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Identification of HLA-E Binding Mycobacterium tuberculosis�Derived
Epitopes through Improved Prediction Models

Paula Ruibal,* Kees L. M. C. Franken,* Krista E. van Meijgaarden,*
Marjolein van Wolfswinkel,* Ian Derksen,† Ferenc A. Scheeren,‡ George M. C. Janssen,§

Peter A. van Veelen,§ Charlotte Sarfas,{ Andrew D. White,{ Sally A. Sharpe,{

Fabrizio Palmieri,‖ Linda Petrone,‖ Delia Goletti,‖ Thomas Abeel,#,** Tom H. M. Ottenhoff,*
and Simone A. Joosten*

Tuberculosis (TB) remains one of the deadliest infectious diseases worldwide, posing great social and economic burden to affected
countries. Novel vaccine approaches are needed to increase protective immunity against the causative agent Mycobacterium tuberculosis
(Mtb) and to reduce the development of active TB disease in latently infected individuals. Donor-unrestricted T cell responses represent
such novel potential vaccine targets. HLA-E-restricted T cell responses have been shown to play an important role in protection against
TB and other infections, and recent studies have demonstrated that these cells can be primed in vitro. However, the identification of
novel pathogen-derived HLA-E binding peptides presented by infected target cells has been limited by the lack of accurate prediction
algorithms for HLA-E binding. In this study, we developed an improved HLA-E binding peptide prediction algorithm and implemented
it to identify (to our knowledge) novel Mtb-derived peptides with capacity to induce CD8+ T cell activation and that were recognized by
specific HLA-E-restricted T cells in Mycobacterium-exposed humans. Altogether, we present a novel algorithm for the identification of
pathogen- or self-derived HLA-E-presented peptides. The Journal of Immunology, 2022, 209: 1�11.

Despite the extensive administration of the century-old
Mycobacterium bovis bacille Calmette Guérin (BCG) vac-
cine, 10 million new tuberculosis (TB) cases were diag-

nosed and 1.4 million deaths occurred as a consequence of the
disease in 2019, greatly impacting the affected communities (1).
The design of novel vaccine strategies to improve protection against
Mycobacterium tuberculosis (Mtb) infection or TB disease progres-
sion in adolescents and adults, where BCG-induced protection is
limited, is key to eliminating this widespread disease.
Targeting donor-unrestricted T cells is among the investigated

strategies aimed at improving vaccine-induced immune protection
against Mtb (2, 3). HLA-E is a nonpolymorphic HLA molecule for
which two variants, HLA-E*01:01 and HLA-E*01:03, with one
amino acid difference outside of the peptide binding groove, have a
combined frequency distribution of more than 0.99 in 97 of 104
populations studied (4). As such, Ag presentation via HLA-E has
the potential of inducing a T cell response common to all individu-
als (5). Importantly, HLA-E-restricted T cells have been identified
as potentially significant players in immunity against Mtb through

cytotoxic and suppressive functions associated with a Th2 cytokine
profile, as well as B-cell activation (6, 7). In Qa-1b-deficient mice
(functional homolog of HLA-E in mice) a higher susceptibility to Mtb
infection than that in wild-type mice suggested a protective role for
Qa-1b-restricted T cells in vivo (8). In rhesus macaques (RMs), vacci-
nation with rhesus CMV (RhCMV) vectors expressing Mtb Ags led
to significant reduction of Mtb infection and disease, a protection that
was partly associated with the induction of Mamu-E (functional homo-
log of HLA-E in RM) and MHC class II restricted T cells (9). Simi-
larly, RhCMV vectored vaccines expressing SIV (10) or Plasmodium
knowlesi (11) Ags could elicit Mamu-E-restricted T cells, which were
associated with increased protection in RM. Mamu-E-restricted T cells
induced by RhCMV/hepatitis B virus (HBV) produced IFN-g upon
recognition of HBV-infected primary hepatocytes in vitro, underscor-
ing the potential of MHC-E-restricted T cells as vaccine-targetable
cells to increase protection against infections (12). More recently,
in vitro primed HIV-specific HLA-E-restricted CD81 T cells sup-
pressed HIV-1 replication in CD41 T cells in vitro, further supporting
the potential for HLA-E-restricted T cells as vaccine targets (13).
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However, detailed information about the epitopes that could potentially
induce these donor-unrestricted T cell responses are poorly defined,
making them difficult to identify.
Prediction of HLA-E binding peptides is limited by the lack of

available binding data that inform prediction software. We recently
used a newly developed high-throughput HLA-E/peptide binding
assay (14) to investigate in detail the MHC-E binding motif by test-
ing binding of a large set of peptides in the context of human, non-
human primate (NHP), and mouse MHC-E molecules (15). Here,
we used that knowledge to build and further improve an artificial
neural networks model (16) for the prediction of HLA-E binding
peptides that are Mtb derived. Peptide candidates were downselected
on the basis of their binding capacity to MHC-E molecules and their
conservation across Mtb genomes to ensure we selected peptides
that would be relevant to most circulating Mtb strains. In addition,
we selected peptides also present in the BCG genome with the idea
of potentially inducing a BCG-boosting response that could increase
its efficacy in poorly protected populations. Altogether, we could
identify a new collection of HLA-E binding Mtb-derived peptides,
some of which were recognized by specific CD81 T cells. Further
phenotypical and functional analyses of these HLA-E-restricted
Mtb-specific CD81 T cells are underway to define their potential
role in protective immunity.

Materials and Methods
Generation of HLA-E binding motif models and prediction of
HLA-E binding Mtb-derived peptides

Sequences and binding affinities from previously measured peptides (15) were
used as training data to generate an initial artificial neural network model using
NNAlign-2.1 (https://services.healthtech.dtu.dk/service.php?NNAlign-2.0) (16).
On the basis of these, NNAlign calculated a sequence alignment and produced
a binding motif of the peptide�MHC-E interaction, as well as a model that
was subsequently used to scan the Mtb H37Rv (GenBank accession number
CP003248.2; https://www.ncbi.nlm.nih.gov/nuccore/CP003248.2) proteome for
the binding motif. This process was reiterated and performed in three subse-
quent rounds of binding prediction and testing, each with an increased training
data based on sequences and sample-to-positive (s/p) ratios from newly pre-
dicted and tested peptides. Each model is an ensemble of 50 networks, each
trained on one of the five cross-validation data sets with 10 hidden neurons.
Each model was trained for 500 cycles, and the peptide binding core length
was set to 9 aa. Final models are available upon request.

