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Differential induction of innate memory
in porcine monocytes by b-glucan
or bacillus Calmette-Guerin

Kristen A Byrne1 , Christopher K Tuggle2 and
Crystal L Loving1

Abstract

Innate immunomodulation via induction of innate memory is one mechanism to alter the host’s innate immune response

to reduce or prevent disease. Microbial products modulate innate responses with immediate and lasting effects. Innate

memory is characterized by enhanced (training) or depressed (tolerance) innate immune responses, including pro-

inflammatory cytokine production, to secondary exposure following a priming event. To investigate the ability of

b-glucans and bacillus Calmette-Guerin to induce innate training or tolerance in pig cells, porcine monocytes were

cultured with priming agonist (b-glucans or bacillus Calmette-Guerin) then re-stimulated 5 d later with a heterologous

microbial agonist to determine induction of innate memory. Priming with b-glucan from Saccharomyces cerevisiae

depressed IL-1b and TNF-a cytokine responses to re-stimulation with LPS, indicative of a tolerized state. However,

bacillus Calmette-Guerin priming induced a trained state in porcine monocytes, as LPS re-stimulation enhanced IL-1b
and TNF-a gene expression and protein production. We present the first evidence of innate memory in pig monocytes,

with bacillus Calmette-Guerin (training) or Saccharomyces cerevisiae b-glucan (tolerance). Induction of a trained or

tolerized state in vitro is a first step to identify agonists to alter the innate immune system at the animal level with

the intent of enhancing disease resistance.
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Introduction

Immunomodulation is an intervention strategy to har-

ness the host’s immune system to prevent or reduce infec-

tion, the spread of micro-organisms, and the pathogenic

consequences of infection (e.g., susceptibility to second-

ary infections, tissue damage, anorexia, fever). Although

the Ag-specific memory of the adaptive immune system,

typically induced via vaccination, is the predominate

form of immunomodulation, the innate immune system

has recently been the focus of modulation efforts to

reduce disease against a wide range of pathogens.1,2 A

growing body of work supports that prior exposure of

some leukocyte populations to innate agonists alters

future responses to heterologous agonists and this

poised state can be maintained for weeks to months.3,4

Broadly termed innate memory, this altered respon-

siveness is characterized by either enhanced (trained) or

depressed (tolerized) responses to homologous or het-
erologous agonists. Although initially counter to views
of the innate immune system, literature long supports a
memory aspect for innate immunity as decreased
responsiveness to secondary stimulation. As early as
the 1940s, rabbits injected with bacterial pyrogen
(later called endotoxin or LPS) exhibited decreased
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febrile responses following a second exposure to the
bacterial pyrogen d later and the decreased responsive-
ness to the second exposure required changes in mono-
cyte and macrophage function.5 In vivo exposure to
other molecules or microorganisms besides LPS (e.g.,
zymosan, Newcastle disease virus, toxic shock syn-
drome toxin 1) also depressed innate responses upon
homologous or heterologous re-stimulation.6–9 Within
the last decade, identification of trained immunity
(heightened innate responses following priming and
heterologous re-stimulation) has developed into the
theory of innate memory, encompassing both training
and tolerance and is proposed as an explanation for
the non-specific benefits observed with various
vaccines.2,10,11

The molecular basis for innate memory is epigenetic
and metabolic re-programing of immune cells including
monocytes, NK cells, and perhaps most importantly
bone marrow progenitor cells.12,13 Epigenetic re-
programing for innate training and tolerance includes
altered DNA accessibility and modified histones (e.g.,
H3K27ac, H3K4me, and H3K9me3), which enhance or
repress mRNA transcription and subsequent protein
production upon secondary stimulation.3,7,14–17

Changes to the metabolic state of trained cells are crit-
ical to enhanced responses and are characterized by
increased basal glycolysis and decreased basal
mitochondrial respiration (the Warburg effect).18

Innate training induces the expansion of hematopoietic
stem and progenitor cells, leading to enhanced
myelopoiesis and monocyte responses to secondary
heterologous challenge.19 Although the duration of
the trained state is not known, epigenetic re-
programing of bone marrow progenitor cells alters
the state of subsequent effector cells (e.g., monocytes
and NK cells) for weeks to months after the priming
event,3,20 and may provide a key opportunity to drive
the innate immune system toward enhanced responses
in agriculture animals.

