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Thesis summary 
More than 30% of the Australian population is affected by allergies, posing a significant burden 

to the health system, affected individuals and their families, highlighting the urgent need to 

identify pathways that lead to sensitization and disease. 

There is a view that the foundation for allergy development is laid early in postnatal life. Due 

to immune immaturity, early diagnosis is difficult. T cells play a critical role in the development 

of allergic diseases. Cord blood T cells (CBTC) have been used as a proxy for neonatal T cells 

in studies to investigate the functional development of neonatal T cells. These are 

predominantly naive and produce interleukin-4 (IL-4) and very little Th1 cytokines such as 

interferon-gamma (IFN-γ), implicating a Th2 bias at birth. We have been interested in trying to 

understand the basis for persistence of this Th2 bias during T cell maturation and previously 

reported that a deficiency in Protein Kinase C (PKC) signalling, caused by reduced levels of 

PKC, is the likely cause. Low PKCζ expression in CBTC was associated with a n  

increased risk of allergic sensitization in infants, which could be attenuated by 

supplementing pregnant women with omega-3 fatty acids, associated with increased PKCζ 

expression in T cells at birth.  

Study aims (i) examine the role of PKCζ in the regulation of the transition of the Th2 

phenotype to the mature Th1 cytokine propensity. (ii) attempt to identify the transient 

deficiency of PKCζ in the perinatal period. (iii) examine the effects of omega-3 fatty acid 

supplementation on PKCζ levels, during the transient period. (iv) examine the mechanisms of 

the transition from Th2 to Th1 cell bias. 

I validated a flow cytometry assay for the quantification of ten PKC isozymes by 

examining commercially available anti-PKC antibodies in western blotting. Antibodies with 

the required specificity were then used to determine PKC isozymes expression in T cells. 



xvii 

Using this new technique, I characterized the expression of PKC isozymes in cultured CBTC 

over a 7-day period. Deficient levels normalized over 24h. A number of CBTC maturation 

systems using anti-CD3/CD28 antibodies, PHA, PHA/PMA, and PMA/Ionomycin in absence 

or presence of IL-2 were set up. When CBTC with low expression of PKCζ were matured 

using anti-CD3/CD28 antibodies and IL-2, they retained their Th2 bias. In contrast, high 

PKCζ expressing cells  produced high levels of IFN-γ and minimal IL-4, and displayed PKCζ 

activation. In contrast, using PHA/PMA gave no PKCζ activation and the cells did not 

transit to a Th1 cytokine phenotype, but transfection of a constitutively active PKCζ mutant 

was sufficient to cause this transit, suggesting that PKCζ activation is important for the transit.  

We found that the low expression of PKCζ in CBTC is transient, identifying a ‘window of 

opportunity’ for modulating the levels and preventing development towards a Th2 cytokine 

bias and allergic sensitization, evidenced by showing that omega-3 fatty acids increase the 

PKCζ levels and promote T cell maturation towards a Th1 phenotype. The findings support 

PKCζ as a perinatal biomarker to predict babies at risk of allergy and target for nutritional 

intervention.  
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CHAPTER 1 | INTRODUCTION 

2 

1.1 General introduction to the research subject 

Allergy constitutes a major cause of morbidity worldwide, placing a considerable burden on 

our community’s health systems. Allergic diseases, including asthma, rhinosinusitis, atopic 

dermatitis, and life-threatening food, drug, and insect sting allergies affect of the order of 40% 

of the population, with an increasing prevalence (1-6). Allergy remains underdiagnosed and 

undertreated. Allergy is a consequence of Th2 subsets, which produce cytokines that promote 

B cells to produce immunoglobulin E (IgE), together with an ability to promote the allergic 

reaction per se by promoting the development of basophils, eosinophils and mast cells (7-11). 

At birth, the immune system is deficient because of immaturity in cell phenotype and function, 

referred to as ‘physiological deficiency of immaturity of the neonate’. As an example, T cells 

are immature at birth, bearing the CD45RA+/RO– naive phenotype, associated with restricted 

responses such as the ability to produce IL-4 but little interferon-gamma (IFN-γ) (12). During 

their maturation, they express the mature markers CD45RA–/CDRO+ and may transit from a 

Th2 cytokine propensity to a Th1 bias or a balance in the two cell types (13). Failure to undergo 

this transition has been associated with the risk of developing allergy, since the T cells will 

produce allergy-promoting cytokines (13).  

The immunological deficiency of immaturity as experienced by the newborn raises concerns as 

it leaves the baby with unusual proneness to infection. While the placental transfer of antibodies 

from the mother to the child effectively compensates the humoral arm of the immune system, 

there are still concerns that the opsonic effect of the antibodies cannot be realized because of a 

decreased phagocytic function experience by neutrophils and monocytes/macrophages of the 

neonate (14). The Th2 bias of the T cell response in neonates may also make these babies more 

susceptible to bacterial and viral infections (e.g. because of the poor IFN-γ response). 
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It has recently been speculated that the period of physiological immaturity serves the purpose 

of a window of opportunity that enables the neonate to sense the environment and to be 

influenced by such environmental factors, which enable the newborn to develop immunity to 

deal with threats from infectious diseases in its lifetime (15, 16). The list of environmental 

factors has now been extended to include factors such as nutrients (17, 18). The recent link 

between cord blood T cells (CBTC) PKCζ levels to the transition from an immature Th2 

cytokine production propensity to the Th1 phenotype, has enabled us to explore mechanisms 

for this process and how micronutrients such as omega-3 polyunsaturated fatty acids may 

influence the transition process.  

1.2 T cells and their subsets  

CD3+ T cells are divided into two main types, CD4+ and CD8+ T cells, each with further 

subgroups based on their function and surface receptor expression. CD4+ T cells are categorized 

into helper and regulatory T cells (Tregs). Since the first description of two helper subsets of T 

cells, Th1 and Th2 (19), there is an expanding list of Th cells. Currently, there are about eight 

well-defined subsets of Th cells (Figure 1.1). Other T cell subsets play more specialized roles 

to regulate immunity, namely Tregs which can also be divided into three subsets with different 

functional roles (20). 

1.2.1 CD4+ T cells 

Th1 cells are CD4+ cells that express T-box transcription factor TBX21 (T-bet), a Th1 

transcription factor (TF) and produce cytokines that include IFN-γ, tumour necrosis factor alpha 

(TNF-α), and IL-2 (Figure 1.1, Table 1.1). The naive T helper precursor (Thp) cells are 

immature and only capable of secreting IL-2. The engagement of T cell receptor (TCR) and IL-

12R, induces the expression of T-bet. IFN-γ production by CD4+ T cells is regulated by the p38 

Mitogen-activated protein kinases (MAPK) pathway, as Th1 responses were reduced in a 
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dominant-negative p38 transgenic mouse or treatment with p38 MAPK inhibitors, as well as 

targeting the upstream MKK3, which regulates p38. Targeting the JNK MAP kinase pathway 

also diminished Th1 IFN-γ or IL-12 production. IL-12 and IL-18 act synergistically on the IFN-

γ promoter through Stat4 and AP-1 binding sites. IL-18 and IL-12 deficient mice showed a 

more severe deficiency in IFN-γ production than either strain alone (21). Proinflammatory 

responses are produced by Th1 cytokines e.g. IFN-γ which plays a major function in anti-

microbial immunity, for example by activating macrophages and promoting killing of bacteria 

and parasites. However, excess or uncontrolled production can lead to tissue damage and 

autoimmune disease. So their production is tightly regulated. 

Th2 cells are identified by expression of the prostaglandin D2 receptor – CRTh2 (CD294) and 

by expression of TF GATA3. The cells promote allergic disease development and provide 

protection against parasite/helminth infections. On stimulation, these cells produce IL-4, IL-5, 

and IL-13 cytokines that induce downstream immunoglobulin isotype switching to produce IgE, 

eosinophil differentiation, fibrosis, airway hyper-responsiveness (AHR) and hyperproduction 

of mucus. Some studies reported other subsets of memory Th2 cells, that along with Th2 

cytokines also produce IL-17 in chronic asthma patients (22) and IL-4, IFN-γ producing Th2+1 

cells that co-expressed GATA-3 and T-bet (23). This shows the functional heterogeneity among 

Th2 cell lineage. 

Wambre et al. in 2017 (24) was able to distinguish the pathogenic Th2 cell from non-pathogenic 

Th2 cells in patients allergic to the alder tree pollen. MHCII fluorescently labelled tetramers 

linked to alder tree pollen allergen peptides were used to stimulate and identify allergen-specific 

T cells. Further analysis of these proallergic type 2 helper T (Th2A) cells (25) showed the 

upregulation of alpha4 chain (CD49d) and natural killer cells (NK) marker C-type lectin-like 

receptor CD161. These terminally differentiated CD4+CD27−CD45RB−CRTh2+CD161+ Th2A 

cells were confined to allergic patients with pet dander, house dust mite (HDM), pollen, mould, 
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or food allergy and could be eliminated with allergen-specific immunotherapy (24). Th2-type 

cytokines promote IgE production and eosinophil responses, mediated predominantly by IL-4, 

IL-5, IL-9, IL-10 and IL-13. Excessive production of Th2 cytokines can counteract the anti-

microbicidal responses of Th1 cells. Therefore, homeostasis between Th1 and Th2 cytokines 

profiles is crucial for the immune system. 

 

Figure 1.1. CD4+ T cell types, their developmental and regulatory pathways.  

For details, please refer to the main text, section 1.1 above. Cytokines. Bold cytokines are the 

signature cytokines produced by respective cells type. Th, T helper cells; nTregs, natural 

regulatory T cells; Tfh, T follicular helper cells; IL, interleukin; TGF-β, transforming growth 

factor-beta, IFN-γ, interferon-gamma; TNF, Tumour necrosis factor; LT-α, Lymphotoxin-alpha; 

Tr1, Type 1 regulatory T cells; CCR, Chemokine Receptor. 
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Th9 cells are the main producer of IL-9 in allergic conditions (26-31) and it is a powerful growth 

factor for T cells and mast cells. IL-4– Signal Transducer and Activator of Transcription 

proteins 6 (STAT6), Transforming growth factor-beta (TGF-β) and IL-2–STAT5 facilitate the 

signalling pathways for Th9 cell differentiation. Initially, IL-9 was associated with Th2 cells in 

many animal and human studies. IL-4, IL-5, IL-9, and IL-13 are significantly upregulated in 

bronchoalveolar lavage and sera from asthma and rhinitis patients (32). Th9 overexpressing 

mice showed augmented AHR to inhaled methacholine (33). In asthma patients, IL-9 controls 

the hyper-production of mucus. Antibody-mediated blocking of IL-9 significantly abridged 

serum IgE levels, pulmonary eosinophilia, airway epithelial damage, goblet cell hyperplasia, 

and AHR (34). These results demonstrate a role for Th9 in the pathogenesis of allergic diseases. 

Th2 and Th9 lineages have phenotypic plasticity and work in a close relationship. IL-4 alone 

can promote Th2 cell lineage development while TGF-β and IL-4 promote IL-9 production and 

diminish IL-4 and IL-13 expression leading to deviation of Th2 cells into Th9 cells (35). Low 

levels of TF GATA3 expression (36), and the presence of PU.1 (37) and IRF4 (38) are necessary 

for the development of Th9 cells and allergy. In vitro, naive Th0 cells can be differentiated to 

Th9 cells under the influence of IL-1β, IL-6, IL-10, IL-21, IL-25, IFN-α, and IFN-β (28). 

IL-17A, IL-17F, IL-21 and IL-22 producing cells are classified as Th17 cells. Since the 

discovery of IL-17 (39), a subset of Th1/Th2 that coproduced IL-17 cytokine was identified 

(40). Later it was designated a new lineage of Th cells, Th17, that develop in the presence of 

IL-1β, TGF-β, and IL-6 (41). The TF RORγt is required for Th17 function and development 

(42). 

In 2000, Dumoutier et al. discovered IL-22 (43). Initially, it was associated with the Th17 cell 

lineage. In 2009, these IL-22-producing cells were designated as Th22 cells by three research 

groups (44). While these cells are not producers of IFN-γ, IL-4, or IL-17, they are involved in 

chronic inflammatory disease (45). Human skin-homing memory Th22 cells express CCR4, 
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CCR6, and CCR10 (46) and develop under the influence of TNF-β, IL-6, and skin dendritic 

cells. They are more abundant in skin tissue than in blood. Th22 cells produce small amounts 

of TNF-β and IL-13 (44). IL-22 has been found to play a regulatory role in tissue inflammation 

where it may work to inhibit the IFN-γ induced inflammation in the lungs of asthmatic patients 

(47). The data support a possible role of Th22 cells in controlling IFN-γ-mediated lung 

inflammation (47). Both Th17 and Th22 cells were found to respond to allergens either in 

allergic contact dermatitis (ACD) or atopic eczema (AE) (44, 48). Th22 cells recognize 

extracellular microorganisms and enterotoxins of staphylococci induced IL-22 production in 

allergic dermatitis patients (44, 49). Th22 cells might be involved in skin AE as they are 

abundant in AE skin compared to psoriasis (50). 

T follicular helper cells (Tfh) play a critical role in protective immunity and help B cells produce 

antibodies against foreign pathogens. Tfh are located in B cell zone of secondary lymphoid 

organs that include the tonsil, spleen and lymph nodes and in the circulation (51). Tfh express 

surface markers CXCR5, PD1 and inducible costimulator (ICOS) and B cell lymphoma 6 (Bcl6) 

(52).  

Tfh cells are important in the control of healthy gut homeostasis and protect against pathogens 

and commensal microbiota (53, 54). Tfh cells with the help of Th-17 cells stimulate B cells to 

produce autoantibody in autoimmunity (55). In mice, Tfh cells produce IL-4 and cause 

downstream switching to IgE class, and in this manner contribute to allergy (56, 57). IL-21 is 

the main cytokine produced by Tfh cells (58). The cytokine regulates Tfh development, 

germinal centre formation, and the class switch recombination in B cells to IgG, IgA, or IgE 

isotypes (59). 

Tfh cell development is a multifactorial and multi-stage process. Priming of naive CD4+ T cells 

with DC in the presence of IL-6, IL-2, ICOS and TCR signal, upregulate the CXCR5 expression. 
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Table 1.1. CD4+ T cell subsets; phenotype, regulation and cytokines production. 

 

 

 

 

 

 

 

 

 

 

T cells  Abundance Surface Markers Cell cytokine regulators Transcription 
factors 

Signature 
Cytokines 

Responses 
Stimulatory Inhibitory 

Th1 Blood CD4+CXCR3+ IL-2, IL-12, 
IFN-γ 

IL-4, IL-33, 
TGF-β, 

T-bet, 
STAT1/4 

IFN-γ, IL-2, 
TNF, and LT 

Autoimmunity 
/Mϕ activation 

Th2 Blood CD4+CCR4+ 

CCR6– 
IL-4, IL-33, 
IL-2, IL-7 

IL-12, IFN-γ 
 

GATA3, 
STAT5/6 

IL-4, IL-5, IL-
13 

B cells help 
Allergy 

Th9 Blood CD4+CCR4– 
CCR6+ 

IL-4, TGF-β IFN-γ PU.1, PPARγ IL-9, IL-5, IL-
13 

Allergy 

Th17 Blood CD4+CCR4+ 

CCR6+ 
TNF-β, IL-6 IL-4 and IFN-γ RORγt, 

STAT3 
IL-17A, IL-
21, IL-22 

Autoimmunity 

Th1/17 Blood  CXCR3+ CCR6+   T-bet, RORγt, IFN-γ+IL-
17+IL-22+ 

Autoimmunity 

Th22 High in tissue/ 
low in blood 

CD4+CCR4+CC
R6+CCR10+ 

TNF-β, IL-6  AhR IL-13, IL-22 Allergy 

Tfh Germinal centre 
and blood 

CXCR5+ CCR7– IL-6, IL-21  Bcl-6 IL-21 B cell help 

nTreg Blood and tissue CD4+CD25+CD
127– 

TGF-β, IL-10  Foxp3, 
STAT5 

TGF-β+IL10 Tolerance, 
tissue healing  

iTreg Gut or infection 
sites 

CD4+CD25+ TGF-β, IL-2 IFN-γ Foxp3, 
Smad2/3, 
STAT5 

TGF-β Allergen 
tolerance and 
tissue healing 

Tr1  CD4+CD25– IL-10  c-Maf IL-10  
Th3 Gut CD4+CD25– TGF-β   TGF-β Food allergy 
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TF Bcl6 is required for early expression of CXCR5 and Tfh cell development and IL-6 

upregulate Bcl6 expression (60). Further development of Tfh cells required T cell interaction 

with B cells. 

Tregs play a vital role in immune system homeostasis by suppressing autoreactive effector T 

cells and preventing excessive inflammation. In the process of immune tolerance, Tregs help 

protect against pathogenic immune responses by reducing responsiveness to an antigen. In 

response to an infection, activated Th1 cells activate the Mϕ antimicrobial activity by secreting 

IFN-γ. Excessive Th1 pro-inflammatory cytokine and chemokine production in inflammation 

results in tissue damage. On the other hand, uncontrolled Th2 responses result in allergy and 

eosinophilia. Tregs keep this effector Th1 and Th2 functions under tight control and protect the 

host from immunopathology (61-63).  

Tregs can exert their suppressive activity either by direct contact or through the action of 

cytokines that they produce. IL-10 and TGF-β support selective differentiation, expansion, and 

suppressive functions as well as the conversion of naive CD4+ T cells into functional 

Foxp3+Tregs. TGF-β and IL-10 inhibit Th1 and Th2 cell activation and they also have a role in 

protecting from Th1 and Th2-mediated immunopathology reactions (64-70).  

Human Tregs possess high levels of homing adhesion molecules e.g. LFA-1 (lymphocyte 

function−associated antigen-1), which they use to out-compete effector T cell attachment to DC 

and downregulate their CD80 and CD86 in a CTLA-4-dependent manner (71).  

Recent data showed the plasticity of Tregs. These cells can change their properties in response 

to cytokines secreted by other innate or adaptive immune cells. IFN-γ, T-bet, and CXCR3, 

which are Th1 regulatory elements are known to be involved in Tregs stability. IFN-γ produced 

by Th1 cells during type 1 response induces the expression of T-bet and CXCR3 in Tregs (72). 

1.2.2 CD8+ T cells 
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CD8+ T cells are known for their function as cytotoxic T cells (Tc; CTL), which along with 

their ability to secrete cytolytic enzymes, including granzyme A and B, perforin, and cytokines 

that can control viral infection and cancer. However, studies also report their involvement in 

the pathogenesis of HBV-associated liver damage (73), autoimmunity (74, 75), type 1 diabetes 

(76-79), and allergy (80). These cells share many properties with Th cells as they both share a 

common lymphoid precursor and go through positive and negative selection in the thymus. Like 

CD4+ T cells, CD8+ T cells also appear as Type 1 (Tc1), Type 2 (Tc2), Type 9 (Tc9) and Type 

17 (Tc17) based on the cytokines they produce and are regulatory in some diseases (Figure 

1.2). These CD8+ T cells can promote allergic diseases (81) either independently (82) or in 

coordination with CD4+ T cells (83, 84). 

 

Figure 1.2. CD8+ T cells. 

For details, please refer to the main text, section 1.2 above. Cytokines. Bold cytokines are the 

signature cytokines produced by respective cells type. Tc, cytotoxic T cells; Tcf, T follicular 

cytotoxic cells; CRTH2, chemoattractant receptor-homologous molecule expressed on Tc2 



CHAPTER 1 | INTRODUCTION 

11 

cells; CCR, Chemokine Receptor; PD1, Programmed cell death protein 1; GrB, Granzyme B; 

Perf C, Perforin C. 

 

1.3 Allergic disease and the role of T cells  

Allergy is a disease in which immune cells react to a ‘harmless’ allergen (food, metal, pollen, 

dust mite, mould etc.). An allergic individual has high levels of IgE and in an allergic reaction, 

preformed IgE binds to high-affinity FcεRI on mast cells, eosinophils and basophils. The 

allergen binds to IgE, cross-linking the FcεRI, causing cell activation and degranulation to 

release mediators such as prostaglandins, histamine and leukotrienes and precipitate the allergic 

reaction in body tissues. 

Apart from T cell cytokines, cytokines produced by APC also play a role in the Th1 and Th2 

cell development. The well-studied cytokine is IL-12. IL-12 not only act as a third signal at the 

time of activation of T cells to increase T-bet and IFN-γ expression (85, 86) but has also been 

proposed to induce the maturation of naïve CB CD4 T cells in the absence of activation through 

TCR (87). LPS-stimulated CBMC produce reduced amount of IL-12 (protein and mRNA) as 

compared to PBMC from adults and stimulation of CBMC with IL-12 alone was enough to 

induce the producing IFN-γ in CBMCs (88). In an in vivo study, based on maternal or paternal 

heredity of allergy, the levels of IL-12 were highest in CBMC from non-atopic heredity as 

compared to double atopic heredity or maternal atopic heredity only (89). These studies 

implicate the role of APC in T cell development. 

Various types of T cells play a role in mediating allergic reactions: CD4+, CD8+ and also NKT 

cells but the main player in allergy is the Th2 cell as this predominates in atopy and allergic 

conditions (90-94). These Th2 cells are the main producers of IL-4, IL-5, IL-9, IL-10 and IL-

13, which regulate the initiation and maintenance of allergic diseases. Naive CD4+ and CD8+ T 
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cells are major producers of IL-4 in humans and mice (95-98). This IL-4 can promote the 

differentiation of naive T cells towards Th2; it also helps B cells to class switch from IgM 

downstream to IgE, mast cells to upregulate FcεRI expression and increase vascular cell 

adhesion molecule-1 (VCAM-1) expression on endothelial cells, promoting adhesiveness for 

monocytes, basophils, T cells and eosinophils. IL-5 plays a role in not only enhancing the 

production and release of eosinophils from the bone marrow into the circulation but also in the 

development, survival, activation, differentiation and cytotoxicity of eosinophils and mast cells 

and increases basophil differentiation and degranulation. IL-5 also reduces the threshold levels 

for releasing eosinophil granules and increases the expression of FcεRI along with other Fcγ 

receptors and complement receptors on eosinophils.  

It has been reported that in allergic patients there is an increase in the amount of IL-9 producing 

CD4+/CD8+ T cells, suggesting that IL-9 promotes allergic responses (7, 27-30, 80, 81, 99-

107). IL-9-producing cells developed in the presence of IL-4 and TGF-β; IL-9 acts as a growth 

factor for Th2 and mast cells while inhibiting IFN-γ producing Th1 cells (105, 106). This 

cytokine enhances IgE production, mast cell proliferation, survival, development and IL-5 

expression on human eosinophils and airway hyperresponsiveness (8, 31, 33, 35, 106-114). IL-

13 and IL-4 share some roles in allergy. IL-13 also plays a role in immunoglobulin class 

switching to IgE, promote epithelial cell mucus production, mast cell activation, and trafficking 

of eosinophil to mucosal sites. In comparison the Th1 cytokine, IFN-γ inhibits the development 

of Th2 cells, mast cells and eosinophils (9-11, 115-119).  

Although CD4+ Th2 cells have been primarily highlighted for their role in promoting allergic 

responses, CD8+ T cells, particularly Tc2 cells, are now also seen in this role. In the murine 

allergy model, CD8+ T cells can both promote or prevent allergic responses. In contact 

hypersensitivity reactions, IL-17 producing CD8+ T cells mediate allergic responses (120). In 

another study, ovalbumin (OVA) allergen-specific CD8+ T (Tc1) cells reduced the allergic 
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responses, reducing the mucus secretion in the lungs and eosinophilia, and increasing the lung 

DC’s ability to prime Th1 cells to produce more IFN-γ. Interestingly CD8+ IFN-γ–/– mice 

exhibited Tc2/Tc17 responses, increased neutrophilia and eosinophilia and weaker cytotoxicity 

(121). Further evidence supporting a role for CD8+ T cells in regulating allergic responses 

comes from studies in which in vitro-differentiated allergen-specific Tc1 or Tc2 from T cell 

receptor transgenic OT-I mice were adoptively transferred into naive C57BL/6. When these 

mice were exposed to aerosolized OVA for 3 days, followed by a methacholine challenge, those 

that received Tc1 cells produced IFN-γ and no IL-4. This was accompanied by neutrophilic 

airway inflammation with no AHR. In contrast, those that received Tc2 cells showed induction 

of AHR and eosinophilia (82). These data imply that Tc2 cells respond to allergens in a manner 

that is similar to that of Th2 cells and may thus exacerbate Th2-driven allergic responses in the 

airway (121).  

The peanut-induced allergic/anaphylaxes were reduced by prolonging treatment of Food 

Allergy Herbal Formula-2 by increasing the Tc1 (IFN-γ producing CD8+ T cells) in a murine 

model (122, 123). In human allergy/asthma, an increased number of CD8+ T cells are present 

(124-126) and allergen-specific CD8+ T cells can be identified in response to a specific allergen. 

Human asthmatic lungs unstimulated sputum CD8+ T cells have high levels of IL-4 and IL-5 

mRNA, which correlated with asthma severity (127). The reduced annual bronchodilator lung 

function (FEV1) correlated with bronchial CD8+ T cell counts/infiltration in asthmatic patients 

(128). Asthma patients who died of acute asthma showed activated CD8+ T cells (CD25) with 

high cytotoxicity (Perforin expression) and reduced IFN-γ/IL-4 ratio in lungs as compared to 

asthmatics who died of unrelated causes and healthy controls with no history of lung disease 

(129). Oral challenge with peanut protein/peptide in peanut-allergic (IgE mediated) can activate 

peanut-specific CD8+ T cells with Tc2 type (CCR4+) responses in children as well as adults 

(80). This highlights the important role of CD8+ T cells in the pathogenesis of asthma in humans 

and mice where these cells are directly involved in mediating chronic disease. 
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1.4 T cells at birth and the Th2 bias 

The immune system of the neonates is underdeveloped and the newborn is dependent on the 

immunoglobulin of class IgG that is transmitted in utero across the placental barrier from the 

mother to the unborn child which helps to dampen the severity of various neonatal infections. 

However, the cellular immune response is poorly developed as the T cells are skewed towards 

a Th2 rather than a Th1 response. 

Many investigations on the function of the immune system in neonates have used CB as the 

source of immune cells, including CBTC. The lack of responsiveness of human CBTC in a 

number of responses is attributed to the immature immune profile of these cells. This 

immaturity has inherent defects in terms of immunity against infections and poor antibody 

response including vaccine responsiveness. Phenotypically, CBTC are naive and predominate 

in IL-4 production (Figure 1.3). Being naive, the majority of CBTC express the CD45RA 

marker. Upon the engagement of TCR and costimulatory signals they gain phenotypic 

maturation by expressing the CD45RO marker. Their immature immune profile rendered them 

to express predominately IL-4, with little or no IFN-γ production at birth. In other words, CBTC 

and by inference, neonatal T cells, exhibit a Th2 bias. During maturation, they may change the 

Th2 profile to Th1 by gaining the ability to express IFN-γ. However, the maturation pathways 

that underpin the outcome/fate of the cells during maturation and the role of epigenome 

reprogramming are unknown. 

Th2 cytokines can be detected as early as the second trimester. After birth, ex vivo short 

stimulation (0-3 days) of these CBTC shows that they retain high Th2:Th1 cytokine ratio 

irrespective of the preparation used (whole blood, cord blood mononuclear cells (CBMC) or 

purified CD4+/CD8+ T cells). Culturing these cells for a longer period (5-10 days) results in 
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mature T cells which were able to produce Th1 cytokines. However, their cytokine responses 

can be altered by maturing these cells in the presence of cytokines. Moreover, irrespective of 

the stimulus used, whether polyclonal, antigenic or via the TCR receptor, the cytokine responses 

of CBTC from allergic children show a Th2 cytokine bias compared to non-allergic children 

CBMC or purified T cells (13, 93, 95) (Figure 1.3). 

 

Figure 1.3. Schematic representation of the maturation of T cells perinatally and 

predisposition to allergy. 

The immature T cells at birth show a dominance of interleukin 4 (IL-4) production over 

interferon γ (IFN-γ). Low levels promote skewing towards a type 2 T helper (Th2) cytokine 

profile and are associated with allergy development. Cytokines from the type 1 T helper (Th1) 

and Th2 cells influence the production of immunoglobulin E (IgE) and the effector cells, mast 

cells, basophils, and eosinophils of the allergic reaction. The pictures shown in this diagram 
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are from the annual reports of the Robinson Research Institute, University of Adelaide. IgM, 

immunoglobulin M; FcεR1, high-affinity IgE receptor (11). 

 

The Th2 dominance is the feature of atopy or allergy as these cells predominantly produce IL-

4, IL-5 and IL-13, which are involved in the regulation of the allergic phenotype. IL-4 which is 

produced predominantly by naive CD4+ and CD8+ T cells in humans (95, 96) and mice (97, 98) 

helps the differentiation of naive T cells toward Th2, class switch towards IgE and also 

upregulates the FcεR1 expression on mast cells. IL-5 promotes activation, development, 

survival and differentiation of eosinophils and mast cells as well as enhances the degranulation 

of basophils. IL-13 is involved in promoting antibody class switch to IgE and promotes 

eosinophil trafficking to mucosal tissue. On the other hand, Th1 cytokine IFN-γ is inhibitory 

toward Th2 cells and thereby inhibits downstream immunoglobulin switch towards IgE (9, 10, 

115). Therefore, a balanced immune response needs both Th1 and Th2 as well as Tregs. 

Although an immature immune profile is a common feature of neonates, the ability of the T 

cells to produce cytokines varies between allergic and non-allergic children which might also 

be stimulus-dependent. As most of the studies used allergens to examine allergen-specific 

cytokine responses, an inherent problem with these is the lack of sensitization in the CB cells. 

Consequently, caution needs to be exercised when interpreting the data from these studies. 

Nevertheless, several studies reported reduced levels of IFN-γ in allergic children's CB cells in 

response to an allergen or a mitogen (93, 130-134). Many reported high expression of IL-4 in 

CBMC from infants of allergic mothers (93, 133, 135, 136). There seems to be an age-related 

increase in allergen-specific IL-4 responses in atopic children while non-atopic children 

selectively downregulate their Th2 profile later in life (92, 93, 137). Almost all studies reported 

higher IL-13 expression in allergic or atopic children (138, 139). In IgE-sensitized children, 

PHA-stimulated CBMC produced more IL-5 and these cells were found to contain a high level 



CHAPTER 1 | INTRODUCTION 

17 

of GATA3 (140). An increase in IL-5 (SEB) and IL-10 (OVA) production has been reported in 

CB of children who develop atopy at 6 months of age (141). Another study reported reduced 

IFN-γ and high IL-4 levels in CD4+ T cells from CB when stimulated with PMA/Ionomycin 

(analysed intracellularly) and these cytokine levels were associated with increased risk of atopy 

development at 2 years of age (135). Increased prenatal exposure to HDM (Derp1) was 

positively associated with an increase in the incidence of atopy in children with reduced 

intracellular IFN-γ in CB CD4+ T cells, stimulated with PMA/Ionomycin (142). 

Martino et al. (137) reported that an allergic group showed reduced anti-CD3 induced 

lymphoproliferation associated with a reduction in the upregulation of T cell activation genes, 

RELB, NFKB2, LIF and FAS. From five years of age, immune trajectory differs significantly 

between allergic and non-allergic children. The allergen-specific cytokine responses were 

higher in the allergic group (137). In another study, non-atopic children were found to produce 

lower levels of cytokines (e.g. IL-4) in response to allergens, than those in the atopic group 

(143). Similarly, high levels of allergen-induced IL-13 cytokine production were observed in 

the first two years of life in atopic but not in non-atopic individuals (144). On the other side of 

the coin, reduced levels of IFN-γ production in atopic children were observed even in APC-

independent stimulation of CBMC or purified CB CD4+ T cells (93). 

Tulic et al. (2011) have also conducted studies to examine T cell cytokine production in the 

first 5 years of life, using ex vivo stimulation of T cells with PHA, HDM, or OVA allergens. 

They reported that levels of IFN-γ were undetectable in CBTC in response to any of the stimuli 

and starts appearing from year 1 and increasing to year 5 in healthy children but not in allergic 

children. The IL-13 levels were already higher in CBTC in response to OVA and HDM and 

continue to increase in the first 5 years in allergic children and this was significantly higher at 

all ages compared to non-allergic children and healthy adults (13). Reduced levels of IL-2, IL-

4, IL-8, IFN-γ, IL-1β, TNF-α and TGF-β but increased levels of IL-10 and IL-13 mRNA from 
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CBMC were found in babies from allergic mothers compared to those from healthy mothers 

(145). 

1.4.1 Tregs and their role in allergic diseases 

Tregs play a protective role in allergy. When the immune system fails to develop tolerance 

against the allergen, it is biased toward the Th2 phenotype along with the generation of IgE 

specifically against the allergen and infiltration of immune effector cells to lung tissue or 

gastrointestinal tract. Thus, Tregs have been widely acknowledged to play a critical role in 

reducing the risk of allergic disease development. The importance of Tregs in controlling atopic 

diseases such as asthma has been reviewed (146). 

A key feature that distinguishes Tregs from other CD4+ T cells is the expression of the 

transcription factor, Foxp3. Mutation in Foxp3 in humans has been linked to dysregulation in 

the immune system. Mutations leading to loss of function of Foxp3 have been reported to be 

responsible for immune dysregulation, X-linked autoimmunity and allergic dysregulation 

syndrome (XLAAD) (147) also known as polyendocrinopathy, enteropathy, X-linked 

syndrome (IPEX). Patients have a variety of conditions, including life-threatening diarrhoea, 

high levels of serum IgE, eosinophilia, asthma, type 1 diabetes, hypothyroidism, hemolytic 

anemia, thrombocytopenia and atopic dermatitis/eczema. A number of these features are seen 

in the Scurfy and Foxp3 knockout mice (148). Reduced number of CB Tregs during the first 12 

months was significantly associated with an increased risk of food sensitization and atopic 

dermatitis (149). 

Tregs that originate from the thymus are the natural Tregs (nTregs) and can be identified by 

their surface expression of CD4+CD25+CD127– (150). Although there is disagreement in the 

literature about the frequency and function of these cells in healthy versus allergic children, 

most literature sources report reduced (151) or a comparable number of Tregs or Foxp3 
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expression but reduced functionality in allergic children in relation to their immunosuppression 

function or TGF-β production (152-154). 

Thymic Tregs have been shown to inhibit the thymic CD4+ IL-13-producing cells in non-atopic 

children but not in atopic children. Thymic Tregs from atopic children showed developmental 

delay with respect to the frequency of Tregs, and IL-2 mRNA expression and suppression of 

IL-13 production in the suppressive assay at age less than 6 months and this trend was 

maintained even at the age of 5 years in atopic children compared to age-matched non-atopic 

children (155). The effect of maternal allergic background along with environmental factors on 

neonatal Tregs and allergy in comparison to non-allergic mothers and healthy newborns from 

birth to a three year life period was examined. Maternal allergy gives rise to impaired Tregs in 

neonates, increasing the susceptibility of the baby to allergy in early childhood because of an 

imbalance between Th1 and Th2 (156). 

1.5 External factors affecting neonatal immune development and 

predisposition to allergy 

The rise in the prevalence of allergy in recent decades has gained significant attention. Although 

family history and genetic predisposition are important determinants in allergy development, 

their dramatic increase in westernized countries highlights the importance of environmental 

regulation, possibly through epigenetic control. This is evident as 10% of children without 

parental allergy history experience allergy in infancy. A successful pregnancy requires a Th1 

to Th2 shift to protect the foetus (157) and this Th2 bias is present at birth. Following birth, as 

a child's immune system develops, it gains mature status i.e. Th1 dominance. This immature 

status of immune cells at birth may represent the window of opportunity where nature provides 

a second opportunity for healthy deployment. However, depending on the environment in 

which a child develops, the immune cells may retain an immature Th2 profile leading to a 

predisposition to allergy and asthma. 
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Many factors are involved in the regulation of the immune system in infants. This begins early 

in utero and continues in infancy. From studies carried out in both mice and humans, it is 

apparent that maternal diet (prebiotic, probiotic, cows’ milk and omega-3 fatty acid) along with 

environmental (farming (158) or pollutions (159)), socioeconomic conditions (160) and 

microbial interaction (161) influence immune cell maturation all have an impact on allergy 

development. Much attention has been paid to the factors playing a role during in utero 

development; however at birth, like many other vital systems, the neonate immune system is 

immature and prone to modulation dictated by the environment.  

Maternal nutrient supplementation during pregnancy is an important factor contributing to the 

health or disease status of neonates. Many studies have focused on the effect of food 

supplements on the health outcome of neonates and protection against allergies. Vitamins can 

regulate immune function and measuring levels of vitamins can be predictive of the severity of 

allergic disease (11, 162). There is a possibility that the seasonal allergy is due to vitamin 

deficiencies especially vitamin D in winter when levels drop, but the results are contradictory 

(163). 

Long-chain PUFA (LCPUFA), which in addition to providing energy to cells, have immune-

modulatory properties. They can change the lipid raft composition of the plasma membrane (a 

membrane micro-domain enriched in cholesterol and sphingolipids and involved in signalling 

events), cell proliferation, cell signalling, and apoptosis (164-166). Supplementation with fish 

oil derived omega-3 LCPUFA, eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) 

led to a reduction in asthma and persistence wheeze development in the first five years of life 

(167). Fish oil supplementation during pregnancy was reported to lead to better health outcomes 

at 2.5 years of age (168). Studies performed by Prescott and colleagues demonstrated the 

beneficial effects of fish oil supplementation during pregnancy in atopic mothers on their 
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children (169-171). The supplementation of omega-3 FUFA from 20 weeks of gestation until 

delivery resulted in decrease in IL-13 plasma levels in the babies (170).  

1.6 Protein kinase C (PKC) 

Since the main focus of this thesis is PKC, the following section will discuss this intracellular 

signalling molecule in detail. This interest has arisen from our group’s first report that PKCζ 

levels could be linked to allergy risk (169). 

1.6.1 Structure and function  

PKC is a phospholipid-dependent serine/threonine kinase that plays a critical role in regulating 

a diverse range of cellular functions, including proliferation, differentiation and cell death (172) 

(173). It consists of a family of 12 isozymes. On the basis of structure (see Figure 1.3) and the 

requirement for calcium and/or diacylglycerol (DAG), the isozymes are divided into three 

groups: classical or conventional PKC (cPKC) consisting of PKCα, PKCβI, PKCβII and PKCγ; 

novel PKC (nPKC) consisting of PKCδ, PKCε, PKCη and PKCθ; atypical (aPKC) consisting 

of PKCζ, PKCι/λ and Protein kinase C mu (PKCμ). All PKC isozymes require a phospholipid 

such as phosphatidylserine (PS) for activation. In addition, cPKC requires diacylglycerol (DAG) 

and Ca2+; nPKC require DAG; aPKC does not require either DAG or Ca2+ for activation, as 

they lack specific motifs for their binding to these cofactors (174). 

The role of PKC in cell proliferation, differentiation motility and survival has been well 

established. Metabolic disorders, immune immaturity, cancer and cardiovascular malfunction 

are some of the diseases that have been associated with aberrant activation of PKC (175). 

Differences in the level of PKC or the abnormal activation have been reported for autoimmune 

diseases, heart failure, acute and chronic heart disease, kidney and lung diseases, diabetes, 

various dermatological diseases, psychiatric diseases as well as neurological indications (176). 

PKC have a complex function in cancer, both tumour suppressor and tumour promoter roles 
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have been reported for PKC. In some cancers, PKC are upregulated, while in other malignancies 

these are downregulated. PKCζ upregulation in bladder cancer, prostate cancer and lymphomas, 

and its downregulation has been reported in certain cancer types like lung cancer, glioblastoma, 

renal clear cell carcinoma, kidney, melanoma and pancreatic cancer. PKCζ acts as a tumour 

suppressor kinase and its pro-apoptotic role in some cancers indicates that PKCζ 

downregulation may be a contributing factor towards colon tumorigenesis (175). 

 

Figure 1.3. Structure of family members of PKC. 

All PKC isozymes have the pseudosubstrate and phosphatidylserine (PS) binding sites in the 

regulatory region, C3 and C4 in the catalytic domain region and a putative nuclear localization 

sequence. cPKC and nPKC have a C1 domain for binding with DAG, aPKC have an atypical 

C1 domain that does not bind to DAG. cPKC have a C2 domain that binds Ca2+ and anionic 

lipids such as phosphatidylinositol 4,5-biphosphate (PIP2). nPKC C2-like domain does not 

contain a Ca2+ binding motif and hence cannot bind Ca2+ or PIP2. Unlike cPKC and nPKC, 

aPKC have Phox/Bem domain 1 (PB1) that helps in protein-protein interactions required for 

their function (174). 
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PKC have been reported in neutrophils, monocytes, and T and B cells. The kinase plays 

important roles in regulating the survival and proliferation function of these immune cells. For 

example, while PKCδ plays a negative role in B cell proliferation in mouse studies, PKCα is 

essential in B cell differentiation as splenic B cells from PKCα–/– mutant mice show reduced 

proliferation and OVA-specific IgM and IgG1 responses (177). PKCβ is required for B cell 

survival and proliferation as B cells from PKCβ deficient mice were unable to recruit or activate 

the IKK complex, degrade IκB or up-regulate nuclear factor kappa-light-chain-enhancer of 

activated B cells (NF-κB) dependent survival signals (178). PKCζ is not important for normal 

maturation but it is imperative in B cell function as PKCζ–/– mice B cells showed high rate of 

spontaneous apoptosis and reduced activation of BCR and NF-κB-dependent genes Bcl-x (179). 

PKCα and PKCβ mediate PMA-induced monocyte adhesion to culture plates as use of specific 

inhibitors for PKCα and PKCβ reduced the PMA-induced adhesion of THP-1 cells (180). PKCδ 

phosphorylates and activates the caspase-3 and causes spontaneous monocyte apoptosis, as 

inhibiting PKCδ blocks the activity of caspase-3 and reduces apoptosis while its overexpression 

increased apoptosis (181). PKCα, PKCβ, PKCδ, PKCθ and PKCζ, PKCι/λ, are expressed and 

are involved in isozyme-specific functions in neutrophils including role of PKCδ in assembly 

of NADPH oxidase and respiratory burst, PKCα and PKCβ, in adhesion, degranulation and 

phagocytosis which are reviewd else where (182).  

1.6.2 PKC in T cells 

The function of the various PKC isozymes has been studied in T cells. Below is a summary of 

the data from some of the published studies to illustrate the diverse range of actions of PKC in 

T cells. 

PKCα 
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PKCα is involved in IKK (an inhibitor of kappa B) dependent activation of nuclear factor κB 

(NF-κB) (183). The role of PKCα in CD3/CD28 stimulated primary T cells has been examined 

in a study using RNA interference (RNAi) and pharmacological inhibition. The study showed 

that the PKCα act upstream of PKCθ and is required for early 5 min of IKK and NF-κB 

activation (183). Furthermore, by inhibiting the expression of PKCα, Jurkat T cells were unable 

to produce TNF-α, IL-2R and IL-2 (183).  

 

Figure 1.4. Role of PKC isozymes in regulating T cell gene expression. 

See text for explanation  

 

PKCβ 

PKCβ is required in T cell activation and IL-2 production. PKCβ deficient HuT-78 a T cell line 

stimulated via PMA showed reduced IL-2 secretion that indicated the regulatory role of PKCβ 

in T cell stimulation and proliferation (184). PKCβI could be involved in activation-induced 

down-regulation of Ca2+ levels, as anti-PKCβI antibody electroporation in PMA stimulated 
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Jurkat T cell line resulted in a surge in the Ca2+ influx (185). PKCβI is part of the tubulin-

enriched (LFA-1 or CD11a-CD18) cytoskeletal complex and plays a role in cytoskeleton 

rearrangement in T cell motility. PKCβI is translocated to the microtubule cytoskeleton via 

LFA-1 integrins in crawling T cell lines or primary T cells where PKCβI is involved in the 

formation of microtubules supported trailing cell extensions (186). LFA-1 cross-linking 

induced T cell migration and PKCβI and PKCδ are translocated to the microtubule-organizing 

centre (MTOC). The knockdown of PKCβI and PKCδ in the HuT78 resulted in the inability of 

the T cell line to develop a polarized microtubule or to crawl (187). 

PKCθ 

A unique characteristic of PKCθ is in its rapid recruitment to the immunological synapse (IS) 

from where it transduces signals from TCR ligation to the expression of the cytokine gene. T 

cells require PKCθ for NF-κB and AP-1 activation, which has important roles in the IL-2 gene 

and of the IL-2Ra chain gene expression after anti-CD3/-CD28 dependant activation (188). 

However, with the presence of costimulatory signals in a cytokine-rich environment, T cells 

can still be activated in PKCθ-deficient cell lines (188). PKCθ differential role in the 

development of immature thymocytes and mature T lymphocytes has been studied in PKCθ-/- 

mice. The results indicated that PKCθ was indispensable for mature T cell activation in a TCR-

dependent manner while it was dispensable for thymocyte development and NF-κB activation 

in PKCθ–/– mutant mice (188). PKCθ plays opposing roles in the activation of effector and 

regulatory T cells as shown in human cells as well as in mice. PKCθ was sequestered away 

from IS in Tregs during TCR ligation. Tregs deficient in PKCθ were able to work under 

inflammatory cytokine TNF-α, which otherwise inhibits the Tregs suppressive activity. 

Furthermore, inhibition of PKCθ increased the Tregs suppressive activity in rheumatoid 

arthritis patients, increased protection in inflammatory colitis in mice, and gave protection from 

TNF-α mediated inactivation of Tregs. (189). 
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PKCη 

PKCη is recruited to IS and plays an important role in TCR-dependent stimulation of CD8+ 

mature T cells while it is redundant for the development of thymocytes (190). T cells deficient 

in PKCη showed reduced proliferation to antigen. PKCη or PKCθ play an opposing role in the 

development of CD4/CD8 cells, a higher ratio of CD4+ to CD8+ T cells was observed in 

PKCη−/− mice while the ratio was lower in PKCθ−/− mice (190). PKCη is indispensable for the 

activation and homeostasis of T cells. 

PKCε 

PKC play a role in cell polarity and cytoskeleton arrangement in T cells. Recruitment of PKCθ, 

PKCε and PKCη to IS was observed in TCR single-cell photo-activation. First PKCη and PKCε 

were recruited to the membrane and play a role in the accumulation of PKCθ in a small zone, 

which in turn reoriented the T cells MTOC (191). T cells transfected with constitutively active 

for any of PKCα, PKCε and PKCζ indicated that PKCε is involved in the regulation of nuclear 

factor of activated T cells (NFATc1) and AP-1 (192). 

PKCδ 

PKCδ is critical in activation of ERK and DNA methylation. A study in lupus patients and 

hydralazine (lupus-inducing drug hydralazine) treated cells indicated that defect in T cell PKCδ 

activation is a contributing factor in the development of lupus, through its effect on DNA 

methylation of T cells (193). Furthermore, studies in CD4+ T cells from such patients indicated 

that defective ERK pathways led to decline in the expression of DNA methyltransferase, which 

results in DNA demethylation. It has been speculated that these effects are caused by oxidative 

stress in lupus T cells, which inhibits PKCδ and cause changes in levels of DNA methylation 

and overexpression of genes in lupus patients. Pharmacologic inhibition or generating mutation 
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in PKCδ resulted in demethylation and overexpression of the TNFSF7 (CD70) promoter region, 

a condition similar to hydralazine-treated T cells and lupus patients (194). 

PKCλ/ι 

PKCλ/ι is involved in cell polarity. Unequal distribution of the protein in T cells is caused by 

asymmetrical cell division and determined the cell-specific memory or effector fates from the 

beginning (195). Activated T cells deficient of PKCλ/ι exhibit impaired NF-κB and NFAT 

activation, and PKCλ/ι is a regulator of Th2 cell lineage and allergy in an in vivo study (196).  

PKCμ 

PKCμ is a ubiquitous protein. Reciprocal regulation of PKCη/PKCμ affects differential 

regulation of the p38/JNK/ERK pathways. PKCμ is involved in p42/p44 MAPK activation. 

PKCμ co-localized with PKCη in cells and is phosphorylated by PKCη which leads to 

activation of p42 MAPK and increased 4xSRE-Tk-luc reporter gene activity while PKCη 

dependent JNK activation is decreased (197). PKCμ interacts with a 14-3-3τ, a protein that 

negatively regulates the IL-2 secretion in T cells. Its interaction with PKCμ has been studied 

by the use of mutant PKCμ. The results indicated that PMA stimulation enhanced the 14-3-3τ 

binding ability to PKCμ and 14-3-3τ isoform overexpression in the Jurkat cell line significantly 

reduced the PMA-induced activation of PKCμ kinase activity. So in T cells, PKCμ is negatively 

regulated by 14-3-3τ (198). 

PKCζ 

PKCζ plays a role in regulating cell polarity, apoptosis, gene expression and allergy protection 

and T lymphocyte activation. Previous studies have indicated the extensive cross-talk among 

enzymes in signalling pathways. T cell activation leads to a signalling cascade that goes through 

TCR, activation of PKCθ which in turn activates PKCζ (199). Downstream MAPK gets 

activated (Figure 1.4.). Studies in Jurkat T cells transfected with wild-type or mutant PKCζ 
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protein revealed that PKCζ modulates the activity of the transactivation domain of NFAT. 

PKCζ interacts with NFAT1/2 proteins in concert with Ca2+ ionophores and leads to 

transcriptional activation of the NF-κB or NFAT (200). In IL-2-stimulated T cells, PKCζ 

expression was increased and was translocated and ultimately associated with the organization 

of actin cytoskeleton, while in IL-4-induced T cells this function was independent of PKCζ 

(201, 202). In vivo experiments showed that phosphoinositide-dependent Protein Kinase-1 

(PDK-1) phosphorylates and activates PKCζ at threonine 410 in the activation loop, in the 

phosphatidylinositol 3 kinase (PI3K) signalling pathway (203). 

1.6.3 Structure and function of PKCζ 

1.6.3.1 PKCζ in greater detail 

PKCζ and its structural homology PKCλ/ι comprise of four functional domains (204): PB1, a 

pseudosubstrate (PS) domain, C1 domain and the kinase domain. In the N terminus of PKCζ 

are the Phox and Bem 1 (PB1) domain which recognizes OPCA [OPCA a generic name derived 

from, OPR (octicosapeptide repeat), PC (p40phox and Cdc24p motifs), and AID (atypical PKC 

interaction domain) motif], domains and interacts through PB1-PB1 domains of other proteins 

like MEK5 (MAPK/ERK kinase 5), zeta-interacting protein (ZIP/p62) and Par6 (205). A 

pseudosubstrate (PS) sequence is in the regulatory domain of PKCζ. It is a short stretch of 

amino acids and acts as the binding site of ZIP (Figure 1.5).  
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Figure 1.5. Structure of PKCζ 

 

Unlike conventional PKC which contains two repeated zinc-finger motifs in the C2-domain 

(C1A and C1B), the regulatory domains of PKCζ contain a single Cys-rich zinc-finger motif in 

the C1 domain that cannot bind to a phorbol ester or second messenger DAG and other 

activators. However, it is the binding site for the apoptotic product of the par-4 gene (206). 

PKCζ kinase domain consists of a hydrophobic motif, a turn motif, an ATP-binding region and 

an activation loop. Lys-281, a Lys residue in the ATP-binding region is critical for kinase 

activity. On activation, the Thr residues, Thr-410 in the activation loop and Thr-560 in the turn 

motif are phosphorylated (Figure 1.6 (173)). The phosphorylation and PS liberation from the 

substrate-binding site lead to PKCζ activation (207). In PKCζ activation, lipids i.e. ceramide, 

arachidonic acid (AA), phosphatidic acid and most studied phosphatidylinositols-3, 4, 5-

trisphosphate (PIP3) play a role. PIP3 is produced by the action of class 1A PI3K on membrane 

Phosphatidylinositol 4,5-bisphosphate (PIP2) following the interaction of p85 (PI3K regulatory 

subunit) with Tyr residues of RTKs (receptor-Tyr kinases). PDK1 is activated by binding its 

pleckstrin homology (PH) domain with PIP3, and its interaction with PKCζ phosphorylates 

Thr-410 of KD (kinase domain) that induces autophosphorylation of Thr-560. The release of 
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pseudosubstrate by PIP3 and PDK1 mediated phosphorylation is vital for stable and complete 

activation of PKCζ. 

 

In the resting state, PKCζ as for other PKC isoforms is autoinhibited. During the process of 

autoinhibition, PS occupies the substrate-binding site of the kinase domain, thus preventing the 

kinase domain from interacting with substrates. Upon activation, PS is released from the 

substrate-binding site (173).  

 

1.7 PKCζ and risk of allergy 

Previously we have demonstrated that CBTC are deficient in the expression of some PKC 

isozymes, of which PKCζ isozyme emerged as a protein of interest. Low levels of PKCζ in 

CBTC were found to be associated with increased risk of developing allergic sensitization in 

children (169, 208, 209). Not only did we find PKCζ levels to be an indicator of allergy risk, 

but data also showed that it was positively correlated with omega-3 LCPUFA measured in 

maternal and fetal red cell membranes (169). More recently, our data show that PKCζ plays a 

role in regulating the development of a mature Th1 cytokine phenotype during their maturation 

Figure 1.6. Schematic representation of PKCζ activation.  
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in the neonatal period (12). Although other markers have been scrutinized previously, such as 

histamine responses, eosinophil levels, leukocyte phosphodiesterase levels and CB IgE levels, 

their accuracy rate is lower than measuring PKCζ levels in predicting allergy risk (169). Thus, 

family history along with CB PKCζ levels could be developed into the allergic determination 

risk factor (169). 

1.8 Knowledge gap 

The main objective of our research is to try to consolidate PKCζ as both a biomarker for allergy 

risk and a target for intervention and prevention of allergy. To achieve this we need to first 

provide compelling evidence for a role of PKCζ in the transition from the immature Th2 

phenotype to the Th1 cytokine bias. Secondly, we are required to define the transiently low 

PKCζ period as this is the period that governs the Th2/Th1 bias or balance, and the risk of 

allergy. Thirdly, to provide evidence for a potential role for this period as a window of 

opportunity, we need to examine if exposure of T cells during this period to nutrients such as 

omega-3 fats alters their development. For further advancements, we will endeavour to 

understand the mechanisms involved in this transition. 

1.9 Hypotheses, Aims and Significance 

Hypotheses 

PKCζ promotes the development of T cells in the neonate to transit from the immature Th2 

cytokine bias to the Th1 cytokine propensity. This transition requires the activation of PKCζ. 

The levels of PKCζ expression in the immature cells predict the T cells cytokine bias and that 

the low PKCζ expression was transient and provides an opportunity for intervention with 

nutrients such as omega-3 PUFA.  

Aims 
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1. To validate the monoclonal anti-PKC isozyme antibodies for flow cytometry analyses in 

adult human/mouse leukocytes and CBTC  

2. To characterize the transiently low PKCζ period that regulates maturation towards a Th1 or 

Th2 cytokine bias.  

3. To investigate the role of PKCζ activation in the transition from the immature Th2 to the Th1 

bias. 

4. To examine the effects of omega-3 and omega-6 PUFA on the levels of PKCζ during the 

isozyme deficiency levels and control of the transition towards a Th1 bias.  

5. To examine the mechanisms which regulate the transition from immature Th2 phenotype to 

the Th1 bias. 

Significance 

In Australia and other developed countries, some 40% of children develop allergic sensitisation 

and many of these go on to develop symptomatic diseases. With similar trends now evident in 

developing countries, the global disease burden is likely to escalate. Our study addresses several 

key issues that are central to reducing the burden of epidemic rates of allergic disease through 

diagnosis and prevention approaches. We will potentially consolidate a new test for more 

accurate prediction of disease and one that can be used to assess the success of early 

interventions aimed at reducing allergic disease. We will identify a ‘window of opportunity’ to 

improve supplement applications and unravel the molecular and cellular mechanisms of 

neonatal T cell maturation and immune fingerprint guiding health and disease. Understanding 

these aspects of early T cell development is also highly relevant to other important issues in 

early life such as susceptibility to infection, vaccine responsiveness and autoimmune propensity. 

This emphasizes the wide-ranging significance of information arising from this study. In this 

manner, we can contribute to significant changes in clinical practice. 
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2.1 Materials 

2.1.1 Chemicals 

The general chemicals used in this thesis work and their company of origin are listed below.  

Table 2.1. General chemicals 
Name Company 
30% Acrylamide/Bis Solution Bio-Rad 
Ammonium persulfate (APS) Bio-Rad 
Ampicillin Sigma-Aldrich 
Aprotinin Sigma-Aldrich 
Benzamidine Sigma-Aldrich 
Bovine serum albumin Bovogen Biologicals 
Bromophenol blue BDH laboratory 
Butyric acid Sigma-Aldrich 
Calcium chloride (CaCl2) Ajax Chemicals 
Chloroform Ajax Chemicals 
Dihydrorhodamine (DHR)-123 Sigma-Aldrich 
Disodium EDTA Spectrum Chemical 
Dithiothreitol (DTT) Sigma-Aldrich 
DMSO Ajax Chemicals 
Ethanol Merck 
Ethylenediaminetetraacetic acid (EDTA) Sigma-Aldrich 
Folin and Ciocalteau’s phenol reagent Sigma-Aldrich 
Formaldehyde Merck 
Giemsa stain Merck 
Glycerol Ajax Chemicals 
Glycine Sigma-Aldrich 
HEPES (2-[4-hydroxyethyl) piperazin-1-yl] ethanesulfonic acid) Sigma-Aldrich 
Isopropanol Ajax Chemicals 
Kanamycin Sigma-Aldrich 
Lamda–carrageenan Sigma-Aldrich 
Leupeptin Sigma-Aldrich 
N,N,N’,N’-Tetramethylethylenediamine (TEMED) Sigma-Aldrich 
Nonidet P-40 Roche 
Pepstatin A Sigma-Aldrich 
Phenylmethylsulfonyl fluoride (PMSF) Sigma-Aldrich 
Ponceau S Sigma-Aldrich 
Rapamycin Sigma-Aldrich 
Sigma 104 Sigma-Aldrich 
Sodium azide Sigma-Aldrich 
Sodium chloride (NaCl) Ajax Chemicals 
Sodium dodecyl sulfate (SDS) ICN Biomedicals 
Sodium hydroxide (NaOH) Ajax Chemicals 
Sodium orthovanadate (Na3VO4) Sigma-Aldrich 
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Sucrose Ajax Chemicals 
Tris (Trizma) base Sigma-Aldrich 
Trypan blue Sigma-Aldrich 
Tween 20 Sigma-Aldrich 
β-mercaptoethanol Sigma-Aldrich 
7-AAD BD 
Merthiolate Sigma-Aldrich 

 

2.1.2 Consumables 

The general consumables used in this thesis work and their company of origin, along with 

catalogue details, are listed below.  

Table 2.2. Consumables 
Name Catalogue 

No. 
Company 

12 × 75 mm polystyrene round-bottom tube 352058 BD Falcon 
Nunc™ MaxiSorp™ flat-bottom 96 well plates  442404 Invitrogen 
Cell Strainer 40µm 15-1040 Biologix 
Amicon Ultra-0.5 Centrifugal Filter Unit UFC503024 Millipore 
Premium Frosted Microscope Slides, Superfrost 
marking area 

125442 Fisher Scientific 

50 mL Falcon tubes 352070 Corning Science 
1.5 ml tubes 72.692.005 Sarstedt 
10 ml tubes 62.9924.284 Sarstedt 
96-well round bottom plates 353072 Corning Science 
12 well plates 353043 Corning Science 

 

2.1.3 Proprietary kits and reagents 

The proprietary kits and reagents used in this thesis work and their company of origin, along 

with catalogue details, are listed below. Note that antibodies for flow cytometry work are listed 

later in this chapter. 

Table 2.3. Kits and proprietary reagents 
Name Catalogue No. Company 
CellTrace™ carboxyfluorescein succinimidyl 
ester (CFSE) Cell Proliferation Kit 

C34554 Invitrogen 
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Stain-Free™ FastCast™ Acrylamide Kit, 10% 1610183 Bio-Rad 
Precision Plus Protein™ All Blue Standards 1610373 Bio-Rad 
Trans-Blot® Turbo™ RTA Midi Nitrocellulose 
Transfer Kit 

1704271 Bio-Rad 

Re-Blot Plus Mild Solution (10X) 2502 Merck 
Western Lightning® Plus-ECL NEL105001EA PerkinElmer 
Alexa Fluor™ 488 Antibody Labeling Kit A20181 Invitrogen 
Alexa Fluor™ 647 Antibody Labeling Kit A20186 Invitrogen 
Anti-Mouse Ig, κ/Negative Control 
Compensation Particles Set 

552843 BD 

AbC™ Total Antibody Compensation Bead Kit A10513 Invitrogen 
BD Pharm Lyse™ lysing solution 555899 BD 
BD FACS™ lysing solution 10X Concentrate 349202 BD 
BD Cytofix/Cytoperm™ Plus 
Fixation/Permeabilization Solution Kit with BD 
GolgiPlug™ 

555028 BD 

BD Horizon™ Fixable Viability Stain 510 564406 BD 
NucleoBond® Xtra Midi Plus EF, Midi kit for 
endotoxin-free plasmid DNA 

740422-10 Macherey-Nagel 

Lipofectamine™ 3000 Transfection Reagent L3000001 Invitrogen 
Human T Cell Nucleofector™ Kit VPA-1002 Lonza 
CutSmart™ Buffer B7204S New England Biolabs 
EcoR1-HF R3101S New England Biolabs 
Sall-HF R3138S New England Biolabs 
Qubit® Protein Assay Kit Q33212 Invitrogen 
TGX Stain-Free™ FastCast™ Acrylamide Kit, 
10% 

1610183 Bio-Rad 

3,3′,5,5′-Tetramethylbenzidine (TMB) T5525 Sigma-Aldrich 
EasySep™ Human T Cell Enrichment Kit 19051 Stemcell Technologies 
EasySep™ Human CD4+ T Cell Isolation Kit 17952 Stemcell Technologies 
Thymidine, [Methyl-3H] NET027W00 PerkinElmer 
Recombinant human IL-2 11147528001 Roche (ex Hoffmann 

LaRoche (HLR))  
WHO International Standard - 1st Standard for 
INTERLEUKIN 2 (Human, Jurkat derived) 

86/504 NIBSC  

IL-2 Polyclonal Antibody P600 Invitrogen 
IL-2 Monoclonal Antibody (BG5), Biotin  M600B Invitrogen 
HRP-Conjugated Streptavidin N100 Thermo Scientific 
Fluorescence Mounting Medium S3023 Agilent / Dako 
Phospho-PKCζ (Thr410) Monoclonal Antibody 
(S.447.6) 

MA5-15060 Invitrogen 

Anti-p-ERK 1/2 Antibody (pT202/pY204.22A) sc-136521 Santa Cruz 
Biotechnology 

Rabbit Anti-Mouse Immunoglobulins/HRP P0260 Dako 
Goat Anti-Rabbit Immunoglobulins/HRP P0448 Dako 
Mouse monoclonal Anti-GAPDH clone 
GAPDH-71.1 

G8795 Sigma-Aldrich 

Mouse IgG Isotype Control ab37355 Abcam 
Rabbit IgG Isotype Control 02-6102 Thermo Fisher 

Scientific 
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2.1.4 Anti-PKC antibodies 

The antibodies and reagents used to validate the specificity of available anti-PKC isozymes 

antibodies in this thesis work and their company of origin, along with catalogue details, are 

listed below. 

Table 2.4. Buffers and solutions 
Name  Fluorochrome Isotype Clone Company  Catalogue  
Anti-PKCα Alexa Fluor® 

647 
Ms IgG1, κ H-7 Santa Cruz 

Biotechnology 
sc-8393 

Anti-PKCβII Alexa Fluor® 
647 

Ms IgG1, κ F-7 Santa Cruz 
Biotechnology 

sc-13149 

Anti-PKCζ PE Ms IgG2a, 
κ 

H-1 Santa Cruz 
Biotechnology 

sc-17781 

Anti-PKCθ PE Ms IgG2a, 
κ 

E-7 Santa Cruz 
Biotechnology 

sc-1680 

IgG1 

(isotype 
control) 

Alexa Fluor® 
647 

Ms IgG1, κ MOPC-31C BD 
Pharmingen™ 

566011 

Anti-PKCβ1* - Rb IgG EPR18512 Abcam ab195039 
Anti-PKCβ1 Alexa Fluor® 

488 
Rb IgG EPR18512 Abcam ab223452 

Anti-PKCη** - Rb IgG EPR18513 Abcam ab179524 
Anti-PKCδ Alexa Fluor® 

488 
Rb IgG EPR17075 Abcam ab206282 

Anti-PKCε Alexa Fluor® 
488 

Rb IgG EPR1482(2) Abcam ab217980 

Anti-PKCμ* - Rb IgG EP1493Y Abcam ab51246 
Anti-PKCλ/ι  PE Ms IgG2a, 

κ 
H-12 Santa Cruz 

Biotechnology 
sc-17837 

Anti-CD3 PE-Cy™5 Ms IgG2a, 
κ 

HIT3a BD 
Pharmingen™ 

555341 

Anti-CD3 APC-H7 Ms IgG1, κ SK7 BD 
Pharmingen™ 

560176 

Anti-CD8 PE-Cy™7 Ms IgG1, κ RPA-T8 BD 
Pharmingen™ 

557746 

Rabbit (DA1E) 
mAb IgG XP® 
Isotype 
Control 

Alexa Fluor® 
488 

Rb IgG - Cell 
Signalling 
Technology 

2975 

Rabbit (DA1E) 
mAb IgG XP® 
Isotype 
Control 

Alexa Fluor® 
647 

Rb IgG - Cell 
Signalling 
Technology 

2985 

Mouse IgG 
(isotype 
control) 

PE Ms IgG2a, 
κ 

X39 BD  340459 



Mouse IgG - 
Isotype 
Control 

- Ms 
polyclonal 
IgG 

- Abcam ab37355 

Rabbit IgG 
Isotype 
Control 

- Rb IgG - Invitrogen 02-6102 

*Labelled with Alexa Fluor® 647 Protein Labelling Kit (Invitrogen, Catalogue # A20173). 

**Labelled with Alexa Fluor® 488 Microscale Protein Labelling Kit (Invitrogen, Catalogue # 
A30006). 

2.1.5 Buffers and solutions  

The buffers and solutions used in this thesis work and their composition and/or recipes, along 

with their application, are described below.  

Table 2.5. Buffers and solutions 
Name Application Composition / Recipe 
Lysis buffer Western 

blotting 
20 mM HEPES, pH 7.4  
0.5% (v/v) Nonidet P-40 
100 mM NaCl 
2 mM Na3VO4 
1 mM EDTA 
 
Protease/phosphatase inhibitors were added before use as 
follows: 
1 mM DTT 
1 mM PMSF 
1 g/mL Sigma 104 
10 mg/mL of leupeptin 
10 μg/mL aprotinin 
10 μg/mL of pepstatin A 
10 mg/mL of benzamidine 

Laemmli Buffer 
(3X) 

Western 
blotting 

To prepare 50 mL: 
0.121g Trizma base 
20 g sucrose 
3 g SDS  
5 mg Bromophenol blue  
 
The above were dissolved in 35 mL dH2O, pH adjusted to 6.8, 
and then made up to 50 mL with dH2O. β-Mercaptoethanol 
(10 % v/v) was added to this prior to use. 

Running buffer 
(5X) 

Western 
blotting 

To prepare 500 mL: 
72.05 g glycine 
15.14 g Tris base  
2.5 g SDS 
 
The above were dissolved in 500 mL dH2O. 

Tris-buffered 
saline with 
Tween 20 (10X 
TBST) 

Western 
blotting 

To prepare 500 mL: 
12.12 g Tris base 
43.5 g NaCl 
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The above were dissolved in 450 mL dH2O, then the pH was 
adjusted to 7.3 to 7.5 with HCl. This was followed by the 
addition of 5 mL Tween-20 and dH2O to 500 mL. 

Blocking buffer 
(5% skim milk) 

Western 
blotting 

To prepare 100 mL: 
5 g Diploma Instant skim milk powder was dissolved 90 mL of 
dH2O, followed by the addition of 10 mL 10X TBST. The 
blocking buffer was stored at 4°C for less than one week. 

