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CHAPTER 1

The poultry sector is a major contributor to human food industry and poultry meat is considered a 
key sustainable source of high protein and low fat, due to the high growth rate and efficient feed 
conversion by broiler chickens and consequently low production costs1,2. Global consumption of poultry 
meat is expected to increase to 145 Mt (million metric tons, 145 billion kg) over the next ten years, 
an increase of ~10% of its current consumption, that accounts for 50% of the total increase in global 
meat consumption. Consequently, poultry becomes the most widely consumed meat as compared 
to pork, beef and goat/sheep1. Hence, the health and production efficiency of broiler chickens are of 
great importance. However, the ban on preventive use of antimicrobials in animal production by EU 
legislations3 have led to an increase in intestinal health problems in chickens and therefore, alternative 
strategies to improve their health are required4,5. Infections with intestinal pathogens including 
Clostridium perfringens and Salmonella serovars Enteritidis or Typhimurium may not only induce 
severe disease in chickens, but also increase the risk of foodborne disease in humans6,7. Furthermore, 
infections with other Salmonella serovars and Campylobacter are mainly asymptomatic in chickens but 
still have an high public health impact8. 

Both the immune system and intestinal microbiota are important entities contributing to the health of 
broiler chickens. Potentiation of protection by immune cells, by increased numbers as well as activity, 
and modulation of intestinal microbiota composition may increase the resistance of broiler chickens 
to infectious agents. In the next sections of this introduction an overview is provided of the chicken 
systemic and intestinal immune systems, the intestinal microbiota, the interaction between these as 
well as important intestinal pathogens in chickens are described. Furthermore, possible strategies to 
stimulate number and function of immune cells, and modulate intestinal microbiota that may improve 
the health of chickens are introduced.

The avian immune system
The immune system constitutes of a complex interplay between many immune cells and immune 
proteins aimed to protect the host against diseases caused by invading pathogens. In general, the 
structure and function of the chicken immune system is similar to that in mammals, although chickens 
lack structured peripheral or mesenteric lymph nodes9,10. The immune system can be divided into innate 
and adaptive components. The innate immune system is the first to respond, rapid and non-specific, 
and may directly reduce replication or spread of bacteria and viruses by cytotoxic activity, phagocytosis 
or production of antimicrobial products. Innate immune cells are activated by pathogen-associated 
molecular patterns (PAMPs), which are recognized through pattern recognition receptors (PRRs)11. 
Amongst the cells of the innate immune system, natural killer (NK) cells are important players. NK 
cells kill virus-infected cells, tumor cells and bacteria and recruit or activate other immune cells by 
the secretion of chemokines and cytokines. Furthermore, macrophages, heterophils (equivalent to 
mammalian neutrophils) and dendritic cells (DCs) are part of the innate immune system. Macrophages 
and heterophils are involved in phagocytosis and destruction of bacteria. DCs are also involved in 
phagocytosis similar to macrophages and both of them secrete cytokines that activate other immune 
cells and act as professional antigen-presenting cells (APCs). Professional APCs present peptides 
from phagocytosed pathogenic material or intracellular pathogens on both major histocompatibility 
complexes (MHC) class I and II to T cells of the adaptive immune system. The activation and differenti-
ation of T cells by APCs requires recognition of antigens presented on MHCI (differentiation to CD8+ 
T cells) or MHCII (differentiation to CD4+ T cells), binding of co-stimulatory receptors and stimulation 
by cytokines. 
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1The adaptive immune system is thus activated by specific antigens and innate immune reactivity that 
results in proliferation of effector cells. Therefore, it takes longer, days or weeks, to develop an effective 
adaptive immune response. Adaptive immune cells include T and B cells and their responses are highly 
specific for particular pathogens. Following initial activation of T and B cells, some differentiate to 
effector cells, others to memory cells that respond faster and stronger upon subsequent encounters 
with the same pathogen12,13. The majority of T cells acquire the αβ T cell receptor (TCR) while other 
T cells express the γδ TCR, alongside expression of the TCR co-receptors CD4 and CD8. CD4+ and 
CD8+ T cells are selected based on strong affinity engagement with respectively either MHCII or 
MHCI molecules (positive selection) and weak interactions with MHC-presented self-antigens on 
APCs (negative selection)14,15. The CD8 co-receptor is composed of two chains and the most common 
isoform is CD8αβ, which is involved in the specific antigen-driven cytotoxicity16,17. In contrast, the other 
isoform CD8αα does not follow conventional positive selection and is not expressed on naïve T cells, 
but can be readily induced on activated T cells independent of the TCR-MHC restriction including CD4+, 
CD8αβ+ CD3+ TCRαβ+ T cells and CD3+ TCRγδ+ T cells18. In addition, the positive selection of intestinal 
CD8αα+ precursors results in double negative TCRαβ+ or TCRγδ+ T cells that directly migrate to the 
intestinal epithelium where they acquire CD8αα expression. Intraepithelial γδ T cells and αβ T cells 
therefore mostly express CD8αα alone14,17. The antigen specificity of intestinal CD8αα+ T cells is unclear, 
however, their reactivity is restricted by classical or nonclassical MHCI molecules16,19. With regard 
to function, activated CD4+ helper T cells such as Th1, Th2 and Th17 secrete cytokines to optimize 
immune responses, whereas CD4+ regulatory T cells secrete cytokines to balance immune responses. 
CD8αβ+ cytotoxic T cells kill infected or dysfunctional cells. The role of CD8αα+ T cells is not completely 
understood since these cells show rapid non-specific cytotoxicity as well as anti-inflammatory cytokine 
production to promote integrity of the intestinal barrier16,18. The γδ T cells rapidly respond to foreign 
agents and thereby strengthen the innate immune response20-23. High numbers of γδ T cells are found 
in the intestine of both mammals and birds, whereas circulating γδ T cells are abundantly present in 
chickens24, ruminants25 and pigs26 in contrast to humans27. Functions of γδ T cells comprise cytotoxicity 
(CD8αα-/+ and CD8αβ+) and production of cytokines such as TNFα and interleukin-10 (IL-10), and 
antimicrobial proteins such as RegIIIγ (CD8αα-/+)16,19. In addition, CD8αα-/+ γδ T cells maintain epithelial 
barrier functions by production of factors such as TGFβ that stimulate wound healing16,19. 

Activated B cells differentiate into plasma cells that secrete antibodies. Other functions of B cells include 
secretion of cytokines and antigen presentation to T cells. Antibodies can inactivate foreign agents such 
as pathogens, neutralize toxins, form antigen-antibody complexes that activate the complement system 
and its bactericidal activity, facilitate phagocytosis (opsonization) and bind to target cells to facilitate 
antibody-dependent cellular cytotoxicity by NK cells (ADCC)28. Ultimately, innate and adaptive immune 
cells work closely together to induce effective immune responses that control infections.

The development of the immune system in chickens starts early in the embryonic phase. Cells of the 
innate and adaptive immune system arise from haematopoietic stem cells that populate the developing 
bone marrow in the embryo. The differentiation of innate immune cells starts around embryonic day 
(ED) 6. Innate immune cells subsequently migrate from the bone marrow to peripheral tissues such as 
the spleen and intestine, and are functional at hatch29-31. In contrast, T and B cell-precursors migrate 
from the bone marrow to respectively the thymus and bursa of Fabricius. The differentiation to mature 
but as yet naïve T and B cells starts at approximately ED12, followed by a gradual migration of these 
T and B cells to the periphery. Hence at hatch, the adaptive immune system is not fully developed yet 
and only from two to three weeks of life on, shows effective responses upon exposure to pathogens29,30. 
As a consequence immediately post-hatch, the defense against pathogens of young chickens relies on 
maternal antibodies, obtained from the yolk in the egg, and on innate immune responses in which NK 
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cells are key players. This is especially applicable to the intestine, the site of entry of the majority of 
environmental infections early in life.

Intestinal immune system
The intestinal tract includes the largest compartment of the immune system, as compared to other 
tissues, that is continuously exposed to dietary components and commensal microbes. An important 
feature of the immune system in the intestine is the requirement not to respond to the majority of 
foreign agents derived from food or commensal microbes. Such immune responses would otherwise 
result in gut inflammation and consequently impair health and production efficiency32. 

The first line of defense in the intestine is a physical barrier including the mucus layer and the epithelium 
layer directly underneath33. The small intestine of chickens consists of the duodenum, jejunum and 
ileum, and the large intestine consists of two caeca and the colon. In terms of immune responsiveness, 
the ileum is one of the sites of immune activation with many lymphoid structures34,35. In mammals, 
gut-associated lymphoid tissues (GALT) consist of organized series of lymphoid structures throughout 
the intestine. In chickens, however, GALT is more scattered along the intestinal tract in specialized 
lymphoid structures located at strategic sites. Furthermore, lymphoid cells reside in the epithelial lining 
of the gut and are distributed in the underlying lamina propria in both mammals and chickens32. 
Lymphocytes scattered between the epithelial cells are referred to as intraepithelial lymphocytes (IELs). 
Chicken IELs include high numbers of NK cells, the majority of which express the IL-2 receptor alpha 
chain (IL-2Rα, designated CD25)36,37. In addition, the IEL population consists of a large number of T cells 
including γδ T cells and CD8+ αβ T cells36,37. In the lamina propria, mainly macrophages, heterophils, 
DCs, B cells and CD4+ T cells are located as well as the specialized lymphoid structures38. These 
specialized structures include lymphoid aggregates located within the lamina propria such as Meckel’s 
diverticulum (remnant of the yolk stalk located at the onset of the ileum), mammalian-like Peyer’s 
patches (PPs) and caecl tonsils35. Lymphoid aggregates consist of specialized epithelium containing 
microfold (M) cells. These M cells continuously sample gut lumen content, which is transferred to 
underlying macrophages and DCs. In addition, lymphoid follicles rich in B and T cells are in close 
proximity to the M cells (Fig. 1).  

IELs are the first immune cells to respond to invading pathogens as well as to be affected by commensal 
microbes and feed constituents. The IEL population communicates with the underlying immune cells 
and substantial cellular traffic exists between the gut immune structures and systemic immune sites 
including the bone marrow and spleen32. Therefore, intraepithelial NK cells, γδ T cells and CD8+ αβ T 
cells are important in initiating and mediating immune responsiveness. Upregulation of presence and 
function of IELs is likely to increase the resistance of chickens to infections. Since the resistance of 
young chickens mainly depends on innate immune responses, early life potentiation of intraepithelial 
NK cells in particular may contribute to reducing disease susceptibility. 
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Figure 1. Schematic representation of the immune cell compartments in the small intestine of chickens. The intraepithelial lymphocytes 
(IELs) are scattered between epithelial cells and include natural killer (NK) cells, γδ T cells and CD8+ αβ T cells. Adapted from Smith et 
al. 201332 

Natural Killer cells
The mechanisms of NK cell activation are complex and determined by the balance between 
pathogen-related signaling through activating and inhibitory NK receptors (NKRs)39-42. Human NKRs 
are constituted of three major families; the killer cell Ig-like receptor (KIR) superfamily, the C-type 
lectin superfamily including CD94/NKG2 receptors and natural cytotoxicity receptors (NCRs)39. 
Similar NKRs have been found on NK cells in cattle, pigs and chickens as well as mice and rats, that 
in addition express C-type lectin-like Ly49 receptors, which are absent in humans42-45. Furthermore,  
chickens express Ig-like receptors (CHIRs) that share features of KIRs42. Activation of NK cells results 
from non-engaged inhibitory receptors due to MHCI molecules that lack self or foreign antigens or 
by the down-regulation of MHCI on infected or tumor cells. Another way is by the engagement of 
activating receptors with stress-induced ligands on infected or transformed cells, or virus-encoded 
ligands46. Other receptors involved in activation of NK cells are Fc receptors (FcγRIII/CD16) triggering 
ADCC39, and Toll-like receptors (TLRs)47,48 and NOD-like receptors (NLRs)49 that recognize bacterial or 
viral PAMPs. One of the CHIRs, CHIR-AB1, was recognized as Fc receptor with high binding affinity 
for IgY (equivalent to mammalian IgG) and may be involved in ADCC in chickens50. Furthermore, NK 
cells express several chemokine and cytokine receptors that are involved in respectively chemotaxis 
and activation by binding to APC and T cell-derived cytokines such as IL-2, IL-12, IL-15, IL-18 or 
IFNγ39,40,46,51. In other cases, NK cell activation requires both recognition of PAMPs by TLRs, NLRs and 
retinoic acid inducible gene I (RIG-I)-like receptors, and cytokine stimulation by APCs52,53. In response 



12

CHAPTER 1

to viruses, human and murine NK cell activation was induced by several NKRs including NKp4654, 
NKp4455, NKp3056, activating receptor NKG2D57, CD94-NKG2E58 and Ly49H59, or by TLR2 and TLR351. 
In chickens, the activating receptor CHIR-A was reported to recognize avian influenza virus41. During 
bacterial infections, activation of human NK cells was mediated by KIR3DL247, TLR260, TLR361 and 
TLR548. Activation of NK cells leads to cytotoxicity for target cells; by the release of perforins and 
granzymes (degranulation), production of IFNγ or by engagement of death ligands like TNF-related 
apoptosis-inducing ligand (TRAIL) and FasL on NK cells with the respective death receptors on infected 
or tumor cells, resulting in apoptosis62. Secondly, NK cells produce chemokines such as XCL1 and CCL 
to recruit other immune cells, and immunoregulatory cytokines including IL-2, IL-10, IL-12, TNF-α and 
predominantly IFNγ46,63. Furthermore, human NK cells were shown to be a source of antimicrobial 
peptides such as α-defensins and cathelicidins that directly kill bacteria64. Lastly, NK cells are suggested 
to be involved in antigen presentation, since human, murine and porcine NK cells showed expression 
of APC-associated markers including MHCII, CD80 and CD86, and were able to internalize antigens 
derived from killed target cells65-67. NK cells are thus important in the early defense against pathogens 
by both direct killing and stimulation of other immune cells that results in killing of target cells. 

However, the understanding of NK cell biology is hampered by the various phenotypic definitions of 
NK cells across species. Since NK cells share phenotypic properties with T cells, identification of NK cells 
by flowcytometry requires the marker CD3 to exclude T cells. Human NK cells are identified as CD3- 

CD56+ lymphocytes39, whereas murine NK cells do not express a CD56 homolog and are recognized 
as CD3- NK1.1+ or CD3- CD49b+ depending on the mouse strain68. In rats, the marker NKR-P1 is used 
to identify NK cells among CD3 negative lymphocytes69. In addition, expression of the NCR NKp46 is 
used to identify human and murine NK cells70. In veterinary species including cows, pigs, sheep and 
chickens, CD56 is not used as a NK cell marker. Bovine NK cells are identified as CD3- NKp46+ 71, ovine 
NK cells as CD3- NKp46+ 72 and porcine NK cells were described as CD3− perforin+ CD2+ CD8α+ CD16+ 
with a distinct population of these cells expressing NKp4645. In chickens, expression of CD56 was only 
observed on subpopulations of NK cells in the lung and embryonic spleen73 and NKp46 has not been 
identified yet in chickens42. To date, a pan-NK marker is not available for chickens. However, several 
markers have been identified, such as IL-2Rα, 20E5 and 5C7, that are expressed on CD3- lymphocytes 
that show NK cell functions in the intestine, spleen, blood and lung of layer chickens36,74,75. It is of note 
that the antigens recognized by most of these markers in chickens, i.e. 20E5 and 5C7, are still unknown, 
which complicates comparisons with NK cell subsets in other species. Nevertheless, CD3- IL-2Rα+ NK 
cells are abundantly present in the intraepithelial layer of the chicken intestine36 and a subset of these 
NK cells also expresses the chicken Fc receptor CHIR-AB150. 

Following their identification, NK cells in humans have been divided into two functionally different 
subsets based on expression of surface markers in blood. Circulating NK cells are divided in a CD56dim 

CD16bright subset that has a naturally higher cytotoxic capacity and a CD56bright CD16-/dim subset with a 
natural higher capacity to produce immunoregulatory cytokines39,40,76. The CD56dim subset constitutes 
the majority of total NK cells in blood and bone marrow, whereas the CD56bright NK cells are the majority 
in secondary lymphoid organs, such as lymph nodes, spleen and GALT, and most other non-lymphoid 
tissues77. It is of note that within the tissue-resident CD56bright subset, a high phenotypical and functional 
diversity is observed that can be distinct from circulating CD56bright NK cells77. In addition, the functional 
distinction between subsets is less clear upon stimulation of circulating NK cells and emphasizes the 
complexity of NK cells by their high heterogeneity and plasticity. Stimulation with cytokines such as 
IL-2 and IL-12 induced similar levels of cytotoxicity78,79 and resulted in cytokine production such as IFNγ 
by both circulating NK cell subsets80,81. These observations are related to expression of the high-affinity 
heterotrimeric IL-2R (IL-2Rαβγ), which is considered as an early activation marker. Circulating CD56bright 
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1NK cells constitutively express IL-2Rαβγ and show high proliferation in response to low levels of IL-2, 
whereas the CD56dim NK cells express only the low-affinity heterodimeric IL-2Rβγ and show almost 
no proliferation78,79. LPS stimulation resulted in enhanced cell cytotoxicity and cytokine production 
accompanied with up-regulation of IL-2Rα on circulating CD3- CD56+ NK cells and expansion of this 
subset only, which was not observed for CD3- CD16+ NK cells82. The CD56dim CD16bright NK cells did 
show expression of IL-2Rα upon pre-stimulation of Fc receptors83,84 or combinatorial stimulation of 
the IL-12R, IL-15R and IL-18R85, and subsequently resulted in increased cytotoxicity and cytokine 
production. Despite the complexity of NK cell subsets, functionally different NK cells with specific tissue 
distribution are also described in other species. Murine CD3- NK1.1+ NK cells are divided in CD27high 
86 and CD94high 87 NK cells that show higher IFNγ production as well as cytotoxicity in comparison to 
CD27low/- and CD94low/- NK cells. The CD27high NK cells are predominantly found in secondary lymphoid 
tissues and the CD27low/- subset preferentially resided in non-lymphoid tissues86,88, whereas CD94high 
and CD94low/- NK cells are similarly distributed between lymphoid and non-lymphoid tissues in mice87. 
Within the bovine CD3- NKp46+ NK cell population, the CD2- subset showed a higher IL-2Rα expression 
and IFNγ production than the CD2+ subset, but the level of cytotoxicity was similar between subsets89. 
Regarding tissue distribution, CD2- NK cells are the main subset present in lymph nodes whereas 
the CD2+ NK cells are the predominant subset in blood90,91. Within the porcine CD3- perforin+ CD8α+ 

CD16+ NK cell population, the NKp46+ subset showed higher production of IFNγ compared to the 
NKp46- subset but both subsets showed similar cell cytotoxicity45. The tissue distribution of porcine 
NKp46+ and NKp46- NK cells was similar in blood, spleen and liver, although in the lymph nodes the 
majority of NK cells was NKp46+ 45. In chickens, however, functionally different NK cell subsets have 
not been described yet. It is currently unknown whether the CD3- IL-2Rα+ NK cells correlate to the 
human CD56bright subset that constitutively express IL-2Rα, or to the murine CD27high, bovine CD2- or 
porcine NKp46+ subset since these NK cells are mostly present in secondary lymphoid organs. More 
insight in the functional capacities and tissue distribution of NK cell subsets is warranted to distinguish 
functionally different NK cells in chickens. This knowledge will aid in the development of strategies to 
stimulate number and function of NK cells at early life that may increase the resistance of chickens to 
infections. 

Intestinal microbiota
The intestinal lumen contains numerous bacteria referred to as microbiota. In general, microbiota are 
ecological communities of assembled commensal, symbiotic and pathogenic living microorganisms 
in a defined environment in or on plants, animals and humans, and include Bacteria, Archaea, Fungi, 
Protists and Algae92. The intestinal microbiota play an important role in many physiological processes 
of the host including nutrient digestion and absorption, cell metabolism, intestinal barrier function 
and the development of the immune system93. Some bacteria, referred to as beneficial, provide health 
benefits for the host like the production of vitamins and short chain fatty acids (SCFAs). These beneficial 
species for chickens and humans include amongst others lactic acid bacteria (LAB) such as Lactobacilli 
and Bifidobacteria94,95. Imbalance in the composition or metabolic activity of the microbiota, termed 
dysbiosis, has been associated with disease susceptibility in chickens and humans such as intestinal 
infections95,96. 

The development of the intestinal microbial population in chickens starts during embryonic 
development, since from ED18 on hen-derived microbiota are observed that have passed through 
the eggshell97,98. Post-hatch, the bacterial community’s richness increases rapidly over time due to 
environmental and biological factors such as litter, feed and the gut region, and stabilizes by day 14 
as the intestinal microbiota matures from a simple to a more complex and diverse composition99,100. 
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Under natural circumstances, eggs and young chickens are in close contact with adult hens in 
a nest and their intestines are colonized with microbes acquired from a rich and diverse microbial 
environment97,101. However, in a commercial production setting chickens hatch in a clean hatchery 
environment in the absence of adult hens, which results in a delayed development of a healthy 
intestinal microbiota as compared to natural circumstances101,102. Microbiota compositions differ 
between the small intestine and caeca, and greatest microbial abundance and diversity is found in 
the caeca103,104. The major phyla in the small intestine are Firmicutes and Proteobacteria, of which the 
genera Lactobacillus, Enterococcus and various genera within Clostridiaceae are dominant. In the caeca 
Firmicutes, Bacteroidetes, Proteobacteria and Actinobacteria are the major phyla, of which the families 
Bacteroidaceae, Ruminococcaceae, Lachnospiraceae and Clostridiaceae are dominant103-105. In spite of 
structural differences of the intestinal tract between poultry and mammals, the major phylum in gut 
microbiota is Firmicutes, followed by Bacteroidetes, Proteobacteria and Actinobacteria in both animal 
groups106. 

The continuous interaction between the microbiota and the intestinal immune system occurs 
throughout life, which is observed both in chickens107,108 and mammals109,110. The development of the 
immune system requires microbial colonization. Colonization of LAB, amongst others, influences the 
maintenance and function of epithelial cells, macrophages, DCs, T and B cells to promote homeostasis 
and limit inflammation and disease107,109,111,112. Furthermore, it was shown in humans and mice that LAB 
enhanced proliferation and function of NK cells either directly through stimulation of TLRs or indirectly 
through cytokine stimulation by macrophages and DCs113,114. Since disrupted microbial colonization 
leads to higher susceptibility to infections such as with Salmonella115, it is hypothesized that a rapid 
colonization of the intestine with beneficial species such as LAB at the earliest possible time increases 
the resistance of chickens to such infections. The early and rapid colonization of LAB may prevent 
intestinal colonization of the pathogen and stimulate immune responsiveness of chickens. 

Intestinal pathogens in chickens 
Several intestinal pathogens cause significant infectious diseases in chickens including Salmonella, 
Clostridium perfringens (causing necrotic enteritis) and Escherichia coli (causing colibacillosis)116. 
Salmonella infections, those with Salmonella enterica serotype Enteritidis (SE) in particular, can 
lead to severe disease and mortality rates to 10% in chickens up to approximately ten days of age. 
Symptoms include inflammation of internal organs and joints in young chickens, whereas chickens 
older than ten days are often subclinically infected and carry the bacteria in their intestines117,118. 
Salmonella are facultative intracellular bacteria of which Salmonella enterica infections, serotype 
Enteritidis or Typhimurium (ST), are one of the most common causes of foodborne diseases in humans. 
Salmonella-associated foodborne diseases result from consumption of contaminated poultry products 
that are not well prepared119. Prevention of SE infection in poultry is thus important for health and 
welfare of chickens and to avoid substantial economic losses in the poultry sector and food recalls120. 
In addition, SE prevention in poultry is relevant for the health and wellbeing of humans in terms of food 
safety as well as to avoid loss of productivity and medical costs121.

Salmonella infection in chickens can occur through the egg but most often occurs via oral or respiratory 
routes122. Important sources of Salmonellae are humans carrying faeces or dust on clothing, vermin, 
feed and consumables. After entry most Salmonellae only colonize the intestinal tract, which are 
subsequently shed in the faeces and consequently spread within the flock. However, SE and ST are able 
to disseminate systemically to tissues such as the liver, spleen and ovary118,123. Preventive treatment 
with antibiotics is not allowed and therapeutic treatment of Salmonella-infected chickens is restricted 
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1due to limited effectiveness against Salmonella strains, the risk of residues in poultry products, and 
potential induction of antibiotic resistance118,124. Therefore, alternative strategies are warranted to 
prevent Salmonella infections in poultry. Stimulation of the immune responsiveness and modulation of 
the intestinal microbiota are potential strategies to increase the resistance of young chickens to such 
infections.  

Potentiation of the immune system and modulation of intestinal 
microbiota 
The resistance of chickens to pathogens such as SE may be increased by stimulation of the number and 
function of the immune system, modulation of the intestinal microbiota and the interaction between 
these. This is shown in studies in which the application of adult-derived microbiota (AM) in ovo97,125 
or to hatchlings126-128 accelerated microbial colonization and increased resistance to pathogens by 
competitive exclusion. In addition, early life transplantation of AM resulted in decreased pro-inflam-
matory responses as long-term effects129. As a consequence of application of AM, reduced colonization 
and shedding of Salmonellae were observed127,128,130. Furthermore, probiotics and prebiotics are 
administrated in chickens as well as in humans to prevent dysbiosis and promote intestinal health131,132. 
Probiotics are beneficial microorganisms including LAB and yeasts that confer health benefits to the 
host such as promoting competitive exclusion of pathogens and stimulation of the epithelial barrier 
and immune activity by vitamin and SCFA production. Prebiotics are non-digestible dietary fibers for 
the host that are metabolized by the probiotics to promote their growth and activity, and consequently 
health benefits to the host131,132. Commonly used probiotics are Bifidobacterium, Lactobacillus, 
Enterococcus and Streptococcus. Fermentable oligosaccharides are commonly used prebiotics like 
fructooligosaccharides, galactooligosaccharides, and mannanoligosaccharides. 

Another strategy to stimulate immune responsiveness and modulate intestinal microbiota includes 
nutrition. Dietary components such as mushroom and plant polysaccharides, organic acids and 
vitamins were shown to increase numbers and activity of macrophages, NK cells, B and T cells in the 
intestine and systemic immune tissues of chickens and mammals133-135. Furthermore, feed additives 
including organic acids, exogenous enzymes and phytochemicals/essential oils promoted beneficial 
microbial populations such as LAB in the intestine of chickens136,137. Thus, feed may affect the immune 
system directly and/or indirectly through alteration of the composition and activity of the intestinal 
microbiota and subsequent interactions between immune cells and commensal microbes (Fig. 2), 
thereby promoting chicken health and productivity138. Since chickens are most susceptible to infectious 
diseases in the first week of life, due to an immature adaptive immune system, this is hypothesized to 
be the most ideal period to stimulate innate immunity and modulate intestinal microbiota composition 
by feed additives135. Moreover, applying feed additives that stimulate innate immune responses may 
provide protection against a variety of pathogens due to the non-specific nature of innate immune 
cells11. Several nutritional strategies supplemented directly post-hatch increased resistance to 
Salmonella infections in young chickens by stimulating macrophage and heterophil functions as well 
as increasing the relative abundance of beneficial microorganisms139-141. However, stimulation of NK 
cells and its potential to increase resistance of chickens to infectious agents has not been investigated 
yet. Therefore, early life supplementation of feed additives that potentiate intraepithelial NK cells and 
commensal LAB may be an effective alternative approach to increase the resistance of chickens, and 
hence improve the health of poultry. 
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Figure 2. Simplified schematic representation of the interaction between chicken health, immune system, intestinal microbiota and feed. 
Important aspects in the health of chickens are the immune system and intestinal microbiota, which both can be directly modulated by 
feed additives. In addition, feed additives can indirectly stimulate the immune system due to the interaction between immune cells and 
commensal microbes. The stimulation of immune responsiveness and modulation of intestinal microbiota composition by nutritional 
strategies may increase the resistance of young chickens and consequently improve their health. 

Aim and outline of this thesis
The research described in this thesis aimed to investigate stimulation of immune responsiveness, 
modulation of intestinal microbiota and the interaction between these by nutritional treatment 
strategies in order to increase the resistance of young broiler chickens. In young chickens, resistance 
to pathogens relies on the innate immune system of which NK cells are important players. NK cells are 
highly abundant among IELs in the intestine and the first cells to be affected by intestinal microbiota 
and feed additives, and thereby the main interest of the conducted studies. More insight in NK cell 
subsets and their function will contribute to the understanding of NK cell biology in chickens and 
will aid to develop strategies specifically targeting NK cells to strengthen the first line of defense. It is 
hypothesized that enhanced responsiveness of NK cells may increase the resistance to pathogens and 
consequently improve the health of chickens. 

In chapter 2, NK and T cell subsets present in the IEL population of the ileum as well as in other tissues 
are analyzed and quantified in course of time from late embryonic development up to three weeks 
of life. In parallel, functional parameters of NK cells are assessed and used as a baseline for following 
studies pertaining modulation of NK cell number and function in broiler chickens. In chapter 3, the 
interaction between the immune system and the intestinal microbiota in young broiler chickens is 
described. To this purpose, inoculation of adult-derived microbiota (AM) immediately post-hatch was 
used as a model to create a different microbiota composition as compared to that of control chickens.
In chapter 4, modulatory properties of nutritional compounds are investigated. Potential compounds 
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1were tested for their capacity to enhance activation of NK cells and macrophages (in vitro screening), 
and evaluated for safety during embryonic development (in ovo screening) and impact on performance 
traits (in vivo screening). Based on these results, two compounds, glucose oligosaccharide and 
long-chain glucomannan, were selected as feed additives. Both nutritional strategies were subsequently 
assessed for their ability to stimulate the immune system and/or modulate the intestinal microbiota 
composition as well as for the interaction between these when applied directly post-hatch.   

Next, more insight was required in the role of NK cells in response to a Salmonella enterica serotype 
Enteritidis (SE) infection. In chapter 5, a detailed analysis of innate and adaptive immune responses 
upon SE infection in young broiler chickens is described. Then in chapter 6, the potency of long-chain 
glucomannan supplementation to increase the resistance to SE infection in young broiler chickens is 
assessed. 

The results reported in this thesis are summarized and discussed in chapter 7 in a broader context and 
implications as well as future perspectives on NK cell stimulation are given. 
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Abstract 
Restrictions on antimicrobials demand alternative strategies to improve  broiler health, such as 
supplying feed additives which stimulate innate immune cells like natural killer (NK) cells. The main 
objective of this study was to characterize intestinal NK cells in broiler chickens during embryonic and 
early life and compare these to NK cells in spleen, blood and bone marrow. Also T-cell subsets were 
determined. The majority of intestinal NK cells expressed IL-2Rα rather than 20E5 and 5C7, and showed 
low level of activation. Within intestinal NK cells the activation marker CD107 was mostly expressed on 
IL-2Rα+ cells while in spleen and blood 20E5+ NK cells primarily expressed CD107. High percentages of 
intestinal CD8αα+, CD8αβ+ and from 2 weeks onward also gamma delta T cells were found. 
Taken together, we observed several intestinal NK subsets in broiler chickens. Differences in NK subsets 
were mostly observed between organs, rather than differences over time. Targeting these intestinal NK 
subsets may be a strategy to improve immune-mediated resistance in broiler chickens.

Keywords: broiler chickens, innate immunity, NK cells, intraepithelial lymphocytes, IEL
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Introduction
Restrictions on the use of antimicrobials in poultry production have made search for other strategies 
to maintain or improve poultry health, such as enhanced immune responsiveness by feed interventions 
important1. The gut-associated immune system provides the interface between body and intestinal 
content and protects against invasion of pathogens. Gut-associated lymphoid tissue (GALT) is situated 
throughout the intestinal epithelium and consists of the Peyer’s patches, the intraepithelial lympho-
cytes (IEL) and the lamina propria leukocytes (LPL) underneath the IEL2,3. Between epithelial cells of 
the villi, the abundantly present IEL preserve the integrity of the epithelium, regulate interactions with 
microbiota and complement the first line of defense against pathogens4. The IEL population consists 
of various types of immune cells including innate lymphoid cells, γδ T cells, CD8+ T cells and natural 
killer (NK) cells5-7. 

NK cells share many characteristics with group I innate lymphoid cells; both cells express the transcrip-
tion factor T-bet and secrete Th1 cell-associated cytokines like IFNγ and TNFα as reviewed in Artis and 
Spits (2015). These cytokines are involved in killing of infected cells and especially IFNγ plays a role 
in the induction of subsequent adaptive immune responses9. NK cells lyse target cells without prior 
sensitization and without restriction by major histocompatibility (MHC) antigens. In humans, NK cells 
exit continuously from the bone marrow into blood and tissues like spleen and intestine, and under-
go progressive phenotypic and functional maturation10. A phenotypic distinction is made between 
NK cells with predominant cytotoxic effector functions (CD56dimCD16high, IL2-Rα-) involved in killing of 
target cells, and a much smaller population of NK cells (CD56brightCD16dim/-, IL2-Rα+) that readily prolif-
erates and mainly produces cytokines11-13. The CD56bright NK cells constitutively express the high-affinity 
heterotrimeric IL-2R including the α-chain, whereas CD56dim NK cells express intermediate-affinity IL-
2R and upregulate expression of the α-chain only upon activation14,15. Increased IL2-Rα expression on 
human NK cells correlates with target cell induced cytotoxicity and cytokine production16. Human NK 
cells mainly reside in the intestine in frequencies of 40% in IEL, and in lower frequencies of 10-20% 
in blood and secondary lymphoid tissues like spleen17-20. The predominantly cytotoxic NK cell subset 
was shown in humans and mice to be circulating11,21, whereas the mainly cytokine-producing subset is 
observed in tissues in close contact with T cells12,21. 

Although NK cell biology in chickens is less advanced compared to humans and mice, chicken NK cells 
have been described as a population of cells that lack surface expression of T and B cell-specific sur-
face markers and are able to kill a NK-susceptible target cell line22. A high percentage of these NK cells 
was observed in embryonic spleen22-24 and in the IEL of the duodenum22 of layer chickens. More recent 
studies have shown the presence of NK cells that are able to degranulate, which is a measure for NK 
cell activation25, in various tissues including spleen, lung and blood of layer chickens24,26,27. 

Despite the fact that a pan NK marker is still missing for chickens, expression of many markers has been 
reported on CD3 negative cells that show enhanced CD107 expression, indicating that these markers 
are expressed on cells with NK cell function. Interestingly, differential expression of these markers in 
various organs suggests that also in chickens different NK cell subsets exist. For instance, in the duo-
denum of adult SPF chickens and layer chickens a high percentage of NK cells expressed the marker 
28-422,28, identified as the chicken orthologue of the IL-2Rα chain29. In blood, spleen and lung of layer 
chickens, NK cells differentially expressed 5C7, which is defined as putative CD11b/c30 or CD11d31, both 
molecules involved in adhesion, 20E5 and 7C124,26. The avian orthologue of CD56, a pan NK marker in 
humans, was expressed on a small population of NK cells in the lung and embryonic spleen but not 
in other tissues 32. Moreover, although CD8α was expressed on chicken NK cells22,32, its expression was 
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shown to be downregulated upon activation24. Since at the onset of the present study limited data on 
NK cells in broiler chickens was available, we set out to first investigate presence and function of the 
various NK cell subtypes in broiler chickens in the absence of pathogenic challenges, in multiple organs 
in course of time from the embryonal stage ED14 up to 21 days of age. In addition, other IEL like the 
γδ T cells and CD8+ T cell subsets have not been described in broiler chickens at multiple timepoints 
during  embryonic and early life.

Stimulating intestinal NK cells through feed may be a strategy to improve health of chickens. Feed 
additives can influence, either directly or indirectly through the microbiota, the intestinal development 
and immune responses1,33,34. Probiotics were shown to increase intestinal mRNA levels of toll-like re-
ceptors (TLRs)35, which play a key role in innate immunity and are also expressed on NK cells. Small cat-
ionic peptide supplementation of broiler chickens was shown to increase mRNA levels of TLRs and type 
I and II interferons in caecal tissue upon infection with Salmonella36, including IFNγ which is secreted 
by NK cells. However, complementation of these results with phenotypic characterization including 
cellular assays of intestinal cells such as NK cells are needed to assess possibilities of modulating these 
intestinal NK cells to improve chicken health. 

In this study, we set out to analyze various subsets of NK cells in the intestine and compared these 
with subsets in spleen, blood and bone marrow of chicken embryos and in young chickens during the 
first three weeks of life. We used the monoclonal antibodies specific for 28-4, 20E5 and 5C7 to analyze 
NK cell subsets over time and we assessed activation of NK cells by determining surface expression 
of CD107. Analysis of CD107 expression within the IL-2Rα+ and 20E5+ NK cell subsets enabled us to 
investigate whether in chickens also NK cell subsets with varying functions can be observed. Presence 
of intraepithelial T cells was assessed over time in comparison to T cells in spleen, blood and bone mar-
row. Characterization of intestinal NK cell subsets will aid in investigating possibilities to modulate NK 
cells through for instance feed interventions, which may result in strengthening of the innate immune 
defense well as subsequent adaptive immune responses in young broiler chickens.

Materials and methods
Animals and tissues
Embryonated Ross 308 eggs were obtained from a commercial hatchery. Eggs were placed in a 
hatcher at the facilities of the Division Farm Animal Health, Faculty of Veterinary Medicine, Utrecht 
University, the Netherlands. From literature22 and earlier work of our group24, we know that spleens 
of fourteen day-old embryos contain a high quantity of NK cells. Subsequently, embryonic day (ED) 
16 and ED18 embryos were analyzed as representative of late embryonic development. At ED 14, 
16 and 18, embryos (n = 10) were euthanized and the small intestines, spleens, femurs and tibiae 
were collected. Samples of either small intestine or spleen were pooled to obtain sufficient cells and 
homogenized using a 70 µM cell strainer (Beckton Dickinson (BD) Biosciences, NJ, USA) to obtain single 
cell suspensions. Lymphocytes were isolated by Ficoll-Paque Plus (GE Healthcare, the Netherlands) 
density gradient centrifugation for 12 min (1700 rpm, 20°C), washed in phosphate-buffered saline (PBS; 
Lonza, Switzerland) by centrifugation for 5 min (1300 rpm) and resuspended at 4.0 × 106 cells/ml in 
‘complete medium’ (IMDM supplemented with 8% heat-inactivated FCS (Lonza); 2% heat-inactivated 
chicken serum, 100 U/ml penicillin/streptomycin and 2 mM glutamax I; Gibco BRL, United Kingdom). 
Bone marrow was collected as previously described37 by cutting the edges of femur and tibia bones 
and flushing the bone marrow with 10 ml complete medium using a 21G needle and a 10 ml syringe 
(BD Biosciences). Subsequently, bone marrow samples of 10 embryos were pooled, homogenized 
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using a 70 µM cell strainer, centrifuged for 10 min (1200 rpm, 20°C) and resuspended at 4.0 × 106 cells/
ml in complete medium. 

For the analyses during three weeks post hatch, 40 chickens were housed in one floor pen lined with 
wood shavings (2 kg/m2) and received a commercial broiler feed ad libitum. At day 1, fifteen chickens 
were euthanized and ileum, spleen, bone marrow and blood were collected and tissue samples of three 
birds were pooled to obtain biological replicates (n = 5) with sufficient cells to perform the analyses. 
At day 3, 5 , 7, 14 and 21, chickens (n = 5) were euthanized and individual tissues were collected. Ileum 
segments of approximately 10 cm were harvested and flushed with PBS to remove contents. Next, 
segments were cut in sections of 1 cm2 and washed again in PBS. Subsequently, IEL were collected by 
stirring the sections three times at 200 rpm for 15 min at 37°C in EDTA-medium (HBSS 1× (Gibco BRL) 
supplemented with 10% heat-inactivated FCS (Lonza); 0.005M EDTA (Sigma-Aldrich, the Netherlands)). 
Supernatants containing the IEL were collected after each incubation in EDTA-medium and centrifuged 
for 5 min at 1200 rpm at 20°C. Cell pellets were then resuspended in PBS, and lymphocytes were 
isolated by Ficoll-Paque density gradient centrifugation (12 min, 1700 rpm, 20°C), washed and resus-
pended in complete medium at 4.0 × 106 cells/ml. Lymphocytes were isolated from spleen as described 
in embryos, however, with different Ficoll-Paque density gradient centrifugation conditions (20 min, 
2200 rpm, 20°C). Isolation of lymphocytes from bone marrow was done according to the procedure 
described above for embryos. Blood, at least 5 ml, was collected in a tube containing 200 µl of heparin 
(5000 IE/ml, LEO Pharma A/S, Denmark), diluted with an equal volume of PBS, layered on Ficoll-Paque 
and centrifuged (20 min, 2200 rpm, 20°C). Subsequently, lymphocytes were harvested, washed and re-
suspended in complete medium at 4.0 × 106 cells/ml. Unless mentioned otherwise, lymphocytes were 
stained for flow cytometric analyses directly after isolation.

To localize markers expressed on immune cells in situ, immunohistochemical stainings were performed 
on ileum tissue of chickens from the control group (PBS inoculation) of a different animal experiment 
(AVD1080020174425). Chickens (n = 4) were euthanized at day 14 and 3 mm cross sections of ileum 
were frozen in liquid nitrogen and stored at -80°C. 

To analyze CD107 expression within the IL-2Rα+ and 20E5+ NK cell subsets, viably frozen lymphocytes 
of IEL, spleen and blood from 21-day-old broiler chickens (AVD1080020174425) were thawed and 
subsequently stained. Pellets of isolated lymphocytes were resuspended in FCS (Lonza) and ice cold 
complete medium supplemented with 20% DMSO (Sigma-Aldrich) was added dropwise. Subsequently, 
cells were stored at -140°C. Frozen cells were rapidly thawed in a 37°C water bath followed by adding 
cold complete medium. Next, the cell suspension was centrifuged, the supernatant was discarded and 
the pellet was resuspended in complete medium and washed again. Viability of the thawed cells was 
approximately 90%. 

Chickens were housed, handled and treated according to approval by the Dutch Central Authority for 
Scientific Procedures on Animals and the Animal Experiments Committee of Utrecht University (the 
Netherlands) under registration numbers AVD108002017863 and AVD1080020174425 and all proce-
dures were performed in accordance with all relevant legislation.

Immunohistochemistry on ileum cryostat sections
Cryostat sections (7 µm) of the ileum, were placed on precoated slides (Superfrost/Plus, Germany) and 
stored over silica gel. First, slides were fixed for 10 min in pure acetone and air-dried. Sections were 
then incubated for one hour at room temperature (RT) in a closed humidified box with previously 
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optimized concentrations of mouse-anti-chicken-CD3 (CT3; IgG1), mouse-anti-chicken-CD4 (CT4; 
IgG1), mouse-anti-chicken-TCRγδ (TCR-1; IgG1), mouse-anti-chicken-CD25 (IL-2Rα, AV142; IgG1, 
Bio-Rad Laboratories, CA, USA) and mouse-anti-chicken-20E5 (IgG1, Developmental Studies 
Hybridoma Bank (DSHB), University of Iowa, IA, USA) diluted in PBS (Lonza) containing 0.5% bovine 
serum albumin and 0.1% sodium azide (PBA). Unless described otherwise, antibodies were obtained 
from Southern Biotech, Birmingham, AL, USA. Following washing in PBS, tissue sections were stained 
using the VECTASTAIN®Elite®ABC HRP Peroxidase, Standard Kit according to the manufacturer’s 
protocol (Vector Laboratories, United Kingdom). Sections were incubated with horse-anti-mouse-
IgG-biotin, washed in PBS followed by incubation in ABC solution. Tissue sections were washed and 
HRP-enzyme reactivity was revealed by adding 0.5 mg 3,3-diaminobenzidine-tetrahydrochloride (DAB; 
Sigma-Aldrich) per ml Tris buffer (0.05M, pH 7.6) containing 0.05% H2O2, and incubation at RT for 10 
min. Sections were washed, briefly counterstained with haematoxylin (Sigma-Aldrich) and rinsed with 
tap water. Finally, tissue sections were mounted in Kaiser’s Glycerol/Gelatine (Boom, the Netherlands) 
and microscopically analyzed to determine types and location of immune cells in IEL and lamina 
propria of the ileum. 

