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pigs as an effective model for studying protective local cellular immunity against respiratory

pathogens.

Author summary

Influenza virus infection in pigs represents a significant problem to industry and also car-
ries substantial risks to human health. Pigs can be infected with both bird and human
forms of influenza where these viruses can mix with swine influenza viruses to generate
new pandemic strains that can spread quickly and kill many millions of people across the
globe. To date, the study of immunology and vaccination against flu in pigs has been ham-
pered by a lack of suitable tools and reagents. Here, we have built a complete molecular
toolset that allows such study. These tools could also be applied to other important infec-
tions in pigs such as foot-and-mouth disease and the normally fatal African Swine Fever
virus. Finally, pigs are set to become an important model organism for study of influenza
A virus infection. Here, we make use of a new research toolset to study a Broadly Protec-
tive Influenza Vaccine (BPIV) candidate, S-FLU, which could offer protection against all
influenza A viruses. These new tools have been used to demonstrate the induction of large
numbers of antigen specific CD8+ T cells to conserved NP epitopes in the respiratory
tract after aerosol immunization.

Introduction
Infection with influenza A virus is a major cause of human morbidity and mortality globally.
Influenza is highly infectious, constantly mutating and infects a range of host species including
humans, pigs and birds. Human influenza infection places a large burden on health care
resources and has been estimated to cost>$85 billion annually in the United States alone [1].
Vaccination strategies in humans for seasonal influenza infection require annual reformula-
tion of the vaccine to combat the constantly changing virus. Seasonal immunization induces
antibodies, predominantly against the viral protein haemagglutinin, which neutralize the
immunizing strain very effectively, but escape variants rapidly emerge and are responsible for
antigenic drift. Therefore development of a broadly protective influenza vaccine (BPIV) would
represent a major advance [2,3]. Individuals previously infected by one influenza subtype
often show reduced disease severity following subsequent infection with a different influenza
subtype in the absence of neutralising antibodies to the new strain. This phenomenon is
known as ‘heterotypic immunity’ [4] and experimental studies indicate that T-cell responses,
particularly CD8+ T-cells that recognize conserved epitopes of internal viral proteins, are key
to limiting the severity of disease following repeated influenza infections [5–9].

Influenza is endemic in the global pig population and domesticated animals might be piv-
otal hosts in generating highly dangerous pandemic strains in future [10–12]. Three strains of
swine influenza virus (SwIV), H1N1, H1N2 and H3N2 constantly circulate in pigs. However,
pigs can be infected with both avian and human influenza strains, allowing genetic reassort-
ment. This antigenic shift can produce new and highly virulent influenza strains to which
humans are immunologically na�ve [10]. Therefore, it is believed that pigs may serve as ‘mixing
vessels’ for the generation of human-avian influenza A virus reassortments, similar to those
responsible for the Asian H2N2 and Hong Kong H3N2 pandemics in 1957 and 1968, respec-
tively [11]. Transmission of Influenza viruses between humans and pigs has also been well

New porcine T-cell toolkit for influenza infection

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007017 May 17, 2018 2 / 33

(WT095767). PJR, AKS and DKC received funding
as part of a beam-time allocation grouping (BAG)
grant from Diamond Light Source (http://www.
diamond.ac.uk/). AT was funded by the Townsend-
Jeantet Charitable Trust, (UK registered charity
1011770). KT was funded by a Cardiff University
President’s Scholarship. The funders had no role in
study design, data collection and analysis, decision
to publish, or preparation of the manuscript.

Competing interests: AMT is named on a
European patent (publication no. EP2758525 A2,
published July 30, 2014) concerning the use of S-
FLU as a vaccine. AKS. is an inventor of patent WO
2010032022, “Use of protein kinase inhibitor to
detect immune cells, such as T-cells. The other
authors have no financial conflicts of interest.





Materials and methods
An overview of this study including the Babraham pigs used for each experiment is shown in
Fig 1.

