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ABSTRACT Maternal vaccination represents a potential strategy to protect both the
mother and the offspring against life-threatening infections. This protective role has
mainly been associated with antibodies, but the role of cell-mediated immunity, in
particular passively transferred cytokines, is not well understood. Here, using a per-
tussis model, we have demonstrated that immunization of pregnant sows with
heat-inactivated bacteria leads to induction of a wide range of cytokines (e.g., tumor
necrosis factor alpha [TNF-a], gamma interferon [IFN-v], interleukin-6 [IL-6], IL-8, and
IL-12/IL-23p40) in addition to pertussis-specific antibodies. These cytokines can be
detected in the sera and colostrum/milk of vaccinated sows and subsequently were
detected at significant levels in the serum and bronchoalveolar lavage fluid of pig-
lets born to vaccinated sows together with pertussis-specific antibodies. In contrast,
active vaccination of newborn piglets with heat-inactivated bacteria induced high
levels of specific IgG and IgA but no cytokines. Although the levels of antibodies in
vaccinated piglets were comparable to those of passively transferred antibodies, no
protection against Bordetella pertussis infection was observed. Thus, our results dem-
onstrate that a combination of passively transferred cytokines and antibodies is cru-
cial for disease protection. The presence of passively transferred cytokines/antibodies
influences the cytokine secretion ability of splenocytes in the neonate, which pro-
vides novel evidence that maternal immunization can influence the newborn’s cyto-
kine milieu and may impact immune cell differentiation (e.g., Th1/Th2 phenotype).
Therefore, these maternally derived cytokines may play an essential role both as me-
diators of early defense against infections and possibly as modulators of the im-
mune repertoire of the offspring.

KEYWORDS pertussis, maternal immunization, neonatal immunization, passive
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ewborns are highly susceptible to infection, and infectious disease is a major cause

of human infant mortality (1, 2). This defect in host defense has been ascribed to
the immaturity of neonatal immune cells and a skewed T-helper-cell differentiation
(Th2 bias) of their immune system (3-5). However, we recently challenged this notion
and demonstrated that the presence of a transient active immunosuppression, rather
than immune cell intrinsic defects mediated by physiologically enriched immunosup-
pressive CD71+ erythroid cells, compromises neonatal host defense against infection
(6). It is possible to conclude that the course of an immune response to vaccination in
newborns is influenced by the presence of these immunosuppressor cells until they
gradually decay (7). The question is what is the best approach to protect newborns
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from the risk of vaccine-preventable diseases in the first few months of life before the
start and completion of their required vaccination regimens.

Maternal immunization using inactivated vaccines either before or during preg-
nancy might be a strategy to overcome this problem. Vulnerability of this group most
recently has been stressed with the higher mortality from pandemic H1N1 influenza in
pregnant women and fetuses than in the general population (8, 9). Universal admin-
istration of tetanus toxoid (TT) during pregnancy is the best example of how this
approach can be effectively utilized (10, 11). Vaccination with TT induces a specific
antibody response that is transported across the placenta with 100% efficiency and
provides protection against neonatal tetanus (12, 13). In addition, vaccinations against
Haemophilus influenzae type b and pneumococcal infections are other examples of
success in maternal immunization strategies (14).

It is well established that maternal antibody can effectively neutralize specific
bacterial and viral colonization that generally cannot be cleared by the innate immune
system of the neonate (15). Therefore, maternal antibody plays an essential role in
shaping the specific antibody repertoire and peripheral B cell development in the
neonate long after the maternal antibodies themselves become undetectable (16, 17).

However, the possible role of maternal cytokines/cells transferred to the fetus or the
newborn via colostrum and milk, and how these immune components could impact
the immune system development of the offspring, has not been fully elucidated.
Although cellular components of the maternal and fetal immune systems are generally
separated by the placenta, compelling evidence indicates a bidirectional transfer of
maternal and fetal cells during gestation. For example, long-term effects of noninher-
ited maternal antigens (NIMA) on immune programing have been well documented
(18, 19). Furthermore, several lines of evidence support the notion of fetal and newborn
immune imprinting. In animal models, maternal Th1 type cytokines during gestation
were shown to contribute to the reduction of experimental allergic airway disease in
the newborn (20). Similarly, in humans, maternal exposure to Th1 type cytokines during
gestation alleviates atopic sensitization of the offspring (21, 22). Intriguingly, maternal
cytokine levels (e.g., tumor necrosis factor alpha [TNF-a], monocyte chemoattractant
protein 1 [MCP-1], and interleukin-10 [IL-10]) during gestation correlate with the
newborn’s cytokine levels at up to 1 year of age (23), reinforcing the synchronized
polarization of the maternal and fetal immune systems. More recent studies indicated
higher levels of immune proteins, such as host defense peptides and cytokines, in
preterm mothers’ breast milk and the potential influence of these cytokines on the
immune system of the newborn (24).

