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Abstract

Maternal cytokines may play instructive roles in development of the neonatal immune system.
However, cytokines in colostrum and milk and their transfer from mothers to neonates have not
been well documented, except for TGF-f3. Swine provide a unique model to study lactogenic
cytokines because the sow's impermeable placenta prohibits transplacental passage. We
investigated IL-6 and TNF-a (pro-inflammatory), IFN-y and IL-12, (Th1), IL-10 and IL-4 (Th2)
and TGF-B1 (Th3) concentrations in sow serum and colostrum/milk and serum of their suckling
and weaned piglets and in age-matched colostrum-deprived gnotobiotic piglets. All cytokines
were detected in colostrum/milk and correlated with concentrations in sow serum except for
mammary-derived TNF-a and TGF-B1. Detection of 1L-12 and TGF-f1 in pre-suckling and
colostrum-deprived gnotobiotic piglet serum suggests constitutive production: other cytokines
were undetectable confirming absence of transplacental transfer. Peak median cytokine
concentrations in suckling piglet serum occurred at post-partum days 1-2 (IL-4>1L-6>1FN-
v>IL-10). The effects in vitro of physiologically relevant concentrations of the two predominant
lactogenic cytokines (TGF-B1 and IL-4) on porcine naive B cell responses to lipopolysaccharide
(LPS) and rotavirus (RV) were investigated. High (10ng/ml) TGF-B1 suppressed immunoglobulin
secreting cell responses to LPS and rotavirus; low concentrations (0.1ng/ml) promoted isotype
switching to IgA antibody. Interleukin-4 induced inverse dose-dependent (0.1>10ng/ml) isotype
switching to IgA and enhanced IgM secreting cell responses to LPS and rotavirus. In summary, we
documented the transfer and persistence of maternal cytokines from colostrum/milk to neonates
and their potential role in Th-2 biased IgA responses and reduced immunologic responsiveness of
neonates.
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1. Introduction

Neonates depend on transfer of immune factors from their mothers via the placenta and/or
breast feeding to be protected from pathogens until the maturation of their immune system.
The maternal immune factors transferred to the neonates include soluble molecules (i.e.
antibodies, growth factors, cytokines, etc.) and lymphoid and non-lymphoid cells. A few
studies, mainly of humans, of the transfer of cytokines via the placenta and the components
of colostrum/milk have suggested possible roles for maternal cytokines such as TGF-, IL-1,
IL-6, TNF-a, etc in immunologic protection of neonates and in modulating neonatal
immune development during colonization by commensal bacteria (Bocci et al., 1993), but
most of these studies did not assess multiple types (Thl, Th2, Th3 and T regulatory type 1
[Tr1]) of cytokines or their profiles over time in infants.

Cytokines have effects on and are produced by different T helper (Th) CD4+ cells that are
classified into Thl, Th2, Th3 and Trl types based on studies in humans and mice. Interferon
(IFN)-y and interleukin (IL)-12 are produced by Th1 cells and they promote inflammatory
and cytotoxic T lymphocyte responses. IL-4 and IL-5 are produced by Th2 cells and they
promote B cell responses. T cell growth factor (TGF)-f is produced mainly by Th3 cells that
have immunoregulatory functions. IL-10 is produced by Th2 and Tr1 cells and plays an
important role in antibody production and anti-inflammatory responses (Foussat et al.,
2003). The presence of these cytokines in mammary secretions likely influences
development of the neonatal immune system. Of the maternal cytokines, TGF-8 has been
studied the most experimentally in humans, mice and rats. In mammals, three isoforms of
TGF-B (B1, p2 and B3) have been identified of which TGF-B1 is the most abundant form in
tissues whereas TGF-p2 is more abundant in body fluids (Miyazono et al., 1993). However,
TGF-pB1 is of particular interest as it has been reported to play an immunoregulatory role
during pregnancy and at birth in humans as well as a role in the Th2 bias of neonatal
immune responses (Laouar et al., 2005; Power et al., 2002). Both IL-10 and TGF-31 were
detected in the maternal and fetal circulation in humans (Power et al., 2002). The latter
cytokine could favor Th2 memory responses by suppression of memory Th1 cells in the
fetus predisposing neonates to the observed Th2 bias (Ludviksson et al., 2000; Wegmann et
al., 1993). TGF-B1 supplied to the fetus by injection into the mother's circulation during
gestation or to the neonate via milk during suckling was shown to rescue TGF-f1 -/-
newborn pups from severe cardiac abnormalities (Letterio et al., 1994). In suckling rats,
feeding of formula lacking TGF-B2 led to inflammatory responses to food antigens including
accumulation of IL-18 and recruitment of high numbers of activated dendritic cells,
eosinophils and mast cells to the intestine (Penttila et al., 2003). These inflammatory
responses in suckling rat pups could be alleviated by addition of TGF-$2 to the feeding. In
humans, TGF-B1 and TGF-B2 in colostrum correlated with increased serum IgA
concentrations in infants during the first month of life (Ogawa et al., 2004). IL-4 is an
important Th2 cytokine that antagonizes Th1l related IFN-y production, and may contribute
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to Th2 biased immune responses in neonatal pigs, similar to the responses observed in
human infants and neonatal mice (Adkins et al., 2001; Early and Reen, 1996). The presence
of early pro-inflammatory cytokines such as IL-6 and TNF-a has also been documented in
human milk, but the effects of these cytokines on the neonatal immune system were not well
studied (Rudloff et al., 1992; Rudloff et al., 1993).

