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This study was designed to determine whether exposure to low-dose endotoxin
(lipopolysaccharide; LPS) during gestation can enhance immunity to a subsequent
LPS challenge in piglets after weaning. Pregnant sows (parity: 2.6 + 1.4) were
assigned to prenatal immune stimulation (PIS; n = 7; administered 2.5 pg/kg BW
LPS, i.m.) or saline treatment groups (CON; n = 7) administered at day 78 + 1.8 of
gestation. From the two prenatal treatment groups, barrows (n = 17 PIS, 17 CON)
were identified at weaning (21 + 1.3 day of age) to subsequently receive a post-
weaning LPS challenge. On day -1, the pigs were fitted with indwelling jugular
catheters and subcutaneous temperature loggers. On day O, the pigs were
challenged iv. with LPS (10 pg/kg BW), and blood samples were collected at -2,
0,1 2 4,6, 8,12, and 24 h relative to LPS challenge. There was a treatment X time
interaction for subcutaneous temperature (P < 0.01), where the temperature
increased more quickly at 1 and 2 h post-challenge in PIS compared to CON pigs.
There was a tendency (P = 0.08) for less change in white blood cells, relative to
baseline values, in PIS compared to CON pigs. There was a treatment X time
interaction (P = 0.01) for lymphocyte concentrations where the concentrations were
reduced in PIS compared to CON pigs at 8 h post-challenge. There was also a
treatment X time interaction (P = 0.01) for the change in eosinophil concentrations,
where there was less change in eosinophil concentrations from 1 to 12 h in PIS
compared to CON pigs. There was a tendency (P < 0.06) for a treatment X time
interaction for serum interleukin-6 (IL-6) and IL-8. Granulocyte-macrophage
colony-stimulating factor tended to be greater, and tumor necrosis factor-o
tended to be reduced in PIS compared to CON pigs (P < 0.08). These data
suggest that exposure to endotoxin in utero may influence the postnatal innate
immune response to endotoxin. More research is necessary to further understand
the mechanism behind the differences observed and the potential long-term
influence of prenatal immune stimulation on pig offspring.
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1 Introduction

One area of swine production where large improvements can be
made is swine health. Changes in genetic selection and the focus on
rapid growth and lean muscle accretion have increased the
susceptibility of pigs to diseases (Prunier et al., 2010; Flori et al,
2011). The increased disease susceptibility is accentuated during
severe outbreaks of PRRS, PEDV, and ASF that have had
devastating impacts on swine production around the world.
Outbreaks of PRRS alone result in over $664 million in losses to
the US swine industry annually. Additionally, there has been
increased consumer and legislative pressure to reduce the use of
antimicrobials in livestock, thus increasing the need for antibiotic
alternatives. While some of these products, such as probiotics, have
shown potential, they typically need to be fed prior to a health
challenge, which is difficult to predict outside of the typical stressful
production stages (e.g., weaning). Therefore, alternative strategies
are needed to help maintain and improve swine health.

One alternative method to improve pig health may be through
altering immune responsiveness prior to birth. The immune system
of pigs at birth is immature due to the lack of exposure to pathogens
and no transfer of immunity across the placenta (Salmon et al,
2009). Thus, neonatal pigs are dependent upon passive transfer of
immunity from colostrum shortly after birth. Vaccination of the
pregnant sow is used such that immunoglobulins in the colostrum
offer some protection against common swine pathogens. However,
some vaccines have poor lactogenic immunity and thus do not
provide sufficient protection to piglets (Matias et al., 2017; Langel
et al., 2020).

Previous work in our laboratory studied the effect of low-dose
lipopolysaccharide (LPS) during gestation on the growth and immune
response to a subsequent LPS challenge after weaning in cattle. Data
from these studies indicate that a single low-dose LPS administration in
the last third of gestation increased the 205-day adjusted weaning
weights in steer and heifer calves (Burdick Sanchez et al, 2017).
Additionally, when heifer calves were administered LPS post-
weaning, they had an extended vaginal temperature and interleukin-
6 (IL-6) response compared to control heifers (Carroll et al., 2017).
However, when LPS was administered to calves once in each third of
gestation, no differences in vaginal temperature response were
observed, and the IL-6 response was less in calves exposed to LPS in
utero compared to control calves (Carroll et al., 2021). These studies
indicate that immune responsiveness in cattle may be altered using
low-dose LPS administration during gestation, thus suggesting that a
similar method can be used in swine. Therefore, this study was
designed to determine whether the administration of low-dose LPS
during the last third of gestation in sows would alter the acute phase
response of piglets to a subsequent LPS challenge after weaning. The
hypothesis was that piglets exposed to LPS during gestion would have
an altered immune response to a second LPS exposure
following weaning.
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2 Materials and methods
2.1 Experimental design

All experimental procedures were in compliance with the Guide for
the Care and Use of Agricultural Animals in Research and Teaching and
approved by the Institutional Animal Care and Use Committee at
Texas Tech University (IACUC Protocol # 2022-116) and the
Livestock Issues Research Unit (IACUC Protocol # 2022_06).

