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Peptide Binding to HLA-E Molecules in Humans, Nonhuman
Primates, and Mice Reveals Unique Binding Peptides but
Remarkably Conserved Anchor Residues

Paula Ruibal,* Kees L. M. C. Franken,* Krista E. van Meijgaarden,* Joeri J. F. van Loon,*
Dirk van der Steen,’ Mirjam H. M. Heemskerk,” Tom H. M. Ottenhoff,* and
Simone A. Joosten*

Ag presentation via the nonclassical MHC class Ib molecule HLA-E, with nearly complete identity between the two alleles expressed
in humans, HLA-E*01:01 and HLA-E*01:03, can lead to the activation of unconventional T cells in humans. Despite this virtual
genetic monomorphism, differences in peptide repertoires binding to the two allelic variants have been reported. To further
dissect and compare peptide binding to HLA-E*01:01 and HLA-E*01:03, we used an UV-mediated peptide exchange binding
assay and an HPLC-based competition binding assay. In addition, we investigated binding of these same peptides to Mamu-E, the
nonhuman primate homologue of human HLA-E, and to the HLA-E-like molecule Qa-1" in mice. We next exploited the differ-
ences and homologies in the peptide binding pockets of these four molecules to identify allele specific as well as common features of
peptide binding motifs across species. Our results reveal differences in peptide binding preferences and intensities for each human
HLA-E variant compared with Mamu-E and Qa-1". Using extended peptide libraries, we identified and refined the peptide
binding motifs for each of the four molecules and found that they share main anchor positions, evidenced by conserved amino
acid preferences across the four HLA-E molecules studied. In addition, we also identified differences in peptide binding motifs,
which could explain the observed variations in peptide binding preferences and affinities for each of the four HLA-E-like
molecules. Our results could help with guiding the selection of candidate pathogen-derived peptides with the capacity to target

HLA-E-restricted T cells that could be mobilized in vaccination and immunotherapeutic strategies.

2020, 205: 2861-2872.

l ] nconventional T cells are unique in their capacity to
recognize Ags, including peptides, lipids, phosphoanti-
gens, and metabolites presented through highly conserved

Ag-presenting molecules such as HLA-E, CD1, butyrophilin-3, and

MR-1, respectively (1). The very limited genetic polymorphism

characteristic of these Ag-presenting molecules allows the activa-

tion of T cell responses in the majority of individuals by identical

ligands, leading to the moniker donor-unrestricted T cells (2).
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HLA-E-restricted T cells are triggered by the presentation
of peptide Ags via HLA-E, a virtually monomorphic HLA
class Ib molecule, for which two coding variants are known to
be expressed in humans. Their sequences contain only 1 aa
difference, in position 107, located outside of the peptide
binding groove (arginine in HLA-E*01:01 and glycine in
HLA-E*01:03), and are therefore considered to be unlikely to
affect peptide binding (3). HLA-E typically binds nonameric
peptides derived from HLA class Ia signal sequences, leading
to its stabilization on the cell surface and allowing recognition
by CD94/NKG2A and CD94/NKG2C, which inhibit or activate
NK cell activity, respectively (4, 5). In addition, HLA-E
functions as an Ag presentation molecule for TCR-mediated
recognition of self- or pathogen-derived peptides, triggering
the adaptive immune system (6—13). Its virtual monomorphism
along with its capacity to stimulate unconventional CD8"
T cells suggest HLA-E’s potential can be exploited (e.g., by
vaccination) to effectively mobilize HLA-E—restricted T cells
across human populations (14). A series of studies in rhesus
macaques (RM) vaccinated with modified rhesus CMV (RhCMV)
vectors carrying pathogen-encoded Ags showed that the vaccine-
induced protection was largely, if not fully, dependent on Mamu-
E (ortholog of HLA-E in RM)-restricted T cell responses in
the context of Plasmodium knowlesi and SIV infections (15,
16). More recently, Mamu-E-restricted hepatitis B virus—
specific CD8" T cells induced by a modified RhCMV vector
were able to recognize hepatitis B virus—infected primary hepa-
tocytes derived from both RM and humans, further supporting the
potential of these unconventional T cells as vaccine targets in
humans (17).
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Mamu-E and Mafa-E, the orthologs of HLA-E in RM and
Mauritian cynomolgus macaques, respectively, were shown to
bind the same peptides as HLA-E and to have conserved Ag
presentation capacities akin to their human counterpart (18).
Thus, nonhuman primates (NHP) provide a relevant model for
human HLA-E immunobiology and represent one of the fre-
quently used models for human disease pathogenesis studies
and preclinical trials. In mice, Qa-1° is the functional homolog
of HLA-E, which despite greater evolutionary distance to
HLA-E, also shows similar peptide binding specificity, likely
due to the high structural conservation of the peptide binding
groove (19-23). In humans as well as in mice, a broad func-
tional capacity for HLA-E/Qa-1 -restricted T cells, including
regulatory and cytotoxic effector functions, was associated
with control of intracellular mycobacterial growth in vitro and
protection against severe Mycobacterium tuberculosis infection
in vivo (7, 8, 24, 25).

Strong positional specificity was initially observed in nonameric
peptide sequences binding to HLA-E, with preferred hydrophobic
“anchor” residues at position 2 (P2) and P9, based on analyses of
the highly conserved HLA class Ia signal peptide sequence (20,
26). Based on this motif, in silico prediction efforts led to the
identification of M. tuberculosis—derived peptides with the ca-
pacity to stimulate effector CD8" T cell responses in an HLA-E—
restricted fashion (7, 8, 24). However, more recent peptide elution
studies have shown much greater sequence and length diversity in
the HLA-E peptide binding repertoire (27-30). Unexpected dif-
ferences were also identified in peptide repertoires binding to
HLA-E*01:01 and HLA-E*01:03 (28, 31). Structural analyses
have demonstrated a broad tolerance for hydrophobic and polar
amino acids in the primary pockets of HLA-E and Mamu-E
molecules, supporting the notion that HLA-E has the capacity to
bind more diverse peptides than previously thought (15, 32). The
recently estimated density of ~4 HLA-E epitopes per 100 aa of
protein length further supports the notion that HLA-E can bind
more peptides than originally anticipated (15).