Blocking buffer 
(5% BSA) 

Western 
blotting 

To prepare 100 mL: 
5 g BSA was dissolved 90 mL of dH2O, followed by the 
addition of 10 mL 10X TBST. The blocking buffer was stored 
at 4°C for less than one week. 

Coating buffer ELISA To prepare 1 L: 
3.179 g Na2CO3  
5.713g NaHCO3 
 
The above were dissolved in 1 L dH2O, and the pH adjusted to 
9.4 - 9.8. The buffer was stored in 100 mL aliquots at –20°C. 

Assay buffer ELISA To prepare 1 L: 
0.21 g KH2PO4 
0.726 g Na2HPO4 
9 g NaCl  
40 g BSA 
 
The above were dissolved in 1 L dH2O, and the pH adjusted to 
7.4. The buffer was stored in 100 mL aliquots at –20°C. 
*This buffer was used for blocking the ELISA assay plates, 
diluting detecting antibodies, standards, samples and QCs for 
ELISA assay. 

Phosphate 
buffered saline 
(PBS) + Tween 
20 

ELISA To prepare 20 L:  
160 g NaCl 
4 g KH2PO4 
23 g Na2HPO4 
4 g KCl 
200 mL 1% Merthiolate 
10 mL Tween 20  
 
The above were dissolved in 5 L dH2O, and the pH adjusted to 
7.4. The solution was further diluted to 20 L with dH2O and 
stored at RT. 

HRP-
Conjugated 
Streptavidin (S-
HRP) buffer 

ELISA To prepare 1 L:  
8 g NaCl 
0.2 g KH2PO4 
1.15 g Na2HPO4 
0.2 g of KCl  
10 g BSA 
 
The above were dissolved in 1 L dH2O, and the pH adjusted to 
7.4. The buffer was stored in 100 mL aliquots at –20°C. 

Phosphate 
citrate buffer 
(0.05 M) 

ELISA To prepare 250 mL: Mix 64.23 mL 0.2 M Na2HPO4 and 60.77 
mL 0.1 M citric acid with 125 mL dH2O, then adjust pH to 5.0. 

TMB solution ELISA To prepare 225 mL: 23 mg of TMB was dissolved in 22.5 mL 
of DMSO, then added dropwise to 202.5 mL of 0.05 M 
phosphate citrate buffer. This solution was protected from light 
and stored at 4°C for up to 1 month. Prior to use, 2 μL H2O2 
was added per 10 mL of solution. 

Stop solution ELISA 2 M of H2SO4 solution: 56.2 mL of concentrated H2SO4 was 
slowly added to 443.8 mL dH2O.  
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0.5 M H2SO4 (Stop) solution: The above was diluted 1/4 with 
dH2O and stored at RT. 

NET-Gel 
Permeabilisation 
buffer: 

Flow 
cytometric 
intracellular 
staining 

To prepare 200 mL:  
1.735 g NaCl (150mM) 
0.3727 g disodium EDTA (5mM) 
1.211 g Tris (50 mM) 
0.1 mL NP-40 (0.05 % v/v) 
0.5 g Lamda–carrageenan (0.25 % w/v) 
 
The above were dissolved in 180 mL dH2O, and pH was 
brought to ~7.4. Sodium azide was added to a final 
concentration of 0.02 % w/v, when topped up to 200 mL with 
dH2O. The buffer was filter-sterilised and stored at 4°C for up 
to 12 months. 

Annexin V 
binding buffer 

Flow 
cytometric 
viability 
staining 

10 mM HEPES (pH 7.4) 
0.14 M NaCl 
0.25 mM CaCl2 
0.5% BSA 

Ammonium 
chloride lysis 
buffer 

Erthryocyte 
lysis and 
removal 

8.02gm NH4Cl (ammonium chloride) 
0.84gm NaHCO3 (sodium bicarbonate) 
0.37gm EDTA (disodium) 
The above were dissolved in 100 mL dH2O. The buffer was 
filter-sterilised and stored at 4°C for up to 12 months. 

Wash solution Flow 
cytometric 
staining 

PBS 
1% Foetal calf serum (FCS) 

 

2.1.6 Media and supplements 

The media and supplements used in this thesis work and their company of origin, along with 

catalogue details, are listed below.  

Table 2.6. Media and supplements 
Name Catalogue No. Company 
RPMI 1640 R8758 Sigma-Aldrich 
Foetal calf serum 12103C Sigma-Aldrich 
L-glutamine G5792 Sigma-Aldrich 
X-VIVO™ 15 Serum-free 
Hematopoietic Cell Medium 

04-418Q Lonza 

Human AB serum H4522 Sigma-Aldrich 
Penicillin/streptomycin P4333 Sigma-Aldrich 
Hank’s balanced salt solution (HBSS) H6648 Sigma-Aldrich 
Ficoll-Paque™ PLUS 17144003 GE Healthcare 
Hypaque-Ficoll (d = 1.114)  In-house / Ferrante & 

Thong (1978) 
Luria broth (LB) agar 22700025 Thermofisher Scientific 
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Phosphate buffered saline  In-house / SA Pathology 
Media Production Unit 

 

The composition and/or recipes of specialized media formulations, along with their 

application, are described below. 

 

Table 2.7. Specialised media formulations 
 
Name Application Composition / Recipe 
Complete RPMI 
media 

General cell 
culture 

RPMI 1640 
1X Penicillin (100 U/mL)/streptomycin (100 µg/mL) 
10% FCS 

Complete X-
VIVO 15 media 

General cell 
culture 

X-VIVO 15 
1X Penicillin (100 U/mL)/streptomycin (100 µg/mL) 
L-glutamine (2 mmol/L) 
2.4% heat-inactivated AB serum 

Cryopreservation 
media 

Cryopreservation  FCS 
10% DMSO 

RPMI 1640 + 
5% AB serum 

Intracellular 
cytokine 
production assay 

RPMI 1640 
1X Penicillin (100 U/mL)/streptomycin (100 µg/mL) 
5% heat-inactivated AB serum 

 

2.1.7 Plasmids  

The plasmids used in this thesis work and their company of origin, along with gene insert, 

vector, antibiotic resistance and catalogue details, are listed below.  

Table 2.8. Plasmids 
Name Catalogue 

No. 
Company Vector Gene Antibiotic 

resistance 
EGFP-PKCZdel239 110513 Addgene pEGFP-N1 PKCZ Kanamycin 
EGFP-PKCZ-WT 110512 Addgene pEGFP-N1 PKCZ Kanamycin 
pEGFP-N1-FLAG 
(Empty backbone) 

60360 Addgene pEGFP-N1 Empty Kanamycin 

MISSION® pLKO.1-
puro Non-Target 
shRNA Control 
Plasmid DNA 

SHC016-
1EA 

Sigma-
Aldrich 

pLKO.1-
puro 

Empty Ampicillin 

MISSION® pLKO.1-
puro against PKCZ 
(NM-002744) 

 Sigma-
Aldrich 

pLKO.1-
puro 

PKCZ Ampicillin 
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2.1.8 Miscellaneous cell stimulators and inhibitors  

The cell stimulants and culture additives used in this thesis work and their company of origin, 

along with catalogue details, are listed below. This includes cytokines, mitogens, antigens, fatty 

acids, metabolites and inhibitors. 

Table 2.9. Miscellaneous cell stimulators and inhibitors 
Name Catalogue No. Company 
rhIL-2 200-02 PeproTech 
Phorbol 12-myristate 13-acetate (PMA) P8139 Sigma-Aldrich 
Phytohaemagglutinin (PHA) 1096927 Thermo Scientific 
Docosahexaenoic acid (DHA) 90310 Cayman Chemical 
Eicosapentaenoic acid (EPA) 90110 Cayman Chemical 
17(R)-Resolvin D1 13060 Cayman Chemical 
Resolvin D1 10012554 Cayman Chemical 
Arachidonic acid (AA) 90010 Cayman Chemical 
Nordihydroguaiaretic acid 74540 Sigma-Aldrich 
Indomethacin I7378 Sigma-Aldrich 
Ultra-LEAF™ Purified anti-human CD3 
(clone OKT3)  

317326 BioLegend 

CD28 Monoclonal Antibody (CD28.2), 
Functional Grade 

16-0289-81 eBioscience 

 

2.1.9 Instruments and software 

The key instruments/equipment and software used in this thesis work and their company of 

origin, along with their application, are listed below. 

Table 2.10. Key instruments and software 
Name Company Type / Application 
ChemiDoc™ XRS+ Bio-Rad Imager 
Image Lab™ Software v3.0 Bio-Rad Imaging software 
BD FACSCanto I BD Flow cytometer 
BD FACSCanto II BD Flow cytometer 
BD FACSDiva BD Flow cytometry analysis 

software 
FlowJo v10.1 FlowJo LLC / BD Flow cytometry analysis 

software 
Amaxa™ Nucleofector™ Lonza Electroporator 
Qubit 3.0  Invitrogen Fluorometer 
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Mini-PROTEAN Tetra Cell system Bio-Rad Western blot/SDS-PAGE 
apparatus 

Trans-Blot® Turbo™  Bio-Rad Western blot/SDS-PAGE 
apparatus 

Cytospin 3  Shandon 
Scientific 

Centrifuge 

Olympus BX51 Fluorescence 
Microscope 

Olympus Microscope 

Olympus FV3000 Confocal 
Microscope 

Olympus Microscope 

FV31S-SW Image software Olympus Imaging software 
FIJI image software NIH Imaging software 
Titertek cell harvester Flow Laboratories Cell harvester 
Wallac 1409 Liquid Scintillation 
Counter 

Wallac Scintillation Counter 

Victor™ X4 Multilabel plate reader PerkinElmer Plate reader 
Graphpad Prism v8.0 Graphpad Statistical analysis software 
Mr. Frosty™ freezing container Nalgene Cryopreservation apparatus 
EasySep™ Magnet Stemcell 

Technologies 
 

2.2 Cell preparation 

2.2.1 Ethical statement 

The procurement of human blood and all experimental procedures were approved by the Human 

Research Ethics Committee of the Women’s and Children’s Health Network (WCHN), 

Adelaide, South Australia, in accordance to the National Statement on Ethical Conduct in 

Human Research (2007, updated 2018) (National Health and Medical Research Council Act 

1992).  

All mouse cell experimental procedures, including the collection and use of murine blood and 

spleen, were approved by the WCHN Animal Ethics Committee and conducted in accordance 

to the Australian code for the care and use of animals for scientific purposes.  

2.2.2 Human blood collection 

Healthy donor adult blood: Venous blood was collected from healthy adult volunteers with 

their informed consent by venipuncture. The blood was collected into lithium-heparin vials. 
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Alternatively, healthy donor buffy coats were also sourced from the Australian Red Cross Blood 

Service (Adelaide, South Australia). 

Cord blood (CB): Umbilical CB samples were collected with informed consent from pregnant 

women undergoing elective caesarean section with no complications at birth. These samples 

were analysed for PKC isozyme expression within 2 h of collection.  

2.2.3 Murine blood and spleen collection  

Scavenged spleens of adult Swiss mice were collected from the Adelaide University Medical 

School animal house.  

Murine blood: The mice were anaesthetised and blood was collected by cardiac puncture. The 

mice were killed by cervical dislocation.  

Murine spleen: Spleens were removed by dissecting the mice aseptically and placed in complete 

RPMI media. The spleens were mechanically grounded between glass slides and then passed 

through a sterile 40 μm Cell Strainer (BX 15-1040, MicroAnalytix, Australia) (210).  

2.2.4 Preparation of mononuclear cells and neutrophils 

Mononuclear cells from human peripheral (PBMC) or cord blood (CBMC), or murine blood or 

grounded splenic tissue suspension, were isolated by density gradient centrifugation on Ficoll-

Paque™ PLUS (d = 1.077), following the manufacturer’s protocol.  

Alternatively, PBMC and polymorphonuclear cells (PMN) or neutrophils were isolated from 

human blood according to the method (211). Blood was centrifuged over Hypaque-Ficoll 

medium (d = 1.114) at 600 × g for 35 min. The leukocytes were resolved into two discrete 

bands, with the upper band consisting of PBMC, and the lower band consisting of neutrophils, 

with red blood cells (RBC) at the bottom of the tube. The upper and lower bands were gently 
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aspirated and washed with RPMI 1640 by repeated centrifugation (3 × 5 min, 600 × g). The 

viability of the leukocytes as judged by their ability to exclude Trypan blue was > 99%.  

CBMC specimens were treated further with ammonium chloride lysis to lyse the nucleated RBC 

that could not be removed during the process. 

2.2.5 T cell purification 

CD3+ or CD4+ T cell isolation was performed by using EasySep™ Human T cell Enrichment 

or CD4 T Cell Isolation Kits, as per the manufacturer’s protocol. Briefly, PBMC or CBMC 

were resuspended in PBS supplemented with 2% FCS and 1 mM EDTA at 5 × 107 cells/mL 

(0.25 to 2 mL total volume) in a 12 × 75 mm polystyrene round-bottom tube. The kit Isolation 

Cocktail (50 μL/mL) was added to the suspension, mixed, and incubated at RT for 5 min. 

RapidSpheres™ magnetic particles were added at 50 μL/mL with further PBS/2% FCS/1 mM 

EDTA to a final suspension volume of 2.5 mL. After mixing, the tubes were placed into an 

EasySep™ Magnet for 3 min. The enriched CD3+ T cell or CD4+ T cell suspensions were 

poured into a new tube. The purity of the T cells was assessed by flow cytometry by surface 

staining with either anti-CD4 or anti-CD3 antibodies (see Table 2.4.3). The purity of the target 

cell population was always greater than 97%. 

2.2.6 Cell cryopreservation 

Cryopreservation of PBMC, CBMC or murine splenic cells, was performed by resuspending 

cells at 5 to 10 × 106/mL in cryopreservation media, and aliquoting into cryovials. These were 

placed into an isopropanol-loaded Mr Frosty freezing container and incubated overnight in a –

80 °C freezer. The vials were then transferred into liquid nitrogen storage until later use. 

2.3 Cord blood cell culture and maturation 
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Purified CBTC were treated (2 × 105/200 µl) with various concentrations of either DHA or its 

metabolic products, 250 nM 17(R)-Resolvin D1 or Resolvin D1 for 60 min at 37 °C. In some 

experiments, purified CBTC were treated with or without 10 µM indomethacin or 

nordihydroguaiaretic acid for 30 min and then treated with 5 µM DHA for 50 min. In other 

experiments, CBMC were cultured with varying concentrations of AA for 1 h; or pretreated 

with 5 µM cPLA2α inhibitor for 15 min then treated with 20 µM AA for 1 h.  

All cultures were performed with RPMI 1640 without FCS. All metabolites and inhibitors were 

in ethanol and control cells received equivalent amounts of ethanol. At the end of incubation, 

the reaction was stopped by adding cold RPMI 1640 and samples were analysed for PKCζ 

expression by flow cytometry (see section 2.6.5 below). 

Anti-CD3 and -CD28: Maturation of T cells was performed in culture plates with anti-CD3 and 

anti-CD28 antibodies. Briefly, anti-CD3 antibodies (clone OKT3) were added to 96-well plates 

at a final concentration of 2.5 μg/mL in HBSS and incubated in a refrigerator (4 °C) overnight 

or at 37 °C for 3-5 h, followed by washing in HBSS. The CBTC were then seeded at 2 × 105/100 

μL/well with 100 μL of anti-CD28 (Clone CD28.2) at a final concentration of 1 μg/mL. 

PHA/PMA: In some experiments, PHA/PMA was used to mature CBTC, in these experiments, 

the cells were treated with 2 μg/mL PHA and 50 ng/mL PMA. In some experiments, CBMC at 

1 × 106 cells/mL were matured with PHA alone.  

For either anti-CD3/CD28 or PHA/PMA stimulation, after three days of culture, the cells were 

harvested and enumerated, with viability assessed by trypan exclusion. They were reseeded at 

1 × 106/mL with/without the addition of 10 ng/mL rhIL-2. This process was repeated every 2nd 

day of culture. Cells were maintained at 1 × 106/mL for 7 days. At different time points, the 

CD45RA/RO surface expression was analysed by flow cytometry.  

2.4 Lymphoproliferation assay  
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Radioactive [3H]-thymidine method: PBMC, CBMC, or purified T cells were resuspended in 

RPMI 1640/5% AB serum at 2 × 106 cells/mL. Cells were added at 100 μL/well in round bottom 

96 well plates, with 2 μg/mL PHA and 50 ng/mL PMA or cell culture media in triplicate 

wells/treatment, and incubated at 37 °C, with 95% humidity, and 5% CO2. Cells were harvested 

on the 3rd to 5th day of culture (depending on the stimulus). On the final day of culture, cultures 

were pulsed with 2 μCi [3H]-thymidine for 6 h, with the supernatants harvested, and the 

remaining cells harvested onto glass fibre filter paper, using a Titertek Multiple Cell Harvester. 

The glass fiber filter cutouts were applied to vials with scintillation fluid, and the disintegrations 

per minute (DPM) were determined in a Wallac 1409 scintillation counter. 

Lymphoproliferation was expressed as a stimulation index (SI) of stimulated/unstimulated 

DPMs. 

Carboxyfluorescein succinimidyl ester (CFSE) method: Briefly, 2 × 106/mL of CD3+ T cells 

were incubated with 1 µM CFSE for 5 min in the dark. The cells were washed with complete 

media and resuspended in complete X-VIVO 15 media at a density of 2 × 106/mL. Viability 

was checked by 7-AAD staining. The proportion of CFSE uptake was analysed on flow 

cytometry and compared with unstained cells. The cells were seeded in 96 well plates with or 

without anti-CD3/-CD28 (as detailed in section 2.3 above) at 2 × 105 cells/200 μL/well and 

incubated for five days. The cells were then acquired on a BD FACSCanto I, with analysis 

using FlowJo. 

2.5 Cytokines assay 

Interleukin (IL)-2 was quantitated in cell culture supernatants by sandwich enzyme-linked 

immunosorbent assay (ELISA) as previously described for our laboratory (212). Briefly, 100 

μL of highly-purified pre-titrated anti-human IL-2 polyclonal antibody was used to coat Nunc™ 

MaxiSorp™ flat-bottom 96 well plates at RT for 48 h. Excess antibody was aspirated and the 

wells incubated with 200 μL of BSA-containing Assay Buffer for 1 h at RT, then washed three 
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times with further Assay Buffer. The following were applied to the anti-IL-2 coated plate at 50 

μL into the appropriate wells: (1) recombinant IL-2 standards from 50 to 10,000 pg/mL; (2) 

quality control IL-2 NIBSC standards at known concentrations; and (3) diluted test culture 

supernatant (1:16). Following incubation for 1 h at RT, biotinylated labelled anti-human IL-2 

monoclonal antibody was added at 50 μL/well, and the plate was further incubated for 1 h at 

RT. The plates were washed before the addition of 100 μL/well of HRP-Conjugated 

Streptavidin (S-HRP) diluted 1/1000 in S-HRP buffer for a 30 min incubation at RT. The plates 

were washed. followed by the addition of TMB solution at 100μL/well and further incubated 

for 15 min or colourimetric development. The reaction was stopped by the addition of 

100μL/well of 0.5 M of H2SO4 (stop solution). Absorbance readings at 450 nm were obtained 

using a Victor™ X4 Multilabel plate reader. 

2.6 Immunophenotyping 

Flow cytometer compensation was optimised using the Anti-Mouse Ig, κ/Negative Control 

Compensation Particles Set for mouse antibodies or AbC™ Total Antibody Compensation 

Bead Kit for non-mouse antibodies.  

Immunophenotyping of either whole blood or isolated/purified mononuclear cells harvested 

during various culture time points were performed as required using fluorochrome-conjugated 

antibody cocktails as described in Tables 2.11 & 2.12. The selected cocktail was incubated with 

50 μL of the specimen (or 2 × 105 cells) in 12 × 75 mm polystyrene round-bottom tubes for 20 

min at RT in the dark. Where whole blood was used, RBCs were lysed with 1X BD Pharm 

Lyse™ lysing solution for 10 min at RT in the dark. Following incubation, the cells were 

washed twice with Wash solution and acquired on a flow cytometer. At least 50,000 lymphocyte 

events were acquired. Lymphocytes were gated on the basis of their high CD45+ expression 

after doublet exclusion by FSC-H and FSC-A. 
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Table 2.11. Staining panel for determination of T/B/NK/Monocytes subsets 

Antibody Fluorochrome Clone Catalogue 
No. Company Volume/ 

Test (μL) 
Anti-CD3/ 

Anti-CD16+56 FITC/PE SK7 (Leu-4) 
MY31/B73.1 340042 BD 5 

Anti-CD19 PE-Cy5 HIB19 555414 BD 2.5 
Anti-CD14 APC M5E2 555399 BD 1.3 
Anti-CD45 APC-H7 2D1 641399 BD 1.2 

The T, B, NK and Monocytes cocktail was used on either whole blood for determination of the 

percentage of cell subsets or to determine the purity of yield following T cell purification. The 

percentages of T cells (CD3+), B cells (CD19+), NK cells (CD16/56++), and monocytes (CD14+) 

were analysed based on their surface markers expression. 

Table 2.12. Staining panel for Naive/memory T cell subsets 

Antibody Fluorochrome Clone Catalogue 
No. Company Volume/ 

Test (μL) 
Anti-CD45RA FITC HI100 555488 BD 2.5 
Anti-CD45RO PE UCHL1 555493 BD 2.5 

Anti-CD3 PE-Cy5 HIT3a 555341 BD 5 
Anti-CD4 APC RPA-T4 555349 BD 5 
Anti-CD8 PE-Cy7 RPA-T8 557746 BD 1.2 
Anti-CD45 APC-H7 2D1 641399 BD 1.2 

A naive and memory T cells assay cocktail was used to ascertain RO/RA expression of CBTC 

at different time points during in vitro culture. CD3+ T cells from lymphocytes were further 

gated on CD4+ and CD8+ T cells for surface expression of CD45RA+ (naive marker) and 

CD45RO+ (memory marker).  

2.6.1 Apoptosis and cell viability assays  

The viability of cells from culture harvested at various time points was determined using 

Annexin V for early apoptosis and 7-AAD for necrotic or late apoptosis. Briefly, 2 × 105 cells 

were washed in 1 mL of Annexin V binding buffer and then incubated with the antibody 

cocktail described in Table 2.13 for 20 min at RT in the dark. After two washes with Annexin 

V binding buffer, the samples were incubated with 7-AAD for 5 min at RT in the dark and 

acquired on a flow cytometer. 
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Table 2.13. Staining panel for determination of activated/apoptotic or dead cells 

Antibody Fluorochrome Clone Catalogue 
No. Company Volume/ 

Test (μL) 
Annexin V FITC N/A 556420 BD 1.25 
Anti-CD69 PE FN50 555531 BD 10 
Anti-CD3 APC-Cy7 SK7 (Leu-4) 557832 BD 2.5 
Anti-CD4 APC RPA-T4 555349 BD 2.5 

- 7-AAD N/A 559925 BD 5 

 

Table 2.14. Staining panel for determination of PKCη in lymphocyte subsets 

Antibody Fluorochrome Clone Catalogue 
No. Company Volume/ 

Test (μL) 
Surface      

Anti-CD3 APC-Cy7 SK7 557832 BD 2.5 
Anti-CD8 PE-Cy7 RPA-T8 557746 BD 1.2 
Anti-CD4 APC RPA-T4 555349 BD 2.5 
Anti-CD19 PE-Cy5 HIB19 555414 BD 2.5 
Anti-CD16 PE 3G8 IM1238U Beckman 

Coulter 
2.5 

Anti-CD56 PE N901(HLDA
6) 

IM2073U Beckman 
Coulter 

2.5 

Intracellular      
Anti-PKCη AF488 EPR18513 ab179524 Abcam 0.2 
Anti-PKCε AF488 EPR1482(2) ab217980 Abcam 0.2 
Rabbit mAb 

IgG 
AF488 N/A ab199091 Abcam 0.2 

 

2.6.2 Cytokine production by intracellular staining 

Intracellular cytokine production assays were performed in sterile 12 × 75 mm polystyrene 

round-bottom tubes as described previously (213, 214). Mononuclear cells were added in RPMI 

1640 + 5% AB serum at 1 × 106 cells/500 μL, followed by 500 μL of either RPMI 1640 (diluent 

control) or 50 nM PMA and 2 μg/mL PHA. GolgiPlug (Brefeldin A) was also added to each 

tube at 1 µL/mL and the cultures were incubated at 37 °C, 5% CO2, for 16-20 h. At the end of 

incubation, the samples were centrifuged for 5 min at 600 × g, with the supernatant discarded. 

The cells were washed two times in PBS and resuspended at 2 × 106 cells/mL. BD Horizon™ 

Fixable Viability Stain 510 was added to each cell suspension at 1 μL/mL (1:1,000), vortexed 
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and then incubated for 15 min at RT protected from light. The cells were washed twice with 2 

mL of Wash solution and resuspended in the residual solution for cell surface staining for anti-

CD3, CD8, and CD45 (Antibody panel Table 2.16) for 15 to 20 min at RT in the dark.  

Following surface staining, each set of control and stimulated cells were further divided into 

separate tubes for isotype control and intracellular cytokine staining. The cells were washed 

with Wash solution, then fixed with 250 µL the addition of BD Cytofix/CytoPerm™ Fixation 

and Permeabilisation Solution, with incubation for 20 min at RT in the dark. Following 

centrifugation and aspiration of the supernatant, the cells were further permeabilised with BD 

Perm/Wash for 10 min at RT in the dark. Following centrifugation and decanting of the 

supernatant, appropriate anti-cytokine antibodies (or respective isotypes control antibodies) 

were added to the cells and incubated for 30 min at RT in the dark. Following a further two 

washes with BD Perm/Wash, the cells were acquired on a BD FACSCanto II, with at least 

50,000 lymphocyte events collected.  

Lymphocytes were gated by their high expression of CD45 marker and further gated for 

CD3+/CD8–(CD4+ T cells), Isotype control or IL-4+/IFN-γ+. In other experiments using purified 

T cells, the anti-cytokines panels described in (Tables 2.17 & 2.18) were applied without any 

cell surface staining. 

Table 2.15. Staining panel for Th1/Th2 cytokines in CD4+ and CD8+ T cells 

Antibody Fluorochrome Clone Catalogue No. Company Volume/ 
Test (μL) 

Surface      
Anti-CD3 PE-Cy5 HIT3a 555341 BD 5 
Anti-CD8 PE-Cy7 RPA-T8 557746 BD 1.2 
Anti-CD45 APC-H7 2D1 641399 BD 1.2 

Intracellular      
Anti-IFN-γ FITC 4S.B3 554551 BD 0.2 
Anti-IL-4 PE 8D4-8 12-7049-42 eBioscience 1 

Mouse IgG1κ FITC MOPC-21 555748 BD 2 
Mouse IgG1κ PE MOPC-21 556650 BD 0.5 
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Table 2.16. Intracellular cocktail#1 for T helper cytokines in purified T cells 

Antibody Fluorochrome Clone Catalogue No. Company Volume/ 
Test (μL) 

Intracellular      
Anti-IL-2 BV421 5344.111 562914 BD 2.5 
Anti-IL-10 AF488 JES3-9D7 501413 BioLegend 2.5 
Anti-LT-α PE 359-81-11 554556 BD 1 

Anti-IL-17A PerCP-Cy5.5 N49-653 560799 BD 2.5 
Anti-TGF-β1 PE-Cy7 TW4-2F8 349610 BioLegend 2.5 

Anti-TNF APC MAb11 554514 BD 1 
Anti-IFN-γ APC-Cy7 4S.B3 502530 BioLegend 2.5 

 

Table 2.17. Intracellular cocktail # 2 for T helper cytokines in purified T cells 

Antibody Fluorochrome Clone Catalogue No. Company Volume/ 
Test (μL) 

Intracellular      
Anti-IL-13 BV421 JES10-5A2 563580 BD 2.5 
Anti-IL-4 FITC MP4-25D2 562047 BD 2.5 
Anti-IL-21 PE 3A3-N2.1 562042 BD 2.5 
Anti-IL-9 PerCP-Cy5.5 MH9A3 561461 BD 2.5 
Anti-IL-22 PE-Cy7 2G12A41 366707 BioLegend 2.5 
Anti-IL-5 APC TRFK5 562048 BD 2.5 

Anti-IFN-γ APC-Cy7 4S.B3 502530 BioLegend 2.5 

 

2.6.3 Dihydrorhodamine-123 neutrophil oxidase burst assay  

DHA, EPA and AA activity was tested on purified neutrophils from healthy adult blood donors 

by examining their ability to induce a respiratory burst using the Dihydrorhodamine-123 (DHR-

123) Reduction Assay as previously described by our laboratory (215, 216). Neutrophils were 

added at 1 × 106 cells per 12 × 75 mm polystyrene round-bottom tube and incubated with anti-

CD45 APC-H7 for 15 min. This was followed by the following treatments for 20 min: (1) 1 

µM DHR-123; (2) 1 µM DHR-123 + 100 nM PMA; (3) 1 µM DHR-123 + 25 µM DHA; (4) 1 

µM DHR-123 + 25 µM EPA; and (5) untreated. Samples were acquired immediately on a BD 

FACSCanto I. 

2.6.4 PKC isozymes antibody labelling 
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To complete the complement of fluorochrome-conjugated PKC isozyme antibodies for flow 

cytometry, in-house purification and labelling were performed for those unavailable 

commercially with a fluorochrome-conjugate (217). These included monoclonal antibodies to 

PKCη, PKCβI, and PKCμ. 

Table 2.18. Non fluorochrome-conjugated PKC isozyme antibodies 

Antibody Clone Catalogue 
No. Company 

Anti-PKCβ1 EPR18512 ab195039 Abcam 
Anti-PKCη EPR18513 ab179524 Abcam 
Anti-PKCμ EP1493Y ab51246 Abcam 

 

For glycerol and sodium azide removal, the antibodies were diluted in PBS and were 

centrifuged at 14,000 × g for 5 min in Amicon Ultra-0.5 Centrifugal Filter Units. The filter 

captured antibodies (in a concentrated volume of ~50 μL) were recovered by inverting the filter 

into new vials and centrifuging at 1,000 × g for 2 min. The concentration of each antibody was 

adjusted to 1 mg/mL by the addition of PBS.  

Conjugation of fluorophores to the monoclonal antibodies was performed using Alexa Fluor™ 

488 or 647 labelling kits. Briefly, the purified antibody was conjugated by incubation with the 

desired fluorophores and unreacted dye was removed according to the manufacturer’s 

instructions. The concentration of each antibody was adjusted to 1 mg/mL with PBS. The yield 

of labelled antibodies was around 83% of the starting material.  

For storage, BSA with 40% glycerol (v/v) and 0.02% sodium azide (w/v) was added such that 

the total protein concentration including BSA was 1 mg/mL. The antibodies were aliquoted to 

reduce freeze-thaw cycles and stored at −20 °C. 

2.6.5 Intracellular detection of PKC isozymes in whole blood 
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PKC isozymes were examined in whole blood from adults and cord blood by intracellular 

staining for flow cytometry as described previously (217). The staining panels are described in 

Tables 2.14 & 2.15. All centrifugation steps were performed at 500 × g for 3 min and all 

incubations were performed in the dark, at RT. Fifty μL of blood were surface stained with the 

appropriate cocktail for 15-20 min at RT in 12 × 75 mm polystyrene round-bottom tubes. This 

was followed with incubation with 2 mL of 1X BD FACS™ lysing solution in the dark for 10 

min. The samples were centrifuged and cell pellets were washed with 2 mL of Wash solution. 

The cells were resuspended in 250 μL of BD Cytofix/Cytoperm™ solution for 10 min, followed 

by the addition of 2 mL of the NET-Gel permeabilization buffer with a further 10 min 

incubation. After centrifugation and decanting the supernatant, 1 μg of either mouse IgG 

(Abcam) or rabbit IgG (Thermo Fisher Scientific) was added to block Fc receptors with a 

further 10 min incubation. Optimal amounts of fluorochrome-conjugated antibodies (see Tables 

2.14 & 2.15), per 50 μL of NET-Gel, were added to the appropriate tubes (i.e. isotype control, 

test) for a 30 min incubation. These were washed twice with 2 mL of wash solution, and then 

the cells were acquired on a flow cytometer within 1 h of preparation.  

PKC isozymes were assessed using FlowJo v10.1, from leukocytes subsets excluded for 

doublets by using forward scatter area (FSC-A) versus height (FSC-H) plot, with side scatter-

area (SSC-A) versus FSC-A used to determine lymphocyte, monocyte, and neutrophil 

populations. T lymphocytes specific surface markers were used to further gate on T cell subsets: 

the CD8+ population was gated as cytotoxic T cells, whilst the CD3+/CD8− population were 

considered CD4 helper T cells. Isotype and fluorescence minus one controls were used to gate 

on PKC isozymes expression. The data are presented as median fluorescent intensities (MFI) 

which were calculated by subtracting of MFI of PKC isozyme from the MFI of isotype control. 

Table 2.19. Staining panel for determination of PKC isozymes in T cell subsets. 

Antibody Fluorochrome Clone Catalogue 
No. Company Volume/ 

Test (μL) 
Surface      
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Anti-CD3 APC-H7 SK7 560176 BD 2.5 
Anti-CD8 PE-Cy7 RPA-T8 557746 BD 1.3 

Intracellular      
Anti-PKCα AF647 H-7 sc-8393 Santa Cruz 1 

Anti-PKCβII AF647 F-7 sc-13149 Santa Cruz 1 
Anti-PKCβ1 AF647 EPR18512 ab195039 Abcam 0.2 
Anti-PKCζ PE H-1 sc-17781 Santa Cruz 1 
Anti-PKCθ PE E-7 sc-1680 Santa Cruz 1 

Anti-PKCλ/ι PE H-12 sc-17837 Santa Cruz 2.5 
Anti-PKCη AF488 EPR18513 ab179524 Abcam 0.2 
Anti-PKCδ AF488 EPR17075 ab206282 Abcam 0.2 
Anti-PKCε AF488 EPR1482(2) ab217980 Abcam 0.2 
Anti-PKCμ AF647 EP1493Y ab51246 Abcam 0.05 

Mouse IgG1κ 
Isotype 

AF647 - 566011 BD 1 

Rabbit IgG 
Isotype 

AF488 - ab199091 Abcam 0.2 

Rabbit IgG 
Isotype 

AF647 - 2985 Cell 
Signalling 

2 

Mouse IgG2aκ PE - 340459 BD 8 

 

Table 2.20. Staining panel for determination of PKCη in lymphocyte subsets 

Antibody Fluorochrome Clone Catalogue 
No. Company Volume/ 

Test (μL) 
Surface      

Anti-CD3 APC-Cy7 SK7 557832 BD 2.5 
Anti-CD8 PE-Cy7 RPA-T8 557746 BD 1.2 
Anti-CD4 APC RPA-T4 555349 BD 2.5 
Anti-CD19 PE-Cy5 HIB19 555414 BD 2.5 
Anti-CD16 PE 3G8 IM1238U Beckman 

Coulter 
2.5 

Anti-CD56 PE N901(HLDA
6) 

IM2073U Beckman 
Coulter 

2.5 

Intracellular      
Anti-PKCη AF488 EPR18513 ab179524 Abcam 0.2 
Anti-PKCε AF488 EPR1482(2) ab217980 Abcam 0.2 
Rabbit mAb 

IgG 
AF488 N/A ab199091 Abcam 0.2 

 

2.7 PKCZ transfection 

2.7.1 Plasmid preparation  
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Plasmids from Addgene were provided in transformed competent Escherichia coli cells of 

either the DH5α or XL1-Blue strains. To propagate the plasmids, freshly prepared Luria broth 

(LB) agar plates containing either 100 μg/mL ampicillin or kanamycin (depending on the 

plasmid antibiotic resistance) were streaked and incubated overnight at 37°C to produce 

colonies. The next morning, a single colony was isolated from the plate and inoculated in 2 mL 

of LB with desired antibiotics. In the afternoon, 500 μL of the starter culture was inoculated 

into 500 mL flasks containing 100 mL of LB with antibiotics. The flasks were placed in a 

shaking incubator, set at 185 rpm, with an overnight incubation at 37 °C. 

The plasmid extraction was performed by using the NucleoBond® Xtra Midi Plus EF, Midi kit 

for endotoxin-free plasmid DNA, according to the manufacturer’s protocol. Briefly, the 

plasmid-containing competent cell culture was poured into 50 mL FALCON tubes and 

centrifuged at 3,000 × g for 15 min at 4 °C. The supernatant was discarded and the residual 

liquid was removed. The cells were resuspended and lysed by adding 8 mL of each Buffer RES-

EF and Buffer LYS-EF and incubated for 5 min at RT. Columns were equilibrated with 15 mL 

of Buffer EQU-EF. Neutralisation was performed by adding 8 mL of Buffer NEU-EF, and 

mixing thoroughly until the solution became colourless, and then further incubated for 5 min 

on ice. The tubes were inverted 3 times to clarify and the lysates were loaded onto the 

NucleoBond® Xtra Column Filter. The lysate was washed with 5 mL Buffer FIL-EF and then 

the NucleoBond® Xtra Column Filter was discarded. The second wash was performed with 35 

mL of Buffer ENDO-EF, and the third time with 15 mL of Buffer WASH-EF. The lysates were 

eluted with 5 mL of Buffer ELU-EF and precipitated with 3.5 mL isopropanol, vortexed, and 

then incubated at RT for 2 min before loading on the NucleoBond® Finalizer. Two mL of 70 % 

ethanol was added to wash, and air was pushed through the NucleoBond® Finalizer ≥ 6 times 

until dry. The plasmids were reconstituted with 200 μL TE-EF or H2O-EF.  
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The yield and purity of plasmids preparation were determined by spectrophotometry with UV 

absorbance at 260 nm and 280 nm. A ratio of A260/A280 between 1.80–1.90 and A260/A230 

around 2.0 indicated pure plasmid DNA.  

2.7.2 Plasmid insert verification  

The PKZ inserts were verified in plasmids by restriction digest. Briefly, a reaction mix was 

prepared for each plasmid by firstly combining 1 μg of plasmid with 5 μL of 10X CutSmart™ 

Buffer, and water to a final volume 50 μL following the addition of the appropriate restriction 

enzymes: for constitutively active or wild-type PKCZ plasmid, 1 μL EcoR1-HF with 1 μL Sall-

HF was added; for the empty vector backbone, only 1 μL EcoR1-HF was added. The reaction 

mixture was then incubated at 37 °C for 1 h. After incubation, 100 ng of each sample or 

undigested plasmid (control) was examined by 1% agarose gel electrophoresis. 

2.7.3 T cell nucleofection 

Freshly separated or cryopreserved adult or CBTC were applied to the Human T Cell 

Nucleofector™ Kit for nucleofection of plasmids according to the manufacturer’s protocol. 

Briefly, 10 × 106 unstimulated cells were pelleted and the medium was completely removed. 

Approximately 4-6 μg of desired plasmid DNA or 2 μg of pmaxGFP was added with 100 μL T 

cell nucleofection buffer to resuspend the cells and then transferred into a cuvette for loading 

into a Amaxa™ Nucleofector™ device. The desired program, U-014 for high viability or V-

024 for high expression level, was applied. After program completion, 500 μL of the appropriate 

pre-warmed medium was added to the cuvette and the cells were carefully transferred into a 

12-well plate containing 1.5 mL media/well. Cells were incubated at 37 °C, 5% CO2 incubators 

until analysis. 

The success of nucleofection was tested by flow cytometry, with cells containing pmaxGFP 

and other EGFP expressing plasmids demonstrating ~70% GFP expression within 24 h. 

57



2.8 Western blotting for PKC isozymes 

2.8.1 Assessment of specificity of PKC isozymes antibodies 

Antibodies in Table 2.19 were tested for their ability to detect for the isozymes that it was 

designed for and showing a single band. Only antibodies that met these two criteria were used 

for PKC expression western blotting and intracellular staining. 

2.8.2 Preparation of cell lysates 

Cells harvested for Western blot analysis were washed twice with PBS, with pellets 

resuspended in ice-cold Lysis buffer (with freshly added protease/phosphatase inhibitors) at 2 

× 106/60 μL, and incubated on a rocking platform for 1 h on ice. The samples were centrifuged 

at 4 ºC for 5 min at 3,500 × g and the soluble fractions were harvested (cell lysate). The cell 

lysates were stored at –80 ºC until analysis. 

2.8.3 Protein quantitation  

The protein content of the cell lysates was determined using the Qubit® Protein Assay Kit, 

according to the manufacturer's recommendations. Protein concentrations were measured using 

the Qubit® 3.0 Fluorometer. 

2.8.4 Sodium dodecyl sulphate–polyacrylamide gel electrophoresis and Westen blot 

Two-part cell lysates were mixed with one-part Laemmli buffer supplemented with β-

Mercaptoethanol. These were boiled at 95-100 °C for 5 min before loading 35 μg of sample per 

well in 10% TGX Stain-Free™ FastCast™ Acrylamide gels for electrophoresis using the Bio-

Rad Mini-PROTEAN Tetra Cell system at ~175 V for 1 h. The proteins were 

electrophoretically transferred to the nitrocellulose membrane by using a Trans-Blot® Turbo™ 

transfer system. The success of the transfer was checked with Ponceau S or a Stain-free system. 

After blocking the membrane by incubation with either 5% skim milk in TBST or 5% BSA in 
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TBST (for phosphorylated proteins), the membranes were incubated for 1h at RT or overnight 

at  4 °C with the appropriate mouse or rabbit monoclonal non fluorochrome-conjugated anti-

PKC isozyme antibodies, or anti-phospho-PKCζ, or anti-phospho-ERK1/2 antibody. This was 

followed by washing with TBST, and incubation with HRP-conjugated rabbit anti-mouse Ig or 

goat anti-rabbit Ig secondary antibodies, as appropriate. Immunoreactive material was detected 

using the Western Lightning™ Plus Chemiluminescence Reagent according to the 

manufacturer’s instructions. The protein bands on the membranes were visualized by a Bio-

Rad ChemiDoc XRS+ Imaging System and quantitated using Image Lab™ Software, Version 

3.0. Some blots were stripped using ReBlot Plus Mild Antibody Stripping Solution (Merck-

Millipore) and re-probed with mouse monoclonal GAPDH antibody (1/20,000) to confirm 

equal loading. 

2.9 PKCζ activation assay 

PKCζ activation in purified T cells was assessed by Western blot following culture with or 

without anti-CD3/-CD28 costimulation as described in section 2.3 above in 6 well plates in a 

final culture volume of 1 mL. Briefly, T cells at 2 × 106/mL in HBSS, were stimulated for 

indicated times and the reaction was stopped by using cold HBSS. The cells were recovered by 

using a rubber scraper, transferred into 1.5 mL vials, and centrifuged at 600 × g, 5 min at 4 °C. 

The cell lysates were prepared as described in section 2.8.2 above and then subjected to SDS-

PAGE and Western blot. 

2.10 Immunofluorescence and Confocal Microscopy  

Immunofluorescent imaging of cultured T cells utilised flow cytometric techniques to fix and 

permeabilise cells as described earlier. Briefly, T cells were cultured with or without 

PMA(100nM), PHA/PMA, or anti-CD3 in 12 × 75 mm polystyrene round-bottom tubes, for 15 

min at 37 °C, 5% CO2. The stimulation was stopped by the addition of ice-cold Wash solution 
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and followed by centrifugation, fixation and permeabilization, as described in section 2.6.5 

above. The cells were surface stained with CD3 FITC for 15 min together with intracellular 

staining for either PE-conjugated PKCζ, PKCθ or phospho-ERK1/2 for 30 min. At the end of 

the assay, cells were transferred to Superfrost® microscope slides using a Shandon Cytospin 3 

centrifuge. Cytospun T cells were air-dried and mounted with a fluorescent mounting medium. 

The samples were then visualised under an Olympus BX51 Fluorescence Microscope at 100 × 

magnification with oil or Olympus FV3000 Confocal Microscope at 60 × magnification with 

oil and the images were acquired by using FV31S-SW Image software tools. The images were 

processed by using FIJI image software (218).  

2.11 Statistical analysis 

All statistical analyses were performed using GraphPad Prism 8. Comparisons between 

multiple groups were performed with either two-way or one-way ANOVA followed by 

Dunnett’s Multiple Comparison test. Paired or unpaired two-tailed Student’s t-testing was used 

to compare the means of two groups with matched or unmatched responses, respectively. 

Statistical significance was defined as p < 0.05. 
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3.1 Introduction and Contextual Statement 

This is the first publication presented in this thesis. The research was carried out to test the 

specificity of commercially available monoclonal anti-PKC isozymes antibodies that can be 

used for both western blots as well as flow cytometry, for both humans and mice. A number of 

commercially available monoclonal antibodies were tested by western blot for their specificity, 

for 10 different PKC isozymes. The research work carried out shows the importance of testing 

the specificity of the antibodies as many of the recommended antibodies showed lack of 

specificity by western blot and therefore not suitable for use in the flow cytometry assay. 

Once this validation of the monoclonal antibodies had been achieved, studies were initiated to 

assess expression of the different PKC isozymes in the blood leukocytes, T cells and their 

subsets, monocytes, neutrophils and NK cells. Comparisons were made between levels in cord 

blood leukocytes with those from blood of adults.  

The following article entitled “Validation of monoclonal anti-PKC isozyme antibodies for flow 

cytometry analyses in human T cell subsets and expression in cord blood T cells”, by Khalida 

Perveen, Alex Quach, Andrew McPhee, Susan L. Prescott, Simon C. Barry, Charles S. Hii, & 

Antonio Ferrante was published in a peer-reviewed journal, Scientific reports, in June 2019. 

(https://doi.org/10.1038/s41598-019-45507-2) 
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Validation of monoclonal anti-
PKC isozyme antibodies for flow 
cytometry analyses in human t 
cell subsets and expression in cord 
blood t cells
Khalida perveen1,2, Alex Quach1,2, Andrew Mcphee3, Susan L. prescott4, Simon C. Barry2, 
Charles S. Hii1,2 & Antonio Ferrante1,2

T cells from neonates (cord blood) with a tendency to develop allergic diseases express low PKCζ levels. 
More extensive investigations into PKC isozyme levels in T cell subsets and changes during neonatal T 
cell maturation are hampered by limitations of Western blot analyses. We have undertaken to validating 
the specificity of commercially available antibodies marketed for flow cytometry to measure PKCα, βI, 
βII, δ, ε, η, θ, ζ, ι/λ and μ. Western blot analyses of human peripheral blood mononuclear cell (PBMC) 
lysates demonstrated that some antibodies were unsuitable for flow cytometry assays. A panel of 
antibodies with the desirable specificity and reliability in the flow cytometry assay were identified 
using both PBMC and whole blood assays. The results showed that all PKC isozymes were expressed 
in CD4+ and CD8+ T cells, monocytes and neutrophils. Murine lymphocytes showed similar patterns of 
expression. A major finding was that 35.2% and 38.5% of cord blood samples have low PKCζ (≤the 5th 
percentile of adult levels) in the CD4+ and CD8+ subsets, respectively, consistent with the incidence of 
allergy development in the population. Furthermore, these low PKCζ levels ‘normalised’ within 24 h 
after initiation of maturation of these cells in culture, providing a ‘window of opportunity’ for altering 
pKCζ levels.

Protein kinase Cs (PKCs) are a family of phospholipid-dependent serine/threonine protein kinases which consists 
of at least 11 isoforms, each with tissue-specific distribution and individual functional properties. On the basis of 
structure, requirement for Ca2+ for activation and unique binding ability with phorbol myristate acetate (PMA) 
or diacylglycerol (DAG), they have been divided into three groups: classical or conventional PKC (consisting 
of PKCα, βI, βII and γ), novel (PKCδ, ε, η and θ) and atypical (PKCζ, ι/λ and μ) isozymes1. The role of PKC 
isozymes in cell proliferation, differentiation1, motility and survival2 has been well established. Metabolic disor-
ders3, immune immaturity4, cancer5,6 and cardiovascular malfunction7 are some of the diseases that have been 
associated with mutation/altered expression of specific PKC genes. Differences in levels of PKCs or the abnormal 
activation have been reported in autoimmune diseases, heart failure, acute and chronic heart disease, kidney and 
lung diseases, diabetes, various dermatological diseases, psychiatric diseases, cancer as well as neurological con-
ditions8. Involvement of PKC in these abnormalities highlights the critical role that these kinases perform in cell 
signalling and regulation of health and disease development.

Reduced T cell PKCζ levels are associated with Th2 dominance at birth and the subsequent failure to develop 
towards T helper (Th)1 phenotype whereas high T cell PKCζ expression at birth was associated with non-allergy 
development in infants9–12. The studies also showed that the levels of PKCζ in cord blood T cells (CBTC) could be 
used as a biomarker for assessing whether children were likely to develop allergic diseases/sensitisation10,11. This 
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notion was further supported by the findings that supplementation with omega3 fats during pregnancy increased 
the levels of PKCζ in CBTC and this was associated with reduced allergic disease development and a decrease in 
Th2 persistence in maturing cells10–12. Furthermore the changes in PKCζ expression induced by omega3 fats were 
under an epigenetic control12. These findings provide a new concept in the regulation of disease development 
from birth. To gain more insights into this concept we have now attempted to validate flow cytometry assays for 
the range of PKC isozymes and used this to evaluate the levels in the different leukocyte types and lymphocyte 
subsets and explored their levels in neonatal leukocytes, at birth and during T cell maturation.

Here we demonstrate the need to ensure specificity of antibodies designed to be used for flow cytometry 
assays to measure intracellular levels of PKC isozymes. Following validation of their specificity and adaptation 
to flow cytometry assays, we demonstrated the presence of PKCα, βI, βII, δ, ε, η, θ, ζ, ι/λ and μ in T cell subsets, 
monocytes and neutrophils. These measurements could be made in whole blood assays. The antibodies were also 
able to detect all of these PKC isotypes in mouse splenic and peripheral blood lymphocytes. Examination of PKC 
isozyme levels in CBTC demonstrated that 30–40% (of the cord bloods) were deficient in PKCζ, a deficiency rate 
expected for high risk of allergy development in the population. Furthermore, we were able to show that these low 
levels rapidly normalise following the initiation of CBTC maturation in a culture model system.

Results
Specificity of anti-PKC isozyme antibodies. To validate the specificity of commercially available anti-
PKC isozyme antibodies for flow cytometry, we examined their specificities against their respective targets by 
Western blot using lysates from human PBMC. Four of the antibodies (anti-PKCε, -PKCβI, -PKCλ/ι and -PKCδ 
antibodies; clones E-5, E-3, E-7 and G-9; see Supplementary Table S1) that were designated for use in Western 
blot and flow cytometry assays were found not to be suitable for the flow cytometry assay (Fig. 1a). The anti-PKCε 
antibody was not able to detect the PKC isozyme in these lysates; that against PKCIβ detected an additional pro-
tein and the anti- PKCλ/ι showed several protein bands. The antibody to PKCδ also detected other proteins apart 
from this PKC isozyme. While these antibodies have been recommended for use in both Western blot and flow 
cytometry, it is evident that for human leukocytes they are not appropriate for use in the latter.

After further examination, we identified ten antibodies that had the specificities needed for the detection and 
estimation of PKCα, βI, βII, δ, ε, η, θ, ζ, ι/λ or μ by flow cytometry (clones outlined in Fig. 1 legend). The data in 
Fig. 1b show the Western blot analyses of PBMC lysates probed with these antibodies. All isozymes were detected 
at their expected molecular weights, around 80 kDa, except for PKCμ that migrated in SDS-PAGE gels at the 
expected 115 kDa. In all cases there was a high level of specificity for each of these isozymes.

Flow cytometry validation of the PKC isozyme measurements in whole blood assays. The 
above Western blot-validated antibodies were then examined for suitability in flow cytometry assays for detecting 
intracellular PKC isozymes. Anti-PKCα, βI, βII and μ (AF647 conjugated) and PKCη, ε and δ (AF488) and PKCθ, 
ζ and λ/ι (PE) conjugated antibodies were titrated in parallel with the isotype control. Supplementary Fig. S1 
shows the gating strategies. Data for the titration of the anti-PKC antibodies is presented as signal-to-noise ratios 
in Fig. 2, with the MFI presented in Supplementary Fig. S2. The results showed that lymphocytes stained for all 
the PKC isozymes in a concentration related manner.

The data in Fig. 3 show the expression of the various PKC isozymes in both CD4+ and CD8+ T cells from 
healthy donors. There was a wide variation in levels of specific isozymes expressed between these individuals. 
However, the levels expressed in the different isozymes were similar between the two T cell subsets (Fig. 3). 
Further analyses on the monocyte and neutrophil populations showed also the expression of all the isotypes in 
these cells (Figs 4 and 5).

A small proportion of lymphocytes lacked PKCη (Fig. 5a). Further, analysis for PKCη in CD4+ and CD8+ T 
cells, B cells and NK cells revealed that these all expressed the PKC isozymes except for B cells which lacked PKCη 
(Fig. 5b). Examination of neutrophils and monocytes for all PKC isozymes revealed that neutrophils and mono-
cytes express all PKC isozymes (Fig. 4; Fig. S3). The data displayed in Supplementary Fig. S3 show the differential 
expression of these isozyme in different leukocyte subpopulations. Thus PKCα, ι/λ, θ and μ are the most highly 
expressed in neutrophils, PKCδ and ε in monocytes and PKCη in T cells.

Analysis of PKC isozymes in murine lymphocytes. The analyses were extended to expression of the 
PKC isozymes in murine lymphocytes. The above antibodies specific for the PKC isozymes were used to exam-
ine their expression in murine splenic lymphocytes, using outbred Swiss white mice. Examination of lysates by 
Western blotting revealed a similar level of specificity (Fig. 6a) as for the human PBMC (Fig. 1). The unidentified 
lower molecular weight bands of approximately 25–35 kDa in the PKCα, βII, θ and ζ blots were unlikely to be due 
to degraded PKC or to non-specific staining by the primary antibodies since it was also detected in the absence 
of a primary antibody (Supplementary Fig. S4), suggesting that it is due to the secondary antibody. However, 
this would not have any implications in the flow cytometry assay which is based on direct staining of the PKC 
isozymes.

Flow cytometry analysis was conducted as per human PBMC for detection of the different isozymes in splenic 
lymphocytes as well as in whole blood assays. As we were only interested in whether these antibodies were able to 
detect the isozymes in murine lymphocytes by flow cytometry assay, no subset characterisation was undertaken. 
The analysis was performed by SSC and FSC properties of murine cells, after exclusion of doublets by FSC-H 
and FSC-A. All PKC isozymes were detected in murine lymphocytes from blood and splenic cells (Fig. 6b,c). 
Furthermore, like human leukocytes, mouse blood lymphocytes and splenic cells showed two distinct popula-
tions based on presence or absence of PKCη (Fig. 6b,c). A more prominent population of PKCη negative was seen 
in splenic cells than blood since the former contain ~50% B cells.
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Levels of PKC isozymes in cord blood CD4+ and CD8+ T cells, monocytes and neutrophils.  
Previously, we have examined, by Western blot analyses, the levels of a limited number of PKC isozymes in T 
cells from cord bloods of subjects with a family history of allergic diseases11. Here we have used a non-selected 

Figure 1. Specificity of the anti-PKC isozyme monoclonal antibodies. Lysates from PBMC from human blood 
of adult volunteers were subjected to Western blot analysis using isoenzyme-specific monoclonal anti-PKC 
antibodies as indicated in figures. These were developed with an HRP-conjugated anti-mouse/anti-rabbit Ig 
antibody. (a) Shows the reactivity of antibodies recommended for flow cytometry. The blots show either one or 
two samples (lanes 1 and 2) with blots stripped and reprobed to detect GAPDH. These antibodies either did not 
show any immunoreactivity towards the intended PKC isozyme or they showed non-specific binding to multiple 
proteins. Antibodies: anti-PKCε, -PKCβI, -PKCλ/ι and -PKCδ antibodies were from clones E-5, E-3, E-7 and 
G-9; (Supplementary Table S1). (b) Specificity of antibodies selected for flow cytometry assay. These anti-PKC
antibodies were selected based on their specificities, as they each showed specific binding to a single protein band. 
The clones for the anti-PKCα (H-7), βI (EPR18512), βII (F-7), δ (EPR17075), ε (EPR1482(2)), η (EPR18513), θ (E-7),
ζ (H-1), ι/λ (H-12) and μ (EP1493Y) are shown in parentheses (see also Supplementary Table S1). The blots are 
presented individually for each staining, intact without splicing, with lanes in their entirety.
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Figure 2. Signal-to-noise ratios of titrated anti-PKC isozyme antibodies in whole blood assay of lymphocytes. 
The lymphocyte fraction of whole blood was gated and assessed for staining by the anti-PKCα, βI, βII, θ, δ, ε, ζ, 
λ/ι μ and η antibodies along with the appropriate fluorochrome-congujated isotype controls. Signal-to-noise 
ratios were calculated as described in the methods. The final concentration of each antibody with the respective 
isotype control is indicated in the graphs. The MFI graphs are shown in Supplementary Fig. S2.

Figure 3. Expression of PKC isozymes in CD4+ and CD8+ T cells by flow cytometry analysis. Flow cytometry 
analysis of PKC isozyme expression in CD4+ and CD8+ T cells. (a) Representative histogram for PKC isozymes 
in whole blood assay gated on CD3+CD8− T-cells (left) and individual and mean values showing the variation 
in the population (n = 11) (right). (b) Representative histogram for PKC isozymes in whole blood assay gated 
on CD3+CD8+ T cells and values representing the variation in the population (n = 11). Dashed lines represent 
the isotype controls and solid lines represent anti-PKC isozyme antibody staining. Bar graphs show values for 
each individual and the mean ± SD expressed as change in median fluorescence intensity (ΔMFI) obtained after 
subtracting the isotype control MFI values from respective PKC isozyme MFI values.
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population of cord bloods to examine the levels by flow cytometry. Adult donor blood and cryopreserved PBMC 
from healthy adult donors were run in parallel as quality assurance for the assay. CB samples were analysed for 
PKC isozymes expression in CD4+ and CD8+ cell populations. The results showed that for both of these a propor-
tion of the cord bloods displayed low PKCζ and δ (Fig. 7a). We also show that these were deficient in monocytes 
but this was less evident in neutrophils (Fig. 7b).

Changes in PKC isozyme levels in cord blood T cells during maturation in culture. In this aspect 
of the study we selected those CBTC which showed low or deficient levels of PKCζ. These low levels were based 
on our normal range (5th-95 percentiles) of 35.2–90.5% for CD4+ T cells and 38.5–92.3% for CD8+ T cells. Since 
PKC is important in T cell responses once the cells have matured, it was expected that those with low levels would 
normalise during the maturation process. Using a previously described in vitro T cell maturation system9–13, we 
examined whether the PKC isozyme levels normalized in those cord cells which expressed low levels. The data 
presented in Fig. 8a for CD4+ T cells and Fig. 8b for CD8+ T cells, show that within 24 h of the commencement of 
the maturation process, the PKC isozymes had already increased to mature T cell levels, with no further increases 
after this time (Fig. 8).

Discussion
While it has been reported that low levels of PKCζ in CBTC may be a risk factor for development of allergy, the 
acceptance of this phenomenon awaits more profound studies. This includes the relationship in expression of 
this isozyme to other PKC isozymes, expression in CD4+ and CD8+ T cells and kinetics of normalisation of the 
levels during CBTC maturation. Advancements can be made if levels of the PKC isozymes can be measured by 
flow cytometry, together with the characterization in T cell subsets and with assessing of cytokine production. 
To facilitate such studies, we have shown that translating assays from Western blot to flow cytometry requires 
validation of these antibodies. Our data show that despite claims that monoclonal antibodies are suitable for flow 
cytometry, we have shown that when tested on Western blot some of them may not be specific for the indicated 
PKC isozymes. By subjecting the antibodies to Western blot analysis we were able to identify a panel which could 

Figure 4. Expression of PKC isozymes in monocytes and neutrophils using whole blood flow cytometry assays. 
Intracellular staining was performed on fresh whole blood as per method section. Representative histogram 
for PKC isozymes in whole blood assay gated on monocytes (a) or neutrophils (b), showing also values for the 
population. Dashed lines represent the isotype control and solid lines represent the respective PKC isozyme in 
each cell population. Analysis of each PKC isozyme was performed by gating the subpopulation based on their 
light scatter patterns for monocytes and neutrophils. Bar graphs represent values for each individual and as 
mean ± SD, expressed as change in median fluorescent intensity (ΔMFI) which were obtained after subtracting 
the isotype control MFI values from respective PKC isozymes MFI values. Sample size = 7–11 samples for 
neutrophils and monocytes.
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specifically detect the PKC isozymes. This enabled the identification of levels of these isozymes in human lympho-
cytes, T cell subsets, B cells, NK cells, monocytes and neutrophils in whole blood assays.

The advantages of using flow cytometry are evident from the finding that we detected a PKCη positive and 
negative populations in peripheral blood lymphocytes population. It was evident that CD4+, CD8+ and NK cells 
are positive for PKCη, while B cells lack this PKC isozyme in both human and mice. This has been reported in 
developing B cells, which expressed high PKCη at mRNA level, while mature or resting B cells have low levels of 
PKCη14. This finding is consistent with our data from flow cytometry studies.

Overall, all PKC isozymes were detectable in CD3+ T cells in whole blood assays. The data show that levels 
of each PKC isozyme in CD4+ and CD8+ T cell populations were comparable. The low expression of PKCβI in 
human monocytes is consistent with the literature15.

PKC has been reported to play various roles in T cell function. The atypical PKCζ and PKCλ/ι play a role 
in regulation of asymmetric CD8+ T cell division involving the differentiation of CD8+ T cells to a long-lived 
effector phenotype with reduced memory T cell development16. PKCθ plays an important role in Th2 cell type 
development but has no effect on Th1 cell responses17. PKCε is important for CD4 T cell proliferation18.

While PKC isozyme expression in monocytes is well documented, by Western blot analysis, their expres-
sion in neutrophils remains either incompletely characterized or discordant. In rat neutrophils, Tsao and Wang19 
reported the expression of PKCα, β, δ, ε, θ, μ, ι, λ, ζ and γ (with γ being normally detected in neuronal cells) 
albeit at various levels. In contrast, Dang, et al.20 examined the expression of six PKC isozymes in human neu-
trophils and was unable to detect PKCδ, ε and γ. Balasubramanian, et al.21 examined the expression of all PKC 
isozymes in human neutrophils and were able to detect all except PKCε, ζ, γ and η. The basis for these differences 
is unclear even though an argument based on species differences could be made for the findings of Tsao and 
Wang19 and those of Balasubramanian, et al.21 as both groups used antibodies from the same commercial source. 
We optimised our flow cytometry-based assay on whole blood to examine their expression in these cells. All PKC 

Figure 5. Expression of PKCη in lymphocyte subsets, neutrophils and monocytes, assessed by flow cytometry 
in whole blood. (a) Titration of anti-PKCη antibody. Intracellular staining of cells was performed and the 
fluorescence signal in the lymphocyte gate was analysed. (b) PKCη in lymphocyte subsets. Whole blood was 
surface stained for CD4+ T cells, CD8+ T cells, natural killer cells (CD16/56) and B cells and then stained for 
intracellular PKCη expression. PKCε was used as a positive control. Shaded histograms represent the unstained 
population, dashed and solid lines represent the isotype and PKC expression, respectively (n = 3). (c) Titration 
results in neutrophils and in monocytes using lymphocytes as the positive control. (d) Histograms for PKCη 
expression in monocytes and neutrophils at two antibody concentrations. Dashed lines represent the isotype 
control, solid lines represent the PKCη expression (n = 2).
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isozymes are expressed in monocytes and neutrophils. All PKC isozymes were detectable in mouse lymphocytes 
from blood and splenic cells.

Using the flow cytometry assay, a number of cord blood samples were examined for PKC expression in a ran-
dom population. It was evident from these results that only about 40% of these were considered to be low or defi-
cient in PKCζ compared to adult control values. This was evident in both CD4+ and CD8+ T cells. Although we 
previously only examined the CD3+ T cell population, it was evident that a high proportion of that cohort, which 
comprise babies born to women who had a family history of allergic diseases, displayed low expression of PKCζ10. 
Our present findings provide further support to the proposal that PKCζ expression levels in T cells are prognostic 

Figure 6. Detection of PKC isozyme expression in mouse lymphocytes by Western blot and flow cytometry. 
Mouse spleens were removed and cells were separated. (a) Cell lysates were prepared for Western blot analysis 
for detection of PKC isozymes by using PKC isozymes specific antibodies as shown in figures, n = 1–2. The 
blots are presented individually for each staining, intact without splicing, with lanes in their entirety. (b) Murine 
whole blood or (c) splenic lymphocytes were stained for intracellular PKC isozymes expression as outlined in 
methods. Histogram data from murine lymphocyte population are shown. Shaded histogram represents isotype 
control, dashed line represents unstained population and solid line represents PKC isozymes. Quantitated data 
(mean ± SD) from mouse blood lymphocytes (n = 5) and mouse splenic cells (n = 2–5) are presented in the 
right hand panels.
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for risk of allergy development since it has been claimed that 40% of the population are at risk of developing aller-
gic diseases22. Interestingly, the only other isozyme found to be deficient in cord blood CD4+ and CD8+ T cells 
was PKCδ. Previously we have not found the levels of this isozyme to be correlated with development of allergic 
diseases11. Amongst the other leukocyte subpopulations neutrophils did not show the PKC isozyme deficiency 
but monocytes from some cord bloods presented with deficient isozymes, PKCδ and PKCζ. It will be interesting 
to follow up the consequence of these low levels in some cord blood monocytes. Thus the isozyme levels can be 
determined in whole blood without the need to purify the subpopulations of leukocytes.

Examination of PKCζ and δ during CD4+ and CD8+ T cell maturation in the culture model showed that when 
fully matured, both isotypes were expressed at mature T cell levels. In fact, their expression normalised within 
24 h of initiating maturation, and before the expression of maturation markers CD45RA−/RO+. Our previously 
published data demonstrated that PKCζ is required to prevent cells from maintaining an immature Th2 allergic 
cytokine profile, a characteristic of neonatal T cells12. Taken together these results lead to an understanding that 

Figure 7. Cord blood PKC isozyme expression in CD4+ and CD8+ T cells, monocytes and neutrophils. Whole 
blood from cord (n = 9) and adult donor blood (n = 4) were stained with anti-CD3 and anti-CD8 antibodies 
and co-stained for anti-PKC isozymes. The data are expressed as a percentage of cryopreserved adult donor 
PBMC that were analysed in parallel. PKC levels were quantified as change in median fluorescent intensity 
(ΔMFI) by flow cytometry and then expressed as percentage of cryopreserved adult control cells. (a) Expression 
of PKC isozymes in cord (open bars) and adult (shaded bars) blood CD4+ and CD8+ T cells. (b) Expression of 
PKC isozymes in cord blood monocytes and neutrophils as compared to adult control blood. These levels were 
quantified as change in ΔMFI after subtracting the MFI of respective isotype control by flow cytometry and 
shown as median. Data are presented as mean ± SD.

Figure 8. Kinetics of PKCζ and δ expression in cord blood CD3+CD8− and CD3+CD8+ T cells during 
maturation in culture. Cord blood T cell subsets expressing low levels of PKCζ at day-0 were matured in the 
presence of PHA (2 µg/ml), and IL-2 (10 ng/ml). Levels of the PKC isozymes were analysed by intracellular 
staining method as per method section at the indicated time point in (a) CD4+ and (b) CD8+ T cells during 
culture. ΔMFI of PKCs expressed as percentage of ΔMFI in cryopreserved PBMCs (n = 4). *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.0001.

72

https://doi.org/10.1038/s41598-019-45507-2


9Scientific RepoRts |          (2019) 9:9263  | https://doi.org/10.1038/s41598-019-45507-2

www.nature.com/scientificreportswww.nature.com/scientificreports/

not only PKCζ may be a biomarker for propensity to develop allergic diseases but may also have a functional role 
in development of T cells towards a non-allergic cytokine profile. The significance of our finding also extends to 
identification of an early period during which this development can be ‘re-programmed’11,12.