Phenotypic characterization of lymphocytes by flow cytometry
Lymphocytes of the intestine, spleen, bone marrow and blood were stained with markers that are 
known to be expressed on NK cells and T cell subsets. Based on prevalence in our pilot experiments, 
the following markers were selected to classify NK cell subsets: 28-4, recognizing the IL-2Rα chain22,24, 
20E5, with unknown specificity22,24, and 5C7, recognizing CD11b/c or CD11d30,31. Lymphocytes (5 × 105) 
were stained with two panels of antibodies specific for the above NK cell markers and anti-CD3 to be 
able to exclude T cells (Table 1). In addition, lymphocytes were stained using two panels of antibodies 
specific for markers on γδ T and various T cell subsets (Table 1). Staining with primary and secondary 
antibodies (Table 1) was performed using previously optimized concentrations of the various antibodies 
in 50 µl for 20 min at 4°C in the dark. Next, cells were washed two times in PBS supplemented with 0.5% 
BSA and 0.005% NaN3 (PBA). In addition, lymphocytes were stained with a live/dead marker according 
the instructions of the manufacturer (Zombie Aqua™ Fixable Viability Kit, Biolegend, CA, USA) for 15 
min at room temperature (RT) in the dark. After washing in PBA, lymphocytes were resuspended and 
fixed using 2% paraformaldehyde in PBS (Merck, Germany) for 10 min at RT. Following fixation, cells 
were washed again and resuspended in 200 µl PBA of which 150 µl was used to assess fluorescence of 
cells in a FACSCANTO II Flowcytometer (BD Biosciences). Analysis was performed using FlowJo software 
(Tree star Inc, OR, USA).    
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Table 1. Flow cytometry staining reagents.

Cell population Mix Primary antibody
(mouse-anti- 
chicken)

Clone/
Isotype

Secondary antibody

NK a CD3-APC1 CT3/IgG1 -

28-4-UNL2 IgG3 Goat-anti-mouse-IgG3-FITC1

20E5-BIOT2 IgG1 Streptavidin-PercP5

b CD3-APC1 CT3/IgG1 -

5C7-BIOT2 IgG1 Streptavidin-PercP5

T a CD45-APC1 IgM -

TCRγδ-PE1 TCR-1/IgG1 -

BU-1-FITC1 AV20/IgG1 -

b CD3-FITC1 CT3/IgG1 -

CD4-APC1 CT4/IgG1 -

CD8α-PE1 CT8/IgG1 -

CD8β-BIOT1 EP42/IgG2a Streptavidin-PercP5

NK activation a CD107-APC3 LEP-100 I 5G10/
IgG1

-

CD3-PE1 CT3/IgG1 -

CD41/61-FITC4 11C3/IgG1 -

b CD107-APC3 LEP-100 I 5G10/
IgG1

-

CD3-PE1 CT3/IgG1 -

CD41/61-FITC4 11C3/IgG1 -

28-4-UNL2 IgG3 Goat-anti-mouse-IgG3-APC/Cy71

20E5-BIOT2 IgG1 Streptavidin-PercP5

Manufacturer: 1Southern Biotech. 2Purified supernatant of hybridoma provided by Göbel, T.W., Ludwig Maximilians University, 
Germany. 3Developmental Studies Hybridoma Bank (DSHB), University of Iowa, IA, USA. 4Serotec, United Kingdom. 5BD Biosciences. 

Assessment of NK cell activation in the CD107 assay 
The CD107 assay, which determines NK cell activation by enhanced surface expression of CD107 as a 
result of releasing granules containing perforin and granzymes, was carried out as described previously24. 
Briefly, 1 × 106 lymphocytes were incubated in 0.5 ml complete medium for 4 hours at 37°C, 5% CO2 in 
the presence of 1 µl/ml Golgistop (BD Biosciences) and 0.5 µl/ml mouse-anti-chicken-CD107-APC. After 
anti-CD107 staining, lymphocytes were stained with anti-CD3 and anti-CD41/61 mAbs to exclude T cells 
and thrombocytes from the analyses (Table 1). A second panel was used to analyze CD107 expression 
within the IL-2Rα+ and 20E5+ NK cells (Table 1). After incubation, cells were washed, stained and analyzed 
as described in section ‘Phenotypic characterization of lymphocytes by flow cytometry’.  

Statistical analysis
The assumptions for normal distributed data were not met and therefore non-parametric statistical tests 
were used. Differences in percentages of immune cell subsets in course of time were analyzed using the 
Kruskal-Wallis tests accompanied with Dunn’s multiple comparisons tests. Differences in percentages 
of immune cell subsets within a tissue and between tissues were analyzed using Friedman’s tests with 
Dunn’s multiple comparisons tests. A p-value of < 0.05 was considered statistically significant. All statistical 
analyses were performed using the software program GraphPad Prism 7 (GraphPad Software, CA, USA).
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Results
High prevalence of IL-2Rα+ NK cells in the IEL of the ileum
Immunohistochemistry was performed on tissue sections from the intestine of two week-old broiler 
chickens to localize IL-2Rα+ and 20E5+ cells, CD3+, CD4+ and γδ T cells (Fig. 1). The IL-2Rα+ cells were 
present in high numbers among the epithelial cells of villi, crypts and glands (IEL) compared to mild to 
moderate numbers in the lamina propria of the ileum (Fig. 1A). Unfortunately, we were unable to detect 
20E5+ cells in the ileum because the antibody did not work in our hands in immunohistochemical 
staining (data not shown). The presence of CD3+ T cells was observed more in the IEL compared to the 
lamina propria (Fig. 1B). CD4+ T cells were mainly present in the lamina propria compared to minimal 
numbers in IEL (Fig. 1C). Moderate numbers of γδ T cells were observed both in IEL and lamina propria 
(Fig. 1D). 

Based on FACS analyses, the presence of various NK cell subsets in the intestine was determined in 
embryos and chickens of different ages by analyzing the relative number, defined by the percentage, 
of CD3 negative cells that express IL-2Rα+, 20E5+ and 5C7+ cells, and CD107 as marker for NK cell 
activation (Fig. 2A). The percentage of intestinal IL-2Rα+ NK cells tended to be increased at day 1 post 
hatch (60.74 ± 3.2%) compared to ED14 (15.32 ± 5.9%, p = 0.06) and ED18 (19.25 ± 6.5%, p = 0.08), 
and remained similar throughout aging (Fig. 2B). The percentage of intestinal 20E5+ NK cells was lower 

Figure 1. Localization of cell subsets in IEL using immunohistochemistry. (A) Sections of ileum were stained with IL-2Rα, (B) CD3, 
(C) CD4 and (D) TCRγδ and subsequently counterstained with haematoxylin. Immune cells were microscopically analyzed for their 
localization in the IEL population or in the lamina propria, stained cells are depicted by arrows. Representative images of a two 
week-old broiler chicken in a 20× magnification, scale bar = 500 µm. 
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at day 1 (3.9 ± 0.76%) compared to ED14 (14.87 ± 1.4%, p = 0.05) and subsequently increased towards 
day 21 (11.38 ± 1.9%) to levels similar to those in early embryonic life (Fig. 2C). Also, the percentage 
of intestinal 5C7+ NK cells was lower at day 1 (1.4 ± 0.27%) than at ED14 (7.3 ± 1.4%, p = 0.07) and 
increased again to 7.2 ± 2.1% at day 21 (Fig. 2D). When comparing these subsets of NK cells in the 
intestine post hatch, a considerably higher percentage of IL-2Rα+ NK cells was observed compared to 
20E5+ NK cells (Fig 2B-D). The percentage of CD107+ NK cells varied between 7.66 ± 1.7% (day 21) and 
13.71 ± 2.3% (day 5) during embryonic phase and first three weeks of age (Fig. 2E). In addition, CD107 
expressing cells were predominantly observed in the intestinal IL-2Rα+ NK cell subset (17.3 ± 0.5%) and 
less CD107 expression was observed in 20E5+ NK cells (6.4 ± 0.4%, Fig. 2F). 

Figure 2. Phenotypic characterization of intestinal NK cells in embryos and chickens. (A) Gating strategy after isolation of lymphocytes 
from IEL to analyze NK cell subsets and their activation; lymphocytes were gated, within lymphocytes the live lymphocytes, therein the 
CD3 negative cells followed by selection of cells expressing IL-2Rα, 20E5 and 5C7 (NK cell subsets) or the CD3 and CD41/61 negative 
cells followed by selection of cells expressing CD107 in total NK cells and within the IL-2Rα+ and 20E5+ NK cells. (B) Percentage of 
CD3 negative cells (mean ± SEM) that express surface markers IL-2Rα, (C) 20E5 and (D) 5C7. (E) NK cell activation was assessed by 
measuring the surface marker CD107 (mean ± SEM) in total NK cells and in (F) NK cell subsets. In B-E for embryos n = 3, chickens n = 
5, and in F two independent experiments with in total 7 replicates.
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Splenic NK cells predominantly express IL-2Rα while blood and bone 
marrow-derived NK cells are mostly 20E5+ 
In addition to intestinal NK cells, the presence of NK cell subsets in spleen, blood and bone marrow was 
investigated at different ages. The percentage of splenic IL-2Rα+ and 20E5+ NK cells did not change 
significantly during embryonic and early life (Fig. 3A, B). The percentage of splenic 5C7+ NK cells was 
lower at day 1 (4.2 ± 0.2%) compared to ED14 (8.5 ± 0.9%, p = 0.02). At day 7 (7.5 ± 0.4%, p = 0.03), the 
percentage of 5C7+ NK cells in spleen increased again to similar levels as observed in early embryonic 
life (Fig. 3C). Similar to intestinal NK cells, also the majority of splenic NK cells in young chickens was 
IL-2Rα+. Percentages of blood-derived IL-2Rα+, 20E5+ and 5C7+ NK cells were similar during the first 
three weeks of age (Fig. 3D-F). While the percentage of bone marrow-derived IL-2Rα+ NK cells did 
not change in time (Fig. 3G), the percentage of 20E5+ NK cells increased post hatch from day 1 (2.7 ± 
0.3%) to day 7 (16.4 ± 1.9%, p = 0.01) and 14 (17.8 ± 1.9%, p < 0.01) to levels comparable to those in 
embryonic life (Fig. 3H). Bone marrow-derived 5C7+ NK cells were lower at day 1 (3.0 ± 0.2%) compared 
to ED18 (7.1 ± 2.1%, p = 0.04, Fig. 3). In contrast to findings in intestine and spleen, most blood and 
bone marrow-derived NK cells where 20E5+ (Fig. 3D-I). 

Figure 3. Phenotypic characterization of NK cells in spleen, blood and bone marrow of embryos and chickens. Gating strategy is similar 
to IEL. (A-C) Percentage of CD3 negative cells (mean ± SEM) that express surface markers IL-2Rα, 20E5 and 5C7 in spleen, (D-F) blood 
and (G-I) bone marrow. In A-I for embryos n = 3, chickens n = 5, n.d. means not determined. Statistical significance between ages is 
indicated as * p < 0.05 and ** p < 0.01. 
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No significant differences in activation of splenic NK cells was observed upon hatch (Fig. 4A). The 
percentage of blood-derived CD107+ NK cells tended to increase between day 7 (5.3 ± 1.2%, Fig. 4C) 
and 14 (19.4 ± 5.0%, p = 0.07). Percentages of bone marrow-derived CD107+ NK cells tended to be 
lower at day 1 (7.3 ± 0.3%) compared to ED14 (16.0 ± 1.2%, p = 0.09) and significantly decreased at day 
7 (5.1 ± 0.2%) compared to ED14 (p < 0.01), ED16 (p = 0.02) and ED18 (p = 0.02), which was followed 
with a tendency to increase again (Fig. 4E). A higher percentage of CD107+ cells was observed within 
the 20E5+ NK cell subset compared to IL-2Rα+ NK cells in spleen and blood, the opposite of what was 
observed in intestine (Fig. 4B, D).

Figure 4. Phenotypic characterization of activated NK cells in spleen, blood and bone marrow of embryos and chickens. Gating 
strategy is similar to IEL. (A) NK cell activation was assessed by measuring the surface marker CD107 (mean ± SEM) in total NK cells of 
spleen, (C) blood and (E) bone marrow and in NK cell subsets of (B) spleen and (D) blood. In A,C,E for embryos n = 3, chickens n = 5, 
and in B,D two independent experiments. Statistical significance between ages is indicated as * p < 0.05 and ** p < 0.01.
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Figure 5. Phenotypic characterization of intestinal T cells in embryos and chickens. (A) Gating strategy after isolation of lymphocytes 
from IEL to analyze T cell subsets; lymphocytes were gated, within lymphocytes the live lymphocytes, followed by selection of 
TCR-1+BU-1- T cells (γδ T cells) or selection within the CD3+CD4- cells of T cells expressing CD8αα and CD8αβ (CD8+ T cells). (B) 
Percentage of live cells (mean ± SEM) that express the surface marker TCRγδ to distinguish γδ T cells. (C) Percentage of CD3+CD4- T 
cells (mean ± SEM) that express CD8αα and CD8αβ to distinguish cytotoxic CD8+ T cells. In B-C for embryos n = 3, chickens n = 5. 
Statistical significance between ages is indicated as * p < 0.05.

High prevalence of γδ T cells, CD8αα+ and CD8αβ+ T cells in IEL of 
the ileum in young broiler chickens 
Next, the presence of T cell subsets amongst the IEL was determined during embryonic development 
and in chickens during the first three weeks post hatch (Fig. 5A). The presence of total CD3+ T cells in 
IEL increased during aging to approximately 70% (data not shown). No CD4+ intestinal T cells were 
detected in embryos, whereas in young chickens a low presence was found up to day 21 (data not 
shown). Percentages of γδ T cells in the IEL remained similar upon hatch, but increased from day 14 on 
to 37.9 ± 5.8% at day 21 (Fig. 5B). Although not significant, a gradual increase was also observed in the 
percentages of intestinal CD8αα+ T cells upon hatch in ED18 (18.6 ± 8.7%) versus 32.4 ± 4.5% in chickens 
of 21 days (Fig. 5C). The percentages of CD8αβ+ T cells increased significantly upon hatch from 1.0 ± 
0.2% at ED14 to 49.2 ± 3.7% in chickens of 14 days (p = 0.02, Fig. 5C). No significant differences were 
found between the percentage of intestinal γδ T cells, CD8αα+ and CD8αβ+ T cells during embryonic 
development between ED14 and ED18 (Fig. 5B, C). In chickens younger than 7 days, more CD8αα+ and 
CD8αβ+ T cells were observed compared to γδ T cells (Fig. 5B, C). However, presence of intestinal γδ 
T increased to levels similar to those of CD8αα+ and CD8αβ+ T cells from day 14 onwards (Fig. 5B, C).
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Highest prevalence of CD8αβ+ T cells in spleen, blood and bone 
marrow of young broiler chickens 
Next, T cell subsets in spleen, blood and bone marrow were analyzed in broiler chickens of different 
ages. The percentage of CD3+ T cells in spleen (54%) and blood (75%) increased during aging similar 
to what was observed in IEL (70%), whereas in bone marrow a low presence of approximately 2% was 
found throughout aging (data not shown). An increase was observed in percentages of γδ T cells upon 
hatch in spleen (Fig. 6A), however, no differences were found in percentages of γδ T cells in blood (Fig. 
6C) and bone marrow (Fig. 6E). Furthermore, a higher percentage of CD8αα+ T cells was found in spleen 
(Fig. 6B) and bone marrow (Fig. 6F) of embryos compared to young chickens, whereas the percentage 
of CD8αα+ T cells in blood did not change upon hatch (Fig. 6D). Percentages of CD8αβ+ T cells were 
higher in spleen, blood and bone marrow of young chickens versus embryos (Fig. 6B, D, F). 

In embryonic spleen and bone marrow, the majority of the T cells expressed CD8αα+ or CD8αβ+ (Fig. 6). 
In young chickens, the percentage splenic CD8αβ+ T cells was higher compared to the percentage γδ T 
cells at day 14 (p = 0.01) and 21 (p = 0.03, Fig. 6A, B). In blood of young chickens, percentages of γδ T 
cells and CD8+ T cells were similar until two weeks of age, whereas at day 21 the CD8αβ+ T cell subset 
showed highest presence (Fig. 6C, D). In young chickens, no γδ T cells were found in bone marrow and 
highest percentages were found of CD8αβ+ T cells from two weeks onwards (Fig. 6E, F).

Discussion
The present study was designed to get insight in phenotypical and functional characteristics of subsets 
of NK cells in general, and intestinal NK cells more specifically, in broiler chickens in course of time 
during embryonic development and the first three weeks of life.

The majority of intestinal NK cells in the ileum was located in the IEL and expressed the IL-2Rα. Their 
relative presence, expressed as percentage of total CD3 negative cells, increased post hatch. The high 
percentage of intestinal IL-2Rα+ NK cells is in agreement with earlier studies in layer chickens and SPF 
chickens that showed similar percentages at similar ages22,28. Also 20E5+ and 5C7+ intestinal NK cells 
were readily detected with no major changes in presence in the course of embryonic stages and the 
first weeks of life. It should be noted that the 5C7 marker could not be included in the staining panel 
with IL-2Rα and 20E5, which means we cannot define 5C7+ NK cells as a distinct subset as 5C7 may 
be expressed on either IL-2Rα+ and 20E5+ NK cells or both. Intestinal percentages of either 20E5 or 
5C7 as single markers were found to a lesser extent compared to IL-2Rα. In addition, 10% of intestinal 
NK cells expressed CD107 and this expression was mainly observed in the IL-2Rα+ NK subset. One day 
after hatch, the percentage of NK cells expressing IL-2Rα showed an increase, whereas the 20E5+ NK 
cells decreased. 

In our study, the relative number of IL-2Rα+ NK cells in intestine of embryos was similar to bone 
marrow, but lower in intestine compared to spleen. However, the percentage of IL-2Rα+ NK cells was 
highest after hatch in IEL compared to the other tissues. This may indicate trafficking of IL-2Rα+ NK 
cells in the first week after hatch from spleen to the intestine, which has been shown in adult mice 
where spleen-derived NK cells were found in all NK-containing organs after intravenous adoptive 
transfer38. Alternatively, local NK cells in the intestine may have up-regulated the IL-2Rα+ expression 
due to dual stimulation of Fc receptors and IL-12R14, or combination of the IL-12R, IL15R and IL-18R15, 
which promotes activation as has been shown for human blood-derived NK cells14,15. Interestingly, 
we observed that the representation of NK cell subsets within the individual tissues varied, since in 
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both intestine and spleen, the IL-2Rα+ NK cell subset was more abundant whereas in blood and bone 
marrow, the majority of the NK cells expressed 20E5+. The distinction of these NK cell subsets has not 
been demonstrated in layer chickens during embryonic life. In four-week-old layer chickens, a higher 
relative presence of splenic 20E5+ and 5C7+ NK cells was observed compared to IL-2Rα+ NK cells24. We 
hypothesized that different tissue distributions of IL-2Rα+ and 20E5+ NK cell subsets may be related to 
specific functions such as cytotoxic activity, which is measured in humans25 and chickens24 by enhanced 
surface expression of CD107. 

Figure 6. Phenotypic characterization of T cells in spleen, blood and bone marrow of embryos and chickens. Gating strategy is similar 
to IEL. (A) Percentage of live cells (mean ± SEM) that express the surface marker TCRγδ to distinguish γδ T cells in spleen, (C) blood 
and (E) bone marrow. (B) Percentage of CD3+CD4- T cells (mean ± SEM) that express CD8αα and CD8αβ to distinguish cytotoxic CD8+ 
T cells in spleen, (D) blood and (F) bone marrow. In A-F for embryos n = 3, chickens n = 5. Statistical significance between ages is 
indicated as * p < 0.05.
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Comparable percentages of CD107 expression were observed on NK cells in spleen, blood, bone 
marrow and intestine. The percentage of NK cell activation detected in this study was similar to those 
observed in spleen24 and blood27 of non-infected layer chickens in earlier studies, but lower compared 
to NK cell activation in infected layer chickens, of which relative presence may increase up to 30%27. 
Interestingly, CD107 expression in spleen and blood was mainly observed on 20E5+ NK cells, which is 
different from what we found in the intestine. Based on these data, both NK cell subsets are implicated 
in cytotoxic activity, which was different from what we initially hypothesized. Studies with human 
NK cells have shown that increased IL-2Rα expression was associated with an early stage of NK cell 
activation14-16. This may also be the case in chickens, suggesting that the higher percentage of IL-2Rα+ 

NK cells in the intestine and spleen may reflect a population of NK cells in an early stage of activation. 
The finding that intestinal IL-2Rα+ NK cells are involved in cytotoxicity has also been shown in adult 
layer chickens where IL-2Rα+ IEL as putative NK cells showed killing of target cells22,29. The activation of 
intestinal IL-2Rα+ NK cells may be dependent on local signals, such as interactions with the microbiota 
either directly through TLRs or indirectly via cytokine production of exposed resident cells39,40. Further 
research into the IL-2Rα+ and 20E5+ NK cell subsets is necessary to clarify their functions, which will 
contribute to the understanding of NK cell biology in chickens. Inducing a higher prevalence of IL-2Rα+ 
NK cells in the intestine, by for instance early life feed interventions, may infer higher protective potency 
and strengthen the innate immune response during post-hatch development, when adaptive immunity 
is still immature.

In addition to NK cells, the presence of T cells was also analyzed. In the intestine, the major T cell 
subsets found in the IEL were γδ- and CD8+ cytotoxic T cells, whereas CD4+ T cells were mainly present 
in the lamina propria. This was confirmed with immunohistochemistry data and relative numbers 
were in agreement with reported levels of intestinal γδ T41,42, CD8+ T41 and CD4+ T cells2,43 in layer 
chickens. From two weeks of age onwards, γδ T cells were more abundant in the IEL compared to 
spleen, blood and bone marrow and a similar tissue distribution of γδ T cells was observed in layer 
chickens44, rodents and humans45,46. Percentage of intestinal γδ T cells was similar to those found in 
ruminants47 and pigs48. Percentages γδ T cells in the blood of broiler chickens were higher compared 
to humans49. This indicates that γδ T cells in chickens are important effector cells at the interface of 
innate and adaptive immunity in different locations29. Within the cytotoxic CD8+ T cell population, high 
percentages CD8αα+ T cells were observed in the IEL, whereas in the other tissues high percentages 
of CD8αβ+ T cells were found. At three weeks of age, percentages of CD8αβ+ T cells were highest in 
all tissues. Percentages of intestinal cytotoxic CD8αα+ and CD8αβ+ T cell subsets were similar to that 
found in layer chickens41, whereas in mice higher prevalence of CD8αα+ T cells was observed50. An 
overview of the data generated in broiler chickens as compared to layer chickens is given in Table S1. 
Similar to chicken, human T cells predominantly express CD8αβ, however, CD8αα is only expressed on 
activated T cells, including γδ T and cytotoxic T cells,  and forms a small population which significantly 
expands during chronic infections51. Higher prevalence of CD8αα+ T cells was also associated with 
higher protective immune responses towards viral 52 and bacterial53 infections in chickens. Another 
study reported that intestinal CD8αα+ T cells showed innate functional characteristics in mice and 
humans54, which might be suggested to be similar in chickens. A higher prevalence of γδ T cells or 
CD8αα+ T cells, which might be induced by feed interventions, may strengthen the innate response by 
collaborating with NK cells to improve health of broiler chickens. 

In conclusion, we were able to isolate NK cell subsets from IEL and showed that most NK cells expressed 
IL-2Rα. IL-2Rα+ NK cells are predominantly present in intestine and spleen, while in blood and bone 
marrow NK cells are mostly 20E5+. Interestingly, the majority of intestinal CD107+ cells is detected in 
IL-2Rα+ NK cells, whereas in spleen and blood, the majority of CD107+ cells is observed within the 
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20E5+ NK cell subset. In addition, the IEL showed highest percentages of γδ T and cytotoxic CD8αα+ 
T cells compared to the other tissues after hatch. The higher prevalence of IL-2Rα+ NK cells in the 
intestine compared to the other tissues may indicate an early activation stage of intestinal NK cells, 
which might be caused by local interactions with the microbiota. Higher prevalence of IL-2Rα+ NK cells 
in the intestine may infer higher protective potency and future studies should investigate whether the 
presence of this intestinal NK cell subset could be manipulated by early life feed interventions either 
directly or through the microbiota. This may result in strengthening the first line of defense in broiler 
chickens during post-hatch development when their adaptive immunity is still immature and may 
open possibilities to use immune-mediated protection to raise broiler chickens resistant to infectious 
diseases and reduce antimicrobial use.   
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Supplementary data
Table S1. Characterization of immune cells generated in broiler chickens in the present study compared to data known in layer 
chickens.

Immune cells Broiler chickens Layer chickens

CD3-CD56+ NK cells Not determined Embryonic spleen1, lung1,2, blood2 (not present in intestine1)

CD3-IL-2Rα+ NK cells Ileum, spleen, blood, bone 
marrow

Duodenum3,4,5, (embryonic) spleen3, blood2,3,6,7, lung2 

CD3-20E5+ NK cells Ileum, spleen, blood, bone 
marrow

(Embryonic) spleen8, blood2,6,7, lung2

CD3-CD11b/c+ NK cells Ileum, spleen, blood, bone 
marrow

(Embryonic) spleen8

CD107+ NK cells Ileum, spleen, blood, bone 
marrow

(Embryonic) spleen8, lung2, blood2 

γδ T cells Adult spleen15, thymus15, 
ileum embryonic/ early life

Small intestine9,11, caeca10, spleen9,10,11,12, blood10,11,12, thymus11, bursa 
of fabricius13, skin14

CD8+ T cell Adult spleen15, thymus15, 
ileum embryonic/ early life

Small intestine11, duodenum4, caeca16, spleen11,16, blood11, thymus11, 
bursa of fabricius13

1(Neulen and Göbel, 2012); 2(Jansen et al., 2013); 3(Göbel et al., 2001); 4(Jahromi et al., 2018); 5(Abdolmaleki et al., 2018); 6(Neulen et al., 
2015); 7(van der Eijk et al., 2019); 8(Jansen et al., 2010); 9(Bucy et al., 1988); 10(Pieper et al., 2011); 11(Tregaskes et al., 1995); 12(Sowder et 
al., 1988); 13(Kim et al., 2000); 14(Sgonc et al., 1996); 15(Erf et al., 1998); 16(Perumbakkam et al., 2016).
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Abstract 
Studies in mammals, including chickens, have shown that the development of the immune system 
is affected by interactions with intestinal microbiota. Early life microbial colonization may affect the 
development of innate and adaptive immunity and may contribute to lasting effects on health and 
resilience of broiler chickens. We inoculated broiler chickens with adult-derived-microbiota (AM) to 
investigate their effects on intestinal microbiota composition and natural killer (NK) cells, amongst 
other immune cells. We hypothesized that AM inoculation directly upon hatch (day 0) would induce an 
alteration in microbiota composition shortly after hatch, and subsequently affect (subsets of) intestinal 
NK cells and their activation. Microbiota composition of caecal and ileal content of chickens of 1, 3, 
7, 14, 21 and 35 days of age was assessed by sequencing of 16S ribosomal RNA gene amplicons. In 
parallel, subsets and activation of intestinal NK cells were analyzed by flow cytometry. 
In caecal content of 1- and 3-day-old AM chickens, a higher alpha-diversity (Faith’s phylogenetic 
diversity) was observed compared to control chickens, whereas ileal microbiota were unaffected. 
Regarding beta-diversity, caecal microbiota profiles could be clustered into three distinct community 
types. Cluster A represented caecal microbiota of 1-day-old AM chickens and 1- and 3-day-old control 
chickens. Cluster B included microbiota of seven of eight 3- and 7-day-old AM and 7-day-old control 
chickens, and cluster C comprised microbiota of all chickens of 14-days and older, independent of 
inoculation. In 3-day-old AM chickens an increase in the percentages of intestinal IL-2Rα+ NK cells and 
activated NK cells was observed compared to control chickens of the same age. In addition, an increase 
in relative numbers of intestinal cytotoxic CD8αα+ T cells was observed in 14- and 21-day-old AM 
chickens. Taken together, these results indicate that early exposure to AM shapes and accelerates the 
maturation of caecal microbiota, which is paralleled by an increase in IL-2Rα+ NK cells and enhanced 
NK cell activation. The observed association between early life development of intestinal microbiota 
and immune system indicates possibilities to apply microbiota-targeted strategies that can accelerate 
maturation of intestinal microbiota and strengthen the immune system, thereby improving the health 
and resilience of broiler chickens. 

Keywords: poultry, avian immunology, intestinal microbiota, intraepithelial lymphocytes, innate 
immunity, NK cells 
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Introduction 
Health and production efficiency of broiler chickens are of major importance, as chicken meat is a 
key sustainable source of animal protein for the growing human population1,2. In poultry production, 
restrictions of the use of antimicrobials have made other strategies to maintain or improve poultry 
health, such as enhanced immune responsiveness, increasingly important. 

A crucial role in chicken health and production performance is played in many physiological processes 
by intestinal microbiota, including nutrient digestion and absorption, metabolism, intestinal barrier 
function, and development of intestinal immunity3,4. The maturation of the intestinal microbiota of 
chickens entails rapid successional changes, developing from a simple, to a more complex and diverse 
composition due to gradual colonization with microbiota5-7. Early life exposure to microbiota is an 
important driver of this development, which can also affect health later in life. This has been shown 
in human infants8-10, and other mammals and hatchlings treated with antibiotics early in life or raised 
under extreme hygienic conditions, e.g. germ-free or SPF environments11-15. Also, in commercial 
chickens under normal circumstances, early transiently colonizing bacteria have been shown to have 
a large effect on intestinal microbiota composition later in life16-18. However, due to hatching in a 
hatchery environment, colonization in commercial chickens starts with microbiota from environmental, 
rather than parental sources. As these environmental microorganisms may include pathogenic 
bacteria, competitive exclusion products derived from intestinal microbiota of healthy adult chickens 
have been developed to compete with colonization by pathogenic bacteria and are widely used in 
poulty production systems to induce a healthy microbiota19. When supplied in ovo or to hatchlings, 
adult-derived microbiota has been shown to accelerate bacterial colonization20-22 and to decrease the 
occurrence of undesirable bacteria such as Salmonella and Escherichia coli19,23,24. 

The intestinal immune system plays an important role in the defense against pathogens that enter a 
host via the gut. Underneath the mucus layer (the first protective barrier in the intestinal tract25), a layer 
of epithelial cells including immune cells such as the intraepithelial lymphocytes (IEL) is observed. The 
population of IEL consists of high numbers of γδ T cells, adaptive CD8+ T cells and innate natural killer (NK) 
cells26. During embryonic development and early life, when resistance against pathogens relies on innate 
immune responses since the adaptive immune system is not yet fully developed, NK cells are important 
players27,28. Chicken NK cells have also been reported in multiple organs including the intestine, lung, 
spleen and blood26,29,30. Previously, we and others showed that a high percentage of intestinal NK cells in 
chickens are recognized by the marker 28-426,31, which was identified as CD25 or IL-2Rα26. In mammals, 
the IL-2Rα chain is expressed on NK cells early upon activation32, and this is followed by enhanced NK 
cell mediated killing and IFNγ production32. Another marker found to be expressed on intestinal NK cells 
was 20E531. It is also expressed on cells that show NK cell activation29. Furthermore, elsewhere in the body, 
increased surface expression of CD107 indicative of NK cell activation was observed on primary chicken 
NK cells in lung, spleen and blood upon infections with avian viruses30,33,34.

In the intestinal tract many interactions occur between the microbiota and immune cells35,36. These 
interactions are important for the development of the immune system, as was shown in mammals21,37,38 
and chickens14,39. For example, early life transplantation of adult microbiota has resulted in increased 
natural antibody titers in laying chickens40 paralleled by long lasting effects on mRNA levels of 
pro-inflammatory cytokines41. Disturbing the early life microbiota in 1-day-old broiler chickens by 
antibiotics resulted in reduced numbers of macrophage-like cells in the jejunum14, whereas differences 
in rearing environment, e.g., a reduction in environmental microbial exposure resulted, in two 
phylogenetically distinct lines of broiler chickens, in lower expression levels of β-defensins42. 
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Studies in rodents and humans have shown that specific probiotic microorganisms enhance intestinal 
NK cell activity and cytokine production43 either directly via their interaction with receptors expressed 
on NK cells44,45, or indirectly via cytokine production of resident myeloid or epithelial cells46. Also the 
adaptive immune system can be modulated via interactions with the microbiota47-50, or indirectly 
through innate immune cell activities. As other studies in rodents and humans have shown, the 
microbiota affects activation of γδ T cells51,52 and CD8+ T cells53. Taken together, this indicates that the 
composition and activity of the microbiota and its effects on the immune system in early life may have 
long term consequences on the health of individuals. 

In chickens, previous studies addressed the effect of microbiota on innate immune responses in the 
intestine, spleen and blood by studying mRNA levels of immune related genes41,42, by immunohisto-
chemistry14 and by analysis of natural antibody titers40. In this study, we used tools that we developed 
previously for the analysis of the phenotype and the function of chicken innate immune cells29,54 to 
assess whether and to what extent differences in early life microbial colonization would affect the 
development of NK cells locally (in the intestine) and systemically (in spleen and blood). 
 
We hypothesized that inoculation with adult-derived microbiota (AM) upon hatch would induce an 
alteration in microbiota development and affect the presence and activation of intestinal NK cells. To 
induce early colonization with a rich, complex microbiota to stimulate immune development, we used 
Aviguard® (MSD Animal Health, the Netherlands), as this product derived from microbiota of healthy 
adult chickens has been shown to be able to colonize the intestinal tract and induce early maturation 
of the intestinal microbiota in previous studies with hatchlings22,55. In this study, AM inoculation 
resulted in an accelerated maturation of the intestinal microbiota, an increase of IL-2Rα+ NK cells and 
enhanced activation of NK cells. The observed association between early life development of intestinal 
microbiota and the immune system indicates possibilities to apply microbiota-targeted strategies that 
can accelerate maturation of intestinal microbiota and strengthen the immune system to improve the 
health and resilience of broiler chickens. 

Materials and methods 
Birds and husbandry
Ross 308 broiler 17- and 18-day old embryonated eggs were obtained from the same parent flock 
of a commercial hatchery (Lagerwey, the Netherlands). ED17 (hatch group A, n = 52) and ED18 eggs 
(hatch group B, n = 52) were disinfected with 3% hydrogen peroxide and placed in disinfected egg 
hatchers. All eggs hatched at ED21. Directly upon hatch, chickens (day 0 in age) were randomly divided 
into two treatment groups, weighed, labelled and inoculated. Next, the chickens of the two treatment 
groups were placed in separate floor pens of 2 × 1.5 m (pens 1 and 2), with a solid wall separating 
the pens. Each pen was divided in two equal parts of 1 × 1.5 m for chickens from hatch group A 
and B. The pens were lined with wood shavings (2 kg/m2, sterilized by autoclavation). Non-sterilized 
standard commercial starter and grower feeds (Research Diet Services, the Netherlands) and water 
was provided ad libitum. No antibiotics, coccidiostatic drugs or commercial vaccines were applied 
during the experiment. A standard lighting, temperature scheme for Ross broiler chickens was used, 
and conditions were kept the same for all compartments. The chickens were observed daily for clinical 
signs, abnormal behavior or mortality and were also evaluated for presence of abnormalities during 
post-mortem. No signs of disease or impaired health were observed in both groups throughout the 
experiment. Feed intake and body weight were assessed in both groups at each sampling moment 
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and followed the expectations based on the Ross 308 broiler performance standards in both groups.  
The experimental room was equipped with a mechanical negative pressure ventilation system. 

The animal experiment was approved by the Dutch Central Authority for Scientific Procedures on 
Animals and the Animal Experiments Committee (registration number AVD1080020174425) of Utrecht 
University (the Netherlands) and all procedures were done in full compliance with all relevant legislation.

Experimental design
Chickens were inoculated once immediately after hatch to reduce opportunities for prior exposure 
to microbiota. First, the control group received an oral inoculation with 0.5 ml PBS (Lonza, Basel, 
Switzerland). The other group, henceforth referred to as the AM group, was inoculated with 0.5 ml 
of PBS containing 0.05 g/ml of competitive exclusion product Aviguard® (MSD Animal Health, the 
Netherlands). This is a freeze-dried powder, soluble in water, consisting of fermented, undefined 
cultures from intestinal microbiota of healthy specific-pathogen-free birds and was used according to 
manufacturer’s instructions. To determine the microbial composition of the AM inoculum and compare 
this to the microbiota in the chickens, four aliquots of 2 ml were stored at -80°C for DNA extraction. 
The experimental design of the study is shown in Fig. S1.  

Sample collection
At day 0 (upon hatch), four non-inoculated chickens per hatch group were randomly selected and 
sacrificed, to collect caecal and ileal content for microbiota analyses, as has been described in56. Ileal 
content was collected distal and close to the Meckel’s diverticulum. The intestinal content was gently 
squeezed into a 2 ml sterile cryotube, snap frozen on dry ice and stored at -80°C for DNA extraction. 
The time between sacrificing and placing the intestinal samples on dry ice was between 3-5 min. To 
avoid cross contamination, all management and biotechnical procedures were completed first with the 
control group and for each compartment at the same time. At days 1 (24 hours after inoculation), 3, 
7, 14, 21 and 35, eight chickens (four from the control and four from the AM group) were randomly 
selected per hatch group (A/B) and sacrificed to collect caecal and ileal content as described above. 
At day 0 and day 1, the chickens were too small to collect sufficient cells for immunological analyses. 
Therefore ileum tissue, spleen and blood were collected from day 3 onwards from six of these eight 
chickens (n = 3 per hatch group). All chickens were weighed prior to post-mortem analyses. 

DNA extraction 
In total, 104 caecal and 104 ileal content samples, consisting of 52 samples per treatment group, 
and four samples of the AM inoculum were analyzed for microbiota composition. DNA was extracted 
from 0.25 g content, using 700 μl of Stool Transport and Recovery (STAR) buffer (Roche Diagnostics 
Nederland BV, the Netherlands). All samples were transferred to sterile screw-capped 2 ml tubes 
(BIOplastics BV, the Netherlands) containing 0.5 g of zirconium beads (0.1 mm; BioSpec Products, 
Inc., USA) and 5 glass beads (2.5 mm; BioSpec Products). All samples were treated in a bead beater 
(Precellys 24, Bertin technologies, France) at a speed of 5.5 m/s for 3 × 1 min, followed by incubation 
at 95°C with agitation (15 min and 300 rpm). The lysis tube was centrifuged (13,000 g for 5 min at 4°C), 
and the supernatant was transferred to a 2 ml microcentrifuge tube. Thereafter, the above-described 
process was repeated with 300 μl STAR buffer. An aliquot (250 μl) of the combined supernatants from 
the sample lysis was then transferred into the custom Maxwell® 16 Tissue LEV Total RNA Purification Kit 
cartridge. The remainder of the extraction protocol was then carried out in the Maxwell® 16 Instrument 
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(Promega, the Netherlands) according to the manufacturer’s instructions. DNA concentrations were 
measured with a NanoDrop ND-1000 spectrophotometer (NanoDrop® Technologies, DE, USA), and the 
DNA samples were stored at -20°C until further use.

qPCR, 16S rRNA gene amplification, sequencing and data processing 
Extracted DNA was diluted to 20 ng μl-1 in nuclease free H2O. All PCR plastics were UV irradiated 
for 15 min before use. To validate the AM inoculation, absolute quantification of the bacterial 16S 
ribosomal RNA (rRNA) genes by real-time PCR amplification was performed for the caecal content 
samples of day-old chickens. For ileal content samples the amount of DNA was too low to reliably 
determine gene copy numbers. All qPCR assays (CFX384™ real-time PCR detection system, Bio-Rad, 
CA, USA) were performed in triplicate with 25 μl reactions and was described previously57. For 16S 
rRNA gene-based microbial composition profiling, barcoded amplicons covering the variable regions 
V5-V6 of the bacterial 16S rRNA gene were generated by PCR using the 784F and 1064R primers as 
described before58. Each sample was amplified in duplicate using Phusion hot start II high fidelity 
polymerase (Finnzymes, Finland), checked for correct size and concentration on a 1% agarose gel and 
subsequently combined and purified using CleanNA magnetic beads (CleanNA, the Netherlands). A 
detailed description of the PCR conditions is given elsewhere56. Positive and negative controls were 
added to the data set to ensure high quality sequencing data. As positive controls we used synthetic 
mock communities of known composition58, and as negative controls we used nuclease free water. 
The resulting libraries were sent to Eurofins Genomics GmbH (Germany) for sequencing on an Illumina 
Hiseq2500 instrument. The 16S rRNA data was analyzed using NG-tax 2.059. In short, paired-end 
libraries were filtered to contain only read pairs with a perfect match to the primers and perfectly 
matching barcodes, to demultiplex reads by sample. Amplicon sequence variants (ASVs) were defined 
as unique sequences. The ASV picking strategy was based on a de novo reference approach. Taxonomy 
was assigned using the SILVA 128 16S rRNA gene reference database60. Caecal content samples of day 
0 and ileal content samples of day 0 and 1 were excluded from the analysis, because these contained a 
large number of families associated with the negative control samples, and therefore did not pass our 
quality control standards. Raw sequence data were deposited into the Sequence Read Archive (SRA) at 
NCBI under accession number PRJNA670739.

Isolation of tissues and cells
Ileum segments (±10 cm distal from Meckel’s diverticulum), spleens and blood (5 ml) were collected. 
Ileum segments were washed with PBS to remove contents and cut in sections of 1 cm2 and washed 
again. Subsequently, IELs were collected by incubating three times in EDTA-medium [HBSS 1× (Gibco 
BRL, United Kingdom) supplemented with 10% heat-inactivated FCS (Lonza) and 1% 0.5M EDTA 
(Sigma-Aldrich)] at 200 rpm for 15 min at 37°C. Supernatants were collected and centrifuged for 
5 min at 1200 rpm at 20°C. Cells were then resuspended in PBS, lymphocytes were isolated using 
Ficoll-Paque Plus (GE Healthcare, the Netherlands) density gradient centrifugation for 12 min at 1700 
rpm, washed in PBS using centrifugation for 5 min at 1300 rpm and resuspended at 4.0 × 106 cells/
ml in NK medium [IMDM 2 mM glutamax I (Gibco BRL) supplemented with 8% heat-inactivated FCS 
(Lonza), 2% heat-inactivated chicken serum and 100 U/ml penicillin/streptomycin (Gibco BRL)]. Spleens 
were homogenized using a 70 µm cell strainer (Beckton Dickinson (BD) Biosciences, NJ, USA) to obtain 
a single cell suspension. Next, lymphocytes in spleen and blood were isolated by Ficoll-Paque density 
gradient centrifugation (20 min at 2200 rpm), washed in PBS and resuspended at 4.0 × 106 cells/ml in 
NK medium as described for ileum. 
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Flow cytometry
Presence and activation of NK and T cell subsets were determined in IEL, spleen and blood. Unless 
described otherwise, all antibodies were obtained from Southern Biotech (AL, USA). Markers known to 
be expressed on chicken NK cells (hybridomas provided by Göbel, T.W., Ludwig Maximilians University, 
Germany), such as mouse-anti-chicken-28-4 (IL-2Rα; IgG3) and -20E5-BIOT (IgG1) were co-stained 
with mouse-anti-chicken-CD45-FITC (IgM) and -CD3-APC (CT3; IgG1) mAb to exclude T cells. The T cell 
panel included the following markers: mouse-anti-chicken-CD3-PE (CT3; IgG1), -CD4-APC (CT4; IgG1), 
-TCRγδ-FITC (TCR-1; IgG1), -CD8α (EP72; IgG2b) and -CD8β-BIOT (EP42; IgG2a). Secondary antibody 
staining was performed using goat-anti-mouse-IgG3-PE and streptavidin (SA)-PercP (BD Biosciences) 
in the NK cell panel, and goat-anti-mouse-IgG2b-APC/Cy7 and SA-PercP in the T cell panel. To asses 
CD107 expression on NK cells, lymphocytes were washed in PBA and stained with mouse-anti-chick-
en-CD3-PE, -TCRγδ-BIOT (TCR-1; IgG1), -28-4 and -CD41/61-FITC (11C3; IgG1, Serotec) to exclude 
thrombocytes from analysis. Secondary antibody staining was performed using SA-PercP and 
goat-anti-mouse-IgG3-APC/Cy7. All staining procedures were incubated for 20 min at 4°C in the dark, 
washed in PBA and subsequently stained with a live/dead marker (Zombie Aqua™ Fixable Viability Kit, 
Biolegend, CA, USA) for 15 min at room temperature (RT) in the dark to exclude dead cells. Finally, 
lymphocytes were fixed using 2% paraformaldehyde (Merck, Germany) for 10 min at RT, washed and 
resuspended in 200 µl PBA. Fluorescence of cells was assessed in 150 µl or 50,000 lymphocytes in the 
live gate using a FACSCANTO II Flowcytometer (BD Biosciences), and data was analyzed with software 
program FlowJo (Tree star Inc, OR, USA). 

