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Summary
The development of equine immunity from the fetus to adulthood is complex. The foal’s immune response and the immune mechanisms that they are
equipped with, along with changes over the first months of life until the immune system becomes adult-like, are only partially understood. While several
innate immune responses seem to be fully functional from birth, the onset of adaptive immune response is delayed. For some adaptive immune parameters,
such as immunoglobin (Ig)G1, IgG3, IgG5 and IgA antibodies, the immune response starts before or at birth and matures within 3 months of life.
Other antibody responses, such as IgG4, IgG7 and IgE production, slowly develop within the first year of life until they reach adult levels. Similar
differences have been observed for adaptive T cell responses. Interferon-gamma (IFN-γ) production by T helper 1 (Th1)-cells and cytotoxic T cells starts
shortly after birth with low level production that gradually increases during the first year of life. In contrast, interleukin-4 (IL-4) produced by Th2-cells is almost
undetectable in the first 3 months of life. These findings offer some explanation for the increased susceptibility of foals to certain pathogens such as
Rhodococcus equi. The delay in Th-cell development and in particular Th2 immunity during the first months of life also provides an explanation for the
reduced responsiveness of young horses to most traditional vaccines. In summary, all immune components of adult horses seem to exist in foals but the
orchestrating and regulation of the immune response in immature horses is strikingly different. Young foals are fully competent and can perform certain
immune responses but many mechanisms have yet to mature. Additional work is needed to improve our understanding of immunity and immune regulation
in young horses, to identify the preferred immune pathways that they are using and ultimately provide new preventive strategies to protect against
infectious disease.
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Introduction

Immune responses of neonatal and young foals are different from adults.
Although basic immune components and mechanisms are similar in foals
and adult horses, the regulation of immunity and responses to pathogens
or vaccination are markedly different. Various specific immune parameters
influence the different outcomes of immunity in young foals including
reduced antibody [1–3] and T cell responses [4] as well as modified
cytokine profiles to most pathogens and antigenic stimuli compared with
adult horses [4–7]. The differences in the foal’s responsiveness to immune
stimulation have sometimes been interpreted as an ‘immunodeficiency’.
This conclusion can certainly be defended when comparing foal immunity
to the quantitatively much higher adult immune response to the same
antigens. However, similar differences between young and adult immunity
have been observed in various mammalian species [8–11] suggesting that
a reduced responsiveness to pathogens and immune stimulation early in
life can be a necessary survival strategy of mammals and not a defect.
Therefore, we recommend that the foal’s immune system be considered
immature but capable and not deficient.

Taking the evolutionary success of the horse into consideration, it can be
assumed that there are good reasons for an immature immune response
early in life. One reason could be the high load of novel antigens that the
neonatal foal is exposed to after birth. Coming from the much protected,
low antigen exposure in utero, the foal is born into an environment with
high antigenic pressure. After birth, the neonatal immune system is

suddenly confronted with a wide variety of environmental antigens,
commensal bacteria, parasites and sometimes virulent pathogens – all
primary exposures. In a very short amount of time the foal’s immune
system has to learn to recognise pathogens but also tolerate commensals
and harmless environmental and food antigens. In addition, the young
foal’s immune system has to manage a high degree of growth and cell
proliferation during the first year of life. From an immunological
perspective, the high environmental antigenic pressure after birth and
demand for controlled cell proliferation while the young horse is growing
both require very well established immune regulatory mechanisms.
Effective immune regulation and tolerance are likely crucial mechanisms
early in life to control inflammatory reactions and prevent malfunctioning
of cell proliferation and growth. It is thus not surprising that the
development of the young foal’s immune system requires a high level of
immune regulation and differs from the adult horse.

Significant problems arise when we try to protect foals from infectious
diseases. Neonatal vaccination is a challenging task. Young foals respond
poorly to available vaccine formulations, developed for adult horses, as
indicated by delayed or weak adaptive immune responses to vaccination
against different pathogens [12–19]. The design of vaccines that induce
immunity and protection in very young foals likely requires a better
understanding of the immune response of foals to relevant equine
pathogens. The identification of specific mechanisms leading to robust
immune responses early in life can result in new vaccination strategies that
specifically trigger and optimise immunity in young foals.
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What do we currently know about the immune response of foals? This
review article will focus on the foal’s immunity from birth to the first year of
life, immune components in colostrum and milk, the onset of both cellular
immunity and antibody production in healthy foals, including the effect of
weaning on the immune system.

