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Although Human Respiratory Syncytial Virus (HRSV) is a significant cause of severe
respiratory disease with high morbidity and mortality in pediatric and elderly
populations worldwide there is no licensed vaccine. Bovine Respiratory Syncytial
Virus (BRSV) is a closely related orthopneumovirus with similar genome structure
and high homology between structural and nonstructural proteins. Like HRSV in
children, BRSV is highly prevalent in dairy and beef calves and known to be involved
in the etiology of bovine respiratory disease, in addition to being considered an
excellent model for HRSV. Commercial vaccines are currently available for BRSV,
though improvements in efficacy are needed. The aims of this study were to
identify CD4" T cell epitopes present in the fusion glycoprotein of BRSV, an
immunogenic surface glycoprotein that mediates membrane fusion and a major
target of neutralizing antibodies. Overlapping peptides representing three regions
of the BRSV F protein were used to stimulate autologous CD4* T cells in ELISpot
assays. T cell activation was observed only in cells from cattle with the
DRB3*011:01 allele by peptides from AA249-296 of the BRSV F protein. Antigen
presentation studies with C-terminal truncated peptides further defined the
minimum peptide recognized by the DRB3*011:01 allele. Computationally
predicted peptides presented by artificial antigen presenting cells further
confirmed the amino acid sequence of a DRB3*011:01 restricted class Il epitope
on the BRSV F protein. These studies are the first to identify the minimum peptide
length of a BoLA-DRB3 class ll-restricted epitope in BRSV F protein.
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Introduction

Human respiratory syncytial virus (HRSV) is a significant cause
of respiratory disease in infants worldwide that is estimated to infect
nearly all children by two years of age (1, 2). It is estimated that
worldwide, HRSV is responsible for the hospitalization of 3.2 million
children (3) and the deaths of between 66,000-199,000 children under
five years of age, many within the developing world (4). In addition,
severe infection with HRSV within the first two years of life has been
linked to the development of severe asthma (5, 6). Reinfection with
HRSV has increasingly been recognized as a major cause of severe
respiratory disease and hospitalizations in the elderly and those with
underlying co-morbidities (7, 8). Currently, monoclonal antibodies
are the sole treatment for respiratory disease caused by HRSV
infection as there is no licensed vaccine and development of safe,
effective vaccines against HRSV have been hindered in part due to the
lack of an animal model capable of fully recapitulating the disease and
immune response to infection (9).

HRSYV, together with closely related bovine respiratory syncytial
virus (BRSV), are also known as human orthopneumovirus and
bovine orthopneumovirus, respectively, and combined with
metapneumovirus comprise the family Pneumoviridae (10, 11).
HRSV and BRSV have a single-stranded, negative sense RNA
genome that is approximately 15.2 kb and encodes for 11 proteins
(12, 13). BRSV is a significant respiratory pathogen of dairy and beef
calves and a causative agent of bovine respiratory disease. The
epidemiology of BRSV is similar to that of HRSV in that it causes
outbreaks of high morbidity respiratory disease in young, naive
populations. BRSV is known to cause outbreaks affecting over 50%
of animals in dairy and beef herds (14) with seropositive rates
increasing with age up to 70% in adult cattle (15-17). The clinical
course of disease for BRSV infected calves is very similar to that
observed for HRSV infected humans with initiation of infection
occurring in the upper respiratory epithelium and subsequent
spread to the lower respiratory tract (18, 19). The immune response
to BRSV in calves is characterized by the recruitment of T cells to the
respiratory tract with M2, F, G, and N protein specific CD8" T cells
being notable (20-22) which is similar to the human T cell response
to HRSV infection (23, 24). Additionally, BRSV infection of calves
biases the cytokine response towards a Th2-type profile, similar to the
response in humans, which is thought to predispose cattle to allergic
disorders (25).

Antigen-specific CD4" T cell responses are critical for immunity
against viral and bacterial pathogens and a comprehensive
understanding the dominant T cell epitopes is essential for rational
vaccine design. The major histocompatibility complex class II (MHC
class IT) molecules, encoded by antigen presenting cells (APCs), bind
to and present processed pathogen-derived peptides recognized by T
cell receptor (TCR) molecules expressed on the surface of CD4" T
cells and recognition of peptide-MHC class II complexes by T cell
receptors initiates multiple signaling cascades resulting in an antigen
specific humoral immune response (26). The human genome encodes
three highly polymorphic MHC class II gene loci, HLA-DR, -DP, and
-DQ while the genome of cattle (Bos taurus) encodes two MHC class
II proteins, bovine leukocyte antigen (BoLA) DR and DQ. The DR
loci is comprised of one DRA gene and three DRB genes with DRB3
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being the only functional gene while gene duplication has increased
the number DQA and DQB alleles (27-29). To counter the paucity of
functional MHC class II genes encoded in the bovine genome, the
majority of allelic diversity in cattle is achieved through high rates of
genetic polymorphism, particularly in the DRB3 gene (29, 30).
Additionally, intra-haplotype and inter-haplotype pairing of the DQ
molecules further increases the potential MHC class II repertoire of
cattle (27, 28). The importance of diversity in the MHC class II loci of
cattle is demonstrated by the differential CD4" T cell responses to
epitopes derived from common bovine pathogens, where specific DR
or DQ alleles have been implicated in the mediation of a robust
immune response (31-34).

The RSV F protein is a type I integral membrane glycoprotein
responsible for mediating membrane fusion between viral and host
cell membranes required for the initiation of infection (35, 36).
Neutralizing antibody epitopes have been identified on the F
protein trimer with antibody binding sites II, IV, and © being
important targets for neutralizing antibodies (37-39). As the BRSV
and HRSV F proteins are highly homologous, sharing 81% of their
amino acid sequence (40), subunit vaccines incorporating the
respective F proteins are currently in development for use in both
cattle and humans (41-44). Helper T cell responses are critical for the
development of antibody responses following vaccination or infection
and few studies have identified allele-restricted CD4" T cell epitopes
on the F protein of BRSV and HRSV (45-48).

This aim of this study was to identify novel CD4" T cell epitopes
present on the F protein of the type strain BRSV-375. Peripheral
blood mononuclear cells (PBMCs) were isolated from cows with a
history of BRSV F protein exposure through vaccination. CD4" T cell
activation was assessed by interferon-y (IFN-y) production following
the presentation of synthetic peptides by MHC class II defined
antigen presenting cells. In experiments utilizing autologous and
artificial APCs generated by transfecting human embryonic kidney
293 (HEK-293) cells with plasmids encoding BoLA DRA, DRB3, and
CD80 molecules we identified a DRB3*011:01 restricted epitope and
defined the minimum peptide length. An improved understanding of
CD4" T cell epitopes, and their allelic restriction, present on the BRSV
F protein will enhance the understanding of the cellular response to
RSV vaccines in cattle and humans.

Materials and methods
Cattle and determination of MHC alleles

Animal studies were performed in accordance with USDA
National Animal Disease Center animal care and use protocols.
Female Holstein Friesian cows were vaccinated annually beginning
at 1 year of age with Vira Shield 6 (Elanco Animal Health,
Indianapolis, IN, USA) which includes a BRSV component.
Approximately 3mL of blood was collected from the jugular vein of
cows into Vacutainer EDTA tubes (Beckton Dickinson, Franklin
Lakes, NJ, USA). Genomic DNA was isolated using the QIAamp
DNA Blood Mini kit (Qiagen, Valencia, CA, USA) according to
manufacturer’s instructions. Genotyping of DRB3 alleles was
performed via sequence-based typing (Sanger sequencing) utilizing
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previously described methods (49, 50) and restriction fragment length
polymorphism (RFLP) as described by van Eijk et al. (30).

Peptide libraries

Peptide design was informed by identifying homologous peptide
sequences between the F proteins of HRSV and BRSV resulting in the
identification of homologous BRSV peptide sequences for each
previously described HRSV epitope (46, 51-54). The NetMHCpan
(www.cbs.dtu.dk/services/NetMHCpan) server (55) and NetBoLAIIpan
server (www.cbs.dtu.dk/services/NetBoLAlIlpan) (56) were utilized to
predict the binding of epitopes to specific class II BoLA alleles.
Peptides predicted to bind BoLA class II alleles with high affinity (<500
nM) were selected. 11-mer peptides, with 10-mer overlaps (Table 1) and
C-terminal truncated peptides (Table 2) were ordered from Mimotopes
(Victoria, Australia). 15-mer peptides used in artificial antigen presenting
cell (aAPC) studies were designed using the full length BRSV-375 protein
and were synthesized by Vivitide (Gardner, MA). Peptides were diluted
to a concentration of 2.5mM in dimethyl sulfoxide (Millipore Sigma,
Burlington, MA, USA) and stored at -20°C until use.

