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MHC | immunopeptidome is
epitope specific and dependent
on peptide off-rate, abundance,
and level of tapasin expression

Denise S. M. Boulanger™, Leon R. Douglas?, Patrick J. Duriez?,
Yoyel Kang®, Neil Dalchau®, Edd James® and Tim Elliott™*

!Centre for Cancer Immunology, Faculty of Medicine, University of Southampton, Southampton, United
Kingdom, 2Cancer Research UK (CR-UK) Protein Core Facility, Faculty of Medicine, University of
Southampton, Southampton, United Kingdom, *Microsoft Research, Cambridge, United Kingdom, “Centre
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Tapasin, a component of the major histocompatibility complex (MHC) | peptide
loading complex, edits the repertoire of peptides that is presented at the cell
surface by MHC | and thereby plays a key role in shaping the hierarchy of CD8+
T-cell responses to tumors and pathogens. We have developed a system that
allows us to tune the level of tapasin expression and independently regulate the
expression of competing peptides of different off-rates. By quantifying the
relative surface expression of peptides presented by MHC | molecules, we
show that peptide editing by tapasin can be measured in terms of “tapasin
bonus,” which is dependent on both peptide kinetic stability (off-rate) and
peptide abundance (peptide supply). Each peptide has therefore an individual
tapasin bonus fingerprint. We also show that there is an optimal level of tapasin
expression for each peptide in the immunopeptidome, dependent on its off-
rate and abundance. This is important, as the level of tapasin expression can
vary widely during different stages of the immune response against pathogens
or cancer and is often the target for immmune escape.

KEYWORDS

tapasin, antigen presentation, major histocompatibility class |, peptide repertoire,
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Introduction

The CD8 T-cell response is an important arm of the immune system against pathogens
and cancer, triggered by the recognition of peptide: major histocompatibility complex
(MHC) I (pMHC) on the surface of antigen-presenting cells (APC). The abundance of
specific P MHC on an APC surface is an important determinant of T-cell function and fate,
underpinning the probability of T-cell activation upon T-cell priming, the probability of
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discharging effector function upon encounter with a target, the
maintenance of T-cell memory, and the induction of T-
cell exhaustion.

Three factors dominate the relative abundance of pMHC
displayed at the cell surface: peptide supply, peptide off-rate
from MHC, and peptide editing by tapasin and TAPBPR (1-4).

The amount of peptide being supplied to the ER will be
determined by the origin and abundance of the peptide source
translation product, how efficiently the peptide is processed by
cytosolic enzymes including the constitutive and immuno-
proteasome, how efficiently the peptide is transported through
TAP, and whether ERAAP is essential or detrimental to the
processing of the peptide to its optimum length for loading onto
a specific MHC 1 allele. Peptides from the resulting ER pool
compete to load onto MHC I molecules within the peptide
loading complex (PLC) made of the TAP transporter (TAP1/
TAP2) and two subcomplexes: MHC I-calreticulin and tapasin-
ERp57 (5). Tapasin bridges MHC I to TAP and therefore brings
the MHC I molecules close to the peptide delivery site (6). It also
stabilizes the transporter and maximizes peptide supply to the
ER (7), reviewed in (8). Furthermore, tapasin promotes the
exchange of low-affinity peptides bound in the MHC I cleft for
higher-affinity peptides (9-12), a process known as peptide
editing (13).

Peptide off-rate from MHC I is determined by multiple
interactions between side chains and backbone residues of the
peptide and amino acid residues that line the antigen-binding
cleft of the class I molecule in distinctive pockets (denoted A-F)
of varying depths and chemistry. Extensive polymorphism
among MHC T results in a degree of peptide selectivity based
on favorable side chain: pocket interactions. Whereas all MHC I
alleles studied to date are loaded more efficiently with their
peptide cargo in the presence of tapasin, there is large variability
between allelic variants regarding the extent to which this is so
(14-18). Consequently, for some alleles (like HLA-B*44:02),
tapasin appears to be essential for expression, whereas others
(such as B*44:05) have an intrinsic capacity for peptide editing
(10-12, 19, 20) and are expressed efficiently in cells that lack
tapasin, albeit with a suboptimally edited peptide cargo. These
phenomena are captured by a metric “tapasin index,” which is
allele specific and refers to the level of pMHC presentation in the
presence of tapasin divided by the level of presentation in its
absence (18). Alleles that are expressed well in the absence of
tapasin (by virtue of their high intrinsic editing capacity) have a
low tapasin index, whereas the so-called tapasin-dependent
alleles have a high tapasin index.