Colostrum/passive transfer

The epitheliochorial placentation of the mare prevents transfer of
immunoglobulins (Igs) in utero to the fetus. Therefore, protection against
environmental opportunistic pathogens is provided to the foal through the
ingestion of Igs in the colostrum as soon after birth as possible. The Ig
transport from the mammary gland to the colostrum and through the
neonatal foal’s gut is mediated by a transiently expressed specific IgG
receptor, called neonatal Fc-receptor (FcRn), which is conserved
throughout mammals [20,21]. As the ability of the foal to absorb intact Igs
dissipates and the mare’s colostrum turns to milk 12–24 h after foaling
[22], timely passive transfer is important for the prevention of sepsis and
neonatal survival [23]. An emphasis has been placed on Ig transfer.
However, other maternal immune components such as maternal immune
cells and cytokines, are also transferred to neonates with the colostrum
and likely play significant roles in neonatal immune induction, protection
against pathogens and in priming immune system development.

Antibodies in colostrum
Immunoglobulin G is the most abundant in equine colostrum while IgA is a
minor colostrum component [1]. Horses have 7 different IgG isotypes with

different immunological functions [24]. The current IgG isotype
nomenclature for the horse (IgG1–IgG7) is based on the designation of the
Ig heavy chain constant region genes (IGHG1–IGHG7) [24]. The original and
current Ig nomenclatures are outlined in Table 1. Compared with mare
serum, almost all IgG isotypes, IgA and IgE are enriched in colostrum
(Table 2). IgG4/7 represents the major subclass in serum of adult horses
and in colostrum and has been suggested to play an essential role in
protection against bacterial and viral infections [25–27]. However, IgG1,
IgG3/5 and IgA are also substantially enriched in the colostrum (Table 2),
can mediate important immune functions and contribute to the overall
protection of the neonate from disease (Table 1). The importance of
maternal antibody transfer has been thoroughly investigated [23,28] and
many sick foals presented to neonatal intensive care units have partial or
complete failure of passive transfer [23]. Vaccination of mares against
various pathogens including, but not limited to, influenza, tetanus and
rotavirus, increases the transfer of antigen-specific IgG to foals with the
colostrum [15,28–30]. For diseases that can be prevented by pre-existing
neutralising antibodies, like tetanus, sufficient concentrations of
maternally derived antibodies are fully protective for the newborn foal. For
intracellular pathogens, such as Rhodococcus equi, neutralising antibodies
also have protective effects [27] but on their own are not fully protective.

Cytokines in colostrum
Cytokines are potent immune response modulators. Prior to colostrum
ingestion and absorption, healthy neonatal foal serum does not contain
detectable amounts of the cytokines interleukin-6 (IL-6) and tumour
necrosis factor-α (TNF-α). However, they have been measured in equine
colostrum and foal serum post suckling [31,32]. The concentrations of

TABLE 1: Immunoglobulin (Ig) nomenclature and functions in adult horses

Ig Isotypea

Basic immune function
Increased Ig isotypes after infection and/or
association with protection from infectious diseasesOriginal nomenclature Current designation

IgM IgM Complement activationa Primary immune response

IgD IgD Unknown Unknown

IgGa IgG1 Complement activationb:
IgG1, IgG4/7, IgG3
Fc-receptor bindingb:
IgG1, IgG4/7, IgG3/5
Staphylococcal protein A bindingb:
IgG1 > IgG3 > IgG4 > IgG7 > IgG2 = IgG5 > IgG6
Streptococcal protein G bindingb:
IgG1 = IgG4/7 > IgG3 > > IgG2 = IgG6

IgG1 and IgG4/7: Influenzac, EHV-1d–g, EHV-4h, R. equii,j

IgG3/5: tetanus toxoidk, pneumococcusa, nematodesl,
Theileria equi (IgG3)m

IgG2

IgG(T) IgG3

IgGb IgG4

IgG(T) IgG5

IgGc IgG6

IgGb IgG7

IgE IgE Binding to high and low affinity IgE receptor on equine
cellsn

Parasite immunityn

Allergic responsesn

IgA IgA Neutralisation and IgA receptor bindingo Mucosal immunitya,o

References in table: a[24]; b[42]; c[26]; d[44]; e[45]; f[74]; g[75]; h[76]; i[27]; j[16]; k[25]; l[77]; m[78]; n[79]; °[80]. EHV-1 = equine herpesvirus-1.