2.1.1 Sow LPS challenge

Pregnant Camborough sows (parity 2.6 + 1.4) were assigned to
one of two treatments: (1) prenatal immune stimulation (PIS; n = 7),
administered 2.5 pg/kg BW LPS from E. coli O111:B4 (Sigma Aldrich,
St. Louis, MO, USA) intramuscularly in the shoulder, or (2) control
(CON; n
intramuscularly in the shoulder. Treatments were administered at
day 78 + 1.8 of gestation. Relative to the administration of LPS at 0 h,
rectal temperature was measured manually at —0.5,0, 1, 2, 3, 4, 5, 6, 7,
8, 16, 24, 32, 40, and 48 h using a handheld thermometer. Following
the administration of treatments, sow gestation was allowed to

7), administered a similar volume of saline

proceed normally according to farm standard operating procedures.
At weaning (21 + 1.3 days of age), 17 CON and 17 PIS barrows,
balanced by sow and body weight, were selected and transported
appropriately 10 km to the USDA-ARS Livestock Issues Research
Unit Swine Facility for immune challenge and sampling.

2.1.2 Piglet challenge

Upon arrival, the piglets were placed in individual stainless steel
pens (0.6 x 1.2 m) in an environmentally controlled room. Pigs had ad
libitum access to water through nipple waterers, and a standard nursery
ration was formulated to meet or exceed NRC requirements. After a 7-
day acclimatization period, the pigs were fitted with jugular vein
catheters (Carroll et al., 1999) for serial blood sample collection and
subcutaneous temperature loggers (Burdick Sanchez et al., 2023) that
were programmed to measure subcutaneous body temperature
continuously at 5-min intervals. Following these procedures, the pigs
were returned to their pen and allowed to rest overnight. On the next
day (day 0), the pigs were administered 10 ug/kg BW LPS
intravenously at 0 h. Whole blood samples (4 mL) were collected
into evacuated tubes containing EDTA at -2, 0, 2,4, 6, 8,12, and 24 h
relative to LPS administration at 0 h for the measurement of complete
blood counts using ProCyte DX Hematology Analyzer (IDEXX
Laboratories, Inc., Westbrook, ME, USA). Two additional 4-mL
samples were collected in evacuated tubes containing no additive or
containing Li heparin for isolation of serum and plasma, respectively, at
-2,0,1,2,4,6,8, 12, and 24 h relative to LPS administration at 0 h. For
plasma isolation, the samples were centrifuged immediately at 1,500 x g
for 20 min at 4°C, and plasma was aliquoted and stored at —80°C until
analysis. For serum isolation, the samples were allowed to clot at room
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temperature for 30 min prior to centrifugation at 1,500 x g for 20 min
at 4°C. Serum was aliquoted and stored at —80°C until analysis.

2.2 Serum analysis

All serum analyses were performed in duplicate. Serum cortisol
concentrations were determined using an enzyme immunoassay
according to the manufacturer’s instructions (RayBioTech, Peachtree
Corners, GA, USA). Concentrations were determined based on a
standard curve of known cortisol concentrations. The intra- and
inter-assay coefficients of variation were 10.3% and 12.5%,
respectively. Serum glucose concentrations were determined by
modification of the enzymatic Autokit Glucose (Wako Diagnostics,
Richmond, VA, USA) to fit a 96-well format as previously described
(Burdick Sanchez et al,, 2016). The intra- and inter-assay coefficients
of variation were 9.1% and 8.0%, respectively. Serum LPS binding
protein (LBP) concentrations were determined on samples collected at
0, 2, 4, 6, and 8 h using ELISA according to the manufacturer’s
instructions (Hycult Biotech Inc., Wayne, PA, USA). The
concentrations were determined based on a standard curve of known
LBP concentrations. The intra- and inter-assay coefficients of variation
were 6.6% and 2.0%, respectively. The serum concentrations of IL-1f3,
IL-4, IL-6, IL-8, IL-10, IL-12p40p70, GM-CSF, IFN-y, TFG-B1, and
TNE-o. were measured by RayBiotech using Quantibody Multiplex
ELISA (Porcine Cytokine Array QI, RayBiotech, Peachtree Corners,
GA, USA). Serum cytokine concentrations were measured on serum
samples collected, with the exception of the 12-h sample.