Multiple agonists induce tolerance or training in
innate immune cells, including LPS, muramyl dipep-
tide, b-glucans, and bacillus Calmette-Guerin
(BCG).13 The live-attenuated tuberculosis vaccine,
BCG, was one of the earliest known inducers of what
was eventually referred to as trained immunity, begin-
ning with epidemiology reports of decreased neonatal
mortality to respiratory and diarrheal diseases in BCG-
vaccinated populations.11,21 Innate training was later
proposed as the mechanism for the observed benefits.22

Indeed, BCG enhances in vitro monocyte cytokine pro-
duction in multiple mammalian species including cattle,
rodents, and humans.4,23 However, it is not known if
BCG, or other agonists, induce innate memory in pig
monocytes. Induction of a trained or tolerized pheno-
type in vitro is a first step to identifying agonists that

may alter the innate immune system and enhance dis-
ease resistance.

b-Glucans are a common dietary additive for food
animals and are generally recognized as safe, therefore
they do not require regulatory approval for supplemen-
tation. The primary source of b-glucans in food animal
diets is Saccharomyces cerevisiae,24–27 which is an easily
obtained, cheap source of b-glucan and yeast-derived
products for supplementation. Priming of human
monocytes with highly purified b-glucan from
Candida albicans induces a trained state with enhanced
cytokine production upon re-stimulation with LPS, a
TLR4 agonist, or Pam3CSK, a TLR2 agonist.13

However, innate training of pig monocytes by
b-glucan has not been explored. The source and
purity of b-glucan may influence the induction of
innate memory, as highly purified b-glucan from C.
albicans induces a trained state in human monocytes
but zymosan (a crude S. cerevisiae b-glucan prepara-
tion) induces tolerance.8,9 Identifying the impact of
b-glucans at the cellular level may provide insights
on the use of various b-glucan products at the
animal level.

Harnessing innate training to modulate immune
responses against a range of heterologous microorgan-
isms may enhance disease resistance in swine, including
the potential to reduce antibiotic usage. To determine if
innate memory can be induced in swine monocytes, we
used an in vitro model to test multiple sources of b-glu-
cans as well as live and inactivated BCG (inBCG) for
enhanced or depressed cytokine responses of primed
monocyte to secondary TLR stimulation, a key hall-
mark response of innate memory.

Materials and methods

Reagents

LPS from Escherichia coli O55:B5 was obtained from
Sigma-Aldrich. The insoluble b-(1!3, 1!6)-D-glucan
from S. cerevisiae (zymosan) and the soluble b-(1!3,
1!6)-D-glucan product from Laminaria digitata (lami-
narin) were obtained from InvivoGen. b-(1!3)-D-
glucan product isolated from C. albicans was kindly
provided by Dr Dave Williams at the University of
Tennessee. Live BCG (lvBCG) Danish (strain 1331)
were provided by Dr Mitchell Palmer as previously
described.28 BCG was inactivated by heating to 80�C
for 40 min, with intermittent mixing. Inactivation of
BCG was confirmed by no growth at 37�C after 3 mo
on Middlebrook’s 7H11 selective media plates. Total
protein concentration of inBCG was determined using
the Pierce BCA Protein Assay (ThermoFisher) follow-
ing the manufacturer’s instructions, and applied to
lvBCG as both live and inBCG aliquots were from
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the same stock. Back calculations indicate approxi-

mately 3� 106 CFU were added per well with an

MOI of 6:1 (BCG:monocytes), which is similar to com-

parable studies in cattle.23

Isolation of primary porcine monocytes

PBMCs were isolated from healthy, < 1-yr old, white-
cross, mixed-breed pigs maintained at the National

Animal Disease Center, Ames, IA with approval

from the Institutional Animal Care and Use

Committee. Briefly, blood was collected into acid cit-

rate dextrose vacutainer tubes (BD Biosciences,

Mountain View, CA), maintained at room temperature

(RT), and diluted with RT Hanks Balanced Salt solu-

tion (HBSS) with 2% BSA (Sigma-Aldrich). Diluted

blood was layered over Lymphoprep 1.077 gradient

(Stemcell Technologies) on SepMate spin columns

(Stemcell Technologies) and centrifuged at 1200 g for

12 min at 25�C to obtain peripheral blood mononucle-
ar cells. Isolated PBMCs were washed twice in supple-

mented HBSS (ThermoFisher), 0.5% BSA (Sigma-

Aldrich), and 2 mM EDTA (ThermoFisher) and

viable cells enumerated using the Count and Viability

Assay Kit on the MUSEVR detection system (Merck

Millipore). Monocytes were isolated from the PBMCs

after incubation with anti-human CD14 microbeads

(TUK4, Miltenyi Biotec) using the Magnetic

Activated Cell Sorting system (Miltenyi Biotec). The

monocyte (CD14þ) enriched fraction was confirmed

to be �90% CD14þ (FITC labeled Tuk4;

ThermoFisher) by flow cytometry.