TABLE 2: Normal immunoglobulin (Ig) concentrations (mg/ml) in adult horse and foal serum, colostrum and milk

IgM IgG1 IgG4/7a IgG3/5a IgG6 IgE IgA

Adult serum 1.1 ± 0.4b,c 3.4 ± 2.0d 19.6 ± 6.5d 4.0 ± 2.5d 0.2 ± 0.1d 0.08 ± 0.09e 0.4 ± 0.3d

Colostrum 1.23 ± 0.32b 82.0 ± 44.0d 183.0 ± 38.0d 44.0 ± 25.0d 0.3 ± 0.1d 0.773e 9.0 ± 3.0d

Foal serum

Presuckle NA 0.03 ± 0.03d NDd NDd NDd ND e NDd

Day 1 p.p. NA 10.0 ± 2.0d 29.0 ± 3.6d 4.8 ± 2.9d NDd 0.261e 0.4 ± 0.1d

Day 63 p.p. NA 14.3 ± 5.0d 8.5 ± 3.1d 3.8 ± 1.4d NDd 0.1 ± 0.1d

Milkd

Day 1 p.p. NA 1.6 ± 1.0 3.1 ± 1.6 0.8 ± 0.6 0.06 ± 0.06 NA 0.3 ± 0.1

Day 7 p.p. NA 0.7 ± 0.3 0.9 ± 0.4 0.3 ± 0.2 ND NA 0.7 ± 0.2

Day 14 p.p. NA 0.4 ± 0.2 0.5 ± 0.3 0.2 ± 0.1 ND NA 0.7 ± 0.2

Day 63 p.p. NA 0.08 ± 0.1 0.1 ± 0.06 0.06 ± 0.04 ND NA 0.6 ± 0.2

aIgG4/7 represents the former IgGb subclass of the horse and IgG3/5 the former IgG(T) subclass. Monoclonal antibodies to IgG4/7 or IgG3/5 recognised both
isotypes. Data were obtained from b[40]; c[81]; d[1]; e[3]. Concentrations are given in mean ± s.d.; NA = not available; ND = not detectable; p.p. = post partum.
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these cytokines in foal serum post suckling vary widely with a 200- and
2500-fold difference between the minimum and maximum values for IL-6
and TNF-α, respectively. TNF-α was not associated with IgG concentrations
in the post suckle foal serum [31,32]. However, IL-10 was not detected in
either healthy mare serum or colostrum around the time of foaling [32].
With both TNF-α and IL-6, both inflammatory cytokines, being present in
the colostrum and IL-10 being absent, these preliminary results suggest
that cytokine transfer to the foal through colostrum is selective and
promotes an inflammatory response, possibly to increase overall immune
alertness directly after birth. However, the role maternal passively
transferred cytokines play in neonatal immune development is currently
poorly understood. In clinical cases interpretation of the cytokine
concentrations must also consider passive transfer and not simply
production by the foal in response to infection and/or inflammation.

Maternal cells in colostrum
Intestinal uptake of colostral leucocytes has been documented in calves
[33], lambs and pigs [34] and may occur in a similar manner in the foal.
Maternal cow cells enter circulation and peak trafficking occurs 12–24 h
after ingestion and cells disappear from the neonates’ blood by 36 h post
ingestion [35]. Maternal lymphocytes might migrate to secondary
lymphoid tissues where they may provide direct protection to the neonate
or initiate adaptive immune responses. Our laboratory recently described
the phenotypic characteristics and cytokine secretion of colostral immune
cells and mare peripheral blood mononuclear cells (PBMC) at the time of
foaling. Equine colostrum contains mostly CD4+ and CD8+ lymphocytes
with a few B cells. CD8+ cytotoxic T cells were significantly enriched in the
colostrum compared with mare PBMC. Colostral T cells stimulated in vitro
produced mainly interferon (IFN)-γ and IL-17 and only low amounts of IL-4
and IL-10, while stimulation of PBMC from the same mares resulted in
higher IL-4, IL-10, similar IFN-γ and lower IL-17 production. The phenotypic
and functional difference in the immune cells between the mare’s blood
and the colostrum suggests that cytotoxic T cells and IFN-γ and IL-17
producing Th-cell subsets are transferred to the colostrum in a selective
process [36]. These new findings warrant further investigation of the
potential roles of maternal T cells in providing passive cellular immunity,
activating or modulating early immune recognition and perhaps immune
development in neonatal foals.

Milk and local protection in gut – what do
we know about milk in horses?

In addition to the dominating IgG antibodies, IgA is also present in equine
colostrum as a minor component [1]. The transport mechanism for IgA into
the mammary gland is currently unknown. Colostrum and milk IgA could
be of maternal serum origin and/or be locally produced by plasma cells in
the mammary gland. By 1–2 weeks post partum, the IgG concentrations in
the milk decrease and IgA becomes the most abundant isotype in the
mare’s milk (Table 2). The colostrum IgA is absorbed and results in post
suckle serum IgA in foals [1,2,37]. By about 3 weeks of age the maternal
IgA has dissipated and the foal’s serum concentration is low. Endogenous
serum IgA production is detectable at about 1–2 months of age [1,2,38].
The milk IgA concentration remains constant at around 0.06–0.8 g/l
depending on the reference cited [1,37] and is presumed to provide
continuous local gastrointestinal passive protection.