In swine, the Th1/Th2/Th3/Tr1 functions of these cytokines have not been clearly defined.
There is limited information concerning the level and function of cytokines transferred from
milk to suckling neonates or their impact on neonatal immune development in swine or
other species (Wagstrom et al., 2000). Porcine milk contains abundant TGF-B, which has
been suggested to play a role in regulating the intestinal immune system in neonatal pigs
(Xu et al., 1999). The presence or transfer of other cytokines has not been studied in porcine
colostrum/milk. There is also a lack of information for humans and animals about the
persistence or function of these maternal cytokines in neonates after transfer by suckling.

The goals of this study were to investigate the transfer efficiency of various cytokines
representing proinflammatory, Thl, Th2, Th3 and Tr1 cytokines (according to the
classification in humans and mice) from the colostrum and milk of the sow to the serum of
neonatal piglets, to determine the persistence of the passive cytokines in the serum of
neonatal piglets, and to provide a basis for comparison of milk cytokine components
between pigs and humans to establish their universal roles in neonatal immune development.
In addition, we investigated the effects in vitro of various physiologically relevant
concentrations of the two predominate and immunomodulating cytokines (TGF-p1 and IL-4)
transferred via colostrum into piglet sera on porcine naive B cell responses to
lipopolysaccharide (LPS) and rotavirus (RV). Our findings contribute new information to
support a previously unrecognized role for maternal cytokines in the possible
immunomodulation of the neonatal immune system of swine.

2. Materials and methods

2.1. Experimental design and sample collection

Near-term sows (n=10) were closely monitored and allowed to farrow naturally. The animal
use protocols employed in this study were reviewed and approved by the Agricultural
Animal Care and Use Committee, The Ohio State University.

In the suckling experiments, piglets (n=47) from 5 sows were allowed to suckle the sows for
14 days. Blood from piglets was collected pre-suckling (post partum day [PPD] 0) at
farrowing and at PPD1, 2, 3,5, 7, 9, 11 and 13. For PPD1-3, blood was collected from
different piglets in the suckling experiments on alternative days. Pre-suckling piglets (PPDO)
were also euthanized for the collection of small intestinal contents (SIC).

In the weaning experiment, a group of piglets (n=23) derived from 2 sows suckled the sows
for the first two days. At PPD3, a subset of piglets (n=15) were removed from the sows and
weaned onto infant formula (Similac, Abbott laboratories, Columbus, Ohio) with added soy
protein (Nowfoods, Bloomingdale, Illinois) from PPD3 to 13 (post weaning day [PWD] 0 to
10), whereas the rest of the litter remained on the sow. Weaned piglets were housed together
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but separately from the sows and suckling piglets in the same facility and were provided a
liquid diet ad libitum via a gravity flow feeding system. During the entire study period, sows
and piglets were healthy and no signs of mastitis or infections were observed. Blood was
collected in the weaned piglets at PPD3,5,7,9,11 and 13 (equivalent to PWDO0,2,4,6,8 and
10). On PPD1-3, blood was collected from different piglets on alternative days.

As controls to assess endogenous cytokine production over time, piglets (n=20) derived
asceptically by hysterectomy from 4 sows were colostrum-deprived and maintained under
strict gnotobiotic conditions (lack microbial flora or extraneous microbes) in isolator units
for up to 33 days of age. Blood was also collected from these gnotobiotic piglets through 33
days post-derivation. Then, the gnotobiotic piglets were euthanized for the collection of
blood and SIC. Blood was collected from the sows (n=7) at PPD2,7,11 and 3 days (on
average) pre-partum (PPD-3). Colostrum/milk samples were collected at
PPDO,1,2,3,5,7,9,11 and 13 after farrowing.

Serum (1-2ml/piglet, 3-5ml/sows) was collected and stored at —20°C until tested. The SIC
were diluted 1:2 (v/v) with 1% bovine serum albumin fraction V in phosphate buffered
saline (0.5mM, pH7.2) with 250 pg/ml trypsin inhibitor and 50 pg/ml leupeptin (Sigma, St.
Louis, Missouri) to inhibit proteolytic enzymes. The SIC were then clarified by
centrifugation and supernatants were stored frozen at —20°C. After collection, colostrum/
milk samples (15ml) were immediately centrifuged at 1200xg for 30min to remove cells and
debris. Colostrum/milk supernatants were collected and stored at —20°C.

2.2. Enzyme-linked immunosorbent assay (ELISA) for porcine cytokines

Concentrations of 1L-6 and TNF-a (pro-inflammatory), IFN-y and IL-12 (Th1), IL-4 (Th2),
IL-10 (Th2 and Trl) and TGF-B1 (Th3) were measured using capture sandwich ELISA
following procedures developed in our laboratory (Azevedo, 2006). The detection
concentration for the TNF-a and TGF-B1 assay was 15.6 pg/ml. The detection
concentrations for the other cytokines were 7.8 pg/ml. Samples below these detection
concentrations (7.8 pg/ml or 15.6 pg/ml) were assigned a concentration of 4 or 8 pg/ml,
respectively for calculation of the mean and for statistical analysis.