In vitro experimental design

Isolated CD14þ monocytes were seeded at 5� 105 cells

per well in 96-well flat-bottom plates and rested over-

night in a humified 5% CO2, 39
�C incubator in 0.25 ml

of supplemented media (sMedia): advanced RPMI

1640 (Gibco) supplemented with 10% heat-

inactivated, 0.22 lM filtered swine sera (HyClone, GE

Healthcare Life Sciences), 2 mM L-glutamine, 1�
penicillin-streptomycin (Sigma-Aldrich), and 25 mM

HEPES (ThermoFisher). After overnight rest, cells

were primed for 24 h with either sMedia (non-stimulat-
ed (NS) control), LPS (100 ng/ml), zymosan (100–

0.1 lg/ml), laminarin (10–0.1 lg/ml), b-glucan isolated

from C. albicans (100–1 lg/ml), lvBCG (100–1 lg/ml),

or inBCG (100–1 lg/ml). Following the primary stim-

ulation (24 h), cell supernatants were collected and

stored at –80 �C for cytokine analysis. Fresh sMedia

was added to cells, and cells were cultured for addition-

al 5 d in sMedia. Half of the sMedia (0.15 ml) was

replaced on d 3. On d 5, 0.15 ml of media was removed

and the cells were re-stimulated with 0.15 ml of LPS

(100 ng/ml). Cells were collected at 4 h post-secondary

stimulation in TRI Reagent (Invitrogen) for quantita-

tive RT-PCR (RT-qPCR) or supernatants were collect-

ed after 24 h and stored at �80�C for cytokine analysis.
NS cells (sMedia primed only) re-stimulated with

LPS (NS/LPS) served as control cells to determine if

LPS stimulation was heighted or depressed with

b-glucan or BCG priming. Nomenclature for this man-

uscript is priming agonist/secondary stimulation. For

example, non-primed cells with secondary LPS stimu-

lation are referred to as NS/LPS, BCG primed with

media as secondary as BCG/Media. Graphs or nomen-

clature listing only one stimulant (i.e., NS, BCG, LPS)

indicate results from the priming agonist only.

Cytokine measurements

Levels of TNF-a and IL-1b in cell culture supernatants

were measured by ELISA using the porcine TNF-a
DuoSet ELISA kit and IL-b DuoSet ELISA kit

(R&D Systems) following the manufacturer’s recom-

mendation. Samples were diluted 1:3 with assay

sample diluent and optical density was measured at

450 nm and 540 nm using a BioTek Synergy HTX

plate reader (BioTek). Concentrations were calculated

as described by the manufacturer using a recombinant

protein as standard. Cytokine levels from the priming

supernatants were reported as ng/ml of indicated cyto-

kine. Responses following heterologous re-stimulation

were analyzed by calculating the fold change of primed

samples divided by the matched unprimed (NS/LPS)

samples.

RNA isolation, cDNA synthesis, and RT-qPCR

RNA for RT-qPCR was isolated from monocytes stim-

ulated as described previously. Briefly, RNA was iso-

lated using the Direct-zol RNA Miniprep kit (Zymo

Research) with on-column DNase treatment step fol-

lowing the manufacturer’s recommendations. RNA

quality and quantity were immediately assessed using

an Agilent 2200 TapeStation bioanalyzer using an

RNA Analysis ScreenTape (Aglient). cDNA was syn-

thesized from 200 ng of RNA following the manufac-

turer’s recommendation for the iScript Reverse

Transcription Supermix for RT-qPCR kit (Bio-Rad).

Real-time PCR was conducted for various mRNA tar-

gets in a 20 ll reaction with 5 ng of cDNA and 500 nM

of each forward and reverse primer with the iTaq

Universal SYBR Green Supermix protocol (Bio-Rad).