In this study, we have compared the peptide binding capacities of
HLA-E*01:01 and HLA-E*01:03 to dissect the precise peptide
binding motifs for these two highly conserved Ag-presenting mol-
ecules, using large panels of peptides (Supplemental Table I). To
optimize the future selection of peptides for in vivo and pre-
clinical studies in animal models, we also examined and cross-
validated binding of the same peptides to the HLA-E-like
molecules Mamu-E and Qa-1° to compare peptide binding
properties by human, NHP, and mouse HLA-E-like molecules.
The resulting algorithm may help with identifying novel pathogen-
derived peptides with an ability to bind MHC-E (referring to
HLA-E*01:01, HLA-E*01:03, Mamu-E, and Qa—lb) and could
assist in selecting pathogen-derived peptides to target MHC-E-
restricted T cells in humans, NHP, and mice, with the potential to
stimulate MHC-E-restricted effector T cell immunity against
pathogens and tumors.

Materials and Methods

Protein production

Recombinant extracellular HLA-E*01:01, HLA-E*01:03, Mamu-E [con-
sensus sequence obtained after alignment (33) of 22 available alleles
(Supplemental Fig. 1)], and Qa—lb (Protein Data Bank: 3VJ6) H chains
with a C-terminal BirA recognition site were overexpressed in Escherichia
coli as described previously (7) and stored as inclusion bodies at —80°C.
Human B2-microglobulin (f2m) was also overexpressed in E. coli and
dissolved in 8 M urea before being prefolded by dialysis against PBS with
10 mM Tris.HCI (pH 8) and stored at —80°C in 200 wM stock solutions.
Protein concentration was determined by the Bradford protein assay, and
purity was assessed by SDS-PAGE.

Folding monomers for UV-mediated peptide exchange

Purified inclusion bodies containing 2.5 mg of H chain were solubilized in
8 M urea and folded for 5 d at 10°C with 1.2 mg prefolded 32m and 3 mg
UV-sensitive peptide (VMAPJTLVL, where J is a photolabile 2-nitro-
phenylamino acid) (32, 34) in 50 ml folding buffer (400 mM L-Arginine,
0.5 mM oxidized glutathione, 5 mM reduced glutathione, 2 mM EDTA,
100 mM Tris.HCI [pH 8], glycerol 5%, and half a tablet of protease in-
hibitor mixture [cOmplete; Roche]). After folding, monomers were con-
centrated on a 30 kD filter (Amicon Ultracel 15). Mamu-E and Qa—lb
monomers were biotinylated using the BirA enzyme, whereas HLA-
E*01:01 and HLA-E*01:03 monomers were not biotinylated. All mono-
mers were purified by gel filtration on a HilLoad 16/60 Superdex 75 prep
grade (GE Healthcare) and stored with 16% of glycerol in PBS at —80°C
in small aliquots.

UV-mediated peptide exchange reaction

UV-mediated peptide exchange was performed as described previously (32,
35, 36). Briefly UV photo cleavage and peptide exchange were performed
in duplicate in polypropylene U-bottom 96-well plates (Greiner Bio-One).
Each well contained a single reaction volume containing 0.5 uM of UV-
sensitive MHC-E monomer in the presence of 100 wM exchange peptide in
a total volume of 25 wl, which was adjusted by adding exchange buffer
(20 mM Tris [pH 7.4] and 150 mM NaCl). As a positive control, pPCMV
was used as exchange peptide because it is known to have a high binding
capacity to HLA-E, and VL9 and Qdm, canonical binders to HLA-E and
Qa-1°, respectively, were used as an additional control in all assays. As a
negative control, no additional peptide was added, and the reaction con-
sisted of the UV-sensitive MHC-E monomer alone. UV-mediated peptide
exchange reaction was triggered by exposure to UV light >350 nm for
60 min at 4°C.

Detection of peptide exchange by sandwich ELISA

For HLA-E*01:01 and HLA-E*01:03, 96-well half area ELISA micro-
plates (Greiner Bio-One) were coated with 10 wg/ml of purified anti-
human HLA-E Ab (clone 3D12; BioLegend). For Mamu-E and Qa-1°,
96-well Nunc MaxiSorp plates (Invitrogen) were coated with 2 pg/ml
streptavidin (Invitrogen). Subsequent to the UV exposure, the resulting
exchanged monomers were diluted 100-fold in blocking buffer, and 25 pl
was added to plates previously blocked with 2% IgG-free BSA in PBS and
washed with 0.05% Tween 20 in PBS. Detection of (32m-associated
complexes was performed using 2 pg/ml HRP-conjugated anti-f2m Ab
(Thermo Fisher Scientific) in blocking buffer, and the signal was amplified
with a 1:15 dilution of HRP-coupled goat anti-rabbit IgG (Dako) before
developing with tetramethylbenzidine substrate (Invitrogen) and termi-
nating the reaction with H,SO, stop solution. Absorbance readings were
obtained at 450 nm using a SpectraMax i3x Reader. Sample-to-positive (s/
p) ratio was calculated by normalizing values to positive control (pCMV)
after subtraction of the background obtained in the absence of test peptide
(no rescue): s/p ratio = (value — no rescue)/(pCMV — no rescue). Binding
for all peptides was measured in at least two independent experiments, and
results represent mean values.

HPLC size exclusion chromatography peptide binding assay

MHC-E H chains were dissolved in 8 M urea and stored in 50 uM stock
solutions at —80°C until use. MHC-E preparations were titrated in du-
plicate in the presence of 100 fmol fluorescent standard peptide to
determine the rMHC-E concentration at which 20-50% binding of the
fluorescent standard peptide was obtained. All subsequent assays were
performed at these MHC-E concentrations. For HLA-E*01:01, HLA-
E*01:03, and Mamu-E, VXAPCTLLL (where X is norleucine [the use of
norleucine showed reduced oxidation compared with the methionine in P2.
This reduced unspecific aggregation of the proteins while maintaining the
binding capacity of methionine] and C is labeled with fluorescein) was
used as a fluorescent standard peptide. For the Qa-1°, VMAPCTLVL
(where C is labeled with Alexa Fluor 488) was used.