2.3. Analysis of cytokine concentration data

Standard curves for each cytokine were generated on a 4-parameter plot for each assay, and
the cytokine concentrations for each serum sample was calculated from the corresponding
curve fitting equation. Each sample was tested in duplicate, and the mean values were
calculated and reported. The cytokine concentrations between different days in sow
colostrum/milk samples and in piglet sera were compared by the Wilcoxon rank-sum test
(SAS 9.1, SAS institute, NC). The cytokine concentrations in serum at PPD3-5 of unsuckled
piglets derived by hysterectomy and those at PPDO in pre-suckling piglets after natural birth
were also compared (Wilcoxon rank-sum test). The cytokine concentrations in serum of
suckling piglets at PPD1 were compared with the corresponding cytokine concentrations in
serum of colostrum-deprived gnotobiotic pigs at derivation and through 33 days of age
(Wilcoxon rank-sum test). Significant differences were considered as p<0.05 unless
indicated. The cytokine concentrations between serum and colostrum/milk of the same sow
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at PPD2,7 and 11 were compared using the binomial proportion test (SAS 9.1, SAS institute,
NC). The mean cytokine concentrations in serum and colostrum/milk samples of the
corresponding sows were evaluated for correlation using Spearman coefficient (r) with p
values.

2.4. Induction of immunoglobulin secreting cells (IgSC) by in vitro stimulation of porcine
mononuclear cells with LPS and rotavirus in the presence of exogenous recombinant
porcine TGF-1 and IL-4

Mononuclear cells (MNC) were purified from spleens of 5 gnotobiotic piglets (19-33 days
of age) using a previously published procedure (Yuan et al., 1996), and stored in
90%FBS/10% dimethylsulfoxide (DMSO) in liquid N until use. For in vitro stimulation,
MNC were thawed quickly and washed to remove traces of DMSO. In each culture, 2x108
cells were stimulated with LPS (20 pg/ml), semi-purified Group A RV (Wa strain human
rotavirus) (50 pg/ml) or mock stimulated with diluent for 6 days. The amount of each
antigen used was optimized to yield the highest numbers of 1gSC in the ELISPOT assay in
preliminary studies. The cytokines TGF-p1 (10, 1 and 0.1 ng/ml) or IL-4 (10, 1 and
0.1ng/ml) were added to the cell cultures within the concentration ranges detected for
maternally-derived cytokines transferred to the suckling piglets in our study. The MNC
cultured with IL-2 (10 ng/ml) and stimulated with each antigen were included as baseline
controls. The MNC cultured in the absence of cytokines and antigens were also included as
controls. Each culture was performed in duplicate. After 6 days of incubation, cells were
harvested, washed and loaded as undiluted, 10 and 100-fold dilutions onto microtiter plates
(Nunc maxisorp, Roskilde, Denmark) coated with anti-porcine IgM (1 chain; 25 pg/ml),
anti-porcine 1gG (H+L chain; 2 pg/ml) (KPL Gaithersburg, Maryland) or anti-porcine IgA
(a chain; 30 pg/ml) (Bethyl laboratories, Montgomery, Texas) to enumerate the total IgM,
IgA and 1gG secreting cells by an enzyme-linked immunospot (ELISPOT) assay previously
developed in our laboratory (Yuan et al., 1996). The plates were incubated for 12h at 37°C
and then washed to remove cells and incubated with peroxidase labeled anti-porcine IgM ()
(0.1 pg/ml), 1IgA (a) (1 pg/ml) or 1gG (v) (1 pg/ml) conjugates (KPL) at RT for 1h. The spots
were developed by TMB/H,0, 3-component substrate system (KPL) and counted
microscopically with each spot representing a single IgSC.

2.5. Statistical analysis

3. Results

The mean IgSC numbers detected in the presence of different concentrations of TGF-$1 and
IL-4 were compared with the IgSC numbers detected in the presence of IL-2 for each pig by
using the Sign test for matched pairs with significance selected at p<0.063.

3.1. Cytokines in colostrum/milk and correlation with the concentrations in sow serum

Various levels of Thl (IFN-y and IL-12), Th2 (IL-4 and IL-10), Th3 (TGF-B1), Trl (IL-10)
and pro-inflammatory (IL-6) cytokines were present in colostrum/milk. The peak
concentrations of cytokines in colostrum/milk (IL-4>TGF-p1> IL-6=IFN-y
>|L-12>1L-10=TNF-a) were generally correlated with their respective concentrations in sow
serum except for the much higher TGF-B1 in colostrum/milk and the absence of TNF-a in
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sow serum. The concentrations of all cytokines decreased at different rates in the transition
from colostrum to milk (PPDO0-3 versus PPD3-13).

In assessing pro-inflammatory cytokines, the median IL-6 concentrations in colostrum/milk
ranged from 2.7 ng/ml at PPDO to 550 pg/ml at PPD7 (Fig.1A). The IL-6 concentrations in
sow serum were generally lower than the concentrations in colostrum/early milk (PPDO and
2) but higher than the concentrations in later milk (PPD7 and 11). The TNF-a was only
detectable in colostrum at PPDO-2 (24-500 pg/ml), then was present in early milk of one
sow at PPD3 and decreased to undetectable levels after PPD5 (Fig.1B). No TNF-a was
detected in sow serum at any time point, suggesting the local production of this cytokine in
the mammary gland.

