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 � Immunophenotyping is a technique that gathers immune parameters not only after a challenge but also in 
the basal state and is, therefore, a source of indicators of immunocompetence. This summary presents strategies 
for measuring immunocompetence, lists the available tools for immunophenotyping, and discusses the possible 
applications for the genetic improvement of poultry.1

Introduction

Some domestic animals are more 
resistant to disease, respond better to 
vaccination, or, more generally, show 
greater robustness throughout their 
lives. Understanding what determines 
this variability and having measurable 
indicators of it would make it possible 
to consider new selection criteria.

The development of effective breed-
ing programmes for production traits 
and the application of strict health 
rules under mostly well-controlled 
rearing conditions have led to highly 
significant improvements in zootech-
nical performance over the last 30 
years (Siegel, 2014). However, new con-
siderations linked to animal welfare, 
consumer safety and the introduction 
of new directives in Europe have led 
to the elimination of the use of anti-
biotics as growth promoters and the 
limitation of medicated prophylaxis, as 
well as changes in rearing conditions, 
with the elimination of cages and 

more access to open range. Demand 
is therefore moving towards more 
efficient, sustainable, and responsible 
production, while meeting society’s 
new expectations in terms of animal 
health and welfare. In addition, chronic 
or emerging pathologies exist in live-
stock farming and represent major 
economic losses that the industry is 
keen to reduce.

It is sometimes difficult to reconcile 
these different expectations. For exam-
ple, during outbreaks of highly patho-
genic avian influenza, exit restrictions 
are put in place to control the epidemic. 
Genetic selection of poultry for higher 
growth rates has resulted in lower dis-
ease resistance or reduced immune 
response (van der Most et al., 2011).

Veterinary vaccines are essential for 
protecting animals and public health 
(Jorge & Dellagostin, 2017). They help 
minimise animal suffering, promote 
efficient food production, and reduce 
the need for antibiotics to treat animals. 
They help prevent the transmission 

and spread of contagious animal dis-
eases, including zoonoses that can be 
transmitted from animal to human or 
between animals.

Some domestic animals are more 
resistant to disease, respond better to 
vaccination, or, more generally, show 
greater robustness throughout their 
lives. It is important to understand why 
in order to define good predictors for 
introducing new health criteria into 
breeding objectives to produce domes-
tic animals that are more resistant over-
all to various pathologies and stresses, 
and that develop an effective immune 
response after vaccination.

Immunophenotyping (or measure-
ment of immune variables) makes it 
possible not only to monitor changes 
in the immune response following an 
immune challenge (vaccination, infec-
tion) but also to assess the potential 
effects on immunity of other types of 
disturbance that animals may encoun-
ter in rearing, such as stress, climatic 
variations, or rearing conditions. In 
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addition, immunophenotyping animals 
during their lifetime in rearing condi-
tions, without any major disturbance 
being identified a priori, can provide 
information on their immune status 
and potentially their immunocom-
petence, i.e., their ability to trigger an 
effective immune response in response 
to pathogens.

This article looks at the strategies for 
measuring immunocompetence. The 
tools available for immunophenotyp-
ing in genetic studies in poultry are 
reviewed, and the conditions for con-
sidering applications for the genetic 
improvement of poultry are discussed. 

1. Strategies for assessing 
immunocompetence

	� 1.1 Concept and definition 
of immunocompetence

Immunocompetence represents “the 
ability of the body to produce an appro-
priate and effective immune response 
when exposed to a variety of patho-
gens” (Hine et al., 2014). It is “a measure 
of the ability of an organism to mini-
mise the fitness costs of an infection via 
any means” (Owens & Wilson, 1999). It is 
therefore the set of immune functions 
that promote resistance or tolerance to 
disease and control inflammation dur-
ing infectious diseases or other inflam-
matory stresses. Immunocompetence 
thus contributes to resilience, consid-
ered as an animal’s ability to maintain its 
productivity in the face of various envi-
ronmental, biotic, or abiotic challenges 
(Bishop, 2012).

More recently, the concept of immune 
resilience has emerged. It is defined as 
the ability to preserve or rapidly restore 
immunocompetence following patho-
genic or other stress (Ahuja et al., 2023). 
Immunocompetence is thus a concept 
to be considered throughout an ani-
mal’s life.

Integrated health management strat-
egies that include a genetic approach 
to improving immunocompetence and 
immune resilience thus have the poten-
tial to help reduce both the incidence 
and severity of disease. This would 

improve animal health and welfare and 
reduce the need for drugs to prevent 
and treat infectious diseases.

