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Abstract Major histocompatibility complex (MHC) class I

molecules regulate adaptive immune responses through the

presentation of antigenic peptides to CD8+ T cells. Polymor-

phisms in the peptide binding region of class I molecules

determine peptide binding affinity and stability during antigen

presentation, and different antigen peptide motifs are associ-

ated with specific genetic sequences of class I molecules. Un-

derstanding bovine leukocyte antigen (BoLA), peptide-MHC

class I binding specificities may facilitate development of vac-

cines or reagents for quantifying the adaptive immune re-

sponse to intracellular pathogens, such as foot-and-mouth dis-

ease virus (FMDV). Six synthetic BoLA class I (BoLA-I)

molecules were produced, and the peptide binding motif was

generated for five of the six molecules using a combined ap-

proach of positional scanning combinatorial peptide libraries

(PSCPLs) and neural network-based predict ions

(NetMHCpan). The updated NetMHCpan server was used to

predict BoLA-I binding peptides within the P1 structural

polyprotein sequence of FMDV (strain A24 Cruzeiro) for Bo-

LA-1*01901, BoLA-2*00801, BoLA-2*01201, and BoLA-

4*02401. Peptide binding affinity and stability were deter-

mined for these BoLA-I molecules using the luminescent ox-

ygen channeling immunoassay (LOCI) and scintillation prox-

imity assay (SPA). The functional diversity of known BoLA

alleles was predicted using theMHCcluster tool, and function-

al predictions for peptide motifs were compared to observed

data from this and prior studies. The results of these analyses

showed that BoLA alleles cluster into three distinct groups

with the potential to define BBoLA supertypes.^ This stream-

lined approach identifies potential T cell epitopes from path-

ogens, such as FMDV, and provides insight into T cell immu-

nity following infection or vaccination.
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Introduction

Peptide binding to major histocompatibility complex (MHC)

class I molecules is the most selective step in determining

immunogenicity and immunodominance of antigens from in-

tracellular pathogens such as viruses (Yewdell and Bennink

1999). The alpha-1 and alpha-2 domains of MHC class I mol-

ecules form a binding cleft that presents short polypeptides

derived from cytosolic and nuclear proteins. Given the thou-

sands of potential 8- to 11-amino acid polypeptides that can be

generated from the proteins of intracellular pathogens, anti-

genic peptides that stably bind to major histocompatibility

complex (MHC) class I molecules are relatively rare. The

peptides that bind to class I molecules often share common

features (i.e., motifs); this is a function of key amino acid
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residues in the binding pockets of the MHC molecules. The

antigenic peptides (epitopes) presented in the context of MHC

class I molecules on the surface of virus-infected cells or ac-

tivated antigen presenting dendritic cells are recognized by T

cell receptors (TCRs) on CD8+ T lymphocytes. Upon recog-

nition of the peptide-MHC class I complexes, naïve CD8+ T

cells expand and differentiate into cytotoxic T lymphocytes

(CTLs). These cells recognize and kill virus-infected cells

through several mechanisms such as perforin, granzyme, and

Fas ligand pathways (Groscurth and Filgueira 1998).

MHC class I molecules can be characterized based on their

ability to bind specific peptide motifs (Stryhn et al. 1996).

MHC class I molecules preferentially bind peptides of 8 to

11 amino acids, most commonly with dominant anchor resi-

dues located at positions 2 and 3 relative to the amino terminus

and at the C-terminus. Residues at other positions (e.g., posi-

tions 1, 4, 5, 6, 7, 8) may also influence peptide binding and

affect TCR binding to the MHC-peptide complex (Calis et al.

2013; Frankild et al. 2008). For example, a large fraction of

human leukocyte antigen (HLA) alleles are associated with

specificities for proline in position 2 (P2) and hydrophobic

residues at the C-terminus (B7-supertype), or with hydropho-

bic residues in P2 and positive charges at the C-terminus (A3-

supertype) (Sidney et al. 2008). Similar anchor residues are

reported in other species such as cattle, pigs, birds, and chim-

panzees (Follin et al. 2013; Hansen et al. 2014; Pedersen et al.

2012; Thomsen et al. 2013). Among cattle, there are currently

95 classical MHC class I alleles listed in the Immuno Poly-

morphism Database (IPD-MHC; http://www.ebi.ac.uk/ipd/)

although additional alleles have been reported (Hansen et al.

2014). Peptide binding motifs or epitopes have been described

for at least 13 bovine leukocyte antigen class I (BoLA-I) mol-

ecules (Bamford et al. 1995; De Groot et al. 2003; Gaddum

et al. 1996a; Gaddum et al. 1996b; Graham et al. 2008;

Guzman et al. 2010; Hansen et al. 2014; Hart et al. 2011;

Hegde et al. 1999; Hegde et al. 1995; Hegde and Srikumaran

2000; Li et al. 2011; MacHugh et al. 2011; Momtaz et al.

2014; Nene et al. 2012; Sinnathamby et al. 2004; Svitek

et al. 2014). Two of these studies focused on predicting anti-

genic peptides of foot-and-mouth disease virus (FMDV)

(Guzman et al. 2010; Momtaz et al. 2014), while additional

studies examined the induction of CTL response following

FMDV infection or vaccination in cattle (Childerstone et al.

1999; Guzman et al. 2008) and swine (Patch et al. 2013; Patch

et al. 2011). The potential role of CD8+ T cell responses in

FMDVinfections or following vaccination remains controver-

sial, as most FMDV vaccination research has focused on the

role of virus-neutralizing antibodies (Grubman et al. 2010).

Evidence of CD8+ T cell responses from the few prior studies

suggests additional research is justified, as understanding

MHC class I FMDVepitopes and bovine CTL responses fol-

lowing infection or vaccination may identify opportunities to

advance FMDV vaccine development.