PBMC isolation and CD4™" T cell enrichment

Peripheral blood was collected from the jugular vein of adult
Holstein-Friesian cows into 2x acid citrate dextrose buffer. PBMCs
were isolated using SepMate-50 tubes preloaded with 15mLs
Lymphoprep (Stem Cell Technologies, Vancouver, British
Colombia, Canada) according to manufacturer’s instructions.
Contaminating red blood cells were removed using a hypotonic
lysis buffer. Cells were resuspended in complete RPMI (cRMPI)
(ThermoFisher, Waltham, MA, USA) supplemented with 10% fetal
bovine serum, nonessential amino acids, essential amino acids,
sodium pyruvate, 2-mercaptoethanol, and penicillin/streptomycin.
Monocytes were separated from lymphocytes by adherence in
100mm tissue culture dish at 37°C, 5% CO, for 2 hours. Positive
selection of CD4" T cells was performed by magnetic bead isolation
using anti-bovine CD4 mouse monoclonal antibody (IgG1 Clone
CACT138A, Bio-Rad, Hercules, CA, USA) in conjunction with anti-
mouse IgG microbeads and MACS LS columns (Miltenyi Biotec,
Gaithersburg, MD, USA) according to manufacturer’s instructions.
Enriched CD4" T cell suspensions were resuspended at 4x10° cells/
mL in cRPML CD4" T cell suspensions were found to be greater than
90% pure following flow cytometric analysis. Cell suspensions were
labeled with the same mouse anti-bovine CD4 monoclonal antibody
as above followed by goat anti-mouse IgGl-AlexaFluor 488 then
analyzed on a FACS Symphony custom flow cytometer (BD
Biosciences, Franklin Lakes, New Jersey, USA).

Generation of Human Embryonic Kidney
(HEK)-293 artificial antigen presenting
cells (aAPCs)

Bovine DRA, DRB3, and CD80 genes were cloned into the
mammalian expression plasmid pcDNA4/myc-His-C (ThermoFisher,

Frontiers in Immunology

10.3389/fimmu.2023.1040075

Waltham, MA, USA) via Gibson assembly master mix (New England
Biolabs, Ipswich, MA, USA) according to manufacturer’s instructions.
RNA was isolated from PBMCs using Qiagen RNeasy Kit (Qiagen,
Hilden, Germany) following manufacturer’s instruction. cDNA was
produced using SuperScriptIIl reverse transcriptase with oligo dT
primer (ThermoFisher, Waltham, MA, USA). Inserts and plasmids
were amplified using Q5 high-fidelity 2x Master Mix (New England
Biolabs, Ipswich, MA, USA) with gene specific primers in Supplemental
Table 1 and used to transform TOP10 chemically competent E. coli
(ThermoFisher, Waltham, MA, USA). Colonies were screened by Sanger
sequencing with T7 promoter forward primer and BGH reverse primer.
Positive colonies were cultured overnight in LB media, 100pg/mL
carbenicillin and plasmids were isolated using ZymoPURE II plasmid
midiprep kit (Zymo Research, Irvine, CA, USA).

To generate artificial antigen presenting cells, HEK-293 cells were
transfected with BoLA-DRA (NCBI Gene ID 506214), BoLA-DRB3
(NCBI Gene ID 282530), and bovine CD80 (NCBI Gene ID 407131)
encoding plasmids and selected with antibiotics. HEK-293 cells were
obtained from the American Type Culture Collection (Manassas, VA,
USA) and cultured in complete Eagle’s Minimum Essential Medium
(EMEM) (ThermoFisher, Waltham, MA, USA) supplemented with
antibiotic/antimycotic solution (ThermoFisher, Waltham, MA, USA)
and 10% fetal bovine serum. On the day prior to transfection 1x10°
cells were seeded in each well of 6-well plates and cultured overnight
at 37°C, 5% CO,. Just prior to transfection, the growth media was
removed and replaced with ImL fresh complete EMEM.
Transfections were performed using Lipofectamine 2000
(ThermoFisher, Waltham, MA, USA) according to manufacturer’s
instruction with 1ug of each plasmid. The day following transfection,
the media was removed and replaced with complete EMEM
containing 400pg/mL zeocin (ThermoFisher, Waltham, MA, USA).
To obtain a homogenous population of co-transfected cells, single cell
sorting was performed using a FACSAria Fusion cell sorter (BD
Biosciences, Franklin Lakes, New Jersey, USA). Transfected cells were
labeled with anti-BoLA DR-RPE, clone CC108 (Bio-Rad, Hercules,
CA, USA) and anti-CD80-FITC, clone IL-A159 (Bio-Rad, Hercules,
CA, USA). Double positive cells were sorted into 96-well plates and
transferred to larger flasks once 90% confluence was achieved. To
confirm transgene expression prior to use in antigen presentation
assays, transfected HEK 293 cells were labeled as described above and
analyzed on a FACS Symphony custom flow cytometer. Data was
analyzed using Flow-Jo software (BD Biosciences, Franklin Lakes,
New Jersey, USA).

Enzyme-linked immunosorbent spot assay

Peptide-specific CD4" T cells were quantified by assessing IFN-y
secretion in an ELISpot assay. The day prior to, 96-well multiscreen
filter plates (MilliporeSigma, Burlington, MA, USA) were coated with
mouse anti-bovine IFN-v antibody (Bio-Rad, Hercules, CA, USA) at
4°C overnight. Two hours prior to the addition of cells, the plates were
washed 6 times with PBS, 0.05% Tween-20 (PBST) and blocked with
cRPMI at 37°C. Following the blocking step, plates were washed with
PBST and 100yl cell suspension (1)(105 CDA4" cells/well, 2x10* APC/
well) was added to wells. Cells were stimulated in 100ul of solution
containing peptide (final concentration 20uM) or PHA (final
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TABLE 1 BRSV F protein overlapping peptide library sequences.

Set 1 (AA 84-118) Set 2 (AA 249-296) Set 3 (AA 32-65)
Peptide # Sequence Peptide # Sequence Peptide # Sequence

1 RYNNAVIE 28 TYMLTNSELLS 63 YQSTCSAVSRG
2 RYNNAVIEL 29 YMLTNSELLSL 64 QSTCSAVSRGY
3 RYNNAVIELQ 30 MLTNSELLSLI 65 STCSAVSRGYL
4 RYNNAVIELQS 31 LTNSELLSLIN 66 TCSAVSRGYLS
5 YNNAVIELQSL 32 TNSELLSLIND 67 CSAVSRGYLSA
6 NNAVIELQSLM 33 NSELLSLINDM 68 SAVSRGYLSAL
7 NAVIELQSLMQ 34 SELLSLINDMP 69 AVSRGYLSALR
8 AVIELQSLMQN 35 ELLSLINDMPI 70 VSRGYLSALRT
9 VIELQSLMQNE 36 LLSLINDMPIT 71 SRGYLSALRTG
10 IELQSLMQNEP 37 LSLINDMPITN 72 RGYLSALRTGW
11 ELQSLMQNEPA 38 SLINDMPITND 73 GYLSALRTGWY
12 LQSLMQNEPAS 39 LINDMPITNDQ 74 YLSALRTGWYT
13 QSLMQNEPASF 40 INDMPITNDQK 75 LSALRTGWYTS
14 SLMQNEPASFS 41 NDMPITNDQKK 76 SALRTGWYTSV
15 LMQNEPASFSR 4 DMPITNDQKKL 77 ALRTGWYTSVV
16 MQNEPASFSRA 43 MPITNDQKKLM 78 LRTGWYTSVVT
17 QNEPASFSRAK 44 PITNDQKKLMS 79 RTGWYTSVVTI
18 NEPASFSRAKR 45 ITNDQKKLMSS 80 TGWYTSVVTIE
19 EPASFSRAKRG 46 TNDQKKLMSSN 81 GWYTSVVTIEL
20 PASFSRAKRGI 47 NDQKKLMSSNV 82 WYTSVVTIELS
21 ASFSRAKRGIP 48 DQKKLMSSNVQ 83 YTSVVTIELSK
22 SFSRAKRGIPE 49 QKKLMSSNVQI 84 TSVVTIELSKI
23 FSRAKRGIPEL 50 KKLMSSNVQIV 85 SVVTIELSKIQ
24 SRAKRGIPELI 51 KLMSSNVQIVR 86 SVVTIELSKI
25 RAKRGIPELIH 52 LMSSNVQIVRQ 87 SVVTIELSK
26 AKRGIPELIHY 53 MSSNVQIVRQQ 88 SVVTIELS
27 KRGIPELIHYP 54 SSNVQIVRQQS

55 SNVQIVRQQSY

56 NVQIVRQQSYS

57 VQIVRQQSYSI

58 QIVRQQSYSIM

59 IVRQQSYSIMS

60 VRQQSYSIMSV

61 RQQSYSIMSVV

62 QQSYSIMSVVK

concentration 5ug/mL) diluted in cRPML For blocking experiments  prior to incubation with purified CD4" T cells. Anti-bovine IL-4
anti-bovine MHC class II DR monoclonal antibody clone TH14B, = monoclonal antibody clone CC303 (Bio-Rad, Hercules, CA, USA) or
anti-bovine MHC class II DQ monoclonal antibody clone TH81B  IgG2 monoclonal antibody clone COLIS205¢ (Washington State
were preincubated with adherent cells (2-hours) or aAPCs (20min) ~ University monoclonal antibody center, Pullman, WA, USA) were
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TABLE 2 BRSV F protein C-terminal truncated peptide sequences.

