptors of the lectin and Ig superfamilies [11]. Normally, inhibitory receptor interactions pre-
dominate, allowing normal tissue cells to avoid NK cell-mediated killing; loss of MHCI surface
expression in stressed or virally infected cells releases this inhibition [12].

Classical MHCI HC genes are remarkably polymorphic, with thousands of alleles at each of
three loci (HLA-A, -B, -C in humans) expressed in the population (http://www.ebi.ac.uk/ipd/
imgt/hla/stats.html)[13]. Alleles at any one locus are typically distinguished by multiple amino
acid differences, many of which affect specificity pockets in the groove [10, 14, 15]. This poly-
morphism diversifies the peptides that can be presented to CD8+ T cells and is maintained by
pathogen-mediated selection [16]. The functional benefits require codominant expression of
the maternally and paternally inherited alleles [1]. Nonetheless, allelic variants at the same
MHC class I locus are not necessarily transcribed equally [17, 18], correlating with unequal
quantities being expressed at the cell surface [18]. Any such allelic differences are superim-
posed on the differential expression of the classical MHCI loci, with HLA-A and -B proteins
usually being expressed more highly than HLA-C [19–21]. This pattern may be modified in
specific cell types, such as activated natural killer (NK) cells, which have recently been shown
to downregulate HLA-A mRNA selectively [22].

Given that protein levels are determined by the balance of production and destruction, an
important related question is whether MHCI alleles and loci differ in their rates of degradation.
This is plausible because closely related MHCI alleles differ in their thermal stability, confor-
mational dynamics, interactions with the peptide loading complex, and rates of assembly and
egress from the ER [23–27]. Consequently, MHCI alleles also differ in their turnover rates
when expressed in mutant cell lines with peptide loading defects. Viral immune evasion mech-
anisms that target MHCI degradation may also act in an allele-specific manner, either because
they interfere with the peptide-loading complex (which, as explained above, affects some
MHCI alleles more than others) or because viral immunoevasins interact directly with poly-
morphic segments of the MHCI heavy chain [28, 29]. Locus differences in the fate of MHCI
molecules are suggested by studies in transfectants, showing that the HLA-C cytoplasmic tail
mediates faster rates of endocytosis and lysosomal degradation than the cytoplasmic tails of
HLA-A or -B [30]. Turnover can also be modulated by viral infection in an isotype-specific
manner [31]. Little is known, however, about the effect of allelic or isotypic diversity on MHCI
protein degradation in unmanipulated cells with intact peptide loading.

Several disposal pathways for MHCI molecules have been identified. Misfolded MHCI HCs
are retained in the ER and degraded by ER-associated degradation (ERAD) [32, 33]. In con-
trast, folded MHCI HC/β2m complexes are degraded post-Golgi, by internalization from the
plasma membrane, followed by lysosomal degradation [30, 34]. Viral immune evasion mecha-
nisms may target MHCI molecules to either pathway [29]. However, competing with degrada-
tion, some internalized MHCI molecules may undergo peptide exchange and return to the
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plasma membrane [35]. Shedding into the extracellular space is a third mechanism of loss
from the cell surface [36].

The effect of polymorphism on MHCI turnover is difficult to measure by 35S-pulse/chase
radiolabeling, a standard approach for measuring protein half-lives [37]. In addition to general
limitations of this technique, the best-characterized immunoprecipitating monoclonal antibod-
ies (mAbs) do not discriminate between MHCI alleles and isotypes, nor are they resolved by
SDS-PAGE. On the other hand, the conformational preferences of the available allele-specific
mAbs could confound the analysis. Here, we have used stable isotope labeling of nonessential
amino acids with heavy water (SINEW), an approach developed by us [38] as well as others
[39–42], to assess the effect of structural polymorphism on MHCI protein turnover in human
cells. A preliminary analysis of these data has previously been published in thesis form [43].

Materials and Methods

Human subjects
All studies involving human subjects were performed in accordance with the Declaration of
Helsinki, with approval of the Cambridge Regional Ethical Committee (01/363). All donors
gave written informed consent. Healthy donors (HD, n = 9, of whom 5 had previously been
identified as HLA-B27 positive) and one B27-negative patient with ankylosing spondylitis were
recruited. The cohort was enriched for B27+ donors in view of recent research linking the post-
translational fate of this allele to the pathogenesis of spondyloarthropathy (cf. Discussion).

In one instance, leukocytes were obtained from the buffy coat of a healthy blood donor fol-
lowing plasmapheresis (NHS Blood and Transplant, UK). From the other donors, peripheral
blood (50 ml) was obtained by venepuncture and mixed with sterile sodium heparin (2 U/ml
final concentration; Wockhardt, Wrexham, UK) as anticoagulant.

Cell culture and 2H2O labeling
The acute myeloid leukemia cell line, KG-1 [44], was grown in IMDM containing 20% heat-
inactivated fetal bovine serum (FBS), 2 mM glutamine, and antibiotics in a humidified incuba-
tor at 5% CO2 and 37°C. The Epstein-Barr virus (EBV)-transformed B-cell line, LCL721 [45],
was grown in RPMI1640 with 10% FBS, 2 mM glutamine and antibiotics. Cells were stored in
liquid nitrogen using FBS with 10% v/v DMSO as cryopreservative. Both cell lines grew in sus-
pension and were maintained in exponential growth by diluting in warm media every 2–4
days. Viability was routinely> 95%.

2H2O labeling [38] was initiated by mixing one volume of cell suspension with one volume
of complete growth media containing 10% v/v 2H2O (99% atom per cent enrichment (a.p.e.);
final enrichment� 5%; from Cambridge Isotope Labs, Tewksbury, MA, USA). 2H2O enrich-
ment was subsequently maintained, usually for at least five doublings, by further dilution with
media containing 5% v/v 2H2O, at a rate approximating the cell growth rate to maintain cells
near steady state. For use in cell culture, 2H2O was adjusted to 0.9% w/v NaCl, sterile filtered,
and LPS depleted by passage over polymyxin B columns (DetoxiGel, Thermo Scientific, Pais-
ley, UK) before addition to media. Samples were removed, counted by hemocytometer or a
hand-held cell counting device (Scepter 2.0, Millipore, Watford, UK), washed in ice-cold PBS,
and stored at or below -20°C for protein analysis. For inhibition of lysosomal degradation,
KG-1 cells were cultured in the presence of 25 mM ammonium chloride for up to 3 days.

MoDC cultures were prepared as previously described [46, 47]. Briefly, peripheral blood
mononuclear cells (PBMCs) were obtained by Ficoll density gradient centrifugation of whole
blood or buffy coat cells according to the manufacturer’s instructions (GE Life Sciences, Little
Chalfont, UK), harvested from the gradient interface, and washed in low-endotoxin PBS.
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CD14+ monocytes were enriched by positive selection with anti-CD14-coated MACS microbe-
ads and a MACS separator, as per manufacturer’s instructions (Miltenyi Biotec, Bisley, UK).
Monocytes were cultured at 0.25 × 106 cells/ml in 25 cm2 tissue culture dishes (0.5–1.5 × 106

cells per time point) in RPMI 1640 with 10% fetal bovine serum, 2 mM glutamine, and antibi-
otics, and differentiated with 50 ng/ml recombinant human GM-CSF and 1000 U/ml recombi-
nant human IL-4 for 6 days. The resultant MoDCs were stimulated with or without 100 ng/ml
Escherichia coli 026:B6 lipopolysaccharide (LPS; cat no. L2654, Sigma Aldrich, Dorset, UK).
2H2O labeling was initiated 24 hours later and continued for up to 72 hours. DC-like morphol-
ogy was confirmed by visual inspection. Supernatant and loosely adherent cells were harvested,
and more tightly adherent cells were harvested by brief incubation in PBS with trypsin/EDTA
at 37°C. The cells were pooled, washed in PBS, and used for flow cytometric and biochemical
analysis.

Flow cytometry
Monocyte purity and DC differentiation from monocytes were verified by surface staining,
confirming loss of CD14, gain of CD11c, and expression of CD11b and CD1a (not shown).
Following the differentiation step, MoDC activation was confirmed by surface staining for
HLA-DR (L243-FITC) and CD86 (PE). In all experiments, expression of folded HLA-A/-B/-C
molecules was monitored by staining with saturating concentrations of W6/32 mAb (protein
A-purified from hybridoma supernatant, and PE-conjugated) [48] in PBS/1% BSA/0.05%
sodium azide. Cells were incubated with fluorescent mAb conjugates for 30 minutes at 4°C, fol-
lowed by washing. KG-1 cells were analysed either live or after fixation and permeabilisation
(Cytofix/Cytoperm, BD Europe, Oxford, UK) and after blocking of Fc receptors with 10% nor-
mal mouse serum. Samples were analysed on a FACSCantoII flow cytometer running FACS-
DiVa software (BD Europe). Data were exported to FlowJo (FlowJo, Ashland, OR, USA) for
color compensation and data analysis. Percentages and median fluorescence intensities were
determined after gating on intact cells by forward and side scatter, with doublet exclusion by
gating on forward scatter height vs. area.

MHC protein isolation
This was done as previously described [38]. Briefly, 2H2O-labeled cell pellets were extracted in
ice-cold TBS, pH 8.0, containing 1% CHAPS, Roche (Burgess Hill, UK) Complete protease
inhibitors, and 10 mM iodoacetamide, and incubated for 1 hour at 4°C, mixing continuously.
Extracts contained 10–25 × 106 immortalized cell equivalents per ml, or 0.5–1.5 × 106 MoDCs
per 0.5 ml, per time point. Insoluble material was spun out. Extracts were precleared with pro-
tein A-sepharose before immunoprecipitation with 10–30 μg W6/32 mAb and protein A-
sepharose. In addition, HLA-DR was immunoprecipitated from MoDC extracts, using the
L243 mAb. Immunoprecipitates were extensively washed in 0.1% CHAPS buffer, boiled in
nonreducing SDS-PAGE sample buffer, and resolved on 12% acrylamide SDS-PAGE gels. Pro-
teins were visualized by Instant Blue™ (Expedeon, Swavesey, UK) or silver staining. MHCI HC
and DR α chain bands were identified by molecular weight and comparison to IgG2a isotype
control immunoprecipitations, excised, and stored at -80°C.