Materials and Methods
Reagents, chemicals and antibodies. Information about the antibodies for intracellular staining for PKC 
isozymes, leukocyte surface markers and the labelling kit used for antibody-fluorescent dye conjugation isotype 
controls and mouse and rabbit IgG blocking antibodies, are summarized in Supplementary Table S1. RPMI 1640 
tissue culture medium, foetal calf serum (FCS) and L-glutamine were purchased from SAFC Biosciences (Lenexa, 
Kansas, USA).

Ethics statement. The procurement of human blood and all experimental procedures were approved by the 
Human Research Ethics Committee of the Women’s and Children’s Health Network (WCHN), Adelaide, South 
Australia, in accordance to The National Statement on Ethical Conduct in Human Research (2007, updated 2018) 
(National Health and Medical Research Council Act 1992). Venous blood was collected from healthy adult volun-
teers with their informed consent, and umbilical cord blood with informed consent from mothers undergoing 
elective caesarean section.

All mouse cell experimental procedures, including the collection and use of murine blood and spleen, were 
approved by the WCHN Animal Ethics Committee and conducted in accordance to the Australian code for the 
care and use of animals for scientific purposes. Blood and spleens were collected as scavenger tissue.

Preparation of human PBMC. PBMC were prepared by layering the samples on Ficoll® Paque Plus (GE 
Healthcare, Uppsala, Sweden) according to the manufacturer’s protocol. The interphase layer containing PBMC 
was harvested and cells were washed in RPMI-1640 medium supplemented with 2 mmol/L L-glutamine, 100 U/ml  
penicillin, 100 μg/ml streptomycin and 10% FCS.

Preparation of mouse blood and splenic mononuclear cells. Scavenged spleens of adult Swiss mice 
were collected during training sessions from the Adelaide University Medical School animal house. The mice 
were given injectable anaesthesia and blood was collected by cardiac puncture. The mice were killed by cervical 
dislocation. Spleens were removed by dissecting the mice aseptically and placed in RPMI-1640 containing 10% 
FCS, penicillin (100 U/ml), streptomycin (100 µg/ml) and L-glutamine (2 mmol/l). The spleens were mashed in 
between the slides to prepare spleen cells. The blood or spleen cells were layered on Ficoll® Paque Plus according 
to the manufacturer’s protocol and after three washes, cells were used for Western blot or flow cytometry assays. 
Cell viability was determined by the trypan blue-exclusion method.

Collection of cord blood samples. Cord blood samples (n = 9) were collected following elective caesarean 
sections with no complications at birth. These samples were analysed for the PKC isozymes levels within 2 hours 
of collection. Additionally, cord blood mononuclear cells (CBMC) were isolated by centrifugation over Ficoll® 
Paque Plus according to the manufacturer’s protocol and cryopreserved for later functional analysis.

Cryopreservation of cells. Freshly isolated MC from human adult or cord blood, mouse blood or spleen 
were cryopreserved in freezing media containing 90% heat-inactivated FCS and 10% DMSO. Cells were incu-
bated in a ‘Mr. Frosty’ Freezing Container (Thermo-Fisher Scientific, Scoresby Vic, Australia) overnight in a 
−80 °C freezer, then transferred into liquid nitrogen storage10.

Western blot. Western blots were conducted essentially as described previously9,23. Cell lysates were pre-
pared from either human PBMC or mouse splenic cells in a buffer containing 20 mmol/L HEPES, pH 7.4, 0.5% 
Nonidet P-40 (v/v), 100 mmol/L NaCl, 1 mmol/L EDTA, 2 mmol/L Na3VO4, 2 mmol/L dithiothreitol, 1 mmol/L 
phenylmethylsulfonyl fluoride, and 10 μg/ml of each protease inhibitor (benzamidine, leupeptin, pepstatin A, 
purchased from Sigma-Aldrich, St. Louis, Missouri, USA), and aprotinin (Calbiochem, Merck, Darmstadt, 
Germany). Lysate proteins were quantitated by using the Qubit® Protein Assay Kit (Thermo Fisher Scientific, 
Waltham, MA, US), prior to the addition of Laemmli buffer. The samples were boiled at 100 °C in the presence of 
Laemmli buffer for 5 min before loading 25 μg of sample per well in 10% SDS Stain-Free™ FastCast™ Acrylamide 
gels (Bio-Rad Laboratories, Hercules, California, USA) for electrophoresis using the BIO-RAD Mini-PROTEAN 
Tetra Cell system (Bio-Rad Laboratories) at ~175 V for 1 h. The proteins were electrophoretically transferred to 
nitrocellulose membrane by using a Trans-Blot® Turbo™ transfer system (Bio-Rad Laboratories). After blocking, 
the membranes were incubated with the appropriate mouse or rabbit monoclonal anti-PKC isozyme antibodies, 
individually, followed by washing and incubation with HRP-conjugated secondary rabbit anti-mouse Ig (Dako, 
Glostrup, Denmark), or HRP-conjugated goat anti-rabbit Ig secondary antibodies (Dako, Glostrup, Denmark) as 
appropriate. Immunoreactive material was detected using the Western Lightning™ Chemiluminescence Reagent 
Plus (Perkin Elmer, Waltham, MA) according to the manufacturer’s instructions. The protein bands on the mem-
branes were visualized by a ChemiDoc XRS+ Imaging System and quantitated using Image Lab™ Software, 
Version 3.0 (Bio-Rad Laboratories). Some blots were stripped using ReBlot Plus Mild Antibody Stripping Solution 
(Merck-Millipore) and re-probed with mouse monoclonal GAPDH antibody (clone 71.1, Sigma-Aldrich, used at 
1/15000) to confirm equal loading and protein integrity.

Conjugation of fluorophores to the anti-PKCη, μ and βI antibodies. Conjugation of fluorophoes 
to anti-PKCη, anti-PKCβI and anti-PKCμ monoclonal antibodies was performed by using an Alexa Flour 488 
(AF488) or AF647 labelling kit (Thermo Fisher Kit, Waltham, MA, US), and unreacted dye was removed accord-
ing to the manufacturer’s instructions. Prior to conjugation, glycerol and sodium azide were removed using an 
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Amicon Ultra-0.5 Centrifugal Filter Unit (Cat# UFC503024, Sigma Aldrich). Briefly, between 30–96 μg of an anti-
body was reconstituted to 0.5 ml with PBS and placed in a filter unit. Following centrifugation (14000 g × 5 min), 
the concentration of each antibody was adjusted to 1 mg/ml with PBS as per kit manufacturer’s instructions. The 
yield of labelled antibodies was around 83% of the starting material. For storage, BSA with 40% glycerol (v/v) and 
0.02% sodium azide (w/v) was added such that the total protein concentration was 1 mg/ml. The antibodies were 
aliquoted and stored at −20 °C.

Flow cytometric detection of PKC isozymes in whole blood. Each PKC isozyme was assessed in 
whole blood from healthy donors or umbilical cords, using cell surface and intracellular flow cytometry staining 
methods. All staining steps were performed at room temperature with incubations in the dark where possible. 
To 50 µl of blood per tube, varying combinations of fluorochrome-conjugated monoclonal antibodies to CD3, 
CD4, CD8, CD19, CD16, and CD56, were added and incubated for 15 min. This was followed by erythrocyte lysis 
with the addition of 2 ml of BD FACS™ Lysing Solution for a further 10 min incubation, then a centrifugation 
to pellet leukocytes (500 g/3 min), with the supernatant discarded. The cells were washed with 2 ml of PBS with 
1% FCS, and then fixed in 250 µl of BD Cytofix/Cytoperm™ Fixation and Permeabilization Solution for 10 min. 
After another centrifugation and supernatant removal, the cells were permeabilised with 2 ml NET-Gel24 for 
10 min. After supernatant removal, the fixed/permeabilised cells were Fc blocked with 1 µg of mouse/rabbit IgG 
for 10 min, followed by the addition fluorochrome-conjugated monoclonal antibodies to PKC isozymes or corre-
sponding isotype control, in a final staining volume of approximately 50 µl, and incubated for 30 min. The stained 
cells were then washed twice with PBS + 1% FCS, and then acquired within 1 h on a BD FACSCanto, with at least 
10,000 leukocyte events recorded.

PKC isozymes were assessed using FlowJo v10.1 (Ashland, Oregon, USA) on cell populations with the fol-
lowing gating strategy: doublets excluded using a forward scatter-height (FSC-H) versus -area (FSC-A) plot, 
then FSC-A versus side scatter-area (SSC-A) to ascertain lymphocyte, monocyte, and neutrophil populations. 
Specific lymphocyte subsets were then gated by their positivity to CD markers, or where only CD3 and CD8 were 
utilized in cell surface staining, CD3+/CD8− populations were considered as CD4 helper T-cells. PKC isozymes 
were gated positive based on fluorescence minus one and isotype controls. The data are presented as median 
fluorescent intensities (MFI). Signal-to-noise was calculated as ratio of positive (PKC isozyme)/negative (isotype 
control) MFI, as previously described25.

Maturation of cord blood T cells in culture. CBTC maturation was conducted as previously described10. 
CBMC were isolated from blood by the same process as described for PBMC isolation from adult blood and cryo-
preserved until assayed. Cells were thawed in a water bath and washed once with warm complete media. Viability 
was assessed by the trypan blue exclusion assay which revealed viability of 87–93%. CBMC cells at 1 × 106/ml 
in complete media were seeded in a 12 well plate (total volume 2 ml). For each time point, separate wells were 
used. The cells were rested in a CO2 incubator at 37 °C for 2 h before adding phytohemagglutinin (PHA) at a final 
concentration of 2 μg/ml. IL-2 was added to the cells at a final concentration of 10 ng/ml on day three and media 
was replaced with fresh media. PKC isozymes were measured at day-0 in fresh samples and day-1 and day-7 in 
cultured cells.

Statistical analyses. All data were analysed for normal distribution using the D’Agostino-Pearson and 
Shapiro-Wilk normality test. Multiple comparisons were performed by one-way ANOVA, followed by the Tukey 
multiple comparisons test. All statistical analyses were performed using GraphPad Prism version 7.02 (GraphPad 
Software, La Jolla, California, USA). A P value < 0.05 was considered statistically significant for all analyses.

Data Availability
The datasets generated during and analysed during the current study are available from the corresponding author 
on reasonable request.
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Supplementary Figure S1. Gating strategies for leukocyte subsets in whole blood assays for PKC detection. Following surface and intracellular 
staining, which included red cell lysis, leukocyte fixation and permeabilisation, cells were acquired on the flow cytometer. Singlets were gated 
by FSC-A/FSC-H, and SSC was used to distinguish lymphocytes, monocytes and neutrophils. The lymphocytes were further gated in either of 
two ways, depending on the PKC antibody panel (shown in Table S1 and S2): (1) CD4+ T cells elucidated by CD3+/CD8- gating; or (2) using 
CD3+ to directly detect CD4+ and CD8+ T cells, and CD3- to detect CD16+CD56+ NK cells and CD19+ B cells.  
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Supplementary Figure S2. Titration of anti-PKC isozyme antibodies and isotype control in lymphocytes. The lymphocyte fraction of whole 
blood was gated and assessed for staining by the anti-PKCα, β1, β, θ, δ, ε, ζ, λ/ι μ and η antibodies. The final concentration of each antibody with 
the respective isotype control is indicated in the graphs.   
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Supplementary Figure S3. Comparison of PKC isozymes in different cell populations of human adult whole blood by flow cytometry. 
Intracellular staining method was performed in fresh whole blood as per method section. PKC isozyme staining was subtracted from their 
corresponding isotype control staining (ΔMFI), as assessed on FSC/SSC gated lymphocytes (CD4+ or CD8+), monocytes and neutrophils. 
Neutrophils, n = 7 to 10; monocytes, n = 7 to 11; and CD4+ and CD8+ T cells, n = 11.
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Supplementary Figure S4. Non-specific secondary antibody staining in the Western blot of 
murine lymphocyte lysates. Horse-radish peroxidase-conjugated rabbit anti-mouse was 
applied to the blot in the absence of primary antibody staining. The blot is presented intact 
without splicing, with lanes in their entirety. 
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Supplementary Table S1. Details of antibodies used to determine expression of PKC 
isozymes. 

Name   Fluorochrome Isotype Clone Company  Catalogue  
Anti-PKCα Alexa Fluor® 

647 
Ms IgG1, κ H-7 Santa Cruz 

Biotechnology 
sc-8393 

Anti-PKCβII Alexa Fluor® 
647 

Ms IgG1, κ F-7 Santa Cruz 
Biotechnology 

sc-13149 

Anti-PKCζ PE Ms IgG2a, κ H-1 Santa Cruz 
Biotechnology 

sc-17781 

Anti-PKCθ PE Ms IgG2a, κ E-7 Santa Cruz 
Biotechnology 

sc-1680 

IgG1 

(isotype control) 
Alexa Fluor® 
647 

Ms IgG1, κ MOPC-31C BD 
Pharmingen™ 

566011 

Anti-PKCβ1* - Rb IgG EPR18512 Abcam ab195039 
Anti-PKCβ1# Alexa Fluor® 

488 
Rb IgG EPR18512 Abcam ab223452 

Anti-PKCη** - Rb IgG EPR18513 Abcam ab179524 
Anti-PKCδ Alexa Fluor® 

488 
Rb IgG EPR17075 Abcam ab206282 

Anti-PKCε Alexa Fluor® 
488 

Rb IgG EPR1482(2) Abcam ab217980 

Anti-PKCμ* - Rb IgG EP1493Y Abcam ab51246 
Anti-PKCλ/ι  PE Ms IgG2a, κ H-12 Santa Cruz 

Biotechnology 
sc-17837 

Anti-CD3 PE-Cy™5 Ms IgG2a, κ HIT3a BD 
Pharmingen™ 

555341 

Anti-CD3 APC-H7 Ms IgG1, κ SK7 BD 
Pharmingen™ 

560176 

Anti-CD8 PE-Cy™7 Ms IgG1, κ RPA-T8 BD 
Pharmingen™ 

557746 

Rabbit (DA1E) mAb 
IgG XP® Isotype 
Control 

Alexa Fluor® 
488 

Rb IgG - Cell Signalling 
Technology 

2975 

Rabbit (DA1E) mAb 
IgG XP® Isotype 
Control 

Alexa Fluor® 
647 

Rb IgG - Cell Signalling 
Technology 

2985 

Mouse IgG (isotype 
control) 

PE Ms IgG2a, κ X39 BD  340459 

Mouse IgG - Isotype 
Control 

- Ms 
polyclonal 
IgG 

- Abcam ab37355 

Rabbit IgG Isotype 
Control 

- Rb IgG - Invitrogen 02-6102 

*Labelled with Alexa Fluor® 647 Protein Labelling Kit (Invitrogen, Catalogue # A20173). 
**Labelled with Alexa Fluor® 488 Microscale Protein Labelling Kit (Invitrogen, Catalogue # 
A30006). 
#Used in PKC levels in cord blood and in kinetic experiments only. 
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Supplementary Table S2. Staining panel for the determination of PKC isozymes in 
peripheral blood subsets. 

Target Fluorochrome Clone 
Anti-PKCα  AF647 H-7 
Anti-PKCβII  AF647 F-7 
Anti-PKCβ1 AF647 EPR18512 
Anti-PKCζ  PE H-1 
Anti-PKCθ  PE E-7 
Anti-PKCλ/ι  PE H-12 
Anti-PKCη AF488 EPR18513 
Anti-PKCδ  AF488 EPR17075 
Anti-PKCε AF488 EPR1482(2) 
Anti-PKCμ AF647 EP1493Y 
Mouse IgG1k Isotype control AF647 - 
Rabbit mAb IgG Isotype Control  AF488 - 
Rabbit mAb IgG Isotype Control  AF647 - 
Mouse mAb IgG2ak PE - 
Anti-CD3   APC-H7 SK7 
Anti-CD8 PE-CY7 RPA-T8 
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Supplementary Table S3. Staining panel for the determination of PKCη in lymphocyte 
subsets. 

Target Fluorochrome Clone 
Anti-PKCη AF488 EPR18513 
Anti-PKCε AF488 EPR1482(2) 
Rabbit mAb IgG Isotype Control  AF488 - 
Anti-CD3  APC-CY7 SK7 
Anti-CD8  PE-CY7 RPA-T8 
Anti-CD4 APC RPA-T4 
Anti-CD19 PE-CY5 HIB19 
Anti-CD16 PE 3G8 
Anti-CD56 PE N901(HLDA6) 
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CHAPTER 4: PUBLICATION 
Cord Blood T Cells Expressing High and Low 

PKCζ Levels Develop into Cells with a 
Propensity to Display Th1 and Th9 Cytokine 
Profiles, Respectively 

Published in the International Journal of Molecular Science in May 2021 

https://doi.org/10.3390/ijms22094907 

Article Metrics (as of June 2023) 

Journal Impact Factor: 6.208 

Citations: 3 

https://doi.org/10.3390/ijms22094907


4.1 Introduction and Contextual Statement 

This chapter is represented as the second publication in this thesis. It is based on the previous 

observation about the PKCζ levels that have been shown to correlate with allergy development 

in early childhood. PKCζ levels in allergic and non-allergic children below 65 % of adult 

control levels predicted the development of allergic disease and it was reported to be an 

independent predictor of allergy development in neonates/childhood (208). This work was 

carried out to progress our understanding of the basis of the association between the PKCζ 

levels in CBTC and risk of allergy development. The in vitro CBTC maturation model was used 

for these studies. The main finding from this research was that the levels of PKCζ in CBTC 

were positively correlated with their development to Th1 cytokine bias and negative correlation 

with Th2/Th9 phenotype. This is in line with the PKCζ levels being a biomarker for allergy risk 

by regulating the development of Th cells into either Th1 or Th2/Th9 cytokine bias. 

The research article belongs to the Special Issue Molecular Mechanisms of Allergy and Asthma 

and is an invited paper. The article titled “Cord Blood T Cells Expressing High and Low PKCζ 

Levels Develop into Cells with a Propensity to Display Th1 and Th9 Cytokine Profiles, 

Respectively, by Khalida Perveen, Alex Quach, Andrew McPhee, Susan L. Prescott, Simon C. 

Barry, Charles S. Hii, & Antonio Ferrante was published in a peer-reviewed journal, 

International Journal of Molecular Science. May 2021, 22(9), 4907; 

(https://doi.org/10.3390/ijms22094907).  
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Abstract: Low Protein Kinase C zeta (PKCζ) levels in cord blood T cells (CBTC) have been shown to
correlate with the development of allergic sensitization in childhood. However, little is known about
the mechanisms responsible. We have examined the relationship between the expression of different
levels of PKCζ in CBTC and their development into mature T cell cytokine producers that relate to
allergy or anti-allergy promoting cells. Maturation of naïve CBTC was initiated with anti-CD3/-CD28
antibodies and recombinant human interleukin-2 (rhIL-2). To stimulate lymphocyte proliferation and
cytokine production the cells were treated with Phytohaemagglutinin (PHA) and Phorbol myristate
acetate (PMA). Irrespective of the PKCζ levels expressed, immature CBTC showed no difference in
lymphocyte proliferation and the production of T helper 2 (Th2) cytokine interleukin-4 (IL-4) and
Th1 cytokine, interferon-gamma (IFN-γ), and influenced neither their maturation from CD45RA+ to
CD45RO+ cells nor cell viability/apoptosis. However, upon maturation the low PKCζ expressing
cells produced low levels of the Th1 cytokines, IFN-γ, IL-2 and tumour necrosis factor-alpha (TNF),
no changes to levels of the Th2 cytokines, IL-4, IL-5 and IL-13, and an increase in the Th9 cytokine,
IL-9. Other cytokines, lymphotoxin-α (LT-α), IL-10, IL-17, IL-21, IL-22 and Transforming growth
factor-beta (TGF-β) were not significantly different. The findings support the view that low CBTC
PKCζ levels relate to the increased risk of developing allergic diseases.

Keywords: cord blood T cells; T cell maturation; Th1 and Th2 subsets; PKCζ; cytokines; allergy

1. Introduction

In developed countries, about 40% of children develop allergic sensitization, resulting
in symptomatic disease [1]. With similar trends now evident in developing countries, the
disease burden is likely to further escalate [2]. There is therefore an increasing need for
validation of biomarkers which identify those at risk of developing allergy and approaches
to modulation of immune responses away from allergy promoting response. While T helper
1 (Th1) and regulatory T cells play protective roles in allergy, Th2, Th9 and Th22 promote
allergy. Th1 lymphocytes produce Interferon-gamma (IFN-γ) while Th2 cells are mainly
producers of interleukin 4 (IL-4), IL-5 and IL-13, which is a hallmark of atopy or allergy.
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IL-4 promotes Th2 development and differentiation [3], immunoglobulin class switch to
Immunoglobulin E (IgE) in B cells, and high-affinity IgE receptor (FcεR1) expression on
mast cells. IL-5 is imperative in the survival, activation, development, and differentiation
of mast cells and eosinophils and increases basophils degranulation. IL-13, which shares
some role with IL-4, also regulates immunoglobulin class switch to IgE and promotes
eosinophil trafficking to mucosal sites. Th9 cells are the main producers of IL-9, although
it is debatable whether these are Th9 per se or Th2 [4–6], with similar roles as Th2 cell
cytokines, promoting the development of allergic asthma [5–16]. This subset develops
in the presence of IL-4 and Transforming growth factor-beta (TGF-β) and is inhibited
by IFN-γ [17–19]. IL-9 increases IgE expression, causing Bronchial Hyperresponsiveness
in inhaled methacholine-induced asthma [20,21] and enhanced mucus production by
epithelial cells [22]. It is also involved in accumulation, survival, growth, proliferation
activation and differentiation of mast cells [9,23,24]. In mast cells, it increases expression of
proteases and the FcεRIα [9,25]. IL-9 also plays a role in airway eosinophilia and promotes
eosinophil survival and differentiation and IL-5Receptor (IL-5R) expression [21,26,27].
In contrast, the Th1 cytokine IFN-γ is inhibitory toward development of Th2 and Th9
cells [28–30].

We have previously demonstrated that cord blood T cells (CBTC) may display low
levels of different Protein Kinase C (PKC) isozymes [31–35] which normalizes during
maturation [36] but most interesting was that the levels of PKCζ in immature CBTC
correlated with the risk of developing allergic diseases [3]. Babies found to have low
expression of PKCζ in their CBTC were at high risk of developing allergy [3]. Examination
of development of sensitization found that a PKCζ level of <62% could predict allergy
development with an accuracy of 71%, sensitivity of 80% and 63% specificity [33,34].
Further support for the importance of PKCζ levels in CBTC as a potential determinant
of allergy control comes from in vitro culture models of CBTC maturation. These studies
suggest PKCζ levels may influence the maturation of T cells into Th cells with a propensity
to produce either Th1 or Th2 cytokines, such that higher levels of PKCζ appear to skew
these responses towards Th1 IFN-γ production. In addition, supplementation of women
during pregnancy with ω-3 polyunsaturated fatty acids (fish oil) was associated with
an increase in expression of PKCζ in CBTC, with associated protection against allergic
sensitization in the first year of life [33,34].

Despite these findings, we understand very little about factors and pathways that
alter naïve CBTC maturation towards Th1 or Th2 or in other subsets, propensity. Our
study seeks to further elucidate these pathways to facilitate early detection that may assist
interventions to reduce the epidemic rates of allergic disease through primary prevention.
Specifically, here we investigated the relationship between naïve CBTC PKCζ levels and
their development to Th1 or Th2 cytokine producers and extended this question to other
cytokines which protect against or promote allergy, such as IL-9, IL-17 and IL-10. Since
previous studies showed an important role for PKCζ in protection against apoptosis in the
human T cell line, Jurkat cells [37], our studies extend to determine whether deficient/low
levels of PKCζ influence survival of T cells during this maturation.

2. Results
2.1. The Levels of PKCζ in Immature CBTC Does Not Affect Cytokine Pattern Expressed and
Lymphoproliferation

In all the following studies, the PKCζ levels were measured by intracellular staining
by flow cytometry using fluorochrome-tagged monoclonal antibody. To define T cells
expressing low and high PKCζ, we established the 5th (34.6%) percentile from a cohort of
normal adult volunteers (Figure 1a). Those expressing PKCζ levels below the 5th percentile
were considered to be low and above the cut off as high (Figure 1a). The data also show
that there is a significant difference in the level of PKCζ between CBTC and adult blood T
cells (Figure 1a).
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Figure 1. Comparison of proliferation and cytokine production in naïve cord blood T cells (CBTC) in Protein Kinase C zeta 
(PKCζ) low or high group. (a) Comparison of PKCζ between cord blood (CB) and adult blood (AB) T cells, n = 24 for each 
AB or CB. (b) Shows lymphoproliferation as a Stimulation index (SI) and disintegrations per minute (DPM) in 3H-thymi-
dine pulsed cultures stimulated with Phytohaemagglutinin (PHA) and Phorbol myristate acetate (PMA) (c) Purified CBCTs 
were stained with Carboxyfluorescein succinimidyl ester (CFSE) dye and stimulated with immobilized anti-CD3/-CD28 
antibodies for 3 days. Gating and representative histogram for CFSE dilution after exclusion of doublets and dead cells. 
Overlaid histograms for stained unstimulated and unstained stimulated samples were used as control and for gating the 
non-proliferating cells and for auto-fluorescence, respectively. (d) Naïve CB CD3+ T cells were stimulated with PHA/PMA 
(18 h) and percentage of CD3+ T cells producing interleukin-4 (IL-4) and Interferon-gamma (IFN-γ) and median fluorescent 
intensity (MFI) were examined by flow cytometry assays. (e) On day 5 of CFSE stained culture (anti-CD3/-CD28), cells 
were re-stimulated with PHA/PMA (18 h) for detection of intracellular cytokine. Representative flow dot plots and data 

Figure 1. Comparison of proliferation and cytokine production in naïve cord blood T cells (CBTC) in Protein Kinase C zeta
(PKCζ) low or high group. (a) Comparison of PKCζ between cord blood (CB) and adult blood (AB) T cells, n = 24 for each
AB or CB. (b) Shows lymphoproliferation as a Stimulation index (SI) and disintegrations per minute (DPM) in 3H-thymidine
pulsed cultures stimulated with Phytohaemagglutinin (PHA) and Phorbol myristate acetate (PMA) (c) Purified CBCTs
were stained with Carboxyfluorescein succinimidyl ester (CFSE) dye and stimulated with immobilized anti-CD3/-CD28
antibodies for 3 days. Gating and representative histogram for CFSE dilution after exclusion of doublets and dead cells.
Overlaid histograms for stained unstimulated and unstained stimulated samples were used as control and for gating the
non-proliferating cells and for auto-fluorescence, respectively. (d) Naïve CB CD3+ T cells were stimulated with PHA/PMA
(18 h) and percentage of CD3+ T cells producing interleukin-4 (IL-4) and Interferon-gamma (IFN-γ) and median fluorescent
intensity (MFI) were examined by flow cytometry assays. (e) On day 5 of CFSE stained culture (anti-CD3/-CD28), cells
were re-stimulated with PHA/PMA (18 h) for detection of intracellular cytokine. Representative flow dot plots and data for
CFSE dye dilution and IFN-γ producing cells in high and low PKCζ group. Data mean ± SD of n = 3 for of low and n = 4
high PKCζ group. ** p < 0.01. ns: not significant (Student’s t-test).
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To examine whether there was any difference in immunocompetence between the low
and high PKCζ expressing T cells, we examined the lymphocyte proliferation response
in the immature CBTC. The CBTC were stimulated with PHA/PMA, and then the incor-
poration of tritiated thymidine ([3H]-TdR) measured after 72 h of culture. The results
showed that the PKCζ low and high cells had comparable ability to proliferate (Figure 1b).
Similar results were obtained when proliferation was conducted with CBTC stimulated
with anti-CD3/-CD28 antibodies using the Carboxyfluorescein succinimidyl ester (CFSE)
assay (Figure 1c). To determine whether the levels of PKCζ expressed by the naïve CBTC
(CD45RA+/RO−) influenced cytokine production, IFN-γ and IL-4, the CBTC expressing
either low or high PKCζwere stimulated with Phytohaemagglutinin (PHA) and Phorbol
myristate acetate (PMA) for 18h and then intracellular staining was performed to identify
IFN-γ and IL-4 producing cells. The data presented in Figure 1d demonstrate that the
immature T cells produce much more IL-4 than IFN-γ. There was no difference between
low and high expressors. The findings were similar irrespective of whether we used the %
of cytokine positive T cells or the Median Fluorescence Intensity (MFI) to run comparisons
(Figure 1d). Thus, it is evident that the levels of PKCζ did not affect the predominant IL-4
production by these immature T cells.

When the cells were harvested on day 5 after maturation (anti-CD3/-CD28, without
recombinant human interleukin-2 (rhIL-2)) and stimulated with PHA/PMA (18h), those
expressing low levels of PKCζ had reduced percentage of IFN-γ producing cells compared
to samples expressing high levels of PKCζ (Figure 1e).

2.2. CBTC PKCζ Levels and T Cell Survival during Maturation

Previous studies showed an important role for PKCζ in protection against apoptosis
in the human T cell line, Jurkat cells [37]. It was therefore of interest to see if the low and
high PKCζ expressing T cells exhibited different survival rates during their maturation
in culture. The purified CBTC were matured by addition of anti-CD3/-CD28 antibodies
and rhIL-2. When the cells were analysed for levels of 7-aminoactinomycin D (7-AAD)
and Annexin V staining as the indicator of cell death and early apoptosis, respectively, we
found no difference in apoptosis and cell survival between the low and high PKCζ CBTC
during their 7 day maturation in culture (Figure 2a). The survival levels ranged between
60–85% in the PKCζ high and 55–85% in the PKCζ low samples. Thus, the levels of CBTC
PKCζ are unlikely to be controlling the rate of apoptosis or viability. Despite the differences
in PKCζ levels, the T cells showed the same level of maturation based on the expression of
CD45RO (Figure 2c).

2.3. Low PKCζ Expression Is Associated with Decreased Development towards a Th1
Cytokine Profile

The CBTC were matured by adding anti-CD3/-CD28 and rhIL-2 and cultured for
7 days. For assessing the ability to produce cytokines the matured CBTC were stimulated
with PHA-PMA. After 18 h the intracellular cytokine expression was determined using
fluorochrome tagged monoclonal antibodies. The data showed the expression of lower
levels of the Th1 cytokines, IFN-γ, IL-2 and TNF but increased levels of Th9 cytokine IL-9
in the low PKCζ CBTC group compared to the PKCζ high group. In the case of TNF,
there was no difference in the % of T cells that expressed TNF between low/high PKCζ
expressors but of the cells that expressed TNF, the PKCζ high cells had higher levels of
TNF than the low PKCζ cells. Other cytokines, lymphotoxin α (LT-α), IL-10, IL-4, IL-13,
IL-5, IL-17, IL-21, IL-22 and TGF-βwere not significantly different (Figures 3 and 4). The
data were also expressed as correlation analysis between the PKCζ levels and different
cytokines. This evaluation confirmed that expression of high levels of PKCζ by CBTC led
to the development of T cells with a Th1 skewed response/cytokine production (Figure 5,
Figure 6 and Figure S1). Correlation analyses between IFN-γ and other cytokines showed
a positive correlation with IL-2, TNF, and LT-α, and an inverse correlation with IL-9
(Figures S2–S4). Thus, as a result of high expression of PKCζ in CBTC, there is skewing
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towards Th1 cytokine-producing cells, as shown by the ratio of the IL-4:IFN-γ producing
cells (Figure 7).
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uration in culture. Purified CB CD3+ T cells were matured with anti-CD3/-CD28 and recombinant human interleukin-2 
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Figure 2. Comparison of viability, apoptosis, and maturation in CBTC expressing low or high levels of PKCζ during
maturation in culture. Purified CB CD3+ T cells were matured with anti-CD3/-CD28 and recombinant human interleukin-2
(rhIL-2) for 7 days. (a) Representative flow dot plots and percentage CB CD3+ T cells was analyzed at indicated times and
expressed as percentage of dead cells (7-aminoactinomycin D (7-AAD+) and apoptotic cells (Annexin V+). n = 3 for low
PKCζ and n = 5 for high PKCζ (b) Cell counts during maturation assay. (c) Representative dot plot for naïve and maturation
expression in CB CD3+ T cells on day seven. Data mean ± SD of n = 4 for low and n = 4 high PKCζ group. ns: not significant
(a,b): Student’s t-test, (c): one-way ANOVA with post hoc Tukey’s multiple comparisons test.
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Figure 3. Detection of Th1 and Th2 cytokine in matured PKCζ low and high CBTC. Purified CB CD3+ T cells were matured
with anti-CD3/-CD28 antibodies with recombinant human interleukin-2 (rhIL-2). On day seven, cells were left unstimulated
or stimulated with PHA/PMA overnight. Dead cells were excluded by gating on Fixable Viability Stain 510 (FVS510)
negative population and cytokines were analysed by flow cytometry. Representative histograms and graphs for (a) Th1
and (b) Th2 cytokines in PKCζ low and high samples showing the gating for the analysis of % positive cells for respective
cytokines percentage and their MFI. Shaded and empty histograms represent unstimulated and stimulated samples stained
with a cytokine-specific antibody. Graphs represent the means ± SD of n = 6 for low and 5 for high. * p < 0.05. ns: not
significant. (Student’s t-test).
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Figure 4. Other T cell cytokines expressed by matured cord blood T cells, which express either low or high levels of
PKCζ. Cells were matured by treating with anti-CD3/-CD28 and rhIL-2. After maturation, they were stimulated as per
Figure 3. (a) Representative histograms for Th or Treg cytokines in PKCζ low and high samples showing the gating for the
analysis of graphs for respective cytokine positive cells percentage and their MFI. Shaded and empty histograms represent
unstimulated and stimulated samples stained for the respective cytokines. Graphs represent the means ± SD of n = 6 for
low and 5 for high. ns: not significant. (Student’s t-test).
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Figure 5. Correlation analyses of levels of PKCζ expression with Th1 cytokines production. Data from Figure 3 were
subjected to correlation analysis. The first column represents the Pearson correlation of PKCζ (MFI) with representative
cytokines (percentage of CD3+ T cells for each cytokine) and the second column represents the MFI of the positive gated cells.
* p < 0.05, ** p < 0.01. ns: not significant. Correlations were performed using the two-tailed Pearson correlation coefficient.
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Figure 6. Correlation of PKCζ expression with Th2/Th9 cytokines. Data from Figure 4 were subjected to correlation analysis.
The first column represents the Pearson correlation of PKCζ (MFI) with representative cytokines (percentage of CD3+ T cells
for each cytokine) and the second column represents the MFI of the positive gated cells. ** p < 0.01, *** p < 0.001. ns: not
significant. Correlations were performed using the two-tailed Pearson correlation coefficient.
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Figure 7. The ratio of Th2 vs. Th1 in low vs. high PKCζ CBTC. Purified CB CD3+ T cells were
overnight stimulated as in Figure 1 (naive T cells) and Figures 4 and 5 (mature T cells). The cells were
gated for total CD3+ T cells producing IL-4 and IFN-γ as percentage of T cells or MFI as examined
by flow cytometry assays. Comparison of percentage decrease in IL-4: IFN-γ in mature T cells
(normalized against naïve T cells) and compared between CB samples expressing low vs. high PKCζ.
n = 3 for low and n = 4 for high PKCζ group. * p < 0.05. ns: not significant. (Student’s t-test).

3. Discussion

The data demonstrate that when stimulated immature CBTC produce substantially
more IL-4 compared to IFN-γ. Previous reports have primarily used CBMC, although a
limited number have used purified T cells to examine this question [38–41]. Our studies
confirm and extend these findings by also showing that the deficiency in PKCζ in CBTC
does not contribute to the decrease in IFN-γ production and not affect the T lymphocyte
proliferation responses of the immature T cells. Examination of T cells during maturation
also showed that the decreased expression of PKCζ was not associated with loss of cell
viability and apoptosis, although in the Jurkat T cell line PKCζwas found to protect against
apoptosis [37].

The different levels of PKCζ expressed in CBTC did not affect either the maturation
of the CBTC over the 7-day culture period, i.e., cells progressing from a CD45RA+/RO−

phenotype to CD45RA−/RO+ phenotype or T cell growth. The main difference observed
was a correlation with skewing the response of the matured T cells—with a propensity
to give rise to either a Th1 (in the PKCζ high cells) or Th9 skewed response (in the PKCζ
low cells). Examination of matured T cell cytokine responses showed that those derived
from low PKCζ expressing CBTC produced lower amounts of Th1 cytokines, IFN-γ, IL-2,
TNF but higher Th9 cytokine, IL-9, seen as either a significant increase in the number of
cytokine-producing cells and/or in MFI. Pearson correlation analysis of the PKCζ levels
against the production of the different cytokines supported the PKCζ level dependency
of the Th1 and Th9 responses. This cytokine pattern further supported the finding by
showing that there was a strong and significant positive correlation between the levels of
IFN-γ expression and each of the other Th1 cytokines, IL-2 and TNF. Although we did not
find a correlation with LT-α, this is not surprising since this is fully expressed in immature
CBTC. As expected, there was a negative correlation between IFN-γ and the Th9 cytokine,
IL-9. However, no significant correlation was found with IL-13, IL-5 and IL-4. However,
it was evident that the PKCζ levels in immature CBTC correlated with a decrease in the
IL-4:IFN-γ ratio following their maturation. These findings contrast with our previous
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findings that knocking out PKCζ from CBTC leads to development towards Th2, IL-13
producing phenotype, suggesting that there may be a thresh hold PKCζ level, below
which, may promote the Th2 phenotype development [35]. Never-the-less collectively the
findings suggest that there may be an intricate network operating in the mechanism of T
cell development to acquire specific functional responses. Whether an increase in sample
numbers/statistical power modifies the results, remains to be determined.

The results reveal, for the first time, that CBTC expressing high PKCζ levels mature
to display Th1 capabilities such as the production of IFN-γ, IL-2 and TNF but low Th9
cytokine IL-9. The levels of PKCζ did not influence the development of cells expressing IL-
4, IL-5 or IL-13. Furthermore, CBTC PKCζ levels did not correlate with the development of
regulatory cytokines IL-10 and TGF-β producing T cells or cells producing the inflammatory
cytokines, IL-17, IL-21 and IL-22. The finding suggests the existence of an influence by the
PKCζ levels in naïve CBTC and development of allergen sensitization, due primarily to its
influence on the Th1 arm of the immune response and also on Th cells, producing IL-9. Our
findings thus suggest that the most likely protective effects of higher expression of PKCζ
to allergen sensitization [33] are due to CBTC maturation towards Th1 IFN-γ producing
cells with a decrease in Th9, IL-9 producing cells. This supports the view that PKCζ levels
measured in CBTC are relevant to allergy risk in later life and that modulating the levels
through nutrients such asω-3 polyunsaturated fatty acids may be of benefit in those at risk
of developing allergic diseases.

4. Materials and Methods
4.1. Reagents

The mouse monoclonal IgG2aκ phycoerythrin (PE)-conjugated PKCζ isozyme anti-
body (clone H-1, and previously validated by our laboratory [32]) was purchased from
Santa Cruz Biotechnology (Dallas, TX, USA). The corresponding isotype control was
purchased from BD (Franklin Lakes, NJ, USA). RPMI 1640 tissue culture medium (Sigma-
Aldrich Cat# R0883), X-VIVO 15 medium (04418Q, Lonza, BSL, Switzerland), foetal calf
serum (FCS) and L-glutamine were purchased from SAFC Biosciences (Lenexa, KS, USA).
PHA, PMA and human AB serum were from Sigma Aldrich (St. Louis, MI, USA), whilst
rhIL-2 was purchased from PeproTech (Rocky Hill, NJ, USA).

4.2. Ethics Statement

The procurement of human blood and all experimental procedures were approved by
the Human Research Ethics Committee of the Women’s and Children’s Health Network
(WCHN), Adelaide, South Australia, in accordance to The National Statement on Ethical
Conduct in Human Research (2007, updated 2018) (National Health and Medical Research
Council Act 1992). Venous blood was collected from healthy adult volunteers with their
informed consent and umbilical CB from healthy neonates with informed consent from
pregnant women undergoing elective caesarean section.

4.3. Preparation of Cord Blood and Peripheral Blood Mononuclear Cells

Mononuclear cells (MC) were isolated from cord blood (CB) and adult peripheral blood
(PB) by centrifugation on Ficoll® Paque Plus media (GE Healthcare, Uppsala, Sweden)
according to the manufacturer’s protocol. The interphase layer containing MC was har-
vested and then washed in RPMI-1640 medium supplemented with 2 mmol/L L-glutamine,
100 U/mL penicillin, 100 µg/mL streptomycin and 10% foetal calf serum (complete media).
The CBMC or PBMC were cryopreserved at 5–10 × 106 in 90% FCS and 10% DMSO, as
previously described, for later functional analysis [32].

4.4. Isolation of T Cells

T cell isolation was performed using EasySep™ Human CD3+ T cell Isolation Kit (Stem
Cell Technologies, Vancouver, Canada) by negative isolation, according to manufacturer
protocols. Cryopreserved CBMC were rapidly thawed in a 37 ◦C water bath and washed in
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Phosphate-buffered saline (PBS) supplemented with 2%FCS and 1 mM EDTA (separation
buffer). Viability was assessed by Trypan blue dye exclusion assay and found to be
approximately 90%. Cells were resuspended in 0.25 to 2 mL of separation buffer, in 5 mL
(12 × 75 mm) polystyrene round-bottom tubes (Corning, Cat #352058), maintaining a
cell concentration of 5 × 107 cells/mL. EasySep™ Human CD3+ T Cell Isolation Cocktail
was added at 50 µL/mL of sample and incubated for 5 min. EasySep™ Dextran Rapid
Spheres™ (50 µL/mL) were added and samples were reconstituted to 2.5 mL separation
buffer. The T cells were retrieved using an EasySep™ Magnet (STEMCELL Technologies,
Cat #18000), with purity consistently greater than 97%.

4.5. CBTC Maturation

Cord blood T cells were matured using an anti-CD3 and anti-CD28 co-stimulation
method. Briefly, anti-CD3 antibodies (OKT3, Abcam, Cambridge, UK) were immobilised
in 24 well plates by adding 2.5 µg/mL in Hank’s Balanced Salt Solution (HBSS) into each
well, and refrigerating overnight or incubated for 3 h at 37 ◦C, and then washed with HBSS.
At initiation of culture, anti-CD28 antibodies (Clone CD28.2, eBiosciences, San Diego, CA,
USA) were added to a final concentration of 1 µg/mL with 1 × 106 CBTC to each well in a
total volume of 1 mL. After three days of culture, cells were counted and reseeded at 1 ×
106/mL with the addition of rhIL-2 (10 ng/mL), and this process was repeated on day 5.
On day 7 the CD45RA/RO surface expression was measured by flow cytometry.

4.6. Apoptosis and Cell Viability Assays

Early and late apoptosis was ascertained using Annexin V and 7-AAD, respectively.
The staining panel is described in Table 1. At the indicated time points 2 × 105 cells were
harvested and washed in 1 mL of Annexin V Binding buffer (10 mM HEPES (pH 7.4),
0.14 M NaCl, 0.25 mM CaCl2 and 0.5% BSA), incubated with Fluorescein isothiocyanate
(FITC)-conjugated Annexin V for 20 min at room temperature (RT) in the dark. After two
washes with Annexin V Binding buffer, samples were stained with 7-AAD for 5 min at RT
and analysed by flow cytometry.

Table 1. Staining panel for apoptotic or dead cells.

Target/Antibody Fluorochrome Clone Catalogue Company

Annexin V FITC 556420 BD
Anti-CD3 APC-CY7 SK7(Leu-4) 557832 BD

- 7-AAD 51-68981E BD

4.7. T Cell Proliferation Assays

Radiometric method: Briefly, in 96-well round bottom plates, T cells were added at
2 × 105/well in RPMI/2.5% AB serum with or without PHA (2 µg/mL) or PMA (10 ng/mL)
in triplicate, and incubated at 37 ◦C, 95% humidity and 5% CO2 for 72 h. Cells were
pulsed with 1 µCi [3H]-thymidine 6 h prior to harvesting onto glass filter paper using a
Titertek cell harvester. These were then added into vials with liquid scintillation cocktail
(PerkinElmer) and processed in a β-scintilation counter (Wallac 1409 Liquid Scintillation
Counter, PerkinElmer). Data are presented as a stimulation index (SI) of disintegrations
per minute (DPM) in stimulated/DPM in unstimulated.

Carboxyfluorescein succinimidyl ester (CFSE) based cell division: T cells at 2 × 106/mL
were labelled with 1 µM of CFSE (CellTrace™ CFSE Cell Proliferation Kit, Invitrogen, Cat#
C34554) in PBS without FCS. Following a 5 min incubation in the dark, the cells were
washed with complete media and resuspended in X-VIVO 15 medium supplemented
with 2 mmol/L L-glutamine, 100 U/mL penicillin, 100 µg/mL streptomycin and 10%
FCS (complete X-VIVO media). Viability was examined by trypan blue dye exclusion.
Proliferation was examined in T cells treated without or with anti-CD3/-CD28 antibodies
in 96 well plates at 2 × 105/well (as in Section 4.5), in complete X-VIVO/AB serum media.
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Cells were assessed on day three on a BD FACSCanto, using the FL-1/FITC channel to
detect reduction in CFSE with cell division.

4.8. T Cell Maturation

To ascertain T cell maturation, CD45RA and CD45RO expression was examined at
various time-points of T cell culture. For each time-point, 2 × 105 cells were harvested
and resuspended in 50 µL PBS/1% FCS (wash solution), followed by incubating with a
cell surface staining antibody panel (as described in Table 2) for 20 min at RT in the dark.
Following two washes in wash solution, the samples were acquired on a BD FACSCanto
and analysed using FlowJo v10.1 (Ashland, OR, USA). Lymphocytes were gated based on
their high CD45 expression and were further gated on CD3+ T cells to examine surface
expression of CD45RA and CD45RO.

Table 2. Staining panel for naïve/memory subsets in human CBTC.

Antibody Fluorochrome Clone Catalogue Company

Anti-CD45RA FITC HI100 555488 BD
Anti-CD45RO PE UCHL1 555493 BD

Anti-CD3 PE-CY5 HIT3a 555341 BD
Anti-CD45 APC-H7 2D1 641399 BD

4.9. Detection of Intracellular Cytokines

Intracellular cytokines were measured in stimulated mature or immature T cells, using
the BD Cytofix/Cytoperm™ Plus Permeabilization Kit with GolgiPlug. Briefly, 1 × 106

cells/mL in RPMI/2.5% AB serum were stimulated with 50 nM PMA and 2 µg/mL PHA
in the presence of Brefeldin A, and incubated at 37 ◦C/5%CO2 for 16–20 h. Cells were
then washed in wash solution and resuspended in 200 µL of wash solution for surface
staining with anti-CD3 PE-Cy5 (HIT3a), and anti-CD45 APC-H7 (2D1), for 15 to 20 min
at RT in the dark. The cells were stained with the BD Horizon™ Fixable Viability Stain
510 (FVS510) Stock Solution (1:1000) in sodium azide- and protein-free PBS. At the end of
15 min incubation, cells were washed twice with 2 mL of wash solution. The cells were
then fixed with 250 µL BD Cytofix/CytoPerm™ Fixation and Permeabilization Solution for
20 min at RT in the dark, and then permeabilized with 1 mL of BD Perm/Wash for 10 min at
RT in the dark. A selected panel of antibodies for intracellular cytokine detection was then
added to the cells (see Tables 3–5) and then incubated for 30 min at RT in the dark. After
two washes with BD Perm/Wash, the samples were acquired on either a FACSCanto or
FACSCanto II, as appropriate. Data analysis was performed using FlowJo v10.1. Cytokine
expression and percentage positive cells were analysed after exclusion of doublets and
dead cells by gating on FVS510−cell population.

Table 3. Intracellular staining of IL-4 and IFN-γ cytokines in T cells.

Antibody Fluorochrome Clone Catalogue Company

Anti-IFN-γ FITC 4S.B3 554551 BD
Anti-IL-4 PE 8D4-8 12-7049-42 eBioscience
Anti-CD3 PE-CY5 HIT3a 555341 BD

Anti-CD45 APC-H7 2D1 641399 BD
Mouse-IgG1k FITC MOPC-21 555748 BD
Mouse-IgG1k PE MOPC-21 556650 BD
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Table 4. Intracellular cytokines cocktail # 1 for T helper subsets.

Antibody Fluorochrome Clone Catalogue Company

Anti-IL-2 BV421 5344.111 562914 BD
Anti-IL-10 AF488 JES3-9D7 501413 BioLegend
Anti-LT-α PE 359-81-11 554556 BD

Anti-IL-17A PerCP-Cy™5.5 N49-653 560799 BD
Anti-TGF-βI PE/Cy7 TW4-2F8 349610 BioLegend

Anti-TNF APC MAb11 554514 BD
Anti-IFN-γ APC/CY7 4S.B3 502530 BioLegend

BV510(viability
stain) - 564406 BD

Table 5. Intracellular cytokines cocktail # 2 for T helper subsets.

Target Fluorochrome Clone Catalogue Company

Anti-IL-13 BV421 JES10-5A2 563580 BD
Anti-IL-4 FITC MP4-25D2 562047 BD
Anti-IL-21 PE 3A3-N2.1 562042 BD
Anti-IL-9 PerCP-Cy™5.5 MH9A3 561461 BD
Anti-IL-5 APC TRFK5 562048 BD
Anti-IL-22 PE/Cy7 2G12A41 366707 BioLegend
Anti-IFN-γ APC/CY7 4S.B3 502530 BioLegend

BV510 (viability
stain) - 564406 BD

4.10. Statistical Analysis

Statistical comparisons were performed using one-way ANOVA with post hoc Tukey’s
multiple comparisons test, or Student’s t-testing. Correlations were performed using the
two-tailed Pearson correlation coefficient. All statistical analyses were performed using
Graphpad Prism v9 (GraphPad Software, La Jolla, CA, USA). A p-value of <0.05 was
considered statistically significant for all analyses.

Supplementary Materials: Supplementary Materials can be found at https://www.mdpi.com/
article/10.3390/ijms22094907/s1.
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Abbreviations

CBTC cord blood T cells
CBMC CB mononuclear cells
PBMC peripheral blood MC
AB adult blood
PKC Protein Kinase C
PHA Phytohaemagglutinin
PMA Phorbol myristate acetate
IFN-γ Interferon-gamma
rhIL-2 recombinant human interleukin 2
TNF tumour necrosis factor-alpha
LT-α Lymphotoxin α
TGF-β Transforming growth factor-beta
CFSE carboxyfluorescein succinimidyl ester
MFI Median Fluorescence Intensity
[3H]-TdR tritiated thymidine
7-AAD 7-aminoactinomycin D
IgE Immunoglobulin E
FcεR1 High-affinity IgE receptor
RPMI 1640 Roswell Park Memorial Institute 1640
IL-5R IL-5 receptor
FCS foetal calf serum
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5.1 Introduction and Contextual Statement 

Work presented in this chapter was undertaken to characterize the transient period of low PKCζ 

expression during neonatal T cell maturation to enable us to identify a ‘window of opportunity’ 

for potential intervention and protect against allergy development, using the in vitro culture 

model of CBTC maturation. The levels of other PKC isozymes were also assessed during the 

maturation period. CBTC compared with T cells from adult blood showed significantly low 

levels of PKCζ, β2, δ, μ, ε, θ and λ/ι. Then the levels of PKCζ β2 and μ ‘normalized’ within 

first few hours while it took at least 1-2 days for PKCδ, θ, ε and λ/ι to normalize to adult levels. 

The correlation analysis revealed that only PKCζ correlated with the allergic or non-allergic 

cytokines patterns, positive correlation with Th1 cytokines (IFN-γ, TNF and IL-2) and negative 

correlation with Th2/Th9 cells (IL-9). The results support the view that PKCζ levels are a 

predictor and potential target in the development of allergic diseases. The results identify a 

window of opportunity in which supplements can be used to alter maturation towards an anti-

allergy cytokine bias. 

The research article belongs to the Special Issue “Molecular Mechanisms of Allergy and 

Asthma 2.0)” and is an invited paper. The article titled “Characterization of the Transient 

Deficiency of PKC Isozyme Levels in Immature Cord Blood T Cells and Its Connection to Anti-

Allergic Cytokine Profiles of the Matured Cells, by Khalida Perveen, Alex Quach, Michael J. 

Stark, Susan L. Prescott, Simon C. Barry, Charles S. Hii, & Antonio Ferrante was published in 

a peer-reviewed journal, International Journal of Molecular Science in November 2021, 22(23), 

12650; https://doi.org/10.3390/ijms222312650.   
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Abstract: Cord blood T cells (CBTC) from a proportion of newborns express low/deficient levels of
some protein kinase C (PKC) isozymes, with low levels of PKCζ correlating with increased risk of
developing allergy and associated decrease in interferon-gamma (IFN-γ) producing T cells. Inter-
estingly, these lower levels of PKCζwere increased/normalized by supplementing women during
pregnancy with n-3 polyunsaturated fatty acids. However, at present, we have little understanding of
the transient nature of the deficiency in the neonate and how PKCζ relates to other PKC isozymes and
whether their levels influence maturation into IFN-γ producing T cells. There is also no information
on PKCζ isozyme levels in the T cell subpopulations, CD4+ and CD8+ cells. These issues were
addressed in the present study using a classical culture model of neonatal T cell maturation, initiated
with phytohaemagglutinin (PHA) and recombinant human interleukin-2 (rhIL-2). Of the isozymes
evaluated, PKCζ, β2, δ, µ, ε, θ and λ/ι were low in CBTCs. The PKC isozyme deficiencies were
also found in the CD4+ and CD8+ T cell subset levels of the PKC isozymes correlated between the
two subpopulations. Examination of changes in the PKC isozymes in these deficient cells following
addition of maturation signals showed a significant increase in expression within the first few hours
for PKCζ, β2 and µ, and 1–2 days for PKCδ, ε, θ and λ/ι. Only CBTC PKCζ isozyme levels correlated
with cytokine production, with a positive correlation with IFN-γ, interleukin (IL)-2 and tumour
necrosis factor-alpha (TNF), and a negative association with IL-9 and IL-10. The findings reinforce
the specificity in using CBTC PKCζ levels as a biomarker for risk of allergy development and identify
a period in which this can be potentially ‘corrected’ after birth.

Keywords: neonate; cord blood T cells; CD4+ and CD8+ T cells; T cell maturation; Th1 and Th2/9
subsets; PKC isozymes; PKCζ; cytokines; allergy

1. Introduction

Protein kinase C (PKC) is composed of three subfamilies of protein kinases, namely, the
classical (α, β1, β2, γ), novel (δ, µ, ε, θ, η) and atypical (ζ, ι/λ) PKC isozymes. The classical
isozymes require calcium, diacylglycerol and phospholipids for activation whereas the
novel isozymes require only diaylglycerol and phospholipids. Unlike the classical and
novel isozymes, the atypical PKC family members, lacking functional C2 and C1 domains,
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require only phospholipids for activation [1,2]. Amongst the atypical PKC isozymes, PKC
ι/λ is generally more abundantly expressed and with a wider tissue distribution than
PKCζ [3]. However, brain, lung and testes have a higher content of PKCζ than PKCλ/ι.
It has been demonstrated that the expression of the atypical PKC isozymes is dysregulated
in cancer. Thus, in most cancers, except in melanoma, PKCλ/ι expression is upregulated.
Similarly, PKCζ expression is also upregulated in many cancers but downregulated in
cancer of the brain, lung and testes, the tissues in which its expression is higher than that
of PKCλ/ι [3].

The atypical PKC isozymes have been reported to be involved in regulating cell
polarity, growth of cancer cells, asymmetric cell division and cell-fate determination [3].
PKCζ has been reported to promote cell survival via the phosphorylation of Ser311 of
RelA, a key member of the NF-κB transcription factor [4]. Our studies in cord blood
T cells (CBTCs) also support a prosurvival role of PKCζ as knockdown of the isozyme
decreases cell survival [5]. In B cells, PKCζ signalling is important for B cell activation
and survival [6]. In CD8+ T cells, atypical PKC isozymes have been reported to regulate
asymmetric division in fate specification that leads to the development of effector and
memory cells. Deletion of either PKCζ or PKCι/λ, skews development towards the effector
lineage with a resultant deficit of memory cells [7]. Interestingly in mice, PKCζ has been
reported to promote the differentiation of murine T cells along the T helper 2 (Th2) lineage
as loss of the isozyme results in a severe loss of activation of transcription factors such as
GATA3, Stat6 and NFATc1 that are essential for Th2 polarisation [6]. The role of PKCζ in
Th cell differentiation is clear different between mice and human.

The perinatal period is characterised by an adaptive Th2 cytokine bias, reflecting
the immunomodulatory milieu of pregnancy. Thereafter, normal immune maturation
depends on effective switching to more mature and regulated Th1 responses. Failure to
do so, with the continual propensity for a Th2 functional phenotype, is associated with
predisposition for allergic responses. The molecular basis for this continued Th2 propensity,
while of fundamental importance, remains ill-defined. Our work has demonstrated that
CBTC from babies whose mothers have a family history of allergy express low PKCζ [8].
There was a correlation between these levels in immature CBTC and the development
of allergic sensitization at the age of 1–2.5 years. It was also evident that low levels of
PKCζ in CBTCs correlated with the development and maturation of cells with a propensity
to display Th2 cytokine bias [9]. We have also shown that knocking down PKCζ in
CBTC was associated with their development towards a Th2 bias [5]. Together, the data
suggest that the PKCζ level in immature T cells at birth may be a key determinant in
allergy development later in life, either as a consequence of modern environmental changes
(declining microbial diversity, pro-inflammatory dietary patterns and environmental toxins)
or by creating greater vulnerability to their effects.

We have previously demonstrated that supplementation of women during pregnancy
with n-3 polyunsaturated fatty acids or fish oil leads to an increase in the levels of PKCζ
expression in CBTCs expressing low levels of this isozyme. Since these PKC isozyme levels
increase/normalise during maturation [10–12] it is important to characterise the period of
low expression since this seems to be a determinant for development towards an allergy cy-
tokine pattern [5,8,10]. In this concept, it is proposed that the levels of PKCζ prior to T cells
being engaged by the maturation agents could be critical to their development to cells with
a propensity to produce anti-allergy promoting cytokines. Consequently, it is important to
identify if a ‘time window’ of opportunity exists for potential environmental/epigenetic
intervention to modify the pre-maturation signalling of the T cells.

The deficiency in PKC isozymes was also reported for splenic T cells from 1-day old
mouse pups which normalized by 28 days [11]. However, at present, we know very little
about the kinetics of PKCζ increases during the neonatal period. Identification of this “early
critical window” of development may assist in the development of strategies to alter the risk
of subsequent sensitization and disease, such as through nutritional supplementation [13]
and other environmental strategies. Furthermore, we know even less about the state of
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other PKC isozymes in relation to such T cell development and kinetics of changes during
neonatal T cell maturation. In addition, previous work did not examine the PKC isozyme
levels in the CD4+ and CD8+ T cell subpopulations. Therefore, the aim of the current study
was to examine CD4 and CD8 CBTC PKCζ levels and whether other PKC isozyme levels
influence maturation towards interferon-gamma (IFN-γ) producing T cells. Furthermore,
the transient state of the PKC isozyme deficiency will be defined, following maturation
signal activation.

2. Results
2.1. PKC Isozyme Expression in CB CD3+ T Cells

Experiments were conducted with whole blood assays using anti-CD3 monoclonal
antibody to gate on CD3+ T cells and anti-PKC isozyme specific monoclonal antibodies to
detect PKC isozymes by intracellular staining and flow cytometry analysis [12]. To ensure
consistency between different runs a standard cryopreserved PBMC sample was run
concurrently with each assessment and all results were expressed as a percentage of this
standard Levey–Jennings plots were made with this standard to ensure that performance
complies with Westgard rules for acceptance of the experimental run.

The data presented in Figure 1 show that CB CD3+ T cells express low levels of
PKCβ2, δ, µ, ε, θ, ζ and λ/ι but not PKCα, β1 and η compared to T cells from adults
(Figure 1). The results are expressed as both the individual values and mean ± SD of the
indicated number of samples. The top panel shows an example of an individual sample
run, by histograms and the gating strategy used is shown in Supplementary Figure S1.

Figure 1. Cont.
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Figure 1. Protein kinase C (PKC) isozyme expression by CD3+ T cells from cord blood (CB) and adult blood (AB). Whole
CB (n = 35) and adult blood samples (n = 31) were treated with fluorochrome labelled anti-CD3 monoclonal antibody,
then cells were permeabilized for intracellular staining using fluorochrome tagged isozyme specific monoclonal antibodies.
The cells were then analysed by flow cytometry. Supplementary Figure S1 shows the gating strategies. The median
fluorescent intensity (MFI) (after deducting the isotype control values) was obtained and normalized against the standard
cryopreserved T cells, run at the same time, and represented as a % of this standard. Data are presented as mean ± SD.
* p < 0.05, **** p < 0.0001 (Student’s t-test). The top histogram panels show an example of a cord blood and an adult
blood sample.

2.2. PKC Isozyme Expression in CB CD4+ and CD8+ T Cells

In all previous studies, the levels of PKC isozymes were measured in total T cells and
not the T cell subpopulations. Here the levels in the CD4 and CD8 subsets were examined
in the event that we could gain greater specificity by using the subset values. The same
blood samples as in Figure 1 were analysed for PKC isozyme expression using the anti-CD3
and anti-CD8 monoclonal antibodies and PKC isozyme specific monoclonal antibodies.
The data presented in Figure 2 show that CB CD4+ T cells express low levels of PKCβ2, δ, µ,
ζ and λ/ι but not PKCα, β1, ε, η and θ compared to CD4+ T cells from adults. Examination
in the CD8+ T cell subset showed that PKCβ2, δ, µ, ζ, ε, θ and λ/ι were low (Figure 2).
This most likely accounts for the same isozymes being low in the total T cells. However,
the data presented in Figure 3 show that there is a highly significant correlation in the PKC
isozyme levels between the CD4 and CD8 subpopulations, indicating that the total T cell
PKC isozyme levels are representative of both the CD4+ and CD8+ T cells.
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Figure 2. PKC isozyme expression in CD4+/CD8+ T cells from CB and AB. Whole blood from cord (n = 35) and adult
(n = 31) were treated with fluorochrome labelled anti-CD3 and anti-CD8 monoclonal antibodies and then with fluorochrome
tagged isozyme specific monoclonal antibodies for intracellular PKC isozyme detection. Data are expressed as per Figure 1
legend and presented as mean ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 (Student’s t-test).
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Figure 3. Correlation of levels of PKC isozyme expression between CD4+ and CD8+ CBTC. Data from Figure 2 were
subjected to correlation analysis to deduce the relationship of PKC isozyme expression (MFI) between CD4+ and CD8+

T cells. **** p < 0.0001. Correlations were performed using the two-tailed Pearson correlation.

2.3. Transient Nature of the PKC Isozyme Deficiencies in CBTC during Maturation

In order to determine this window, the changes in the levels of each of the PKC
isozymes were determined in an in vitro culture model of CB mononuclear cells (CBMCs)
treated with phytohaemagglutinin (PHA). CB samples in which the T cell PKC isozyme
levels were less than the 5th percentile [14] were used. In these cultures, recombinant
human interleukin-2 (rhIL-2) was added on the 3rd day after initiating the culture to
ensure cell survival during maturation. At the times indicated in Figure 4, the cells were
harvested and examined for levels of PKC isozymes by flow cytometry. The data presented
in Figure 4 show that T cell PKC isozyme expression increased to within the 5th and
95th percentiles [12] of adult levels by day 7. As the levels were normalized (seen after
maturation) within 24 h of culture for some of the isozymes, we attempted to identify
the levels of PKC isozymes prior to this time. The levels of PKCζ and µ in the T cells
had normalised by 2.5 h (Figure 4), while other PKC isozymes took at least 24 h to show
a significant increase (Figure 4). It is noted that this was also the case when examining the
CD4+ and C8+ T cell subsets (Figures 5 and 6). The data identify a period during which
levels of the deficient PKC isozymes are increased to within the normal adult range.
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Figure 4. Changes in levels of CB CD3+ T cell PKC isozyme levels during 7-day maturation in culture. CBMCs containing
T cells expressing low PKC isozymes levels were cultured in the presence of phytohaemagglutinin (PHA) (2 µg/mL) and
rhIL-2 (10 ng/mL) and then the levels of PKC isozymes were determined over seven days by flow cytometry (a). For those
isozymes which achieved significance at 1 day, the levels were examined prior to 24 h culture period (b). The MFI for the
PKCs is expressed as a % of the control standard and as mean ± SD (n = 4 each with cells from a different individual).
* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 compared to day-0. ns: not significant. One-way ANOVA with post hoc
Tukey’s multiple comparisons test.
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Figure 5. Changes in levels of CD4+ CBTC PKC isozymes levels during 7-day maturation. CBMCs with low PKC isozyme
expressing PKC isozymes CD4+ T cells were cultured in the presence of PHA (2 µg/mL) and rhIL-2 (10 ng/mL) for 7 days.
The levels of PKC isozymes were determined during this culture period (a). For those isotypes which achieved significance
at 1 day the levels were re-examined prior to 24 h culture period (b), by flow cytometry. The MFI for the PKCs is expressed
as a % of the control standard and as mean ± SD (n = 4 each with cells from a different individual). * p < 0.05, ** p < 0.01,
*** p < 0.001, **** p < 0.0001 compared to day 0. ns: not significant. One-way ANOVA with post hoc Tukey’s multiple
comparisons test.
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Figure 6. Changes in levels of CD8+ CBTC PKC during 7-day maturation. CBMCs with low PKC isozyme expressing
CD4+ T cells were cultured in the presence of PHA (2 µg/mL) and rhIL-2 (10 ng/mL) for 7 days. The levels of PKC
isozymes were determined during this culture period (a). For those isotypes which achieved significance at 1 day, the levels
were re-examined prior to 24 h culture period (b), by flow cytometry. The MFI for the PKCs is expressed as a % of the
control standard and as mean ± SD (n = 4 each with cells from a different individual). * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001 compared to day-0. ns: not significant. One-way ANOVA with post hoc Tukey’s multiple comparisons test.

2.4. Relationship between CBTC PKC Isozyme Levels and Cytokine Production in the
Matured Cells

Previous studies showed that the levels of PKCζ at birth were associated with the
development of T cells correlating positively with IFN-γ production and negatively with
IL-9 [14]. Here we examined whether there is any correlation between the levels of expres-
sion of other PKC isozymes in CB CD3+ T cells and cytokines produced following their
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maturation. Purified CBTCs were matured in culture by using anti-CD3/-CD28 antibodies
and rhIL-2. On day 7, the matured cells (Figures S2 and S3 show the proportions of naïve
and memory markers expression in T cells and T cell subsets at day 7) were then harvested
and stimulated with PHA and Phorbol 12-myristate 13-acetate (PMA). The number of
cytokine-producing cells were measured by flow cytometry. The matured cells produced
IFN-γ, IL-2, LT-α, TNF, IL-4, IL-5, IL-9, IL-10, IL-I3, IL-17, IL-21, IL-22 and TGF-β [14]
(Figure S4).

Examination of the relationship between the PKC isozyme levels in CBTC and cy-
tokine patterns produced by the matured T cells showed that apart from PKCζ there was
essentially no correlation with the other PKC isozymes (Table 1). Analysis revealed that
PKCζ correlates positively with Th1 cell cytokines IFN-γ, IL-2 and TNF and negatively
with a subset of Th2, Th9 cell type (IL-9) development and IL-10 production in CD3+ cells
(Table 1). This was observed both as analysis of % cytokine-positive cells and the MFI.
While there was some correlation between PKCδ and IFN-γ/IL-4, both cytokines showed
a positive correlation (Table 1).

Assessing these cytokine patterns for correlation with PKC isozyme levels in CB
CD4+ and CD8+ T cells showed a similar correlation to the CD3+ T cells (Supplementary
Figures S5 and S6). In some cases, while cytokine correlation was not significant in terms
of % T cells, a correlation was also observed when assessed against the cytokine level
(MFI levels).

Table 1. Correlation analysis of PKC isozymes and cytokine production in matured CD3+ cells #.