Pertussis is a highly infectious bacterial disease caused primarily by Bordetella
pertussis and occasionally by Bordetella parapertussis. More recently, cases of Bordetella
holmesii have been identified during pertussis outbreaks that have mainly affected
adolescents (25). Pertussis has had a substantial resurgence in recent years and
continues to be a major global health concern (26, 27). Unfortunately, the highest
attack rates and pertussis-related mortality are consistently seen in young infants who
are too young to be vaccinated or who have not completed their primary immunization
series (3, 28, 29). Therefore, maternal immunization might be an effective approach in
generating an early and temporal immune response against this disease. However,
despite extensive research on this disease, the nature of protective immunity is not very
well understood.

While it is believed that antibodies play a role in bacterial toxin neutralization and
in the prevention of bacterial attachment, it has been difficult to establish a direct
correlation between serum antibody titers and protection from disease (30, 31). Thus,
other factors, such as CD4* T cells and the production of Th1-like cytokines, might play
a role in protection, particularly with the whole-cell pertussis vaccines (Pw) (32, 33).
Type 1 cytokines are strong activators of natural antimicrobial effector cells, such as
macrophages and neutrophils, which are critical for B. pertussis elimination (34, 35).
T-cell responses in immunized children, as well as in a mouse model in which protec-
tion is associated with vaccine efficacy in children, have indicated that immunization
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FIG 1 Induction of IgA (A) and IgG (B) antibodies in the serum of piglets vaccinated with heat-inactivated
B. pertussis or PBS. Piglets were vaccinated at 3 to 5 days of age and boosted 2 weeks later. Sera were
collected before challenge, and levels of antibodies were analyzed by ELISA. Each point represents data
from an individual piglet, representative of three independent experiments. Bars indicate means * one
standard error.

with Pw induces a Th1 type immune response (36). This contrasts with immunization
with acellular pertussis vaccine (Pa), which generates a Th2-biased or mixed Th1/Th2
cytokine profile (37, 38). Several reports have indicated that gamma interferon (IFN-v)
plays a critical role in innate and adaptive immunity to B. pertussis, since IFN-y~/~ or
IFN-y-defective mice developed disseminating lethal infections following challenge (39,
40). More recent studies demonstrated that both Th1 and Th17, but not Th2, cells
contribute to clearance of B. pertussis and that IFN-y has an instrumental role in
adaptive immunity to bacterial clearance (41).

To our knowledge, there is no report on the role of maternal cytokines following
vaccination against pertussis using whole pertussis vaccine, except for a recent study
using acellular vaccine. Interestingly, that study indicated that vaccine-specific cellular
response was less pronounced in pregnant women than in control women (42). In
contrast, another study has reported robust cellular immune response to inactivated
influenza vaccine during pregnancy (43). We previously demonstrated that maternal
immunity provides protection against B. pertussis in newborn piglets (44, 45). Here, we
build on our previous observations and demonstrate that in addition to maternal
antibodies, maternal cytokines play an essential role in protection against B. pertussis.
Moreover, the contribution of maternal antibody and cytokines in polarization and
programing of the newborn’s immune system is further studied.

RESULTS

Vaccination of newborn piglets with heat-inactivated B. pertussis. (i) Immuniza-
tion of newborn piglets results in elevated serum levels of B. pertussis-specific
antibodies. Newborn piglets were immunized with 1 X 10° to 2 X 10° CFU heat-

inactivated B. pertussis in order to assess protection against subsequent infection with
B. pertussis. Sera of piglets were collected prior to priming, boosting, challenge, and
euthanization and tested for the presence of B. pertussis-specific antibodies (IgA and
IgG). Significant levels of B. pertussis-specific antibodies, of both IgG and IgA isotypes,
were detected in serum from vaccinated piglets prior to challenge (Fig. 1A and B). All
vaccinated piglets displayed significantly (P < 0.0001) elevated levels of B. pertussis-
specific IgA and IgG in their sera compared to control animals (phosphate-buffered
saline [PBS] treated) at the time of challenge.

(ii) Immunization with heat-inactivated B. pertussis does not induce detectable
levels of cytokines in the serum of newborn piglets. Newborn piglets were bled 1
week postboosting, and their sera were analyzed for the presence of TNF-q, IFN-y, IL-2,
IL-12/1L-23p40, IL-6, IL-4, and IL-8. Surprisingly, these cytokines were not detected in the
serum of either immunized or control piglets at the time of challenge or euthanasia
(data not shown), demonstrating that immunization of newborn piglets with heat-
inactivated B. pertussis did not result in the induction of detectable cytokines in their
serum.
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FIG 2 Gross pathology of lungs obtained from vaccinated newborn piglets. (A) Representative lung of
piglet vaccinated with heat-inactivated bacteria, infected with 2 X 10 to 5 X 10'° CFU, and harvested
at day 4 postchallenge. (B) Lung of piglet vaccinated with PBS (control), infected with 2 X 10" to 5 X
10" CFU, and harvested at day 4 postchallenge. Results are representative of three independent
experiments.