Preparation of monomers for UV-mediated exchange

Peptides were purchased from Peptide 2.0 Inc. (Chantilly, VA). Recombinant
extracellular HLA-E*01:01, HLA-E*01:03, Mamu-E consensus sequence (91%
sequence identity compared with HLA-E), and Qa-1b (85.5% sequence identity
compared with HLA-E) heavy chains with a C-terminal BirA recognition site
and human b2-microglobulin (b2m) were overexpressed in Escherichia coli
and stored as described previously (15). Monomers were made by folding
2.5 mg of heavy chain solubilized in 8 M urea with 1.2 mg of prefolded b2m
and 3 mg UV-sensitive peptide (VMAPJTLVL, where J is DNP amino acid) in
50 ml folding buffer (400 mM L-arginine, 0.5 mM oxidized glutathione, 5 mM
reduced glutathione, 2 mM EDTA, 100 mM Tris·HCl, pH 8, glycerol 5%, and
half a tablet of protease inhibitor mixture [cOmplete, Roche]). Folded mono-
mers were concentrated on a 30 kDa filter (Amicon Ultracel 15), and Mamu-E
and Qa-1b monomers were biotinylated using the BirA enzyme. HLA-E*01:01
and HLA-E*01:03 monomers were not biotinylated. Monomers were purified
by gel filtration on a HiLoad 16/60 Superdex 75 prep grade (GE Healthcare)
and stored in small aliquots with 16% of glycerol in PBS at −80◦C.
UV-mediated peptide exchange reaction and detection by
sandwich ELISA

UV-mediated peptide exchange and detection were performed as described
previously (14, 15). Briefly, 0.5 mM of UV-sensitive MHC-E monomer was
incubated in the presence of 100 mM exchange peptide in 25 ml exchange
buffer (20 mM Tris [pH 7.4] and 150 mM NaCl). Exposure to UV light
>350 nm for 60 min at 4◦C triggered the UV-mediated peptide exchange
reaction. pCMV (VLAPRTLLL), because of its known high binding capacity
to MHC-E, was used as a positive control exchange peptide. As a negative
control, no peptide was added to the reaction. The exchange reaction was

performed in duplicate in polypropylene U-bottomed 96-well plates (Greiner
Bio-One). Detection and quantification of peptide exchange in HLA-E*01:01
and HLA-E*01:03 were performed in 96-well half-area ELISA microplates
(Greiner Bio-One) coated with 10 mg/ml of purified anti-human HLA-E
Ab (clone 3D12; BioLegend). Peptide exchange in previously biotinylated
Mamu-E and Qa-1b was detected and quantified in 96-well Nunc MaxiSorp
plates (Invitrogen) coated with 2 mg/ml streptavidin (Invitrogen). Coated
plates were blocked with 2% IgG-free BSA in PBS and washed with 0.05%
Tween 20 in PBS. Exchanged monomers were diluted 1:100 in blocking
buffer and added to the wells. b2m-associated complexes were detected using
2 mg/ml HRP-conjugated anti-b2m Ab (Thermo Fisher Scientific) and ampli-
fied using a 1:15 dilution of HRP-coupled goat anti-rabbit IgG (Dako). HRP
signal was developed with tetramethylbenzidine substrate (Invitrogen) and
H2SO4 stop solution. Absorbance readings were obtained at 450 nm using a
SpectraMax i3× Reader. The s/p ratio was calculated by subtracting back-
ground and normalizing to positive control. The results represent mean values
of at least two independent experiments. 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 × SD). We also used two times the mean SD to esti-
mate strong binders in the context of each MHC-E allele individually (s/p
ratio $ 2 × SD) (15).

Mtb peptide sequence conservation analysis

The 50,000 epitopes with the highest predicted binding values were tested
for sequence conservation in a collection of 48,392 Mtb whole-genome
sequencing publicly available data sets. Identifiers for all data sets are avail-
able upon request. Samples were aligned and processed as previously
described (17). The variant calls of the 48,392 strains were used to construct
a conservation profile of the complete Mtb genome, which was used to
determine the conservation score S of epitope e, defined as S(e) 5 Cmatch/
(Cvariant 1 Cmatch), with Cmatch corresponding to the sum of matching alleles
across all positions within the epitope across all samples and Cvariant the total
number of mismatching alleles across all positions across all samples, both
calculated when the epitope is aligned to the reference profile.

PBMC isolation

PBMCs were obtained from anonymous buffy coats from healthy adult
Dutch blood bank donors who consented to scientific use of blood products.
PBMCs were isolated by density centrifugation and used immediately or
stored in liquid nitrogen. Donors were genotyped for HLA-E and HLA-A2,
and HLA-A2 negative donors were used for all experiments.

T cell proliferation assay and flow cytometry

T cell proliferation in response to HLA-E binding peptides was assessed with
the Click-iT Plus 5-ethynyl-29-deoxyuridine (EdU) flow cytometry assay kit
(Invitrogen) following the manufacturer’s instructions. Briefly, 0.2 × 106

PBMCs/well were cultured for 10 d in 96-well round-bottomed culture plates
in the presence of 10 mg/ml peptides or control stimuli. Each condition included
six replicates and medium (IMDM, 10% human serum with 10 ng/ml IL-7)
without stimuli was used as a negative control. As a positive control, we
included 2 mg/ml of PHA, 5 mg/ml of purified protein derivative (PPD), and
5 mg/ml of fusion early secretory antigenic target 10 kDa culture filtrate protein
(ESAT6/CFP10). On day 5, PBMCs were restimulated with peptide or control
proteins, and 100 U/ml IL-2 was added to the medium. Twenty-four hours
before harvesting for FACS staining and Click-iT reaction, EdU was added to
a final concentration of 25 mM. Once harvested, cells were washed with PBS,
and cell surface Ags were Ab stained before fixation/permeabilization, and
Click-iT reactions were subsequently performed. Fluorochrome-conjugated Abs
against human CD3 (clone UCHT1, BioLegend) and CD8 (clone SK1, BioLe-
gend) samples were acquired on an LSR Fortessa (BD Biosciences) and ana-
lyzed using FlowJo software version 10.7.1 (BD Biosciences).

