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Chapter

From Understanding the Immune
Response against Coccidiosis to the
Use of Coccidia Vaccines

Luis-Miguel Gomez-Osorio, Ben Dehaeck, Carlos Cuello,
Jenny-Jovanna Chaparro-Gutierrez and Sara Lopez-Osorio

Abstract

Avian coccidiosis is the most costly global poultry parasitic disease, which represents
a threat to food production and sustainability. Coccidiosis is still ubiquitous even in
modern poultry production systems. Protective immunity against coccidia does develop
but differs for each Eimeria species and depends on the method of immunization and
the immune response (including both early innate immune response by several proteins
and professional phagocytes as well as acquired immune response with specialized
cells). In addition, GALT is a master tissue in the immune response against coccidiosis
because of its crucial functions: acquired immunity in both the cellular and humoral
immune responses. Here, we present an extensive review on the immune response
against coccidiosis and the use of vaccines as an alternative for consideration in inte-
grated sustained coccidiosis control programs.

Keywords: Eimeria, innate immune response, acquired immune response, cytokines,
live vaccines, precocious vaccines

1. Introduction

Avian coccidiosis is by far the most costly parasitic disease in poultry [1], and it
may represent a threat to guarantee the supply for sufficient, safe, and nutritious
food. According to some projections, the global population in 2050 will be 10 billion
which will increase the demand for food production by 70% and therefore achieving
global food security is a staggering challenge [2].

Coccidiosis is an infectious disease caused by protozoa, genus Eimeria. The
parasite is host-specific and has a direct life cycle [3]. Birds become infected by
ingestion of sporulated oocysts omnipresent in poultry houses. Once ingested by the
chicken, the parasite invades and multiplies in the gastrointestinal tract, destroying
epithelial cells [4]. The severity of infection will depend upon the number of infective
oocysts ingested as well as the pathogenicity of the wild strains. Intensive methods of
production of poultry favor the reproduction of Eimeria. Therefore, coccidiosis is a
continuing problem requiring constant attention and, in the case of broilers, a need
for continuous coccidiosis control tools [5].
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Even today, coccidiosis is still ubiquitous, and it is generally accepted that,
under the current production systems, coccidiosis control remains necessary [4, 6].
Coccidiosis is also one of the main triggers for other gastrointestinal disorders includ-
ing necrotic enteritis, dysbacteriosis, Salmonella, among others [7-9].

Birds suffering with clinical coccidiosis will show typical signs such as diarrhea,
bloody droppings, increased mortality, decreased feed intake, and impaired perfor-
mance. Inadequate coccidiosis control may also result in impaired growth and an
increased feed conversion ratio, even in the absence of obvious clinical signs (referred
to as subclinical coccidiosis).

In a recent study, the global prevalence of clinical coccidiosis was estimated at 5%
and subclinical coccidiosis at 20% of global poultry production [10]. This supports
that, under current production systems, coccidiosis is still a major health and welfare
issue, which needs to be controlled.

Synthetic anticoccidials were the first to be introduced in the market. The first
paper on prophylactic use of anticoccidials was published in 1948 by Leland Grumbles
and describes the continuous use of Sulfaquinoxaline for the control of coccidiosis in
poultry [11]. After their introduction, synthetics were found to be very efficacious
and were very popular. Up until 1971, they were the only available option for coccid-
iosis control as ionophores were only introduced in the 1970s.

The introduction of the first ionophore coccidiostat (monensin) in the 1970s has
proven to be critical for the development of modern poultry production [12]. The use
of ionophores has significantly helped in the development of poultry production and
has improved the health and welfare of broilers (Report from the Commission to the
Council and the European Parliament on the use of coccidiostats and histomonostats
as feed additives, 2008).

As expected, suboptimal control of coccidiosis will result in the increased use of
antimicrobials, some of which are medically important for human medicine.

2. Methodology

Google Scholar (https://scholar.google.com) and PubMed (https://pubmed.ncbi.
nlm.nih.gov) scientific databases were used to search for articles published between
the years 2000 and 2022 containing the keywords, “immune response” AND “coccid-
iosis” in combination with “broiler chickens,” “avian immunity,” “intestinal immu-
nity,” “Coccidiosis Vaccines,” “Eimeria Vaccines.” Only manuscripts and book chapters
in English or Spanish were included. Data from other animal species were also omitted
except for the general overview of immune system. Data obtained in broiler chickens
were grouped in tables including, the overview of avian immune response, peculiari-
ties, intestinal immune response against coccidiosis and vaccines, type of Eimeria spp.
infected, age at infection, among others.