FMDV is a picornavirus of the Aphthovirus genus with a

linear (non-segmented) genome of single-stranded positive-

sense RNA approximately 8.2 kilobases in length (Grubman

et al. 2010). The genome is translated as a single polyprotein,

which is cleaved by the activity of viral proteases. The P1-2A

precursor portion of full-length polyprotein includes four

structural capsid proteins: VP4, VP2, VP3, and VP1. FMDV

causes an acute highly contagious febrile disease with vesic-

ular lesions in cloven-hoofed animals, including domestic cat-

tle and swine. Infection negatively impacts milk and meat

production, and outbreaks in naïve populations are character-

ized by rapid spread and significant morbidity. Vaccination is

an important component of FMDV control in endemic coun-

tries and will be increasingly essential in response to any fu-

ture outbreaks in countries or regions currently free of FMDV

(Grubman et al. 2010). An adenoviral vectored FMDV vac-

cine has recently received conditional approval for use in the

USA. This vaccine construct contains nucleotide sequence

encoding the FMDV P1-2A structural proteins and the 3C

protease genes inserted into the E1 region of a replication-

incompetent adenovirus 5 (Ad5) vector (Brake et al. 2012;

Grubman et al. 2010). Multiple species have benefited from

the use of adenovirus as a vaccine vector, including humans

(human immunodeficiency virus), non-human primates (sim-

ian immunodeficiency virus), dogs (rabies), swine (porcine

respiratory and reproductive syndrome virus), and cattle (bo-

vine parainfluenza virus type 3, bovine herpes virus 1, and

bovine viral diarrhea virus) (Tatsis and Ertl 2004). Human

Ad5 vectors have been shown to specifically induce CD8+

T cell responses in rodents, dogs, and non-human primates

(Tatsis and Ertl 2004).

The bioinformatic tools, such as NetMHCpan and

NetMHC, can be used to predict peptides that are likely bound

by the BoLA molecules and to inform subsequent in vitro and

ex vivo studies (Hansen et al. 2014; Nene et al. 2012; Svitek

et al. 2014). These tools have been used to refine the peptide

predictions obtained from previous studies (Nene et al. 2012)

and have been applied to successfully identify immunogenic

peptides of Theileria parva antigens driving CD8+ T cell re-

sponses in cattle (Svitek et al. 2014). The reverse immunology

approach has been used in bacterial and viral pathogens, such

as meningococcus B, human immunodeficiency virus, yellow

fever virus, West Nile virus, dengue virus, herpes virus, and

hepatitis C virus (Bruno et al. 2015; Rappuoli 2001).

In this study, we applied bioinformatic prediction tools,

NetMHCpan-2.9 and MHCcluster, combined with high-

throughput biochemical affinity and stability assays to identify

potential FMDV epitopes bound by MHC molecules

expressed by Holstein cattle in the research and teaching herd

at the University of Vermont (UVM).We were able to identify

several in vitro binding peptides and characterized the peptide

motifs for five out of six BoLA molecules. This research pro-

vides insight into specific viral derived peptides that could
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induce bovine CD8+ T cells after infection or vaccination.

This approach is a rapid and accurate method to identify Tcell

epitopes and sets the stage to examine T cell-specific immune

responses in Holstein cattle, other domestic cattle breeds, and

perhaps other bovids.

Methods

Animals

Whole blood samples (8–10 ml in K3-EDTA) were taken by

jugular or caudal tail venipuncture from 81 purebred Holstein

cattle from the UVM Dairy Center of Excellence (DCE) re-

search herd. Blood samples were held on ice, and within 2 h of

sampling, peripheral blood mononuclear cells (PBMCs) were

isolated by density gradient centrifugation using Histopaque

1083 (Sigma-Aldrich, St. Louis, MO). All animal use proce-

dures were conducted in accordance with protocol #10-026

approved by the UVM Institutional Animal Care and Use

Committee.

RNA extraction and cDNA synthesis

RNAwas purified from PBMCs using manufacturer’s instruc-

tions for TRIzol Reagent in combination with RNeasy Mini

Kit (Qiagen, Valencia, CA). Following RNA extraction, com-

plementary DNAwas generated using the ImProm-II Reverse

Transcription System (Promega, Madison, WI) following

manufacturer’s recommendations.

BoLA typing by polymerase chain reaction

with sequence-specific primers (PCR-SSP)

PCR-SSP for a panel of 15 BoLA alleles was performed ac-

cording to Ellis et al. (1998) with slight modifications. Primers

to amplify a 16th allele (BoLA-2*01201) were obtained from

Codner (2010). PCR reaction mixtures consisted of 3.5 mM

MgCl, 0.2 mM dNTPs, 1 μMof each primer, and 1.25 units of

Taq polymerase in 1X buffer (10 mM Tris-HCl, 50 mM KCl,

1.5 mM MgCl (New England Biolabs, Ipswich, MA)) in a

final reaction volume of 50μl. Previously published annealing

temperatures were adjusted for primer pairs 1, 5, 6, 7, 8, 10,

11, 13, 15, and 16, using the formula Tm(°C)=[67.5+

0.34(%GC×100)−395/length of the primer]. The cycling

conditions were 95 °C for 60 s followed by 30 PCR cycles

of 95 °C for 30 s, 55–61 °C for 30 s, and 72 °C for 30 s using a

programmable C1000 Thermal Cycler (Bio-Rad, Hercules,

California). Positive control complementary DNA (cDNA)

for BoLA-3*00201, BoLA-1*02301, and BoLA-6*01301

was kindly provided by Dr. Ivan Morrison (Roslin Institute,

University of Edinburgh, Edinburgh, Scotland).

Positional scanning combinatorial peptide libraries

and FMDV peptides

Positional scanning combinatorial peptide library (PSCPL)

pept ides were synthes ized using sol id-phase 9-

fluorenylmethyloxycarbonyl (Fmoc) chemistry on 2-

chlorotrityl chloride resins and purchased from Schafer-N Co-

penhagen, Denmark (www.schafer-n.com). Briefly, an

equimolar mixture of 19 of the common Fmoc amino acids

(excluding cysteine) was prepared for each synthesis and used

for coupling in eight positions, whereas a single Fmoc amino

acid (including cysteine) was used in one position. This

position was changed in each synthesis starting with the N-

terminus and endingwith the C-terminus. In one synthesis, the

amino acid (AA) pool was used in all nine positions. There-

fore, the library consisted of 20×9+1=181 individual peptide

libraries and includes:

& 20 PSCPL sublibraries describing position 1: AX8, CX8,

DX8, … YX8

& 20 PSCPL sublibraries describing position 2: XA X7, XC

X7, XD X7, … XY X7

& Etc.