Reactions were performed on a Quant studio 5 Real-

Time PCR machine with the following amplification

conditions: polymerase activation of 5 min at 95�C;
amplification stage 15 s at 95�C, 1 min at 60�C for 40

cycles; followed by a melt curve analysis 95�C for 15 s,
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60�C for 1 min, and 95�C for 1 s. A list of mRNA

targets and primer pairs is provided in Table 1.

Primer pair efficiencies were confirmed to be between

90% and 110% as recommended in the MIQE guide-

lines.29 Data were analyzed using the 2–DDCq method

described by Livak and Schmittgen30 with YWHAZ as

the endogenous control. Samples were normalized to

the gene expression of NS/media cells.

Statistical analysis

To normalize for individual animal variation, cytokine

production from re-stimulated samples were expressed

as fold change over the same individual’s NS/LPS cyto-

kine production. Statistical analyses were performed in

GraphPad Prism v 8.2.0 (GraphPad Software, Inc). As

the paired treatments were not normally distributed, a

non-parametric ANOVA was performed (Friedman

test). Differences between treatment groups and the

NS-primed samples were analyzed with Dunn’s multi-

ple comparisons test. Data were considered significant

if a two-tailed P value was <0.05.

Results

b-Glucan source affected induction of a trained or

tolerant state

Multiple sources of b-glucan were investigated as

potential innate training agonists for porcine mono-

cytes. Primary porcine monocytes were stimulated

in vitro with varying doses of b-glucans from three

sources: b-glucan from C. albicans (CaBG), zymosan

from S. cerevisiae (Zym), or laminarin from L. digitata

(Lam). Monocyte stimulation for 24 h with either Zym

(10 lg/ml) or CaBG (100 lg/ml) increased production

of IL-1b (Figure 1b; 1654� 349 pg/ml and 438� 76.4

pg/ml, respectively) and TNF-a (Figure 1c; 1211� 214

pg/ml and 855� 81.2 pg/ml, respectively) compared to

cytokine production by NS cells, which were at or

below the limit of detection for each assay. However,

no measurable TNF-a cytokine was produced with

Lam stimulation of porcine monocytes, and Lam did

not alter the production of IL-1b at either dose (260�
93.7 pg/ml and 168� 41 pg/ml for Lam 10 lg/ml and

0.1 lg/ml respectively) compared to NS monocytes

(202� 23.9 pg/ml).
Priming agonists (Zym, Lam, or CaBG) were

removed after 24 h and cells were cultured for 5 d in

sMedia. After 5 d, sMedia was removed and cells were

stimulated with the heterologous agonist LPS for deter-

mination of induction of innate memory by evaluating

increased or decreased IL-1b and TNF-a cytokine pro-

duction of primed cells compared to non-primed, LPS

re-stimulated cells (NS/LPS; Figure 1d and 1e).

Zymosan primed and LPS re-stimulated (Zym/LPS)

cells produced less IL-1b and TNF-a (0.37� 0.05 fold

and 0.47� 0.07 fold, respectively) compared to NS/

LPS control cells. Neither Lam/LPS nor CaBG/LPS

priming significantly altered the subsequent production

of IL-1b or TNF-a upon re-simulation. However, IL-

1b production numerically trended upward with the

lower doses of CaBG/LPS treated cells (2.49� 0.61

fold with 10 lg/ml and 3.57� 0.81 fold with 1 lg/ml;

P<0.1) (Figure 1d).

Live and inBCG priming enhanced cytokine

responses to LPS re-stimulation

Unlike human monocytes,13 b-glucan from C. albicans

was not a strong inducer of innate training in porcine

monocytes in vitro (Figure 1d and e). However, other

non-b-glucan agonists (e.g., BCG) induce innate train-

ing in human monocytes both in vitro and in vivo.3

Therefore, we assessed BCG as a training agonist in

porcine monocytes (Figure 2). LvBCG priming at

100 lg/ml induced production of IL-1b by porcine

monocytes (9568� 2835 pg/ml), but not at the lower

doses (10 or 1lg/ml) (Figure 2a). Then 24 h after sec-

ondary stimulation, lvBCG primed/LPS re-stimulated

monocytes secreted more IL-1b cytokine compared to

the NS/LPS monocytes. Specifically, lvBCG/LPS cells

produced 50-fold more IL-1b at lvBCG 100 lg/ml

(P<0.001) and 8.5 fold more at 10 lg/ml (P¼ 0.056)

Table 1. Primers.