For the Th1 cytokines, moderate correlations in the IFN-y and IL-12 concentrations were
found between sow serum and colostrum/milk (r=0.63 and 0.69, respectively, p<0.05) (Fig.
1C and 1D). The IFN-y concentration in sow serum was higher than the concentrations in
colostrum and milk throughout lactation (significantly higher at PPD11).

For the Th2 or Trl cytokines, the mean concentrations of IL-10 in colostrum/milk were low,
ranging from 157 pg/ml (PPDO) to 30 pg/ml (PPD13). (Fig 1E). The IL-4 peak mean
concentrations were highest among all the cytokines (2.5 ng/ml-11.5 ng/ml), decreased
significantly in milk from PPD7-13 compared to PPD1 (Fig 1F). The IL-10 concentrations
in colostrum/milk exhibited a significant correlation with the serum concentrations (r=0.75,
p=0.002), whereas the correlation between the serum and colostrum/milk IL-4 was low
(r=0.52, p=0.056). Thus based on these significant correlations in levels in serum versus
colostrum/milk, IFN-y, IL-12 and IL-10 in sow serum likely contribute substantially to the
levels in mammary secretions.

For the Th3 cytokine, TGF-B1, the mean concentrations in colostrum/milk were also high
(2.3-4.5 ng/ml) and they were significantly higher (3- to 8-fold) than those in sow serum
(except for PPD11), suggesting local production of this cytokine in the mammary glands and
secretion into colostrum/milk (Fig.1G). Consistent with this observation, there was no
correlation between the TGF-B1 concentrations in colostrum/milk and in sow serum. The
TGF-B1 concentration decreased significantly by PPD5 compared to PPDO.

3.2. Cytokine concentrations in piglet sera

No cytokines except for IL-12 and TGF-B1 were detectable in the hysterectomy-derived,
colostrum-deprived naive gnotobiotic pigs throughout the 33 days tested (data not shown),
confirming the absence of endogenous production of the other cytokines examined. The
concentrations of TGF-B1 and IL-12 in the gnotobiotic pigs remained steady during the
entire test period (Table 1). In contrast, all cytokines detected in the colostrum/milk were
also present in the sera of the suckling piglets except for TNF-a (Fig. 2). The mean peak
cytokine concentrations (IL-4=1L6>IFN-y>IL-10) in piglet sera were detected at PPD1-2
[time of gut closure (Tizard, 2004)] in low but proportional concentrations to those in
colostrum/milk. The concentrations of these cytokines in suckling piglets at PPD1 were
significantly higher than those in gnotobiotic pigs at all times tested, confirming that these
cytokines in suckling piglets at PPD1-2 are mainly colostrum-derived.
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The pro-inflammatory cytokine IL-6 peaked at PPD1-3, decreased significantly by PPD9
and was estimated to have a half life of 5-6 days (Fig.2A). The half life of each cytokine was
estimated based on the average numbers of days for the cytokine concentration in the piglet
sera to decrease to half that of the peak concentration at PID1-2. In contrast, there was no
detectable TNF-a in piglet serum at any time pre-suckling and throughout the suckling
period, suggesting its instability or reflecting its low concentration in sow colostrum/milk
(Fig.2B).

Comparing Thl cytokines, IFN-y peaked at PPD1-2 and decreased significantly from the
peak concentrations by PPD5 and thereafter. The estimated half life of IFN-y was about 2-4
days (Fig.2C). Although serum IL-12 was present at birth, it increased significantly after
suckling by PPD1-2, indicating that pigs acquire 1L-12 passively from colostrum. The IL-12
concentrations then increased at PPD7 and thereafter indicating active production (Fig.2D).
For the Th2 or Trl cytokines, the serum IL-10 mean concentration was low even at the peak
at PPD1 (mean of 56 pg/ml), and it quickly decreased after PPD2 (Fig.2E). In contrast, the
serum IL-4 concentration was high at PPD1 (mean of 4.5 ng/ml), and decreased at a slower
rate than IL-10, indicative of a longer half life or active production (Fig.2F). Only by PPD9
was the serum IL-4 mean concentration significantly lower than the peak mean
concentration at PPD1 and was still present at relatively high mean concentrations
(mean=547 pg/ml) in piglet sera at PPD13. The estimated half life for IL-4 was 5-6 days.

For the Th3 cytokine TGF-B1, substantial mean concentrations were present (mean =754
pg/ml) in pre-suckling sera of all piglets at birth (Fig.2G). The TGF-f1 mean serum
concentrations increased only ~2-fold from PPD1-13 compared to the concentration at birth,
yet the increase was significant at PPD5-13, indicating active production. There was no
correlation between the TGF-B1 concentrations in piglet sera and the concentration of TGF-
B1 in colostrum/milk.