Peptide Sequence Length
1 LINDMPITNDQK 12-mer
2 LINDMPITNDQ 11-mer
3 LINDMPITND 10-mer
4 LINDMPITN 9-mer
5 LINDMPIT 8-mer
6 INDMPITNDQK 11-mer
7 INDMPITNDQ 10-mer
8 INDMPITND 9-mer
9 INDMPITN 8-mer
10 INDMPIT 7-mer

used as isotype control. Antibodies were diluted to concentrations of
16 and 160pg/mL prior to incubation with APCs; final concentrations
of anti-DR and anti-DQ antibodies were 0.8ug/mL and 8pg/mL and
those of control antibodies were 0.8p.g/mL. Plates were incubated for
20 hours at 37°C, 5% CO,. Following incubation plates were washed
with PBST then incubated with mouse anti-bovine IFN-y clone
CC302 (Bio-Rad, Hercules, CA, USA) at 5ug/mL in PBS, 1% BSA
for 2 hours at 37°C. Plates were then washed with PBST and stained
using 100ul Vector ABC AP standard (Vector Laboratories,
Burlingame, CA, USA) for 45 minutes at room temperature
followed by 50pl Vector Blue AP substrate III for 30 minutes at
room temperature. Plates were washed 2x with 300l distilled water
and allowed to dry overnight prior to visualization with an
ImmunoSpot Analyzer (Cellular Technology Limited, Cleveland,
OH, USA).

Statistical analysis

The mean values for each group were analyzed using one-way
ANOVA test with multiple comparisons or the Mann-Whitney
nonparametric test. Prior to this, normality tests (D’Agostino &
Pearson, Anderson-Darling, Shapiro-Wilk, and Kolmogorov-
Smirnov) were performed and the data are not normally
distributed. Differences were considered significant when P value <
0.05. Data were analyzed with GraphPad Prism 9 (GraphPad
Software, La Jolla, CA, USA).

Results

Genotype and vaccination history of Dairy
Cows

To determine the presence of specific BOLA-DRB3 alleles in the
USDA-ARS NADC dairy herd, Sanger sequencing and RFLP analysis
were performed on genomic DNA extracted from whole blood. A
total of 18 Holstein-Friesian cows were screened and 10 different

Frontiers in Immunology

10.3389/fimmu.2023.1040075

DRB3 alleles were identified (Table 3) that had been previously
reported in the Immunopolymorphism Database (57). The allele
detected with the highest frequency was *011:01 (n=7 animals)
followed by *015:01 (n=6 animals) and *014:01:01 (n=4 animals).
All animals received multiple doses of a commercial BRSV vaccine.
The number of doses received varied with ~78% (14/18) receiving at
least 3 doses.

DRB3*011:01 presents synthetic peptides
spanning BRSV F protein region AA 249-296

To assess the position of potential T cell epitopes on the BRSV F
protein, a library of overlapping peptides, with 10-mer overlaps, was
designed focusing on three regions of the full-length protein shown to
have high homology to regions of HRSV F protein that harbor T cell
epitopes. The three sets of peptides, 88 peptides in total ranging in
length from 8-11 amino acids, corresponded to three regions (84-118,
249-296, and 32-65) of the BRSV F protein amino acid sequence
(Table 1). Peptide-specific CD4"™ T cells responses were assessed via
IFN-y production in ELISpot assays. Only CD4" T cells isolated from
cows harboring the DRB3*011:01 allele (1141, 1310, 2938, and 2942)
responded to stimulation with BRSV F protein derived peptides while
no response was observed in cells from cows lacking the DRB3*011:01
allele (data not shown). Interestingly, only peptides derived from the
BRSV F protein region spanning AA 249-296 produced a measurable
response. In total, 5 out of 35 peptides from set 2 were capable of
inducing IFN-y from cells isolated from DRB3*011:01 cattle
(Figure 1). The most robust T cell responses were observed
following stimulation with peptides 38 (SLINDMPITND) and 39
(LINDMPITNDQ) with slightly reduced levels of T cell responses
observed against peptides 37 (LSLINDMPITN) and 40
(INDMPITNDQK). In contrast, a dimished response to peptide 31
(LTNSELLSLIN), compared to peptides 37 and 40, was observed
while stimulation with peptide 41 (NDMPITNDQKK) failed to elicit
a detectable response. The most robust response was observed for
CD4" T cells collected from cows 1141 and 2942 followed by 2938;
while cow 1310 displayed a similar response pattern, the intensity of
the response was consistently lower compared to the other three.
Together, these results identify a novel CD4" T cell epitope in the
BRSV F protein that is restricted to DRB3*011:01 and begin to define
the core epitope sequence.

Interestingly, the magnitude of the T cell response correlated with
the vaccination history of each cow (Table 3). The most robust T cell
responses were observed in DRB3*011:01 positive cows that received
more than 3 annual vaccines (1141, 1310, 2938, and 2942). Further,
the responses were graded with the highest T cell responses being
observed from cow 1141 that had received 10 doses of annual vaccine
and cow 2942, that received 5 doses. T cell responses from cows 1310
and 2938, that received 4 and 5 doses, respectively, were less
diminished compared those observed for cows 1141 and 2942. In
contrast, cows that received 3 or fewer annual vaccine doses T cell
responses greatly reduced (1503) or undetectable (1613). These data
suggest repeat immunization correlates to increased BRSV specific
CD4" T cell responses and the existence of a threshold number of
doses required for detectable T cell levels.
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TABLE 3 BoLA-DRB3 alleles of dairy cows screened for responsiveness to BRSV F protein peptides.

Vaccination history, n?

Epitope Specificity

968 24 11 *01:01 *009:02 N 8
1141 22 16 *011:01 *015:01 Y 10
1142 24 11 *027:03 *009:02 N 11
1143 16 16 *015:01 *015:01 N 11
1146 16 16 *026:01 *015:01 N 10
1147 8 8 *012:01 *012:01 N 10
1310 21 22 *008:01 *011:01 Y 4
1503 16 22 *015:01 *011:01 Y 3
1504 16 16 *015:01 *015:01 N 4
1613 27 22 *014:01:01 *011:01 N 1
1930 22 22 *011:01 *011:01 Y 3
1944 27 16 *014:01:01 *014:01:01 N 2
1947 24 24 *001:01 *001:01 N 2
2927 27 7 *014:01:01 *002:01 N 6
2938 22 16 *011:01 *015:01 Y 5
2939 27 27 *014:01:01 *014:01:01 N 7
2942 21 22 *008:01 *011:01 Y 5
8470 8 8 *012:01 *012:01 N 2

' Animal numbers listed in bold used in C-terminal truncated peptide studies, bold and underlined in overlapping peptide library studies, and italics in artificial APC studies.

*Number of standard vaccinations administered at time of study.

DRB3*011:01 presents peptides with the
core sequence INDMPITND in BRSV F
protein T cell epitopes

To further define the DRB3*011:01-restricted epitope core
sequence and minimum length a library of C-terminal truncated
peptides centered on the region of the BRSV F protein,
LINDMPITNDQK, was used in antigen presentation assays. The
truncated peptide library is composed of peptides ranging in length
from 7-mer to 12-mer (Table 2). To assess allelic restriction and the
effects of peptide length, CD4" T cells from six DRB3*011:01 positive
cattle 1141, 1310, 1503, 2938, 2942 (Figure 2) were stimulated with
individual peptides from the truncated peptide library. The most
robust T cell responses were observed for peptides ranging in length
from 10-12 residues. Similar levels of T cell response were observed
following stimulation with a N-terminal leucine or isoleucine
(peptides 1-3 and 6-8). Removal of amino acid residues from the
C-terminus of each peptide core resulted in a sequence dependent
reduction of T cell stimulation. Removal of the C-terminal aspartate
residue from peptides 3 and 8 significantly reduced the induction of
IFN-y as observed following stimulation with peptides 4 and 9. As
observed previously, animals 1141 and 2942 displayed the greatest
response out of all DRB3*011:01 cows tested, while no response was
observed from 1613, likely due to this cow receiving only a single
vaccine dose.