Babraham pig and SLA-I alleles
All experiments were performed on the Babraham large white inbred pig line and conducted
at either the Pirbright Institute or the University of Bristol. All Babraham pigs were confirmed
influenza free by screening for the absence of influenza infection by matrix gene real time
RT-PCR [28], and antibody-free status was confirmed by haemagglutination inhibition using 4
SwIV antigens. The body weight and age of all Babraham pigs used for this study are detailed in
S1 Table. At the inception of this study the Babraham pig colony was maintained with a mini-
mal number of breeding animals: as such, historic samples were used and new pigs enlisted
when they became available. As a result, the pigs utilized ranged in age, size and sex (S1 Table).
Also, as the pigs were being used for parallel, yet to be published, studies the mode of influenza
exposure varied depending on the cohort. To identify the Babraham pig SLA-1 and SLA-2
alleles a degenerate primer set was designed using all the porcine SLA class I sequences available
on IPD-MHC (http://www.ebi.ac.uk/ipd/mhc) (SLA-1S 5’GACACGCAGTTCGTGHGG
TTC3’; SLA-1AS 5’GCTGCACMTGGCAGGTGTAGC3’). These primers were used to amplify
the class I alleles from cDNA available from all the pigs used in this study (S1 Table). These
were cloned and Sanger sequenced to identify the Babraham pig SLA alleles and confirm that
there was no polymorphism between the individuals used. The SLA-I alleles were confirmed as
SLA-1�14:02 [Acc. No. IPD0006136] (formerly known as SLA-1�es11) and SLA-2�11:04 [Acc.
No. IPD0006176] (formerly known as SLA-2�es22).

Ethics statement
Animal experimentation was approved by the Pirbright Institute Ethical Review Board under
the authority of a Home Office project licence (70/7505) in accordance with UK Home Office
Guidance on the Operation of the Animals (Scientific Procedures) Act 1986 and associated
guidelines.

Influenza viruses
The design and production of the BPIV candidate, S-FLU, have been previously described
[25]. S-FLU is a non-pathogenic, single cycle, pseudotyped influenza virus, which has its HA-
signal sequence suppressed preventing it from replicating within the host [25]. S-FLU virus
expresses the core proteins from the PR8 strain [influenza (A/PuertoRico/8/1934(H1N1))]
and is coated with a chosen haemagglutinin (H), using a transfected complementing cell line,
to enable initial host cell entry. Two vaccine formulations were used, H1N1- and H5N1-
S-FLU, that are described in detail in [25,26]. H5N1 S-FLU was coated with the H5 HA of the
avian influenza virus A/Vietnam/1203/2004 (clade 1) with the polybasic site removed and
replaced with a trypsin cleavage site and encodes eGFP replacing the H1 coding sequence and
the N1 NA from A/PR/8/1934, and is designated formally as [S-eGFP/N1(PR8)].H5(VN1203).
H1N1 S-FLU, designated [S-eGFP/N1(Eng195)].H1(Eng195)], was coated with the H1 HA,
and encodes the N1 neuraminidase (N) from A/England/195/2009. Inactivated virus of the
H1N1 strain [A/Swine/Spain/SF11131/2007] (Sp/Sw) was also used for immunization. The
swine isolate of A/Swine/Eng/1353/09(pdmH1N1) was used for experimental infection.
Sequence conservation of the nucleoprotein (NP) peptides defined in this study between the
different strains of influenza used can be found in S2 Table.
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Tissue culture reagents
For the culture of T-cells, pig serum was isolated from the clotted blood of non-Babraham ped-
igree and crossbreed pigs. The blood was collected as a by-product from the University of Bris-
tol Veterinary School abattoir, adhering to EU regulated methods. Up to 300 mL of whole
blood was collected per animal and the clotted blood centrifuged (700 g for 20 min incre-
ments) to aid the harvesting of serum, which was subsequently mixed from multiple pigs and

Fig 1. Study overview. The inbred Babraham pig was used throughout this study for vaccination and infection, with
each pig assigned an identifying number, shown here within each silhouette. (A) Pigs 625 (red) and 650 (blue) were
vaccinated intranasally and intramuscularly as depicted. Blood, bronchoalveolar lavage (BAL) and tracheobronchial
lymph nodes (TBLNs) were harvested, with peripheral blood mononuclear cells (PBMCs) purified from blood and
single suspensions from BAL and TBLNs generated for experiments. Overlapping peptides from the NP of PR8 were
used to create T-cell lines (Fig 2) and T-cell clones (named and shown in red or blue text) (Fig 3). The red clones came
from pig 625 (red) and the blue from pig 650 (blue). The clones were used to define minimal NP peptides, which were
subsequently refolded with SLA-1�14:02 or SLA-2�11:04 to create pSLA-I tetramers. The tetramers were used to stain
the clones (Fig 3) and harvested tissues from pigs 625 and 650 (Fig 4). (B) The BAL from pigs vaccinated or infected
intranasally with influenza, as shown, were stained with the tetramers from A (Figs 5 and 6). The BAL from pig 745
was used for 
� ���� ELISPOTS. (C) SLA-1�14:02 or SLA-2�11:04 were refolded with the epitopes defined in A to
confirm peptide anchor residues (Fig 7). T-cell clones from A were used to define a SLA-1�14:02 or SLA-2�11:04
peptide anchor binding motif (Fig 8), which were then used to predict other influenza epitopes, tested using BAL from
the two pigs shown (Fig 9).