Measurement of 2H2O enrichment in media
Sera and media were diluted gravimetrically. Their 2H2O enrichment was quantified by isotope
ratio mass spectrometry at the Mass Spectrometry Laboratory of the Medical Research Council
Human Nutrition Laboratories (Fulbourn, UK), as previously described [38], and averaged
across all samples from each labeling time course.
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Liquid chromatography/tandemmass spectrometry (LC-MS/MS)
In-gel reduction, derivatization of cysteines with iodoacetamide, and tryptic digestion of bands
of interest were performed at the Cambridge Centre for Proteomics, as previously described
[38]. LC-MS/MS analysis of digests was performed using a LTQ Orbitrap Velos tandem mass
spectrometer (Thermo Scientific, San Jose, CA)[49]. Data were acquired in data-dependent
acquisition (DDA) mode. Mass spectra of intact peptide ions (2+ to 4+ charge) were acquired
in the Orbitrap detector set to 7500 resolution (defined at mass to charge [m/z] = 400). For
peptide identification, tandemMS (LC-MS/MS) data were acquired after collision-induced dis-
sociation of the five most abundant peptides in each MS scan. MHC protein-derived peptides
were identified using the Mascot (Matrix Science, London, UK) search algorithm, with a mass
tolerance of 25 ppm, carboxamidomethylation of cysteines as a fixed modification, and methio-
nine oxidation as a variable modification.

HLA typing and assignment of peptides to MHCI alleles and isotypes
Cell lines and whole blood or CD14-depleted PBMCs from donors were genotyped for HLA-A,
-B, and -C using PCR-SSP at the Tissue Typing Laboratory, Addenbrooke’s Hospital. In this
paper, asterisks and leading zeros used in HLA nomenclature are generally omitted when dis-
cussing protein variants, but included where genotypes are specifically referenced. Where
genotypes and the corresponding serotypes differ in numbering, both designations are given in
the Supporting Information (S3 Table) and text.

In each case, all peptide sequences detected by the Mascot search were explained by the
HLA genotype (not shown). The Mascot search algorithm was not, however, sufficient for the
task of peptide assignment: it generated false-positive matches to other MHCI alleles, which
were not present in the HLA genotype of the cells being analysed. This was due to matches of
the identified peptides, in novel combinations, to irrelevant MHCI alleles in the sequence data-
bases. Moreover, some peptides were shared by more than one isotype amongst the alleles that
were present.

In order to address these issues, the cDNA sequences of the relevant HLA-A, -B, and -C
alleles for each donor were obtained from the IMGT/HLA database (http://www.ebi.ac.uk/ipd/
imgt/hla/)[13], and subjected to in silico tryptic digestion with Peptide_Mass (http://web.
expasy.org/peptide_mass/)[50]. Incomplete cleavages were allowed. Virtual digests were used
to identify the subset of peptides that, in any one donor or cell line, are specific for a particular
HLA class I allele, or shared by the two alleles of one isotype (but absent from the other two iso-
types). Such peptides were then selected from amongst the observed MHCI HC-derived pep-
tides and a selection used for analysis of 2H labelling, as recorded in S1–S3 Tables.

Quantification of fractional protein synthesis
At baseline, peptides exhibit mass heterogeneity due to the random incorporation of stable iso-
topes at their natural abundance, with the greatest contribution from 13C (� 1.09% in natural
carbon). 2H label incorporation into peptides of interest from 2H2O causes predictable changes
in the distribution of mass variants (mass isotopomers) from their baseline values [38]. To
quantify these changes, mass isotopomer distributions were determined by integration of pep-
tide ion chromatograms for the monoisotopic base peak (m0) and higher mass isotopomers
(m1, m2, . . .). Fractional molar abundances were calculated by normalization to the total abun-
dance in the mass envelope, and compared to theoretical values, which were calculated by
mass isotopomer distribution analysis (MIDA [51]), as implemented in Microsoft Excel (R.B.,
unpublished; available on request). The goodness of fit between observed and theoretical mass
isotopomer distributions was assessed using root-mean-square deviations (RMSD). Mass
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isotopomer distributions progressively deviated from the unlabeled baseline during 2H2O
labeling, approaching a plateau after extensive labeling. The maximal (plateau) shifts from the
baseline were modeled by MIDA, using the measured 2H2O enrichment in media to represent
the precursor pool enrichment, and adjusting the number of biosynthetic 2H incorporation
sites (n) to minimize the root-mean-square deviation (RMSD) between model and data [38].
Fractional protein synthesis (f) was calculated as the percentage of the maximal possible shift
of each mass isotopomer from its baseline fractional abundance. Due to the close similarity
between theoretical and measured baseline and fully-labeled mass isotopomer distributions,
either could be used equivalently for calculation of f. Mass isotopomers with an abundance dif-
ference below� 8% between the unlabeled and fully-labeled distribution gave poor estimates
of f and were excluded from calculations. Analytical error for each peptide was estimated as
the SD of all informative mass isotopomers (usually 2–4). The data were further inspected to
exclude peptides liable to yield poor estimates of f, due to low total ion abundance, significant
peak contamination, unacceptable levels of divergence fromMIDA models (high RMSD), or
high SD [49].

Calculation of turnover rates and statistical analysis
Statistical analysis was performed using Prism software (version 4.0; GraphPad, La Jolla, CA,
USA). Fractional synthesis rates (kobs) were determined by modelling the time course of frac-
tional protein synthesis as a single-exponential rise to maximum,

f ðtÞ ¼ 1� e�kobs�t;

where kobs = ln(2)/t1/2 and t1/2 represents the time required for 50% replacement or dilution of
old by new molecules. Best-fit values of kobs were determined by nonlinear least-squares fit to
the time course of f. Unless indicated otherwise, analysis of different peptides tracking the
same MHCI allele or isotype yielded statistically indistinguishable estimates of kobs (p> 0.05
by F test), and pooled data were used to calculate fractional synthesis rates and their associated
standard errors (SEM) and 95% confidence intervals. Nominally significant differences
(p< 0.05) were reported without correction for multiple comparisons.

The fractional synthesis rate equals the protein turnover rate in non-proliferating cells, such
as MoDCs, as long as protein levels per cell remain at steady state. For immortalized, exponen-
tially growing cell lines with protein levels at steady state, the contribution of cell growth to
fractional protein synthesis was calculated as:

f cellðtÞ ¼ 1� e�kcell � t;

where fcell is the proportion of new cells accrued at time t, kcell = ln(2)/t2 is the corresponding
fractional cell growth rate, and t2 is the cell doubling time calculated from exponential cell
growth curves. Given the excellent viability of the cell lines, cell death was assumed to be negli-
gible. In this setting, the contributions from cell growth and protein turnover to the observed
fractional protein synthesis are additive:

kobs ¼ kcell þ kTO;

where kTO represents the fractional protein turnover rate, related to the turnover half-life as
kTO = ln(2)/t1/2TO.
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Results

Experimental approach
To quantify MHCI fractional synthesis rates, biosynthetic heavy water labeling (SINEW) was
performed [38, 49]. Cells were cultured for varying amounts of time in the presence of� 5%
heavy water (2H2O; Fig 1A, step 1). Folded, β2m-associated HLA-A, -B, and -C molecules
were immunoprecipitated with the conformation-dependent mAb, W6/32, and analysed by
SDS-PAGE (step 2). The MHCI HC band was excised and processed for mass spectrometric
analysis (step 3). Tandem mass spectrometry was used to identify tryptic peptides suitable for
analysis (step 4). Their 2H incorporation was tracked by LC-MS to quantify fractional protein
synthesis (step 5).

In cell lines in steady-state growth, protein synthesis may occur either to replace protein lost
to turnover, or to maintain protein expression per cell as the cells divide. Thus, protein turn-
over in proliferating cells can be determined from the excess of the fractional synthesis rate
over the cell growth rate. When protein levels per cell increase over time, the biosynthetic con-
tribution to protein accumulation also must be accounted for. These additive contributions are
schematically illustrated in Fig 1B.

MHCI turnover in KG-1 cells
Using this approach, MHCI protein turnover rates were determined in KG-1 cells, an acute
myeloid leukemia cell line, which has been used in studies of MHCI post-translational fate and
B27 misfolding [34, 52] and as a model of differentiation into dendritic cell-like phenotypes
[53]. Here, proliferating, undifferentiated KG-1 cells were used. LC-MS/MS analysis of MHCI
HC tryptic digests identified a number of peptides, all of which were explained by the HLA
genotype of this cell line. There was no evidence for contamination by non-classical MHCI
(Class Ib) molecules (not shown). Some of the observed MHCI-derived tryptic fragments were
allele-specific, whereas others were shared between the two alleles of a single isotype, but not
by any other of the MHCI alleles present. Yet other peptides, however, were shared by more
than one isotype (schematically illustrated in Fig 1C). The mixed origin of these peptides
would be expected to confound the analysis, and accordingly they were not studied further. S1
Table lists a subset of peptides that were either allele- or isotype-specific, and that in addition
were suitable for quantification of fractional synthesis rates, according to the analytical criteria
described in Materials and Methods.

Even without isotopic labeling, peptides exhibit mass heterogeneity due to natural isotopes.
During 2H2O labeling of proteins, 2H atoms are incorporated into C-H bonds of nonessential
amino acids, and hence into newly synthesized proteins, shifting their relative abundances
towards the heavier mass variants (“mass isotopomers”), at the expense of the lighter ones. An
example is shown in Fig 2A. Each of the mass isotopomers changed its relative abundance over
the labeling time course at the same rate (within experimental error). After a few days of label-
ling, the shift in the distribution approached a plateau, representing complete replacement of
old by newly synthesized protein. As described, the intermediate distributions can be modelled
as a weighted average of the unlabeled and fully-labeled distributions, weighted in proportion
to the fraction of new (labeled) proteins present. Fractional protein synthesis and the associated
measurement error can thus be estimated [38].

The relative abundances of mass isotopomers (i.e., the mass isotopomer distribution) can be
predicted accurately by MIDA (cf. Materials and Methods [38, 51]). Fig 2B shows that both the
unlabeled and fully-labeled distributions observed in the mass spectra of this peptide (symbols)
were in close agreement with MIDA models (lines). The unlabeled MIDA model has no
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adjustable parameters; its close agreement with experiment (low RMSD) reflects measurement
accuracy. The fully-labeled MIDA model has one adjustable parameter, representing an effec-
tive number of sites at which 2H may be incorporated from 2H2O. These metrics are reported
for each peptide in S1 Table, along with the total ion abundance of each peptide.