& 20 PSCPL sublibraries describing position 9: X8A, X8C,

X8D,… X8Y

& A completely random nonameric peptide library pool: X9,

where X denotes the random incorporation of AA from the

mixture and a single-letter AA abbreviation is used to denote

the identity of a fixed AA (e.g., A, alanine). Following syn-

thesis, the peptides were cleaved from the resin in

trifluoroacetic acid/1,2-ethanedithiol/triisopropylsilane/water

95:2:1:3 v/v/v/v, precipitated in cold diethyl ether, and extract-

ed with water before desalting on C18 columns, freeze drying,

and weighing.

Peptides for the predicted FMDV CD8+ T cell epitopes

were synthesized by 9-fluorenylmethyloxycarbonyl (Fmoc)

chemistry, purified by reverse-phase high-performance liquid

chromatography (to at least >90 % purity), validated by mass

spectrometry, and quantified by weight (GenScript,

Piscataway, NJ).

Synthesis of recombinant MHC-I heavy chain proteins

Recombinant molecules BoLA-1*01901, BoLA-2*00801,

BoLA-2*01601, BoLA-3*01701, BoLA-4*02401, and Bo-

LA-6*01302 were produced as previously described (Hansen

et al. 2014). In brief, each BoLA molecule was generated in

Escherichia coli including a biotinylation substrate peptide

(BSP) at the N-terminal end, which was biotinylated in vivo

using a co-induced BirA enzyme and the addition of biotin

during the expression. E. coli were harvested as inclusion

bodies, extracted into Tris-buffered 8 M urea and purified
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using ion exchange, hydrophobic, and gel filtration chroma-

tography. MHC-I heavy chain proteins were never exposed to

reducing conditions, which allows for purification of highly

active pre-oxidized BoLA molecules when diluted into an

appropriate reaction buffer. The pre-oxidized, denatured pro-

teins were stored at −20 °C in Tris-buffered 8 M urea.

Production of MHC-I light chain (beta-2-microglobulin)

protein

Nat ive , recombinant human and bovine beta-2-

microglobulins (β2m) were expressed and purified as previ-

ously described (Hansen et al. 2014). Briefly, a histidine af-

finity tag (HAT) followed by an FXa restriction enzyme site

was inserted N-terminally of a synthetic gene encoding the

native, mature human or bovine β2m. The recombinant gene

was expressed in the E. coli expression host, BL21 (DE3),

harvested as inclusion bodies, extracted into a urea buffer,

and purified. The tagged β2m protein was digested for 48 h

at room temperature with the FXa protease releasing intact

natively folded β2m. The folded β2m was purified as previ-

ously described, and fractions containing β2mwere identified

by A280 UV absorbance and SDS-PAGE and then pooled.

Protein concentrations were determined by BCA assay. The

native β2m proteins were stored at −20 °C.

Determining peptide-MHC-I binding motifs

by a scintillation proximity assay

Nonameric peptide binding motifs were determined for

BoLA-1*01901, BoLA-2*00801, BoLA-3*01701, BoLA-

4*02401, and BoLA-6*01302 using the PSCPL as previ-

ously described (Hansen et al. 2014; Harndahl et al. 2011;

Rasmussen et al. 2014). Recombinant, biotinylated MHC-I

heavy chain molecules in 8 M urea were diluted at least

100-fold into PBS buffer containing bovine β2m and pep-

tide to initiate pMHC-I complex formation. The final con-

centration of MHC-I heavy chain was between 10 and

100 nM, depending on the specific activity of the MHC-I

heavy chain. The reactions were carried out in the wells of

streptavidin-coated scintillation 384-well FlashPlate®

PLUS microplates (Perkin Elmer, Waltham, MA). Recom-

binant bovine β2m was expressed, purified, and

radiolabeled with iodine (125I) as previously described

(Harndahl et al. 2011). 125I-labeled β2m (approximately

1 nM, corresponding to approximately 25,000 cpm/well)

and saturating concentrations (10 μM) of peptide were

allowed to reach steady state by overnight incubation at

18 °C. After overnight incubation, excess unlabeled bovine

β2m was added to a final concentration of 1 μM and the

temperature was raised to 37 °C to initiate dissociation.

pMHC-I dissociation was monitored for 24 h by consecu-

tive measurement of the scintillation microplate on a

scintillation TopCount NXT multiplate counter (Perkin

Elmer, Waltham, MA). PSCPL dissociation data were an-

alyzed as described (Rasmussen et al. 2014). Briefly, fol-

lowing background correction, the area under the dissoci-

ation curve (AUC) was calculated for each sublibrary by

summing the counts from 0 to 24 h. The relative contribu-

tion of each residue in each position (i.e., the relative bind-

ing (RB)) was calculated as RB=(AUCsublibrary/AUCX9).

The RB values were normalized for each peptide position

to give a sum of 20 for each residue. The anchor position

(AP) value for each peptide position was calculated as:

AP ¼

X

20

i¼1

1−RBsublibrary

� �2

Data generated by the PSCPL assay for the five BoLA

molecules were used to select a library of peptides to evaluate

in vitro binding affinity of these molecules.

Measuring peptide-MHC-I affinity interactions

by luminescent oxygen channeling immunoassay

AlphaScreen™ assay

A set of up to 192 peptides was selected from our peptide

repository, which contains over 9000 nonamer peptides.

Based on availability in the library, up to 96 high-scoring

peptides (rank score ≤0.5) according to the PSCPL matri-

ces were selected, and as many as possible up to 96 addi-

tional peptides were selected based on NetMHCpan-2.8

predictions, but with low affinity according to PSCPL.

This combined method has been demonstrated to success-

fully identify high-affinity MHC binding peptides, and in-

clusion of such data has been shown to improve the pre-

dictive performance of the NetMHCpan algorithm (Hansen

et al. 2014; Hoof et al. 2009; Nielsen et al. 2008; Pedersen

et al. 2012; Rasmussen et al. 2014).