Adaptive immunity

Foals at birth are immunologically naïve to environmental antigens and
thus lack adaptive immunity, such as preformed pathogen-specific
antibodies, B and T cell memory and effector cells. Consequently, they are
highly susceptible to respiratory and intestinal pathogens, like R. equi,
rotavirus and others, many of which rarely occur in adults and only as
opportunistic pathogens [16,23,38].

Antibody production in foals
Antibody production begins in utero. Neutralising antibodies are produced
by the equine fetus when antigens are injected after 200 days of gestation

[39]. During normal pregnancy, the immune system of the equine fetus
produces both IgM [40] and IgG1 [1] and therefore both isotypes are
detected in serum from healthy neonates before they suckle colostrum
(Table 2). The production of IgM and IgG by the foal continues after birth.
However, the naïve immune system of the neonatal foal needs maternal
support during the first weeks of life [23,41]. Nevertheless, the antibody
profile of young foals shows certain differences from adult horses. Adult
horse serum contains predominantly IgG4/7, with moderately high
concentrations of IgG3/5 and IgG1. Initially, the Ig constituents of foal
serum post colostrum suckling mirror those of the mare’s colostrum. Then,
the foal total serum immunoglobulin concentration declines as the
maternally transferred IgGs are utilised and degrade with the half-life for
IgG1, IgG4/7 and IgG3/5 of 18, 32 and 21 days, respectively [1]. Once the
total immunoglobulin concentration in foal serum reaches a nadir, the
subsequent increase in IgG isotypes is endogenous. However, what cannot
be determined from this extrapolation is the exact time point at which the
foal started producing IgG, except in the case of IgG1 which is produced
before birth [1].

Studies comparing the immunoglobulin isotype composition in foal
serum reported reduced IgG4/7 concentrations during the first year of life
[1,2]. IgG4/7 is the subclass with the highest concentration in adult horse
serum [1,2]. Foal endogenous IgG4/7 was first detectable by 16–20 weeks
and increased slowly during the first year of life [2]. In contrast,
endogenous IgG1, IgG3/5 and IgA were detectable in foal serum within the
first 5–8 weeks of life. Foal IgG1 increased by 2–3 months to concentrations
3-fold higher in foal than in adult serum. Immunoglobin G4/7
concentrations in foal serum were lower than those of IgG1 and IgG3/5
between 12 weeks and 8 months and were also still below adult IgG4/7
serum concentrations by one year of age [2]. However, the immune
mechanisms mediated by IgG1, IgG4/7 and IgG3/5, such as complement
activation, Fc-Rn interaction and binding to bacterial cell wall components,
overlap widely [42] (Table 1). Therefore, the delay in IgG4/7 antibody
production may be compensated functionally by the higher circulating
IgG1 and adult-like IgG3/5 concentrations which are detectable as early as
2 months of age (Table 2, Fig 1). It should be emphasised that endogenous
antibody production in foals was measured in all studies as an increase in
addition to residual maternal antibodies and therefore, the true onset of
antibody production in foals is earlier. Foal antibody production starts
before birth for IgG1, shortly after birth for IgG3/5 and IgA and likely begins
at around 5 weeks of age for IgG4/7 (Fig 1).

Immunoglobin E is also enriched in and transferred with the colostrum
and maternal IgE is detectable shortly after colostrum uptake in foal serum
and on foal leucocytes. By 2–3 months of age, IgE or IgE positive cells are
no longer detectable in the foal’s circulation. Once maternal IgE
concentrations wane, foals lack endogenous IgE in their serum and bound
to IgE-receptor on the surface of white blood cells, including basophils for
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Fig 1: Maternal (mat) immunoglobin (Ig)Gs and onset of IgG production in foals. The
figure is based on data from Sheoran et al. (2000) and Holznagel et al. (2003) [1,2].
Antibodies were measured in foal serum before and after birth and in colostrum and
data are accumulated in this figure. The onset of IgG1 (IgGa), IgG3/5 (IgG(T)) and IgG4/7
(IgGb) production was extrapolated based on the time points when these isotypes
were first detectable on top of the residual maternal antibodies which were
transferred to the foals with the colostrum. IgG1 is routinely detectable in serum of
foals before colostrum uptake.
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a few months [3]. Endogenous IgE production was detected as early as 6
months of age in some Icelandic horses [43] and by 9–11 months of age in
Thoroughbreds [3]. Although there is still no direct evidence for a link
between the regulatory pathways that result in the synthesis of IgG4, IgG7
and IgE, the class switch recombination events leading to production of
these 3 isotypes could be directly or indirectly suppressed for several
months early in life whereas the immune mechanisms leading to IgM, IgG1,
IgG3, IgG5 and IgA production seem to be fully intact.

