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Background: Clinical and immunological studies in humans show that the live

attenuated Bacillus Calmette-Gueŕin (BCG) vaccine has beneficial non-specific

effects, increasing resistance against diseases other than tuberculosis. The

underlying mechanisms are currently being explored. The pig exhibits

considerable physiological similarity to humans in anatomy and physiology,

suggesting that similar responses to BCG could be expected. Studies of the

non-specific effects of BCG in pigs are scarce. We investigated the feasibility of

using pigs as a large animal model to investigate the non-specific immunological

effects of BCG.

Methods: In a series of experiments, we randomized newborn or young piglets

from conventional farms to receiving BCG or placebo and investigated the

persistence of live BCG bacteria in various tissues, the immunogenicity of BCG

in ex vivo blood and in vitro stimulation assays, and the acute phase protein and

clinical responses to heterologous infectious challenge with influenza A virus or

Actinobacillus pleuropneumoniae.

Results: The BCG vaccine was generally well tolerated. In contrast to humans, no

skin reaction in the form of abscesses, ulcers, or scars was observed. Live BCG

was recovered from draining lymph nodes in 2/13 animals 20 weeks after

vaccination. Specific in vitro responses of IFN-g to antigen-specific re-

stimulation with mycobacterial antigen were increased but not TNF-responses

to TLR2 or TLR4 agonists. A few genes were differentially expressed in blood after

vaccination, including the antiviral genes RIG-I and CSF1, although the effect

disappeared after correction for multiple testing. Clinical symptoms after

heterologous bacterial or viral respiratory infections did not differ, nor did virus
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copies in nasopharyngeal samples after the challenge. However, the acute phase

protein response was significantly reduced in BCG-vaccinated animals after

influenza challenge but not after A. pleuropneumoniae challenge.

Discussion: BCG was safe in pigs, inducing specific immunological responses,

but our model did not corroborate the innate immunological responsiveness to

BCG seen in humans. The dose of BCG or the bacterial and viral challenges may

have been sub-optimal. Even so, the acute phase protein response to influenza

infection was significantly reduced in BCG-vaccinated animals.
KEYWORDS

non-specific effects, heterologous immunity, pigs, BCG,Actinobacillus pleuropneumoniae,
influenza virus
Introduction

Human studies have demonstrated that the tuberculosis vaccine

Bacillus Calmette-Guérin (BCG) derived fromMycobacterium bovis

has non-specific effects, conferring partial protection against

heterologous infections and related mortality (1). For example,

three randomized trials in Guinea-Bissau found that early BCG

vaccination reduced neonatal mortality by 38% (95% CI: 17-54%) in

low-weight infants (2).

The immunological mechanisms behind the heterologous

protective effects of BCG are starting to be understood, with

modulation of innate immunity suggested to be involved. Data

from mice and humans show that monocytes and NK cells exert

stronger responses to innate stimulation after training with BCG in

vitro as well as in vivo (3). Furthermore, BCG was shown to induce

emergency granulopoiesis, possibly contributing to better

immediate infection control (4). Despite the physiological

similarity between pigs and humans (5, 6), few studies have used

the pig as a large animal model to unravel the immunological effects

of BCG.

If BCG vaccination has beneficial non-specific effects in pigs,

these properties may reduce infectious disease mortality in modern

pig farming. However, despite the high safety profile of BCG from

billions of doses routinely administered to humans worldwide,

administration of live BCG to pigs may cause concerns in the

food industry regarding consumer safety and will interfere with

surveillance and routine diagnostics for bovine tuberculosis.

Nonetheless, BCG has been explored as an asset in the control of

bovine tuberculosis in cattle both historically and more recently (7),

and if more specific diagnostic tests to be used in parallel with BCG

emerge, these restrictions may change in the future. In addition, as

the non-specific effects of live vaccines is best established with BCG,

the use of BCG in pigs may also be a relevant translational model to

study non-specific effects of vaccines which may be taken into

consideration in the design of new veterinary vaccines, a proposal

already being pursued in human vaccinology (8).

This motivated us to investigate if live BCG 1) boosted innate

immunity in pigs, 2) decreased susceptibility to heterologous
02
infection, thereby exploring if pigs may serve as a useful animal

model to explore the non-specific immunological effects of BCG,

and finally, 3) could be detected in tissues of pigs at slaughter when

immunized as newborns, thereby exploring the feasibility of using

BCG or other products with similar potential beneficial properties

in pig farming as an immunological booster.
Materials and methods

The outline of the three animal experiments (Experiments A, B,

and C) is found in Figure 1. All pigs in the present studies were

Danish Landrace/Danish Yorkshire crossbreds and paternal line

Duroc, born and raised in conventional commercial pig farms. The

BCG used in all experiments was BCG Vaccine SSI (Danish strain

1331) as was the diluent Sauton (SSI Diagnostika, Hillerød,

Denmark). For all experiments (A, B, and C), vaccination was on

Day 0. All animals were sacrificed by captive bolt followed

by bleeding.
Experiment A

One pregnant sow was purchased from a commercial farm

(Farm A) and delivered to the research facilities at Lindholm,

Technical University of Denmark, Kalvehave, Denmark. All 14

piglets received 0.05 ml BCG intradermally (i.d.) in the skin of the

right ear base three days after delivery. One piglet was found dead

on day 9, presumably crushed under the sow. After 20 weeks (day

140), the remaining 13 pigs were euthanized by captive bolt,

followed by bleeding. Tissue samples were collected in sterile

falcon tubes and analyzed at the International Reference

Laboratory of Mycobacteriology, Statens Serum Institut,

Copenhagen, Denmark, for the presence of live BCG. Tissue

samples were taken from the liver, lung, kidney, bone marrow

from the left femur, muscle from the shoulder, superficial dorsal

cervical lymph node, retropharyngeal lateral lymph node, and the

skin at the vaccine injection site.
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Experiment B

Three pregnant sows were purchased from Farm A and

delivered to the research facilities at Frederiksberg, National

Veterinary Institute, Technical University of Denmark, Denmark.

Two to three days after delivery, 32 piglets were randomized 1:1

within each of the three litters to receive i.d. 0.05 ml BCG (n=17) or

0.05 ml Sauton (BCG solvent used as a placebo, n=15) in the right

shoulder, administered by a midwife with extensive experience in

BCG vaccination of human newborns.