Experimental animals

The animals used in this study were rhesus macaques (Macaca mulatta) of
Indian genotype and obtained from an established, closed UK breeding colony
(UK Health Security Agency, Porton Down, UK). Animals were housed in
compatible social groups in accordance with the Home Office (UK) Code of
Practice for the Housing and Care of Animals Bred, Supplied or Used for
Scientific Purposes (2014) and the National Committee for Refinement, Reduc-
tion and Replacement Guidelines on Primate Accommodation, Care and Use
(August 2006). Enrichment was afforded by the provision of high-level observa-
tion balconies, swings, deep litter to allow foraging, feeding puzzles, and toys.
In addition to standard old-world primate pellets, further food was provided by
a selection of vegetables and fruit. Animals were sedated by i.m. injection of
ketamine hydrochloride (Ketaset, 100 mg/ml, 10 mg/kg; Fort Dodge Animal
Health Ltd., Southampton, UK) for procedures requiring removal from their
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housing. The study design and procedures were approved by the UK Health
Security Agency, Porton Down Animal Welfare and Ethical Review Body, and
authorized under an appropriate UK Home Office project license.

BCG vaccination

Macaques were vaccinated intradermally in the upper left arm with 100 ml
BCG Danish strain 1331 (Serum Statens Institute, Copenhagen, Denmark).
BCG was prepared and administered according to the manufacturer’s instruc-
tions for preparation of vaccine for administration to human adults by addi-
tion of 1 ml Saunton’s diluent to a vial of vaccine to give a suspension of
BCG at an estimated concentration of 2�8 × 106 CFU/ml.

Blood sample collection and PBMC isolation

Macaques were sedated for blood sample collection. Blood for use in
immunological analysis was collected from the femoral vein using a needle
and syringe and dispensed into tubes containing heparin (Sigma-Aldrich,
Gillingham, UK). PBMCs were isolated from heparin anticoagulated blood
using standard methods and stored at −196◦C for further analysis.

Tetramer staining of PBMCs from BCG-vaccinated NHPs

Cryopreserved PBMCs from BCG-vaccinated NHPs were thawed in RPMI
with 50% FCS and plated at a concentration of 3 × 106 cells/well in a
24-well plate for 2�4 h for monocyte plastic adhesion. Nonadherent cells
were collected and stained with a 1:800 dilution of viability dye (Thermo
Fisher Scientific) for 10 min at 4◦C. Cells were washed once with FACS
buffer (PBS with 0.1% BSA) and divided to be stained with a 1:50 dilution
of different tetramers for 15 min at 37◦C. HLA-E tetramers were produced,
and peptide loading was confirmed by mass spectrometry as described previ-
ously (18, 19). Abs for CD3 (clone SP34-2, BD Biosciences) and CD8
(clone RPA-T8, BD Biosciences) staining were added and incubated for
30 min at 4◦C. Cells were washed once as before, fixed with 1% paraformal-
dehyde, and immediately acquired on a FACSLyric (BD Biosciences). All
data were analyzed using FlowJo software version 10.7.1 (BD Biosciences).

Active TB human samples

This study was approved by the ethics committee of “L. Spallanzani” National
Institute of Infectious Diseases, Scientific Institute for Research, Hospitaliza-
tion and Healthcare (approval number 72/2015). Written informed consent
was required to participate in the study conducted at “L. Spallanzani” National
Institute of Infectious Diseases. We prospectively enrolled HIV-uninfected
subjects with pulmonary active TB between September 2016 and October
2019. Active TB was microbiologically diagnosed and confirmed using spu-
tum cells by culture testing and/or nucleic acid tests (20). Patients with active
TB were enrolled within 7 d of starting the specific TB treatment (T0) and at
2 mo after treatment start and at the end of therapy (between 6 and 9 mo,
depending on the clinical characteristics). Human PBMCs were isolated, fro-
zen, and stored in liquid nitrogen until use.

Tetramer staining of PBMCs from human donors

We used tuberculin skin test (TST)-positive donor PBMCs cryopreserved dur-
ing a previous study comparing different immunological tests in detecting
latent TB infection in the Netherlands, a low endemic country (METC project
no. P07.048) (21). PBMCs were thawed in RPMI with 50% FCS and simulta-
neously stained and blocked with 100 ml solution containing a 1:800 dilution
of viability dye (Thermo Fisher) and 1:500 dilution of purified mouse anti-
human CD94 Ab (clone HP-3D9, BD Biosciences) for 30 min at room tem-
perature (RT). Cells were washed once with FACS buffer (PBS with 0.1%
BSA) and blocked with FACS buffer containing 5% human serum for 10 min
at RT. After another washing step, cells were stained with a 1:50 dilution of
tetramer for 30 min at 37◦C in the dark. After washing, cells were fixated
with 1% paraformaldehyde for 10 min at RT and then washed again. Cells
were then further stained with anti-CD3 (clone UCHT1, BioLegend) and anti-
CD8a (clone HIT8a, BioLegend) in 100 ml FACS buffer for 15 min at 4◦C in
the dark. After another wash, cells were fixated with 1% paraformaldehyde
and acquired using an LSRFortessa (BD Biosciences) or a 5L CytekAurora
(Cytek Biosciences, Fremont, CA). Data were analyzed using FlowJo software
version 10.7.1 or the OMIQ analysis software (www.omiq.ai).

Luminex assay

PBMCs (2.5 × 105 cells/well) were cultured in duplicate wells in the pres-
ence of medium (as unstimulated control), 5 mg/ml PPD (Serum Statens
Institute, Copenhagen, Denmark), or 2 mg/ml per peptide (MTBHLAE_093,
MTBHLAE_031, MTBHLAE_034, and MTBHLAE_063) in a peptide pool
(Peptide 2.0 Inc., Chantilly, VA) in IMDM (Life Technologies/Thermo
Fisher, Bleiswijk, the Netherlands) with 10% pooled human serum (Sigma-
Aldrich/Merck Live Science NV, Amsterdam, the Netherlands) in a 96-well

round-bottomed plate in a 37◦C humidified CO2 incubator. After 6 d, super-
natants were harvested and stored at −20◦C upon further analysis. A 48-plex
cytokine screening panel (Bio-Rad Laboratories, Veenendaal, the Nether-
lands) was performed according to the manufacturer’s instructions to deter-
mine the cytokine levels in the samples. Samples were acquired on a
Luminex 200 system with BioPlex manager software (version 6.1).