Affinity measurements of peptide-MHC-I interactions

with MHC-I molecules were conducted using the

AlphaScreen™ technology, as previously described

(Harndahl et al. 2009). The donor and acceptor beads of

the luminescent oxygen channeling immunoassay (LOCI)

were purchased from PerkinElmer (Waltham, MA). Donor

beads were obtained pre-conjugated to streptavidin; ac-

ceptor beads were in-house conjugated to the monoclonal

antibody W6/32 (gift from Dr. Jonathan Boyson), to a

final concentration of 1 mg/ml using standard procedures

as described by the manufacturer. Recombinant, biotinyl-

ated MHC-I heavy chains, human β2m and peptide were

titrated in phosphate-buffered saline (PBS) with 0.1 %

Lutrol F-68 as surfactant. They were allowed to fold for

48 h at 18 °C. The folding mixture was transferred to a

384-well OptiPlate (PerkinElmer, Waltham, MA). The
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donor and acceptor beads were each added to a final con-

centration of 5 μg/ml and incubated overnight at 18 °C.

To ensure temperature equilibrium during the reading

time, plates were placed at room temperature 1 h prior

to reading on BioTek Synergy H4 (BioTek, Winooski,

VT) or on an EnVision® multilabel reader (PerkinElmer,

Waltham, MA). All handling of LOCI reagents was done

in the dark or in green light.

LOCI signals were converted to peptide-MHC-I complex

concentration via a pre-folded peptide-MHC-I complex stan-

dard. The peptide-MHC-I binding affinity was calculated by

fitting peptide dose-response data to a one-site binding model

(Y=Bmax*X/(Kd+X)) by non-linear regression where Y is the

concentration of pMHC-I complexes formed and X is the con-

centration of ligand (i.e., peptide) (Harndahl et al. 2009). The

EC50 approximates the equilibrium dissociation constant (Kd)

as long as the receptor concentration used is less than the Kd,

thus avoiding ligand depletion. Under conditions of limited

receptor concentration ([MHC-I HC]≤Kd), the EC50 is a rea-

sonable approximation of the Kd. Kd calculations were done in

GraphPad Prism® 6 Software (GraphPad Software, Inc., San

Diego, CA).

Bioinformatic analysis of the FMDV peptide binding

specificity of BoLA molecules

The updated pan-specific algorithm NetMHCpan-2.9 (Hoof

et al. 2009) was used to predict peptide-MHC-I interactions

of BoLA-1*01901, BoLA-2*00801, BoLA-2*01201, and

BoLA-4*02401 with nonameric and decameric peptides of

the P1 region of FMDV serotype A24 Cruzeiro. The FMDV

P1 sequence used in this analysis was obtained from Dr.

Marvin Grubman (Personal Communication, Supplemental

Fig. 1) and is the sequence used in construction of the new

adenovirus-vectored FMDV vaccine (Brake et al. 2012).

Measuring specific FMDV-peptide-MHC-I interactions

by LOCI and SPA

The top strong binding FMDV peptides, i.e., a NetMHCpan

rank score of ≤0.5 %, were synthesized as described above for

use in subsequent binding affinity (LOCI) and stability (scin-

tillation proximity assay (SPA)) assays with synthetic BoLA-

1*01901, BoLA-2*00801, BoLA-2*01201, and BoLA-

4*02401. We also tested two weak binding peptides, i.e.,

those with a NetMHCpan rank score of 0.51–2 %; thus, a total

of 30 synthetic peptides were selected. Peptide-MHC stabil-

ity in the dissociation SPA was expressed as a half-life in

hours, and based on a previous study, we used a threshold

of 1 h to identify potential immunogenic epitopes

(Harndahl et al., 2012).

Functional predictions of BoLA molecules using

MHCcluster, visualized with sequence logos

MHCcluster server 2.1 was used to generate an unrooted tree

and heat-map of the functional relationship between the BoLA

molecules using full-length BoLA class I protein sequences,

as previously described in Thomsen et al. (2013). Ovar-1-

N*00201 MHC-I sequence (GI:108792434) was also includ-

ed. As part of the MHCcluster output, a sequence logo for

each allele was generated using the Seq2Logo server

(Thomsen and Nielsen 2012). The logos are visual represen-

tations of predicted nonameric amino acid binding motifs of

individual BoLA molecules. Briefly, logos were created from

the strongest binders (predicted top 1%) from a set of 100,000

random 9-mer peptides and were clustered using the Hobohm

1 algorithm with the similarity threshold of 63 % to remove

redundancy, and pseudocounts were applied with a weight on

prior of 200 to account for a low number of observations. The

accuracy of the predicted sequence motif is estimated from the

distance to the Bnearest neighbor^MHCmolecule included in

the training of the peptide binding prediction method; a value

≥0.70 is considered an accurate prediction and ≥0.90 is con-

sidered highly accurate (Hoof et al. 2009; Thomsen et al.

2013).

Results

BoLA class I typing of individual animals

Frequency of known BoLA gene expression was determined

by PCR-SSP (Ellis et al. 1998) for 81 Holstein cattle from the

UVM teaching and research herd (Fig. 1). We used the ob-

served frequencies in our cattle population and availability of

other recombinant BoLA molecules (e.g., BoLA-2*01201

(Hansen et al. 2014)) to inform synthesis of recombinant Bo-

LA molecules for this study. We chose to synthesize BoLA-

1*01901, BoLA-2*00801, BoLA-2*01601, BoLA-3*01701,

BoLA-4*02401, and BoLA-6*01302.

Determining the peptide binding specificity

of BoLA-1*01901, BoLA-2*00801, BoLA-3*01701,

BoLA-4*02401, and BoLA-6*01302

by dissociation-driven PSCPL analysis

We applied a positional scanning combinatorial peptide librar-

ies (PSCPLs) approach combining SPA-based peptide-MHC-

I dissociation assay with nonameric PSCPLs (Rasmussen

et al. 2014) to analyze the peptide binding specificity of six

BoLA-I molecules: BoLA-1*01901, BoLA-2*00801, BoLA-

2*01601, BoLA-3*01701, BoLA-4*02401, and BoLA-

6*01302. Peptide binding motifs (Fig. 2) and PSCPLmatrices

(Supplemental Fig. 2) were derived for five BoLAMHC class

Immunogenetics (2015) 67:691–703 695



I heavy chains, BoLA-1*01901, BoLA-2*00801, BoLA-

3*01701, BoLA-4*02401, and BoLA-6*01302. Recombi-

nant BoLA-2*01601 was also synthesized, but we were un-

able to derive a peptide binding motif for this molecule due to

low signal-to-background ratio in the SPA-based pMHC-I

dissociation assay (data not shown). Overall, the shape of

the motifs of these BoLA molecules appeared to be very sim-

ilar to previously reported BoLAmotifs with anchor positions

at the N- and C-terminal parts of the peptide (Hansen et al.