Cytokines PKCα PKCβ1 PKCβ2 PKCδ PKCε PKCη PKCθ PKCµ PKCζ PKCλ/ι

IFN-γ (%) 0.5604 0.1782 0.4377 0.7085 * 0.4995 0.5377 0.1967 0.3937 0.7019 * 0.0939
IFN-γ (MFI) 0.2106 0.1976 0.1796 0.3579 0.3686 0.1659 0.5463 −0.0134 0.6768 * −0.1691

IL-2 (%) 0.2204 0.3329 0.1008 0.3092 0.2727 0.1757 0.3761 −0.0376 0.5745 −0.2421
IL-2 (MFI) 0.2446 0.1459 0.2505 0.4598 0.2192 0.2446 0.4263 0.2310 0.7079 * −0.0340

TNF (%) 0.3748 0.2478 0.2076 0.4679 0.3332 0.2666 −0.0105 0.0986 0.5599 −0.0989
TNF (MFI) 0.3008 0.3182 0.1975 0.4791 0.3996 0.2009 0.3994 0.0351 0.7659 ** −0.1134

LT-α (%) 0.3346 0.0347 0.2112 0.3929 0.3334 0.1884 −0.2018 0.1209 0.3434 0.0537
LT-α (MFI) −0.0937 0.0765 −0.2068 −0.0380 −0.0044 −0.1691 −0.2348 −0.3628 0.2329 −0.4143

IL-4 (%) 0.4928 0.2634 0.2714 0.6645 * 0.4175 0.3514 −0.0338 0.2853 0.5840 0.0918
IL-4 (MFI) 0.2515 0.2140 0.0579 0.4423 0.1989 0.0969 −0.1759 0.0935 0.4623 −0.1301

IL-5 (%) 0.2875 0.5194 0.1459 0.0834 0.5722 0.1974 0.4155 −0.2627 0.2405 0.0372
IL-5 (MFI) −0.0224 0.1130 −0.1156 −0.0436 0.3052 −0.1455 0.1579 −0.3850 0.0816 −0.1837

IL-9 (%) −0.4542 −0.4489 −0.3473 −0.6409 * −0.4878 −0.3095 −0.4324 −0.1984 −0.8345 ** −0.03258
IL-9 (MFI) −0.5337 −0.6502 −0.4375 −0.6236 −0.5397 −0.4115 −0.4924 −0.1557 −0.881 *** −0.1508

IL-10 (%) −0.2731 −0.3727 −0.1408 −0.4348 −0.2676 −0.0802 −0.0477 −0.0500 −0.6230 0.1204
IL-10 (MFI) −0.4495 −0.3071 −0.2806 −0.5754 −0.4010 −0.3320 −0.1614 −0.2134 −0.6725 * 0.0095

IL-13 (%) −0.1708 −0.1348 −0.1926 −0.1691 −0.0013 −0.0055 0.4277 −0.1217 −0.2527 −0.1113
IL-13 (MFI) −0.3522 −0.3389 −0.3298 −0.4816 −0.3356 −0.3757 0.0836 −0.2117 −0.5320 −0.0616

IL-17 (%) −0.083 −0.5377 0.0448 −0.2234 −0.0655 0.1499 0.0774 0.1560 −0.5995 0.2036
IL-17 (MFI) 0.2200 0.6979 * 0.1645 −0.0019 0.3411 0.0338 0.1120 −0.3631 0.4925 −0.0400

L-21 (%) 0.5002 0.3347 0.2669 0.4598 0.5308 0.3461 −0.0795 0.1010 0.5185 0.1458
IL-21 (MFI) 0.0205 −0.2084 −0.0434 0.04250 −0.1240 −0.0438 −0.3547 0.1681 0.0046 −0.0509

IL-22 (%) 0.0561 −0.0125 0.0720 0.2144 0.2900 0.08116 0.7090 * −0.03731 0.4114 −0.2888
IL-22 (MFI) 0.2119 0.4719 −0.0041 0.3309 0.3908 0.04281 0.0788 −0.2496 0.4745 −0.2407

TGF-β (%) 0.2417 −0.6425 0.3993 0.1699 0.2979 0.5000 0.5319 0.5087 −0.291 0.3904
TGF-β (MFI) 0.1783 −0.0354 0.2476 −0.0299 0.4619 0.1653 0.5937 −0.1791 0.3515 0.0906

# Data represents Pearson correlation (r). Samples n = 10. * p < 0.05, ** p < 0.01, *** p < 0.001. Correlations were performed using the
two-tailed Pearson correlation.

3. Discussion

The current data on naïve CBTC PKC isozyme expression show reduced levels of
PKC isozymes in CB CD3+ T cells compared to levels in peripheral blood CD3+ T cells
from adults. The expression levels of PKCβ2, δ, µ, ζ, ε, θ and λ/ι isozymes in CB CD3+

T cells were significantly reduced and the data extend the previous findings on reduced
levels of PKC isozymes in CBTC, based on Western blot assays [10]. In the main, findings
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showed that the isozyme deficiency between the first [8], second [13] and this study was in
agreement. However there was a difference in either β1 or θ expression, perhaps due to the
cohorts studied; while the initial studies were from ad hoc deliveries [10], the other involved
women with a history of allergic diseases [8] and the present study involved caesarean
births. While there was a difference between each of the two published reports [8,10] and
this study, with respect to either β1 or θ, this could be explained in the cohorts where in
initial studies it was not selective [10], but in the other it involved those with a history of
allergic diseases [8], and in the present study they were from caesarean births. With low
PKCζ levels in CBTCs known to be correlated with increased risk of allergy and the
maturation of the T cells towards a Th2 bias [14], we examined whether the expression
of the other PKC isozymes correlated with the expression of specific cytokines patterns.
Only PKCζ has a positive association with T cell maturation towards a Th1 cell cytokine
bias (e.g., IFN-γ) and a negative association with Th9 (IL-9) cell development, with no
associations between the other deficient PKC isozymes and specific cytokine patterns.
These findings support previous observations that only CBTC PKCζ levels correlated with
allergy sensitization and the risk of developing allergy in childhood [8,9,15]. Furthermore,
knocking down of PKCζ expression in CBTC skewed their development towards a Th2
cytokine phenotype [5].

Examination of the CB CD4+ and CD8+ T cells revealed that essentially similar PKC
isozymes were deficient in the subpopulations as in the total T cells with some differences
in PKCε and θ for the CD4+ T cells. Indeed, the PKC isozyme expression between CD4
and CD8 cells was significantly correlated. This suggests that measurements in the total
T cell population as a biomarker are appropriate. While CD8 T cells are known for their
cytotoxic function, e.g., against either virus-infected cells, cancer cells, or both [16], as well
as immunosuppressive actions [17], there is increasing evidence suggesting their critical
role in allergy development [18,19]. Asthmatic patients with reduced number of IFN-γ+

CD8 T cells (Tc1) and high frequency of IL-13+ CD8 T cells (Tc2) was associated with
severity of disease [20]. High frequency of IL-9+ CD8 T cells (Tc9) have been associated
with eosinophilia and high fractioned exhaled nitric oxide of allergic asthma [21]. Thus,
it is not surprising that the associations with PKCζ are similar for CD4 and CD8 T cells.

A control on allergy may be achieved by regulating cytokine production, which, based
on our previous [5,8,9,14] and present findings, both are linked to the expression of PKCζ.
CD4+ Th2 cytokines, such as IL-4 (class switch to IgE in B cells), IL-5 (development, survival,
activation and differentiation of eosinophils, mast cells and enhanced degranulation of
basophils) and IL-13 (class switch to IgE, activation of mast cells, enhanced epithelial cell
mucus production and augmented eosinophil trafficking to mucosal sites), are the hallmark
of allergic conditions [11,22–24]. IL-9 is produced by Th9 cells which are a subset of Th2
cells expressing peroxisome proliferator-activated receptor gamma [25], which develop
in the presence of transforming growth factor-beta (TGF-β) and IL-4 [26–28]; IL-9 plays
a role in allergy development [29–33] by increasing IgE expression on B cells [34] and
causing bronchial hyperresponsiveness in inhaled methacholine-induced asthma [14,35].
IL-9 also plays a pathogenic role in allergic asthma by controlling mast cells (survival and
proliferation, increases expression of proteases and FcεRI expression [32,36–38]), epithelial
cells (increase mucus production) and promotes airway eosinophilia (eosinophil survival,
differentiation and IL-5 Receptor expression [39,40]). The Th1 cytokine, IFN-γ, inhibits Th2
and Th9 development and survival [22–24,26].

The low expression of PKC isozymes in CBTC appears to be a transient state that
may be critical in determining the fate of T cell maturation following exposure to different
environments. However, the ‘normalisation’ of these isozymes is required to elicit effective
immune responses, once matured, irrespective of whether there is a propensity towards
a Th1 or Th2/Th9 response. Here we demonstrate that the PKC isozymes that are expressed
in deficient amounts in CBTC increase following the addition of the maturation signal,
PHA. This occurred rapidly within the first 24 h of culture suggesting that the window
of opportunity to modify these levels for intervention purposes is short. Previously we
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have demonstrated that supplementing women during pregnancy with n-3 polyunsatu-
rated fatty acids (fish oil), results in significant increases in PKCζ levels in CBTC from
their babies [8,15]. This increase was likely to be epigenetically controlled through the
acetylation of histone H3 in the PKCZ gene promoter region [5]. Given this response to n-3
fatty acid supplementation, it is possible that PKCζ levels could also be altered by using
other environmental approaches, provided that these manipulations occurred prenatally
or early perinatally. Although the increased prevalence of allergies worldwide is widely
recognised, the reason behind this is still unclear. A rather stable population genetic profile
could not explain the increased prevalence of atopy and allergy in industrialized coun-
tries, but a skewed exposure toward harmful rather than protective epigenetically-driven
environmental factors is more plausible [41], which may act at this period of low PKCζ.
This now provides a basis for further exploration of the characteristics of the deficiency in
neonates as a prelude to attempt interventions to decrease the risk of allergy development.

As PKCζ has been found to be a principal biomarker that can predict allergy develop-
ment risk [8,9], this enzyme can potentially be targeted to prevent allergy development,
by raising its levels in utero [8]. For the first time, the current findings provide evidence of
the existence of a time window during the postnatal period when environmental influences
could be applied to achieve epigenetic modulation of PKCζ, such as through a simple
low-risk nutritional strategy employing fish oil supplementation. Future studies should be
aimed to characterize this transient deficiency in neonates during maturation in vivo.

4. Materials and Methods
4.1. Reagents

Cell culture reagents used include RPMI 1640 medium supplemented with L-Glutamine
(Thermo Fisher Scientific, Waltham, MC, USA, 11875-093), X-VIVO 15 medium (Lonza, BSL,
Switzerland, 04418Q) and foetal calf serum (FCS) (Serana, Pessin, German, FBS-AU-015).
PHA, PMA and human AB serum were obtained from Sigma Aldrich (St. Louis, MO,
USA). The rhIL-2 was purchased from PeproTech (Rocky Hill, NJ, USA). The monoclonal
antibodies against PKC isozymes and cytokines are listed in Tables 1–3 with all the relevant
details.

Table 2. Staining panel for the determination of PKC isozymes expression.

Antibody (Clone) Fluorochrome Cat/Company

Anti-PKCα (H-7) AF647 sc-8393/Santa Cruz
Anti-PKCβII (F-7) AF647 sc-13149/Santa Cruz

Anti-PKCβ1 (EPR18512) AF647 ab223452/Abcam
Anti-PKCζ (H-1) PE sc-17781/Santa Cruz
Anti-PKCθ (E-7) PE sc-1680/Santa Cruz

Anti-PKCλ/ι (H-12) PE sc-17837/Santa Cruz
Anti-PKCη (EPR18513) AF488 ab179524/Abcam
Anti-PKCδ (EPR17075) AF488 ab206282/Abcam
Anti-PKCε (EPR1482) AF488 ab217980/Abcam
Anti-PKCµ (EP1493Y) AF647 ab51246/Abcam

Mouse IgG1k Isotype control (MOPC-31C) AF647 566011/BD
Rabbit mAb IgG Isotype Control AF488 2975/CST
Rabbit mAb IgG Isotype Control AF647 2985/CST

Mouse mAb IgG2ak (X39) PE 340459/BD
Anti-CD3 (SK7) APC-H7 560176/BD

Anti-CD8 (RPA-T8) PE-Cy7 557746/BD
BD—BD Biosciences (Franklin Lakes, NJ, USA), CST—Cell Signaling Technologies (Danvers, MA, USA), Santa
Cruz—Santa Cruz Biotechnology (Dallas, TX, USA), Abcam—Abcam (Cambridge, UK).
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Table 3. Antibodies panel#1 for T cells cytokines.

Antibody (Clone) Fluorochrome Cat/Company

Anti-IL-2 (5344.111) BV421 562914/BD
Anti-IL-10 (JES3-9D7) AF488 501413/BioLegend
Anti-LT-α (359-81-11) PE 554556/BD
Anti-IL-17A (N49-653) PerCP-Cy 5.5 560799/BD

Anti-TGF-βI (TW4-2F8) PE/Cy7 349610/BioLegend
Anti-TNF (MAb11) APC 554514/BD
Anti-IFN-γ (4S.B3) APC/Cy7 502530/BioLegend

BV510 (viability stain) 564406/BD
BD—BD Biosciences (Franklin Lakes, NJ, USA), BioLegend—BioLegend (SD, California, UK).

4.2. Ethics Statement

Human blood sample collection and all experimental procedures were approved by
the Human Research Ethics Committee of the Women’s and Children’s Health Network
(WCHN), Adelaide, South Australia, in accordance with the National Statement on Ethical
Conduct in Human Research (2007, updated 2018) (National Health and Medical Research
Council Act 1992). Venous blood was collected from adult volunteers who normally
donated blood as ‘healthy’ controls for pathology testing, with their informed consent.
The gender of the donors was 15 females and 16 males. Umbilical cord blood (CB) from
healthy neonates was obtained with informed consent from pregnant women undergoing
elective caesarean section. Gestation age was from 37 to 39 weeks (with 28 of the 35 being
38–39 weeks), and only one of these babies also had a sibling involved. Of the 35 babies,
17 were females and 18 were males.

4.3. Preparation of Mononuclear Cells (MC) from CB and Peripheral Blood of Adult Donors

CB and adult blood in lithium-heparin were applied to Ficoll Paque Plus media
(GE Healthcare, Uppsala, Sweden) density gradient centrifugation and the MC which
resolved at the interface harvested. The cells were washed in complete medium (RPMI-
1640 supplemented with L-glutamine (100 U/mL), penicillin (100 µg/mL), streptomycin
(100 µg/mL) and 10% FCS). The cells were cryopreserved at 5–10 × 106/mL in cell freezing
media containing FCS (90%) and DMSO (10%) as previously described [12].

4.4. Isolation of T Cells

The T cells were isolated by negative selection using the EasySep Human CD3+ T cell
Isolation Kit (Stemcell Technologies, Vancouver, BC, Canada). The MCs were rapidly
thawed and washed in separation buffer (phosphate-buffered saline (PBS) containing 2%
FCS and 1 mM EDTA). Viability assessed by Trypan blue exclusion was approximately
90%. The cells at 5 × 107 cells/mL of separation buffer, in polystyrene round-bottom tubes
(Corning, AZ, USA, 352058) were incubated with 50 µL/mL of the EasySep Human CD3+

T Cell Isolation Cocktail for 5 min. Furthermore, 50 µL/mL of EasySep Dextran Rapid
Spheres was added to cells and the non T cells were removed with an EasySep Magnet
(Stemcell Technologies, Vancouver, BC, Canada, 18000). The resultant CBTCs preparation
had a purity of ≥97%.

4.5. CBTC Maturation

CBTCs were matured using an established model. The cells were cultured in the
presence of anti-CD3 and anti-CD28 antibodies [14]. Briefly, 2.5 µg/mL anti-CD3 antibodies
(OKT3, Abcam, Cambridge, UK) were immobilised in 24 well plates in Hank’s balanced
salt solution (HBSS). The plates were refrigerated overnight or incubated for 3 h at 37 ◦C,
and then washed with HBSS. At the initiation of the culture, to 1 × 106 CBTC was added
1 µg/mL anti-CD28 antibodies (Clone CD28.2, eBiosciences, San Diego, CA, USA) in
a total volume of 1 mL. In some assays, CBMC at 1 × 106 cells/mL in complete media
were matured by using PHA (2 µg/mL, final concentration). On the 3rd day, the cells
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were counted and reseeded at 1 × 106/mL with rhIL-2 (10 ng/mL). This was repeated on
day 5. The expression of CD45RA/RO surface expression was measured on day 7 by flow
cytometry. The cells were used for cytokine production studies as required.

4.6. Flow Cytometric Detection of PKC Isozymes

The expression of PKC isozymes was assessed as described previously [12]. Briefly,
either whole blood or 2 × 105 CBMCs were incubated with anti-CD3 APC-H7 and anti-
CD8 PE-Cy7, both from BD Biosciences (Franklin Lakes, NJ, USA) for surface staining
for 15–20 min. The cells were then fixed with BD Cytofix/Cytoperm (BD, 555028) and
permeabilized with NET-Gel. Furthermore, 1 µg of mouse/rabbit IgG Fc blocking reagent
was added for 10 min. The optimal amount of fluorochrome-conjugated anti-PKC isozymes
antibodies or isotype controls (Table 2) were added as appropriate. After 30 min of
incubation at room temperature (RT) in the dark, the cells were washed twice. They were
then analysed on a FACSCanto II (BD Biosciences, NJ, USA).

4.7. Measurement of Intracellular Cytokines

The assays were conducted essentially as previously described using BD Cytofix/
Cytoperm Plus Permeabilization Kit with GolgiPlug [14]. Briefly, the T cells at 1 × 106/mL
in RPMI-1640/2.5% AB serum were stimulated with PMA (50 nM) and PHA (2 µg/mL) in
the presence of Brefeldin A (GolgiPlug) and incubated at 37 ◦C/5% CO2 for 16–20 h. Cells
were washed and incubated with BD Horizon Fixable Viability Stain 510 (FVS510) stock
solution (1:1000) in protein- and sodium azide-free PBS for 15 min. After washing, cells
were treated with anti-CD45 APC-H7 (2D1) and anti-CD3 PE-Cy5 (HIT3a) and incubated
at RT in the dark for 15–20 min. The cells were fixed with BD Cytofix/CytoPerm solution
for 20 min and permeabilized with BD Perm/Wash solution for 10 min at RT in the dark.
For detection of intracellular cytokine, cells were treated with fluorochrome-conjugated
antibodies (see Tables 3 and 4) and then incubated for 30 min at RT in the dark. After the
incubation, cells were washed twice with BD Perm/Wash; the samples were analysed on
a FACSCanto II. Data analysis was performed using FlowJo v10.1 for cytokine expressing
T cells. Cells were analysed after the exclusion of doublets and dead cells by gating on the
FVS510− cell population.

Table 4. Antibodies panel#2 for T cells cytokines.

Antibody (Clone) Fluorochrome Cat/Company

Anti-IL-13 (JES10-5A2) BV421 563580/BD
Anti-IL-4 (MP4-25D2) FITC 562047/BD
Anti-IL-21 (3A3-N2.1) PE 562042/BD

Anti-IL-9 (MH9A3) PerCP-Cy 5.5 561461/BD
Anti-IL-5 (TRFK5) APC 562048/BD

Anti-IL-22 (2G12A41) PE/Cy7 366707/BioLegend
Anti-IFN-γ (4S.B3) APC/Cy7 502530/BioLegend

BV510 (viability stain) 564406/BD
BD—BD Biosciences (Franklin Lakes, NJ, USA), BioLegend—BioLegend (SD, California, UK).

4.8. Statistical Analysis

Statistical analyses were conducted by one-way ANOVA followed by post hoc Tukey’s
multiple comparisons test, or Student’s t-test. The two-tailed Pearson correlation coefficient
was used for examining data for the presence of correlation. These were performed using
GraphPad Prism v9 (GraphPad Software, La Jolla, CA, USA). A p value of < 0.05 was
considered significant.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms222312650/s1.
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Figure S1. Gating strategies for T cell subsets in whole blood assays for PKC isozymes detection. 
Following surface and intracellular staining, which included red cell lysis, leukocyte fixation and 
permeabilisation; cells were acquired on the flow cytometer. Singlets were gated by FSC-A/FSC-H, 
and SSC was used to distinguish lymphocytes. The lymphocytes were further gated for CD3 or CD8 
expression and further analysed for PKC isozymes expression by using the PKC antibody panel 
(Table 1). CD4+ T cells were deduced by CD3+/CD8– gating. Representative histograms are shown 
for PKC isozymes in CD3+ T cells. The analysis is shown for whole adult blood. 
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Table S1. Antibodies panel for staining of Naïve/memory subsets in human CBTC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Antibody Fluorochrome Clone Catalogue Company 

Anti-CD45RA 

Anti-CD45RO 

Anti-CD3 

Anti-CD4 

Anti-CD8 

Anti-CD45 

FITC 

PE 

PE-Cy5 

APC 

PE-Cy7 

APC-H7 

HI100 

UCHL1 

HIT3a 

RPA-T4 

RPA-T8 

2D1 

555488 

555493 

555341 

555349 

557746 

641399 

BD 

BD 

BD 

BD 

BD 

BD 
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Figure S2. Proportions of naïve and memory T cells on day 7 of maturation. Purified CB CD3+ T 
cells were matured with anti-CD3/-CD28 and recombinant human interleukin-2 (rhIL-2) for 7 days. 
Then expression of CD45RA/RO was assessed by flow cytomentry. Representative dot plot for naïve 
and maturation expression in CB CD3+ T cells. The top panels show the dot plots of CD45RA/RO 
expression in T cells and the middle panels shows CD45RA/RO expression in naïve (left dot plot) 
and mature (right dot plot) in all the CBTC samples. Bottom panel shows data expressed as mean ± 
SD of n = 8 of expression on day 7. **** p < 0.0001. (Student’s t-test). 
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Figure S3. Proportions of naïve and memory CD4+/CD8+ T cells on day 7 of maturation. Purified CB 
CD3+ T cells were matured as in Figure S2. Representative dot plot for naïve and maturation 
expression in CB CD4+/CD8+ T cells. Right dot plots for gating CD4+/CD8+ T cells from total T cells. 
The CD45RA/RO expression in naïve (top dot plot) and mature (middle dot plot) in all the CB 
CD4+/CD8+ T cells samples. Bottom panels show data expressed as mean ± SD of n = 8. **** p < 0.0001. 
(Student’s t-test). 
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Table S2. Antibodies for detecting interleukin-4 (IL-4)-and interferon gamma (IFN-γ)-
expressing T cells and CD4+/CD8+ T subsets. 

 

 

 

 

 

 

 

 

 

 

 

 

  

Antibody Fluorochrome Clone Catalogue Company 

Anti-IFN-γ 

Anti-IL-4 

Anti-CD3 

Anti-CD8 

Anti-CD45 

Mouse-IgG1k 

Mouse-IgG1k 

FITC 

PE 

PE-Cy5 

PE-Cy7 

APC-H7 

FITC 

PE 

4S.B3 

8D4-8 

HIT3a 

RPA-T8 

2D1 

MOPC-21 

MOPC-21 

554551 

12-7049-42 

555341 

557746 

641399 

555748 

556650 

BD 

eBioscience 

BD 

BD 

BD 

BD 

BD 
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Figure S4. Detection of cytokine production by matured CBTC. Purified CB CD3+ T cells were 
matured with anti-CD3/-CD28 antibodies and rhIL-2. On day seven, cells were stimulated with 
PHA/PMA and incubated for 24h. Dead cells were excluded by gating on the FVS510 negative 
population and cytokine-producing cells were analysed by flow cytometry. The top panels 
represent the dot plots for IL-9, IL-21 cytokines, bottom panels represents the IFN-γ producing 
CBTC.  
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Figure S5. Correlation analyses of levels of PKCζ in CB CD4+ T cells with cytokines 
produced by the matured T cells. Samples n=10. * p < 0.05, ** p < 0.01. ns: not significant. 
Correlations were performed using the two-tailed Pearson correlation. 
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Figure S6. Correlation analyses of levels of PKCζ in CB CD8+ T cells with cytokines 
produced by the matured T cells. Samples n=10. * p < 005, ** p < 0.01. ns: not significant. 
Correlations were performed using the two-tailed Pearson correlation. 
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6.1 Introduction and Contextual Statement 

Previous studies have addressed the association between PKCζ levels with Th1 or Th2 cell 

development. To date, there is no evidence that PKCζ signalling plays a role in T cell maturation 

and cytokine bias. Here we addressed this question by examining the requirement for PKCζ 

activation in the Th cell cytokine skewing during maturation. We present a new maturation 

culture model using PHA-PMA. This system enables T cell maturation, based on RA/RO 

expression, without the activation of PKCζ. Development in these cultures showed that CBTC 

did not transit to the mature Th1 cytokine phenotype. However, if the T cells were transfected 

with a constitutively active PKCζ mutant they matured to the Th1 bias. These data show the 

importance of PKCζ activation in neonatal T cell development and supports this isozyme to be 

both a biomarker for allergy risk and a target for intervention. 

This chapter presented here is as in press article by Khalida Perveen, Alex Quach, Michael J. 

Stark, Susan L. Prescott, Simon C. Barry, Charles S. Hii and Antonio Ferrante, entitled “PKCζ 

activation promotes maturation of cord blood T cells towards a Th1 IFN-γ propensity”  
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Abstract

A significant number of babies present transiently with low protein kinase C zeta

(PKCζ) levels in cord blood T cells (CBTC), associated with reduced ability to

transition from a neonatal Th2 to a mature Th1 cytokine bias, leading to a higher

risk of developing allergic sensitisation, compared to neonates whose T cells have

‘normal’ PKCζ levels. However, the importance of PKCζ signalling in regulating

their differentiation from a Th2 to a Th1 cytokine phenotype propensity remains

undefined. To define the role of PKCζ signalling in the regulation of CBTC differ-

entiation from a Th2 to a Th1cytokine phenotype we have developed a neonatal T

cell maturation model which enables the cells to develop to CD45RA�/CD45RO+

T cells while maintaining the Th2 immature cytokine bias, despite having normal

levels of PKCζ. The immature cells were treated with phytohaemagglutinin, but

in addition with phorbol 12-myristate 13-acetate (PMA), an agonist which does

not activate PKCζ. This was compared to development in CBTC in which the cells

were transfected to express constitutively active PKCζ. The lack of PKCζ activa-

tion by PMA was monitored by western blot for phospho-PKCζ and translocation

from cell cytosol to the membrane by confocal microscopy. The findings demon-

strate that PMA fails to activate PKCζ in CBTC. The data show that CBTC

matured under the influence of the PKC stimulator, PMA, maintain a Th2 cyto-

kine bias, characterised by robust IL-4 and minimal interferon gamma production

(IFN-γ), and lack of expression of transcriptional factor, T-bet. This was also

reflected in the production of a range of other Th2/Th1 cytokines. Interestingly,

introduction of a constitutively active PKCζ mutant into CBTC promoted develop-

ment towards a Th1 profile with high IFN-γ production. The findings demonstrate

that PKCζ signalling is essential for the immature neonatal T cells to transition

from a Th2 to a Th1 cytokine production bias.
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INTRODUCTION

Humans are born with a T helper 2 (Th2) bias, reflecting
the hormonal and cytokine milieu of pregnancy, which
transitions to more mature Th1 responses over the first
years of life [1]. This appears to be less efficient or
delayed in children who develop allergic diseases, who
have deficient Th1 responses at birth and ongoing predis-
position to Th2 responses with age [1]. Environmental
exposures, including microbes, pollutants and dietary fac-
tors during this critical window of development period
have been shown to alter this maturation trajectory to
modify disease risk [1–3]. Therefore, a deeper under-
standing of the fundamental mechanisms underpinning
alterations in Th1 development is likely to provide a tar-
get for preventative intervention strategies.

In this context, protein kinase C zeta (PKCζ) expres-
sion has been identified as a potential cord blood bio-
marker for children at risk of Th2 persistence and allergy
development [3, 4]. We have previously shown that lower
PKCζ levels in cord blood T cells (CBTC) predict a high
risk of developing allergy in the first years of life [3–5].
Further, when CBTC with low PKCζ are matured
in vitro, those with lower PKCζ expression have a pro-
pensity to produce higher Th2 cytokines such as IL-4/
IL-9 and lower interferon-gamma (IFN-γ) [4, 6, 7]. This
relationship between low PKCζ, Th2 propensity and
allergic sensitisation is not evident with other PKC iso-
zymes [3, 7]. Interestingly, we have shown that early
intervention with omega 3 polyunsaturated fatty acids
(fish oil) during pregnancy resulted in higher levels of
PKCζ and reduced development of allergy in the
infants [3], potentially involving epigenetic regulation of
the PKCζ gene through the acetylation of histone H3 [8].
However, a critical unfulfilled task, the outcome of which
can provide compelling evidence for a paradigm shift in
mechanisms of healthy development, is to decipher the
role of PKCζ activation and signalling in regulating neo-
natal T cell development. To address this, we have estab-
lished an in vitro neonatal T cell maturation model to
examine the role of PKCζ activation in promoting T cell
maturation towards a Th1 cytokine phenotype.

MATERIALS AND METHODS

Reagents

The mouse monoclonal IgG PKCβII AF647 (clone F-7),
PKCθ PE (clone E-7) and PKCζ PE (clone H-1) isozymes
antibodies were purchased from Santa Cruz Biotechnol-
ogy (Dallas, TX, US) and rabbit monoclonal IgG PKCε
AF488 (clone EPR1482 [2]) was purchased from Abcam

(Cambridge, UK) and these antibodies were previously
validated by our laboratory [5]. The corresponding iso-
type controls were purchased from BD (Franklin Lakes,
NJ, US). RPMI 1640 tissue culture medium (Cat# R0883),
PMA (Cat# P8139), phytohaemagglutinin (PHA), human
AB serum and β-mercaptoethanol (M6250) were from
Sigma Aldrich (St. Louis, Missouri, US), while rhIL-2 was
purchased from PeproTech (Rocky Hill, New Jersey, US).
X-VIVO 15 medium (cat# 04418Q, Lonza, BSL,
Switzerland), foetal calf serum (FCS) and L-glutamine
were purchased from SAFC Biosciences (Lenexa, KS).

Preparation of mononuclear cells

The procurement of human blood and all experimental
procedures were approved by the Human Research
Ethics Committee of the Women’s and Children’s Health
Network (WCHN), Adelaide, South Australia, in accor-
dance to The National Statement on Ethical Conduct in
Human Research (2007, updated 2018; National Health
and Medical Research Council Act 1992). Venous blood
was collected from healthy adult volunteers with their
informed consent and umbilical cord blood from healthy
full-term neonates with informed consent from pregnant
women undergoing elective caesarean section.

Mononuclear cells from cord blood (CBMC) or adult
peripheral blood (PBMC) were isolated by density gradi-
ent centrifugation on Ficoll® Paque Plus (GE Healthcare,
Uppsala, Sweden) according to the manufacturer’s proto-
col. The harvested cells were washed in cX-VIVO medium
(X-VIVO-15 supplemented with 2 mmol/L L-glutamine,
100 U/mL penicillin, 100 μg/mL streptomycin and 10%
FCS). Cells were immediately cultured in cX-VIVO or
cryopreserved for later functional analysis [5].

Isolation of T cells

T cell isolation was performed as previously described [6]
using EasySep™ Human CD3+ T cell Isolation Kit (Stem
Cell Technologies, Vancouver, Canada) by negative isola-
tion, according to manufacturer protocols. Cryopreserved
CBMC or PBMC were rapidly thawed in a 37�C water bath
and washed in PBS supplemented with 2% FCS and 1 mM
EDTA (separation buffer). Viability was assessed by Trypan
blue dye exclusion assay and found to be approximately
90%. Cells were resuspended in 0.25–2 mL of separation
buffer, in 12 � 75 mm polystyrene round-bottom tubes
(Corning, Cat #352058), maintaining a cell concentration
of 5 � 107 cells/mL. EasySep™ Human CD3+ T Cell Isola-
tion Cocktail was added at 50 μL/mL to the suspension,
mixed and incubated at room temperature (RT) for 5 min.
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EasySep™ Dextran Rapid Spheres™ (50 μL/mL) were
added and samples were reconstituted to 2.5 mL separation
buffer. The T cells were retrieved using an EasySep™ Mag-
net (Stemcell Technologies, Cat #18000), with purity con-
sistently greater than 97%.

CBTC maturation

Cord blood T cells were matured using different stimula-
tion methods. In the classical [7] CD3/CD28 co-
stimulation cultures, anti-CD3 antibody (clone OKT3,
Abcam, Cambridge, UK) was added to 24-well tissue cul-
ture plates at a final concentration of 2.5 μg/mL in HBSS
and incubated at 4�C overnight or at 37�C for 3 h, and
then washed with HBSS. At the initiation of culture, anti-
CD28 antibody (clone CD28.2, eBiosciences, San Diego,
CA, USA) was added to a final concentration of 1 μg/mL
with 1 � 106 CBTC in each well in a final volume of
1 mL. To develop a new neonatal T cell maturation
model independent of PKCζ activation, 1 � 106 CBTC/
mL were cultured with either PHA (2 μg/mL) and PMA
(40 nM); or PMA (40 nM) and ionomycin (0.5 μg/mL).

After 3 days of culture by all methods, cells were
counted and reseeded at 1 � 106/mL with/without the
addition of rhIL-2 (10 ng/mL), and this process was
repeated on day 5. On day 7, the CD45RA/RO surface
expression was measured by flow cytometry.

T cell proliferation

T cell proliferation was determined using the radioactive
[3H]-thymidine method as described previously [8].
Briefly, in 96-well round-bottom plates, T cells were
added at 2 � 105/well in RPMI/2.5% AB serum with or
without PHA (2 μg/mL) or PMA (10 ng/mL) in triplicate,
and incubated at 37�C, 95% humidity and 5% CO2 for
72 h. Cells were pulsed with 1 μCi [3H]-thymidine 6 h
prior to harvesting onto glass filter paper using a Titertek
Multiple Cell Harvester. The glass fibre filter cutouts
were applied to vials with liquid scintillation cocktail
(PerkinElmer) and the disintegrations per minute (DPM)
were determined in a Wallac 1409 scintillation counter.
Lymphoproliferation was expressed as DPMs.

Flow cytometry

Apoptosis and cell viability

Early and late apoptosis was ascertained using Annexin
V and 7-AAD, respectively. The staining panel is

described in Table S2. At the indicated time points,
2 � 105 cells were harvested, washed in 1 mL of Annexin
V Binding buffer (10 mM HEPES, pH 7.4, 0.14 M NaCl,
0.25 mM CaCl2 and 0.5% BSA) and incubated with the
staining panel for 20 min at RT in the dark. After two
washes with Annexin V Binding buffer, samples were
stained with 7-Aminoactinomycin D (7-AAD, BD, cat#
51-68981E) for 5 min at RT and analysed by flow
cytometry.

Naïve and memory T cell immunophenotyping

To ascertain T cell maturation, CD45RA and CD45RO
expression was examined at various time points of T cell
culture. For each time-point, 2 � 105 cells were har-
vested, washed in PBS/1% FCS (wash solution) followed
by incubating with a cell surface antibody panel
(Table S3) for 20 min at RT in the dark. Following two
washes in the wash solution, the samples were acquired
on a BD FACSCanto and analysed using FlowJo v10.8.1
(Ashland, OR, USA). Lymphocytes were gated based on
their high CD45+ expression and were further gated on
CD3+ T cells to examine the surface expression of
CD45RA and CD45RO.

Detection of intracellular PKC isozymes at
single-cell levels

PKC isozymes were assessed in unstimulated cells by a
previously described method [5]. Briefly, either whole
blood or 2 � 105 CBMCs were incubated with anti-CD3
APC-H7 and anti-CD8 PE-Cy7, both from BD Biosciences
(Franklin Lakes, NJ, USA) for surface staining for 15–
20 min. The cells were then fixed with BD Cytofix/
Cytoperm (BD, 555028) and permeabilised with NET-
Gel. Furthermore, 1 μg of mouse/rabbit IgG Fc blocking
reagent was added for 10 min. The optimal amount of
fluorochrome-conjugated anti-PKC isozymes antibodies
or isotype controls (Table S4) were added as appropriate.
After 30 min of incubation at RT in the dark, the cells
were washed twice. They were then analysed on a FACS-
Canto II (BD Biosciences, NJ, USA).

Detection of intracellular cytokines

Intracellular cytokines were measured in stimulated
mature T cells, using the BD Cytofix/Cytoperm™ Plus
Permeabilisation Kit with GolgiPlug as described previ-
ously [6]. Briefly, 1 � 106 cells/mL in RPMI/2.5% AB
serum were stimulated with 50 nM PMA and 2 μg/mL
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PHA or anti-CD3/-CD28 antibodies in the presence of
Brefeldin A, and incubated at 37�C/5% CO2 for 16–20 h.
Cells were then washed in the wash solution and resus-
pended in 200 μL of wash solution for surface staining
with anti-CD3 PE-Cy5 (HIT3a), and anti-CD45 APC-H7
(2D1), for 15–20 min at RT in the dark. The cells were
stained with the BD Horizon™ Fixable Viability Stain
510 (FVS510) Stock Solution (1:1000) in sodium azide-
and protein-free PBS. At the end of 15 min incubation,
cells were washed twice with 2 mL of wash solution.

The cells were then fixed with 250 μL BD Cytofix/
CytoPerm™ Fixation and Permeabilisation Solution for
20 min at RT in the dark, and then permeabilised with
1 mL of BD Perm/Wash for 10 min at RT in the dark. A
selected panel of antibodies for intracellular cytokine detec-
tion was then added to the cells (Tables S5–S7) and then
incubated for 30 min at RT in the dark. In transfection
experiments where enhanced green fluorescent protein
(EGFP) expressing Plasmids were used, IFN-γ PE (Clone:
4S.B3, eBiosciences, San Diego, CA, USA) was used instead
of IFN-γ FITC to avoid false-positive signals for IFN-γ in
FITC channel. After two washes with BD Perm/Wash, the
samples were acquired on either a FACSCanto or FACS-
Canto II, as appropriate, with a minimum of 10 000 lym-
phocyte events acquired. Data analysis was performed
using FlowJo v10.8.1. The lymphocyte population was gated
by forward and side scatters, followed by gating of the
CD3+CD8� population (negative gating for CD4+) and
CD3+CD8+ cells, with cytokine expression and percentage
positive cells analysed after exclusion of doublets and dead
cells by gating on the FVS510� cell population.

Cytometric bead array

The quantification of secretory cytokines from culture
supernatants was performed as previously described [9]
by using BD™ Cytometric Bead Array kits for IFN-γ,
TNF-α, IL-2, IL-6, IL-8 and IL-10 (BD Biosciences) fol-
lowing adaptation of the manufacturer’s protocols for
assay in 96-well v-bottom plates, with the acquisition on
a BD FACSCanto with an attached BD™ High Through-
put Sampler (HTS), and analysis with FCAP Array v3
software (BD Biosciences).

ELISA

Interleukin (IL)-2 was quantitated in cell culture superna-
tants by sandwich ELISA as previously described for our
laboratory [10]. Cell culture supernatants were applied to
anti-human IL-2 polyclonal antibody (Thermo Fisher Scien-
tific) coated Nunc™ MaxiSorp™ flat-bottom 96-well plates.

The plates were washed, followed by the addition of bioti-
nylated labelled anti-human IL-2 monoclonal antibody,
then HRP-Conjugated Streptavidin. Colourimetric develop-
ment was achieved by the addition of 3,30,5,50-tetramethyl-
benzidine, and terminated by the 0.5 M H2SO4. The
absorbance was measured at 450 nm using a Victor™ X4
Multilabel plate reader (PerkinElmer, Waltham, MA, US).

Production of T cell PKCZ transfectants

Plasmid preparation and purity check

Prevalidated constitutively active PKCZ (EGFP-PKCZdel239,
cat# 110513), control plasmids expressing pEFGP–N1–FLAG
(cat#60360) or wild-type EGFP-PKCZ.WT (cat#110512) or
kinase-dead mutant FLAG.PKCzeta.K/W (cat# 10800) in
transformed competent Escherichia coli were purchased from
Addgene (Cambridge, MC, US). These were propagated on
Luria broth agar supplemented with 100 μg/mL kanamycin.
Plasmids were then extracted using NucleoBond® Xtra Midi
Plus Endotoxin Free kit (Düren, Germany) according to man-
ufacturer’s protocol. Plasmid integrity was checked by 1%
agarose gel electrophoresis. Plasmid yield and quality were
quantified by UV spectrophotometry.

Diagnostic restriction endonuclease digest

The PKCZ inserts were verified in plasmids by restriction
digest. Briefly, a reaction mix was prepared for each plas-
mid by firstly combining 1 μg of plasmid with 5 μL of 10X
CutSmart™ buffer (Cat#B7204S) and water to final vol-
ume 50 μL following addition of the appropriate restric-
tion enzymes: for constitutively active or wild-type PKCZ
plasmid, 1 μL EcoR1-HF (Cat#R3101S) with or without 30

cloning site with 1 μL of Sall-HF (Cat#R3138S). The empty
vector backbone was digested with EcoR1-HF. All buffer
and enzymes were from New England Biolabs (Ipswich,
MC, US). The reaction mixtures were then incubated at
37�C for 1 h. After the incubation, 100 ng of each sample
or undigested plasmid was used as control and subjected
to electrophoresis in 1% agarose gel (Figure S1).

Nucleofection of human CBTC with
constitutively active PKCZ plasmid

Nucleofection of human CBTC with constitutively active
EGFP-PKCZ or control EGFP plasmid was carried out
essentially as described previously [8]. The human T cell
Nucleofection kit was from Amaxa (Lonza, Walkersville,
MD, USA). Freshly purified CBTCs were rested in cX-
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VIVO media containing β-mercaptoethanol (50 μM) for
at least 2 h at 37�C. Approximately 107 CBTCs were
added to 5 μg of control or PKCZ specific plasmids in
cuvettes and the cells were transfected using programme
V-024 for high transfection, according to the manufac-
turer’s instructions. After transfection, CBTCs were cul-
tured for 4 h before setting for maturation with
PHA/PMA. An aliquot of the cultures was used to con-
firm the transfection efficiency (Figure S5) and viability
analysis by flow cytometry.

PKCζ activation assay

PKCζ activation in purified T cells was assessed by West-
ern blot following culture without or with either PHA
(2 μg) and PMA (100 nM), or anti-CD3/-CD28
(as described under CBTC maturation) at 2 � 106/mL in
HBSS for various periods. Cultures were ended using cold
HBSS. The cells were recovered by using rubber scraper
and centrifuged at 600 �g, 5 min at 4�C.

Cell lysates were prepared from the harvested cells
and applied to SDS-PAGE and Western blot as described
previously [5]. The transferred nitrocellulose membranes
were incubated with the rabbit anti-phospho-PKCζ
(Thr410) Monoclonal Antibody (clone S.447.6), or mouse
monoclonal anti-PKCζ isozyme antibody (clone H-1) fol-
lowed by washing and incubation with HRP-conjugated
goat anti-rabbit or rabbit anti-mouse Ig secondary anti-
bodies (Dako, Glostrup, Denmark) as appropriate. Immu-
noreactive material was detected using the Western
Lightning™ Chemiluminescence Reagent Plus (Perkin
Elmer, Waltham, MA) according to the manufacturer’s
instructions. The protein bands on the membranes were
visualised by a ChemiDoc XRS+ Imaging System and
quantitated using Image Lab™ Software, Version 3.0
(Bio-Rad Laboratories). Some blots were stripped using
ReBlot Plus Mild Antibody Stripping Solution
(Merck-Millipore) and re-probed with mouse monoclonal
anti–GAPDH antibody (clone 71.1, Sigma-Aldrich, used
at 1/20000) to confirm equal loading and protein
integrity.

Immunofluorescence and confocal
microscopy

Immunofluorescent imaging of cultured T cells utilised the
flow cytometric techniques to fix and permeabilise cells as
described earlier. Briefly, T cells purified from adult healthy
volunteers were first surface stained with anti–CD3 FITC
antibody for 15 min then left untreated or treated with PMA,
or PHA/PMA or anti–CD3 antibody for 15 min at 37�C/5%

CO2. The reaction was stopped immediately by the addition
of ice-cold washing buffer, followed by centrifugation, fixa-
tion, permeabilisation and intracellular staining for either
PE-conjugated anti–PKCζ or PKCθ antibodies for 25 min.
DAPI nuclear stain was added for a further 5 min incuba-
tion. At the end of the assay, cells were transferred to Super-
frost® microscope slides (Thermo Scientific, Waltham, MA)
using a Cytospin 3 centrifuge (Shandon Scientific, Cheshire,
UK). Cytospin T cells were air-dried and mounted with a
fluorescent mounting medium (Dako, Santa Clara, CA, US).
The samples were visualised either under an Olympus BX51
Fluorescence Microscope (Olympus, Tokyo, Japan) at
100 � magnification with oil or Olympus FV3000 Confocal
Microscope at 60 � magnification with oil and the images
were acquired by using FV31S-SW Image software tools. The
images were processed by using ImageJ FIJI image software
(version 1.8.0; WS Rasband, National Institute of Health,
Bethesda, MD, USA) [11].

PCR assays

The standard or quantitative reverse transcribed PCR (qRT-
PCR) assays were performed as previously described [12]. In
brief, CBTC were cultured with maturation inducers either
anti-CD3/CD28 or PHA/PMA and RNA was extracted on
day-4 or 5 by using TRIzol reagent (Invitrogen). cDNA was
prepared using iScript cDNA synthesis kit (Bio-Rad).

The standard PCR was performed by using AmpliTaq
Gold™ 360 Master Mix. The polymerase reaction was per-
formed by Activation of AmpliTaq Gold® 360 Master Mix
at 95�C 5 min, then 40 cycles of denaturing at 95�C for
30 s, annealing at 60�C for 30 s, extending at 72�C for 60 s/
kb and final extension at 72�C for 7 min. The PCR product
was loaded on 2% agarose gel to visualise the size of the dif-
ferent PCR products by a ChemiDoc XRS+ Imaging
System.

qRT-PCR analysis was performed using PowerUp™
SYBR™ Green Master Mix (Thermo Fisher Scientific)
with the following conditions: initial activation of UDG
for 2 min at 50�C followed by activation of Dual-Lock™
DNA polymerase. Then 40 cycles of denaturation for 15 s
at 95�C and anneal/extend at 60�C for 1 min, 60�C for
30 s and 72�C for 30 s using an iQ5 Real-Time Detection
System with iQ5 Optical System v2.1 software (Bio-Rad).
Data were normalised to the expression of a control gene
GAPDH for each experiment. The primer pairs used were
for human T-BOX21 (Forward: 50-GTCCAACAATGTG
ACCCAGAT-30; Reverse: 50-ACCTCAACGATATGCAG
CCG-30), GATA3 (Forward: 50-GCCCCTCATTAAGCCC
AAG-30; Reverse: 50-TTGTGGTGGTCTGACAGTTCG-30)
and GAPDH (Forward: 50-GAGTCAACGGATTTGGTCG
T-30; Reverse: 50-GACAAGCTTCCCGTTCTCAGCCT-30).
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Statistical analysis

All statistical analyses were performed using GraphPad
Prism version 9.0 (GraphPad Software, La Jolla, Califor-
nia, USA). Comparisons were performed using one-way
ANOVA with post-hoc Tukey’s multiple comparisons test
or Student’s t-test. A p value of <0.05 was considered sta-
tistically significant for all analyses.

RESULTS

Establishing an in vitro CBTC maturation
model independent of PKCζ activation

Phorbol 12-myristate 13-acetate (PMA) activates conven-
tional and novel PKC isozymes but not atypical PKCs,
such as PKCζ [13–15]. We, therefore, developed a CBTC
maturation model that uses PMA to promote this matu-
ration, in the absence of PKCζ activation. The model

involves using purified cord blood CD3+ T cells cultured
in the presence of PHA and PMA over a 7 day period.
This was compared with the classical model which uses
anti-CD3/anti-CD28 antibodies plus rhIL-2 to induce
maturation of CBTC [16–22]. Given the lack of data on
PKCζ activation in human T cells, we examined changes
in PKCζ phosphorylation by western blot as a readout of
activation when CBTC were treated with the maturation
stimuli. While treatment with anti-CD3/-CD28 antibodies
increased phosphorylation of PKCζ, treatment with
PHA/PMA had no effect (Figure 1a). In addition, total
PKCζ protein was decreased (Figure 1a). This was accom-
panied by the appearance of immunoreactive material
that migrated with an Mr of around 50 kDa (Figure S2),
implicating the proteolysis/degradation of PKCζ as has
been reported for other PKC isozymes following cell acti-
vation [23, 24], hence providing further evidence of PKCζ
activation by anti-CD3/-CD28 antibodies. This degrada-
tion was not seen with PHA/PMA treatment. The lack of
PKCζ activation by PHA/PMA was also examined in
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F I GURE 1 Activation of PKCζ by anti-CD3/CD28 antibodies or PHA/PMA. (a) Western blot (left panel) showing levels of PKCζ and
phospho-PKCζ in CBTC treated with PHA-PMA or anti-CD3/-CD28 antibodies for 60 min. Right panel shows quantitated data as mean

± SD (n = 3 experiments). (b, c) Photomicrograph of changes in PKCζ redistribution after treatment (representative of three independent

experiments) with (b) PMA only, PHA-PMA or (c) anti-CD3 antibody for 15 min. PKCθ was a positive control. Cells were stained with PE-

labelled anti-PKCζ or PE-labelled anti-PKCθ antibodies. Significance of difference from unstimulated cells; *p < 0.05; **p < 0.01, using One-
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adult blood T cells by determining the intracellular relo-
calisation of the PKC isozyme. There was no change in
the localisation of PKCζ when purified T cells were incu-
bated with either PMA or PHA/PMA (Figure 1b). In

contrast, the positive control isoform, PKCθ, translocated
to the cell periphery and colocalised with CD3, indicating
translocation to the plasma membrane (Figure 1b). When
using anti-CD3 antibody to activate the cells,
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translocation of PKCζ to the cell periphery was evident
(Figure 1c). In these adult T cells, the activation of PKCζ
was confirmed by examining the phospho-PKCζ changes
by western blot (Figure S3).

Lack of PKCζ activation does not affect the
viability or maturation of CBTC

Analysis of CBTC viability shows a similar rate of early
apoptosis with both types of maturation inducers. During
T cell maturation with PHA-PMA the cell viability is
similar to that observed with the conventional inducer
anti-CD3/-CD28 antibodies and rhIL-2, observed at 3
(Figure 2a) and 7 days of culture (Figure 2b). At day 7 of
culture, the lymphocyte counts were similar for both
maturation inducers (Figure 2c).

Interestingly in the PHA-PMA promoted maturation,
rhIL-2 was not required. This is not surprising as unlike
cells treated with anti-CD3/-CD28 antibodies, T cells trea-
ted with PHA-PMA produced IL-2 on day 3 (Figure 2d),
while also showing substantial cell proliferation
(Figure 2d). Assessing cell maturity by examining changes
in the cell surface makers from CD45RA+/RO� to CD45
RA�/RO+, the PHA-PMA model demonstrates a similar
degree of T cell maturation to the cultures treated with
anti-CD3/-CD28 antibodies and rhIL-2 (Figure 2e–g). This
suggests that PKCζ activation is not essential for either T
cell viability or their maturation, with PHA-PMA promot-
ing this maturation in both CD4+ and CD8+ T cell
subsets.

PKCζ activation-independent maturation
of CBTC retain Th2/IL-4 cytokines profile
in both CD4 and CD8 T cells

With PMA treatment known to deplete PKC iso-
zymes [25], the levels of PKC isozymes in the CBTC were

measured on day 7 following their maturation with PHA-
PMA. PKC isozyme levels were abundant in the mature
T cells (Figure 3a) implying that mature cell PKC levels
were not compromised for the challenge phase of the
analysis on day 7. We then examined the ability of the
matured T cells to produce Th1 or Th2 cytokines. Purified
CBTC were cultured with the maturation-inducing
agents, either PHA-PMA or anti-CD3/-CD28 antibodies
and rhIL-2, for 7 days. IL-4 and IFN-γ cytokine produc-
tion was then examined in response to PHA-PMA in T
cells and T cell subsets by intracellular staining and flow
cytometry. The data demonstrate that PHA-PMA induced
maturation leads to high IL-4 but little IFN-γ production
in CD4+ T cells (Figure 3b). In comparison when anti-
CD3/-CD28 was used the cytokines are skewed towards
IFN-γ production (Figure 3b). Thus PMA causes the
development of cells with a propensity to give rise to Th2
responses. This difference in response promoted by the
two types of maturation agents is also evident when these
cytokines are measured in the CD8+ T cell subset
(Figure 3b). When the PHA-PMA matured T cells were
stimulated with anti-CD3/-CD28 antibodies, similar
results are obtained as for PHA-PMA stimulation, show-
ing the response of the matured T cells is not stimulus-
dependent (Figure 3c). PMA/ionomycin induced matura-
tion also resulted in the inability of the mature cells to
produce Th1 cytokines (Figure 3d). These results suggest
that the model presented could be deployed universally
to examine the biology of neonatal T cell maturation.

The analysis of purified CBTC matured in the pres-
ence of PHA-PMA was expanded to other cytokines.
When these matured T cells were stimulated with anti-
CD3/-CD28 antibodies they showed poor production of
Th1 cytokines relative to Th2 cytokines, shown by the
low Th1:Th2 cytokine ratio (Figure 4; Figure S4;
Table S1) demonstrated by a low ratio of IFN-γ:IL-4
(Figure 4b) and extending to the ratio of IFN-γ: IL-5/IL-
9/IL-13/IL-10 (Figure 4b). In contrast, when T cells
were matured with anti-CD3/-CD28 antibodies and

F I GURE 3 Analysis of IL-4 versus IFN-γ production by CBTCs matured under different maturation conditions. (a) The levels of the

indicated PKC isozymes in PHA-PMA matured T cells were determined by flow cytometry. Isotype controls are in black. (b) Purified CD3+ T

cells were matured with either PHA-PMA or anti-CD3/-CD28 plus IL-2 for 7 days and then examined for cytokine production in response to

PHA-PMA. Cytokine production was assessed by permeabilising the cells, staining with the relevant antibodies and analysed by flow

cytometry. Data are shown as representative flow dot plots for IL-4 and IFN-γ production by matured CD3+, CD4+ and CD8+ T cells, as well

as pooled data from four experiments each conducted with cells from a different individual. (c) Cells were matured with PHA-PMA, and

then stimulated with either PHA-PMA or anti-CD3/-CD28 antibodies as indicated and then analysed for the IL-4 and IFN-γ production in

both CD4+ and CD8+ T cells (representative of two experimental runs). (d) Cells were matured with PMA/Ionomycin for 7 days, then

stimulated with PHA-PMA and analysed for IL-4 and IFN-γ production by the CD3+, CD4+ and CD8+ T cells (n = 3 experiments, each

conducted with cells from different individuals). Significance of difference between treatments: *p < 0.05; **p < 0.01; ***p < 0.001, using

either One-way ANOVA with post-hoc Tukey’s multiple comparisons test (b) or student’s t-test (d). CBTC, cord blood T cells; IFN-γ,
interferon-gamma; PHA, phytohaemagglutinin; PKCζ, protein kinase C zeta; PMA, phorbol 12-myristate 13-acetate.
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rhIL-2 (Figure 4a) and then challenged/stimulated with
PHA-PMA, the ratio of the Th1:Th2 cytokines was high.
When the intracellular cytokine production was exam-
ined as mean fluorescence intensity (MFI), the findings
were very similar to evaluating the % of cytokine producing
T cells (Figure 4c). Also, examination of T-bet (T-box21) a
transcription factor involved in Th1 cell development
showed the anti-CD3/CD28 matured CBTC express higher
levels of T-bet compared to PHA/PMA (Figure 4d,e). The
analyses were extended to examine the ratio of other Th1
cytokines, IL-2, TNF and LT-α to the Th2 cytokines, IL-5/
IL-9/IL-13/IL-10 and similar results were found (Figure 4b,c).
This indicates that the major role of PKCζ is in promoting
the development of T cells skewed towards the production
of IFN-γ and other Th1 cytokines.

PKCζ activation is required for conversion
of Th2 to Th1 cytokines profile in CBTC
during maturation

Since PMA does not activate PKCζ (Figure 1) [13–15], to
determine a direct role for PKCζ signalling in Th1 polari-
sation, we introduced a constitutively active or a kinase
dead PKCζ mutant into the CBTC by nucleofection. The
naive CBTC were nucleofected with a plasmid carrying a
wild type, a kinase-dead or an active PKCζ mutant
(Figure S1) and then matured the cells with PHA-PMA.
There was an increase in the percentage of matured cells
with a propensity to produce IFN-γ in both the CD4+

and CD8+ T subpopulations with little change in those
producing IL-4, in samples nucleofected with active
PKCζ mutant but not with wild type or kinase-dead
mutant (Figure 5a,b; Figure S6).

DISCUSSION

The mechanism through which neonatal T cells develop
from an immature Th2 cytokine predominance to a Th1

cytokine bias remains essentially unknown, despite the
availability of surrogate in vitro culture models represent-
ing this T cell maturation. Here we have developed a cul-
ture model of purified cord blood/neonatal T cell
maturation/development in an attempt to gain an under-
standing of the mechanisms involved in regulating this
development. In this study, we have used PHA-PMA
which in contrast to anti-CD3/-CD28 antibodies as matu-
ration inducers, does not activate PKCζ. This creates a
unique scenario whereby the T cells mature in the pres-
ence of PHA-PMA, determined by the expression of mat-
uration markers CD45RA/RO, but do not develop
towards a Th1 functional phenotype and maintain an
immature Th2 cytokine bias. Hence, these matured cells
are of the CD45RA�/RO+ phenotype but maintained a
Th2/IL-4 cytokine bias. Previously it has been shown that
PMA does not activate PKCζ [13–15]. Here we have dem-
onstrated that PKCζ is not activated in human T cells
including CBTC by PHA-PMA, by examining for
phospho-PKCζ as well as the degradation of the protein
as a consequence of the activation of the T cells. The lack
of PKCζ activation is also demonstrated by confocal
microscopy, by the absence of translocation of PKC iso-
zyme to the membrane. While anti-CD3/-CD28 anti-
bodies could induce maturation in isolated T cells, unlike
with PHA-PMA, IL-2 has to be added to the cultures. Our
data show that this may be due to the fact that PHA-
PMA stimulation of immature T cells leads to the release
of substantial amounts of IL-2 in cultures, compared to
cultures stimulated with anti-CD3/-CD28 antibodies. It is
also unlikely that external factors (like the addition of
Th1 cytokines) at the time of differentiation can help the
PHA/PMA matured cells to transit towards Th1 propen-
sity as various other cytokines were also detected in
PHA/PMA maturation model (Figure S7). This also
explains why T cell viability was maintained in the PHA-
PMA stimulated cultures without the addition of IL-2.
However it is acknowledged that it is evident from the lit-
erature that the addition of exogenous T helper polarising
cytokines can drive cells towards different paths when

F I GURE 4 Th1 or Th2 cytokine bias is regulated by the different maturation conditions in CBTC. Each batch of CBTC was matured in

the presence of either PHA-PMA or anti-CD3/-CD28 antibodies plus IL-2 for 7 days, then washed and stimulated with anti-CD3/-CD28

antibodies or PHA-PMA, respectively, for 24 h. Intracellular cytokine levels were determined by flow cytometry. Dead cells were excluded by

gating on the FVS510 negative population. (a) Representative histogram for unstimulated control samples (black), samples matured with

either PHA-PMA (red) or anti-CD3/-CD28/rhIL-2 (blue). (b,c) The results are expressed as the ratio of Th1 to Th2 cytokines from (b) the

percentage of cytokine-producing cells or (c) MFI levels. (d,e) For T-box21 expression, CBTC were treated with maturation-inducing agents

for 4 or 5 days then the levels of T-box21 mRNA were determined by standard PCR (d) qRT-PCR (e) (n = 4 experiments for each treatment).

X-axis shows the maturation agents. Data are presented as values for each individual as well as the mean ± SD. (b,c) n = 4 experiments for

PHA-PMA induced maturation or n = 8 experiments for anti-CD3/-CD28/rhIL-2 induced maturation. Significance of difference between the

treatments. *p < 0.05; **p < 0.01; ***p < 0.001, **** p < 0.0001 using student’s t-test. ‘n’ represents the number of samples each from a

different individual. CBTC, cord blood T cells; MFI, mean fluorescence intensity; PHA, phytohaemagglutinin; PKCζ, protein kinase C zeta;

PMA, phorbol 12-myristate 13-acetate.
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using anti-CD3/anti-CD28 stimulation [17, 26], but how
this is affected when using anti-CD3/CD28 versus
PHA/PMA remains to be studied, and would provide
important/useful contextualisation for their effects. Thus,
it is envisaged that the outcome seen here could be influ-
enced/overcome by the addition of cytokines.

Our previous findings demonstrated that neonatal T
cells/CBTCs could be characterised into those expressing
low or normal/high PKCζ levels [4]. Those expressing
low levels maintained an immature Th2/Th9 cytokine
bias when matured with either PHA-monocytes-IL2 or
anti-CD3/-CD28/IL-2, in contrast to those with high
PKCζ levels. This however only provides indirect evi-
dence for a role of PKCζ. Knocking down the expression
of PKCζ in cord blood T cells that express normal levels
of the kinase altered the T cell development towards a
Th2 bias [8]. Our present findings advance our under-
standing of the role of PKCζ as a key regulator of the bal-
ance between Th1 versus Th2 development from the
immature Th2 propensity. First, in the absence of PKCζ
activation by treatment with PHA-PMA, the immature T
cells expressing normal PKCζ levels, developed into cells
that maintained a Th2 cytokine bias. PKC activation is
critical in promoting Th1 development as cells, expres-
sing normal levels of PKCζ, maintained a Th2 cytokine
bias when matured with PHA-PMA. Clear evidence sup-
porting a critical role of PKCζ comes from the demon-
stration that when a constitutively active PKCζ was
introduced into the CBTCs, PHA-PMA was able to pro-
mote maturation of the cells towards a Th1 bias. Second,
the extent to which PKCζ is able to activate its down-
stream effectors also seems important.

Despite these findings which we have interpreted as
being inherent differences between the different forms of
stimulation, it does not exclude the possibility that they
reflect different levels of stimulation strength for the T cells,
which is known to influence Th1/Th2 balance. It could well
be that different doses of the same agonist differentially acti-
vate PKCζ which would still not negate our hypothesis but
would suggest it is the specific dose of the agonist used
rather than the type of agonist used that is critical.

Although our emphasis has been on CD4+ T cells,
skewed cytokine propensity of CD8+ T cells is also

relevant to development or prevention of allergic dis-
eases, such that these cells are being referred to as T cyto-
toxic 1/2 (Tc1) and Tc2 based on the cytokines they
produce [27, 28]. Here we have demonstrated that devel-
opment towards Tc1 cytokine bias was also dependent on
PKCζ activation.

Establishing and deploying a singular neonatal T
cell development culture model independent of PKCζ
activation has enabled us to demonstrate a role for this
PKC isozyme and its activation in the maturation of
neonatal T cells towards a Th1 anti-allergy cytokine
phenotype, strongly supporting a role for PKCζ as a
potential biomarker for allergy risk and target for
allergy prevention in the newborn. There has been a
significant increase in the incidence and burden of
allergic diseases over recent decades, with high per-
sonal, societal and economic impact. Thus, providing
compelling evidence for the importance of PKCζ acti-
vation in regulating the development of neonatal T
cells, towards either a Th1 or Th2 cytokine bias, pro-
vides a new focus in attempts to prevent and treat aller-
gic diseases.
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F I GURE 5 PHA/PMA treated CBTCs expressing constitutive active PKCζ mature to T cells with a propensity to produce IFN-γ. Naive
CBTC were nucleofected with indicated plasmid (Figure S1) and then matured with PHA-PMA. After 7 days, the cells were stimulated with

anti-CD3/-CD28 antibodies and analysed for IFN-γ or IL-4 production in T cells and subsets. (a) Shows a representative gating strategy on

viable lymphocytes. IgG-PE represents the isotype control. (b) Shows flow dot plots or graphs for the percentage positive for IFN-γ
production in the matured CBTC for CD4+, CD8+, and CD3+ T cells (n = 4 experiments each conducted with cells from a different

individual). The data are presented as values of each individual as well as the mean ± SD. Significance of difference using One-way ANOVA

with post-hoc Tukey’s multiple comparisons test. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. CBTC, cord blood T cells; IFN-γ,
interferon-gamma; PHA, phytohaemagglutinin; PKCζ, protein kinase C zeta; PMA, phorbol 12-myristate 13-acetate.
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Supplementary Material 

1.1 Supplementary Figures 

  

Supplementary Figure 1. The diagnostic restriction digests of PKCZ and control backbone 

plasmid after purification of the plasmid to confirm the correct plasmids. Control or 

constitutively active forms of Plasmids were extracted from bacterial cultures and diagnostic 

restriction digests were performed for confirmation of the correct plasmid, as per method section. (A) 

PKCZ plasmid map for the size of the plasmid backbone with PKCZ insert. (B) Photograph of gel for 

the uncut or plasmids cut with different restriction enzymes (representative of two runs). 
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Supplementary Figure 2. Activation-induced loss of PKCζ in anti-CD3/-CD28 treated cells. 

Cells were incubated with PHA/PMA or anti-CD3/-CD28 antibodies for the time indicated. Lysates 

were prepared and processed for determination of PKCζ levels by Western blot. A representative blot 

is shown for the expression of PKCζ and the appearance of immunoreactive material (50kDa-

arrowhead) in CBTC. GAPDH is used as a loading control. 
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Supplementary Figure 3. Comparison of effects of PHA/PMA versus anti-CD3/CD28 on PKCζ 

activation in T cells from adult blood. Purified adult blood T cells were left untreated (control) or 

treated with PHA-PMA or anti-CD3/-CD28 for the indicated times and analysed for PKCζ or p-

PKCζ expression by western blot. Data for p-PKCζ were normalized against PKCζ and data for 

PKCζ were normalized against loading GAPDH. The data are presented as individual values as well 

as mean ± SD, n=5 for PHA-PMA and n=3 for anti-CD3/-CD28 each from biologically independent 

samples. Significance of difference from control cells; ns: not significant, * p < 0.05, ** p < 0.01. 