Thermal exchange tetramer and staining of NKG2A/CD94-expressing
cells

A thermal-mediated peptide exchange reaction on monomers or multimers was
performed in PCR tubes containing 10 ml of 0.5 mM multimers in the presence
of 50 mM exchange peptide (P. Ruibal, I. Derksen, M. van Wolkswinkel, L.
Voogd, K.L.M.C. Kranken, A.F. El Hebieshy, T. van Hall, T.A.W. Schoufour,
R.H. Wijdeven, T.H.M. Ottenhoff, F.A. Scheeren, and S.A. Joosten, submitted
for publication). The thermal-mediated peptide exchange reaction was triggered
by incubation at 30◦C for 1 h using a thermocycler. NKG2A/CD94- and
LILRB1-expressing K562 cells, as well as control K562 cells, were stained with
25 ml of a 1:4 dilution of thermal exchange tetramer for 30 min at 37◦C. After
washing, cells were fixated with 1% paraformaldehyde and acquired on a FAC-
SLyric (BD Biosciences). All data were analyzed using FlowJo software version
10.7.2.

Results
Improved prediction of novel Mtb-derived HLA-E binding epitopes

Our strategy to broaden our understanding of peptide binding to
HLA-E included implementing a recently published high-through-
put HLA-E peptide binding assay based on UV-mediated peptide
exchange to obtain binding data on a large set of peptides (14).
We used NNAlign to generate artificial neural network models
based on the available binding data and to define an optimized
peptide binding motif for prediction of HLA-E binding peptides in
the Mtb genome (H37Rv) (16). We then selected predicted HLA-E
binding peptides for synthesis and testing of HLA-E binding using
the same binding assay described above. We fed binding data
obtained by us into the training of our model to improve its predic-
tive capacity, a cycle we performed three times before selecting the
most promising peptide sequences for downstream testing on func-
tional assays for T cell recognition (Fig. 1). We followed this strat-
egy independently for HLA-E*01:03 and HLA-E*01:01 and thus
obtained a final model for each molecule. The logos depicted repre-
sent the obtained final binding motifs for HLA-E*01:03 and HLA-
E*01:01, illustrating nonameric peptide sequences that are predicted
to be more relevant for binding to HLA-E molecules, based on our
binding training data (Fig. 2). Taller positions and larger letter resi-
dues indicate those most relevant for binding, whereas shorter posi-
tions suggest a larger variation in the residues that are involved in
HLA-E binding. These models confirm the preference for hydropho-
bic residues (black) in main anchor peptide positions 2 and 9, as
well as secondary anchor position 7, where the rigid Pro is frequent,
as was shown in previous studies (15, 22, 23).

Iterative optimization of the HLA-E/peptide binding motif led to
improved predictive power for HLA-E binding peptides

All HLA-E/peptide binding assays were performed following the
UV-mediated peptide exchange reaction and detection with ELISA
(14, 15). Initially, we constructed an HLA-E/peptide binding model
using binding data from 153 peptide sequences previously identified
as HLA-E binders in humans (6, 24) and Mamu-E binders in RMs
(10, 25). Surprisingly, within the first prediction set we obtained,
some of our known high HLA-E binding control peptide sequences
(i.e., Mtb44) were not predicted among the highest binders. There-
fore, we selected 29 predicted binding peptides between the highest
(position 1 in prediction set) and moderate binding values similar to
Mtb44 (position 57 in prediction set), and we tested them for bind-
ing with the UV-mediated peptide exchange binding assay. Only
a subset of peptides showed real binding: 12 bound HLA-E*01:01,
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6 bound HLA-E*01:03, 15 bound Mamu-E, and 11 bound Qa-1b

(Fig. 3A, left). We extended our training data to 235 peptide sequen-
ces by including these new results, and, in addition, we included
data obtained from previously published Qa-1b binding peptides
(26, 27), as well as alanine substitutions of strong and moderate
binders, into the model (15). This second prediction set more accu-
rately predicted all our high binding controls as high binders. Here,
excluding previously tested peptides, 32 peptides were selected
among the best predicted binders, of which 26 bound HLA-E*01:01,
16 bound HLA-E*01:03, 11 bound Mamu-E, and 26 bound Qa-1b

(Fig. 3A, middle).
Once again, we included these and additional binding data from

amino acid substitutions of binding peptides (15), as well as other
nonpublished peptide sequences tested in the interim, to perform a
third and final round of model training and prediction that included
a total of 332 different peptide sequences. We previously observed
small differences in peptide binding affinity to HLA-E*01:01 and
HLA-E*01:03, as well as Qa-1b and Mamu-E (15). Considering
this, and with the aim of identifying promising HLA-E binding

peptides during this study for potential future preclinical research in
animal models, during the third prediction round, we obtained an
independent binding model to each of the four MHC-E molecules.
Therefore, the final selection of predicted peptides for synthesis and
testing was based on the binding to both HLA-E molecules, as well
as for their binding to Qa-1b and Mamu-E, and, although HLA-E
binding was prioritized, peptides that were predicted to bind to most
of the molecules were selected with priority. As an additional selec-
tion criterion, we considered the conservation of all predicted peptide
sequences across a large collection of more than 48,000 Mtb whole-
genome sequence samples. We observed that most peptides that were
predicted as HLA-E binders were highly conserved, with only a
few peptides being specific for certain Mtb strains (Supplementary
Fig. 1A). This analysis allowed us to confirm that select peptides
were highly conserved (>0.93 conservation) and would thus be rele-
vant in the context of infection with a greater number of Mtb strains.
In addition, we only included peptides that were also conserved
within the BCG genome, because identified peptides could potentially
be considered as a component of a BCG boosting vaccine. From this

FIGURE 1. Strategy for the prediction and evaluation of (to our knowledge) novel HLA-E binding Mtb-derived peptides. We implemented a recently pub-
lished HLA-E/peptide binding assay based on UV-mediated peptide exchange reaction and detection by sandwich ELISA to obtain binding information for a
large set of peptides (1). This binding information was used to train an artificial neural network algorithm for the generation of HLA-E/peptide binding motifs
using NNAlign (2). Peptide binding motifs were used to scan whole Mtb genomes and to predict peptide sequences able to bind HLA-E (3). Several peptides
in the prediction set were selected for synthesis and further testing in HLA-E/peptide binding assays (4). This cycle (1�4) was repeated three times to
improve the training and prediction capacity of the model. Finally, the most interesting peptide candidates were selected and tested for T cell recognition in
stimulation assays (5).