Forward (50!30) Reverse (50!30) Source Accession number

IL1B TGGCCCACACATGCTGAA CCTTGCACAAAGCTCATGCA Liu et al., 201631 NM_214055.1

TNF CTGGCCCCTTGAGCATCA GGGCTTATCTGAGGTTTGAGAC Liu et al., 201631 NM_214022.1

IL18 CCATCTCTGTGCAGTGTAAGAA GTCCAGGAACACTTCTCTGAAA Liu et al., 201631 NM_213997.1

TLR4 TGGTGTCCCAGCACTTCATA CGGCATGACTCCTCAGAAAC Liu et al., 201631 NM_001113039.1

CASP1 GCCATTAAGAAAGCCCACATAGAA AGGGATGTCGCCAAGAAACA Liu et al., 201631 NM_214162.1

NLRP3 GGAGGAGGAGGAAGAGGAGATA AGGACTGAGAAGATGCCACTAC Fu et al., 201832 NM_001256770.2

YWHAZ AGACAGCACGCTAATAATGCA CCTGCTTCAGCTTCATCTCC Primer blast NM_001315726.1

CASP1: caspase 1.
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compared to NS/LPS. However, enhanced TNF-a pro-

duction (P<0.05) was only observed in the lvBCG/LPS

cells when primed with the lvBCG 10 lg/ml dose (1.4-

fold increase; Figure 2b).
To determine if live bacilli were required for the induc-

tion of trained immunity in porcine monocytes, mono-

cytes were also primed with inBCG and re-stimulated 5 d

later with LPS (inBCG/LPS; Figure 2). Monocytes

primed with 100lg/ml inBCG had significantly enhanced

production of IL-1b (P< 0.01) and TNF-a (Figure 2b)

with LPS re-stimulation (25- and 2.3-fold increase over

NS/LPS, respectively). The lower doses of inBCG (10lg/
ml and 1lg/ml) did not significantly alter IL-1b or

TNF-a cytokine production compared to the NS mono-

cytes. No differences were observed with 10 or 1lg/ml

doses of inBCG after either the primary stimulation or re-

stimulation with LPS.

Following priming, cytokine production required
re-stimulation with heterologous agonists

To determine if the enhanced (lvBCG/LPS and inBCG/
LPS) and reduced (Zym/LPS) cytokine production was
specific to the re-stimulation event or if primed cells
continually produced cytokine even in the absence of
exposure to heterologous agonist, a small study was
performed. Primary monocytes were stimulated with
either media-only (NS), zymosan, lvBCG, or inBCG
and cultured as described before (24 h culture with
priming agonist (NS, Zym, lvBCG, or inBCG), super-
natants removed, cells washed with PBS, and cultured
for 5 d in media). Priming concentrations were selected
by consistency of the tolerized or trained state for each
agonist across multiple experiments (Figure 2b for
lvBCG and inBCG, Zym100 not shown). After the
5-d culture, cells were either re-stimulated with LPS
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or media alone. Cells re-stimulated with LPS displayed

a similar phenotype observed with previous

experiments (Figures 1d, 1e, and 2b). In brief, zymosan

priming resulted in reduced cytokine production to

LPS re-stimulation (55.1� 9.3 pg/ml of TNF-a with

Zym/LPS and 487� 46.9 pg/ml with NS/LPS). In con-

trast, both lvBCG and inBCG priming with LPS re-

stimulation enhanced cytokine production compared

to NS/LPS (1884� 256 and 1897� 295 pg/ml of IL-

1b for lvBCG/LPS and inBCG/LPS respectively, and

119� 17 pg/ml for NS/LPS; Figure 3a). IL-1b and

TNF-a cytokine levels were below the limit of detection

when primed cells were re-stimulated with media-only

(no LPS re-stimulation); NS/Media, Zym/Media,

lvBCG/Media, or inBCG/Media (Figure 3b). These

data indicate the innate memory states observed with

zymosan and BCG priming required heterologous re-

stimulation and was not the result of continued cyto-

kine production from the initial priming event.