One-way ANOVA with post hoc Tukey's multiple comparisons test. "n" represents the number of 

samples, each from a different individual. 
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Supplementary Figure 4. PHA/PMA-induced CBTC maturation results in reduced Th1 

cytokines (A) but increased Th2 cytokines (B) production compared to those matured with 

anti-CD3/-CD28 + IL-2. In one set of experiments, the CBTC were matured with PHA-PMA for 7 

days and then washed and stimulated with anti-CD3/-CD28 for 24h. The cells were then stained with 

fluorochrome tagged anti-cytokine antibodies. In the second set up the CBTC were matured with 

anti-CD3/-CD28 antibodies + IL-2. After 7 days of culture, the cells were washed and stimulated 

with PHA-PMA and cytokine production was assessed by flow cytometry. The data are presented 

both as % cytokine positive T cells (top) and as MFI (bottom). The data are presented as individual 

values each from a different donor, as well as mean ± SD of 4 biologically independent samples for 

the PHA-PMA matured cells and 8 biologically independent samples for the anti-CD3/-CD28/rhIL-2 

matured cells.  
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Supplementary Figure 5. Transfection efficiency in naive CBTC. Purified naive cord blood T 

cells were left untransfected or transfected with the indicated plasmid and then treated with 

PHA/PMA for maturation. The representative dot plots show the gating for viable cells (top) as 

analysed by 7-AAD negative T cells after 18-24h of transfection. Dot plots showing the transfection 

efficiency as analysed by the EGFP expressing T cells in the FITC channel for untransfected cells 

(middle left), transfected with constitutively active PKCZdel239 plasmid (middle right), wild type 

PKCZ.WT (bottom left) and kinase-dead mutant PKCZ.K/W (bottom right). (Representative of 

experimental runs).  
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Supplementary Figure 6. Lack of effect of constitutively active PKCζ on IL-4 expression in 

matured CBTC. Naive CBTC were nucleofected, matured and stimulated with anti-CD3/-CD8 

antibodies to induce IL-4 production in T cells and subsets. The figure shows flow dot plots (top 

panel) or graphs (bottom panel) for the percentage of positive IL-4 production in the matured CBTC 

for CD4+, CD8+, and CD3+ T cells (n=4 each conducted with cells from a different individual). The 

data are presented as values of each individual as well as the mean ± SD. Significance of difference 

using One-way ANOVA with post hoc Tukey's multiple comparisons tests.  
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Supplementary Figure 7. CBTCs matured with PHA/PMA produce multiple cytokines. Naive 

CBTC were matured with PHA/PMA and the day 3 supernatants were frozen at -80 C until assayed 

for cytokines. (n=3 experiments each from a different individual) The data are presented as 

individual values from each donor blood.  
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Supplementary Table 1. Ratios of Th1:Th2 cytokines in PHA/PMA matured CBTC 

 Ratio IL-4 IL-5 IL-9 IL-10 IL-13 

IFN-γ % 0.20±0.10 0.18±0.059 0.67±0.25 0.10±0.037 0.41±0.18 

 MFI 0.52±0.14 5.51±1.88 3.29±1.13 1.19±0.38 1.45±0.54 

IL-2 % 0.17±0.043 0.15±0.024 0.58±0.120 0.088±0.0094 0.36±0.11 

 MFI 0.50±0.084 5.25±1.11 3.14±0.67 1.14±0.27 1.38±0.37 

TNF % 1.4±0.45 1.23±0.15 4.7±0.87 0.72±0.12 2.94±1.09 

 MFI 0.53±0.12 5.51±1.36 3.27±0.69 1.19±0.30 1.43±0.30 

LT-α % 1.47±0.65 1.29±0.29 4.94±1.45 0.74±0.13 2.96±0.78 

 MFI 0.53±0.12 5.51±1.36 3.27±0.70 1.19±0.30 1.43±0.303 

 

Supplementary Table 2. Apoptotic/dead cell panel 

 

Antibody/Target Fluorochrome Clone Catalogue Company 

Annexin V 

Anti-CD3 

Anti-CD4 

7-AAD 

FITC 

APC-Cy7 

APC 

– 

 

SK7(Leu-4) 

RPA-T4 

556420 

557832 

555349 

51-68981E 

BD 

BD 

BD 

BD 
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Supplementary Table 3. Naïve/memory CBTC subset panel 

 

Supplementary Table 4. PKC isozyme panel 

 

Antibody Fluorochrome Clone Catalogue Company 

Anti-CD45RA 

Anti-CD45RO 

Anti-CD3 

Anti-CD4 

Anti-CD8 

Anti-CD45 

FITC 

PE 

PE-Cy5 

APC 

PE-Cy7 

APC-H7 

HI100 

UCHL1 

HIT3a 

RPA-T4 

RPA-T8 

2D1 

555488 

555493 

555341 

555349 

557746 

641399 

BD 

BD 

BD 

BD 

BD 

BD 

Antibody Fluorochrome Clone Catalogue Company 

Anti-PKCβII  

Anti-PKCζ  

Anti-PKCθ  

Anti-PKCε 

Mouse IgG1k  

Rabbit mAb IgG  

Mouse mAb IgG2ak 

Anti-CD3 

Anti-CD8 

AF647 

PE 

PE 

AF488 

AF647 

AF488 

PE 

APC-H7 

PE-Cy7 

F-7 

H-1 

E-7 

EPR1482(2) 

- 

- 

- 

SK7 

RPA-T8 

sc-13149 

sc-17781 

sc-1680 

Ab217980 

566011 

ab199091 

340459 

560176 

557746 

Santa Cruz 

Santa Cruz 

Santa Cruz 

Abcam 

BD 

Abcam 

BD 

BD 

BD 
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Supplementary Table 5. Th1/Th2 cytokine panel for CD4 and CD8 T cells 

 

Supplementary Table 6. Antibody panel #1 for assessing intracellular cytokine production by T 

helper cells  

* BV510: Fixable viability stain 

Antibody Fluorochrome Clone Catalogue Company 

Anti-IFN-γ 

Anti-IL-4 

Anti-CD3 

Anti-CD8 

Anti-CD45 

Mouse-IgG1k 

Mouse-IgG1k 

FITC 

PE 

PE-Cy5 

PE-Cy7 

APC-H7 

FITC 

PE 

4S.B3 

8D4-8 

HIT3a 

RPA-T8 

2D1 

MOPC-21 

MOPC-21 

554551 

12-7049-42 

555341 

557746 

641399 

555748 

556650 

BD 

eBioscience 

BD 

BD 

BD 

BD 

BD 

Antibody Fluorochrome Clone Catalogue Company 

Anti-IL-2 

Anti-IL-10 

Anti-LT-α 

Anti-IL-17A 

Anti-TGF-βI 

Anti-TNF 

Anti-IFN-γ 

 

BV421 

AF488 

PE 

PerCP-Cy5.5 

PE-Cy7 

APC 

APC-Cy7 

BV510* 

5344.111 

JES3-9D7 

359-81-11 

N49-653 

TW4-2F8 

MAb11 

4S.B3 

- 

562914 

501413 

554556 

560799 

349610 

554514 

502530 

564406 

BD 

BioLegend 

BD 

BD 

BioLegend 

BD 

BioLegend 

BD 
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Supplementary Table 7. Antibody panel #2 for assessing intracellular cytokine production by T 

helper cells  

*BV510: Fixable viability stain 

 

Antibody Fluorochrome Clone Catalogue Company 

Anti-IL-13 

Anti-IL-4 

Anti-IL-21 

Anti-IL-9 

Anti-IL-5 

Anti-IL-22 

Anti-IFN-γ 

 

BV421 

FITC 

PE 

PerCP-Cy5.5 

APC 

PE-Cy7 

APC-Cy7 

BV510* 

JES10-5A2 

MP4-25D2 

3A3-N2.1  

MH9A3 

TRFK5 

2G12A41 

4S.B3 

- 

563580 

562047 

562042 

561461 

562048 

366707 

502530 

564406 

BD 

BD 

BD 

BD 

BD  

BioLegend 

BioLegend 

BD 
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CHAPTER 7: RESULTS 
The Omega-3 Fatty Acid Docosahexaenoic 

Acid Overcomes the PKCζ Deficiency in 
Immature Cord Blood T Cells and Regulates 
Maturation Towards a Th1 Cytokine Bias 



7.1 Introduction and Contextual Statement 

Having identified the transient low PKCζ period during CBTC maturation it was of interest to 

assess whether addition of omega-3 PUFA (DHA; EPA) altered the PKCζ expression and 

development of T cells towards a Th1 or Th2 bias. DHA caused a significant increase in PKCζ 

expression, which was associated with altered development now towards the mature Th1 

cytokine bias. In contrast, the omega-6 PUFA caused a decrease in PKCζ expression and 

promoted development towards the Th2 cytokine phenotype. EPA showed no effect. The 

mechanisms involved are the metabolism of the DHA and AA and the effects through their 

metabolic products, possibly working via PPARγ.  
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Abstract: 

A significant proportion of babies born to women with a family history of allergy have 

transiently low levels of PKCζ in their T cells at birth, determined in cord blood T cells (CBTC). 

Such babies were found to have an increased incidence of allergic sensitization by 2.5 years of 

age. Supplementing pregnant women with omega-3 long chain polyunsaturated fatty acid 

(LCPUFA; fish oil) not only reduced the risk of atopic disease development in their offspring 

but also caused an increase in PKCζ levels in the CBTC of these babies. The basis for the action 

of fish oil on PKCζ levels remains poorly understood. Using a classical CBTC maturation 

culture model we demonstrate that this transient deficiency can be overcome by pre-treating the 

cells with the omega-3 polyunsaturated fatty acid, docosahexaenoic acid (DHA). In contrast, 

the omega-6 fatty acid, arachidonate (AA) decreased the PKCζ expression. Treatment of CBTC 

with DHA followed by their maturation induced by PHA and rhIL-2, resulted in mature T cells 

which when challenged by PHA/PMA showed decreased IL-4 production leading to an 

increased IFN-γ: IL-4 ratio, in both CD4+ and CD8+ T cells. In contrast, AA promoted an IL-4 

bias. The ability of DHA to increase the levels of PKCζ was dependent on metabolism via the 

lipoxygenase pathways, as it did not occur in the presence of inhibitors of this pathway and the 

effects of DHA could be mimicked by the product Resolvin D1. The decrease in expression 

caused by AA was dependent on the activation of cPLA2α since the inhibition of this enzyme 

prevented the decrease in the expression, and the AA metabolite 15d-prostaglandin J2 also 

caused a decrease in the levels of PKCζ in the CBTC. The results demonstrated that the ratio 

of omega-3: omega-6 fatty acids regulates the transition of the immature Th2 bias to the mature 

Th1 cytokine propensity. Furthermore, the finding reveals the potential use of nutrients/omega-

3 fat as an early intervention to reduce the risk of allergy. 
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7.3 Introduction 

The perinatal period is characterised by an adaptive Th2 bias, reflecting the immunomodulatory 

milieu of pregnancy. Thereafter, normal immune maturation depends on effective switching to 

more mature and regulated Th1 responses. Failure to switch from the propensity for a Th2 

functional phenotype is associated with a predisposition towards allergic responses (92). The 

basis for this sustained Th2 propensity remains a fundamental, unanswered question. Our work 

has demonstrated that CBTC from a significant number of babies born to women with a family 

history of allergic disease express low PKCζ (169). There was a positive correlation between 

these low levels and the development of allergic sensitisation at the age of 1 to 2.5 years. It was 

also evident that low levels of PKCζ in the CBTC favour the development of cells with a 

propensity to display Th2 cytokine responses (208, 213, 214). The data imply that the PKCζ 

level in immature T cells at birth may be a key determinant of allergic disease development 

later in life. Furthermore, levels of CBTC PKCζ were increased if women were supplemented 

with omega-3 fatty acids (fish oil) during pregnancy and this was associated with a reduced risk 

of their children developing allergic sensitisation and disease (169). 

In the CBTC maturation culture model, it was observed that this low PKCζ state at birth is 

transient, lasting for less than 24h (214, 217). As PKCζ was shown to be an independent 

predictor of risk of allergic disease (17, 208), we propose that interventions during an “early 

critical window” of development beyond the antenatal period can modulate the risk of 

subsequent disease (92). 

We now demonstrate that the low PKCζ in immature CBTC can be reversed/corrected by 

treatment with docosahexaenoic acid (DHA), an omega-3 LCPUFA, an effect that is mimicked 

by its metabolite, Resolvin D1. This increase in PKCζ levels in immature CB CD4+ T cells in 

culture skews their response towards a Th1 phenotype. In contrast, the omega-6 LCPUFA, 
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arachidonic acid (AA) and its metabolite, 15d-prostaglandin J2 (15d-PGJ2), decreased the 

CBTC PKCζ levels and this was associated with cells that retain the Th2, IL-4 bias.  

7.4 Results 

All three fatty acids AA, DHA and EPA were initially examined for biological activity and 

shown to be active by previously described biological assay (Figure 7S1) (219).  

7.4.1 Treatment of CBMC with DHA increases T cell PKCζ expression. 

Previously it has been reported that supplementation of women during pregnancy with omega-

3 fats (fish oil) led to an increase in PKCζ expression in CBTC of babies, with a decrease in the 

incidence of babies showing low PKCζ expression in the CBTC (169). We now examined the 

direct effects of the omega-3 LCPUFA on CBTC. The samples used were selected on the basis 

of the CBTC PKCζ expression being low, as defined previously (217). Treatment of naive 

CBMC for 2.5h with DHA resulted in a concentration dependent increase in PKCζ expression 

in the CD3+ T cell population (Figure 7.1a). Interestingly under the same conditions 

eicosapentaenoic acid (EPA), another omega-3 LCPUFA, had no effect on PKCζ levels in these 

cells (Figure 7.1b). 

7.4.2 DHA-treated CBTC mature towards Th1 cytokine bias 

CBTC which display low PKCζ levels have a propensity to develop but maintain a Th2 cytokine 

phenotype (12, 208). In the present experiments CBMC, with low PKCζ expressing T cells, 

were treated with 5 μM of DHA for 2h and then matured with PHA-rhIL-2 for 7 days. Then the 

mature CBTC were stimulated with PHA-PMA for 24h and examined for cytokine production 

by intracellular staining with cytokine-specific monoclonal antibodies and flow cytometry 

analysis. The results showed that DHA-treated immature T cells developed into cells that 

produced less IL-4 compared with the diluent-treated cells (Figure 7.2). This was seen in both 
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CD4+ and CD8+ T cell subsets (Figure 7.2). Thus, DHA influenced the T cell maturation 

towards a phenotype with an increase in IFN-γ: IL-4 ratio (Figure 7.2). The data are presented 

both as the % of T cells and T cell subsets expressing either IFN-γ or IL-4 as well as the amount 

of fluorescent associated with expression of these cytokines (MFI). 

7.4.3 Upregulation of PKCζ expression in purified CBTC by DHA  

Next, we examined the DHA effects on purified CBTC to ensure that the effects of DHA were 

directly on these cells. CBTC were treated with different DHA concentrations for varying 

incubation times (Figure 7.3a). A significant increase in PKCζ was seen by 30 min and peaking 

by 60 min (Figure 7.3a). This suggests that DHA can directly act on T cells to increase the 

levels of PKCζ and promote maturation towards a Th1 cytokine phenotype.  

7.4.4 The effect of DHA is dependent on the lipoxygenase pathway and the generation of 

RvD1.  

The mechanism by which DHA effects changes in PKCζ expression was explored by using an 

inhibitor of the lipoxygenase pathway and further focussed on examining the direct effect of 

the metabolites on PKCζ expression. Metabolism of DHA via the lipoxygenase pathway results 

in the generation of Resolvin D (RvD1-6) series and via the combined actions of 

cyclooxygenase 2 in the presence of aspirin and 5-lipoxygenase generate aspirin-triggered 

resolvin D (17(R)-RvD1-6) (220). Using CBTC with T cells which express low PKCζ we found 

that RvD1 but not 17(R)-RvD1 upregulates PKCζ expression and that inhibition of the 

lipoxygenase pathway with nordihydroguaiaretic acid (NDGA) results in a marked decrease in 

the DHA-induced upregulation of PKCζ levels in CBTC (Figure 7.3b-d).  

7.4.5 Arachidonate causes a reduction in PKCζ expression via cPLA2α activation 

AA in the body comes from the diet, the elongation of linoleic acid and the action of 

phospholipase A2, particularly the cytosolic phospholipase A2 (cPLA2), on membranes in 
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activated cells (221, 222). AA triggers a variety of biological responses from numerous cell 

types (223-226). Treatment of CBMC with AA showed a reduction in PKCζ levels in the 

immature T cells in a concentration dependant manner (Figure 7.4). We have previously 

reported that endogenously added AA can cause the activation of cPLA2 in intact cells (222). 

Pretreating CBMC with 5 µM cPLA2α inhibitor for 15 min prevented the reduction in PKCζ 

expression induced by AA in both CD4+ and CD8+ T cells (Figure 7.5a). Interestingly 

treatment of the cells with the metabolic product of AA, 15d-PGJ2 inhibited the PKCζ 

expression in both CD4+ and CD8+ T cells (Figure 7.5b-d). 

7.4.6 Arachidonate promotes CBTC development towards a Th2 IL-4 cytokine bias 

Here we examined whether AA pretreatment of CBTC influenced their development to express 

the Th1 cytokine bias. CBMC with T cells expressing normal PKCζ levels were treated with 

5μM AA for 1h and then maturation was initiated by adding PHA-rIL2. After 6 days of 

incubation, the matured cells were stimulated with PHA-PMA and the expression of 

intracellular cytokines was measured after 18h. The data demonstrated that AA promoted the 

T cells to be less capable of producing IFN-γ, creating a Th2, IL-4 bias (Figure 7.6), The Th2 

cytokine bias was evident in both the CD4+ and CD8+ T cell subsets.  
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7.5 Discussion 

The data demonstrate that CBTC expressing low/deficient PKCζ levels when treated with DHA 

display significantly increased levels in a short time period of 2 hours, suggesting that 

nutritional intervention may be an approach to alter the levels of PKCζ during the transient 

deficient period and prior to induction of maturation of the T cell population. This advances our 

previous findings that omega-3 fatty acid interventions in utero increased the levels of PKCζ in 

CBTC (169) by suggesting that perinatal intervention can also alter levels of this PKC isozyme. 

The ability of DHA to alter the T cell maturation from an immature Th2 cytokine (IL-4) bias to 

a Th1 (IFN-γ) predominance suggests that the low levels of PKCζ were sufficiently increased 

by the omega-3 LCPUFA to produce this change. Interestingly subjecting the CBTC to the 

omega-3 LCPUFA had the opposite effect. When CBTC, which had normal PKCζ levels and 

was destined to develop from a Th2 immature cytokine production to a mature Th1 cytokine 

bias, were treated with AA, they maintained an immature Th2 cytokine bias. Thus the results 

indicate that the ratio of the omega-3 to omega-6 fatty acids regulates the PKCζ levels in CBTC. 

Previously we have demonstrated that this fatty acid ratio in CB correlated with the PKCζ levels 

in the T cells (169). 

DHA can be metabolized by cyclooxygenase 2 in the presence of aspirin to form aspirin-

triggered D resolvins, or via the 15-lipoxygenases to form other D-resolvins and protectins 

(220). We investigated whether metabolism via these pathways is involved in DHA-induced 

increases in PKCζ levels. In our hands, DHA increased PKCζ expression in CBMC as well as 

in purified CBTC and this DHA-dependent increase was inhibited by the use of NDGA, a non-

selective inhibitor of lipoxygenases. RvD1, an end product of DHA via the lipoxygenase 

pathway, caused an increase in PKCζ expression. Our data show a direct effect of RvD1 on 

CBTC. The above data imply that the effect of DHA requires its metabolism to products such 

as RvD1 via the lipoxygenases (Figure 7.7). Since our experiments were not conducted in the 
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presence of aspirin, it is unlikely that the presence of aspirin to form aspirin-triggered D 

resolvins 2 is an important pathway in regulating PKCζ expression. Support further by the 

finding that the product of these series, 17(R)-RvD1 was also without effect. Interestingly our 

findings demonstrated that the omega-3 LCPUFA, EPA was without effect. This would 

promote using a DHA rich oil for supplementation. 

AA and its metabolic products can play an inflammatory role in allergy by the production of 

prostaglandins and leukotrienes (227-229). Prostaglandins can selectively act on Th2 cells as 

Th2 cells express prostaglandin D2 receptor - CRTh2 (CD294) on their surface (230, 231). High 

frequency of CRTh2 in atopic patients and the use of prostaglandin as a chemoattractant, 

specifically activate Th2 but not Th1 cells and the allergen-specific CRTh2 can be separated 

from allergic patients (24, 231-234). Moreover, high bronchoalveolar lavage fluid levels of 

prostaglandin D2 (PGD2) and mRNA levels of CRTh2 have been observed in severe asthma 

(235). Higher levels of these Th2 markers were associated with asthma exacerbations, and poor 

asthma control (235). Our results show that AA and its metabolic product, 15d-PGJ2, can 

downregulate PKCζ expression in CBTC in cPLA2α dependent manner.  

Interestingly AA metabolites can directly bind and activate Peroxisome Proliferator-Activated 

Receptor Gamma (PPARγ). Specially 15d-PGJ2 a metabolic product of AA that is generated by 

dehydration of PGD2 is a natural ligand of PPARγ but can exert its effects independent of 

PPARγ as well (236). PKCζ promotor has a binding site for PPARγ and activation of PPARγ 

by 15d-PGJ2 caused inhibition of PKCζ expression in prostate cancer cells (237). It is tempting 

to speculate that reduced expression of PKCζ could be due to the activation of PPARγ since we 

also found that the PPARγ activator, pioglitazone, also caused a decrease in PKCζ expression. 

PPARγ is a promotor of Th2 responses in allergy and nematode infections (238). On the 

contrary, DHA suppresses the PPARγ activity and DNA binding of PPARγ induced by 

ciglitazone in a colon tumour cell line (239). In atopic children, oral supplementation of 
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ceramide reduced atopy by increasing Th1 cytokines IFN-γ and inhibiting Th2 cytokines IL-4, 

and IL-13 (240). Th1 cytokines are known to inhibit PPARγ expression, including TNF-α and 

IFN-γ by its second messenger ceramide and PKCζ dependent manner in primary cultured 

adipocytes as the use of constitutive active PKCζ diminished both mRNA and protein 

expression of PPARγ (241, 242).  

Here we have demonstrated a perinatal regulation of PKCζ expression in immature T cells by 

omega-3 and omega-6 fats. The results provide evidence that DHA and AA can directly affect 

the levels of PKCζ in CBTC. As we have previously demonstrated that low CBTC PKCζ 

expression is linked to an increase in allergic sensitization (169, 208), our data support the 

contention that changing the intake of omega-3 and omega-6 fats can influence allergy 

susceptibility in babies with low T cell PKCζ levels at birth. These findings provide a strong 

rationale for performing newborn screening for PKCζ and then applying omega-3 fatty acid 

supplementation to those babies at risk of developing the allergy. 
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7.6 Materials and Methods  

7.6.1 Reagents  

Cell culture reagents used include RPMI 1640 medium supplemented with L-Glutamine 

(Thermo Fisher Scientific, 11875-093), X-VIVO 15 medium (Lonza, 04418Q), and fetal calf 

serum (FCS) (Serana, FBS-AU-015). PHA, PMA, cPLA2α inhibitor, Nordihydroguaiaretic 

acid (NDGA), 15d-prostaglandin J2 (15d-PGJ2), Pioglitazone hydrochloride and human AB 

serum were from Sigma Aldrich (St. Louis, Missouri, USA). The rhIL-2 was purchased from 

PeproTech (Rocky Hill, NJ, US). 17(R)-Resolvin D1 (17(R)-RvD1), Resolvin D1 (RvD1), 

Arachidonic Acid (AA), Docosahexaenoic Acid (DHA), Eicosapentaenoic Acid (EPA), were 

from Cayman Chemical (AA, Michigan, USA).  

7.6.2 Ethics Statement 

Human blood sample collection and all experimental procedures were approved by the Human 

Research Ethics Committee of the Women’s and Children’s Health Network (WCHN), 

Adelaide, South Australia, in accordance to the National Statement on Ethical Conduct in 

Human Research (2007, updated 2018) (National Health and Medical Research Council Act 

1992). Umbilical cord blood (CB) from healthy neonates was procured with informed consent 

from pregnant women undergoing elective caesarean section. 

7.6.3 Preparation of CB Mononuclear Cells 

CB mononuclear cells were isolated by centrifugation on Ficoll® Paque Plus media (GE 

Healthcare, Uppsala, Sweden) according to the manufacturer’s protocol. The interphase layer 

was harvested and then washed in RPMI-1640 medium supplemented with L-glutamine, 100 

U/mL penicillin, 100 μg/mL streptomycin and 10% FCS (complete media). The CB and PB 
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mononuclear cells were cryopreserved at 5–10 × 106 in 90% FCS and 10% DMSO, as 

previously described, for later functional analysis (217). 

7.6.4 Isolation of T cells 

The EasySep™ Human CD3+ T cell Isolation Kit (Stemcell Technologies, Vancouver, Canada) 

was utilized for negative T cell selection, according to the manufacturer’s protocol and as 

previously described (213, 214). Cryopreserved CBMC were rapidly thawed and washed in 

Phosphate-buffered saline (PBS) supplemented with 2% FCS and 1 mM EDTA (separation 

buffer). With viability assessed by Trypan blue exclusion to be approximately 90%, cells were 

resuspended in 0.25 to 2 mL of separation buffer, in 12 × 75 mm polystyrene round-bottom 

tubes (Corning, 352058), maintaining a concentration of 5 × 107 cells/mL. EasySep™ Human 

CD3+ T Cell Isolation Cocktail was added at 50 μL/mL of sample and incubated for 5 min. 

EasySep™ Dextran Rapid Spheres™ (50 μL/mL) was added and samples were reconstituted to 

2.5 mL separation buffer. An EasySep™ Magnet (Stemcell Technologies, 18000) was used to 

remove non-T cells, with the remaining CBTC samples having a purity of at least 97%. 

7.6.5 Treatment of purified CBTC with metabolic end product DHA or use of specific 

inhibitors. 

Purified CBTC (2 × 105/200 µl) were treated with the metabolic products of DHA for 60 min 

at 37 °C; aspirin dependant resolvin D series end products 17(R)-RvD1 also known as AT-

RvD1 (250 nM) or aspirin independent resolvins D series RvD1 at the indicated concentration. 

In some experiments, purified CBTC were treated with or without inhibitors for 

cyclooxygenase namely lipoxygenase namely Nordihydroguaiaretic acid or NDGA (10 µM) 

for 30 min and then treated with DHA (5 µM) for 50 min. In AA experiments CBMC were 

cultured with varying concentrations of AA for 1 h. In cPLA2α experiments, CBMC were 

pretreated with cPLA2α inhibitor (5 µM) for 15 min and then treated with AA (20 µM) for 1 h. 
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All cultures were performed with RPMI without FCS. All metabolites and inhibitors were in 

ethanol and control cells received ethanol. At the end of incubation, the reaction was stopped 

by adding cold cRPMI and samples were analyzed for PKCζ expression by flow cytometry. 

7.6.6 Flow cytometric detection of PKCζ expression. 

The expression of PKCζ was assessed as described previously (217). Briefly, 2 × 105 CBMC 

were incubated with anti-CD3 APC-H7 and anti-CD8 PE-Cy7, both from BD Biosciences 

(Franklin Lakes, NJ, USA) for surface staining for 15 to 20 min. The cells were then fixed with 

BD Cytofix/Cytoperm™ (BD, 555028) and permeabilized with NET-Gel. 1 µg of mouse/rabbit 

IgG Fc blocking reagent was added for 10 min. An optimal amount of fluorochrome-conjugated 

anti-PKCζ antibody or isotype control (Table 7.1) was added as appropriate. After 30 min of 

incubation at room temperature (RT) in the dark, the cells were washed twice. Then they were 

analysed on a FACSCanto II (BD Biosciences, NJ, USA).  

Table 7.1. Staining panel for the determination of PKCζ expression. 

Antibody (Clone) Fluorochrome  Catalogue Company 
Anti-CD3 (SK7) APC-H7  560176 BD 

Anti-CD8 (RPA-T8) PE-Cy7  557746 BD 
Mouse mAb IgG2aκ (X39) PE  340459 BD 

Anti-PKCζ (H-1) PE  sc-17781 Santa Cruz 

BD Biosciences (Franklin Lakes, NJ, USA), Santa Cruz Biotechnology (Dallas, TX, US). 

7.6.7 Dihydrorhodamine-123 neutrophil oxidase burst assay  

DHA, EPA and AA activity was tested on purified neutrophils from healthy adult blood donors 

by examining their ability to induce a respiratory burst using the Dihydrorhodamine-123 (DHR-

123) Reduction Assay as previously described by our laboratory (215, 216). Neutrophils were 

added at 1 × 106 cells per 12 × 75 mm polystyrene round-bottom tube and incubated with anti-

CD45 APC-H7 for 15 min. This was followed by the following treatments for 20 min: (1) 1 

µM DHR-123; (2) 1 µM DHR-123 + 100 nM PMA; (3) 1 µM DHR-123 + 25 µM DHA; (4) 1 
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µM DHR-123 + 25 µM EPA; and (5) untreated. Samples were acquired immediately on a BD 

FACSCanto I. 

7.6.8 CBTC maturation  

CBMC were matured using a PHA/rhIL-2 method (213). Briefly, CBMC at 1 × 106 cells/mL in 

complete media were matured by using PHA (2 µg/mL, final concentration). On day 3, cells 

were counted and reseeded at 1 × 106/mL with the addition of rhIL-2 (10 ng/mL). This process 

was repeated on day 5. On day 7, the CD45RA/RO surface expression was measured by flow 

cytometry (213) and cells were used as required. 

7.6.9 Detection of Intracellular Cytokines by flow cytometry 

Intracellular cytokines were measured in stimulated mature CBMC, using the BD 

Cytofix/Cytoperm™ Plus Permeabilization Kit with GolgiPlug as described previously (213). 

Briefly, 1 × 106 cells/mL in RPMI/2.5% AB serum were stimulated with 50 nM PMA and 2 

μg/mL PHA in the presence of Brefeldin A and incubated at 37 °C/5% CO2 for 16–20 h. Cells 

were then washed in the wash solution and resuspended in 200 µL of wash solution for surface 

staining with anti-CD3 PE-Cy5, anti-CD8 PE-Cy7 and anti-CD45 APC-H7 for 15 to 20 min at 

RT in the dark. The cells were washed with 2 mL of wash solution. The cells were then fixed 

with 250 µL BD Cytofix/CytoPerm™ Fixation and Permeabilization Solution for 20 min at RT 

in the dark, and then permeabilized with 1 mL of BD Perm/Wash for 10 min at RT in the dark. 

A panel of antibodies for isotype controls or intracellular cytokine detection was then added to 

the cells (Table 7.2) and then incubated for 30 min at RT in the dark. After two washes with 

BD Perm/Wash, the samples were acquired on either a FACSCanto or FACSCanto II, as 

appropriate. Data analysis was performed using FlowJo v10.1. Cytokine expression and 

percentage of positive cells were analysed after the exclusion of doublets and dead cells by 

gating on the FVS510− cell population. 
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Table 7.2. Antibodies for detecting interleukin-4 (IL-4)-and interferon-gamma (IFN-γ)-

expressing T cells and CD4+/CD8+ T subsets. 

 

 

 

 

 

7.6.10 Statistical Analysis 

Statistical comparisons were performed using one-way ANOVA with post hoc Tukey’s 

multiple comparisons test, or Student’s t-test. All statistical analyses were performed using 

Graphpad Prism v9 (GraphPad Software, La Jolla California USA). A p-value of < 0.05 was 

considered statistically significant for all analyses. 

  

Antibody (Clone) Cat/Company 

Anti-CD45 (2D1) APC-H7 641399/BD 

Anti-CD3 (HIT3a) PE-Cy5 555341/BD 

Anti-CD8 (RPA-T8) PE-Cy7 557746/BD 

Anti-IL-4 (8D4-8) PE 12-7049-42/eBioscience 

Anti-IFN-γ (4S.B3) FITC 554551/BD 

Mouse-IgG1k (MOPC-21) FITC 555748/BD 

Mouse-IgG1k (MOPC-21) PE 556650/BD 
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Figure 7.1. Treatment of CBMC with DHA but not with EPA caused an increase in PKCζ 

expression.  

CBMC, with low PKCζ expressing T cells were treated for 2.5 h with different concentrations 

of DHA (a) or EPA (b) and gated on CD3+ T cells for analysis of PKCζ as per the method 

section. PKCζ expression was analysed by flow cytometry. The change in median fluorescent 

intensity (MFI) of PKCζ was calculated by subtracting the MFI of isotype from that of PKCζ. 

The effect of DHA (a) and EPA (b) on PKCζ expression in CD3+ T cells are shown. Left panel 

is a representative example of flow histograms. Centre panel shows the concentration related 

effects of cells from one cord run in triplicate cultures and the significance of difference 

compared to controls subjected to Ordinary one-way ANOVA, followed by Dunnett's multiple 

comparisons test. For comparison between control cells and cells treated with FA the Student’s 

t-test was performed, n =7 experimental runs (DHA), n = 4 experimental runs (EPA) each in 

triplicate. Data are presented as mean ± SD. ns: not significant, * p < 0.05, ** p < 0.01. 
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Figure 7.2. Maturation of DHA-treated CBMC decreases IL-4 production in CD4+ and CD8+ 

T cells.  
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CBMC were treated with 5 µM of DHA for 2 h and then matured with PHA/rhIL-2 for 7 days. 

Then stimulated with PHA/PMA for assessing cytokines production by flow cytometry. 

Representative flow dot plots (a), graphs for the ratio or the percentage cytokine positive cells 

(b) and MFI (c) of IL-4 and IFN-γ in the matured CB CD3+, CD4+ and CD8+ T cells. Data are 

expressed as the means ± SD of n = 4 experimental runs. * p < 0.05, ** p < 0.01, **** p < 

0.0001. (Student’s t-test). 
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Figure 7.3. The increase in PKCζ levels induced by DHA is dependent on the Lipoxygenase 

pathway in CBTC.  

Purified CBTC were treated with DHA (5 µM) (a) or metabolic products of DHA, RvD1 (b) 

or a metabolite of DHA of the aspirin-triggered cyclooxygenase 2, 17(R)-RvD1 (250 nM) (c) 

for 60 min and analysed for the expression of PKCζ. In some experiments, CBTC were 

pretreated with the lipoxygenase inhibitor, nordihydroguaiaretic acid (NDGA) (d) at 10 µM 

for 30 min and then treated with DHA (5 µM) for 60 min and analysed for PKCζ expression. 

The significance of difference was performed by Ordinary one-way ANOVA, with post hoc 

Tukey’s multiple comparisons test. Data are expressed as the means ± SD. * p < 0.05, ** p < 

0.01.  
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Figure 7.4. Arachidonic acid downregulates PKCζ expression CBTC.  
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The CBMC were treated with varying concentrations of AA for 1 h at 37˚C as per the method 

section and PKCζ expression was analyzed in CD3+ T cells (a), CD4+ T cells (b) and CD8+ T 

cells (c) by flow cytometry. (d) Viability of AA (20µM) treated CBTC as analysed by 7-AAD 

staining. Data presented here are from independent experiments with cells from different cord 

bloods, each experiment was run in triplicate. Data are expressed as the means ± SD. 

Significance of difference * p < 0.05, ** p < 0.01, *** p < 0.001, ns: not significant. Ordinary 

one-way ANOVA, with post hoc Dunnett's multiple comparisons test, was performed for the 

dose-response investigations and the difference between control and AA-treated cells was 

analysed by paired Student’s t-test. 
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Figure 7.5. Arachidonate induced reduction in PKCζ levels CBTC requires cPLA2α 

activation. 

(a) The CBMC were treated with the cPLA2α inhibitor (5 µM) for 15 min and then treated 

with AA (20µM) for 1 h at 37˚C as per method section. PKCζ expression was analyzed in T 
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cells and T cell subsets by flow cytometry. Data presented here are from four independent 

experiments, each run in triplicates. (b) CBMC were treated with 15d-prostaglandin J2 (15d-

PGJ2) as indicated for 2h at 37˚C as per the method section and PKCζ expression was analyzed 

in T cells and T cell subsets by flow cytometry (n = 3). (c) Viability of 15d-PGJ2 treated CBTC 

as analysed by 7-AAD staining. (d) Pioglitazone downregulates PKCζ expression in a 

concentration dependant manner (n = 5, each from a separate individual run in triplicates). The 

significance of difference from untreated cells was performed by Ordinary one-way ANOVA 

with post hoc Dunnett's multiple comparisons test. Data are expressed as the means ± SD. * p 

< 0.05, ** p < 0.01, *** p < 0.001, ns: not significant. 
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Figure 7.6. Arachidonate prevents CBTC development towards a mature Th1 cytokine bias.  

CBMC were treated with 5 μM of AA and incubated for 1 h. Then the cells were matured with 

PHA/rhIL-2 for 6 days. After incubation, the cells were stimulated with PHA/PMA to assess 

their ability to produce cytokines. Representative flow dot plots (a) shows representative flow 
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plots (b) data expressed as either the percentage of IL-4 and IFN-γ positive T cells and their 

ratios or expressed as MFI (c). Data are expressed as the means ± SD of n = 5. * p < 0.05, ** 

p < 0.01, *** p < 0.001, ns: not significant. (Student’s t-test). 
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Figure 7.7. Depicts the generation of D-series resolvins from DHA metabolism.  

Based on the data of the effects of NDGA and RvD1, the increases in PKCζ induced by DHA 

occur via the 15-lipoxygenase pathway and the generation of RVD1. Abbreviations: TCR, T 

cells receptor; FABP, fatty acid binding proteins.  
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Figure 7S1. Testing the activity of AA, DHA and EPA in DHR-123 assay.  

Purified 1 x 106 neutrophils in HBSS were treated with either PMA as a positive control or AA, 

DHA and EPA at a final concentration of 25 µM for 20 min. Data are expressed as the means 

± SD. Significance of difference **** p < 0.0001. (Student’s t-test). 
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8.1 Introduction and Contextual Statement 

The purpose of this review is to bring together several expert groups in the field of allergy in 

relation to influences from pre- and peri-natal environments in healthy development. Provides: 

• epidemiological evidence of the dramatic increase in the incidence and prevalence of 

allergic diseases in the last few decades. 

• evidence of environmental triggers including risk factors (e.g., pollution), the loss of 

rural living conditions (e.g., farming conditions), and nutritional status (e.g., maternal, 

breastfeeding) as major contributors to this increase. 

• evidence of environmental factors influencing and working through epigenetic 

mechanisms  

• evidence of a time frame for epigenetically-mediated processes such as the period 

between conception, pregnancy, and the first years of life crucial to exert beneficial 

epigenetic effects. 

• a dialogue on the impact of exposure to bacteria, viruses, parasites, fungal components, 

microbiome metabolites, and specific nutritional components (e.g., polyunsaturated 

fatty acids, vitamins, plant- and animal-derived microRNAs, breast milk) on the 

epigenetic patterns related to allergic manifestations.  

• insights into the epigenetic signature of bioactive milk components and the effects of 

specific nutrition on neonatal T cell development.  

• current knowledge on how immunometabolism relates to allergy mediated by epigenetic 

mechanisms.  

• insights into how epigenetic changes and the potential of maternal and post-natal 

nutrition influence the development of allergic diseases through epigenetic changes. 
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Abstract: Epidemiological studies have shown a dramatic increase in the incidence and the prevalence
of allergic diseases over the last several decades. Environmental triggers including risk factors
(e.g., pollution), the loss of rural living conditions (e.g., farming conditions), and nutritional status
(e.g., maternal, breastfeeding) are considered major contributors to this increase. The influences
of these environmental factors are thought to be mediated by epigenetic mechanisms which are
heritable, reversible, and biologically relevant biochemical modifications of the chromatin carrying the
genetic information without changing the nucleotide sequence of the genome. An important feature
characterizing epigenetically-mediated processes is the existence of a time frame where the induced
effects are the strongest and therefore most crucial. This period between conception, pregnancy, and
the first years of life (e.g., first 1000 days) is considered the optimal time for environmental factors,
such as nutrition, to exert their beneficial epigenetic effects. In the current review, we discussed the
impact of the exposure to bacteria, viruses, parasites, fungal components, microbiome metabolites,
and specific nutritional components (e.g., polyunsaturated fatty acids (PUFA), vitamins, plant- and
animal-derived microRNAs, breast milk) on the epigenetic patterns related to allergic manifestations.
We gave insight into the epigenetic signature of bioactive milk components and the effects of specific
nutrition on neonatal T cell development. Several lines of evidence suggest that atypical metabolic
reprogramming induced by extrinsic factors such as allergens, viruses, pollutants, diet, or microbiome
might drive cellular metabolic dysfunctions and defective immune responses in allergic disease.
Therefore, we described the current knowledge on the relationship between immunometabolism
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and allergy mediated by epigenetic mechanisms. The knowledge as presented will give insight into
epigenetic changes and the potential of maternal and post-natal nutrition on the development of
allergic disease.

Keywords: allergic disease; asthma; breastfeeding; environmental factors; epigenetic mechanisms;
DNA methylation; histone modifications; metabolic programming; microbiome; microRNA (miRNA);
milk; neonatal T cells; nutritional interventions; perinatal; polyunsaturated fatty acids (PUFA); vita-
mins

1. Introduction
1.1. Allergic Diseases

Allergic diseases continue to pose a major burden to the health-care system. They
are caused by hypersensitivity, an undesirable and inappropriate response of the immune
system to otherwise harmless environmental substances called allergens. Based on the
underlying immunological mechanism, allergic diseases can be roughly classified as ei-
ther those that are immunoglobulin E (IgE)-mediated or -independent. The first group
comprises atopic asthma, allergic rhinitis (AR), allergic conjunctivitis, IgE-dependent form
of atopic dermatitis (AD), and food allergy. Non-atopic asthma, contact dermatitis, non-
IgE-dependent form of AD, and non-IgE-mediated food allergy belong to the second
group [1–7].

Despite substantial pathobiological differences between specific allergic disorders and
among their heterogeneous phenotypes, some core mechanisms are known. This is true
especially in the case of IgE-dependent entities underlain in general by chronic allergic
inflammation with recurring acute episodes. The repertoire of cellular contributors is wide,
with major players comprising epithelial cells, antigen-presenting cells (APCs), T and B cells,
mast cells, as well as basophils, eosinophils and neutrophils. The role of epithelium extends
far beyond a simple mechanical barrier protecting the tissue from negative environmental
influences and also includes the integration of innate and adaptive immune mechanisms.
Mediators secreted by the epithelium triggered by allergens participate in the stimulation
of APCs which activate allergen-specific T cells [1,4,8,9]. T cells play various roles including
effector functions, orchestration of adaptive immune responses and activation of B cells
to differentiate to plasma cells to produce allergen-specific IgE. [2,10,11]. Some allergy-
related effects typically associated with T cells can also be exerted by innate lymphoid cells
(ILCs) [8]. IgE molecules occupy their high-affinity receptors on the surface of basophils
and mast cells. By cross-linking those IgE/high-affinity IgE receptor (FcεRI) complexes,
allergens stimulate the release of local bioactive mediators such as histamine from the cells,
which ultimately leads to immediate allergic responses and allergic inflammation [12–14].

1.2. Epigenetic Mechanisms

Epigenetic biomarkers are mitotically and/or meiotically heritable but reversible,
functional, and biologically relevant biochemical modifications of the chromatin carrying
the information but not changing the nucleotide sequence of the genome [15–19]. DNA
methylation and histone modifications represent “classical” epigenetic mechanisms [9,20].
Classical epigenetic modifications are best known for their effects on the accessibility of
genes to transcriptional machinery and thus regulation of gene expression, occurring
during activation or differentiation programs, or in the frames of cellular hemostasis or in
response to environmental influences or as an important element of cellular homeostasis,
and their contribution to the response to DNA damage [2,21].

From a biochemical point of view, DNA methylation is an enzymatically catalyzed
covalent transfer of a methyl group onto the cytosine, occurring typically at cytosine
nucleotides within CpG dinucleotides, so-called “CpG sites”. CpG sites are DNA sequences
in which a cytosine nucleotide (C) is directly followed by a guanine nucleotide (G) [22,23].
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CpG sites may tend to cluster, thus forming so-called “CpG islands”, which usually locate
in the elements regulating gene transcription such as promoters or enhancers [24]. Low
DNA methylation levels in promoter regions frequently, although not always, associate
with a higher transcriptional activity, while high promoter DNA methylation levels are
often related to lower gene expression or even full gene silencing (Figure 1) [25,26].
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Figure 1. Molecular basics of the epigenetic mechanisms and their role in the expression control.
For details, please refer to the main text, Chapter 1.2. Epigenetic mechanisms. Me, methylation; Ac,
acetylation; P, phosphorylation; mRNA, messenger RNA.

Histone modifications, including acetylation, methylation, phosphorylation, sumoyla-
tion, ubiquitination, and others, are best known for their role in the regulation of chromatin
structure and therefor transcriptional activity and gene expression. In addition, they
are also involved in other biological processes. For instance, histone phosphorylation
contributes to DNA repair processes in response to cell damage [27–31]. Biochemically,
histone modifications are enzymatically catalyzed additions of the respective moieties to
amino acid residues including lysines or arginines but also serines, threonines, tyrosines,
and others [31,32]. Higher levels of histone acetylation are usually associated with in-
creased transcriptional activity and thus gene expression. Depending on the number of
methyl groups added and the position of the targeted amino acid residue in the histone
tail, histone methylations may have a transcriptionally permissive or repressive character
(Figure 1) [2,20,32–35].

Regulatory non-coding RNAs such as microRNAs (miRNA) can be considered as
“non-classical” epigenetic mechanisms and contribute to the post-transcriptional control
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of gene expression [36–39]. miRNA molecules are about 22 nucleotides long. They are
highly abundant in the genome, with more than 2500 mature human miRNAs identified
so far. Mature miRNA molecule exerts its effects within the RNA-induced silencing
complex (RISC), in which it is responsible for the specific recognition of and interaction
with the respective target messenger RNA (mRNA). The effects of RISC on targeted mRNA
molecules include mRNA degradation or translation suppression, for example through
reduction in the ribosomal performance (Figure 1) [38,40,41].

1.3. Perinatal and Early-Life Period—Window of Susceptibility, Window of Opportunity

Epidemiological observations have shown a dramatic increase in the incidence and the
prevalence of allergic diseases over last several decades that cannot be explained by genetic
variations. Epidemiological studies have also shown that this increase occurred most
probably due to environmental alterations including lower exposure to protective factors
(e.g., farming) and higher exposure to risk factors (e.g., pollution). The influences of those
changing environmental factors are thought to be mediated by epigenetic mechanisms
interacting with a genetic background, which makes allergic diseases prototypic example
disorders, mechanisms of which are based on gene–environment interplay [26,42–45].

Although it does not necessarily mean that environmental exposures are completely
unable to affect biological features and thus disease predisposition outside of this time
range, an important feature characterizing epigenetically-mediated influences of various
environmental factors is the existence of a time window within which their effects are
the strongest and therefore most crucial. This timeframe corresponds to pregnancy, the
neonatal period, and the first year of life, and is the optimal time for protective factors to
exert their beneficial effects (“window of opportunity”) and the risk factors to increase the
chance of disease development (“window of vulnerability” or “susceptibility”) [2,46]. In
utero and early childhood periods also constitute an oportunity for epigenetic intervention
(“window of intervention”), for instance with the so-called “epigenetic diet” which might
be capable of preventing or even reverting the negative effects of environmental risk
factors [47,48].

2. The effects of Nutrients on Neonatal T Cell Development
2.1. T helper (Th) Cell Balance and Allergy

The type 2 Th (Th2) dominance is a key feature of atopy or allergy as these cells
predominantly produce interleukin 4 (IL-4), IL-5, and IL-13, which are involved in the
initiation and perpetuation of the allergic phenotype. IL-4, which is produced predomi-
nantly by naïve CD4+ and CD8+ T cells in humans [49,50] and mice [51,52], promotes the
differentiation of naïve T cells towards Th2, immunoglobulin class switch to IgE in B cells,
and upregulation of FcεRI expression on mast cells. IL-5 is important in the activation,
development, survival, and differentiation of eosinophils and mast cells and enhances
degranulation of basophils (Figure 2). IL-13 is also responsible for immunoglobulin class
switch to IgE, mast cell activation, and mucus production by epithelial cells, and promotes
eosinophil trafficking to mucosal sites. On the other hand, type 1 Th (Th1) cytokine in-
terferon γ (IFN-γ) is inhibitory toward the development of Th2 cells [53–55] (Figure 2).
Thus, it is tempting to speculate that a well-balanced Th1 to Th2 cell immune response
is desirable to achieve effective defense against infection and cancer but concomitantly
reducing the risk of developing allergic and autoimmune inflammatory conditions. Indeed,
it is not surprising that a substantial amount of effort is being made to re-balance the
skewed Th2 immunity in allergic diseases (Figure 2).
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Differentiation of Th1 and Th2 cells, as well as of the other Th cell populations playing
a crucial role in allergies such as regulatory T cells (Treg cells), type 17 Th (Th17) cells, and
type 9 Th (Th9) cells, is strictly controlled by epigenetic mechanisms [2,10,56]. Thus, in line
with the statements in Chapter 1.3., the arising question is whether there is a “window”
in the perinatal period not only to identify those at risk of developing allergic diseases
(window of susceptibility), but also to then implement a nutritional exposure to prevent
this pathway by influencing T cell epigenetics (window of opportunity). Furthermore,
an involvement of type 2 innate lymphoid cells (ICL2s) which promote naïve T cells
towards Th2 and suppressing Th1 development needs to be considered [57,58], although
the numbers of ILC2s in cord blood (CB) did not correlate with the development of
allergy [59].

2.2. Protein Kinase C (PKC) ζ (PKCζ) Promotes Neonatal T Cell Development towards a Th1
Anti-Allergy Phenotype

The perinatal period is characterized by an adaptive Th2 bias, reflecting the im-
munomodulatory milieu of pregnancy. Thereafter, normal immune maturation depends on
effective switching to more mature and regulated Th1 responses. A continual propensity
for a Th2 functional phenotype is associated with predisposition to allergic responses.
Some insight into the molecular basis for this continued Th2 propensity has been gained.
CB T cells (CBTCs) from a significant number of babies from women with a family history
of allergy were found to express low PKCζ levels [60]. There was an inverse correlation
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between these levels in immature CBTCs and the development of allergic sensitization at
the ages of 1 to 2.5 years. Using these data, it was possible to establish that CBTC PKCζ
levels of <62.3% (relative to expression by T cells from blood of adults) would predict
allergic disease development with an accuracy of 71%, sensitivity of 80% and specificity
of 63%. This is a major development, as the epidemic rise in allergic diseases in the last
four decades requires an urgent need to identify the critical pathway(s) that lead to disease.
As we identify better intervention approaches, it will be crucial to diagnose those children
with an allergy risk. Considering that there are no biological biomarkers that are consid-
ered of predictive value, PKCζ remains currently potentially a valuable protein marker.
While IgE has been extensively evaluated as a predictive marker, this has been found to
be unreliable [61]. Measuring cytokines at this stage of immune development has also
resulted in a fruitless approach, leaving only the crude assessment of “family history” as
the currently available predictor for allergy development.

It was also evident that low levels of PKCζ in the CBTC correlated with the develop-
ment and maturation of cells with a propensity to display Th2 cytokine responses [62–64].
The data imply that the PKCζ level in immature T cells at birth may be a key determinant
in allergy development in childhood and adulthood. These findings also argue that the
intrinsic inability of immature neonatal T cells to produce a normal immune response is
related to their PKCζ expression level in some neonates and this needs to be considered
with findings that phospholipase (PLC) β2 (PLCβ2) and γ1 (PLCγ1), lymphocyte specific
protein tyrosine kinase (LCK) proto-oncogene, Src family tyrosine kinase (p56lck), and
ζ-chain of T cell receptor-associated protein kinase 70 (ZAP70) are also deficient [65]. Ex-
amination of the activation of the mitogen-activated protein (MAP) kinases 1 (ERK) and
8 (JNK) in CBTC showed that while activation of these via the non-PKC-mediated pathway
was normal, they failed to be activated through the engagement of the T cell receptor (TCR)
or PKC, using anti-CD3/anti-CD28 and phorbol 12-myristate 13-acetate (PMA) stimulation,
respectively. This was not related to an inability to activate PKC but significantly involved
low expression of some isozymes of PKC. While the levels of these PKC isozymes were not
essential to the development of T cells from the immature CD45RA to the mature CD45RO
phenotype, it was critical to whether the cells developed to Th1 (IFN-γ producing) or Th2
(IL-13 producing) cell types [62–64].

The low expression of these PKC isozymes including PKCζ is a transient state which
subsequently increases to levels seen in adult T cells towards the end of the neonatal
period. However, as no studies have been undertaken to examine T cell PKCζ levels
during neonatal development in vivo, a significant increase in PKCζ by the end of the
neonatal period was found in mice (Figure 3). In the CBTC maturation culture model,
it has been observed that this low PKCζ state at birth is transient and when the T cells
have matured and express the CD45RO+/RA- phenotype on day 7, the levels are normal
(Figure 4) [66]. This normalization of PKC levels is important for the mature T cells to
respond effectively through the TCR. However, of importance is whether this development
can be reprogrammed by the nature of the environmental/nutritional exposure during the
prenatal period.
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Figure 3. Protein kinase C (PKC) isoform expression in mouse neonates is upregulated in the first
4 weeks of life to near adult levels. Nylon wool column purified splenic T cells from 14 newborn
Swiss white mice or 28-day-old mice were lysed and equivalent amounts of protein were resolved
by western blot [66]. PKC isoform expression was visualized using isoform-specific polyclonal
antibodies (PKC βI, βII, δ, ε, θ, and ζ) followed by densitometric band analysis using Image Quant
software. Data are expressed as mean ± standard error of the mean of PKC isoform expression
for newborn and day-28 mice relative to the PKC isozymes from T cells of adult mice. Statistics:
*, p < 0.05; **, p < 0.01.
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Figure 4. Changes in protein kinase C ζ (PKCζ) levels in human cord blood (CB) CD4+ and CD8+

T cells during in vitro maturation. T cells expressing low PKCζ levels were matured by culturing
the CB mononuclear cells in the presence of phytohemagglutinin (PHA; 2 µg/mL) and interleukin
2 (10 ng/mL) [63]. Levels of PKCζ were measured by flow cytometry. Results are mean ± standard
deviation of 4 experiments [66]. Statistics: **, p < 0.01; ***, p < 0.001. PE, phycoerythrin; MFI, mean
fluorescence intensity, expressed as a % of standard value of cryopreserved T cells from adults
measured in the same experimental run.

2.3. Nutritional Factors May Affect PKCζ-Mediated Th1 Bias through Epigenetic Mechanisms

Maternal environmental exposures such as infection [67], maternal diet [68,69], and
smoking [69,70] can modify neonatal T cell function, although the mechanisms are not
clear. Studies on environmental signaling in early life through dietary intake, despite the
various controversies, suggest that these can modify the immune response to protect against
allergy [71]. Maternal supplementation with omega-3 (n-/ω-3) long-chain polyunsaturated
fatty acids (LC-PUFA; fish oil) during pregnancy modifies neonatal immune responses [68],
in particular T cell function [68,69]. Recent evidence suggests that the n-3 LC-PUFA
could mediate changes in developing patterns of neonatal T cell responses by influencing
the levels of PKC isozyme expression. Of the PKC isozymes examined, only PKCζ was
significantly higher in the fish oil group [60]. As PKCζwas shown to be an independent
predictor of reduced subsequent allergic disease, this may present an important pathway
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through which antenatal n-3 LC-PUFA could have clinical effects in reducing allergic
disease [72].

The results suggest that PKCζ expression is amenable to regulation by prenatal nu-
tritional exposures, perhaps through epigenetic modifications such as DNA methylation
or histone acetylation [73–75]. While in utero exposure to fish oil did not significantly
affect T cell DNA methylation profiles, using epigenome-wide analysis of neonatal CD4+ T
cells [76], it was found that the increase in PKCζ levels in CBTC caused by such supple-
mentation correlated with modifications of histone acetylation at the PKCζ gene (PRKCZ)
promoter level. The data suggest that PKCζ expression regulates the maturation of neonatal
T cells, i.e., from a Th2 to Th1 phenotype [64]. CB CD4+ T cells obtained from the offspring
of fish oil-treated pregnant women showed higher acetylation levels of H3 histones at the
promoter of PRKCZ, the PKCζ encoding gene, corresponding to more transcriptionally
permissive chromatin status and thus higher PKCζ expression [26,77–81]. This suggests
that the effect of prenatal fish oil supplementation is at least partly mediated via epigenetic
control of PKCζ synthesis.

A biochemical and epigenetic basis for development of neonatal immature T cells
towards a propensity to give rise to either Th1 or Th2 type responses, and the consequent
risk of allergy development in childhood and adulthood has emerged from these studies.
It is evident that CBTC PKCζ levels play an important role in dictating this development.
The PKCζ levels and most likely the Th cell type outcome can be altered by exposure to n-3
LC-PUFA, which appear to be working through an epigenetic mechanism of acetylation of
histone H3 in the PRKCZ promoter. Thus, the PKCζ levels in CBTC are not only a potential
biomarker for those that are at risk of developing allergy but may be an intervention
target to prevent allergy development in the community. In relation to other biochemical
pathways that may regulate the skewing of the Th cells is indoleamine 2,3-dioxygenase
(IDO), which degrades tryptophan to kynurenine. Results have shown that there is a
reduction in blood kynurenine metabolites in children from mothers who had received
fish oil during pregnancy and this was correlated with lower risk of allergic asthma in the
children [82]. Other studies have found that kynurenine metabolites can cause apoptosis of
Th1 cells, without affecting Th2 cells [83]. This may explain a shift to Th1 in babies whose
mothers were given fish oil when pregnant, although it has been reported that allergic
children had reduced levels of IDO [84].

In conclusion, in utero and in early life, there is a high level of plasticity in T cell
development, enabling some adaptation to the environment through modulation of the
immune development, e.g., skewed towards a Th1 or Th2 cytokine phenotype, either
directly or indirectly by, e.g., promoting development of ILC2 cells which in turn foster
the Th2 skewing that may manifest as allergic disease development. PKCζ has been found
to play a key role in the prevention of the Th2 skewing and its levels in naïve CBTC
correlate negatively with the risk of developing allergy. Here we argued that a mechanism
by which environmental signaling may modulate this immune response development
is through the regulation of levels of T cell PKCζ. We used an example of a nutritional
supplement that highlights our point, n-3 LC-PUFA, where the data suggest that the fatty
acids protect against allergic sensitization and increase the level of PKCζ in CBTC. The
findings also suggest that the n-3 LC-PUFA modify the CD4+ T cell PKCζ levels via an
epigenetic mechanism.

3. Effects of Fatty Acids (FA) and Vitamins on Epigenetic Signatures and Their
Relation to Allergies
3.1. FA

Epidemiological studies, animal models, and in vitro data have shown differential
epigenetic landscapes in individuals exposed to suboptimal or undesired prenatal dietary
exposures (i.e., nutritional deprivation in utero, maternal obesity, or maternal inflammatory
diet) [85–91]. Of these, lipids have been of special interest among studies involving early
epigenetic programming. High-fat diets during early life have been demonstrated to
induce epigenetic changes at genome-wide level and in gene-specific loci (e.g., in genes
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associated with obesity, insulin resistance, and type 2 diabetes) [92–98], and to regulate the
expression of certain miRNAs related with obesity and lipid metabolism [99,100]. Indeed,
adequate nutrition with FA during the first thousand days of a child’s life is pivotal for
healthy development and a healthy life [101].

Lipids exist as FA, acylglycerols, complex lipids (i.e., phospholipids and sphin-
golipids), isoprenoids (i.e., fat-soluble vitamins and steroids), and eicosanoids (i.e.,
prostaglandins and leukotrienes). More specifically, FA are amphipathic lipid molecules
composed of a carboxyl group and an aliphatic (linear) hydrocarbon chain. Based on
the length of the hydrocarbon chain, FA are classified as short-chain (<6 carbons; SCFA),
medium-chain (6–12 carbons), long-chain (13–21 carbons), and very long-chain FA (when
they have more than 21 carbons). Moreover, FA without double bonds are called saturated
FA, as opposed to unsaturated FA that can have one (monounsaturated, MUFA) or more
(polyunsaturated, PUFA) double bonds. The disposition of the double bonds determines
if an unsaturated FA is categorized as cis or trans. Depending on the location of the first
double bond, PUFA can be further classified as ω-3 and omega-6 (ω-6). Linoleic acid (a
ω-6 PUFA) is the most abundant PUFA in our diet, mainly derived from plants, along
with linolenic acid (a ω-3 PUFA). On the other hand, eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA), bothω-3 PUFA, are abundant in fish and fish oil [102,103].
Humans are incapable of synthesizing some FA likeω-linolenic acid and linoleic acid, and
are thereby called essential FA. In the last decades, the dietary intake of FA has changed
from those enriched in MUFA and PUFA to a diet with a high content in saturated FA
and trans-FA. Currently, a number of studies support the view that FA promote epige-
netic alterations that affect several metabolic and inflammatory pathways, contributing to
the increase of non-communicable chronic diseases (reviewed by [104]). SCFA and other
molecules influencing the evolution of allergic and other chronic inflammatory diseases can
be obtained directly from the diet, or as metabolic products resulting of the fermentation by
the intestinal microbiota of dietary fiber and other components [105–111]. In this chapter,
we discuss the epigenetic modifications induced by FA obtained from dietary sources
including those originated from the fermentation of non-digestible carbohydrates by the
intestinal microbiome.

PUFA can induce epigenetic alterations both in vitro and in vivo [112–114]. For in-
stance, perinatal maternal consumption ofω-linolenic acid correlates with the DNA methy-
lation status of a gene encoding the mouse FA desaturase 2 (Fads2) in the livers of mothers
and their progeny [115]. Moreover, some studies have underpinned the role ofω-3 PUFA
availability during gestation and lactation in the epigenetic regulation of genes involved
in nervous system development and its functions [116,117]. Similarly, PUFA have been
shown to induce epigenetic changes with considerable impact in the immune system. Pre-
and postnatal supplementation of pigs withω-3 FA altered DNA methylation profiles in
white blood cells of the offspring, affecting genes implicated in key biological processes,
including inflammation, apoptosis, and oxidative stress [118]. Likewise, DNA methylation
landscapes in human CB leukocytes varied between mothers with low, medium, and high
ω-3 PUFA on erythrocyte membranes (a proxy of theirω-3 PUFA intake) [113]. Children
of mothers who received DHA supplementation during pregnancy (versus placebo group)
had differentially methylated regions, which occur in a gender-specific fashion, and are
located in loci encoding for proteins related to immune function such as retinoic acid (RA)
early transcript 1L (RAET1L) and lymphotoxin beta (LTB) [119]. Fish oil supplementation
during infancy also induced DNA methylation changes at certain CpG sites in mononuclear
cells, compared to sunflower oil supplementation [120]. The effects ofω-3 PUFA supple-
mentation on the DNA methylation profiles of white blood cells has been also detected in
adults [121].

PUFA modulate the immune system by regulating cytokine production [68,122–125]
and have been implicated in the risk of allergic diseases. Fish oil supplementation in
infants at high risk of atopy increased ω-3 PUFA levels and decreased allergen-specific
Th2 responses, including IL-13 and IL-5 production, thus suggesting a potential protec-
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tion against allergy [126]. In fact, several lines of evidence attribute a protective effect
against the development of allergies and asthma to ω-3 PUFA consumption, especially
during the perinatal stage [72,127–135]. The dosage, timing, and duration of ω-3 PUFA
seem to be critical for this effect to take place [136,137]. Conversely,ω-6 PUFA (and a de-
creasedω-3-to-ω-6 ratio) has been generally considered as proinflammatory and associated
with an increased risk of asthma and allergic conditions [127,130,134,136]. Although the
mechanisms through which PUFA exert an influence on allergy are not fully understood,
recent studies suggest that epigenetic changes might play a role. Fish oil and its bioactive
component, ω-3 PUFA, are epigenetic modifiers of histone marks. For instance, fish oil
supplementation affects histone acetylation levels in neonatal T cells in immune genes such
as PRKCZ, IL-13 gene (IL13), and T-box 21 gene (TBX21) [64]. In another study, maternal
fish consumption during pregnancy was associated with increased H4 acetylation in the
CD14 molecule (CD14) gene in placentas, an effect that was mainly significant in those of
female offspring [138]. Although fish intake involves the exposure to several compounds,
based on current evidence it seems that those effects could be attributed to fish oil.

Another source of FA with demonstrated ability to induce epigenetic changes is
extra virgin olive oil. Previous studies suggest that maternal olive oil intake as part of a
Mediterranean diet is protective from wheezing in their offspring [139,140]. These effects
are attributed to olive oil polyphenols, as well as long-chainω-3 PUFA. More recently, it has
been found that regular use of olive oil as a main cooking fat during pregnancy has been
associated with increased H3 acetylation in the promoters of forkhead box P3 (FOXP3),
IL-10 receptor subunit alpha (IL10RA), and IL-7 receptor (IL7R) genes, suggesting that
prenatal intake of olive oil can affect placental histone acetylation in immune regulatory
genes, and this supports previous studies suggesting the pro-acetylation effects of olive oil
polyphenols [141,142]. In summary, consumption of olive oil and fish oil are regarded as
factors with the ability to induce immune regulation which can in turn influence immune
priming and allergen sensitization in the offspring [64,138,143]. Among all the studied
loci, the FOXP3 gene, encoding a master regulator of immune homeostasis, seems to be
a prominent target of the epigenetic modifications induced by dietary FA and also by
all-trans retinoid acid [144], microbial-derived butyrate [145], and propionate [146], and
during the prenatal period by the intake of high fiber and acetate [147].

Besides histone modifications, ω-3 PUFA can also modify DNA methylation as a
mechanism implicated in its immunomodulatory properties. An interventional study
conducted in human infants revealed that gestational supplementation with ω-3 PUFA
altered long interspersed nuclear element 1 (LINE1) repetitive sequences’ methylation in
children of women who smoked during pregnancy. The modulated DNA methylation
levels in the genes encoding IFN-γ (IFNG) and IL-13 (IL13) suggested an impact on Th
balance (Th1/Th2) at this age [148]. In addition, maternal oily fish intake was associated
with differential DNA methylation levels in FA desaturase 1/2 (FADS1/2) and ELOVL FA
elongase 5 (ELOVL5), the genes encoding enzymes involved in PUFA biogenesis, and a
decrease in ELOVL5 mRNA [149]. Interestingly, methylation levels at certain CpGs of these
genes showed a correlation with eczema and/or wheeze [149]. A summary of the effects of
ω-3 PUFA on epigenetic modifications related to immune function and allergy is presented
in Figure 5.
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Other lipids also induce epigenetic modifications. Marchlewicz et al. identified long-
chain FA, very long-chain FA, and acylcarnitines in maternal circulation that correlated
with DNA methylation levels in the infant CB [150]. In addition, oleic acid (MUFA)
reduced DNA methylation levels in the genes Pparg and Cebpa and at a genome-wide
level [151,152]. Elaidic acid, a trans isomer of oleic acid, is able to alter the global DNA
methylation landscape in vitro by inducing a pro-inflammatory and adipogenic gene
expression program, which is different to that induced by oleic acid. These effects are
observed in the offspring of elaidic acid-supplemented rats even 3 months after birth [153].
Trans fatty acids are also capable of altering the concentrations of miRNAs including
hsa-miR-31-5p and hsa-miR-150-5p [154]. Moreover, hybrid palm oil (which is richer
in oleic acid compared to African palm oil) has been associated with the regulation of
several miRNAs (e.g., miR-488-3p, let-7b-5p, miR-15b-5p, and miR-17-5p-1) in the hepatic
tissue of the common marmoset Callithrix jacchus [155]. The epigenetic changes induced by
diets rich in oleic acid were not limited to genomic DNA but also affected mitochondrial
DNA [156]. Palmitic acid is a saturated fatty acid regarded as pro-inflammatory, which
affects DNA methylation, modifies histone acetylations, and modulates the expression
of miRNAs (e.g., miR-181c) and long non-coding RNAs (e.g., BDNF-AS) [157–162]. Like
palmitic acid, stearic acid enhances DNA methylation in macrophages [163]. Studies in rats
treated with either coconut oil, sunflower oil, or olive oil revealed significant changes in
the DNA methylation levels of the tumor necrosis alpha (TNF-α) gene (TNF) and thereby
in TNF-α secretion [164]. Moreover, the adipose tissue from rats fed with coconut oil (the
one with the highest proportion of saturated fatty acids, including palmitic acid [165]),
exhibited the highest levels of TNF-α (both mRNA and secreted), as well as the lowest
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DNA methylation levels in the TNF promoter [164]. In contrast, cells treated with oleic
acid or linoleic acid showed lower TNF mRNA levels [164].