The label incorporation curves for MHCI allele- and isotype-specific peptides in the KG-1
cells are shown in Fig 3(A)–3(C). As expected, no significant differences in fractional protein
synthesis were observed between different peptides derived from A30, the only HLA-A allelic
variant found in this cell line (Fig 3A). (Note that here and below, the “A30” style is adopted
when referring to protein variants, vs. “A�30” for genotypes.) Rate constants for the individual
peptides, from two independent experiments, are reported in S1 Table; the best-fit curve in Fig
3A represents a pooled analysis of all informative peptides. No such peptides were found for
the B53 allele, but a B78 allele-specific peptide yielded a fractional synthesis rate that was statis-
tically indistinguishable from that for several peptides shared between the two B alleles (Fig
3B). If the two alleles had differed substantially in their fractional synthesis rates, the B78-spe-
cific peptide should have diverged from the shared peptides. For the C isotype, peptides specific

Fig 1. Measuring MHCI protein turnover by 2H2O labeling. (A) SINEWwork flow. See text for details. (B)
New protein synthesis may support cell growth, increase net protein levels per cell, or replace protein lost to
turnover. These processes contribute additively to protein synthesis. (C) Assignment of peptides to particular
MHCI alleles or isotypes. First, LC-MS/MS data (Step 4 in panel A) are screened against sequence
databases to identify tryptic fragments derived from anyMHCI molecules (top, color-coded boxes). MHCI
alleles present in each donor are identified by HLA genotyping, and their predicted amino acid sequences are
subjected to tryptic digestion in silico. These virtual digests are compared with each other to identify a subset
of peptides that are specific to particular alleles or isotypes (symbolised by boxes with text labels).

doi:10.1371/journal.pone.0161011.g001
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for C4 and C16, as well as a peptide that was shared between the two alleles, were also indistin-
guishable (Fig 3C). For all three isotypes, the observed label incorporation curves were modeled
well by single-exponential kinetics.

The KG-1 cells maintained steady-state exponential growth throughout this experiment
(Fig 3D). The corresponding fraction of new cells is shown in Fig 3(A)–3(C) for comparison
with fractional protein synthesis data. The fractional synthesis rates of all three MHCI isotypes
substantially exceeded the rate of cell growth (Fig 3E); MHCI levels (by flow cytometry) exhib-
ited only minor fluctuations (not shown), so that the excess of fractional protein synthesis over
fractional cell growth represented the replacement of protein lost to turnover. Fractional pro-
tein turnover rates calculated on this basis corresponded to half-lives of about 20 hours for
HLA-A and -B molecules, and about 9 hours for HLA-C (Fig 3F). There was no evidence of

Fig 2. Effect of 2H2O labeling on peptide mass isotopomer distributions. (A) Mass isotopomer
distributions of a MHCI-derived, B isotype-specific tryptic peptide from KG-1 cells after labeling with 2H2O for
various times. Lines connect data at each time point. Within error, each mass isotopomer changed from its
initial (unlabeled) to final plateau (fully-labeled) value at the same rate, which is identical to the rate of protein
fractional synthesis. (B) For the same peptide, MIDA models for the unlabeled and fully-labeled mass
isotopomer distributions (dashed and solid lines, respectively) were compared with experimental data
(symbols). RMSD values were 0.20% and 0.25%, respectively, for unlabeled and fully-labeled samples).

doi:10.1371/journal.pone.0161011.g002
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differences between the allelic variants of either HLA-B or -C, and no evidence of kinetic sub-
populations within each molecule with different turnover rates.

Growth rates may underestimate the fraction of new cells arising from proliferation, if cell
death is also present. In these experiments, however, cell death was negligible, with viability
remaining excellent throughout (> 95%). Even if the fraction of new cells had been slightly
underestimated, cell death would have removed all MHCI variants at the same rate, and would
thus not have confounded comparisons between alleles and isotypes.

Consistent with earlier work [35], the turnover of mature MHCI molecules in these experi-
ments was attributable, at least in part, to lysosomal degradation. Exposure of KG-1 cells to
ammonium chloride, a lysosomotropic agent, for several protein half-lives resulted in the grad-
ual accumulation of W6/32-reactive MHCI molecules, mostly in intracellular compartments
(S1 Fig).

Fig 3. MHCI turnover in KG-1 cells. Proliferating KG-1 cells were labeled with� 5% 2H2O in media and
MHCI molecules immunoprecipitated with W6/32. 2H incorporation into selected peptides (S1 Table;
identified here by the four N-terminal amino acids and assigned to isotypes and alleles as shown) was
quantified by LC-MS. One of two independent experiments is shown here; S1 Table summarizes results for
both. (A-C) Fractional synthesis was calculated for different peptides derived from HLA-A (A), HLA-B (B), and
HLA-C molecules (C) (mean ± SD of the informative mass isotopomers) and plotted against time. In (B) and
(C), allele- and isotype-specific peptides exhibited no significant differences in fractional protein synthesis
(p = 0.24 and p = 0.55, respectively, by F test). Single-exponential curve fits (with 95% confidence intervals)
are based on a pooled analysis of all peptides from each isotype. (D) Exponential growth of KG-1 cells during
2H2O labeling. The corresponding time course of the fraction of new cells is shown in panels (A-C) for
comparison with protein synthesis. (E) Fractional synthesis rates (per hour, mean ± SEM) of MHCI isotypes
(from (A-C)), compared with cell growth (from (D)). The differences between HLA-C and the other isotypes,
and those between the MHCI fractional synthesis rates and cell growth, were significant (each p < 0.0001, F
test). (F) Turnover half-lives of different MHCI isotypes, calculated from the excess of mean fractional protein
synthesis rates over the cell growth rate.

doi:10.1371/journal.pone.0161011.g003
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Turnover of MHCI molecules in the EBV-B cell line, LCL721
Similarly, MHCI protein turnover was measured by SINEW in LCL721, an EBV-transformed
B-lymphoblastoid cell line used in genetic studies of antigen presentation [45, 54–56]. Again,
allele- and isotype-specific MHCI HC tryptic fragments were identified by LC-MS/MS and
assigned to the MHCI alleles and isotypes present. S2 Table summarizes analytical metrics of
all such peptides that proved informative.

Fractional synthesis curves of HLA-A, -B, and -C molecules in LCL721 are shown in Fig 4
(A)–4(C). The fractional synthesis rates of peptides derived from A1 and A2 were statistically
indistinguishable from each other (Fig 4A); similarly, the fractional synthesis rates of B8- and
B51- specific and B isotype-specific peptides were indistinguishable (Fig 4B). For HLA-C, two
peptides, both derived from C1, yielded similar fractional synthesis rates (Fig 4C). MHCI

Fig 4. MHCI turnover in LCL721 cells. LCL721 cells were labeled with� 5% 2H2O in media and folded
MHCI molecules immunoprecipitated with W6/32. 2H incorporation into tryptic peptides was quantified by
LC-MS. (A-C) Fractional synthesis was calculated for different peptides derived from HLA-A (A), HLA-B (B),
and HLA-C molecules (C) (mean ± SD of different mass isotopomers) and plotted against labeling time. Full
sequences and analytical metrics for all informative peptides (identified by four amino acids in single-letter
code or by charge) are in S2 Table. In (A) and (B), allele- and isotype-specific peptides exhibited no
significant differences in fractional protein synthesis (p = 0.32 and p = 0.29, respectively, by F test); in (C),
only C1-specific peptides were identified. Single-exponential curve fits (with 95% confidence intervals) are
based on a pooled analysis of all peptides from each isotype. (D) Exponential growth of LCL721 cells during
2H2O labeling. The corresponding time course of the fraction of new cells is shown in panels (A-C), for
comparison with protein synthesis. Panels (A-D) were from the same experiment. (E) Fractional synthesis
rates (per hour, mean ± SEM) of MHCI isotypes (from (A-C)), compared to fractional cell growth rates (from
(D)). Two independent experiments are shown. Fractional synthesis rates for individual peptides are in S2
Table. (F) Turnover rates of different MHCI isotypes, calculated from the excess of mean fractional protein
synthesis rates over the cell growth rate.

doi:10.1371/journal.pone.0161011.g004
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expression levels remained approximately in steady state over time (data not shown). The cell
growth rate was determined (Fig 4D) and compared to protein fractional synthesis rates in Fig
4(A)–4(C) and 4(E). The protein synthesis rates were slightly lower than in KG-1 cells, and
LCL721 grew faster, so that a smaller proportion of protein synthesis was attributable to pro-
tein turnover. For HLA-B, the fractional synthesis rate was very similar to the fractional cell
growth rate; for HLA-A, it was slightly larger. The small excess of new HLA-A protein synthe-
sis above this level corresponded to a protein turnover half-life on the order of several days
(� 65 h), albeit with substantial uncertainty (Fig 4F). For HLA-B, the excess was even smaller,
implying an immeasurably slow rate of turnover. For HLA-C1, however, fractional protein
synthesis clearly exceeded the amount attributable to cell growth, corresponding to a turnover
half-life of� 17 hours (Fig 4C, 4E and 4F).

Characterization of MoDCs for measurement of MHCI protein turnover
In order to examine MHCI protein turnover in non-transformed cells, MoDC cultures were
established using standard protocols [46, 47] and used in SINEW experiments (Fig 5A). As
expected, after 6 days of culture of CD14-enriched monocytes with IL-4 and GM-CSF, mor-
phology, loss of CD14, and acquisition of CD11c confirmed differentiation to MoDCs. Most of
the MoDCs were non-activated at baseline, as indicated by low expression of HLA-DR. Addi-
tion of 2H2O to MoDCs did not alter MHC protein expression. However, the median fluores-
cence intensities of CD86 (not shown), HLA-DR, and folded MHCI increased severalfold 24
hours after LPS stimulation (representative examples from four HDs shown in S2A and S2B
Fig). These levels remained approximately constant during the subsequent 3 days of 2H2O
labelling. Similar numbers of MoDCs were recovered at all time points. In the absence of cell
growth or net protein accumulation, protein turnover equals fractional protein synthesis (cf.
Fig 1B).