To ensure the response to peptide stimulation was mediated
through MHC class II, blocking experiments where autologous

Frontiers in Immunology

APCs were incubated with antibody against either BoLA DR or DQ
molecules prior to incubation with CD4" T cells and stimulation with
peptide were performed (Figure 3A). Antigen presenting cells from
animals 1142, 1310, 2938, and 2942 displayed similar levels of
stimulation following pretreatment with media, the anti-BoLA-DQ
antibody, TH81A, or an isotype control antibody. In contrast, a
significant reduction in T cell stimulation was observed when APCs
were incubated with the anti-DR antibody, TH14B, prior to treatment
with peptide. As the initial blocking experiments utilized ascites fluid,
antibodies were purified with protein G and the purified antibody was
used in subsequent blocking experiments (Figure 3B). No reduction
of T cell stimulation was observed when APCs were incubated with
purified anti-DQ antibody compared to media only and isotype
controls. Conversely, pre-treatment of APCs with purified anti-DR
antibody significantly reduced the stimulation of CD4" T cells.
Together these results show the DR MHC class II molecule is
responsible for mediating presentation of peptide to BRSV F
protein to specific CD4" T cells.

DRB3*011:01 artificial APCs Present
F protein peptides with INDMPITND
core sequence

To test additional BoLA-DR alleles for BRSV F protein peptide
presentation, aAPCs were generated by transfecting HEK-293 cells
with plasmids encoding four different BoLA-DR molecules common
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Stimulation of CD4* T cells with synthetic, overlapping peptides from the BRSV-375 F protein. CD4" T cells from dairy cows were positively selected and
cultured with autologous antigen presenting cells loaded with synthetic peptide. T cell activation was assessed via IFN-y secretion using ELISpot assays.
Only cells from DRB3*011:01 positive animals responded to stimulation with five out of 88 peptides tested. T cell responses from animals 1141 (A), 1310
(B), 2938 (C), and 2942 (D) displayed a measurable T cell response. Peptides sharing N-terminal amino acid with BRSV-375 F protein residue 253
generated a slight response while those with N-terminal amino acids matching residues 257-260 displayed a larger response. T cells were stimulated
with PHA at a concentration of 5ug/mL as a positive control, and cRPMI media as a negative control. Data presented as mean + SEM, p < 0.05 was

considered significant and indicated by asterisk.

to the NADC dairy herd and bovine CD80. Following single cell
sorting and clonal expansion, HEK-293 cells co-expressing each
BoLA-DRB3 allele, *001:01, *011:01, *012:01, and *014:01:01, and
CD80 were assessed by flow cytometry. For each aAPC line, the
proportion of DR and CD80 co-expressing cells was greater than 90%
(Supplemental Figure 1). A library of 15-mer peptides
computationally predicted to bind each cloned BoLA-DR allele was
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synthesized and used in antigen presentation studies (Table 4). At
least two peptides predicted to react to each cloned allele was
synthesized with each centered around a 9-mer core sequence. The
core sequence (INDMPITND) for peptides 3, 4, 5 was shown to be
critical for antigen presentation by DRB3*011:01 molecules as
previously shown in Figure 2. Artificial APCs were loaded with
each of the seven peptides and assessed for their ability to stimulate
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Identification of the minimum peptide of a CD4* T cell epitope in BRSV-375 F protein. C-terminal truncated peptides were used to stimulate CD4* T
cells in culture with autologous DRB3*011:01 antigen presenting cells. T cell stimulation was observed for peptides greater than 8 amino acids in length
The 9-mer minimum peptide sequence of INDMPITND was identified. T cells were stimulated with PHA at a concentration of 5ug/mL as a positive
control, and cRPMI media as a negative control. Cows 1141 (A) and 2942 (D) had a significantly higher response to peptides containing the core
INDMPITND sequence while T cells from 1310 (B), 2938 (C), 1503 (E) responded to these peptides, the results were not significant. T cells collected from
cow 1613 (F) did not produce an observable response to peptide stimulation. Data presented as mean + SEM, p < 0.05 was considered significant and

indicated by asterisk.

BoLA-DR matched CD4" T cells (Figure 4). Only peptides predicted
to bind DRB3*011:01 were observed to induce a response when
cultured with autologous T cells (Figure 4B). To ensure class II
molecules were responsible for mediating T cell activation, we pre-
treated artificial APCs with the anti-DR antibody TH14B prior to
peptide loading. As shown in Figure 5, a significant reduction in T cell
stimulation was observed in cells pre-treated with antibody compared
to untreated cells. These results confirm the presence of a BRSV F
protein CD4" T cell epitope that includes the core sequence
INDMPINTND. Further, this epitope is restricted to presentation
by the DRB3*011:01 allele.

Discussion

The design and improvement of novel vaccine platforms and
strategies against pathogens to which traditional, inactivated vaccines
failed to win licensure requires comprehensive functional knowledge

Frontiers in Immunology

of the immune response against a specific pathogen and vaccine
antigen. Vaccines against respiratory viruses are developed with the
aim to induce neutralizing antibodies thereby preventing infection
and resulting in rapid clearance of virus particles. In the 1960’s,
clinical trials using a formalin-inactivated whole-virion HRSV
vaccine failed following vaccine-enhanced disease in children (58).
The observed enhanced disease is now known to have been mediated
by immune complex deposition and complement activation resulting
from the production of poorly neutralizing antibodies (59-61) and
the induction of a Th2 immune response (62). Recent RSV vaccine
development efforts focus on the F protein as it is a major target for
neutralizing antibodies with results from a phase 1 clinical trial using
a prefusion conformation stabilized F protein, DS-Cavl, showing
increases in neutralizing antibody titers in human volunteers (63).
Neutralizing antibody titers, induced following vaccination or natural
infection, contract over time and thus measuring the magnitude and
longevity of T cell responses to pathogens is critical to gauge vaccine
immunogenicity and longevity of induced response.
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FIGURE 3

Inhibition of BoLA DR, but not BoLA DQ, significantly reduces CD4" T cell activation. Antigen presenting cells were incubated with antibodies against
BoLA-DR or BoLA-DQ molecules prior to stimulation with synthetic overlapping peptides (A) or C-terminal truncated peptides (B). Antibodies raised
against MHC class Il molecules were provided as mouse ascites fluid. A reduction of in T cell stimulation was observed only with following pre-treatment
with anti-BolLA DR antibodies (A). Antibodies were purified to ensure the reduction in T cell stimulation was due to antibody binding and not background
from ascites fluid (B). Anti-bovine IL-4 antibody was used as an isotype control. Cells were cultured in cRPMI as a media only control. Data is presented

EZ anti-DQ 0.8ug/mL [ZJ anti-DR 0.8ug/mL
anti-DR 8ug/mL

as mean + SEM, p < 0.05 was considered significant and indicated by asterisk

This study is the first to map CD4" T cell epitopes in the F protein
of a North American BRSV isolate, BRSV 375. For these studies, the
number of IFN-y secreting CD4" T cells was quantified following
stimulation with autologous or artificial antigen presenting cells
loaded with synthetic peptides in an ELISpot assay. PBMCs from
cattle determined to be positive for several BoLA-DRB3 alleles
previously shown to respond to specific epitopes in other diseases
of cattle, namely the DRB3*011:01, *012:01, *015:01 alleles (Table 3)
(33, 64). Preliminary studies found only cells from DRB3*011:01
cattle responded to stimulation with the overlapping peptide library
(data not shown). These results are consistent with previous epitope
mapping studies where the DRB3*011:01 allele has been shown to
readily present peptides from a diverse group of bovine pathogens
including foot-and-mouth disease virus (65) and the blood parasite
Anaplasma marginale (28, 33, 64). Recently, the BoLA class II
DRB3*009:02 allele has been shown to be significantly associated
with undetectable levels of bovine leukemia virus proviral loads in

TABLE 4 Computationally predicted BoLA Class Il peptides.

Peptide Sequence
1 TASGVAVSKVLHLEG
2 SGVAVSKVLHLEGEV
3 ELLSLINDMPITNDQ
4 LLSLINDMPITNDQK
5 SELLSLINDMPITND
6 IKGEPIINYYDPLVE
7 EPIINYYDPLVFPSD

"Predicted to bind strongly to listed allele by NetBoLAIIPan-1.0 software.
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300 +

Spots per 10° cells

Truncated Peptide Number

[ Media Only anti-DR 0.8pg/mL
EE anti-DQ 0.8ug/mL EH Isotype Control 0.8ug/mL

cattle suggesting antigen presentation through this allele is central in
the development of an effective immune response against bovine
leukemia virus (34, 66), further highlighting the importance of
specific BoLA class II alleles in protection from viral infection. As
the DRB3*011:01 allele is capable of presenting peptides from a
diverse group of pathogens, it would be of interest to study the
antibody profiles and clinical outcomes of these cattle following BRSV
infection. Further, studies addressing the T cell receptor repertoire
may shed light on epitope usage as this is likely to be influenced by
MHC class II haplotype.