In recent years, untargeted lipidomics have revealed that the number of lipids and their
combinations is very complex [166,167]. Indeed, there are hundreds of different lipids, some
of bacterial origin, which are extremely important for a healthy immune system during the
perinatal period [168]. These include the microbial-derived SCFA that induce epigenetic
changes implicated in the susceptibility to allergic diseases. Acetic acid, butyric acid, and
propionic acid are the most abundant SCFA and are regarded as “postbiotics” [169]. They
are produced by the fermentation of nondigestible carbohydrates contained in dietary fiber
and are largely influenced by the type of diet and gut microbiome composition. SCFA are
found within the first hours after birth, as evidenced in stool samples of newborns [170].
SCFA are mainly produced in the large intestine and are used as an energy source by
colonocytes. In addition, they play an important role in keeping pathogenic bacteria under
control and maintaining intestinal integrity and health [171–173]. A proportion of these
SCFA is absorbed by the portal vein, carried to the liver, metabolized, and then systemically
distributed via the bloodstream. Some SCFA activate free FA receptors 2 (FFAR2/GRPR43)
and 3 (FFAR3/GPR41) on intestinal epithelial cells, leading to mitogen-activated protein
kinase signaling and rapid production of chemokines and cytokines involved in protective
immunity. On the other hand, SCFA acting on receptors like GPR43 or hydroxycarboxylic
acid receptor 2 (HCAR2/GPR109A) mediate oral tolerance. SCFA are also well recognized
for inhibiting histone deacetylases (HDAC) and modifying gene expression by enhancing
histone acetylation [174–179]. Butyric acid, in particular, inhibits class I and most of class II
HDAC [180]. SCFA promote histone acetylation of FOXP3 (encoding a key transcription
factor for Tregs development), stimulating its expression [145,147]. SCFA also induce Treg
proliferation not only in the colon but in other tissues like the skin [107,146,181,182]. This
is very critical because Tregs are essential for the generation tolerance to allergens and the
containment of immune response. Using a murine model, Nakajima et al. showed that
offspring of high-fiber diet-fed mothers have high levels of SCFA and high frequencies
of Tregs [183]. Inhibition of histone deacetylase 9 (HDAC9) is of special relevance for the
SCFA-induced, Foxp3-dependent suppressive activity of Tregs [184,185]. Indeed, Hdac9−/−

mice, exhibit resistance to the development of inflammatory conditions like colitis and
allergic airway disease [147,186]. Beyond inducing Treg development, SCFA also can
reduce type 2 airway inflammation, regulate mast cell generation and function, and reduce
eosinophil trafficking and survival [185,187–192]. In line with this, data collected from
animal models and human observational studies have shown that SCFA during pregnancy
and early life has an impact on the occurrence of allergic diseases [193–196]. Roduit et al.
measured fecal SCFA levels in stool samples of one-year-old children and found that
butyric acid and propionic acid were inversely associated with atopic sensitization, as
well as with allergic outcomes later in life [197]. In addition, the infants whom developed
allergic diseases had gut bacterial species with fewer genes encoding enzymes needed
for fermentation of butyric acid [198]. SCFA could be useful in the prevention of allergic
diseases via high-fiber diets or direct oral administration, and once measured could serve
as biomarkers to predict allergic diseases early in life [179,197–199].

In conclusion, lipids either from dietary sources or produced by the gut microbiome
play a key role in the developing immune system. Indeed, exposure to certain lipids during
the perinatal period can shift the balance towards allergic sensitization and increase the risk
to allergic diseases (Figure 6). This association between fatty acids and allergy is largely
explained by multiple epigenetic mechanisms affecting inflammatory vs. immunomod-
ulatory pathways. Albeit most research has been focused on PUFA and SCFA, there are
many other lipids including MUFA and saturated fatty acids that might also affect the
immune system and require further research. Untargeted analyses of lipids are urgently
needed to elucidate their effects as risks factors for allergy and to pave the way for their
clinical application in personalized medicine. The use or avoidance of certain fatty acids
can provide benefits in the prediction and/or prevention of allergic conditions. Further
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research on the exact epigenetic mechanisms behind the relationship of fatty acids and
allergic diseases is a pressing need.
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3.2. Vitamins

Vitamins are well known to be critical for immune system functioning. For instance,
vitamins D and A are widely known for their immunomodulatory properties [200–202].
Moreover, the susceptibility to allergic entities can be influenced by perinatal consumption
of vitamins [69,203–215]. Several studies have uncovered the role of vitamins in epigenetic
programming, particularly during early life. The best demonstrated effects are those of
maternal dietary methyl donor intake (and cofactors) on DNA methylation in both fetus
and placenta [216]. Indeed, plasma folate levels in mothers correlate with offspring DNA
methylation, especially in genes related to neural tube defects and other birth defects,
neurological functions, growth, and embryonic development [217]. Maternal vitamin D
supplementation during pregnancy and breastfeeding modifies the DNA methylation
landscape in their breastfed infants, mainly in genes involved in collagen metabolism and
regulation of apoptosis [218]. In addition, maternal plasma levels of vitamin D along with
ancestry affect DNA methylation in infants [219]. Murine models showed that vitamin D
deficiency during pre- and postnatal development induces changes in the methylome that
can persist throughout many generations [220,221]. More specifically, maternal vitamin D
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status, as well as gestational supplementation with this micronutrient, inversely correlate
with perinatal DNA methylation at the retinoid X receptor alpha (RXRA) gene [222,223].

Furthermore, cell culture experiments have underscored the epigenetic effects of
vitamin A through demonstrating its influence on chromatin structure [224]. For instance,
all-trans retinoid acid, a form of vitamin A, induces alkaline phosphatase expression via
chromatin remodeling of its promoter [225].

Regarding the B-complex vitamins, an analysis of the relation between genome-
wide DNA methylation in blood leukocytes and dietary folate and vitamin B12 showed
differential methylation in association with the intake of these micronutrients [226]. Folate
inversely associated with DNA methylation of at least 73 genomic regions, while vitamin
B12 intake was associated with differential methylation in at least 29 genomic regions [226].
Maternal vitamin B6 concentrations have been positively associated with DNA methylation
at the long non-coding RNA maternally expressed gene 3 (MEG3) in the progeny [227].
Concerning vitamin C, it has been shown to reverse DNA methylation changes associated
with maternal smoking during pregnancy [228].

In recent years, it has been found that epigenetic mechanisms play a significant role
in the relation between vitamins and allergy. For instance, the RA signaling pathway has
been shown to suppress the transcriptional and epigenetic program (with a particular
effect on the IL-9 gene) of Th9 cells, an important subset in the pathogenesis of atopy [229].
Additionally, RA represses IgE class-switching recombination via inhibition of histone
acetylation of the germ-line ε promoter [230]. Furthermore, evidence substantiates that
gestational vitamin D deficiency decreases the Th1/Th2 ratio and IFN-γ production, while
increasing IL-4 concentration [231]. Moreover, as a result of maternal vitamin D deficiency,
the activity of DNA methyltransferase is heightened, as well as the methylation of the IFN-
γ locus, effects that can be reversed by vitamin D supplementation during pregnancy [231].
Prenatal vitamin D deficiency positively associates with the risk of AD, an effect that is
mediated at least in part by a diminished DNA methylation of microtubule-associated
monooxygenase, calponin, and LIM domain-containing 3 (MICAL3), a gene related to
the generation of reactive oxygen species [232]. However, another study evaluating CB
vitamin D levels in relation to allergic diseases and DNA methylation delivered different
results [233]. On the other hand, a comprehensive epigenetic and gene expression analysis
performed in a cell line of bronchial epithelial cells from asthmatic patients showed that
vitamin D in fact modifies the epigenetic landscape of these cells [234,235]. This combined
epigenetic and transcriptomic approach allowed for the proposal of candidate genes (e.g.,
DUSP10 encoding dual specificity phosphatase 10 and SLC44A1 encoding solute carrier
family 44 member 1) for asthma and viral infection susceptibility [234,235]. In monocytes
from asthma patients, vitamin D pretreatment increased glucocorticoid receptor binding
to the DUSP1 (a gene encoding dual specificity phosphatase 1, a protein responsible
for the inhibition of pro-inflammatory cytokines production) promoter and enhanced
histone H4 acetylation at the glucocorticoid response elements of this genomic region [236].
Moreover, vitamin D treatment increased HDAC 2 (HDAC2) expression and in turn
decreased airway inflammation and NF-κB p65 (a p65 subunit of the nuclear factor κB
transcription complex) expression in a murine model of ovalbumin-induced allergic airway
inflammation, mimicking human asthma [237]. All these data provide plausible biological
explanations for the protective effect of vitamins, mostly during the perinatal stage, for
atopic entities and asthma. A summary of the epigenetic effects of vitamins A and D that
could be relevant for allergy predisposition is presented in Figure 7.

218



Nutrients 2021, 13, 724 15 of 50
Nutrients 2021, 13, x FOR PEER REVIEW  15 of 54 
 

 

 

Figure 7. Summary of the epigenetic effects of vitamins D and A potentially relevant for allergy predisposition. For de‐

tails, please refer to the main text, Chapter 3.2. Vitamins. Treg (cells), regulatory T (cells); IgE, immunoglobulin E; IL, in‐

terleukin; Th2 (cells), type 2 T helper (cells); ILC‐2, type 2 innate lymphoid cells; NF‐κB p65, a p65 subunit of the nuclear 

factor κB transcription complex; Th17 (cells), type 17 T helper (cells); Foxp3, forkhead box P3; RXRA, retinoid X receptor 

alpha gene; IG‐DMR, intergenic differentially methylated region; H19ICR, H19 imprinting control region; PDGF, plate‐

let‐derived growth factor; ALP, alkaline phosphatase; HDAC2, histone deacetylase 2; GRE, glucocorticoid response ele‐

ment; DUSP1, dual specificity phosphatase 1 gene; IFN‐γ, interferon γ; MICAL3, microtubule‐associated monooxygen‐

ase, calponin and LIM domain‐containing 3; Th9 (cells), type 9 T helper (cells). 

4. Effects of Microbes and Parasites on Epigenetic Signatures and Their Relation to 

Allergies 

Early  life microbial exposure  to bacteria, viruses, parasites, or  fungal components 

can impact immune responses, thus contributing to the risk of allergic disease develop‐

ment  throughout  life.  Those  influences  can  be  of  a  pro‐  or  anti‐allergic  character de‐

pending on several factors, especially the type of the microbe and the timing and location 

of the exposure [2], and are mediated by complex gene–environment interactions mod‐

ulating  epigenetic modifications  in  the  genes  involved  in  the  pathogenesis  of  allergy 

[238–240]. The  epigenetic  effects of microbes on  the  immune  system  can be mediated 

metabolically through SCFA, as in the case of some gut bacteria, but many other modes 

of action are also known. In addition, considering the pivotal role of gut bacteria and the 

metabolites synthesized by them from dietary components such as SCFA, nutrition can 

strongly modify the effects of microbes on host immunity and health. Furthermore, mi‐

crobes  and  their  elements or metabolic products  are  integral  elements of  some  foods, 

especially of more traditional origin [2,241]. Perinatal and some other epigenetically me‐

diated effects of microbes on human immunity and health are shortly outlined below and 

summarized in Figure 8 and Table 1. 

Figure 7. Summary of the epigenetic effects of vitamins D and A potentially relevant for allergy predisposition. For details,
please refer to the main text, Chapter 3.2. Vitamins. Treg (cells), regulatory T (cells); IgE, immunoglobulin E; IL, interleukin;
Th2 (cells), type 2 T helper (cells); ILC-2, type 2 innate lymphoid cells; NF-κB p65, a p65 subunit of the nuclear factor κB
transcription complex; Th17 (cells), type 17 T helper (cells); Foxp3, forkhead box P3; RXRA, retinoid X receptor alpha gene;
IG-DMR, intergenic differentially methylated region; H19ICR, H19 imprinting control region; PDGF, platelet-derived growth
factor; ALP, alkaline phosphatase; HDAC2, histone deacetylase 2; GRE, glucocorticoid response element; DUSP1, dual
specificity phosphatase 1 gene; IFN-γ, interferon γ; MICAL3, microtubule-associated monooxygenase, calponin and LIM
domain-containing 3; Th9 (cells), type 9 T helper (cells).

4. Effects of Microbes and Parasites on Epigenetic Signatures and Their Relation to
Allergies

Early life microbial exposure to bacteria, viruses, parasites, or fungal components can
impact immune responses, thus contributing to the risk of allergic disease development
throughout life. Those influences can be of a pro- or anti-allergic character depending
on several factors, especially the type of the microbe and the timing and location of the
exposure [2], and are mediated by complex gene–environment interactions modulating
epigenetic modifications in the genes involved in the pathogenesis of allergy [238–240].
The epigenetic effects of microbes on the immune system can be mediated metabolically
through SCFA, as in the case of some gut bacteria, but many other modes of action are
also known. In addition, considering the pivotal role of gut bacteria and the metabolites
synthesized by them from dietary components such as SCFA, nutrition can strongly modify
the effects of microbes on host immunity and health. Furthermore, microbes and their
elements or metabolic products are integral elements of some foods, especially of more
traditional origin [2,241]. Perinatal and some other epigenetically mediated effects of
microbes on human immunity and health are shortly outlined below and summarized in
Figure 8 and Table 1.
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Figure 8. Perinatal epigenetic effects of microbes and parasites in the context of allergies. For details, please refer to the
main text, Chapter 4. Effects of microbes and parasites on epigenetic signatures and their relation to allergies. SCFA, short-chain
fatty acids; RSV, respiratory syncytial virus. Created with BioRender.com.
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Table 1. Epigenetic effects of parasites and microbes or their metabolites on immunity.

Genus/
Species

Metabolic
Product

Epigenetic
Mechanism

Targeted Cells/
Cellular Target

Downstream Targets/
Effects

Human/
Murine

Prenatal/
Early Life References

Bacteria

Acinetobacter lwoffii - Histone acetylation CD4+ T cells Th1 and Th2 key genes Murine Prenatal [240]

Lactobacillus reuteri - DNA methylation CD4+ T cells Multiple loci Human Both [242]

Microbiota Acetate Inhibits histone
deacetylases Treg cells Acetylation of the Foxp3

promoter Human and murine Prenatal [147]

Butyrate Inhibits histone
deacetylases Mast cells ↓BTK, ↓SYK, ↓LAT Human and murine No [243]

Gut NF-κB Human No [244]

Viruses

RSV - ↑ Histone
demethylase DCs ↑Th2 responses Human and murine (Early life) [245]

RV - DNA methylation PBMCs SMAD3 Human Early life [246]

Parasites

Ascaris - Histone acetylation PBMCs Type 2 immune genes Human No;
infected adults [247]

DNA methylation CD4+ T cells Th1 inhibition Human No;
aged 6 months–15 years [248]

Schistosoma - DNA methylation CD4+ T cells Th1 inhibition Human No;
aged 6 months–15 years [248]

Histone acetylation Naïve T cells
↓histone acetylation at the of the

Il4 promoter; ↓Th2
differentiation

Murine Prenatal [249]

Fasciola hepatica - DNA methylation Macrophages ↑anti-inflammatory properties Murine No [250]

Fungi

Malassezia furfur - Histone acetylation,
histone methylation Keratinocytes Genes encoding IL-8 and

β-defensin Human No [251]

Th1/2 (cells), T helper type1/2 (cells); Treg (cells), regulatory T (cells); Foxp3, forkhead box P3 encoding gene; BTK, Bruton tyrosine kinase encoding gene; SYK, spleen-associated tyrosine kinase encoding gene;
LAT, linker for activation of T cells encoding gene; NF-κB, nuclear factor κB; RSV, respiratory syncytial virus; DCs, dendritic cells; RV, rhinovirus; PBMCs, peripheral blood mononuclear cells; SMAD3, SMAD
family member 3 gene; Il4, interleukin 4 gene; IL-8, interleukin 8.
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4.1. Bacteria

For many years, the uterus has been considered as a sterile womb, with the fetus
being fully protected from microbial colonization. However, some recent studies have
questioned this hypothesis, demonstrating that bacterial colonization occurs not only after
the birth, but may begin already in utero [252,253]. The diversity and composition of
the microbiome developing from infancy to childhood depends on multiple influences,
with the interaction between microbes and the host immune system occurring during and
beyond this period being functionally involved in the development of chronic inflammatory
and/or immunometabolic disorders later in life [254–256]. This is also true for allergies,
as demonstrated by studies in mice perinatally treated with antibiotics showing that the
permanent changes in gut microbiota early in life can result in higher susceptibility to the
subsequent development of atopy or allergic asthma [257,258].

Despite many studies demonstrating the dynamics of the human microbiota early in
life, still relatively little is known about the influence of microbiota on epigenetic signatures
and its immunopathological consequences. Compared to the placebo group, maternal
supplementation with Lactobacillus reuteri during pregnancy resulted in altered DNA
methylation patterns in CD4+ T cells, especially at birth, with DNA of the babies who
received probiotics characterized mostly by lower methylation, indicating transcriptional
accessibility [242]. A farm bacterium Acinetobacter lwoffii has been described as a differential
environmental factor between two communities characterized by lifestyles varying with
regard to features affecting the microbial exposure such as farming or westernization [259].
Modeling the continuous exposure to the traditional farming, microbe-rich environment
through repeated intranasal administration of A. lwoffii to pregnant mice revealed the
presence of the transgenerational effect, with the progeny being protected against the
development of eosinophilic asthma [260]. Subsequently, this transmaternal protective
effect of A. lwoffii was demonstrated to be at least partly mediated through stabilization of
histone H4 acetylation at the IFNG promoter of CD4+ T cells deriving from spleens of the
offspring [240].

Although the mechanisms by which specific microbes may affect the epigenome are
not yet fully understood, it is known that some of them refer to their metabolic activity [261].
SCFA, represented by acetate, propionate, butyrate, and others, are the major product of
intestinal bacterial fermentation of ingestible foods, e.g., poly- or oligosaccharides [262–266].
As the synthesis of SCFA is highly dependent on the gut microbiota, it can be strongly
affected by an antibiotic therapy [267]. As it provides appropriate substrates, the diet is
also an important factor affecting SCFA production in the gut [268].

Independently of the effects exerted by SCFA through their receptors, GRPR43 and
GPR41 [269,270], inhibition of histone deacetylation is a very important mechanism by
which SCFA influence human immunity and thus immunopathology [262–265]. For exam-
ple, mice fed with a high-fiber diet developed a distinctive gut microbiota producing higher
amounts of acetate. This acetate was able to increase the percentage and activity of Treg
cells by enhancing the histone acetylation status of the Foxp3 promoter through HDAC9
inhibition [147]. In addition, a high-fiber or -acetate diet ameliorated allergic airway in-
flammation in a murine model mimicking human asthma, as well as in the offspring, thus
demonstrating the existence of the transmaternal transmission of the epigenetic effect [147].
In addition, butyrate inhibits histone deacetylases and, in this way, influencing at least
partly the activation of the transcription factor NF-κB [244]. Stimulation of human and
mouse mast cells with butyrate and propionate revealed a reduction in their activation
and degranulation. These effects were related to HDAC inhibition, but not signaling
through GPR41, GPR43, and peroxisome proliferator-activated receptor (PPAR) pathways.
Furthermore, it was observed that pretreatment with butyrate inhibits human mast cell
activation by downregulating the genes essential for this process such as the tyrosine
kinases BTK (Bruton tyrosine kinase), SYK (spleen-associated tyrosine kinase), and LAT
(linker for activation of T cells). While butyrate exerted an increase in global histone H3
lysine 27 (H3K27) acetylation, it decreased locus-specific H3K27 acetylation at the promoter
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regions of the genes encoding BTK, SYK, and LAT [243]. Although SCFA appear to be the
most recognized histone acetylation modulators of bacterial origin, products of phytate mi-
crobial metabolism such as inositol-1,4,5-trisphosphate were found to stimulate the activity
of HDAC3 to promote epithelial repair in the gut [271]. Histone acetylation induced by
butyrate produced by the Clostridial cluster, Anaerostipes, and Eubacterium, but also DNA
methylation and N6-methyladenosine (m6A) modification of mRNA increased by folate
synthesized by species such as Lactobacillus and Bifidobacterium, enhance the development
and immune balance of the intestine [272].

Polyphenols are dietary products deriving from plant food that are characterized by
the presence of phenol groups in their structure and their antioxidant properties [273,274].
In plants, polyphenols have been shown to be a part of defense mechanisms against
pathogens and, currently, they have been gaining more and more visibility due to their
modulating effects on human health [273,275]. The role of these compounds in the context
of gut flora can be seen from at least two major points of view such as the modulatory effects
exerted by them on the intestinal microbiota and the impact of the intestinal microbiota on
bioavailability of polyphenols. Indeed, the polyphenols seem to alter the gut microbiota,
with changes in the proportion of multiple bacteria such as lactobacilli, bifidobacteria,
Bacteroidaceae, clostridia, Staphylococcus genera, and others [276–278]. On the other hand,
intestinal flora can increase the otherwise rather low bioavailability of dietary polyphe-
nols. The resulting compounds can subsequently exert epigenetic effects on the host, for
instance, DNA methyltransferase (DNMT) inhibition by resveratrol, HDAC inhibition by
sulforaphane, histone acetyltransferase (HAT) inhibition by (-)-epigallocatechin-3-gallate
(EGCG) in green tea, as well as regulation of miRNAs by genistein [47]. Beneficial effects
of the perinatal supplementation of polyphenols mediated through the epigenetic changes
triggered by them in the host have been observed, such as contribution to chronic disease
prevention [279] and the modulation of the central nervous system development [277,280].
Similar roles of polyphenols have been suggested for allergies as well [281].

Regarding the upper respiratory tract microbiota, its composition in early life has been
shown to contribute to the development of AR in children, partly through changes in DNA
methylation patterns in the upper airway mucosa [282].

In conclusion, it can be seen how, through epigenetic mechanisms, microbiota or their
metabolic products are capable of leaving immune signatures in the host and the progeny,
including those allergy-related. Although most of the relevant observations have been
made for adaptive immune responses, some progress has also been achieved in the case of
innate immunity, prompting further research in this area.

4.2. Viruses

As observed in human studies and mouse models, respiratory viral infections are
not only capable of enhancing the immune response to allergens but also of increasing
exacerbation rates and even the incidence of allergic diseases [283,284]. The risk of subse-
quent wheezing, atopy, and asthma in infants is increased following respiratory infections
caused by viral agents such as respiratory syncytial virus (RSV) or human rhinoviruses
(RVs), which are most prevalent in early life [285–287]. Virus-induced respiratory wheez-
ing symptoms have been shown to correlate with the genetic variation at the 17q21 lo-
cus [288,289]. In a COPSAC2010 birth cohort study, an association between the chromosome
17q21 variants and RV- but not RSV-related wheezing illnesses was observed. Moreover,
the expression of ORMDL3 (encoding ORMDL sphingolipid biosynthesis regulator 3) and
of GSDMB (encoding gasdermin B), the 17q21 genes related to asthma, was significantly
higher in RV-stimulated compared to the unstimulated peripheral blood mononuclear cells
(PBMCs) [289]. A part of the 5′-untranslated region (5′-UTR) of ORMDL3 is in CD8+ T
cells less methylated than in other leukocyte subtypes, suggesting that DNA methylation
differences in ORMDL3 might promote T-lymphocyte-driven inflammation. Increased
mRNA expression, together with DNA methylation changes in CD8+ T cells, can make
some individuals more susceptible to a dysregulated inflammatory response mediated
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by CD8+ T cells upon viral infections. These observations could explain the associations
between ORMDL3 alleles and asthma in the context of personal antecedents of RV-related
wheezing illness as well as with early-onset asthma phenotypes [290].

Furthermore, the development of atopic asthma following early life RV-induced
wheezing was associated with DNA methylation changes at several asthma susceptibility
loci, such as the promoter region of the SMAD family member 3 gene (SMAD3) in chro-
mosome 15q22.33 and introns of the D-aspartate oxidase (DDO)/ methyltransferase like
24 (METTL24) genes in the 6q21 locus [246]. Another study revealed that IFN-γ-enriched
milieu enhances the ability of respiratory epithelium to protect from RSV infection, possibly
via epigenetic modification of RIG-I (DDX58), a gene encoding DExD/H-box helicase 58,
and a resulting increase in its expression [291]. RSV infection was found to upregulate
the expression of lysine demethylase 5B (KDM5B or JARID1B), a H3K4 demethylase, in
dendritic cells (DCs). Experimental reduction KDM5B activity led in turn to enhanced Th1
and reduced Th2 responses [245]. Moreover, in airway epithelial cells, the non-structural
protein 1 (NS1) of RSV was able to interact with the histone H2BD leading to its ubiquitina-
tion. A resulting induction of homeobox (HOX) gene expression might possibly contribute
to the abnormal lung development and asthma predisposition [292].

Altogether, these findings demonstrate that viral respiratory infections can generate
permanent epigenetic marks in genes associated with asthma, which in the long term can
predispose to the disease development.

4.3. Parasites

In developing countries and the tropics, parasitosis still constitutes a public health
problem and is a part of the ecosystem that can generate epigenetic modifications in its host.
Parasite sensitization has been shown to start early in life. It was found that, in mothers
with ascariasis, there is an in utero sensitization of newborns to Ascaris lumbricoides, with
a greater frequency of CD4+ T cells producing IFN-γ and IL-4 in CB from newborns
of infected mothers, showing that the immunological effects of infection develop in the
fetus [293]. In a study of a cohort from the tropics, it could be observed how sensitization
to Ascaris in mothers can influence total IgE levels in the child, assuming a possible in utero
modulation of the Th2 response [294].

The influence of parasites on offspring phenotype is a topic that has been discussed for
more than 10 years [295]; however, their epigenetic effects have been poorly investigated.
In a longitudinal study, children with active Schistosoma haematobium and A. lumbricoides in-
fection had in their CD4+ T cell DNA methylation signatures concordant with an inhibition
of the Th1 immune phenotype. For schistosomiasis, but not ascariasis, six months after
anti-helminthic treatment, the CD4+ T cell immune phenotype demonstrated an increase
percentage of IL-4 producing and decreased percentage of TNF and IFN-γ producing
antigen-specific CD4+ T cells compared to uninfected controls [248]. Consistently, in mice
being born or breastfed by a mother infected with Schistosoma mansoni, the expression of
HDACs was induced. In addition, gestation or breastfeeding seem to favor various IL-10-
dependent pathways, but not cells with a Treg phenotype [296]. Furthermore, in another
mouse study, chronic schistosomiasis during the pregnancy led to the Th2 differentiation
impairment in the offspring through reduced levels of histone acetylation at the promoter
of the gene encoding IL-4, as observed in naïve T cells [249]. Studies on in utero epigenetic
effects of maternal A. lumbricoides infection and their immunological consequences are,
however, still missing.

Immune response to helminths and allergic sensitization and inflammation share type
2 immunity mechanisms. It has been demonstrated in mice that maternal immune response
to helminth infection during pregnancy determined offspring susceptibility to allergic
airway inflammation [297]. Furthermore, Zakzuk et al. reported epigenetic changes in
PBMCs from subjects infected with A. lumbricoides. These changes occurred in key genes of
the type 2 immune response. Histone acetylation levels of IL13 were inversely correlated
with egg worm parasite burden and of the IL-4 (IL4) and chitinase 3-like 1 (CHI3L1)
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genes were associated with IgE levels to A. lumbricoides. In addition, the IgE response to
house dust mite (HDM) was associated with histone acetylation of the TNF superfamily
member 13b gene (TNFSF13B) encoding B cell activating factor (BAFF) [247]. It has been
suggested that products derived from parasites may have an immunoregulatory and
therapeutic effect in inflammatory diseases like allergies [298]. These products can generate
epigenetic modifications in their targets. Innate immune cells such as macrophages trained
in vitro with an extract of Fasciola hepatica had enhanced anti-inflammatory properties,
which could be reverted by inhibitors of DNA methylation. In addition, macrophages
from mice treated with an extract of F. hepatica or pretreatment with such an extract
ameliorated the experimental autoimmune encephalomyelitis in a murine model. Together,
those observations suggested that epigenetic modification by helminth products that
renders them immunosuppressive may partly explain the reduced susceptibility to chronic
inflammatory disorders [250].

4.4. Fungi

Colonization of the infants by fungi starts after the birth, and involves a num-
ber of genera, predominantly of Cladosporium, Cryptococcus, Saccharomyces, Candida, and
Malassezia [239,299,300]. While most of the relevant studies focused on the bacteria-related
epigenetic changes in asthma, the effects of the fungi, an important subgroup of human
microbiota, referred to as mycobiota, have been left relatively unattended. Still, several
recent studies have revealed the relationships between fungi and the health outcomes
such as allergies, infections, and metabolic disorders, both in adults and in children [299].
Early-life gut fungal colonization with Candida and Rhodotorula was linked to atopy and
asthma [301]. The fungal composition of the skin differs depending on the host age and
sex, with children having more fungi characterized by a greater diversity and domination
of Malassezia [239]. This genus has been shown to be an epigenetic regulator of the genes
encoding IL-8 and β-defensin in human keratinocytes [251]. Furthermore, in mice, the
Aspergillus fumigatus exposure during late pregnancy demonstrated an association with the
low levels of IgE and eosinophils in the lung of the progeny. These protective effects of
A. fumigatus correlated with the changes in CpG methylation in the promoters of the genes
encoding IFN-γ and IL-4 [302].

Overall, the findings on the epigenetic changes related to the colonization with certain
fungi only allow us to make some assumptions of potential mechanisms and generate
the resulting hypotheses. In addition, due to the limited character of the available data,
generalization or extrapolation of the findings to other organs or disorders may be difficult
and thus further studies are needed.

5. Effects of Breastfeeding on Epigenetic Signatures and Their Relation to Allergies
5.1. Breastfeeding in Relation to AD, Food Allergy, and Allergic Asthma

Human milk is the normative standard for infant feeding and an optimal source of
nutrition to achieve optimal growth, development and health of the neonate. Because of
its dynamic nature, human milk changes in time to meet infants’ requirements as he/she
grows. It comprises of a wide range of immunological nutrients and bioactive components,
such as PUFA, SCFA, oligosaccharides, proteins, free amino acids, immunoglobulin A
(IgA), micronutrients, anti-microbial peptides, vitamins, human milk microbiota, and
many more, which are all important for building the immature gastrointestinal mucosa,
the central nervous system, endocrine system, and the development and maturation of
the infants’ innate and adaptive immune system [303–306]. Evidence shows a positive
impact of breastfeeding on the infants’ anti-inflammatory response [307] which suggests
that breastfeeding protects against infant morbidity, respiratory infections, and diarrhea
during early life (infancy) [308–312].

The health benefits of human milk are widely accepted and it is recommended as
the sole nutrition by the World Health Organization (WHO) for the first 6 months of life,
continued with the introduction of complementary foods up to two years of age or be-
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yond. These recommendations are in part based on initial studies of Saarinen et al. and
Muraro et al., concluding that breastfeeding is prophylactic against certain atopic diseases—
including atopic eczema, food allergy, and respiratory allergy—throughout childhood and
adolescence [313–315]. Additionally, there is growing evidence that individuals who are
breast-fed show lower risk for non-communicable diseases such as metabolic disease out-
comes later in life (i.e., type 2 diabetes and obesity) [316]. Many studies have investigated
the association between breastfeeding, bioactive human milk components, and allergic
disease (Table 2). Recent studies suggest that human milk extracellular vesicles (EV) also
contribute to the short- and long-term benefits of breastfeeding [317,318]. Breastfeeding
appears to have a positive effect on gut and respiratory health; however, results are incon-
clusive, not in the least because of the definition of breastfeeding which includes exclusive
breastfeeding, mixed feeding of breastmilk supplemented with infant formula, and their
timeframes [319,320]. Studies investigating the long-term effects of breastfeeding on food
allergy [321,322] and allergic asthma [323–326] showed no or even an increased risk in chil-
dren who were breastfed. Systematic reviews and meta-analyses have concluded an overall
protective effect of breastfeeding against allergic asthma [327,328]. Dogaru et al. found that
breastfeeding was associated with a 22% reduced risk of asthma, with the strongest effect
observed at 2 years of age. Lodge et al. showed a 10% reduced risk of asthma at 5 to 18 years.
Although the limitations of these studies are recognized [329], the studies are supported by
findings on the protective effects of breastfeeding on AD [314,327,330], manifestations of
food allergy [313], and allergic asthma later in life [327,328,331–333]. The inconsistencies be-
tween studies are most likely due to differences in duration of breastfeeding, the amount of
milk given, genetic predisposition, methodology, and differences in the composition of hu-
man milk between individuals and across populations [304,334,335]. Several studies have
shown that milk composition is reflected by the maternal nutritional status. Supplementa-
tion regimes or variation in maternal diet lead to differences in human milk composition
which contributed to the course of allergic disease [134,252,304,334,336–340]. In addition,
ethnicity and environmental factors, i.e., smoking, having pets, and geographic location,
can influence human milk composition. Interesting observations have been summarized
regarding the composition of human milk of lactating woman from farming and urban
environments. Exposure to a farm environment is associated with higher concentrations
of transforming growth factor β1 (TGFβ1) and IL-10 in breast milk when compared to
exposure to an urban environment [341]. Like human milk, raw cow’s milk is unprocessed
and thermal processing of milk affects conformational changes to whey proteins, one of
the major protein fractions in bovine milk. In an analogy to breast milk, numerous epi-
demiological studies have shown that the consumption of raw cow’s milk reduces the risk
of allergic diseases as well [342]. These epidemiological findings were recently confirmed
by causal evidence in pre-clinical animal models and a human pilot study showing that
allergic children could tolerate raw milk better than pasteurized shop milk by showing less
allergic symptoms upon drinking raw milk [343–345].

An ongoing debate concerns the role of dietary proteins in human milk and the
risk for developing food allergy. Maternal allergen consumption during pregnancy and
breastfeeding has been thought to control allergen sensitization in the offspring. Important
studies by Ohsaki et al. and Verhasselt et al. showed that maternal ovalbumin sensitization
protected the offspring against food-induced anaphylaxis and specific IgE. This protection
was mediated by maternal IgG and ovalbumin immune complexes transferred via mother’s
milk [346]. This and other scientific findings [336,338,347,348] supported the guidelines
against maternal diet restriction during pregnancy and lactation [349].

In conclusion, it has been shown that human milk can be described as a combination of
bioactive immune modulatory components with the putative capacity to modulate allergic
disease. Beneficial effects of breastfeeding on human health can be highly influenced by
environmental factors.
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Table 2. Association between bioactive human milk components and the development of allergic disease.

Milk Components General Information In Vitro Outcomes In Vivo Outcomes References

Clinical studies

HMO

A large variation in the concentration of
neutral oligosaccharides in individual

colostrum samples

No association between 9 neutral oligosaccharides in
HM colostrum and the risk of allergic disease up to age

18 months
[350]

6’ sialyllactose,
lacto-N-fucopentaose I,

lacto-N-fucopentaose III, and
disialyl-lacto-N-tetraose

↓ HMO in maternal milk associated with ↓ cow’s milk
allergy in infants. A coexpressed cluster of HMO

associated with an increased risk of CMA
[351]

Child study

↑ fucosly-disialyl-lacto-N-hexaose,
lacto-N-fucopentaose II, lacto-N-neotetraose,

lacto-N-fucopentaose I, LSTc, fucosyllacto-N-hexose
and ↓ lacto-N-hexaose, lacto-N-tetraose,

2′-fucosyllactose, disialyl-lacto-N-hexaose in HM
↓ risk of food sensitization at age 1

[352]

FUT2-dependent HMOs ↓ risk of atopic eczema at age
2 in high-risk children. No effect 5 years [353]

Melbourne atopy cohort study
HMO profiles dependent (acid-Lewis vs.

acid-predominant) association with allergic disease
risks in childhood

[306]

Systematic review ↓ LNFP-III in HM associated with protective effect
against CMA [354]

Human monocytes

HMOs isolated from HM stimulate
semi-maturation of human

monocytes-derived DCs associated with
↑ IL-6, IL-10, and IL-20

[355]

TGFβ Conflicting data on the role of TGFβ

↑ and ↓ TGFβ1 or TGFβ2 demonstrating
↓ allergy-related outcomes in infancy and early

childhood. No strong association found by Khaleva
and Ismail et al.

[335,356–358]

Vitamin D Systematic review
↓maternal vitamin D during pregnancy associated

with ↑ risk of childhood eczema.Results are
inconclusive

[359,360]
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Table 2. Cont.

Milk Components General Information In Vitro Outcomes In Vivo Outcomes References

Polyunsaturated fatty acids Systematic review Insufficient evidence that HM polyunsaturated fatty acids
influence the risk of childhood allergic diseases [361–363]

Soluble CD14 Katsushika study ↓ sCD14 levels in HM associated with ↑ AD at 9 months.
Other studies showed no effect or ↓ on eczema [358,364,365]

sIGA The PASTURE cohort study ↓ sIGA levels in HM associated with eczema and CMA [339,366]

Cytokines
IL-1α, IL-6, IL-10 IL-1α, IL-6, IL-10 in HM associated with tolerance to CMA [367]

IL13 IL-13 in HM associated with higher risk of eczema [368]

Lactoferrin Lactoferrin-fortified formula milk
LF addition was associated with a significantly lower

incidence of respiratory (wheezing) and diarrhea related
illnesses

[369]

Preclinical studies

Maternal IgG Murine food allergy model Human breast milk containing OVA-IgG allergen specific
immune complex induced food tolerance [346]

Butyrate Murine model for food allergy
in vivo, cell culture and PBMCs

Increased IL-10, IFN-γ and Foxp3 in
PBMCs; increased defensin-3, mucus, and

tight junction expression in enterocytes

Preventive effect of Butyrate (HM levels) on allergic
symptoms in mice [370]

Free amino acids Murine food allergy model Levels of glutamine and glutamate increase
during first month of lactation

AA-fed mice showed lower acute allergic skin responses
and prevented the whey-induced symptoms of

anaphylaxis
[305,371]

Lactoferrin Epithelial cell line LF ↓ LPS-induced cellular inflammation [372]

Murine asthma model LF ↓ pollen antigen-induced airway inflammation [373]

Alkaline phosphatase
Osteopontin

Murine food allergy model ALP prior to sensitization ↓ reduced allergic symptoms [345]

Osteopontin-fortified formula milk OPN in an infant formula (close to human milk levels)
↑ the proportion of circulating T cells [374]

6’Sialyllactose, 2’
Fucosyllactose Murine food allergy model ↓ symptoms of food allergy through induction of IL-10(+)

T regulatory cells and stabilization of mast cells [375]

HMO, human milk (HM) oligosaccharides; CMA, cow’s milk allergy; LSTc, sialyl-lacto-N-tetraose c; FUT2, fucosyltransferase 2; LNFP-III, lacto-N-fucopentaose LNFP III; DCs, dendritic cells; IL, interleukin;
TGFβ, transforming growth factor beta; sCD14, soluble CD14; AD, atopic dermatitis; sIgA, soluble immunoglobulin A; LF, lactoferrin; IgG, immunoglobulin G; OVA, ovalbumin; PBMCs, peripheral blood
mononuclear cells; IFN-γ, interferon γ; Foxp3, forkhead box P3; AA, amino acids; LPS, lipopolysaccharide; ALP, alkaline phosphatase; OPN, osteopontin.

228



Nutrients 2021, 13, 724 25 of 50

5.2. Breastfeeding, Epigenome, and Allergic Disease

The mechanisms responsible for the beneficial effects of breastfeeding on health in
childhood and adulthood remain largely unknown. Maturation of the gut microbiome by
bioactive milk components (i.e., milk oligosaccharides, IgA) is considered an important
factor in the health benefits of breastfeeding. Nutritional exposures have been shown to
regulate gene expression in adults by epigenetic processes and have led to the hypothesis
that the beneficial effects of early life nutrition are induced at least in part by epigenetic
mechanisms such as DNA methylation, histone modifications, or miRNAs [2,26,376,377].
Most studies on the effect of early-life nutrition on the epigenetic regulation of genes have
focused on DNA methylation. Increasing evidence show that DNA methylation processes
contribute to the positive effects of breastfeeding in relation to the development of non-
communicable diseases, such as obesity [316,378–381]. In the next paragraph, we discuss
the current knowledge on the role of epigenetics in the reduced risk for allergic disease.
Early environmental exposures influence infants’ gene expression and developmental path-
ways during critical periods of pre- and postnatal development. These changes are thought
to induce permanent changes in disease susceptibility and severity. Epigenetic regula-
tions play a pivotal role in the pathophysiology of allergic diseases [2,27,138,143,382,383].
However, studies on breastfeeding and the role of epigenetic mechanism in the imprinting
effects of breastfeeding or its components in relation to allergic diseases are very limited.
Selected human milk components related to epigenetic mechanisms are discussed in the
next paragraphs.

5.3. TGFβ

Several small studies have shown associations between breastfeeding and DNA methy-
lations. A recent paper of Sherwood et al. showed in an epigenome wide study on the
association between duration of breastfeeding with DNA methylation in children [384].
In particular, the hypermethylation of the gene encoding sorting nexin 25 (SNX25) is in-
teresting in relation to allergic disease [384]. An increase in promoter methylation leads
to a decrease in gene expression and consequently to downregulation at the protein level.
SNX25 has been shown to downregulate TGFβ [385]. TGFβ is present in human breastmilk
and is a regulatory cytokine connected to immune regulation and inflammation. TGFβ has
been observed to be involved in the pathophysiology of allergic disease, although evidence
is not a clear cut [335,357,386]. These inconsistent findings might be due to the rapid decline
in TGFβ levels during lactations, with the highest levels in colostrum [335]. An important
key regulatory role of TGFβ is the promotion of IgA, which positively influences the gut
microbiome, another factor in the regulatory properties of human milk in the prospect of
allergic disease [339,387]. In addition, the essential role of TGFß in Treg induction cannot
be ignored [2,10].

5.4. MiRNAs

Human milk is one of the richest sources of miRNAs, which are mentioned as one of
the important epigenetic mechanisms underlying the beneficial effects of human milk in
the breast-fed infant. A single miRNA can bind and regulate multiple genes and affects the
immune system by regulating T and B cell development, differentiation of dendritic cells,
and the release of inflammatory cytokines, making them an important player in the health
benefits of breastfeeding [388]. Specifically, miRNAs present in human milk during the
first 6 months of breastfeeding, miR-155, miR-181a, miR-17, miR-150, and miR-223 [389],
are associated with the development of the innate and adaptive immune system. A study
by Simpson et al. measured a group of highly expressed miRNAs including miR-148a-3p,
miR-22-3p, miR-30d-5p, let-7b-5p, and miR-200a-3p in 54 human milk samples collected
3 months postpartum [390]. However, authors observed no association between these
specific miRNAs in the prevention of AD at two years of age in an intervention study
with perinatal probiotics’ supplementation [390,391]. The presence of miRNAs in milk
is not limited to humans. In addition, cow’s milk, a regular early nutrition of newborns,
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contains multiple miRNAs. Some of these protective miRNA’s are involved in obesity, type
2 diabetes, cancer, or Alzheimer’s disease [377]. However, the evidence for milk’s allergy-
protective mode of action for miRNAs is still limited. The finding that miRNAs in cow’s
milk promote regulatory T cells suggests an import role for miRNAs in allergic disease
by their (indirect) effect on Th-2 mediated sensitization to food or inhalant allergens [377].
This is supported by pre-clinical and clinical studies on the protective effect of drinking raw
milk on allergic disease [342–344]. The allergy-protective effect of raw milk was associated
with epigenetic changes in mice [392]. Whether these protective effects are mediated by
miRNAs or an effect of other bioactive components needs to be investigated in future
studies.

5.5. Lactoferrin

Lactoferrin is a major protein of human milk, with the highest levels in colostrum. It is
relatively stable in the gut because of its stability to enzymatic degradation. In addition to
lactoferrin’s antimicrobial properties, there are also indications of its immunomodulatory
effects in allergic disease [373,393]. As an example, it inhibits the production of pro-
inflammatory cytokines such as TNF-α and IL-1β by binding to pathogen-associated
molecular patterns (PAMPs) like lipopolysaccharide (LPS) and CpG-containing DNA.
The binding to CpG-containing DNA led to the hypotheses that lactoferrin can act as a
pre-transcriptional factor [376,394] via the regulation of NF-κB activation in the gut.

5.6. Vitamin D

Vitamin D is a fat-soluble prohormone obtained through sunlight or via nutrition,
but a large number of women and children fail to meet the 400–600 international units
of vitamin D. A relatively high rate of vitamin D deficiency is observed in woman and
infants [395]. Maternal vitamin D supplementation during pregnancy and lactation has
been shown to affect the risk of eczema in the offspring [359], although results are inconclu-
sive [360]. Vitamin D is known to regulate DNA methylation and Anderson et al. showed
that maternal vitamin D supplementation alters DNA methylation of genes related to
developmental processes in breastfed infants [218]. A loss of methylation was associated
with genes which play a role in metabolic processes and signal transduction pathways,
also observed in the leukocytes of their lactating mothers [218]. Whether these epigenetic
changes resulted in less atopic manifestations was not investigated in this study.

5.7. Human Milk Oligosaccharides (HMO) and SCFA

The HMO in breast milk constitute about 20% of the milk saccharides next to the major
carbohydrate in milk, lactose. Human breast milk contains approximately 5–15 mg/mL
of these non-digestible HMO, consisting of up to 200 or more unique structures. HMO
are the key factor shaping the development of the immunity and early microbiota after
birth. Colonization of the intestine begins during birth and commensal bacteria play a key
role in programming the neonatal immune system [387,396], and infants who ultimately
develop allergic disease harbor a distinct intestinal microbiome [397]. Gut microbial
alterations are not limited to shifts in the abundance of certain microbes; they also include
alterations in microbiota metabolism and changes in the production of microbial-derived
metabolites such as SCFA [398]. Dietary factors can influence epigenetic regulation of gene
expression through an indirect mechanism mediated by modulation of gut microbiota.
The major metabolites produced by gut microbiota are SCFA, such as butyrate, which
have multiple beneficial effects at the intestinal and extra-intestinal level. As more dietary
fibers are ingested, SCFA production increases. Several studies have implicated butyrate,
propionate, and acetate as potent modulators of the mucosal immune system and SCFA
are considered epigenetic modifiers of early life immunity, especially in relation to asthma
development [399,400]. In relation to food allergy, it has been shown that butyrate induced
FOXP3 demethylation in peripheral blood mononuclear cells from children affected by
challenge-proven IgE-mediated cow’s milk allergy [401]. Human milk collected from
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mothers 1 month postpartum contained detectable levels of the SCFA butyrate, acetate,
and formate [402]. Interestingly, this study showed significantly lower concentrations
of acetate and butyrate in breastmilk from atopic mothers compared to breastmilk from
non-atopic mothers and depended on the country of residence [402]. These data implicate
that reduced exposure to SCFA, directly or indirectly via the fermentation of HMO by
the gut microbiome, may program allergic disease. The epigenetic effects of SCFA might
underlie these observations.

In Chapter 5, we described the epigenetic mechanisms of bioactive human milk
components with a protective effect in allergic disease.

6. Dietary (mi)RNAs and Allergy

In addition to the major energy-providing components, i.e., proteins, sugars, and
lipids, natural foods contain large amounts of nucleic acids of both types, RNA and DNA,
at different structural levels from complex poly- and oligonucleotides to single nucleotides.
Until recently, it was thought that the complex structures are completely digested to single
molecular components such as nucleotides and nucleosides which then serve as building
blocks for the generation of autologous oligonucleotides. Within the past years this concept
has been scrutinized by diverse demonstrations of circulating oligonucleotides including
RNA molecules of foreign origin which became feasible by the latest developments of
highly sensitive and specific molecular biology methods.

Based on these observations, the term dietary RNAs was generated to describe multin-
ucleotide RNA complexes that entered the body via the digestive tract as food components.
In fact, the existence of such dietary RNAs has been controversially discussed over the last
years because the stability of otherwise quite sensitive RNA molecules during intestinal
passage was questioned. It was even argued that foreign RNA detected in sera might
have originated from a cross-contamination with exogenous RNAs [403]. However, in the
meantime some specific structural features of certain small RNAs that withstand adverse
conditions in the gastrointestinal tract have been identified, such as 2′-O-methylation at
3′-end [404], high G/C content, and/or stem loop structures [405] of small non-coding
(snc)RNAs including miRNAs. Further, with gaining interest in the functional role of
sncRNAs in intercellular communication processes, it has become obvious that such RNAs
may often become systemically distributed as cargo of EV structures such as exosomes.
These RNA-containing vesicles may not only be important for communication within one
organism, but also for cross-kingdom communication, a mechanism already known to be
used by plants. For instance, certain plant parasites are able to silence genes from the host
via sncRNAs to promote their invasion, as well is the host capable to suppress the infection
by delivering sncRNAs to the parasites [406]. As a specific example for cross-kingdom
communication, cells of the plant Arabidopsis can secrete exosome-like EVs containing
sncRNAs that are passed on to fungi to inhibit their pathogenicity by gene silencing [407].

Of specific interest here are the beneficial effects of orally acquired plant-derived
sncRNAs on the health of mammals. The exogenous application of plant miRNAs has
been shown to inhibit the development of diseases such as viral infections and cancer in
the host [408], e.g., the small RNA miR-2911 derived from honeysuckle showed antiviral
effects in mouse models of influenza virus infection [409] and the oral application of plant-
derived tumor-suppressor miRNAs could also reduce colon cancer in a respective mouse
model [410]. Therefore, it is not surprising that dietary sncRNAs were demonstrated to
exert effects on host immune functions such as reduction in pro- and anti-inflammatory
cytokine levels, e.g., IL-6 and IL-10 [411,412]. In addition, oral uptake of yeast-derived
RNA reduced systemic glucose levels in a high-fat diet model system in the presence of B
and T lymphocytes [411].

Furthermore, tissue repair and renewal processes could be activated by grape exosome-
like nanoparticles, which target stem cells [413], and orally-given ginger-derived nanopar-
ticles were identified as a useful therapeutic tool with advantages compared to synthesized
nanoparticles [414]. In addition, it is known that dietary RNAs from ginger can interact
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with gut microbiota, together leading to an improvement of the intestinal epithelial barrier
function by increasing the local production of IL-22 [415]. In addition, miR-168a, present
in plentiful amounts in rice and found in human plasma and organs after respective food
intake, was shown in mice to upregulate low-density lipoprotein (LDL) plasma levels by
binding to the LDLRAP1 gene and thus inhibiting its expression in the liver [416]. Such
mechanisms were not limited to plant sncRNAs, since a good bioavailability was also
demonstrated for bovine miRNAs encapsulated in cow’s milk exosomes which were found
in several tissues of mice after oral uptake [417]. Not only in mice, but also in adult humans
subjected to dietary cow’s milk, increased plasma levels of miRNA-29b and miRNA-200c
were found. The functional effects of such miRNAs were assessed in vitro by treating HEK
cells with milk exosomes, resulting in a significant decrease of the respective reporter gene
activity [418].

In conclusion, dietary RNAs from animal (interspecies transfer) or plant (cross-
kingdom communication) sources may interact with the gut or the host’s microbiome
or may even become systemically distributed. Such exogenous sncRNAs have been shown
to affect gene expression in target cells and thus may affect cellular regulation processes
of the host. By these mechanisms, this class of bioactive molecules may contribute to the
impact of food on human health [419]. Especially in the perinatal and early postnatal
period, such effects may participate in the generation of steady-state conditions essential to
develop and maintain a healthy constitution on the one hand, while on the other hand, they
may interfere with the development of and/or protection from several diseases, especially
those with an inflammatory component. So far, no reports have shown a direct association
of dietary sncRNAs with allergy outcomes; however, based on the current developments in
this emerging field of nutrigenomics, it is more than likely that such observations will come
up in the near future. In consequence, deeper insights into the role and underlying mecha-
nisms of interspecies/interkingdom sncRNA transfer may lead to further optimization or
development of completely new molecular nutrition concepts.

7. Immunometabolism in Allergy in Relation to Epigenetics

Immune cells, as all other cells, function properly depending on their cellular metabolic
reprogramming. This term describes the complex interactions between cellular catabolic
processes, producing energy in a form of adenosine triphosphate (ATP) and anabolic
processes, using produced energy to build up necessary products. Catabolism includes
glycolysis, oxidative phosphorylation, and FA oxidation, whereas anabolism defines pro-
cesses of nucleotides, protein, and FA synthesis. Additionally, there are other intracellular
pathways which play an important role in regulating cellular metabolism, such as hypoxia-
inducible factor 1-α (HIF-1α), mammalian target of rapamycin (mTOR), and ubiquitination
pathways. Metabolic reprogramming is involved in all kinds of cellular processes consist-
ing of transcription, translation, nucleotide, protein, and FA synthesis, which are related
with cellular functions, such as cellular activation, production of active mediators, prolifera-
tion, or migration. Several lines of evidence suggest that atypical metabolic reprogramming
induced by extrinsic factors such as allergens, viruses, pollutants, diet, microbiome, as well
as intrinsic factors such comorbidities, obesity, or stress might drive cellular dysfunctions
and defective immune responses in allergic and other inflammatory diseases [420–423].
There is a tight link between metabolic reprogramming, epigenetic changes, and proper
function of the immune cells and as such there is a high probability that these mechanisms
are modulated already in utero and in early life, yet the evidence is scarce.

Modifications of metabolic reprogramming have been suggested to take place in innate
and adaptive immunity, in the context of pathophysiology of allergic diseases (Table 3). It
has been shown that metabolic processes are involved in the epithelial barrier impairment,
proper functions of ILCs, mast cells, macrophages, and DCs. Epithelial HIF-1α/claudin-1
axis maintains the epithelial barrier function in eosinophilic esophagitis [424]. Autophagy
is critical for FA oxidation and glycolysis in ILC2s, which is further associated with ILC2-
mediated airway hyperresponsiveness [425]. IL-33 activates glycolysis with increased
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subsequent cytokine production in mast cells in allergic asthma. Cytokine production is
suppressed by 2-deoxyglucose (2-DG) via blocking glycolysis, but could be rebounded
while co-stimulated with ATP [426]. Regarding epigenetic changes in innate immune
cells via metabolic reprogramming, α-ketoglutarate (αKG) generated from glutaminolysis
plays the core role in epigenetic modulation of macrophage M2-like genes via jumonji
domain-containing protein D3 (Jmjd3), a key enzyme for demethylation of H3K27, which
is further related to the function of M2 macrophages [427]. Accumulation of mevalonate
constitutes the specific epigenetic phenotype of myeloid cells by activating the insulin-like
growth factor 1 (IGF-1) receptor (IGF1-R), mTOR, and histone modification [428]. Metabolic
reprogramming and epigenetic changes play important roles in the innate cells’ memory,
which is called “trained immunity” [429]. Trained immunity and tolerance have been
recently shown to be induced in the ILCs and monocytes in allergic patients who undergo
allergen-specific immunotherapy [430].

Table 3. Immunometabolism in allergy in relation to epigenetics.

Main Findings Summary References
Epithelial HIF-1α/claudin-1 axis maintains epithelial barrier function in eosinophilic esophagitis [424]

Autophagy is critical for fatty acid oxidation and glycolysis in ILC2s which is associated with ILC2-mediated AHR [425]
IL-33 activates glycolysis with increased subsequent cytokine production in mast cells in allergic asthma. Cytokine
production is suppressed by 2-DG via blocking glycolysis, but could be rebounded while co-stimulated with ATP [426]

Administration of GlcNAc changes glucose metabolism via HBP, leading to remarkable alleviation of systemic
anaphylaxis and ear swelling induced by mast cell degranulation [431]

GlcN is involved in HBP; the modification of glucose metabolism could explain its beneficial effect in treating
atopic dermatitis. GlcN supplementation reduces allergic asthma and rhinitis via upregulating HBP pathway [432,433]

E-NPP3, one of the nucleotide-converting ectoenzymes, hydrolyzes extracellular ATP on cell surface of basophiles
and mast cells contributing to block of cell overactivation and reduced allergic inflammation [434]

Pentameric procyanidin reduces glucose uptake and the production of L-lactate in activated CD4+ T cells. Apple
procyanidins decrease the proliferation of splenic CD4+ T cells via interfering with glycolysis [435]

PDHK or mevalonate synthesis, resulting in reduced Th2 cells differentiation, decreased expression of Th2-related
transcriptional factor, PPARγ [436]

Exosomes containing mitochondria exist in myeloid-derived regulator cells in asthmatic subjects. They are
internalized by CD4+ T cells and finally merge with the host mitochondrial network [437]

Immunometabolism contributes to limiting the access of transcription factors to the binding sites [438]
ACL, converting glucose derived citrate to acetyl-CoA, is increasingly demanded in histone acetylation in

response to growth factor stimulation [439]

In IL-4 treated macrophage, Akt-mTORC1 pathway influences histone acetylation of a series of M2 genes through
modulating acetyl-CoA biosynthesis which finally contribute to altered cell proliferation and chemokine

productions
[440]

Allergen-specific immunotherapy induces trained immunity changes in the phenotype and repertoire of innate
lymphoid cells and monocytes [430]

αKG generated from glutaminolysis plays the core role in epigenetic modulation of M2 genes via Jmjd3, enzyme
for demethylation of H3K27. Macrophage M2 activation also relied on αKG-Jmjd3 pathway functions [427]

Accumulation of mevalonate constitutes specific epigenetic phenotype of myeloid cells by activating IGF1-R,
mTOR and histone modification [428]

Elevated glycolysis is found in trained monocytes with high glucose usage, lactate induction, and NAD+/NADH
ratio. The metabolic change relies on dectin-1/Akt/HIF-1α pathway in the mTOR activation dependent manner [441]

Fumarate is augmented in response to glutamine supplementation by TCA cycle, which further results in
epigenetic reprogramming in monocytes via inhibiting KDM5 histone demethylase [442]

Increased mitochondrial superoxide causes general disruption in T cell DNA methylation and
hydroxymethylation [443]

Malate-aspartate shuttle, mitochondrial citrate export, and complex I supply the substrates needed for
proliferation and epigenetic remodeling early during T cell activation [444]

Increased transamination leads to increased levels of 2-hydroxyglutarate in differentiating Th17 cells resulting in
hypermethylation of the Foxp3 gene locus and inhibited Foxp3 transcription [445]

Ketogenesis-derived β-hydroxybutyrate epigenetically modifies H3K9 of murine Foxo1 and Ppargc1a encoding
PGC-1α via β-hydroxybutyrylation in CD8+ memory T cells [446]

Methionine is essential for maintaining intracellular methyl donor SAM pools in T cells. Its restriction reduced
H3K4me3 at the promoter regions of key genes involved in Th17 cell proliferation [447]
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Table 3. Cont.

Main Findings Summary References
The expression of methyltransferase EZH2 is induced by activation of Syk and mTORC1 in the presence of

methionine, leading to methylation of histone H3K27 (H3K27me) at transcription factor Bach2, finally
contributing to plasmablast differentiation

[448]

Altered metabolism of fatty acids, sphingolipids, and eicosanoids in asthma [128,449–452]
Arginine metabolism endotypes relates to asthma severity [453]

Altered fatty acids, bile acids, amino acid metabolites in asthma [454]

HIF-1α, hypoxia-inducible factor 1-α; ILC2s, type 2 innate lymphoid cells; AHR, airway hyperresponsiveness; 2-DG, 2-deoxyglucose; ATP,
adenosine triphosphate; GlcNAc, acetylglucosamine; HBP, hexosamine biosynthetic pathway; GlcN, glucosamine; E-NPP3, ectonucleotide
pyrophosphatase/phosphodiesterase 3; PDHK, pyruvate dehydrogenase kinase; Th2 (cells), T helper type 2 (cells); PPARγ, peroxisome
proliferator-activated receptor-γ; ACL, ATP-citrate lyase; acetyl-CoA, acetyl coenzyme A; IL-4, interleukin 4; Akt, protein kinase B; mTORC1,
mammalian target of rapamycin (mTOR) complex 1; αKG, α-ketoglutarate; H3K27, histone 3 lysine 27; Jmjd3, jumonji domain-containing
protein D3; IGF1-R, insulin-like growth factor 1 receptor; NAD+/NADH, nicotinamide adenine dinucleotide /nicotinamide adenine
dinucleotide reduced; TCS, tricarboxylic acid; KDM5, lysine demethylase 5; Th17 (cells), T helper type 17 (cells); Foxp3, forkhead box P3;
H3K9, histone 3 lysine 9; PGC-1α, PPARγ coactivator 1-α; H3K4me3, trimethylation of histone 3 lysine 4; SAM, S-adenosyl-L-methionine;
EZH2, enhancer of zeste homolog 2; Syk, spleen tyrosine kinase; Bach2, BTB and CNC homolog 2.

More is known about the importance of immune metabolism in steering adaptive
immunity. Pyruvate dehydrogenase kinase (PDHK) or mevalonate synthesis results in
reduced Th2 cells differentiation and decreased expression of Th2-related transcriptional
factor, PPARγ [436]. Exosomes containing mitochondria exist in myeloid-derived regula-
tory cells in asthmatic subjects. They are internalized by CD4+ T cells and finally merge with
the host mitochondrial network [437]. Ketogenesis-derived β-hydroxybutyrate epigeneti-
cally modifies histone H3 lysine 9 (H3K9) of murine Foxo1 and Ppargc1a (encoding PPARγ
coactivator 1-α–PGC-1α) via β-hydroxybutyrylation in CD8+ memory T cells [446]. Me-
thionine is essential for maintaining intracellular methyl donor S-adenosyl-L-methionine
(SAM) pools in T cells. Its restriction reduces methylation of histone 3 lysine 4 (H3K4) at
the promoter regions of key genes involved in Th17 cell proliferation [447]. In addition,
expression of the methyltransferase enhancer of zeste homolog 2 (EZH2) is induced by
activation of spleen tyrosine kinase (Syk) and mTOR complex 1 (mTORC1) in the presence
of methionine, leading to methylation of histone H3K27 at transcription factor BTB and
CNC homolog 2 (Bach2), finally contributing to plasmablast differentiation [448].

Multiomic analysis increasingly gives us more insight into the field, e.g., transcrip-
tomics has revealed that FA metabolism was significantly altered in severe allergic in-
flammation individuals, whereas metabolomic data suggested increased glycolysis in
severe allergic patients, with higher levels of carbohydrates and pyruvate. In addition,
severe allergic inflammation subjects showed downregulated histone modulation in tran-
scriptomics [452]. Alterations in FA metabolism lead to increased production of active
lipid mediators, such as eicosanoids (prostaglandins, leukotrienes, thromboxanes), other
oxylipins, phospholipids, sphingolipids, and bile acids, which play a pleiotropic role in
pathogenesis of allergy and asthma [128,449]. Abnormal FA metabolism is also involved in
the pathogenesis of different asthma phenotypes and endotypes, and is also connected with
viral exacerbations of asthma [450,451,455]. The existence of the gut–lung axis is partially
explained by the effects of gut microbiota metabolites and their effects in the lung [456,457].

Taken together, metabolic reprogramming, including FA metabolism, glutaminolysis,
ketogenesis, mitochondria merging, and others, plays a critical role in regulating epithelial
barrier function, cytokine production, immune cell proliferation, differentiation, and other
innate and adaptive immune responses in a variety of allergic diseases in relation to
epigenetics. With its limited knowledge in utero and in early life, the near future should
bring more data on the importance of the metabolic reprogramming during the perinatal
period.

8. Conclusions

Epigenetic programming is key during development and the significant physiological
changes occurring in the prenatal period make this timeframe starting from conception until
the first years of life a critical window for epigenetic processes. Epigenetic modifications
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due to environmental triggers like pollution, antibiotics, and dietary malnutrition during
this vulnerable period may therefore lead to lifelong phenotypic alterations and disease. It
is generally accepted that environmental factors have a major contribution to the increased
risk of developing allergic diseases. These epigenetic modifications are heritable, potentially
reversible, and affect transcription processes (e.g., acetylation of methylation of histones or
methylations of DNA itself) without affecting the DNA sequence.

The perinatal period has also gained enormous interest as part of the window of
opportunity. In this review, we described the positive impact of nutrition during pregnancy
and lactation on the epigenetic signature and its influence on the risk for developing
allergic disease. We summarized the current knowledge on specific food components
and the potential to decrease the risk of developing allergic diseases through epigenetic
mechanisms.
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CHAPTER 9 
DISCUSSION 



This thesis has focused on the expression and activation of PKCζ in CBTC in the transition of 

the cells from an immature Th2 cytokine phenotype to a Th1 cytokine bias. To be able to answer 

the challenging questions we used an in vitro culture of CBTC maturation as a surrogate of 

neonatal T cell development. The validation of the monoclonal antibodies for specificity for the 

different PKC isozymes enabled their use in the flow cytometry assays. The research 

undertaken identified a transient period of low PKCζ expression, which was vital to the 

transition of the CBTC from an immature Th2 cytokine bias to a Th1 bias. Application of the 

omega-3 LCPUFA, DHA during this period increased the PKCζ levels and was associated with 

changing development from a Th2 to a Th1 phenotype. Furthermore, we have identified a role 

for the metabolic products of omega-3 and omega-6 fatty acids in regulating PKCζ expression 

in neonatal T cells. This Discussion should be read in conjunction with our published review, 

attached (11). 

Validation of the PKC isozyme specific assays from western blot to flow cytometry was 

undertaken to ensure the specificity of the assays. Once established the application of the flow-

based method would provide a better method for measuring PKC isozyme levels in T cells. This 

would have the advantage of requiring fewer cells and being able to determine cytokine 

production in the T cells and their subpopulations. Although using flow cytometry has been 

reported previously for PKCζ, this has not been undertaken with respect to other PKC isozymes. 

Importantly no validation of these antibodies has been conducted against the standard western 

blot method. Although it has been claimed that the commercial monoclonal antibodies were 

suitable for flow cytometry, western blot revealed that some were not specific for the isozyme. 

Thus, it was possible now to generate a monoclonal antibody panel to detect specific PKC 

isozymes by flow cytometry. We were then able to examine the levels of 10 PKC isozymes 

(PKCα, βI, βII, δ, ε, η, θ, ζ, ι/λ and μ) in the different leukocyte populations in whole blood. 

Now the levels of these isozymes could be compared in human lymphocytes, T cell subsets, B 
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cells, NK cells, monocytes and neutrophils. Flow cytometry enabled the detection of PKCη 

positive and negative lymphocyte populations. While the CD4+ T cells, CD8+ T cells and NK 

cells are positive for PKCη, B cells lack this PKC isozyme in both humans and mice. PKCη 

however has been reported in developing B cells, expressing high levels of PKCη mRNA level, 

compared to mature or resting B cells which have low levels of PKCη (243). All of the PKC 

isozymes were present in T cells, with comparable levels in CD4+ and CD8+ T cells. The 

monocytes were found to express low amounts of PKCβ1, consistent with the literature (244). 

All PKC isozymes were detectable in mouse lymphocytes from blood and splenic cells.  

The PKC isozymes play a range of roles in T cell function. The atypical isozymes, PKCζ and 

PKCλ/ι regulate asymmetric CD8+ T cell division, differentiation of CD8+ T cells to a long-

lived effector phenotype and a reduction in the development of memory T cells (195). In 

comparison, PKCθ plays a role in Th2 cell type development without any effect on Th1 cell 

responses (245), and PKCε is important in the proliferation of CD4+ T cells (246).  

Data on PKC isozyme expression in neutrophils remains either incomplete or discordant using 

western blot analysis. Rat neutrophils express PKCα, β, δ, ε, η, θ, ζ, ι/λ and μ (with γ being 

normally detected in neuronal cells), albeit at various levels (247). Dang, et al. could not detect 

PKCδ, ε and γ in human neutrophils (248). Balasubramanian, et al. examined the expression of 

all PKC isozymes in human neutrophils and PKCε, ζ, γ and η were not detected (249). Most 

likely, the lack of standardization as well as species differences may contribute to the 

differences. With our validated flow cytometry assay using whole blood, we found neutrophils 

to express all the isozymes. While we found that cord blood neutrophils did not show low PKC 

isozyme expression, monocytes from some cord blood presented with deficient isozymes, 

PKCδ and PKCζ. It will be interesting to follow up on the consequence of these low levels in 

these cord blood monocytes.  
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The focus of our interest was on CBTC. The data showed that about 40% of these samples were 

low/deficient in PKCζ compared to adult control values, evident in both CD4+ and CD8+ T cell 

populations. Interestingly, this is similar to the percentage of the population developing allergic 

sensitization (250). This incidence in low PKCζ expression was increased when the CBTC were 

from babies born to women who had a family history of allergy (208). The CBTC PKCζ levels 

correlated significantly with the risk of allergy development. Allergic children were considered 

at ‘high risk’ of allergy because of their mother's history of allergic disease and were SPT+ to 

an allergen, had reduced levels of PKCζ in CBTC compared to non-allergic children. Reduced 

levels of PKCζ associated with reduced IFN-γ in matured CBTC and an increase in IL-13 levels 

at 6 months of age in allergic children (208). Our present findings provide support to the 

proposal that PKCζ expression levels in CBTC are prognostic for risk of allergic sensitization. 

While CBTC showed also deficient PKCδ expression, our previous studies demonstrated that 

levels of this isozyme did not correlate with the development of allergic diseases (169). 