Previous studies had demonstrated that LPS induces a burst of new HLA-DR synthesis, fol-
lowed by shutdown of DR protein synthesis; existing DR molecules are redistributed to the cell
surface, where they persist for extended periods without substantial turnover [57]. 2H2O label-
ing of a DRα peptide 24 hours after LPS (or sham) stimulation confirmed the loss of HLA-DR
protein turnover. Unstimulated MoDCs showed DR protein synthesis and turnover with half-
lives of� 15–25 hours (a representative example is shown in S2C Fig); in contrast, 24 hours
after LPS stimulation, virtually no further production of new DRmolecules was detectable. Sur-
face DR levels remained high (S2A Fig), so low fractional synthesis implied low turnover (t1/2
> 200 hours). We concluded that these MoDC preparations were suitable for measurements of
MHC protein turnover, reproducing previously-described differences in MHC protein dynam-
ics between unstimulated and LPS-activated cells [57].

Allele-independent turnover of MHCI molecules in MoDCs
For measurement of MHCI protein turnover, MoDCs were prepared from eight HDs, includ-
ing five B�27+ individuals, and one AS patient (who, unusually, was B�27-negative). Folded
MHCI molecules were immunoprecipitated with W6/32 and their HCs excised from gels for
LC-MS analysis. In all instances, their tryptic fragments were consistent with the donors’HLA
genotypes. The turnover kinetics of the different HLA class I isotypes, and the effect of LPS in
two donors, are shown in Fig 5B and 5C, respectively. The sequences, analytical data, and turn-
over rates of all informative peptides are summarized in S3 Table.

Fractional synthesis curves comparing allele- with isotype-specific peptides for individual
donors are shown in Fig 6 for HLA-A, Fig 7 for HLA-B, and in Fig 8 for HLA-C. Not included
in Figs 6–8 were donors in whom the relevant HLA locus was homozygous, or where analysis

Kinetic Basis of MHC Class I codominance

PLOS ONE | DOI:10.1371/journal.pone.0161011 August 16, 2016 12 / 25



Fig 5. Summary of fractional synthesis rates of MHCI isotypes in MoDCs. (A) Scheme illustrating
MoDCs differentiation, followed by mock or LPS (100 ng/ml) stimulation, with subsequent 2H2O labeling for
72 hours, beginning 24 hours after LPS treatment. (B) Comparison between turnover rates of MHCI isotypes
in individual unstimulated MoDC cultures from 8 HDs and one B27-negative AS patient. In this setting,
fractional synthesis was taken to equal turnover (see text). (C) Effect of LPS on fractional synthesis rates of
MHCI isotypes in two HDs.

doi:10.1371/journal.pone.0161011.g005
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of allele-specific peptides proved uninformative (the fractional synthesis rates of isotype-spe-
cific peptides are included in Fig 5 and S3 Table, however). Peptides specific for the HLA-C iso-
type only met analytical requirements in three donors, and allele-specific HLA-C peptides only
in two donors, likely due to the lower abundance of this isotype [19–21].

The fractional synthesis curves were consistent with a single-exponential rise to plateau, and
thus with a uniform turnover rate of folded MHCI molecules (curve fits in Figs 6–8). In all
cases except one, the fractional synthesis rates of allele- and isotype-specific peptides from any
one donor and locus were not significantly different from each other (p> 0.05, F test; Figs 6–
8). Only in HD 2, HLA-B35 and B60 (B�40:01 genotype) turnover rates appeared statistically
different from each other (p = 0.04, F test; Fig 7). However, the evidence for this difference was
weak: each B allele was represented by just one peptide; the difference was small and within the
range of experimental variation observed within other donors; the F test yielded a marginally
significant p value, considering that multiple comparisons were made.

The turnover of several HLA-A and -B alleles could be analysed in more than one donor.
Five HDs had been recruited for their B�27 genotype, which was therefore over-represented in
our sample compared with the general population. B27 allele-specific peptides were tracked
directly in two HDs. In three additional donors carrying the B�27 allele, no B27-specific pep-
tides meeting analytical quality criteria were identified, but the other allele exhibited the same
labelling kinetics as isotype-specific peptides, consistent with similar turnover rates for B27
and the coexpressed allelic variant. Allele independence was also repeatedly observed for
HLA-A2 (in four donors), and for A1 and A24 (in two donors each). To summarize, the results

Fig 6. HLA-A fractional synthesis in unstimulated MoDCs. Each panel shows isotype-specific (grey
symbols) and allele-specific (black or white symbols) peptides from an individual HD or AS patient. SDs of
individual data points are shown, as well best single-exponential curve fits to pooled data, with 95%
confidence intervals (dashed lines). Fractional synthesis rate constants (k) are shown (means ± SEM).

doi:10.1371/journal.pone.0161011.g006
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in Figs 6–8 indicate that allelic polymorphism has little or no influence on the turnover rates of
folded MHCI molecules in non-activated MoDCs.

Accordingly, the data for allele- and isotype-specific peptides in Figs 6–8 were pooled,
improving the estimates of turnover rates of each MHCI isotype shown in Fig 5B. There was
tentative evidence that, compared with HLA-B, turnover may have been somewhat slower for
HLA-A and faster for HLA-C (where measurable), but this may be donor-dependent: these
trends reached the formal threshold for statistical significance (p< 0.05, F test) only in a
minority of donors (2/9 for A vs. B, and 1/3 for B vs. C). In most donors, the turnover rates of
the three isotypes were similar, averaging on the order of 10%/h (corresponding to t1/2 � 7 h).
MHCI protein turnover rates in the single, B�27-negative AS patient were typical of the rates
measured in the HDs.

Unlike the nearly complete shutdown of HLA-DR turnover by LPS, dendritic cell activation
was previously reported to cause a less marked slow-down of MHCI protein turnover [34], or
none [57]. To address this, MoDCs from two donors were stimulated with LPS for 24 hours
before 2H2O labeling and analyzed for MHCI protein turnover. An approximately 2-fold slow-
down in MHCI turnover was detectable under these conditions (Fig 5B). No allelic differences
in turnover rates became apparent following LPS stimulation (S3 Table).

Discussion
Structural polymorphism, including both allelic and isotypic (locus) variation, influences many
aspects of the cellular biochemistry of MHCI molecules, especially in mutant cell lines with
defective peptide loading (see Introduction). Thus, we surmised that the turnover rate of folded

Fig 7. HLA-B fractional synthesis in unstimulated MoDCs. Analysis as in Fig 6, except that separate
curve fits are shown for HD2 (p = 0.04, F test). The significance of this result is doubtful, as explained in the
text. B*27+ donors are identified; note that B27 allele-specific peptides proved suitable for analysis in HD6
and 7, but not in HD4 and 5.

doi:10.1371/journal.pone.0161011.g007
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MHCI protein variants also might be influenced by isotypic and allelic differences in cells with
intact peptide loading pathways. However, our recent work in mice had shown that the cellular
microenvironment, rather than structural polymorphism, was the main determinant of turn-
over of MHC class II proteins [49]. Here, we have used a stable isotope tracer technique to
compare the turnover rates of classical HLA class Ia alleles, expressed codominantly in host
cells with intact peptide loading pathways. Two well-characterised, immortalised model cell
lines were used, as well as MoDCs from a small group of volunteers. HLA-A and -B turnover
half-lives differed greatly between host cell types, ranging from> 2 days in EBV-transformed
B cells to 5 hours in some unstimulated MoDC cultures, and were affected by the activation
state of MoDCs (� 2-fold slow-down after LPS stimulation). Remarkably, however, the

Fig 8. HLA-C fractional synthesis in unstimulated MoDCs. Analysis as in Fig 6.

doi:10.1371/journal.pone.0161011.g008
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turnover of MHCI molecules was not substantially influenced by allelic polymorphism in any
of these settings. In addition, HLA-C exhibited faster turnover than the other two isotypes
in the cell lines and in one of the MoDC cultures, but not in the two other donors in whom
HLA-C-derived peptides could be analysed. The data have important implications for the
mechanisms that determine codominance, the kinetic control of normal antigen presentation
and NK cell regulation by MHCI, and the mechanisms linking MHCI polymorphism to auto-
immune pathogenesis.

Kinetic basis of MHCI codominance
Maternal and paternal alleles of the three classical MHCI isotypes, HLA-A, -B, and -C in
humans, are codominantly expressed, but our understanding of the determinants of codomi-
nance remains incomplete. Several studies have shown isotype differences in post-translational
maturation and fate, contributing to the generally lower surface expression of HLA-C, com-
pared to HLA-A and –B, in the steady state [19–21, 30]. The effects of allelic polymorphism are
less well known. One early study showed little evidence for allelic disparities in steady-state
MHCI protein levels, but acknowledged the limitations of available serological reagents [58]. A
few recent studies have shown that non-structural polymorphisms upstream of MHCI genes
can control allelic differences in MHCI protein expression [17, 18]. Sometimes a single amino
acid change can determine the reliance of MHCI molecules on interactions with the peptide
loading complex for maturation, surface expression, and stability, and consequently the fate of
MHCI alleles in cells with peptide loading defects [23–27].

Whether MHCI alleles of the same isotype differ in their turnover rates in cells with intact
loading pathways, however, had not previously been studied, to our knowledge. Here, we
addressed this question by comparing the rates of 2H incorporation from 2H2O between allele-
and isotype-specific MHCI-derived tryptic fragments by Orbitrap LC-MS. These experiments
indicated that the turnover rates of assembled MHCI molecules in cells with normal peptide
loading pathways are largely or entirely allele-independent.