Zymosan and BCG priming did not alter IL1B or

TNF-a, but did alter IL18, CASP1, TLR4, and NLRP3
expression to LPS

To further examine changes associated with training

and tolerance, porcine monocytes were primed and

cultured as described in the materials and methods

section, and gene expression was analyzed 4 h after

re-stimulation to generate the following groups:

Zym100/LPS, lvBCG100/LPS, inBCG100/LPS, and

NS/LPS (see Supplemental Table 1). Gene expression

was normalized to NS/Media cells and data expressed

as log2 fold change. No significant differences were

observed in IL1B or TNF-a mRNA expression with

Zym100/LPS or inBCG100/LPS groups when com-

pared to NS/LPS. LvBCG100/LPS cells trended

(P¼ 0.07) toward enhanced IL1B and TNF-a gene

expression (Figure 4). A numerical decrease in IL1B

and TNF-a expression was observed in Zym100/LPS

group compared to NS/LPS, although the difference

was not statistically significant (P> 0.1; Figure 4).
Gene expression of the LPS receptor (TLR4) was 2-

fold higher in the Zym100/LPS group compared to NS/

LPS. However, TLR4 gene expression was down-

regulated in NS/LPS cells, contributing to the signifi-

cant (P<0.001) difference in TLR4 gene expression in

Zym100/LPS compared to NS/LPS cells. TLR4 gene

expression was increased in the Zym100/LPS group

when compared to the NS/media group (P¼ 0.04;

Figure 4). Interestingly, despite increased expression

of TLR4 at 4 h in Zym100/LPS treated cells, there

was no corresponding increase in production of inflam-

matory cytokines (IL-1b and TNF-a; Figure 3a) fol-

lowing TLR4 stimulation with LPS.

Expression of IL18 mRNA was also up-regulated in
Zym100/LPS and lvBCG100/LPS cells (P<0.05), but
not in inBCG100/LPS cells (Figure 4). Likewise, cas-
pase 1 (CASP1) expression was increased with
lvBCG100/LPS and Zym100/LPS cells compared with
NS/LPS, but not with inBCG100/LPS cells (Figure 4).
Of the primed cells, expression of NLRP2 mRNA was
only significantly up-regulated with lvBCG100/LPS
stimulated cells compared to NS/LPS.

Discussion

Although innate training is well established in human
and rodent literature, there is a paucity of information
on innate training in agricultural animals. A trained
phenotype has been shown in vitro and ex vivo with
lvBCG in cattle,23 and there are reports of
“heterologous protection” in swine inoculated with
inactivated Mycobacterium paratuberculosis,33 a myco-
bacterium related to BCG (Mycobacterium bovis). Our
research presents the first evidence for in vitro mono-
cyte training and tolerance to multiple priming agonists
for pigs, and that re-stimulation of cells with LPS was
required for IL-1b and TNF-a cytokine production
after priming with lvBCG, inBCG, or zymosan. Two
very different products were able to induce innate
memory, and both have relevance for use in humans
and food animals. However, individual variation in
response to priming stimulation (particularly BCG)
were noted and may be due to prior life exposure alter-
ing the poised state of the cells for certain individuals
toward heightened or depressed responses. The loss of
high and low responders following priming and LPS re-
stimulation may suggest that priming with specific ago-
nists realigned the cells toward a uniform state.

Although BCG may induce innate training, in vivo
administration of lvBCG as an immunomodulator
poses regulatory issues that may be circumvented
with the use of inBCG. Vaccination of humans or ani-
mals with BCG to protect against tuberculosis infection
is not practiced in the United States, and many coun-
tries around the world prohibit BCG vaccination of
humans and food animals as to allow monitoring for
Mycobacterium tuberculosis infection via intradermal
tuberculin skin testing.34–36 However, administration
of inBCG does not result in a positive skin test37 and
therefore may serve to induce innate training without
the potential regulatory conflicts of lvBCG administra-
tion. In humans, c-irradiated BCG was studied as an
alternative agonist to stimulate innate training both
in vitro and in vivo.38,39 An in vivo c-irradiated BCG
vaccination in humans failed to alter cytokine expres-
sion when PBMCs were stimulated ex vivo with various
agonists,38 in contrast to previous studies with
lvBCG.3,40 In vitro c-irradiated BCG induces trained
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immunity but to a lesser degree than lvBCG; Arts