Examination of PKCζ and δ during CD4+ and CD8+ T cell maturation in the culture model 

showed that when fully matured, both isotypes were expressed at mature T cell levels. In fact, 

their expression normalised within 24h of initiating maturation, and before the expression of 

maturation marker CD45RO. Our previous studies demonstrated that PKCζ is required to 

prevent the maturing T cells from maintaining an immature Th2 allergic cytokine profile, a 

characteristic of neonatal T cells (12). These findings lead us to surmise that PKCζ may not 

only be a biomarker for the risk of developing allergic diseases but has a functional role in the 

development of T cells towards a non-allergic cytokine profile. The significance of our finding 

also extends to the identification of an early period during which this development can be ‘re-

programmed’(12, 169). 

Stimulated, immature CBTC produce substantially more amounts of IL-4 over IFN-γ (96, 251-

253). We extend these findings by showing that the deficiency in PKCζ in CBTC does not 

258



contribute to the decrease in IFN-γ production, as well as not influencing the T lymphocyte 

proliferation responses of the cells, T cell viability and apoptosis during maturation, which 

contrast with reports in the Jurkat T cell line that PKCζ protects against apoptosis (254). The 

decreased expression PKCζ in CBTC also did not affect the maturation of the CBTC from a 

CD45RA+/RO– to CD45RA–/RO+ phenotype during the 7 day culture. Our main finding was 

that high PKCζ expressing CBTC matured to cells with a Th1 propensity (IFNγ, IL-2 and TNF 

production) and low PKCζ expressing cells gave rise to mature T cells with a Th2/Th9 

propensity (IL-9 production). The findings suggest that the relationship to allergic sensitization 

lies in PKCζ levels in CBTC potentially influencing the Th1 arm of the immune response and 

also on Th cells, producing IL-9, supporting the view that measuring the CBTC PKCζ levels is 

relevant to determining allergy risk in later life and efforts to modulate these levels through 

nutrients (169, 208). 

The expression of several PKC isozymes was low in CBTC compared to levels in peripheral 

blood T cells from adults. PKCβ2, δ, μ, ζ, ε, θ and λ/ι isozymes were significantly reduced in 

CBTC. This supports and extends previous findings based on western blot analysis (209). 

Although there was a general agreement between the first study (169), the second report (92) 

and the present study, there was a difference in the expression of either β1 or θ isozymes, 

perhaps due to the cohorts studied. The initial studies involved ad hoc deliveries (209), the other 

with women with a history of allergic diseases (169) and in the present study, they were from 

caesarean births. Apart from PKCζ, the expression of low levels of other PKC isozymes in 

CBTC did not correlate with development towards a Th2 bias. This supports the finding that 

only low PKCζ levels were associated with the development of allergic sensitization (213). In 

fact, knocking down PKCζ expression in CBTC skewed their development towards a Th2 

cytokine phenotype (12). 
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These deficient levels of the PKC isozymes in CB were paralleled, in both CB CD4+ and CD8+ 

T cell subpopulations. There was a significant correlation of the PKC isozyme expression 

between CD4+ and CD8+ T cells. While CD8 T cells are known for their cytotoxic function 

against virus-infected and or cancer cells (255), as well as immunosuppressive function (256), 

increasing evidence suggests they also have a critical role in allergy (80, 81). For example, 

reduced numbers of IFN-γ+ CD8+ T cells (Tc1) with a high frequency of IL-13+ CD8 T cells 

(Tc2) were associated with the severity of disease in asthmatic patients (257). Furthermore, 

high frequency of IL-9+ CD8 T cells (Tc9) was associated with eosinophilia (99). Thus, CD4 

and CD8 T cells share similar characteristics with respect to PKCζ expression and their role in 

allergic disease development. 

Controlling allergy may be achieved by regulating cytokine patterns produced by T cells which 

based on our previous (12, 169, 208, 213) and present findings are linked to the expression of 

PKCζ in CBTC. A propensity towards CD4+ Th2 cytokines is the hallmark of allergic 

conditions (9-11, 115). IL-4 causes class switch to IgE, IL-5 promotes the development, 

survival, activation, and differentiation of eosinophils, and mast cells and enhances 

degranulation of basophils and IL-13 promotes class switch to IgE, activation of mast cells, and 

increases eosinophil trafficking to mucosal sites. IL-9 produced by Th9 cells, a subset of Th2 

cells, plays a role in allergy development (26, 27, 29-31) by increasing IgE expression (8) and 

causing bronchial hyperresponsiveness in inhaled methacholine-induced asthma (33, 213). The 

cytokine plays a role in allergic asthma by controlling mast cell survival, proliferation, and 

FcεRI expression (31, 111-113). IFN-γ inhibits the Th2 and Th9 cell development and survival 

(9, 10, 106, 115). 

IFN-γ is a Th1 cytokine that can also be produced by non-T cells e.g. macrophages, NK cells 

and neutrophils. IFN-γ produced by T cells acts as an autocrine cytokine and helps in the 

differentiation of naïve T cells toward Th1 cell development. Endogenous production of IFN-γ 
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is sufficient to generate Th1 cells with optimal TCR stimulation without IL-12 requirement but 

with suboptimal TCR stimulation, exogenous IFN-γ or IL-12 is required (258). IFN-γ binding 

to type II interferon receptor phosphorylates STAT1 through the JAK/STAT signalling pathway 

(259), which increases the expression of Th1 transcription factor T-bet and IRF (interferon 

regulatory factors). T-bet increases the IFN-γ production which leads to the autocrine effect and 

upregulates the surface expression of IL-12R in DO11.10 T cells (86). So, naïve T cells lacking 

the IL-12R will not respond to IL-12 secreted by APC, this explains the fate of a Th1 or Th2 

cell development pre-defined by intrinsic responses before the environment can affect further 

differentiation or suppression. 

Th2 bias at birth could partially be explained by altered methylation levels at Th1 and Th2 

cytokines conserved noncoding sequence (CNS). The murine resting neonatal cells are hypo-

methylated at CNS-1, a key Th2 cytokine region and this CNS-1 demethylation is independent 

of STAT6 (a Th2 transcription factor) (97), while the opposite is true for Th1 cytokine IFN-γ. 

In both neonates and adults, CD45RA and at all thymocytes IFN-γ region is completely 

methylated resulting in reduced capacity for IFN-γ production. Whereas, adult memory 

CD4+CD45RO+ T cells and CD8 T cells are hypo-methylated and with an increased propensity 

for IFN-γ gene expression (260). In allergic children, the methylation on the IFN-γ region is 

higher compared to adults (261). This altered methylation status is transient and should be 

modulated during development to produce normal cytokines as adults but in allergic children, 

the immune profile stays the same even in adulthood. Other studies claimed the increased 

apoptosis rate in IFN-γ+ T cells is the cause of this imbalanced Th1/Th2 proportion (262). IFN-

γ can inhibit Th2 cells eg IL-9 producing Th2 (106) 

The low PKC isozymes expression in CBTC is transient and may be critical in determining the 

fate of T cells during maturation. Once the cells mature, they need to express normal cell 

signalling molecules to respond effectively to either mitogenic or antigenic stimulation. Here 
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we demonstrate that the PKC isozyme deficiency can be overcome once the maturation signal 

PHA is added to the CBTC. The effect of the signal was rapid, occurring in the first 24h of 

culture. This transiently low PKCζ period becomes potentially a window of opportunity for 

executing strategies to increase the levels and hence to correct the Th1:Th2 cytokine imbalance 

to prevent allergic sensitization. 

To date, the levels of PKCζ have been correlated with Th1 and Th2 development (169, 208, 

213, 214). We now reveal that PKCζ activation is also important in the development of Th1 T 

cells. We established an in vitro culture model for CBTC maturation which was independent of 

PKCζ activation. While PMA is known to activate the classical and novel PKC isozymes, 

evidence to date in human T cells shows that it does not activate the PKCζ isozyme (263-265). 

Our present results have confirmed that the addition of PHA/PMA to CBTC and adult blood T 

cells does not lead to activation of PKCζ based on the phosphorylation of the isozyme as 

determined in western blots and the translocation of PKCζ from the cytosol to the membrane. 

In contrast, PKCθ was activated by this treatment. Under these conditions, the CBTC matured 

equally well in response to the classical maturation agents, either anti-CD3/-CD28 antibodies 

with IL-2 or PHA with monocytes and IL-2, based on CD45A/CD45RO markers over the 7 

days of culture. However, unlike the classical inducers, PHA/PMA maintained an immature 

Th2 cytokine propensity/bias in the matured cells. While anti-CD3/-CD28 antibodies could 

induce maturation in isolated T cells, unlike with PHA-PMA, the addition of IL-2 was required. 

This could be explained by our finding that PHA-PMA stimulation of immature T cells leads 

to the release of substantial amounts of IL-2 into the culture medium, compared to cultures 

stimulated with anti-CD3/-CD28 antibodies. This also explains why T cell viability was 

maintained in the PHA-PMA stimulated cultures without the addition of IL-2. 

Apart from the correlation between CBTC PKCζ levels and development towards Th1 

phenotype and allergic sensitization, the importance of PKCζ was demonstrated by knocking 
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down the expression of PKCζ in CBTC, that expressed normal levels of the kinase. CBTC 

development under this enforced PKCζ deficiency condition was skewed towards a Th2 bias 

(12). In another set of experiments, we provide direct evidence that PKCζ activation is critical 

to the development of the T cells from the immature Th2 phenotype to the Th1. While CBTC 

matured with PHA/PMA failed to develop towards a Th1 cytokine production propensity as 

discussed above, this was achieved if the CBTC had been transfected with a constitutively 

active PKCζ. Skewed cytokine propensity in CD8+ T cells is also relevant to the development 

or prevention of allergic diseases, such that these cells are being referred to as T cytotoxic (Tc1) 

and Tc2 based on the cytokines they produce (99, 257). Here we have demonstrated that 

development towards Tc1 cytokine bias was also dependent on PKCζ activation. 

Prenatal supplementation of women with omega-3 fatty acids led to an increase in the level of 

CBTC PKCζ expression (169). Here we show that the omega-3 LCPUFA, DHA when added 

directly to low PKCζ expressing CBTC caused a rapid and significant increase in PKCζ levels. 

This suggests that nutritional intervention may be an approach to alter the levels of PKCζ during 

the perinatal transient deficient period. The ability of DHA to alter the T cell maturation from 

an immature Th2 cytokine (IL-4) bias to a Th1 (IFN-γ) predominance suggests that the low 

levels of PKCζ were sufficiently increased by the omega-3 LCPUFA to produce this change. 

Interestingly subjecting the CBTC expressing normal levels of PKCζ to the omega-6 PUFA, 

AA caused a decrease in PKCζ levels, which was associated with an immature Th2 cytokine 

bias. Thus the results indicate that the ratio of the omega-3 to omega-6 fatty acids regulate the 

PKCζ levels in CBTC. Previously we have demonstrated that this fatty acid ratio in CB 

correlated with the PKCζ levels in the T cells (169). 

Although both EPA and DHA are components of fish oil, and they have a role in allergy 

protection, their mechanism of action might be different. In our in vitro experiment, we 

observed an increase in PKCζ expression after the treatment of CBTC with DHA but not with 
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EPA. The results indicate that the effect of DHA on PKCζ expression in T cells was through its 

metabolite, RvD1. EPA does not give rise to RvD1 but to E series resolvin and this may not 

affect PKCζ expression. Although, EPA can be converted to docosapentaenoic acid (22:5n-3) 

and then to docosahexaenoic acid (22:6n-3; DHA) in the liver (266) this does not appear to 

occur in resting or activated PBMC (267, 268). The most likely reason is that elongase (ELOVL) 

2 which is required for conversion of 22:5n-3 to 24:5n-3 and 22:6n-3 is undetectable in PBMC 

and the process is truncated at 22:5n-3 level and hence, it is unlikely that any DHA was 

generated from EPA in PBMC (267, 268). 

DHA can be metabolized via the 15-lipoxygenases to form D-resolvins and protectins (220) 

(Figure 9.1). The DHA-dependent increase in PKCζ was inhibited by the use of NDGA, a non-

selective inhibitor of lipoxygenases. Direct addition of RvD1, an end product of DHA via the 

lipoxygenase pathway, caused an increase in PKCζ expression. The data imply that the effect 

of DHA requires its metabolism to products such as RvD1 generated via the lipoxygenases. 

DHA, in the presence of aspirin, can be metabolised to 17(R) RvD1 via the COX 2 pathway 

(220). While our DHA studies did not explore effects in the presence of aspirin, to ascertain a 

role for the aspirin-COX 2 pathway, we found that 17(R) RvD1 (220) was without effect. EPA 

which gives rise to the E-series resolvins was also without effect. These findings collectively 

suggest an important role for the resolvins generated via the metabolism of DHA by the 

lipoxygenase (Figure 9.1). 
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Figure 9.1. Depicts the generation of D-series resolvins from DHA metabolism.  

Based on the data of the effects of NDGA and RvD1, the increases in PKCζ induced by DHA 

occur via the 15-lipoxygenase pathway and the generation of RVD1. Abbreviations: TCR, T 

cells receptor; FABP, fatty acid binding proteins, LOX, lipoxygenase; COX2, cyclooxygenase 

2. 

Our results show that AA and its metabolic product, 15d-PGJ2, can downregulate PKCζ 

expression in CBTC in a cPLA2α dependent manner. AA metabolites can directly bind and 

activate Peroxisome Proliferator-Activated Receptor Gamma (PPARγ) (Figure 9.2). 

Specifically, 15d-PGJ2 that is generated by the dehydration of PGD2 is a natural ligand of 

PPARγ (236). The PKCζ promotor has a binding site for PPARγ and activation of PPARγ by 

15d-PGJ2 caused inhibition of PKCζ expression in prostate cancer cells (237). It is tempting to 

speculate that the reduced expression of PKCζ in neonatal T cells could be due to the activation 

of PPARγ as a result of a high level of cyclooxygenase activity during pregnancy (269). PPARγ 

is a promotor of Th2 responses in allergy and nematode infections (238). On the contrary, DHA 
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suppresses the PPARγ activity and DNA binding of PPARγ induced by ciglitazone in colon 

tumour cells line (239). These data suggest that DHA or its metabolite(s) could also promote 

an increase in PKCζ expression by inhibiting the binding of PPARγ to the PKCζ gene promoter.  

 

Figure 9.2. Regulation of T cell development in neonates.  

Thick arrows represent arachidonic acid (AA) metabolism to 15deoxy-delta prostaglandin J2, 

the natural PPARγ ligand. Activated PPARγ binds the PKCζ promoter and suppresses 

transcription. The dotted arrows show sites of omega-3 LCPUFA activity which increase PKCζ 

levels, priming cells for Th1 development. Maturation stimuli activate MEK1/2 and ERK1/2 to 

cause PPARγ degradation and nuclear export, promoting PKCζ transcription. The level of 

PKCζ is indicated by coloured shapes. DHA: docosahexaenoic acid; EPA: eicosapentaenoic 

acid, PL: phospholipids; PLA2: phospholipase A2; MEK: MAP kinase/ERK kinase; ERK: 

extracellular signal-regulated protein kinase. 

 

Here we have demonstrated a perinatal regulation of PKCζ expression in immature T cells by 

omega-3 and omega-6 fats (Figure 9.3). The results provide evidence that DHA and AA can 

directly affect the levels of PKCζ in CBTC. As we have previously demonstrated that low 

CBTC PKCζ expression is linked to an increase in allergic sensitization (169, 208), our data 

support the view that changing the intake of omega-3 and omega-6 fats can influence allergy 
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susceptibility in babies with low T cell PKCζ levels at birth (Figure 9.3). These findings 

provide a strong rationale for performing newborn screening for PKCζ and then applying 

omega-3 fatty acid supplementation to those babies at risk of developing the allergy. 

 

Figure 9.3. Transition of immature Th2 cytokine bias phenotype to the mature Th1 

phenotype under the control of PKCζ. 

Low expression of PKCζ by CBTC maintains the Th2 immature cytokine propensity. The levels 

and balance between omega-3 and omega-6 fatty acids regulate T cell development by 

modulating PKCζ levels. 

 

Supplementing women during pregnancy with omega-3 polyunsaturated fatty acids (fish oil), 

results in significant increases in PKCζ levels in CBTC from their babies (17, 169), probably 

through an epigenetically controlled mechanism of the acetylation of histone H3 in the PKCΖ 

gene promoter region (12). Our findings here show that omega-3 fats can alter the levels of 

PKCζ perinatally. While we recognize that there is an increase in the prevalence of allergies 

worldwide, the basis remains unclear. A rather stable population genetic profile could not 
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explain the increased prevalence of atopy and allergy in industrialized countries but a skewed 

exposure toward harmful rather than protective epigenetically-driven environmental factors is 

more plausible (270) which may act at this period of low PKCζ. This now provides a basis for 

further exploration of the characteristics of the deficiency in neonates as a prelude to attempting 

interventions to decrease the risk of allergy development. 

 

9.1 Summary 

The developments that have arisen from undertaking this research are as follows; 

• A robust flow cytometry assay was validated for measuring PKC isozymes in T cells and other 

leukocytes in whole blood assays by validating the specificity of the monoclonal antibodies 

using western blot analysis. The findings showed that some antibodies destined to be used in 

flow cytometry could not be validated for specificity by western blot assays. 

• Approximately 40% of the babies were shown to have CBTC expressing ‘low’ PKCζ levels 

which are of interest as it has been reported that some 40% of children will go on to develop 

allergic sensitization. 

• Using an in vitro culture model of human neonatal T cell maturation, it was established that 

the levels of PKCζ but not other PKC isozymes expressed by the immature T cells, correlated 

with the maturation and development of the T cells towards either a Th1 or Th2 cytokine 

production propensity. CBTC expressing low PKCζ developed towards/or maintained a 

Th2/Th9 allergy promoting cytokine phenotype. In comparison CBTC expressing ‘normal’ 

PKCζ levels developed towards a Th1/IFN-γ bias. 

• For the maturation models, the following inducers have been used classically: (i) using PHA 

to initiate, followed by IL-2 and using CBMC populations. This does not work on purified 
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CBTC. (ii) anti-CD3/-CD28 antibodies + IL-2. Also effective with purified CBTC. Both of 

these culture models cause the CBTC with ‘normal’ PKCζ expression to develop towards a 

Th1, IFN-γ production bias.  

• We have now developed/introduced a new model/inducer, using PHA/PMA. This enabled us 

to test, indirectly, the role of PKCζ activation/signalling in neonatal T cell 

development/maturation, since it has been reported that PMA, known to activate directly 

classical and novel PKC isozymes, does not activate PKCζ. This lack of effect of PMA was 

reproduced in neonatal T cells. In this model, addition of IL-2 is not required as PHA/PMA 

stimulates the release of a substantial amount of IL-2. 

• CBTC expressing ‘normal’ levels of PKCζ matured with PHA/PMA failed to transit from the 

immature Th2 phenotype to the mature Th1 bias. This suggests that PKCζ activation is 

required to mature towards Th1 cytokine propensity. Conclusive evidence that this signalling 

pathway and its activation are required was shown by the finding that when these neonatal T 

cells were transfected with a constitutively active PKCζ mutant, the CBTC developed towards 

Th1 cytokine propensity, following treatment with PHA/PMA. 

• These data provide compelling evidence that PKCζ signalling pathway is critical to the 

development of CBTC from an immature Th2 cytokine phenotype to Th1 cytokine bias. 

• The data demonstrate that the low levels of PKCζ in CBTC are rapidly overcome following 

the induction of maturation such that once the cells have matured the levels have normalised. 

In the in vitro maturation model we have been able to identify the low expression period to 

be present only in the first 24h of culture. 

• We surmised that the PKCζ low period is a ‘window of opportunity’ to alter the levels and 

consequently the T cell development. Using the in vitro culture model, we were able to show 

that treatment with the omega-3 LCPUFA, DHA, led to a rapid increase in PKCζ levels which 
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was associated with CBTC development from a Th2 to a Th1 cytokine phenotype. In contrast, 

the omega-6 LCPUFA caused a significant decrease in PKCζ expression in CBTC, with 

normal expression of this isozyme. These results suggest that the membrane levels of omega-

3:omega-6 may control this Th2 to Th1 cell maturation. 

• The most likely mechanism of the DHA effects is through its metabolisms via the lipoxygenase 

pathway to generate the resolving, RvD1, which increased PKCζ levels in CBTC and in the 

case of AA, 15d-PGJ2, which decreased the levels of this isozyme. 

9.2 Significance 

The research results for the first time reveal that the low expression of PKCζ in CBTC is 

transient and identify a period which becomes a ‘window of opportunity’ for modulating the 

levels and preventing the development towards a Th2 cytokine bias and allergic sensitization. 

The research findings reveal a unique example of using the omega-3 LCPUFA, DHA to 

increase the PKCζ levels and promote the T cell maturation towards a mature Th1 phenotype. 

This has applicability to early intervention to reduce the risk of developing allergy. The work 

has provided an opportunity to not only apply a perinatal biomarker to predict those babies at 

risk of allergy but also the application of nutritional intervention to decrease the risk of allergy 

in the population. Interestingly the results fit into the concepts of omega-3 to omega-6 content 

regulating allergic diseases development.  

9.3 Future Direction 

Planning future research on questions arising from the thesis needs to define the ‘window of 

opportunity’ in the babies' neonatal period and to devise ways of improving the omega-3 levels 

in the T cells of babies showing low PKCζ expression in their CBTC at this window. Also to 

use a mouse allergy model to obtain proof of concept for the effectiveness of this approach. 

Once this information is available clinical trials could be undertaken to follow babies from birth 
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to the first few years of life. Intriguing was the finding that PKCζ activation was critical to the 

development of the immature T cells towards a Th1 cytokine phenotype. This will now provide 

an opportunity to attempt to understand the mechanisms of this transition. 

9.4 Limitations of this research 

Several aspects of this research limit the interpretation or conclusions made from the data. The 

studies have been carried out using an in vitro culture model for cord blood T cell maturation 

and development. Thus, while on one hand, this has allowed us to more selectively dissect the 

role of PKCζ and T cell maturation conditions, on the other it has not taken into consideration 

the more complex interactive in vivo environments. Furthermore, the testing of cytokine 

production by the matured T cells was assessed using mitogenic stimulation, which may not be 

representative of the natural stimulation by antigen/allergen. This is not possible as there would 

be difficulty in achieving sensitization at this stage of immune development. The work was 

restricted to CBTC from cesarean births and may not be representative of other birth conditions. 
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APPENDICES I: PUBLICATIONS 
Human Dendritic Cells Express the Complement Receptor Immunoglobulin, Which Regulates 

T cell Responses 

Vitamin D upregulates the macrophage complement receptor immunoglobulin in innate 

immunity to microbial pathogens 

Neutrophils Require Activation to Express Functional Cell-Surface Complement Receptor 

Immunoglobulin 

Development and characterisation of cross-reactive monoclonal antibodies to human and 

murine complement receptor immunoglobulin 



Human Dendritic Cells Express the 
Complement Receptor Immunoglobulin, 
Which Regulates T cell Responses 
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The B7 family-related protein V-set and Ig containing 4 (VSIG4), also known as

Z39Ig and Complement Immunoglobulin Receptor (CRIg), is the most recent of the

complement receptors to be identified, with substantially distinct properties from the

classical complement receptors. The receptor displays both phagocytosis–promoting

and anti-inflammatory properties. The receptor has been reported to be exclusively

expressed in macrophages. We now present evidence, that CRIg is also expressed

in human monocyte-derived dendritic cells (MDDC), including on the cell surface,

implicating its role in adaptive immunity. Three CRIg transcripts were detected and

by Western blotting analysis both the known Long (L) and Short (S) forms were

prominent but we also identified another form running between these two. Cytokines

regulated the expression of CRIg on dendritic cells, leading to its up- or down regulation.

Furthermore, the steroid dexamethasone markedly upregulated CRIg expression, and

in co-culture experiments, the dexamethasone conditioned dendritic cells caused

significant inhibition of the phytohemagglutinin-induced and alloantigen-induced T cell

proliferation responses. In the alloantigen-induced response the production of IFNγ,

TNF-α, IL-13, IL-4, and TGF-β1, were also significantly reduced in cultures with

dexamethasone-treated DCs. Under these conditions dexamethasone conditioned

DCs did not increase the percentage of regulatory T cells (Treg). Interestingly, this

suppression could be overcome by the addition of an anti-CRIg monoclonal antibody

to the cultures. Thus, CRIg expression may be a control point in dendritic cell function

through which drugs and inflammatory mediators may exert their tolerogenic- or

immunogenic-promoting effects on dendritic cells.

Keywords: dendritic cells, complement receptor immunoglobulin (CRIg), dexamethasone, cytokines, T cells,

immunosuppression
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INTRODUCTION

The Complement Receptor Immunoglobulin (CRIg), unlike
other complement receptors, is expressed selectively in
macrophages (1). The receptor plays a key role in the
phagocytosis and clearance of bacteria in a complement
dependent (1–3) and complement independent manner (4). But
in addition, it has been reported to inhibit T cell responses. Vogt
et al. (5) demonstrated that CRIg-Ig fusion protein inhibited
the anti-CD3 or anti-CD3/28 antibody(s) induced mouse and
human T cell proliferation and IL-2 production in vitro. When
this fusion protein was injected into mice, there was a reduction
in the numbers of antigen-induced CD8+ T cells and a reduction
in the IFN-γ producing population. In these mice the Th-
dependent IgG antibody response was reduced. CRIg expression
inmacrophages has been suggested to regulate the T cell response
(6, 7). We demonstrate that human DC express CRIg mRNA and
protein, including cell surface expression and that expression
could be modulated by cytokines. Furthermore, dexamethasone
was found to cause upregulation of CRIg expression on DC
which inhibited the mitogen- and alloantigen-induced T cell
response. This highlights an additional mechanism involved in
the regulation of the adaptive immune response.

METHODS

Cytokines and Cell Culture Reagents
Recombinant human cytokines used for DC treatments
were as follows: LT-α (TNF-β), GM-CSF, M-CSF, IL-1β,
IL-6, IL-4, TNF-α, IL-13, IFN-γ, IL-10 (ProSpec-Tany
Technogene, Rehovot, Israel) and TGF-β1 (R&D Systems,
Minneapolis, Minnesota, USA) were used in culture within
a final concentration range of 5–80 ng/ml. Dexamethasone
was used at a final concentration in culture at 30 ng/ml
(Sigma-Aldrich, St. Louis, MO). All cell culture experiments
utilized RPMI 1640 tissue culture medium, heat-inactivated
(56◦C/20min) fetal calf serum (FCS), penicillin/streptomycin
and L-glutamine (SAFC Biosciences, Lenexa, KS).

Antibodies
Anti-human protein antibodies used in this study were as follows:
mouse monoclonal anti-CRIg clone 3C9 (kindly provided
by Dr. van Lookeren Campagne, Genentech, San Francisco,
CA), phycoerythrin (PE)-conjugated and unconjugated anti-
CRIg clone 6H8 (Santa Cruz Biotechnology, Dallas, TX,
USA), fluorescein isothiocyanate (FITC)-conjugated anti-DC-
SIGN/CD209 clone 120507 (R&D Systems). Isotype controls
used were as follows: PE-conjugated and unconjugated mouse
IgG1 (eBioscience, San Diego, CA), and FITC-conjugated mouse
IgG2b (R&D Systems). The secondary antibody used for Western
blotting was horse-radish peroxidase (HRP)-conjugated rabbit
anti-mouse IgG (Dako, Glostrup, Denmark).

Preparation of Dendritic Cells
The study was approved by the CYWHS Human Ethics
Committee (approval number REC 2165/4/2011). Dendritic
cells were prepared from peripheral blood of healthy donors,

who had given informed consent, utilizing previously described
methods (8, 9). Blood was layered onto Ficoll R© Paque PLUS
(GE Healthcare, Uppsala, Sweden), d = 1.077, and centrifuged
at 400 × g for 30min. Firstly blood monocytes were prepared
as described previously (9). The peripheral blood mononuclear
cell (PBMC) layer was harvested and washed in RPMI-1640
medium with 2mM L-glutamine, 100 U/ml penicillin, 100µg/ml
streptomycin and 10% heat-inactivated FCS. Then, the PBMCs
were layered onto 46% iso-osmotic Percoll R© gradient (GE
Healthcare, Uppsala, Sweden) and centrifuged at 600 × g for
30min. After centrifugation the lymphocytes were pelleted, and
the upper monocyte-containing interphase layer was harvested
and washed, with preparations routinely being of >98% viability
and >90% purity by Giemsa. For all studies unless otherwise
stated, monocytes were seeded at 1 × 106 cells per 60 × 15mm
culture dish pre-treated with autologous plasma and left to
adhere at 37◦C for 1 h. Any contaminating non-adherent cells
were removed, and the adherent monocytes cultured with RPMI-
1640 medium with L-glutamine, penicillin, streptomycin, FCS,
50 ng/ml GM-CSF, and 20 ng/ml IL-4 at 37◦C in an atmosphere
of 95% air and 5% CO2 over 5 days for differentiation into DCs.
The DCs were harvested by gentle pipetting and washed prior to
use in experiments.

DC-T Cell Co-cultures
Autologous DC and T cell co-cultures were setup using DCs
as prepared above, with autologous T cells purified from the
remaining lymphocyte fraction following the centrifugation of
PBMC over 46% iso-osmotic Percoll R© gradient. The T-cells were
purified by subjecting the lymphocyte fraction through two cycles
of nylon wool (Polysciences Inc., Warrington, PA) columns using
an established protocol (10). The T-cell preparation was of >95%
purity and >99% viability as determined by FACS analysis and
trypan blue dye exclusion assay, respectively. The T cells were
cryopreserved in liquid nitrogen until use (11). The DCs were
added to 96-well round-bottom plate (Nunc) at 1× 104 cells/well
and treated with dexamethasone for 24 h and washed. The
cryopreserved T cells were thawed and added to the autologous
DC (2 × 105 T-cells/well). PHA was used as a stimulus in the
appropriate wells (0.5 µg/well) (Remel Inc., San Diego, CA),
with or without either anti-CRIg (clone 6H8) antibody or isotype
control. The cells were cultured at 37◦C in an atmosphere of 95%
air and 5% CO2 for 72 h. Cells were pulsed with 1 µCi methyl-3H
Thymidine (3H-TdR) (PerkinElmer, Waltham, MA) 6 h prior to
harvest. 3H-TdR incorporation was measured as disintegrations
per minute (DPM) in a Wallac 1409 liquid scintillation beta
counter (Wallac, Turklo, Finland).

For allogeneic DC-T cell cultures, instead of autologous T
cells, allogeneic T cells were isolated from fresh or cryopreserved
PBMCs using the EasySepTM Human T Cell Isolation Kit (Stem
Cell Technologies, Vancouver, Canada), and added to allogeneic
DCs as the stimulus in a DC:T cell ratio of 1:10 as 2 × 105

total cells/well, with or without anti-CRIg antibody or isotype
control. DCs were untreated or dexamethasone treated DC at
2 × 104 cells/well in 96-well round-bottom plates. Cells were
cultured at 37◦C in an atmosphere of 95% air and 5% CO2 for
120 h and pulsed with 3H-TdR 6 h prior to harvest. At harvest,
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culture supernatants were harvested and stored at −80◦C for
later quantification of cytokines, followed by measurement of
the remaining cells for 3H-TdR incorporation. Cytokines in the
culture supernatants were quantitated with BDTM Cytometric
Bead Array kits for IFN-γ, TNF-α, IL-13, TGF-β1, IL-4, and IL-
10 (BD Biosciences) following adaptation of the manufacturer’s
protocols for assay in 96-well v-bottom plates, with acquisition
on a BD FACSCanto with an attached BDTM High Throughput
Sampler (HTS), and analysis with FCAP Array v3 software
(BD Biosciences).

In similar culture setups, we examined the T cells for the
presence of Treg cells in the alloreactive stimulation as above.
After 7 days of culture the cells were harvested and the levels of
CD4+CD25+ CD127loFoxp3+ cells measured by flow cytometry.
Anti-human CD4-FITC, CD25-PE-Cy7, CD127-Alexa Fluor
647, Foxp3-PE, and corresponding isotype controls were from
BD Biosciences. Cell surfaces were stained with appropriate
antibodies for 20min at room temperature (RT), washed once
with PBS supplemented with 0.1% FCS, and incubation for
60min at RT in Fixation/Permeabilization buffer (eBioscience).
Following washing with Permeabilization buffer (eBioscience)
and blocking with mouse IgG for 10min at RT, intracellular
staining of Foxp3 was performed in Permeabilization buffer with
30min incubation at RT with the appropriate antibody or isotype
control. Acquisitionwas performed on a BDFACSCanto and data
analyzed using FlowJo v10.1 (FlowJo, LLC, Ashland, Oregon).
The gating strategy to identify Foxp3+ Tregs is described in
Supplementary Figure 3.

Measurement of CRIg by RT-PCR and
qPCR
For determination of total CRIg mRNA levels and isoform
transcript detection, RNA was isolated using a RNeasy R©

Plus kit (Qiagen, Venlo, Limburg, Netherlands) according
to the manufacturer’s instructions, and treated with DNase
I (DNA-free Kit, Ambion, Life Technologies, Mulgrave, Vic,
Australia) to remove any genomic DNA contamination. The
quantity of RNA was assessed on a NanoDropTM (Thermo
Fisher Scientific, MA, USA), and converted to cDNA using
the iScriptTM cDNA synthesis kit (Bio-Rad Laboratories,
Hercules, CA).

Reverse transcriptase (RT)-PCR for CRIg isoform transcripts
was conducted as previously described (12), using primers for
isoform 1 (F1: TTTGTGGTCAAAGACTCCTCAAAGC; and
R1: TGGCATGTGCCCTGGCT), isoform 2 (F2: TGTCCAGA
AACACTCCTCAAAGCT; and R1), isoform 3 (F2; and R2:
GAGAGACTTTCTTACCTGGCTGCTT), isoform 4 (F1 and
R2), and isoform 5 (F1; and R3: GACACTTTGGGCTGGC
TGCT). GAPDH primer sequences were used as previously
described (12) (F: GAGTCAACGGATTTGGTCGT; R: GACA
AGCTTCCCGTTCTCAGCCT). Separate reactions were set up
for each isoform, containing 100 nM of each primer (pairing
as described above), 1 µl of cDNA, and AmpliTaq Gold R© 360
Master Mix (Applied Biosystems) in a 25 µl final volume. PCR
reactions were performed with an initial denaturation at 95◦C
for 7min, followed by 35 cycles of 95◦C for 30 s, 60◦C for 30 s,
and 72◦C for 60 s, and a final extension at 72◦C for 7min, using

a SimpliAmpTM Thermal Cycler (Applied Biosystems). The RT-
PCR products were visualized following electrophoresis on a 2%
GelRed-stained agarose gel (Biotium) along with a 1 kb Plus DNA
Ladder (Invitrogen).

qPCR for total CRIg mRNA expression was conducted as
previously described (12) using the primer pair detecting all
five known isoforms of CRIg (F: ACACTTATGGCCGTCCCAT;
R: TGTACCAGCCACTTCACCAA) with the GAPDH primer
pair described above for expression data normalization. Each
reaction had a final volume of 20 µl containing 100 nM of each
primer, 1 µl of cDNA, and iQ SYBR Green Supermix (Bio-Rad
Laboratories). Triplicate reactions were assayed in an iQ5 Real
Time Detection System with iQ5 Optical System v2.1 software
(Bio-Rad Laboratories), with thermal cycling performed with an
initial denaturation at 95◦C for 5min, followed by 40 cycles of
95◦C for 30 s, 60◦C for 30 s, and 72◦C for 30 s.

Measurement of CRIg Cell-Surface
Expression
The expression of CRIg on the cell surface of DCs was measured
by flow cytometry. At the conclusion of treatment, 1.5 × 105

harvested DCs had Fc receptors on their surface blocked with ice-
cold PBS supplemented with 0.5% (w/v) BSA, 10mg/ml Intragam
P, and 5% (v/v) human AB serum for 30min. PE-conjugated
anti-CRIg (clone 6H8) or isotype control antibodies, along with
FITC-conjugated anti-CD209 antibodies were incubated with the
DCs in a final staining volume of 50 µl for 30min. The cells were
washed in PBSwith 0.5% (w/v) BSA, and following centrifugation
(600 × g for 5min), the cells were then fixed in PBS containing
1% (v/v) formaldehyde. A minimum of 20,000 events were
acquired from the stained DC samples on a BD FACSCanto
(BD Biosciences, CA, USA), with data analysis performed with
FlowJo 10.1 (FlowJo, LLC, Ashland, Oregon). Doublets were
excluded by gating with SSC-A vs. SSC-H. Trypan blue was
used to determine cell viability (>95%) following harvest and
prior to flow cytometric staining. Using 7-aminoactinomycin D
(7-AAD), we were able to demonstrate specific DC viability in a
set of replication experiments (Supplementary Figure 1) where
similar results of enhanced CRIg expression by dexamethasone
treatment was found.

Western Blotting for CRIg Isoforms
Western blot for CRIg expression in DCs was performed using
methods previously described (13). DCs harvested from each
culture were lysed in 100 µl of 20mMHEPES, pH 7.4, with 0.5%
(v/v) Nonidet P-40, 100mM NaCl, 1mM EDTA, 2mM Na3VO4,
2mM dithiothreitol, 1mM phenylmethylsulfonyl fluoride and
10µg/ml leupeptin, aprotonin, pepstatin A, and benzamidine, for
2 h at 4◦C with constant mixing. These samples were centrifuged
at 12,000 × g for 5min to obtain lysates (supernatants), and the
protein content quantitated by Lowry assay, prior to the addition
of Laemmli buffer supplemented with 3% β-mercaptoethanol.
The lysates were boiled at 100◦C for 5min and 60 µg of protein
loaded and electrophoresed on 12% SDS polyacrylamide gels,
followed by transfer of protein onto nitrocellulose membrane
(Pierce Biotechnology, Thermo Fisher Scientific, Rockford, IL).
The membrane was stained with 0.1% Ponceau S (in 5% acetic
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acid) to ascertain protein loading equality. The amounts of
the CRIg L, S and I isoforms were detected using monoclonal
mouse anti-human CRIg clone 3C9 and HRP-conjugated rabbit
anti-mouse IgG. The immune complexes on the membranes
were visualized by enhanced chemiluminescence on a ChemiDoc
XRS+ Imaging System and quantitated using Image LabTM

software version 3.0 (Bio-Rad Laboratories, Hercules, CA).

Statistical Analysis
Statistical significance was calculated using GraphPad Prism 7.0
(GraphPad Software, Inc., La Jolla, CA, USA), with testing as
follows: two-way ANOVA with post-hoc Bonferroni’s Multiple
Comparison testing for relative CRIg protein isoforms; Student t-
testing for relative CRIg surface expression and dexamethasone-
modulated CRIg mRNA expression; One-way ANOVA with
post-hoc Dunnett’s Multiple Comparison testing for cytokine
dose-dependent CRIg mRNA expression; and One-way ANOVA
with post-hoc Bonferroni’s Multiple Comparison testing for 3H-
TdR incorporation between DC-T cell co-culture treatments.
Statistical significance was defined as P < 0.05.

RESULTS

Expression of CRIg on Human DC
Human monocyte derived dendritic cells (MDDC) were
generated in culture by treating monocytes with IL-4 and
GM-CSF. The MDDC expressed CRIg mRNA by RT-PCR
(Figure 1A) and CRIg protein on their surface by flow cytometry
analysis (Figure 1B). Examination of transcripts showed that
at least three isoforms of CRIg were present (Figure 1A).
Furthermore, by Western blot analysis we identified the
expression of the prominent long (L) and short (S) isoforms,
as previously described in human macrophages (1) and an
additional intermediate form migrating between the L and S
isoforms (Figure 1C).

Dexamethasone Increases CRIg
Expression in DC Leading to
Immunosuppression
Previously, we have demonstrated that the anti-inflammatory
steroid dexamethasone is a strong enhancer of CRIg expression
in human macrophages (12, 14, 15). In addition, it has
been reported that DC generated under the influence of
dexamethasone have a tolerogenic functional phenotype (16). It
was therefore of interest to determine whether dexamethasone
alters the expression of CRIg on DC. The MDDC were
treated with varying concentrations of dexamethasone for 24 h,
washed and CRIg expression measured. Dexamethasone caused
an increase (3-fold) in CRIg mRNA levels (Figure 1D). This
was reflected in an increase in CRIg protein measured by
Western blotting (Figure 1C). Examination of the Western
blots also revealed that dexamethasone caused an increase
in the levels of all 3 isoforms of CRIg on DC (Figure 1C).
The changes induced by dexamethasone were also evident in
expression of CRIg on the surface of DC (Figure 1E), which has
implications for the function of DC as antigen presenting cells
and adaptive immunity.

To assess the functional consequences of increasing CRIg
expression, we examined whether DC which had been treated
with dexamethasone, expressing increased amounts of cell
surface CRIg, were immunosuppressive in cell co-culture studies.
Mononuclear leukocytes (MNL) from single individuals were
separated into T cells and monocytes. The T cells were
cryopreserved and the monocytes were treated with GM-CSF
and IL-4 to allow development into DC. Then, the T cells
were thawed and reconstituted with DC which had been pre-
treated with either diluent or dexamethasone. The cells were
stimulated with phytohemagglutinin (PHA) and proliferation
was measured by a radiometric assay. The data showed that T
cells cultured in the presence of dexamethasone conditioned DC
were significantly depressed in proliferation (Figure 2A). Further
studies examined the importance of surface expressed CRIg
in the immunosuppression by adding anti-CRIg monoclonal
antibody to the cultures (clone 6H8, Santa Cruz Biotechnology,
Dallas, TX). The results showed that the suppression by
dexamethasone conditioned DC could be completely prevented
by the antibody (Figure 2A). The normalized data has been
presented in Supplementary Figure 3.

In the second set of experiments, the effects of dexamethasone
were assessed in an allogeneic T cell stimulation culture model.
Monocyte derived DC were treated with dexamethasone, washed
and added to allogeneic T cells. After 5 days of culture the culture
fluids removed and the cells were replenished with fresh medium
containing 3HTdR and harvested after 6 h of further incubation.
The amount of radioactivity incorporated was determined
and proliferation quantitated. The dexamethasone treated DCs
caused a significant decrease in the allogeneic proliferative
response (Figure 2B). When anti-CRIg monoclonal antibody
was added to the cultures the effect was essentially abolished,
suggesting that CRIg played a role in the immunosuppression.
When we examined the cytokines IFNγ, TNF-α and IL-4, IL-13,
IL-10, and TGF-β1 in the supernatants from these cultures, we
observed that production of all these cytokines was significantly
reduced in the presence of dexamethasone treated DCs except
for IL-10 (Figures 2C–H), and that the addition of anti-CRIg
monoclonal antibody prevented this suppression in cytokine
production (Figures 2C–G). Examination of the lymphocyte
population for Treg cells demonstrated that based on the
expression of CD127, CD25, and FoxP3 expression there was no
increase but if anything a decrease in this subset (Figure 2I). The
normalized data has been presented in Supplementary Figure 3.

Th1 and Th2 Cytokines Alter the
Expression of CRIg
In all of the following studies, we used CRIg+ DC that had
been derived from monocytes cultured in the presence of GM-
CSF and IL-4. No dexamethasone treatment was conducted. Our
study examined the effects of four cytokines, IFN-γ and LT-
α representing Th1 cell and IL-4 and IL-13 representing Th2
cell products on DC CRIg expression. When CRIg+ DC were
treated with LT-α for 24 h, the cells showed a concentration
dependent decrease in CRIgmRNA over a concentration range of
5–40 ng/ml (Figure 3A). This effect was supported by the finding
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FIGURE 1 | CRIg expression in MDDC and effects of dexamethasone. (A) CRIg isoform transcripts detected in DC. Agarose gel electrophoresis (2%) was used to

visualize transcript variant amplicons generated from the cDNA of HMDC. Lanes are labeled 1, 2, 3, 4, and 5 representing each CRIg isoform with (–) to the right of

each isoform lane indicating the respective no template controls. GAPDH was a positive control. Gels are representative of three experiments. (B) Gating strategy for

CRIg expression on DC by flow cytometry. CD209+ cells were gated before assessing anti-CRIg antibody (6H8-PE) staining; representative histogram shown. (C)

CRIg isoform expression by Western blot using anti-CRIg monoclonal antibody (clone 3C9). A representative blot of total protein stained with Ponceau S shows

consistency of protein loading. Band intensity for each isoform (L, I, and S) over protein load was determined by densitometry. Data are expressed as fold-change over

control DC (n = 3). (D) Relative CRIg mRNA expression as detected by qPCR, normalized to GAPDH, expressed as fold-change over control DCs (n = 3). (E) Relative

CRIg cell-surface expression by flow cytometry. Data are expressed as fold-change in CRIg-PE (6H8) mean fluorescence intensity minus isotype control (IgG1) of

treated over control DCs (n = 7); representative histogram shown. Data are presented as means ± SEM of experiments conducted with cells from different individuals.

Significance levels are indicated by asterisks: *P < 0.05, ****P < 0.0001.

that LT-α caused a significant decrease in total CRIg protein
measured by Western blotting (Figure 3B), with a concomitant
decrease of the L and S as well as the intermediate isoforms.
A corresponding effect on cell surface expression was observed
(Figure 3C). Treatment with 5–40 ng/ml of IFN-γ showed a
similar decrease in CRIg mRNA, total protein and cell surface
expression as seen with LT-α (Figures 3D–F).

The Th2 cytokines, IL-4, and IL-13 caused an even more
profound decrease in CRIg expression in the DC (Figure 4).
The cytokines caused a decrease in CRIg mRNA expression over
a concentration range of 5–40 ng/ml. A similar decrease was
observed when total CRIg protein was measured by Western
blot (Figures 4B,E). Expression of all three CRIg isoforms was
decreased by treatment with either IL-4 or IL-13. However, this
decrease was not reflected in a reduced expression of cell surface
CRIg (Figures 4C,F).

The Regulatory and Immunosuppressive
Cytokines Increase CRIg Expression
The cytokine TGF-β1 regulates inflammation and IL-10 has
immunosuppressive activity (17–19). Their action could in
part be through the regulation of CRIg on DC. We found
that MDDC treated with IL-10 for 24 h showed a significant
increase in CRIgmRNA expression in a concentration dependent
manner (Figure 5A). Examination by Western blot showed a
corresponding increase in CRIg protein expression (Figure 5B).
However, this increase was not as evident in cell surface CRIg
expression (Figure 5C). TGF-β1 also increased CRIg expression
of mRNA, total CRIg protein and cell-surface expression on DC
(Figures 5D–F). Examination of cell lysates subjected toWestern
blots showed that both TGF-β1 and IL-10 caused an increase in
the levels of the L and S isoforms as well as the intermediate form
on DC (Figures 5B,E).
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FIGURE 2 | Effects of dexamethasone conditioned DCs and anti-CRIg monoclonal antibody on PHA- and allogeneic-induced T cell proliferation, cytokine production

and generation of iTreg. (A) 3H-TdR incorporation (DPM) in autologous DC-T cell co-culture in the presence/absence of dexamethasone, anti-CRIg 6H8 or isotype

control antibodies, and PHA. Data are presented as means ± SEM of 6 experiments conducted with cells from different individuals. (B) 3H-TdR incorporation (DPM) in

allogeneic DC-T cell co-culture in the presence/absence of dexamethasone treated DCs, anti-CRIg 6H8 antibody or isotype control antibodies. Data are presented as

mean ± SEM of 5 experiments. (C–H) Effects on cytokine production in allogeneic DC-T cell cultures. Data are presented as mean ± SEM of 4–5 experiments. (I)

Effects on generation of iTreg in allogeneic DC-T cell cultures. Data are presented as mean ± SEM of 4 experiments. Note that normalized data for the above cytokine

production and Treg generation is presented in Supplementary Figure 3. Significance levels are indicated by asterisks: *P < 0.05, **P < 0.01, ***P < 0.001,

****P < 0.0001.

Effects of Pyrogenic Cytokines on the
Expression of CRIg in DC
The cytokines TNF-α, IL-1β, and IL-6 are pyrogenic cytokines
(20, 21) which have direct effects on monocytic cells, including
the modulation of macrophage and DC differentiation (22–25)
or macrophage function and cell death (26, 27). Since these
are produced during the innate phase of the inflammatory
response, they may influence the adaptive immune response
through their effects on DC. It was therefore of interest
to examine this group of cytokines on CRIg expression in

DC. Cells treated for 24 h with either TNF-α, IL-1β, or IL-6

showed a significant decrease in CRIg mRNA expression, in
a concentration dependent manner (Figure 6). This effect was
reflected in the total CRIg protein expression decreased by the
cytokines. However, there was no corresponding decrease in

cell surface expression, apart from TNF-α (Figure 6). It was
also evident that both TNF-α and IL-1β caused a decrease in
all three isoforms of CRIg, shown by Western blot analyses
but the S form was not significantly decreased by the IL-6
treatment (Figures 6B,E,H).
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FIGURE 3 | LT-α and IFN-γ decrease CRIg expression in DC. (A,D) DC were treated with varying concentrations of cytokines and the levels of CRIg mRNA

determined after 24 h of culture. (B,E) In other experiments, CRIg isoform proteins were assessed by Western blot after cells were treated with 40 ng/ml of each of the

cytokines. (C,F) The effects on cell surface expression of CRIg was examined after a similar treatment. Data are presented as means ± SEM of three experiments,

each conducted with cells from different individuals. The blot image (E) was spliced to exclude intervening lanes that represent other treatments and the complete

un-spliced blot can be found in Supplementary Figure 2. Significance levels are indicated by asterisks: *P < 0.05, **P < 0.01, ***P < 0.001.

Effect of Colony Stimulating Factors,
M-CSF, and GM-CSF
Both M-CSF and GM-CSF have been reported to alter DC
differentiation and/or function (22, 28). Examination of the
effects of M-CSF and GM-CSF on the expression of CRIg in
DC showed that cells treated with M-CSF display a marked
increase in CRIg mRNA expression (Figure 7A). The increase
paralleled the increase seen in total CRIg protein assayed by
Western blot. The cytokine caused several-fold increase in the
levels of CRIg protein expression (Figure 7B). Similar increases
in CRIg expression of mRNA and total protein (Figures 7D,E)
occurred in the presence of GM-CSF. However, we found that
neither of these cytokines caused any changes in expression of
cell surface CRIg (Figures 7C,F). As with other cytokines, all
three isoforms of CRIg were concomitantly increased by the
CSFs (Figures 7B,E).

DISCUSSION

The data provide evidence that CRIg is expressed by human
monocyte derived dendritic cells (MDDC). Expression is

observed at the mRNA, protein and cell surface level. The level
of expression may dictate whether the cell promotes T cell
responsiveness or unresponsiveness. Thus, increasing the surface
expression of CRIg by treating with dexamethasone rendered
the DC not capable of supporting the T cell response to PHA
or alloantigen stimulation. Evidence that the dexamethasone-
conditioned DC work through CRIg is provided by the finding
that addition of an anti-CRIg monoclonal antibody to the
cultures prevents the immunosuppression in both culture
models. It has already been suggested that CRIg participates
in adaptive immunity (5, 6, 29, 30). While Xu et al. (29)
did not find CRIg expression in human MDDC, when these
cells were transfected with the CRIg gene (representing the
L form), the protein was expressed. The induced expression
of CRIg in the transfected DC led to an immunosuppressed
response or tolerance (29). This supports our data that CRIg
expression regulates immune responsiveness. The inability to
show expression in the non-transfected cells may be due to the
fact that Xu et al. (29) treated the cells with TNF-α toward
the end of their maturation phase. Our results show that
TNF-α causes the down regulation of CRIg expression. While
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FIGURE 4 | IL-4 and IL-13 down regulate CRIg expression in DC. (A,D) DC were treated with a dose range of the cytokines for 24 h and then examined for CRIg

mRNA expression. (B,E) The levels of total CRIg isoform proteins measured by Western blot in DC treated with 20 ng/ml of cytokines. (C,F) Similarly treated DC were

examined for surface expression of CRIg by flow cytometry. Data are presented as means ± SEM of at 3–4 experiments, each conducted with cells from a different

individual. Significance levels are indicated by asterisks: **P < 0.01, ***P < 0.001, ****P < 0.0001, whilst n.s. indicates non-significance.

further studies need to be undertaken with DCs from different
tissues, transcriptomic data indicate that CRIg is likely to be
expressed in tissue DCs (Supplementary Figure 4). It is evident
that expression ranges from medium to high in different DC
types but expression can be as high as in macrophages. Of
interest, although in limited studies, Tanaka et al. (31) described
surface expression CRIg+ dendritic-like cells in the synovial
tissue from rheumatoid arthritis, osteoarthritis and psoriatic
arthritis patients.

Examination of the culture fluids in our DC-T allogeneic
cell cultures for cytokine production supported the
immunosuppressive effects of dexamethasone treated DCs,
acting via CRIg expression. The dexamethasone-conditioned
DCs-T cell cultures produced significantly less Th1 cytokines,
IFN-γ, and TNF-α, as well as reduced Th2 cytokines, IL-4,
and IL-13. In addition, the production of regulatory cytokine
TGF-β1 was also reduced. With respect to all of these cytokines,
the addition of anti-CRIg monoclonal antibody prevents
the decrease in cytokine production. This indicates that the
major effect precipitating the immunosuppression is the

increased CRIg expression on the DCs. In mouse T cell
cultures, Yuan et al. (7) showed that CRIg-Ig fusion protein
suppressed the phosphorylation of signaling molecules, such
as ZAP-70, ERK1/2, and Akt, thus acting early in the T
cell activation response. Such inhibition was likely to cause
the reported CRIg-Ig-mediated suppression of mTORC1
activation, thereby promoting inducible (i)Treg generation
(32). Furthermore, the immunosuppressive effects of CRIg are
unlikely to result from changes in proportions of Treg cells,
since these were not increased but in fact decreased in these
cultures, consistent with decreased production of the regulatory
cytokine TGF-β1. In contrast, in mice CRIg-Ig fusion protein
promoted the differentiation of Treg cells and the stabilization
of Foxp3, although this was less evident when CRIg expressing
macrophages were used (7). Whether these differences are due to
macrophages vs. DCs or mouse vs. human leukocytes, as well as
other factors, remain to be identified.

Expression on the cell surface indicates that CRIg will
have the ability to mediate the tolerogenic properties of DC.
Inevitably the level of CRIg expression on these cells may be a
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FIGURE 5 | IL-10 and TGF-β1 increase CRIg expression in DC. (A,D) DC were treated with varying concentrations of the cytokines for 24 h and then examined for

CRIg mRNA expression. DC were treated with either 40 ng/ml of IL-10 or 25 ng/ml of TGF-β1 and CRIg isoform protein expression in DC lysates (B,E) or CRIg

expression on the cell surface (C,F) were measured. Data are presented as means ± SEM of three experiments, each conducted with cells from different individuals.

The blot image in (E) was spliced to exclude intervening lanes that represent other treatments and the complete un-spliced blot can be found in

Supplementary Figure 2. Significance levels are indicated by asterisks: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, whilst n.s. indicates non-significance.

determining factor as to the potency of a resultant immunogenic
or tolerogenic response the T cells may express, as the DC
transform from providing an immunostimulatory signal to a
tolerogenic signal following expression of CRIg (29). Thus,
the composition of cytokine milieu at tissue sites is likely to
be important in determining the role played by DC in the
adaptive immune response, to which CRIg contributes. Our data
demonstrate that cytokines significantly modulate the expression
of CRIg in MDDC. CRIg expression on DC was increased by
TGF-β1, IL-10, M-CSF, and GM-CSF. In comparison, LT-α, IFN-
γ, IL-4, IL-13, TNF-α, IL-1β, and IL-6 decreased expression.
In this manner, the cytokines could participate in tolerogenic
vs. immunogenic responses, respectively through their ability
to alter expression of CRIg on DC. However, it is not clear
as to why DC treated with some cytokines did not show
a corresponding alteration in expression at the cell surface.
This may be an assay time related effect. But the ability of a
cytokine to increase the intracellular CRIg levels may operate
collaboratively with another cytokine to increase release to the

cell surface, an area for future investigation. It is therefore
tempting to speculate that inflammatory mediators may regulate
expression at the transcriptional, translation and release to
the cell surface. The regulatory effects of cytokines on CRIg
expression has also been demonstrated for macrophages (12, 33).
Supplementary Table 1 depicts the effects of cytokines on CRIg
expression in MDM and MDDC. While most of the cytokines
had similar effects on both cell types, LT-α, GM-CSF and the
regulatory cytokines, IL-10 and TGF-β1, had the opposite effects
on the two cell types.

The finding that IL-10 and TGF-β1 cause an increase in CRIg
expression on DC is of interest and importance in adaptive
immunity and immune responsiveness. Tolerogenic DC can
be generated by immunosuppressive cytokines including IL-
10, TGF-β1 (34–37), and immunomodulatory drugs, such as
dexamethasone (38). Since tolerogenic DC are being considered
as a therapeutic strategy in transplantation (39) and autoimmune
inflammatory diseases (40, 41), these findings are likely to be
helpful in developing tolerogenic DC for this purpose. IL-10
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FIGURE 6 | Effect of TNF-α, IL-1β, and IL-10 on CRIg expression in DC. (A,D,G) DC were treated with varying concentrations of the cytokines for 24 h and then

examined for CRIg mRNA expression. For examination of CRIg isoform protein expression (B,E,H) and cell surface expression (C,F,I), the cells were treated with

40 ng/ml of cytokine. Data are presented as means ± SEM of three experiments, each conducted with cells from different individuals. Significance levels are indicated

by asterisks: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, whilst n.s. indicates non-significance.

caused a substantial increase in CRIg mRNA and corresponding
CRIg protein in human DCs. Dexamethasone treated DCs
generates tolerogenic DCs that have reduced alloantigenic
capacity, higher IL-10 secretion and inhibit Th2 differentiation
of naïve CD4+ T cells in latex-allergic patients (42).

Our findings of CRIg being expressed by DC have important
implications in autoimmunity, chronic inflammation and cancer
(43). CRIg expression has been associated with decreased T
cell and B cell responses (5, 44). The importance of CRIg
in protecting against autoimmune inflammation has been
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FIGURE 7 | M-CSF and GM-CSF increase CRIg in DC. (A,D) DC were treated with varying concentrations of the CSF and the CRIg mRNA expression determined.

Changes in CRIg isoform proteins (B,E) and cell surface (C,F) CRIg expression on DC treated with 40 ng/ml of each CSF are shown. Data are presented as means ±

SEM of three experiments, each conducted with cells from different individuals. Significance levels are indicated by asterisks: *P < 0.05, **P < 0.01, ****P < 0.0001,

whilst n.s. indicates non-significance.

demonstrated in experimental models of inflammatory arthritis
(45), renal tubulointestitial injury (46), lupus nephritis (47),
immune-mediated liver injury (48), type 1 diabetes (7, 30),
and inflammatory bowel disease (49). In addition, the levels
of CRIg expression in macrophages has been associated with
disease severity in rheumatoid arthritis (31, 50) and patients
with cirrhosis and ascites (51). In cancer, the level of CRIg
expression by tumor associated macrophages has been shown
to be a prognostic marker for tumors metastasizing, with high
expression being prognostic for poor outcome (52–54). This
also raises the potential for CRIg being a check point in the
development of metastatic cancer and hence a drug target.

Our results demonstrate that three transcripts of CRIg are
expressed in human MDDC. By Western blot analysis, we were
able to identify the L and S isoforms along with an additional
form not previously described and designated as the intermediate
or I form. This most likely corresponds to the third transcript
detected by PCR. However, because of lack of appropriate
monoclonal antibodies specific for the different CRIg isoforms,
we were not able to relate these to the changes seen in the

Western blots. Nevertheless, it is evident that the I isoform is less
prominent than the L and S isoforms. While the function of the
I form remains unknown, it is tempting to speculate that since
some of the extracellular domain is the same as the short form,
its interaction with ligands should be the same. But because the I
form has absence of intracellular phosphorylation sites as a result
of alternative splicing, it is questionable that this form would be
able to signal.

The ability of cytokines and dexamethasone to regulate
the expression of CRIg was evident at the mRNA level
and this correlated with protein expression, suggesting that
inflammatory mediators and the immunosuppressive drug act
at the pre-transcriptional level. It has been postulated by
us that dexamethasone acts via the glucocorticoid receptor
to downregulate CRIg expression as well as acting via the
inhibition of PKCα activation and increasing CRIg expression
in this manner (15). While the mechanisms of CRIg+ antigen
presenting cell-induced immunosuppression remain to be
elucidated, it has recently been demonstrated that engaging this
receptor in macrophages reprograms the mitochondrial pyruvate
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metabolism and inhibits their activation (55). Here we have not
only shown the expression of CRIg on DC, but that increased
expression can lead to suppression of T lymphocyte proliferation.
This provides important support for its role in protection
against autoimmune inflammatory diseases and poor prognosis
in metastasizing cancer (43). Furthermore, the findings expand
our knowledge on CRIg and the regulation of the adaptive
immune response, from that of its elegant role in clearance of
pathogens and regulation of the alternative complement pathway
activation (56, 57).

DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to
the corresponding author.

ETHICS STATEMENT

This study was carried out in accordance with the
recommendations of The Women’s and Children’s Hospital
Network Human Ethics Committee with written informed
consent from all subjects. All subjects gave written informed
consent in accordance with the Declaration of Helsinki. The
protocol was approved by theWCHNHuman Ethics Committee,
approval number REC 2165/4/2011.

AUTHOR CONTRIBUTIONS

UM performed the majority of the experiments and was
involved in planning the experiments, collating the data, and

writing the paper. KP was responsible for the allogeneic-
induced T cell proliferation and cytokine production, as well

as Treg measurements. AS assisted with the data presentation,
writing of the manuscript, and conducting some experiments.
TP conducted the cytokine measurements. AQ assisted with
the collating of data, statistical analysis, and writing of the
manuscript. NG critically read the manuscript and contributed
its writing. CH was involved with reviewing of the data and
writing of the manuscript. CA assisted with the planning of the
research, supervised the work, and wrote the manuscript. AF
initiated the study, supervised the research, reviewed the data,
and wrote the manuscript.

FUNDING

The research received financial support from the National Health
andMedical Research Council of Australia and theWomen’s and
Children’s Hospital Research Foundation.

ACKNOWLEDGMENTS

We are indebted to Dr. Menno van Lookeren Campagne,
Genentech, Inc., for the gift of the anti-CRIg monoclonal
antibody (clone 3C9).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fimmu.
2019.02892/full#supplementary-material

REFERENCES

1. Helmy KY, Katschke KJ Jr., Gorgani NN, Kljavin NM, Elliott JM, Diehl L,

et al. CRIg: a macrophage complement receptor required for phagocytosis of

circulating pathogens. Cell. (2006) 124:915–27. doi: 10.1016/j.cell.2005.12.039

2. Gorgani NN, He JQ, Katschke KJ Jr., Helmy KY, Xi H, Steffek M, et al.

Complement receptor of the Ig superfamily enhances complement-mediated

phagocytosis in a subpopulation of tissue resident macrophages. J Immunol.

(2008) 181:7902–8. doi: 10.4049/jimmunol.181.11.7902

3. Broadley SP, Plaumann A, Coletti R, Lehmann C, Wanisch A, Seidlmeier A,

et al. Dual-track clearance of circulating bacteria balances rapid restoration of

blood sterility with induction of adaptive immunity. Cell Host Microbe. (2016)

20:36–48. doi: 10.1016/j.chom.2016.05.023

4. Zeng Z, Surewaard BG, Wong CH, Geoghegan JA, Jenne CN, Kubes P.

CRIg functions as a macrophage pattern recognition receptor to directly bind

and capture blood-borne gram-positive bacteria. Cell Host Microbe. (2016)

20:99–106. doi: 10.1016/j.chom.2016.06.002

5. Vogt L, Schmitz N, Kurrer MO, Bauer M, Hinton HI, Behnke S, et al. VSIG4,

a B7 family-related protein, is a negative regulator of T cell activation. J Clin

Invest. (2006) 116:2817–26. doi: 10.1172/JCI25673

6. Zang X, Allison JP. To be or not to be B7. J Clin Invest. (2006) 116:2590–3.

doi: 10.1172/JCI30103

7. Yuan X, Yang BH, Dong Y, Yamamura A, Fu W. CRIg, a tissue-resident

macrophage specific immune checkpoint molecule, promotes immunological

tolerance in NODmice, via a dual role in effector and regulatory T cells. Elife.

(2017) 6:E28. doi: 10.7554/eLife.29540.028

8. Sallusto F, Lanzavecchia A. Efficient presentation of soluble antigen by

cultured human dendritic cells is maintained by granulocyte/macrophage

colony-stimulating factor plus interleukin 4 and downregulated

by tumor necrosis factor alpha. J Exp Med. (1994) 179:1109–18.

doi: 10.1084/jem.179.4.1109

9. Marantos C, Mukaro V, Ferrante J, Hii C, Ferrante A. Inhibition of

the lipopolysaccharide-induced stimulation of the members of the MAPK

family in human monocytes/macrophages by 4-hydroxynonenal, a product

of oxidized omega-6 fatty acids. Am J Pathol. (2008) 173:1057–66.

doi: 10.2353/ajpath.2008.071150

10. Harb H, Irvine J, Amarasekera M, Hii CS, Kesper DA, Ma Y, et al. The role

of PKCzeta in cord blood T-cell maturation towards Th1 cytokine profile

and its epigenetic regulation by fish oil. Biosci Rep. (2017) 37:BSR20160485.

doi: 10.1042/BSR20160485

11. Jones AP, D’Vaz N, Meldrum S, Palmer DJ, Zhang G, Prescott SL. 25-

Hydroxyvitamin D3 status is associated with developing adaptive and innate

immune responses in the first 6 months of life. Clin Exp Allergy. (2015)

45:220–31. doi: 10.1111/cea.12449

12. Munawara U, Small AG, Quach A, Gorgani NN, Abbott CA, Ferrante

A. Cytokines regulate complement receptor immunoglobulin expression

and phagocytosis of Candida albicans in human macrophages: a

control point in anti-microbial immunity. Sci Rep. (2017) 7:4050.

doi: 10.1038/s41598-017-04325-0

13. Hii CS, Huang ZH, Bilney A, Costabile M, Murray AW, Rathjen DA, et al.

Stimulation of p38 phosphorylation and activity by arachidonic acid in HeLa

cells, HL60 promyelocytic leukemic cells, and human neutrophils. Evidence

for cell type-specific activation of mitogen-activated protein kinases. J Biol

Chem. (1998) 273:19277–82. doi: 10.1074/jbc.273.30.19277

14. Gorgani NN, Thathaisong U, Mukaro VR, Poungpair O, Tirimacco A,

Hii CS, et al. Regulation of CRIg expression and phagocytosis in human

Frontiers in Immunology | www.frontiersin.org 12 December 2019 | Volume 10 | Article 2892

286

https://www.frontiersin.org/articles/10.3389/fimmu.2019.02892/full#supplementary-material
https://doi.org/10.1016/j.cell.2005.12.039
https://doi.org/10.4049/jimmunol.181.11.7902
https://doi.org/10.1016/j.chom.2016.05.023
https://doi.org/10.1016/j.chom.2016.06.002
https://doi.org/10.1172/JCI25673
https://doi.org/10.1172/JCI30103
https://doi.org/10.7554/eLife.29540.028
https://doi.org/10.1084/jem.179.4.1109
https://doi.org/10.2353/ajpath.2008.071150
https://doi.org/10.1042/BSR20160485
https://doi.org/10.1111/cea.12449
https://doi.org/10.1038/s41598-017-04325-0
https://doi.org/10.1074/jbc.273.30.19277
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Munawara et al. Complement Receptor Immunoglobulin and DCs

macrophages by arachidonate, dexamethasone, and cytokines. Am J Pathol.