FIGURE 2. HLA-E peptide binding motifs. Logos created by Seq2Logo represent the predicted peptide binding motifs for HLA-E*01:03 (left) and
HLA-E*01:01 (right) obtained after training of an artificial neural network algorithm using NNAlign. These motifs represent the nine peptide positions on
the x-axis and the amount of information on the y-axis. Symbols at each position represent the amino acids, with large symbols indicating frequently observed
amino acids and tall stacks representing conserved positions. These HLA-E binding motifs indicate that hydrophobic residues (black) at main anchor
positions 2 and 9 are critical for peptide binding. Position 7 containing Pro or Leu is also important for peptide binding, especially for HLA-E*01:03.
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third round of prediction, we selected 38 peptides that were synthe-
sized and tested for binding as before: 32 bound HLA-E*01:01,
34 bound HLA-E*01:03, 22 bound Mamu-E, and 31 bound Qa-1b

(Fig. 3A, right). Importantly, we were interested in identifying
potential HLA-E binding peptide candidates that are derived from

latency Ags (28) or that are expressed in vivo during pulmonary
disease (29). In addition, we wondered whether potential HLA-E
binding peptides could be identified in the M72 recombinant fusion
protein vaccine candidate (30). Therefore, during the last round
of prediction, we focused also on scanning these relevant Ags

A

B

FIGURE 3. Iterative rounds of prediction and testing resulted in improved prediction of (to our knowledge) novel Mtb-derived HLA-E binding peptides.
(A) Heatmaps represent the binding affinities of the indicated peptides (rows) for the four different MHC-E molecules (columns) in three sequential rounds of
peptide prediction and testing. Peptides derived from in vivo expressed (IVE) TB-, latency-, or M72-derived Ags are highlighted in the third prediction set.
Numbers indicate mean values of at least two independent experiments, with white being no binding (s/p ratio 5 0) and black being a binding similar to positive
control (s/p ratio 5 1). (B) The increased frequency of HLA-E binders identified in each prediction round indicates that there was a stronger predictive power
with each new training model.
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with the optimized algorithm, resulting in a few predicted pepti-
des (Fig. 3A, right).
Remarkably, we observed an improvement in the prediction power

of our model over each round, as indicated by the increased fre-
quency of identified HLA-E*01:01 and HLA-E*01:03 binders from
41% and 20%, respectively, in the first prediction to 84% and 89%
in the last prediction (Fig. 3B). These results indicate that the iterative
strategy of testing peptide binding, generating a binding motif, and
predicting new peptides resulted in an increased prediction capacity
that could possibly be improved even further when additional rounds
are performed. In line with our previous observations, peptide binding
to HLA-E*01:01 appears generally higher than binding to HLA-
E*01:03. This may be due to the known higher stability of HLA-
E*01:03 than of HLA-E*01:01, which might lead to a less efficient
peptide exchange after cleavage of the UV-sensitive peptide loaded
on HLA-E*01:03 (15). An overview of all tested peptides with their
corresponding predictive and tested binding is available in
Supplementary Table I.

T cell recognition of novel identified HLA-E binding peptides

The selection of HLA-E binding peptides that could be of interest
as potential vaccine components against Mtb infection hinges on

their capacity to induce protective T cell responses. We first
tested T cell recognition of predicted Mtb-derived HLA-E bind-
ing peptides by stimulating PBMCs from eight healthy Dutch blood
bank donors and measuring T cell proliferation through the fluores-
cence detection of DNA synthesis by EdU incorporation and Click-
iT chemistry (Fig. 4A). In previous studies, we observed that T cell
recognition did not always correlate with high HLA-E/peptide bind-
ing (6), so here we were interested in testing T cell recognition of
high as well as medium/low HLA-E binding peptides. To test a large
number of peptides and optimize the identification of relevant candi-
dates based on T cell recognition, we performed an initial screening
phase using overlapping peptide pools containing the top peptides
from prediction round 1 and all predicted peptides from rounds 2 and
3 (Supplemental Fig. 1B), allowing us to identify the most promising
peptides as those that were common among the peptide pools associ-
ated with increased T cell proliferation. Our results showed that pools
of peptides predicted during the third round led to increased T cell
proliferation compared with pools of peptides predicted in previous
rounds, in line with an improved HLA-E binding, potentially leading
to improved T cell recognition (Supplementary Fig. 2A). In particu-
lar, peptide pools V1 and H6 were associated with higher prolifera-
tive responses in the tested donors, leading to the selection of