2014). All molecules had prominent anchors in C-terminal

position 9 (P9), and a few motifs had a less defined primary

anchor position at position 2 (P2) or position 3 (P3). The

BoLA-1*01901 molecule had a pronounced anchor position

in P2, P3, and P9 with strong preference for glutamic acid in

P2; preference for arginine or lysine in P3; and alanine, valine,

or serine in P9. BoLA-2*00801 and BoLA-4*02401 have

very similar peptide binding motifs; both contain less pro-

nounced anchors in P2, but had strongly pronounced prefer-

ence for aromatic amino acids in the C-terminal (P9) peptide

position (Fig. 2). The motif for BoLA-3*01701 was rather

unique with potential anchor residues in P2, P3, P5, P8, and

P9. BoLA-3*01701 had a strong pronounced preference for

glycine in P2, and preferences for amino acids with more

neutral side chains in P3. BoLA-3*01701 also appeared to

favor asparagine or methionine in P5 and asparagine, proline,

or valine in P8. Similar to BoLA-1*01901, BoLA-3*01701

strongly favored alanine and valine in P9. The motif for Bo-

LA-6*01302 had a distinct preference for hydrophobic amino

acids, such as leucine, phenylalanine, isoleucine, and methio-

nine in P9 and a less pronounced P2 anchor with preference

for glutamic acid and glutamine.

BoLA binding affinity for predicted nonameric peptides

and retraining NetMHCpan for specific BoLA molecules

Peptide-MHC-I affinity interactions were measure by LOCI,

and these data were used to update the existing bioinformatics
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Fig. 2 Sequence logo representations of BoLA-1*01901, BoLA-

2*00801, BoLA-4*02401, BoLA-6*01302, and BoLA-3*01701

binding motifs. The logo for BoLA-2*01201 has been previously

described (Hansen et al. 2014). The logos were calculated from the top

1% highest-scoring peptides selected from a pool of 9-mer peptides using

the positional scanning combinatorial peptide library matrix. In the

sequence logo, each peptide position is represented by a stack of letters

indicating its significance for binding and the height of each amino acid is

proportional to its relative frequency (Thomsen and Nielsen 2012). Acid-

ic residues are displayed in red, basic in blue, neutral in green, and hy-

drophobic in black
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predictor NetMHCpan v2.8. In this approach, the PSCPL ma-

trices are used to select predicted BoLA-I binding peptides

from an in-house repository of >9000 nonameric peptides.

To complement this selection method, NetMHCpan v2.8 was

used to select additional strong binding peptides from the

repository that were not predicted to bind according to the

PSCPL-derived binding matrix. We have previously demon-

strated that using either the PSCPL or the NetMHCpan meth-

od alone is suboptimal to improve the predictive algorithm

(Hansen et al. 2014; Rasmussen et al. 2014). These previous

studies concluded that PSCPL matrix-guided selection will be

able to identify a large proportion of binders, although in

many cases this will not cover the complete binding space of

a particular MHC molecule. The number of predicted binders

available from the nonameric peptide repository included 170,

170, 145, 170, and 157 peptides for BoLA-1*01901, BoLA-

2*00801, BoLA-3*01701, BoLA-4*02401, and BoLA-

6*01302 molecules, respectively (Supplemental Table 1).

For each BoLA molecule-peptide combination, the binding

affinity was subsequently determined using the LOCI assay

(Hansen et al. 2014; Harndahl et al. 2009). Binding affinity

data was already available for BoLA-2*01201 (Hansen et al.

2014), the molecule found at the highest frequency in our

herd. For BoLA-2*00801 and 6*01302, >90% of the peptides

from the pool of PSCPL matrix predicted peptides were found

to bind with an affinity <500 nM. Greater than 60 % of the

predicted peptides identified by the complementary

NetMHCpan-2.8 prediction bound at the same affinity

(Supplemental Table 1). Similarly, the PSCPL matrix-based

prediction for BoLA-1*01901 and BoLA-4*02401 found 31

and 40 % of the predicted peptides for each molecule to bind

with an affinity <500 nM. The NetMHCpan v2.8 prediction

identified additional strong binding peptides (4 and 10 % of

peptides predicted by NetMHCpan v2.8were found to bind to

BoLA-1*01901 and BoLA-4*02401, respectively, Supple-

mental Table 1). The complementary method of PSCPL ma-

trix plus NetMHCpan predictions identified a large number of

MHC-I binding peptides that can in turn be used to update the

prediction algorithm (Hansen et al. 2014; Rasmussen et al.

2014). One exception was BoLA-3*01701 where only 4 %

of the peptides predicted to bind according to the PSCPL

matrix-based-prediction bound with an affinity <500 nM,

and the NetMHCpan v2.8 prediction identified no additional

binders (Supplemental Table 1). The small number of binders

found for BoLA-3*01701 is potentially due to the bias in the

peptide repository. The prevalence of peptides matching Bo-

LA-3*01701 motif is much lower compared to the other mol-

ecules, and in particular, there are no peptides in our repository

that match both preferred anchor amino acids, glycine in P2,

and alanine or valine in P9. Similar results have been seen for

HLA-C*0401 (Rasmussen et al. 2014).

The data generated from the LOCI binding assay were used

to retrain and update the NetMHCpan algorithm for the

BoLA-1*01901, BoLA-2*00801, BoLA-2*01201, BoLA-

4*02401, and BoLA-6:01302. The estimated prediction accu-

racies in NetMHCpan-2.8 for these five molecules were

0.489, 0.437, 0.853, 0.398, and 0.809, respectively, and fol-

lowing retraining, the accuracies improved to 0.853 for each

molecule in NetMHCpan v2.9. The accuracy predictions were

extracted from MHCcluster output and were calculated from

the distance to the nearest neighbor in the training data of

NetMHCpan v2.9.