Tapasin expression levels can vary over orders of magnitude:
it can be upregulated following infection and ligation of TLRs or
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under the influence of inflammatory cytokines such as interferon
gamma (IFNY), IFNo, tumor necrosis factor alpha (TNFo), and
interleukin (IL)-4 (21). Similarly, tapasin can be overexpressed
in the inflammatory environment surrounding some cancers
(22). Conversely, viruses can target/compromise tapasin
resulting in a decreased MHC I surface expression. For
example, adenovirus E3-19K blocks tapasin from binding to
TAP (23, 24), and molluscum contagiosum MC80 targets
tapasin for degradation (25). Similarly, many tumors
downregulate or lose tapasin expression (26), which correlates
with poorer prognosis (27-30), tumor progression and
metastasis (31), and lower CD8+ TILs (29, 32). However, in
contrast, in salivary gland carcinomas, tapasin upregulation was
significantly associated with shorter overall survival (33).

In addition to changes in the tapasin expression level, other
parameters determining the level of peptide presentation can
also be subject to change during the course of an immune
response to a tumor or virus: (a) source protein levels (e.g., an
oncoprotein) may vary over orders of magnitude; (b) levels of
expression of antigen processing enzymes and TAP may vary
and impact peptide supply; (c) individual anchor amino acids
that comprise the agretope within a peptide may mutate to
enhance or diminish binding to MHC (peptide off-rate), without
necessarily affecting the epitope. We captured these elements in
a mechanistic model of antigen presentation that is capable of
predicting the quantity of distinct pMHC species presented at
the surface of an antigen-presenting cell while considering
competition between multiple peptides for binding to MHC,
peptide supply, binding strength, and tapasin editing (1, 19, 34).
In the model, tapasin enhances peptide unbinding to improve
peptide optimization without significantly delaying the transit of
MHC I to the cell surface. Differences in peptide optimization
across MHC class I alleles could be explained by allele-specific
differences in MHC I protein dynamics (1, 19). Taken together,
these suggest that, mechanistically, tapasin catalyzes the
interconversion of MHC I between an (open) intermediate
state and a (closed) native state (reviewed in (2)). This is also
consistent with structural studies of MHC I in complex with the
tapasin homologue TAPBPR (35, 36).

Here, we used the mathematical model to guide an
investigation into the compound effect of varying peptide
supply, affinity, and tapasin expression on levels of antigen
presentation in a physiological cellular model with all its
complexity (complete PLC and presence of other MHC I
alleles) compared to more restricted in vitro studies. By
comparing the level of peptide presentation in wild-type cells,
in TpnKO cells where the PLC would be disrupted and in
TpnKO cells reconstituted with different levels of tapasin
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expression, this study aims at measuring the effect of tapasin loss
or tapasin modulation (up or down) on the level of filtering of
peptides of different affinities and abundance.

Material and methods

Cells

Wild-type and TpnKO fibroblasts cell lines were produced
from primary ear fibroblasts harvested from C57BL/6 wild-type
mice or TpnKO mice, respectively, and immortalized by
transfection with pSV3-neo plasmid (ATCC, Cat No. 37150)
encoding the SV40 T-Ag (34). These were cultured in Roswell
Park Memorial Institute (RPMI) 1640 (Lonza, Verviers,
Belgium) supplemented with 10% fetal calf serum (FCS)
(Globepharm, Guildford, UK), 2 mM glutamine (Lonza), and
50 uM B-mercaptoethanol.

All cells were confirmed to be mycoplasma negative by PCR.

The authenticity of cells was verified by continuous
confirmation by flow cytometry that the cells expressed the
correct MHC I alleles at the correct relative level of expression.

Antibodies

The E10 human Fab reagent specific for ASNENMETM-
H2Db was expressed in bacteria from a plasmid kindly given by
Bennink and Yewdell (37) as described previously (34).

A chimeric 1C3 monoclonal antibody (human variable
domains fused to mouse IgG1 constant domains) generated in
mammalian cells was used to detect SSLENFRAYV-H2Db (34).

B22 and Y3 mouse monoclonal antibodies, reacting against
peptide-loaded H-2Db and H-2Kb, respectively (38, 39), were
produced in-house.

Secondary antibodies were goat anti-human IgG (H+L)
secondary antibody [GAH-AF647 (Thermo Fisher Scientific,
Cat. No. A-21445, RRID : AB_2535862] to detect E10 and
goat F(ab’)2-anti-mouse IgG (H+L) secondary antibody
[GAM-AF647 (Thermo Fisher Scientific, Cat. No. A-21237,
RRID : AB_2535806) to detect 1C3, B22, and Y3.

Anti-mouse tapasin 5D3 hamster monoclonal antibody
(BioLegend, Cat. No. 696702, RRID : AB_2687096) was used
in WB, followed by goat anti-Armenian hamster IgG (H+L)
secondary antibody conjugated to horseradish peroxidase (HRP)
(GAHam-HRP, Thermo Fisher Scientific, Cat. No. PA1-32045,
RRID : AB_10985178).

Plasmids

Influenza peptides restricted to H-2Db (SSLENFRAYYV,
PA224-233) and variants of ASNENMETM (NP366-374)
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were expressed from Venus/mCherry-ubiquitin-peptide
plasmid constructs generated as described in (34).