In summary, neonatal and young foals are highly proficient in producing
IgM, IgG1, IgG3, IgG5 and IgA antibodies but their production of IgG4, IgG7
and IgE isotypes is reduced and/or delayed compared with adult horses.
Young foals preferentially produce certain isotypes such as IgG1, IgG3 and
IgG5 and these isotypes are the quantitatively dominating IgGs in the
serum between 3 and 8 months of age. Based on these findings, it can be
concluded that B cell activation and class switching to IgG1, IgG3 and IgG5
occur, and that IgG1, IgG3 and IgG5 producing plasma cells develop during
the first 2–3 months of life resulting in adult-like or even higher serum
concentrations of these IgG isotypes. It is thus surprising that young foals
mount negligible antibody titres after vaccination with approved horse
vaccines and begs the question, what could cause the low antibody
response of young foals to these vaccines?

Maternal antibody interference
Maternal antibodies have been implicated in the reduced antibody
response to vaccination in foals less than 6 months of age [12,13,15].
However, control groups consisting of foals that did not receive maternal
antibodies were lacking. There is only one study investigating foals that
naturally suckled colostrum or received additional colostrum and included
2 foals that were colostrum-deprived. The serum fraction that primarily
consists of antibodies, γ-globulin concentrations were similar in all groups
from 2 to 12 months of age. The onset of γ-globulin production was
comparable between groups and the ability to produce γ-globulin was
estimated to begin very soon after birth. One of the colostrum-deprived
foals developed joint swelling and hindlimb oedema at one month of age.
This foal showed a rapid increase in serum γ-globulin which can be
interpreted as an antibody response to infection, while the other
colostrum-deprived foal showed a more steady increase of γ-globulin
between 3 weeks and 4 months of age [28].

There are various studies that have measured influenza or
tetanus-specific antibody responses in foals after vaccination. Foals born
to vaccinated mares and that received maternal antibodies with colostrum
were vaccinated with approved vaccines at different times after birth
[12,13,15]. Repeated vaccination at 6 weeks, 10 weeks and 3–5 months of
age produced no detectable serum antibodies to influenza antigens at 4
months after the last vaccination [13]. Most, but not all foals, responded to
the vaccine when vaccinated first at 6–8 months of age and after maternal
antibodies had virtually disappeared [13]. Vaccination of 2 foal groups at
12, 16 and 32 weeks or 24, 28 and 44 weeks of age with the same influenza
vaccine resulted in a detectable antibody increase after the third
vaccination and foals that were vaccinated using the latter schedule had
higher and longer lasting antibody responses [12]. Similarly, vaccination of
foals at 6 months of age with a different influenza vaccine and against
tetanus induced an increase in antibodies, while vaccination starting at 3
months of age required several booster vaccinations until an antibody
increase was measured [15]. Because these studies did not have control
groups consisting of colostrum deprived foals or foals that received
colostrum from mares that had not been vaccinated with the pathogen of
interest, they do not provide sufficient evidence to support that maternal
antibodies interfere with the antibody response to vaccination in foals.
Although high concentrations of maternal antibodies could have some
suppressive effect on B cell development in very young foals, the poor
response to vaccination could also be related to the development of the
immune system of the foal itself.

Considering the newer data showing that foals can produce IgG1 before
and IgG3/5 antibodies shortly after birth and mount total IgG1 and IgG3/5
serum concentrations by 2–3 months of age that are higher or as high as
those in adult horses [1,2], the reduced antibody response to vaccination
in young foals could also reflect a more complex difference in the foal’s
immune response to specific vaccine formulations. Almost all approved
vaccines have been optimised to induce immunity in adults and do not

take the specific properties of the neonatal immune system into account.
For example, various groups have reported that certain cytokine and
Th-cell responses are reduced in young foals (see below) [4–6]. These
cellular immune responses are, however, important to induce B cell
activation and antibody production. It also seems to be discrepant
that pre-existing maternal antibodies in foals should be able to inhibit
antibody production, while pre-existing antibodies in an adult horse do not
interfere with vaccination as long as the adult horses are not
hypervaccinated. In other words, a vaccine boost in a normal adult horse
will result in an antibody increase in addition to pre-existing antibodies to
the same pathogen [44,45]. Very likely the reasons for the low antibody
response of young foals to traditional vaccine formulations, are more
complex than just a passive or inhibitory interference of maternal Ig
with endogenous antibody production and differences in adult and foal T
cell responses may contribute to the poor outcomes of vaccinating young
foals.