(iii) Active immunization does not provide protection against infection with B.
pertussis in newborn piglets. Piglets of both vaccinated and control groups were
challenged with 2 X 10" to 5 X 10'° CFU of live bacteria at 24 to 26 days of age as
we described elsewhere (46-48). Piglets from either control or vaccinated groups
displayed clinical symptoms, including mild fever, nasal discharge, nonparoxysmal
cough, and breathing difficulties, as we previously showed (46, 48). There was no
significant difference in the clinical symptoms between vaccinated piglets and control
animals. In addition, postmortem investigation revealed pathological alterations, such
as hemorrhagic and necrotizing bronchopneumonia, in both animal groups at day 4
postinfection (Fig. 2A and B), demonstrating that active immunization failed to provide
protection against infection with B. pertussis in vaccinated piglets.

Vaccination of pregnant sows with heat-inactivated B. pertussis. (i) Vaccination
of pregnant sows results in high levels of serum and colostrum B. pertussis-
specific antibodies. To determine the induction of specific anti-B. pertussis antibodies
in the serum of vaccinated sows, serum was collected prior to priming, boosting, and
farrowing. As we have previously shown (44), high levels of both IgG and IgA isotypes
were detected in the serum obtained from vaccinated sows prior to farrowing (P <
0.0001) but not in the serum from control sows (data not shown). In addition, colostrum
was collected after farrowing and analyzed for the presence of B. pertussis-specific
secretory IgA (S-IgA) and IgG antibodies by enzyme-linked immunosorbent assay
(ELISA). In agreement with our previous reports (44), all vaccinated sows displayed high
levels of both IgG and S-IgA antibodies (P < 0.003), whereas these antibodies were not
detectable in colostrum from control sows (data not shown). Passive transfer of these
antibodies to newborn piglets was demonstrated by analyzing the serum of piglets
born either to vaccinated or nonvaccinated sows. As shown in Fig. 3A and B, piglets
born to vaccinated sows had significantly elevated levels of both IgA and IgG serum
antibodies (P < 0.0001). In contrast, serum obtained from piglets born to nonvacci-
nated control sows did not contain detectable levels of specific antibodies against B.
pertussis (Fig. 3).

(ii) Vaccination with heat-inactivated bacteria induces cytokine production
in sows. To assess the effect of immunization with heat-inactivated bacteria on the
induction of cytokine, serum and colostrum were collected prior to farrowing and
cytokine production was examined by ELISA. Immunization with heat-inactivated bac-
teria elicited high levels of TNF-q, IFN-v, IL-12/IL-23p40, IL-6, and IL-8 in the serum (Fig.
4) and colostrum (Fig. 5) of vaccinated sows. The highest concentration of cytokine in
serum was for TNF-q, and the lowest was for IFN-y (TNF-a > IL-12/IL-23p40 > IL-8 >
IL-6 > IFN-v). In contrast, cytokine levels in the colostrum and serum of control sows
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FIG 3 Induction of IgA (A) and IgG (B) antibodies in the serum of piglets born to either vaccinated or
nonvaccinated control sows. Sows were vaccinated at 4 weeks prior to farrowing and boosted 2 weeks
later. Sera of piglets were collected before challenge, and levels of antibodies were analyzed by ELISA.
Each point represents data from an individual piglet. Results are from piglets born to 8 different sows
(four vaccinated and four control sows) and are representative of three independent experiments. Bars
indicate means = one standard error.

were undetectable or very low (Fig. 4 and 5). Very low levels of IFN-y were detected in
the serum and colostrum of control animals; however, their levels were significantly
(P < 0.0001) lower than those in immunized sows. As shown in Fig. 5, IL-8 was
detectable in the colostrum of two control sows. Interestingly, we were not able to
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FIG 4 Induction of TNF-e, IFN-y, IL-6, IL-8, and IL-12/IL-23p40 in serum of sows either vaccinated with
heat-inactivated bacteria or treated with PBS. Sows were vaccinated at 4 weeks prior to farrowing and
boosted 2 weeks later. Sera were collected prior to farrowing. ELISA results are shown from eight
different sows and from three separate experiments, with each bar representing one sow.
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FIG 5 Concentrations of TNF-a, IFN-v, IL-6, IL-8, and IL-12/IL-23p40 in the sow colostrum. Sows were
vaccinated with heat-inactivated bacteria, and control animals were treated with PBS. ELISA results are
shown from eight different sows from three separate experiments, with each bar representing one sow.

detect any IL-4 in either colostrum or serum of vaccinated and nonvaccinated sows
throughout this study (data not shown).