https://doi.org/10.1371/journal.ppat.1007017.g001
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heat-inactivated at 56˚C for 1 h before being frozen at -20˚C for long-term storage. Thirty
non-Babraham pigs were used to generate the serum used during this study with 25–100 mL
of serum harvested per pig. Pig serum was used without influenza testing; with each batch giv-
ing very similar performance for T-cell line generation and functional assays, which were per-
formed with media/serum alone controls. Although the 56˚C treatment of serum for 1 h was
not used specifically to inactivate influenza, it has been shown that pasteurization of egg prod-
ucts at 56˚C reduced inoculated avian influenza virus titre by>90% in<2 min [29].

Pig serum and all other media components were filtered through a 0.22 �m membrane
prior to addition to the medium. The following media were used in this study: R0 medium
(RPMI-1640 Medium supplemented with 2 mM L-glutamine, 100 U/mL Penicillin and
100 �g/mL Streptomycin (all Life Technologies)); R5 medium (R0 supplemented with 5% pig
serum); R10 medium (R0 supplemented with 10% heat-inactivated foetal bovine serum (FBS)
(Life Technologies)); priming medium (R0 supplemented with 10% pig serum, 10 mM HEPES
buffer, 0.5X MEM amino acids, 1 mM Sodium Pyruvate (all Life Technologies), 50 �M 2-Mer-
captoethanol and human IL-2 (Aldesleukin, brand name Proleukin, Prometheus); expansion
medium (as for priming media but supplemented with swine IL-15 (Kingfisher Biotech). All
cells were cultured at 37˚C in humid 5% CO2 incubators.

Cryopreservation of cells
T-cell clones and lines, kidney and tissue derived cells were cryopreserved in freezing media
consisting of 90% FBS and 10% DMSO. This was performed in 1–1.5 mL cryovials using a
CoolCell (Biocision) or Mr Frosty (Nalgene) controlled-rate freezing device placed at -80˚C.
Long term storage of cells was in liquid nitrogen. Cells were defrosted rapidly at 37˚C and
resuspended in R10. Tissue derived cells were treated with 10–50 �g/mL of DNAse (Roche) for
10–15 min before being washed ready for assays.

Babraham kidney epithelial cell line
Healthy renal cortex tissue taken from a Babraham pig was cut into small pieces and digested
in RPMI-1640 (Life Technologies) supplemented with 20% Dispase (Sigma Aldrich), 100 U/
mL Penicillin, 100 �g/mL Streptomycin and 0.5 �g/mL of Amphotericin B for 2 h at 37˚C.
Digested tissue was passed through a 70 �m filter, followed by centrifugation at 400 g for 5
min, washing twice with PBS and resuspended in R10 medium. Cells were cultured in a flask
overnight and non-adherent cells removed and fresh R10 added. Once confluent, the medium
was changed to D10/F12 (as for R10 using DMEM/F12 media (Life Technologies) and 2 mM
L-glutamine and 10 mM HEPES) and the cells split 1:5 into petri dishes. Single cell colonies
with epithelial morphology were selected to eliminate fibroblast contamination. The kidney
cell lines was grown as adherent cells in tissue culture flasks with D10/F12 medium, passaged
once a week or when they reached 80–90% confluence, using TrypLE express (ThermoFisher
Scientific) to detach the cells. Cells were split 1:2 to 1:20 at each passage.

Tissue harvest and preparation
Peripheral blood mononuclear cells (PBMCs) were extracted from blood by conventional den-
sity gradient centrifugation using Histopaque (Sigma) or Lymphoprep (Axis Shields) at 800 g
for 30 min, followed by harvesting the interface, washing, and then lysing the red blood cells
using standard ammonium chloride solution. For harvesting bronchoalveolar lavage cells
(BAL) the right lobe of the lung was infused with 150 mL of virus transport media comprising
culture medium 199 (Sigma-Aldrich) supplemented with 2 mM HEPES, 0.035% sodium bicar-
bonate, 0.5% BSA, 100 U/mL penicillin, 100 �g/mL streptomycin and 100 U/mL nystatin.
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