2.3 Statistical analysis

Prior to analysis, all temperature data were averaged into 1-h
intervals. All data were analyzed as repeated measures over time
using the MIXED procedure of SAS (SAS Inst. Inc., Cary, NC, USA;
v. 9.4). Treatment, time, and the treatment x time interaction were
included as fixed effects, with pig within treatment included as the
experimental unit. The covariance structure used was based on
having the lowest AIC fit statistic value. When the main effects were

10.3389/fanim.2024.1418557

significant, the means were separated using the PDIFF option in
SAS, with P < 0.05 considered significant and 0.05 < P < 0.10
considered a tendency. All data are presented as the least squares
means + standard error of the mean.

3 Results
3.1 Sow rectal temperature

To monitor the acute inflammatory response in sows
administered LPS, rectal temperature was monitored in all sows
relative to the challenge. Following the administration of LPS in
sows at 0 h, there was a treatment x time interaction for rectal
temperature (P < 0.01; Figure 1). Specifically, the rectal temperature
was increased in sows in the PIS treatment group compared to the
CON treatment group (administered saline) beginning at 2 h post-
challenge, and the rectal temperature remained elevated through
16 h post-challenge before returning to baseline values. The sow
rectal temperature increased approximately 1.5°C above baseline
values and did not increase above 39.5°C during the challenge.

3.2 Piglet subcutaneous body temperature

There was a treatment x time interaction (P < 0.01; Figure 2) for
piglet subcutaneous body temperature in response to LPS administration
in pigs following weaning. Specifically, the temperature increased more
quickly in PIS piglets compared to CON piglets as evidenced by the
greater temperature observed in PIS piglets at 1 and 2 h post-challenge.
However, there were no differences (P > 0.30) between treatment groups
for the remainder of the challenge, and both treatment groups returned
to baseline values by 12 h post-challenge.

3.3 Hematology analysis

Hematology data are summarized in Table 1. There were no
treatment differences nor treatment x time interactions for red blood
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FIGURE 1

Rectal temperature of sows in response to a low-dose lipopolysaccharide (LPS; 2.5 pg/kg body weight, i.m.) administration (PIS) or saline (CON) at 78 + 1.8
days of gestation. There was a treatment X time interaction (P < 0.01) for sow rectal temperature, where PIS sows had greater rectal temperature from 2 to
16 h relative to LPS administration at O h. Data are presented as LSM + SEM. The asterisk means that the treatments differ (P < 0.02).
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FIGURE 2

Subcutaneous temperature of piglets in response to a lipopolysaccharide challenge post-weaning. Piglets were selected at weaning from sows
previously exposed to low-dose LPS at 78 + 1.8 days of gestation (PIS) or saline (CON; n = 17 per treatment) and were subsequently challenged with LPS
(10 pg/kg body weight i.v.). There was a treatment X time interaction (P < 0.01) for subcutaneous temperature, where temperature was greater in PIS
compared to CON piglets at 1 and 2 h post-challenge. Data are presented as LSM + SEM. The asterisk means that the treatments differ (P < 0.01).

cells, hemoglobin, hematocrit, platelets, neutrophils, monocytes,
or basophils (P > 0.14), although all variables changed over time
(P < 0.01). There was also no treatment nor treatment x time
interaction for total white blood cells (P > 0.22); however, there
was a tendency (P = 0.08) for pre-challenge concentrations of white
blood cells at =2 h to be less in PIS than CON pigs. Therefore,
the change in white blood cell concentrations relative to pre-challenge
(-2 and 0 h) values was analyzed. There was a tendency (P = 0.08;
Figure 3) for a treatment effect for the change in total white blood
cells such that there was less change in PIS piglets compared to CON
piglets (=0.26 versus —2.57 + 0.91 K/uL). There was a treatment X
time interaction for lymphocytes (P = 0.01; Figure 4), where PIS
piglets had decreased lymphocyte concentrations at 8 h post-
challenge compared to CON piglets. Similar to total white blood
cells, there was a pre-challenge treatment difference (P = 0.04) in
eosinophil concentrations, and therefore the change in eosinophil

8 10 12 14 16 18 20 22 24
Hour relative to LPS challenge

concentrations relative to pre-challenge values was analyzed. There
was a treatment X time interaction (P < 0.01; Figure 5) for the change
in eosinophil concentrations, where there was less change relative to
the pre-challenge values in PIS piglets compared to CON piglets from
1 to 12 h post-LPS challenge.