NK cell activation assay
NK cell activation was determined using the CD107-assay, which measures increased surface expression 
of CD107 as a result of degranulation; the release of perforin and granzymes29. Briefly, lymphocytes 
isolated from IEL, spleen and blood were resuspended in NK medium, and 1 × 106 lymphocytes per 
sample were used. Lymphocytes were cultured in presence of 1 µl/ml Golgistop (BD Biosciences) and 
mouse-anti-chicken-CD107-APC mAb (5G10; IgG1, hybridomas provided by Göbel) during 4 hours at 
37°C, 5% CO2. Next, cells were washed, stained with monoclonal antibodies and analyzed as described 
in section ‘Flow cytometry’. 

Data analysis  
Statistical analyses for microbiota and the relation between microbiota and the immune system 
were performed in R version 3 (R Foundation for Statistical Computing, Austria), using the packages 
Phyloseq, Microbiome, Vegan and DirichletMultinomial61-64. A Kruskal-Wallis test was used to test for 
difference in 16S rRNA gene counts in caecal content of day-old chickens between treatment groups. 
Alpha and beta diversity metrics and multivariate statistical analyses were applied to determine 
differences in the measured intestinal microbiota between the two treatment groups and with age. 
The alpha diversity (within sample) data was determined using Faith’s phylogenetic diversity. Faith’s 
phylogenetic diversity not only takes the number of different taxa (ASVs) into account, but also the 
phylogenetic relatedness of these taxa65. To test for differences in relative abundance of genera 
between treatment groups, we used a Wilcoxon rank-sum test and corrected for multiple comparisons 
using the Benjamini-Hochberg (BH) procedure. The beta diversity (between samples) was determined 
using weighted and unweighted UniFrac metrics66. Multivariate microbiota data were visualized 
using principal coordinates analysis (PCoA, multidimensional scaling method), and non-parametric 
permutational analysis of variance (PERMANOVA) tests were used to analyze group differences within 
multivariate community data67. 
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To assess whether the development of the microbiota proceeded through different stages of 
maturation in the two treatment groups, Dirichlet Multinomial Mixtures (DMM) modeling was applied, 
using a probabilistic model, to identify possible clusters (types) of microbial composition 16S rRNA 
gene sequence data68 based on the relative abundance of the microbial groups at genus level. Two 
separate DMM models were used to study clustering of the microbiota data of the caecal content and 
ileal content separately. Next, to test whether the observed differences in the microbial development 
between treatments were associated with differences in immune development, Wilcoxon rank-sum test, 
corrected for multiple comparisons using BH, was used to test for associations between the identified 
DMM clusters of microbial composition and immunological parameters. As ileal microbiota clustering 
did not indicate differences in microbial development between treatments, only the clusters identified 
for the caecal microbiota profiles were used. Associations were tested for a subset of immunological 
parameters that showed differences between AM and control chickens of the same age. Furthermore, 
parameters with fewer than four observations per treatment group and day of age were omitted. The 
final selection of parameters included percentages and absolute numbers of intestinal IL-2Rα+, 20E5+ 

and CD107+ NK cells, and CD8αα+ T cells. 

Statistical analyses for the immunological parameters were done with GraphPad Prism 7.0 software 
(GraphPad Software Inc., USA), using the Mann-Whitney U-test to test differences between treatment 
groups at a specific day of age. A p-value of < 0.05 was considered statistically significant.

Results 
AM treatment influences the composition and development of the 
intestinal microbiota in newly hatched chickens
The total bacterial 16S rRNA gene copy numbers 24 hours after inoculation were significantly higher 
in caecal content samples at day 1 in AM inoculated compared to control chickens, indicating the 
presence of a higher quantity of bacteria after inoculation with AM (Fig. S2). 

To investigate the effect of AM inoculation on the microbiota composition at different ages in the 
broiler chickens, alpha and beta diversities, as well as differences in relative abundance of individual 
microbial taxa, were assessed. The phylogenetic diversity metric, providing information on the number 
as well as phylogenetic relatedness of observed microbial taxa at the ASV level, was used as an alpha 
diversity measure to determine differences between AM and control chickens. The phylogenetic 
diversity of the caecal content was higher in 1- and 3-day-old AM chickens compared to controls, but 
not for any of the other ages (Fig. 1A). In contrast, the phylogenetic diversity of ileal content microbiota 
did not differ between treatment groups at any age (Fig. 1B). 

Beta diversity, i.e., the similarity in composition between samples, was determined using the weighted 
and unweighted UniFrac distance metrics to determine the influence of age and treatment on the 
composition. Two dimensional visualization of the caecal content microbiota profiles in PCoA plots 
placed 3- and 7-day-old AM inoculated chickens closely together, indicating high similarity in 
microbiota composition between these age groups (Fig. 2). PERMANOVA of caecal content microbiota 
showed that treatment explained 6-9% of the variation in caecal microbiota composition between 
samples (p < 5e-04; unweighted UniFrac, p < 2e-04; weighted UniFrac), whereas age explained 
49-41% of the variation between samples (p < 5e-04; unweighted UniFrac, p < 2e-04; weighted 
UniFrac). PERMANOVA of ileal content samples showed that treatment explained 4% of the variation 
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in ileal microbiota composition based on unweighted UniFrac, whereas treatment did not significantly 
contribute to explaining the observed variation using the weighted UniFrac distance metrics (p = 0.038; 
unweighted UniFrac, p = 0.355; weighted UniFrac, Fig. 2B), indicating that differences in microbial 
profiles of ileal samples between treatment groups concerned mostly the presence/absence of taxa 
occurring at low relative abundance. Age explained 29-24% of the variation between the ileal content 
samples (p < 1e-04; unweighted UniFrac, p < 1e-04; weighted UniFrac). 

In the AM inoculum 24 different genera were detected, for which the relative abundances in caecal 
and ileal samples were compared between AM and control chickens. A higher relative abundance 
in caecal content of AM chickens compared to controls was found for ten of these 24 genera at day 
1, five on day 3, four at day 7 and two at day 14 and 21. At day 35 none of these genera differed in 
relative abundance between AM and control chickens (Table 1). This indicates that AM inoculation had 
an impact on the relative abundance of genera at an early age, but did not permanently influence the 
relative abundance of these genera in the caecal content samples. For ileal content, no differences in 
the relative abundances of the 24 genera of the inoculum were observed at any of the different ages 
(data not shown).

Figure 1. Phylogenetic diversity of the caecal and ileal content microbiota at different ages. (A) The phylogenetic diversity (alpha 
diversity, at ASV level) was only significantly higher in the caecal content of AM chickens compared to controls on day 1 and day 3 (p 
< 0.05). (B) In the ileal content microbiota no differences were observed at any of the ages. n = 8 chickens per treatment per day of 
age, whiskers show 95% interval, box 50% interval.
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Figure 2. PCoA plot visualizing caecal and ileal content microbial profiles. Unweighted (A) and weighted (B) UniFrac distance based 
PCoA on caecal (left) and ileal (right) content samples. PERMANOVA of caecal content microbiota showed that treatment explained 
6-9% of the variation in caecal microbiota composition between samples (p < 5e-04; unweighted UniFrac, p < 2e-04; weighted UniFrac), 
whereas age explained 49-41% of the variation between samples (p < 5e-04; unweighted UniFrac, p < 2e-04; weighted UniFrac). 
PERMANOVA of ileal content samples showed that treatment explained 4% of the variation in ileal microbiota composition based on 
unweighted UniFrac, whereas treatment did not significantly contribute to explaining the observed variation using the weighted UniFrac 
distance metrics (p = 0.038; unweighted UniFrac, p = 0.355; weighted UniFrac). n = 8 chickens per treatment per day of age.
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To assess if AM inoculation affected the development of the microbial composition from hatch towards 
a mature microbiota, microbial profiles were subjected to DMM clustering of 16S rRNA gene sequencing 
data based on the relative abundance of microbial taxa at genus level. The DDM method showed the 
best model fit, based on lowest Laplace approximation, for three clusters in the caecal content profiles 
(Fig. 3A). Cluster A contained 26 samples, with all 1-day-old AM and control chickens and all 3-day-old 
controls. Cluster B consisted of 21 samples, containing seven of the eight 3-day-old AM chickens and 
7-day-old AM and control chickens. The remaining 48 samples were in cluster C, which contained all 
AM and control chickens of 14, 21 and 35 days old. This difference in distribution of AM and control 
chickens over cluster A and B in the first week of life indicates an accelerated maturation of caecal 
microbiota profiles for AM chickens. In contrast, clustering for the ileal content profiles only showed an 
effect of age, with cluster D dominated by 3- and 7-day-old chickens of both treatments, and cluster 
E by chickens of 14, 21 and 35 days old of both treatments (Fig. 3B). The relative microbial abundance 
of the clusters observed in the caecal content was analyzed and although PBS and AM chickens varied 
in their relative abundance of microbial families, PBS and AM chickens can be part of the same cluster 
based on relative abundance of genera (Fig. 3C).

AM treatment affects presence of NK cell subsets and their activation 
Possible differences in subsets and activation of intestinal NK cells from AM and control chickens were 
determined. Local effects of AM inoculation on intestinal NK cells were compared to systemic effects 
measured in spleen and blood. Within the live lymphocytes, the CD3 negative IL-2Rα+ or 20E5+ NK 
cells were quantified (Fig. 4A). In parallel, NK cell activation was determined by analysis of enhanced 
CD107 surface expression on CD3 negative and CD41/61 negative cells. At day 3, the percentage of 
intestinal IL-2Rα+ NK cells tended to be higher in AM chickens (5.61 ± 0.95%) compared to controls 
(3.25 ± 0.93%, p = 0.09, Fig. 4B). No differences between treatment groups were observed in intestinal 

Figure 3. Dirichlet multinomial mixtures (DMM) clustering of 16S rRNA gene sequencing data for caecal and ileal microbial profiles. 
(A) DMM clustering showed the best model fit for three clusters in the caecal content profiles (lowest Laplace approximation, n = 
96). Cluster A contains 27 samples, Cluster B 21 samples and the remaining 48 samples are in cluster C. Cluster B contains seven of 
eight 3-day old AM chickens, and 7-day-old AM and control chickens, indicating acceleration of microbiota maturation in the caecal 
content. (B) In the ileal content samples two distinct clusters were observed, but no evidence for acceleration of the development of 
the microbiota (n = 80). Nodes are colored according to intervention (AM or PBS) and ordered according to age. (C) Relative microbial 
abundance of the clusters observed in the caecal content stratified by the intervention at family level.
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20E5+ NK cells (Fig. 4C). Increased CD107 expression on intestinal NK cells was observed at day 3 in 
AM chickens (10.52 ± 0.70%), when compared to controls (8.07 ± 0.47%, p = 0.06, Fig. 4D). At day 35, 
an increase in activation of intestinal NK cells was observed in AM chickens (14.86 ± 1.27%) compared 
to the controls (11.71 ± 0.75%, p = 0.04, Fig. 4D). No differences between treatment groups were 
observed in CD107 expression of intestinal NK cells at other ages (Fig. 4D).

Relative numbers of IL-2Rα+ and 20E5+ NK cells in spleen and blood were similar in both treatment groups 
(Fig. 4E, F and Fig. S3A, B). However, NK cell activation was significantly increased in splenic NK cells in 
3-day-old AM chickens (20.74 ± 1.10%) compared to controls (15.35 ± 0.40%, p = 0.004, Fig. 4G). No 
difference in CD107 surface expression on blood-derived NK cells was found between treatment groups 

Figure 4. Effect of adult microbiota (AM) on NK cells in broiler chickens. (A) Gating strategy after isolation of lymphocytes from IEL to 
analyze NK cell subsets and activation. (B,E) Percentages of NK cell subsets by characterization of surface markers IL-2Rα, (C,F) 20E5 
during aging in (B-D) IEL and (E-G) spleen. (D,G) Percentages of NK cell activation during aging as assessed by measuring the surface 
marker CD107. Mean + SEM of chickens is shown (n = 6), however, chickens were excluded from analysis when numbers of events 
acquired in the gate of interest were < 100. Statistical significance is indicated as * p < 0.05 and ** p < 0.01.
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(Fig. S3C). Furthermore, AM inoculation did not affect total lymphocyte numbers in the intestine, spleen 
and blood (Fig. S4A, E, I). In addition to the percentages of the different NK subsets, absolute numbers 
were determined. Similar trends were observed in absolute number of IL-2Rα+, 20E5+ and CD107+ NK 
cells although the differences between treatments were less pronounced (Fig. S4).

AM treatment affects intestinal cytotoxic CD8αα T cells in 14- and 
21-day-old chickens
In addition to NK cell subsets and NK cell activation, effects of AM inoculation on presence and 
function of γδ T cells and presence of cytotoxic CD8+ T cells were studied. Within the CD3+ and CD4- 
lymphocytes, both TCRγδ+ and TCRγδ- cell populations were analyzed for CD8αα and CD8αβ expression 
(Fig. 5A). In parallel, activation of γδ T cells was determined at day 7, 14 and 21 by analyzing increased 
surface expression of CD107 on CD3+ CD41/61- TCRγδ+ cells (Fig. 5A). No differences between AM and 
control chickens were observed in the percentage of intestinal γδ T cells (Fig. 5B), CD8-, CD8αα+ and 
CD8αβ+ gamma delta subsets (data not shown) and activation of γδ T cells (Fig. 5C). The percentage of 
intestinal CD8αα+ T cells tended to be higher in 14- (25.3 ± 1.5%) and 21-day-old AM chickens (33.2 ± 
4.2%) compared to controls (19.5 ± 1.7%, p = 0.08 and 24.0 ± 1.3%, p = 0.07, respectively, Fig. 5D). No 
differences between groups were found at any age in the percentages of intestinal CD8αβ+ T cells (Fig. 
5E). Furthermore, no differences between AM and control chickens were observed in the percentage of 
γδ T cells (Fig. 5F and Fig. S3D), subsets (data not shown), γδ T cell activation (Fig. 5G and Fig. S3E) and 
cytotoxic T cells in spleen and blood (Fig. 5H, I and Fig. S3F, G). Absolute numbers of these parameters 
were investigated and did not show any differences between AM and control chickens, although an 
increase in numbers of both treatments was observed with age (Fig. S5). 

Association between caecal microbiota clusters and immune cells
Clustering of the caecal content profiles suggests that AM chickens showed an earlier maturation of 
caecal microbiota profiles compared to controls. Also, differences in IL-2Rα+ NK cells, NK cell activation 
and CD8αα+ T cells were observed between AM chickens and the controls. To assess a possible 
relationship between the observed differences in the microbial development between treatments and 
the detected differences in immune parameters, we used the previously identified DMM clusters to test 
for correlations between the caecal microbiota profiles (i.e., stages of successive microbiota maturation) 
and immune parameters. Clusters A, B and C were based on relative abundance of genera present in 
the caecal microbiota of chickens and represent different stages during the early life development of 
caecal microbiota. Correlations to relative and absolute numbers of IL-2Rα+, 20E5+, CD107+ NK cells 
and cytotoxic CD8aa+ T cells in the ileum were investigated. The percentage of intestinal IL-2Rα+ NK 
cells was higher in cluster B compared to cluster A (p = 0.026, Table 2), and compared to cluster C (p = 
0.044, Table 2) regardless of treatment (Fig. 6A). The percentage of IL-2Rα+ NK cells in cluster C tended 
to be higher compared to cluster A, but this was not significant (p = 0.068, Table 2, Fig 6A). Relative 
numbers of intestinal 20E5+ NK cells were similar between clusters A and B and highest in cluster C 
(Table 2, Fig. 6B). Relative numbers of intestinal CD107+ NK cells were highest in cluster C and lowest 
in cluster A (Table 2, Fig. 6C). Within cluster C, the percentage of CD107+ NK cells tended to be higher 
in AM chickens (Fig. 6C). Relative numbers for intestinal cytotoxic CD8αα+ T cells were higher in cluster 
B and C compared to cluster A and did not differ between cluster B and C (Table 2, Fig. 6D). Similar 
correlations were observed between clusters and absolute numbers of intestinal 20E5+, CD107+ NK 
cells and cytotoxic CD8αα+ T cells (Table 2). These results indicate significant associations between 
caecal microbiota clusters and subsets of intestinal immune cells.
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Figure 5. Effect of adult microbiota (AM) on T cells in broiler chickens. (A) Gating strategy after isolation of lymphocytes from IEL to 
analyze T cell subsets and γδ T cell activation. (B,F) Percentages of total γδ T cells and (C,G) γδ T cell activation by characterization of 
surface markers TCRγδ and CD107 during aging in (B-E) IEL and (F-I) spleen. (D,H) Percentages of cytotoxic T cell subsets using the 
surface markers CD8αα and (E,I) CD8αβ during aging. Mean + SEM of chickens is shown (n = 6), however, chickens were excluded from 
analysis when numbers of events acquired in the gate of interest were < 100.
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Table 2. Statistical differences in relative (%) and absolute (cells/mg) numbers of intestinal immune cells between caecal microbiota 
clusters. Significant differences are indicated in bold.

Immune cells Cluster A vs. B Cluster B vs. C Cluster A vs. C

IL-2Rα+ NK (%) 0.026 0.044 0.068

20E5+ NK (%) 0.124 3.0e-4 0.001

CD107+ NK (%) 0.003 0.020 0.001

CD8αα+ T (%) 0.001 0.254 4.1e-4

IL-2Rα+ NK (cells/mg) 0.011 0.051 2.7e-4

20E5+ NK (cells/mg) 0.039 5.3e-7 2.1e-6

CD107+ NK (cells/mg) 0.398 4.0e-6 1.1e-4

CD8αα+ T (cells/mg) 0.008 9.5e-6 6.4e-4

Discussion 
In this study, we aimed to induce an alteration in the intestinal microbiota shortly after hatch by 
administration of adult-derived microbiota, and compared presence and function of NK cells, as 
representatives of developing innate immunity, to those of non-inoculated controls. We hypothesized 
that early exposure to adult-derived microbiota would accelerate intestinal microbiota colonization 
and affect subsets and activation of intestinal NK cells. Our results indicate that the inoculation with the 
adult-derived microbes mostly affected the early development of the caecal microbiota, and induced 
an earlier maturation of caecal microbiota compared to control broiler chickens. This development was 
paralleled by an increase in intestinal IL-2Rα+ NK cells and enhanced activation of NK cells early in life 
and CD8αα+ T cells later in life. 

The AM inoculation delivered immediately after hatch successfully altered intestinal microbiota 
composition, especially in the first week of life, but did not permanently influence the diversity of 
caecal microbiota. In addition, with respect to the genera found in the AM product, a higher relative 
abundance was only found shortly after inoculation. More specifically, a higher relative abundance in 
AM chickens was found for ten of the 24 genera in the inoculum on day 1, but this quickly declined to 
two genera by the end of the first week. These findings are in line with previous studies with the same 
product: inoculation with Aviguard in ovo enhanced development of intestinal microbiota of broiler 
chickens and increased diversity and reduced the abundance of Enterobacteriaceae22. Similar to our 
study, not all genera present in the inoculum permanently colonized the intestine; they were assumed 
to have been transient colonizers facilitating the development of a complex microbiota by temporarily 
altering the microenvironment22. Similar observations have been reported for 1-day-old laying hens 
inoculated with Aviguard. Not all bacteria of the product, nor of the mother hen, were effectively 
transferred to the chickens’ gut, but compared to controls, caecal microbiota enriched for the phyla 
Bacteroidetes and Actinobacteria was observed within a week in both Aviguard treated chickens and in 
chickens naturally exposed to a mother hen55.

Like chickens hatched in commercial hatcheries, the control chickens in our study were gradually 
exposed to microbiota in the hours and days after hatch from different sources, such as the housing 
environment, litter, feed and water. This colonization was delayed compared to the chickens inoculated 
with AM directly after hatch, as indicated by the clustering of caecal content profiles of 3-day-old 
controls with 1-day-old AM inoculated chickens, and of 7-day-old controls with 3-day-old AM chickens. 
This accelerated maturation of caecal microbiota composition has not only been observed in Aviguard 
studies22,55, but also in a study in which topical spray treatment of eggs with adult caecal content 
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Figure 6. Associations between caecal microbiota clusters and immune cells. Associations between the identified DMM clusters of 
caecal microbiota composition and relative numbers of intestinal NK cell subsets (A) IL-2Rα+, (B) 20E5+, (C) CD107+ and (D) cytotoxic 
CD8αα+ T cells were analyzed using Wilcoxon rank-sum test. Adjusted p-values (< 0.05) were corrected for multiple testing with BH. 

significantly altered broiler chicken microbiota immediately after hatch, and accelerated the normal 
microbiota development69. As in our study, the effect on the caecal microbiota was highest at 3 days of 
age, and diminished over time69. In contrast, swabbing of the egg surface once during incubation with 
diluted adult caecal content did not lead to significant differences in alpha diversity nor in the pattern 
of bacterial colonization between treated and control broiler chickens70. This difference may be a result 
of the egg inoculation technique, suggesting that perhaps a lower number of spores and vegetative 
cells was applied to the eggshell in the latter study.

Although many of the available poultry microbiota studies have focused on broiler chickens, its relation 
with the innate immune system has not previously been elaborately investigated. We observed an 
increase in IL-2Rα+ NK cells and activation of NK cells within the first days of life, together with an 
increase in relative numbers of cytotoxic CD8αα+ T cells from day 14 onwards in chickens that were 
inoculated with AM. 

The increased NK cell activation observed in AM chickens may suggest a mildly increased cytotoxic 
capacity against potential pathogens, as the CD107 expression can increase up to 30% upon viral 
infections33, which is more than two fold higher than the NK cell activation observed in this study. This 
result is in line with the observed increase in IL-2Rα+ NK cells in this study. Studies in humans have 
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shown that increased IL-2Rα expression is associated with an early stage of NK cell activation32, and this 
was also observed in chickens31,71,72. In addition to the local effect on NK cell activation, our observation 
of increased splenic NK cell activation in 3-day-old AM chickens also indicates there is a systemic 
effect. No effects of AM inoculation on immune cells in the blood were observed. 

The observed differences between AM and control chickens with respect to immune parameters 
suggest an interaction between microbial and immune development. This was further substantiated 
by the significant associations between IL-2Rα+ NK, CD107+ NK cells, and CD8αα+ T cells and caecal 
microbiota clusters: cluster A includes chickens with a starting microbiota, cluster B chickens in the 
middle of the maturation process and cluster C chickens with a more matured successive microbiota 
composition from day 14 onwards. These clusters follow the successional patterns of microbiota 
development as previously described for broiler chickens, with bacterial community richness increasing 
rapidly over time and stabilizing from day 14 onwards5-7. Our analyses showed that cluster B was 
associated with an increase in IL-2Rα+ NK cells and an enhanced NK cell activation regardless of 
treatment. This suggests that the accelerated microbiota colonization due to AM inoculation affected 
the development of NK cells locally and systemically. Interestingly, the IL-2Rα+ NK cell subset was 
higher in relative numbers in cluster B compared to the starting microbiota cluster A, but subsequently 
decreased in relative numbers in the more mature microbiota cluster C. The 20E5+ NK cell subset and 
NK cells that express CD107 further increased in relative numbers between cluster B and cluster C. 
This fits with the observation in mammals that an increase in IL-2Rα expression is associated with an 
early stage of NK cell activation, which is followed by enhanced NK cell mediated killing. Cluster C 
was associated with an increased relative number of intestinal cytotoxic CD8αα+ T cells. As the caecal 
microbiota in this cluster shows a matured composition similar in AM and control chickens of the same 
age, this suggests that early life inoculation with AM also affected the adaptive immune development 
in the intestine.

Although these results indicate associations between early life microbiota colonization and immune 
system development, the data from this study cannot elucidate exactly how these processes are 
related. As has been shown in humans and mice, microbiota can signal to immune cells in various ways 
either locally or systemically46,73. Locally, microorganisms interact directly with NK cells via TLRs and 
NCRs resulting in cytokine production by NK cells, and indirectly via cytokine production of resident 
myeloid or epithelial cells that consequently affect NK cell responses46,74. Systemically, microbiota can 
induce instructive signals to non-mucosal antigen-presenting cells and by producing among others 
IL-15, TNFα and IFN, subsequently prime optimal splenic NK cell responses73. Since chicken NK cells 
have been shown to express TLRs75 and NCRs76,77, the interactions between microbiota and NK cells 
probably follow similar routes to those in humans and mice. 

In mammals, specific commensal bacterial strains have been linked to modulation of NK cells. Several 
reports established that bacteria within the Lactobacillus genus can induce IFNγ and cytotoxicity 
responses in intestinal NK cells as a result of IL-12 production by dendritic cells after TLR engagement 
with bacteria43,78,79. Furthermore, Bacteroides fragilis can stimulate innate and adaptive immune 
pathways directly through TLR signaling and indirectly by inducing cytokine productione80. Although 
we did observe significant differences in the relative abundance of genera between AM and control 
chickens at day 1 and 3, we cannot pinpoint a specific genus responsible for the observed effect on 
NK cells. Interestingly, the genus Bacteroides showed a significantly higher prevalence and relative 
abundance in 3- and 7-day-old AM chickens and the genus was absent in control chickens of similar 
age. This could suggest that the observed effects on NK cells in 3-day-old AM chickens may be linked 
to a higher presence of Bacteroides bacteria as shown previously80. We did not find differences in 
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the prevalence of Lactobacillus bacteria due to AM inoculation. Other genera that showed significant 
differences in their prevalence and/or relative abundance between AM and control chickens at 1 and 3 
days of age have not been described as specifically interacting with NK cells. 

In addition, microbiota has been shown in mice and humans to interact directly with γδ T cells, and 
increased frequencies of CD8+ γδ T cells and γδ T cell activation were observed during intestinal 
inflammation51,81. Under non-inflammatory conditions similar to those of our study, application of adult 
caecal content on eggs altered and accelerated the microbiota of 3-day-old chickens but did not affect 
γδ T cells in caecal tonsils69. Furthermore, AM inoculated chickens in our study showed an increased 
presence of intestinal CD8αα+ T cells at two and three weeks of age. Although in previous studies with 
mice no CD8αα and CD8αβ subsets were investigated, microbiota was shown to have direct53 and 
indirect82 effects on cytotoxic T cells, as IFNγ production was induced. 

Further research including challenge models is needed  to answer the question if chickens with an 
accelerated maturation of intestinal microbiota and enhanced NK cell responses early in life are indeed 
more resilient against infections.

Interestingly we observed a relation between changes in caecal microbiota and intestinal NK cell 
responses. It would have been highly interesting to investigate the interaction between immune 
system and microbiota at caecum level, but unfortunately this was not possible since only few NK 
cells can be obtained from the caecum in young chickens83,84. Although we set out to analyze the 
relation between NK cells and microbiota composition in the ileum, we did not observe differences 
between treatment groups at any age in the phylogenetic diversity of ileal microbiota nor in the relative 
abundances of genera. Not being able to show a difference at ileal level, especially considering the 
relatively small number of chickens at each time point, was not surprising, and exactly the reason why 
we also collected caecal content. Nevertheless, the shift in microbiota composition as measured in the 
caeca showed that the AM treatment has successfully affected microbiota development in parts of the 
intestinal tract. For the AM treatment to be able to alter caecal microbiota composition, the microbiota 
of the AM product at least must have passed, and to some extent may have colonized upstream parts 
of the intestinal tract as well, albeit not inducing a measurable shift in microbiota composition in ileum. 
Therefore, we expect that the observed effects on ileal NK cells are associated with the AM treatment.
In conclusion, our study showed a relation between an accelerated maturation of intestinal microbiota 
and the enhanced NK cell response early in life. This interaction between microbiota and the developing 
innate immune system indicates possibilities in developing strategies to improve health and resilience 
of broiler chickens. One such possibility is through feed interventions or the use of products with 
adult-derived microbiota directly after hatch, both of which can affect microbiota composition and 
may accelerate microbiota maturation. Consequently, this can strengthen the innate immune system, 
conferring direct protective effects early in life as well as influencing adaptive immunity later in life. The 
combination of a well-developed microbiota and immune system may result in more robust broiler 
chickens with higher resilience against health challenges, such as disturbances in gut health and 
invading pathogens. Future research including challenge studies are warranted to test this hypothesis. 

Acknowledgements
We thank the animal caretakers of the Department Population Health Sciences, division Farm Animal 
Health, Faculty of Veterinary Medicine, Utrecht University, for their help during the animal experiments. 
We acknowledge R.H.G.A. van den Biggelaar and I.S. Ludwig for their help during the isolation of 



64

CHAPTER 3

immune cells. We acknowledge G.J.A. Arkesteijn for maintaining optimal working conditions of the 
Flow Cytometry and Cell Sorting Facility, Faculty of Veterinary Medicine, Utrecht University. We thank 
M. van Gaal and I. Heikamp-de Jong of the Laboratory of Microbiology, Wageningen University & 
Research for their help with molecular analyses of microbial composition. This work was part of the 
research programme of NWO Earth and Life Sciences (ALW) with project number 868.15.020, which is 
financed by the Dutch Research Council (NWO) and by Cargill Animal Nutrition and Health.



65

 CHAPTER 3

3

Supplementary data

Figure S1. Experimental design of the study. The Ross broiler chickens hatched at different days. Immediately after hatch (day 0), 
chicks were orally inoculated with either PBS (n = 52) or AM (n = 52) and transferred to the corresponding floor pen in the stable. Floor 
pens of PBS- and AM-inoculated chickens were separated by a wall in between. Four chickens per treatment group were collected per 
sample day. The timeline for sampling is shown at the bottom of the figure, per sampling day; eight chickens were used for microbiota 
analysis and six chickens were used for immunity analysis.

Figure S2. Visualization of 16S rRNA gene count data in the caecum 
of 1-day-old chickens as determined by qPCR. Significant difference 
(p < 0.05, Kruskal-Wallis test) is indicated of gene copy numbers 
between control chickens (PBS, blue) and AM chickens (yellow). n = 8 
chickens per treatment, whiskers show 95% interval, box 50% interval.
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Figure S3. Effect of adult microbiota (AM) on NK and T cells in blood of broiler chickens. (A) Percentages of NK cell subsets 
characterized by surface markers IL-2Rα and (B) 20E5 during aging in blood. (C) Percentages of NK cell activity during aging as 
assessed by measuring the surface marker CD107. (D) Percentages of total γδ T cells and (E) γδ T cell activation by characterization of 
surface markers TCRγδ and CD107, respectively. (F) Percentages of cytotoxic T cell subsets using the surface markers CD8αα and (G) 
CD8αβ during aging in blood. Mean + SEM of chickens is shown (n = 6), however, chickens were excluded from analysis when numbers 
of events acquired in the gate of interest were < 100.
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Abstract
Restrictions on the use of antibiotics in the poultry industry stimulate the development of alternative 
nutritional solutions to maintain or improve poultry health. This requires more insight in the modulatory 
effects of feed additives on the immune system and microbiota composition. Compounds known to 
influence the innate immune system and microbiota composition were selected and screened in vitro, 
in ovo, and in vivo. Among all compounds, 57 enhanced NK cell activation, 56 increased phagocytosis, 
and 22 increased NO production of the macrophage cell line HD11 in vitro. Based on these results, 
availability and regulatory status, six compounds were selected for further analysis. None of these 
compounds showed negative effects on growth, hatchability, and feed conversion in in ovo and in 
vivo studies. Based on the most interesting numerical results and highest future potential feasibility, 
two compounds were analyzed further. Administration of glucose oligosaccharide and long-chain 
glucomannan in vivo both enhanced activation of intraepithelial NK cells and led to increased relative 
abundance of lactic acid bacteria (LAB) amongst ileum and caeca microbiota after seven days of 
supplementation. Positive correlations between NK cell subsets and activation, and relative abundance 
of LAB suggest the involvement of microbiota in the modulation of the function of intraepithelial NK 
cells. This study identifies glucose oligosaccharide and long-chain glucomannan supplementation as 
effective nutritional strategies to modulate the intestinal microbiota composition and strengthen the 
intraepithelial innate immune system.

Keywords: broiler chickens, innate, adaptive, NK cells, T cells, IELs, microbiota, glucose oligo-saccharide, 
long-chain glucomannan, in vitro-, in ovo-, in vivo screening
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Introduction
Restrictions on the use of antibiotics in the poultry industry encourage the development of new 
strategies to maintain or improve poultry health such as nutritional solutions1,2. Nutrients are digested 
in the intestine, a site of interplay between feed constituents, microbiota, and the immune system, 
which may all affect the development of the immune system and its function in chickens3-6. Nutritional 
modulation of innate immune responses is likely to be most beneficial for the health of chickens 
during the first week of life, since a high susceptibility to disease due to an immature adaptive immune 
system7. In addition, the intestinal microbiota is highly dynamic at this age, resulting in a higher 
susceptibility to intestinal infections, which emphasizes the importance of the innate immune system 
in young chickens4. Identification and use of feed additives that either modulate the immune system 
directly or indirectly through changes in the microbiota may contribute to improved resistance against 
pathogens during the early life of chickens.

Immediately post-hatch, the immune competence in chickens depends on maternal antibodies in 
addition to the innate immune system, of which natural killer (NK) cells and macrophages are key 
players8,9. The adaptive immune system is not fully developed upon hatch and functional T and B cell 
responses are only observed after approximately two to three weeks of life8,9. In previous studies in 
chickens, CD3− IL-2Rα+ NK cells were identified as a major intraepithelial NK-subset in the intestine6,10,11, 
and in addition, intraepithelial CD3− 20E5+ NK cells were reported6,11. Furthermore, intraepithelial 
lymphocytes (IELs) also include high numbers of γδ T cells and cytotoxic CD8+ T cells10. Macrophages, 
B cells, and CD4+ T cells are located directly underneath the epithelium, the latter two mainly in Peyer’s 
patches12,13. Early feed modulation was shown before to increase resistance to pathogens by activation 
of macrophages and consequently subsequent adaptive reactivity1,14,15. Furthermore, both IL-2Rα+ and 
20E5+ NK cells were shown to be important in the first response to viral16-18 and Salmonella Enteritidis19 
infections in chickens.

Activation of chicken NK cells is characterized by increased surface expression of CD10720, and activation 
of macrophages may be assessed by the analysis of phagocytosis21,22 and nitric oxide (NO) production23. 
Enhanced CD107 expression on NK cells is due to degranulation of vesicles containing perforin and 
granzyme, and results in apoptosis of the infected target cell24. Phagocytosis by macrophages leads 
to direct killing of internalized bacteria and antigen presentation to T cells25, whereas NO production 
induces apoptosis in target cells, resulting in the killing of intracellular pathogens26. Analyzing the 
direct effects of feed constituents on the activation of NK cells and macrophages in vitro will provide 
preliminary information on the innate immune responsiveness in vivo.

The development of the intestinal innate and adaptive immune system in chickens is influenced by 
exposure to microbiota, or their metabolites, and feed directly post-hatch27. Supplementation of 
probiotics like Lactobacilli and Bifidobacteria, and prebiotics like yeast and plant polysaccharides have 
been reported to lead to increased expression of genes implicated in innate and adaptive immune 
responses in chickens by binding to pathogen-associated molecular patterns (PAMPs)28-31. In addition, 
supplementation of plant polysaccharides affected numbers and cytotoxicity of NK cells, macrophages, 
T and B cells in chickens and humans32-42. Natural43-46 and synthetic47 compounds, and immunomodu-
latory drugs48 have been shown to activate the innate and adaptive immune system, as demonstrated 
mainly by cytotoxicity assays. Despite many studies on immune modulation by feed compounds, their 
effects on NK cell subsets and activation have not been investigated in chickens before. Generation of 
more knowledge on modulatory properties of feed additives affecting innate immune cells will aid in 
finding feed strategies that increase immune responsiveness during the early life of chickens.
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Modulation of the intestinal microbiota through feed has been studied extensively in chickens49,50, 
and positive effects on performance51 and health52 have been recognized. Pro- and prebiotics53, plant 
and mushroom polysaccharides32, and plant extracts54 were shown to affect microbial composition 
and functionality. Nevertheless, combined analyses of feed additives affecting the microbiota and the 
function of innate immune cells are lacking in chickens.

In the present study, we investigated whether feed supplementation stimulated NK cells either directly 
or indirectly by modulation of the intestinal microbiota composition in young broiler chickens. A 
total of 69 potential feed additives were selected based on their characteristic of affecting the innate 
immune system, the intestinal microbiota, or both. The selection was narrowed down by assessing 
stimulatory properties on NK cells and macrophages in vitro, followed by assessing possible negative 
effects on embryonic development and hatch upon in ovo administration, and on performance traits 
upon in vivo administration. Based on these experiments, availability and regulatory aspects on use, 
glucose oligosaccharide, and long-chain glucomannan were subsequently investigated for their effect 
on innate and adaptive immune cells, and the composition of the intestinal microbiota. Our data 
identified glucose oligosaccharide and long-chain glucomannan as feed additives that positively affect 
NK cells, an important cell type of the innate immune system, and modulate the intestinal microbiota 
in broiler chickens. In this way, these feed additives may contribute to improved resistance to infections 
and hence the health of broiler chickens.

Materials and Methods
Overall experimental design
A total of 69 compounds were selected based on their characteristic of affecting innate immunity, 
microbiota, or both, in chickens or other species either described in the literature or based on earlier 
studies performed by our industrial collaborator (Cargill Inc., USA). Compounds were screened in vitro 
for activation of NK cells and macrophages and based on the observed effect on these innate immune 
cells, their availability in larger quantities and legally approved use in feed, six compounds were subjected 
to further analyses. Their impact on embryonic development and hatch were assessed following in 
ovo administration. In addition, their effect on performance traits upon feed supplementation directly 
post-hatch were studied. Based on the most interesting numerical results of these studies and highest 
potential to be produced in large scale, two polysaccharides (glucose oligosaccharide and long-chain 
glucomannan) were selected and supplemented to the diets of broiler chickens directly post-hatch 
to study their effects on NK cells and microbiota composition until three weeks of age. As glucose 
oligosaccharide and long-chain glucomannan were selected for testing in the final in vivo experiment, 
these compounds are highlighted in the in vitro screening alongside compounds showing contrasting 
effects.

Screening of the effect of compounds on activation of NK cells and 
macrophages in vitro
Selected compounds included plant extracts, fermentation products, vitamins, drugs, lipids, fungus 
extracts, polysaccharides, acid/salts, blend of essential oils and organic acids, yeasts, modified sugars, 
simple sugars, and emulsifiers (Table S1). Powdered compounds were dissolved in DMSO (Sigma-Aldrich, 
the Netherlands) before pre-dilutions were made at 103 ppm/ml in complete RPMI medium (RPMI 1640 
GlutaMAX-I supplemented with 10% heat-inactivated FCS and 50 U/ml penicillin/streptomycin; Gibco, 
United Kingdom), which were stored at 4°C. DMSO diluted 1:5 in complete RPMI medium was used 
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as the solvent control in all assays, which is equal to the highest amount of DMSO in the compound 
solutions. Compounds were added at concentrations of 10, 50, and 100 ppm and screened for their 
effect on NK cell activation using the CD107 assay. Possible effects on the macrophage cell line HD11 
were determined by assessing phagocytosis and NO production. Each of the CD107, phagocytosis, and 
NO assays were performed in three independent experiments.

NK cell and T cell activation in vitro and in vivo as assessed in the 
CD107 assay
To study the possible effects of compounds on the activation of NK cells and cytotoxic CD8+ T cells, 
enhanced surface expression of CD107a as a consequence of degranulation was determined by flow 
cytometry20. For the in vitro screening, splenocytes of 14 day-old chicken embryos were isolated as 
previously described. In these spleens, a population of cells that resemble mammalian NK cells and 
lack surface expression of T or B cell-specific antigens is abundantly present55, which are referred to as 
NK cells. ED14 NK cells were viably frozen and stored until use at −140°C in complete IMDM medium 
(IMDM 2 mM Glutamax I supplemented with 8% heat-inactivated FCS (Lonza, the Netherlands), 2% 
heat-inactivated chicken serum, 100 U/ml penicillin, and 100 µg/ml streptomycin; Gibco) with 50% 
FCS and 10% DMSO, as described before11. Frozen ED14 NK cells were thawed and resuspended in 
complete IMDM medium at 4 × 106 cells/ml.

Next, 1 × 106 cells in 0.5 ml were incubated with 5 µl (10 ppm), 25 µl (50 ppm), and 50 µl (100 ppm) 
compound solutions in the presence of 1 µl/ml GolgiStop (Beckton Dickinson (BD) Biosciences, the 
Netherlands) and 0.5 µl/ml mouse-anti-chicken-CD107a-APC during 4 h at 37°C, 5% CO2. Complete 
IMDM medium was used as the negative control, 50 µl of 1:5 DMSO as the solvent control, and a 
combination of 100 ng/ml phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich) and 500 ng/ml 
Ionomycin (Sigma-Aldrich) was used as the positive control. After incubation, cells were washed in 
PBA (PBS (Lonza) containing 0.5% bovine serum albumin and 0.1% sodium azide) and stained with 
the in vitro CD107 antibody panel (Table 1). Monoclonal antibodies anti-CD3 and -CD41/61 were 
used to exclude T cells and thrombocytes from the analyses of NK cell activation. Subsequently, cells 
were washed in PBS, stained with a viability dye, and fluorescence was analyzed by flow cytometry as 
described in section Phenotypic characterization of IELs and splenic leukocytes by flow cytometry. The 
fold change in CD107 expression upon incubation with the compounds was expressed relative to the 
negative control of each sample, which was set at 100%.

In the in vivo experiment, cells were similarly incubated in the presence of Golgistop and CD107a-APC 
and stained with the in vivo CD107 antibody panel (Table 1). In addition to NK cell activation, T cell 
activation was analyzed in cells expressing CD3 and CD8α. The percentage of CD107 expression was 
determined within the total NK or CD8α+ T cell population.
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Table 1. Flow cytometry staining reagents.