3. A brief overview of the avian immune system

The immune system (IS) may be compared with a symphony orchestra in which a
variety of molecules, cells, and tissues are finely organized to maintain the ideal state
of homeostasis. In a nutshell, the IS may be defined as “A set of cells and molecules that
defend the host against external (infections, trauma, among others) and internal aggres-
sions (internal infections, autoimmunity, allergy as well as cancerous tumors)” [13].
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The IS works as a passive system, meaning that it requires a threat to trigger an immune
response (Figure1). Once the IS is activated after the first contact with a foreign micro-
organism through the recognition of pathogen associated molecular patterns (PAMPs)
and binding it with a variety of pattern recognition receptors (PRRs) the immune
response is triggered. If innate immunity fails to eliminate the pathogen, adaptative
immunity goes into action and activates more specific mechanisms to eliminate, obtain
memory, and restore homeostasis [13].

Adaptative immunity comprises antigen presenting cells, lymphocytes (lym)
including B and T cells as well as cytokines. There are fundamental properties of
adaptative immune responses called cardinal features. Some include specificity,
diversity, memory, nonreactivity to self (self-tolerance), and systemic localization
(because of the ability of lym and other immune cells to circulate among tissues)
[14]. There are two types of adaptative immunity: humoral and cell-mediated immu-
nity which are mediated by different types of lym and work to kill different types
of microbes [14]. Humoral immunity is conducted by molecules in the blood and
mucosal secretions and is termed the secretory system [15].

T lym orchestrate cell-mediated immunity. Many pathogens can survive and rep-
licate within the cells of the host. They are inaccessible to humoral response secretory
molecules in these locations. As a result, cell-mediated immunity plays a role in the
defense against this internal microorganism [14].

Protective immunity against a pathogen may be provided either by the host
response (active immunity) or by transfer of secretory molecules that defend against
the microbe. An important example of this form of immunity is the transfer of mater-
nal antibodies by the bird to its offspring through the egg yolk, when the antibody
is absorbed and enters the circulatory system, thus preventing or reducing clinical
outcomes [16].

Among avian species, immune response in chickens is currently most studied
followed by turkeys [17]. In theory, the avian immune response works similarly to
the mammalian system. There are far more immunology studies conducted in mice
compared with chickens. The use of pathogen infection models in mice hasled to a
greater advance of immunology understanding in mammals. Extrapolations from
mammals to birds must be cautiously performed. A quote by the famous chicken
evolutionist and immunologist Jim Kaufmann “chickens are not mice with feathers”
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Overview and the appropriate logic of the immune system. See the text for details.
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supports that the study of the avian IS is worthwhile [18]. Avian IS seems to be
simpler than mammals. Although both do the same actions, different pathways are
sometimes used [19, 20].

The most known difference is that Avian B lym are developed in the Bursa of
Fabricius (BF), a unique bird organ, and not in bone marrow as in mammals [21].
Other important differences include the major histocompatibility complex (MHC),
tumor necrosis factor (TNF) and its receptor (TNFR) superfamilies, chemokines as
well as the interleukin (IL) 1 superfamily, where the chicken repertoire is smaller.
There are other cases with the opposite relationship such as the immunoglobulin-like
receptor family where the chicken repertoire is greater than that of mammals [22].
The full descriptions and details about the avian immune system are found elsewhere
and are beyond the scope of this review [17, 19, 23].

4. Intestinal immunity in birds

The gastrointestinal tract (GIT) is a complex environment because it is responsible
for the digestion and absorption of nutrients, is constantly exposed to pathogens,
and harbors beneficial microbiota of the host [24]. In addition, the GIT is the larg-
est immune and nervous system, which is constantly challenged with immunogens
from different sources including food, foodborne, and infectious pathogens as well
as microbiota [25]. These actions may sound like a biological paradox which can be
explained as follows: the poultry host must simultaneously maintain homeostasis (or
the absence of disease) with nutrient absorption, intestinal integrity, exclusion of
harmful microbes, tolerance of beneficial microbiota, and shaping mucosa immune
response [26, 27].