3.4 Serum analysis

3.4.1 Cytokines

All cytokines except IL-10 changed over time (P < 0.05;
Table 2). There was no treatment nor treatment x time
interaction for IL-1f, IL-4, IL-10, IL-12p40p70, IFN-y, or TGF-f1
(P = 0.13). There was a treatment effect (P = 0.05; Figure 6) for
serum concentrations of IL-8, where the concentrations were
decreased in PIS compared to CON piglets. There also was a

TABLE 1 Summary of blood hematology variables in piglets exposed or not to low-dose lipopolysaccharide (LPS) during gestation on the subsequent
response to LPS post-weaning.

Variable Treatment
CON Treatment Interaction

Red blood cells, M/pL 5.64 5.67 0.097 0.85 <0.01 0.40
Hemoglobin, mg/mL 7.84 7.94 0.215 0.75 <0.01 0.34
Hematocrit, % 25.47 25.49 0.748 0.98 <0.01 0.29
Platelets, K/uL 1019.80 988.22 358.390 0.95 0.05 0.73
White blood cells, 13.94 13.36 0.728 0.57 <0.01 0.22
K/uL

Neutrophils, K/uL 6.93 6.51 0.446 0.26 <0.01 0.14
Lymphocytes, K/uL 6.44 6.09 0.272 0.37 <0.01 0.01
Monocytes, K/uL 0.47 0.52 0.032 0.34 <0.01 0.76
Eosinophils, K/uL 0.08 0.05 0.010 0.06 <0.01 <0.01
Basophils, K/uL 0.01 0.01 0.001 0.79 <0.01 0.16

Sows were exposed (PIS) or not (CON) to LPS (2.5 pg/kg body weight, i.m.) at 78 + 1.8 days of gestation. Piglets (barrows, n = 17 per treatment) were selected at weaning for a subsequent LPS
challenge (10 pg/kg body weight, i.v.). Data are presented as LSM + SEM pooled as an average over time.
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FIGURE 3

Change in white blood cells (WBC) in piglets in response to a lipopolysaccharide challenge post-weaning. Piglets were selected at weaning from
sows previously exposed to low-dose LPS at 78 + 1.8 days of gestation (PIS) or saline (CON; n = 17 per treatment) and were subsequently
challenged with LPS (10 pg/kg body weight i.v.). There was a tendency (P = 0.08) for a treatment effect for the change in white blood cells relative
to baseline (-2 and 0 h) values, where there was less change in PIS piglets compared to CON piglets. Data are presented as LSM + SEM.

tendency (P = 0.06) for a treatment x time interaction, where the
concentrations of IL-8 were reduced in PIS compared to CON
piglets from 1 to 4 h post-LPS. Similarly, there was a tendency (P =
0.08; Figure 7) for a treatment x time interaction for concentrations
of IL-6, where IL-6 concentrations were reduced in PIS compared to
CON pigs from 1 to 4 h post-challenge. There also was a tendency
(P = 0.06; Figure 8) for a treatment effect for TNF-o. concentrations
where PIS piglets tended to have reduced concentrations compared
to CON piglets. For serum GM-CSF concentrations, there was a
tendency (P = 0.08; Figure 9) for a treatment effect where PIS piglets
had greater concentrations compared to CON piglets. Additionally,
there was a tendency (P = 0.10) for a treatment x time interaction
for serum GM-CSF, where PIS piglets had greater concentrations of
GM-CSF than CON piglets from -2 to 0 h relative to
LPS administration.

3.4.2 Cortisol, glucose, and lipopolysaccharide
binding protein

The serum concentrations of cortisol and glucose increased (P <
0.01) in response to the LPS challenge in piglets post-weaning but
were not affected by treatment or a treatment x time interaction (P

> 0.45; data not shown). Specifically, the serum cortisol
concentrations increased within 1 h post-LPS, peaked at 2 h post-
LPS, and decreased until baseline values were reached at 8 h post-
LPS. The serum glucose concentrations peaked at 1 h post-LPS
before returning to baseline values (time: P < 0.01), but there was no
treatment (P = 0.98) nor treatment x time interaction (P = 0.45;
data not shown). Similarly, there was no effect of treatment nor
treatment X time interaction (P > 0.21) for serum LBP
concentrations, although there was a tendency (P = 0.10) for a
change over time (Figure 10).