et al.39 theorize that the reduced state of innate training

with c-irradiated BCG compared to lvBCG may be due

to changes to the immunostimulatory component of

BCG (i.e., muramyl dipeptide) or that intracellular rep-

lication of live bacterium is necessary to induce trained

immunity. However, our results suggest replication of

the bacterium was not required for induction of trained

immunity in pig monocytes, as both live and heat-

inBCG primed porcine monocytes for enhanced cyto-

kine production to LPS re-stimulation. Changes to the

bacterial DNA induced by c-irradiation, but not

through heat inactivation, may be responsible for the

differences between the studies. We cannot rule out

other differences, such as study species (human vs

swine), dose, source of BCG, and others as potential

causes. Further research is warranted to characterize

the specific component(s) of BCG that maximize

induction of trained immunity but do not interfere

with regulatory compliance.
In light of the potential limitations of using lvBCG

in animal agriculture and the well-studied role of

C. albicans b-glucan induced trained immunity in

humans and rodents,13 we investigated b-glucans as

an innate immune modulator in pig cells. As pigs and

other food animals are commonly fed b-glucans from

non-C. albicans sources, we also investigated b-glucans
from S. cerevisiae and L. digitata as potential inducers

of innate memory. We acknowledge the limitation of

comparison between stimulated circulating monocytes

and the complex multi-cellular intestinal environment

where dietary b-glucans is delivered in pigs. The soluble

b-glucan, laminarin, failed to induce IL-1b or TNF-a
cytokine production following primary stimulation.

Upon re-stimulation with LPS, no differences between

the NS/LPS cells were observed when compared to
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Figure 3. Secondary cytokine response required LPS exposure. (a) Primed monocytes (NS, zymosan 100 lg/ml, live BCG 100 lg/ml,
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Figure 4. Zymosan and BCG priming alters gene expression following LPS re-stimulation. BCG (live or heat-inactivated) up-
regulates expression of both IL1B and CASP1 genes. Primary porcine monocytes (CD14þ) were primed for 24 h with media only
(NS), zymosan (Zym100), live BCG (lvBCG100), or inactivated BCG (inBCG100) at 100 lg/ml; cultured for 5 d in sMedia and re-
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laminarin/LPS cells. However, stimulation of porcine
monocytes with insoluble b-glucan from S. cerevisiae
(zymosan) induced cytokine production following pri-
mary exposure. Upon re-stimulation with LPS,
zymosan-primed cells exhibited depressed cytokine
responses, indicative of a tolerized state. Similar results
have been observed with human monocytes.8,9 Upon
exposure to b-glucans, human myeloid cells require
cross-linkage of multiple Dectin-1 receptors to form a
phagocytic synapse for downstream signaling.41

Soluble b-glucans such as laminarin can bind to the
Dectin-1 receptor but are incapable of cross-linking
multiple receptors and thereby fail to initiate an
immune response.41,42 Porcine monocytes, macro-
phages, and neutrophils respond to soluble or insoluble
b-glucan in a similar manner, as soluble b-glucan does
not induce an immune response.43,44 Thus, the differ-
ences in innate memory in porcine monocytes with var-
ious b-glucans was likely in part due to the structure
and solubility of the b-glucan molecules.

Other factors, such as preparation and purity of the
b-glucan, may influence the trained versus tolerized
phenotype observed with priming monocytes with
b-glucans. Although Dectin-1 is the primary
phagocytosis-inducing receptor for b-glucan, comple-
ment receptor 3, and TLR2/6 also play a major role
in the inflammatory response of cells to b-glu-
cans.42,44,45 For example, although both S. cerevisiae
and C. albicans are heated and chemically treated to
isolate the b-glucan fraction, zymosan is a crude prep
containing mannan and proteins along with
b-glucan.46,47 Also, the C. albicans b-glucan used for
innate training studies13,14,48,49 is partially phosphory-
lated to increase solubility,50 which may alter distribu-
tion and recognition of the b-glucan molecule by
immune cells. However, innate training in human
monocytes is also induced by inactivated C. albicans,51

suggesting that a trained or tolerized state may be due
to purity or structural differences in C. albicans
b-glucan and zymosan. b-Glucan from C. albicans did
not induce innate training or tolerance in pig mono-
cytes. In fact, none of the b-glucan products studied
herein induced a trained state in pig monocytes. With
the wide array of b-glucan products in the agricultural
market with varying sources, purities, and isolation
methods, consideration is warranted before selecting
a product for in vivo use.