3.3. Comparison between serum cytokine concentrations in pre-suckling piglets born by
natural birth and in piglets derived by hysterectomy

As previously mentioned, IL-6, TNF-a, IFN-y, IL-10 and IL-4 were not detectable in the
sera of piglets born by natural birth, before suckling, similar to colostrum-deprived piglets
derived by hysterectomy. In addition, the serum I1L-12 and TGF-B1 concentrations remained
constant in the hysterectomy-derived piglets maintained under the gnotobiotic conditions
throughout the 33 days tested, supporting the hypothesis that these cytokines are
constitutively produced and not derived transplacentally. Similar mean concentrations of
IL-12 were detected in sera of piglets derived by both methods (113 vs. 84 pg/ml).
Interestingly, however, at birth an approximately 7-fold higher mean concentration of TGF-
1 was present in sera of piglets born naturally (754 pg/ml) compared to piglets derived by
hysterectomy (112 pg/ml), suggesting that maternal TGF-1 may be acquired by the piglet
during the process of natural birth because low concentrations of TGF-1 were also detected
in the SIC of those piglets (Table 1). On the other hand, the process of natural birth may
induce active production of TGF-B1 by piglets.
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3.4. Serum cytokine concentrations in weaned piglets at various times post-weaning
(PWD2-10) compared to those in suckling piglets

To study the persistence of passive cytokines in piglet serum, a subset of piglets from two
sows (n=15) were weaned after suckling at PPD3 and the serum cytokine concentrations at
PPD5 (PWD?2), PPD7-9 (PWD4-6) and PPD11-13 (PWD8-10) were measured (Fig. 3).
Suckling piglets from the same sows were included for comparison (n=8). The serum
cytokine concentrations in weaned piglets at PPD7 and PPD9 or PPD11 and PPD13 were
combined because no significant differences were observed between each of the two
combined time points.

From PPD5-13 (PWD2-10), concentrations of IFN-v, IL-10, IL-4 and TGF-B1 did not differ
significantly between suckling and weaned piglets. These results suggest that there was no
significant absorption of these cytokines from milk into piglet serum after gut closure
(PPD2). The TNF-a was not detectable in serum of weaned or suckling piglets at any time
(data not shown). At PPD7-9 (PWD4-6), the IL-12 concentration was significantly higher in
the weaned piglets compared to the suckling piglets. The IL-6 concentration was also higher,
but not significantly higher, in the weaned piglets at PPD5 (PWD 2) and PPD11-13 (PWD
8-10), suggesting that weaning (acclimation to altered commensal microflora after loss of
sow milk diet) stimulates production of pro-Thl (IL-12) and pro-inflammatory (IL-6)
cytokines.

3.5. Effects of exogenous TGF-p1 and IL-4 on B cell responses to different antigens in vitro

Because TGF-p1 and IL-4 were present at the highest concentrations in sow colostrum/milk
and they persisted at high concentrations in suckling piglets, we postulated that these two
immunomodulating cytokines might play a role in the reduced responsiveness (maternal
suppression) or Th2 bias (promoting IgA antibody responses) of neonatal pigs. To address
this question, we examined the effects of these cytokines individually on MNC responses of
naive gnotobiotic pigs to LPS (a B cell mitogen) or RV (a neonatal enteric pathogen) in
vitro.

In MNC stimulated with LPS, high concentrations of TGF-B1 (10ng/ml), significantly
reduced the total 1gSC responses of all isotypes compared to the responses in the presence of
IL-2 (Fig. 4a). In comparison, low concentrations of TGF-B1 (0.1ng/ml) enhanced 1gG SC
numbers and significantly enhanced IgM and IgA SC numbers, indicating that at low
concentrations, TGF-1 promoted isotypte switching to IgA and IgG SC in response to LPS.
The 1gSC responses of naive B cells to RV stimulation were much lower than those to LPS,
yet the impact of different TGF-B1 concentrations was similar. High concentrations of TGF-
1 (10ng/ml) also significantly reduced 1gSC responses to RV compared to that obtained in
the culture with IL-2. Lower TGF-B1 concentrations (0.1ng/ml) induced isotype switching to
IgA but not to 1gG (low number or no IgG SC were detected) in response to RV. In the
absence of antigen stimulation, there was a low level of spontaneous immunoglobulin
secretion in the MNC cultures with IL-2. The high concentrations of TGF-1 (10ng/ml) also
decreased survival or proliferation of B cells as indicated by the reduced 1gSC numbers in
mock-stimulated cultures in the presence of TGF-1 compared to IL-2. The IgSC numbers
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in the MNC cultures without cytokines or antigens were absent or low and mainly of IgM
isotypes (only 0-6 1gSC per culture).

Similar to TGF-B1, IL-4 induced an inverse dose-dependent (0.1ng>10ng) isotype switching
to IgA and IgG in response to LPS and isotype switching to IgA in response to RV (Fig. 4b).
Unlike the effect of TGFB-1, all concentrations of I1L-4 tested enhanced the numbers of IgM
SC. In the control cultures, in the absence of antigen stimulation, addition of IL-4
significantly enhanced the numbers of IgM and IgA SC compared to MNC cultures without
cytokines or antigens, suggesting an effect of IL-4 on enhancing B cell proliferation and
survival.