4 Discussion

There is limited information on the effect of an LPS challenge in
sows during gestation and the impact on the subsequent immune
response of offspring. Indeed many of the studies where LPS was
administered to sows occurred very close to expected parturition
dates (You et al., 2019; Zou et al., 2020), or piglets were retrieved by
caesarean section within days following LPS administration
(Cilieborg et al., 2011; Muk et al., 2020). Thus, the current study
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FIGURE 4

Lymphocyte concentration in piglets in response to a lipopolysaccharide challenge post-weaning. Piglets were selected at weaning from sows
previously exposed to low-dose LPS at 78 + 1.8 days of gestation (PIS) or saline (CON; n = 17 per treatment) and were subsequently challenged with
LPS (10 pg/kg body weight i.v.). There was a treatment X time interaction (P = 0.01) for lymphocytes, where PIS piglets had less lymphocytes at 8 h
post-challenge compared to CON piglets. Data are presented as LSM + SEM. The asterisk means that the treatments differ (P < 0.01).
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FIGURE 5

Change in eosinophils in piglets in response to a lipopolysaccharide challenge post-weaning. Piglets were selected at weaning from sows previously
exposed to low-dose LPS at 78 + 1.8 days of gestation (PIS) or saline (CON; n = 17 per treatment) and were subsequently challenged with LPS (10
pg/kg body weight i.v.). There was a treatment X time interaction (P <0.01) for the change in eosinophils relative to baseline (-2 and 0 h) values,
where there was less change in PIS piglets compared to CON piglets from 1 to 12 h post-challenge. Data are presented as LSM + SEM. The asterisk

means that the treatments differ (P < 0.02).

is one of the first studies to demonstrate the impact of low-dose LPS
administration on the inflammatory response in both pregnant
sows early in the last third of gestation and the subsequent effects of
LPS administration on the inflammatory response in piglets. The
administration of LPS closer to parturition as in the study by You
et al. (2019) suggests that this induced more of a stress response
rather than an immune response in the sow and piglets, as the dose
administered to the sows was much larger than the dose used on
sows in the current study (10 versus 2.5 pg/kg body weight). The
purpose of the current study was not to induce stress but to induce
mild and acute immune stimulation using a low dose of LPS to
better prepare the offspring for subsequent perinatal life.

The sow LPS dose used in the current study was chosen based
on a previous work in cattle, where pregnant cows were
administered a subcutaneous LPS dose of 0.1 pg/kg BW
compared to the dose of 0.5 pg/kg that was subsequently

administered to weaned calves (Burdick Sanchez et al., 2017;
Carroll et al, 2017). In this aforementioned study, the vaginal
temperature of cows increased by 0.5°C, on average, for
approximately 7 h. In the current study, the 2.5-ug/kg BW dose
of LPS was chosen for the sows based on a preliminary study which
compared the doses of 0, 2.5, and 5 pg/kg BW LPS in non-pregnant
sows. The selected dose of LPS resulted in an acute temperature and
sickness behavior response in the sows which returned to baseline
values within 24 and 7.5 h, respectively (unpublished data). The
increase in rectal temperature in the sows administered LPS verifies
acute immune stimulation, with temperature values staying below
the fever threshold throughout the challenge period and returning
to baseline values within 16 to 24 h.

The timing of immune challenges during gestation is important.
Immunocompetence is established in pigs at approximately 70 days
of gestation (Veru et al, 2014; Matias et al,, 2017). The average

TABLE 2 Summary of serum cytokines variables in piglets exposed or not to low-dose lipopolysacharide (LPS) during gestation on the subsequent
response to LPS post-weaning.

Cytokine Treatment
CON Treatment Interaction

IL-1B 1132 1412 52.13 071 0.05 021
IL-4 89.5 66.4 31.20 0.60 0.03 0.20
IL-6 63.1 329 13.61 0.12 <0.01 0.08
IL-8 46.4 38.4 2.84 0.05 <0.01 0.06
IL-10 205 17.7 9.36 0.83 0.17 0.13
1L-12p40p70 1,308.9 1,309.6 329.88 0.99 <0.01 0.46
GM-CSF 43 19.6 6.05 0.08 <0.01 0.10
IFN-y 802 348.6 132.85 0.16 <0.01 0.81
TGFBL 42,771.0 49,780.0 15,214.00 0.74 <0.01 031
TNF-0, 204.7 173.9 11.19 0.06 <0.01 0.16

Sows were exposed (PIS) or not (CON) to LPS (2.5 pg/kg body weight, i.m.) at 78 + 1.8 days of gestation. Piglets (barrows, n = 17 per treatment) were selected at weaning for a subsequent LPS

challenge (10 pg/kg body weight, i.v.). All variables are presented in pg/mL. Data are presented as LSM + SEM pooled as an average over time.
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FIGURE 6