FIGURE 4. HLA-E-restricted CD81 T cells from healthy donors recognize newly predicted Mtb-derived peptides. (A) Peptide recognition was quantified
by measuring CD81 T cell proliferation based on EdU incorporation after stimulation of PBMCs in the presence of peptides. FACS plots represent three rep-
resentative donors (columns) and stimulation conditions (rows). (B) An overview of all donors (columns) and stimulation conditions (rows) tested are repre-
sented in the heatmap. Proliferation was calculated by subtracting the medium control, and results were categorized over the indicated grayscale.
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peptides MTBHLAE_030, MTBHLAE_031, MTBHLAE_034, and
MTBHLAE_061. In addition, peptide pools V7, V12, H8, and H10
were associated with proliferation greater than 5% in four of eight
tested donors, leading to the selection of peptides MTBHLAE_062,
MTBHLAE_063, MTBHLAE_065, MTBHLAE_081, MTBHL-
AE_083, MTBHLAE_087, MTBHLAE_089, MTBHLAE_093, and
MTBHLAE_095. To avoid an unwanted response to self in the con-
text of a vaccine containing these peptides, we confirmed the lack
of significant identity with the human genome. Finally, peptides
MTBHLAE_097, MTBHLAE_098, and MTBHLAE_099 from pep-
tide pool M72 were also selected because they were associated with
T cell proliferation of two of the tested donors (Table I).
Having selected the most promising peptides, we then screened

these individually in a second round of experiments and measured
induced CD31CD81 T cell proliferation in peptide-stimulated PBMCs
from 12 healthy Dutch donors (Fig. 4B). T cell proliferation was deter-
mined as the frequency of cells labeled with Click-iT EdU after back-
ground (medium) subtraction. Because this screening was performed
using PBMCs from healthy donors from a nonendemic TB area (the
Netherlands), T cell recognition was determined when proliferation
was greater than 5%. To identify possible Mycobacterium reactivity
among these donors, we used stimulation with mycobacterial PPD
and ESAT6/CFP10, known Mtb-specific Ags. Our results show con-
siderable interindividual variation in peptide recognition with no evi-
dent preference or pattern of recognition across donors. Three of five
Mycobacterium-reactive donors showed CD31CD81 T cell reactiv-
ity to Mtb-derived peptides (proliferation >5%; Fig. 4B), whereas
six of seven nonreactive donors recognized none of the tested pepti-
des (proliferation <5%; Fig. 4B). Donors’ CD31CD81 T cells rec-
ognized a wide range of 0�15 peptides, whereas 15 of 16 peptides
were recognized by at least one Mycobacterium responder (Fig. 4B).
Six of sixteen peptides were recognized by CD31CD81 T cells
from at least two donors, and one peptide (MTBHLAE_093) was
recognized by three independent donors (Fig. 4B). Altogether, these
results suggest that predicted HLA-E binding Mtb-derived peptides
are recognized by T cells in healthy Dutch blood bank donors possi-
bly exposed to (nontuberculous) mycobacteria, as indicated by the
higher number of peptides inducing proliferation in PPD-responsive
donors.

HLA-E binding Mtb-derived peptides are not recognized by
NKG2A/CD94

Because of the dual role of HLA-E-presented peptides in inducing
T cell responses via TCR recognition as well as regulating NK
cell�mediated cytotoxicity via NKG2A/CD94 signaling (31), we
next tested whether the newly predicted Mtb-derived HLA-E bind-
ing peptides that we tested individually for T cell proliferation could
also bind NKG2A/CD94. For this experiment, we used thermal
exchange HLA-E tetramers, which we recently developed, to easily
load our test peptides onto HLA-E tetramers, and we tested staining
of NKG2A/CD94-expressing K562 cells (18). As a control for the
proper refolding of HLA-E tetramers, we additionally stained
LILRB1-expressing K562 cells because LILRB1 binds the con-
served b2M and a3 domains of HLA-I molecules, regardless of the
peptide bound (18, 32, 33). Our LILRB1 staining results indicated
that thermal exchange with all our tested peptides was successful,
whereas NKG2A/CD94 staining resulted in a total lack of signal by
these HLA-E tetramers, indicating that these peptides are not recog-
nized by this inhibitory receptor (Supplementary Fig. 2B). There-
fore, our predicted peptides are not expected to inhibit NK
cell�mediated cytotoxicity, an effect that could reduce elimination
of Mtb-infected cells (31). T
ab
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Cells specific for newly identified peptides can be detected in
BCG-vaccinated NHPs and Mtb-exposed humans

To confirm the relevance of these peptides in vivo, we performed tet-
ramer staining of PBMC samples from BCG-vaccinated NHPs. We
selected four newly predicted Mtb-derived peptides (MTBHLAE_062,
MTBHLAE_065, MTBHLAE_087, and MTBHLAE_093), based on
the combination of their HLA-E binding affinity and their capacity to
induce T cell proliferation. Previously described Mtb epitopes Mtb34
and Mtb44 were included as controls (6). We loaded HLA-E tet-
ramers with these peptides and used them to analyze the frequency
of circulating peptide-specific MHC-E-restricted T cells in PBMCs
from six BCG-vaccinated NHPs (18). In order to confirm proper
loading of these predicted peptides into HLA-E tetramers, we ana-
lyzed the obtained tetramers by mass spectrometry and found that
all tested peptides were correctly loaded (Table I). In order to
explore the increased abundance of these MHC-E-restricted T cells
at different time points after BCG vaccination, we analyzed samples
before, 10 wk after, and 17�20 wk after BCG vaccination. Our
results indicate that MHC-E-restricted CD81 T cells specific to our
selection of newly predicted Mtb-derived peptides were more
abundant after vaccination with BCG, with statistically significant
differences observed for MTBHLAE_065 and MTBHLAE_087,
not only confirming these peptides as T cell epitopes but also
suggesting an expansion of these cell populations as a result of
vaccination (Fig. 5A, Supplementary Fig. 3A).
To further confirm recognition of our newly predicted peptides in

samples from Mycobacterium-exposed humans, we performed tetra-
mer staining analysis on PBMCs from TST-positive individuals (21).
Considering the previous observation that HLA-E binding is not
always the most accurate predictor of immunogenicity and prolifera-
tive responses observed to a wider range of peptides above (6), we
decided to expand the panel of peptides to be tested. Therefore, we
selected five additional peptides (MTBHLAE_030, MTBHLAE_031,
MTBHLAE_034, MTBHLAE_063, MTBHLAE_081) primarily on
the basis of their capacity to induce HLA-E-restricted T cell prolife-
ration. Peptides MTBHLAE_061, MTBHLAE_083, and MTBHL-
AE_099 were selected on the basis of their capacity to induce T cell
proliferation; however, their lower HLA-E binding capacity led to
poor-quality tetramer production, and therefore these were excluded
from the staining panel. Interestingly, our results showed that three of
five peptides from this second selection had increased frequency of
specific HLA-E-restricted CD81 T cells (Fig. 5B, dark gray), com-
pared with one of four peptides from the first selection also tested in
NHPs (Fig. 5B, light gray; Supplementary Fig. 3B). Altogether, these
results pinpoint HLA-E binding Mtb-derived peptides MTBHLAE_093,
MTBHLAE_031, MTBHLAE_034, and MTBHLAE_063 as relevant
CD81 T cell epitopes, based on their capacity to induce CD81 T cell
proliferation and the frequency of HLA-E-restricted T cells stained with
tetramers.
Previous studies have shown that HLA-E-restricted T cells that