	� 1.2 Strategies 
for measuring 
immunocompetence

a.	Direct strategy: resistance/
tolerance to a particular 
pathogen

To assess immunocompetence, direct 
strategies target the resistance or tol-
erance of animals to specific patho-
gens. The strategy assumes that if an 
immune response is highly specific to 
a given antigen, then the ability to pro-
duce a functionally effective immune 
response could be largely a generic trait. 
Measurement of the immune response 
to one pathogen would therefore be 
likely to be representative of responses 
to other pathogens. However, this is not 
always the case. An animal’s response 
to a given pathogen is not necessarily 
linked to its response to other path-
ogens, as has been demonstrated 
in Drosophila and crickets (Fellowes 
et al., 1999; Letendre et al., 2022). The 
response mechanisms sometimes dif-
fer and are negatively correlated. This 
was demonstrated in mice (Biozzi et al., 
1975) that were selected to produce 
high (H) or low (L) quantities of antibod-
ies in response to an injection of sheep 
erythrocytes. While H mice were more 
resistant to infection by Trypanosoma 
cruzi (Kierszenbaum & Howard, 1976) 
and Nematospiroides dubius (Jenkins 
& Carrington, 1981), they were more 
susceptible to Salmonella typhimu-
rium (Plant & Glynn, 1982), Brucella 
(Cannat et al., 1978), Leishmania trop-
ica (Hale & Howard, 1981), and myco-
bacterial infection (Lagrange et al., 
1979). In dairy cattle, Thompson-Crispi 
et al. (2012) reported an unfavourable 
genetic correlation between the cellular 
immune response (delayed hypersensi-
tivity to Candida albicans) and humoral 
responses (antibodies produced follow-
ing immunisation with hen egg white 
lysozyme).

Genetic selection for resistance to a 
pathogen could have counterproduc-
tive effects in the long term by exert-
ing selection pressure that could lead 
to escape strategies by pathogens and 

reduce the effect of selection for dis-
ease resistance (Hulst et al., 2022). This 
direct strategy seems risky, and further 
research is needed to assess the long-
term effects of selection for resistance 
to a specific disease on the susceptibil-
ity to other diseases.

b.	Indirect strategy: 
measurement of a panel 
of immune variables

An indirect and supposedly global 
approach focuses on analysing the indi-
vidual variability of a panel of immune 
parameters that would make it possi-
ble to predict responses to pathogens 
in general. Blood is a valuable source 
of information about the body’s over-
all metabolism and the immune sta-
tus of animals (Chaussabel, 2015). It 
is also relatively easy to access, mak-
ing it the compartment of choice for 
this search for parameters indicating 
immunocompetence.

The variables measured must reflect 
the different types of immunity (Box 1) 
developed during infections by patho-
gens or during vaccination, i.e, innate or 
adaptive immunity (passively transmit-
ted maternal antibodies, humoral and 
cellular responses).

Various methods have been pro-
posed to measure immunocompe-
tence indexes in cattle (Wilkie & Mallard, 
1999; Reverter et al., 2021) or broilers 
(Sivaraman & Kumar, 2013). These 
methods are based in particular on 
measurements of cellular and humoral 
responses following vaccination. 
However, the response to vaccination 
does not reflect the full immune poten-
tial of the animals. In particular, it is not 
clear that a response to vaccination fully 
reflects what happens during an infec-
tion. Furthermore, these measurements 
(particularly of the cellular response to 
vaccination) are fairly complex to imple-
ment routinely.

Other variables, such as those 
described below, which reflect other 
aspects of immunity, could be used, in 
a complementary manner, to determine 
whether there are correlations between 
immunocompetence parameters and 
responses to different pathogens and 
the significance of such correlations.
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2. Immunophenotyping 
of poultry: what 
measurement options 
are suitable for genetic 
studies?

For measurements to be suitable 
for genetic studies, it is important to 
be able to collect them from a large 
number of individuals and, ideally, on 
the evolution of the animals through-
out their lives. A large number of sam-
ples requires rigorous management 
and a great deal of expertise when 
it comes to taking samples (Samour, 
2009) (blood tubes with suitable anti-
coagulants: usually heparin tubes for 
functional analyses and tubes with 
ethylenediaminetetraacetic acid for 
haematological measurements, animal 
identification, traceability of samples), 
preparing blood tubes in the laboratory 
(preparation of plasmas, aliquots, and 
storage), and carrying out the various 
measurements. Storage time and con-
ditions must be appropriately adapted 
for all measured variables. Repeatable 
and standardised protocols are also 

essential to obtain robust data. The 
practical feasibility and cost of the 
measurements are also important cri-
teria for these studies.

Depending on the species under 
consideration, there are more or fewer 
tools available to measure variables in 
the laboratory. For some species, this 
limits the possibilities of analysis or 
parameter precision. Proposed here is 
a list and descriptions of the immune 
variables that can be measured in chick-
ens, mainly in the blood (Figure 1).

	� 2.1. Direct measurement 
in blood – monitoring

a.	Analysis of blood cell 
composition

Analysis of blood cell composi-
tion is used in human and veterinary 
medicine to assess an individual’s 
immune and health status (Samour, 
2009). Granulocytes, monocytes, and 
natural killer cells are involved in the 
detection and immediate elimination 
of pathogens, as well as in the trans-
mission of signals to other cells. B and 

T lymphocytes develop a highly spe-
cific response to a particular antigen 
and create an immunological mem-
ory with the ability to respond very 
quickly and effectively to pathogens 
on a second encounter. Changes in the 
counts or proportions of an individual’s 
leukocytes may be indicative of viral, 
bacterial or parasitic infections, tox-
in-induced immunosuppression, stress, 
or acute inflammation (Fairbrother & 
O’Loughlin, 1990; Maxwell & Robertson, 
1998; Samour, 2009).