After BCG administration, weight was recorded on days 1, 16,

28, and 36-39, and rectal temperature on days 36-39.
Frontiers in Immunology 03
On day 36, eight pigs had been lost (see the Results section for

details), and the remaining pigs (n=24, BCG: 12; Sauton: 12) were

allocated based on current weight into two groups, ensuring an equal

distribution of BCG- and Sauton-treatments. One half (n=12, 6/6)

was inoculated intranasally with Actinobacillus pleuropneumoniae

4226, serotype 2 (1 ml in either nostril as detailed below). The other

half (n=12, 6/6) received 4 ml of106 TCID50/ml swine influenza virus

H1N2 (A/swine/Denmark/101394-1/2011(H1N2) using MAD

Nasal™ intranasal mucosal atomization devices (Teleflex,

Morrisville, NC, cat. no. MAD100) 2 ml in either nostril). Before

inoculation, the animals were anaesthetized with i.m. injection of a

mixture of 12.5 mg tiletamine, 12.5 mg zolazepam, 12.5 mg xylazine,
FIGURE 1

Experimental design of the three experiments.
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and 12.5 mg ketamine per mL at 1 mL/15 kg. The A.

pleuropneumoniae group was sacrificed on day 38 (two days after

bacterial infection) and the influenza group on day 39 (three days

after viral inoculation). Blood was collected in PAXGene tubes

(2.5ml, Qiagen) on days 0, 1, 8, and 21 and stored at -20°C until

further processing.
Experiment C

For experiment C, 12 female pigs (Danish Landrace/Danish

Yorkshire crossbreds and paternal Duroc) were delivered after

weaning to the research facilities at Frederiksberg from a

commercial farm (Farm B). At 5 weeks of age, the pigs were

stratified by size (total weight range 5.5-11.5 kg, mean 8.9 kg) and

allocated to two treatment groups, receiving either 1.5-2 vials of

BCG resuspended in 0.8 ml Sauton (equaling 15-20 times a

standard BCG dose, n=6) or 1.0 ml Sauton alone (n=6), applied

by three adjacent injections i.d. in the right hind leg. 24 days after

immunization, venous blood was collected into heparinized tubes

for stimulation assays, and the pigs were sacrificed.
Mycobacterial detection (Experiment A)

The tissue samples listed in the outline of Experiment A above

were analyzed at the International Reference Laboratory of

Mycobacteriology, Statens Serum Institut, Copenhagen, Denmark,

for the presence of live Mycobacterium bovis BCG. Specimens were

disintegrated with a scalpel and in a sample homogenizer

(GentleMACS, Dissociator, Miltenyi Biotec, Bergisch Gladbach,

Germany) and then pre-treated with MycoPrep (NALC-NaOH,

Becton Dickinson, Sparks, MD). The pre-treated material was

analyzed with microscopy, PCR specific for Mycobacterium

tuberculosis complex (Cobas TaqMan MTB, Roche Diagnostics,

Rotkreutz, Switzerland), and culture in MGIT (Becton Dickinson)

and Löwenstein-Jensen (SSI Diagnostika) media. The growth of M.

bovis BCG was verified with GenoType MTBC (Hain Lifescience,

Nehren, Germany).
Actinobacillus pleuropneumoniae
(Experiment B)

A seed lot of A. pleuropneumoniae strain 4226, serotype 2,

stored at -80°C was cultured overnight at 37°C on modified

pleuropneumonia-like organism (PPLO)-agar plates using E. coli

as a nurse strain, suspended in 0.9% NaCl, and adjusted to the

desired concentration by turbidity of McFarland standard 0.5

diluted 1:1 in BHI+0.5% NAD. Animals were inoculated with

2 ml of A. pleuropneumoniae suspension, equaling 0.9x106 CFU/

animal. The concentration and purity of the inoculation

suspensions were verified by seeding on PPLO and blood agar

plates, respectively. After necropsy, for re-isolation of the

inoculation strain from tissue samples (liver, spleen, and lung), a

scalpel was inserted into the affected tissue and struck on PPLO agar
Frontiers in Immunology 04
and cultured at 37°C; the following day, emerging colonies

were enumerated.
Swine influenza A propagation and
quantification (Experiment B)

Swine Influenza A H1N2 virus was propagated in Madin-Darby

Canine Kidney Epithelial Cells (MDCK) and prepared for

inoculation as previously described (9). Influenza A virus load

was quantified from nasal swabs preserved in saline using RT-

qPCR. Total RNA was extracted from 140 µl of the nasal swab

sample by QIAamp Viral RNA Mini Kit (Qiagen) using the

manufacturer’s procedure and stored at -80°C until analysis. The

influenza A virus was detected by an in-house modified version of a

real-time RT-qPCR assay detecting the matrix gene (10).
Necropsy (Experiment B)

Necropsy was performed to characterize gross lesions in A.

pleuropneumoniae-inoculated and influenza-inoculated pigs. The

lungs were examined for A. pleuropneumoniae-like lesions defined

as areas with hemorrhage, consolidation, necrosis of lung tissue,

and fibrin exudation. Influenza lesions were defined as

mucopurulent exudate in bronchi and bronchioles and lobular

atelectasis of lung tissue.
Acute phase proteins (Experiment B)

In Experiment B, from serum samples collected on days 16, 36,

37, 38, and 39 (day 39 only from influenza-challenged pigs), CRP

and Haptoglobin were analyzed using in-house ELISA protocols

(11, 12).
Differential count and hematological
chemistry (Experiment B)

In Experiment B, on day 30, a whole blood differential count

was performed (ABC Vet, Horiba ABX, France) using EDTA-

treated blood, yielding counts of leukocytes, red blood cells, and

platelets, and concentrations of hemoglobin, mean corpuscular

hemoglobin, and mean hematocrit percentages and mean

corpuscular volume.
In vitro stimulations (Experiments B and C)

In Experiment B, on day 28, undiluted whole blood was

stimulated with LPS (10 ng/ml, from Escherichia coli O55:B5,

Sigma-Aldrich), Pam3CSK4 (1 µg/ml, Invivogen), Staphylococcus

enterotoxin B (1 µg/ml), phytohaemagglutinin (PHA) (2µg/ml), or

PPD fromM. tuberculosis (10 µg/ml, Statens Serum Institut) for 22h

at 37°C, 5% CO2 humidified incubator.
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In Experiment C, peripheral blood mononuclear cells (PBMC)

were purified from the heparinized blood within 2 hours of

venipuncture. Blood was diluted 1:1 in sterile PBS supplemented

with 2% fetal calf serum (FCS) and carefully applied to a StemCell

SepMate tube containing Lymphoprep density gradient medium

(StemCell Technologies). After centrifugation, the PBMC-

containing supernatant was retrieved and washed twice in PBS/

2% FCS. To lyse red cells, the cell pellet was resuspended and

incubated with red cell lysis buffer (78mM NH4Cl, 0.05 mM EDTA

and buffered with 5mM KHCO3). The PBMCs were resuspended in

RPMI-1640 Glutamax (Gibco) supplemented with 10% FBS and 1%

penicillin/streptomycin, seeded out as 14x106 cells/well in a 24-well

Cellstar plate (Greiner Bio-One, Frickenhausen, Germany), and

stimulated at 37°C, 5% CO2 with LPS (10 ng/ml final concentration,

Sigma), Pam3CSK4 (1 µg/ml, Invivogen), Staphylococcus

enterotoxin B (1 µg/ml, Sigma), Purified protein derivative (PPD)

fromM. tuberculosis (10 µg/ml, Statens Serum Institut), or medium

alone. After 7h, the plates were centrifuged, supernatants removed,

and the cell pellets harvested in RLT buffer (Qiagen) with 1% v/v

beta-mercaptoethanol and stored at -80°C until RNA extraction.
RNA extraction (Experiments B and C)