Identification of peptides derived from FMDVand bound

by BoLA-1*01901, BoLA-2*00801, BoLA-2*01201,

and BoLA-4*02401

The updated version of NetMHCpan v2.9 was used to make

FMDV peptide predictions and is available at (http://www.

cbs.dtu.dk/services/NetMHCpan/). The 736-amino acid frag-

ment of FMDV P1 capsid proteins used in this study generates

a total of 1455 peptides (728 nonameric and 727 decameric

peptides). Screening of these potential epitopes using a

NetMHCpan v2.9 rank score threshold of ≤0.5 % identified

28 FMDV candidate peptides binding to four BoLA mole-

cules found frequently in our herd: 1*01901, 2*00801,

2*01201, and 4*02401 (Table 1 and Fig. 2). We also included

two peptides with rank score of 0.51–2 %. Although function-

al synthetic molecules are available for BoLA-6*01302, our

goal was to focus on molecules most frequently observed in

our herd and FMDV peptide binding assays was not per-

formed for BoLA-6*01302 at this time.

Among the 30 peptides, 25 (13 nonamers and 12 decamers)

were predicted to bind with strong or weak affinity to a single

BoLA molecule, while five peptides, 240MTAHITVPY248,
4 4 4AAHC I HA EW 4 5 2 ,

2 0 7 L LVAMV P EW 2 1 5 ,
443RAAHCIHAEW452, and

604VVRHEGNLTW613, were

common to more than one BoLA molecule. Five nonamer

peptides were nested within decamer peptides that were pre-

dicted to bind the same molecule. Only two 10-mer peptides

were predicted to be strong binders (rank score ≤0.5) to Bo-

LA-1*01901 allele, while 13 peptides were predicted to bind

to BoLA-2*00801 (six 9-mers and seven 10-mers) and nine

peptides were predicted as strong binders to BoLA-2*01201

(s ix 9-mers and three 10-mers ) . Two pept ides ,
386AAKHMSNTY394 and

240MTAHITVPY248, were predict-

ed to be weak binders (rank score >0.5) to BoLA-2*00801

and BoLA-2*01201, respectively.

The 30 peptides were tested for in vitro binding affinity and

stability using the LOCI and SPA assays (Table 1). In this

study, we included two peptides (386AAKHMSNTY394 and
240MTAHITVPY248), which were predicted by NetMHCpan

to be weak binders; these peptides were found to be either

weak- or non-binding in the LOCI assay and had short binding

half-lives (≤0.3 h.) in the SPA. In comparison, among the 28

peptides predicted to be strong binders by NetMHCpan v2.9,

Immunogenetics (2015) 67:691–703 697
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the LOCI assay identified nine strong (Kd<50 nM), five inter-

mediate (Kd=50–499 nM), and 10 weak (Kd=500–5000 nM)

binders (Table 1), and 13 molecules had binding stabilities

>1 h in the SPA. LOCI binding affinity thresholds suggest at

least one weak binder (Kd≤5000 nM) was identified for each

BoLA molecule. Only two molecules, BoLA-2*00801 and

BoLA-2*01201, had peptides that were predicted strong or

intermediate binders, whereas only weak binding or non-

binding peptides were found for BoLA-1*01901 and BoLA-

4*02401. We identified nine strong binders (Kd<50 nM) for

BoLA-2*00801. A SPA binding stability half-life greater than

1 h was identified for 7, 4, and 2 peptides for BoLA-2*00801,

BoLA-2*01201, and BoLA-4*02401 molecules, respectively,

suggesting there may be immunogenic peptides among the

predictions for these three molecules.

Functional predictions of BoLA class I allele groups

The MHCcluster tree was generated to predict the functional

relationship of the BoLAmolecules. Three large clusters were

Table 1 FMDV (strain A24) P1

region peptides predicted as

strong (n=28) or weak (n=2)

binders using NetMHCpan v2.9

BoLA

molecule

Peptide sequencea NetMHCpan

predicted %

rank scoreb

Kd

(nM)c
Binding

status categoryc
pMHC-I complex

stabilityd

1*01901 200NQFNGGCLLV209 0.5 1086 Weak 0.3
499AENDTLVVSV508 0.12 7817 Non-binder 0.5

2*00801 60TTNTQNNDW68 0.4 9 Strong 2.3
653TVYNGTSKY661 0.4 5 Strong 1.5
114SSVGVTHGY122 0.15 6 Strong 0.8
444AAHCIHAEW452 0.25 21 Strong 17.8
207LLVAMVPEW215 0.3 2 Strong 6.1
443RAAHCIHAEW452 0.08 1.7 Strong 5.4
604VVRHEGNLTW613 0.15 11 Strong 1.1
59HTTNTQNNDW68 0.3 40 Strong 0.2
182DSYAYMRNGW191 0.25 2 Strong 2.7
240MTAHITVPY248 0.25 51 Intermediate 0.8
332KVYNPPRTNY341 0.5 393 Intermediate 0.6
386AAKHMSNTY394 1.5 1299 Weak 0.2
385LAAKHMSNTY394 0.5 1380 Weak 0.2
284KVYANIAPTY293 0.4 >10,000 Non-binder 0.2

2*01201 685ASFNYGAIK693 0.01 67 Intermediate 4.6
626TSNPTAYNK634 0.25 226 Intermediate 2.2
324KTADPAYGK332 0.25 443 Intermediate 6.0
490CIYQITHGK498 0.5 1035 Weak 6.8
371RTDDTRLLAK380 0.4 4176 Weak 0.3
140RVVQAERFYK149 0.4 1353 Weak 0.6
141VVQAERFYK149 0.25 >20,000 Non-binder 0.2
250GVNRYDQYK258 0.5 8693 Non-binder 0.5
240MTAHITVPY248 1.5 5547 Non-binder 0.3
630TAYNKAPFTR639 0.4 >20,000 Non-binder 0.3

4*02401 444AAHCIHAEW452 0.2 572 Weak 2.7
207LLVAMVPEW215 0.15 588 Weak 0.5
443RAAHCIHAEW452 0.08 1792 Weak 1.7
604VVRHEGNLTW613 0.4 1001 Weak 0.4

a Peptide positions are relative to the FMDV P1 capsid polyprotein amino acid sequence shown in Supplemental

Fig. 1
b 9-mer or 10-mer peptides predicted as strong (rank score ≤0.5) or weak (rank score >0.5) binders using

NetMHCpan v2.9
cObserved binding affinity in the LOCI assay and associated binding status category based on Kd threshold

values: strong binder (Kd<50 nM), intermediate binder (Kd=50–499 nM), weak binder (Kd=500–5000 nM), and

non-binder (Kd>5000 nM)
d Peptide binding stability half-life in hours
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found (Fig. 3). Structural motifs and binding specificities were

predicted for all BoLA molecules. Logos highlighting the

binding specificity are shown for a subset of 15 BoLA mole-

cules (highlighted in red in Fig. 3). Molecules predicted to

have similar binding specificity clustered closely together.