Cell Population Primary Antibody
(Mouse-Anti-Chicken)

Clone/Isotype Secondary Antibody

Peripheral blood 
cells

CD45-PE1 LT40/IgM -

Bu-1-FITC1 AV20/IgG1 -

CD3-PB1 CT-3/IgG1 -

CD4-APC1 CT-4/IgG1 -

CD8α-PE/Cy51 CT-8/IgG1 -

NK cells CD45-FITC1 LT40/IgM -

CD3-APC1 CT3/IgG1 -

IL-2Rα-UNL2 28–4/IgG3 Goat-anti-mouse-IgG3-PE1

20E5-BIOT2 IgG1 Streptavidin (SA)-PercP5

T cells CD3-PE1 CT3/IgG1 -

CD4-APC1 CT4/IgG1 -

TCRγδ-FITC1 TCR-1/IgG1 -

CD8α-UNL1 EP72/IgG2b Goat-anti-mouse-IgG2b-APC/Cy71

CD8β-BIOT1 EP42/IgG2a SA-PercP5

Activation of NK and T cells

in vitro
CD107

CD107a-APC3 LEP-100 I 5G10/IgG1 -

CD41/61-FITC4 11C3/IgG1 -

CD3-PE1 CT3/IgG1 -

in vivo
CD107 

CD107a-APC3 LEP-100 I 5G10/IgG1 -

CD41/61-FITC4 11C3/IgG1 -

CD3-PE1 CT3/IgG1 -

CD8α-UNL1 EP72/IgG2b Goat-anti-mouse-IgG2b-Alexa Fluor 
(AF) 7906

Manufacturer: 1Southern Biotech, USA, 2Purified antibody from hybridoma supernatant kindly provided by Göbel, T.W., Ludwig 
Maximilian University, Germany, 3Developmental Studies Hybridoma Bank (DSHB), University of Iowa, USA, 4Serotec, United Kingdom, 
5BD Biosciences, the Netherlands, 6Biolegend, USA.

Assessment of the effect of compounds on the phagocytic activity of 
the macrophage cell line HD11 in vitro
To determine the effects of the compounds on the activation of macrophage-like HD11 cells, a 
phagocytosis assay was performed. The chicken HD11 cell line56, stored at −140°C in complete RPMI 
medium with 50% FCS and 10% DMSO, was thawed and used after 3 to 20 passages. HD11 cells were 
cultured in complete RPMI medium in 75-cm2 cell culture flasks (Corning B.V., the Netherlands) at 
37°C, 5% CO2, and passaged twice every week. HD11 cells were harvested from cell culture flasks when 
cells were at ~90% confluency, using a 0.05% trypsin/EDTA solution (Gibco). Subsequently, HD11 cells 
were counted and resuspended in complete RPMI medium at a concentration of 2 × 105 cells/ml. Cells 
were seeded at 1 ml/well in 24-well cell culture plates (Corning Costar, the Netherlands) and cultured 
overnight at 37°C and 5% CO2. After culture, HD11 cells were incubated with 10 (10 ppm), 50 (50 
ppm), and 100 (100 ppm) µl/well of compound solutions and incubated for 24 hours at 37 °C and 5% 
CO2. As described previously, 1 μm crimson red-fluorescent beads (carboxylate-modified FluoSpheres, 
Invitrogen, the Netherlands) were used as targets for phagocytosis21,22. After 24 hours of incubation, 
1 × 107 LPS (Sigma-Aldrich)-coated beads21 were added to the wells with compound-incubated cells 
and wells were incubated for another 4 hours at 37°C, 5% CO2 to allow the cells to engulf the beads. 
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The controls included incubation with 100 µl/well of complete RPMI medium followed by adding 1 × 
107 uncoupled beads as the negative control to determine baseline phagocytosis and 100 µl/well of 
1:5 DMSO, followed by the addition of 1 × 107 LPS-coated beads as the solvent control. Furthermore, 
incubation with 100 µl/well of complete RPMI medium followed by adding 1 × 107 LPS-coated beads 
was used as the reference control and 100 µl/well of complete RPMI medium followed by the addition 
of 1 × 107 IgY (Agrisera AB, Sweden)-opsonized beads22 as the positive control to determine the highest 
level of phagocytosis. After the 4 hours of incubation, supernatants were harvested, and the adherent 
cells were washed twice in PBS at room temperature (RT), followed by harvesting the cells using warm 
5 mM, pH8 UltraPure EDTA (Sigma-Aldrich). HD11 cells were transferred to 96-well U-bottom plates 
(Greiner Bio-One B.V., the Netherlands), and subsequently washed in PBS, stained for viability, and 
analyzed by flow cytometry as described in section Phenotypic characterization of IELs and splenic 
leukocytes by flow cytometry. The percentage of total bead uptake was determined in viable HD11 
cells using the gating strategy described in De Geus et al. (2012), which included consecutive selection 
of the HD11 cell population, viable cells, and total amount of beads. The fold change of bead uptake 
upon incubation with the compounds was expressed relative to the bead uptake of LPS-coated beads 
in unstimulated cells. This reference control was set at 100%.

NO assay to assess activation of the macrophage cell line HD11 in 
vitro
Possible effects of compounds on nitric oxide (NO) production by HD11 cells were measured by 
the Griess assay conducted on the culture supernatant23. HD11 cells were cultured, harvested, and 
resuspended in complete RPMI medium at 2 × 105 cells/ml as described for the phagocytosis assay. 
Cells were seeded at 1 ml/well in 24-well cell culture plates (Corning Costar, Corning Life Sciences B.V., 
the Netherlands) and cultured overnight at 37°C and 5% CO2. Next, the HD11 cells were incubated 
with 10 (10 ppm), 50 (50 ppm), and 100 (100 ppm) µl/well of compound solutions and 100 µl/well of 
complete RPMI medium was added as the negative control, 100 µl/well of 1:5 DMSO as the solvent 
control, and 100 ng/ml of lipopolysaccharides (LPS, Sigma-Aldrich) targeting E. coli O127:B8 as the 
positive control. After 48 hours incubation at 37°C and 5% CO2, 50 μl of supernatant was harvested and 
transferred to three individual wells of a 96-well flat-bottom plate (Corning Costar, the Netherlands) 
for measurement of the nitrite concentration. A 3.13–200 μM nitrite (NaNO2) standard dilution series 
(Sigma-Aldrich, the Netherlands) was included to generate a standard curve. Griess assay reagents 
were made by dissolving N-(1-naphtyl) ethylenediamine at 3 g/l and sulfanilamide at 10 g/l (both 
from Sigma-Aldrich) in 2.5% phosphoric acid (Supelco, Merck, USA). These reagents were mixed 
1:1 and 50 μl was added to the wells with cell culture supernatants and standards. The plate was 
then gently shaken in the dark at RT for 10 min at 700 rpm on a plate shaker (Schüttler MTS 4, IKA, 
Germany). The Griess reagents mixture turned purple upon reaction with nitrite ions in the cell culture 
supernatant. Finally, the optical density (OD) of each well was measured at 550 nm using a FLUOstar 
Omega microplate reader (BMG Labtech, Germany) and the nitrite concentration of each sample was 
determined according to the nitrite standard curve.
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Screening of the effect of compounds following in ovo administration
Possible negative effects of the compounds on embryonic growth, hatchability, and the number 
of peripheral blood cells were determined. A commercial hatchery (Morren B.V., the Netherlands) 
supplied 1200 Ross 308 14-day old embryonated eggs, they were weighed and incubated under 
optimal conditions in the experimental hatchery at the Cargill Animal Nutrition Innovation Center (the 
Netherlands). At embryonic day (ED) 15, eggs were randomly distributed in a complete randomized 
block design with six blocks including 20 treatment groups per block and 10 eggs per treatment in each 
block (replicates). At ED18, eggs were disinfected with alcohol spray, followed by injection of 1 ml of the 
respective compound solutions into the amniotic fluid using a 23-gauge disposable needle according 
to Tako et al. (2004). NaCl saline solutions (0.4%) contained 0.02%, 0.2%, and 2% of feed additive for 
the polysaccharides (P1, P2, P8), simple sugar (SS2), modified sugar (MS3), and 0.0015 mg, 0.0030 mg, 
and 0.0060 mg for the lipid (L1). Eggs that were not injected acted as the negative control group and 
0.4% NaCl saline solution was injected as the solvent control. At ED19 and ED20, weights of eggs in the 
different groups were recorded and twelve eggs per group (two per replicate) were randomly selected 
and sacrificed to determine the weights of the embryo, yolk, and liver to assess embryonic growth by 
the use of yolk reserves. The relative embryo, yolk, and liver weights were expressed as a percentage 
of egg weight and used to determine the ratios between relative yolk and liver weight as a parameter 
of embryonic growth. At ED21 of the hatching period, twelve chicks per group (two per replicate) were 
randomly selected, weighed, and sacrificed to record weights of the chick, and remaining yolk and 
liver to assess embryonic growth. Numbers of internally or externally cracked eggs and hatched chicks 
were recorded and used to determine percentage hatchability. Numbers of unhatched eggs were 
counted, opened, and classified as dead embryos. In addition, four hatched chicks per group from 
different blocks were randomly chosen and sacrificed, and blood (~1 ml) was collected in EDTA tubes 
(VACUETTE® K3E EDTA, Greiner Bio-One, the Netherlands) to determine white blood cell counts. One 
in ovo screening was performed. The number of replicates per treatment within the in ovo experiment 
was based on power analysis, which was adjusted for the specific facility and aligned to the 4Rs to 
reduce the use of animals in research by having a solid experimental design. For these calculations, 
we relied on historic data, obtained within the same experimental facility and with similar type of 
nutritional interventions.

The numbers of lymphocyte subsets were determined as described previously57 by staining peripheral 
blood using BD Trucount™ Tubes (BD Biosciences, the Netherlands) according to the manufacturer’s 
instructions. First, 200 µl of whole blood was fixed by mixing thoroughly with 40 µl Transfix® (Thermo 
Fisher Scientific, the Netherlands), and subsequently diluted 1:50 in PBA. Next, 20 µl of the monoclonal 
antibody mix (Table 1) was added to BD Trucount Tubes followed by 50 µl of diluted blood, and 
this mixture was incubated for 15 min in the dark at RT. Subsequently, 450 µl PBA was added to 
the tubes, and cells and beads were measured by flow cytometry (FACSCANTO II Flowcytometer, BD 
Biosciences, the Netherlands). Per sample, 20,000 beads were collected and data were analyzed with 
FlowJo software (FlowJo LCC, BD Biosciences, USA). According to the manufacturer’s instructions, cells 
positive for CD45 (lymphocytes) were gated and within this gate, CD3 negative and BU-1 negative cells 
(NK cells), BU-1 positive cells (B cells), and CD3 positive cells (T cells) were determined. The absolute 
number of immune cells per µL blood was calculated using the following formula: (number positive cell 
events/20,000 (number of beads)) * (48,550 (number of beads per test)/1 (test volume)).

Screening of the effect of compounds on growth performance in vivo
For the in vivo screening of possible effects on performance traits, 720 one-day-old Ross 308 broiler 
chicks were obtained from a commercial hatchery (Welp Hatchery, USA), weighed, and randomly 
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distributed in a complete randomized block design with 12 blocks including 12 dietary groups per 
block and five chickens per group in each block (replicates) at the Cargill Animal Nutrition Innovation 
Center (USA). Chicks were allocated into 144 pens, received water and standard or compound-supple-
mented commercial starter and grower feeds ad libitum. The 12 diets included standard diet (negative 
control) or feed supplemented with either of the selected compounds: 0.0625% Saccharomyces 
cerevisiae fermentation product (SCFP, positive control; XPC UltraTM, Diamond V, Cedar Rapids, 
IA, USA), polysaccharides P1 (0.02%, 0.2%), P2 (0.2%), P5 (0.02%), P8 (0.02%, 0.2%), simple sugars 
SS2 (0.2%), SS2-S (0.02%, 0.2%, Sigma-Aldrich), and modified sugar MS3 (0.02%), respectively. Per 
treatment group (n = 60), chickens were weighed at a regular interval and feed intake was measured. 
Body weights and feed intake were used to calculate average daily gain and feed conversion ratio 
(FCR), respectively, at days 0, 7, 13, and 21. FCR was calculated by dividing the amount of feed uptake 
by the growth of the chickens at 0 to 7, 7 to 14, and 14 to 21 days of age. Housing temperature, 
ventilation, and lighting were according to recommendations for breeder chickens (Aviagen, 2018) 
and industry standards. All procedures were approved by the Animal Care and Use Committee of 
Cargill (USA). The in vivo screening was performed once, and the number of replicates incorporated 
were based on power analysis. The power analysis was adjusted for the specific facility and aligned 
to the 4Rs to reduce the use of animals in research by having a solid experimental design. For these 
calculations, we relied on historic data, obtained within the same experimental facility and with similar 
type of nutritional interventions.

In vivo supplementation of glucose oligosaccharide and long-chain 
glucomannan and their modulatory properties on immune cells and 
microbiota composition
For the subsequent in vivo experiment studying the effect of glucose oligosaccharide and long-chain 
glucomannan on NK cells and microbiota composition, 15 sixteen-, seventeen-, and eighteen-day 
old embryonated eggs were obtained from a single Ross 308 broiler breeder flock at a commercial 
hatchery (Lagerwey, the Netherlands). Eggs were disinfected with 3% hydrogen peroxide and placed in 
disinfected egg hatchers in one stable at the facilities of the Department of Population Health Sciences, 
Faculty of Veterinary Medicine, Utrecht University, the Netherlands. The treatment of eggs with a low 
concentration of hydrogen peroxide does not influence the intestinal microbiota composition, since 
the development of the intestinal microbiota was not affected by this treatment in a previous study6. 
Directly upon hatch, chickens were weighed, labelled, and housed in one of the three different floor 
pens according to their feed group, with a solid wall separating the pens. Pens were lined with wood 
shavings (2 kg/m2), and water and standard or compound-supplemented commercial starter and 
grower feeds were provided ad libitum (Research Diet Services, the Netherlands). A standard lighting 
and temperature scheme for Ross broiler chickens was used. The animal experiments were approved 
by the Dutch Central Authority for Scientific Procedures on Animals and the Animal Experiments 
Committee (registration number AVD1080020174425) of Utrecht University (the Netherlands) and 
all procedures were done in full compliance with all relevant legislation. The in vivo experiment was 
performed once in which the number of chickens included per group was based on power analysis.

Before the start of the experiment, environmental swabs (FLOQSwabs®, COPAN, Italy) were taken of 
the hatchers and floor pens before hatching as well as of the hatchers after hatching. Swabs were 
stored at RT in 0.5 ml DNA/RNA Shield (Zymo Research, USA) to determine the microbiota composition 
of the environment. Directly post-hatch, chicks (n = 15) were provided with standard diet (control) 
or feed supplemented with 0.2% of either glucose oligosaccharide (P1) referred to as feed 1 (F1), 
or long-chain glucomannan (P2) referred to as feed 2 (F2). At days 7, 14, and 21, five chickens per 



82

CHAPTER 4

feed group were randomly selected and sacrificed to collect ileum tissue (±10 cm distal from Meckel’s 
diverticulum), spleen, and contents of ileum (distal from Meckel’s diverticulum) and caeca for immunology 
and microbiota analyses. To calculate absolute cell numbers, ileum segments and spleens were weighed 
immediately after collection of the tissues, prior to isolation of cells. After isolation, cell numbers in the 
resulting suspension were calculated. This resulted in the total cell number, expressed as IELs per mg 
ileum or leukocytes per mg spleen. To calculate the absolute numbers of NK and T cells within the live IEL 
or leukocyte populations, the percentages of cells positive for the markers expressed on these cell types 
were used, which were determined in the flow cytometry analyses. Absolute cell numbers were calculated 
using the following formula: (absolute number IELs or leukocytes per mg tissue) × (percentage positive 
cells in the gate of interest of the live lymphocyte population). Intestinal contents were collected using 
sterile plastic cell culture loops, subsequently transferred into 2 ml sterile tubes containing 0.5 ml DNA/
RNA Shield (Zymo Research), and stored at RT for DNA extraction. All chickens were weighed prior to 
post-mortem analyses to calculate body weight gain over the previous feeding period.

Isolation of immune cells from the intestine and the spleen
The procedure to isolate IELs was performed as described previously and does not result in 
contamination with immune cells from the lamina propria11. Ileum segments were washed with PBS to 
remove the contents, cut in sections of 1 cm2, and washed again. Subsequently, the IELs were collected 
by incubating the sections for 15 min in a shaking incubator at 200 rpm at 37°C in EDTA-medium 
(HBSS 1x (Gibco) supplemented with 10% heat-inactivated FCS (Lonza) and 1% 0.5M EDTA (UltraPure™, 
Invitrogen, the Netherlands)) after which the supernatants were harvested. This procedure was 
repeated three times using the remaining tissue sections. Subsequent supernatants containing the 
IELs were pooled and centrifuged for 5 min at 1200 rpm at 20°C (Allegra™ X-12R Centrifuge, Beckman 
Coulter, the Netherlands). Cells were then resuspended in PBS, IELs were isolated using Ficoll–Paque 
Plus (GE Healthcare, the Netherlands) density gradient centrifugation for 12 min at 1700 rpm at 20°C, 
washed in PBS by centrifugation for 5 min at 1300 rpm at 4°C, and resuspended at 4.0 × 106 cells/ml in 
complete IMDM medium. Spleens were homogenized using a 70 µm cell strainer (BD Biosciences, the 
Netherlands) to obtain a single cell suspension. Next, leukocytes were isolated by Ficoll–Paque density 
gradient centrifugation (20 min, 2200 rpm, 20°C), washed in PBS, and resuspended at 4.0 × 106 cells/
ml in complete IMDM medium as described for IELs. Cell suspensions were analyzed for subsets and 
activation of NK and T cells as described in the next section and for the CD107 assay, respectively.

Phenotypic characterization of IELs and splenic leukocytes by flow 
cytometry
Presence of NK and T cell subsets were determined among IELs and splenic leukocytes at 7, 14, and 21 
days of age as described previously11. Cell populations (1 × 106) were stained with a panel of antibodies 
specific for surface markers known to be expressed on NK cells as well as with anti-CD3 to exclude T cells 
from analysis. In addition, cells were stained with a panel of antibodies specific for surface markers that 
distinguish γδ T cell- and cytotoxic CD8+ T cell-subsets (Table 1). Staining with primary and secondary 
antibodies was performed in 50 µl PBA. Cells were incubated for 20 min at 4°C in the dark, washed twice 
by centrifugation for 5 min at 1300 rpm at 4°C in PBA, after primary staining, and in PBS after secondary 
staining. Subsequently, to be able to exclude dead cells from analysis, cells were stained in 100 µl PBS 
with a viability dye (Zombie Aqua™ Fixable Viability Kit, Biolegend, the Netherlands) for 15 min at RT 
in the dark, washed twice in PBA, and resuspended in 200 µl PBA. Of each sample, either 150 µl or a 
maximum of 1 × 106 viable cells were analyzed using a CytoFLEX LX Flow Cytometer (Beckman Coulter), 
and data were analyzed with FlowJo software (FlowJo LCC, BD Biosciences, USA).
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The gating strategies used to analyze NK cells, γδ T cells, and cytotoxic CD8+ T cells were described 
previously6,19. In short, gating included consecutive selection for lymphocytes (FSC-A vs. SSC-A), 
singlets (FSC-A vs. FSC-H), viable cells (Live/Dead marker-negative), followed by the selection of 
specific cellular subsets and upregulation of the activation marker CD107 according to the staining 
panels. NK cell subsets were gated on CD3− cells expressing either IL-2Rα or 20E5. To assess NK cell 
activation, CD3−CD41/61− cells were gated within the live cells and expression of CD107 within this 
subset was assessed. T cell subsets were gated by selecting CD3+CD4− cells that were positive for 
TCRγδ (γδ) or negative (CD8+ αβ) and subsequently, expression of CD8αα and CD8αβ within both γδ 
and CD8+ αβ T cells was assessed. To assess T cell activation, CD3+CD41/61− were gated within the live 
cells and subsequently CD8α+ T cells were selected in which expression of CD107 was assessed.

Microbiota composition of ileum and caeca
DNA was purified from ileal and caecal samples using the ZymoBIOMICS DNA Kit according to the 
manufacturer’s instructions (Zymo Research, USA). Bacterial 16S ribosomal RNA genes were then 
amplified by running one PCR cycle while incorporating a cy-5 fluorescent labeled nucleotide, 
as described previously for labeling samples in microarray analysis58. Labeled PCR amplicons were 
then hybridized on a microarray chip containing probes for intestinal bacteria previously selected as 
biomarkers for broiler performance and intestinal health58. Microarray annotation for probes included 
sequential numbers added after bacteria genus or species in order to differentiate more than one probe 
with the same name. The fluorescence signal of each probe was read using a fluorescence array image 
reader (Sensovation AG, Germany). Intensity was used as a parameter to determine semi quantitative 
relative fluorescence values for each probe, which were used to compare relative abundance of each 
microbiota taxa between feed groups according to the experimental design.

In addition, Pearson’s correlations were calculated between immune cells and intestinal microbial taxa 
that were significantly increased in each feed group. Positive and negative correlation values were 
reported between the microbial taxa mentioned in Table 2 and NK cell activation and subsets in the IELs 
and spleen for the respective intestinal segment, diet and age, and depicted in a heatmap. Correlation 
(r) values from 0 to 1 (positive) and 0 to −1 (negative) are shown, where 0–0.2 (0–−0.2) is interpreted 
as no/negligible correlation, 0.2–0.5 (−0.2–−0.5) as weak correlation, 0.5–0.8 (−0.5–−0.8) as moderate 
correlation, and 0.8–1 (−0.8–−1) as strong correlation.

Statistical Analysis
First, normal distribution of the data was confirmed using the Shapiro–Wilk test. For the in vitro 
screening, differences in each of the assays between compounds and solvent controls were analyzed 
using one-way ANOVA. For the in ovo screening, differences in embryonic growth, hatchability, and 
white blood cell counts between feed groups were analyzed using a mixed-model ANOVA, where 
all variables were classed as fixed or random effects; diet was used as the fixed effect and block as 
the random effect. For the in vivo screening on performance traits, differences in performance traits 
between feed groups were analyzed using a mixed-model ANOVA, where diet was classed as the 
fixed effect and block as the random effect. For the in vivo experiment with glucose oligosaccharide 
and long-chain glucomannan, differences in numbers of IELs, splenic leukocytes, NK cell and T cell 
subsets, and percentages of CD107 expression in the IEL population and spleen between the feed 
groups were analyzed using one-way ANOVA. Regarding the analysis of microbiota composition, raw 
fluorescence intensity data for each probe on each microarray chip were compiled and submitted to 
data quality control. The selected data treatment to reduce chip-to-chip variation was to standardize 
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it to the shifting point of three, according to the option available in JMP Genomics, as described 
previously for microarray analysis59. The standardized data were then analyzed using mixed-model 
ANOVA, where intestinal segment, diet, age, and their three-way interaction were classed as fixed 
effects and chip was classed as the random effect. Results were used to produce clustering plots 
utilizing hierarchical clustering, with distances between clusters defined by the Ward’s method60. 
Differences in standardized LS means were also used for principal component analysis and volcano 
plots for pair-wise comparisons. Correlations between immune cells and microbial taxa were analyzed 
using the Pearson product–moment correlation procedure. The statistical analyses for the in vitro 
screening and the immunological data of the in vivo experiment were performed using GraphPad Prism 
9 software (GraphPad Software, USA). The statistical analyses for the in ovo and in vivo screening were 
performed using R software version 3.5.1 (The R Foundation for Statistical computing, Austria) and 
for the microbiota data of the in vivo experiment using JMP Genomics 9 software (SAS Institute 2017, 
USA). A p value of < 0.05 was considered statistically significant, a value of 0.05 < p < 0.1 was referred 
to as a trend and in case the p value did not belong to one of these categories; it was referred to as 
a numerical difference. Microarray standardized LS means of fluorescence intensities were compared 
using false discovery rate (FDR) adjusted p-values set at < 0.05.

Results
Compounds are able to induce activation of NK cells and 
macrophages
Sixty-nine compounds were screened in vitro for their capacity to induce enhanced CD107 expression 
on NK cells as well as to stimulate bead uptake and NO production by macrophage-like HD11 cells. 
Stimulation with 57 compounds resulted in enhanced surface expression of CD107 on NK cells compared 
to the solvent control (Fig. S1). Viability of NK cells was not affected by stimulation with the compounds 
in the concentration range that was used (Fig. 1A right panel). Stimulation with compounds P1 and P2 
resulted in enhanced CD107 expression at all concentrations (Fig. 1A left panel), with the highest levels 
of CD107 expression at 10 ppm for both P1 (108.0 ± 7.1%) and P2 (103.3 ± 13.7%) compared to the 
solvent control (87.2 ± 0.8%). In contrast, stimulation with compound PE1 resulted in a lower CD107 
expression at 50 and 100 ppm compared to the solvent control. Exposure of the macrophage cell line 
HD11 to 56 out of 69 compounds resulted in increased bead uptake compared to the solvent control 
(Fig. S2). Stimulation with compound P1 resulted in increased bead uptake at 10 and 50 ppm, whereas 
increased bead uptake was observed upon stimulation with P2 at all concentrations compared to the 
control (Fig. 1B left panel). Phagocytoses were most pronounced with stimulation at 10 ppm for P1 
(115.9 ± 4.3%) and P2 (116.0 ± 2.2%) compared to the solvent control (86.3 ± 5.1%, Fig. 1B left panel). 
In contrast, stimulation with compound PE2 resulted in diminished bead uptake at all concentrations 
(Fig. 1B left panel). The viability of HD11 cells was not affected by P2, whereas exposure to P1 at 50 and 
100 ppm and to PE2 (all concentrations) reduced viability of the cells (Fig. 1B right panel). Exposure to 
22 out of 69 compounds increased NO production by macrophage-like HD11 cells compared to the 
solvent control (Fig. S3). Stimulation with compound P1 increased NO production in all concentrations 
and highest at 50 ppm (96.8 ± 6.8 µM) compared to no NO production in the presence of the solvent 
control (Fig. 1C). In contrast to P1, exposure to compound P2 did not result in NO production whereas 
stimulation with compound L1 led to low NO production at 10 ppm only (Fig. 1C). Out of the compounds 
that showed positive effects on the activation of NK cells and macrophages, six compounds including 
P1, P2, P8, SS2, MS3, and L1 were selected and investigated further in the in ovo screening.
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Figure 1. In vitro screening of feed compounds for their effect on the activation of NK cells and macrophages. (A) The effect of 
compounds on NK cell activation measured by the CD107 expression on NK cells (%). Expression of CD107 is expressed relative to 
the negative control, which was set at 100% (left panel). Viability of ED14 NK cells after exposure to compounds, which is expressed 
relative to the negative control set at 100% (right panel). PMA/Ionomycin was included as the positive control, 1:5 DMSO as the solvent 
control, and n = 3 per compound concentration. (B) The effect of compounds on the phagocytosis of macrophage-like HD11 cells (%). 
Phagocytosis is expressed relative to the reference control, which was set at 100% (left panel). Viability of HD11 cells after exposure 
to compounds, which is expressed relative to the negative control set at 100% (right panel). IgY-coated beads are included as positive 
control to determine the highest level of phagocytosis, LPS-coated beads in 1:5 DMSO as the solvent control, and uncoupled beads 
in complete RPMI medium as the negative control to determine baseline phagocytosis, n = 3 per compound concentration. (C) The 
effect of compounds on the NO production of macrophage-like HD11 cells by measuring nitrite concentration (µM). LPS stimulation 
was included as the positive control, 1:5 DMSO as the solvent control, complete RPMI medium as the negative control, and all samples 
were in triplicates, n = 9 per compound concentration. Mean + SEM is shown of the compounds of polysaccharides (P1, P2), plant 
extracts (PE1, PE2), and lipids (L1); the dotted line represents the level of the solvent control and statistical significance is indicated as 
* p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.
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In ovo administration of the selected compounds showed no adverse 
effects on embryonic development and hatching
Next, polysaccharides P1, P2, P8, simple sugar SS2, modified sugar MS3, and lipid L1 were injected 
into the amniotic fluid of ED18 chicken eggs and possible negative impact on embryonic growth, 
hatchability of eggs, and peripheral immune cell numbers in the chickens immediately post-hatch were 
determined. In ovo injection of compounds did not give rise to differences in relative yolk utilization 
and liver growth compared to the controls during embryonic development (Fig. 2A). Injection of the 
compounds did not affect hatchability except for MS3 administered at a concentration of 2.0%, which 
decreased hatchability to 67.3 ± 13.4% compared to 100% of the controls (Fig. 2B). No differences in 
numbers of lymphocytes, NK, B and T cells in the blood were observed in chicks from eggs that were 
injected with the compounds compared to chicks that hatched from eggs that received the solvent 
control (Fig. 2C and Fig. S4). Next, the effect of five out of these six compounds on performance traits 
was investigated. In this study, compound L1 was excluded since a practical route of administration to 
broiler chickens in vivo was not available.

Figure 2. In ovo screening of feed compounds for their effect on embryonic growth, hatching, and peripheral lymphocyte numbers. 
(A) Effect of compound injections in embryos on the ratio of relative yolk and liver weight during late embryonic development, n = 6 
per group per ED. (B) Effect of compound injections on hatchability (%) at ED21, n = 6 per group. (C) Effect of compound injections 
on the numbers of lymphocytes in whole blood in chicks immediately post-hatch. Non-injected eggs were included as the negative 
control and 0.4% saline solution as the solvent control, n = 4 per group. Mean + SEM is shown of compounds of polysaccharides (P1, 
P2, P8), simple sugars (SS2), modified sugars (MS3), and lipids (L1) in different concentrations (0.02, 0.2, 2%, or 0.0015, 0.0030, 0.0060 
mg) and statistical significance is indicated as *** p < 0.001.
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No negative effects were observed on performance traits upon in 
vivo administration
To determine possible negative effects on growth performance, diets supplemented with these five 
compounds were fed to broiler chickens from 0 days of age onwards. Two additional compounds, 
polysaccharide P5 and simple sugar SS2-S, were included in this study. These compounds are structurally 
related to P2 and SS2, respectively, and have been shown to enhance NK cell and macrophage activation 
in prior in vitro assays. No differences in body weight were observed among feed groups at 0, 7, 13, 
and 21 days of age (Fig. S5A). Furthermore, no differences in FCR as a result of the supplemented 
feeds compared to the standard diet (negative control) were observed (Fig. S5B). Comparisons of the 
feed additives with the positive control, which was feed supplemented with 0.0625% SCFP, showed 
that the FCR from 7 to 13 and 13 to 21 days of age of chickens in the P8 0.2% group was significantly 
higher compared to the positive control (1.34 ± 0.01 vs. 1.22 ± 0.01 and 1.28 ± 0.01 vs. 1.16 ± 0.01, 
respectively). A similar observation was made when comparing the P8 0.2% group with three other 
feed additives (SS2 0.2%; P1 0.02%; MS3 0.02%) during these age periods, while the FCR of chickens 
in the other groups were in between the FCR of P8 0.2% and the three other feed additives (Fig. S5B). 
None of the feed additives showed significant adverse effects on growth performance. P1 and P2 
were the most favorable to select based on the numerical results of chicken body weight and FCR, 
and highest future potential feasibility. These two polysaccharides were studied in subsequent in vivo 
analyses for possible effects on immune cells and microbiota composition.

Glucose oligosaccharide and long-chain glucomannan significantly 
increase activation of intraepithelial NK cells seven days after in vivo 
supplementation
Growth performance of broiler chickens was not affected by the administration of the supplemented 
feeds compared to the control diet (Fig. S6A). Furthermore, no significant differences were observed in 
numbers of IELs (Fig. S6B) and splenic leukocytes (Fig. S6C) of chickens in the supplemented feed groups 
compared to the standard diet group. Nevertheless, at 7 days of age, IELs were numerically higher in 
chickens that received feed containing long-chain glucomannan (F2, 8.3 × 104 ± 2.6 × 104) compared 
to the control group (4.4 × 104 ± 6.0 × 103, Fig. S6B). Next, NK cell subsets and NK cell activation were 
assessed in the IEL population and spleen (Fig. 3A). At 7 days of age, intraepithelial IL-2Rα+ NK cells 
were numerically lower in chickens of the F1 group and 20E5+ NK cells were numerically higher in the 
F2 group compared to the control group, however, no significant differences were observed (Fig. 3B,D). 
Significantly enhanced CD107 expression on intraepithelial NK cells was observed at 7 days of age in 
both F1 and F2 groups, which was 21.3 ± 2.2% for F1 and 25.9 ± 1.7% for F2, compared to the control 
group (10.89 ± 1.1%, Fig. 3F). In the spleen at day 14, IL-2Rα+ NK cells were numerically lower in the F1 
group and 20E5+ NK cells were numerically higher in the F2 group compared to the control group, but 
no significant differences were observed (Fig. 3C,E). Expression of CD107 on splenic NK cells was similar 
in chickens receiving one of the supplemented feeds compared to chickens that received a standard 
diet during aging (Fig. 3G).

Furthermore, possible effects of the feed additives on the numbers of T cell subsets were analyzed 
(Fig. 4A). Numbers of γδ T cells and CD8+ T cells were not significantly different between the F1 and 
F2 feed regimens compared to the standard diet in both the IEL population (Fig. 4B,D) and spleen (Fig. 
4C,E). Nevertheless, numerical differences were observed at all ages in γδ T cells and CD8+ T cells in 
the F1 and F2 groups compared to the control group in IELs (Fig. 4B,D) and spleen (Fig. 4C,E). Likewise, 
no significant differences were observed in numbers of γδ T cells and CD8+ T cells expressing either 
CD8αα or CD8αβ (Fig. S7). Expression of CD107 on intraepithelial CD8+ T cells (including both γδ and 
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αβ T cells) was numerically increased in the F2 group at day 14 and 21 compared to the control group 
(Fig. S8A). In the spleen, CD107 expression on CD8+ T cells was numerically increased in the F2 group 
at 7 days of age compared to the control group (Fig. S8B).

Figure 3. Effect of feeding glucose oligosaccharide and long-chain glucomannan to broiler chickens on NK cell subsets and NK 
cell activation. (A) CD3 negative cells expressing either IL-2Rα or 20E5, and CD3 and CD41/61 negative cells expressing CD107 in 
the IEL population (left panel) and spleen (right panel). (B) Numbers (cells/mg) of intraepithelial IL-2Rα+, (D) 20E5+ NK cells, and (F) 
percentages of NK cells expressing CD107 in broiler chickens provided different diets in the course of time. (C) Numbers (cells/mg) 
of splenic IL-2Rα+, (E) 20E5+ NK cells, and (G) percentages of NK cells expressing CD107 in broiler chickens provided different diets 
in the course of time. Mean + SEM is shown (n = 5) of chickens provided standard diet (control), feed supplemented with glucose 
oligosaccharide (F1) or long-chain glucomannan (F2) and statistical significance is indicated as ** p < 0.01 and **** p < 0.0001.
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In vivo supplementation of glucose oligosaccharide and long-chain 
glucomannan led to increased relative abundance of lactobacillus 
species in the intestinal microbiota
Microbial analysis revealed that a total of 98 bacterial taxa identified by the probes were significantly 
different between the three feed groups among all tested factors (intestinal segment, age, diet, 

Figure 4. Effect of feeding glucose oligosaccharide and long-chain glucomannan to broiler chickens on T cell subsets. (A) CD3 positive 
and CD4 negative cells that are TCRγδ positive (γδ T cells) or negative (CD8+ αβ T cells) in the IEL population (left panel) and spleen 
(right panel). (B) Numbers (cells/mg) of intraepithelial γδ T cells and (D) CD8+ αβ T cells in broiler chickens fed with different diets 
in the course of time. (C) Numbers (cells/mg) of splenic γδ T cells and (E) CD8+ αβ T cells in broiler chickens fed with different diets 
in the course of time. Mean + SEM is shown (n = 5) of chickens provided standard diet (control), feed supplemented with glucose 
oligosaccharide (F1), or long-chain glucomannan (F2).
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and their three-way interaction). By factorial analysis of the main effects, most of these significant 
differences were due to intestinal segment (78 bacterial taxa), followed by age (66 bacterial taxa), 
and diet (10 bacterial taxa). Principal component analysis (Fig. 5) confirmed that microbiota profiles 
grouped first by caeca (left) and ileum (right) and subsequently by age (7, 14, and 21 days of age), 
however, grouping by age was affected by feed treatment (Control, F1, or F2). By factorial analysis 
of the three-way interaction; effects between feed groups at different ages in the ileum or caeca, F1 
supplementation significantly increased the relative abundance of Lactobacillus species (L. reuteri, L. 
crispatus, and L. gasseri) in both ileum and caeca at 7 and 14 days of age, compared to the control 
group (2nd column Table 2, Fig. 6 and Fig. S9). The significantly increased intestinal bacteria of the F2 
group compared to the control group were more variable in taxa in the intestinal segments and during 
aging, ranging from increased relative abundance of L. crispatus and Bifidobacterium in the ileum at 7 
days of age and more proteolytic bacteria like E. coli and Serratia marcescens in the caeca at that same 
age, to increased relative abundance of Lachnospiraceae in the caeca at 14 days and L. panis in the 
ileum at 21 days of age (3rd column Table 2, Fig. 6 and Fig. S9). The significant differences in microbiota 
composition between F1 and F2 were more evident in chickens at 7 days of age, whereas microbiota 
profiles of chickens in both feed groups were more similar at days 14 and 21 (4th column Table 2, 
Fig. 6 and Fig. S9). At 7 days of age, F1 was associated with significantly higher relative abundance 
of L. reuteri in the ileum and Ruminococcus and L. reuteri in the caeca (4th column Table 2, Fig. 6). In 
comparison, F2 was associated with significant higher relative abundance of L. crispatus, L. jenseni, 
and Enterococcus taxa in the ileum, while in the caeca to a variety of more strictly anaerobic bacteria such 
as Faecalibacterium, Lachnospiraceae, D. formicigenerans, S. marcescens, and B. gallinarum (4th column 
Table 2, Fig. 6). In addition, the significantly increased relative abundance of Lactobacillus species in 
the ileum and caeca were higher in the F1 compared to F2 group at 7 days of age (Fig. 6), 14, and 21 
(Fig. S9). Pathogenic bacteria were found only in the caeca at 14 days of age; significant higher relative 
abundance of Salmonella was observed in the intestinal microbiota of chickens in the control group 
and similar relative abundance of C. jejuni compared to the F2 group, although F2 was associated with 
higher relative abundance of C. jejuni compared to F1 (4th column Table 2, Fig. S9).

Positive correlations between NK cell activation and lactic acid 
bacteria upon in vivo supplementation by glucose oligosaccharide 
and long-chain glucomannan
As supplementation of the polysaccharides affected NK cells and microbiota composition, we analyzed 
whether these effects were related by performing a Pearson’s correlation analysis. At 7 days of age, 
strong positive correlations (0.8–1.0) were observed between CD107 expression on splenic NK cells 
and Lactobacillus crispatus 2 and 3 in the ileum microbiota of chickens in the control group (Fig. 7A). In 
addition, strong negative correlations (−0.8–−1.0) were found between CD107 expression on splenic 
NK cells and Lactobacillus 3 and Lactobacillus reuteri 1, splenic IL-2Rα+ NK cell numbers, and Clostridium 
bartletii 1 and 2 as well as splenic 20E5+ NK cell numbers and Lactobacillus jenseni and Lactobacillus 
crispatus 3 in the ileum microbiota of chickens in the control group at day 7 (Fig. 7A). In comparison, in 
the F1 group, strong positive correlations were observed between CD107 expression on intraepithelial 
NK cells and Lactobacillus 3 and Clostridium bartletii 2, intraepithelial IL-2Rα+ NK cell numbers 
and Clostridium bartletii 1 as well as CD107 expression on splenic NK cells and Bifidobacterium 2 
and Lactobacillus crispatus 3 (Fig. 7A). In the F2 group, a strong negative correlation was found between 
intraepithelial IL-2Rα+ NK cell numbers and Bifidobacterium 2 and a strong positive correlation between 
intraepithelial 20E5+ NK cell numbers and Clostridium bartletii 2 in the ileum microbiota of chickens 
at 7 days of age (Fig. 7A). In addition, strong positive correlations were observed between numbers of 
IL-2Rα+ NK cells in the spleen and Enterococcus, Lactobacillus 3, Lactobacillus reuteri 1, and Lactobacillus 
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Figure 5. Effect of feeding glucose oligosaccharide and long-chain glucomannan to broiler chickens on microbiota composition in 
ileum and caeca. Principal component analysis of microbiota profiles from the ileum (IL) and caeca (CA) at day 7, 14, and 21 (D7, D14, 
and D21) of broiler chickens provided standard diet (control), feed supplemented with glucose oligosaccharide (F1), or long-chain 
glucomannan (F2). Per intestinal segment, age, and feed group n = 5.

crispatus 3, whereas a strong negative correlation was seen with Clostridium bartletii 1 in the ileum 
microbiota of chickens in the F2 group at 7 days of age. Furthermore, strong positive correlations 
were observed between splenic 20E5+ NK cell numbers and Enterococcus and Lactobacillus crispatus 3 
in the ileum microbiota of chickens in the F2 group at 7 days of age (Fig. 7A). No, weak, or moderate 
correlations were observed between CD107 expression on NK cells and numbers of NK cell subsets in 
the IEL population and spleen and the relative abundance of microbial taxa due to the respective feed 
in the caeca at 7 days of age (Fig. 7B) and in the ileum and caeca at 14 days of age (Fig. S10A) and 21 
days of age (Fig. S10B).
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Table 2. Intestinal microbial taxa that are significantly increased with the respective feed at different ages in broiler chickens. The microbial 
taxa of which the standardized LS means were significantly increased due to the respective feed, as determined by factorial analysis of 
pairwise comparisons between feed groups at different ages in the ileum or the caeca. Feed groups included standard diet (control), and 
feed supplemented with glucose oligosaccharide (F1) or long-chain glucomannan (F2), with statistical significance of FDR adjusted p-values 
set at < 0.05.

Age/Intestinal Segment Control vs. F1 Control vs. F2 F1 vs. F2

7 days/ileum C: Clostridium bartletii 1 
and 2, Lactobacillus jenseni, 

Bifidobacterium 2, Enterococcus 
sp.;

F1: Lactobacillus reuteri 1, 
Lactobacillus 3;

C: Clostridium bartletii 1 and 2;
F2: Lactobacillus crispatus 2, 

Bifidobacterium 2;

F1: Lactobacillus 3, Lactobacillus 
reuteri 1;

F2: Lactobacillus crispatus 2, 
Lactobacillus crispatus 3, Lactobacillus 

jenseni, Enterococcus sp.;

7 days/caeca C: Lachnospiraceae Incertae 
Sedis 6, Dorea formicigen-

erans, Fusobacterium group 2, 
Sanguibacter;

F1: Lactobacillus reuteri 1, 
Lactobacillus 3, Lachnospiraceae 

Incertae Sedis 4, Ruminococcus sp.; 

C: Ruminococcus sp.;
F2: E. coli 1, E. coli 2, Serratia 

marcescens;

F1: Ruminococcus Incertae Sedis 
siraeum, Ruminococcaceae 

unclassified, Lactobacillus 3, 
Lactobacillus reuteri 1;
F2: Faecalibacterium 1, 

Lachnospiraceae Incertae Sedis 6, 
Lachnospiraceae unclassified, Dorea 

formicigenerans, Serratia marcescens, 
Bifidobacterium gallinarum;

14 days/ileum C: Lachnospiraceae Incertae Sedis 
2, Bacteroides uncult, Listeria;

F1: Lactobacillus reuteri 1, 
Lactobacillus 3;

C: Lachnospiraceae Incertae 
Sedis 2, Bacteroides uncult, 

Clostridium bartletii 2;
F2: none

None

14 days/caeca C: Ruminococcus unclassified, 
Clostridiales unclassified, Incertae 

Sedis Xlll unclassified;
F1: Lactobacillus sp., Lactobacillus 
gasseri 2, Lactobacillus crispatus 3;

C: Salmonella 1, Parabacteroides 
2, Rikenellaceae Alistipes 1, 
Salinococcus, Clostridiales 

unclassified, Incertae Sedis Xlll 
unclassified;

F2: Lachnospiraceae Incertae 
Sedis 3;

F1: Lachnospiraceae Incertae Sedis 11;
F2: Campylobacter jejuni;

21 days/ileum None C: Lactobacillus crispatus 2, 
Bifidobacterium 2, Enterococcus 

hirae;
F2: Lactobacillus panis;

None

21 days/caeca C: Lachnospiraceae unclassified, 
Ruminococcus Incertae Sedis;

F1: none

C: Lachnospiraceae unclassified, 
Ruminococcus Incertae Sedis, 

Citrobacter;
F2: Bacteria unclassified;

F1: Agreia;
F2: none

Discussion
Currently, feed additives supplemented to the diet to improve growth performance of broiler 
chickens with the additional benefit of modulation of immune responsiveness or intestinal microbiota 
composition are of high interest.