To generate tapasin-cerulean plasmids, mouse tapasin
sequence was amplified from wild-type fibroblasts
c¢DNA by PCR (using primers GATCTCGAGCTCAAGCTTC
GAATTCATGAAGCCTCTGCTCCTGCT and
GCTCACCATGGTGGCGATGGATCCCTGTGACTTCTT
TGAGTTCCTG to generate pTpn-Cer or GCTCAC
CATGGTGGCGATGGATCCTTACTGTGACTTCT
TTGAGTTCC to generate pTpn-STOP) and inserted into
mCerulean3-N1, a gift from Michael Davidson (Addgene
plasmid, Cat. No. 54730, RRID : Addgene_54730) (40).
Plasmid sequences were checked by sequencing using
primers CMVF_pCDNA3 (CAACGGGACTTTCCAAAATG),
EGFP C R (GTTCAGGGGGAGGTGTG), and EGFP Nrev
(CGTCGCCGTCCAGCTCGACCAG).

A KKXX retention signal was inserted at the C-terminus of
cerulean in pTpn-Cer to create pTpn-Cer-KKXX by site-
directed mutagenesis (QuickChange Site-Directed Mutagenesis
kit from Stratagene) using primer GACGAGCTGTACAA
GAAGAAGTCTCAATAAAGCGGCCGCGAC and its reverse
complement sequence.

pMHC presentation assay

Wild-type or TpnKO fibroblasts were seeded at 10° cells per
well in a six-well plate. When IFNY treatment was applied, 1 pg
of mouse IFNY (Peprotech, Rocky Hill, USA) was added per well
4 h after seeding. Cells were transfected the following day with
TransIT-LT1 (Mirus, Madison, USA) following the
manufacturer’s recommendations using 2.5 ug (single
transfections) or 2 x 1.25 ug (co-transfections) of plasmid
DNA per well. One day after transfection, cells were stained
for 45 min on ice with primary reagents, 1C3 hybrid mAb, E10-
purified Fab, B22, or Y3-purified mAbs, to detect surface pMHC
complexes. After washing, cells were incubated for 45 min with
GAH-AF647 (used after Fab primary) or GAM-AF647 (after
mouse antibodies including 1C3). Flow cytometry was
performed using a Fortessa X20 cytometer (BD, UK), and the
data were analyzed using FACS Diva software (BD).

Inhibition of ERAAP was achieved by adding, on
transfection day, L-leucinethiol oxidized dihydrochloride
(Sigma) (30 uM final concentration).

Quantitation of tapasin in sorted cells by
Western blotting

A set number of cells (transfected or not), as indicated in the
figure legend, was sorted using an Aria sorter (BD) according to
mCerulean fluorescence intensity, reporting on the level of
expression of tapasin. Corresponding cell pellets were lysed by
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freeze-thawing in phosphate-buffered saline (PBS) and loaded on
a 12.5% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) gel in reducing buffer. Separated
proteins were transferred onto a nitrocellulose membrane
(PROTAN, Amersham). Tapasin was identified by using the
anti-tapasin 5D3 antibody and GAHam-HRP, revealed with the
SuperSignal West Femto maximum sensitivity substrate
from Pierce, and visualized on a UVP BioSpectrum AC
Imaging System.

Brefeldin A decay assay

Cells were seeded and transfected as above. One day after
transfection, Brefeldin A was added at 5 pug/ml to block de novo
transport of MHC I to the cell surface, and the cells were
returned to 37°C for 1, 2, or 4 h to follow the decay of surface
pMHC complexes. Cells were harvested at time 0, 1, 2, and 4,
washed in FACS buffer, and stained with B22 mAb
(conformation sensitive anti-H-2Db mAb) and GAM-AF647
to detect peptide-loaded MHC-I molecules. Samples were
analyzed by flow cytometry on a Fortessa X20 flow cytometer,
and data were analyzed with the Diva software. Mean
fluorescence intensity (MFI) values were background deducted
by subtracting the MFI value obtained in the unstained control.
Half-lives and off-rate constants were then determined by fitting
the curves using an exponential trend line in Excel software
(Microsoft, USA).

Results

Individual peptides have an optimal
tapasin bonus that is dependent on both
their affinity and abundance

Howarth et al. (10) previously showed that peptide
presentation was enhanced by tapasin according to the half-
life of the pMHC complex when the different peptides were
supplied at the same rate. This enhancement can be expressed as
a peptide-specific tapasin bonus, calculated as the ratio of surface
presentation in the presence versus the absence of tapasin.