Automated blood counts using 
haemacytometers are a rapid and 
accurate technique used in mammals. 
However, these systems do not distin-
guish between erythrocytes, throm-
bocytes, and leukocytes in birds, as 
all these cells are nucleated. The use 
of antibodies specific to blood cell 
populations is therefore necessary for 
automated flow cytometry analysis in 
avian species. The availability of these 
antibodies varies greatly from species 
to species. In chickens, several strate-
gies have been developed (Fair et al., 
2008; Seliger et al., 2012; Bílková et al., 

Box 1. Innate and adaptive immune systems.

In functional terms, the immune system is composed of an early-reacting innate immune system and a slow-reacting adaptive immune system.

Innate immunity is the first line of defence against infection.

• It includes physical and chemical barriers in the epithelial layer of organs such as the skin, gastrointestinal tract, and respiratory tract, which prevent the penetration 
of microbes.

• Innate immunity also enables damaged cells to be eliminated and tissue repair to begin.

• The innate immune system fights microorganisms by using cells such as macrophages, granulocytes (polymorphonuclear cells such as heterophils), thrombocytes, 
basophils, eosinophils, and natural killer cells.

• Pathogens are identified by these cells by using receptors that recognise molecular patterns characteristic of microorganisms. PRR (Pattern Recognition Receptor) is the 
term to describe these cell receptors that are capable of recognising molecular patterns unique to pathogens, known as PAMPs (Pathogen-Associated Molecular Patterns).

• When they detect a danger, the cells of the innate immune system react by producing or releasing molecules such as defensins, cytokines, and chemokines, which 
coordinate the recruitment and action of a series of specialised cell populations with phagocytic and lytic functions. These innate immune responses are mainly 
nonspecific to pathogens.

Adaptive immunity is necessary to defend against specific pathogens and creates an immune memory that protects against future exposure.

Several mechanisms come into play:

• Humoral immunity: the antigen (infectious agent) directly activates B lymphocytes, which have specific receptors. The activated B lymphocytes then become plasma 
cells that secrete specific antibodies to destroy the antigen.

• Cellular immunity: the antigen is presented to T lymphocytes by antigen-presenting cells (e.g., dendritic cells). These cells activate T lymphocytes that differentiate 
into cytotoxic T lymphocytes (CD8+) to destroy infected cells.

• T lymphocytes can also differentiate into helper T lymphocytes (CD4+) that stimulate B lymphocytes to produce a greater quantity of antibodies and memory cells.
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2017). Figure 2 illustrates the count-
ing and identification of blood cells 
using relatively high-throughput flow 
cytometry. Depending on the age and 
lineage of the animals, differences may 
be observed in the expression of certain 
markers, and the blood cell identifica-
tion strategy must be adapted.

Based on these analyses, certain cal-
culated ratios can be used as markers of 
stress, such as the heterophil/lympho-
cyte ratio (Lentfer et al., 2015), or the 
balance between humoral and cellular 
immunity, such as the CD4/CD8 ratio. 
Indeed, a balance towards CD4+ T cells 
would represent an antibody-domi-
nated response and a balance towards 
CD8+ T cells a cell-mediated response. 
In humans, a low CD4/CD8 ratio is asso-
ciated with impaired immune func-
tion, immune senescence and chronic 
inflammation (McBride & Striker, 2017).

In addition to absolute count data 
and the percentage of each cell type, 

expression levels of certain markers 
may also be parameters to consider 
when assessing immunocompetence, 
as they are indicative of cell activation 
status, for example, CD8α expression 
by γδT lymphocytes (Pieper et al., 
2011).

Cross-reactions between antibodies 
directed against different markers of 
chicken immune cells, such as CD4 or 
CD8, and cells of other avian species 
have been reported but need to be 
confirmed (Lu et al., 2023). In any case, 
these antibodies would not allow iden-
tifications as complete and precise as 
those possible in chickens. For ducks, 
an analysis of the various blood leuko-
cytes was established by flow cytom-
etry by using a combination of newly 
generated monoclonal antibodies 
and antibodies that cross-react with 
chicken (Jax et al., 2023). In turkeys, it 
is possible to use antibodies cross-re-
acting with chickens (Lindenwald et al., 
2019).

For species for which there are no spe-
cific antibodies on the market or crossing 
with other species, certain flow cytome-
try analysis strategies based on cell size 
and structure (using a fluorescent dye to 
stain organelles) have been proposed 
(Uchiyama et al., 2005). Finally, the pro-
duction of stained blood smears may be 
the only solution for identifying different 
cell types, but this is a more laborious 
and less accurate technique that requires 
specialist expertise. The emergence and 
availability of artificial intelligence algo-
rithms for image analysis could consid-
erably help the routine analysis of these 
slides (Sparavigna, 2017).

Other parameters are assessed when 
blood formulae are produced, in par-
ticular various characteristics of the red 
blood cells (e.g., volume, haemoglobin 
content). Some of these measurements 
are easy to perform, such as assessing 
haematocrit (the fraction of red cells 
in blood) after centrifuging micro
haematocrit tubes.

Figure 1. Immunophenotyping in chickens.

The immune variables that can be measured in poultry can be separated experimentally into variables that can be measured directly in the blood or following 
ex vivo stimulation. In this figure, the costs, throughputs, and relative difficulties are indicated for each type of measurement, as well as whether these 
measurements require species-specific tools and reagents, or whether they can be used regardless of species.