In Experiment B, blood was collected in PAXgene tubes, and

extraction was performed according to the manufacturer’s

instructions using the PAXgene Blood miRNA Kit (Qiagen). In

Experiment C, RNA was extracted from PBMCs preserved in RTL

buffer after in vitro stimulations using the QiaAmp RNA Blood

mini protocol according to the manufacturer’s instructions

(Qiagen). The quantity of the RNA was measured using a

spectrophotometer (NanoDrop ND-1000, Thermo Scientific,

United States). RNA integrity was measured on an Agilent 2100

Bioanalyzer (Agilent Technologies, Nærum, Denmark). RNA

integrity number (RIN) values in Experiment B were in the range

of 7 to 9, averaging 7.6; RIN values in Experiment C were in the

range of 8.7 to 9.7, averaging 9.2.

Synthesis of cDNA was performed in duplicates from a total of

500ng RNA per reaction using QuantiTect Reverse Transcription

Kit (Qiagen #205311) as previously described (13). Non-reverse

transcriptase reactions were included as a control for possible

genomic DNA contamination.

In Experiment B, the resulting cDNA concentration was

measured on NanoDrop and diluted to 200 ng/ml in 20 ml in low

EDTA TE-buffer before pre-amplification.

Fifteen cycles of pre-amplification were performed as previously

described (13) using TaqMan PreAmp Master Mix (Applied

Biosystems, PN 4391128), followed by Exonuclease I treatment

(New England Biolabs, PN MO293L) of 30 minutes at 37°C and 15

minutes at 80°C.

qPCR was performed in 96.96 Dynamic Array Integrated

Fluidic Circuits (Fluidigm, CA, USA) according to (14),

combining 96 samples with 96 primer pairs (Supplementary

Table 1). A non-template control and the non-reverse

transcriptase controls from the cDNA synthesis were included on
Frontiers in Immunology 05
each array chip to monitor for non-specific DNA contamination,

including of genomic origin.

Expression data (Cq values) and melting curves were acquired

using the Fluidigm Real-Time PCR Analysis software 3.0.2

(Fluidigm) and exported to GenEx (MultiD, Sweden) for data

pre-processing including censoring for non-specific amplification

or low amplification, interplate correction, correction for PCR

efficiency for each primer assay individually, normalizing using

GeNorm and NormFinder programs according to the expression of

ACTB, B2M, RPL13A, PPIA, TBP, and YWHAE in Experiment B

and ACTB, B2M, GAPDH, RPL13A, TBP, and TGPI in Experiment

C, and averaging of cDNA technical repeats. Data was scaled by

setting the lowest expression of each gene of interest to 1 whereby

the remaining samples were expressed as the ratio relative to this

lowest sample. Experiment B data was also log2 transformed.

After censoring the samples by expression data quality as

described above, the analysis included the following numbers in

Experiment B: day 0: BCG n=17/control n=15; day 1: n=16/14; day

8: n=13/12; day 21: n=12/11. In Experiment C, all 12 animals were

included in all stimulation conditions except for one (control pig

#12) missing in the LPS stimulation.
Cytokine quantification by ELISA
(Experiment B)

In Experiment B, IL-6 and TNF were quantified from harvested

supernatants using commercial porcine ELISA kits (DuoSet ELISA,

R&D Systems); IFN-g was analyzed using an in-house ELISA

protocol (15).
Statistical analysis

Data were analyzed using GraphPad Prism 6, StataMP, version

12, or SAS Enterprise Guide version 7.4.

Kruskal-Wallis was used for non-normally distributed non-

paired samples and Wilcoxon sign-ranked test for non-normally

distributed paired samples. In the gene expression study in

Experiment B, the control and vaccinated groups were compared

using unequal variances t-test. Additionally, gene response data from

Experiments B and C were analyzed in multivariate models using

Discriminant Analysis of Principal Components (16), in which the

multivariable data consisting of numerous response variables (the

combinations of stimulant and gene response) are reduced by

Principal Component Analysis to fewer linear and uncorrelated

variables. These canonical variables then serve as input variables in

Discriminant Analysis (proc discrim in SAS). The discriminant

analysis can test the probability of correct classification of

vaccinated and unvaccinated individuals. Since we did not have a

sample of adequate size to split into a training and test set, we used

the crossvalidate and posterr options in SAS which classifies each

observation by using a discriminant function computed from all the

other observations (SAS). The misclassification rate of vaccination

status is returned by the model for evaluation.
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In Experiment C, LPS stimulation was lacking from one animal,

and the LPS stimulation was therefore omitted from the Principal

Component Analysis and Discriminant Analysis, as this method

cannot handle missing values. In an alternative analysis, the missing

values from this single animal were replaced by the median of each

gene of the other pigs in the same treatment group (Sauton-treated,

LPS-stimulated), whereby the LPS-stimulated samples could be

included in the model.
Ethics

Ethical approval for the experiments was obtained from the

Danish Animal Experiments Inspectorate (case no. 2015−15−0201

−00520) and the local university animal ethics committee at the

Technical University of Denmark. The animal experiments took

place at the research facilities of the Technical University of

Denmark in 2015 and 2016.
Results

Safety of BCG

In total, nine piglets (BCG: 6/31; Sauton: 3/15) died or were

euthanized due to events considered unrelated to the immunization

in the first weeks after birth in Experiments A and B. One piglet (1/

14) in Experiment A was found crushed under the sow nine days

after BCG vaccination. In Experiment B, three BCG-vaccinated

piglets were found dead, and two BCG-vaccinated and three

Sauton-treated piglets were euthanized due to severe weakness, of

which seven died within the first 7 days (Table 1). The causes of

death or euthanasia were general weakness or mechanical

conditions and did not indicate adverse events related to the BCG

vaccine. No animals died prematurely in Experiment C.

No visible or palpable reactions were observed at the

vaccination site after the neonatal BCG dose (Experiments A and

B), whereas 3/6 BCG-vaccinated pigs in the high BCG dose

Experiment (Experiment C) had palpable reactions at the
Frontiers in Immunology 06
injection site 24 days after vaccination. Additionally, 2/6 had mild

skin redness but no palpable reaction (Supplementary Figure 1). No

pigs developed ulcers or scars.