Peptide editing by tapasin requires iterations of binding and
unbinding of pMHC to tapasin, and peptides can enter this cycle by
binding to MHC that is either tapasin bound or not, which is a
mechanistic feature of the peptide filter model that we published
previously (1). A qualitative prediction from this is that, as peptide
supply increases, peptide binding to MHC will occur more
frequently than tapasin binding to MHC (as long as tapasin levels
are limiting), and as a result, the tapasin bonus will diminish.
Moreover, the tapasin bonus would vary depending on the tapasin
index of the MHC allele, the peptide affinity, and the peptide supply
(Supplementary Figure S1). We therefore tested this prediction
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experimentally and varied peptide supply for a number of peptides
of known affinity over a range that might be encountered in vivo for
viral or tumor antigens (we previously estimated the maximum
copy number of the fluorescent-Ub-peptide fusion protein, the
source for the peptide supply, to reach a maximum of 10° molecules
per cell [(34) Supplementary Figure S1B, E, F], which is similar to
the maximum copy number per cell of some proteins (41, 42)), then
measured the tapasin bonus for individual peptides. We measured
the surface expression of a number of peptide variants of the
Influenza virus peptide ASNENMETM with mutations at MHC I
anchor positions affecting their binding affinity to murine MHC I
H-2Db (ASN variants): ASNENMETV (off-rate: 8.8 x 107> s7V),
ASNENMETL (6.1 x 107°), ASNENMETM (5.2 x 107°),
ASNENMETI (5.4 x 107°), ASIENMETM (2.5 x 107°),
ASIENLETM (2.3 x 107°) as measured in (34). The peptides
were expressed endogenously as fusion proteins comprising a
fluorescent protein (venus), ubiquitin, and the peptide sequence
(34) (Figure 1A). The amount of peptide generated in the cytoplasm
(peptide supply), after cleavage of the polyprotein by ubiquitin
hydrolase, is directly correlated with the amount of fluorescent
protein, which can be measured by flow cytometry (Figure 1B). The
broad range of venus expression allowed the definition of seven bins
of increasing MFI or peptide supply (P1 to P7, Figure 1B), allowing
the expression of cell surface pMHC abundance to be reported as a
function of intracellular peptide abundance in both wild-type and
TpnKO fibroblasts for each ASN variant (Figure 1C).

Figure 1D shows that the tapasin bonus for each peptide variant
is dependent not only on peptide affinity but also on peptide supply
as predicted (Supplementary Figure S1, right panels). Thus, when
peptide supply rate is low (bin 2), the tapasin bonus for high-affinity
ligands such as ASIENMETM can be 10 times higher than for low-
affinity ligands like ASNENMETV. In the context of a viral
infection, this means that at the early stages of infection when
few viral peptides are available, tapasin will enhance the
presentation of high-affinity peptides over abundant self-peptides
of lower affinity. As the kinetics of presentation is crucial in
determining immunodominance (43), high-affinity epitopes
would therefore be more likely to become immunodominant
during early infection.

When peptide supply rates are high (bin 5), the tapasin
bonus for high-affinity peptides is low, as those peptides are
presented efficiently even in the absence of tapasin (Figure 1C).

Individual peptide presentation in the
absence of tapasin depends on both
affinity and abundance and is enhanced
by interferon-y

All ASN variants were detected on the surface of TpnKO
cells when the peptides were abundantly expressed, with an
increased presentation as the peptide affinity increased
(Figure 1C). In some experiments, high expression levels of
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FIGURE 1

pMHC surface expression at increasing peptide supply and tapasin bonus. (A) Experimental setup. Wild-type and TpnKO fibroblasts were
transfected with constructs expressing fusion proteins made of a fluorescent protein, ubiquitin, and an ASN variant peptide. pMHC complexes
were detected on the cell surface using E10 Fab, recognizing all of the ASN variants bound to MHC | molecules, although with varied affinities
((34), Supplementary Figure S7). (B) Cytoplasmic ubiquitin hydrolases cleave the fusion proteins, releasing an equimolar ratio of peptide and
fluorescent protein. The increasing level of venus expression in gates P1-P7 corresponds to increasing peptide supply. (C) Surface expression of
ASN variants, from lower-affinity ASNENMETV to the highest-affinity ASIENLETM peptide (off-rates calculated in (34) are indicated for each
peptide), in wild-type (black squares) and TpnKO (blue diamonds) fibroblasts at increasing peptide supply recorded by the venus MFI in the
different gates indicated by their bin number. As E10 Fab has a different affinity for each ASN variant complex, the staining intensity varies
between variants and cannot be compared between them. The aim of this experiment is to compare staining between wild-type and TpnKO
cells for each ASN variant. (D) The tapasin bonus, ratio of pMHC presentation in the presence of tapasin on wild-type cells over presentation on

TpnKO cells, was plotted at increasing peptide supply.

high-affinity peptides (ASIENMETM and ASIENLETM)
achieved the same level of presentation in the absence of
tapasin as in its presence (Figure 1C). High antigen expression
can therefore drive peptide presentation on tapasin-
deficient cells.