T cell immunity

Cytokines produced by different Th-cell subsets play major roles in
regulating adaptive immune response to infectious disease and
vaccination and cytokine expression in foals during the first year of life
differs from adults [4,6,7,16]. Specifically, T cell and cytokine responses are
reduced and delayed in foals for 3 months to one year after birth [4,6,46].
Despite the overall quantitatively reduced cytokine response compared
with adult horses, cellular immune responses of young foals are
Th1-biased and Th2 responses are barely detectable for an extended time
after birth [4]. Interferon-γ production by Th1 and cytotoxic T cells is
detectable a few days after birth and increases gradually with age [4,6]
(Figs 2a and c). In contrast, IL-4 production by Th2 cells is almost absent for
at least the first 3 months of life [4] (Figs 2b and c). Since Th2-dependent B
cell activation is a major pathway in adults to induce high antibody
concentrations in response to vaccination, the virtually absent Th2
pathway in young foals provides another possible explanation for the low
responsiveness of foals to classical vaccines. As outlined in the previous
section, foals produce high amounts of IgG1 and IgG3/5 early in life while
they are still responding poorly to conventional vaccination. It is thus likely
that Th-independent immune mechanisms (alternative pathways) are
important for the observed IgG antibody production early in the foal’s life.

There is some controversy in the current equine literature about Th-cell
responses of the neonatal and young foal. Some authors suggest that foals
are IFN-γ deficient [6] or that the immune system exhibits a Th2-bias
[5,17,47]. However, foal Th1 and Th2 cells were not determined in these
studies. While the total IFN-γ production in foals is certainly decreased
compared with adults, the conclusion on a Th2-biased immune response
might have been extrapolated from a paradigm in neonatal mice. Murine
neonates have a Th2 dominated immune response, although strong Th1
responses can be induced depending on the experimental conditions
[48,49]. However, not all mammalian species are the same. Data from
human neonatal T cells does not support the conclusion that T cells are
Th2 polarised and rather point towards a Th1 or Th0 type response in
human neonates [50,51]. Only one study has compared neonatal and
young foal Th1- and Th2-cell responses by actually evaluating intracellular
IFN-γ and IL-4 in T cell subsets and not just by measuring overall cytokine
production in PBMC. This work showed that young foals have an impaired
Th2 response, are Th1 biased, can produce IFN-γ via Th1 and CD8+

cytotoxic T cells and that regulatory IL-10 production by T cells is
developmentally mature in foals [4]. Thus, the discrepant conclusions on
Th-cell immunity in foals in the equine literature are likely due to the fact
that most available studies measured cytokine mRNA expression or the
response of a single cytokine, most frequently IFN-γ, without taking the
originating cell types or both, Th1 and Th2, responses into account.
Cytokines can be produced by a variety of immune cells, not just Th-cells.
For example, IFN-γ can be secreted by Th1-cells, cytotoxic T cells
[4,46,52,53], γ/δ T cells [54] or by innate immune cells such as natural killer
cells [55] and possibly other cell types depending on their activation status.
Interleukin-4 is produced by Th2-cells [56] but also in high concentrations
by activated basophils and mast cells [57–60]. In the peripheral blood of
healthy neonatal foals, an activated basophil population secreting high
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concentrations of IL-4 is routinely detectable after birth [7]. Interleukin-4
expression by foal basophils may have been picked up in mRNA expression
studies and was then mistakenly interpreted as a Th2 response of foals.
Nevertheless, it can be postulated that the basophil-derived IL-4 has an
immune stimulatory function early in the foal’s life. The latter statement
still requires experimental proof in foals. More recent data from mice

provide evidence that B cell activation and antibody production can be
effectively initiated by innate immune cells including mast cells and
basophils [61].

Despite the obvious differences in cellular immune responses between
foals and adult horses, the majority of the foals in the horse population are
healthy. This suggests that their developing immune system is able to
adequately respond to almost all environmental exposures. However, foals
are more vulnerable to certain pathogens and their immature immune
system is likely one reason for the increased susceptibility to infection. Two
foal diseases i.e. R. equi and equine herpesvirus-1 (EHV-1) serve as
examples to outline the differences between foal and adult horse immunity
and disease outcomes.