In Experiment B, body weights of the pigs allocated to BCG

vaccination were 15% lower than the Sauton group one day after

randomization (no measure of weight available before vaccination).

BCG-vaccinated pigs remained lighter throughout the study, with the

relatively largest difference of 25% (p=0.04) observed on day 16

(Supplementary Table 2 and Figure 2A). On day 36, the BCG-

vaccinated pigs were 17% (p=0.11) lighter than the Sauton-treated pigs.

Weight gain in Experiment C from randomization to 24 days

after vaccination was not different between BCG and Sauton-treated

pigs (Figure 2B).

In Experiment B on day 30, hemoglobin and hematocrit

concentrations were higher in the BCG-vaccinated pigs (p=0.04

and p=0.03, respectively) (Figure 3). Whole blood cell counts were

not different.
BCG persistence in tissues

In Experiment A, 20 weeks after vaccination, two of 13 pigs

were culture-positive for BCG in the lateral retropharyngeal lymph

node draining the vaccination site. PCR confirmed the presence of

BCG. All other specimens were culture-negative and PCR-negative

and there was no visible local reaction at the injection site in any of

the pigs on week 20.
Ex vivo whole blood gene expression

In Experiment B, the mRNA expression of 49 gene sequences

was analyzed from whole blood before vaccination (day 0) and on

days 1, 8, and 21 (Supplementary Table 3). Four genes of interest

(retinoic acid-inducible gene I (RIG-I), Melanoma Differentiation-

Associated protein 5 (MDA5), macrophage colony-stimulating

factor 1 (CSF1), and swine leukocyte antigen DR-beta 1 (SLA-

DRb)), were marginally differentially regulated between BCG and

Sauton treatments at one time-point after randomization. However,

none of these results sustained correction for multiple testing

(Supplementary Figure 2).

For the remaining 44 gene transcripts tested, there was no

difference between BCG-vaccinated and control. Moreover, in the

multivariate analysis, using principal component analysis to reduce

the data dimension, BCG-vaccinated and control animals did not

segregate at any time point (data not shown). In the discriminant

cross-validation analysis, the classification error rate of BCG

vaccination remained high, around random annotation. Including

sex as a categorizing factor together with BCG did not affect the

results (data not shown).
In vitro cytokine responses

In Experiment B, 28 days after vaccination, IFN-g responses to
overnight PPD stimulation in whole blood cultures were, on
TABLE 1 Deaths in the low-dose BCG study (Experiment B).

Died or euthanized after vaccination (day 0)

Pig # Vaccine Sex Day since enrolment Cause

22 BCG female 1 crushed

12 BCG female 1 unknown

30 BCG male 6 lame, euthanized

24 BCG male 6 unknown, weak

11 BCG male 16 lame, euthanized

29 sauton male 1 weak, euthanized

19 sauton male 3 euthanized

4 sauton male 7 weak, euthanized
In total, n=17 BCG-vaccinated and n=15 Sauton-treated animals.
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average, higher in the BCG-vaccinated pigs than in control pigs

(p=0.007). However, 4/11 BCG-vaccinated pigs were low

responders (less than twice the nil level) (Figure 4A). IFN-g
responses to the positive SEB did not differ between BCG-

vaccinated and control animals (data not shown). TNF responses

to SEB tended to be higher (p=0.097) in BCG-vaccinated pigs,

which was not seen for TNF responses to PHA (Figure 4B). IL-6
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responses to SEB, LPS, or Pam3CSK4 were generally low compared

with the nil sample with a stimulation index (stimulation to nil

ratio) ranging from 1.4 for SEB, 2.0 for LPS, and 3.0 for PamCSK4.

Overall, TNF and IL-6 responses to LPS or Pam3CSK4 were not

different between BCG and control animals (data not shown).

In Experiment C, 24 days after vaccination, the expression of 52

immune-related genes from in vitro stimulated PBMC was
B

A

FIGURE 2

Weight gain of the animals. (A). In Experiment B, the weight from day 1 to day 36 of enrolment and randomization (BCG or Sauton) of 32 piglets.
Statistical test comparing BCG and Sauton-treated pigs for each time point using Kruskal-Wallis with standard error of the mean. Day 1 (BCG/
Sauton): n=16/14; day 16: n=13/12; day 28: n=12/12; day 36: n=12/12. (B). In Experiment C, weight from day 0 to day 24 of enrolment and
randomization (BCG or Sauton) of 12 female pigs aged 5 weeks.
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measured using qPCR (Supplementary Table 4). Overall, gene

expression levels in stimulations were relatively low compared to

the medium-only controls, indicating suboptimal culture

conditions, probably due to low stimulation doses. IFN-g
responses to PPD were higher than background (the medium

only culture) in BCG-vaccinated pigs but not in control pigs,

indicating specific immunogenicity of the BCG vaccination

(Figure 5), as also noted for whole blood stimulations in

Experiment B. For a few transcripts, responses to SEB were

higher in BCG-vaccinated compared to controls, significantly so

for the genes encoding the cytokines IFN-g and IL-1a (Figure 6).

After principal component analysis, the 208 response variables

in Experiment C (a combination of 52 gene transcripts and 4 culture

stimulants including nil) were reduced to seven principal

components. Next, we submitted all gene expression variables to

PCA, selecting three principal components, which then served as

input variables to the discriminant analysis to test if the composite

gene expression data contained a signal of BCG vaccination that

enabled the model to assign vaccination grouping of the 12 animals

correctly. The cross-validation analysis found a total error rate of

42% (5/12) in assigning the 12 samples to either BCG or control

groups, which is only slightly better than random. Including PPD

response transcripts slightly improved the performance to an error

rate of 33% (4/12). Imputing the missing values and including the

LPS-stimulated gene responses did not improve the precision.
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In vitro cytokines responses by sex
Stratifying responses by sex, BCG tended to have a larger

increasing effect on IFN-g responses to PPD in males than in

females (Supplementary Figure 3). Also, the TNF responses to

SEB were increased in BCG-vaccinated vs. Sauton-treated males

(p=0.04) but not in females. A similar, although non-significant,

tendency was seen for TNF responses to PHA and LPS

(Supplementary Figure 4). In contrast, the IL-6 response to

Pam3CSK4 was increased in BCG vs. control in females (p=0.04)

but not in males (Supplementary Figure 5). The same overall

tendency of higher IL-6 responses in BCG-vaccinated vs. Sauton-

treated females but lower IL-6 responses in BCG-vaccinated vs.