The aggregate evidence for this was extensive. In any one cell line, similar turnover rates
were observed by analysis of different allele- and/or isotype-specific peptides, providing inter-
nal validation of the data. The lack of allelic differences in turnover was not due to technical
limitations, because previously-reported turnover differences were readily resolved by the
SINEWmethod. Specifically, SINEW readily detected a twofold slow-down in MHCI protein
turnover following LPS stimulation in MoDC (cf. [34]), and the� twofold faster turnover of
HLA-C vs. -A and -B in KG-1 cells (cf. [30]), as well as the almost complete shutdown of
HLA-DR turnover following LPS stimulation of MoDCs [57]. Yet, within any one cell culture,
allele specific peptides of a given isotype showed similar rates of turnover to one another, or to
the appropriate isotype-specific peptides, within narrow limits. Moreover, turnover was allele-
independent across a wide range of turnover rates observed in different cell types, which were
highest in immature MoDCs and lowest in EBV-transformed B cells. Lastly, our study allowed
both a sampling of MHCI polymorphism in the population, as well as repeated analysis of a
few allelic variants (A1, A2, A24, and B27) in more than one donor. There was only one exam-
ple of an allelic difference reaching nominal statistical significance (B alleles in HD2), but this
difference was small, based on only one peptide from each allele, and not significant after
accounting for multiple comparisons (see Results). In summary, allele-independence was
observed for all three MHCI isotypes, across donors, regardless of activation state and host cell
lineage, and despite wide variation in the observed rates of MHCI protein turnover.

The allele-independence of MHCI protein turnover in healthy donors suggests that any mis-
match between the abundances of codominantly expressed alleles must arise from differences
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in their relative production rates, e.g. due to disparities in mRNA levels, translation, or post-
translational assembly. Published data addressing this point are limited but consistent with this
view. For example, HLA-C alleles differ from each other in their relative mRNA abundances,
depending on an upstream polymorphism targeted by a micro-RNA; this was shown to corre-
late with steady-state levels of the C alleles at the cell surface [18]. This supports the idea that
any allelic differences in turnover are not large enough to confound difference in production
rates.

The fact that, in cells from HDs, folded B27 molecules exhibited similar turnover to those of
other B alleles constrains mechanistic models of B27 misfolding, a factor thought to contribute
to various mechanisms linking this allotype to genetic risk of spondyloarthritis in transgenic
rodent models [59, 60] and in humans [61–63]. Many B�27+ patients with spondyloarthritis
also have functionally abnormal ERAP1 variants [64], which are uncommon in healthy donors;
whether this affects MHCI protein turnover generally, or B27 turnover specifically, in these
patients is an interesting question for future research.

A role for peptide loading in allele-independent MHCI turnover?
MHCI protein turnover is accelerated in host cells with defective MHCI peptide loading; in the
presence of such defects, MHCI turnover rates become allele-dependent, because some alleles
are better able than others to acquire an alternative peptide repertoire, remain stable without
interaction with the peptide loading complex, escape ERAD, and exit the ER (cf. Introduction).
Conversely, one might surmise that acquisition of a stable peptide repertoire, edited by tapasin,
is critical for the allele-independent turnover observed here. Stably bound peptides, selected for
good fit to allele-specific peptide binding pockets, may diminish the effects of groove polymor-
phisms on the thermodynamic stability of folded MHCI proteins, and thus equalize their life
spans post-Golgi. This would imply that the tapasin-edited peptide repertoire has dissociation
half-lives that are at least as long as the turnover rates of folded MHCI molecules in primary
cells, or longer. The available data on dissociation half-lives of MHCI-bound peptides in vitro
are partially, but not uniformly consistent with this [65].

We have not examined whether non-MHC polymorphisms could affect both the rate and
allele-dependence of MHCI protein turnover. For example, ERAP2 deficiency, found in about
half the human population, is associated with lower steady-state MHCI levels [66]; it is unclear
whether this is due to differences in the efficiency of MHCI assembly/maturation, or break-
down, or both. Moreover, structural polymorphisms in ERAP1 may influence peptide trim-
ming, to similar effect, although the great majority of healthy donors have comparable levels of
ERAP1 activity [64]. Larger studies of MHCI protein turnover with ERAP-genotyped donors
will be required to address this.

Role of turnover in the low expression of HLA-C
HLA-C has been suggested to be less prominent as a restriction element for CTLs, yet more
important in NK cell regulation, than HLA-A or -B [67, 68]. Isotype-dependent differences in
turnover rates may, therefore, represent a biochemical adaptation to their different functions.
Previous work has shown differences in the internalization rates of HLA-C, vs. HLA-A and –B,
in the KG-1 cell line, and mapped these effects to different internalization motifs in the cyto-
plasmic tails of the three isotypes [30]. This is consistent with the faster turnover rate of
HLA-C observed in KG-1 and LCL721, and in one of the MoDC cultures, in the present study.
However, data from other MoDC cultures qualify this conclusion. In one culture, HLA-B had
atypical turnover, whereas in two other cultures where HLA-C could be analyzed, all three iso-
types had approximately equal turnover rates. Individual differences in HLA-C turnover could
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arise from donor variation in the expression or function of non-MHC genes that determine
endosomal trafficking, degradation, or peptide loading. Thus, isotype differences in MHCI
turnover rates found in selected model systems may not necessarily be representative of the
behaviour of MHCI molecules in the population at large. In conclusion, the low surface expres-
sion of HLA-C molecules [19] may be determined by locus differences in gene expression [69]
and post-translational maturation [20, 21], with turnover differences making an additional
contribution in some, but not all donors.

Functional significance of MHCI turnover rates
Immune surveillance by effector CTLs in peripheral tissues may be relatively independent of
MHCI turnover, because virally infected cells continuously resupply viral peptides for loading
of new MHCI molecules. Active turnover of MHCI molecules on bystander cells may, however,
help to minimise the risk of killing bystander cells that have transiently acquired exogenous
antigenic peptides.

In contrast to CTL effector function, the initiation of CTL responses often relies on the abil-
ity of uninfected DCs to cross-present exogenously acquired viral antigens on MHCI mole-
cules. Activated DCs migrate to draining lymph nodes, removing them from the source of
antigen; MHCI protein turnover may thus limit the time during which they may prime naïve
CD8+ T cells. Based on our data in LPS-activated MoDCs, MHCI protein turnover might
become limiting for priming CD8+ T cell responses after a day or so (i.e., after several MHCI
protein half-lives). The activation-dependent slow-down in MHCI protein turnover may be
helpful in extending the period of antigen encounter, even though, based on studies performed
in mice, CD8+ T cells seem to require only brief antigen exposure to maintain subsequent pro-
liferation and effector cell differentiation [70]. This contrasts with the much more sustained
antigen presentation enabled by the shutdown of MHC class II protein turnover which, in
mice, is required for priming of CD4+ T cells [71].

The limited life span of MHCI molecules in MoDCs may also have implications for the reg-
ulation of NK cell effector function. In addition to mechanisms interfering with the fate of
existing MHCI molecules, infection with many viruses disrupts new MHCI protein production
via shutoff of host gene activity [72, 73]. The rate with which this affects surface levels of
MHCI molecules, and thus the speed with which the infected cell becomes sensitive to NK cell
lysis, will depend in part on the life span of pre-existing MHCI molecules and the rate with
which they are replenished.

In this regard, the very long half-life of MHCI molecules in EBV-transformed B cells is
interesting. In these cells, latent EBV infection (type III latency) maintains high levels of MHCI
expression [74], perhaps as a means of subverting NK cell responses (in contrast, MHCI
expression is lost and NK cell susceptibility increased during lytic infection [73]). The slow
MHCI protein turnover in EBV-transformed B cells likely contributes to this phenotype.

Study limitations
The main limitations of this study relate to its small size, which limited the range of MHCI
alleles that we were able to evaluate. Moreover, the study was restricted to MoDCs from
HDs and immortalised cell lines under steady-state conditions, precluding evaluation of
mechanisms that might operate in other cell types, short-term changes following cellular acti-
vation, or the effects of viral infection, autoimmune disease states, or non-MHC genes. Lim-
ited analytical sensitivity prevented us from analysing HLA-C protein turnover in more than
a few patients. The analysis focussed on folded, W6/32-immunoreactive MHCI proteins,
excluding free heavy chains or other conformationally aberrant forms. Lastly, whole-cell
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extracts were used as a source of MHCI proteins; even though no evidence of kinetic hetero-
geneity was found, the study left open the possibility that the surface pool of MHCI proteins,
which is the critical population of molecules with regard to antigen presentation and NK cell
regulation, might have had a somewhat different rate of turnover than the various intracellu-
lar pools.

Concluding remarks
This study has provided a first survey of the turnover rates of folded MHCI alleles in antigen
presenting cells (APCs) that have an intact peptide loading pathway and are not genetically
manipulated. The turnover rates of folded MHCI molecules were shown to depend markedly
on the host cell type, weakly on the activation state of APCs, and in some donors on the MHCI
isotype, yet they did not depend significantly on allelic polymorphism. Thus, any quantitative
disparities in the codominant expression of MHCI alleles are likely to arise from disparities in
MHCI gene transcription, translation, or assembly, rather than turnover. The allelic conserva-
tion of MHCI protein turnover may depend on a stably bound peptide repertoire, and may
reflect constraints owing to the competing demands of activation of NK cells and CD8+ T cells.
Lastly, our data argue against the possibility that pathogenic B27 misfolding arises from an
intrinsic instability of folded B27 molecules, but leaves open the possibility of a modifying role
for ERAP polymorphisms.