For example, BoLA-2*00801 and BoLA-4*02401 shared a

favored binding specificity for aromatic amino acids, trypto-

phan, phenylalanine, and tyrosine in the C-terminal peptide

position. A static heat-map describing the functional relation-

ship of the BoLA molecules is shown in Supplemental Fig. 3.

Discussion

We have extended our approach for epitope discovery, includ-

ing immunoinformatics and biochemical peptide binding af-

finity and stability assays, to identify candidate FMDV class I

MHC-restricted epitopes in Holstein cattle. Previous work

using this approach has focused on epitope prediction for

T. parva antigens (Hansen et al. 2014; Nene et al. 2012; Svitek

et al. 2014). Three observations have emerged from these

prior studies. First, peptides that have been previously

Fig. 3 A tree representing the functional clustering of BoLA molecules

using the MHCcluster method. The tree was visualized using the tree

viewer of MHCcluster. Predicted motifs for these clusters are

highlighted with a representative BoLA molecule in red. The two main

clusters where BoLA molecules and their binding affinity and specificity

have not been characterized are shown with a representative BoLA

molecule in blue
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identified as epitopes from experimental studies are frequently

identified as potential epitopes by the NetMHCpan predictor.

Second, the predictor will often identify alternative peptides

that are predicted to have higher binding affinity compared to

CD8+ T cell epitopes previously identified in experimental

studies, and these alternatives are frequently shorter peptides

nested within the previously identified CD8+ T cell epitope

(Nene et al. 2012). Third, the process of using epitope predic-

tions to guide in vitro and ex vivo experiments generates new

and sometimes unanticipated data that can be used to iterative-

ly inform improvements in the NetMHCpan and subsequent

live animal immune response studies.

Only a fraction of peptides that bind toMHCmolecules are

CD8+ T cell epitopes, with potential epitopes first narrowed

by MHC class I determinants and further by TCR repertoire

restriction and antigen processing (Yewdell and Bennink

1999). In order to be considered a CD8+ T cell epitope, the

pMHC complex must trigger a specific T cell immune re-

sponse. Peptide affinity and stability are two factors that play

an important role in determining the immunogenicity of a

peptide (Busch and Pamer 1998; Harndahl et al. 2012). Posi-

tional scanning combinatorial peptide libraries (PSCPLs) have

successfully been applied to address peptide-MHC-I specific-

ity of humans (Rasmussen et al. 2014; Stryhn et al. 1996),

swine (Pedersen et al. 2012), and cattle (Hansen et al. 2014).

In cattle, epitopes or peptide binding motifs have been char-

acterized for at least 13 BoLA molecules (Gaddum et al.

1996a; Gaddum et al. 1996b; Graham et al. 2007; Graham

et al. 2008; Hansen et al. 2014; Hegde et al. 1999; Hegde

et al. 1995; Li Pira et al. 2010; Macdonald et al. 2010;

MacHugh et al. 2011; Momtaz et al. 2014; Nene et al. 2,

012; Svitek et al. 2014), and we have expanded characteriza-

tion of peptide binding motifs for five additional molecules.

We also produced recombinant BoLA-2*01601, but this mol-

ecule had a poor β2m complex-specific signal in the SPA

using the PSCPL and predicted FMDV-specific peptides were

not tested in the LOCI or SPA assays. Possible reasons for this

non-functional molecule could be poor quality of the protein

preparation or intrinsic biochemical properties of the molecule

that result in incompatibility with the assay. For example, it is

possible this particular molecule has a preference for 8-mers,

10-mers, or 11-mers instead of 9-mers used in the PSCPL,

which would explain why a motif could not be derived (Ste-

vens et al. 1998). Alternative approaches, such as peptide

elution experiments, might be considered for molecules that

appear to be incompatible with in vitro binding assays. While

we were able to generate data for BoLA-3*01701 using the

PSCPL, subsequent testing in the SPAwas unsuccessful, pos-

sibly due to loss of protein function, and specific FMDV pep-

tide binding data was not generated in the LOCI or SPA.

Another potential reason for the difficulty in characterizing

the peptide binding affinity of BoLA-3*01701 could be due

to a relatively limited peptide binding repertoire outside of the

PSCPL. Further work to identify peptide motifs and epitopes

for these two molecules is warranted as both appear to occupy

regions of theMHCcluster diagram that lack in vivo or in vitro

data supporting motif predictions (Fig 3). For example, Bo-

LA-3*01701 estimated prediction accuracy is 0.47 using

nearest neighbor Rhesus macaque Mamu-B3901 and this

molecule has been previously described as potentially not

conforming to more commonly found peptide motifs (De

Groot et al. 2003). Again, peptide elution experiments might

be the most effective method to characterize the peptide motif

for BoLA-3*01701. In comparison, for BoLA-6*01301

where in vitro and in vivo data are available from eight differ-

ent studies (Gaddum et al. 1996b; Graham et al. 2006; Gra-

ham et al. 2008; Guzman et al. 2008; Hansen et al. 2014;

Macdonald et al. 2010; Nene et al. 2012; Svitek et al. 2014),

the estimated prediction accuracy is 0.853. While we did not

identify BoLA-6*01301 in our herd, we did identify BoLA-

6*01302 in 25 % of UVM-DCE Holstein cattle (Fig. 1). A

higher frequency of 6*01302 relative to 6*01301 has also

recently been reported in other cattle populations (Svitek

et al., 2015). A PSCPL matrix was derived for 6*01302; how-

ever, at this time, we elected to complete in vitro binding

assays for the four other molecules more frequently identified

in our herd. BoLA-2*01201 was previously synthesized and a

motif was generated (Hansen et al. 2014), and we decided to

test FMDV-predicted peptides for this molecule because it

was found in relatively high frequency in our herd.