The structure of the GIT varies throughout the length of the gut. In a nutshell, the
intestine is a pipe with a tubular structure surrounded by a linear layer of epithelial
cells embedded in a basement membrane (Figure 2). It is also composed of columnar
absorptive cells (enterocytes), enteroendocrine, goblet cells, as well as immune intes-
tinal cells. Tight junctions are an intercellular complex protein system that connects
epithelial cells. These compartments are organized in protruding villus structures to
increase the surface area of absorption. These structures are composed of an epithe-
lial layer, a core of underlying lamina propria (containing the microvasculature), and
a thin layer of smooth muscle (muscularis mucosae). In the intestine, each villus is an
absorptive unit [28]. There are also structures, known as crypts, which are defined
as the site of stem cells with proliferating abilities for self-renewal and differentia-
tion, thus maintaining homeostasis in the intestinal epithelium [29]. These crypts
are interspersed in indentations. The villus crypt blocks may vary in their maturation
stage in distinct locations along the intestine. There is a zone known as “proliferative”
within the crypt where stem cells are located and divide to form daughter cells that
migrate from crypt to villus and survive between 48 to 96 hours, after which they are
sloughed into the lumen and die by apoptosis in the tip [30]. The time depends on the
length of the villus and age of the chicken. During this migration process, the entero-
cytes acquire differentiated functions in terms of digestion, absorption, and mucin
secretion [31, 32]. The intestinal mucosa is covered by mucus, a complex hydrated gel
that protects epithelial cells from chemical, enzymatic, microbial, and mechanical
damage. The epithelium and its mucus layer permit the selective movement of ions,
nutrients,and water, but restrict the translocation of microbes and toxins from the
lumen [33].
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Figure 2.
Schematic diagram of the architecture of intestinal immune cells.

The structures between the small and large intestine of the birds are quite differ-
ent. While villus/crypt units are present throughout the whole small intestine, the
large intestine has villus-like outgrowth structures, with a ruffled structure, known as
folds. Hyperactive crypts are found within each folded unit [29].

Gut mucosa is exposed to food immunogens as well as microbiota antigens that are
required for the processing of nutrients and the education of the local immune system
early after hatching. As a result, there are organized structures which function as key
organized elements of cells and molecules to defend the host against intestinal threats.
These structures are known as Gut Associated Lymphoid Tissue (GALT). GALT is
the largest compartment of the immune system and is comprised of lymphoid cells
residing in the epithelial lining and distributed in the underlining in the lamina
propria. In addition, there are specialized lymphoid structures. GALT’s main role is to
limit progression of systemic infection by detecting and destroying infectious agents
in their early stages. In poultry, GALT encompasses esophageal tonsils, pyloric tonsils,
Meckel’s diverticulum, Peyer’s patches, and two caecal tonsils (this is the most GALT
important organ) [34, 35]. GALT is comprised of more immune cells than any other
host tissue including different cell subsets and including most major cell populations
found at other sites. These include heterophils, macrophages, DC, natural killer (NK)
cells, as well as B and T lym (although the proportions of each cell type differ accord-
ing to locality, microbial status, and age) [29].

The entire GIT is covered by a protective mucus consisting of Mucins family pro-
teins which are produced by Goblet cells. Lysozyme, native microbiota, gastric juices,
bile salts, as well as cationic peptides and other substances which act as a nonspecific
defense are also important participants in the process [36]. Thus, GALT detects not
only harmful pathogens as a potential threat of the intestine but also normal gut
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microbiota and self-antigens that can elicit autoimmune responses. Therefore, a
comprehensive study of the avian GALT is crucial to develop oral vaccines which
can be alternatives to replace antibiotic growth promoters and immunomodulatory
molecules that maintain intestinal homeostasis with the best performance [36].