Innate training is characterized in part by chromatin
remodeling to open regions of DNA allowing for rapid
and enhanced mRNA synthesis, and thus, enhanced
cytokine production upon secondary stimulation.3

The opposite is true with tolerance, as chromatin
remodeling leads to limited expression of certain
genes upon re-stimulation.16 Although we did not
investigate changes at the chromatin level, our lvBCG

primed and LPS re-stimulated protein and gene expres-
sion data suggest an open chromatin structure, as IL1B
and TNF trended toward enhanced gene expression in
BCG/LPS cells compared to NS/LPS cells. BCG/LPS
led to enhanced expression of IL18 mRNA, a closely
related member of the IL-1 family. These data suggest a
more permissive chromatin structure at these cytokine
genes following BCG priming of porcine monocytes, as
with human responses to BCG priming.3 LPS-induced
tolerance in human monocytes is mediated by closed
chromatin structures for many inflammatory genes
including IL1B and IL18.16 Contrary to expectations
based on decreased IL-1b and TNF-a protein produc-
tion we observed and human chromatin work, expres-
sion of IL1B and TNF mRNA in Zym/LPS cells was
not statistically lower than the NS/LPS group, whereas
IL18 gene expression was elevated.

Furthermore, NS/LPS cells also exhibited enhanced
IL1B and TNF gene expression compared to the NS/
Media that was not matched with enhanced IL1B or
TNF-a protein production (active IL-18 protein was
not measured). We can conclude that LPS stimulation
alone may be enough to induce expression of IL1B and
TNF mRNA, but that additional control mechanisms
likely regulate mRNA translation or protein processing
for release from the cell.

Production and secretion of active IL-1b protein is a
tightly controlled, complex process requiring multiple
signaling events.52,53 Briefly, an initial stimulus signals
for the transcription of IL1B mRNA which is translat-
ed into the precursor protein, pro-IL-1b. A second
signal is required to assemble the NLRP3 inflamma-
some complex and activate CASP1 to cleave the
pro-IL-1b protein into the biologically active IL-1b
protein52,54 which is then secreted. As with IL-1b,
production of bioactive IL-18 requires cleavage of the
pro-IL-18 protein by NLRP3 inflammasome and
CASP1;53,55 however, a different mechanism controls
expression of IL18 mRNA and pro-IL-1b protein
expression in human PBMCs.55 Our data indicate
LPS stimulation was a sufficient signal to induce
expression of IL1B mRNA regardless of prior
priming (NS, BCG, or Zym). However, LPS
stimulation only enhanced IL18 mRNA expression in
BCG- or zymosan-primed cells, but not in the NS/LPS
cells, indicating the priming event modulated IL18
transcription. Although LPS stimulation enhanced
expression of IL1B mRNA regardless of previous
priming (NS, BCG, or Zym), IL-1b protein was only
secreted by BCG/LPS cells, suggesting a mechanism
besides limited IL1B gene accessibility for mRNA syn-
thesis. It is unclear if IL1B mRNA was translated into
the pro-IL-1b protein in cells in which IL1B mRNA
was detected, but the data suggest regulation of active
IL-1b production at a step after transcription in NS/
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LPS cells. The second step in the production of active

IL-1b protein (NLRP3 inflammasome and CASP1

cleavage of pro-IL-1b) may be involved. Similar levels

of NLRP3 and CASP1 mRNA were detected in both

zymosan and lvBCG primed, LPS re-stimulated cells,

but not non-primed cells, suggesting the primed cells

up-regulated the expression of NLRP3 and CASP1 in

response to LPS. We attempted to assess functional

CASP1 activity in BCG/LPS and NS/LPS cells, but

were limited by lack of pig-specific reagents and neces-

sary amounts of starting material for activity assays.

The development of reagents for these assays in swine

will be critical for clarifying the mechanism.
Utilizing immunomodulation, including innate

memory, in animal agriculture may provide a method

to limit disease burden and reduce the use of antibiot-

ics, improving both animal and human health, as

reviewed in Byrne et al. (2020).56 Our research presents

the first example of innate training in pigs and suggests

that consideration of b-glucan should be utilized when

selecting a product for immunomodulatory benefits.

With a model for inducing innate memory in pig mono-

cytes, numerous avenues of research are open to better

understand the mechanistic background of innate

memory as well as the role of specific molecules and

their effect on the innate immune system. Furthermore,

with their physiological and immunological similarities

to humans, pigs are an excellent biomedical model for

human immune studies, such as innate modulation of

neonatal immune responses where ethical and practical

aspects limit such studies in human neonates.57

Although in vitro human adult and neonate innate

training has been described,58 pigs provide a model

for in vivo studies. Innate memory opens a broad field

of immunomodulation for pigs and other agricultural

species, but caution is warranted as we need to better

understand the immunological cost and disease inter-

actions before extensive use in live animal production.
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