The stimulatory effects of glucose oligosaccharide and long-chain glucomannan on the activation of 
NK cells and macrophages in vitro was in agreement with the reported immunomodulatory properties of 
plant-based polysaccharides observed in humans and chickens32,45. Furthermore, embryonic development, 
hatchability, and numbers of peripheral immune cells at day of hatch were not affected adversely by in 
ovo application of both polysaccharides, which indicates that they are safe for use as feed supplements. 
Moreover, this safety opens the option of in ovo application of both polysaccharides in addition to or 
instead of supplementation in the feed, to be investigated in future experiments. In the present study, 
in ovo application of these polysaccharides did neither affect the normal reduction of yolk sac reserves 
nor increase of liver weight61, whereas a higher reduction would have suggested an improved metabolic 
rate of the developing embryo60,62. This may be due to the low digestibility of the polysaccharides in 
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Figure 6. Relative abundance of intestinal microbial taxa significantly increased with the respective feed at day 7 in broiler chickens. 
Standardized relative fluorescence intensities (LS means) of the microbial taxa in the ileum and caeca as measured by the microarray 
(Table 2) that were significantly higher with standard diet (control), feed supplemented with glucose oligosaccharide (F1), or long-chain 
glucomannan (F2) at day 7 in broiler chickens. LS mean per microbial target and diet group are shown (n = 5) with statistical significance 
of FDR adjusted p-values set at < 0.05.
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addition to the limited nutrient absorption capacity in chicken embryos due to lack of adequate nutrient 
transporters in the small intestine63. Both glucose oligosaccharide and long-chain glucomannan may 
be considered as prebiotics, which are undigestible materials consumed by gut microbiota64, thereby 
modifying and selectively favoring beneficial microbes toward a healthier microbiota.

Our finding that growth performance of broiler chickens was not affected by administration of both 
polysaccharides directly post-hatch was in agreement with other studies, although some prebiotics 
have shown beneficial effects on performance traits65-68. Supplementation with glucose oligosaccharide 
and long-chain glucomannan immediately post-hatch did increase intraepithelial NK cell activation 
early in life. This in vivo observation was in agreement with the enhanced NK cell activation observed 
in vitro and indicates direct immunomodulation by the polysaccharides as shown before with other 
polysaccharides69. In addition, the relation between the in vitro assays and in vivo situation suggests 
that these assays are useful tools to screen the immunomodulatory effects of feed constituents and 
may contribute to the reduction of animal experiments70. The enhanced activation of intraepithelial NK 
cells was observed after the first seven days of supplementation and subsequently decreased to levels 
similar to those observed in the control group. NK cells were shown to be involved in trained immunity 
in livestock71 and humans72. Initial exposure to β-glucans and BCG vaccination induced responses of 
monocytes and NK cells, respectively, thereby priming these innate cells, and a subsequent exposure to 
bacterial components led to increased innate responses, conferring innate memory. In humans, trained 
NK cells have been shown upon a secondary stimulus to undergo a secondary expansion and have 
the capacity to more rapid degranulation and production of cytokines, resulting in a higher protective 
immunity status72,73. It could be hypothesized that the signs of early NK cell activation in our study are 
a consequence of training by the polysaccharides and that a secondary stimulus such as an infection 
could increase NK cell responses. Future studies should investigate whether these polysaccharides 
enhance NK cell (re-)activation in chickens in response to infections. In this study, no significant 
changes in numbers and activation of T cells in the IEL population and spleen were observed after 
supplementation, whereas other polysaccharides did increase percentages of intraepithelial T cells in 
chickens74 and T cell activation in mammals75,76. This may be due to the different polysaccharides used 
in our study or that glucose oligosaccharide or long-chain glucomannan supplementation may have 
more pronounced effects on T cells during an infection, as was shown for another polysaccharide77.

The microbiota compositions of the ileum and caeca were modulated by feed supplemented with 
either glucose oligosaccharide or long-chain glucomannan resulting in increased relative abundance of 
LAB such as Lactobacillus and Bifidobacterium, in agreement with other studies in broiler chickens78,79. 
This confirms that both the polymerized carbohydrate and the mannose polymer are fermented by 
LAB. The differences in relative abundance of intestinal microbial taxa were most evident at 7 days 
of age and subsequently decreased until 21 days of age, when, as shown previously6, a mature stable 
microbiota composition has established in the intestine. Relative abundance of LAB was found to be 
higher in the case of glucose oligosaccharide supplementation compared to long-chain glucomannan 
supplementation, but the latter also stimulated relative abundance of more strictly anaerobic bacteria 
such as Faecalibacterium and Lachnospiraceae. In addition to being fermented by LAB, Faecalibacterium 
and Lachnospiraceae, long-chain glucomannan may be fermented by a specific strain and, due to its 
microbial fermentation, result in metabolites to be utilized by other bacteria that increase in abundance80,81. 
Besides LAB, both Faecalibacterium82 and Lachnospiraceae83 have been shown to be beneficial for human 
intestinal health since intestinal and metabolic disorders were associated with depletion of these species.

Then, we investigated whether the effects of supplemented feeds on NK cells and microbiota were 
related. Although similar analysis of correlation between immune cells and specific microbial taxa has 
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Figure 7. Correlations between intestinal microbial taxa and intraepithelial and splenic NK cells at day 7 in broiler chickens. (A) 
Correlation values between microbial taxa in the ileum or (B) caeca significantly increased with the respective feed and percentages of 
NK cell activation or numbers of NK cell subsets of the ileum (IELs) and spleen (Spln) per diet group (control, F1, F2) at day 7 in broiler 
chickens. Pearson’s correlation (r) values are depicted in a heatmap as positive (yellow) or negative (dark blue) correlations.

been performed in mice84, it has not been conducted in chickens. Both supplemented feeds enhanced 
CD107 expression on intraepithelial NK cells and increased relative abundance of commensal LAB at 
7 days of age. Therefore, the positive correlations between NK cell activation and relative abundance 
of L. reuteri 1, Lactobacillus 3, L. crispatus 2, and Bifidobacterium 2 in the ileum at 7 days of age due 
to glucose oligosaccharide and long-chain glucomannan supplemented diets indicate involvement 
of LAB in the modulation of the function of NK cells. While glucose oligosaccharide showed positive 
correlations between relative abundance of LAB and NK cell subsets as well as activation of both 
intraepithelial and splenic NK cells, long-chain glucomannan mainly showed positive correlations 
with NK cells in the spleen. This suggests that glucose oligosaccharide affects NK cells both locally 
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by interaction with LAB, and systemically by a yet hypothetical interaction with antigen presenting 
cells (APCs) that have interacted with intestinal LAB or translocation of microbial products into the 
circulation85,86. The effects of long-chain glucomannan are suggested to be more systemic rather than 
local according to the correlation analysis, where splenic NK cells are affected through the hypothetical 
mechanisms mentioned earlier.

Enhancement of NK cell activation by microbiota has been shown previously in humans and mice87, 
induced either directly or indirectly via APCs88. Intestinal APCs recognize microbial species through 
Toll-like receptors (TLRs), resulting in the production of cytokines such as interleukin-12 (IL-12), 
which induces NK as well as T cell responses such as IFNγ production89,90. It has been hypothesized 
that intraepithelial NK cells interact directly with microbiota by recognition of nonmethylated CpG 
motifs of bacterial DNA, mainly via TLR9, which enhances their cytotoxic activity88,91. TLR9 is absent 
in the chicken genome, however, TLR21 may act as a functional homologue to mammalian TLR9 in 
recognizing CPG motifs92. Furthermore, metabolites such as short-chain fatty acids are produced by 
microbiota and can be utilized as an energy substrate for microbial species as well as affect the function 
of intestinal epithelial cells, NK cells, APCs, and T cells93,94. These metabolites should be kept in mind 
when developing feed strategies to indirectly modulate the immune system via the microbiota95. Early 
feeding with glucose oligosaccharide and long-chain glucomannan may also improve health during 
adult life; either by preventing colonization of harmful bacteria or by the stimulation of the immune 
system and thereby increasing resistance against pathogens as previously shown for other dietary 
constituents in chickens1,7 and humans96.

In conclusion, this study showed that early feeding of glucose oligosaccharide and long-chain 
glucomannan stimulates intraepithelial NK cell activation as well as a relative abundance of commensal 
lactic acid bacteria in young broiler chickens. Although both feed additives had no effect on growth 
performance under non-challenging conditions, they may have an added value to performance by 
eliciting stronger immune responses during challenging conditions. Future studies should investigate 
the impact of feeding of these polysaccharides during experimental infection to validate their potency 
to improve resistance against bacteria and viruses in broiler chickens.
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Supplementary data
Table S1. Clarification of compounds used in the in vitro screening.

Group Code Compound

Plant extract PE1 Andrographolide1

PE2 Apigenin1

PE3 Astragalus Membranaceus2

PE4 Garlic extract 12

PE5 Garlic oil1

PE6 Luteolin1

PE7 Resveratrol1

PE8 Andrographis paniculata1

PE9 Tocopherol (blend; delta-, beta-, gamma, alpha alpha-tocopherol)3

PE10 Curcuma longa3

PE11 Polyphenols/Antioxidants3

PE12 Onion extract3

PE13 Grape extract3

PE14 Rosmaniric acid3 

PE15 Thymol3

PE16 Citral3

PE17 Geraniol3

PE18 Garlic extract 23

 PE19 Eugenol3

 PE20 Para-cymene3

 PE21 Cinnamic aldehyde3

 PE22 Carvacrol3

PE23 Plant extract blend of zinc and selenium3

Fermentation product FP1 2,3-Butanediol1

FP2 2-Ketogulonic acid3

Vitamin V1 β-Carotene1

V2 Retinoic acid1

Drug D1 Lenalidomide1

D2 Pomalidomide1

Lipid L1 Linoleic acid, conjugated1

L2 Medium-chain fatty acids3

L3 Mannosylerythritol lipids3

Fungus extract FE1 Shiitake mushroom2

FE2 Tremella fuciformis2 

Polysaccharide P1 Glucose oligosaccharide3

P2 Glucomannan – long chain3

P3 Polydextrose3

P4 Resistant dextrin3

P5 Glucomannan – short chain3
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P6 Glucomannan – medium chain3

P7 Scleroglucan3

P8 Glucan3

P9 Algae (whole product) - Euglena gracilis3

P10 Algae extract - Euglena gracilis3

P11 Algae (whole product) - Ulva lactuca3

P12 Algae extract - Ulva lactuca3

P13 Algae extract - Laminaria sp. and/or Ascophyllum nodosum3

P14 Yeast cell wall 1 - Saccharomyces cerevisiae3

P15 Yeast cell wall 2 - Saccharomyces cerevisiae3

P16 Yeast cell wall 3 - Saccharomyces cerevisiae3

P17 Algae insoluble polysaccharides3

P18 Chitosan3

P19 Chitosan oligosaccharide3

Acid/Salt AS1 Calcium butyrate 95%3

Blend B1 Blend of essential oils and organic acids3

Yeast Y1 Yeast culture - Saccharomyces cerevisiae3

Modified sugar MS1 Alkyl glycoside - 83.5%3

MS2 Alkyl glycoside - mixture3

MS3 Alkyl glycoside - 95%3

MS4 Oligodextran3

MS5 Glucuronolactone3

MS6 Octyl-β-D-glucoside3

Simple sugar SS1 Erythrulose3

SS2 Keto-sugar3

Emulsifier E1 Sugar ester (100% di-, tri-, polyester) 3

E2 Sugar ester (50% mono-, 50% di-, tri-, polyester) 3

E3 Citrilated mono-diglycerides3

E4 Sorbitan monostearate 13

E5 Sorbitan monostearate 23

1Sigma-Aldrich, the Netherlands, 2Shaanxi Yuwangtang Biotechnology Development Co. Ltd., China, 3Cargill Inc., USA.
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of CD107 on NK cells (%) and CD107 expression is expressed relative to the negative control, which was set at 100%. Mean + SEM is 
shown (n = 3) of the compounds plant extracts (PE), fermentation products (FP), vitamins (V), drugs (D), lipids (L), fungus extracts (FE), 
polysaccharides (P), acid/salts (AS), blend of essential oils and organic acids (B), yeasts (Y), modified sugars (MS), simple sugars (SS) 
and emulsifiers (E) and dotted line represents level of the solvent control.

Figure S2. In vitro screening of feed compounds for their effect on phagocytosis of macrophages. Phagocytosis of macrophage-like 
HD11 cells (%) is expressed relative to the reference control which was set at 100%. Mean + SEM is shown (n = 3) of the compounds 
plant extracts (PE), fermentation products (FP), vitamins (V), drugs (D), lipids (L), fungus extracts (FE), polysaccharides (P), acid/salts 
(AS), blend of essential oils and organic acids (B), yeasts (Y), modified sugars (MS), simple sugars (SS) and emulsifiers (E) and dotted 
line represents level of the solvent control.
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Figure S3. In vitro screening of feed compounds for their effect on NO production of macrophages. NO production of macrophage-like 
HD11 cells was assessed by measuring nitrite concentration (µM). Mean + SEM is shown (n = 9) of the compounds plant extracts (PE), 
fermentation products (FP), vitamins (V), drugs (D), lipids (L), fungus extracts (FE), polysaccharides (P), acid/salts (AS), blend of essential 
oils and organic acids (B), yeasts (Y), modified sugars (MS), simple sugars (SS) and emulsifiers (E).

Figure S4. In ovo screening of feed compounds for their effect on peripheral immune cell numbers. (A) Effect of compound injections 
in ED18 eggs on numbers of NK cells, (B) B cells and (C) T cells in whole blood immediately post-hatch. Non-injected eggs were 
included as negative control and 0.4% saline solution as solvent control. Mean + SEM are shown (n = 4) of the compounds polysaccha-
rides (P1, P2, P8), simple sugars (SS2), modified sugars (MS3) and lipids (L1) in different concentrations (0.02, 0.2, 2% or 0.0015, 0.0030, 
0.0060mg). 
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Figure S5. In vivo screening of diets for their effect on performance traits in broiler chickens. (A) Effect of diet on weights (g) of 
chickens during aging. (B) Effect of diet on feed conversion ratio (FCR) during the periods 0-7, 7-13 and 13-21 days of aging. Mean + 
SEM is shown (n = 12) of broiler chickens provided standard diet (negative control), feed supplemented with 0.0625% SCFP (positive 
control), or compounds in different concentrations; P1 (0.02%, 0.2%), P2 (0.2%), P5 (0.02%), P8 (0.02%, 0.2%), SS2 (0.2%), SS2-S (0.02%, 
0.2%, Sigma-Aldrich) and MS3 (0.02%), and statistical significance is indicated as * p < 0.05.

Figure S6. Effect of feeding glucose oligosaccharides and long-chain glucomannan to broiler chickens on growth and IELs and splenic 
leukocytes. (A) Weights (g) of chickens provided different diets in the course of time. (B) Numbers (cells/mg) of IELs isolated from the 
ileum and (C) splenic leukocytes in broiler chickens provided different diets in course of time. Mean + SEM is shown (n = 5) of chickens 
provided standard diet (control), feed supplemented with glucose oligosaccharide (F1) or long-chain glucomannan (F2). 
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Figure S7. Effect of feeding glucose oligosaccharides and long-chain glucomannan to broiler chickens on intraepithelial and splenic γδ 
T cells and cytotoxic T cells expressing either CD8αα or CD8αβ. (A) γδ T cells and CD8+ αβ T cells expressing either CD8αα or CD8αβ in 
the IEL population (first and second panels) and spleen (third and fourth panels). (B) Numbers (cells/mg) of intraepithelial CD8αα+ γδ 
T cells, (C) CD8αβ+ γδ T cells, (D) cytotoxic CD8αα+ αβ T cells and (E) CD8αβ+ αβ T cells in broiler chickens provided different diets in 
the course of time. (F) Numbers (cells/mg) of splenic CD8αα+ γδ T cells, (G) CD8αβ+ γδ T cells, (H) cytotoxic CD8αα+ αβ T cells and (I) 
CD8αβ+ αβ T cells in broiler chickens provided different diets in the course of time. Mean + SEM is shown (n = 5) of chickens provided 
standard diet (control), feed supplemented with glucose oligosaccharide (F1) or long-chain glucomannan (F2). 
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Figure S8. Effect of feeding glucose oligosaccharides and long-chain glucomannan to broiler chickens on intraepithelial and splenic 
T cell activation. (A) Percentages of CD8+ T cells expressing CD107 (including both γδ and αβ T cells) in the IEL population and (B) 
spleen in broiler chickens provided different diets in the course of time. Mean + SEM is shown (n = 5) of chickens provided standard 
diet (control), feed supplemented with glucose oligosaccharide (F1) or long-chain glucomannan (F2), for chickens at day 7 in the IEL 
population percentages were not determined (n.d.) due to numbers of events acquired in the gate of interest were < 100. 
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Abstract
Salmonella enterica serotype Enteritidis (SE) is a zoonotic pathogen which causes foodborne diseases 
in humans as well as severe disease symptoms in young chickens. More insight in innate and adaptive 
immune responses of chickens to SE infection is needed to understand elimination of SE. Seven-day-old 
broiler chickens were experimentally challenged with SE and numbers and responsiveness of innate 
and adaptive immune cells as well as antibody titers were assessed. SE was observed in the ileum and 
spleen of SE-infected chickens at 7 days post-infection (dpi). At 1 dpi numbers of intraepithelial cytotoxic 
CD8+ T cells were significantly increased alongside numerically increased intraepithelial IL-2Rα+ and 
20E5+ natural killer (NK) cells at 1 and 3 dpi. At both time points, activation of intraepithelial and splenic 
NK cells was significantly enhanced. At 7 dpi in the spleen, presence of macrophages and expression 
of activation markers on dendritic cells were significantly increased. At 21 dpi, SE-induced proliferation 
of splenic CD4+ and CD8+ T cells was observed and SE-specific antibodies were detected in sera of all 
SE-infected chickens. In conclusion, SE results in enhanced numbers and activation of innate cells and 
we hypothesized that in concert with subsequent specific T cell and antibody responses, reduction of 
SE is achieved. A better understanding of innate and adaptive immune responses important in the 
elimination of SE will aid in developing immune-modulation strategies, which may increase resistance 
to SE in young broiler chickens.

Keywords: Broiler chickens, Salmonella enterica serotype Enteritidis, innate, adaptive, immunity, NK 
cells, antigen-presenting cells, T cells, IELs
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Introduction
Salmonella enterica serotype Enteritidis (SE) is one of the leading causes of foodborne diseases in humans, 
most often due to poultry products that are not well prepared. In chickens infected with faecal Salmonellae 
via oral or respiratory routes, SE colonizes the intestinal tract and disseminate systemically to tissues such 
as the liver and spleen1,2. In young chickens it can lead to severe disease and death, whereas adult chickens 
are often subclinically infected with SE, carrying the bacteria in their intestines3. Prevention of SE infection 
in poultry is thus important for health and welfare of young chickens and to avoid substantial economic 
production losses in the poultry sector as a consequence. In addition, SE prevention in poultry is significant 
for the health and wellbeing of humans as well as to avoid loss of productivity and health care costs. Since 
therapeutic treatment of SE infection in chickens with antibiotics is not advised due to limited effectiveness 
and risk of antibiotic resistance, the use of immune-modulatory strategies to increase the resistance to SE 
is encouraged4. More insight in innate and adaptive immune responses and their interaction in response 
to SE infection in young broiler chickens will facilitate the design of these strategies. 

In young chickens, immunity largely depends on maternal antibodies as well activity of the innate 
immune system, with natural killer (NK) cells and macrophages as key players5,6. Due to the low numbers 
of NK cells that can be isolated from the caecum7,8 and since the ileum is generally considered as a site 
of immune activation with many lymphoid structures9,10, we set out to study immune responses induced 
by SE in the ileum. NK cells are particularly abundant amongst intestinal intraepithelial lymphocytes 
(IELs)11,12, which are also rich in γδ T cells and CD8+ T cells expressing the αβ T cell receptor (TCR)11,13. 
Macrophages, dendritic cells (DCs) and CD4+ T cells are located directly underneath the intestinal 
epithelium14. The adaptive immune system is not fully developed yet upon hatch and functional T and 
B cell responses are observed after approximately two to three weeks of life5,6. 

The early response of the innate immune system in chickens within one week post SE infection is 
characterized by the upregulation of genes associated with “defense/pathogen response”15, 
inflammation16-18, NK cell-mediated cytotoxicity19 and production and secretion of the cytokine IFNγ20. 
Other studies have shown the influx of heterophils and macrophages in the spleen and γδ T cells in the 
caecum, and expression of activation-related genes in the respective cell types during the first response 
to SE in chickens21,22. However, the effect of SE infection on the function of NK cells in chickens has 
not been studied so far. In chickens, intraepithelial NK cells comprise a major CD3- IL-2Rα+ subset11,12 
and a minor CD3- 20E5+ subset12, both having cytotoxic capacity but to different degrees. In mice and 
humans, high cytotoxic activity23,24 and IFN-γ production24,25 by NK cells have been shown to result in 
resistance to Salmonella enterica serotype Typhimurium. This suggests an important role for NK cells 
as well in the first response to SE.

The development of T and B cell responses is initiated with the activation of professional antigen 
presenting cells (APCs) such as DCs and macrophages. The presence26 and activity of intestinal 
macrophages27-29, identified by the expression of mannose receptor C-type 1-like B (MRC1LB)30, and 
bone marrow-derived DCs31 increases during SE infection. Furthermore, oral infection of one-day-old 
specific-pathogen-free chickens with SE elicits increased mRNA expression of chemokines and 
macrophages are attracted to the ileum within 24 hours32. In addition, it has been shown that 
decreased activity of peritoneal macrophage is associated with increased susceptibility for systemic 
dissemination of SE in chickens33. On the other hand, Salmonella species have been found to resist 
killing by macrophages in mammals34 and chickens35,36 and even use macrophages as a carrier for 
systemic dissemination37. Despite their involvement in SE infection, a detailed analysis of the effect of 
SE infection on the function of APCs in chickens has not been performed to date.
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Initial T cell responsiveness to SE in chickens has been observed within one week, including increased 
presence of γδ T cells in the intestine, blood and spleen after vaccination with live-attenuated SE 
or SE infection as compared to SE negative chickens20,22. In addition, enhanced mRNA expression of 
cytotoxic activity-related genes was observed in the spleen of SE-infected compared to uninfected 
chickens38. Two and three weeks post-vaccination or infection, a second increase in presence of γδ T 
cells was observed in the spleen and intestine, respectively, compared to non-immunized chickens22. 
CD4+ helper T cells and CD8+ cytotoxic T cells were also shown to increase in presence within one week 
post-SE infection and vaccination in the intestine, as compared to uninfected and non-vaccinated 
chickens20,26,27. CD8+ cytotoxic T cells kill infected host cells, while CD4+ helper T cells release cytokines 
like IL-2 and IFNγ to further stimulate NK cells, and macrophages and CD8+ cytotoxic T cells respectively, 
and promote the differentiation of B cells into antibody-producing plasma cells. Antibody responses 
involved in elimination of SE partly depend on maternal antibodies and on the production of IgA in 
the intestine39,40, as well as IgM, IgA and IgY antibodies in blood40,41. Whereas previous studies have 
focussed on specific aspects of the immune responses, the present study combines cellular assays to 
analyze both the innate and adaptive immune responses in the IEL population and spleen upon SE 
infection in chickens. 

In this study, we investigated how Salmonella enterica serotype Enteritidis infection in young broiler 
chickens affects presence and activation of innate and adaptive immune cells in the IEL population and 
spleen to obtain more insight in the contribution of the immune system to elimination of the infection. 
Numbers of SE in ileum and spleen were determined alongside differences in kinetics of presence 
and activation status of NK cell and APC subsets between uninfected and infected chickens. The 
subsequent adaptive responses were determined including presence and activation of γδ T cell, CD4+ 
and CD8+ T cell subsets, and serum antibody levels. Hence the present study provides an extensive 
overview of intraepithelial and systemic immune responses that are evoked by SE infection in young 
broiler chickens. Based on the phenotypical and functional data obtained, we will hypothesize on how 
the various elements of the immune system interact and contribute to elimination of the SE infection, 
and on potential strengthening of immune responsiveness by immunomodulation strategies, which 
may prevent SE infection and colonization, and thus increase chicken health and welfare as well as 
safety of food of chicken origin. 

Materials and methods
Animals and husbandry
A total of 30 respectively 35 Ross 308 seventeen- and eighteen-day old embryonated eggs were 
obtained from the same parent flock of a commercial hatchery (Lagerwey, the Netherlands). Eggs were 
disinfected with 3% hydrogen peroxide and placed in disinfected hatchers in two different stables (ED17 
eggs: uninfected chickens and ED18 eggs: SE-infected chickens) at the facilities of the Department of 
Population Health Sciences, Faculty of Veterinary Medicine, Utrecht University, the Netherlands. Cleaning 
the eggs with a low concentration of hydrogen peroxide is a standard procedure. It is highly unlikely that 
it influences intestinal microbiota composition as described in a previous study42. Directly upon hatch, 
chickens were weighed, labelled and female and male chickens were equally distributed in floor pens of 2 
× 2 m lined with wood shavings (2 kg/m2), and received water and standard Salmonella-free commercial 
starter and grower feeds ad libitum (Research Diet Services, the Netherlands). A standard lighting and 
temperature scheme for Ross broiler chickens was used for both stables.



115

 CHAPTER 5

5

The animal experiment was approved by the Dutch Central Authority for Scientific Procedures on Animals 
and the Animal Experiments Committee (registration number AVD1080020174425) of Utrecht University 
(the Netherlands) and all procedures were done in full compliance with all relevant legislation.

Experimental design
Before the start of the experiment at day 3, five chickens per group (uninfected (n = 30) and SE-infected 
(n = 35)) were randomly selected and sacrificed for collection of ileum (±10 cm distal from Meckel’s 
diverticulum) and spleen to confirm absence of SE before inoculation. At day 7 (0 days post-infection 
(dpi)), five chickens of the SE-infected group only, were randomly selected and sacrificed for collection of 
ileum and spleen, to determine baseline levels of the various immune parameters as well as absence of 
SE before infection. Subsequently, chickens of the SE-infected group were challenged at day 7 (0 dpi) by 
oral inoculation of 0.25 ml brain heart infusion (BHI) medium containing 1.12 × 106 colony-forming units 
(CFUs) SE, whereas chickens in the other stable (uninfected) were inoculated with 0.25 ml BHI medium. 
At days 8 (1 dpi), 10 (3 dpi), 14 (7 dpi), 21 (14 dpi) and 28 (21 dpi), five chickens per group were randomly 
selected and sacrificed for collection of ileum and spleen to determine bacterial CFUs as well as numbers 
and function of NK cells and T cells. At days 7, 8, 10 and 14 also spleen APCs were assessed. At days 7, 
14, 21 and 28 blood (at least 5 ml) was collected in EDTA tubes (VACUETTE® K3E EDTA, Greiner Bio-One, 
the Netherlands) for determination of SE-specific antibody levels. At day 28, splenic lymphocytes were 
also used to assess SE-induced T cell reactivity in a proliferation assay. The use of five chickens per group 
per time point was calculated using power analysis (Sample size & power calculator, LASEC, China). 
All chickens were weighed prior to post-mortem analyses to determine the growth curve. To calculate 
absolute cell numbers, ileum segments and spleens were weighed immediately after collection of the 
tissues, prior to isolation of cells. After isolation, cell numbers in the resulting suspension were calculated. 
This resulted in the total cell number, expressed as IELs per mg ileum or leukocytes per mg spleen. To 
calculate the absolute numbers of NK cells, APCs and T cells within the live IEL or leukocyte populations, 
the percentages of cells positive for the markers expressed on these cell types were used which were 
determined in the flow cytometry analyses. Absolute cell numbers were calculated using the following 
formula: (absolute number IELs or leukocytes per mg tissue) × (percentage positive cells in the gate of 
interest of the live lymphocyte or leukocyte population). 

SE culture
The Salmonella enterica serotype Enteritidis strain (K285/93 Nalres) was kindly provided by Dr. E. Broens, 
director of the Veterinary Microbiological Diagnostic Center (VMDC) of the Faculty of Veterinary Medicine, 
Utrecht University, and cultured as described previously43. In short, from an overnight culture of the SE 
strain on blood agar (Oxoid, the Netherlands) a single colony was used to inoculate 45 ml BHI medium 
(Oxoid), which was incubated aerobically overnight at 200 rpm in a shaking incubator (Certomat BS-1, 
B. Braun Biotech international, Sweden) at 37°C. The OD value of a sample of the SE culture diluted 1:10 
in PBS was measured using a Ultrospec 2000 (Pharmacia Biotech, Sweden), the SE concentration was 
calculated from a previously determined growth curve, and SE were diluted in BHI medium to 4 × 106 

CFU/ml, to constitute the inoculum. The exact SE concentration of the inoculum, determined by counting 
the number of CFUs of plated serial dilutions after overnight culture, was 4.49 × 106 CFU/ml. 

For the T cell proliferation assay, SE was fixed by resuspending 3.8 × 109 CFUs in 100 µl PBS with 1% 
formaldehyde (Sigma-Aldrich, the Netherlands) and incubation for 5 min at RT, while the suspension 
was vortexed shortly every minute. After fixation, the bacteria were washed four times in 1 ml PBS by 
centrifugation at 15000 × g to remove the supernatants (Heraeus Pico 17 Centrifuge, Thermo Fisher 
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Scientific). Finally, the bacteria were resuspended in 380 µl X-VIVO 15 cell culture medium (Lonza, the 
Netherlands) with 50 µg/ml gentamycin (Gibco™, the Netherlands) to create a concentration of 107 CFU/
ml and stored at 4°C until further use.

Isolation of cells
The procedures to isolate IELs from ileum and leukocytes from spleen were performed as described 
previously12,44. Ileum segments were washed with PBS to remove the contents, cut into sections of 1 cm2 
and washed again. Subsequently, the IELs were collected by incubating three times in a shaking incubator 
(Certomat BS-1) at 200 rpm for 15 min at 37°C in EDTA-medium (HBSS 1x (Gibco®) supplemented with 
10% heat-inactivated FCS (Lonza) and 1% 0.5M EDTA-Na2 (UltraPure™, Invitrogen, the Netherlands)). 
Supernatants were collected and centrifuged for 5 min at 335 × g at 20°C (Allegra™ X-12R Centrifuge, 
Beckman Coulter, the Netherlands). Pellets were then resuspended in PBS at a concentration of 10 ml per 
gram tissue and an aliquot of 100 µl was used for bacteriological analysis. PBS was added to the remaining 
suspension up to 20 ml and IELs were isolated using Ficoll-Paque Plus (GE Healthcare, the Netherlands) 
density gradient centrifugation for 12 min at 673 × g at 20°C, washed in PBS by centrifugation for 5 min 
at 393 × g at 4°C and resuspended at 4.0 × 106 cells/ml in complete medium (IMDM 2 mM glutamax 
I supplemented with 8% heat-inactivated FCS (Lonza), 2% heat-inactivated chicken serum, 100 U/ml 
penicillin and 100 µg/ml streptomycin; Gibco®). Spleens were homogenized using a 70 µm cell strainer 
(Beckton Dickinson (BD) Biosciences, NJ, USA) and the single-cell suspension was diluted in PBS at a 
concentration of 10 ml per gram tissue. An aliquot of 100 µl was used again for bacteriological analysis. 
Next, leukocytes were isolated by Ficoll-Paque Plus density gradient centrifugation (20 min, 1126 × g, 
20°C), washed in PBS and resuspended at 4.0 × 106 cells/ml in complete medium as described for ileum. 

Whole blood was allowed to coagulate by leaving it undisturbed for 1 hour at room temperature (RT), 
centrifuged for 10 min at 2095 × g at 15°C and subsequently, serum was collected and stored at -20 °C 
until further use.

Quantitative bacteriology of ileum and spleen
At -4, 0, 1, 3, 7, 14 and 21 dpi, the numbers of Salmonella colonies in ileum and spleen were determined 
by plating 100 μl of the cell suspensions of either the ileum segments or homogenized spleens with a 
spatula on RAPID’Salmonella Medium plates (Bio-Rad, the Netherlands). Plates were incubated overnight 
at 37°C and subsequently, purple colonies were quantified and SE was expressed as CFU per gram tissue. 
The limit of detection (LOD) was 100 CFU per gram tissue.

 
Phenotypic characterization of lymphocytes by flow cytometry
Presence and activation of NK and T cell subsets were determined among IELs and splenocytes at 0, 1, 3, 
7, 14 and 21 dpi as described previously12,42. Lymphocyte populations (1 × 106) were stained with a panel 
of antibodies specific for surface markers known to be expressed on NK cells, as well as with anti-CD3 
to exclude T cells from the analyses. In addition, cells were stained with a panel of antibodies specific 
for surface markers that distinguishes γδ T cell, CD4+ and CD8+ T cell subsets (Table 1). Staining with 
primary and secondary antibodies was performed in 50 µl PBS (Lonza) containing 0.5% bovine serum 
albumin and 0.1% sodium azide (PBA). Cells were incubated for 20 min at 4°C in the dark, washed twice 
by centrifugation for 5 min at 393 × g at 4°C in PBA, after primary staining, and in PBS after secondary 
staining. Subsequently, to be able to exclude dead cells from analysis, lymphocytes were stained in 100 
µl PBS with a viability dye (Zombie Aqua™ Fixable Viability Kit, Biolegend, the Netherlands) for 15 min at 
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Table 1. Flow cytometry staining reagents.

Cell  
population

Primary antibody
(mouse-anti-chicken)

Clone / Isotype Secondary antibody

NK cells CD45-FITC1 LT40 / IgM -

CD3-APC1 CT3 / IgG1 -

IL-2Rα-UNL2 28-4 / IgG3 Goat-anti-mouse-IgG3-PE1

20E5-BIOT2 IgG1 Streptavidin (SA)-PercP6

T cells CD3-PE1 CT3 / IgG1 -

CD4-APC1 CT4 / IgG1 -

TCRγδ-FITC1 TCR-1 / IgG1 -

CD8α-UNL1 EP72 / IgG2b Goat-anti-mouse-IgG2b-APC/Cy71

CD8β-BIOT1 EP42 / IgG2a SA-PercP6

APCs CD41/61-FITC4 11C3 / IgG1 -

Bu-1-AF6471 AV20 / IgG1 -

CD3-FITC1 CT3 / IgG1 -

CD4-PE/Cy71 CT4 / IgG1 -

MRC1LB-PE1 KUL01 / IgG1 -

CD11-biotin2 5C7 / IgG1 SA-Brilliant Violet (BV) 6057

MHCIIUNL1 Cia / IgM Rat-anti-mouse-IgM-BV421 (RMM-1)7

*CHIR-AB1-UNL2 8D12 / IgG2a Rat-anti-mouse-IgG2a-PerCP/Cy5.5 (RMG2a-62)7

*CD40-UNL5 AV79 / IgG2a Rat-anti-mouse-IgG2a-PerCP/Cy5.5 (RMG2a-62)7

*CD80-UNL5 IAH:F864:DC7 / IgG2a Rat-anti-mouse-IgG2a-PerCP/Cy5.5 (RMG2a-62)7

Assay

CD107 CD107a-APC3 LEP-100 I 5G10 / IgG1 -

CD41/61-FITC4 11C3 / IgG1 -

CD3-PE1 CT3 / IgG1 -

CD8α-UNL1 EP72 / IgG2b Goat-anti-mouse-IgG2b-Alexa Fluor (AF) 7908

28-4-UNL2 IgG3 Goat-anti-mouse-IgG3-APC/Cy71

20E5-BIOT2 IgG1 SA-PercP6

IFNγ CD3-PE1 CT3 / IgG1 -

TCRγδ-FITC1 TCR-1 / IgG1 -

CD8α-UNL1 EP72 / IgG2b Goat-anti-mouse-IgG2b-AF7908

28-4-UNL2 IgG3 Goat-anti-mouse-IgG3-APC/Cy71

20E5-BIOT2 IgG1 SA-PercP6

IFNγ-APC3 MAb80 / IgG1 -

T cell 
proliferation

CD3-FITC1 CT3 / IgG1 -

CD4-PE/Cy71 CT4 / IgG1 -

CD8α-APC1 CT8 / IgG1 -

IL-2Rα-UNL2 28-4 / IgG3 Goat-anti-mouse-IgG3-PE1

Three APC antibody panels were prepared each containing surface markers plus one out of three antibodies indicated (*). 
Manufacturer: 1Southern Biotech, AL, USA. 2Purified antibody from hybridoma supernatant44, kindly provided by Göbel, T.W., Ludwig 
Maximilian University, Germany. 3Developmental Studies Hybridoma Bank (DSHB), University of Iowa, IA, USA. 4Serotec, United 
Kingdom. 5Bio-Rad. 6BD Biosciences. 7Biolegend. 8Jackson ImmunoResearch Laboratories, PA, USA. 

RT in the dark, washed twice in PBA and resuspended in 200 µl PBA. Of each sample, either 150 µl or a 
maximum of 1 × 106 viable cells were analyzed using a CytoFLEX LX Flow Cytometer (Beckman Coulter), 
and data was analyzed with FlowJo software (FlowJo LCC, BD Biosciences). The gating strategies used to 
analyze NK cells, γδ T cells and cytotoxic CD8+ T cells are depicted in Fig. S1.
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CD107 assay 
Activation of NK cells and cytotoxic CD8+ T cells was determined using the CD107 assay, which 
measures the increased surface expression of CD107a that results from degranulation, the release of 
cytotoxic granules44. Briefly, lymphocytes isolated from the IEL population and spleen were resuspended 
in complete medium, and 1 × 106 lymphocytes in 0.5 ml were incubated in the presence of 1 µl/ml 
GolgiStop (BD Biosciences) and 0.5 µl/ml mouse-anti-chicken-CD107a-APC for 4 hours at 37°C, 5% CO2. 
After incubation, lymphocytes were washed in PBA and stained as described in section “Phenotypic 
characterization of lymphocytes by flow cytometry” with monoclonal antibodies for NK and T cells, and 
anti-CD41/61 to exclude thrombocytes from analyses, as mentioned in the CD107 panel (Table 1). Cells 
were washed in PBS, stained for viability and analyzed by flow cytometry.

IFNγ assay 
Expression of intracellular IFNγ was determined in (subsets of) NK cells, γδ T cells, CD4+ and CD8+ T 
cells, using the assay adapted from Ariaans et al.45. Lymphocytes isolated from the IEL population and 
spleen were resuspended in complete medium, and 1 × 106 lymphocytes in 0.5 ml were incubated 
in the presence of 1 µl/ml Brefeldin A (Sigma Aldrich) for 4 hours at 41°C, 5% CO2. After incubation, 
lymphocytes were washed in PBA and stained as described in section “Phenotypic characterization of 
lymphocytes by flow cytometry” with surface markers as mentioned in the IFNγ panel (Table 1). Cells were 
washed in PBS, stained for viability and washed again in PBA. Then, lymphocytes were permeabilized 
differently as described by Ariaans et al.45. Lymphocytes were incubated in 200 µl of a mixture of BD 
FACS™ Permeabilizing Solution 2 and BD FACS™ Lysing Solution prepared according to manufacturer’s 
instructions (BD Biosciences) for 8 min at RT, immediately followed by centrifugation for 2 min at 393 × g 
at 4°C. Cells were washed twice in PBA, stained intracellularly with anti-IFNγ-APC in 50 µl PBA for 20 min 
at 4°C in the dark, washed in PBA and finally analyzed by flow cytometry.

Phenotypic characterization of APCs by flow cytometry
Splenocytes isolated at 0, 1, 3 and 7 dpi from infected and uninfected chickens were transferred to a 96 
wells V-bottom plate and stained with antibodies of the APC panel to distinguish APC subsets (Table 1). 
Staining with primary and secondary antibodies (1 × 106) was performed in 50 µl PBA, incubated for 20 
min at 4°C in the dark and washed twice by centrifugation for 3 min at 393 × g at 4°C in PBA. Finally, the 
cells were stained in 50 µl PBS with ViaKrome 808 viability dye (Beckman Coulter) for 20 min at 4°C. Cells 
were washed in PBA and analyzed by flow cytometry as described in section “Phenotypic characterization 
of lymphocytes by flow cytometry”, using 180 µl. 

Based on the APC subset staining, a t-distributed Stochastic Neighbor Embedding (t-SNE) analysis was 
performed using FlowJo software to identify cell subsets using an unbiased approach. From each sample 
of splenocytes at 7 dpi of infected (n = 5) and uninfected (n = 5) chickens, 10 000 cells were taken and 
concatenated into one FCS file that represented all individual chickens. The t-SNE was performed based 
on expression levels of CD3, CD41/61, MRC1LB, CD4, Bu-1, CD11, MHCII and CHIR-AB1 using published 
automated optimized parameters46. Based on the t-SNE, three APC subsets were identified based on 
selection of MRC1LB and CD11 positive cells, which were negative for CD3, CD4 and CD41/61. Activation 
status of the subsets was subsequently evaluated using the expression percentages of immunoglobulin 
Y receptor CHIR-AB1, co-stimulatory molecules CD40 and CD80, and the geometric mean fluorescent 
intensity (gMFI) of MHCII. CHIR-AB1 was included as an activation marker since surface expression of this 
marker has been described to be induced on macrophages upon stimulation with LPS or IFN-γ, which 
was recently confirmed by van den Biggelaar et al.47,48. 
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Fluorescence-activated cell sorting of NK cell and APC subsets
Based on marker expression, two NK cell subsets and three APC subsets were separated by 
fluorescence-activated cell sorting (FACS) to gain more insight into their functional identity. To distinguish 
NK cell subsets, splenocytes were stained with mouse-anti-chicken-CD3-APC, -Bu-1-FITC, -28-4 and 
-20E5-biotin. For secondary antibody staining goat-anti-mouse-IgG3-PE and SA-BV421 were used. To 
identify APC subsets, splenocytes were stained with mouse-anti-chicken-MRC1LB-PE and -CD11-biotin. 
Secondary staining with SA-BV605 was used to fluorescently label CD11-biotin. To assess viability, the 
cells were stained with the Zombie Aqua™ Fixable Viability Kit. Primary and secondary antibody staining 
of cells used the same conditions as described in section “Phenotypic characterization of lymphocytes by 
flow cytometry”. Finally, the cells were resuspended in PBA (NK cells) or PBA with 2 mM EDTA-Na2 (APC 
subsets), and isolated by FACS using the BD influx™ Cell Sorter and 405-, 488-, 638-, 561- and 640-nm 
lasers. The cells were gated for viability and subsequently sorted into CD3- Bu-1- 28-4+ (IL-2Rα+ NK), CD3- 

Bu-1- 20E5+ (20E5+ NK), respectively CD11+ MRC1LB+ (APC subset 1), CD11+ MRC1LB- FSClow (APC subset 
2a) and CD11+ MRC1LB- FSChigh (APC subset 2b). The sorted NK cell subsets were collected in 350 µl RLT 
buffer (Qiagen, the Netherlands) with 1% 2-mercaptoethanol (Sigma Aldrich). The sorted APC subsets, 
and the original (unsorted) cell population as a control, were centrifuged at 393 × g for 5 min and then 
lysed in 600 µl RLT buffer with 1% 2-mercaptoethanol. Cell lysates of sorted cell subsets and the control 
cell population were then stored at -20°C until RNA isolation and qPCR analysis.