Test peptides were dissolved in DMSO at a concentration of 10 mM,
and binding assays were performed as previously described (7, 37). Briefly,
a 10-fold titration series was made on a low protein binding U-bottom
96-well microtiter plate (polypropylene; CoStar). HLA-E*01:01, HLA-
E*01:03, or Mamu-E (5 pmol) or Qa—lb H chain (25 pmol) was incubated
for 24 h at room temperature in a total reaction volume of 100 wl con-
taining 25 pmol B2m, 2 pl protease inhibitor mixture (50X solution
cOmplete; Roche), 100 fmol fluorescent standard peptide, and 10 pl of test
peptide dilution in binding buffer (pH 7) (100 mM phosphate, 75 mM
NaCl, and 1 mM CHAPS). Samples were analyzed on a SynChroPak GPC
100 column (250 X 4.6 mm; Eprogen) using a Jasco AS-950. As HPLC
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running buffer, binding buffer containing 1% CH3CN was used. Fluo-
rescence emission was detected at 516 nm using a Jasco FP 920 fluores-
cence monitor (B&L Systems, Maarssen, the Netherlands). The percentage
of peptide bound was calculated as the amount of fluorescence bound to
MHC-E divided by total fluorescence. The concentration of peptide
yielding ICso was deduced from the dose-response curve. Binding for each
peptide was measured once.

9-mer combinatorial peptide library scan and analysis

The combinatorial peptide library (CPL) consists of 180 peptide pools, each
of them containing a single amino acid fixed at one position, whereas the
rest of the sequence is random (38, 39). Binding of CPL peptide pools was
measured in the same way as with single peptides using 100 uM of each
peptide pool. Two measurements were performed in the context of each
MHC-E molecule, and averages were calculated for further analysis with
the Warwick Systems Biology Centre Peptide Identification CPL webtool,
which generated the heatmaps (40).

Results

To investigate peptide binding to MHC-E, we implemented an
UV-mediated peptide exchange assay with detection by ELISA
previously described for HLA class I (35) and adapted to HLA-
E*01:03 (36). Based on previous observations that hinted at
possible differences in peptide binding to the two human HLA-E
molecules (28, 31), we adjusted the assay to test peptide binding
to both HLA-E*01:01 and HLA-E*01:03 independently. In this
assay, we refolded the H chains of each HLA-E molecule with
human (32m in the presence of a modified VL9 peptide con-
taining an UV-sensitive 2-nitrophenylamino acid termed J at P5,
as previously described (36). To induce UV-mediated peptide
exchange, the degradation of purified monomers was induced
through exposure to UV light, which promoted cleavage of the
UV-sensitive peptide and destabilization of the HLA-E—peptide
complex. In the presence of an exchange peptide with binding
capacity to HLA-E, the monomer was rescued and stabilized,
whereas the absence of exchange peptide led to complex insta-
bility and loss of HLA-E/B2m binding. Efficiency of monomer
degradation and peptide exchange was measured by sandwich
ELISA in which complexes were captured using an HLA-E—
specific Ab (Fig. 1A) (35, 36).

In addition to human HLA-E, we also adapted the protocol to
measure peptide binding to Mamu-E and Qa-1° as these are the
most commonly used HLA-E-related animal models for future
in vivo preclinical vaccination and immunotherapeutic studies.
The RM genome encodes at least 30 different Mamu-E molecules
with 88% amino acid sequence similarity within the peptide
binding groove. Notably, residues forming the B and F pockets,
which accommodate the primary anchor residues, are conserved
among all except 3 Mamu-E alleles (18). Therefore, we performed
a multiple alignment analysis of the 22 available Mamu-E proteins
and obtained an artificial consensus sequence (93.03-99.33%
identity with Mamu-E alleles, with the most similar allele being
Mamu-E*02:11 with a single Gly37Glu substitution), which was
genetically synthesized, produced as recombinant proteins, and
used for all experiments (Supplemental Fig. 1). Peptide exchange
for Mamu-E and Qa-1° was performed in the same way as for the
human HLA-E molecules. However, because of the lack of a specific
capture Ab, detection of exchanged complexes, which were previ-
ously biotinylated, was performed using streptavidin-coated plates
(Fig. 1B). This allowed us to define the peptide binding motifs for
HLA-E*01:01, HLA-E*01:03, Mamu-E, and Qa-1".

Evaluation of peptides binding to HLA-E*01:01,
HLA-E*01:03, Mamu-E, and Qa—]b

We first used the UV-mediated peptide exchange assay to test a panel
of 9-mer peptides, previously described to bind HLA-E*01:03
(Mtb44, Mtb34, Mtb62, Mtb68, and Mtb55) (7), Mamu-E (Gagl120

2863

and Gag69) (15), and Qa-1° (Qdm and FL9) (12). VL9, a canonical
HLA-E binder, was included as an additional positive control (41).
Peptide binding intensity as indicated by absorbance at 450 nm was
generally higher for HLA-E*01:01 compared with HLA-E*01:03
and slightly lower for Mamu-E and Qa-1° (Fig. 1C). However, nor-
malization of the data relative to pCMV control after background/no
rescue subtraction (s/p ratio) suggests that binding of tested peptides
was similar to both human molecules, with only subtle differences,
which were more evident for Qdm, Mtb34, and FL9. Although
peptides Mtb44, VL9, and Qdm showed significant binding to all four
molecules, other peptides showed greater differences in binding to
Mamu-E and Qa-1° compared with HLA-E. Such is the case of
Mtb68, which bound best to HLA-E*01:01 and HLA-E*01:03;
Gagl120 bound best to Mamu-E followed by HLA-E*01:01 and
HLA-E*01:03 but not to Qa-1° and FL9 bound best to Qa-1” with
little to no binding to HLA-E*01:03 and Mamu-E (Fig. 1D). When
comparing all four molecules, Qa-1° stood out by having an s/p ratio
higher than O for only 7 out of 10 tested peptides. For Mamu-E, this
was the case for 9 out of 10, whereas for HLA-E*01:01 and HLA-
E*01:03, all 10 tested peptides had an s/p ratio above 0.