INRAE Productions Animales, 2025, numéro 1

Immunophenotyping and possible applications for poultry breeding / 5

b.	Measurement 
of antibody levels

Three classes of immunoglobulins 
(Ig) (IgA, IgM and IgY) exist and can be 
measured in chickens. The presence of 
antibodies homologous to mammalian 

IgE and IgD has also been suspected 
(Carlander et al., 1999), but there are 
no antibodies specific to these classes 
of Ig for measuring them. IgM is the first 
antibody expressed during the immune 
response. It acts as a receptor on the 

surface of B lymphocytes and plays an 
important role in activating the com-
plement system. IgA has an immune 
defence role in mucous membranes. 
Avian IgY is genetically and struc-
turally different from its mammalian 

Figure 2. Analysis of blood cell composition in chickens using flow cytometry.

(A) Cells are plotted on a graph showing forward scatter (FSC) and side scatter (SSC). Cells are selected here, and debris (much smaller) or artefacts are excluded.
(B) The area (FSC-A) vs. width (FSW-W) of the FSC signal of the cells is shown. This allows the selection of singlets for which these two parameters are proportional.
(C) Among the singlets, leukocytes and thrombocytes express CD45 (CD45+), and erythrocytes are distinguished as cells not expressing the CD45 marker (CD45-).
(D) Among CD45+ cells, based on FSC vs. SSC structural parameters, heterophils are identified as large and predominantly granular cells.
(E) Among other cells, monocytes and thrombocytes are identified as cells with intermediate SSC.
(F) Monocytes are labelled with the KUL01 antibody and thrombocytes are unlabelled and express integrin αvβ3 (labelled with antibody clone 23C6).
(G) Of the cells not yet identified in panels E and F, B lymphocytes are identified by labelling with the Bu-1 antibody.
(H) γδT cells are distinguished as cells expressing γδTCR.
(I) Expression of CD4 and CD8a markers on the remaining cells distinguishes double-negative T lymphocytes (CD4- CD8a-), helper T cells (CD4+ CD8a-), 
cytotoxic T cells (CD4- CD8a+), and double-positive T cells (CD4+ CD8a+).
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counterpart, IgG, but functionally plays 
similar biological roles. IgY and IgG are 
major immunoglobulins that provide 
defence against infectious agents and 
appear in the bloodstream in high con-
centrations following exposure to an 
antigen.

Different types of antibodies can be 
measured using ELISA (enzyme-linked 
immunosorbent assay) tests or accord-
ing to their activity, for example, their 
ability to agglutinate antigen-coated 
particles (haemagglutination), to neu-
tralise viruses or to promote phagocy-
tosis (opsonisation).

Measurement of total antibody lev-
els to the three different subtypes 
can reflect overall humoral immunity 
(Kramer et al., 2003). Natural antibod-
ies are present in a healthy individual 
without the need for prior exposure to 
an exogenous antigen and considered 
a humoral part of innate immunity. They 
have a wide repertoire of specificity 
and act as a first line of defence against 
infections (Palma et al., 2018). In laying 
hens, high levels of natural antibodies 
have been associated with a higher 
probability of survival during the laying 
period (Star et al., 2007; Sun et al., 2011; 
Wondmeneh et al., 2015) and protec-
tion against infection by Escherichia coli 
(Berghof et al., 2019). Pathogen-specific 
antibodies are measured to monitor 
humoral responses following infec-
tions or vaccinations. Numerous ELISA 
kits are marketed by various suppliers, 
with varied possibilities depending on 
the poultry species.

c.	Measurement of plasma 
proteins or enzymatic 
and bactericidal activities

Serum or total plasma protein lev-
els can be measured using a variety of 
methods. As refractometry can be biased 
by lipemia, other methods such as the 
biuret method or the BiCinchoninic acid 
assay method are preferable. A decrease 
in total protein may indicate chronic 
haemorrhaging, poor intestinal absorp-
tion, liver or kidney failure, or immuno-
suppression. Conversely, dehydration or 
an inflammatory condition may result in 
an increase in total protein. The repro-
ductive activity of females also leads to 
an increase in total protein (Harr, 2009).

Serum or plasma protein electropho-
resis separates protein components into 
six main fractions based on their size 
and electrical charge (albumin, α1-, α2-, 
β1-, β2-, and γ-globulins). A capillary 
electrophoresis machine can be used to 
obtain a relatively high throughput with 
a small sample volume. The α-globulin 
fractions are comprised of acute-phase 
inflammatory proteins such as α-lipo-
protein, α1-antitypsin, α2-macroglob-
ulin, and haptoglobin. The β-globulin 
fractions include fibrinogen, β-lipo-
protein, transferrin, and complement 
proteins. Increases in α- and β-globulin 
levels have been described during par-
asitic, bacterial, and fungal infections 
(Harr, 2009; Hamzic et al., 2015). The 
γ-globulin fraction mainly contains 
immunoglobulins. Plasma protein 
electrophoreses have the advantage of 
being used for all poultry species, as no 
specific reagents are required. However, 
the interpretation of the profiles may 
differ among species.