Sauton-treated males was also indicated in SEB and LPS

stimulations and the nil sample (Supplementary Figure 5).
Heterologous infections

There was overall no difference between the BCG-vaccinated

and Sauton-treated pigs in rectal temperature responses to the A.

pleuropneumoniae or influenza infections (Figure 7). One day after

A. pleuropneumoniae inoculation, in both the BCG-vaccinated and

Sauton-treated groups, there was a transient drop of approximately

1°C, whereas, after influenza inoculation, the temperature

remained stable.
FIGURE 3

Experiment B: Hematological analysis of venous blood collected on day 30 of randomization. White blood cell counts (WBC, x 1000/ml); red blood
cell counts (RBC, x 106/ml); hemoglobin concentrations (Hgb, g/dl); mean corpuscular hemoglobin (MCH, pg); hematocrit (Hct, %); mean
corpuscular volume (MCV, femtoliter); mean corpuscular hemoglobin concentration (MCHC, g/dl); platelet (x 1000/ml). Statistical test comparing
BCG and Sauton-treated pigs using Student’s t-test. BCG: n=12; Sauton: n=12, except for platelets: BCG: n=10; Sauton: n=8 (due to technical
errors).
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At necropsy after A. pleuropneumoniae inoculation, the lungs

were unremarkable or showed postmortal lesions in eight pigs

(BCG: n=3; Sauton: n=5). Minor lesions of consolidated lung

tissue in the cranial lobes, consistent with chronic lobular

bronchopneumonia, were present in three pigs (BCG: n=3). The

lesions were uncharacteristic of A. pleuropneumoniae, but could be

caused by other respiratory pathogens, e.g., Mycoplasma spp. One

pig (BCG) had small processes of consolidated hemorrhagic lung

tissue in the diaphragmatic and cranial lung lobes; though the
Frontiers in Immunology 09
lesions were not classic to A. pleuropneumoniae infection, this could

not be ruled out on a macroscopical basis.

Among the influenza-inoculated pigs, the lungs were

unremarkable or with postmortal lesions in nine pigs (BCG: n=6;

Sauton: n=3). Mild chronic pleuritis was observed in one Sauton-

treated pig. Two pigs (Sauton: n=2) showed minor lesions of

consolidated lung tissue without exudation in the cranial lobes;

though not typical for influenza infection this could not be excluded,

however other microbes, e.g., Mycoplasma spp. could be responsible.
B

A

FIGURE 4

Experiment B: In vitro IFN-g responses to PPD (A) and TNF responses to PHA or SEB (B). On day 28 after randomization, undiluted whole blood was
stimulated with 10 ug/ml PPDMtb or 1 ug/ml Staphylococcus enterotoxin B (SEB) or 2ug/ml phytohaemagglutinin (PHA) (including a control) for 22h,
and IFN-g and TNF were measured from harvested supernatants using ELISA. In A, the level of IFN-g in PPD-stimulated blood is relative to the
control sample (fold change over unstimulated control). The horizontal bar represents the median. Statistical test using Kruskal-Wallis. BCG n=11;
Sauton n=12.
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Based on RT-qPCR of the influenza matrix gene, viral load of the

upper airways peaked at two days after infection but with no differences

in virus titers between the BCG and Sauton groups (Supplementary

Figure 6). No A. pleuropneumoniae could be cultured from any of the

liver, spleen, or lung samples (data not shown).

There was no difference between BCG-vaccinated and Sauton-

treated pigs with respect to serum haptoglobin or CRP on the day of

infectious challenge (day 36 after immunization). After A.

pleuropneumoniae infection, serum haptoglobin concentrations

increased in both the BCG and Sauton groups, with the highest

levels measured two days after infection (Figure 8A), with no

difference between the BCG and Sauton groups. After influenza

infection, however, a haptoglobin response was only seen in the

Sauton group, peaking at two days after infection, whereas

BCG-vaccinated pigs did not show a haptoglobin response after the

influenza challenge (Figure 8B). Likewise, serum CRP concentrations

were increased after the influenza challenge, however, the response was
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attenuated or delayed in BCG-vaccinated pigs two days after

inoculation (Figure 8D). No statistically significant difference in

serum CRP concentrations was seen between BCG-vaccinated and

Sauton-treated pigs after A. pleuropneumoniae challenge (Figure 8C).
Discussion

In the present study, we investigated if BCG could improve

resistance to heterologous infection in pigs, if BCG vaccination

affected innate immunological responses, and if live BCG could be

recovered from pigs up to 20 weeks after vaccination.

First, the immunological responses of neonatal pigs receiving an

infant BCG vaccine dose, as well as 15-20 times the standard dose,

were relatively weak, although a specific IFN-g response to PPD

stimulation was detected. Hence, the BCG vaccine-induced limited

cell-mediated immune responses in our pig model.
FIGURE 5

Experiment C: In vitro gene expression on day 24 after randomization to high-dose BCG or Sauton in PBMC stimulated with PPD (10 ug/ml),
normalized to housekeeping genes, and expression levels presented relative to control (unstimulated PBMC). The horizontal bar represents the
median. Statistical test using Kruskal-Wallis. BCG: n=6, Sauton: n=6.
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FIGURE 6

Experiment C: In vitro gene expression on day 24 after randomization to high-dose BCG or Sauton in PBMC stimulated with SEB (1 ug/ml),
normalized to housekeeping genes, and expression levels presented relative to control (unstimulated PBMC). The horizontal bar represents the
median. Statistical test using Kruskal-Wallis. BCG: n=6, Sauton: n=6.
FIGURE 7

Experiment B: Temperature (rectal) during the infectious challenge. On day 36 of enrolment and randomization, animals were inoculated with
Actinobacillus pleuroneumoniae (App) or influenza (Flu), with six animals in either treatment group.
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Second, in contrast to humans, neonatal pigs receiving an infant

dose of BCG did not develop local skin reactions such as abscesses

or ulcers, which are usually markers of successful BCG

immunization in humans (17). Only after the high-dose BCG

(30-40 times the human infant dose or 15-20 times the standard

human dose) could local inflammation be observed, but none of the

pigs developed an ulcer or a scar.

Third, live BCG bacteria were recovered from the draining

lymph node 20 weeks post-vaccination in 2/13 of the vaccinated

animals, suggesting that the relatively weak immunological effects of

BCG we observed in the pigs cannot be explained by rapid total

clearance of the BCG bacteria after immunization.

Fourth, the acute phase protein (haptoglobin and CRP)

response to mild influenza virus infection was reduced or delayed

in BCG-vaccinated compared to control pigs. To our knowledge,

this is the first time an attenuating effect of BCG on subsequent

acute phase responses to influenza infection has been reported.