Gene expression of separated subsets of NK cells and APCs 
Target genes (Table 2) were selected based on literature to define functional differences between 
subsets of NK cells respectively APCs. RNA was isolated from lysates of sorted NK and APC subsets, 
and control cells, using the RNeasy Mini Kit (Qiagen) according to the manufacturer’s instructions, 
including a DNase treatment using the RNase-Free DNase Set (Qiagen). Next, cDNA was prepared using 
the reverse transcriptase from the iScript cDNA Synthesis Kit (Bio-Rad) according to the manufacturer’s 
instructions. RT-qPCRs were performed with primers and either FAM-TAMRA-labeled TaqMan probes 
combined with TaqMan Universal PCR Master Mix or SYBR Green Master Mix without probes (all from 
Thermo Fisher Scientific), as indicated in Table 2. Primers were used at 400 nM (SYBR-Green) or 600 nM 
(Taqman) and probes at 100 nM. RT-qPCRs were performed with a CFX Connect and analyzed with CFX 
Maestro software (both from Bio-Rad). All RT-qPCRs were evaluated for proper amplification efficiency 
(95–105%) using serial dilutions of reference cDNA either from splenocytes that were stimulated with 
Concanavalin A for 24 hours or from HD11 cells that were stimulated with LPS for 3 hours. RT-qPCRs were 
performed in triplicate for every sample. For the NK cell subsets, mRNA levels are expressed as 40-Ct 
and the cycle threshold value (Ct) was corrected for variations in RNA preparation and sampling using 
the GAPDH Ct values, as described elsewhere49. Higher gene expression of NFIL3 and IL-7α is indicative 
of the cytokine-producing NK cell subset in humans50-54, whereas higher expression of PRF1 is indicative 
of the cytotoxic NK cell subset in humans and chickens52,55. Gene expression levels of the APC subsets 
are shown relative to those of unsorted splenocytes. Furthermore, Ct gene expression values were 
normalized to housekeeping genes 28S and GAPDH. Changes in gene expression after sorting was 
expressed as 2-ΔΔCt, according to the Livak method56. Enrichment of cells expressing CD14, TLR4, MERTK 
and MAFB after sorting of cells was considered indicative for a monocyte/macrophage phenotype, 
whereas enrichment of cells expressing ZBTB46, XCR1 and FLT3 after sorting was considered indicative 
for a DC phenotype, in accordance with previous studies57,58.
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Table 2. Primers and TaqMan probe sequences used for RT-qPCR. 

Cell type Genes NCBI Reference TaqMan / SYBR-Green Type Sequence (5’-3’)

NK cells NFIL3 XM_017014743.1 SYBR-Green Forward TGAATGCCATCAGTTGAGC

Reverse GAGAGGCGGAGAATGTGAGT

IL-7Rα NM_001080106.1 SYBR-Green Forward ATTCTGGGAAAGCAGGATCAAG

Reverse CTTACACAGTCGCTCCAGAGTTATTT

PRF1 XM_004945690.3 SYBR-Green Forward ACCCGCACCAAAAGATGAAG

Reverse TAATTCGCACACCCCTAAACG

GAPDH NM_204305.1 SYBR-Green Forward GTGGTGCTAAGCGTGTTATC

Reverse GCATGGACAGTGGTCATAAG

APCs CD14 NM_001139478.1 TaqMan Forward GGACGACTCCACCATTGACAT

Reverse GGAGGACCTCAGGAACCAGAA

Probe AATGATCTTCCTGATTTGCAGACTGCCAA

TLR4 NM_001030693.1 SYBR-Green Forward GTCCCTGCTGGCAGGAT

Reverse TGTCCTGTGCATCTGAAAGCT

MERTK NM_204988.1 SYBR-Green Forward TGTGGAAGGATGGCAGGGAG

Reverse GCACGGATGCTGAATGTAGAGG

MAFB NM_001030852.1 SYBR-Green Forward AGGACCGGTTCTCGGATGAC

Reverse CCTCGGAGGTGCCTGTTG

INOS NM_204961.1 SYBR-Green Forward TGGGTGGAAGCCGAAATA

Reverse GTACCAGCCGTTGAAAGGAC

ZBTB46 XM_015296613.2 SYBR-Green Forward CTGGACCTGTGGAAGAGGAAAC

Reverse CGGTAGTGGGAGGCAATCTC

XCR1 NM_001024644.2 SYBR-Green Forward CCTTCGGGTGGATTTTTGGT

Reverse CGCTGTAGTAGCCAATGGAGAA

FLT3 NM_004119.3 SYBR-Green Forward CATTCGGACCCAGTACATGTTTAC

Reverse TGAGCCGTAGAAGAGCAGGTATAA

GAPDH NM_204305.1 SYBR-Green Forward GTGGTGCTAAGCGTGTTATC

Reverse GCATGGACAGTGGTCATAAG

28S XR_00378040.1 TaqMan Forward GGCGAAGCCAGAGGAAACT

Reverse GACGACCGATTTGCACGTC

Probe AGGACCGCTACGGACCTCCACCA

All sequences have been described previously except for NFIL3 and PRF157,58,79.

T cell proliferation assay
Splenocytes isolated at 21 dpi from uninfected and SE-infected chickens were labelled with CellTrace 
Violet (CTV, Invitrogen) to measure proliferation by flow cytometry. The cells were resuspended at 
5 × 106 cells/ml in PBS with 5 µM CTV and incubated for 20 min at RT, while the cell suspension was 
vortexed every 5 min. Next, the labeling was quenched by the addition of 5 ml complete medium for 
every ml of CTV staining solution and incubated for 5 min at RT. Cells were centrifuged for 5 min at 
335 × g at 20°C and resuspended at 2.5 × 106 cells/ml in X-VIVO 15 cell culture medium (Lonza) with 
50 U/ml penicillin–streptomycin, 50 µM 2-mercaptoethanol (Sigma Aldrich) and 50 µg/ml gentamycin 
(Gibco™). Aliquots of 200 µl cell suspension containing 500 000 splenocytes were added to the wells 
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of a 96 wells round-bottom cell culture plate. Fixed SE was added to the splenocytes at 104, 105 or 106 
CFU/well. As a positive control, splenocytes were stimulated with 1 µg/ml mouse-anti-chicken-CD3, 1 
µg/ml -CD28 and 1:50 diluted conditioned supernatant from COS-7 cells transfected with a pcDNA1 
vector (Invitrogen) encoding for recombinant chicken IL-2 (a kind gift from prof. Pete Kaiser and Lisa 
Rothwell), in accordance with a previous publication59. Cells were incubated for four days at 41°C and 
5% CO2. After incubation, cells were transferred to a 96 wells V-bottom plate and stained in PBS with 
ViaKrome 808 viability dye (Beckman Coulter). Next, cells were stained with antibodies of the T cell 
proliferation panel (Table 1). Primary and secondary staining of cells were conducted in 30 µl PBA and 
incubated for 20 min at 4°C in the dark. Stained cells were washed twice by centrifugation for 3 min at 
393 × g at 4°C in PBA and resuspended in 100 µl followed by flow cytometry analysis as described in 
section “Phenotypic characterization of lymphocytes by flow cytometry”, using 80 µl. 

SE-specific antibody titers in serum
To detect titers of SE-specific antibodies in the sera collected at 0, 7, 14 and 21 dpi, the commercially 
available Salmonella Enteritidis Antibody Test (IDEXX SE Ab X2 Test) was used according to 
manufacturer’s instructions (IDEXX Europe, the Netherlands). Positive and negative controls were 
included in the kit, and serum samples were analyzed in duplicate. Endpoint titers were calculated with 
the following formula:

10 ^ (1.5 × log10 ((sample µ - negative control µ) / (positive µ - negative control µ)) + 3.47). 

Statistical analysis
First, the data were tested for fitting a normal distribution using the Shapiro-Wilk test. Differences in 
numbers of IELs or leukocytes, NK cell and T cell subsets and percentages of CD107 and IFNγ expression 
in the IELs and spleen between the uninfected and SE-infected groups as well as within each group 
in the course of time were analyzed using one-way ANOVA tests. Differences in SE-CFUs per gram 
ileum and spleen as well as SE-specific antibody titers in serum were analyzed using Kruskal-Wallis 
tests accompanied by Dunn’s multiple comparisons tests. Differences in numbers and percentages 
of the splenic APC subsets 1 and 2a between the uninfected and SE-infected groups were analyzed 
using one-way ANOVA tests, while subset 2b was analyzed using the Kruskal-Wallis test as the data 
was not normally distributed. All statistical analyses were performed using GraphPad Prism 9 software 
(GraphPad Software, CA, USA). A p-value of < 0.05 was considered statistically significant and a value 
of 0.05 < p < 0.1 is referred to as a trend, in case the p-value did not belong to one of these categories 
it is referred to as a numerical difference.

Results
Highest presence of SE in ileum and spleen at 7 dpi while intestinal 
infiltration of IELs was observed at 1 dpi
SE was not observed at -4 and 0 dpi before SE inoculation, in both the IEL population of the ileum 
and the spleen of chickens of both groups (Fig. 1A, B). After inoculation SE was detected in the ileum 
of SE-infected chickens only at 7 dpi (Fig. 1A). In the spleen, SE was observed at 7, 14 and 21 dpi with 
the highest bacterial counts at 7 dpi, which subsequently decreased in course of time (Fig. 1B). SE was 
not detected in the ileum and spleen of uninfected chickens at any of the time points (Fig. 1A, B). One 
uninfected chicken showed counts of Proteus in the spleen at 7 dpi and was therefore excluded from 
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further analyses. Infection with SE did not affect the weight of the chickens, as growth curves were 
similar between uninfected and SE-infected chickens (Fig. 1C). A significant increase in numbers of 
IELs was found in SE-infected chickens at 1 dpi compared to uninfected chickens (Fig. 1D). IELs were 
numerically higher at 3 dpi in SE-infected chickens and declined over time to numbers similar to those 
observed in uninfected chickens (Fig. 1D). The numbers of splenic leukocytes were similar between 
uninfected and SE-infected chickens at all time points (Fig. 1E).

Figure 1. The bacterial load in course of time after SE infection and its effect on growth and numbers of IELs and splenic leukocytes. 
(A) Salmonella enterica serotype Enteritidis (CFU/g) in the ileum and (B) spleen of uninfected (uninf) and SE-infected chickens (SE-inf). 
The LOD was 100 CFU per gram tissue. (C) Bodyweights (g) of uninfected and SE-infected chickens in the course of time. (D) Numbers 
(cells/mg) of IELs per mg ileum and E leukocytes per mg spleen of uninfected and SE-infected chickens in the course of time. Mean + 
SEM per treatment and time point is shown (n = 5) and statistical significance is indicated as ** p < 0.01 and **** p < 0.0001.
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Enhanced activation of intraepithelial NK cells upon SE infection 
Numbers of intraepithelial and splenic NK cell subsets were determined to investigate differences 
between uninfected and SE-infected chickens at several time points post-infection. NK cell subsets 
were distinguished by membrane expression of IL-2Rα or 20E5 (Fig. S1). Although no significant 
differences were observed in numbers of intraepithelial NK cell subsets, IL-2Rα+ and 20E5+ NK cells 
were numerically higher in SE-infected chickens at 1, 3 and 7 dpi compared to uninfected chickens 
(Fig. 2A, B). Furthermore, intraepithelial 20E5+ NK cells were numerically lower at 14 dpi and higher at 
21 dpi in SE-infected compared to uninfected chickens (Fig. 2B). In the control group, no significant 
differences were observed in the numbers of intraepithelial NK cells in course of time. In the spleen, 
numbers of IL-2Rα+ and 20E5+ NK cells were similar between uninfected and SE-infected chickens and 
both increased in course of time (Fig. S2A, B). To obtain more insight in functional differences between 
IL-2Rα+ and 20E5+ NK cells, mRNA levels of genes deemed to be relevant were determined in the 
spleen. The IL-2Rα+ subset showed numerical higher mRNA levels of the NK cell lineage marker NFIL3 
and IL-7Rα+ as compared to the 20E5+ subset, whereas the 20E5+ subset showed a numerical higher 
mRNA level of perforin as compared to the IL-2Rα+ subset (PRF1, Fig. S2C). 

Figure 2. Effect of SE infection on numbers of intraepithelial NK cells in broiler chickens. (A) Numbers (cells/mg) of intraepithelial 
IL-2Rα+ and (B) 20E5+ NK cells per mg ileum, in uninfected (uninf) and SE-infected (SE-inf) chickens. Mean + SEM per treatment and 
time point is shown (n = 5). 
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To determine possible changes in NK cell activation upon SE infection, CD107 surface expression and 
intracellular IFNγ were analyzed in intraepithelial and splenic NK cells (Fig. 3A). Intraepithelial NK cells 
showed a significant increase in surface expression of CD107 and IFNγ production in SE-infected 
chickens at 1 dpi and 3 dpi compared to uninfected chickens (Fig. 3B, C). In the spleen, a significant 
increase in surface expression of CD107 was observed at 1 dpi and 3 dpi, and a significant increase in 
IFNγ production was observed at 1 dpi, 3 dpi and 7 dpi in SE-infected compared to uninfected chickens 
(Fig. 3D, E). 

Increased presence of APCs in the spleens of SE-infected chickens
To investigate whether infection with SE affects the composition of the APC population, amongst 
splenocytes, these were stained for APC surface markers and analyzed by flow cytometry. A t-SNE 
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Figure 3. NK cell activation in the IEL population and spleen of broiler chickens upon SE infection. (A) Gating strategy for NK cells 
expressing surface CD107 and intracellular IFNγ in the IEL population (first and second panels) and spleen (third and fourth panels). 
(B) Percentages of intraepithelial NK cells expressing CD107 and (C) IFNγ in uninfected (uninf) and SE-infected (SE-inf) chickens in the 
course of time. (D) Percentages of splenic NK cells expressing CD107 and (E) IFNγ in uninfected and SE-infected chickens. Mean + SEM 
per treatment and time point is shown (n = 5), for uninfected chickens at 7 dpi in spleen n = 4. Statistical significance is indicated as 
*** p < 0.001 and **** p < 0.0001. 
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analysis was used to determine the differences in APCs between uninfected and SE-infected chickens 
(Fig. 4A-C, Fig. S3A). This analysis clustered cells that have high similarity and separated cells that are 
unrelated based on the APC surface markers that were used, leading to an unbiased visualization of all 
cell populations. Two populations were found overrepresented in the spleen of SE-infected chickens 
(Fig. 4B). By gating for subset 1 and 2 and assessing their expression of APC markers, subset 1 was 
identified as CD11+ MRC1LB+ and subset 2 as CD11+ MRC1LB- (Fig. 4C first panel). In addition, subset 
2 could be further divided into two subsets, distinguished by FSC-A and SSC-A characteristics, that 
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were further analyzed separately (Fig. 4C second panel). The APC subsets were sorted (Fig. S3B, C), 
and qPCR was performed to compare the expression levels of macrophage- and DC-specific genes 
between sorted cells and the unsorted total APC population. High expression levels of the monocyte/
macrophage genes CD14, TLR4, MERTK and MAFB (Fig. 4D) observed on the CD11+ MRC1LB+ cells, 
indicates that this subset 1 includes macrophages (hereafter referred to as macrophages). The CD11+ 
MRC1LB- FSChigh subset 2b includes DCs as reflected by high expression of the DC genes ZBTB46, 
XCR1 and FLT3 (hereafter referred to as FSChigh DCs) (Fig. 4D). The increase in expression of either 
macrophage- or DC-specific genes was less clear in the CD11+ MRC1LB- FSClow subset 2a, however, 
DC-specific genes were most abundantly expressed (hereafter referred to as FSClow DCs) (Fig. 4D). Next, 
the percentages (Fig. 4E, Fig. S4A, B) and numbers (Fig. 4F, Fig. S4C, D) of the three APC subsets were 
followed over time in the spleens of uninfected and SE-infected chickens. Due to limited cell numbers, 
the analysis of APCs could not be performed for two chickens at 0 dpi. At 7 dpi, the percentage of 
macrophages was significantly increased in SE-infected compared to uninfected chickens (Fig. 4E). The 
FSClow (Fig. S4A, C) and FSChigh (Fig. S4B, D) DCs were similar in SE-infected compared to uninfected 
chickens at all time points, although a slight increase in both the percentages and numbers of FSChigh 
DCs was observed at 7 dpi (Fig. S4B, D). 

APCs become activated in spleens of SE-infected chickens
To assess the activation status of the three APC subsets in response to SE infection, expression levels 
of immunoglobulin Y receptor CHIR-AB1, co-stimulatory molecules CD40 and CD80, and MHCII were 
evaluated by flow cytometry (Fig. S5). The macrophages of SE-infected chickens showed significantly 
decreased expression of the activation markers CD40 (1 and 7 dpi) and CD80 (7 dpi), whereas expression 
of CHIR-AB1 and MHCII was similar compared to uninfected chickens (Fig. 5A, D, G, J). Before infection, 
FSClow DCs of uninfected chickens showed a higher expression of MHCII (Fig. 5K, L) and more cells 
that were positive for the costimulatory molecules CD40 (Fig. 5E, F) and CD80 (Fig. 5H, I) compared to 
FSChigh DCs. At 7 dpi, FSClow DCs showed significantly increased expression of CHIR-AB1 (Fig. 5B), CD40 
(Fig. 5E) and CD80 (Fig. 5H) in SE-infected chickens as compared to uninfected chickens. The FSChigh 
DCs showed at 7 dpi significantly increased expression of CHIR-AB1 (Fig. 5C) and MHCII (Fig. 5L) in 
SE-infected compared to uninfected chickens. In course of time, expression of CD40 by macrophages 
significantly increased at 1 dpi, 3 dpi and 7 dpi as compared to 0 dpi in the control group (Fig. 5D). In 
addition, CD80 expression by macrophages significantly increased at 3 dpi as compared to 0 dpi in the 
control group (Fig. 5G).

Increased presence of intraepithelial cytotoxic T cells at 1 dpi and 
proliferation of SE-induced splenic T cells ex vivo at 21 dpi
Numbers of γδ T cells and cytotoxic (CD8+) αβ T cells were determined in course of time in the 
IEL population and spleen of uninfected and SE-infected chickens (Fig. S1). Although numbers of 
intraepithelial γδ T cells did not significantly differ, they were numerically higher at 1 and 3 dpi, as well 
as at 21 dpi in SE-infected compared to uninfected chickens (Fig. 6A). A significant increase in numbers 
of intraepithelial cytotoxic CD8+ T cells was observed at 1 dpi, and at 3 dpi and 21 dpi intraepithelial 
cytotoxic CD8+ T cells were numerically higher in SE-infected compared to uninfected chickens (Fig. 
6B). In the spleen, γδ T cells were numerically decreased at 1 dpi but increased at 3 dpi in SE-infected 
compared to uninfected chickens (Fig. 6C). Numbers of splenic cytotoxic CD8+ T cells were similar 
between uninfected and SE-infected chickens during the course of infection (Fig. 6D). Next, γδ T cells 
and cytotoxic αβ T cells were analyzed for their CD8αα and CD8αβ expression (Fig. S1). Numbers 
of intraepithelial CD8αα+ γδ T cells (Fig. S6A) were significantly increased at 1 dpi and 21 dpi, and 
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Figure 4. Phenotypic characterization of splenic APCs upon SE infection. (A) Splenocytes were gated for size, excluding debris (FSC-A 
vs SSC-A), singlets (FSC-A vs FSC-H) and viability (Live/Dead marker-negative) consecutively. (B) A t-SNE analysis was performed on 
spleen samples of 7 dpi uninfected (uninf, blue) and SE-infected (SE-inf, red) chickens combined. Based on the t-SNE analysis, two 
population (subset 1 and subset 2) were found enriched among the splenocytes of SE-infected chickens. (C) The populations were 
evaluated for expression of MRC1LB versus CD11. Subset 2 was evaluated for its FSC-A vs SSC-A scatter pattern and further subdivided 
into subset 2a and subset 2b. (D) Subset 1 (CD11+ MRC1LB+), subset 2a (CD11+ MRC1LB- FSClow) and subset 2b (CD11+ MRC1LB- 
FSChigh) were sorted by FACS to assess gene expression of immune markers by RT-qPCR relative to the total splenocyte population. 
(E) The presence (%) and (F) numbers (cells/mg spleen) of macrophages in uninfected and SE-infected chickens were assessed over 
time. Mean + SEM per treatment and time point is shown (n = 5), for uninfected chickens at 0 dpi n = 3 and at 7 dpi n = 4. Statistical 
significance is indicated as ** p < 0.01.
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Figure 5. Activation marker expression by splenic APC subsets upon SE infection. (A) Macrophages, (B) FSClow DCs and (C) FSChigh DCs 
were assessed over time for CHIR-AB1, (D-F) CD40, (G-I) CD80 and (J-L) MHCII expression in uninfected (uninf) and SE-infected (SE-inf) 
chickens. For CHIR-AB1, CD40 and CD80, the percentage of cells in each APC subset expressing the respective markers is shown, and 
for MHCII the geometric mean fluorescent intensity (gMFI) of each subset, in accordance with the gating strategy depicted in Fig. 
S5. Mean + SEM per treatment and time point is shown (n = 5), for uninfected chickens at 0 dpi n = 3 and at 7 dpi n = 4. Statistical 
significance is indicated as * p < 0.05, ** p < 0.01, **** p < 0.0001.
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CD8αβ+ γδ T cells (Fig. S6B) were numerically higher at those time points in SE-infected compared 
to uninfected chickens. Similarly, numbers of intraepithelial cytotoxic CD8αα+ T cells (Fig. S6C) were 
significantly increased at 1 dpi and they were numerically higher at 21 dpi. The cytotoxic CD8αβ+ T 
cells (Fig. S6D) were numerically higher at those time points in SE-infected compared to uninfected 
chickens. In the spleen, CD8αα+ γδ T cell numbers (Fig. S6E) were significantly increased at 14 dpi, 
whereas numbers of CD8αβ+ γδ T cells (Fig. S6F) were similar in SE-infected versus uninfected chickens. 
Numbers of splenic cytotoxic CD8αα+ (Fig. S6G) and CD8αβ+ (Fig. S6H) T cells as well helper CD4+ T 
cells (Fig. S7) were similar between uninfected and SE-infected chickens during the course of infection. 
Finally, no significant differences were observed in T cell activation, determined by CD107 and IFNγ 
expression, in the IEL population and spleen between uninfected and SE-infected chickens (Fig. S8). 
Although expression of CD107 was numerically higher at 3 dpi by intraepithelial and splenic CD8+ T 
cells (comprising both γδ and αβ TCRs, Fig. S8A, B respectively), as well as expression of IFNγ by splenic 
CD4+ T cells (Fig. S8D) in SE-infected compared to uninfected chickens. Expression of IFNγ by T cell 
subsets in the IEL population could not be determined due to too low cell numbers.

SE-induced proliferation of T cells, isolated from spleen at 21 dpi, was determined ex vivo (Fig. 7A). 
Increased proliferation of SE-induced CD4+ as well as CD8+ T cells isolated from SE-infected chickens 
was observed. This proliferation was antigen dose-dependent, whereas T cells from uninfected chickens 
did not proliferate upon exposure to inactivated SE (Fig. 7B, C). 
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Figure 6. Numbers of intraepithelial and splenic T cells in broiler chickens upon SE infection. (A) Numbers (cells/mg) of intraepithelial 
γδ T cells and (B) CD8+ αβ T cells per mg ileum in uninfected (uninf) and SE-infected (SE-inf) chickens. (C) Numbers (cells/mg) of splenic 
γδ T cells and (D) CD8+ αβ T cells per mg spleen in uninfected and SE-infected chickens. Mean + SEM per treatment and time point is 
shown (n = 5), for uninfected chickens at 7 dpi in spleen n = 4. Statistical significance is indicated as ** p < 0.01.
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High SE-specific antibody responses were found in all SE-infected 
chickens after three weeks of infection 
The presence of SE-specific antibodies was determined in serum before and after infection in 
uninfected and SE-infected chickens. In SE-infected chickens, SE-specific antibodies were first detected 
at 7 dpi, when two out of five chickens showed low antibody titers, that increased in course of time (Fig. 
8). At 14 dpi SE-specific antibodies were observed in all SE-infected chickens although two chickens 
showed only low titers. At 21 dpi all SE-infected chickens showed high SE-specific antibody responses. 
SE-specific antibodies were not found in sera of the uninfected chickens (Fig. 8).

Figure 7. Ex vivo proliferation of SE-induced splenic CD4+ and CD8+ T cells. (A) The gating strategy shows the consecutive selection 
for viable cells (Live/Dead marker-negative), single cells (FSC-A vs FSC-H), lymphocytes (FSC-A vs SSC-A) and CD3+ T cells. T cells 
were subdivided into CD4+ and CD8+ T cells. The final gating step selects on T cell subsets which have divided at least once based 
on dilution of the cell proliferation dye CellTrace Violet (CTV). (B) The percentage of cells that have proliferated is shown for splenic 
CD4+ and (C) CD8+ T cells after four days of stimulation with different doses of formaldehyde-inactivated SE expressed in CFU/well, 
none stimulated controls (-), or after stimulation with anti-CD3, anti-CD28 and recombinant chicken IL-2 (+). All splenocyte samples 
were stimulated and measured in triplicate for each of the conditions. Mean + SEM is shown; n = 2 for uninfected (uninf) and n = 3 
for SE-infected (SE-inf) chickens.
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Discussion
In the current study we aimed to provide a detailed analysis of SE-related innate and adaptive immune 
responses in young broiler chickens up to four weeks of age, to better understand how the immune 
response contributes to the elimination of infection in course of time. For this purpose, the presence 
and function of NK cells, various types of APCs and T cells in ileum, as the present infection site and in 
spleen, as indication of systemic dissemination of SE, were investigated, as well as SE-specific antibody 
responses in serum, another systemic dissemination indicator. Seven-day-old broiler chickens were 
successfully infected with SE as was demonstrated by the detection of SE-induced T cell proliferation 
and SE-specific antibodies from 2-3 weeks after infection. Presence of SE was detected in ileum only at 
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Figure 8. Serum antibody titers in broiler chickens as a response to SE 
infection. Titers of SE-specific antibodies in sera of uninfected (uninf) 
and SE-infected (SE-inf) chickens in course of time.  Mean + SEM per 
treatment and time point is shown (n = 5) and statistical significance 
is indicated as ** p < 0.01.

day 7 post-infection and in spleen from day 7 onwards and most likely, the number of bacteria in these 
tissues were below the detection limit during the first week post-infection as observed previously43. 
In the first week post-infection, significant increases in numbers of intraepithelial cytotoxic T cells 
and splenic macrophages were observed in SE-infected compared to uninfected chickens. This was 
paralleled by a significant increase in NK cell activation in the IEL population and spleen as well as DC 
activation in the spleen in SE-infected compared to uninfected chickens. At 21 dpi, antibody titers in 
serum were significantly increased in SE-infected compared to uninfected chickens. These immune 
responses were paralleled by a reduction in SE counts. 
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Although presence of SE was demonstrated in ileum and spleen of infected chickens, SE infection 
did not affect growth nor induced severe disease symptoms. This observation was similar to previous 
studies in young broiler chickens that were infected at seven or nine to eleven days of age40,60 and 
in layer chickens that were infected during adult life20,43. The absence of severe disease symptoms is 
related to the SE-dose, which was chosen to avoid welfare issues in the chickens. Although SE has been 
detected in the small intestine61,62, other studies reported the presence of SE for a longer period in the 
caecum40,41. This suggests that SE may prefer colonization in the caecum rather than the ileum.

The enhanced activation of intraepithelial and splenic NK cells upon SE infection, represented by 
enhanced CD107 expression and IFNγ production, is in agreement with other studies in chickens 
showing upregulated mRNA levels of intestinal IFNγ20 and cytotoxicity-related NK cell genes19 in 
young chickens. Our observations are also supported by studies in humans and mice, which reported 
increased cytotoxicity23, IFNγ production25 and CD107 expression24 of intestinal and systemic NK cells 
after Salmonella enterica serotype Typhimurium infection. The enhanced NK cell activation paralleled 
numerically increased intraepithelial IL-2Rα+ and 20E5+ NK cells. Although we did not observe a distinct 
population of IL-2Rα+ 20E5+ cells, we cannot exclude the possibility that these cells exist at a very low 
frequency. Due to incompatibility of available reagents, we were not able to determine CD107 and IFNγ 
expression within the IL-2Rα+ and 20E5+ NK cell subsets. For that reason, we sorted IL-2Rα+ and 20E5+ 
NK cells to perform RT-qPCR and both NK cell subsets showed mRNA levels of NFIL3, IL-7Rα and PRF1 
genes albeit to different degrees, suggesting that both may be implicated in cytokine production50-52 as 
well as cytotoxic activity52,55 in response to SE infection. The observation that both NK cell subsets are 
involved in cytotoxicity is confirmed by previous studies in chickens, in which both NK cell subsets in 
the IEL population and spleen showed CD107 expression12 and intraepithelial IL-2Rα+ NK cells exerted 
cytotoxicity11. In humans, the peripheral IL-2Rα+ NK cell population expanded and increased their cytotoxic 
activity after Toll-like receptor (TLR) stimulation63. As SE might activate NK cells directly through TLRs63-65, 
more intraepithelial NK cells as well as enhanced activation, such as cytotoxicity and IFNγ production, may 
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increase the resistance of chickens against SE infection. IFNγ has been reported to activate macrophages 
resulting in improved clearance of engulfed bacteria66 and enhanced antigen presentation by APCs 
inducing T cell responses67. Although we were unable to demonstrate a direct relation between NK cell 
activation and SE counts in the first week post-infection, we hypothesize that NK cells play an important 
role in the resistance against SE infection. This can be either via direct killing of infected cells or indirectly 
by influencing other innate and adaptive immune cells via the production of IFNγ. 

The systemic spread of SE infection as observed, coincided with a significantly increased presence 
of CD11+ MRC1LB+ macrophages in the spleen at 7 dpi when bacterial counts were highest. Previous 
studies have shown that MRC1LB+ macrophages are largely present in peri-ellipsoid lymphocyte 
sheaths of the spleen68, and have a role in clearing blood-borne bacteria in chickens69, equivalent to 
that of the marginal zone macrophages in mammals70. Therefore, these macrophages are suggested 
to be involved in clearing the SE from 7 dpi onwards. Expression levels of MHCII found on MRC1LB+ 
macrophages were higher than those found on the DC subpopulations, which was a surprising finding. 
In a recent publication, similarly high MHCII expression levels were observed for chicken splenic 
MRC1LB+ macrophages but this level of MHCII expression was also found on DCs71. The FSChigh DCs 
were numerically higher in presence and showed significant increased expression of CHIR-AB1 and 
MHCII at 7 dpi in SE-infected chickens compared to uninfected chickens, indicating a role in antigen 
presentation. The FSClow DCs did not increase in numbers but showed a significant increased expression 
of the activation markers CHIR-AB1, CD40 and CD80 in SE-infected chickens. The two DC subsets were 
highly similar, and might comprise DCs at different stages of maturation with the FSClow subset being 
more mature based on the expression of CD40, CD80 and MHCII31,58,72. These results suggest that the 
increased presence of macrophages clear bacteria initially and the increased activation of DC subsets 
contribute to antigen presentation to stimulate the adaptive immune responses, all together resulting 
in further reduction of SE in infected chickens.

Whereas the APC subsets are likely to contribute to the clearance of the bacteria, it has  also been 
suggested that they may worsen the impact of infection by acting as a carrier for Salmonellae32 and 
contribute to systemic dissemination37, since this bacterium is able to survive intracellularly in chicken 
macrophages35,36 and DCs72. It would be interesting for future studies to determine whether SE can be 
detected by qPCR in splenic APCs. The ability of Salmonellae to inhibit activation of APCs might explain 
why NK cells showed earlier activation than APCs and the high presence of SE found at 7 dpi in our 
study. Other studies have demonstrated that Salmonella-infected APCs secrete IL-12/IL-18 resulting 
in enhanced expression of the early activation marker IL-2Rα+ on NK cells, thereby inducing their 
activation by increased cytotoxicity and IFNγ production24. This IFNγ production can subsequently 
stimulate additional macrophages to clear phagocytosed bacteria73 or impair intracellular survival by 
direct killing of infected-macrophages24, which might be involved in the reduction of SE towards and 
after 7 dpi observed in our study. 

T cell presence, SE-induced T cell proliferation and SE specific antibodies were addressed as well. All 
infected chickens in our study had circulating antibodies specific for SE after three weeks, which was 
in agreement with other studies40,41. The observed T cell responses are similar to increased numbers 
of intestinal and splenic γδ and cytotoxic αβ T cells in response to SE early and three weeks after 
infection20,26,27, as well as to increased CD8αα+ γδ T cell numbers22,74 in prior studies in chickens. The 
significant increase in cytotoxic CD8αα+ T cell numbers, however, has not been shown before in chickens 
in response to SE infection. The more innate-like nature of γδ T cell responses early after infection have 
been recognized as well as the antigen-specific responses of cytotoxic CD8+ T cells approximately two 
weeks after infection, whereas the functional difference between CD8αα and CD8αβ expression is less 
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clear75-78. Although expression of CD107 and IFNγ production by intraepithelial and splenic γδ T cells, 
cytotoxic CD8+ T cells, and splenic helper CD4+ T cells did not significantly differ between uninfected 
and SE-infected chickens, proliferation of SE-induced splenic T cells of SE-infected chickens ex vivo 
was observed three weeks after infection and not in uninfected chickens. Although the effect of the 
initial increased presence of T cells on the numbers of SE in the first week post-infection could not be 
determined, the SE-specific T cells and antibodies in course of infection are suggested to reduce the 
number of SE. 

In conclusion, this study shows that Salmonella enterica serotype Enteritidis infection in young broiler 
chickens firstly induces local and systemic activation of NK cells (1, 3, 7 dpi) as well as presence of 
intraepithelial T cells (1 dpi), followed by increased presence of macrophages and activation of DCs 
(7 dpi). Subsequently, proliferation of T cells in the spleen and antibody responses in serum (21 dpi) 
are induced, all together paralleled by a reduction in SE counts. These insights in understanding the 
role of NK cell and APC subsets and responses of adaptive immune cells upon SE infection will aid in 
developing immune-modulation strategies to stimulate innate cells. The potential strengthening of 
immune responsiveness by vaccines or feed strategies during early life may increase resistance and 
may prevent SE infection and colonization in young broiler chickens. 
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Supplementary data

Figure S1. Gating strategy of IELs and splenic lymphocytes in broiler chickens. Gating strategy included consecutive selection for 
lymphocytes (FSC-A vs SSC-A), singlets (FSC-A vs FSC-H) and viable cells (Live/Dead marker-negative) followed by selection of NK 
and T cell subsets in ileum and spleen. Furthermore, activation of NK and T cells was analyzed by surface expression of CD107 and 
intracellular expression of IFNγ. Conjugate controls are shown for IELs and splenic lymphocytes.
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Figure S2. Effect of SE infection on numbers of splenic 
NK cells in broiler chickens. (A) Numbers (cells/mg) of 
splenic IL-2Rα+ and (B) 20E5+ NK cells per mg spleen in 
uninfected (uninf) and SE-infected (SE-inf) chickens in 
the course of time. (C) Gene expression levels of NK cell 
lineage marker (NFIL3), IL-7Rα and perforin 1 (PRF1) by 
RT-qPCR in sorted IL-2Rα+ and 20E5+ NK cell subsets. 
Mean + SEM per treatment and time point is shown (n 
= 5), for uninfected chickens at 7 dpi n = 4 and for gene 
expression levels n = 1. 

Figure S3. Staining and sorting controls associated with Fig. 4. (A) The staining controls for the gating strategy are shown. The left 
panel depicts splenocytes without the viability dye. The middle and right panels show splenocytes that are gated according to Fig. 
4A, but without the primary antibodies that bind MRC1LB and CD11, respectively. (B) The graphs show the gating strategy and purity 
of a representative sample of splenocytes that was sorted into CD11+ MRC1LB+, CD11+ MRC1LB- FSClow and CD11+ MRC1LB- FSChigh 
subpopulations. The splenocytes that are gated as CD11+ MRC1LB- in the upper panels are shown in the lower panels to visualize their 
FSC-A vs SSC-A pattern. (C) The absolute numbers of sorted APC subpopulations are shown.
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Figure S4. Phenotypic characterization of splenic 
APCs upon SE infection. (A-B) The presence (%) and 
(C-D) numbers (cells/mg spleen) of FSClow DCs and 
and FSChigh DCs in uninfected (uninf) and SE-infected 
(SE-inf) chickens were assessed over time. Mean + 
SEM per treatment and time point is shown (n = 5), for 
uninfected chickens at 0 dpi n = 3 and at 7 dpi n = 4. 
Statistical significance is indicated as ** p < 0.01.Days post- infection (dpi)
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Figure S5. The gating strategy used to determine the activation status of the APC subsets as depicted in Fig. 5. The three identified 
splenic APC subsets (A) macrophages, (B) FSClow DCs and (C) FSChigh DCs were assessed for CHIR-AB1, CD40, CD80 and MHCII. For 
CHIR-AB1, CD40 and CD80, the cells expressing the respective markers were selected and expressed as a percentage. The expression 
of MHCII by each subset was expressed as the geometric mean fluorescent intensity (gMFI).
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Figure S6. Numbers of intraepithelial and splenic γδ T cells and cytotoxic T cells expressing either CD8αα or CD8αβ in broiler chickens 
upon SE infection. (A) Numbers (cells/mg) of intraepithelial CD8αα+ γδ T cells, (B) CD8αβ+ γδ T cells, (C) cytotoxic CD8αα+ T cells and 
(D) CD8αβ+ T cells per mg ileum in uninfected (uninf) and SE-infected (SE-inf) chickens in the course of time. (E) Numbers (cells/mg) 
of splenic CD8αα+ γδ T cells, (F) CD8αβ+ γδ T cells, (G) cytotoxic CD8αα+ T cells and (H) CD8αβ+ T cells per mg spleen in uninfected 
and SE-infected chickens. Mean + SEM per treatment and time point is shown (n = 5), for uninfected chickens at 1 dpi in the IELs and 
spleen n = 4 due to numbers of events acquired in the gate of interest were < 100, and at 7 dpi in spleen n = 4. Statistical significance 
is indicated as * p < 0.05, ** p < 0.01. *** p < 0.001.
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Figure S7. Numbers of CD4+ T cells in the spleen of 
broiler chickens upon SE infection. Numbers (cells/mg) 
of splenic CD4+ αβ T cells per mg spleen in uninfected 
(uninf) and SE-infected (SE-inf) chickens in the course 
of time. Mean + SEM per treatment and time point is 
shown (n = 5), for uninfected chickens at 7 dpi n = 4.
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Figure S8. T cell activation in the IEL population and spleen of broiler chickens upon SE infection. (A) Percentages of intraepithelial 
CD8+ T cells expressing CD107 (including both γδ and αβ T cells) in uninfected (uninf) and SE-infected (SE-inf) chickens in the course of 
time. (B) Percentages of splenic CD8+ T cells expressing CD107 (including both γδ and αβ T cells), (C) CD8+ γδ T cells expressing IFNγ, 
(D) CD4+ αβ T cells expressing IFNγ and (E) CD8+ αβ T cells expressing IFNγ in uninfected (uninf) and SE-infected (SE-inf) chickens over 
time. Mean + SEM per treatment and time point is shown (n = 5), for uninfected chickens at 7 dpi in spleen n = 4 and at 1 and 3 dpi in 
the IELs percentages were not determined (n.d.) due to numbers of events acquired in the gate of interest were < 100.
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Abstract  
The zoonotic pathogen Salmonella enterica serotype Enteritidis (SE) causes severe disease in young 
chickens. Restriction on antibiotic use require alternative SE control strategies such as nutritional 
solutions to improve the resistance of chickens. In this study, chickens were fed long-chain 
glucomannan (GM) or standard diet and challenged with SE at seven days of age. During three weeks 
post-infection (dpi), we determined numbers and responsiveness of NK and T cells in ileum and spleen, 
and SE-specific antibody titers in serum. Microbiota compositions in ileum and caeca were determined, 
as well as correlations of these with numbers and function of immune cells. GM supplementation 
resulted in reduced SE numbers in intestine and spleen as compared to the standard diet. At 3 dpi, 
intraepithelial NK cell numbers were significantly higher, while intraepithelial NK cell activation tended 
to be higher at 7 dpi. At 14 dpi, numbers of intraepithelial cytotoxic CD8+ T cell numbers tended be 
higher and SE-specific antibody titers were numerically higher. Furthermore, relative abundance of 
commensal lactic acid bacteria (LAB) significantly increased with GM supplementation post-infection. 
Higher relative abundance of streptococci was associated with reduced SE in ileal and caecal contents 
at 21 dpi. Relative abundance of streptococci was negatively correlated with SE in the spleen whereas 
positively correlated with splenic NK cell activation and a SE-specific antibody response. These 
correlations suggest involvement of commensal LAB in NK cell responsiveness coinciding with 
SE reduction. GM supplementation increases SE resistance in young chickens by immune system 
stimulation and intestinal microbiota modulation. 

Keywords: Long-chain glucomannan, Salmonella Enteritidis, immunity, NK cells, T cells, IELs, intestinal 
microbiota, poultry, broiler chickens
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Introduction
Salmonella enterica serotype Enteritidis (SE) is a zoonotic pathogen that may cause severe disease and 
death in young chickens as well as subclinical infections in adult chickens1. Moreover, SE-contaminated 
poultry products are amongst the leading causes of foodborne diseases in humans2. Faecal salmonellae 
infect chickens via the oral or respiratory route, colonize the intestinal tract and disseminate to organs 
such as liver and spleen resulting in a systemic infection3,4. Prevention of SE infection in poultry is thus 
important for health and welfare of chickens and to avoid substantial economic losses in the poultry 
sector and food recalls. In addition, SE prevention in poultry is relevant for the health and wellbeing of 
humans in terms of food safety as well as to avoid loss of productivity and medical costs5,6. Therapeutic 
treatment of SE infection in chickens with antibiotics is restricted nowadays due to limited effectiveness 
against Salmonella strains, the risk of residues in poultry products, and potential induction of antibiotic 
resistance7. This encourages the search for immune-modulatory strategies to increase the resistance 
to SE. 

Immune responsiveness in young chickens largely depends on maternal antibodies and the innate 
immune system, since the adaptive immune system is not fully developed yet8,9. Natural killer (NK) cells 
are key players of innate immunity and are abundantly present among the intraepithelial lymphocytes 
(IELs) in the intestine, in addition to γδ T cells and cytotoxic CD8+ T cells10-12. Directly underneath 
the intestinal epithelium, macrophages, B cells and helper CD4+ T cells predominate13,14. Apart from 
epithelial cells, IELs constitute the first cellular defense barrier in response to intestinal SE colonization. 
In a previous paper, we reported increased numbers of intraepithelial IL-2Rα+ and 20E5+ NK cells in 
the first days post SE infection. In parallel, NK cell activation was significantly enhanced in the IEL 
population and spleen of SE-infected compared to uninfected chickens, as reflected by CD107 and 
IFNγ expression as parameters for cytotoxicity and cytokine production respectively15. The adaptive 
immune system gradually takes over clearance of SE by responses of γδ T cells, cytotoxic T cells and 
antibody production15-18. Both gamma delta and cytotoxic T cells can express the CD8αα or CD8αβ 
co-receptor. The role of CD8αα+ T cells has not been fully elucidated in contrast to the antigen-expe-
rienced CD8αβ+ cytotoxic responses. CD8αα+ T cells are involved in maintaining the integrity of the 
intestinal barrier as well as in NK-like cytotoxicity in response to pathogens19-21. In a previous study we 
observed increased numbers of both intraepithelial CD8αα+ and CD8αβ+ γδ T- and cytotoxic T cells in 
response to SE infection, which were more pronounced for the CD8αα+ subset suggesting an important 
role for these T cells in defense against pathogens15. We hypothesize that stimulation of intraepithelial 
NK and T cells through feed supplementation during the early life of chickens may aid in increasing 
their resistance to SE infection. 