A more precise examination of spe-
cific molecules for the different func-
tions they perform during the immune 
response (innate and acquired) can 
also be informative. These molecules 
circulate in the basal state and are 
over-expressed during chronic inflam-
mation and infection or after vacci-
nation (Janmohammadi et al., 2020). 
Measurements of acute-phase inflam-
matory proteins (C-reactive protein, 
serum amyloid A protein, haptoglobin; 
O’Reilly & Eckersall, 2014), certain com-
plement components, and cytokines 
are therefore a potential source of 
immunocompetence parameters.

The activities of some of these mol-
ecules can also be measured as enzy-
matic activities: lysozyme, peroxidase, 
and reactive oxygen species (Oke 
et al., 2024). Measuring bactericidal 
activity could also reveal the activity 
of antimicrobial peptides (Cuperus 
et al., 2013).

d.	Blood transcriptome 
or proteome

Unbiased approaches measuring 
the blood transcriptome or proteome 
can also be considered as a source of 
biomarkers of immunocompetence 
(Burgess, 2004; Désert et al., 2016). 

These analyses are very comprehensive 
but very costly to carry out on a very 
large scale.

	� 2.2. Variables measured 
after ex vivo stimulation

One type of measurement of immune 
variables is based on the analysis of cell 
responses following ex vivo stimulation. 
These measurements generally require 
the use of fresh cells. Although this is 
sometimes technically possible, freez-
ing cells is not indicated because the 
variability of the phenotype measured 
could be affected by the quality of the 
freezing and lead to a very strong exper-
imental bias. Therefore, these measure-
ments require intensive laboratory work 
within a limited timeframe.

a.	Phagocytosis capacity
The immune system uses the pro-

cess of phagocytosis to destroy cells 
infected by pathogens. Relatively 
rapid methods exist for assessing 
the overall phagocytosis capacity of 
blood cells by evaluating the internal-
isation of the dye neutral red (Song 
et al., 2022). Flow cytometry can also 
be used to measure the phagocytosis 
of particles or bacteria labelled with 
a fluorochrome. In avian species, this 
must be combined with labelling with 
an anti-CD45 antibody. The phagocy-
tosis activities of different cell types 
identified by their size and structure 
can then be measured (Naghizadeh 
et al., 2019).

b.	Whole blood stimulation
The reactivity of blood cells to differ-

ent stimuli is considered a measure of 
immunocompetence. A wide range of 
stimuli can be used, such as whole bac-
teria and viruses or specific agonists of 
different innate immunity receptors 
(Duffy et al., 2014; Reid et al., 2021; 
Lesueur et al., 2022). In humans, many 
questions remain as to the nature of 
this interindividual variation in the 
immune response, but these tests 
could provide a better understanding 
of the differences in individual sus-
ceptibility to infectious diseases, the 
development of chronic inflammatory 
diseases, or autoimmunity (Müller 
et al., 2024). The same applies to farm 
animals. The adaptation of whole blood 
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stimulation to poultry is based on the 
possibility of measuring the cytokine 
signature following stimulation. In 
chickens, there are ELISA tests that 
measure cytokines individually and 
even in multiplex assays. The Milliplex 
assay, for example, enables simulta-
neous quantification of all of the fol-
lowing analytes: alpha and gamma 
interferons (IFN), interleukins 2, 6, 10, 
16, and 21, macrophage inflammatory 
proteins 1β and 3a, RANTES (regulated 
on activation, normal T cell expressed 
and secreted), CSF-1 (colony stimu-
lating factor-1) and VEGF (vascular 
endothelial growth factor).

c.	T cell activity
The activity of T cells in the circula-

tion (non-destructive sampling) or in 
the spleen or lymph nodes (destruc-
tive sampling) can be determined by 
measuring their ability to proliferate or 
secrete cytokines produced in response 
to exposure to a mitogen or antigen. 
ELISpot assays for IFNγ are particularly 
sensitive and indicated for assessing 
cellular response to vaccination (Hao 
et al., 2021).

3. What applications 
can be envisaged 
for the genetic 
improvement of poultry?

	� 3.1 Immunophenotyping: 
a source 
of immunocompetence 
indicators

Poultry immunophenotyping is used 
to measure the immune response 
induced by infection or vaccination. Of 
the many immune variables that can be 
measured, while some are described as 
being modulated during these immune 
challenges, none necessarily meas-
ures the effectiveness of the immune 
response. However, by comparing clin-
ical and immunological parameters 
within a host population, it is possible 
to identify robust immunological pro-
tection criteria.

A “good” response to vaccination 
is not necessarily determined by a 
large quantity of antibodies pro-
duced. If seropositivity thresholds 

are established, the correlation with 
vaccine efficacy is not so simple. For 
example, for intracellular pathogens 
such as parasites in the genus Eimeria, 
the antibody response is not a relia-
ble indicator of protection against the 
pathogen. The reference test for assess-
ing the protective efficacy of vaccines is 
still to look at their response following 
an infection (presence and transmis-
sion of the pathogen, clinical signs, and 
performance) (Soutter et al., 2020). The 
duration of onset and persistence of 
immunity are also important, although 
the relevance of these variables varies 
according to the target population (for 
example, while the duration of onset is 
more important in broilers, which are 
slaughtered very young, a persistent 
response is beneficial over a longer 
period in laying hens).