In this study, a previously unknown CD4" T cell epitope on the
BRSV F protein was identified. The epitope has a core sequence of
INDMPITND and spans amino acids 261 to 269. This sequence is
conserved between the North American type strain BRSV 375 and the
European type strain BSRV Snook (data not shown) as well as present
within HRSV A and B subtype F proteins (67). Interestingly, this
epitope resides in a stretch of exposed surface shared by antibody

Core Sequence Predicted Allele’

VAVSKVLHL *01:01, *014:01:01
VAVSKVLHL *01:01, *014:01:01
INDMPITND *011:01
INDMPITND *011:01
INDMPITND *011:01
IINYYDPLV *012:01
IINYYDPLV *012:01
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CDA4™ T cell response to computationally predicted peptides presented by artificial antigen presenting cells (@APC). Synthetic peptides computationally predicted
to bind strongly to select BoLA-DRB3 alleles used to stimulate CD4" T cells after loading to aAPCs expressing BoLA-DR and CD80 molecules. DRB3*011:01
predicted peptides, with a core sequence of INDMPITND, were observed to induce T cell activation (B) while those predicted to bind to *001:01 (A), *012:01 (C),
and *014:01:01 (D) did not. Cells were stimulated with 5ug/mL PHA as a positive control. Data presented as mean + SEM, p < 0.05 was considered significant and

indicated by asterisk.

binding sites II and III, whereas the therapeutic monoclonal
palivizumab binds to antigenic site II (68). The region of F protein
spanning residues 249-296 has previously been shown to contain
other epitopes recognized by human (48) and bovine (45) CD4" T
cells though T cell epitopes are present outside of this region (47). The
results presented herein show CD4" T cells reacted with autologous
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APC presented 11-mer peptides with N-terminal amino acid at
residues 252, 258, 259, 260, and 261 (Figure 1 and Table 1). Further
characterization of this region using c-terminal truncated peptides
identified the minimum peptide required for CD4" T cell stimulation
(Figure 2 and Table 2). Fogg et al. (45) have previously identified
multiple epitopes outside of the 249-296 region presented by other
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FIGURE 5

Inhibition of BoLA DR significantly reduces T cell activation. Artificial
antigen presenting cells incubated with anti-BoLA DR antibody
significantly reduced the number of T cells responding to BRSV-375 F
protein peptide. Peptide 4 sequence: LLSLINDMPITNDQK. Data presented
as mean + SEM. Statistical significance was determined using the Mann-
Whitney nonparametric test, P < 0.05 indicated by asterisk

DRB3 alleles. In an attempt to identify other allele specific epitopes, a
library of peptides computationally predicted to bind additional
DRB3 alleles *001:01, *012:01, and *014:01:01 (Figure 4 and
Table 4) was used in antigen presentation studies. In ELISpot
assays, purified CD4" T cells cultured with artificial APCs did not
produce IFN-y in response to antigen presentation. It is possible
additional DRB3-restricted epitopes are present in the BRSV 375 F
protein and further studies with expanded peptide libraries spanning
the entirety of the F protein will be critical for the identification of
additional CD4" T cell epitopes.

Genetic diversity of the MHC class II loci is essential for the
presentation of peptides derived from the staggering diversity of
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pathogens encountered by individuals of a species. The human
genome encodes genes for three MHC class II proteins (HLA-DR,
-DP, and -DQ) while the bovine genome encodes for only two (BoLA-
DR and -DQ) with polymorphisms in both species increasing genetic
diversity (26, 29). Antigenic peptide presentation can be restricted to
one isotype of the MHC class I molecules, i.e. BOLA-DR, or presented
by a combination of MHC class II proteins, termed interhaplotype
pairing. To determine if this epitope is restricted to presentation
through BoLA-DR, we performed blocking experiments where APCs
were incubated with antibodies against either BOLA-DR or BoLA-DQ
molecules prior to co-culture with CD4" T cells. Inhibition of T cell
stimulation was observed following APC treatment with anti-DR
antibodies (Figures 3, 5), indicating the epitope is restricted to
DRB3*011:01. Despite lack of response for other alleles tested,
peptides maybe presented by DQ alleles, which were not examined.
Studies assessing antigenic peptides derived from Anaplasma
marginale have shown cattle utilize either DR or DQ molecules or
present peptides via interhaplotype pairing (28, 33). The studies
presented above did not investigate the potential for antigen
presentation with DQ or interhaplotype pairing. Additional studies
would be useful in further characterizing the role of BoLA-DQ
following vaccination or infection with BRSV.

Development of novel vaccines to existing and emerging
pathogens is a high priority and the development of animal models
that fully recapitulate disease and the ensuing immune response are
invaluable. As BRSV is closely related to HRSV and causes similar
disease, the neonatal calf model is considered to be invaluable for the
development novel vaccines against HRSV (69). Recently a
polyanhydride nanovaccine incorporating the F protein of BRSV
(41, 70) was shown to be effective in preventing severe disease in
calves. Polyanhydride nanovaccines were highly immunogenic,
inducing strong antibody and cellular responses to both BRSV
surface glycoproteins and reduced virus titer and lung pathology
following challenge. Additionally, a study assessing a prefusion-
stabilized BRSV F protein vaccine was also shown to be
immunogenic and protect calves from disease following challenge
(44). These studies underscore the importance of the F protein in
BRSV immunity. It is of interest to assess the antigen specific T cell
response following vaccination including determination of the
magnitude and longevity of the CD4" T cell response. These data
will be useful in the refinement of vaccine formulations and dosing
schedules. The calf model of BRSV infections is ideally suited to
address these questions as the amino acid sequence of the BRSV and
HRSV F sequences are highly homologous and share common T cell
epitopes and antibody binding sites. The data presented here builds
on previous studies by expanding our knowledge of CD4" T cell
epitopes present in the BSRV F protein and will aid in defining the
immune response to BRSV infection as well as the development of
vaccines for cattle and humans.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material. Further inquiries can be directed
to the corresponding author.

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1040075
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Kaplan et al.

Ethics statement

The animal study was reviewed and approved by National Animal
Disease Center/USDA/ARS TACUC.

Author contributions

The experiments were conceived by BK, AH, JM, RD, and RS and
were performed by BS and AH. Analyses were conducted by BK, AH,
JN. The manuscript was written by BK and RS and edited by BK, AH,
JM, JN, RD, and RS. All authors contributed to the article and
approved the submitted version.

Funding

This work was supported in part by the USDA-ARS (project number
5030-3200-105-00D) and the National Institutes of Allergy and Infectious
Diseases (grant number ROIHD095880). Mention of trade names or
commercial products in this article is solely for the purpose of providing
specific information and does not imply recommendation or
endorsement by the USDA. The USDA is an equal opportunity employer.

Acknowledgments

The authors would like to acknowledge Duane Zimmerman, Tera
Nyholm, Tracy Porter, and Sam Humphrey for their expert
technical assistance.

References

1. Collins PL, Melero JA. Progress in understanding and controlling respiratory
syncytial virus: still crazy after all these years. Virus Res (2011) 162(1-2):80-99. doi:
10.1016/j.virusres.2011.09.020

2. Glezen WP, Taber LH, Frank AL, Kasel JA. Risk of primary infection and
reinfection with respiratory syncytial virus. Am J Dis Child (1986) 140(6):543-6. doi:
10.1001/archpedi.1986.02140200053026

3. Shi T, McAllister DA, O'Brien KL, Simoes EAF, Madhi SA, Gessner BD, et al.
Global, regional, and national disease burden estimates of acute lower respiratory
infections due to respiratory syncytial virus in young children in 2015: A systematic
review and modelling study. Lancet (2017) 390(10098):946-58. doi: 10.1016/S0140-6736
(17)30938-8

4. Nair H, Nokes DJ, Gessner BD, Dherani M, Madhi SA, Singleton R], et al. Global
burden of acute lower respiratory infections due to respiratory syncytial virus in young
children: A systematic review and meta-analysis. Lancet (2010) 375(9725):1545-55. doi:
10.1016/50140-6736(10)60206-1

5. Homaira N, Briggs N, Oei JL, Hilder L, Bajuk B, Jaffe A, et al. Association of age at
first severe respiratory syncytial virus disease with subsequent risk of severe asthma: A
population-based cohort study. J Infect Dis (2019) 220(4):550-6. doi: 10.1093/infdis/
jiy671

6. Homaira N, Briggs N, Pardy C, Hanly M, Oei JL, Hilder L, et al. Association between
respiratory syncytial viral disease and the subsequent risk of the first episode of severe
asthma in different subgroups of high-risk Australian children: A whole-of-population-
based cohort study. BMJ Open (2017) 7(11):e017936. doi: 10.1136/bmjopen-2017-017936