We next validated and extended these results using a second,
independent HPLC-based peptide binding assay. This method was
previously established for HLA-E*01:03 in our laboratory (7), and
in this study, we adapted and optimized it for HLA-E*01:01,
Mamu-E, and Qa-1°. This assay is based on competition of a given
test peptide with a fluorescently labeled indicator binding peptide
and allows relative quantitative affinity measurements (ICsg). A
low ICs indicates that the test peptide is a strong binder as it
effectively outcompetes the fluorescent indicator peptide at low
concentrations (Fig. 1E). Using this assay, similarities and dif-
ferences in peptide binding to all four MHC-E molecules, as
observed with the UV-mediated peptide exchange method, were
confirmed. Peptide binding to HLA-E*01:01 and HLA-E*01:03
were similar, whereas greater differences were observed in peptide
binding to Mamu-E and Qa-1°. More specifically, Mtb44, VL9,
Qdm, and the positive control pCMV had the lowest ICs, values
for all four molecules. In addition, Gag120 showed the lowest ICsq
for Mamu-E, HLA-E*01:03, and HLA-E*01:01 but showed no
binding to Qa-1°, whereas FL9 had the lowest ICs, for Qa-1°.
Confirming the above results, Qa-1° bound (ICsy, < 100 M)
fewer peptides (8 out of 11 tested) compared with the other
three molecules (10 for Mamu-E and 11 for HLA-E*01:01 and
HLA-E*01:03 out of 11 tested).

Peptides bind differently to HLA-E*01:01, HLA-E*01:03,
Mamu-E, and Qa—]b

To improve the definition of peptide binding motifs to all four
MHC-E molecules, we tested binding of HLA-E*01:01, HLA-
E*01:03, Mamu-E, and Qa-1° to a larger panel of previously
described peptides that were predicted to bind HLA-E in humans
(7). We additionally tested peptides previously described to be
binders or nonbinders to Mamu-E in NHP (15, 42, 43) and to be
immunogenic in mice (13). Heatmaps represent s/p ratio corre-
sponding to binding of the tested peptides to each MHC-E mol-
ecule, measured with the UV-mediated peptide exchange binding
assay (Fig. 2). For each allele, we obtained the SD for all peptide
measurements (at least two per peptide) and subsequently esti-
mated a threshold for defining binding peptides by calculating
the mean (SD) (SD = s/p ratio = 2 X SD). We additionally used
two times the mean SD to estimate strong binders in the context
of each MHC-E allele individually (s/p ratio = 2 X SD)
(Supplemental Fig. 2).

Surprisingly, we found important differences in peptide binding
to all MHC-E molecules tested. Of the 59 M. tuberculosis—derived
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FIGURE 1. Peptide binding to HLA-E*01:01, HLA-E*01:03, Mamu-E, and Qa-1° quantified with an UV-mediated peptide exchange assay and a
competition-based HPLC assay. (A) Schematic representation of the UV-mediated peptide exchange assay to measure peptide binding to HLA-E*01:01 and
HLA-E*01:03 by capturing rescued complexes with plates coated with a specific HLA-E Ab. (B) Schematic representation of a modified UV-mediated
peptide exchange assay to measure peptide binding to Mamu-E and Qa-1° in which the capture of previously biotinylated complexes is done with
streptavidin-coated plates. In both (A and B), rescued complexes are detected with an HRP-coupled 32m Ab. (C-E) Previously described MHC-E binding
peptides in humans: pCMV (VLAPRTLLL, red bar) and VL9, canonical HLA-E binders; p34-p68, M. tuberculosis—derived peptides previously predicted to
bind HLA-E (7); in mice, Qdm-FL9, Qa-1° binders (12); and in NHP, Gag120-Gag69, SIV-derived peptides known to bind Mamu-E (15). The sequences of
these peptides are available in Supplemental Table 1. Peptides are ranked according to their capacity to bind HLA-E*01:01 to facilitate comparison between
alleles. (C) Absorbance represents the number of MHC-E complexes that are rescued in the presence of test peptide, the value being higher for peptides with
better binding capacity. Bars show the average and SD of a representative experiment with two biological repeats and two technical replicates. (D) The s/p
ratios were calculated by normalizing values to positive control (pCMV) after subtraction of background obtained in the absence of test peptide (no rescue):
(value — no rescue)/(pCMV — no rescue). Bars represent calculations from one representative experiment containing two biological repeats and two
technical replicates. (E) ICso were obtained by HPLC size exclusion chromatography using recombinant MHC-E and competition of a fluorescently labeled
peptide. Binding was calculated as the concentration (micromolar) of peptide required to reduce fluorescence intensity of the standard peptide by 50%
(ICsp), and 100 wM was the highest concentration tested. Bars represent one representative experiment.
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FIGURE 2. Peptides bind differently to HLA-E*01:01, HLA-E*01:03, Mamu-E, and Qa-1°. Peptide binding was measured using the UV-mediated
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peptide exchange assay. Heatmaps represent mean values of at least two independent experiments and indicate s/p ratios of the tested peptides for each

MHC-E molecule with white being no binding (s/p ratio = 0), black being a binding similar to positive control (s/p ratio = 1), and red being a binding higher

than the positive control. Peptides were arranged in a decreasing order of binding to HLA-E*01:01, with the stronger binder at the top and canonical and
control binders at the bottom. (A) M. tuberculosis—derived peptides previously predicted to bind HLA-E (7). (B) HIV- and SIV-derived peptides previously
described to bind Mamu-E (15, 42, 43). (C) Peptides previously described to bind Qa—lb (13).

peptides previously predicted to bind HLA-E*01:03 in humans,
18 were binders, and 11 were strong binders to HLA-E*01:03.
Among the 11 strong binders to HLA-E*01:03, 9 were also strong

binders to HLA-E*01:01, 9 to Mamu-E, and 8 to Qa—lb. Only
seven peptides were strong binders to HLA-E*01:01, HLA-
E*01:03, Mamu-E, and Qa-1° (Mtb44, Mtb49, Mtb24, Mtb34,
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Mtb3, Mtb9, and Mtb45) (Fig. 2A). Among the nine peptides
with less strong binding affinity to HLA-E*01:03, five were strong
binders to HLA-E*01:01, two to Mamu-E, and none to Qa—lb,
highlighting the differences in peptide binding to each MHC-E
molecule. As observed previously, peptides generally had a higher
binding intensity for HLA-E*01:01 than for HLA-E*01:03, pos-
sibly as a consequence of an overall lower stability of HLA-
E*01:01 compared with HLA-E*01:03, which might facilitate
peptide exchange.