In the event of infection, immune 
responses should also be assessed 
in terms of how effectively they pro-
tect an individual. From an immu-
nological point of view, more is not 
necessarily better. The maximum 
immune response is not necessary 
in all cases. Sometimes, the damage 
caused by a runaway immune sys-
tem is significant. This is the case, 
for example, when hens are infected 
with the influenza virus, but not ducks 
(Burggraaf et al., 2014). The search for 
protection indicators (at the level of 
the individual and the flock or even 
the territory) remains a challenge 
to measuring effective responses to 
vaccinations and infections. In this 
context, immunophenotyping data 
are important sources of potential 
indicators (Hamzic et al., 2015).

Immunophenotyping of animals 
in their basal state could be used to 
assess their immunocompetence. It is 
no longer a question of determining 
indicators of responses but rather pre-
dictors of these responses. Acquiring 
knowledge of immunophenotyping 
data on animals before and after var-
ious disturbances is still crucial for 
determining parameters indicative of 
immunocompetence. Target and opti-
mum values for these immune param-
eters still need to be defined before 
they can be used effectively in genetic 
selection.

	� 3.2. Individual variability 
of immune parameters 
and genetic determinism

To determine whether immunocom-
petence parameters can be exploited 
in selection programmes, it is necessary 
to understand and determine what the 
characteristics of a healthy immune 
system are, what the factors of varia-
tion – genetic and environmental – are 
in the immune parameters measured, 
and what the significance of their var-
iation is.

In different species, including poul-
try, there is considerable variability in 
responses to vaccination, infection, or 
other abiotic stresses. There is also con-
siderable individual variability in basal 
state immune parameters. In hens, 
the effects of sex (Minozzi et al., 2007; 
Jax et al., 2023), age (Song et al., 2021; 
Jax et al., 2023), and rearing method 
are often reported (Hofmann et al., 
2020; Song et al., 2022; Sarrigeorgiou 
et al., 2023). Although significant, 
these effects are generally moderate. 
For example, broilers reared on the 
ground showed 10–15% more IgG or 
lysozyme activity than those reared in 
cages (Song et al., 2022). The effects of 
the microbiota on immune variables 
are also being studied by using models 
of disruption by antibiotics (Schokker 
et al., 2017; Lecoeur et al., 2022; Song 
et al., 2022) or by association analyses 
(Aruwa et al., 2021; Borey et al., 2022).

The effects of genetics are assessed 
by comparing different breeds or by 
selecting divergent lines for immune 
traits, and they are assessed at the level 
of individual variability within popula-
tions (heritability measurements to 
assess the part attributed to genetics 
in the variability of immune parameters, 
searching for regions of the genome 
that influence a trait to identify the 
genes involved).

a.	Breed comparison
By comparing breeds reared in the 

same environment, it is possible to 
highlight the effect of genetics on dif-
ferent variables. These comparisons 
reflect a combination of artificial and 
natural selection acting on traits linked 
to health and stress. This has been 
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demonstrated in hens, for example, for 
blood cell composition (Bílková et al., 
2017), natural antibodies (Sun et al., 
2011), and other variables (Kramer et al., 
2003). In a comparison of six breeds 
reared in the same environment and of 
the same age, the composition of blood 
cells proved to be highly variable, with 
lymphocytes representing 54–75% and 
heterophils 14–31% of leukocytes in the 
most extreme breeds. Differences in 
response to vaccination have also been 
demonstrated (Lecoeur et al., 2024). 
Comparing the immune parameters of 
breeds known to be more or less resist-
ant to various infections would make 
it possible to identify general patterns 
of similarity that would explain these 
differences in immunocompetence. 
Furthermore, these differences among 
breeds or lines could be exploited in 
cross breeding to obtain more robust 
animals.

b.	Selection of divergent lines
Several studies have reported diver-

gent selection of poultry based on 
the quantification of immune varia-
bles, showing the existence of genetic 
control of variation in the immune 
parameters. For example, the role of 
host genetics in variation to vaccine 
response was demonstrated by genetic 
selection of White Leghorn laying hens 
for a high humoral response to vacci-
nation against Newcastle disease virus 
(NDV), a high cell-mediated immune 
response, and a high phagocytic activ-
ity (Pinard-van der Laan, 2002). Other 
selection experiments have been car-
ried out on antibody response (Dan 
Heller et al., 1992; Parmentier et al., 
2004), the presence of natural anti-
bodies (Berghof et al., 2019), and the 
ratio of the number of heterophils to 
the number of lymphocytes (H/L ratio) 
(Wang et al., 2023). Selections based on 
immunocompetence indexes defined 
by several parameters have also been 
successfully carried out (Kean et al., 
1994; Sivaraman & Kumar, 2013).

With these divergent selection exper-
iments, it is possible to study the impact 
of selection on the health and welfare of 
the animals. For example, a line selected 
for humoral response to NDV vaccination 
also had increased humoral responses 
to other commercial vaccines, and 

fewer blood leukocytes than the unse-
lected control line (Zerjal et al., 2021). 
In this study, it was also reported that 
the selected animals had reduced body 
weight. Another selection experiment 
on antibody response following immu-
nisation with inactivated E. coli showed 
that the response was associated with 
a high antibody response against other 
antigens, as well as increased phago-
cytic activity and cellular response (Dan 
Heller et al., 1992). Selection for high 
levels of natural antibodies resulted 
in increased resistance to E. coli infec-
tion (Berghof et al., 2019) and humoral 
response to certain antigens (Berghof 
et al., 2018a). Selection based on the H/L 
ratio showed that selection for a low H/L 
ratio improved resistance to Salmonella 
(Al-Murrani et al., 2002).