Under inflammatory conditions, in infections or cancer,
IFNy induces an increased expression of MHC I and proteins
involved in antigen processing and presentation (APP),
including tapasin, resulting in an increase in antigen
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processing, transport, and presentation. In wild-type
fibroblasts stimulated with IFNY, steady-state MHC I and
tapasin RNA levels, measured by real-time quantitative PCR
(RT-qPCR), were increased approximately 4 and 8 times,
respectively (data not shown, schematic in Supplementary
Figure S2), whereas TAP1 and TAP2 increased approximately
35 and 16 times. In comparison, in TpnKO fibroblasts, MHC I,
TAPI, and TAP2 RNA levels increased by 3, 10, and 7 times.
Increased expression of these proteins resulted in an increased
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surface presentation of all ASN variant peptides, not only in
wild-type cells, as shown previously (34), but also by a factor of
10-20 in TpnKO cells, reaching and exceeding the levels
observed on untreated wild-type cells (Figure 2). Thus, for
cancer immunotherapy, strategies for increasing intra-tumoral
IFNYy expression could improve antigen presentation, not only in
tumors where MHC I and/or tapasin downregulation results
from regulatory alterations that can be reversed by IFNy
treatment but, importantly, also in tumors that have
permanently lost tapasin expression.

Individual peptides have an optimal level
of tapasin expression

Given that individual peptides, defined by their off-rate and
their abundance, have an optimal tapasin bonus, it follows that
optimal presentation of a given peptide might be achieved by
tuning the level of tapasin expression. This is important because
levels of tapasin expression can be either dramatically increased in
the presence of inflammatory cytokines (eightfold increase after
IFNY treatment in wild-type fibroblasts) or decreased via various
mechanisms in virus-infected cells or cancer (where expression of
tapasin can be downregulated or completely lost), thereby
regulating the presentation of crucial protective epitopes.
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This phenomenon can be simulated (Supplementary Figure
S3), showing that the optimal presentation of high-affinity
peptides was achieved in the presence of a higher tapasin
expression level compared to lower-affinity peptides and that
surface expression of all peptides decreased over a certain level of
tapasin expression. To investigate this experimentally, TpnKO
cells were transfected with a tapasin-expressing plasmid and a
quantifiable fluorescent reporter. As cerulean fluorescence was
quenched when expressed as a fusion protein with tapasin (see
Supplementary Figure S4), we co-transfected cells with tapasin
and cerulean expressed from separate plasmids (pTpn-STOP
and mCerulean3-N1 plasmids) (Supplementary Figure S4A). To
check that the tapasin expression spanned physiological levels,
we sorted identical numbers of cells from gates of increasing
cerulean MFI (Figure 3A, sorting gates S1-S6) and semi-
quantified the level of tapasin expression by Western blotting
(Figure 3B). Expression levels ranged from the levels seen in
IFNy-induced wild-type fibroblasts (Figure 3B, lane I) to the low
levels that can be seen in some human tumor cell lines
(Supplementary Figure S5). Tapasin was barely detectable in
wild-type cells in the absence of IFNYy induction (Figure 3B, lane
U) but was clearly induced by IFNYy. Therefore, we observed a
clear difference in pMHC presentation between wild-type and
TpnKO cells (Figure 1), even though wild-type cells expressed
only a low level of tapasin.
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- g L a
0
2 34 567 1.2 3 4518617
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FIGURE 2

pMHC surface expression at increasing peptide supply on cells treated with IFNy. Surface presentation of ASN variants (from the lower-affinity
ASNENMETYV to the highest-affinity ASIENLETM peptide) on wild-type (black squares) and TpnKO (blue diamonds) fibroblasts were plotted at

increasing peptide supply on the x-axis (venus MFI in each gate). Surface presentation on cells treated with IFNy (solid fill)

can be compared to

presentation in untreated cells (open symbols) showing that the presentation of abundant peptides in TpnKO cells treated with IFNy can exceed
the presentation in untreated wild-type cells. This figure is a repeat of Figure 1C, with all peptides tested in a single experiment.
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As expected, as transfected tapasin was expressed under the
control of the CMV promoter, its expression level was not
increased under IFNY treatment (Supplementary Figure S4D).

Figure 3C shows total pMHC surface presentation at
increasing tapasin expression levels. In the absence of tapasin,
surface H-2Db and H-2Kb expression was low and escalated
with increasing levels of ectopic tapasin expression to a
maximum of roughly fourfold above the baseline before
dropping as tapasin expression increased further. After IFNy
treatment, this bell-shaped expression profile was less
pronounced for both H-2 alleles, particularly H-2Kb, which
did not reach maximum expression even at the highest levels
of tapasin expression achieved (Figure 3C, right panel). We
speculate therefore that the decline in surface expression at high
levels of tapasin is at least partially due to limiting MHC supply,
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which seems to be restored by IFNy more efficiently for H2-Kb
than for H2-Db (Figure 3C, right panel).