Nutritional solutions have resulted in a reduction in colonization and shedding of salmonellae 
in chickens. Depending on the type of modulatory compounds, this was shown to occur directly 
through binding of feed additives to the bacteria, induction of competitive exclusion, modulation of 
the intestinal microbiota composition or by direct stimulation of numbers and function of immune 
cells22-27. In addition, changes in the intestinal microbiota by feed supplementation indirectly modulates 
the immune system, since interactions occur between commensal species and immune cells28-31. Feed 
additives, that have shown to reduce Salmonella enterica strains when provided directly after hatch, 
include probiotics32-37, prebiotics38-40 and polysaccharides41. Furthermore, administration of probiotics 
to embryos by in ovo inoculation has shown to reduce SE infection incidence after hatch42,43. In a 
previous study we showed that long-chain glucomannan (GM), a water-soluble polysaccharide that 
acts as a prebiotic, increased numbers and activation of NK cells in the IEL population as well as the 
relative abundance of lactic acid bacteria (LAB) in the intestine29. However, it is not known yet whether 
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and how the increased numbers and function of NK cells and the effects on microbiota composition of 
GM supplementation increases the resistance to infections such as that with SE. 

In this study, we investigated the protective potential and underlying mechanisms of GM 
supplementation, directly after hatch, against experimental SE challenge in seven-day-old broiler 
chickens. We analyzed effects of GM on the presence of SE in the intestine and spleen, numbers and 
functional aspects of NK and T cells in the IELs and spleen, serum antibody titers and intestinal microbiota 
composition until three weeks after challenge. The present study showed that GM supplementation 
leads to increased resistance to SE infection in young broiler chickens, by stimulation of the innate 
immune system, modulation of the intestinal microbiota composition as well as by their interaction. 
These findings contribute to understanding the effects of feed supplementation that results in higher 
immune-mediated resistance of young broiler chickens to infections and may contribute to reducing 
zoonotic infections, as well as use of antibiotics, hence increasing both animal health and welfare, and 
food safety for humans.

Materials and methods
Animals and husbandry
A total of 36 Ross 308 seventeen- and eighteen-day old embryonated eggs were obtained from the 
same parent flock of a commercial hatchery (Lagerwey, the Netherlands). Upon arrival at the facilities of 
the Department of Population Health Sciences, Faculty of Veterinary Medicine, Utrecht University, the 
Netherlands, eggs were disinfected with 3% hydrogen peroxide, a standard procedure in the facilities28 
and placed in disinfected egg hatchers in one stable. Directly upon hatch, chickens were weighed, 
labelled and randomly housed according to their feed group in two floor pens separated by a solid 
wall. Both female and male chickens were included in the study. Each pen was divided in two equal 
subunits (A, B). Pens were lined with wood shavings (2 kg/m2), and water and feed was provided ad 
libitum. Standard (control, n = 36) or long-chain glucomannan supplemented (GM; 0.2% GM inclusion 
in complete standard diet (100%), n = 36) Salmonella-free commercial starter and grower feeds were 
provided (Research Diet Services, the Netherlands). A standard lighting and temperature scheme for 
Ross broiler chickens was used, equal for both pens.

The animal experiment was approved by the Dutch Central Authority for Scientific Procedures on 
Animals and the Animal Experiments Committee (registration number AVD1080020174425) of Utrecht 
University (the Netherlands) and all procedures were done in full compliance with all relevant legislation.

Experimental design
To determine microbiota composition of the environment, swabs (FLOQSwabs®, COPAN, Italy) of the 
hatchers and floor pens were taken before hatching and once more of the hatchers after hatching. 
Swabs were stored at room temperature (RT) in 0.5 ml DNA/RNA Shield (Zymo Research, CA, USA) 
until DNA purification. Additional swab samples of the hatchers after hatching were taken to confirm 
embryos were Salmonella-free by bacterial counts on MSRV plates (Veterinair Centrum Someren, 
the Netherlands). At three days post-hatch, six chickens per feed group (three per subunit A/B) were 
randomly selected and sacrificed, for collection of ileum (±10 cm distal from Meckel’s diverticulum) 
and spleen to confirm absence of SE before experimental inoculation. Before inoculation, at seven 
days post-hatch (0 days “post-infection” (dpi)), six chickens per feed group (three per subunit A/B) 
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were randomly selected and sacrificed to collect ileum, spleen and contents of ileum (distal from 
Meckel’s diverticulum) and caeca to determine the baseline levels of the various parameters and once 
more absence of SE. Also, intestinal contents were collected using a sterile plastic cell culture loop, 
subsequently transferred into 2 ml sterile tubes containing 0.5 ml DNA/RNA Shield (Zymo Research), and 
stored at RT for DNA extraction. Chickens of both groups were challenged at 0 dpi by oral inoculation 
with 0.25 ml brain heart infusion (BHI) medium containing 1.55 × 106 SE colony-forming units (CFUs) 
in the control group and 1.78 × 106 SE-CFUs in the GM group. At 3, 7, 14 and 21 dpi, six chickens 
per group (three per subunit A/B) were randomly selected, weighed prior to post-mortem analyses 
to calculate body weight gain and sacrificed for collection of ileum, spleen and contents of ileum 
and caeca to determine bacterial CFUs, numbers and function of NK cells and T cells, and microbiota 
composition. In addition, at 0, 7, 14 and 21 dpi, blood (at least 5 ml) was collected in EDTA tubes 
(VACUETTE® K3E EDTA, Greiner Bio-One, the Netherlands) for determination of SE-specific antibody 
levels. To calculate absolute cell numbers, ileum segments and spleens were weighed immediately after 
collection of the tissues, prior to isolation of cells. 

SE culture
Salmonella enterica serotype Enteritidis (strain K285/93 Nalres) was kindly provided by Dr. E. Broens, 
Veterinary Microbiological Diagnostic Center, the Faculty of Veterinary Medicine, Utrecht University, 
and cultured as described previously44. In short, from an overnight culture of the SE strain on blood 
agar (Oxoid, the Netherlands) two single colonies were used to inoculate two volumes of 45 ml BHI 
medium (Oxoid), and both cultures were incubated aerobically overnight and 37°C in a shaking (200 
rpm) incubator (Certomat BS-1, B. Braun Biotech international, Sweden). Samples of the SE cultures 
were diluted 1:10 in PBS were and OD values measured using a Ultrospec 2000 (Pharmacia Biotech, 
Sweden). SE concentrations were calculated from a previously determined growth curve, and SE 
were diluted in BHI medium to 4 × 106 CFUs/ml, to constitute the inocula. Serial dilutions of the two 
inocula  were plated for overnight culture and number of CFUs were counted to determine the exact 
SE concentrations; 6.20 × 106 CFUs/ml (control) and 7.12 × 106 CFUs/ml (GM). 

Quantitation of SE in ileum and spleen
At -4, 0, 7, 14 and 21 dpi, the numbers of Salmonella colonies on the plates were counted and were 
the parameter for numbers of SE in ileum and spleen. From the cell suspensions of either the ileum 
segments or homogenized spleens, 100 μl was plated with a spatula on RAPID’ Salmonella Medium 
plates (Bio-Rad, the Netherlands). Plates were incubated overnight at 37°C and the purple colonies 
were counted. SE numbers were expressed as CFU per gram tissue to depict SE load as well as number 
of chickens positive for SE, as has been described previously44. The limit of detection (LOD) was 100 
CFU per gram tissue. 

Isolation of cells and serum
Isolation of IELs from ileum and leukocytes from spleen was conducted according to the procedure 
described previously12,45. Briefly, ileum segments were washed with PBS to remove contents, cut 
in sections of 1 cm2 and washed again. Subsequently, the IELs were collected by incubating the 
sections three times for 15 min in a shaking incubator (Certomat BS-1) at 200 rpm and 37°C in 20 ml 
EDTA-medium: HBSS 1× (Gibco®) supplemented with 10% heat-inactivated FCS (Lonza) and 1% 0.5M 
EDTA (UltraPure™, Invitrogen, the Netherlands). Supernatants were collected and centrifuged for 5 min 
at 335 × g and 20°C (Allegra™ X-12R Centrifuge, Beckman Coulter, the Netherlands). Pellets were then 
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resuspended in PBS at a concentration of 10 ml per gram tissue and an aliquot of 100 µl was used for 
quantitation of SE. PBS was added to the remaining suspension up to 20 ml and IELs were isolated 
using Ficoll-Paque Plus (GE Healthcare, the Netherlands) density gradient centrifugation for 12 min at 
673 × g and 20°C, washed in PBS by centrifugation for 5 min at 393 × g and 4°C and resuspended at 4.0 
× 106 cells/ml in complete medium (IMDM 2 mM glutamax I supplemented with 8% heat-inactivated 
FCS (Lonza), 2% heat-inactivated chicken serum, 100 U/ml penicillin and 100 µg/ml streptomycin; 
Gibco®). Spleens were homogenized using a 70 µm cell strainer (Beckton Dickinson (BD) Biosciences, 
NJ, USA) and the single-cell suspension was diluted in PBS at a concentration of 10 ml per gram tissue. 
An aliquot of 100 µl was used again for SE quantitation. Next, leukocytes were isolated by Ficoll-Paque 
Plus density gradient centrifugation (20 min, 1126 × g, 20°C), washed in PBS and resuspended at 4.0 × 
106 cells/ml in complete medium as described for ileum. 

After isolation, cell numbers in the resulting suspension were calculated. This resulted in the total 
cell number, expressed as IELs per mg ileum or leukocytes per mg spleen. To calculate the absolute 
numbers of NK and T cells within the live IEL or leukocyte populations, the percentages of cells positive 
for the markers expressed on these cell types were used which were determined in the flow cytometry 
analyses. Absolute cell numbers were calculated using the following formula: (absolute number IELs 
or leukocytes per mg tissue) × (percentage positive cells in the gate of interest of the live lymphocyte 
population). 

Whole blood was allowed to coagulate for 1 hour at RT, centrifuged for 10 min at 2095 × g and 15°C, 
subsequently serum was collected and stored at -20°C until further use. 

Phenotypic characterization of lymphocytes by flow cytometry
At 0, 3 and 7 dpi, numbers of NK and T cell subsets among IELs and splenocytes were measured, 
subsequently at 14 and 21 dpi only the numbers of T cell subsets was determined. Lymphocytes (1 
× 106) were stained with a panel of antibodies specific for surface markers known to be expressed 
on NK cells, as well as with anti-CD3 to enable exclusion of T cells from analyses. Another aliquot of 
cells was stained with a panel of antibodies specific for surface markers that distinguish γδ+, CD4+ and 
CD8+ T cell subsets (Table 1). Staining with primary and secondary antibodies (Table 1) was performed 
in 50 µl PBA (PBS (Lonza) containing 0.5% bovine serum albumin and 0.1% sodium azide). Cells were 
incubated for 20 min at 4°C in the dark with staining antibodies and washed twice by centrifugation 
for 5 min at 393 × g and 4°C either in PBA after incubation with the primary antibodies, or in PBS 
after incubation with the secondary antibodies. Subsequently, to be able to exclude dead cells from 
analysis, lymphocytes were stained in 100 µl PBS with a viability dye according to the manufacturer’s 
instructions (Zombie Aqua™ Fixable Viability Kit, Biolegend, the Netherlands) for 15 min at RT in the 
dark, washed twice in PBA and resuspended in 200 µl PBA. Of each sample, either 150 µl or a maximum 
of 1 × 106 viable lymphocytes were measured using a CytoFLEX LX Flow Cytometer (Beckman Coulter), 
and data were analyzed with FlowJo software (FlowJo LCC, BD Biosciences). The gating strategies used 
to enable analyses of numbers and function of NK cells, γδ T cells and cytotoxic CD8+ T cells in the 
ileum are depicted in Fig. S1. The same gating strategy was used in the spleen and has been shown 
previously15. 
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Table 1. Flow cytometry staining reagents. 

Cell  
population

Primary antibody
(mouse-anti-chicken)

Clone / Isotype Secondary antibody

NK cells CD45-FITC1 LT40 / IgM -

CD3-APC1 CT3 / IgG1 -

IL-2Rα-UNL2 28-4 / IgG3 Goat-anti-mouse-IgG3-PE1

20E5-BIOT2 IgG1 Streptavidin (SA)-PercP5

T cells CD3-PE1 CT3 / IgG1 -

CD4-APC1 CT4 / IgG1 -

TCRγδ-FITC1 TCR-1 / IgG1 -

CD8α-UNL1 EP72 / IgG2b Goat-anti-mouse-IgG2b-APC/Cy71

CD8β-BIOT1 EP42 / IgG2a SA-PercP5

Assay

CD107 CD107a-APC3 LEP-100 I 5G10 / IgG1 -

CD41/61-FITC4 11C3 / IgG1 -

CD3-PE1 CT3 / IgG1 -

CD8α-UNL1 EP72 / IgG2b Goat-anti-mouse-IgG2b-Alexa Fluor (AF) 7906

IFNγ CD3-PE1 CT3 / IgG1 -

TCRγδ-FITC1 TCR-1 / IgG1 -

CD8α-UNL1 EP72 / IgG2b Goat-anti-mouse-IgG2b-AF7906

IFNγ-APC3 MAb80 / IgG1 -

Manufacturers: 1Southern Biotech, AL, USA, 2Purified antibody from hybridoma supernatant kindly provided by Göbel, T.W., Ludwig 
Maximilian University, Germany, 3Developmental Studies Hybridoma Bank (DSHB), University of Iowa, IA, USA, 4Serotec, United 
Kingdom, 5BD Biosciences, 6Jackson ImmunoResearch Laboratories, PA, USA.

CD107 assay 
At 0, 3, 7, 14 and 21 dpi, activation of NK cells and cytotoxic CD8+ T cells was determined in IELs and 
splenocytes. For this purpose the CD107 assay was used, which measures enhanced surface expression 
of CD107a that results from degranulation45,46. Briefly, lymphocytes isolated from the IEL population 
and spleen were suspended in complete medium, and 1 × 106 lymphocytes in 0.5 ml were incubated in 
the presence of 1 µl/ml GolgiStop (BD Biosciences) and 0.5 µl/ml mouse-anti-chicken-CD107a-APC for 
4 hours at 37°C, 5% CO2. After incubation, lymphocytes were washed in PBA and stained as described 
above with monoclonal antibodies for NK and T cells, and in addition anti-CD41/61 to exclude 
thrombocytes from analyses, as mentioned in the CD107 panel (Table 1). Cells were washed in PBS, 
stained for viability and analyzed by flow cytometry. 

IFNγ assay 
At 0, 3, 7, 14 and 21 dpi, expression of intracellular IFNγ was determined in NK cells, γδ T cells, CD8+ T cells 
and CD4+ T cells, using an assay adapted from Ariaans and colleagues47. Briefly, lymphocytes isolated 
from the IEL population and spleen were suspended in complete medium, and 1 × 106 lymphocytes in 
0.5 ml were incubated in the presence of 1 µl/ml Brefeldin A (Sigma Aldrich) for 4 hours at 41°C, 5% 
CO2. After incubation, lymphocytes were washed in PBA and stained as described above with surface 
markers summarized in the IFNγ panel (Table 1). Cells were washed in PBS, stained for viability and 
washed again in PBA. Next, lymphocytes were permeabilized differently as described by Ariaans et al. 
(2008). Here, lymphocytes were incubated in 200 µl of a mixture of BD FACS™ Permeabilizing Solution 
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2 and BD FACS™ Lysing Solution prepared according to manufacturer’s instructions (BD Biosciences) 
for 8 min at RT and immediately centrifuged for 2 min at 393 × g and 4°C. Cells were washed twice in 
PBA, stained intracellularly with  anti-IFNγ-APC in 50 µl PBA for 20 min at 4°C in the dark, washed in 
PBA and finally analyzed by flow cytometry.

SE-specific antibody titers in serum
To detect titers of SE-specific antibodies in the sera collected at 0, 7, 14 and 21 dpi, the commercially 
available Salmonella Enteritidis Antibody Test (IDEXX SE Ab X2 Test) was used according to 
manufacturer’s instructions (IDEXX Europe, the Netherlands). Positive and negative controls were 
included in the kit, and serum samples were analyzed in duplicate. Endpoint titers were calculated 
using the following formula:

10 ^ (1.5 * log10 ((sample µ - negative control µ) / (positive µ - negative control µ)) + 3.47). 

Microbiota composition of ileum and caeca
DNA was purified from ileal and caecal samples stored in DNA/RNA Shield using the ZymoBIOMICS 
DNA Kit according to manufacturer’s instructions (Zymo Research). Bacterial 16S ribosomal RNA genes 
were then amplified by running one PCR cycle while incorporating a cy-5 fluorescent labeled nucleotide, 
as described previously for labeling samples in microarray analysis48. Labeled PCR amplicons were 
then hybridized to a microarray chip coated with probes for intestinal bacteria previously selected as 
biomarkers for broiler performance and intestinal health48. Microarray annotation for probes included 
sequential numbers added after bacteria genus or species in order to avoid more than one probe with 
the same name. The microarray contains two probes for Salmonella and the Salmonella probe 2 has 
been validated to specifically capture Salmonella enterica serotype Enteritidis (Cargill Inc., proprietary). 
The fluorescence signal of each probe was read using a fluorescence array image reader (Sensovation 
AG, Germany). Fluorescence intensity of each probe was used as a parameter to determine relative 
abundance of each of the microbial taxa in the feed groups according to the experimental design.   

In addition, Pearson’s correlations were calculated of immune cells and activation, SE-specific antibodies 
and SE-CFUs with intestinal microbial taxa that were significantly increased in each feed group before 
and during SE infection. Correlation (r) values from 0 to 1 (positive) and 0 to -1 (negative) are depicted 
in a heatmap, where 0 – 0.2 (0 – -0.2) is interpreted as no/negligible correlation, 0.2 – 0.5 (-0.2 – -0.5) 
as weak correlation, 0.5 – 0.8 (-0.5 – -0.8) as moderate correlation and 0.8 – 1 (-0.8 – -1) as strong 
correlation. 

Statistical analyses
First, the data were tested for normal distribution using the Shapiro-Wilk test. Differences between 
feed groups as well as within each group in the course of time in SE-CFUs per gram ileum and spleen, 
and SE-specific antibody titers in serum were analyzed using Kruskal-Wallis tests, followed by Dunn’s 
multiple comparisons tests. Differences between control and GM groups as well as within each group 
in the course of time in body weight, numbers of IELs or leukocytes, NK cell and T cell subsets as well 
as percentages of cells expressing CD107 and IFNγ in IELs and spleen were analyzed using one-way 
ANOVA. The correlation between SE-CFUs and SE-specific antibody titers was analyzed using the 
Spearman’s rank correlation test. Regarding analysis of microbiota composition, raw fluorescence 
intensity data for each probe on each microarray chip was compiled and submitted to data quality 
control. The data treatment selected to reduce chip-to-chip variation was to standardize it to a shifting 
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point of 3, according to the option available in JMP Genomics, as described previously for microarray 
analysis49. The standardized data were then analyzed using mixed-model ANOVA, where intestinal 
segment, diet, age and their three-way interaction were classified as fixed effects and chip was classified 
as random effect. Results were used to produce clustering plots utilizing hierarchical clustering, with 
distances between clusters defined by the Ward’s method50. Differences in standardized LS means of 
relative abundance were also used for principal component analysis and volcano plots for pair-wise 
comparisons. Correlations between immune parameters and microbial taxa were analyzed using the 
Pearson product-moment correlation procedure. All statistical analyses on immunology data were 
performed using GraphPad Prism 9 software (GraphPad Software, CA, USA) and on microbiota data 
using JMP Genomics 9 software (SAS Institute 2017, NC, USA). A p value of < 0.05 was considered 
statistically significant and a value of 0.05 < p < 0.1 is referred to as a trend, in case the p-value did 
not belong to one of these categories the difference observed is referred to as “numerical”. Significant 
differences between groups are depicted by “ * ” and within a group in course of time by “ # ”. 
Microarray standardized LS means of fluorescence intensities were compared using false discovery rate 
(FDR) adjusted p-values set at < 0.05.

Results
GM supplementation resulted in a lower SE dissemination to spleen 
at 7 dpi 
SE counts were not observed in the ileum, nor in the spleen of chickens fed either a standard or a GM 
supplemented diet before SE inoculation (Table 2). After inoculation, numbers of SE in the ileum did not 
differ between the GM and the control group. In the GM group, SE was detected in the ileum in one 
out of six chickens at 14 dpi, and also in one out of six chickens in the control group at 7 dpi (Table 2). 
In the spleen at 7 dpi, SE was detected in three out of six chickens in the GM group compared to five 
out of six chickens in the control group (Table 2). Although no significant differences in SE-CFUs were 
observed, SE-CFUs were numerically lower at 7 dpi in the spleens of chickens which received a GM 
supplemented diet compared to the control group (Fig. 1A). At 14 dpi, SE in the spleen was detected 
in five out of six chickens in the GM group compared to three out of six chickens in the control group 
(Table 2). At 21 dpi, SE in the spleen was detected in one out of six chickens in both groups (Table 2). 
In course of time, numbers of SE in the spleen decreased between 7 dpi and 21 dpi in both groups 
(Fig. 1A). GM supplementation during SE infection did not affect growth performance of the chickens, 
as body weights were similar in chickens of control and GM groups (Fig. 1B). After SE inoculation, 
numbers of IELs were numerically higher at 14 dpi in the GM group as compared to the control group 
(Fig. 1C). In the spleen, numbers of leukocytes post-infection were not significantly different between 
the GM and the control group (Fig. 1D). 

Table 2. Number of chickens positive for SE in ileum and spleen.  
Chickens with positive Salmonella counts in the ileum and spleen, n = 6 per group and time point.

SE presence Ileum Spleen

Dpi Control GM Control GM

-4 0/6 0/6 0/6 0/6

0 0/6 0/6 0/6 0/6

7 1/6 0/6 5/6 3/6

14 0/6 1/6 3/6 5/6

21 0/6 0/6 1/6 1/6
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GM supplementation resulted in significantly higher numbers and an 
increase in activation of intraepithelial NK cells post SE infection
The effect of GM supplementation on numbers of intraepithelial and splenic NK cell subsets was 
determined during SE infection. Post SE infection, intraepithelial IL-2Rα+ NK cells were numerically 
higher and 20E5+ NK cell numbers significantly higher at 3 dpi in the GM group compared to numbers 
in the control group (Fig. 2A, B). In course of time, numbers of intraepithelial IL-2Rα+ NK cells in 
the GM group remained similar before and during infection, whereas numbers in the control group 
significantly increased post-infection compared to 0 dpi (Fig. 2A). Numbers of intraepithelial 20E5+ NK 
cells significantly increased at 3 dpi compared to 0 dpi in the GM group only (Fig. 2B). In the spleen, 
numbers of IL-2Rα+ and 20E5+ NK cells did not significantly differ between groups post-infection 
(Fig. 2C, D). In course of time, splenic IL-2Rα+ and 20E5+ NK cells numerically increased post-infection 
compared to 0 dpi in the control group but not in the GM group (Fig. 2C, D).

To investigate possible changes in NK cell activation due to GM supplementation during SE infection, 
surface expression of CD107 and intracellular expression of IFNγ were determined in NK cells isolated 
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Figure 1. Effect of GM on SE load, chicken growth and numbers of IELs and splenic leukocytes before and during infection in broiler 
chickens. (A) Salmonella enterica serotype Enteritidis (SE, CFU/g) in the spleen of chickens either fed standard (control) or long-chain 
glucomannan supplemented (GM) diet before and during SE infection. (B) Body weights (g) of chickens either fed standard or GM 
diet in course of time before and during SE infection. (C) Numbers (cells/mg) of IELs in the ileum and (D) leukocytes in the spleen of 
chickens fed standard or GM diet in course of time before and during SE infection. Mean + SEM per diet group and time point are 
shown (n = 6) and statistical significance between diet groups is indicated as * (p < 0.05).
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from the IEL population and spleen. Post SE infection, CD107 expression on intraepithelial NK cells 
tended to be higher at 7 dpi in the GM group compared to the control group (Fig. 3A). No significant 
differences in IFNγ expression of intraepithelial NK cells were observed between the GM and control 
group during SE infection (Fig. 3B). In the spleen, CD107 expression (Fig. 3C) and IFNγ expression 
(Fig. 3D) of NK cells did not differ between the groups during SE infection. In course of time, CD107 
expression on intraepithelial NK cells increased at 3 dpi compared to 0 dpi in both groups, although 
only significantly in the control group, and then decreased until 21 dpi to the level of 0 dpi in the 
control group (Fig. 3A). Furthermore, IFNγ expression of intraepithelial and splenic NK cells and CD107 
expression of splenic NK cells significantly increased at 3 dpi compared to 0 dpi in both groups and 
then decreased until 21 dpi to levels before infection (Fig. 3B-D).

A B

0

2×103

4×103

6×103
IL-2R��+

Days post-infection (dpi)

N
K

 (c
el

ls
/m

g)

0 3 7

#
p# = 0.07

0

2×103

4×103

6×103

8×103

1.2×10 4
20E5+

Days post-infection (dpi)

 N
K

 (c
el

ls
/m

g)

0 3 7

**
## ##

0

5×103

1×104

1.5×10 4

2×104

4×104
IL-2R��+

Days post-infection (dpi)

N
K

 (c
el

ls
/m

g)

0 3 7

p* = 0.09

0

2×103

4×103

6×103

8×103

1.2×10 4
20E5+

Days post-infection (dpi)

N
K

 (c
el

ls
/m

g)

0 3 7

GMControl

IE
Ls

Sp
le

en

DC

Figure 2. Effect of GM on numbers of intraepithelial and splenic NK cells before and during SE infection in broiler chickens. (A) Numbers 
(cells/mg) of intraepithelial IL-2Rα+ and (B) 20E5+ NK cells in chickens either fed standard (control) or long-chain glucomannan 
supplemented (GM) diet in course of time before and during SE infection. (C) Numbers (cells/mg) of splenic IL-2Rα+ and (D) 20E5+ NK 
cells in chickens either fed standard or GM diet before and during SE infection. Mean + SEM per diet group and time point are shown 
(n = 6), if n = 5; one chicken was excluded due to numbers of events acquired in the gate of interest were < 100. Statistical significance 
between diet groups is indicated as ** (p < 0.01) and in course of time within a group as # (p < 0.05), ## (p < 0.01).

GM supplementation resulted in an increase of intraepithelial 
cytotoxic CD8+ T cell numbers post SE infection
The effect of GM supplementation on numbers of intraepithelial and splenic γδ T cells and cytotoxic 
(CD8+) αβ T cells was investigated during SE infection. Post SE infection, intraepithelial γδ T cells were 
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numerically higher and cytotoxic CD8+ T cell numbers tended to be higher at 14 dpi in the GM group 
compared to the control group (Fig. 4A, B). In course of time, intraepithelial γδ T cells numerically 
increased post-infection compared to 0 dpi in both groups. Intraepithelial cytotoxic CD8+ T cell numbers 
remained similar post-infection compared to 0 dpi in the GM group, whereas these cells numerically 
increased during this period in the control group (Fig. 4A,B). In the spleen, no differences in numbers 
of γδ T cells (Fig. 4C) and cytotoxic CD8+ T cells (Fig. 4D) were observed between the GM and control 
group during SE infection. In course of time, γδ T cells and cytotoxic CD8+ T cells numerically increased 
post-infection compared to 0 dpi in both groups (Fig. 4C, D). 

Next, γδ T cells and cytotoxic αβ T cells were analyzed for their CD8αα and CD8αβ expression. Both 
CD8αα+ and CD8αβ+ intraepithelial γδ T cells were numerically higher at 14 dpi in the GM group 
compared to the control group (Fig. S2A, B). Intraepithelial cytotoxic CD8αα+ T cells were numerically 
higher and CD8αβ+ T cell numbers were significantly higher at 14 dpi in the GM group compared to the 
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Figure 3. Effect of GM on NK cell activation in IELs and spleen before and during SE infection in broiler chickens. (A) Percentages 
of intraepithelial NK cells expressing CD107 and (B) IFNγ in chickens either fed standard (control) or long-chain glucomannan 
supplemented (GM) diet in course of time before and during SE infection. (C) Percentages of splenic NK cells expressing CD107 and 
(D) IFNγ in chickens either fed standard or GM diet before and during SE infection. Mean + SEM per diet group and time point are 
shown (n = 6) and statistical significance between diet groups is indicated as *** (p < 0.001) and in course of time within a group as # 
(p < 0.05), ## (p < 0.01), ### (p < 0.001) and #### (p < 0.0001). 
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control group (Fig. S2C, D). In course of time, CD8αα+ and CD8αβ+ intraepithelial γδ T cells numerically 
increased post-infection compared to 0 dpi in both groups. CD8αα+ and CD8αβ+ intraepithelial 
cytotoxic T cell numbers remained similar post-infection compared to 0 dpi in the GM group, whereas 
these cells numerically increased during this period in the control group (Fig. S2A-D). In the spleen, 
no differences in numbers of CD8αα+ and CD8αβ+ γδ T cells nor cytotoxic CD8αα+ and CD8αβ+ T cells 
were observed between the GM and control group during SE infection. In course of time, these splenic 
T cells numerically increased post-infection compared to 0 dpi in both groups (Fig. S2E-H). Finally, 
possible changes in T cell activation due to GM supplementation during SE infection were determined. 
Post SE infection in the IELs and spleen, no differences in CD107 expression on CD8+ T cells (comprising 
both γδ and αβ TCRs) nor IFNγ expression of CD8+ γδ T cells, cytotoxic CD8+ T cells and CD4+ T cells 
(spleen only) between the GM and control group were observed (Fig. S3). 

Figure 4. Effect of GM on numbers of intraepithelial and splenic T cells before and during SE infection in broiler chickens. (A) Numbers 
(cells/mg) of intraepithelial γδ T cells and (B) CD8+ αβ T cells in chickens either fed standard (control) or long-chain glucomannan 
supplemented (GM) diet in course of time before and during SE infection. (C) Numbers (cells/mg) of splenic γδ T cells and (D) CD8+ 
αβ T cells in chickens either fed standard or GM diet before and during SE infection. Mean + SEM per diet group and time point are 
shown (n = 6), if n = 5; one chicken was excluded due to numbers of events acquired in the gate of interest were < 100. Statistical 
significance between diet groups is indicated as * (p < 0.05).
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GM supplementation resulted in a higher SE-specific antibody 
response 
The effect of GM supplementation on titers of SE-specific antibodies in the serum was determined 
in course of time post SE infection. Although no significant differences were observed between the 
groups, all six chickens in the GM group showed SE-specific antibody titers at 14 dpi, which were 
numerically higher compared to antibody titers of the three out of six chickens in the control group 
(Fig. 5). At 21 dpi, all chickens showed SE-specific antibody responses and titers were numerically 
higher in the GM group compared to the control group (Fig. 5). In addition, a significant negative 
correlation between the antibody titers and SE-CFUs in the spleen was observed although it was weak 
(r = -0.41, Fig. S4). 

GM supplementation resulted in significantly higher relative 
abundance of lactic acid bacteria in microbiota of the ileum and 
caeca post SE infection 
Changes in the microbiota composition of the ileum and caeca due to GM supplementation during SE 
infection were determined using a microarray. Microbial analysis of standardized LS means as a parameter 
for relative abundance among the variables intestinal segment (caeca/ileum), age (dpi), diet (Control/
GM) and their three-way interaction, revealed a total of 86 bacterial taxa identified by the probes that 
were significantly different. By two-way hierarchical clustering between variables (clustered vertically) and 
significantly different bacterial taxa (clustered horizontally), microbiota profiles were divided first in two 
clusters (Fig. 6). In the left cluster, 7 out of the 11 profiles were samples from the ileum while in the right 
cluster 6 out of the 9 profiles were samples from the caeca. This indicates that with few exceptions, the 
variable intestinal segment was important to define clustering of microbiota profiles by similarity. Within 
these two clusters, further clustering seems to group microbiota profiles based on age and then diet. 

Factorial interaction analysis of the relative abundance of microbial taxa showed differences in microbiota 
compositions post SE infection of which more Faecalibacterium 2 was detected in both ileum and caeca 
in the GM group, whereas more Lachnospiraceae 10 was observed in the caeca of chickens in the control 
group at 3 dpi (Table 3, Fig. S5). At 7 dpi, no differences were found in microbiota composition of the 
ileum between the two diet groups, however, in the caeca, higher levels of Salmonella probe 1 were 
detected in the GM group (Table 3, Fig. S5). The significant differences in microbial taxa between the 
control and GM group were more evident in chickens at 14 and 21 dpi, where GM supplementation 
induced higher relative abundance of LAB including Lactobacillus, Bifidobacterium, Streptococcus and 
Enterococcus species. At 14 dpi, more Bifidobacterium gallinarium and Lachnospiraceae 12 and 13 were 
observed in the GM group compared to more Lactobacillus jenseni and Lachnospiraceae 7 in the ileum 
of chickens in the control group (Table 3, Fig. 7). No differences in microbiota composition between 
groups were found in the caeca at 14 dpi (Table 3). At 21 dpi, several streptococci, Lactobacillus gasseri 
1 and Lactobacillus 4 showed a higher relative abundance in the GM group, whereas more Lactobacillus 
crispatus 3, Lachnospiraceae 1, 3 and 9, and Salmonella probe 2 were detected in the ileal microbiota in the 
control group (Table 3, Fig. 7). In the caecal microbiota of the GM group, more streptococci, Enterococcus 
hirae, Faecalibacterium 2 and Fusobacterium group 2 were found, compared to more Faecalibacterium 
1, Lactobacillus crispatus 2, Lactobacillus reuteri 2 and Lachnospiraceae 5 in the control group (Table 3, 
Fig. 7). In course of time towards 21 dpi, the relative abundance of SE (Salmonella probe 2) significantly 
increased in the ileum (Fig. 8A) and caeca (Fig. 8B) of chickens fed the standard diet compared to GM 
supplemented diet. 
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Figure 5. Effect of GM on serum antibody titers as 
a response to SE infection in broiler chickens. Titers 
of SE-specific antibodies in sera of chickens either 
fed standard (control) or long-chain glucomannan 
supplemented (GM) diet in course of time before and 
during SE infection. Mean + SEM per diet group and 
time point are shown (n = 6).

Table 3. Microbial taxa that showed significant higher relative abundance with either the control or GM feed before and 
during SE infection. The intestinal bacterial taxa identified by the probes of which the standardized LS means of fluorescence 
intensity was significantly higher in chickens given the respective feed, as determined by factorial analysis of pairwise 
comparisons between feed groups before and during SE infection in the ileum or the caeca of broiler chickens. Feed groups  
included standard diet (control) and long-chain glucomannan supplemented diet (GM), with  
statistical significance of FDR adjusted p-values set at < 0.05.

Dpi / 
Intestinal segment

Control GM

0 dpi / ileum - -

0 dpi / caeca - Streptococcus alactolyticus

3 dpi / ileum - Faecalibacterium 2

3 dpi / caeca Lachnospiraceae Incertae Sedis 10 Agreia, Faecalibacterium 2

7 dpi / ileum - -

7 dpi / caeca - Salmonella 1

14 dpi / ileum Lactobacillus jenseni, Lachnospiraceae Incertae 
Sedis 7

Bifidobacterium gallinarium,  
Sanguibacter, Lachnospiraceae  
Incertae Sedis 12 and 13,  
Salinococcus, Campylobacter

14 dpi / caeca - -

21 dpi / ileum Lactobacillus crispatus 3,  
Lachnospiraceae Incertae Sedis 1, 3 and 9, 
Rikenellaceae Alistipes 1 and 2, Salmonella 2

Streptococcus group 1 and 2,  
Lactobacillus gasseri 1,  
Lactobacillus 4, Lactobacillus sp.

21 dpi / caeca Rikenellaceae Alistipes 1 and 2,  
Faecalibacterium 1, Lactobacillus  
crispatus 2, Lactobacillus reuteri 2, Lachnospiraceae 
Incertae Sedis 5, Yersina enterocolitica, Bacillus 
pumilus, Dorea formicigenerans, Salmonella 2

Streptococcus group 1 and 2,  
Enterococcus hirae, Faecalibacterium 2, 
Fusobacterium group 2,  
Ruminococcaceae unclassified, Clostridiales 
unclassified, Bacteria unclassified

Relative abundance of lactic acid bacteria correlate positively with 
NK cell activation and SE-specific antibodies, and negatively with 
SE-CFUs
Since GM supplementation affected immune parameters and microbiota composition during SE 
infection, we analyzed whether these effects were related by performing a Pearson’s correlation 
analysis. Positive and negative correlations were reported between significantly higher microbial taxa 
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Figure 6. Effect of GM on microbiota composition in ileum and caeca before and during SE infection in broiler chickens. Hierarchical 
cluster analysis of relative abundance of microbial taxa targeted by the microarray in the ileum and caeca of broiler chickens either 
fed standard (C) or long-chain glucomannan supplemented (GM) diet at 0, 3, 7, 14 and 21 days post SE infection. The standardized 
relative fluorescence intensities of the microarray are depicted in a heatmap as low (blue) or high (red) relative abundance of microbial 
taxa. Microbiota clustered first by intestinal segment in ileum (left) or caeca (right) and subsequently by age in five clusters, but this 
clustering was affected by diet. Microbial taxa are colored by cluster (blue, red, green, brown, yellow). Per intestinal segment, age and 
diet n = 6 and with statistical significance of FDR adjusted p-values set at < 0.05. 
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Figure 7. Intestinal microbial taxa significantly increased with diet at 14 and 21 dpi of SE in broiler chickens. Standardized relative 
fluorescence intensities of the microbial taxa as measured by the microarray in the ileum and caeca (Table 3) that were significantly 
higher either with standard (control) or long-chain glucomannan supplemented (GM) diet at 14 and 21 dpi of SE in broiler chickens. LS 
mean per microbial taxa and diet group are shown (n = 6) with statistical significance of FDR adjusted p-values set at < 0.05. 
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mentioned in Table 3, and SE-CFUs, SE-specific antibody titers, NK cell CD107 expression, NK cell IFNγ 
expression, NK and T cell subsets in the IEL population and spleen for the respective intestinal segment, 
diet and age (Fig. 9 and Fig. S4). Based on our observations that GM supplementation significantly 
increased relative abundance of LAB, the correlations between LAB and immune parameters are 
highlighted. At 3 dpi, no strong correlations were observed in ileal microbiota in both groups (Fig. S6A). 
In the caecal microbiota early post SE infection (0 – 7 dpi), strong positive and negative correlations 
were observed of bacteria other than LAB (other bacteria) with intraepithelial NK cell subsets and 
splenic γδ T cells in both groups (Fig. 6B). Most differences in the microbiota of ileum and caeca and 
strongest correlations were observed at 14 and 21 dpi (Fig. 9). At 14 dpi in the ileal microbiota, strong 
correlations between immune parameters and microbial taxa in the GM group were found in contrast 
to no strong correlations in the control group (Fig. 9A). In the GM group, strong positive correlations 
were observed between intraepithelial cytotoxic αβ T cells and Bifidobacterium gallinarum, and of 
several other bacteria with SE-CFUs, intraepithelial IFNγ+ NK cells and splenic CD107+ NK cells and γδ 
T cells (Fig. 9A). 

At 21 dpi in the ileal microbiota in the GM group, a pattern in the correlations was observed with 
bacteria that had a lower (Lactobacillus crispatus 3 and other bacteria) or higher (bottom five LAB 
taxa) relative abundance compared to the control group (Fig. 9A). Lactobacillus crispatus 3 and other 
bacteria showed strong positive correlations with intraepithelial γδ T cells and moderate negative 
correlations with splenic CD107+ NK cells. In contrast, LAB including streptococci in the ileal microbiota 
in the GM group at 21 dpi showed strong negative correlations with intraepithelial γδ T cells and 
moderate positive correlations with SE-specific antibody titers and splenic CD107+ NK cells (Fig. 9A). 
In ileal microbiota in the control group at 21 dpi, Lactobacillus crispatus 3 and other bacteria showed 
strong negative and positive correlations with SE-specific antibody titers, intraepithelial and splenic 
CD107+ and IFNγ+ NK cells and splenic T cell subsets (Fig. 9A). In the caecal microbiota in the GM 
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Figure 8. Effect of GM on relative abundance of SE in the microbiota of ileum and caeca before and during SE infection in broiler 
chickens. (A) Standardized relative fluorescence intensities of SE (Salmonella probe 2) as measured by the microarray in microbiota 
of the ileum and (B) caeca of chickens either fed standard (control) or long-chain glucomannan supplemented (GM) diet in course of 
time before and during SE infection. LS mean per diet group and time point are shown (n = 6) and statistical significance between diet 
groups is indicated as * (FDR adjusted p-values set at < 0.05).
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group at 21 dpi, a pattern in the correlations was observed again with bacteria that had a lower (two 
Lactobacillus species and other bacteria) or higher (bottom eight taxa) relative abundance compared 
to the control group (Fig. 9B). The two Lactobacillus species and several other bacteria showed strong 
positive correlations with SE-CFUs and splenic γδ T cells and cytotoxic αβ T cells. In contrast, LAB 
including streptococci in the caecal microbiota at 21 dpi showed strong negative correlations with 
SE-CFUs and splenic γδ T cells and cytotoxic αβ T cells (Fig. 9B). In the caecal microbiota in the control 
group at 21 dpi, strong positive and negative correlations were observed of Lactobacillus crispatus 2 
and other bacteria with SE-CFUs and intraepithelial and splenic T cell subsets (Fig. 9B). 

Discussion
In the current study, we investigated the protective potential of long-chain glucomannan 
supplementation against experimental SE exposure in seven-day-old broiler chickens. The chickens 
were successfully infected with SE as was demonstrated by the presence of bacteria in ileum, caeca 
and spleen and the detection of SE-specific antibodies. At 7 dpi, chickens showed reduced numbers of 
SE in the spleen of chickens fed with the GM supplemented diet as compared to the standard diet. In 
addition, numbers of SE in the spleen decreased between 7 and 21 dpi in both groups. Furthermore, a 
significantly lower relative abundance of SE was observed at 21 dpi in the ileal and caecal microbiota of 
chickens that received the GM supplemented diet compared to the standard diet. These results are in 
agreement with a study showing lower presence of Salmonella enterica serotype Typhimurium (ST) in 
the intestine and liver of chickens due to galactoglucomannan supplementation38. The lower numbers 
of SE in the spleen and reduced SE colonization of the intestine indicates that GM supplementation 
may increase the resistance of chickens to SE infection. Several mechanisms could explain the reduction 
of SE due to GM supplementation.

First, GM supplementation may reduce SE due to stimulation of the immune system. GM supplemented 
chickens indeed showed increased numbers and activation of intraepithelial NK cells at respectively 3 
and 7 dpi, as compared to chickens receiving the standard diet. A distinct population of IL-2Rα+ 20E5+ 
cells was not observed, although the possibility that these cells exist at a very low frequency cannot 
be excluded. The stimulatory impact of GM affecting numbers and function of intraepithelial NK and T 
cells before infection is similar to observations in uninfected chickens of the same age supplemented 
with GM29. GM supplementation enhanced expression of CD107 on intraepithelial NK cells but not 
IFNγ expression before infection, and a similar trend was observed for intraepithelial CD8+ T cells. Early 
post-infection IFNγ expression of NK cells was enhanced equally in both diet groups, which was similar 
to our previous study with SE-infected chickens fed a standard diet15. This suggests that GM results in 
increased responsiveness before and during the start of SE infection by stimulation of degranulation 
rather than IFNγ production as effector pathways of these cells. Furthermore, GM supplementation 
was associated with stronger subsequent adaptive immune responsiveness that reduced SE, since the 
numbers of intraepithelial cytotoxic CD8+ T cells and SE-specific serum antibody responses were higher 
at 14 dpi compared to the standard diet. NK cells are likely to have contributed to these subsequent 
responses by secretion of cytokines51. Higher numbers of intraepithelial CD8αα+ and CD8αβ+ cytotoxic 
T cells were observed in GM supplemented chickens compared to the standard diet post-infection, 
although only significant in the CD8αβ+ subset, suggesting a role in the defense against SE. Interestingly, 
the stimulatory effects of GM on the numbers of intraepithelial T cells is stronger under SE challenge 
as compared to non-challenged GM-supplemented chickens29. Our data are in line with studies that 
describe the effect of other polysaccharides such as yeast glucans and prebiotics, which were shown to 
reduce SE colonization and invasion by upregulated expression of intestinal innate-immunity-related 
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genes39,41,52, enhanced killing of SE by macrophages 53, and increased SE-specific intestinal IgA and 
serum IgG antibody responses41. 