Interestingly, we found that among the 31 peptides described as
immunogenic in NHP or in mice, 7 were strong binders to Mamu-E,
and only 1 to Qa-1°, whereas 5 were strong binders to HLA-
E*01:01 and HLA-E*01:03 (Fig. 2B, 2C). None of these tested
peptides was shown to have binding capacity to all four MHC-E
molecules, and only three peptides were strong binders to human
and NHP MHC-E (notably RL9, MD9, and Gag120). Although
strong peptide binding is not a strict predictor of immunogenicity
and other measurements such as stability might be a better indi-
cator (44), peptide binding to HLA is necessary for productive
recognition of the presented peptides by TCRs. The differences
we observed also in peptides with moderate and low binding ca-
pacity to each of the four MHC-E molecules suggest that com-
paring peptide binding to human and animal MHC-E molecules
might facilitate the selection of promising candidate peptides.

We next validated the peptide binding and measured relative
affinities using the HPLC-based binding assay. Comparison of
binding data for M. tuberculosis—derived peptides (except for
Mtb34, Mtb44, Mtb55, Mtb62, and Mtb68) was only performed in
the context of HLA-E*01:03 based on the results published pre-
viously (7). The analysis across the four molecules showed sig-
nificant correlation between the two binding assays, indicating
that the different results (binding versus relative affinity) are in
agreement across alternative methods and supporting that differ-
ences exist in peptide binding to the two highly conserved HLA-E
molecules (Fig. 3). The UV-mediated peptide exchange binding
assay is relatively fast and high throughput, allowing the analysis
of 10 times the number of peptides compared with the HPLC-
based method in the same time interval. Therefore, we contin-
ued using UV-mediated peptide exchange binding assay to test
peptide binding to MHC-E.

Importance of anchor residues for 9-mer peptides binding to
HLA-E*01:01, HLA-E*01:03, Mamu-E, and Qa-1"

To study the influence of each amino acid position on peptide
binding to MHC-E, we substituted each residue by alanine (Ala),
one of the smallest natural amino acids. This replacement is ex-
pected to reduce the binding capacity when substituting anchor
wild-type residues as its side-chain chemical properties will be lost
and additionally may also reveal gain-of-function substitutions
improving binding. We synthesized Ala substitutions of six
M. tuberculosis—derived HLA-E binding peptides, previously
shown to be recognized in an HLA-E—specific manner (7). The
substitutions prompted changes in peptide binding to all four
MHC-E molecules; when replacing an apparently critical anchor
residue, we observed reduction or complete elimination of peptide
binding. In particular, we observed a complete or almost complete
loss of binding to HLA-E*01:01, HLA-E*01:03, Mamu-E, and
Qa-1° when P7-Ala or P9-Ala substitutions were introduced in
pCMYV and Mtb44. In addition, P2-Ala substitution also showed a
considerable loss of binding to all four molecules (Fig. 4, top left
and middle). Ala substitutions in all positions of Mtb34 resulted in
loss of binding, except for P3-Ala (Fig. 4, top right). Considering
the relatively low HLA-E binding affinity of Mtb34 compared
with pCMV and Mtb44, this might suggest that a combination of

optimal anchor residues is essential for effective peptide binding
to HLA-E in certain cases. The wild-type sequence of Mtb34
contains a P7-Ala possibly already reducing its binding capacity
as was seen for pCMV and Mtb44 Ala substitutions at P7.
Moreover, substitution of nonanchor positions sometimes led to
increased peptide binding (Fig. 4). Mtb34 containing P3-Ala and
Mtb68 containing P3-Ala or P1-Ala had increased binding to
certain MHC-E molecules, suggesting that the presence of a small
residue adjacent to a primary anchor residue (P2) might allow
more space or less interference to favor its anchorage within the
primary binding pocket (Fig. 4, top and bottom right). Mtb62, as
with higher binders, had reduced binding when P2-Ala, P7-Ala, or
P9-Ala substitutions were tested, and binding was not affected
when P4-Ala, P5-Ala, or P6-Ala substitutions were used, sug-
gesting that these positions are less crucial for peptide binding to
MHC-E (Fig. 4, bottom middle). However, for Mtb55, the peptide
with lowest binding to MHC-E among the six tested, there was a
remarkable increase in peptide binding to all four MHC-E mole-
cules when the P6-Ala substitution was tested (Fig. 4, bottom left).
Altogether, these results support that P2 and P9 are the most
critical anchor positions for peptide binding to MHC-E in humans,
RM, and mice and further underscore the importance of P7 given
the level of disruption in peptide binding upon Ala substitution.
Moreover, these results suggest that there might be an advantage for
peptide binding when a residue adjacent to an anchor residue is
small, such as Ala, allowing an optimal docking of the anchor
residue within the binding pocket. Overall, the four MHC-E
molecules investigated behaved similarly when binding these six
peptides and their corresponding Ala substitutions, with Qa-1°
being somewhat more distinct compared with HLA-E*01:01,
HLA-E*01:03, and Mamu-E, which behaved more similar.