Supporting Information
S1 Fig. Rescue of folded MHCI molecules in KG-1 cells by lysosomotropic agents.Median
fluorescence intensities for W6/32 staining are shown for total (A) and cell surface (B) MHCI
molecules after up to 3 days of treatment with or without ammonium chloride.
(TIF)

S2 Fig. Characterisation of 2H2O-labeled MoDCs. (A and B) Relative fluorescence intensities
(medians) of surface HLA-DR (A) and HLA-A/-B/-C (B) staining in mock-stimulated (open
symbols) and LPS-stimulated (closed symbols) MoDCs after varying times of 2H2O labeling.
For each donor, individual data points were expressed relative to the time-averaged MFI value
of unstimulated cells (set to 1). LPS stimulation 24 hours before addition of 2H2O resulted
in� 3-fold upregulation of DR and MHCI surface levels, which remained approximately
constant throughout the subsequent 72-hour labeling interval. The data shown, from three
B27-negative and one B27+ healthy donors, were representative. CD86 upregulation was also
observed, as further confirmation of MoDC activation (not shown). (C) LPS-mediated shut-
down of HLA-DR protein fractional synthesis (representative example). 2H2O labeling of DRα
was tracked for 72 hours, with or without LPS stimulation 24 hours previously. Fractional syn-
thesis half-lives were� 20 hours without LPS and> 200 h with LPS. The example shown was
representative of the MoDC cultures analyzed.
(TIF)

S1 Table. Analysis of MHCI-derived tryptic peptides from KG-1 cells.
(PDF)

S2 Table. Analysis of MHCI-derived tryptic peptides from LCL721 cells.
(PDF)

S3 Table. Analysis of MHCI-derived tryptic peptides fromMoDCs.
(PDF)

Kinetic Basis of MHC Class I codominance

PLOS ONE | DOI:10.1371/journal.pone.0161011 August 16, 2016 20 / 25

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0161011.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0161011.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0161011.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0161011.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0161011.s005


Acknowledgments
This paper is dedicated to the memory of Dr Leslie A. Bluck, the former leader of the Physio-
logical Modelling of Metabolic Risk group at the Medical Research Council Human Nutrition
Research in Fulbourn, Cambridge, UK. We are grateful to him for support and discussions,
and to Marilena Papanikolaou and Priya Singh in his group for measurement of 2H2O enrich-
ments in culture media for this study. We thank Michael Bacon (Department of Medicine,
University of Cambridge) and Renata Feret (Cambridge Centre for Proteomics) for technical
assistance, Dominique Raut-Roy for assistance with recruitment, and Professors Tim Elliott,
Jim Kaufman, Betsy Mellins, and Paul Lehner for helpful discussions.

Author Contributions

Conceptualization: RB JSHG.

Data curation:MJDMFU RB.

Formal analysis:MJD SMMFU RB.

Funding acquisition: RB.

Investigation: CPMFU AMG SM TK RSG MJD.

Methodology: RB SM CPMJD JSHG.

Project administration: RB CP.

Resources: JSHGMJD.

Software: RB.

Supervision: RB JSHG.

Validation: CPMFU RB.

Visualization: RBMFU.

Writing - original draft: RB.

Writing - review & editing: CPMFU SM AMG TK RSG JSHGMJD RB.

References
1. Murphy K, Travers P, Walport M. Janeway's Immunobiology. Seventh ed. New York, NY: Garland Sci-

ence, Taylor & Francis Group, LLC; 2008 2008. 887 p.

2. van den Elsen PJ, Holling TM, Kuipers HF, van der Stoep N. Transcriptional regulation of antigen pre-
sentation. Curr Opin Immunol. 2004; 16(1):67–75. PMID: 14734112.

3. Blum JS, Wearsch PA, Cresswell P. Pathways of antigen processing. Annu Rev Immunol. 2013;
31:443–73. PMID: 23298205. doi: 10.1146/annurev-immunol-032712-095910

4. Momburg F, Roelse J, Howard JC, Butcher GW, Hammerling GJ, Neefjes JJ. Selectivity of MHC-
encoded peptide transporters from human, mouse and rat. Nature. 1994; 367(6464):648–51. PMID:
8107849.

5. Neefjes J, JongsmaML, Paul P, Bakke O. Towards a systems understanding of MHC class I and MHC
class II antigen presentation. Nat Rev Immunol. 2011; 11(12):823–36. Epub 2011/11/15. nri3084 [pii]
doi: 10.1038/nri3084 PMID: 22076556.

6. Hammer GE, Gonzalez F, James E, Nolla H, Shastri N. In the absence of aminopeptidase ERAAP,
MHC class I molecules present many unstable and highly immunogenic peptides. Nat Immunol. 2007;
8(1):101–8. PMID: 17128277.

Kinetic Basis of MHC Class I codominance

PLOS ONE | DOI:10.1371/journal.pone.0161011 August 16, 2016 21 / 25

http://www.ncbi.nlm.nih.gov/pubmed/14734112
http://www.ncbi.nlm.nih.gov/pubmed/23298205
http://dx.doi.org/10.1146/annurev-immunol-032712-095910
http://www.ncbi.nlm.nih.gov/pubmed/8107849
http://dx.doi.org/10.1038/nri3084
http://www.ncbi.nlm.nih.gov/pubmed/22076556
http://www.ncbi.nlm.nih.gov/pubmed/17128277


7. Hermann C, van Hateren A, Trautwein N, Neerincx A, Duriez PJ, Stevanovic S, et al. TAPBPR alters
MHC class I peptide presentation by functioning as a peptide exchange catalyst. eLife. 2015; 4. PMID:
26439010.

8. Sadasivan B, Lehner PJ, Ortmann B, Spies T, Cresswell P. Roles for calreticulin and a novel glycopro-
tein, tapasin, in the interaction of MHC class I molecules with TAP. Immunity. 1996; 5(2):103–14. Epub
1996/08/01. S1074-7613(00)80487-2 [pii]. PMID: 8769474.

9. Rammensee HG, Friede T, Stevanoviic S. MHC ligands and peptide motifs: first listing. Immunogenet-
ics. 1995; 41(4):178–228. Epub 1995/01/01. PMID: 7890324.

10. Gras S, Burrows SR, Turner SJ, Sewell AK, McCluskey J, Rossjohn J. A structural voyage toward an
understanding of the MHC-I-restricted immune response: lessons learned and much to be learned.
Immunol Rev. 2012; 250(1):61–81. PMID: 23046123. doi: 10.1111/j.1600-065X.2012.01159.x

11. Lanier LL. Up on the tightrope: natural killer cell activation and inhibition. Nat Immunol. 2008; 9(5):495–
502. PMID: 18425106. doi: 10.1038/ni1581

12. Kärre K. NK cells, MHC class I molecules and the missing self. Scand J Immunol. 2002; 55(3):221–8.
PMID: 11940227.

13. Robinson J, Soormally AR, Hayhurst JD, Marsh SG. The IPD-IMGT/HLA Database—New develop-
ments in reporting HLA variation. Hum Immunol. 2016. PMID: 26826444.

14. Jones EY. MHC class I and class II structures. Curr Opin Immunol. 1997; 9(1):75–9. PMID: 9039778.

15. Bjorkman PJ, Saper MA, Samraoui B, Bennett WS, Strominger JL, Wiley DC. The foreign antigen bind-
ing site and T cell recognition regions of class I histocompatibility antigens. Nature. 1987; 329
(6139):512–8. PMID: 2443855.

16. Spurgin LG, Richardson DS. How pathogens drive genetic diversity: MHC, mechanisms and misunder-
standings. Proc Biol Sci. 2010; 277(1684):979–88. PMID: 20071384. doi: 10.1098/rspb.2009.2084

17. Rene C, Lozano C, Villalba M, Eliaou JF. 5' and 3' untranslated regions contribute to the differential
expression of specific HLA-A alleles. Eur J Immunol. 2015; 45(12):3454–63. PMID: 26399450. doi: 10.
1002/eji.201545927

18. Kulkarni S, Savan R, Qi Y, Gao X, Yuki Y, Bass SE, et al. Differential microRNA regulation of HLA-C
expression and its association with HIV control. Nature. 2011; 472(7344):495–8. PMID: 21499264. doi:
10.1038/nature09914

19. Apps R, Meng Z, Del Prete GQ, Lifson JD, Zhou M, Carrington M. Relative expression levels of the HLA
class-I proteins in normal and HIV-infected cells. J Immunol. 2015; 194(8):3594–600. PMID: 25754738.
doi: 10.4049/jimmunol.1403234

20. Neisig A, Melief CJ, Neefjes J. Reduced cell surface expression of HLA-C molecules correlates with
restricted peptide binding and stable TAP interaction. J Immunol. 1998; 160(1):171–9. Epub 1998/04/
29. PMID: 9551969.

21. Neefjes JJ, Ploegh HL. Allele and locus-specific differences in cell surface expression and the associa-
tion of HLA class I heavy chain with beta 2-microglobulin: differential effects of inhibition of glycosylation
on class I subunit association. Eur J Immunol. 1988; 18(5):801–10. Epub 1988/05/01. doi: 10.1002/eji.
1830180522 PMID: 2967765.

22. Cano F, Lehner PJ. A novel post-transcriptional role for ubiquitin in the differential regulation of MHC
class I allotypes. Mol Immunol. 2013; 55(2):135–8. PMID: 23140835. doi: 10.1016/j.molimm.2012.10.
015

23. Peh Ca, Burrows SR, Barnden M, Khanna R, Cresswell P, Moss DJ, et al. HLA-B27-restricted antigen
presentation in the absence of tapasin reveals polymorphism in mechanisms of HLA class I peptide
loading. Immunity. 1998; 8(5):531–42. PMID: 9620674

24. Garstka MA, Fritzsche S, Lenart I, Hein Z, Jankevicius G, Boyle LH, et al. Tapasin dependence of
major histocompatibility complex class I molecules correlates with their conformational flexibility.
FASEB J. 2011. Epub 2011/08/13. fj.11-190249 [pii] doi: 10.1096/fj.11-190249 PMID: 21836024.

25. Thammavongsa V, Schaefer M, Filzen T, Collins KL, Carrington M, Bangia N, et al. Assembly and intra-
cellular trafficking of HLA-B*3501 and HLA-B*3503. Immunogenetics. 2009; 61(11–12):703–16. Epub
2009/10/20. doi: 10.1007/s00251-009-0399-2 PMID: 19838694; PubMed Central PMCID:
PMC2971690.

26. Thammavongsa V, Raghuraman G, Filzen TM, Collins KL, Raghavan M. HLA-B44 polymorphisms at
position 116 of the heavy chain influence TAP complex binding via an effect on peptide occupancy. J
Immunol. 2006; 177(5):3150–61. PMID: 16920953.

27. Wei ML, Cresswell P. HLA-A2 molecules in an antigen-processing mutant cell contain signal
sequence-derived peptides. Nature. 1992; 356(6368):443–6. PMID: 1557127.