A second mechanism of GM supplementation potentially contributing to reduction of SE load is 
modulation of the intestinal microbiota composition, resulting in microbiota profiles different from 
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the ones in chickens fed the standard diet during a SE infection. Differences in relative abundance of 
microbial taxa between the chickens in the two diet groups increased with time post-infection. GM 
supplemented chickens showed increased relative abundance of lactic acid bacteria (LAB) including 
Streptococcus species, Lactobacillus species and Bifidobacterium gallinarum in the ileum and caeca 
compared to the ones fed the standard diet. Before SE infection, the relative abundance of only 
streptococci was increased in the caeca of chickens receiving GM supplementation. This finding was 
different from previous observations where GM increased relative abundance of multiple LAB in the 
ileum and caeca of uninfected chickens at seven days of age29 and may result from variations in microbial 
composition among chickens54. The increased relative abundance of LAB during SE infection with GM 
supplementation is in agreement with other studies providing prebiotics during SE or ST infection39,40,52. 
The high relative abundance of streptococci was associated with the lower relative abundance of SE in 
both ileal and caecal microbiota at 21 dpi in chickens receiving GM supplementation compared to the 
standard diet, suggesting competitive exclusion. This observation is in line with another study showing 
that commensal LAB strains including Enterococcus and Streptococcus contribute to a low-shedder 
phenotype of SE-infected chickens55. Furthermore, these LAB strains proved to have immunomodu-
latory properties on innate cells in humans56. For instance by production of metabolites like short-chain 
fatty acids (SCFAs), since they can function as energy substrate for the host and microbes57,58, but 
are also known to affect intestinal NK and T cell function in support of maintenance of intestinal 
homeostasis57,59-61. Production of SCFAs by LAB and other microorganisms able to use lactic acid as a 
substrate for SCFA production was shown previously to be increased during ST infection in chickens57. In 
addition, the production of organic acids such as lactic acid by Lactobacillus species may contribute to 
the reduction of SE, since these were shown to inhibit growth of SE and ST in vitro through acidification 
of the environment62. These findings indicate that GM supplementation results in a lower presence of 
SE most likely by competitive exclusion, microbial metabolites or indirect stimulation of innate immune 
cells via the microbiota. 

Finally, we addressed the potential interference of the effects of GM supplemented diet between immune 
parameters and microbiota during SE infection. A negative correlation between relative abundance of 
commensal streptococci and numbers of SE in the spleen at 21 dpi was revealed. Furthermore, positive 
correlations were found between relative abundance of Bifidobacterium gallinarum and numbers of 
intraepithelial cytotoxic T cells at 14 dpi, and between relative abundance of streptococci and splenic 
NK cell activation as well as SE-specific antibody responses at 21 dpi. In addition, GM-related positive 
correlations were observed between relative abundance of streptococci and intraepithelial NK cell 
activation as well as numbers of splenic IL-2Rα+ NK cells before SE infection, in agreement with previous 
findings of correlations between LAB and immune cells29. These correlates indicate involvement of LAB 
in the recruitment and functioning of immune cells that may contribute to the reduction of SE in GM 
supplemented chickens. GM is suggested to exert its effects indirectly on NK cells, mainly before, and 
on T cells, mainly post-infection, by local interactions with LAB or their metabolites in the intestine. 
Moreover, GM may have effects on those immune cells and antibody responses, systemically, due to 
translocation of microbial products into the circulation or a yet hypothetical interaction with antigen 
presenting cells that have interacted with intestinal LAB63,64. 

Another mechanism that can explain the observed reduction of SE in the intestine with GM 
supplementation involves the direct binding to SE of the mannose within the long-chain glucomannan, 
which thereby reduces attachment, hence, colonization of SE in the intestine of broiler chickens26.

In conclusion, supplementation of long-chain glucomannan stimulated recruitment and function of 
NK and T cells, as well as relative abundance of LAB in the intestinal microbiota, coinciding with the 
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reduction of SE during infection in broiler chickens. Consequently, the resistance to SE colonization and 
systemic infection in young broiler chickens is improved, which may result in substantial health benefits 
for both chickens and humans. Although chickens fed the GM supplemented diet still became infected 
with SE, relative abundance of SE was lower in the intestine compared to chickens fed a standard diet. 
As a consequence, the lower SE colonization may also lead to reduced spread of SE within a flock and 
hence reduced food safety risks for humans. Future studies should investigate effects of providing the 
GM diet on spreading of SE from infected to uninfected chickens and flock prevalence of SE at time 
of slaughter to test this hypothesis. Furthermore, for practical application of GM future studies should 
perform larger scale trials including detailed monitoring of performance. The present study provides 
evidence for the potential to use long-chain glucomannan in practice to stimulate both the immune 
system and intestinal LAB in order to increase resistance of young chickens. 
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Supplementary data

Figure S1. The gating strategies used to analyze numbers and function of NK cells, γδ T cells and cytotoxic CD8+ T cells in the 
ileum. Gating included consecutive selection for lymphocytes (FSC-A vs SSC-A), viable cells (Live/Dead marker-negative) followed 
by selection of the specific cellular subsets and the expression of activation markers by NK and T cells according to the staining 
panels (Table 1). NK cell subsets were gated on CD3- cells expressing either IL-2Rα or 20E5 and NK cell activation was gated on 
CD3-CD41/61- cells expressing CD107 or on CD3- cells expressing IFNγ. T cell subsets were gated on CD3+CD4- cells positive for TCRγδ 
(γδ) or negative (CD8+ αβ) with both γδ and cytotoxic αβ T cells expressing either CD8αα or CD8αβ. T cell activation was gated on 
CD3+CD41/61-CD8α+ cells expressing CD107 or on CD3+TCRγδ+CD8α+ and CD3+TCRγδ-CD8α+ cells expressing IFNγ, and only in spleen 
also CD3+TCRγδ-CD8α- (CD4+) cells expressing IFNγ.
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Figure S2. Effect of GM on numbers of intraepithelial and splenic γδ T cells and cytotoxic T cells expressing either CD8αα+ and CD8αβ+ 
before and during SE infection in broiler chickens. (A) Numbers (cells/mg) of intraepithelial CD8αα+ γδ T cells, (B) CD8αβ+ γδ T cells, 
(C) cytotoxic CD8αα+ T cells and (D) CD8αβ+ T cells in chickens either fed standard (control) or long-chain glucomannan supplemented 
(GM) diet in course of time before and during SE infection. (E) Numbers (cells/mg) of splenic CD8αα+ γδ T cells, (F) CD8αβ+ γδ T cells, 
(G) cytotoxic CD8αα+ T cells and (H) CD8αβ+ T cells in chickens either fed standard or GM diet before and during SE infection. Mean 
+ SEM per diet group and time point are shown (n = 6), if n = 5; one chicken was excluded due to numbers of events acquired in the 
gate of interest were < 100. Statistical significance between diet groups is indicated as *** (p < 0.001).
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Figure S3. Effect of GM on T cell activation in IELs and spleen before and during SE infection in broiler chickens. (A) Percentages of 
intraepithelial CD8+ T cells expressing CD107 (including both γδ and αβ T cells), (B) CD8+ γδ T cells expressing IFNγ and (C) CD8+ αβ T cells 
expressing IFNγ in chickens either fed standard (control) or long-chain glucomannan supplemented (GM) diet in course of time before 
and during SE infection. (D) Percentages of splenic CD8+ T cells expressing CD107 (including both γδ and αβ T cells), (E) CD8+ γδ T cells 
expressing IFNγ, (F) CD4+ αβ T cells expressing IFNγ and (G) CD8+ αβ T cells expressing IFNγ in chickens either fed standard or GM diet 
before and during SE infection. Mean + SEM per diet group and time point are shown (n = 6), for IFNγ expression of CD8+ γδ T cells in 
the IEL population at 0 dpi percentages were not determined (n.d.) due to numbers of events acquired in the gate of interest were < 100.
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Figure S4. Correlation between serum antibody titers 
and SE-CFUs in broiler chickens. Correlation between 
SE-specific antibody titers and splenic SE-CFUs of 
chickens either fed standard (control) or long-chain 
glucomannan (GM) diet using the Spearman rank 
correlation test. Statistical significance is indicated as 
p = 0.01.
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Figure S5. Intestinal microbial taxa significantly increased with diet at 0, 3 and 7 dpi of SE in broiler chickens. Standardized relative 
fluorescence intensities of the microbial taxa as measured by the microarray in the ileum and caeca (Table 3) that were significantly 
increased either with standard (control) or long-chain glucomannan supplemented (GM) diet at 0, 3 and 7 dpi of SE in broiler chickens. 
LS mean per microbial taxa and diet group are shown (n = 6) with statistical significance of FDR adjusted p-values set at < 0.05. 
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The current ban on preventive treatment and restrictions on therapeutic application of antimicrobials 
in poultry production have led to an increase in intestinal health problems in chickens1,2. This urges 
for alternative strategies to maintain or improve health of broiler chickens. Young chickens are more 
susceptible to infectious diseases than adult ones since the adaptive immune system is not fully 
developed yet. Therefore, these strategies should aim to increase the resistance to pathogens early in 
the life of chickens. At that stage, the immune responsiveness of chickens to invading pathogens relies 
on the innate immune system and natural killer (NK) cells, abundantly present within the intestinal 
intraepithelial lymphocyte (IEL) population, are among the first to respond. Enhanced responsiveness 
of the innate immune system, with special emphasis on NK cells, is hypothesized to increase resistance 
of young chickens and consequently improve the health of young and adult broiler chickens. 

The aim of this thesis was to investigate stimulation of immune responsiveness, modulation of 
intestinal microbiota and the interaction between these by nutritional supplementation applied in 
order to increase the resistance of young broiler chickens. For this purpose, NK and T cell subsets of 
IELs in the ileum as well as in other tissues were analyzed and quantified in course of time from late 
embryonic development up to three weeks of life. In parallel, functional parameters of NK cells were 
assessed and used as a baseline for subsequent studies pertaining modulation of NK cell number and 
function in broiler chickens (Chapter 2). Furthermore, the interaction between the immune system and 
modulated intestinal microbiota in young broiler chickens was investigated (Chapter 3). The potential 
of modulation of IELs and intestinal microbiota composition by nutritional strategies was explored 
and assessed (Chapter 4). Next, the role of NK cells in responsiveness to Salmonella enterica serotype 
Enteritidis (SE) infection, an important intestinal pathogen in chickens, was investigated (Chapter 5). 
Finally, to investigate the potency of feed supplementation to increase resistance to SE in young broiler 
chickens, stimulation of immune responsiveness and modulation of intestinal microbiota as well as the 
interaction between these, were assessed (Chapter 6).  

Analysis of NK cell subsets 
In chickens, NK cell research is in its infancy compared to mammals since no pan NK cell marker 
is present. Functional differences between NK cell subsets have not been described yet, unlike in 
mammalian species. In this thesis, insights in different chicken NK cell subsets and their function are 
provided which will aid in the development of strategies to stimulate immune responsiveness of NK 
cells at early life that may increase the resistance of chickens to infections. First, presence of different 
NK cell subsets was analyzed in the IELs and spleens of embryos and adult broiler chickens to identify 
the largest NK cell populations (unpublished experiments). For this, expression of previously identified 
markers, reported to be expressed on chicken CD3 negative cells showing NK cell function, including 
IL-2Rα3, 20E54, 7C14, 5C74, 21E34 and NKp465, was determined. Chicken CD3- cells predominantly 
expressed IL-2Rα, 20E5 and 5C7 and these NK cell populations were subsequently determined in several 
tissues of broiler chickens in course of time from late embryonic development up to three weeks of 
life (Chapter 2). Throughout aging presence of 5C7+ NK cells remained low in all tissues compared to 
IL-2Rα+ and 20E5+ NK cells. A different tissue distribution of the latter two NK cell subsets was found, 
since IL-2Rα+ NK cells were most predominant in IELs and spleen whereas 20E5+ NK cells dominated 
in the blood and bone marrow (Chapter 2). A similar distribution between secondary lymphoid tissue 
and blood circulation was found for CD56bright and CD56dim NK cells in humans6 respectively, CD27high 
and CD27low/- NK cells in mice7 and CD2- and CD2+ NK cells in cattle8. In addition, the human circulating 
CD56bright NK cell subset constitutively express IL-2Rα, which is considered as an early activation 
marker9-11. These observations suggest that the chicken IL-2Rα+ and 20E5+ NK cells may resemble the 
NK cell subsets found in these mammalian species. The different tissue distribution may be related 
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to homing properties, in situ maturation and/or a functional differences between the NK cell subsets, 
as was shown in humans and mice6,12-14. The high number of intraepithelial and splenic CD3- IL-2Rα+ 
NK cells was in agreement with earlier studies in layer chickens3,4 and rats15. Interestingly, the majority 
of human intraepithelial NK cells do not constitutively express IL-2Rα+ 16,17 but CD6916, another early 
activation marker18. Other studies in chickens demonstrated mRNA expression of CD69 in intraepithelial 
IL-2Rα+ NK cells19,20. These observations suggest that both of these chicken and human intraepithelial 
NK cell subsets show an activated phenotype but differences in the phenotypic in situ maturation of 
NK cell subsets exist between chickens and humans. In humans, a high phenotypical diversity within 
the tissue-resident CD56bright NK cells is observed6. This heterogeneity and plasticity illustrates the 
complexity of NK cells and there is still no definitive understanding of their developmental pathways 
leading to the peripheral and tissue-resident NK cell subsets21-24. The current model of human NK cell 
development proposes a continuous development in which CD56bright differentiate into CD56dim NK cells, 
although some studies report that different precursor populations may independently develop into 
distinct NK cell subsets21,25. A similar model has been proposed for differentiation of murine CD27high 
into CD27low/- NK cells26. The developmental pathways of chicken NK cells are currently unknown and 
future studies should investigate whether differentiation of chicken IL-2Rα+ into 20E5+ NK cells occurs. 
The majority of chicken NK cells expressed either IL-2Rα or 20E5, which indicates that these NK cell 
subsets are important in the first line of defense against infectious agents. Hence, better understanding 
of their functional capacities is required and was subsequently investigated.   

Functional characteristics of NK cell subsets
Activation of NK cells results, amongst others, in cell cytotoxicity by degranulation of cytotoxic granules 
and cytokine production such as IFNγ27,28. These functional characteristics were investigated for both 
IL-2Rα+ and 20E5+ NK cell subsets to determine whether they differed functionally as was shown for 
various subsets in mammalian species. Our data showed that both IL-2Rα+ and 20E5+ NK cells are 
implicated in cytotoxic activity based on the capacity to degranulate, as assessed by expression of 
the biomarker CD107, although the levels varied between the subsets in different tissues. In the IELs, 
expression of CD107 occurred mostly on IL-2Rα+ NK cells while in the spleen and blood CD107 was mainly 
expressed on 20E5+ NK cells (Chapter 2). Expression of CD107 on intestinal IL-2Rα+ NK cells is consistent 
with previous studies in chickens, that showed killing of target cells by this subset3,29. Furthermore, 
the CD107 expression on splenic 20E5+ NK cells was in agreement with preliminary data that suggest 
higher mRNA expression of perforin, a cytolytic protein found in the granules, in this NK cell subset 
compared to IL-2Rα+ NK cells (Chapter 5). In addition to cytotoxicity, both splenic IL-2Rα+ and 20E5+ 

NK cell subsets are suggested to be implicated in cytokine production by their expression of nuclear 
factor-interleukin 3 regulated (NFIL3) and IL-7Rα, genes indicative for the cytokine-producing human 
NK cell subset30,31, although IL-2Rα+ NK cells showed higher mRNA levels of these genes than 20E5+ NK 
cells (Chapter 5). The 20E5+ and IL-2Rα+ NK cell subsets in chickens show both degranulation-related 
cytotoxicity and cytokine production characteristics similar to the functional capacities of NK cell subsets 
found in cattle14 and pigs32. However, this observation differs from the functional distinction observed in 
mice based on higher cytotoxicity and cytokine production of one NK cell subset (CD27high or CD94high) 
compared to the other (CD27low/- or CD94low/-)13,33 and the functionally distinct cytotoxic (CD56dim) 
and cytokine-producing (CD56bright) circulating NK cell subsets in humans12. As noted previously, the 
phenotypical divers tissue-resident CD56bright NK cell population may parallel a high functional diversity 
and the tissue microenvironment is suggested to play an important role in shaping tissue-specific NK 
cell functions6,34. In this context, the degranulation-related cytotoxicity of splenic and intraepithelial 
IL-2Rα+ NK cells in chickens is in agreement with that of tissue-resident CD56bright NK cells in spleen34 
and IELs16 in humans based on CD107 expression and high levels of intracellular perforin. The higher 
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level of degranulation-related cytotoxicity of IL-2Rα+ NK cells in IELs as opposed to spleen may also be 
explained by the tissue microenvironment as a result from exposure to the content of the gut lumen16,35. 
The ability of NK cells to be activated rapidly upon recognition of invading pathogens indicates that 
intraepithelial NK cells are the first innate cells to respond during intestinal infection3,36. Since Salmonella 
enterica serotype Enteritidis (SE) is one of the major intestinal pathogens37,38, an experimental SE 
infection model was used to study immunity, as well as the possibility to manipulate this, during SE 
infection in chickens. The role of NK cells during Salmonella infection in chickens was not described 
yet and therefore, numbers and functions of NK cell subsets were investigated in broiler chickens that 
were challenged with SE at seven days of age. On the first days post SE infection, an increase in the 
numbers of both IL-2Rα+ and 20E5+ intraepithelial NK cells was observed paralleled by significantly 
enhanced degranulation-related cytotoxicity and IFNγ production of NK cells in the IELs and spleen 
as compared to uninfected chickens (Chapter 5). Although few double positive 20E5+ IL-2Rα+ NK 
cells appeared to be represented in response to SE infection, a distinct population was not observed 
whereas a double positive population has been observed in humans where the CD56dim NK cell subset 
expressed IL-2Rα upon pre-stimulation of Fc receptors or combinatorial cytokine stimulation10,11,39. The 
mainly observed individual IL-2Rα+ and 20E5+ NK cells may therefore imply that activation of these 
subsets in response to SE is mediated by an NKR40 or TLRs41-45 as was shown for human and murine NK 
cells during bacterial infection. Unfortunately, the functional characteristics of the individual IL-2Rα+ 
and 20E5+ NK cell subsets with regard to degranulation-related cytotoxicity and IFNγ production 
during SE infection could not be analyzed due to incompatibility of available reagents. This needs to be 
explored in future studies to provide more insight in the activity of the chicken NK cell subsets during 
infection. Nevertheless, similar to our study, an increase in the numbers of both intestinal NK cell 
subsets (CD27high and CD27low/-) and enhanced degranulation-related cytotoxicity and IFNγ production 
of the total intestinal NK cell population was observed in Salmonella Typhimurium (ST)-infected mice46. 
Furthermore, both NK cell subsets in the spleen of mice were implicated in IFNγ production post ST 
infection although mostly by CD27high NK cells47. Based on increased numbers of both NK cell subsets 
paralleled by enhanced NK cell activation in our study and those in mice, it is suggested that both 
IL-2Rα+ and 20E5+ NK cells are involved in the response against SE although one of these subsets 
might be more implicated in degranulation-related cytotoxicity or IFNγ production compared to the 
other, which may depend on tissue localization of the subsets. 

Tissue distribution and functions of CD8+ γδ T cell and αβ T cell 
subsets
In addition to NK cells, intraepithelial γδ T cells and CD8+ αβ T cells may play a role in the innate 
respectively adaptive immune responses to intestinal infections. Both intraepithelial γδ and αβ T cells 
were shown to express CD8αα or CD8αβ48,49. Both CD8 isoforms are structurally similar, however, 
CD8αβ+ αβ T cells are implicated in specific antigen-driven cytotoxicity whereas CD8αα+ αβ T cells show 
rapid NK-like non-specific cytotoxicity as well as anti-inflammatory cytokine production to maintain 
the intestinal barrier48,50. The rapid activation as well as the functions of CD8αα+ αβ T cells are similar to 
γδ T cells48,50. In chickens, only few studies have investigated CD8αα and CD8αβ expression on T cells 
but in these studies no distinction was made between γδ and αβ T cells and therefore, expression of 
CD8 isoforms on both γδ and αβ T cells was determined. During early life of chickens, expression of 
CD8αα and CD8αβ on both γδ and αβ T cells is similar in the IELs, spleen and blood, whereas in adult 
chickens expression of CD8αβ on both γδ and αβ T cells is higher. Furthermore, the populations of 
CD8αα+ γδ and αβ T cells were most abundant in the IELs compared to other tissues throughout aging 
(Chapter 2). These findings are in agreement with studies in humans and mice in which most of the 
CD8+ γδ and αβ T cells expressed CD8αβ compared to CD8αα and the highest numbers of CD8αα+ γδ 
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and αβ T cells were found in the intestine51. Next, the involvement of CD8αα+ and CD8αβ+ γδ T cells 
as well as αβ T cells was investigated during SE infection in young chickens. Numbers of intraepithelial 
CD8αα+ and CD8αβ+ γδ T cells as well as αβ T cells were increased early and three weeks post-infection 
as compared to uninfected chickens, although only significantly of the CD8αα+ γδ and αβ T cells. 
In addition, although low levels of degranulation-related cytotoxicity and IFNγ production were 
determined, only an increase in degranulation-related cytotoxicity of the total CD8+ T cell population 
was observed early post-infection in the IELs and spleen (Chapter 5). The increase in numbers of 
CD8αα+ and CD8αβ+ γδ T as well as αβ T cells in the early and late response to SE are consistent with 
increased percentages of CD8α+ and CD8β+ cells in the caeca of chickens post SE immunization52 and 
CD8+ γδ T cells in the IELs of mice post ST infection53. Furthermore, the increase in degranulation-re-
lated cytotoxicity of intraepithelial CD8+ T cells was in agreement with enhanced lysis of target cells by 
intraepithelial T cells observed in mice post ST infection53. Based on data obtained and similar results 
in other studies, it is hypothesized that both CD8αα+ and CD8αβ+ T cells, including γδ and αβ T cells, 
are involved in cytotoxicity by degranulation of granules in response to SE infection of young chickens. 
In addition, the CD8αα+ γδ and αβ T cells are suggested to be implicated in maintaining the intestinal 
barrier as was shown in humans and mice48,50, since no clinical symptoms of chickens were observed 
during SE infection. Future studies should explore the cytotoxicity and anti-inflammatory cytokine 
production of the individual CD8αα+ and CD8αβ+ γδ T cells as well as αβ T cells, in order to elucidate 
the role of CD8αα+ and CD8αβ+ T cells during infection. Our results and other studies in chickens 
and mice show that the total IEL population; including NK cells54, CD8αα/αβ+ γδ and αβ T cells52,53, 
is important in the response to Salmonella since numbers of bacteria decreased during infection. In 
addition, our study emphasizes the importance of intraepithelial NK cells due to their significantly 
enhanced degranulation-related cytotoxicity and IFNγ production early in response to SE. Therefore, 
stimulation of immune responsiveness of these IELs and NK cells in particular by feed additives may 
increase the resistance of young chickens to pathogens like Salmonella.

Modulation of the activity of IELs, with emphasis on NK cells  
Following the identification of important NK and T cell subsets, the ability to stimulate immune 
responsiveness of these cells by feed additives, directly and/or indirectly through modulation of 
intestinal microbiota, in order to increase resistance of young chickens was investigated. Firstly, 
the interaction between microbiota and NK and T cells in chickens was explored by exposure to 
adult-derived microbiota (AM) immediately post-hatch. AM inoculation accelerated the maturation 
of intestinal microbiota paralleled by an increase in the number of intraepithelial IL-2Rα+ NK cells and 
enhanced degranulation-related cytotoxicity of NK cells in the IELs and spleen of young broiler chickens. 
In addition, AM resulted in enhanced NK cell activation in three week old chickens and an increase in 
the number of CD8αα+ αβ T cells in the IEL population of two and three week old chickens (Chapter 
3). The observed association between early life development of the immune system and intestinal 
microbiota that result from AM exposure are in agreement with continuous interaction between the 
intestinal immune system and microbiota observed in chickens55 and mammals56. Furthermore, the 
interaction indicates that modulation of microbiota composition can stimulate NK cell responsiveness 
in young and adult chickens as was shown previously in humans and mice57,58. Subsequently, the 
capacity of feed additives to stimulate immunity directly as well as indirectly by modulation of the 
intestinal microbiota composition was investigated. Nutritional compounds were consecutively 
screened for enhanced activity of NK cells and macrophages in vitro, and evaluated for safety during 
embryonic development in ovo and impact on performance traits in vivo. Based on these results, two 
plant polysaccharides; glucose oligosaccharide and long-chain glucomannan, were selected for further 
investigation in vivo. Both feed additives enhanced degranulation-related cytotoxicity of intraepithelial 
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NK cells, which was positively correlated with increased relative abundance of lactic acid bacteria (LAB) 
in ileum and caeca of young chickens (Chapter 4). The enhanced degranulation-related cytotoxicity 
of NK cells in vitro and in vivo show that both feed additives have the ability to directly stimulate NK 
cell responsiveness, as was reported for other plant polysaccharides in chickens and humans59. The 
increased relative abundance of commensal LAB suggests that both feed additives act as prebiotic for 
these microbes60 and is consistent with other studies that observed increased levels of LAB following 
feed supplementation, which consequently promoted chicken health61,62. Furthermore, the positive 
correlation between commensal LAB and NK cell responsiveness suggests that both feed additives 
are capable of indirect stimulation of NK cells by interaction with specific microbial species63. Possible 
mechanisms underlying the interaction of immune cells with microbiota and feed are given based on 
studies in humans and mice. In these studies, both diet and microbiota were shown to be involved in 
metabolic regulation of immune cell responses; controlling the uptake and catabolism of nutrients 
in quiescent and activated immune cells. Ligands derived from commensal microbes or diet may 
diffuse across the plasma membrane of IELs and bind to the cytosolic aryl hydrocarbon receptor (AHR), 
which was shown to be a crucial factor in maintaining numbers and regulating functions of IELs64-66. In 
addition, these ligands may bind to AHR and pattern recognition receptors (PRRs) of epithelial cells, and 
macrophages and dendritic cells located in the lamina propria resulting in production of cytokines that 
regulate functions of IELs35,67-71. Commensal microbes and feed additives may also regulate functions of 
IELs by recognition through NCRs and PRRs expressed on these cells35,70,72-75. Furthermore, the observed 
increased relative abundance of commensal LAB by feed supplementation may consequently result in 
increased levels of short-chain fatty acids in the gut76,77. These microbiota-derived metabolites may 
interact with IELs through G-protein coupled receptors (GPCRs) inducing anti- or proinflammatory 
functions78,79. The AHR and several PRRs, NCRs and GPCRs have been identified in chickens80-83 and 
future studies should explore whether these receptors are involved in the interaction of IELs with 
microbiota and diet similar to the pathways observed in humans and mice. Elucidating involvement 
of these interaction pathways in chickens will aid in developing strategies to boost the host immune 
defense. 

Based on the findings reported in Chapter 4, we hypothesized that supplementation of long-chain 
glucomannan (GM) may increase the resistance of young chickens to pathogens and investigated this 
in our final study in which GM supplemented chickens were exposed to SE. GM supplementation indeed 
led to increased resistance of young chickens since numbers of SE in the spleen were decreased and 
significantly lower colonization of SE in the ileum and caeca was observed. These findings coincided 
with increased intraepithelial NK cell responsiveness and relative abundance of LAB post-infection. In 
addition, the relative abundance of commensal LAB was negatively correlated with SE while positively 
correlated with splenic NK cell cytotoxicity and serum SE-specific antibody responses three weeks 
post-infection (Chapter 6). The observed levels of commensal LAB and correlations may increase the 
resistance of chickens through competitive exclusion84 and by interaction with NK cells63. The enhanced 
degranulation-related cytotoxicity of intraepithelial NK cells observed in the GM group post SE 
infection might imply trained immunity or innate memory based on human and murine studies. These 
studies showed that microbiota- or diet-derived ligands are recognized by PRRs on NK cells upon 
primary exposure and results in an enhanced rapid memory response upon pathogenic secondary 
exposure74,85-87. Furthermore, the stimulation of 20E5+ intraepithelial NK cell numbers by GM post SE 
infection may result from proliferation or differentiation of IL-2Rα+ NK cells into this subset21,25,26, which 
remains to be elucidated in future studies. Interestingly, GM stimulated numbers of intraepithelial CD8+ 
αβ T cells in two week old chickens more pronouncedly during infection compared to no infection as 
described in Chapter 4. These findings show that GM supplementation stimulates responsiveness of 
NK cells rather than T cells, which is suggested to be the key factor in the increased resistance of young 
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chickens since NK cells showed higher responsiveness to SE compared to T cells (Chapter 5). Moreover, 
the enhanced NK cell responsiveness in young chickens by GM supplementation may increase the 
resistance to a variety of pathogens due to the non-specific nature of NK cells36. Therefore, interest 
is growing in innate and NK cell therapies in addition to specific adaptive immunotherapies such as 
vaccination. Stimulation of innate and NK cell responsiveness were reported as effective therapies to 
combat pathogens and cancer in humans88-90. Hence, stimulation of NK cell responsiveness in young 
chickens by nutritional strategies can be considered as an effective approach to increase resistance to 
pathogens and consequently improve health of chickens.

Implications and future perspectives
The aim of this thesis was to investigate whether immune responsiveness of young broiler chickens 
could be stimulated by nutritional strategies in order to increase the resistance and consequently health 
of chickens. Results of our studies showed that feed supplementation enhanced NK cell responsiveness 
in young broiler chickens, which resulted in increased resistance to Salmonella infection. Feed additives 
were shown to enhance NK cell responsiveness directly and/or indirectly by modulation of the intestinal 
microbiota and the interactions between microbes and immune cells. The knowledge obtained will aid 
in the development of nutritional strategies specifically targeting NK cells to strengthen the first line of 
defense of young chickens. Regarding long-chain glucomannan supplementation, practical application 
requires further investigation such as larger scale trials including detailed monitoring of performance 
and analysis of the transmission of SE from infected to uninfected chickens within a flock. In addition, 
the potential of GM diet to increase resistance of young chickens to a variety of pathogens should be 
validated by challenge experiments with different pathogens. In the research described in Chapter 
2 and 5, two NK cell subsets are shown to be important in the response to SE and both subsets are 
suggested to be involved in degranulation-related cytotoxicity and cytokine production. Future studies 
should identify the ligands recognized by the 20E5 biomarker and develop a better pan NK-marker(s) in 
chickens to enhance our understanding of chicken NK cell biology. In addition, an extensive analysis of 
genes related to cytotoxic and regulatory function that are expressed in the NK cell subsets in different 
tissues will aid in the development of strategies targeting NK cell responsiveness. Furthermore, in 
the studies presented in Chapter 3, 4 and 6 interactions of immune cells with intestinal microbiota 
and diet components are observed. Assessment of the expression of AHR, PRRs, NCRs and GPCRs in 
NK cell subsets in future studies may elucidate the interaction pathways of NK cells with microbiota 
and diet, and contribute to the development of strategies to strengthen the first line of defense in 
young chickens. Eventually, this may lead to practical application of nutritional strategies that stimulate 
immune responsiveness, directly and/or indirectly by modulation of the intestinal microbiota, in order 
to increase the resistance of young chickens and consequently improve chicken health.  
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Nederlandse samenvatting
De pluimveehouderij levert een grote bijdrage aan de wereldvoedselvoorziening door de productie van 
eieren en vlees, die in de komende tien jaar sterk zal stijgen. Gezondheid en welzijn van vleeskuikens 
zijn van groot belang, echter, het verbod op preventief gebruik van antibiotica heeft geleid tot een 
toename van darmgezondheidsproblemen in pluimvee. Hierdoor is er behoefte aan alternatieve 
manieren om de weerstand van kippen tegen infecties te verhogen. Stimulatie van het immuunsysteem 
en modulatie van de darmmicrobiota samenstelling in kuikens door middel van voer is een mogelijkheid. 
Een verhoogde immuunresponsiviteit na uitkomst wordt verondersteld de weerstand van kuikens te 
verhogen tegen infecties zoals met Salmonella, een belangrijk darmpathogeen, en zal vervolgens 
leiden tot een verbeterde gezondheid van kippen.

Het immuunsysteem
Het afweersysteem is ruwweg in te delen in een aangeboren en een aangeleerd immuunsysteem, en 
beschermt een organisme tegen ziekteverwekkers zoals bacteriën en virussen. Nadat een pathogeen 
de lichaamsbarrières (zoals epitheelcellen en slijmvliezen) is gepasseerd zullen de aangeboren 
immuuncellen als eerste reageren. Het aangeboren immuunsysteem bestaat uit (witte bloed)
cellen en moleculen die al vanaf de geboorte aanwezig zijn, algemene structuren van pathogenen 
herkennen en onmiddellijk bescherming bieden door vermeerdering van pathogenen te verhinderen. 
Natural killer (NK) cellen zijn belangrijke witte bloedcellen van het aangeboren immuunsysteem die 
snel bacteriën, virus-geïnfecteerde cellen en tumor cellen kunnen doden. Dit kan door middel van  
verschillende mechanismen, de bekendste is degranulatie; het afgeven van granulen waarin perforinen 
en granzymen zitten die leiden tot celdood van ziekteverwekkers. Daarnaast kunnen NK cellen andere 
witte bloedcellen, van zowel het aangeboren als het aangeleerde immuunsysteem, rekruteren en 
activeren door signaalmoleculen (chemokinen respectievelijk cytokinen) te produceren zoals het 
cytokine IFNγ. In een aantal zoogdieren wordt er onderscheid gemaakt tussen NK cel subgroepen die 
meer cytotoxisch zijn of meer cytokinen produceren. 

Het aangeleerde immuunsysteem wordt geactiveerd door het pathogeen en aangeboren 
immuuncellen. Zogenaamde antigeen-presenterende cellen (dendritische cellen en macrofagen) 
presenteren pathogene fragmenten samen met instructies voor het opwekken van een efficiënte 
afweerreactie van aangeleerde immuuncellen. Dit kost echter tijd waardoor er op jonge leeftijd geen 
effectieve respons aanwezig is van het aangeleerde immuunsysteem. Dit afweersysteem omvat twee 
typen witte bloedcellen; B en T cellen die specifieke antigenen van pathogenen herkennen, vervolgens 
delen en uitrijpen tot effector cellen die de ziekteverwekkers opruimen. B cellen produceren antistoffen 
die pathogenen neutraliseren en herkenbaar maken voor andere immuuncellen, die ze vernietigen. T 
cellen ruimen de geïnfecteerde cellen op (cytotoxische CD8+ T cellen) of helpen andere immuuncellen 
(helper CD4+ T cellen) om het pathogeen te vernietigen. Daarnaast wordt er onderscheid gemaakt 
tussen CD8αβ+ T cellen die antigeen-gestuurde cytotoxiciteit vertonen en CD8αα+ T cellen die 
snelle NK-achtige cytotoxische responsen hebben maar ook betrokken zijn in het behouden van de 
darmbarrière. De functies en het snelle reactievermogen van CD8αα+ T cellen komen overeen met 
gamma delta (γδ) T cellen en deze T cellen vormen een overbrugging tussen het aangeboren en 
aangeleerde immuunsysteem. 

Kuikens zijn vatbaarder voor infecties dan volwassen kippen omdat het aangeleerde immuunsysteem 
nog niet volledig ontwikkeld is, waardoor ze voornamelijk afhankelijk zijn van aangeboren immuuncellen. 
Het stimuleren van de responsiviteit van het aangeboren immuunsysteem, met name van NK cellen 
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onder andere door middel van voersupplementatie, zou de weerstand van kuikens kunnen verhogen 
tegen infecties. 

De darm; interactie immuunsysteem en darmmicrobiota
De darm bevat veel immuuncellen welke niet mogen reageren op voercomponenten en commensale 
darmmicrobiota. De eerste fysieke barrière in de darm bestaat uit een slijmlaag met daaronder een 
laag van epitheelcellen. Tussen de epitheelcellen bevinden zich een groot aantal NK cellen, γδ T 
cellen en CD8+ T cellen, genaamd de intra-epitheliale lymfocyten (IELs). Deze IELs reageren als eerste 
op binnengedrongen pathogenen en communiceren met de immuuncellen die onder het epitheel 
aanwezig zijn. De aantallen en functies van IELs zijn beïnvloedbaar door voer en darmmicrobiota. 
Darmmicrobiota omvatten de verzameling van levende micro-organismen aanwezig in de darm en 
zijn ook beïnvloedbaar door voer. Bepaalde darmmicrobiota, zoals melkzuurbacteriën, staan bekend 
om hun gunstig effect op de gezondheid, omdat ze het nestelen van pathogene bacteriën in de darm 
voorkomen en aanleiding zijn tot het rekruteren en stimuleren van de responsiviteit van immuuncellen. 
Modulatie van de darmmicrobiota samenstelling, gericht op gunstige darmmicrobiota, zou bij kunnen 
dragen aan een verhoogde weerstand van kuikens tegen infecties.

Doel van dit proefschrift
Dit proefschrift beschrijft studies naar mogelijke stimulatie van de immuunresponsiviteit, met name 
van NK cellen, en modulatie van de darmmicrobiota samenstelling, door middel van een voerstrategie, 
met als beoogt gevolg directe en indirecte stimulatie van immuunresponsiviteit, en een verhoogde 
weerstand van kuikens tegen met name de Salmonella infecties. 

In dit proefschrift
In de studie van hoofdstuk 2 worden verschillende subgroepen en activiteiten van NK cellen in de 
IELs, milt, bloed en beenmerg beschreven tijdens de late embryonale fase tot en met drie weken oude 
vleeskuikens. In deze periode zijn ook de γδ T en CD8+ T cel subgroepen onderzocht. Deze studie 
beschrijft twee grote NK cel subgroepen, namelijk IL-2Rα+ en 20E5+ NK cellen, waarvan IL-2Rα+ NK 
cellen voornamelijk aanwezig zijn in de IELs en milt, en 20E5+ NK cellen merendeels in het bloed en 
beenmerg. In gezonde kippen vertonen NK cellen weinig degranulatie-gerelateerde cytotoxiciteit. Dit 
mechanisme wordt in beide NK cel subgroepen aangetoond, voornamelijk door IL-2Rα+ NK cellen 
in de IELs en merendeels door 20E5+ NK cellen in de milt en bloed. Ook zijn beide subgroepen in 
de milt, merendeels IL-2Rα+ NK cellen, betrokken in cytokineproductie zoals weergegeven door de 
karakterisatie van NK cellen beschreven in hoofdstuk 5. Daarnaast beschrijft de studie van hoofdstuk 
2 dat in kuikens evenveel CD8αα+ en CD8αβ+ (γδ) T cellen aanwezig zijn in de IELs, milt en bloed, 
terwijl in oudere vleeskuikens de (γδ) T cellen voornamelijk CD8αβ+ zijn. De CD8αα+ (γδ) T cellen 
zijn het meest aanwezig in de IELs in vergelijking met milt en bloed. Het inzicht in de distributie en 
activiteit van NK cellen, als ook van γδ T en CD8+ T cellen, opgedaan in hoofdstuk 2, vormt de basis 
om vervolgens mogelijke stimulatie door darmmicrobiota en voer te onderzoeken. In de studie van 
hoofdstuk 3 wordt de relatie tussen het immuunsysteem en de darmmicrobiota onderzocht, door 
darmmicroben verkregen uit gezonde volwassen kippen (i.e. AM) toe te dienen aan pasgeboren 
vleeskuikens. Dit experiment toont aan dat vroege blootstelling aan AM de kolonisatie van caeca 
door microbiota versnelt, parallel aan een toename van het aantal intra-epitheliale IL-2Rα+ NK cellen 
en degranulatie-gerelateerde cytotoxiciteit van NK cellen in de IELs en milt van jonge vleeskuikens. 
Daarnaast leidt vroege AM blootstelling tot een toename van het aantal intra-epitheliale CD8αα+ 
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T cellen in oudere vleeskuikens. Deze resultaten suggereren dat stimulatie van NK cel responsiviteit 
mogelijk is door modulatie van de darmmicrobiota samenstelling op jonge leeftijd. 

In de studie van hoofdstuk 4 wordt de potentie van voerstrategieën om de immuunresponsiviteit 
direct te stimuleren als ook indirect door modulatie van de darmmicrobiota samenstelling, onderzocht. 
Voeradditieven zijn achtereenvolgens getest op het stimuleren van de activiteit van aangeboren 
immuuncellen in vitro, en geëvalueerd op gebruiksveiligheid tijdens de embryonale ontwikkeling 
in ovo en invloed op productiekenmerken van vleeskuikens. Op basis van deze resultaten zijn twee 
plantaardige polysachariden, glucose oligosacharide en lange-keten glucomannaan, geselecteerd 
voor verder onderzoek in vleeskuikens. Beide voeradditieven verhoogden degranulatie-gerelateerde 
cytotoxiciteit van intra-epitheliale NK cellen, een fenomeen positief gecorreleerd met een toename 
van de relatieve aanwezigheid van commensale melkzuurbacteriën in het ileum en de caeca van jonge 
vleeskuikens. Vervolgens is onderzocht of de stimulatie van NK cel activiteit en modulatie van de 
darmmicrobiota samenstelling door het voeradditief lange-keten glucomannaan ook resulteert in een 
verhoogde weerstand tegen een Salmonella infectie in jonge vleeskuikens. Hiertoe was allereerst meer 
inzicht nodig in de rol van NK cellen in de afweerreactie tegen Salmonella. De studie beschreven in 
hoofdstuk 5 geeft weer dat NK cellen snel op Salmonella reageren door een toename in het aantal 
intra-epitheliale IL-2Rα+ en 20E5+ NK cellen, en een verhoogde activiteit, i.e. degranulatie-gerela-
teerde cytotoxiciteit en IFNγ productie, in de IELs en milt. Daarnaast nam het aantal CD8αα+ en 
CD8αβ+ (γδ) T cellen toe, zowel vroeg als drie weken na infectie. In de studie van hoofdstuk 6 is 
uiteindelijk de potentie van het lange-keten glucomannaan als voeradditief, om de weerstand van 
jonge vleeskuikens tegen een Salmonella infectie te verhogen, beoordeeld. Het voeradditief toont 
inderdaad potentie om de weerstand van jonge vleeskuikens te verhogen, zoals af te leiden uit de 
gereduceerde hoeveelheden bacteriën in de milt en een verminderde kolonisatie van Salmonella in 
het ileum en de caeca. Deze observaties gaan gepaard met een toename in het aantal intra-epithe-
liale 20E5+ NK cellen, een verhoogde degranulatie-gerelateerde cytotoxiciteit van intra-epitheliale NK 
cellen en een toename in de relatieve aanwezigheid van commensale melkzuurbacteriën na infectie 
in vleeskuikens met een lange-keten glucomannaan voersupplementatie. Daarnaast is de relatieve 
aanwezigheid van commensale melkzuurbacteriën negatief gecorreleerd met het Salmonella aantal, 
terwijl positief gecorreleerd met degranulatie-gerelateerde cytotoxiciteit van NK cellen in de milt en 
Salmonella-specifieke antistoffen in het serum na infectie. De studies laten zien dat zowel directe als 
indirecte stimulatie van NK cel responsiviteit mogelijk is in jonge vleeskuikens wat zou kunnen leiden 
tot een verhoogde weerstand van kippen tegen verschillende infecties. 

Conclusie 
De studies beschreven in dit proefschrift tonen aan dat stimulatie van NK cel responsiviteit en modulatie 
van  darmmicrobiota samenstelling, met als mogelijk gevolg indirecte stimulatie van immuunrespon-
siviteit, door middel van een voerstrategie resulteert in een verhoogde weerstand van kuikens tegen 
een Salmonella infectie. De praktische toepassing van het voeradditief vereist nader onderzoek op 
grotere schaal inclusief gedetailleerde monitoring van productiekenmerken. Dit proefschrift draagt bij 
aan de ontwikkeling van alternatieve manieren om de weerstand van jonge kuikens tegen infecties te 
verhogen en als gevolg daarvan de gezondheid van kippen te verbeteren.
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