Serum interleukin-8 (IL-8) concentration in piglets in response to a lipopolysaccharide challenge post-weaning. Piglets were selected at weaning from
sows previously exposed to low-dose LPS at 78 + 1.8 days of gestation (PIS) or saline (CON; n = 17 per treatment) and were subsequently challenged

with LPS (10 pg/kg body weight i.v.). There was a treatment effect (P = 0.05) for serum IL-8 concentrations where concentrations were reduced in PIS
piglets compared to CON piglets. There was also a tendency (P = 0.06) for a treatment x time interaction for serum IL-8 concentrations, where IL-8

concentrations were reduced in PIS piglets from 1 to 4 h post-challenge compared to CON piglets. Data are presented as LSM + SEM.

gestational date for LPS administration in sows in the current study
was gestational day 78, which places it within the period where
piglets should be responsive to immune challenges in utero. Based
on a rodent model, LPS does not appear to cross the placental
barrier (Parant and Chedid, 1964; Sinkora and Butler, 2009), and
thus it cannot have a direct effect on the fetus. Yet, it is unclear what
disruptions acute inflammation or infection has on placental
barriers (Sinkora and Butler, 2009) and how changes in other
variables in the sow, such as body temperature, cortisol,
leukocytes, and cytokines (e.g., secondary effects), may influence
the fetus. For example, LPS administration in late gestation in mice
led to an observation of an increase in concentrations of pro-
inflammatory cytokines in the placenta and uterus (Liu et al., 2018),
providing an avenue for further research in the pig model.
Interestingly, work in humans and rodents has found that LPS
administration may result in preeclampsia due to placental
inflammation, which may affect the inflammatory response of the
offspring (Guillemette et al., 2015; Gatford et al., 2020; Michalczyk
et al., 2020). However, these species have a more invasive
placentation, and it is unclear what direct effects LPS has in the

gestating sow. More information on the inflammatory response in
the sow and fetus in response to LPS is needed to further
characterize any direct or indirect (e.g., secondary) effects of
prenatal LPS on the fetus.

Piglets exposed to LPS during gestation responded more quickly
with an increase in body temperature compared to CON piglets.
However, there was no difference in the temperature response
following the peak in body temperature at 2 h after LPS
administration. Similarly, gilts exposed to LPS during gestation at
day 111 had greater rectal temperature 1 h following a post-weaning
LPS challenge than piglets from sows administered saline (You
et al,, 2019). Tt is possible that the greater temperature response in
PIS pigs is due to quicker recognition of LPS. However, there were
no treatment differences in LBP, a major acute phase protein
involved in the recognition of LPS (Meng et al., 2021). Yet, it is
possible that there were differences in other cellular components
involved in the recognition of LPS (e.g., CD14). Piglets whose dams
were exposed to cortisol during gestation and were subsequently
challenged with LPS at 8 weeks of age produced a greater
temperature response to LPS than piglets from control dams (de
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FIGURE 7

Serum interleukin-6 (IL-6) concentration in piglets in response to a lipopolysaccharide challenge post-weaning. Piglets were selected at weaning
from sows previously exposed to low-dose LPS at 78 + 1.8 days of gestation (PIS) or saline (CON; n = 17 per treatment) and were subsequently
challenged with LPS (10 pg/kg body weight i.v.). There was a tendency (P = 0.08) for a treatment X time interaction for serum IL-6 concentrations,
where IL-6 concentrations were reduced in PIS piglets from 1 to 4 h post-challenge compared to CON piglets. Data are presented as LSM + SEM
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FIGURE 8

Serum tumor necrosis factor-alpha (TNF-a) concentration in piglets in response to a lipopolysaccharide challenge post-weaning. Piglets were
selected at weaning from sows previously exposed to low-dose LPS at 78 + 1.8 days of gestation (PIS) or saline (CON; n = 17 per treatment) and
were subsequently challenged with LPS (10 pg/kg body weight i.v.). There was a tendency (P = 0.06) for a treatment effect for serum TNF-a
concentrations, where TNF-a concentrations tended to be reduced in PIS compared to CON piglets. Data are presented as LSM + SEM.

Groot et al,, 2007). This is supportive of potential secondary effects
of LPS administration on the offspring in utero, as LPS is known to
cause an increase in cortisol concentrations, which may have an
effect on the offspring, as will be discussed in greater detail later.
Total white blood cell concentrations tended to differ, and
eosinophil concentrations differed prior to the LPS challenge,
suggesting an effect of prenatal LPS exposure on circulating basal
white blood cells. It is typical for LPS to induce a decrease in
circulating white blood cells within 30 to 120 min following
administration (Burdick Sanchez et al,, 2018; Liu et al., 2019), as
leukocytes leave the circulation in search of the infection.
Considering the baseline treatment differences, the decrease in
total white blood cells and eosinophils was less in pigs exposed to
prenatal LPS than those exposed to saline, suggesting that the pigs
from sows administered with LPS during gestation were less
responsive or more tolerant to the challenge than CON pigs. The

peak in lymphocytes in CON pigs at 8 h post-challenge is unusual
and may not be of biological significance as the concentrations
returned to baseline at 12 and 24 h.