Elevated tapasin expression results in
more intense peptide filtering

The mechanism underpinning the observation that tapasin
titration curves were concave and not plateaued (Figure 3C; also
seen in wild-type cells, Supplementary Figure S6) was
investigated further. According to our model, increased
tapasin expression should lead to a greater flux through the
MHC-tapasin-bound loading pathway, and in extremis, this
should lead to the release of a less-diverse immunopeptidome
with a higher average affinity to the cell surface (19). That is to

frontiersin.org


https://doi.org/10.3389/fimmu.2022.956603
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Boulanger et al.

say, the peptide repertoire should experience more
intense filtering.

We tested this idea in two ways: first, we measured the
average peptide cargo stability of H-2Db in cells expressing
increasing levels of tapasin, and second, we quantified the
loading and presentation of peptides with different affinities as
a function of tapasin expression level.

As demonstrated previously, pMHCs presented on the
surface of wild-type fibroblasts were more stable than those
presented on TpnKO, as shown by following the decay of pMHC
surface levels over time on cells treated with brefeldin A, which
blocks transport to the cell surface of newly loaded MHC I
molecules (Figure 4A). Thus, tapasin increases pMHC half-life
from 35 min to 4 h in the absence and from 2 h to well over 4 h
in the presence of IFNY.

We next compared H-2Db stability as a function of tapasin
expression level, using the same brefeldin A-decay assay. H2-Db
surface expression followed the same bell-shape pattern as
shown previously (Figure 3C) at time 0 and after 1, 2, or 4 h
of decay (Figure 4B). Plotting the surface expression as a
percentage of expression at time 0 clearly demonstrated that
the peptide cargo increased in stability as tapasin expression
increased until reaching a plateau by bin 4 (Figure 4C). At this
level of tapasin expression, the half-life of the peptide cargo
presented on transfected TpnKO cells was about 4 h, similar to
the half-life of the peptide repertoire presented by wild-type cells
(Figure 4D, E). A similar response was observed for IFNy-
stimulated cells (Figures 4F-I), albeit with different start and
endpoints as noted above.

We next measured peptide filtering as a function of tapasin
expression directly by quantifying the selection and presentation
of peptides with different kinetic stabilities (oft-rates) with
increasing tapasin expression. We measured the relative
surface expression of three peptides of increasing affinity,
namely, ASNENMETV, ASNENMETM, and ASIENMETM,
expressed individually as venus fusion proteins allowing
quantification of their intracellular supply. In addition to
measuring the level of presentation of each peptide using
pMHC-specific reagents, we also measured total cell surface
H2-Db expression.

Figure 5 shows the level of presentation of each peptide,
generated from the intracellular fusion protein, with increasing
levels of tapasin expression (top row) compared to total H-2Db
expression (bottom row), in the presence (Figure 5B) or absence
(Figure 5A) of IFNY stimulation. These data were expressed as a
ratio of the presentation of each peptide relative to the
presentation of the lower-affinity peptide (Figures 5C, D).
These plots clearly show that the selection of the high-affinity
peptide ASIENMETM over the intermediate- and low-affinity
peptides is greater with increasing tapasin expression in both the
absence and presence of IFNY (where H-2Db expression is four
to five times higher). Thus, the relative presentation of
ASNENMETV : ASNENMETM : ASIENMETM is
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approximately 1:2:10 when tapasin expression is low (MFI,
10%) and rises to 1:6:40 when tapasin expression is high
(MFL, 10%).

To demonstrate directly that this was a result of peptide
editing, we measured tapasin-dependent peptide filtering using
simultaneous expression of two intracellular competing peptides
as described previously (34). Cells expressing both peptides were
gated and analyzed, at increasing tapasin expression levels in the
six gates used previously (Figure 3B), for their level of surface
expression for both peptides (Figure 5E, histograms). The ratio
of SSLENFRAYV/ASNENMETM surface presentation
(Figure 5E) shows the extent to which high-affinity peptide
SSLENFRAYYV is selected in preference to intermediate-affinity
ASNENMETM in the presence of increasing levels of tapasin.
Thus, over the range of tapasin levels investigated, the ratio of
high-/intermediate-affinity peptide occupying surface pMHC
went from approximately 0.5 to nearly 2 (Figure 5C, y-axis on
the right).

Taken together, these experiments demonstrate that
increasing tapasin expression correlates with enhanced peptide
filtering, leading to a higher proportional representation of high-
affinity peptides at the expense of lower-affinity peptides.

Discussion

Tapasin enhances the presentation of high-affinity peptides
on the cell surface, providing stable pMHC complexes ideal for
inducing an efficient cytotoxic T-cell response. It is therefore not
surprising that tapasin is targeted by viruses as a means of
escaping immune detection and is frequently downregulated in
tumors that have escaped control by CTLs. Tumors often have a
complex pattern of altered expression of APP proteins, making it
difficult to differentiate the effect of individual components on
the downregulation of MHC-I-restricted antigen presentation.
For instance, Thuring et al. (28) showed that a whole cluster of
APP was downregulated in 11 glioma cell lines (MHC I heavy
chain, f2m, tapasin, TAP1, TAP2, LMP2, and LMP7), although
the protein that most strongly correlated to HLA-I levels was
tapasin. By isolating tapasin function in our experimental
system, we have been able to investigate directly and
quantitatively the impact of tapasin expression levels on
peptide editing and presentation.