Kinetic Basis of MHC Class I codominance

PLOS ONE | DOI:10.1371/journal.pone.0161011 August 16, 2016 22 / 25

http://www.ncbi.nlm.nih.gov/pubmed/26439010
http://www.ncbi.nlm.nih.gov/pubmed/8769474
http://www.ncbi.nlm.nih.gov/pubmed/7890324
http://www.ncbi.nlm.nih.gov/pubmed/23046123
http://dx.doi.org/10.1111/j.1600-065X.2012.01159.x
http://www.ncbi.nlm.nih.gov/pubmed/18425106
http://dx.doi.org/10.1038/ni1581
http://www.ncbi.nlm.nih.gov/pubmed/11940227
http://www.ncbi.nlm.nih.gov/pubmed/26826444
http://www.ncbi.nlm.nih.gov/pubmed/9039778
http://www.ncbi.nlm.nih.gov/pubmed/2443855
http://www.ncbi.nlm.nih.gov/pubmed/20071384
http://dx.doi.org/10.1098/rspb.2009.2084
http://www.ncbi.nlm.nih.gov/pubmed/26399450
http://dx.doi.org/10.1002/eji.201545927
http://dx.doi.org/10.1002/eji.201545927
http://www.ncbi.nlm.nih.gov/pubmed/21499264
http://dx.doi.org/10.1038/nature09914
http://www.ncbi.nlm.nih.gov/pubmed/25754738
http://dx.doi.org/10.4049/jimmunol.1403234
http://www.ncbi.nlm.nih.gov/pubmed/9551969
http://dx.doi.org/10.1002/eji.1830180522
http://dx.doi.org/10.1002/eji.1830180522
http://www.ncbi.nlm.nih.gov/pubmed/2967765
http://www.ncbi.nlm.nih.gov/pubmed/23140835
http://dx.doi.org/10.1016/j.molimm.2012.10.015
http://dx.doi.org/10.1016/j.molimm.2012.10.015
http://www.ncbi.nlm.nih.gov/pubmed/9620674
http://dx.doi.org/10.1096/fj.11-190249
http://www.ncbi.nlm.nih.gov/pubmed/21836024
http://dx.doi.org/10.1007/s00251-009-0399-2
http://www.ncbi.nlm.nih.gov/pubmed/19838694
http://www.ncbi.nlm.nih.gov/pubmed/16920953
http://www.ncbi.nlm.nih.gov/pubmed/1557127


28. Barel MT, Pizzato N, Le Bouteiller P, Wiertz EJ, Lenfant F. Subtle sequence variation among MHC
class I locus products greatly influences sensitivity to HCMV US2- and US11-mediated degradation. Int
Immunol. 2006; 18(1):173–82. PMID: 16361314.

29. van deWeijer ML, Luteijn RD, Wiertz EJ. Viral immune evasion: Lessons in MHC class I antigen pre-
sentation. Semin Immunol. 2015; 27(2):125–37. PMID: 25887630. doi: 10.1016/j.smim.2015.03.010

30. Schaefer MR, Williams M, Kulpa DA, Blakely PK, Yaffee AQ, Collins KL. A novel trafficking signal within
the HLA-C cytoplasmic tail allows regulated expression upon differentiation of macrophages. J Immu-
nol. 2008; 180(12):7804–17. Epub 2008/06/05. 180/12/7804 [pii]. PMID: 18523244; PubMed Central
PMCID: PMC2440697.

31. Duncan LM, Nathan JA, Lehner PJ. Stabilization of an E3 ligase-E2-ubiquitin complex increases cell
surface MHC class I expression. J Immunol. 2010; 184(12):6978–85. PMID: 20483773. doi: 10.4049/
jimmunol.0904154

32. Spiliotis ET, Pentcheva T, Edidin M. Probing for membrane domains in the endoplasmic reticulum:
retention and degradation of unassembled MHC class I molecules. Mol Biol Cell. 2002; 13(5):1566–81.
PMID: 12006653.

33. Chapman DC, Williams DB. ER quality control in the biogenesis of MHC class I molecules. Sem Cell
Dev Biol. 2010; 21(5):512–9. PMID: 20044014.

34. Ackerman AL, Cresswell P. Regulation of MHC class I transport in human dendritic cells and the den-
dritic-like cell line KG-1. J Immunol. 2003; 170(8):4178–88. Epub 2003/04/12. PMID: 12682250.

35. GrommeM, Uytdehaag FG, Janssen H, Calafat J, van Binnendijk RS, Kenter MJ, et al. Recycling MHC
class I molecules and endosomal peptide loading. Proc Natl Acad Sci U S A. 1999; 96(18):10326–31.
Epub 1999/09/01. PMID: 10468607; PubMed Central PMCID: PMC17887.

36. Dobbe LM, Stam NJ, Neefjes JJ, Giphart MJ. Biochemical complexity of serum HLA class I molecules.
Immunogenetics. 1988; 27(3):203–10. PMID: 3276619.

37. Hou T, Rinderknecht CH, Hadjinicolaou AV, Busch R, Mellins E. Pulse-chase analysis for studies of
MHC class II biosynthesis, maturation, and peptide loading. Methods Mol Biol. 2012; 960:411–32.
PMID: 23329504.

38. De Riva A, Deery MJ, McDonald S, Lund T, Busch R. Measurement of protein synthesis using heavy
water labeling and peptide mass spectrometry: Discrimination between major histocompatibility com-
plex allotypes. Anal Biochem. 2010; 403(1–2):1–12. Epub 2010/04/22. S0003-2697(10)00255-1 [pii]
doi: 10.1016/j.ab.2010.04.018 PMID: 20406617; PubMed Central PMCID: PMC2896473.

39. Rachdaoui N, Austin L, Kramer E, Previs MJ, Anderson VE, Kasumov T, et al. Measuring proteome
dynamics in vivo: as easy as adding water? Mol Cell Proteomics. 2009; 8(12):2653–63. PMID:
19724074. doi: 10.1074/mcp.M900026-MCP200

40. Li L, Willard B, Rachdaoui N, Kirwan JP, Sadygov RG, StanleyWC, et al. Plasma proteome dynamics:
analysis of lipoproteins and acute phase response proteins with 2H2Ometabolic labeling. Mol Cell Pro-
teomics. 2012; 11(7):M111 014209. PMID: 22393261.

41. Kim TY, Wang D, Kim AK, Lau E, Lin AJ, Liem DA, et al. Metabolic labeling reveals proteome dynamics
of mouse mitochondria. Mol Cell Proteomics. 2012; 11(12):1586–94. PMID: 22915825. doi: 10.1074/
mcp.M112.021162

42. HolmesWE, Angel TE, Li KW, Hellerstein MK. Dynamic Proteomics: In Vivo Proteome-Wide Measure-
ment of Protein Kinetics Using Metabolic Labeling. Methods Enzymol. 2015; 561:219–76. PMID:
26358907. doi: 10.1016/bs.mie.2015.05.018

43. Usmani MF. Effects of allele and isotype on MHC class I protein turnover [MSc thesis]. Cambridge, UK:
University of Cambridge; 2012.

44. Koeffler HP, Golde DW. Acute myelogenous leukemia: a human cell line responsive to colony-stimulat-
ing activity. Science. 1978; 200(4346):1153–4. PMID: 306682.

45. Orr HT, DeMars R. Class I-like HLA genes map telomeric to the HLA-A2 locus in human cells. Nature.
1983; 302(5908):534–6. PMID: 6300687.

46. Prevosto C, Goodall JC, Hill Gaston JS. Cytokine secretion by pathogen recognition receptor-stimu-
lated dendritic cells in rheumatoid arthritis and ankylosing spondylitis. J Rheumatol. 2012; 39
(10):1918–28. PMID: 22896020. doi: 10.3899/jrheum.120208

47. Sallusto F, Lanzavecchia A. Efficient presentation of soluble antigen by cultured human dendritic cells
is maintained by granulocyte/macrophage colony-stimulating factor plus interleukin 4 and downregu-
lated by tumor necrosis factor alpha. J Exp Med. 1994; 179(4):1109–18. PMID: 8145033.

48. Barnstable CJ, Bodmer WF, Brown G, Galfre G, Milstein C, Williams AF, et al. Production of monoclo-
nal antibodies to group A erythrocytes, HLA and other human cell surface antigens-new tools for
genetic analysis. Cell. 1978; 14(1):9–20. Epub 1978/05/01. 0092-8674(78)90296-9 [pii]. PMID:
667938.

Kinetic Basis of MHC Class I codominance

PLOS ONE | DOI:10.1371/journal.pone.0161011 August 16, 2016 23 / 25

http://www.ncbi.nlm.nih.gov/pubmed/16361314
http://www.ncbi.nlm.nih.gov/pubmed/25887630
http://dx.doi.org/10.1016/j.smim.2015.03.010
http://www.ncbi.nlm.nih.gov/pubmed/18523244
http://www.ncbi.nlm.nih.gov/pubmed/20483773
http://dx.doi.org/10.4049/jimmunol.0904154
http://dx.doi.org/10.4049/jimmunol.0904154
http://www.ncbi.nlm.nih.gov/pubmed/12006653
http://www.ncbi.nlm.nih.gov/pubmed/20044014
http://www.ncbi.nlm.nih.gov/pubmed/12682250
http://www.ncbi.nlm.nih.gov/pubmed/10468607
http://www.ncbi.nlm.nih.gov/pubmed/3276619
http://www.ncbi.nlm.nih.gov/pubmed/23329504
http://dx.doi.org/10.1016/j.ab.2010.04.018
http://www.ncbi.nlm.nih.gov/pubmed/20406617
http://www.ncbi.nlm.nih.gov/pubmed/19724074
http://dx.doi.org/10.1074/mcp.M900026-MCP200
http://www.ncbi.nlm.nih.gov/pubmed/22393261
http://www.ncbi.nlm.nih.gov/pubmed/22915825
http://dx.doi.org/10.1074/mcp.M112.021162
http://dx.doi.org/10.1074/mcp.M112.021162
http://www.ncbi.nlm.nih.gov/pubmed/26358907
http://dx.doi.org/10.1016/bs.mie.2015.05.018
http://www.ncbi.nlm.nih.gov/pubmed/306682
http://www.ncbi.nlm.nih.gov/pubmed/6300687
http://www.ncbi.nlm.nih.gov/pubmed/22896020
http://dx.doi.org/10.3899/jrheum.120208
http://www.ncbi.nlm.nih.gov/pubmed/8145033
http://www.ncbi.nlm.nih.gov/pubmed/667938


49. De Riva A, Varley MC, Bluck LJ, Cooke A, Deery MJ, Busch R. Accelerated turnover of MHC class II
molecules in nonobese diabetic mice is developmentally and environmentally regulated in vivo and dis-
pensable for autoimmunity. J Immunol. 2013; 190(12):5961–71. PMID: 23677470. doi: 10.4049/
jimmunol.1300551

50. Wilkins MR, Lindskog I, Gasteiger E, Bairoch A, Sanchez JC, Hochstrasser DF, et al. Detailed peptide
characterization using PEPTIDEMASS—aWorld-Wide-Web-accessible tool. Electrophoresis. 1997;
18(3–4):403–8. PMID: 9150918.