Binding of CPL to HLA-E*01:01, HLA-E*01:03, Mamu-E,
and Qa-1°

For a comprehensive, systematic, and unbiased analysis of 9-mer
peptide sequences with a capacity to bind to MHC-E and to assess
particular amino acid preferences for each anchor position, we next
used a CPL scanning approach in combination with the UV-
mediated peptide exchange binding assay. The CPL consists of
180 peptide pools, each of them containing a single amino acid
fixed at one position, whereas the rest of the sequence is random,
and therefore, this approach can reveal the specific contribution of
each residue at each position (38, 39). Results are depicted in
heatmaps representing the MHC-E binding obtained when each
amino acid (columns) is fixed at each position (rows) (Fig. 5A). In
line with our results above, HLA-E*01:01, HLA-E*01:03, and
Mamu-E showed a more similar peptide binding signature com-
pared with Qa-1°. In addition to the canonical anchor residues Met
and Leu at P2 and P9, respectively, we observed a certain flexi-
bility in the amino acids present at key anchor positions of binding
peptides. HLA-E*01:01 and Qa-1° bound, to some extent, pep-
tides containing a P2-Phe, whereas Mamu-E and Qa-1° also bound
peptides with P2-Thr. Similarly, binding of peptides with P9-Phe
was possible in the case of HLA-E*01:01 and HLA-E*01:03,
whereas Qa-1° also bound peptides with P9-Met and P9-Lys. In-
terestingly, large hydrophobic residues such as Phe, Trp, or Tyr at
secondary anchor position P7 and nonanchor position P5 favored
peptide binding to all four molecules and to Mamu-E and Qa-1°
when they are present at P8. The presence of these large residues
at these commonly bulging out peptide positions (P5 and P8)
might favor peptide binding by increasing the capacity of the
peptides to bulge out of the binding groove at these positions,
facilitating that anchor residues could reach deeper into the pri-
mary binding pockets (32). Alternatively, small residues at P5
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FIGURE 3. Good correlation between UV-mediated peptide exchange and HPLC binding assays. Correlations between the s/p ratio obtained with the
UV-mediated peptide exchange binding assay and the ICsq obtained with the HPLC binding assay are plotted for HLA-E*01:03, HLA-E*01:01, Mamu-E,
and Qa-1° as indicated. ICs, values for peptides represented as black circles correspond to HIV- and SIV-derived peptides previously described to bind
Mamu-E (15, 42, 43) and peptides previously described to bind Qa-1° (13). ICs values for peptides represented as gray triangles correspond to those
previously published in the context of only HLA-E*01:03 (7). Dotted lines represent the thresholds indicating binders and strong binders to each MHC-E
molecule, according to the UV-mediated peptide exchange binding assay. The s/p ratios represent mean values from at least two independent experiments
with two biological replicates and two technical replicates. ICs, values represent one experiment. Statistical significance was tested by nonparametric

Spearman correlation analysis.

could result in peptide binding as a result of low interference as
could be seen for HLA-E*01:01 and HLA-E*01:03 but not
Mamu-E and Qa-1°. Qa-1° additionally showed preference for
peptides with P7-Pro. Finally, an apparent characteristic of pep-
tides binding to HLA-E*01:01 and HLA-E*01:03, but not Mamu-
E and Qa-lb, was the preference for small residues such as Ala,
Pro, or Thr in secondary anchor position P6. Although our Ala
substitution analysis showed a similar effect of P6-Ala in all four
MHC-E molecules, the CPL binding analysis showed that P6 was
less important for peptide binding to Mamu-E, whereas P6-Thr
and P6-Met increased peptide binding to Qa-1°. Overall, HLA-
E*01:03 and Mamu-E allowed fewer variations in peptide amino
acid sequences able to anchor to its peptide binding groove, which
might be a reflection of higher conformational rigidity of these
molecules compared with the other two.

Amino acid substitutions testing the flexibility of main
anchor positions

Given the diversity of peptide repertoires previously reported to
bind MHC-E and based on the results we obtained from the analysis
of CPL binding to all four MHC-E molecules, we decided to
evaluate MHC-E binding capacity after introducing certain amino
acid substitutions at the main anchor positions of the strong binders
pCMYV and Mtb44. (Fig. 5B). We examined Leu2Met (substitution

of Leu by Met at P2) and observed that the presence of any of the
two hydrophobic residues led to strong binding of the peptides to
the four MHC-E molecules. Substitutions at P7 of pCMV with
very large hydrophobic residues such as Leu7Phe and Leu7Trp,
resulted in decreased peptide binding capacity, which was more
prominent for Mamu-E and Qa-1° compared with HLA-E*01:01
and HLA-E*01:03, although these peptides continued to have
strong binding, in line with the above CPL binding data. However,
Leu7Pro led to an increase in peptide binding capacity to all four
molecules, suggesting that the presence of the relatively rigid Pro
in P7, which may restrict peptide structural flexibility, could have
an advantage for peptide binding to MHC-E. The strong binder
Mtb44 has a Pro in P7 in its wild-type form, and Pro7Phe and
Pro7Trp substitutions led to a marked reduction in peptide binding
to HLA-E*01:01 and Mamu-E, further supporting the importance
of Pro in P7 for peptide binding to MHC-E. This reduction was
less evident in the context of HLA-E*01:03 and was only seen for
Pro7Trp, but not Pro7Phe, in the context of Qa-lb. Based on our
Ala substitution analyses in which we found that P6-Ala could
result in an increase in peptide binding to MHC-E, we further
studied the effect of Ala6Thr substitution, as P6-Thr is present in
pCMYV but observed no apparent changes in peptide binding to the
four MHC-E molecules, suggesting that other small residues at P6
can also facilitate effective peptide binding to MHC-E, in line with
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FIGURE 4. Binding of alanine substitutions reveals the importance of anchor positions for binding HLA-E*01:01, HLA-E*01:03, Mamu-E, and Qa-1".
Peptides were modified by an alanine substitution at each position and tested for binding to HLA-E*01:01, HLA-E*01:03, Mamu-E, and Qa-1° with the
UV-mediated peptide exchange binding assay. Each graph represents peptide binding as s/p ratio for a peptide and its alanine substitutions in the context of
the four MHC-E molecules. The graphs show the mean and SD of at least two independent experiments with two biological replicates and two technical

replicates each.

findings from the CPL binding analysis. Because P9 is one of
the most important anchor positions, we additionally studied the
influence of amino acid substitutions at this final position of the
9-mers. A Leu9Phe substitution maintained strong binding to
MHC-E, with the exception of Mtb44 Leu9Phe, which led to re-
duced binding to Mamu-E and Qa-1°. However, Leu9Tyr and
Leu9Trp substitutions led to a marked reduction in peptide bind-
ing to all four MHC-E molecules, suggesting that peptide binding
to MHC-E strictly needs a large and hydrophobic anchor residue
in P9.