7. Falsey AR, Hennessey PA, Formica MA, Cox C, Walsh EE. Respiratory syncytial
virus infection in elderly and high-risk adults. N Engl ] Med (2005) 352(17):1749-59. doi:
10.1056/NEJMo0a043951

8. Mlinaric-Galinovic G, Falsey AR, Walsh EE. Respiratory syncytial virus infection in
the elderly. Eur J Clin Microbiol Infect Dis (1996) 15(10):777-81. doi: 10.1007/BF01701518

9. Sacco RE, Durbin RK, Durbin JE. Animal models of respiratory syncytial virus
infection and disease. Curr Opin Virol (2015) 13:117-22. doi: 10.1016/j.coviro.2015.06.003

Frontiers in Immunology

12

10.3389/fimmu.2023.1040075

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1040075/
full#supplementary-material

SUPPLEMENTARY FIGURE 1

Artificial antigen presenting cells co-expressing BoLA DR and CD80 molecules.
HEK-293 cells were transfected with plasmids encoding BoLA DR and CD80.
Single cell populations were isolated, expanded, and assessed for transgene
expression via flow cytometry. Gating strategy for phenotyping analysis (A).
Population of co-transfected HEK 293 cells with each BoLA DR allele (B)

SUPPLEMENTARY TABLE 1
Primer sequences used to amplify DRA, DRB3, and CD80 for aAPC generation.

10. Collins PL, Fearns R, Graham BS. Respiratory syncytial virus: Virology, reverse
genetics, and pathogenesis of disease. Curr Top Microbiol Immunol (2013) 372:3-38. doi:
10.1007/978-3-642-38919-1_1

11. Rima B, Collins P, Easton A, Fouchier R, Kurath G, Lamb RA, et al. ICTV virus
taxonomy profile: Pneumoviridae. J Gen Virol (2017) 98(12):2912-3. doi: 10.1099/
jgv.0.000959

12. Buchholz UJ, Finke S, Conzelmann KK. Generation of bovine respiratory syncytial
virus (BRSV) from cDNA: BRSV NS2 is not essential for virus replication in tissue culture,
and the human RSV leader region acts as a functional BRSV genome promoter. J Virol
(1999) 73(1):251-9. doi: 10.1128/JV1.73.1.251-259.1999

13. Battles MB, McLellan JS. Respiratory syncytial virus entry and how to block it. Nat
Rev Microbiol (2019) 17(4):233-45. doi: 10.1038/s41579-019-0149-x

14. Gershwin LJ. Bovine respiratory syncytial virus infection: Immunopathogenic
mechanisms. Anim Health Res Rev (2007) 8(2):207-13. doi: 10.1017/S1466252307001405

15. Paton DJ, Christiansen KH, Alenius S, Cranwell MP, Pritchard GC, Drew TW.
Prevalence of antibodies to bovine virus diarrhoea virus and other viruses in bulk tank
milk in England and Wales. Vet Rec (1998) 142(15):385-91. doi: 10.1136/vr.142.15.385

16. Collins JK, Teegarden RM, MacVean DW, Salman, Smith GH, Frank GR.
Prevalence and specificity of antibodies to bovine respiratory syncytial virus in sera
from feedlot and range cattle. Am ] Vet Res (1988) 49(8):1316-9.

17. Ohlson A, Alenius S, Traven M, Emanuelson U. A longitudinal study of the
dynamics of bovine corona virus and respiratory syncytial virus infections in dairy herds.
Vet J (2013) 197(2):395-400. doi: 10.1016/j.tvj1.2013401.028

18. Sacco RE, Nonnecke BJ, Palmer MV, Waters WR, Lippolis JD, Reinhardt TA.
Differential expression of cytokines in response to respiratory syncytial virus infection of
calves with high or low circulating 25-hydroxyvitamin D3. PloS One (2012) 7(3):e33074.
doi: 10.1371/journal.pone.0033074

19. Sacco RE, McGill JL, Palmer MV, Lippolis JD, Reinhardt TA, Nonnecke BJ.
Neonatal calf infection with respiratory syncytial virus: Drawing parallels to the disease in
human infants. Viruses (2012) 4(12):3731-53. doi: 10.3390/v4123731

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2023.1040075/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1040075/full#supplementary-material
https://doi.org/10.1016/j.virusres.2011.09.020
https://doi.org/10.1001/archpedi.1986.02140200053026
https://doi.org/10.1016/S0140-6736(17)30938-8
https://doi.org/10.1016/S0140-6736(17)30938-8
https://doi.org/10.1016/S0140-6736(10)60206-1
https://doi.org/10.1093/infdis/jiy671
https://doi.org/10.1093/infdis/jiy671
https://doi.org/10.1136/bmjopen-2017-017936
https://doi.org/10.1056/NEJMoa043951
https://doi.org/10.1007/BF01701518
https://doi.org/10.1016/j.coviro.2015.06.003
https://doi.org/10.1007/978-3-642-38919-1_1
https://doi.org/10.1099/jgv.0.000959
https://doi.org/10.1099/jgv.0.000959
https://doi.org/10.1128/JVI.73.1.251-259.1999
https://doi.org/10.1038/s41579-019-0149-x
https://doi.org/10.1017/S1466252307001405
https://doi.org/10.1136/vr.142.15.385
https://doi.org/10.1016/j.tvjl.2013.01.028
https://doi.org/10.1371/journal.pone.0033074
https://doi.org/10.3390/v4123731
https://doi.org/10.3389/fimmu.2023.1040075
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Kaplan et al.

20. Gaddum RM, Cook RS, Furze JM, Ellis SA, Taylor G. Recognition of bovine
respiratory syncytial virus proteins by bovine CD8+ T lymphocytes. Immunology (2003)
108(2):220-9. doi: 10.1046/j.1365-2567.2003.01566.x

21. Gaddum RM, Cook RS, Thomas LH, Taylor G. Primary cytotoxic T-cell responses
to bovine respiratory syncytial virus in calves. Immunology (1996) 88(3):421-7. doi:
10.1046/j.1365-2567.1996.d01-667.x

22. Gaddum RM, Ellis SA, Willis AC, Cook RS, Staines KA, Thomas LH, et al.
Identification of potential CTL epitopes of bovine RSV using allele-specific peptide motifs
from bovine MHC class I molecules. Vet Immunol Immunopathol (1996) 54(1-4):211-9.
doi: 10.1016/S0165-2427(96)05686-3

23. Cherrie AH, Anderson K, Wertz GW, Openshaw PJ. Human cytotoxic T cells
stimulated by antigen on dendritic cells recognize the n, SH, f, m, 22K, and 1b proteins of
respiratory syncytial virus. J Virol (1992) 66(4):2102-10. doi: 10.1128/jvi.66.4.2102-
2110.1992

24. Bangham CR, Openshaw PJ, Ball LA, King AM, Wertz GW, Askonas BA. Human
and murine cytotoxic T cells specific to respiratory syncytial virus recognize the viral
nucleoprotein (N), but not the major glycoprotein (G), expressed by vaccinia virus
recombinants. J Immunol (1986) 137(12):3973-7. doi: 10.4049/jimmunol.137.12.3973

25. Gershwin LJ, Anderson ML, Wang C, Berghaus LJ, Kenny TP, Gunther RA.
Assessment of IgE response and cytokine gene expression in pulmonary efferent lymph
collected after ovalbumin inhalation during experimental infection of calves with bovine
respiratory syncytial virus. Am J Vet Res (2011) 72(1):134-45. doi: 10.2460/ajvr.72.1.134

26. Wieczorek M, Abualrous ET, Sticht J, Alvaro-Benito M, Stolzenberg S, Noe F, et al.
Major histocompatibility complex (MHC) class I and MHC class II proteins:
Conformational plasticity in antigen presentation. Front Immunol (2017) 8:292. doi:
10.3389/fimmu.2017.00292

27. Glass EJ, Oliver RA, Russell GC. Duplicated DQ haplotypes increase the
complexity of restriction element usage in cattle. J Immunol (2000) 165(1):134-8. doi:
10.4049/jimmunol.165.1.134

28. Norimine J, Brown WC. Intrahaplotype and interhaplotype pairing of bovine
leukocyte antigen DQA and DQB molecules generate functional DQ molecules important
for priming CD4(+) T-lymphocyte responses. Immunogenetics (2005) 57(10):750-62. doi:
10.1007/s00251-005-0045-6

29. Lewin HA, Russell GC, Glass E]. Comparative organization and function of the
major histocompatibility complex of domesticated cattle. Immunol Rev (1999) 167:145-
58. doi: 10.1111/j.1600-065X.1999.tb01388.x