It should be noted that these impacts 
may be linked to linkage disequilibrium 
and because the regions in the genome 
are close to each other, they may also 
be correlated since they share biolog-
ical pathways. Thus, by studying the 
genes present in the divergent regions, 
the causes of the observed phenotypic 
differences can be sought. For exam-
ple, resistance to Salmonella can be 
explained by an increase in the function 
of heterophils in the breeding line with 
a low H/L ratio (Wang et al., 2023).

c.	Heritability estimates
Heritability estimates have been cal-

culated for some immune variables. 
Heritabilities of antibody response, T 
cell-mediated response, or phagocyto-
sis in laying hens following in vivo chal-
lenges have been estimated at 0–0.22 
(Cheng et al., 1991). Estimates of the 
heritability of the antibody response 
against different pathogens in a field 
study, under conditions of natural 
infection, showed that they were very 
different between the two populations 
studied and varied between 0.11 and 
0.79 (Psifidi et al., 2016). Heritabilities 
between 0.07 and 0.14 were estimated 
for natural antibodies, varying accord-
ing to the isotype considered (van der 
Klein et al., 2015), and for total antibod-
ies at 0.06 for IgG, 0.22 for IgA, and 0.23 
for IgM (Berghof et al., 2018b).

These heritabilities vary, therefore, 
according to the traits and populations 

studied. Heritability studies have not 
been conducted for all immune varia-
bles that can be immunophenotyped 
in poultry. However, for the studies that 
have been carried out, genetic determi-
nation of immune parameters has gen-
erally been confirmed, indicating that 
genetic selection for these traits is theo-
retically possible. Such traits that are tar-
geted for selection tend to be subject to 
complex determinism. They are subject 
to the expression of many genes, gen-
erally unknown, and to environmental 
effects. The genetic value of an individual 
for a given trait reflects the effect of all 
the genes involved in the expression of 
that trait. It would therefore be possible 
to measure these traits in a phenotyped 
and genotyped reference population, 
making it possible to establish the sta-
tistical relationships between genotype 
and phenotype and, through genomic 
selection, to predict their genetic value 
in genotyped candidates.

d.	Genetic association studies
Some genetic association studies 

have been performed on species of 
Gallus and have identified potential 
genome regions called quantitative 
trait loci (QTL) for quantitative immu-
nity traits. For example, for natural anti-
bodies and total antibodies, a region on 
chromosome 4 was found to be signifi-
cantly associated with a likely causative 
variant in the TLR1A gene (Berghof et al., 
2018b). Other potential QTL for immu-
nity have been associated with nat-
ural and acquired antibody titres and 
complement reactivity, highlighting 
the roles of the IL17A, IL12B, and MHC 
genes in immune function (Biscarini 
et al., 2010). Zhang et al. (2015) revealed 
genetic associations between regions 
of the genome and IgY levels, quantities 
of heterophils and lymphocytes in the 
blood, and antibody responses to an 
influenza virus vaccine or sheep eryth-
rocyte injection.

e.	Towards the study 
of the hologenetic 
determination 
of immunocompetence 
parameters

An animal’s microbiota can also affect 
the immune variables and the animal’s 
response to infection. For example, 
the administration of antibiotics or 
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probiotics exerts immunomodulatory 
effects on the immune variables, par-
ticularly in the blood (Jankowski et al., 
2022; Song et al., 2022). Taking into 
account the microbiota in addition to 
genetics has made it possible to improve 
the prediction of immune traits in pigs 
(Calle-García et al., 2023). Integrating 
the information on microbiota and 
host-microbiota interactions will require 
changes in genetic evaluation models to 
take into account this hologenetic deter-
minism (Estellé, 2019).

	� 3.3 Phenotypic and genetic 
correlations between 
immunocompetence and 
other important functions

Phenotypic and genetic relationships 
between immunocompetence and pro-
duction traits need to be assessed in the 
context of resource allocation theory, 
as investing resources in one functional 
area may be detrimental to others 
(Friggens et al., 2017). For example, the 
genetic selection of poultry for a higher 
growth rate or better performance 
has resulted in a reduction in disease 
resistance or a reduction in the immune 
response (Bayyari et al., 1997; van der 
Most et al., 2011; Zerjal et al., 2021). 
Cheema et al. (2003) compared the 
immunocompetence parameters of the 
2001 Ross 308 broiler strain with those 
of a 1957 control strain. Genetic selec-
tion to improve broiler performance has 
resulted in a reduction in the adaptive 
component of the immune response, 
but an increase in cell-mediated and 
inflammatory responses.

However, other studies have reached 
different conclusions based on other 
parameters. Kean et al. (1994) showed 
that divergent selection for immune 
parameters had no impact on egg-lay-
ing production parameters. Psifidi et al. 
(2016) found no significant genetic 
correlations between immunity traits, 
clinical signs of disease, and produc-
tion performance. Finally, comparing 
historical and modern lines, O’Reilly 
et al. (2018) showed that acute-phase 
inflammatory protein concentrations 
were not affected by selection.