(iii) Transfer of maternal cytokines to suckling piglets. In order to examine the
possibility that cytokines transfer from mother to the neonate via colostrum and milk,
piglets were bled prior to suckling, prior to challenge, and at the time of euthanasia.
Piglets born to vaccinated sows had significantly high levels of detectable TNF-«, IFN-y,
IL-12/IL-23p40, IL-6, and IL-8 in their sera prior to and after challenge (Fig. 6). The
concentrations of these cytokines were generally elevated over the course of study,
suggesting that these cytokines were constitutively transferred to the offspring. How-
ever, we cannot exclude production of some cytokines by the neonatal immune
system, since our assays are unable to distinguish between passively transferred and
actively produced cytokine in the neonate. In contrast, IL-12/IL-23p40, TNF-¢, IL-6, and
IL-8 cytokines were undetectable in the sera of piglets born to control sows, except
TNF-a was detectable in piglets born to one sow (Fig. 6). Interestingly, IFN-y was
present in the sera of piglets born to control sows prior to challenge and at the time
of euthanization. However, IFN-vy levels were significantly lower in sera of piglets born
to control sows than in sera of piglets born to vaccinated sows at the time of challenge
and euthanization (P = 0.003 and P < 0.0001, respectively) (Fig. 6). Of note, cytokine
concentrations in the sera of piglets do not correlate with their respective colostrum
concentrations. Substantially higher levels of TNF-q, IL-12/IL-23p40, and IFN-y were
observed in sera than in colostrum of piglets born to vaccinated sows, which suggests
two possible mechanisms: (i) accumulation and stability of transferred cytokines via
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FIG 6 Passive transfer of TNF-a, IFN-vy, IL-6, IL-8, and IL-12/IL-23p40 via colostrum/milk. Cytokine
concentrations were measured in sera of piglets, born to either vaccinated or PBS-treated sows, prior to
challenge (3 to 4 days old). The results shown are the means * standard errors of the cytokine
concentrations detected by ELISA. Each bar pattern represents piglets born to one sow.

suckling in the newborn, and (ii) induction of cytokines in piglets born to vaccinated
sows by unknown mechanisms.

(iv) Maternal cytokine transfer occurs via suckling. In order to determine the
source of these cytokines, piglets were bled prior to suckling, and their serum was
subjected to cytokine assays. Interestingly, no cytokines were detected in the serum of
newborn piglets born to either control or vaccinated sows prior to suckling, demon-
strating that these cytokines were transferred exclusively via colostrum and milk (Fig. 7),
which is in agreement with other studies (49). To reconfirm our observations, some
piglets born to vaccinated sows were transferred to control sows right after birth, prior
to suckling, and vice versa. We found that piglets born to vaccinated sows and then
transferred to control sows had no detectable levels of cytokines in their serum. In
contrast, piglets born to control sows and then nursed by vaccinated sows had
significantly higher levels of cytokines (TNF-e, IFN-v, and IL-6) in their serum (Fig. 7). A
similar pattern was observed for IL-12/IL23p40 and IL-8 (data not shown).

(v) Maternally derived cytokines in BAL fluid of newborn piglets. The presence
of TNF-«, IFN-vy, IL-12/IL-23p40, IL-6, IL-8, and IL-4 cytokines was assessed in the
bronchoalveolar lavage (BAL) fluids obtained from newborn piglets at days 2, 4, and 7
postchallenge. Piglets born to vaccinated sows had significantly higher levels of TNF-q,
IFN-y, IL-12/IL-23p40, and IL-8 cytokines in their BAL fluids at days 2, 4, and 7

April 2017 Volume 85 Issue 4 e01063-16

Infection and Immunity

iaiasm.org 7


http://iai.asm.org

Elahi et al.
1500 2500+
:2000-
= E
5 1000 2 15004
3 & 1000-
€ s00 [
5004
o L T 0- _ T 5
N > > <
& § £5 2 & § g& §F8
§ & $ $ S F§ § §
& & §& §5 S S NS S
N g8 98 e P “s °
Pre-suckling Pre-challenge Pre-challenge Pre-suckling  Pre-challenge  Pre-challenge
5000
4000
éaooo
§ 2000
1000
¢ >
N > >
S & NS § T
o S g8 S5
N = S

Pre-suckling Pre-challenge Pre-challenge

FIG 7 Maternal cytokine transfer occurs via suckling. Detection of cytokines in the serum of piglets born
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cytokine concentrations detected by ELISA. Each bar pattern represents piglets born to one sow.

postchallenge than piglets born to control sows (P = 0.05) (Fig. 8). In contrast, there
was no significant difference in detectable IL-6 levels between piglets born to vacci-
nated and nonvaccinated sows (data not shown). While TNF-a was not detectable in
BAL fluids from piglets born to nonvaccinated sows at these time points, there were
detectable but very low levels of IFN-y and IL-8 in the BAL fluids obtained from piglets
born to control sows (Fig. 8). Although piglets born to vaccinated sows had significant
levels of cytokines in their BAL fluid, the levels of these cytokines tended to decline by
day 7 postinfection.