30. van Eijk MJ, Stewart-Haynes JA, Lewin HA. Extensive polymorphism of the BoLA-
DRB3 gene distinguished by PCR-RFLP. Anim Genet (1992) 23(6):483-96. doi: 10.1111/
j.1365-2052.1992.tb00168.x

31. Deringer JR, Forero-Becerra EG, Ueti MW, Turse JE, Futse JE, Noh SM, et al.
Identification of a T-cell epitope that is globally conserved among outer membrane
proteins (OMPs) OMP7, OMP8, and OMP9 of anaplasma marginale strains and with
OMP7 from the a. marginale subsp. centrale vaccine strain. Clin Vaccine Immunol (2017)
24(1):¢00406-16. doi: 10.1128/CV1.00406-16

32. Bai L, Takeshima SN, Sato M, Davis WC, Wada S, Kohara J, et al. Mapping of CD4
(+) T-cell epitopes in bovine leukemia virus from five cattle with differential
susceptibilities to bovine leukemia virus disease progression. Virol J (2019) 16(1):157.
doi: 10.1186/s12985-019-1259-9

33. Morse K, Norimine J, Hope JC, Brown WC. Breadth of the CD4+ T cell response to
anaplasma marginale VirB9-1, VirB9-2 and VirB10 and MHC class II DR and DQ
restriction elements. Immunogenetics (2012) 64(7):507-23. doi: 10.1007/s00251-012-
0606-4

34. Hayashi T, Mekata H, Sekiguchi S, Kirino Y, Mitoma S, Honkawa K, et al. Cattle
with the BoLA class IT DRB3*0902 allele have significantly lower bovine leukemia proviral
loads. J Vet Med Sci (2017) 79(9):1552-5. doi: 10.1292/jvms.16-0601

35. Gonzalez-Reyes L, Ruiz-Arguello MB, Garcia-Barreno B, Calder L, Lopez JA, Albar
JP, et al. Cleavage of the human respiratory syncytial virus fusion protein at two distinct
sites is required for activation of membrane fusion. Proc Natl Acad Sci U S A (2001) 98
(17):9859-64. doi: 10.1073/pnas.151098198

36. Collins PL, Mottet G. Post-translational processing and oligomerization of the
fusion glycoprotein of human respiratory syncytial virus. J Gen Virol (1991) 72(Pt
12):3095-101. doi: 10.1099/0022-1317-72-12-3095

37. McLellan JS, Chen M, Chang JS, Yang Y, Kim A, Graham BS, et al. Structure of a
major antigenic site on the respiratory syncytial virus fusion glycoprotein in complex with
neutralizing antibody 101F. J Virol (2010) 84(23):12236-44. doi: 10.1128/JV1.01579-10

38. McLellan JS, Chen M, Kim A, Yang Y, Graham BS, Kwong PD. Structural basis of
respiratory syncytial virus neutralization by motavizumab. Nat Struct Mol Biol (2010) 17
(2):248-50. doi: 10.1038/nsmb.1723

39. McLellan JS, Chen M, Joyce MG, Sastry M, Stewart-Jones GB, Yang Y, et al.
Structure-based design of a fusion glycoprotein vaccine for respiratory syncytial virus.
Science (2013) 342(6158):592-8. doi: 10.1126/science.1243283

40. Lerch RA, Anderson K, Amann VL, Wertz GW. Nucleotide sequence analysis of
the bovine respiratory syncytial virus fusion protein mRNA and expression from a
recombinant vaccinia virus. Virology (1991) 181(1):118-31. doi: 10.1016/0042-6822(91)
90476-R

41. McGill JL, Kelly SM, Kumar P, Speckhart S, Haughney SL, Henningson J, et al.
Efficacy of mucosal polyanhydride nanovaccine against respiratory syncytial
virus infection in the neonatal calf. Sci Rep (2018) 8(1):3021. doi: 10.1038/s41598-018-
21292-2

Frontiers in Immunology

13

10.3389/fimmu.2023.1040075

42. Sastry M, Zhang B, Chen M, Joyce MG, Kong WP, Chuang GY, et al. Adjuvants
and the vaccine response to the DS-Cavl-stabilized fusion glycoprotein of respiratory
syncytial virus. PloS One (2017) 12(10):e¢0186854. doi: 10.1371/journal.pone.0186854

43. Mukhamedova M, Wrapp D, Shen CH, Gilman MSA, Ruckwardt TJ, Schramm
CA, et al. Vaccination with prefusion-stabilized respiratory syncytial virus fusion protein
induces genetically and antigenically diverse antibody responses. Immunity (2021) 54
(4):769-80.¢6. doi: 10.1016/j.immuni.2021.03.004

44. Zhang B, Chen L, Silacci C, Thom M, Boyington JC, Druz A, et al. Protection of
calves by a prefusion-stabilized bovine RSV f vaccine. NPJ Vaccines (2017) 2:7. doi:
10.1038/s41541-017-0005-9

45. Fogg MH, Parsons KR, Thomas LH, Taylor G. Identification of CD4+ T cell
epitopes on the fusion (F) and attachment (G) proteins of bovine respiratory syncytial
virus (BRSV). Vaccine (2001) 19(23-24):3226-40. doi: 10.1016/50264-410X(01)00030-5

46. McDermott DS, Knudson CJ, Varga SM. Determining the breadth of the
respiratory syncytial virus-specific T cell response. J Virol (2014) 88(6):3135-43. doi:
10.1128/JV1.02139-13

47. Levely ME, Bannow CA, Smith CW, Nicholas JA. Immunodominant T-cell epitope
on the f protein of respiratory syncytial virus recognized by human lymphocytes. J Virol
(1991) 65(7):3789-96. doi: 10.1128/jvi.65.7.3789-3796.1991

48. van Bleek GM, Poelen MC, van der Most R, Brugghe HF, Timmermans HA, Boog
CJ, et al. Identification of immunodominant epitopes derived from the respiratory
syncytial virus fusion protein that are recognized by human CD4 T cells. J Virol (2003)
77(2):980-8. doi: 10.1128/JV1.77.2.980-988.2003

49. Miltiadou D, Law AS, Russell GC. Establishment of a sequence-based typing
system for BOLA-DRB3 exon 2. Tissue Antigens (2003) 62(1):55-65. doi: 10.1034/j.1399-
0039.2003.00080.x

50. Baxter R, Hastings N, Law A, Glass EJ. A rapid and robust sequence-based
genotyping method for BoLA-DRB3 alleles in large numbers of heterozygous cattle.
Anim Genet (2008) 39(5):561-3. doi: 10.1111/j.1365-2052.2008.01757.x

51. Brandenburg AH, de Waal L, Timmerman HH, Hoogerhout P, de Swart RL,
Osterhaus AD. HLA class I-restricted cytotoxic T-cell epitopes of the respiratory syncytial
virus fusion protein. J Virol (2000) 74(21):10240-4. doi: 10.1128/JV1.74.21.10240-
10244.2000

52. Chang J, Srikiatkhachorn A, Braciale TJ. Visualization and characterization of
respiratory syncytial virus f-specific CD8(+) T cells during experimental virus infection. J
Immunol (2001) 167(8):4254-60. doi: 10.4049/jimmunol.167.8.4254

53. Jiang S, Borthwick NJ, Morrison P, Gao GF, Steward MW. Virus-specific CTL
responses induced by an h-2K(d)-restricted, motif-negative 15-mer peptide from the
fusion protein of respiratory syncytial virus. ] Gen Virol (2002) 83(Pt 2):429-38. doi:
10.1099/0022-1317-83-2-429

54. Johnstone C, de Leon P, Medina F, Melero JA, Garcia-Barreno B, Val MD. Shifting
immunodominance pattern of two cytotoxic T-lymphocyte epitopes in the f glycoprotein
of the long strain of respiratory syncytial virus. ] Gen Virol (2004) 85(Pt 11):3229-38. doi:
10.1099/vir.0.80219-0

55. Reynisson B, Alvarez B, Paul S, Peters B, Nielsen M. NetMHCpan-4.1 and
NetMHCIIpan-4.0: improved predictions of MHC antigen presentation by concurrent
motif deconvolution and integration of MS MHC eluted ligand data. Nucleic Acids Res
(2020) 48(W1):W449-W54. doi: 10.1093/nar/gkaa379

56. Reynisson B, Barra C, Kaabinejadian S, Hildebrand WH, Peters B, Nielsen M.
Improved prediction of MHC II antigen presentation through integration and motif
deconvolution of mass spectrometry MHC eluted ligand data. | Proteome Res (2020) 19
(6):2304-15. doi: 10.1021/acs.jproteome.9b00874

57. Maccari G, Robinson J, Hammond JA, Marsh SGE. The IPD project: a centralised
resource for the study of polymorphism in genes of the immune system. Immunogenetics
(2020) 72(1-2):49-55. doi: 10.1007/s00251-019-01133-w