The inability of foals to respond to infection with adult-like T cell
responses and especially with quantitatively comparable IFN-γ production,
has been put forward as the reason for the increased susceptibility of foals
to intracellular pathogens such as R. equi [5,6,18,62]. The ability of R. equi
to cause severe pneumonia depends on a virulence plasmid within the
bacteria. Infection of foals with a plasmid-cured R.equi derivate or the
virulence plasmid-containing R.equi strain showed that the products of
the virulence plasmid increase inflammatory cytokines mRNA expression
in the lung tissue and decrease local IFN-γ mRNA expression in lung CD4+
cells [63]. Infection with R. equi can cause severe respiratory disease in
some foals but minimal or no clinical signs in adult horses which generally
mount a higher IFN-γ response to this opportunistic pathogen in both their
Th1 and cytotoxic T cell populations [52]. However, foal innate immune
cells, such as monocyte-derived dendritic cells, respond to infection with
virulent R. equi with increased IL-12 mRNA expression compared with cells
from adult horses [64]. Foal PBMC also showed a clear upregulation of IFN-γ
mRNA, decreased IL-4 gene expression and greater IFN-γ/IL-4 transcript
ratios in response to R. equi infection compared with adult horses [65],
which is in agreement with the finding that Th-cells of young foals can
generally produce IFN-γ but have a substantially reduced capacity to
develop into IL-4 producing Th2-cells [4]. The increased innate immune
response, the intact IFN-γ biased R. equi-specific response and overall
Th1-biased immune response of young foals may offer an explanation for
the observation that many foals develop only mild or subclinical disease
after exposure to R. equi.

Interferon-γ production in response to infection with another
intracellular pathogen, EHV-1, was also almost undetectable in foals but
increased with age [46]. Equine herpesvirus-1 infection causes transient
fever, depression and mild respiratory disease, while severe outcomes or
neurological signs are rarely seen in foals. Most adult horses have some
level of immunity to EHV-1 infection because of either previous infection
and/or vaccination. Nevertheless, more severe outcomes including fatal
neurological disease can occur in adult horses [66,67]. After EHV-1
infection, IFN-γ producing cells in foals and young horses were identified as
mainly CD8+ cytotoxic T cells. In older horses, the EHV-1 specific T cell
response shifted towards a CD8- phenotype resulting in a clear decrease in
IFN-γ producing EHV-1-specific cytotoxic T cells [46]. Overall, the
phenotypic variations in IFN-γ producing effector T cells are believed to
offer some explanation for age-dependent differences in susceptibility to
severe clinical disease induced by R. equi in foals or EHV-1 in adult horses.
These 2 examples indicate that cytokine production and T cell
development in foals vary depending on the pathogen. Because the
cytokine network is complex and interactions between immune cells can
be manifold, a better understanding of cytokine production by different
innate and adaptive immune cells, their functional effects and contribution
to equine immunity is required for many diseases of horses and foals to
improve our ability to protect them from disease and fatal outcomes.