Noteworthy, this effect was not seen after infection with the

extracellular bacterial pathogen A. pleuropneumoniae, and no

other parameters showed any difference between the BCG-

vaccinated vs. Sauton-treated groups.
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A brief summary of the major findings is presented in Table 2.
Comparison with previous studies

BCG persistence
Studies on the persistence and biodistribution of BCG after

immunization have been conducted in various species with very

heterogeneous designs (animal species, dose, BCG strain, route of

administration, and detection technique). The findings range from

no detectable BCG one month after vaccination to BCG still

detectable in tissues more than a year after vaccination (18). The

very few studies in pigs or wild boars (Sus scrofa) find no live BCG

in the tissues. From six wild Eurasian boars orally administered live

BCG (15–30 oral baits containing 1×105 CFU BCG per bait), no

BCG was detected by culture of oropharyngeal tonsil or

mandibular, parotid, retropharyngeal, tracheobronchial,

mediastinal, mesenteric and hepatic lymph nodes, spleen, liver, or

kidney 300 days after administration (19). A similar study detected

no BCG in any tissues or from nasal, oral, and rectal swabs from

wild boars 175-300 days after oral BCG administration (18). In wild
B

C D

A

FIGURE 8

Experiment B: Acute phase reactants during the infectious challenge. On day 36 of enrolment and randomization, animals were inoculated with
Actinobacillus pleuroneumoniae (App, A+C) or influenza (Flu, B+D), with six animals in either treatment group. Serum concentrations of Haptoglobin
(Hp, A+B) and C-reactive protein (CRP, C+D) were measured with ELISA. Test of effect of infection within treatment group using Wilcoxon signed-
rank test with day 36 as the comparator, with p<0.05 placed between sample days. Test of difference between vaccination groups by day of
sampling using Kruskal-Wallis test, with p<0.05 placed above the day of the sample. The error bar is the standard error of the mean.
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1219006
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Jensen et al. 10.3389/fimmu.2023.1219006
boars given approximately 4.5 × 106 CFU of BCG Denmark as oral

bait, no BCG could be cultivated from lymph nodes, muscle tissue,

or inner organs 1, 3, 6, or 9 months after vaccination (20). The

present study is the first to investigate BCG persistence in pigs after

i.d. administration of what corresponds to an infant dose of BCG. In

comparison, a single study has been conducted in 15 human adults,

in which BCG could not be recovered from bone marrow aspirates

90 days after BCG i.d. vaccination, despite robust induction of

trained immunity (21).

Immunogenicity of the BCG vaccine in pigs
There is strong evidence of beneficial non-specific effects of

BCG, including reduced all-cause mortality in human children (2).

Mechanistic explanations for the non-specific effects of BCG may

include innate training of monocytes and emergency granulopoiesis

demonstrated in vivo in human adults (22) and human and murine

newborns (23), respectively. Previous studies, however, are

conflicting on the magnitude of the non-specific effects of BCG

on inflammatory responses in human newborns (24). For example,

in Danish newborns, there was no evidence of increased innate

responses until one year after BCG immunization (25), whereas in a

comparable study in human low-weight infants in Guinea-Bissau,

early BCG vaccination induced increased responsiveness in whole

blood cultures of IL-1b, IL-6, TNF, and IFN-g to the innate agonist

Pam3CSK4 four weeks after vaccination, with TNF responses being

29% increased, compared with late BCG; the M. tuberculosis-

specific PPD responses of IFN-g were raised by a factor of 13 (26).

Despite some differences in study design, including a much

smaller sample size, it is evident that we did not observe such

magnitude of non-specific effects of BCG in piglets. A potential

caveat to the interpretation of the innate responses may have been

that the in vitro conditions of LPS and Pam3CKS4 overall induced

relatively low cytokine responses over the non-stimulated (nil)

culture samples. Pigs are less sensitive to endotoxins compared
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with humans (27). A recent study of porcine monocytes used a 10

times stronger concentration of LPS (100ng/ml) for in vitro

stimulations (28).

In an important proof-of-concept experiment, Byrne et al.

showed that BCG Denmark could train porcine monocytes in

vitro to increase responses of IL-1b and TNF against subsequent

LPS stimulation (28). Trained immunity of monocytes by BCG has

previously been demonstrated in humans and mice (22). Trained

immunity of BCG as in vivo vaccination has not been shown

directly in pigs.

The minor innate cytokine responses and somewhat more

robust SEB-stimulated responses, together with the M.

tuberculosis-specific IFN-g responses, suggests that the effect of

BCG in our model was not a myeloid progenitor biased

induction, but rather an increase in specific Th1 lymphocytes.

There is evidence of specific immune responses to BCG in

porcine species, although from only a few studies. In a controlled

study of neonatal minipigs receiving a human infant dose of i.d.

BCG Vaccine SSI 2 days after birth, there was no difference in

peripheral CD4+ or CD8+ T cell or monocyte frequencies up to 12

weeks after BCG. After the M. tuberculosis challenge, however,

monocyte numbers increased more in BCG-vaccinated pigs, and

the number ofM. tuberculosis culture-positive animals and bacterial

load were reduced, indicating some specific protective efficacy of

BCG (29). BCG ingested from oral bait was also protective against

M. bovis challenge in wild boar (30). Lee et al. administered BCG

Vaccine SSI 107 CFU subcutaneously (s.c.) to 3-5 weeks old male

mixed-breed domesticated pigs, and although the authors did not

report adverse events or clinical outcomes, the study demonstrated

that BCG was immunogenic withM. bovis-specific IFN-g responses
and lymphoproliferation 3-4 weeks after BCG immunization,

including CD4+ T cells and gd T cells (31). Increased in vitro

killing activity against a human cancer cell line was observed in gd T
cells from male pigs of mixed-breed vaccinated i.d. with 6x106 CFU
TABLE 2 Summary of major findings in the three studies (Experiments A, B, and C).

Exp A Exp B Exp C

Age at
vaccination

3 days 2-3 days 5 weeks

Dose of BCG Infant dose Infant dose 30-40 times infant dose

Local reaction No scar No scar No scar, minor redness

Persistence of
live BCG

2/13 with culture
positive lymph
nodes

N/A N/A

Immune
responses
specific

N/A Increased IFN-g response to PPD Increased IFN-g
response to PPD

Immune
responses non-
specific

N/A Ex vivo gene expression overall not differential, with minor exceptions (RIG-I, MDA5, CSF1,
and SLA-DRB). Responses to Pam3CSK, LPS or SEB not significantly different

Upregulated IFN-g and
IL1ra to SEB
stimulation

Heterologous
challenge

N/A No effect on clinical responses to A. pleuropneumoniae challenge, whereas acute phase responses
were lower or reduced after influenza challenge. No difference in nasal viral load.