Cytokines released by leukocytes and endothelial cells help drive
the direction of the inflammatory response to LPS, which is also
shaped by increasing concentrations of cortisol. Overall, the pro-
inflammatory response appeared to be reduced in PIS pigs compared
to CON pigs. The tendencies for decreased TNF-o. and IL-6 in PIS
pigs are intriguing, as these two cytokines are well known to play a
role in the induction of fever to LPS (Dantzer, 2001). It is likely that
other factors outside of these cytokines are responsible for the quicker
temperature response in PIS pigs. Work in rats observed increased
concentrations of pro-inflammatory cytokines in the amniotic fluid
after pregnant rats were administered 100 ug/kg BW of LPS on day 18
of pregnancy as well as changes in pro-inflammatory gene expression
in the fetal pup brain (Gayle et al, 2004). Furthermore, rodents
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FIGURE 9

Serum granulocyte macrophage-colony stimulating factor (GM-CSF) concentration in piglets in response to a lipopolysaccharide challenge post-
weaning. Piglets were selected at weaning from sows previously exposed to low-dose LPS at 78 + 1.8 days of gestation (PIS) or saline (CON; n = 17
per treatment) and were subsequently challenged with LPS (10 pg/kg body weight i.v.). There was a tendency (P = 0.08) for a treatment effect for
serum GM-CSF, where PIS piglets had greater concentrations of GM-CSF relative to CON piglets. Additionally, there was a tendency (P = 0.10) for a
treatment x time interaction for serum GM-CSF, where PIS piglets had greater concentrations from -2 to 0 h relative to CON piglets. Data are

presented as LSM + SEM.
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FIGURE 10

Serum lipopolysaccharide binding protein (LBP) concentration in piglets in response to a lipopolysaccharide challenge post-weaning. Piglets were
selected at weaning from sows previously exposed to low-dose LPS at 78 + 1.8 days of gestation (PIS) or saline (CON; n = 17 per treatment) and were
subsequently challenged with LPS (10 pg/kg body weight i.v.). The concentrations of LBP were not affected by treatment or by a treatment X time
interaction (P > 0.21). However, there was a tendency (P = 0.10) for the concentrations of LBP to change over time. Data are presented as LSM + SEM.

exposed to high concentrations of LPS during gestion were observed
to have reduced cytokine concentrations after birth (Lasala and Zhou,
2007; Beloosesky et al., 2010). However, rodents have a more invasive
placentation than pigs (hemochorial versus epitheliochorial,
respectively), and therefore this response may not be observed in
pigs. In support, the administration of LPS to pregnant ewes, who
have similar placentation to pigs, increased maternal IL-6
concentrations but did not elicit an increase in IL-6 concentrations
in fetal lambs (Grigsby et al., 2003). Similarly, McClure et al. (2005)
reported increases in maternal concentrations of TNF-o and IL-6
concentrations following systemic LPS administration, but with no
concurrent increases in fetal concentrations of these cytokines in fetal
sheep. These studies demonstrate the protection of the fetus from the
maternal response to LPS in species with a less-invasive placenta.

Previous exposure to LPS has been observed to alter the cytokine
response to a second exposure. Exposure of pig CD14+ spleen cells to a
low dose of LPS and subsequent re-exposure resulted in a reduction in
TNF-o and IL-8 concentrations, suggestive of tolerance (Cagiola et al,,
2006). Additionally, pre-treatment of human monocytes with LPS
from Salmonella enteritidis decreased TNF-o. production to a second
exposure, although IL-6 concentrations were decreased and IL-8 and
GM-CSF concentrations were unaffected (Peck et al, 2004). Lastly,
repeated LPS administration to lambs 5 days apart resulted in an
attenuated TNF-o. and IL-6 response suggestive of endotoxin tolerance
(McClure et al, 2005). Thus, it is possible that the LPS challenge
experienced by the pigs in utero resulted in a tolerogenic response to a
second LPS challenge after birth.