58. Kim HW, Canchola JG, Brandt CD, Pyles G, Chanock RM, Jensen K, et al. Respiratory
syncytial virus disease in infants despite prior administration of antigenic inactivated vaccine.
Am ] Epidemiol (1969) 89(4):422-34. doi: 10.1093/oxfordjournals.aje.a120955

59. Murphy BR, Prince GA, Walsh EE, Kim HW, Parrott RH, Hemming VG, et al.
Dissociation between serum neutralizing and glycoprotein antibody responses of infants
and children who received inactivated respiratory syncytial virus vaccine. J Clin Microbiol
(1986) 24(2):197-202. doi: 10.1128/jcm.24.2.197-202.1986

60. Murphy BR, Walsh EE. Formalin-inactivated respiratory syncytial virus vaccine
induces antibodies to the fusion glycoprotein that are deficient in fusion-inhibiting
activity. J Clin Microbiol (1988) 26(8):1595-7. doi: 10.1128/jcm.26.8.1595-1597.1988

61. Polack FP, Teng MN, Collins PL, Prince GA, Exner M, Regele H, et al. A role for
immune complexes in enhanced respiratory syncytial virus disease. ] Exp Med (2002) 196
(6):859-65. doi: 10.1084/jem.20020781

62. Graham BS, Henderson GS, Tang YW, Lu X, Neuzil KM, Colley DG. Priming
immunization determines T helper cytokine mRNA expression patterns in lungs of mice
challenged with respiratory syncytial virus. J Immunol (1993) 151(4):2032-40. doi:
10.4049/jimmunol.151.4.2032

63. Crank MC, Ruckwardt TJ, Chen M, Morabito KM, Phung E, Costner PJ, et al. A
proof of concept for structure-based vaccine design targeting RSV in humans. Science
(2019) 365(6452):505-9. doi: 10.1126/science.aav9033

64. Norimine J, Han S, Brown WC. Quantitation of anaplasma marginale major
surface protein (MSP)la and MSP2 epitope-specific CD4+ T lymphocytes using bovine
DRB3*1101 and DRB3*1201 tetramers. Immunogenetics (2006) 58(9):726-39. doi:
10.1007/s00251-006-0140-3

frontiersin.org


https://doi.org/10.1046/j.1365-2567.2003.01566.x
https://doi.org/10.1046/j.1365-2567.1996.d01-667.x
https://doi.org/10.1016/S0165-2427(96)05686-3
https://doi.org/10.1128/jvi.66.4.2102-2110.1992
https://doi.org/10.1128/jvi.66.4.2102-2110.1992
https://doi.org/10.4049/jimmunol.137.12.3973
https://doi.org/10.2460/ajvr.72.1.134
https://doi.org/10.3389/fimmu.2017.00292
https://doi.org/10.4049/jimmunol.165.1.134
https://doi.org/10.1007/s00251-005-0045-6
https://doi.org/10.1111/j.1600-065X.1999.tb01388.x
https://doi.org/10.1111/j.1365-2052.1992.tb00168.x
https://doi.org/10.1111/j.1365-2052.1992.tb00168.x
https://doi.org/10.1128/CVI.00406-16
https://doi.org/10.1186/s12985-019-1259-9
https://doi.org/10.1007/s00251-012-0606-4
https://doi.org/10.1007/s00251-012-0606-4
https://doi.org/10.1292/jvms.16-0601
https://doi.org/10.1073/pnas.151098198
https://doi.org/10.1099/0022-1317-72-12-3095
https://doi.org/10.1128/JVI.01579-10
https://doi.org/10.1038/nsmb.1723
https://doi.org/10.1126/science.1243283
https://doi.org/10.1016/0042-6822(91)90476-R
https://doi.org/10.1016/0042-6822(91)90476-R
https://doi.org/10.1038/s41598-018-21292-2
https://doi.org/10.1038/s41598-018-21292-2
https://doi.org/10.1371/journal.pone.0186854
https://doi.org/10.1016/j.immuni.2021.03.004
https://doi.org/10.1038/s41541-017-0005-9
https://doi.org/10.1016/S0264-410X(01)00030-5
https://doi.org/10.1128/JVI.02139-13
https://doi.org/10.1128/jvi.65.7.3789-3796.1991
https://doi.org/10.1128/JVI.77.2.980-988.2003
https://doi.org/10.1034/j.1399-0039.2003.00080.x
https://doi.org/10.1034/j.1399-0039.2003.00080.x
https://doi.org/10.1111/j.1365-2052.2008.01757.x
https://doi.org/10.1128/JVI.74.21.10240-10244.2000
https://doi.org/10.1128/JVI.74.21.10240-10244.2000
https://doi.org/10.4049/jimmunol.167.8.4254
https://doi.org/10.1099/0022-1317-83-2-429
https://doi.org/10.1099/vir.0.80219-0
https://doi.org/10.1093/nar/gkaa379
https://doi.org/10.1021/acs.jproteome.9b00874
https://doi.org/10.1007/s00251-019-01133-w
https://doi.org/10.1093/oxfordjournals.aje.a120955
https://doi.org/10.1128/jcm.24.2.197-202.1986
https://doi.org/10.1128/jcm.26.8.1595-1597.1988
https://doi.org/10.1084/jem.20020781
https://doi.org/10.4049/jimmunol.151.4.2032
https://doi.org/10.1126/science.aav9033
https://doi.org/10.1007/s00251-006-0140-3
https://doi.org/10.3389/fimmu.2023.1040075
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Kaplan et al.

65. Haghparast A, Wauben MH, Grosfeld-Stulemeyer MC, van Kooten P, Hensen EJ.
Selection of T-cell epitopes from foot-and-mouth disease virus reflects the binding affinity
to different cattle MHC class II molecules. Immunogenetics (2000) 51(8-9):733-42. doi:
10.1007/s002510000205

66. Daous HE, Mitoma S, Elhanafy E, Thi Nguyen H, Thi Mai N, Notsu K, et al.
Relationship between allelic heterozygosity in BOLA-DRB3 and proviral loads in bovine
leukemia virus-infected cattle. Anim (Basel) (2021) 11(3):647. doi: 10.3390/ani11030647

67. Joyce MG, Bao A, Chen M, Georgiev IS, Ou L, Bylund T, et al. Crystal structure and
immunogenicity of the DS-Cavl1-Stabilized fusion glycoprotein from respiratory syncytial
virus subtype b. Pathog Immun (2019) 4(2):294-323. doi: 10.20411/pai.v4i2.338

Frontiers in Immunology

14

10.3389/fimmu.2023.1040075

68. Beeler JA, van Wyke Coelingh K. Neutralization epitopes of the f glycoprotein of
respiratory syncytial virus: effect of mutation upon fusion function. J Virol (1989) 63
(7):2941-50. doi: 10.1128/jvi.63.7.2941-2950.1989

69. Guerra-Maupome M, Palmer MV, McGill JL, Sacco RE. Utility of the neonatal calf
model for testing vaccines and intervention strategies for use against human RSV
infection. Vaccines (Basel) (2019) 7(1):7. doi: 10.3390/vaccines7010007

70. McGill JL, Kelly SM, Guerra-Maupome M, Winkley E, Henningson J, Narasimhan B,
et al. Vitamin A deficiency impairs the immune response to intranasal vaccination

and RSV infection in neonatal calves. Sci Rep (2019) 9(1):15157. doi: 10.1038/s41598-019-
51684-x

frontiersin.org


https://doi.org/10.1007/s002510000205
https://doi.org/10.3390/ani11030647
https://doi.org/10.20411/pai.v4i2.338
https://doi.org/10.1128/jvi.63.7.2941-2950.1989
https://doi.org/10.3390/vaccines7010007
https://doi.org/10.1038/s41598-019-51684-x
https://doi.org/10.1038/s41598-019-51684-x
https://doi.org/10.3389/fimmu.2023.1040075
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Identification of a DRB3*011:01-restricted CD4+ T cell response against bovine respiratory syncytial virus fusion protein
	Introduction
	Materials and methods
	Cattle and determination of MHC alleles
	Peptide libraries
	PBMC isolation and CD4+ T cell enrichment
	Generation of Human Embryonic Kidney (HEK)-293 artificial antigen presenting cells (aAPCs)
	Enzyme-linked immunosorbent spot assay
	Statistical analysis

	Results
	Genotype and vaccination history of Dairy Cows
	DRB3*011:01 presents synthetic peptides spanning BRSV F protein region AA 249-296
	DRB3*011:01 presents peptides with the core sequence INDMPITND in BRSV F protein T cell epitopes
	DRB3*011:01 artificial APCs Present F protein peptides with INDMPITND core sequence

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