5. Intestinal immunity against coccidiosis

GALT is a master tissue in the immune response against coccidiosis because of
three crucial functions: acquired immunity development in both cellular and humoral
immune responses (including antigen processing and presentation), antibody
production and cytokine production [37]. Cellular immunity seems to be the most
important effector mechanism against coccidial infection [38]. It is orchestrated
by subsets of lym bearing either af or yd T cell receptor (TCR) [39]. Natural infec-
tions of epithelial cells such as Eimeria infections, for while TCR y3 cells are scarce
in systemic circulation, they are commonly represented among IEL [40, 41]. Taking
into account that Eimeria initiate the first contact with epithelial cells, it is tempting
to speculate that IEL may be the first line of defense in response to Eimeria antigens
which were processed and presented by major histocompatibility complex (MHC)
expressed by epithelial cells [42]. Adaptative immune response against coccidiosis
requires the involvement of these two pathways enabling proteins of MHC to be
loaded with Eimeria epitopes. Only liganded expressed on the surface of antigen-pre-
senting cells (APC) can activate T lym, which then execute effector functions, such as
cytotoxicity, provision of help to B cells, and cytokine production [43]. In chickens,
as in mammals, there are two subsets of lym classified by the system of cluster of
differentiation (CD). These are CD4+ (known as T helper) and CD8+ (cytotoxic T
cells). Adaptative immunity is highly dependent on T helper cells, and its activa-
tion is determined by MHC antigens [44]. Whereas CD8+ only recognizes peptides
presented in the context of MHC-I molecules, T lym CD4+ recognizes peptides in
the context of MHC-II molecules, and supports for co-stimulatory signals and other
molecules. These molecular interactions underlying the regulation of the immune
response between T lym and APC are known as immunological synapses [45].

This process is critical during the anticoccidial immune response in chickens.
During the infection, the immune system inhibits parasitic development at three key
stages in the Eimeria life cycle. The first is the sporozoite’s search for binding sites in
the epithelium cell, which allows it to penetrate the epithelium. While this is relevant,
it is not particularly significant. Immune selection against life-cycle stages after the
sporozoite stage may be more significant. Sporozoites are usually mentioned because
immunity is so effective, but there are several studies that have studied later lifecycle
stages and revealed that immunity can also inhibit multiple stages later in the life
cycle.

The second stage is when sporozoites are placed within intraepithelial lympho-
cytes in the villus (IEL). Finally, sporozoite migrate from lamina propria to the crypt
[46]. T cells are undoubtedly the protagonist in modulating anticoccidial immunity.
Cytotoxic lym has been observed after a primary Eimeria challenge with the subse-
quent increase of interferon gamma (IFNy) activating proinflammatory pathways
to inhibit intracellular Eimeria parasite development in host cells [47]. Natural killer
(NK) cells are also an important component of the intestinal immune response
against coccidiosis [48]. Some subpopulations of NK mediate spontaneous cyto-
toxicity in chicken intestinal IEL underlying the statement that they are crucial for
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intestinal immunity. NK cell activity depends on the infection stage, which decreases
during early stages of infection, and recovers to normal levels 1 week after primary
infection as well as in the early stages of secondary infection [49].

There are several cytokines and chemokines reported that play a predominant
role during coccidiosis infection including IL-1b, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12,
IL-15, IL-17, IL-18, IFNy, transforming growth factor (TGF)-f1, and tumor necrosis
factor, among others [38, 50]. Despite the high number of cytokines described in the
pathogenesis of the disease, IFNy and IL-10 are the key cytokines for host protec-
tion and susceptibility against parasitic infections, respectively [51, 52]. Detrimental
effects on the parasite have been reported as a result of IFNYy release. This is because
of the inhibition of parasite invasion and survival in the host cell as well as the
promotion of local inflammation [53], free radical production [54, 55], activation
of antibody-dependent cell-mediated cytotoxicity [56] and/or the promotion of the
release of cytoplasmic granules containing perforin and proteases [57]. IL-10 has
an inhibitory role in the intestinal immune response due to the interference with
Th1 response and this decreases the ability of the host to eliminate the parasite [58].
Therefore, IL-10 is a proposed mechanism of host evasion by Eimeria. IL-10 have dif-
ferent functions such as the inhibition of nuclear factor kappa B and the suppression
of proinflammatory cytokines enrolled in parasite cleaning from the intestinal cells
[59]. In the end, the balance between Thl and Th2 responses is crucial to the outcome
of the infection, and the cytokine network involved in the control of the immune
response needs to be elucidated.

The role of humoral immunity against coccidiosis is still controversial, and there is
more consideration paid to cellular immunity responses. Humoral immunity appears
to play a minor role in resistance against infection. In one of the classical studies, in
which the BF was removed, chickens were not affected after a secondary infection
despite their ability to produce immunoglobulins [60]. During Eimeria infection,
specific antibodies are produced, but they do not seem to be involved in control-
ling the infection [61] and immunoglobulin levels are not correlated with disease
susceptibility [62]. IgA was also considered important as humoral protection against
parasite invasion in earlier studies [63]. In a chicken kidney cell line model of Eimeria
infection, caecal content from immunized chickens was co-cultured. Sporozoite
invasion did reduce. However, there was no correlation in either antibody levels or the
neutralization of sporozoites [64]. One of the major challenges has been to replicate in
vivo results from the in vitro findings regarding the humoral immune response against
Coccidiosis.