4. Discussion

In this study we determined the concentrations of various pro-inflammatory (IL-6 and TNF-
a), Thl (IFN-y and IL-12), Th2 (IL-4 and IL-10) and Th3 (TGF-) cytokines in sow serum
and colostrum/milk, enumerated the cells secreting the Th1 and Th2 cytokines and examined
the functions of porcine TGF-§ and IL-4 in vitro. Our study provides new data because the
limited number of previous studies of colostral cytokines in sows explored only growth
factors including TGF-f (Jaeger et al., 1987; Wagstrom et al., 2000; Xu et al., 1999).
Similarly, to our knowledge there have been no reports of the transfer and persistence of
maternal cytokines in neonates.

Various concentrations of pro-inflammatory, Thl, Th2 and Th3 cytokines were present in
colostrum/milk. The moderate correlations observed between sow blood and colostrum/milk
for all cytokines except for TGF-B1 and TNF-a suggest that all but these latter cytokines are
transudated or transported from the circulation to the mammary secretions, whereas TGF-p1
and TNF-a were produced locally in the mammary gland, consistent with previous reports
in humans and cows (Hagiwara et al., 2000; Rudloff et al., 1992). By comparison, human
milk contains high concentrations of TGF-$, TNF-a, IL-1, IL-6, IL-8 and IFN-y (Goldman
etal., 1996). In sows, in addition to TGF-B, IL-6 and IFN-y in colostrum and milk, we also
found a high concentration of IL-4, moderate concentrations of 1L-12 and low
concentrations of TNF-a and IL-10.

The finding that the cytokine pattern differs in piglets born by natural birth compared to that
from hysterectomy-derived piglets is not unique to swine. Differences in cytokine profiles
were observed in cord blood between infants born vaginally and those delivered by cesarean
section. The concentrations of IFN-y, TNF-a, IL-15 and IL-6 in human umbilical cord blood
were significantly higher in cases of vaginal delivery than in cases of cesarean section
(Malamitsi-Puchner et al., 2005). Elevation of TGF-B concentrations in the maternal and
fetal circulation from pregnancy to birth has been reported in humans (Power et al., 2002).
In our study, TGF-B1 was higher in the piglets born naturally compared to piglets derived by
hysterectomy. This elevation of TGF-B1 in piglets during natural birth might be induced by
labor as was seen in human infants (Malamitsi-Puchner et al., 2005), or after ingestion of
amniotic fluid before or during birth as was suggested by the low concentrations of TGFf-1
in SIC of these piglets.
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The highest absorption of cytokines from colostrum into the piglets’ circulation (except for
TNF-a) occurred at PPD1-2, coinciding with the gut closure period (Tizard, 2004). The high
cytokine concentrations in piglet sera can be attributed to the absorption of cytokines and
possibly, but to a lower extent, the colostral cells transferred to the piglet across the
intestinal epithelium with the latter demonstrated in neonatal piglets (Le Jan, 1996; Tuboly
et al., 1988; Williams, 1993). The piglets were estimated to ingest an average of 500-700
million colostral cells/day. The absence of TNF-a in piglets’ serum was probably due to the
short half-life of this cytokine. Human TNF injected into mouse blood has a half-life of 20
min (Pietersz et al., 1998), in comparison to the 4 h half-life of IFN-a (Shechter et al., 2001)
or the 100 min half-life of latent TGF-p1 (the high molecular form of TGF-B1 that needs
activation for biological activity, usually by low pH, heating or urea) (Wakefield et al.,
1990). The absence of TNF-a in serum from both sows and piglets suggests the existence of
control mechanisms to avoid prolonged inflammatory responses which could lead to tissue
damage.

To further confirm the maternal origin of these cytokines in our suckling piglets, it would
have been desirable to include a group of colostrum-deprived conventional piglets as
controls for the suckling and early weaned piglets. However, because of the low survival
rate, and frequency of viral and bacterial infections in colostrum-deprived piglets or the
necessity to treat them continuously with antibiotics, all of which can contribute to altered
cytokine profiles in the colostrum-deprived piglets compared to colostrum-fed piglets raised
under conventional conditions, we were unable to evaluate this control group. Therefore we
included a group of colostrum-deprived gnotobiotic piglets as the controls. These piglets
showed no detectable endogenous production of IL-6, TNF-a, INF-vy, IL-4 and IL-10 at birth
and through 33 days of age when maintained under gnotobiotic conditions. The IL-12 and
TGF-B1 were present at birth and remained unchanged through 33 days of age in these
piglets. We also compared the serum cytokine levels in colostrum-deprived gnotobiotic pigs
with or without colonization by commensal bacteria (lactobacillus acidophilusand L.
reuteri) (Yuan and Saif, et al., unpublished 2007. Separate manuscript in preparation) and
demonstrated that IL-6, TNF-a, INF-vy, IL-4 and I1L-10 levels were similarly low or absent in
these two groups. The concentrations of each of these cytokines in conventional suckling
piglets at PPD1 were significantly higher that those in the age-matched colostrum-deprived
gnotobiotic pigs (undetectable) confirming their maternal transfer post-suckling.
Furthermore there were no symptomatic infections of the sows or suckling piglets during the
study period. Consequently the cytokines in conventional piglet sera at PPD1 were mainly
derived from sow colostrum/milk.