Altogether, our findings suggest that peptides binding HLA-
E*01:01 and HLA-E*01:03 have a strict preference for large
hydrophobic residues at main anchor P2 and P9. Binding to these
two molecules was also higher for peptides containing large hy-
drophobic residues at main anchor P7, although peptides carrying
a Pro at this position were also binders. In addition, we identified a
potential preference for small amino acids adjacent to main anchor
P2 (P1-Ala/Thr) and P7 (P6-Ala/Thr) as well as increased binding
of peptides containing either very large or small residues at PS5.
Overall, peptide binding motifs to HLA-E*01:01 and HLA-
E*01:03 were highly overlapping, the main difference being the
apparently higher permissive binding to HLA-E*01:01 of peptides
containing alternative residues at P7 (Fig. 6).

Similarly to the human molecules, peptides binding Mamu-E
and Qa-1° showed a preference for large hydrophobic residues
at main anchor P2 and P9, with more alternative binding residues
compared with HLA-E*01:01 and HLA-E*01:03. In addition, P7

in peptides binding to Mamu-E and Qa-1° permits both large
hydrophobic as well as small residues, and peptides with small
residues at P1, P3, and P6 adjacent to main anchor positions show
better binding. In contrast to the human molecules, Mamu-E and
Qa-1° bound peptides with only large residues at P5 and showed
preference for large hydrophobic amino acids also at P8 (Fig. 6).

Discussion

In this study, we modified and used a novel high-throughput UV-
mediated peptide exchange binding assay to gain insight into the
peptide binding requirements and resulting motifs to HLA-
E*01:01, HLA-E*01:03, Mamu-E, and Qa-lb. Altogether, our
results demonstrate that differences exist in peptide binding to
HLA-E*01:01, HLA-E*01:03, Mamu-E, and Qa—lb, which might
in part be explained by variations in MHC-E/peptide binding
motifs across species (Fig. 6). We observed that for all four MHC-
E molecules, the anchor P2, P7, and P9 generally preferred large
hydrophobic residues, such as Met, Leu, Trp, and Phe, whereas
anchor P7 showed additional preference for small Ala or Pro.
Binding peptide positions adjacent to anchor positions, such as P6
and P1, showed a preference for smaller Ala or Thr residues,
whereas P5 preferred large hydrophobic Trp, Tyr, or Phe residues.
We identified allele-specific preferences such as binding of pep-
tides with small P1-Ala or P1-Thr as well as the more permissive
binding of peptides with P7-Ala for HLA-E*01:01 but not HLA-
E*01:03. Moreover, Mamu-E and Qa-1° bound peptides with P2-
Thr or P2-Phe and, contrary to the human HLA-E molecules,
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FIGURE 5. New insights into amino acid preferences for peptide binding to HLA-E*01:01, HLA-E*01:03, Mamu-E, and Qa-1°. (A) Heatmap repre-
sentation of CPL binding intensity to HLA-E*01:01, HLA-E*01:03, Mamu-E, and Qa—lb, indicating which amino acids (columns) are preferred at each
peptide position (row) for the peptide to bind each MHC-E molecule. Data represent mean values of two independent experiments with two biological
replicates and are normalized for each position with values ranging from high binding in red to low binding in blue. Highlighted with black squares are the
residues and positions that resulted in preferred binding to each molecule. (B) Amino acid substitutions on pCMV and Mtb44 were tested based on the
results above to confirm flexibility or strictly preferred amino acids in anchor positions. Bar graphs show mean and SD from at least two independent
experiments. The s/p ratios represent binding affinity of the indicated peptides to HLA-E*01:01, HLA-E*01:03, Mamu-E, and Qa-1°.
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FIGURE 6. Binding motifs to HLA-E*01:01, HLA-E*01:03, Mamu-E, and Qa-1°. New insights into the residue preferences at each peptide position
allowing peptide binding to HLA-E*01:01, HLA-E*01:03, Mamu-E, and Qa-1® are indicated. The figure represents a summary of the peptide binding
motifs for each MHC-E molecule based on all the data obtained in this study. The canonical sequence of pCMV is indicated with the underlined
positions following the motifs. Residues in bold highlight stronger preferences, whereas those in gray are less strongly preferred. Primary anchor
positions are highlighted in red, and secondary anchor positions are highlighted in green. Positions with newly defined residue preferences are

highlighted in yellow and blue.

showed preference for binding peptides with large hydrophobic
residues Phe or Trp at P8. These results suggest that although main
anchor positions are conserved, the diversity in residues not only
at anchor but also nonanchor positions could individually influ-
ence the docking of peptides within the binding groove of each of
the four MHC-E molecules.

Despite both HLA-E alleles being equally prevalent in the hu-
man population (45, 46), HLA-E*01:01 and HLA-E*01:03 ho-
mozygosity have been associated with increased risk to or
protection from infections, cancer, and autoimmune disorders,
suggesting distinct roles in certain pathological conditions (47).
Differences in peptide binding and surface stability, which may
lead to functional differences between HLA-E*01:01 and HLA-
E*01:03, support the importance of defining peptide binding
motifs to each human HLA-E molecule (31, 48, 49). In the side-
by-side comparison performed in this study, we found an impor-
tant overlap between the peptide binding motifs for both human
molecules, confirming previously defined primary anchor residues
at P2 and P9, with a preference for large hydrophobic residues
Met or Leu and Leu or Phe, respectively, in both HLA-E*01:01
and HLA-E*01:03 (20, 50). In addition, secondary anchor P6 had
a clear preference for small residues in binding peptides, which
could favor a less kinked out conformation of the HLA-E bound
peptide, possibly increasing its stability within the groove (32). In
line with the structure of the HLA-E*01:03/Mtb44 complex, we
observed a preference for large hydrophobic residues such as Trp
at PS5, which might promote the burying of P6 and even P7 deep
into the groove. Smaller residues such as Ala and Thr can also be
present at PS5 of HLA-E binding peptides, which could facilitate
binding of peptides in which P6 and P7 are shallower, as is the
case of the HLA-E*01:03/RL9 complex (32). Taken together,
these data suggest that HLA-E and peptides can use alternative
conformations and anchor interactions in the context of diverse
binding sequences.