N/A
N/A, not analyzed.
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BCG Vaccine SSI at 3 weeks of age. On day 14 after BCG

vaccination, there was additionally an increased gd T cell killing

of BCG-infected monocytes compared to killing by CD8+ T cells,

while on day 21 after BCG, the CD8+ T cell cytolytic activity was

comparable to the gd T cell killing (32). Importantly, pigs have high

numbers of circulating gd T cells, especially at a young age (33). It

could be speculated whether the activated gd T cells more effectively

clear phagocytic cells bearing BCG compared with, e.g., humans,

thereby blunting the innate training effect in vivo.

In 14 young wild boars, less than one year old, of which half

received 0.1ml BCG Vaccine SSI i.d., genetic expression of genes

encoding IFN-g, C3, RANTES, and IL-4 from non-stimulated

PBMC was analyzed 0, 5, 13, and 21 weeks after BCG. IFN-g and
C3 were transiently upregulated in the BCG recipients at 5 weeks,

whereas IL-4 and RANTES were transiently upregulated at 13

weeks (34). In our study, gene expression of IFN-g and IL-4 was

analyzed in non-stimulated whole blood at 1 and 3 weeks after

immunization, with no difference between BCG and control.

A long-lasting immunological effect of heat-inactivated wild-

type M. bovis was observed 10 weeks after an oral booster dose.

Vaccinated boars had increased serum levels of IL-1b and IL-6 and

increased mRNA expression in resting PBMC of NLRP3 and

MyD88 (35).

A highly variable and, for some animals, delayed immunological

response to BCG was seen in 10-week-old pigs immunized i.d. with

BCG Vaccine SSI 2x106 CFU, in which IFN-g responses to in vitro

PPD stimulation were evaluated on days 0, 20, 41, and 118 after

vaccination; at day 20, only 2/6 pigs had positive PPD IFN-g
responses, but all were positive for lymphoproliferation at day 118

(36). Taken together, the above evidence indicates a delayed

immunological response to BCG in pigs, including a delayed

maturation of the T-cell specific and non-specific responses, which

would not have been captured by the present experimental design

with neonatal vaccination and a relatively short follow-up period.

BCG dose and route of administration
In the present study, dose optimization of BCG was not

performed and has, to our knowledge, not been conducted in pigs

in vivo. We decided to use a human infant dose for the first studies

(Experiments A and B) to mimic human conditions since the

weight of the neonatal pig is comparable to the human newborn.

Prompted by the relatively low specific and non-specific

immunological effects of the infant dose BCG (Experiment B), we

increased the dose 30-40 times (equaling 15-20 times the standard

human dose) in Experiment C, as we speculated that an infant dose

was eliminated too rapidly in the pigs. Murine experiments have

generally used a much larger dose of BCG by body weight. For

instance, Kleinnijenhuis et al. applied a 20-time infant dose of BCG

to SCID mice subsequently challenged with lethal Candida albicans.

Considering the significantly smaller size of the mice (appr. 22 g),

the weight-indexed dose difference between the murine study and

the present porcine study (appr. 1 kg) is accordingly larger. In the

murine study, BCG was highly protective against C. albicans

infection (22). A study in human adults found no differences
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between the standard dose BCG and twice that dose on trained

immunity, although cytokine response capacity by NK cells may

have been slightly larger after the double-dose BCG (37). A direct

analysis of the BCG dose effect was not possible as the assessment

methods of the immunological effects were different in Experiment

B and Experiment C, the animals were older in Experiment C, and

Experiment C only used females. In contrast, Experiment B was a

mix of males and females.

Importantly, BCG was applied intradermally as per standard in

humans. A Danish multicenter clinical trial of neonatal BCG

vaccination has shown that injection technique is a determinant

of developing a scar (38), potentially also affecting the

immunogenicity. A meta-analysis compiling evidence from

human studies found that among BCG-vaccinated children,

developing a BCG scar vs. not developing a BCG scar is

associated with 39% (24-49%) lower all-cause mortality (17).

Previous immunization experiments in pigs, however, indicate

that BCG may induce immunologic responses via the peroral

(34), intradermal (29, 32), and subcutaneous route (31). The

striking absence of abscesses, ulcers, or scars in our experiments

may result from fundamental local differences in tissue repair

mechanisms or immunological properties of the skin of pigs

compared with humans. In other experiments conducted after the

present study, a complete resolution of intradermal injection with

live Staphylococcus aureus was observed when injected on the back

or the side of the pig. In contrast, i.d. injection in the inner thigh

resulted in purulent inflammatory lesions more comparable to S.

aureus skin lesions in humans (G Jungersen, unpublished studies).

Hence, route and injection site may be considered in future studies

of BCG using the pig as a model.

Route of administration may influence how BCG is distributed and

localized in host tissues. Interestingly, comparing intravenous (i.v.) vs

s.c. administration in mice, Kaufmann et al. reported that BCG could be

recovered in the bone marrow up to 7 months after vaccination using

the i.v. route, whereas persistence of BCG was much reduced and

shorter using the s.c. route. The load of BCG recovered from the bone

marrow correlated with the increase of hematopoietic progenitor cells,

and overall, the i.v. route promoted a stronger polarization of

multipotent progenitor cells towards myelopoiesis and bone-marrow

derived macrophages demonstrated better protective efficacy againstM.

tuberculosis challenge compared with the s.c. route (39).

Heterologous protective effects of BCG
Protective effects of BCG against non-related pathogens have

been demonstrated in humans (40) and in several vertebrate animal

species, including mice, rabbits (41), and fish (flounders) (42);

however, no such evidence has been established in pigs.

The A. pleuropneumoniae infectious dose was relatively weak

and induced only mild clinical symptoms and no necrotic lesions

that could be attributed to the infection. A. pleuropneumoniae is the

causative agent of porcine pleuropneumonia, a rapidly evolving

disease, which can be lethal within a few hours or days of

acquisition. The A. pleuropneumoniae infection model has been

used previously by our group (43, 44). In one study, fibrino
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hemorrhagic lesions could be observed in the pig lungs only 6h after

inoculation (43). We suspect that the failure to induce macroscopic

lesions was due to a suboptimal bacterial load of the inoculum. We

have previously observed indications that the non-specific effects of

an inactivated mycobacterial vaccine depended on the dose of A.

pleuropneumoniae in a heterologous challenge (44), in that

inactivated mycobacterial vaccine exacerbated the necrotic effects

of a high-dose A. pleuropneumoniae infection, whereas it had

ameliorating effects when pigs were infected with a low dose A.

pleuropneumoniae (44). Interpolating those findings to the present

study would suggest that the experimental conditions favored a

beneficial effect of BCG vaccination, although a notable caveat

would be the difference in the live vs. inactivated nature of

the vaccine.