It is therefore necessary to explore the 
trade-offs between immune functions 
and performance in the various studies 
carried out. It is essential to know the 
genetic correlations between the new 
immunocompetence traits identified 
and the other selection criteria in the 
synthetic index to optimise the eco-
nomic weight given to each trait. Study 
of the relationship between immunity 
and animal welfare in the context of 
sustainable breeding is also needed.

Conclusion

Exploiting spontaneous variability 
in immune characteristics to geneti-
cally improve the immunocompetence 
of domestic animals is a promising 
approach, integrating it in a comple-
mentary way with current strategies 
such as vaccination to promote sus-
tainable breeding. However, it would be 
necessary to target more pertinently the 
immune parameters that define an ani-
mal’s immunocompetence and immune 

resilience and to integrate all the knowl-
edge acquired about the parameters 
that control them and the trade-offs 
that may exist with other important 
traits such as performance, stress, and 
animal welfare, so that they can be 
exploited for the genetic improvement 
of poultry. Immunophenotyping of 
poultry has the potential to provide a 
better understanding and characterisa-
tion of the good health of animals and 
optimisation of their immunocompe-
tence. Questions are being asked about 
the selection strategies that should be 
applied for these immunocompetence 
traits. What weight should be given to 
these new traits? The use of epidemi-
ogenetic modelling appears to be an 
interesting approach here. Generally, 
the economic impact of the costs of 
the new measures to phenotypically 
identify immunocompetence and the 
potential impact on performance, as 
well as the management of health risks, 
need to be considered.
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Abstract
Livestock farming, especially poultry, faces considerable social and environmental pressures, particularly concerning animal welfare 
and the sustainability of farming practices. Furthermore, chronic and emerging diseases can result in significant economic losses. Thus, 
improving the robustness and resistance of animals to pathogens is becoming a priority. In this context, monitoring the immune response 
in poultry is crucial to assess their health. Immunophenotyping is a technique that measures immunological parameters after an immune 
challenge, such as vaccination or infection. It can also provide parameters that indicate the immunocompetence of the animals in their 
normal state. Immunocompetence can be assessed by measuring resistance or tolerance to a specific pathogen or by analysing a panel 
of immune parameters. Some measurements are taken directly from blood cells and plasma, to determine the composition of blood cells, 
antibody levels (total, natural, or specific), plasma proteins, and enzymatic and bactericidal activities. Other parameters, measurable by 
ex vivo stimulation, assess phagocytosis capacity, response to whole blood stimulation, or T lymphocyte reactivity. Understanding the 
immune parameters that are correlated to protection during vaccination or infection, and that characterize the immunocompetence 
of an animal is essential. Integrating knowledge about the parameters that control the immune response and the trade-offs that may 
exist with other important traits such as performance, stress, and animal welfare is also crucial if they are to be exploited for the genetic 
improvement of poultry. Exploiting the natural variability of immune characteristics to improve the immunocompetence of animals 
genetically could be a promising approach, integrated in a complementary way with current strategies such as vaccination to promote 
sustainable breeding.

Résumé

Immunophénotypage et applications envisageables pour l’amélioration génétique des volailles
L’élevage, en particulier celui des volailles, est soumis à des pressions sociétales et environnementales considérables, notamment en ce qui concerne 
le bien-être des animaux et la durabilité des pratiques agricoles. En outre, des maladies chroniques et émergentes peuvent entraîner d’importantes 
pertes économiques. L’amélioration de la robustesse et de la résistance des animaux aux agents pathogènes devient donc une priorité. Dans ce 
contexte, le suivi de la réponse immunitaire des volailles est essentiel pour évaluer leur santé. L’immunophénotypage est une technique qui mesure 
des paramètres immunologiques après une stimulation de l’immunité, par une vaccination ou une infection. Il peut s’agir aussi de mesurer des 
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paramètres renseignant sur l’immunocompétence des animaux à l’état basal. L’immunocompétence peut être évaluée en mesurant la résistance 
ou la tolérance à un pathogène particulier ou en analysant un panel de paramètres immunitaires. Certaines mesures sont directement effectuées à 
partir des cellules sanguines et du plasma, et permettent de déterminer la composition des cellules sanguines, les taux d’anticorps (totaux, naturels 
ou spécifiques), les protéines plasmatiques, les activités enzymatiques et bactéricides. D’autres paramètres, mesurables par stimulation ex vivo, 
évaluent la capacité de phagocytose, la réponse à la stimulation du sang total ou la réactivité des lymphocytes T. Il est essentiel de définir des 
corrélats de protection, c’est-à-dire des mesures précises qui sont significativement liées à la protection contre la maladie après une vaccination 
ou lors d’une infection. L’intégration des connaissances sur les paramètres qui contrôlent la réponse immunitaire et les compromis qui peuvent 
exister avec d’autres caractéristiques importantes telles que la performance, le stress et le bien-être des animaux est également cruciale si l’on veut 
les exploiter pour l’amélioration génétique des volailles. L’exploitation de la variabilité spontanée des caractéristiques immunitaires pour améliorer 
génétiquement l’immunocompétence des animaux pourrait être une approche prometteuse, intégrée de manière complémentaire aux stratégies 
actuelles telles que la vaccination pour promouvoir la durabilité de l’élevage.
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