51. Hellerstein MK, Neese RA. Mass isotopomer distribution analysis at eight years: theoretical, analytic,
and experimental considerations. Am J Physiol. 1999; 276(6 Pt 1):E1146–70. Epub 1999/06/11. PMID:
10362629.

52. Santos SG, Lynch S, Campbell EC, Antoniou AN, Powis SJ. Induction of HLA-B27 heavy chain homo-
dimer formation after activation in dendritic cells. Arthritis Res Ther. 2008; 10(4):R100. Epub 2008/09/
02. ar2492 [pii] doi: 10.1186/ar2492 PMID: 18759962; PubMed Central PMCID: PMC2575614.

53. Teobald I, Dunnion DJ, Whitbread M, Curnow SJ, Browning MJ. Phenotypic and functional differentia-
tion of KG-1 into dendritic-like cells. Immunobiol. 2008; 213(1):75–86. Epub 2008/01/22. S0171-2985
(07)00074-5 [pii] doi: 10.1016/j.imbio.2007.06.001 PMID: 18207029.

54. Grandea AG 3rd, Lehner PJ, Cresswell P, Spies T. Regulation of MHC class I heterodimer stability and
interaction with TAP by tapasin. Immunogenetics. 1997; 46(6):477–83. Epub 1997/01/01. PMID:
9321427.

55. Shimizu Y, Geraghty DE, Koller BH, Orr HT, DeMars R. Transfer and expression of three cloned
human non-HLA-A,B,C class I major histocompatibility complex genes in mutant lymphoblastoid cells.
Proc Natl Acad Sci U S A. 1988; 85(1):227–31. PMID: 3257565

56. Salter RD, Howell DN, Cresswell P. Genes regulating HLA class I antigen expression in T-B lympho-
blast hybrids. Immunogenetics. 1985; 21(3):235–46. PMID: 3872841.

57. Cella M, Engering A, Pinet V, Pieters J, Lanzavecchia A. Inflammatory stimuli induce accumulation of
MHC class II complexes on dendritic cells. Nature. 1997; 388(6644):782–7. Epub 1997/08/21. doi: 10.
1038/42030 PMID: 9285591.

58. Neefjes JJ, Doxiadis I, Stam NJ, Beckers CJ, Ploegh HL. An analysis of class I antigens of man and
other species by one-dimensional IEF and immunoblotting. Immunogenetics. 1986; 23(3):164–71.
PMID: 3957414.

59. DeLay ML, Turner MJ, Klenk EI, Smith JA, Sowders DP, Colbert RA. HLA-B27 misfolding and the
unfolded protein response augment interleukin-23 production and are associated with Th17 activation
in transgenic rats. Arthritis Rheum. 2009; 60(9):2633–43. doi: 10.1002/art.24763 PMID: 19714651

60. Hammer RE, Maika SD, Richardson Ja, Tang JP, Taurog JD. Spontaneous inflammatory disease in
transgenic rats expressing HLA-B27 and human beta 2m: an animal model of HLA-B27-associated
human disorders. Cell. 1990; 63(5):1099–112. PMID: 2257626

61. Evans DM, Spencer CC, Pointon JJ, Su Z, Harvey D, Kochan G, et al. Interaction between ERAP1 and
HLA-B27 in ankylosing spondylitis implicates peptide handling in the mechanism for HLA-B27 in dis-
ease susceptibility. Nat Genet. 2013; 43(8):761–7. PMID: 21743469.

62. Bowness P, Ridley A, Shaw J, Chan AT, Wong-Baeza I, Fleming M, et al. Th17 cells expressing
KIR3DL2+ and responsive to HLA-B27 homodimers are increased in ankylosing spondylitis. J Immu-
nol. 2011; 186(4):2672–80. PMID: 21248258. doi: 10.4049/jimmunol.1002653

63. Ridley A, Hatano H, Wong-Baeza I, Shaw J, Matthews KK, Al-Mossawi H, et al. Activation-induced
KIR3DL2 binding to HLA-B27 licenses pathogenic T cell differentiation in Spondyloarthritis. Arthritis
Rheum (Hoboken, NJ. 2015. PMID: 26841353.

64. Reeves E, Colebatch-Bourn A, Elliott T, Edwards CJ, James E. Functionally distinct ERAP1 allotype
combinations distinguish individuals with Ankylosing Spondylitis. Proc Natl Acad Sci U S A. 2014; 111
(49):17594–9. PMID: 25422414. doi: 10.1073/pnas.1408882111

65. Jorgensen KW, Rasmussen M, Buus S, Nielsen M. NetMHCstab—predicting stability of peptide-MHC-I
complexes; impacts for cytotoxic T lymphocyte epitope discovery. Immunol. 2014; 141(1):18–26.
PMID: 23927693.

66. Andres AM, Dennis MY, Kretzschmar WW, Cannons JL, Lee-Lin SQ, Hurle B, et al. Balancing selection
maintains a form of ERAP2 that undergoes nonsense-mediated decay and affects antigen presenta-
tion. PLoS Genet. 2010; 6(10):e1001157. PMID: 20976248. doi: 10.1371/journal.pgen.1001157

67. Falk CS, Schendel DJ. HLA-C revisited. Ten years of change. Immunol Res. 1997; 16(2):203–14.
PMID: 9212365.

68. Chazara O, Xiong S, Moffett A. Maternal KIR and fetal HLA-C: a fine balance. J Leuk Biol. 2011; 90
(4):703–16. PMID: 21873457.

Kinetic Basis of MHC Class I codominance

PLOS ONE | DOI:10.1371/journal.pone.0161011 August 16, 2016 24 / 25

http://www.ncbi.nlm.nih.gov/pubmed/23677470
http://dx.doi.org/10.4049/jimmunol.1300551
http://dx.doi.org/10.4049/jimmunol.1300551
http://www.ncbi.nlm.nih.gov/pubmed/9150918
http://www.ncbi.nlm.nih.gov/pubmed/10362629
http://dx.doi.org/10.1186/ar2492
http://www.ncbi.nlm.nih.gov/pubmed/18759962
http://dx.doi.org/10.1016/j.imbio.2007.06.001
http://www.ncbi.nlm.nih.gov/pubmed/18207029
http://www.ncbi.nlm.nih.gov/pubmed/9321427
http://www.ncbi.nlm.nih.gov/pubmed/3257565
http://www.ncbi.nlm.nih.gov/pubmed/3872841
http://dx.doi.org/10.1038/42030
http://dx.doi.org/10.1038/42030
http://www.ncbi.nlm.nih.gov/pubmed/9285591
http://www.ncbi.nlm.nih.gov/pubmed/3957414
http://dx.doi.org/10.1002/art.24763
http://www.ncbi.nlm.nih.gov/pubmed/19714651
http://www.ncbi.nlm.nih.gov/pubmed/2257626
http://www.ncbi.nlm.nih.gov/pubmed/21743469
http://www.ncbi.nlm.nih.gov/pubmed/21248258
http://dx.doi.org/10.4049/jimmunol.1002653
http://www.ncbi.nlm.nih.gov/pubmed/26841353
http://www.ncbi.nlm.nih.gov/pubmed/25422414
http://dx.doi.org/10.1073/pnas.1408882111
http://www.ncbi.nlm.nih.gov/pubmed/23927693
http://www.ncbi.nlm.nih.gov/pubmed/20976248
http://dx.doi.org/10.1371/journal.pgen.1001157
http://www.ncbi.nlm.nih.gov/pubmed/9212365
http://www.ncbi.nlm.nih.gov/pubmed/21873457


69. Johnson DR. Differential expression of humanmajor histocompatibility class I loci: HLA-A, -B, and -C.
Hum Immunol. 2000; 61(4):389–96. PMID: 10715516.

70. Rabenstein H, Behrendt AC, Ellwart JW, Naumann R, Horsch M, Beckers J, et al. Differential kinetics of
antigen dependency of CD4+ and CD8+ T cells. J Immunol. 2014; 192(8):3507–17. PMID: 24639353.
doi: 10.4049/jimmunol.1302725

71. Obst R, van Santen HM, Mathis D, Benoist C. Antigen persistence is required throughout the expansion
phase of a CD4(+) T cell response. J Exp Med. 2005; 201(10):1555–65. PMID: 15897273.

72. Rivas HG, Schmaling SK, Gaglia MM. Shutoff of Host Gene Expression in Influenza A Virus and Her-
pesviruses: Similar Mechanisms and Common Themes. Viruses. 2016; 8(4). PMID: 27092522.

73. Rowe M, Glaunsinger B, van Leeuwen D, Zuo J, Sweetman D, GanemD, et al. Host shutoff during pro-
ductive Epstein-Barr virus infection is mediated by BGLF5 and may contribute to immune evasion. Proc
Natl Acad Sci U S A. 2007; 104(9):3366–71. PMID: 17360652.

74. McLaren JE, Zuo J, Grimstead J, Poghosyan Z, Bell AI, Rowe M, et al. STAT1 contributes to the main-
tenance of the latency III viral programme observed in Epstein-Barr virus-transformed B cells and their
recognition by CD8+ T cells. The Journal Gen Virol. 2009; 90(Pt 9):2239–50. PMID: 19439556.

Kinetic Basis of MHC Class I codominance

PLOS ONE | DOI:10.1371/journal.pone.0161011 August 16, 2016 25 / 25

http://www.ncbi.nlm.nih.gov/pubmed/10715516
http://www.ncbi.nlm.nih.gov/pubmed/24639353
http://dx.doi.org/10.4049/jimmunol.1302725
http://www.ncbi.nlm.nih.gov/pubmed/15897273
http://www.ncbi.nlm.nih.gov/pubmed/27092522
http://www.ncbi.nlm.nih.gov/pubmed/17360652
http://www.ncbi.nlm.nih.gov/pubmed/19439556