(vi) Maternal immunity transiently enhances cytokine secretion by splenocytes
obtained from piglets born to vaccinated sows. To assess the potential effects of
passively transferred cytokines on induction of cytokines by the recipient’s immune
cells, splenocytes obtained from piglets born to vaccinated sows rather than the control
group were restimulated in vitro. As indicated in Fig. 9, splenocytes obtained from
piglets born to vaccinated sows produced significantly higher levels of IFN-y (P <
0.001), TNF-« (P < 0.01), IL-12 (P < 0.001), IL-8 (P < 0.001), and IL-6 (P < 0.05) at day
3 postsuckling than splenocytes from control piglets following stimulation with con-
canavalin A (ConA). In contrast, splenocytes from piglets born to control sows secreted
significantly lower levels of cytokines at the same time point following restimulation in
vitro. Interestingly, splenocytes from piglets born to vaccinated sows continued to
exhibit similar cytokine secretion capabilities even at day 5 postsuckling (data not
shown).

(vii) Maternal immunity provides protection against challenge infection with B.
pertussis in newborn piglets born to vaccinated sows. Newborn piglets born to
either vaccinated or control sows were challenged with 5 X 10° CFU of live bacteria at
3 to 5 days of age. All of the piglets born to nonvaccinated control sows displayed
severe clinical symptoms and pathological alterations similar to findings of our previ-
ously published studies (44, 46). In contrast, piglets born to vaccinated sows showed no
or significantly milder fever and respiratory symptoms (44). Postmortem examination
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FIG 8 Detected cytokine (TNF-q, IFN-v, IL-6, IL-8, IL-10, and IL-12/IL-23p40) in the BAL fluid of newborn
piglets. BAL fluid samples were collected in SS medium (15 ml) and tested for the presence of cytokines
at days 2, 4, and 7 postinfection. BAL fluid from piglets born to immunized sows had significantly higher
levels of cytokines than BAL fluid from piglets born to control sows. The results shown are the means +
standard errors for cytokine concentrations detected by ELISA from 3 separate experiments. Each bar
pattern represents piglets born to one sow.

on days 2, 4, and 7 postchallenge revealed severe pathological alterations, such as
hemorrhagic and necrotizing bronchopneumonia, in piglets born to control sows
(Fig. T0A). In contrast, pathological alterations in piglets born to vaccinated sows were
either absent or significantly reduced in size (Fig. 10B). In addition, the lung lesions from
piglets born to vaccinated or control sows were removed and quantified. As shown in
Fig. 10C, the sizes of lesions in the lungs of piglets born to vaccinated sows were
significantly reduced.

DISCUSSION

Resurgence of pertussis has been reported globally in the past 2 decades, with the
highest incidence and death rates in young infants less than 3 months of age (50, 51).
Pertussis vaccination during pregnancy offers an ideal strategy to protect the mother
and the newborn against potentially life-threatening disease (42). Therefore, better
understanding the nature of maternal immunity to vaccines is of interest not only for
the knowledge of basic mechanisms but also in designing better vaccines and imple-
menting vaccination strategies to protect the fetus, the mother, and the newborn. We
have previously demonstrated that maternal immunization may represent an alterna-
tive strategy for protecting the neonate against pertussis (44). However, so far the focus
of maternal immunization studies has been on the induction of antibodies (14). Here,
in addition to maternal antibodies, we further examined the role of maternal cytokines
following immunization. We show that vaccination with heat-inactivated B. pertussis, in
addition to antibodies, induces significant levels of mainly Th1 type cytokines which are
detectable in the colostrum/milk of vaccinated sows. Subsequently, these cytokines are
transferred into the offspring via suckling and are detected in serum and BAL fluids of
piglets born to vaccinated sows. Although the highest rate of antibody absorption from
colostrum into the piglet circulation has been shown to occur prior to the gut closure
period (49), it is not very well known whether intestinal permeability to colostral
cytokines is similar to that of colostral antibodies. It is believed that cytokines have a
very short half-life, ranging from 20 min to a few hours under physiological conditions
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FIG 9 Cytokine secretion by piglet splenocytes stimulated with ConA. Three days postsuckling, spleen
cells were isolated (from piglets born to vaccinated or nonvaccinated sows), and 1 X 10° cells/ml were
stimulated with 5 wg/ml ConA. Supernatants were collected after 48 h, and concentrations of TNF-a (A),
IFN-y (B), IL-12 (C), IL-6 (D), and IL-8 (E) were determined by ELISA. Results are representative of two
independent experiments and expressed as the means from duplicate assays from 7 piglets per group.
P values on each graph indicate statistically significant associations. Cultured cells without ConA (Med)
were used as a negative control.