NetMHCpan-2.9 predicted 28 peptides derived from the

FMDV structural proteins that would most likely bind four

common BoLA molecules (BoLA-1*01901, BoLA-

2*00801, BoLA-2*01201, and BoLA-4*02401) identified

among animals from our research herd.NetMHCpan is trained

on human, mice, swine, and a handful of BoLA peptide-MHC

binding data. It is capable of making accurate predictions

where no binding data are available (Nielsen et al. 2008). In

our current study, 50 % (14/28) of the peptides predicted by

the NetMHCpan-2.9 algorithm with a rank score ≤0.5 % were

demonstrated to have high or intermediate binding affinity in

the LOCI assay. The number of predicted peptide binders for a

particular molecule is affected by the rank cutoff value select-

ed. For example, the algorithm predicted only two strong

binding peptides for BoLA-1*01901, and by increasing the

rank threshold cutoff to greater than 2 %, we could potentially

identify more binders. However, previous benchmark studies

determined the vast majority of epitopes have binding with a

rank score of 2 % or less (Erup Larsen et al. 2011). Therefore,

applying aNetMHCpan threshold of 2 % allowed us to reduce

the number of FMDV capsid protein 9- and 10-mer peptides

from over 700 to 10 and 14 for alleles BoLA-2*01201 and

BoLA-2*00801, respectively. The results of the binding as-

says allow us to further narrow the pool of peptides that might

be evaluated as potential epitopes in T cell response assays for

vaccinated or virus-challenged cattle, especially cattle
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expressing BoLA-2*00801 where we observed seven pep-

tides with binding stability half-lives >1 h. The limited num-

ber of potential epitopes identified for the remaining mole-

cules could either be a function of a limited number of epi-

topes in FMDV structural proteins or current limitations in the

predictive models.

BoLA-2*00801 and BoLA-4*02401 share 92 % sequence

identity in the peptide binding groove and were predicted to

have similar peptide binding specificities. The algorithm pre-

dicted four FMDV peptides (444AAHCIHAEW452,
2 0 7LLVAMVPEW 2 1 5 ,

4 4 3RAAHC IHAEW 4 5 2 ,
604VVRHEGNLTW613) as potential binders to both BoLA-

2*00801 and BoLA-4*02401. However, our in vitro results

indicate that these peptides had strong affinity for BoLA-

2*00801 and weak affinity for BoLA-4*02401. A potential

reason for the differences in binding could be due to the subtle

differences in the key amino acids in the anchor positions.

Both molecules have common amino acids, tryptophan, and

phenylalanine in P9; however, the P2 anchor appears less

important for BoLA-4*02401. The amino acids in P2 for Bo-

LA-4*02401 have aromatic hydrophobic side chains, as op-

posed to BoLA-2*00801, which has amino acids with polar,

neutral side chains in this position (Fig. 2). This subtle differ-

ence could be the reason for weak binding by BoLA-4*02401.

As more BoLA binding data are generated, the algorithm can

be iteratively retrained to capture these differences.

Perhaps more importantly, these data can be used to inform

ex vivo CTL response or CD8+ tetramer assays using cells

from cattle expressing these BoLA molecules. For example,

Svitek et al. (2014) recently used tetramer assays to identified

a T. parva epitope (Tp587–95) that binds to two BoLA mole-

cules (BoLA-1*02301 and BoLA-T5). The role of cattle

CD8+ T cell responses to FMDV infection or vaccination

remains controversial, and a limited number of studies have

evaluated class I-restricted CD8+ T cell responses following

FMDV infection or vaccination (Childerstone et al. 1999;

Guzman et al. 2010; Guzman et al. 2008; Patch et al. 2013;

Patch et al. 2011). An important next step is to test whether the

peptides identified in this study are MHC-I epitopes in cattle

expressing the BoLA molecules evaluated in this study. For

example, the CD8+ response to peptides identified in this

study could be evaluated among cattle vaccinated with the

AD5-FMDV vaccine expressing A24 P1 capsid proteins.

Thus far, it appears that leucine, phenylalanine, isoleucine,

and methionine are important anchor residues in P9 of the

BoLA class I binding motif. Position 2 is more variable, with

glutamic acid, glutamine, leucine, arginine, threonine, and

serine being the most commonly favored amino acids in this

anchor position. In one specific cluster, tryptophan was iden-

tified as a strong anchor residue in P9. In another cluster,

lysine and arginine were identified as favored anchor residues

in P9. Some motif predictions have been validated in animals.

For example, the CD8+ T cell antigen Tp2 and epitope

49KSSHGMGKVGK59 from the Muguga strain of T. parva

matched the binding specificity for BoLA-2*01201 predicted

by the algorithms (Nene et al. 2012). In contrast, MHC cluster

did not capture the P5 anchor of the BoLA-6*01301 molecule

previously identified to bind an immunogenic peptide (Mac-

donald et al. 2010). This is not surprising as the P5 anchor

appears to be relatively rare, and these rare events are less well

recognized by the predictor tool. We also find it worth noting

that peptides without the P5 anchor appear to have strong

binding affinities for BoLA-6*01301 and BoLA-6*01302,

and these peptides are immunogenic (Hansen et al. 2014;

Svitek et al. 2015).

The functional relationship between all known BoLA mol-

ecules was predicted using the MHCcluster algorithm. The

characterization of the BoLA binding specificities may also

make it possible to cluster molecules that share largely over-

lapping peptide binding specificities (i.e., BoLA supertypes)

(Lund et al. 2004; Sidney et al. 2008). A MHC cluster tree

generated following inclusion of our data shows there are

currently two clusters lacking binding data; representative

molecules from each of these clusters are highlighted in blue

(Fig. 3). The predictions of the NetMHCpan v2.9 and

MHCcluster algorithms can be improved by characterizing

the binding specificity of additional BoLAmolecules, perhaps

by first addressing regions of the tree currently lacking

coverage.

In conclusion, we have translated technologies that have

been applied to the study of human T cell responses to the

study of cattle immunity. These technologies include bio-

informatics, peptide synthesis, and proteomics. Using

FMDV or other important pathogens, extending this re-

search should advance our understanding of how viral an-

tigens are recognized by the bovine immune system and

contribute to improved vaccine development against bo-

vine pathogens.
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