The impact of different concentrations of TGF-$1 and IL-4 on neonatal B cell responses was
clearly demonstrated in our in vitro study. At high concentrations of TGF-$1 (10ng/ml),
equivalent to the piglet serum cytokine concentrations in the early suckling period, the B cell
responses were suppressed which might explain the reduced immunoresponsiveness of
neonates. On the other hand, low concentrations (0.1ng/ml) of TGF-B1 increased the
numbers of IgM and IgA SC in response to both LPS and RV antigens. Similarly, murine
TGF-B1 (0.1-10ng/ml) acts as a bifunctional immune regulator for IgA antibody responses,
enhances both early and late phases of IgA responses, yet exerts immunosuppressive effects
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on IL-5-induced IgA synthesis (Chen and Li, 1990). Additionally, maternal cytokines such
as TGF-B, IL-6 and IL-10 present in the intestine post-suckling could also contribute to the
differentiation of intestinal IgA producing cells and maturation of the neonatal intestinal
immune system (Bottcher et al., 2000; Donnet-Hughes et al., 2000). The function of porcine
IL-4 in promoting B cell survival and proliferation and IgA (Th2) responses is similar to that
of the murine counterpart (Morris et al., 2002). However it is of future interest to know how
the enhancing effects of high concentrations of IL-4 on B cell responses counterbalance the
suppressive effects of the high concentrations of TGF- in terms of the overall impact on the
development of immune responses in neonates. In addition, it is also of future interest to
study the role of another important milk component, soluble CD14, which is present at high
concentrations (1-10ug/ml) in human milk (Labeta et al., 2000). Soluble CD14 in human
milk has been shown to induce human and murine B cell growth and differentiation (Filipp
et al., 2001) and plays an important role in innate immune responses (Vidal et al., 2001).

Previous studies of the functions of porcine cytokines in contributing to Th1 and Th2
responses have been unclear compared to similar studies of mice. Using B cells from
conventional pigs, Crawley et al (Crawley et al., 2003) showed that Th1 cytokines (IFN-y
and IL-12) enhanced total 1gG, antibodies in some pigs, but total IgG; antibodies in others.
Similarly, recombinant porcine IL-10 upregulated IgG» antibodies in some individuals but
not in others. Raymond et al (Raymond and Wilkie, 2004) confirmed that porcine T cells
exposed to hen egg white lysozyme treated dendritic cells expressed Th2 biased cytokine
responses, whereas those exposed to M. tuberculosis treated DCs exhibited a Th1 bias.
These findings were inconclusive possibly because of the highly variable individual
genotypes of outbred pigs and their interaction with environmental factors. Our study
offered the advantage of using MNC from naive gnotobiotic pigs whose B cell responses
were not influenced by previous antigen encounters or the presence of heterogenous
microbial flora. Although desirable to use neonatal pigs within the first week of life, the lack
of sufficient MNC from these pigs hindered an investigation of the effect of different
cytokine concentrations on such early neonatal immune responses. However, the continued
lack of production of most endogenous cytokines by gnotobiotic pigs suggests that even the
slightly older naive gnotobiotic pigs as used in our study still accurately mimic the responses
of the younger neonates.

The presence of high concentrations of Th2 cytokines or immunoregulatory cytokines such
as TGF-B1 in neonates might play a critical role in allowing acquisition of the normal
commensal microflora in the intestine. Recombinant swine 1L-4 suppressed-LPS induced
secretion of pro-inflammatory cytokines by alveolar macrophages (Nuntaprasert et al.,
2005). Feeding TGF-f containing formulas to children with Crohn's disease led to reduced
pro-inflammatory cytokines in the intestines (Fell, 2005). The TGF-p1 also down-regulates
immune activation of intestinal epithelial cells and lamina propria immune cells (Mennechet
et al., 2004). These reduced immune and inflammatory responses are likely important to
permit the initial colonization of the neonatal intestine by the commensal microflora. Of
interest, transient increased TGF-3 expression in the pig small intestine has also been
associated with weaning (Mei and Xu, 2005). In addition, as shown in humans, mice and in
the present study of pigs, IL-4 and TGF-J play a role in isotype switching to IgA and the
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production of secretory IgA antibodies which function in immune exclusion of bacterial and
viral pathogens (lijima et al., 2001) and by their coating of commensals may limit the
penetration of commensals beyond the intestinal epithelium (Macpherson and Harris, 2004).
Thus the high concentrations of TGF-f1 and IL-4 in the colostrum/milk may play an
important immunoregulatory role in the intestinal mucosa of the neonates, e. g. for
establishment and maintenance of the initial commensal microflora in the intestine and
promotion of secretory IgA responses needed to maintain gut homeostasis (lijima et al.,
2001).