Innate immunity

While innate immune responses have not yet been systematically
investigated in foals, some information has been accumulated. Foal
neutrophils have a reduced phagocytic ability during the first 3 weeks and
a decreased killing capacity during the first 3 months of life but, thereafter,
foal neutrophils performed these functions equal to or better than those of
adult horses [68]. Phagocytosis of bacteria or yeast by foal neutrophils
required opsonisation by IgG and sufficient colostrum uptake supported an
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Fig 2: Cytokine and T cell responses in foals during the first 3 months of life. The data
are based on Wagner et al. (2010) [4] and for total interferon (IFN)-γ producing cells
also on Breathnach et al. (2006) [6]. Percentages of IFN-γ, interleukin (IL)-4 and IL-10
producing lymphocytes, T helper 1 (Th1) (IFN-γ + /CD4+), Th2-cells (IL-4 + /CD4+) and
IFN-γ producing cytotoxic T cells (CTL; IFN-γ + /CD8+) within the IFN-γ or IL-4 producing
lymphocytes can be determined in foal and adult peripheral blood mononuclear cells
(PBMC) after stimulation with PMA and ionomycin in vitro. This method leads to
polyclonal activation of the cells and can be seen as their maximal capacity to produce
cytokines by respective T cell subsets. After activation, cells are fixed, stained with
cytokine and T cell markers and measured by flow cytometry. The analysis gate has
been set on lymphocytes. a) Percentage of IFN-γ producing lymphocytes in
Thoroughbred and Warmblood foals [4] and mixed-breed foals [6] expressed as
means during the first 3 months of life. The split x-axis shows days (left half) or weeks
(right half) of age. The dotted horizontal line gives the mean percentage of IFN-γ
producing lymphocytes in adult horses. The shade below and above the adult mean
value shows the corresponding standard error. b) Means of percentage of IL-4 and
IL-10 producing lymphocytes during the first 3 months of life. The dotted lines and
shades give the mean and standard error values for adult horses. Based on existing
knowledge and shown in the upper 2 figures, IFN-γ, IL-4 and IL-10 are inducible in a
lower percentage of lymphocytes in young foals than in adult horses. c) The
percentage of IFN-γ producing lymphocytes was set for each time point as 100%.
Within the IFN-γ producing cells the proportion of Th1 and IFN-γ producing cytotoxic T
cells were analysed. Despite being overall quantitatively lower, the proportion of IFN-γ
producing Th1 and CTL subsets is adult-like by Day 5 after birth. The same was done
for Th2-cells within the IL-4 producing lymphocytes. Unlike Th1-cells and CTLs, the
percentage of foal Th2-cells within the IL-4 producing lymphocytes slowly increase
with age and by 3 months of age is still below the mean adult value.
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increased opsonic capacity, while decreased maternal IgG4/7 levels in foal
serum reduced opsonisation and neutrophil phagocytosis [69]. Cytokine
expression studies in response to different stimuli show that some
cytokines are downregulated and others are unchanged or upregulated
compared with adult horses. For example, neonatal PBMC expressed less
transforming growth factor (TGF)-β and IL-1α mRNA transcripts in
comparison with cells from adult horses [5]. Other innate cytokines such as
IL-8, IL-12 and IL-23 were found to be increased or similarly expressed in
PBMC from neonates compared with older foals [62]. Stimulation of PBMC
from foals with lipopolysaccharide (LPS) and IFN-γ also resulted in
increased IL-10 mRNA expression compared with PBMC from adult horses
[70]. In contrast, neonatal foal PBMC secreted lower concentrations of
IFN-α and IL-10 after in vitro infection with EHV-1 than PBMC from their
mares [71].

Recent results have shown that neonatal innate immune cells are
important producers of cytokines. In neonatal foals, high levels of IL-4 are
produced by basophils during the first week after birth [7] while a Th2
response is virtually absent [4]. Interleukin-4 is required to induce
long-lasting B cell memory responses and IgG antibodies. In neonatal foals,
IL-4 produced by basophils may provide the stimulus that replaces the
missing Th2 response by directly stimulating antibody production. This
could offer an explanation for the early-in-life production of IgG1, IgG3 and
IgG5 antibodies discussed above. The current glimpses into innate immune
pathways indicate that the immature immune system of the foal uses
certain immune pathways preferentially and that innate immune
mechanisms may have more prominent roles than in adults by
orchestrating immune responses and induction of immunity in very young
foals.

Overall, the accumulated knowledge on cellular immunity in foals
is still incomplete. Existing data suggests that 1) innate immune cells of
foals, such as dendritic cells, basophils and likely others, may have
important regulatory roles early in life, 2) total cytokine expression
values induced by mitogenic or nonspecific stimulation should be
evaluated with care because they may not correlate with cytokine
responses after stimulation with specific pathogens and 3) despite the
immaturity of the foal’s adaptive immune system, most foals in the
population are healthy and foals seem to be able to respond to some
pathogens better than adult horses (for example, despite frequent
infection, severe neurological disease induced by EHV-1 is rarely observed
in foals).

Weaning and the immune system

At the time of weaning, foals are not only separated from their dam but
often have a change in environment, diet and social changes which are
highly stressful and lead to increases in plasma cortisol [72]. The effect of
increased plasma cortisol or weaning on the immune system has not been
extensively studied in horses. Foals weaned abruptly produced less
intracellular IFN-γ and had reduced mRNA expression of IFN-γ, TNF-α and
IL-10 between 7 and 14 days post weaning [73]. This suggests that the
cell-mediated immune response in foals at the time of weaning is reduced
and thus weaning is a time of increased susceptibility to infectious
diseases.

Conclusions

The neonatal foal acquires Ig, T cells and cytokines from the dam through
the colostrum which are crucial for health through the neonatal period,
and possibly initiates the development of the immune system after
birth. The foal’s naïve yet very capable immune system has many
environmental triggers and it must balance its response – recognising
friend or foe; commensal or pathogen; tolerate or eliminate. For many
infectious diseases, we need a more thorough investigation of the host
immune response and the parameters that correlate with protective
immunity. Understanding that foal immunity differs from the adult horse
and learning the distinct immune mechanisms utilised by young horses
will help us to develop preventative strategies for infectious diseases in
early life.
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