We showed that tapasin editing of the peptide repertoire is a
dynamic process, modulated by peptide affinity and supply rate
and by the level of tapasin expression. When tapasin is limiting,
peptide filtering is low, allowing the presentation of lower-
affinity peptides. These are edited out of the repertoire as
tapasin level increases and peptide supply becomes limiting: a
situation where filtering is high and leads to a more refined
repertoire. We also observed that at high tapasin levels, fewer
loaded MHC I get to the surface. Mechanistically, this can be
explained as a gradual increase in the probability of a pMHC
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FIGURE 5

pMHC surface presentation of ASN variants at increasing tapasin expression levels. (A) TpnKO cells were transfected with tapasin (and
mCerulean) and venus fusion proteins expressing either ASNENMETV, ASNENMETM, or ASIENMETM peptides. ASN pMHC (top panels) and total
pMHC (H-2Db) (bottom panels) were measured at increasing tapasin expression levels on the x-axis. (B) Same in IFNy-treated cells. (C, D)
Plotting the ratio of presentation of ASNENMETM (medium affinity) and ASIENMETM (high affinity) compared to the presentation of ASNENMETV
(lowest-affinity peptide) revealed the increased filtering advantage towards the high-affinity peptide as tapasin expression increases in untreated
cells (C) and IFNy-treated cells (D). (E) TpnKO cells were transfected with venus-Ub-ASNENMETM and mCherry-Ub-SSLENFRAYV and with
tapasin-STOP and cerulean. Surface presentation of each peptide was determined by separate staining and recorded for increasing tapasin
expression in the six gates shown in Figure 3A. Surface presentation of SSLENFRAYV (black histograms) increased in gates S1-S6 with increasing
levels of tapasin expression. Surface presentation of ASNENMETM (gray) increased to a lower rate. The increasing ratio of SSL/ASN presentation
is shown by the black line.
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encountering a tapasin molecule compared to egression from the
ER. Tapasin-associated pMHC is both prevented from egression
and subjected to further iterations of peptide editing. This
phenomenon can be simulated with the peptide-filter relation
model (1, 19) and illustrates the importance of the tapasin bind-
release cycle in editing and cell surface presentation. This is
consistent with a catalytic cycle for peptide editing in which
MHC I molecules exist in two states, namely, “open” and
“closed” and cycles between tapasin bound and tapasin
unbound—the state that samples the stability of bound peptide
cargo being “closed” (19) and binds to tapasin poorly (2, 11, 44).
MHC I'loaded with relatively stable peptides will dissociate from
tapasin and have a greater probability of egressing to the cell
surface, whereas peptides that do not stabilize the closed
conformation of MHC I will allow it to open and release the
suboptimal peptide. Tapasin functions by catalyzing
interconversion between the two states, presumably by
stabilizing a structural intermediate (perhaps similar to the
one observed for TAPBPR-bound pMHC), thereby increasing
the flux through the peptide-bound closed state. This will in turn
accelerate the rate of peptide exchange. Increasing the flux
through this tapasin-bound state, by simply tuning up the
level of tapasin expression, will intensify peptide filtering,
resulting in fewer peptides, but of higher affinity, being
presented at the cell surface.

Interestingly, the fact that editing is sensitive to the number
of tapasin molecules expressed in the early secretory pathway
implies that either MHC I can load in “sub-stoichiometric” PLC
and/or that tapasin can have an editing and ER retention
function outside the PLC.

Saturating the tapasin pathway by increasing peptide supply
will lead to relatively more loading via a tapasin-independent
pathway where the degree of peptide editing depends on the
intrinsic properties of the particular MHC I allele. This will
consequently lower the tapasin bonus as shown in Figure 1—and
we would predict that the degree to which this occurs will
depend on the relative “tapasin dependency” of the MHC I
allele in question: a large reduction for tapasin-dependent alleles,
a small reduction for tapasin-independent alleles. We, and
others, have previously shown that the tapasin index is MHC I
allele dependent (15-18, 45). Thus, some alleles derive low
benefit with regard to peptide editing from tapasin, whereas
others are dependent on tapasin for their peptide loading and
cell surface expression. The H-2Db molecule studied here is
moderately dependent (46, 47) and therefore well suited for
investigations into the impact of tapasin expression on
antigen presentation.

Here, we show that for a single MHC I allele, at the level of
individual peptide presentation, tapasin dependence varies
according to the peptide supply and off-rate and that there is a
different optimal level of tapasin expression, or tapasin bonus, for
each peptide depending on its kg and supply rate. This also means
that the repertoire of presented peptides (immunopeptidome) is
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likely to change as tapasin expression is tuned. This could be a
significant factor at the level of peptide presentation on tumors
expressing different levels of tapasin. In addition, given the differing
levels of tapasin dependence among HLA alleles, it is likely that the
immunopeptidomes presented by MHC I with a low tapasin index
might be less susceptible to fluctuations in tapasin expression.