After the influenza challenge, we observed no differences in

virus titers retrieved from the nostrils. A recent study in mice and

hamsters found that BCG reduced lethality, viral lung load, and

lung tissue damage after challenge with influenza but not SARS

CoV-2 (45), indicating that the protective effect of BCG depends on

the properties of the heterologous pathogen. In particular, the

authors suggested that SARS hampered the BCG-elicited trained

immunity of the bone-marrow residing hematopoietic stem cells, as

SARS may directly target the bone marrow, in contrast to the

influenza virus. Despite nasal viral loads being unaffected by BCG in

pigs, there was a reduced acute phase response in BCG-vaccinated

pigs after the viral challenge. A similar effect of a reduced systemic

inflammatory state after BCG in response to a heterologous

challenge infection was observed in human adults receiving live

yellow fever vaccine 4 weeks after BCG vaccination, where BCG

vaccination before yellow fever was associated with reduced day 5

viremia accompanied by reduced levels of circulating inflammatory

cytokines in the peripheral blood (46). However, in a human

experimental malaria model, a subgroup of volunteers receiving

BCG vaccination before the malaria challenge experienced reduced

malaria parasitemia, concomitant with more pronounced clinical

symptoms, increased early innate responses to the malaria

challenge, increased plasma inflammatory IFN-g, granzyme B and

C-reactive protein, and increased cytolytic activity of NK cells in

response to Plasmodium falciparum, compared with non-

vaccinated control subjects (47). Whether BCG ameliorates or

increases the acute inflammatory responses to heterologous

infection may therefore depend on the nature of the pathogen.
Conclusion

In conclusion, we did not find a non-specific protective effect of

BCG on gene expression, innate training, or the clinical outcomes of

a bacterial or viral challenge infection in pigs. However, the acute

phase response to the influenza infection was lowered/delayed in

the BCG-treated group. This was not seen with the A.

pleuropneumoniae-challenged pigs. Pigs developed no or

significantly milder local skin reactions after BCG vaccination,
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contrasting the scarification seen in humans after intradermal

BCG. Finally, BCG was recovered from lymph nodes at 20 weeks

after BCG immunization, which further reduces the feasibility of

BCG administration to slaughter pigs.
Data availability statement

The gene expression data in this study can be found in online

repositories. The names of the repository/repositories and accession

number(s) can be found in the article/Supplementary Material.
Ethics statement

The animal study was reviewed and approved by Danish

Animal Experiments Inspectorate and Technical University

of Denmark.
Author contributions

Conceptualization: CB, KJ, GJ, LL, and PH; Methodology: KJ,

GJ, CB, PH, LL, MH, KS, and ES; Laboratory investigation: KJ and

MH; Veterinary supervision: GJ and MH; Data curation, software,

and formal statistical analysis: KJ; Visualization: KJ; Writing-

original draft: KJ; Writing, reviewing and editing: KJ, CB, PH, GJ,

KS, MH, ES, and LL; Funding acquisition: CB, GJ, and KJ; Project

administration: KJ. All authors contributed to the article and

approved the submitted version.
Funding

The work was supported by the Danish National Research

Foundation (to Research Center for Vitamins and Vaccines, grant #

DNRF108), Novo Nordisk Foundation (grant # NNF14OC0012169)

and Svineafgiftsfonden (Pig Levy Fund), Landbrug & Fødevarer.
Acknowledgments

We are grateful for the technical assistance in the laboratories at

DTU provided by Halszka Wysocka-Korzun, Pia Thurø Hansen,

Jeanne Toft Jakobsen, Lien Thi Minh Nguyen, Panchale Olsen,

Nana Haahr Overgaard, Susanne M Ranebro, Annie Ravn, and

Karin Tarp; to Nanna Berg-Jensen, Heidi Lehman, Louise Lohse,

Jørgen Olesen, Janni Oxfeldt, Marion Baltzer Petersen, Maja

Rosendahl, and Hans Skaaning for the technical and veterinarian

assistance at the animal facilities at DTU; to midwife Monica

Ladekarl for BCG vaccinations in Experiments B and C; and to

Øystein Angen and Svend Erik Lind Jorsal for expert guidance on

the design of the A. pleuropneumoniae infection model.
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1219006
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Jensen et al. 10.3389/fimmu.2023.1219006
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.2023.1219006/

full#supplementary-material

SUPPLEMENTARY FIGURE 1

Photo of local reaction to high-dose BCG in Experiment C, day 24 (Pig #11).

SUPPLEMENTARY FIGURE 2

Ex vivo gene expression of selected genes in Experiment B. The error bar is

the standard deviation.

SUPPLEMENTARY FIGURE 3

In vitro IFN-g responses, by sex of the animal, in Experiment B. On day 28,
undiluted whole blood was stimulated with 10 µg/ml PPDMtb or 1 µg/ml
Frontiers in Immunology 16
Staphylococcus enterotoxin B (SEB) or unstimulating medium (nil). The value
in the two upper panels is relative to the control sample (fold change over

unstimulated control). The horizontal bar represents the median. Statistical

test using Kruskal-Wallis. BCG male: n=6; Sauton male: n=5; BCG female:
n=5; Sauton female: n=7.

SUPPLEMENTARY FIGURE 4

In vitro TNF responses, by sex of the animal, in Experiment B. On day 28,
undiluted whole blood was stimulated with LPS (10 ng/ml), Pam3CSK4 (1 µg/

ml), SEB (1µg/ml) or PHA (2µg/ml) for 22 hours. The horizontal bar represents

the median. Statistical test using Kruskal-Wallis. BCGmale: n=6; Sautonmale:
n=5; BCG female: n=5; Sauton female: n=7.

SUPPLEMENTARY FIGURE 5

In vitro IL-6 responses, by sex of the animal, in Experiment B. On day 28,
undiluted whole blood was stimulated with LPS (10 ng/ml), Pam3CSK4 (1 µg/

ml), SEB (1µg/ml) or PHA (2µg/ml) for 22 hours. The horizontal bar represents
the median. Statistical test using Kruskal-Wallis. BCGmale: n=6; Sautonmale:

n=5; BCG female: n=5; Sauton female: n=7.

SUPPLEMENTARY FIGURE 6

Level of influenza virus RNA from nasopharyngeal swabs (Experiment B),
quantified using semi-quantitative PCR immediately before (day 36) and after

(days 37-39) influenza inoculation.

SUPPLEMENTARY TABLE 1

List of primers for gene expression studies in Experiments B and C.

SUPPLEMENTARY TABLE 2

Weight and temperature in Experiment B.

SUPPLEMENTARY TABLE 3

Gene expression data from Experiment B, ex vivo blood. Gene expression

values were scaled relative to the lowest value within each gene sequence
and log2-transformed, setting this to 1.

SUPPLEMENTARY TABLE 4

Gene expression data from Experiment C, stimulated PBMC. Gene expression
values were scaled relative to the lowest value within each gene sequence,

setting this to 1.
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