(52-54). However, transfer of cytokines and leukocytes via colostrum and milk in other
animal models was reported previously (55, 56). In our studies, we observed that
vaccinated sows possess a high level of mainly proinflammatory cytokines in their
serum and colostrum/milk in addition to antibodies. Interestingly, these passively
transferred cytokines can be detected in significant levels in the serum and even BAL
fluid of suckling piglets born to vaccinated sows up to 7 days of age. Although
investigating the mechanism of cytokine absorption is beyond the scope of this study,
it is reasonable to speculate possible absorption of these cytokines even after the gut
closure period through cytokine receptors expressed on the gastrointestinal (Gl) tract
epithelium (57). Alternatively, colostral lymphocytes (CL) migrating across the epithelial
lining of the Gl tract of piglets may initiate specific positive signals into the lymphoid
system of the neonate for the release of cytokines. Our findings are consistent with a
large body of evidence from experimental animal models indicating that leukocytes in
breast milk penetrate the tissues of suckling neonates, including primates, and survive
for extended periods of time (58-60). Thus, immune cells passively transferred via milk
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Day 2 Day 4 Day 7

FIG 10 Gross pathology of lungs obtained from piglets born to vaccinated sows during pregnancy. (A)
Lung of piglet born to sow vaccinated with PBS (control) and obtained at day 4 postinfection. (B) Lung
of piglet born to vaccinated sow with heat-inactivated B. pertussis, infected with 5 X 10° CFU, and
harvested at day 4 postinfection. These are representative pictures from four vaccinated sows with the
heat-killed bacteria and four control (PBS-vaccinated) sows. (C) Lungs were harvested at days 2, 4, and
7 postchallenge, and both lesions and remaining nonlesion tissues were weighed. The size of the lesion
is expressed as a percentage of the total lung weight. These data were obtained from piglets born to
three vaccinated sows and three control sows.

may maintain their capacity to participate in the production of cytokines well after the
colostral phase of lactation is over (61). Although the distribution and function of these
cells in the body of piglets were not determined in the current study, they merit further
investigation. Additionally, intestinal epithelial cells (IEC) may contribute to the induc-
tion of cytokines and chemokines important for the recruitment and activation of
immune cells. Several cytokines and chemokines, including TNF-«, IL-1, IL-6, IL-8, IL-10,
MCP-1, and CCL20, are expressed by normal epithelial cells and are upregulated in
response to different stimuli (62, 63). Therefore, it may be possible for passively
transferred cytokines or CL to induce an inflammatory response in the adjacent
intestinal mucosa for the initiation and amplification of a mucosal response and
subsequent production of cytokines. Interestingly, these cytokines are also observed in
significant levels in BAL fluids of piglets born to vaccinated sows. It is not known how
these cytokines can be transferred into specific sites such as the lung. It is possible that
circulating cytokines and CL taken up by epithelial lining of the GI tract migrate from
the blood to other tissues, such as the respiratory tract. This has been shown for CL via
a process that occurs at the mucosal system associated with maternal lactiferous glands
and transfer of leukocytes transepithelially into the alveoli (64).

In this study, newborn piglets, in contrast to adult sows, were not able to mount a
sufficient cytokine response following immunization with heat-inactivated bacteria. The
status of cell-mediated immunity (CMI) in the newborn piglets is not clearly under-

April 2017 Volume 85 Issue 4 e01063-16

Infection and Immunity

jaiasm.org 11


http://iai.asm.org

Elahi et al.

stood. It is believed that the neonatal pig is immunocompetent; however, their gut/
mucosa-associated lymphoid tissue develops later than that of other species (64).
Furthermore, studies in both humans and mice indicated a significant limitation of
functional capacity of neonatal immune cells (65-67), possibly due to the presence of
immunosuppressive CD717 erythroid cells (6), which may account for the hyporespon-
siveness of the innate and adaptive immune repertoire of newborn piglets to mount
cytokine responses following vaccination. Therefore, it is possible to speculate that the
presence of transient immunosuppression in piglets can delay the dynamic interaction
of antigen-presenting cells with T and B cells and negatively impact the production of
soluble mediators by these cells.

Despite difficulties in defining quantitative serological correlates of protection,
increasing evidence suggests that immunity to B. pertussis is mediated by a combina-
tion of both humoral and cellular immunity (32, 33, 38). Most recent findings demon-
strate that both Th1 and Th17 cells contribute to the clearance of infection with B.
pertussis in mice and that IFN-v is an instrumental element in adaptive immunity to B.
pertussis infection (41). In agreement, our recent studies demonstrated a role for Th1
and IFN-v in disease protection against pertussis (68). Although the direct contribution
of these maternally derived cytokines to protection has not been investigated, it is
pertinent to note in this context that Th1-type cytokines are necessary for providing
optimal protection against B. pertussis (36, 40, 69-71). Of note, although our studies
were conducted using whole heat-inactivated B. pertussis cells, further studies using
acellular vaccine are required to determine whether such a cytokine response can be
detected in pregnancy. It is also important to address the potential impact of these
vaccine-induced cytokines on the mothers’ and newborns’ immune systems.