The peptide binding groove sequences of the two human HLA-E
molecules are identical (3). However, it is possible that the
hydrophobic and positive charges around the single nucleotide

polymorphism encoded in residue 107 might lead to a reduced
stability in the context of an arginine in HLA-E*01:01 versus a
higher stability with a glycine in HLA-E*01:03. Indeed, HLA-
E*01:03 molecules were previously shown to have higher
thermal stability and higher relative affinity to peptide com-
pared with HLA-E*01:01 (43, 49). Our results showing lower
binding values for HLA-E*01:03 complexes compared with
HLA-E*01:01 after an UV-mediated exchange reaction could
therefore be a consequence of the relatively higher stability of
HLA-E*01:03, which might partially inhibit peptide exchange.
In support of this, ICs5q values obtained with the HPLC-based
binding assay, in which differences in complex stability are not
of influence as refolding takes place in the presence of the
peptide being tested, showed more comparable results for the
two human HLA-E molecules. In addition, peptides such as
Mtb12 and MD9 showed higher binding to HLA-E*01:03 than
to HLA-E*01:01, and Gag23 bound HLA-E*01:03 but not
HLA-E*01:01 (Fig. 2). This suggests that differences in pep-
tide binding exist that cannot solely be explained by possible
variations in stability but might instead be explained by vari-
ations in peptide binding motifs for each HLA-E molecule. We
observed that HLA-E*01:01, but not HLA-E*01:03, showed a
preference for binding peptides with small residues such as Ala
and Thr at P1. In addition, the lower promiscuity in peptide
binding to HLA-E*01:03 compared with HLA-E*01:01 may be
explained by a higher P7 permissive binding in HLA-E*01:01
compared with HLA-E*01:03. These results support an important
anchoring role for P7, which is well conserved among known
consensus sequences and some alternative HLA-E binding pep-
tides (42). These differences between the two HLA-E human
molecules should be considered in the selection of vaccine pep-
tides to target HLA-E-restricted cytotoxic T cells (14).

Like HLA-E, Qa-1° and Mamu-E can bind a wide array of
peptides and have the capacity to present self- or pathogen-derived
peptides for recognition by T cells (15, 19, 51). Despite Mamu-E
and HLA-E showing a conserved functionality, differences were
suggested in peptide binding intensities to each molecule (18). By
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directly comparing a large number of peptide sequences, we
identified similitudes in peptide binding motifs to HLA-E, Mamu-
E, and Qa-1°. As with human HLA-E molecules, Mamu-E and
Qa-1° preferred binding peptides with small amino acids at P1, P2,
and P6, adjacent to the main anchor positions, which might rep-
resent an advantage for main anchor residues to bind with little
interference from the surrounding residues. Similar to human
HLA-E, Mamu-E showed a preference for large residues at PS5,
which was less evident for Qa-1°. Interestingly, we also identified
differences, such as Mamu-E and Qa-1° binding to peptides with
greater variation in anchor P2 residues with additional preference
for Thr or Phe compared with only Met and Leu for HLA-E in
humans. In contrast to human HLA-E, the preference of Mamu-E
and Qa-1° for large hydrophobic residues at P8 might allow a
peptide conformation that enhances binding at P7 and P9. At
anchor P9, Mamu-E showed higher constraints for binding pep-
tides with Leu, whereas Qa-1° bound peptides with Met in addi-
tion to Leu and Phe, the two residues preferred for binding to
HLA-E. These differences in the main anchor and nonanchor
residues across all four MHC-E molecules might account for the
observed variations in peptide binding between HLA-E, Mamu-E,
and Qa-1°. Even though MHC-E is highly conserved in humans,
mice, and RM, differences in peptide binding motifs might be
explained by variations in the residues forming the binding
pockets of each species (26, 32). Therefore, the single difference
173T within the C pocket between human HLA-E and Mamu-E
might explain anchoring preferences for P6. Similarly, H9T within
the B pocket, T70M and 173N within the C pocket, and F117E
within the C, E, and F pockets of human HLA-E versus Qa—lb
might explain the even larger differences in peptide binding motifs
between these two molecules (Supplemental Fig. 3). Further direct
structural analyses comparing the four MHC-E molecules are
needed to elucidate differences in pocket occupancy by the same
peptides and its functional consequences.

Remarkably, Gag97, which was recognized by CD8* T cells
from RM vaccinated with a thCMV vector carrying SIV Ags
(15), or Med15, an immunogenic T cell epitope in the context of
Qa-1° (13), are low MHC-E binding epitopes. Plasticity in TCR—
peptide-HLA interactions, as demonstrated in the context of
melanoma Ag-specific T cells (52), might result in the context of
HLA-E, in conformational changes after initial recognition and
binding of TCR to a low binding HLA-E/peptide complex, leading
to increased binding, complex stability, and productive TCR sig-
naling. This mechanism might be particularly relevant in the
context of peptides that bind HLA-E with a bulging out, less stable
conformation (53). Besides aiming for strong HLA-E/peptide
binding affinity and stability for the identification of most im-
munogenic peptides (54), weaker HLA-E binding peptides could
also have an important role in priming T cell and driving T cell
differentiation and effector function (55). Alternatively, the low
correlation observed between HLA-E/peptide binding affinity and
T cell recognition (7) might be a consequence of a limitation in
the assay that does not represent the cellular processes involved in
Ag processing and peptide presentation and also did not measure
the stability and off-rates of HLA-E bound peptides. Therefore,
possible unknown mechanisms or molecular interactions with
coreceptors or other factors that promote peptide binding and
complex stability could be involved, requiring further study (36).

The UV-mediated peptide exchange binding assay, as opposed
to the HPLC-based binding assay, allows the high-throughput
identification of binding peptides with alternative anchor resi-
dues across species. The definition of alternative MHC-E/peptide
binding motifs will allow the improvement of prediction algorithms
for the discovery of novel HLA-E binding peptides derived from
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persisting as well as emerging human pathogens, which could be
relevant for the development of vaccines targeting the non-
polymorphic HLA-E molecule (14).
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