Immunoglobulins, therefore, do not appear to play an important role in protec-
tive immunity against Coccidiosis and cell immunity seems to be more crucial.
Manuscripts underlying the key role of antibodies and humoral immunity as a
protective mechanism against coccidiosis have been published, however [65]. It was
determined that IgY antibodies injected systemically are capable of reaching the site
of infection and effectively blocking parasite development in the intestine [66]. A
positive association between antibody titers and protection [67] was also shown. In
other studies, it was established that egg IgY from hens immunized with live infec-
tions of Eimeria acervulina, Eimeria maxima, and Eimeria tenella could be used as a
feed additive to passively protect young chicks against all three species [68, 69]. The
results described above support the concept that providing large amounts of protec-
tive antibodies to young chicks, through passive or maternal immunization, can
interrupt the growth, development, and replication of Eimeria. Although antibody
production is a mechanism to limit the propagation of several pathogens [65], T-cell
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mediated response is the major criterion for the control of intracellular parasites such
as Eimeria [39, 70].

6. Vaccines as a strategy to control coccidiosis

Vaccines provide an effective strategy for the control of coccidiosis in chickens and
benefit the sustainability of the poultry industry worldwide [71]. The first vaccine
against coccidia utilized a sporulated oocyst of a live Eimeria tenella wild type strain,
and it was initially launched in 1950. This vaccine was based on the concept that
low doses of oocysts over a number of days induced protective immunity against a
homologous challenge [72, 73]. Current Eimeria vaccines are marketed and consist
of live wild-type (virulent) parasites or live attenuated vaccines (precocious lines).
Thus, up till now, there are more than 25 commercial anticoccidial vaccines utilized in
poultry (reviewed in [73, 74]).

In breeders, vaccination programs based on live vaccines are tremendously useful
and have been very successful. There are, however, some hurdles such as homogenous
mass application to the flock. If the application is not done correctly, it may lead to
suboptimal immunization and insufficient protection against the different Eimeria
species. Even with homogenous mass application to the flock, there are additional
hurdles which can lead to uneven application, triggering outbreaks [75].

A recent report showing the vaccine-induced immune response was published
[76]. Briefly, three important findings were reported. First, Eimeria species can elicit
an innate immune response by expressing TLR21 in macrophages through the recog-
nition of pathogen-associated molecular patterns (PAMPs). Next, Coccidia vaccine
induced a Th1 pattern characterized by proinflammatory cytokines and cell subsets
in both systemic and local lymphoid organs. Second, Eimeria tenella induced the
strongest activation of macrophages. Cellular analysis showed that vaccination led to
an increase in macrophages and activated T cells (immunophenotypes CD8 + CD44+
and CD4 + CD44+). Other important effects were reported, including a decrease in
fecal oocyst shedding as well as an improvement in body weight gain. However, this
was not statistically different.

Precocious lines are defined as lines of Eimeria selected from a population that
complete their endogenous life cycle in the host more quickly than wild-type parent
strains. They are not only different because of an abbreviated life cycle but also by
significant attenuation of virulence [77, 78]. Therefore, precocious lines are proposed
as a successful strategy to control coccidiosis because they are less pathogenic than
their parents, no adverse effects are observed in vaccinated birds and, despite their
reduced multiplication within the intestine are able to stimulate protective immunity
which is virtually as good as that induced by their pathogenic parent strains [75].

7. Conclusions

For more than 70 years, the main tools for the prevention and control of coccidia
were performed using coccidiostats. As the number of available products is limited
and no new molecules have been introduced in the last 30 years, it is a challenge to
keep coccidiostats as effective as they were at their introduction to the poultry indus-
try. Parallel to the advances in our knowledge of the avian immune system and the
study of avian coccidiosis immune responses, strategies which can protect the birds
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against different species of Eimeria are being considered to overcome health issues
caused by coccidiosis.

The application of both types of vaccines (wild-type live strains and attenuated
or precocious vaccines) are still a challenge due to mass application. Advantages and
disadvantages of each vaccine exist. Therefore, it deserves continuous research and
field work in different scenarios and facilities to identify effective control strategies
for avian coccidiosis which will ultimately benefit the sustainability of the global
poultry industry.
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