While the precise role of maternal cytokines and CL in postnatal differentiation of
immune cells (Th1/Th2 phenotype) has not been established, our results clearly dem-
onstrate skewed Th1-type cytokine profiles in piglets suckled from vaccinated sows.
Although our data indicate that this is a transient phenomenon, it merits further
investigations to determine how this type of response is initiated and whether these
animals have an advantage later in their lives in terms of immune response to different
stimuli and infections. In this context, it will be important to investigate the possible
long-term impacts of maternal cytokines (mainly Th1 type) on the newborn’s suscep-
tibility to allergic and autoimmune diseases later in life.

Despite the fact that antibodies play a key role in limiting infection and disease by
preventing initial bacterial adherence to ciliated cells in the respiratory tract (72), we
observed here that the presence of specific IgA and IgG antibodies alone failed to
provide sufficient protection following active immunization with heat-inactivated bac-
teria in newborn piglets. Surprisingly, these vaccinated piglets had levels of specific IgA
and IgG antibodies in their serum prior to challenge comparable to those of the
passively transferred antibodies in piglets born to vaccinated sows. Although our
results are in contrast to other studies demonstrating a protective role for passively
transferred pertussis-specific antibodies (73, 74), we cannot exclude the role of these
antibodies and believe that the humoral immune response is involved in several
aspects of protection against pertussis. However, our data demonstrate that pro-
tection against pertussis depends on a combination of antibody and cellular
immune response, as has been reported elsewhere (75). Our data suggest that the
presence of significant levels of passively transferred cytokines, in particular Th1 type
cytokines, in the serum and BAL fluid contributes to the antibacterial activity of
macrophages and neutrophils against B. pertussis (70). Therefore, direct cellular immune
responses to B. pertussis may be necessary for complete elimination of B. pertussis (33,
36, 37, 40).

Taken together, our findings demonstrated a crucial role for maternally derived
cytokines in providing protection against infection with B. pertussis. Moreover, since
clinical trials particularly for maternal studies are focused exclusively on antibody
responses, our findings suggest that maternal cytokines need to be considered in
evaluating the outcome of future maternal immunization studies. Our findings may
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have implications for maternal immunization policy in relation to the importance of this
approach in providing the newborn with optimal protection against infectious diseases.

MATERIALS AND METHODS

Animals. Pregnant Landrace sows were purchased from the Prairie Swine Centre, University of
Saskatchewan. Sows were induced to farrow by intramuscular (i.m.) injection of prostaglandin (Planate;
Schering, Quebec, Canada) at day 113 of gestation. Piglets were born at day 114 to 115 of gestation.
Nursing piglets were kept in the same room but in separate pens and were monitored closely. The piglets
were challenged at 3 to 5 days of age for investigating the role of maternal immunity. To study the effects
of active immunization, newborn piglets were immunized at 3 to 5 days of age. All experiments were
conducted in accordance with the ethical guidelines of the University of Saskatchewan and the Canadian
Council for Animal Care (CCAC).

Bacterial culture. Bacterial suspensions of strain Tohama | were stored at —80°C in Casamino Acids
plus 10% glycerol. Organisms were initially grown on the surface of Bordet-Gengou (BG; Becton,
Dickinson and Company) agar containing 15% (vol/vol) defibrinated sheep blood and 40 pg/ml of
cephalexin (Sigma-Aldrich) at 37°C for 72 h. After incubation, heavy inocula of bacteria were transferred
to Stainer-Scholte (SS) medium and grown aerobically at 37°C overnight as liquid cultures, as we
described elsewhere (46).

Intrapulmonary challenge. Piglets were anesthetized with isoflurane and intubated using a laryn-
goscope and an endotracheal tube, and bacteria (5 X 10° CFU) were delivered through the tube at a level
of 1.5 ml/lung craniodorsal to the bronchial bifurcation, as we have previously described elsewhere (44,
46, 47).

Collection of samples. Colostrum and milk samples were collected and the solid fraction was
removed by adding a rennet tablet (125 ug/ml; Redco Foods, Inc., Windsor, CT). Samples were stirred and
incubated for 3 to 4 h at 37°C for clot formation. In order to collect the whey, samples were centrifuged
at 3,000 rpm for 20 min. This resulted in the formation of three layers, the top layer (fat), the middle layer
(whey), and the bottom solid layer. The middle layer was carefully removed and stored at —20°C until
use. Sows were bled prior to priming, boosting, and farrowing. Newborn piglets were bled before
suckling, at the time of challenge, and prior to euthanization. Serum was collected from the blood
samples and stored at —20°C until used.