In the absence of tapasin, competition from high-affinity
peptides is lower and allows lower-affinity peptides supplied in
high amounts to be presented more efficiently. Immunodominant
or protective epitopes can therefore appear or disappear
depending on their intrinsic characteristics (48) and on the level
of tapasin. For example, when tapasin is downregulated, the
presentation of survivin and CEPP55-derived epitopes is
reduced in the SW480 colon cancer cell line, and the survivin
2B epitope is lost in the LHK2 lung cancer cell line (29).
Conversely, the presentation of an MUCI epitope was reduced
after transfection of tapasin in the Pan02-MUCI tumor cell
line (49).

The overexpression of tapasin can also lead to an overall
reduced peptide presentation affecting primarily peptides of low
or medium affinity. The presentation of protective epitopes of
lower affinity can therefore be reduced when tapasin expression
is enhanced. The overexpression of tapasin could even constitute
another immune escape mechanism in tumors, and
interestingly, elevated tapasin expression has been observed in
tumor tissues and cell lines including acinic cell carcinomas (33),
multiple myeloma (50), and prostate cancer (51). Conversely,
Romero et al. (52) described a subclone of the GR9 mouse
fibrosarcoma cell line that had increased transcription of tapasin,
H-2D, B2m, and TAP2 but showed decreased surface expression
of H-2D, suggesting a scenario of tapasin overexpression similar
to the one that we contrived (Figure 3). When injected into mice,
tumors resulting from that clone grew more slowly than clones
where tapasin expression was lower yet had a higher surface
expression of H-2 and suggests that this tumor is made more
antigenic by enhanced peptide filtering. We have also identified
one lung cancer cell line (SK-LU-1) expressing high levels of
tapasin (Supplementary Figure S5).

We showed at the level of individual peptide presentation that
tapasin enhanced the presentation of low copy numbers of high-
affinity peptides, but when these were supplied in abundance,
tapasin editing was less important for their presentation, and the
tapasin bonus declined. As the immune system has evolved mostly
under the pressure of pathogens, this means that the presentation
of a minimal amount of high-affinity peptides produced early on
during an acute infection is optimized due to the presence of
tapasin. This would give an advantage to high-affinity peptides to
become immunodominant, as the kinetic of epitope presentation
is crucial to establish immunodominance (43). However, in
chronic viral infections and in cancer, lower-affinity but more
abundant peptides could start to dominate on the cell surface.

We also showed (Figure 1) that pMHC presentation in the
absence of tapasin is governed by the abundance and off-rate of

frontiersin.org


https://doi.org/10.3389/fimmu.2022.956603
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Boulanger et al.

the peptides and that high antigen expression can lead to epitope
presentation even on tapasin-deficient cells and even if the
peptide has a lower affinity. Targeting abundant peptides,
including lower-affinity peptides, rather than considering only
rare high-affinity epitopes might therefore be a valid strategy for
developing vaccines that could treat tumors that have or are
likely to eventually downregulate tapasin expression.

MHC T surface expression can be downregulated by two
major mechanisms: genetic defects in MHC I or 32m sequences
resulting in irreversible loss of MHC I expression in “hard lesions”
or MHC I downregulation resulting from regulatory alterations of
MHC I or APP expression in “soft lesions.” Antigen presentation
can often be reversed by IFNy in the latter, but our data suggest
that IFNYy could also enhance MHC I surface expression in cells
permanently lacking tapasin (Figure 1). IFNY treatment increased
the stability of the peptide cargo even in the absence of tapasin
(Figure 4A), suggesting other contributing factors. Given our
finding that in the absence of tapasin, the unedited peptide
repertoire is likely to be dominated by peptide affinity and
abundance, this result suggests an increased supply of higher-
affinity peptides in the presence of IFNYy. Such a situation might
arise from both qualitative (peptide generation dominated by
immunoproteasome rather than constitutive proteasome) and
quantitative (enhanced peptide transport) factors supported by
an increased expression of proteasome subunits and of the TAP1
and 2 proteins. In addition, increased expression of TAPBPR
could also contribute to the editing of the peptide repertoire
resulting in increased stability of the peptide cargo. Moreover, in
cells expressing tapasin, IFNYy treatment would not only enhance
pMHC presentation but could also broaden the response, as our
results suggest that in the presence of IFNY, tapasin improves the
presentation of both high- and medium-affinity peptides, as long
as these are processed equally well with or without IFNYy (53).

Altogether, our data suggest that, depending on the affinity
and abundance of a peptide, there is a sweet spot of optimal
tapasin expression that could be modulated for optimal peptide
presentation and exploited in immunotherapy.
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