control intracellular Mtb growth in vitro can have diverse phenotypes,
including cytotoxic and suppressive functions as well as expressing
Th2-like cytokines (6, 7). PBMCs from patients with active TB,
including longitudinal sampling from TB diagnostics until the end of
TB treatment, were used for tetramer staining and peptide stimula-
tion. Tetramer staining with MTBHLAE_031 and MBTHLAE_093
was performed; only two tetramers were used because of limited cell
availability. Tetramer staining showed an abundant frequency of
peptide-specific HLA-E-restricted CD81 T cells at the time of TB
diagnostics, suggesting high recognition of our selected peptides. Inter-
estingly, we observed modified frequency of peptide-specific HLA-E-
restricted CD81 T cells over the course of treatment with 8 of 15
patients showing reduced frequency and 2 of 15 patients showing

increased frequency over time (Fig. 5C, Supplementary Fig. 3C).
PBMCs stimulated with a pool of four peptides (MTBHLAE_093,
MTBHLAE_031, MTBHLAE_034, and MTBHLAE_063) for 6 d
secreted a large array of different cytokines and chemokines (Fig. 5D).
Despite expression of several inflammatory markers, such as RANTES,
MCP-1, and IL-9, in many samples, we could not detect any consistent
expression of specific Th1-associated cytokines. Interestingly, we obser-
ved expression of Th2 or regulatory-like cytokines IL-13 and IL-10 at
the time of TB diagnosis and at the end of treatment, respectively. Alto-
gether, these data underscore the unorthodox phenotype that has been
associated with HLA-E-restricted T cell responses and warrants a
deeper functional analysis in a larger collection of samples.

Discussion
Several studies have shown that HLA-E-restricted T cells have the
capacity to improve protection against infectious agents such as Mtb
(7�9), SIV/HIV (10), HBV (12), and P. knowlesi (11). These T cell
responses can be an interesting target for vaccination because of the
nonpolymorphic nature of the HLA-E Ag-presenting molecule,
which has the potential to induce a similar response in all individu-
als (5). Further supporting the potential of these unconventional
T cells as vaccine targets, HIV-specific HLA-E-restricted CD81

T cells could be primed in vitro, leading to the suppression of
HIV-1 replication in infected cells (13). However, the number of
peptides described to induce such responses remains restricted, and
tools to identify relevant Ags in the context of HLA-E-restricted
T cell responses are limited. In this study, we implemented a high-
throughput HLA-E/peptide binding assay to develop an improved
peptide prediction algorithm for the identification of novel Mtb-
derived HLA-E binding peptides. We tested peptide binding to
HLA-E with the UV-mediated peptide exchange binding assay
(14, 15) and used the results to train a neural network model for
the prediction of novel HLA-E binding Mtb-derived peptides (16).
Our approach to investigate HLA-E binding to larger and more
diverse peptide collections differed from previous attempts to predict
HLA-E binding peptides based on limited peptide libraries selectively
focusing on specific anchor positions (6, 22). This greater diversity in
the sequences studied is expected to increase the predictive power of
alternative peptides that may not entirely follow the canonical HLA-E
binding motif described. By reiterating this process through the testing
of newly predicted HLA-E binding peptides, we improved our model
with each round of testing and prediction, each time yielding a higher
frequency of HLA-E binding peptides than in the previous round. Of
note, this HLA-E binding peptide prediction algorithm can be imple-
mented to identify peptides derived from any protein sequence, allow-
ing the identification of peptides originating from any microorganism
or mutated proteins in the case of malignancies.
Although HLA-E*01:01 and HLA-E*01:03 are extremely simi-

lar, numerous studies have demonstrated differences in peptide
binding to and cell surface stability of each molecule (34�36). The
single-nucleotide polymorphism between the two molecules might
lead to modifications in the neighboring charges, causing, in turn,
differences in peptide binding stability (15, 37). These differences
may be partially explained by the small variations in amino acid
preferences illustrated in the peptide binding motifs and may even
have functional consequences, as hinted by increased disease risk or
protection being associated with HLA-E*01:01 or HLA-E*01:03
homozygosity (38). In line with this, the selection of more than one
peptide would be an interesting approach for future vaccination
purposes.
Despite the importance and relevance of determining HLA-E

binding affinity to predict novel peptides able to induce HLA-E-
restricted T cell responses, peptide binding to HLA-E per se does
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not correlate with T cell recognition (6). Therefore, we tested our
newly predicted peptides in T cell proliferation experiments. This
allowed us to downselect peptides that, on top of being HLA-E bind-
ers, could be recognized by CD81 T cells from healthy Dutch donors,
suggesting they were indeed processed and presented by APCs for the
induction of specific T cells. Not surprisingly, certain peptides with
high HLA-E binding affinity were not recognized by T cells. This

might be explained by the possible formation of high-affinity nonsti-
mulatory pMHC/TCR interactions limiting T cell activation (39).
Alternatively, peptides might be displayed by the Ag-presenting mole-
cule in a way that prevents “on the top” TCR binding, therefore
failing to activate TCR signaling (40). This hypothesis is further sup-
ported by the lack of NKG2A/CD94 binding of these HLA-E-
presented Mtb-derived peptides, which might indicate a particular