Vaccination of pregnant sows. Pregnant sows were prescreened prior to vaccination by measuring
IgA and IgG antibodies against B. bronchiseptica that could cross-react with B. pertussis. Selected sows
were vaccinated i.m. in each side of the neck (trapezius muscle) behind the ear with 2 X 107 CFU of
heat-inactivated B. pertussis (by heating at 56°C for 60 min; inactivation was confirmed by plating onto
BG plates). The same B. pertussis strain (Tohama I) in 2 ml of PBS without adjuvants was used as the
vaccine. At the same time, sows were also fed with the same number of heat-inactivated bacteria. Control
sows received PBS instead. Sows were boosted after 2 weeks in the same manner.

Vaccination of newborn piglets. Piglets at 3 to 5 days of age were vaccinated (i.m.) in one side of
the neck (trapezius muscle) behind the ear with 2 X 108 CFU of heat-inactivated B. pertussis in 1 ml of
PBS. Piglets were boosted after 2 weeks in the same manner. Adjuvants were not added to the vaccine,
and control piglets received PBS instead.

Prescreening of sows for mastitis. Selected sows had no clinical signs of mastitis, and subclinical
mastitis was monitored by performing colostrum/milk cell count (cytospin) and bacterial culture onto
blood and Luria-Bertani (LB) agar plates.

Cytokine secretion by splenocytes. Splenocytes (2 X 108/ml) were cultured at 37°C and 5% CO, in
24-well plates and stimulated either with 5 ug/ml of heat-inactivated bacteria or 5 ug/ml of ConA for 48
h. The culture supernatants were collected and stored at —20°C until they were used for detection of
cytokines, including IFN-y, TNF-q, IL-12, IL-10, IL-8, and IL-6, by ELISA.

B. pertussis-specific ELISA. Polystyrene microtiter plates (Immulon 2 HB; Dynex Technologies,
Chantilly, VA) were coated with 2 ug/ml of sonicated heat-inactivated B. pertussis and incubated with
serially diluted serum. Alkaline phosphatase-conjugated goat anti-pig IgG (1:5,000 dilution; Kirkegaard
and Perry Laboratories, Gaithersburg, MD) was used to detect B. pertussis-specific IgG. Mouse anti-pig IgA
(1:300 dilution; Serotec) was used to detect B. pertussis-specific IgA in samples. The reaction was
amplified using biotinylated goat anti-mouse 1gG (1:5,000 dilution; Zymed). Detection was carried out
using streptavidin peroxidase (1:5,000 dilution; Jackson Laboratories), and the reaction was visualized
with p-nitrophenyl phosphate (PNPP; Sigma-Aldrich). B. pertussis-specific antibody titers were deter-
mined using Microplate Manager 5.0 (Bio-Rad Laboratories Ltd.) with the assay read at 450 nm using a
microplate reader (Bio-Rad Laboratories Ltd.).

Detection of cytokine levels by ELISA. Concentrations of porcine IFN-y, TNF-¢, IL-6, IL-8, IL-10, IL-4,
and IL-12/IL-23p40 were measured in serum, colostrum, and BAL fluid using a capture sandwich ELISA.
Immulon 2 HB 96-well plates were coated with anti-porcine IFN-y (0.5 wg/ml), anti-porcine TNF-« (1
ng/ml), anti-porcine IL-6 (1 wg/ml), anti-porcine IL-8 (2 ug/ml), anti-porcine IL-10 (1 wg/ml), and
anti-porcine IL-4 (1 ng/ml), and Nunc Immulon 96-well plates were used for anti-porcine IL-12/IL-23p40
(2 ng/ml) (all from R&D Systems) overnight at 4°C. Prior to use, the plates were blocked with PBS-1%
bovine serum albumin (BSA) for 1 h at room temperature (RT). Samples were added to the wells in a
volume of 50 ul plus 50 wl of PBS-1% BSA and incubated for 2 h at RT. The reaction was amplified with
biotinylated monoclonal antibodies to porcine IFN-y (1 wg/ml), IL-12/IL-23p40 (250 wg/ml), TNF-a (250
png/ml), IL-6 (0.2 wg/ml), IL-8 (25 wg/ml), IL-4 (50 ng/ml), and IL-10 (100 wg/ml) (all from R&D Systems).
Plates were incubated for 1 h at RT. Detection was carried out with peroxidase-conjugated streptavidin
(1:5,000; Jackson Laboratories) following 60 min of incubation at RT, and the reaction was visualized with
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PNPP (Sigma-Aldrich). Standard curves were generated using recombinant porcine IFN-y and IL-12/IL-
23p40, IL-6, IL-8, IL-4, IL-10, and TNF-a (R&D Systems).

Statistical analysis. All outcome data from this study followed nonnormal distributions. To account
for this outcome, data were ranked and then analysis of variance (ANOVA) or Student’s t test was used
to detect differences among the experimental groups. The distribution of the ranked data and the
residuals from each ANOVA were consistent with the assumptions of procedure. If there were more than
two experimental groups in the analysis and the ANOVA was significant, the means of the ranks were
compared using Tukey's test. Probabilities less than or equal to 0.05 were considered significant.
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