In summary, this is the first study to comprehensively assess the various cytokines present in
sow colostrum and milk and to document their transfer from colostrum/milk of mothers to
neonates. Our study also demonstrated the immunoregulatory roles of porcine TGF-f1 and
IL-4 on B cell responses of naive piglets. Based on our findings, future studies of the roles
of other cytokines and the combined effect of different cytokines on naive neonatal B cells
are important to pursue. Our findings also allow a comparison of cytokine components in
milk between pigs and humans to facilitate a better understanding of species similarities and
differences using pigs as models for human diseases.
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ELISPOT enzyme-linked immunospot

IgSC immunoglobulin secreting cells

LPS lipopolysaccharide

MNC mononuclear cells

PPD post partum day

PWD post weaning day

RV rotavirus

SIC small intestinal contents

TMB tetramethylbenzidine

Tr1l T regulatory type 1
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Cytokine concentrations in colostrum/milk and the relationship with the cytokine
concentrations in sow serum. Sows were bled at 3 days (on average) pre-partum (PPD-3)
and at PPD2, 7, 11. Colostrum/milk samples were collected at days 0, 1, 2, 3,5, 7, 9, 11 and
13 after farrowing. Open bars represent the mean cytokine concentrations in sow colostrum/
milk; triangles represent the mean cytokine concentrations in sow sera. Standard error bars
are indicted. The symbol “#” indicates significant differences in cytokine concentrations in
sow milk at different days compared to the colostrum concentration at PPD1 (Wilcoxon
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rank-sum test, p<0.05). Single asterisks indicate significant differences in the cytokine
concentrations between the sow serum and colostrum/milk at the same time point (binomial
proportion test, p<0.05). Note the differences in vertical scales among the different
cytokines. Five to six samples were tested for each time point. Spearman correlation
coefficients between the cytokine concentrations in colostrum/milk and serum were
calculated with p values <0.05 as significant.
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Cytokines in sera of suckling piglets. Piglets from 5 sows were allowed to suckle the sows
for 14 days. Blood from piglets was collected pre-suckling (PPDO0), and at PPD1, 2, 3, 5, 7,
9, 11 and 13. Open bars represent the mean cytokine concentrations in piglet sera; lines
represent the mean cytokine concentrations in sow colostrum/milk. Standard error bars are
included. The “#” indicates significant difference in cytokine concentrations in piglet sera at
different days compared to the concentration at PPD1 (IL-10) and PPD1 and 2 for other
cytokines (Wilcoxon rank-sum test, p<0.05). Asterisks indicate significant difference in
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TGF-B and IL-12 concentrations in piglet sera at different days compared to pre-suckling
concentration (PPDO). Secondary axis was used to depict IFN-y concentrations in sow serum
and colostrum/milk. Note the difference in Y scales between cytokines. Samples below
detection concentrations of the ELISA were assigned a concentration of 4 pg/ml (IL-6, IFN-
v, IL-12, IL-4 and 1L-10) or 8 pg/ml (TNF-a and TGF-). Twelve to 30 samples were tested
at each time point.
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Comparison of cytokine concentrations in sera of weaned and suckling piglets. A group of
piglets was allowed to suckle the sows for 14 days (suckling piglets). Another group of
piglets was weaned at PPD3 through PPD13 (weaning piglets). Blood from these pigs was
collected at PPD3, 5, 7, 9, 11 and 13 and the serum cytokine concentrations in the suckling
piglets were compared to those in the weaned piglets at the same days. Open bars represent
mean serum cytokine concentrations in suckling piglets. Striped bars represent mean serum
cytokine concentrations in weaned piglets. Standard error bars are included. Asterisks
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represent the significant difference in cytokine concentrations of weaned piglets compared
to the concentrations in suckling piglets of the same day (Wilcoxon rank-sum test, p<0.05).
Note the difference in Y scales between cytokines. The X-axis indicates the PPD and the
respective PWD. Six to 19 samples were available at each time point.
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Fig. 4.
Mean numbers of immunoglobulin (IgM, IgA and IgG) secreting cells induced by LPS

(open bars), rotavirus (striped bars) or mock (solid bars). Mononuclear cells purified from
the spleens of naive gnotobiotic pigs (n=5) were stimulated with LPS, RV or mock in the
presence of IL-2 or different concentrations of TGF-B1 or IL-4 for 6 days, and the IgM, IgA
and IgG antibody secreting cells were enumerated after the incubation period. The single
asterisks denote significant differences from the responses obtained in IL-2 cultures (Sign
test for matched pair, p<0.063). Vertical bars represent standard error of the mean. Note the
changes in the scales for the IgSC numbers (y-axis) for different antibody isotypes.
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Table 1

Concentrations (pg/ml) of IL-12 and TGF-B1 in serum and small intestinal contents (SIC) of neonatal piglets
derived by hysterectomy or natural birth

Delivery method Samples N IL-12 TGF-p1

Hysterectomya Serum 20 84%17 1120418
Natural birth® ~ SeUM 12 135 op, g3
Hysterectomya SIC 4 4+0 15+4

SIC 3 73 50+21

Natural birthb

aSerum and SIC samples were collected from piglets of 4 different sows, at 3-5 days after piglet derivation by hysterectomy and piglets were
maintained under gnotobiotic and colostrum-deprived conditions

b, L .
Serum and SIC samples were collected from pre-suckling piglets born naturally from 3 different sows

CMean cytokine concentration + standard error of the mean. The concentrations of IL-6, TNF-a, IFN-y, IL-10 and IL-4 in serum and SIC of piglets
derived by hysterectomy (at 3-5 days after derivation) or by natural birth (before suckling) are not shown because they were below the detection
concentrations (4-8 pg/ml). Samples below detection concentrations of the ELISA were assigned a concentration of 4 pg/ml (IL-12) or 8 pg/ml
(TGF-B).

dSingle asterisk denotes significant difference in the concentration of TGF-1 between piglets derived by hysterectomy and piglets born naturally
(Wilcoxon rank-sum test, p<0.0001)
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