A

D

B C

FIGURE 5. HLA-E-restricted CD81 T cells specific to newly identified peptides can be detected in BCG-vaccinated NHPs and TST-positive humans.
(A) Symbols and lines represent tetramer staining in samples obtained from six rhesus macaques before (circles), 10 wk after (triangles), and 17�20 wk after
(squares) BCG vaccination. Peptides loaded in the tetramers are indicated in the x-axis labels. p Values were calculated using two-way ANOVA: *p < 0.05.
(B) Floating bars represent tetramer staining in samples obtained from 10 TST-positive human donors. Light gray bars indicate tetramers that were also tested
in the NHPs, and dark gray bars indicate tetramers that were tested only in this human sample panel. p Values were calculated using the Kruskal-Wallis test
with multiple test correction: *p < 0.05, **p < 0.005, ***p < 0.001, ***p < 0.0001. (C) Symbols and lines represent tetramer staining with tetramers loaded
with MTBHLAE_031 and MBTHLAE_093 in samples obtained from 15 patients with active TB from the time of diagnosis until the end of treatment.
(D) Heatmaps represent secreted cytokine production upon 6-d stimulation with peptide pool (MTBHLAE_093, MTBHLAE_031, MTBHLAE_034, and
MTBHLAE_063) of samples obtained from 15 patients with active TB at the time of diagnosis, during treatment, and at the end of treatment. Columns repre-
sent samples, and rows represent markers, with white being no expression and increasingly darker colors being higher expression.
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complex conformation in the presence of these high HLA-E binding
peptides that restricts receptor binding. A third possibility to consider
may be that peptides not recognized by T cells may simply mimic
self-peptides and thus are excluded from this interaction after the nega-
tive selection of self-reactive T cells in the thymus (41). In any case,
the lack of correlation between peptide/HLA-E binding and TCR rec-
ognition emphasizes the need to test T cell recognition of predicted
HLA-E binding peptides under consideration for vaccine design. Our
improved prediction algorithm facilitates the identification of potential
pathogen- or tumor-derived peptides. Nevertheless, additional informa-
tion on how newly discovered HLA-E binding peptides behave in
terms of recognition by the relevant immune target cells is crucial for
the optimal selection of vaccine components.
Our tetramer staining showed that three of four peptides with

higher positive tetramer staining (MTBHLAE_093, MTBHLAE_031,
MTBHLAE_034) were moderate HLA-E-binders and increased T cell
proliferation during stimulation assays, suggesting productive TCR rec-
ognition. Conversely, high HLA-E binding peptides associated with
lower tetramer staining and T cell proliferation support lack of TCR
engagement rather than being involved in a nonstimulatory interaction.
However, more detailed molecular dynamic simulations and structural
analyses of these interactions are needed to confirm this hypothesis.
HLA-E binding Mtb-derived peptides associated with positive tetramer
staining do not show an obvious common sequence that could support
this behavior, but they are all moderate HLA-E binders, suggesting
that this could be optimal to induce productive TCR signaling. This is
in line with previous studies showing that certain conformational flexi-
bility within the peptide�MHC interactions was in turn associated
with mobile TCR rearrangements promoting recognition and signaling
(42, 43). Indeed, previous analyses of HLA-E binding peptide sequen-
ces identified the presence of rigid or bulky residues in central posi-
tions, which may be associated with moderate or flexible HLA-E
binding and could potentially promote TCR recognition (15). Struc-
tural analyses, as well as affinity and avidity assessment, are needed to
further elucidate the role of HLA-E pocket occupancy in the interac-
tions of TCR receptors with side chains of HLA-E binding peptides
composed of alternative main anchor residues.
Lampen et al. demonstrated a significant overlap between the

peptide binding motifs to HLA-E and HLA-A2 (44). Therefore, an
important aspect in the present study was to confirm HLA-E restric-
tion of the peptide-specific CD81 T cell responses observed. Indeed,
HLA-E tetramer staining of latently infected (TST-positive) human
samples supports that the observed responses most likely occur
through HLA-E-mediated Ag presentation, although cross-reactivity
between HLA-E-presented peptides and HLA-A2-restricted T cell
recognition cannot be fully discarded. Despite the possibility for
HLA-A2 presentation (Table I), HLA class I presentation of these
peptides would potentially contribute to elimination of infected cells
and would not promote bacterial persistence, although consequences
of this dual binding must be carefully considered (45).
Tetramer staining in BCG-vaccinated NHPs showed increased

frequency of Mtb-specific MHC-E-restricted CD81 T cells after
vaccination compared with the prevaccination time point, in line
with an expansion of these specific cell populations in response to
the vaccine. This finding is of particular interest when considering
the potential of such peptides as components of a subunit booster
vaccine after a BCG prime to increase protection against pulmonary
tuberculosis in adolescents and adults. In accordance with this, our
analysis of peptide sequence conservation across Mtb genomes
ensures that the selected peptides would be relevant to induce pro-
tection against the majority of circulating strains.
The identification of novel HLA-E binding Mtb-derived peptides

with the capacity to induce CD81 T cell responses could be of great
value for vaccine design. Because of the dual role of HLA-E-mediated

Ag presentation in activating T cells through TCR recognition and reg-
ulating NK cells through NKG2A/CD94 recognition, we evaluated
whether our selected peptides could bind this inhibitory receptor before
considering their potential vaccine component candidacy (31). The
selected peptides were not involved in inducing potential inhibitory
signaling pathways and could thus be considered as potential subunit
vaccine components. Whether these peptides are involved in the induc-
tion of HLA-E-restricted T cells with phenotypical and functional
capacity to protect against Mtb infection remains to be elucidated in
future studies. It will be interesting to dissect the cytokine profile of
such T cell responses, because Mtb-specific HLA-E-restricted T cells
have previously been associated with a dominant effector memory
phenotype ex vivo and an unorthodox Th2-like response that was also
associated with control of intracellular Mtb growth in vitro (7, 46).
Cytotoxic responses mediated by HLA-E-restricted T cell responses
were also identified in the context of Salmonella typhimurium, CMV,
EBV, and HIV infections, further supporting the potential relevance of
these immune cells as protective vaccine targets (24, 47�49).
Altogether, this study has identified (to our knowledge) novel

Mtb-derived HLA-E binding peptides involved in the induction of
T cell responses and opens possibilities to identify and include Mtb-
derived HLA-E binding peptides in novel vaccine strategies, as a
booster or complementary vaccine to BCG. Future research is neces-
sary to further dissect the role of these peptide-specific HLA-E-
restricted T cells during Mtb infection to elucidate their potential
phenotype and functionality as well as their involvement in possible
protective immunity against Mtb infection or TB disease.
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