In contrast to the other pro-inflammatory cytokines, GM-CSF was
threefold greater in PIS pigs than CON prior to the administration of
LPS. The concentrations of GM-CSF decreased during the pre-challenge
period and remained low for the duration of the study. Studies suggest
that increases in GM-CSF lead to increased or enhanced pro-
inflammatory cytokine production by stimulated macrophages
(Brissette et al, 1995; Kreutz et al, 1999); however, this was not
observed in the current study. Therefore, the role of elevated GM-CSF
prior to the LPS challenge is an area that requires additional study.

Interestingly, no difference in serum cortisol concentration was
observed between PIS and CON piglets throughout the challenge
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period. Walker et al. (2006) also reported no differences in
corticosterone production in male rats exposed to LPS during
gestation during subsequent LPS administration as an adult. In
contrast, administration of LPS to sows on day 112 of pregnancy
resulted in a greater cortisol response to a subsequent LPS challenge in
male offspring (You et al,, 2019). Additionally, female sheep exposed to
LPS once during late gestation (day 135 of the 145-day gestation length)
had a greater cortisol response than control lambs, while lambs exposed
to a lower dose of LPS over three consecutive days (days 135-137) had a
reduced cortisol response (Fisher et al, 2010). However, this response
was sex-specific, such that it was observed in female lambs but not in
male lambs. Therefore, the timing of LPS during gestation appears to
influence the subsequent cortisol response in the offspring. Furthermore,
work in sheep found that pregnant ewes produced a heightened cortisol
response to LPS administration compared with non-pregnant ewes
(Kabaroff et al, 2006), suggesting a greater hypothalamic—pituitary—
adrenal (HPA) axis activation during that stage of pregnancy. Grigsby
et al. (2003) also reported that cortisol increased in both the ewe and the
fetal lamb 2 h after intravenous LPS administration to the ewe and
remained elevated through 24 h post-LPS administration. Thus, it is
possible that some of the differences observed in the piglets were due to
changes in prenatal cortisol concentrations or other factors resulting
from LPS administration during gestation.

As discussed, one possible explanation for the differences
observed in the immune response of PIS piglets is through
secondary effects, such as changes in other stress, immune, or
metabolic variables in the sow that affected the offspring. For
example, changes in nutrient availability (e.g., glucose) in the sow
during exposure to LPS may affect the fetuses, as it is well known
that the immune system requires a significant amount of energy to
respond to a threat (Battaglia and Meschia, 1978; Serriere et al,
2011; Kvidera et al,, 2017). Thus, it is possible that reductions in
glucose availability or changes in other nutrients due to fever and
inflammation may have altered how PIS pigs responded to LPS in
the postnatal period. In support of this are the changes observed in
postnatal immune responsiveness of offspring when exposed to
nutritional changes in utero (Tuchscherer et al., 2012). While
changes in cortisol and glucose were not measured in the sows
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following LPS administration, interestingly, there were no
treatment differences in the piglet glucose response to the LPS
challenge. Future studies should aim to measure stress and immune
variables in the sow in response to low-dose LPS administration.

It is unclear if any protective effects may be transferred to piglets
from the sow through the colostrum and whether the response
observed is protection via passive transfer of immunity. In addition
to containing immunoglobulins, colostrum also contains leukocytes
that help provide immune protection to the piglets during the
neonatal period. In fact, there is an increase in recruitment of
leukocytes to the mammary gland in sows near the 80th day of
pregnancy (Matias et al,, 2017). Therefore, if antibodies and
leukocytes specific for the LPS administered to the sow were
transferred to the piglet after birth, this may partially explain the
reduced immune response observed. The measurement of E. coli-
specific antibodies in the serum of piglets from sows immunized
with E. coli supports the role of colostral antibody transfer and
protection (Poonsuk and Zimmerman, 2018). While colostrum was
not collected and the serum antibodies against the LPS used in this
study were not analyzed, this is an avenue for further study in
subsequent experiments.

5 Conclusions

In summary, prenatal exposure to LPS altered the postnatal
innate immune response to LPS in weaned pigs. This resulted in a
quicker increase in subcutaneous body temperature accompanied by
reduced change in leukocyte populations and concentrations of pro-
inflammatory cytokines. However, there were no changes observed in
cortisol, glucose, or LBP concentrations. These data suggest that
exposure to endotoxin in utero may influence the postnatal innate
immune response to a subsequent endotoxin challenge. Furthermore,
this study suggests that it is possible to influence the innate immune
response of pigs in utero, which may serve as a method to positively
influence pig postnatal immune responsiveness. However, more
research must be completed to elucidate the mechanisms driving
the differences observed in the current study. Additionally, studies
must also investigate how the differences in immune responses
observed may influence and impact long-term health outcomes and
productivity in pig offspring.
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