(2011) 179:1310–8. doi: 10.1016/j.ajpath.2011.05.021

15. Ma Y, Usuwanthim K, Munawara U, Quach A, Gorgani NN, Abbott CA, et al.

Protein kinase calpha regulates the expression of complement receptor Ig

in human monocyte-derived macrophages. J Immunol. (2015) 194:2855–61.

doi: 10.4049/jimmunol.1303477

16. Spiering R, Wagenaar-Hilbers J, Huijgen V, van der Zee R, van Kooten PJ,

van Eden W, et al. Membrane-bound metallothionein 1 of murine dendritic

cells promotes the expansion of regulatory T cells in vitro. Toxicol Sci. (2014)

138:69–75. doi: 10.1093/toxsci/kft268

17. Palomares O, Martin-Fontecha M, Lauener R, Traidl-Hoffmann C, Cavkaytar

O, Akdis M, et al. Regulatory T cells and immune regulation of allergic

diseases: roles of IL-10 and TGF-beta. Genes Immun. (2014) 15:511–20.

doi: 10.1038/gene.2014.45

18. Comi M, Amodio G, Gregori S. Interleukin-10-producing DC-10 is a unique

tool to promote tolerance via antigen-specific T regulatory type 1 cells. Front

Immunol. (2018) 9:682. doi: 10.3389/fimmu.2018.00682

19. Liu M, Li S, Li MO. TGF-beta control of adaptive immune tolerance: a break

from Treg cells. Bioessays. (2018) 40:e1800063. doi: 10.1002/bies.201800063

20. Dinarello CA. Infection, fever, and exogenous and endogenous pyrogens:

some concepts have changed. J Endotoxin Res. (2004) 10:201–22.

doi: 10.1179/096805104225006129

21. Fumagalli R, Bellani G, Perri A. Which drugs for the control

of fever in critical patients. Curr Drug Targets. (2009) 10:881–6.

doi: 10.2174/138945009789108828

22. Chomarat P, Banchereau J, Davoust J, Palucka AK. IL-6 switches the

differentiation of monocytes from dendritic cells to macrophages. Nat

Immunol. (2000) 1:510–4. doi: 10.1038/82763

23. Chomarat P, Dantin C, Bennett L, Banchereau J, Palucka AK. TNF skews

monocyte differentiation from macrophages to dendritic cells. J Immunol.

(2003) 171:2262–9. doi: 10.4049/jimmunol.171.5.2262

24. Fernando MR, Reyes JL, Iannuzzi J, Leung G, McKay DM. The pro-

inflammatory cytokine, interleukin-6, enhances the polarization of

alternatively activated macrophages. PLoS ONE. (2014) 9:e94188.

doi: 10.1371/journal.pone.0094188

25. Hu S, Marshall C, Darby J, Wei W, Lyons AB, Korner H. Absence of

tumor necrosis factor supports alternative activation of macrophages in the

liver after infection with Leishmania major. Front Immunol. (2018) 9:1.

doi: 10.3389/fimmu.2018.00001

26. Pilli M, Arko-Mensah J, Ponpuak M, Roberts E, Master S, Mandell

MA, et al. TBK-1 promotes autophagy-mediated antimicrobial defense

by controlling autophagosome maturation. Immunity. (2012) 37:223–34.

doi: 10.1016/j.immuni.2012.04.015

27. He X, Qian Y, Li Z, Fan EK, Li Y, Wu L, et al. TLR4-upregulated

IL-1beta and IL-1RI promote alveolar macrophage pyroptosis and lung

inflammation through an autocrine mechanism. Sci Rep. (2016) 6:31663.

doi: 10.1038/srep31663

28. Sun L, Rautela J, Delconte RB, Souza-Fonseca-Guimaraes F, Carrington EM,

Schenk RL, et al. GM-CSF quantity has a selective effect on granulocytic vs.

monocytic myeloid development and function. Front Immunol. (2018) 9:1922.

doi: 10.3389/fimmu.2018.01922

29. Xu S, Sun Z, Li L, Liu J, He J, Song D, et al. Induction of T cells suppression

by dendritic cells transfected with VSIG4 recombinant adenovirus. Immunol

Lett. (2010) 128:46–50. doi: 10.1016/j.imlet.2009.11.003

30. Fu W, Wojtkiewicz G, Weissleder R, Benoist C, Mathis D. Early window of

diabetes determinism in NOD mice, dependent on the complement receptor

CRIg, identified by noninvasive imaging. Nat Immunol. (2012) 13:361–8.

doi: 10.1038/ni.2233

31. Tanaka M, Nagai T, Tsuneyoshi Y, Sunahara N, Matsuda T, Nakamura

T, et al. Expansion of a unique macrophage subset in rheumatoid

arthritis synovial lining layer. Clin Exp Immunol. (2008) 154:38–47.

doi: 10.1111/j.1365-2249.2008.03733.x

32. Chapman NM, Chi H. mTOR signaling, Tregs and immune modulation.

Immunotherapy. (2014) 6:1295–311. doi: 10.2217/imt.14.84

33. Guo S, Yang C, Mei F, Wu S, Luo N, Fei L, et al. Down-regulation

of Z39Ig on macrophages by IFN-gamma in patients with chronic

HBV infection. Clin Immunol. (2010) 136:282–91. doi: 10.1016/j.clim.2010.

03.007

34. Geissmann F, Revy P, Regnault A, Lepelletier Y, Dy M, Brousse N, et al. TGF-

beta 1 prevents the noncognate maturation of human dendritic Langerhans

cells. J Immunol. (1999) 162:4567–75.

35. Steinbrink K, Graulich E, Kubsch S, Knop J, Enk AH. CD4(+)

and CD8(+) anergic T cells induced by interleukin-10-treated

human dendritic cells display antigen-specific suppressor

activity. Blood. (2002) 99:2468–76. doi: 10.1182/blood.V99.

7.2468

36. Torres-Aguilar H, Sanchez-Torres C, Jara LJ, Blank M, Shoenfeld Y.

IL-10/TGF-beta-treated dendritic cells, pulsed with insulin, specifically

reduce the response to insulin of CD4+ effector/memory T cells

from type 1 diabetic individuals. J Clin Immunol. (2010) 30:659–68.

doi: 10.1007/s10875-010-9430-5

37. Tai N, Yasuda H, Xiang Y, Zhang L, Rodriguez-Pinto D, Yokono

K, et al. IL-10-conditioned dendritic cells prevent autoimmune

diabetes in NOD and humanized HLA-DQ8/RIP-B7.1 mice.

Clin Immunol. (2011) 139:336–49. doi: 10.1016/j.clim.2011.

03.003

38. Unger WW, Laban S, Kleijwegt FS, van der Slik AR, Roep BO.

Induction of Treg by monocyte-derived DC modulated by vitamin D3 or

dexamethasone: differential role for PD-L1. Eur J Immunol. (2009) 39:3147–

59. doi: 10.1002/eji.200839103

39. Marin E, Cuturi MC, Moreau A. Tolerogenic dendritic

cells in solid organ transplantation: where do we stand?

Front Immunol. (2018) 9:274. doi: 10.3389/fimmu.2018.

00274

40. Morelli AE, Thomson AW. Tolerogenic dendritic cells and the quest for

transplant tolerance.Nat Rev Immunol. (2007) 7:610–21. doi: 10.1038/nri2132

41. Thomas R. Dendritic cells and the promise of antigen-specific therapy in

rheumatoid arthritis. Arthritis Res Ther. (2013) 15:204. doi: 10.1186/ar4130

42. Escobar A, Aguirre A, Guzman MA, Gonzalez R, Catalan D, Acuna-

Castillo C, et al. Tolerogenic dendritic cells derived from donors with

natural rubber latex allergy modulate allergen-specific T-cell responses and

IgE production. PLoS ONE. (2014) 9:e85930. doi: 10.1371/journal.pone.00

85930

43. Small AG, Al-Baghdadi M, Quach A, Hii C, Ferrante A. Complement

receptor immunoglobulin: a control point in infection and immunity,

inflammation and cancer. Swiss Med Wkly. (2016) 146:w14301.

doi: 10.4414/smw.2016.14301

44. Jung K, Seo SK, Choi I. Endogenous VSIG4 negatively

regulates the helper T cell-mediated antibody response.

Immunol Lett. (2015) 165:78–83. doi: 10.1016/j.imlet.2015.

04.004

45. Katschke KJ Jr., Helmy KY, Steffek M, Xi H, Yin J, Lee WP, et al. A novel

inhibitor of the alternative pathway of complement reverses inflammation and

bone destruction in experimental arthritis. J Exp Med. (2007) 204:1319–25.

doi: 10.1084/jem.20070432

46. Li Y, Wang YQ, Wang DH, Hou WP, Zhang Y, Li M, et al. Costimulatory

molecule VSIG4 exclusively expressed on macrophages alleviates renal

tubulointerstitial injury in VSIG4 KO mice. J Nephrol. (2014) 27:29–36.

doi: 10.1007/s40620-013-0022-3

47. Lieberman LA, Mizui M, Nalbandian A, Bosse R, Crispin JC, Tsokos GC.

Complement receptor of the immunoglobulin superfamily reduces murine

lupus nephritis and cutaneous disease. Clin Immunol. (2015) 160:286–91.

doi: 10.1016/j.clim.2015.05.006

48. Jung K, Kang M, Park C, Hyun Choi Y, Jeon Y, Park SH, et al. Protective

role of V-set and immunoglobulin domain-containing 4 expressed on kupffer

cells during immune-mediated liver injury by inducing tolerance of liver T-

and natural killer T-cells. Hepatology. (2012) 56:1838–48. doi: 10.1002/hep.

25906

49. Tanaka M, Nagai T, Usami M, Hasui K, Takao S, Matsuyama T. Phenotypic

and functional profiles of CRIg (Z39Ig)-expressing macrophages in the large

intestine. Innate Immun. (2012) 18:258–67. doi: 10.1177/1753425911400641

50. LeeMY, KimWJ, Kang YJ, Jung YM, Kang YM, Suk K, et al. Z39Ig is expressed

on macrophages and may mediate inflammatory reactions in arthritis and

atherosclerosis. J Leukoc Biol. (2006) 80:922–8. doi: 10.1189/jlb.0306160

51. Irvine KM, Banh X, Gadd VL, Wojcik KK, Ariffin JK, Jose S, et al.

CRIg-expressing peritoneal macrophages are associated with disease severity

Frontiers in Immunology | www.frontiersin.org 13 December 2019 | Volume 10 | Article 2892

287

https://doi.org/10.1016/j.ajpath.2011.05.021
https://doi.org/10.4049/jimmunol.1303477
https://doi.org/10.1093/toxsci/kft268
https://doi.org/10.1038/gene.2014.45
https://doi.org/10.3389/fimmu.2018.00682
https://doi.org/10.1002/bies.201800063
https://doi.org/10.1179/096805104225006129
https://doi.org/10.2174/138945009789108828
https://doi.org/10.1038/82763
https://doi.org/10.4049/jimmunol.171.5.2262
https://doi.org/10.1371/journal.pone.0094188
https://doi.org/10.3389/fimmu.2018.00001
https://doi.org/10.1016/j.immuni.2012.04.015
https://doi.org/10.1038/srep31663
https://doi.org/10.3389/fimmu.2018.01922
https://doi.org/10.1016/j.imlet.2009.11.003
https://doi.org/10.1038/ni.2233
https://doi.org/10.1111/j.1365-2249.2008.03733.x
https://doi.org/10.2217/imt.14.84
https://doi.org/10.1016/j.clim.2010.03.007
https://doi.org/10.1182/blood.V99.7.2468
https://doi.org/10.1007/s10875-010-9430-5
https://doi.org/10.1016/j.clim.2011.03.003
https://doi.org/10.1002/eji.200839103
https://doi.org/10.3389/fimmu.2018.00274
https://doi.org/10.1038/nri2132
https://doi.org/10.1186/ar4130
https://doi.org/10.1371/journal.pone.0085930
https://doi.org/10.4414/smw.2016.14301
https://doi.org/10.1016/j.imlet.2015.04.004
https://doi.org/10.1084/jem.20070432
https://doi.org/10.1007/s40620-013-0022-3
https://doi.org/10.1016/j.clim.2015.05.006
https://doi.org/10.1002/hep.25906
https://doi.org/10.1177/1753425911400641
https://doi.org/10.1189/jlb.0306160
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Munawara et al. Complement Receptor Immunoglobulin and DCs

in patients with cirrhosis and ascites. JCI Insight. (2016) 1:e86914.

doi: 10.1172/jci.insight.86914

52. Liao Y, Guo S, Chen Y, Cao D, Xu H, Yang C, et al. VSIG4 expression on

macrophages facilitates lung cancer development. Lab Invest. (2014) 94:706–

15. doi: 10.1038/labinvest.2014.73

53. Xu T, Jiang Y, Yan Y,Wang H, Lu C, Xu H, et al. VSIG4 is highly expressed and

correlated with poor prognosis of high-grade glioma patients.Am J Transl Res.

(2015) 7:1172–80.

54. Byun JM, Jeong DH, Choi IH, Lee DS, Kang MS, Jung KO, et al. The

significance of VSIG4 expression in ovarian cancer. Int J Gynecol Cancer.

(2017) 27:872–8. doi: 10.1097/IGC.0000000000000979

55. Li J, Diao B, Guo S, Huang X, Yang C, Feng Z, et al. VSIG4

inhibits proinflammatory macrophage activation by reprogramming

mitochondrial pyruvate metabolism. Nat Commun. (2017) 8:1322.

doi: 10.1038/s41467-017-01327-4

56. Wiesmann C, Katschke KJ, Yin J, Helmy KY, Steffek M, Fairbrother WJ,

et al. Structure of C3b in complex with CRIggives insights into regulation

of complement activation. Nature. (2006) 444:217–20. doi: 10.1038/nature

05263

57. van Lookeren Campagne M, Verschoor A. Pathogen clearance and immune

adherence “revisited”: immuno-regulatory roles for CRIg. Semin Immunol.

(2018) 37:4–11. doi: 10.1016/j.smim.2018.02.007

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2019 Munawara, Perveen, Small, Putty, Quach, Gorgani, Hii, Abbott

and Ferrante. This is an open-access article distributed under the terms of

the Creative Commons Attribution License (CC BY). The use, distribution or

reproduction in other forums is permitted, provided the original author(s) and the

copyright owner(s) are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org 14 December 2019 | Volume 10 | Article 2892

288

https://doi.org/10.1172/jci.insight.86914
https://doi.org/10.1038/labinvest.2014.73
https://doi.org/10.1097/IGC.0000000000000979
https://doi.org/10.1038/s41467-017-01327-4
https://doi.org/10.1038/nature05263
https://doi.org/10.1016/j.smim.2018.02.007
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Supplementary Material 

 

Human Dendritic Cells Express the Complement Receptor 

Immunoglobulin Which Regulates T Cell Responses 

Usma Munawara1,2,3,a, Khalida Perveen1,3, Annabelle G. Small1,3, Trishni Putty1,3, Alex 

Quach1,3, Nick N. Gorgani1,3,b, Charles S. Hii1,3, Catherine A. Abbott2, and Antonio Ferrante1,3* 

1Department of Immunopathology, SA Pathology at the Women’s and Children’s Hospital, North 

Adelaide, SA, Australia 

2College of Science and Engineering, Flinders University, Bedford Park; SA, Australia 

3The Robinson Research Institute, School of Medicine and School of Biological Sciences, University 

of Adelaide, Adelaide, SA, Australia 

* Correspondence:  

Professor Antonio Ferrante 

antonio.ferrante@adelaide.edu.au 

 

  

289



Supplementary Table 1. The arrows indicate the effects of treating MDM and MDDC for 24 hours 

with the indicated cytokine/agent. MDM data from Munawara et al (2017).  

 

Cytokine MDM DC 

LTα   

IFN-γ   

IL-4   

IL-13   

IL-10   

TGF-β1   

TNF-α   

IL-13   

IL-6   

M-CSF   

GM-CSF   

Dexamethasone   
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Supplementary Figure 1. Gating strategies for determining CRIg expression on the DC surface and 

Foxp3+ regulatory T cells in allogeneic DC-T cell co-cultures. (A) Representative plots show DC 

gating by capture of the high FSC/SSC population, followed by doublet exclusion by SSC-A vs SSC-

H, and then exclusion of 7-aminoactinomycin D (7-AAD)+ cells (non-viable). Representative 

histogram overlays are also shown of isotype control and CRIg-PE staining in control and 24 h 

dexamethasone-treated viable DCs. The relative fold-increase in viable DC surface CRIg expression 

with dexamethasone treatment was shown to be significant from experiments of DCs from four 

individual donors. *, P < 0.05 by two-tailed t-testing. (B) Representative plots show Treg gating by 

capture of FSC and SSC singlets, followed by CD4+ T cell gating, and resolution of the 

CD25+CD127lo Treg cell population. An isotype control (IgG1-PE) was used to adjudicate Foxp3+ 

Treg cells.  
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Supplementary Figure 2. Complete Western blots of CRIg isoforms in cytokine-treated dendritic 

cells from which spliced blots presented in Figure 3 and 5 were obtained. The left blot was the source 

of the spliced IFN-γ and corresponding control blot in Figure 3, whilst the right blot was the source 

of the spliced TGF-β1 and corresponding control blot in Figure 5. Each blot presents lysates from DC 

cultured in the presence of the indicated cytokines in an individual, that were examined by staining 

with CRIg 3C9 monoclonal antibodies. The corresponding Ponceau S staining shows the consistency 

of protein load. Low Range Prestained SDS-PAGE Standards (Bio-Rad Laboratories) were used for 

determining the long (L), intermediate (I) and short (S) forms of CRIg with ladder band sizes 

indicated in kilodaltons (kDa). 

292



 

Supplementary Figure 3. Cytokine production and Treg cell populations in allogeneic DC-T cell-

anti-CRIg reactions relative to the absence of dexamethasone treatment. (A) Relative IFN-γ, TNF-α, 

IL-13, IL-10, IL-4, and TGF-β1 production. (B) Relative CD25+CD127lo and Foxp3+CD25+CD127lo 

Treg percentages of CD4+ T cells, and Foxp3+ percentages and MFI of CD25+CD127lo Treg cells. 

Significance levels are indicated by asterisks: *, P < 0.05, **, P < 0.01, ***, P < 0.001, ****, P < 

0.0001.  
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Supplementary Figure 4. VISG4 expression levels in various human macrophages and dendritic 

cells. Data were extracted and compiled from public gene expression data repositories via 

Genevestigator V7.3.1 (Hruz et al. 2008). The expression levels are normalized by Genevestigator 

and presented as boxplots with the mean and interquartile range (IQR), and whiskers denoting 1.5 

IQR from the lower and upper quartile, with asterisks indicating outliers. The sample sizes are 

indicated on each row of data. 
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Vitamin D upregulates the macrophage
complement receptor immunoglobulin in innate
immunity to microbial pathogens
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Usma Munawara2,3,5, Khalida Perveen 1,2,3, Andrew McPhee4, Charles S. Hii2,3 & Antonio Ferrante 1,2,3✉

Vitamin D deficiency remains a global concern. This ‘sunshine’ vitamin is converted through a

multistep process to active 1,25-dihydroxyvitamin D3 (1,25D), the final step of which can

occur in macrophages. Here we demonstrate a role for vitamin D in innate immunity. The

expression of the complement receptor immunoglobulin (CRIg), which plays an important

role in innate immunity, is upregulated by 1,25D in human macrophages. Monocytes cultured

in 1,25D differentiated into macrophages displaying increased CRIg mRNA, protein and cell

surface expression but not in classical complement receptors, CR3 and CR4. This was

associated with increases in phagocytosis of complement opsonised Staphylococcus aureus

and Candida albicans. Treating macrophages with 1,25D for 24 h also increases CRIg

expression. While treating macrophages with 25-hydroxyvitamin D3 does not increase CRIg

expression, added together with the toll like receptor 2 agonist, triacylated lipopeptide,

Pam3CSK4, which promotes the conversion of 25-hydroxyvitamin D3 to 1,25D, leads to an

increase in CRIg expression and increases in CYP27B1 mRNA. These findings suggest that

macrophages harbour a vitamin D-primed innate defence mechanism, involving CRIg.
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V itamin D is generated in humans by a two-step process.
Firstly, the ultraviolet light band B (UVB) converts the
cholesterol precursor 7-dehydrocholesterol to pre-vitamin

D in the epidermis1. The second step involves the isomerisation
to vitamin D3 (or cholecalciferol) in a thermo-sensitive, non-
catalytic reaction1. Vitamin D3 is an inactive precursor which is
bioactivated by the liver to form 25-hydroxyvitamin D3 (25D).
This is the main form of vitamin D present in the circulation and
the form measured to determine ‘vitamin D status’ in an
individual2. To form the biologically active metabolite, 1,25-
dihydroxyvitamin D3 (1,25D), 25D requires hydroxylation by the
enzyme CYP27B1, or 25-hydroxyvitamin D3 1-α-hydroxylase.
This is an intracellular process which occurs predominantly
within the proximal and distal tubules of the kidneys but also
extracellularly in activated macrophages3,4. 1,25D has been
shown to play an important role in the killing of intracellular
bacteria such as Mycobacteria tuberculosis and M. leprae in
macrophages5,6. More recently, it has been shown that steroids
and in particular dexamethasone increase the phagocytosis of
microbial pathogens by macrophages7–10. In addition, in these
studies, it was demonstrated that the steroids significantly
increased the expression of the most recently described of the
complement receptors, complement receptor immunoglobulin
(CRIg) but not the classical complement receptors, CR3 and CR4.
CRIg has been found to be a unique complement receptor which
plays a key role in the phagocytosis and clearance of bacteria11,12.
It was therefore of interest to see whether the steroid hormone
properties of vitamin D regulated the expression of CRIg and
phagocytosis in macrophages. We present evidence that shows
that 1,25D promotes the dvelopment of human macrophages to
express increased levels of CRIg at the mRNA, protein and cell
surface expression which was associated with increased bacterial
and fungal phagocytosis. The importance of innate immunity in
promoting vitamin D effects was also demonstrated. While vita-
min D, compared to 1,25D did not alter CRIg expression, addi-
tion of a TLR1/2 agonist in the presence of vitamin D led to
increased expression of CRIg in association with increased
expression of CYP27B1 which converts the 25D to 1,25D.

Results and discussion
1,25D promotes the development of CRIg expressing macro-
phages. Here we show that human macrophages differentiated
from monocytes in the presence of 1,25D for 3 days, display
increased CRIg mRNA expression (Fig. 1a, b). This effect is seen
in a concentration-dependent manner over 0.5–200 nM (Fig. 1a,
b). The increase induced by 1,25D on CRIg mRNA expression is
seen in cultures initiated with either peripheral blood mono-
nuclear cells (PBMC) (Fig. 1a) or purified monocytes (Fig. 1b).
Because CRIg plays an important role in innate immunity11,13,14,
it was of interest to examine its expression in cord blood mac-
rophages. CRIg expression was not significantly different between
macrophages from adult and cord blood. Expression in cord blood
macrophages was also upregulated by the presence of 1,25D
(Fig. 1c). However, the data did trend towards a decrease in CRIg
expression in cord blood macrophages, placing some reservation
on this conclusion which should be resolved in further studies.
Further studies with purified monocytes show that the increase in

CRIg expression is evident at the protein level and is reflected in an
increase in the predominant isoform, the long (L) as well as the less
prominent short (S) form, revealed by western blot analysis using a
mouse anti-human CRIg monoclonal antibody (clone 3C9, Genen-
tech, CA)11 (Fig. 1d, Supplementary Fig. 1). Flow cytometry analyses
of cell surface CRIg expression using the same monoclonal antibody
show that macrophages derived from monocytes treated with 100
nM of 1,25D display significant increases in surface expression of

CRIg, compared with vehicle-treated control cells, suggesting that the
increase in CRIg expression is likely to have an impact on cell
function (Fig. 1d, Supplementary Fig. 1). Our data demonstrate that
1,25D also caused an increase in CRIg mRNA expression. This
implies transcriptional regulation by the secosteroid. How this is
mediated remains to be determined. Interestingly, neither the vitamin
D receptor nor its heterodimeric binding partner, retinoid X receptor,
both of which are required for CYP24 promoter activation15, are
amongst the 155 transcription factors that can bind the promoter/
enhancer regions of the CRIg gene, VSIG4, as predicted by
GeneHancer16. This raises the possibility that the transcriptional
regulation of VSIG4 by 1,25D does not involve a classical vitamin D
response element such as the ones in the CYP24A1 gene.

Effects of 1,25D on expression of complement receptors 3 and
4. As CRIg is not the only phagocytosis-promoting complement
receptor expressed by macrophages17, we next assessed the levels
of the β-integrin complement receptors 3 and 4 (CR3 and CR4,
respectively) in macrophages differentiated from monocytes in
the presence of 1,25D, by measuring the levels of the α-subunits
CD11b (CR3) and CD11c (CR4). There is no increase in CD11b
mRNA. While there is a decrease in CD11c mRNA expression in
these macrophages (Fig. 2a), this is not reflected in changes in
either of these receptors at the protein level, revealed by western
blot analysis (Fig. 2b, Supplementary Fig. 1), and in their cell
surface expression, compared with untreated controls (Fig. 2c).

1,25D promotes macrophage phagocytosis. With the finding
that 1,25D upregulates CRIg, but not CR3 and CR4 in macro-
phages, we investigated whether the phagocytic capabilities of the
cells were altered by the 1,25D treatment. Using commercially
available Staphylococcus aureus bioparticles which fluoresce once
within the phagosomes of the macrophage18, we found that
phagocytosis is significantly increased in 1,25D-treated cells,
compared to untreated control cells (Fig. 2d). Using a second
assay involving addition of heat-killed Candida albicans and
analysis of cells under a microscope, phagocytosis is significantly
higher in macrophages generated in the presence of 1,25D
(Fig. 2e), with more particles engulfed per individual macrophage
and more cells engulfing >4 particles. As the process of phago-
cytosis in both of these assays is promoted by complement and
the other phagocytosis-promoting complement receptors CR3
and CR4 were essentially not influenced by 1,25D treatment, it
can be tentatively concluded that the upregulation of phagocytic
activity is most likely a direct result of the increase in CRIg
expression on these cells. Interestingly, vitamin D or 1,25D has
been associated with the promotion of M2 macrophage polar-
isation, a cell which is less inflammatory but has higher phago-
cytic activity than M1 macrophages19–21. In addition, CRIg is an
important phagocytosis-promoting receptor able to mediate
capture of bacterial, fungal, and parasitic pathogens22, with
increased phagocytic rates compared with CR311,12,23. We have
previously used the Santa Cruz monoclonal antibody to block
CRIg function in dendritic cell-mediated T-cell response24.
Attempts to address this issue with this blocking approach led to
difficulties in interpretation of results. Blocking CRIg did not
significantly decrease the phagocytosis of bacteria (Supplemen-
tary Fig. 2a). But an examination of CD11b expression demon-
strated that the antibody caused a significant increase in this
receptor (Supplementary Fig. 2b), most likely masking any
depressed phagocytosis caused by the blocking of CRIg.

1,25D increases expression in mature macrophages. Monocyte-
derived macrophages have a lifespan ranging from weeks to years
in the tissues25. As a result, these cells can potentially be exposed
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to a range of homeostatic or inflammatory conditions. As their
local microenvironment fluctuates, macrophages are able to dis-
play a high level of phenotypic plasticity reflecting this environ-
ment. Because of this, we sought to investigate whether adding
1,25D directly to the macrophages also causes a change in CRIg
expression. Macrophages were prepared by incubating monocytes
in culture for 5 days. These were then treated with 100 nM of
1,25D for 24 h. The macrophages show an increase in expression

of CRIg mRNA (Fig. 3a) and protein (Fig. 3b, Supplementary
Fig. 1).

Engagement of TLR1/2 on macrophages promotes pathways
for generating 1,25D and increases in CRIg expression. We
surmise that macrophages with an active cytochrome P450 25-
hydroxyvitamin D3-1alpha-hydroxylase (CYP27B1) and ability to
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Fig. 1 CRIg is upregulated in human macrophages by 1,25D. PBMC or purified monocytes were cultured in the presence or absence of 1,25D. The cells
were harvested to determine levels of CRIg mRNA on day 3 of culture, and CRIg protein on day 5 of culture. Relative expression (RE) of mRNA or protein
was measured against GAPDH. a CRIg mRNA expression in PBMC cultured with varying concentration of 1,25D. b CRIg mRNA expression in macrophages
derived from monocytes cultured with varying concentrations of 1,25D. c CRIg mRNA expression in macrophages derived from cord blood monocytes
cultured for 3 days in the presence or absence of 100 nM 1,25D. d CRIg protein in macrophages derived from monocytes cultured in the presence or
absence of 100 nM 1,25D. Western blot data are presented as fold-difference in CRIg band intensity normalized against GAPDH (loading control) with six
experimental runs each with cells from a different individual. Representative western blot of CRIg expression (top panel) and GAPDH re-probe (bottom
panel) are shown. e Macrophages derived from monocytes cultured in the presence or absence of 100 nM 1,25D were analysed for cell surface CRIg
expression by flow cytometry. Left panel: Gating strategy based on size and granularity; centre panel: representative histogram overlay of CRIg expression:
secondary antibody control is shown in dotted black, unstimulated macrophage CRIg fluorescence is shown in blue, and 1,25D stimulated macrophage CRIg
fluorescence is shown in red; right panel: Δ median fluorescence intensity (MFI), for CRIg staining minus isotype control, is shown for control and 1,25D-
treated cells from five individual experiments. a, b Data are presented as mean ± s.d. of three experiments each with cells from a different individual.
P values were calculated using one-way ANOVA followed by Dunnett’s multiple comparison test. c–e Data are analysed by the paired, two-tailed Student’s
t-test. Statistical significance of 1,25D-treated versus controls are represented as *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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convert the inactive 25D to 1,25D would show increased expression
of CRIg, possibly through an autocrine or paracrine mechanism
(Fig. 4a). The TLR1/2 agonist Pam3CSK4, is known to increase the
expression of CYP27B1 in macrophages26. Using a combination of
25D and Pam3CSK4, we investigated whether treatment with these
agents for 24 h causes an increase in CRIg expression. While
treating macrophages with either 50 ng/mL Pam3CSK4 or 100 nM
25D independently has no significant effect, combined addition of
these to cells causes an increase in CRIg mRNA and protein
expression, particularly the long form (Fig. 4b, c, Supplementary
Fig. 1). Furthermore, consistent with these findings was the result
that treatment of macrophages with Pam3CSK4 caused a significant
increase in their CYP27B1 mRNA expression (Fig. 4d). These
results indicate that 1,25D produced by macrophages following
engagement of TLR1/226, is able to act in an autocrine or intracrine
manner to enhance CRIg expression.
Emerging interest in the non-classical biological effects of

vitamin D has recently been highlighted27, which includes an
ability to regulate innate immune responses. Thus, 1,25D has
been reported to increase the production of anti-microbial

peptides e.g. cathelicidin and β-defensin 2, and stimulate
phagocytosis in macrophages28. Recently, the secosteroid has
been shown to be required for IL-22 production by type 3 innate
lymphoid cells and in defence against Citrobacter rodentium
infection29. In macrophages, vitamin D is known to be required
for defence against the intracellular pathogen Mycobacterium
tuberculosis3,30. Macrophages express both the vitamin D
receptor (VDR) and CYP27B1,4 the latter enabling the generation
of 1,25D31. VDR and CYP27B1 expression is upregulated by
engaging TLR1/2 by triacylated lipoproteins on the microbial
surface3,32. Another important piece of this immunobiology of
the vitamin D ‘jigsaw’ puzzle shown by the present results is the
upregulation of CRIg expression through the stimulation of
TLR1/2 in the presence of 25D, providing evidence for a global
role in anti-infective innate immunity. The results also make
prominent the point that while CRIg is readily modulated, CR3
and CR4 are essentially not affected by 1,25D. It has been
reported that cytokines and inflammatory mediators as well as the
steroid drug dexamethasone display this differential effect on
these receptors7–9. Our findings reveal an important mechanism
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in innate anti-microbial activity of macrophages, influenced by
vitamin D. This study furthermore supports the importance of
vitamin D sufficiency for a functional innate immune response,
and supports the global concern of vitamin D deficiency33.

Methods
Materials
Human blood specimens. The procurement of human blood and all experimental
procedures were approved by the Human Research Ethics Committee of the
Women’s and Children’s Health Network (WCHN), Adelaide, South Australia, in
accordance with The National Statement on Ethical Conduct in Human Research
(2007, updated 2018) (National Health and Medical Research Council Act 1992).
Venous blood was collected from healthy adult volunteers by venipuncture with
their informed consent, under approval number HREC/15/WCHN/21.

Antibodies. The mouse monoclonal antibody (clone 3C9, for flow cytometry, 0.2
µg; for western blotting, 1:3000) that recognizes the IgV domain of human CRIg
was kindly provided by Dr. Menno van Lookeren Campagne (Genentech, San
Francisco, CA). The rabbit recombinant monoclonal anti-CD11b antibody
(ab133357, clone EPR1344, 1:1000), and mouse IgG1 isotype control antibody
(ab37355) were purchased from Abcam. The mouse monoclonal anti-CD11c
antibody (clone N-19, 1:1000) and goat PE-conjugated anti-mouse IgG antibody
were purchased from Santa Cruz Biotechnology. The mouse monoclonal anti-
GAPDH (clone 71.1, 1:20,000) was obtained from Sigma-Aldrich. The polyclonal
HRP-conjugated rabbit anti-mouse (P0260), anti-goat (P0449) and goat anti-rabbit
(P0448) immunoglobulin antibodies (1:2000) were obtained from Dako.

Reagents. Roswell Park Memorial Institute (RPMI) 1640 tissue culture medium,
Hank’s buffered saline solution (HBSS), foetal calf serum (FCS), L-glutamine,
penicillin and streptomycin were purchased from SAFC Biosciences. Dithiothreitol
(DTT), benzamidine, leupeptin, pepstatin A, phenylmethylsulfonyl fluoride
(PMSF), 1α,25-dihydroxyvitamin D3 (1,25D) and 25-dihydroxyvitamin D3 (25D)
were purchased from Sigma-Aldrich. Stock solutions of 1,25D and 25D were
prepared to 10−3 M in 95% ethanol and stored at −80 °C. Pam3CSK4 was pur-
chased from Invivogen, with stock preparation at 1 mgml−1 in endotoxin-free
water and storage at −20 °C. Aprotinin was purchased from Merck.

Cell preparation and culture. Peripheral blood mononuclear cells (PBMC) or
cord blood mononuclear cells were prepared by density gradient centrifugation of
blood on Ficoll-Paque PLUS (GE Healthcare). The interface layer containing
PBMC was harvested and cells were washed in RPMI 1640 medium. Monocytes
were purified from the MC following seeding of the latter at 2 × 107 per autologous
plasma-coated 6-cm culture dish (TPP) and incubation at 37 °C, 5% CO2/air, in a
high humidity incubator for 2 h. Non-adherent cells were removed by three gentle
washes resulting in >90% monocytes purity, and each dish replenished with 4 mL
of RPMI 1640 supplemented with 2 mmol L−1 L-glutamine, 100 Uml−1 penicillin,
100 μg ml−1 streptomycin and 10% FCS, pH 7.4. Experiments either utilized total
PBMC or purified monocytes. Cells were stimulated with either, 1,25D, 25D,
Pam3CSK4, or diluent and cultured for the duration specified in the ‘Results’
section. Cells were harvested after either 3 days (for CRIg mRNA analysis) or
5 days (for CRIg protein analysis or phagocytosis assays) culture by gentle scraping
with a ‘rubber policeman’.

Quantitative PCR assays. The quantitative PCR (qPCR) assays were performed as
previously described8. In brief, total RNA was extracted from harvested cells using
TRIzol reagent (Invitrogen). cDNA was prepared using iScript cDNA synthesis kit
(Bio-Rad). qPCR analysis was performed using iTaq™ Universal SYBR® Green
Supermix (Bio-Rad) with the following conditions: initial denaturation for 5 min at
95 °C followed by 40 cycles at 95 °C for 30 s, 60 °C for 30 s and 72 °C for 30 s using
an iQ5 Real-Time Detection System with iQ5 Optical System v2.1 software (Bio-
Rad). Data were normalized to the expression of a control gene GAPDH for each
experiment. The primer pairs used were for human CRIg (Forward: 5′-ACACTT
ATGGCCGTCCCAT-3′; Reverse: 5′-TGTACCAGCCACTTCACCAA-3′), CD11b
(F: 5′-CCTGGTGTTCTTGGTGCCC-3′ and R: 5′-TCCTTGGTGTGGCACGTAC
TC-3′) CD11c (F: 5′-CCGATTGTTCCATGCCTCAT-3′; R: 5′-AACCCCAATTGC
ATAGCGG-3′), CYP27B1 (F: 5′-TGGCCCAGATCCTAACACATTT-3′) (R: 5′-G
TCCGGGTCTTGGGTCTAACT-3′)34 and GAPDH (F: 5′-GAGTCAACGGATTT
GGTCGT-3′; R: 5′-GACAAGCTTCCCGTTCTCAGCCT-3′).

Phagocytosis assays
Staphylococcus aureus bioparticle uptake quantitation by flow cytometry. Briefly,
1 × 106 macrophages in HBSS with 8% human AB serum, were incubated with 80
µg pHrodo™ Red S. aureus Bioparticles™ (Invitrogen), in a final volume of 400 µL in
12 × 75 mm round-bottom tubes18. These were gassed with 5% CO2/air and cap-
ped, with incubation at 37 °C for 1 h. Following washing in HBSS, samples were
acquired using a BD FACSCanto I flow cytometer with FACSDiva 8.0, with

analysis using FlowJo 10.1 software (FlowJo LLC) to determine bioparticle uptake
by changes in median fluorescence intensity in the PE channel. For experiments
run in the presence of the anti-CRIg blocking antibody, 1 × 106 macrophages were
incubated at room temperature with either 10 μg/mL mouse anti-human CRIg
monoclonal antibodies (clone 6H8, Santa Cruz Biotechnology; clone 6C9, Gen-
entech) or mouse IgG1 isotype control antibodies for 15 min prior to conducting
the phagocytosis assay as above.

Candida albicans particle uptake quantitation by microscopy. This phagocytosis
assay was performed essentially as described previously7,8. Briefly, 1 × 105 C.
albicans yeast particles were added to 5 × 104 macrophages in a final volume of 0.5
ml HBSS. Complement-containing human AB serum was added to a final con-
centration of 10%. The cells were incubated for 15 min at 37 °C on a rocking
platform. Following removal of unphagocytosed yeast particles by differential
centrifugation at 175 × g for 5 min, the remaining macrophages in the pellet were
cytocentrifuged onto a microscope slide and stained with Giemsa. The particles in
phagocytic vacuoles were enumerated, with phagocytosis was scored as both the
number of macrophages that had engulfed >4 fungi as well as the number of fungi
engulfed per cell.

Assessing cell surface CRIg and CD11b expression. Macrophage surface CRIg
expression was determined by flow cytometry7. Briefly, harvested cells were
incubated in 12 × 75 mm round-bottom tubes on ice with 100 μg purified human
IgG (Kiovig, Baxter) for 15 min. This was followed by addition of 0.2 µg of either
anti-human CRIg or mouse IgG1 isotype control antibodies, with further incu-
bation for 20 min. Cells were washed with 2 mL PBS with centrifugation at 500 × g
for 5 min. Goat anti-mouse IgG PE secondary antibody was then added, with
continued incubation in the dark on ice for 20 min. For experiments assessing
CD11b, 0.2 μg of anti-CD11b (PE) were added to concurrent tubes set up in the
absence of anti-CRIg primary antibody. Following washing twice more, the cells
were acquired (50,000 event minimum) on a BD FACSCanto I with FACSDiva 8.0,
and data analysed using FlowJo 10.1.

Western blotting assays. Protein analysis in harvested macrophages was per-
formed using western blot essentially as previously described8. Lysates were gen-
erated from macrophages in each culture dish with 100 µL of buffer containing 20
mmol L−1 HEPES, pH 7.4, 0.5% Nonidet P-40 (v/v), 100 mmol L−1 NaCl, 1 mmol
L−1 EDTA, 2 mmol L−1 Na3VO4, 2 mmol L−1 DTT, 1 mmol L−1 PMSF and 1 µg
mL−1 of each protease inhibitor, benzamidine, leupeptin and pepstatin A. Total
protein in the soluble fractions was quantitated using the Qubit™ Protein Assay Kit
on a Qubit 3.0 (Invitrogen), prior to the addition of Laemmli buffer. Samples were
boiled at 100 °C for 5 min and 60 µg of protein were subjected to 10% SDS-PAGE
at 170 V for ~1 h, using the Mini-PROTEAN 3 system (Bio-Rad). The samples
were transferred onto nitrocellulose membrane using the Trans-Blot® Turbo™
Transfer System (Bio-Rad). The extent of protein transfer was ascertained using
0.1% Ponceau S membrane staining. After blocking in TBST with 5% skim milk
(blocking solution), the membrane was incubated with either mouse anti-human
CRIg, rabbit anti-human CD11b, or mouse anti-human CD11c antibodies in
blocking solution overnight at 4 °C. The membrane was washed in blocking
solution (3 × 5 min) and then incubated with the appropriate secondary HRP-
conjugated antibody (anti-mouse, anti-rabbit or anti-goat IgG) in blocking solution
for 1 h at room temperature. Immunoreactive material was detected using the
Western Lightning Plus-ECL Enhanced Chemiluminescence Substrate (Perki-
nElmer), with protein bands visualized on a ChemiDoc™ XRS+ Imager and
quantitated using Image Lab™ Software, Version 3.0 (Bio-Rad). For GAPDH
determination, stained membranes were subjected to antibody stripping using
ReBlot Plus Mild Solution (Millipore) and incubated with mouse anti-human
GAPDH antibody, followed by the staining and visualization steps as
described above.

Statistics and reproducibility. Graphpad Prism 8.0 (Graphpad Software) was
used for statistical analysis. Mean differences were compared using t-tests (for
comparisons of two groups) or one-way ANOVA followed by multiple comparison
tests (for comparisons of three or more groups). P values <0.05 were considered to
be statistically significant.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The data supporting this study are available within the paper and Supplementary
Information. Source data can be found in Supplementary Data 1. Any additional data
relating to the study are available from the corresponding author on reasonable request.
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Supplementary Figure 1. Uncropped Western blots used throughout the manuscript. 

CRIg, CD11b, CD11c and the corresponding GAPDH blots with lanes in their entirety are 

presented. Precision Plus Protein™ Standards (Bio-Rad) were used for determining the 

molecular weights of proteins in kilodaltons (kDa). 
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Supplementary Figure 2. The effect of anti-CRIg antibody upon phagocytosis and CR3 

expression of 1,25D-treated MDM. a, Effects of adding CRIg blocking antibody on 

phagocytosis in 1,25D treated macrophages. MDM were treated with 100 nM of 1,25D or 

diluent for 24 h and then examined for phagocytosis of opsonised bacteria. The effect of 

blocking interaction with CRIg was achieved by adding anti-CRIg monoclonal antibodies 

either clone 6H8 or 3C9. b, The effects of anti-CRIg antibody (clone 6H8) on CR3 (anti-CD11b 

antibody) expression on MDM treated with 1,25D. Results are presented as mean ± s.d. of 3-4 

different experiments. P value was calculated by the paired, two-tailed Student’s t-test. 

Significance of differences between the different treatments are shown, *P <0.05. 
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The phagocytosis-promoting complement receptor, Complement Receptor
Immunoglobulin (CRIg), is exclusively expressed on macrophages. It has been
demonstrated that expression in macrophages could be modulated by inflammatory
mediators, including cytokines. This raised the possibility that a major phagocyte, the
neutrophil, may also express CRIg following activation with inflammatory mediators. Here
we show that resting peripheral blood neutrophil lysates subjected to protein analysis by
Western blot revealed a 35 kDa CRIg isoform, consistent with the expression of CRIg
mRNA by RT-PCR. By flow cytometry, CRIg was detected intracellularly and in very minor
amounts on the cell surface. Interestingly, expression on the cell surface was significantly
increased to functional levels after activation with inflammatory mediators/neutrophil
activators; N-Formylmethionine-leucyl-phenylalanine, tumor necrosis factor (TNF),
Granulocyte-Macrophage Colony st imulat ing Factor (GM-CSF), bacter ial
lipopolysaccharide, leukotriene B4 and phorbol myristate acetate. The increase in
expression required p38 MAP kinase and protein kinase C activation, as well as
intracellular calcium. Neutrophils which were defective in actin microfilament
reorganization due to a mutation in ARPC1B or inhibition of its upstream regulator,
Rac2 lose their ability to upregulate CRIg expression. Inhibition of another small GTPase,
Rab27a, with pharmacological inhibitors prevented the increase in CRIg expression,
suggesting a requirement for the actin cytoskeleton and exocytosis. Engagement of CRIg
on TNF-primed neutrophils with an anti-CRIg monoclonal antibody increased the release
of superoxide and promoted the activation of p38 but not ERK1/ERK2 or JNK MAP
kinases. The TNF-induced increase in killing of Staphylococcus aureus was blocked by
the anti-CRIg antibody. Adding to the anti-microbial role of CRIg, it was found that GM-
CSF priming lead to the release of neutrophil extracellular traps. Interestingly in contrast to
the above mediators the anti-inflammatory cytokine IL-10 caused a decrease in basal
org March 2022 | Volume 13 | Article 8405101
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expression and GM-CSF induced increase in CRIg expression. The data demonstrate that
neutrophils also express CRIg which is regulated by inflammatory mediators and
cytokines. The findings show that the neutrophil antimicrobial function involving CRIg
requires priming as a means of arming the cell strategically with microbial invasion of
tissues and the bloodstream.
Keywords: neutrophil, CRIg/VSIG4, complement receptors, inflammatory mediators, intracellular signaling,
microbial killing, cytokines, neutrophil extracellular trap
INTRODUCTION

CRIg or V-set and immunoglobulin domain–containing 4 (VSIG4)
has distinct structural and biological properties from the classical
complement receptors, CR3 and CR4 (1, 2). Its role in innate
immunity is exemplified by its ability to promote the rapid clearance
of blood-borne bacteria in both a complement-dependent and
-independent pattern recognition receptor manner (3, 4). CRIg has
alsobeen found to suppress the immune response (5, 6) and inhibit the
activation of the alternative pathway (7, 8). These properties have
further led to the findings that CRIg is protective in a number of
autoimmune/chronic inflammation disease models (7, 8). The
restriction of CRIg expression to macrophages, and in particular to
subpopulations of fixed tissue macrophages such as the liver Kupffer
cells in the mouse, has implicated the importance of CRIg-expressing
macrophages in immunity against infection and protection against
inflammatorydiseases (1, 3–5, 8).However, recent reports have shown
thatCRIg protein is undetectable in human liver tissue, suggesting that
its role in immunity in humans still remains to be defined (9). Our
previous work examining CRIg on human monocyte-derived
macrophages demonstrated that CRIg expression could be
substantially depressed as well as increased by treating macrophages
with inflammatory mediators and drugs such as dexamethasone (10,
11).Thisraisedthepossibility thatotherphagocytessuchasneutrophils
mayexpressCRIg followingactivationby inflammatorymediatorsand
cytokines, and was the subject of this study.

Wenowreport thathumanneutrophils alsoexpressCRIgprotein,
but it is only significantly expressed on the cell surface following
activationbyendogenousandexogenous inflammatorymediators, in
a regulatory manner since IL-10 was also able to down regulate its
expression. Engaging CRIg on the neutrophil surface leads to a
significant activation of the key functional response of the oxygen-
dependent respiratory burst and associated intracellular signaling
molecule activation, p38 and bacterial killing. The ability to increase
expression on the cell surface was dependent on p38, PKC,
intracellular Ca2+ and small GTP binding proteins and the
cytoskeleton. This identifies a unique process of regulating CRIg
expression and arming neutrophils at sites of infection
and inflammation.
MATERIALS AND METHODS

Ethical Statement
The procurement of human blood and all experimental procedures
were approved by the Human Research Ethics Committee of the
org 2
Women’s and Children’s Health Network (WCHN), Adelaide,
South Australia, and the Southern Adelaide Clinical Human
Research Ethics Committee in accordance with The National
Statement on Ethical Conduct in Human Research (2007,
updated 2018; National Health and Medical Research Council
Act 1992). Blood was collected from healthy volunteers by
venipuncture with their informed consent. Results from studies
on ARPC1B-deficient neutrophils were obtained as part of the
clinical laboratory assessment of the patient and informed consent
was obtain from the parents to publish the results.

Reagents
RPMI 1640 tissue culture medium, fetal calf serum (FCS) and L-
glutamine were purchased from SAFC Biosciences (Lenexa,
Kansas). Recombinant human tumor necrosis factor (TNF),
granulocyte-macrophage colony stimulating factor (GM-CSF),
and interleukin-10 (IL-10) were purchased from ProSpec-Tany
Technogene (Rehovot, Israel). Phorbol myristate acetate (PMA),
lipopolysaccharide (LPS) from Escherichia coli O127:B8, N-
Formyl-Met-Leu-Phe (fMLF), wortmannin, BAPTA-AM
(calcium chelator), and Nexinhib20 (Rab27 inhibitor) were
purchased from Sigma-Aldrich (St. Louis, MO). Leukotriene
B4 (LTB4) was purchased from Cayman Chemical (Ann
Arbor, MI). SB202190 and SB203580 from SelleckChem
(Houston, TX). The PKC inhibitor GF109203X was purchased
from Biomol Research Laboratories (Plymouth Meeting, PA).
Rac-1 inhibitor, NSC 23766, and the Rac-1/Rac-2 inhibitor, EHT
1864, were purchased from TOCRIS (Bristol, UK).

Antibodies
FITC-conjugated goat anti-rat antibody and, unlabeled and PE-
conjugated mouse anti-human CRIg monoclonal antibody (clone
6H8, 1:200 for Western blotting), were from Santa Cruz
Biotechnology (Dallas, TX). Fluorochrome-conjugated antibodies
toCD45 (APC-H7; clone2D1), CD11b (PE; cloneD12), andmouse
IgG1-k isotype control (PE; clone MOPC-21), were from BD
Biosciences (Franklin Lakes, NJ). The rabbit anti-ARPC1B
antibody (HPA004832, 1:1000) and mouse monoclonal anti-
GAPDH (clone 71.1, 1:20,000) were from Sigma-Aldrich. The
polyclonal HRP-conjugated rabbit anti-mouse (P0260), anti-goat
(P0449), and goat anti-rabbit (P0448) immunoglobulin antibodies
(1:2000) were purchased from Dako (Glostrup, Denmark). The
polyclonal anti-myeloperoxidase (MPO) antibody was purchased
from Abcam (Cambridge, UK). The Alexa Fluor 488-conjugated
goat anti-rabbit IgG (H+L) highly cross-adsorbed secondary
antibody was purchased from Invitrogen (Waltham, MA).
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Purification of Neutrophils
Neutrophils were isolated from the blood of healthy donors using
the rapid-single-step method, as described previously (12).
Briefly blood was layered on Hypaque-Ficoll, d = 1.114 and
centrifuged at 600 × g for 35 min. The bottom leukocytes band
containing neutrophils was harvested, washed and used
immediately in these experiments. Viability was >99% and
purity of the order of 98%.

Reverse Transcription PCR Assays
In brief, total RNA was extracted from freshly isolated
neutrophils using TRIzol reagent (Invitrogen, Waltham, MA).
cDNA was prepared using 300 ng RNA using iScript™ cDNA
synthesis kit (Bio-Rad, Hercules, CA). RT-PCR analysis was
performed using AmpliTaq Gold® 360 Master Mix (Applied
Biosystems, Waltham, MA) with the following conditions: initial
denaturation for 5 min at 95°C followed by 40 cycles at 95°C for
30 s, 60°C for 30 s and 72°C for 30 s using a Bio-Rad MyCycler.
The primer pairs used were for human CRIg (Forward: 5’-
ACACTTATGGCCGTCCCAT-3’; Reverse: 5’-TGTACCAG
CCACTTCACCAA-3’) and GAPDH (11). The PCR products
were visualized by 2% agarose gel electrophoresis alongside 1 kb
Plus DNA ladder (Invitrogen).

Sanger Sequencing
Genomic DNA was isolated from heparinized blood using the
Flexigene DNA kit (Qiagen, Hilden, Germany). ARPC1B gene
exon 2 and the flanking intronic regions were amplified using
AmpliTaq Gold® 360 Master Mix (Applied Biosystems) with 0.1
mM of each M13-tagged primer (Forward: GCTGCCCCT
CTAAACTGAGG; Reverse: AACTTTAACCCAGGAGGCCC),
and 25–50 ng DNA in a 25 mL final PCR volume. Thermal
cycling conditions were an initial denaturation of 95°C for
10 min, followed by 35 cycles of 95°C for 30 s, 60°C for 30 s,
and 72°C for 60 s; with a final extension at 72°C for 7 min. The
PCR products were purified using Illustra ExoProStar1-Step (GE
HealthCare, Chicago, IL) and sequenced using BigDye
Terminator v3.1 on an ABI 3730 DNA Analyzer (Applied
Biosystems). Mutation detection was performed by alignment
with reference sequence LRG_1188 using Mutation Surveyor
v4.0.11 (SoftGenetics, State College, PA).

Western Blot
Neutrophil pellets were resuspended in 100 µL of lysis buffer
containing 20 mM HEPES, pH 7.4, 0.5% Nonidet P-40 (v/v), 100
mM NaCl, 1 mM EDTA, 2 mM Na3VO4, 2 mM dithiothreitol, 1
mM PMSF and 1 µg/mL of each protease inhibitor (benzamidine,
leupeptin, pepstatin A, and phenylmethylsulfonyl fluoride
(PMSF), from Sigma-Aldrich, and aprotinin from Calbiochem
(Merck, Darmstadt, Germany). Total protein in the soluble
fractions were quantitated using the Qubit™ Protein Assay Kit
on a Qubit 3.0 (Invitrogen). After addition of Laemmli buffer, the
samples were boiled at 100°C for 5 min and subjected to 10% SDS-
PAGE at 170 V for approximately 1 hour, using the Mini-
PROTEAN 3 system (Bio-Rad), then transferred to
nitrocellulose membranes using the Trans-Blot® Turbo™
Frontiers in Immunology | www.frontiersin.org 3
Transfer System (Bio-Rad) and examined by 0.1% Ponceau S
staining. After blocking in TBST with 5% skim milk (blocking
solution) for 1 h, the membrane was incubated with the anti-CRIg
(6H8) primary antibodies in blocking solution for 1 h at RT. The
membrane was washed in blocking solution and then incubated
with secondary HRP-conjugated antibodies in blocking solution
for 1 h at RT. Immunoreactive material was detected using the
Western Lightning Plus-ECL Enhanced Chemiluminescence
Substrate (PerkinElmer, Waltham, MA), with protein bands
visualized on a ChemiDoc™ XRS+ Imager and quantitated
using Image Lab™ Software, Version 3.0 (Bio-Rad).

In studies examining the activation of p38, JNK and ERK1/2,
purified neutrophils at 2 x 106 cells/mL in HBSS (without serum)
were stimulated with TNF (103 U/mL) for 20 min at 37°C/5%
CO2 air. Then anti-CRIg antibody (6H8) was added at 4 mg/mL
for 15 min at 37°C/5%CO2. The reaction was stopped by adding
cold HBSS. The cells were pelleted by centrifugation at 600g for
5 min at 4°C and cell lysates prepared for western blot. For
detection of phospho-protein, rabbit polyclonal anti-p-p38
(Thr180/tyr182)-R (sc-17852-R), mouse monoclonal anti-p-
JNK antibody (Thr 183/Tyr 185) (G-7; sc-6254), and mouse
monoclonal anti-p-ERK 1/2 antibody (pT202/pY204.22A) (sc-
136521) primary antibodies were used at 1:2000 dilution in 5%
BSA for 1 h at room temperature or overnight at 4°C followed by
appropriate secondary antibodies. To detect total amount of
protein, rabbit polyclonal anti-p38a antibody (C-20: sc-535),
rabbit polyclonal anti-JNK1/3 antibody (C-17: sc-474), rabbit
polyclonal anti-ERK2 (C-14); sc-154) (1:2000) or mouse anti-
GAPDH monoclonal antibody (1:10000) were used after
blocking with skim milk (blocking solution) and then the
appropriate secondary antibodies added. These were developed
as described above.

Flow Cytometry
Cell surface expression of CRIg, CD45, and CD11b was analysed
by flow cytometry as previously described (10, 11). Briefly, 2.5 ×
105 cells were incubated with 100 mg human IgG (Kiovig, Baxter,
Old Toongabbie, NSW, Australia) for 15 min and treated with
fluorochrome-conjugated anti-human primary antibodies. Cells
were washed after 20 min incubation. For experiments requiring
intracellular staining, surface antigens were stained as above
before fixation and permeabilization with the BD Fixation/
Permeabi l i za t ion ki t (BD Biosc iences) as per the
manufacturer’s instructions. Intracellular antigens were
immunostained in the presence of BD Perm/Wash™ Buffer to
maintain permeabilization for 20 min in the dark on ice.
Following staining, cells were washed twice in 2 mL of BD
Perm/Wash™ Buffer. Cells were examined by flow cytometry
using a BD FACSCanto I and data analysed using FlowJo 10.1
(FlowJo, LLC, Ashland, Oregon).

Examination of CRIg Expression by
Confocal Microscopy
For imaging, neutrophils were treated in the same manner as for
the flow cytometry studies with some differences. Briefly, cells
were either left untreated or treated with PMA (100 nM) for
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15 min at 37°C/5%CO2. The reaction was stopped by the
addition of ice-cold HBSS and cells centrifuged. The cells were
resuspended in PE-conjugated anti-CRIg antibody (6H8) and
incubated for 30 min at 4°C. Five minutes prior to end of
incubation, DAPI nuclear stain was added. Cells were
transferred to Superfrost® microscope slides (Thermo
Scientific, Waltham, MA) by using the Cytospin 3 centrifuge
(Shandon Scientific, Cheshire, UK). Cells were air dried and
mounted with a fluorescent mounting medium (Dako). The
samples were visualized under an Olympus FV3000 Confocal
Microscope at 600× magnification with oil at the Adelaide
Microscopy’s facility (The University of Adelaide, South
Australia) and the images were acquired by using FV31S-SW
Image software tools. The images were processed by using FIJI
image software (13).

Chemiluminescence Assay
Lucigenin-dependent chemiluminescence assay was performed
as previously described (14). Briefly, 1 x 106 neutrophils were
added to 125 µg lucigenin (bis-N-methylacridinium nitrate,
Sigma-Aldrich) in 500 µL HBSS. Chemiluminescence was
measured using a LB 953 Autolumat Plus luminometer
(Berthold Technologies, Bad Wildbad, Germany), and peak
fluorescence recorded. Data is expressed as mean relative
luminescence units (RLU).

Bactericidal Assay
Neutrophil bactericidal activity was assayed similarly to that
previously described (12). Briefly, 1 × 106 neutrophils were
incubated with or without TNF (103 U/mL) for 20 min at 37°C
in 400 µL HBSS supplemented with 10% human AB serum. Anti-
CRIg was added at 2 µg/mL, as stipulated in the results, and
following a 2 min incubation, this was followed by the addition of
1 × 106 S. aureus (NCTC strain 6571, London, UK) to a final
reaction volume of 500 µL in 5 mL polypropylene round bottom
screw top tubes. The tubes were gassed with 5% CO2 and
incubated on a rocking platform for 60 min at 37°C. Samples
were taken from the tubes at 0 and 60 min, and diluted with
sterile distilled water (1:200). Fifty µL of each dilution were
spread on horse blood agar plates, with colonies counted
following overnight incubation at 37°C.

Neutrophil Extracellular Traps Assay
NET formation by neutrophils was examined using Propidium
iodide (PI) and anti-MPO antibody by flow cytometry and
microscopy. Briefly, neutrophils at 2 × 106 (HBSS/2% human
AB serum) were either left untreated or treated with GM-CSF (25
ng/mL) for 20 min, followed by overnight treatment with or
without anti-CRIg (4 µg/mL) at 37°C/5%CO2. Cells were
immunostained with rabbit polyclonal anti-MPO antibody at
1:150 dilution for 30 min. Following washing in PBS/2% FCS,
Alexa Fluor 488-conjugated goat anti-rabbit IgG (H+L) was
added (1 µg/mL) for a further 30 min. Following a final wash,
propidium iodide (5 µL, 3.75 mM solution from L7010 LIVE/
DEAD™ Cell-Mediated Cytotoxicity Kit, Invitrogen) was added
for a further 10 min, followed by (1) for flow cytometry,
immediately acquisition on a BD FACSCanto I; or (2) for
Frontiers in Immunology | www.frontiersin.org 4
fluorescent imaging, air-drying of slides, then overnight
mounting with ProLong™ Gold Antifade Mountant
(Invitrogen), with images acquired on an Olympus BX51
Fluorescence Microscope at 40x and analysis using FIJI
image software.

Statistical Analysis
GraphPad Prism 8.0 (GraphPad Software, San Diego, CA) was
used for statistical analysis. Mean differences were compared
using t-tests (for comparisons of two groups) or one-way
ANOVA followed by multiple-comparison tests (for
comparisons of three of more groups). P values < 0.05 were
considered statistically significant.
RESULTS

CRIg Expression in Neutrophils
Here, we report that human neutrophils express CRIg
(Figure 1). Neutrophils purified from blood of healthy
donors express CRIg mRNA by RT-PCR (Figure 1A, upper
panel), and protein by Western blot using the anti-CRIg
monoclonal antibody, 6H8 (Figure 1A, lower left panel). One
isoform of CRIg was detected in neutrophil lysates, migrating at
~35 kDa. In human monocyte derived macrophages (MDM)
the antibody also detected CRIg at 35 kDa, but in addition
showed a longer form at ~50 kDa (Figure 1A, lower right
panel) (1). Examination of the resting neutrophil cell surface
shows very low expression in comparison to intracellular levels,
revealed by flow cytometry using the same anti-CRIg
monoclonal antibody (Figure 1B).

Activated Neutrophils Express Functional
Cell Surface CRIg
Further investigations revealed that activating neutrophils with
inflammatory mediators, fMLF, LPS, PMA or LTB4 caused a
significant increase in surface CRIg expression (Figures 1C–F),
shown by flow cytometry analysis. Figure 1G shows the
increased expression of CRIg on the neutrophil surface
induced by PMA viewed by confocal microscopy. These effects
occurred in a concentration dependent manner (Figures 1C–F).
The concentration related effects of fMLF were consistent with
previously established findings (15) that low concentrations of
fMLF promoted chemotaxis and higher concentration activated
the cell to release superoxide and granule constituents. The
effects seen with the other agonists were also consistent with
the concentrations that cause the activation of other neutrophil
responses. Monitoring the time-related changes in expression,
showed that the response was rapid. The agonists apart from LPS
caused a significant increase within the first 5 min of incubation.

TNF is known to prime neutrophils for increased anti-
bacterial killing (12). Here, we show that TNF increases the
expression of cell surface CRIg, rapidly (Figure 2A). This
suggests that TNF promotes a rapid increase in CRIg surface
expression, possibly through a translocation of the protein to the
cell surface. Adding either TNF or PMA to whole blood also
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FIGURE 1 | Expression of CRIg by human neutrophils. (A) Representative gel of CRIg (VSIG4) and GAPDH cDNA amplicons from neutrophil RNA (top) and Western
blot of neutrophil (lower left) and MDM (lower right) lysates stained using anti-CRIg (clone 6H8) monoclonal antibody. NTC, no template control. (B) Surface and
intracellular CRIg expression in neutrophils, including gating strategy with histogram overlays of PE anti-CRIg antibody (red line) and isotype control (black line with
grey shading) staining. Bottom graph shows MFI of CRIg PE minus isotype control (DMFI) for surface (n = 15 individuals) and intracellular (n = 5 individuals) staining.
Data are presented as individual values and as mean ± SD. Two-tailed, unpaired t-test with Welch’s correction compared with surface expression. One-way analysis
of variance (ANOVA) with Tukey’s post-test compared between all sample types. (C–F) CRIg expression on activated neutrophils. Upper panels show changes in
CRIg expression on the surface of neutrophils over time in response to fMLF (10-6 M), LPS (10 ng/mL), PMA (100 nM), and LTB4 (5 ng/mL). Middle panels show
representative histograms. Lower panels show agonist concentration related effect at 20 min (fMLF), 60 min (LPS), 20 min (PMA), and 5 min (LTB4). Expression was
calculated as DMFI and then these were expressed as a percentage increase over control treatment (n = 3 experiments). Summary of the stimulation of neutrophil
CRIg expression by fMLF, LPS, PMA and LTB4 at optimal times (20, 60, 20, and 5 min, respectively) and concentrations (10-6 M, 10 ng/mL, 100 nM and 5 ng/mL,
respectively). Measurements were taken from distinct specimens and graphs show mean ± SD of these experiments. (G) Shows CRIg expression on PMA (100 nM)-
activated neutrophils by confocal microscopy. DAPI has been used to stain the cell nucleus to locate cells and PE labelled anti-CRIg for CRIg expression. Statistical
analyses (C–F), One-way ANOVA with Dunnett’s post-test compared with expression at the start of the time-course or in the absence of added inflammatory
mediator. (G) Kruskal-Wallis test with uncorrected Dunn’s post-test compared with control treatment. Significance levels are indicated by asterisks: *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001.
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caused an increase of surface CRIg expression on
neutrophils (Figure 2B).

To determine whether engagement of CRIg expressed on the
surface of human neutrophils is capable of eliciting an immune
response, the TNF-primed neutrophils were treated with an anti-
CRIg monoclonal antibody (clone 6H8, Santa Cruz
Biotechnology). Engagement of CRIg led to a significant
stimulation of superoxide production, measured by the
Frontiers in Immunology | www.frontiersin.org 6
lucigenin-dependent chemiluminescence assay (Figure 2C)
(14). These results show that CRIg not only promotes the
phagocytosis of bacteria (1), but also elicits an associated
NADPH oxidase activation involved in the bactericidal activity.
The functional activity of CRIg was further gauged by examining
the activation of intracellular signals, MAP kinases, involved in a
range of neutrophil functions (13, 14). Neutrophils were pre-
treated with TNF to increase the level of surface CRIg expression
A B

C D E

FIGURE 2 | TNF induces functional CRIg expression on neutrophils. (A) Shows CRIg expression changes on the surface of neutrophils over time-courses (103 U/
mL) and TNF concentration ranges (20 min), along with representative histograms (lower left panel) of responses to TNF. Expression was assessed as described in
Figure 1 with DMFI as a percentage increase over control treatment. Cumulative data from different runs of the stimulation of neutrophil CRIg expression by TNF at
optimal time of 20 min and concentration of 103 U/mL is shown in the lower right panel. (B) Neutrophil surface CRIg expression in whole blood treated with 104 U/
mL TNF or 100 nM PMA for 20 min. (C) Neutrophils were treated for 20 min with 103 U/mL TNF with or without challenge with 4 µg/mL anti-CRIg mAb (6H8), and
the respiratory burst measured by lucigenin-induced chemiluminescence (RLU, relative luminescence units). (D) Examination of activation of p38 in neutrophils pre-
treated with TNF and then stimulated with the anti-CRIg monoclonal antibody, assessed by western blot using anti-phosphorylated p38 (p-p38) and anti-p38 specific
monoclonal antibodies. (E) Anti-CRIg antibody blocks the TNF-induced priming for S. aureus killing. Data is expressed as mean ± SD of seven experiments,
expressed as log10% bacterial survival. Data is shown as individual measurements and as mean ± SD of at these measurements. The lower panels show a
representative Western blot. Statistical analyses: (A), One-way ANOVA with Dunnett’s post-test compared with expression at the start of the time-course or in the
absence of added inflammatory mediator. (B), Two-tailed, unpaired t-test compared with control expression; (C–E), One-way ANOVA with Tukey’s post-test
compared between all treatments. Significance levels are indicated by asterisks: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
March 2022 | Volume 13 | Article 840510

317

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Small et al. Neutrophils Express Complement Receptor Immunoglobulin
and then they were treated with the anti-CRIg monoclonal
antibody. Examination of the activation of the MAP kinases
showed that TNF activated p38 (Figure 2D) but not ERK or JNK
(unpublished observations), as previously demonstrated (16).
Neutrophils treated with the anti-CRIg antibody alone did not
show activation of any of these MAP kinases (Figure 2D,
unpublished data), But when primed with TNF the cells
showed an increase in p38 activation in response to the anti-
CRIg antibody but not ERK and JNK (data not presented),
suggesting that neutrophil activation via CRIg engagement
does not require these two MAP kinases. The bactericidal
promoting properties of CRIg in TNF primed neutrophils were
further developed by showing that the TNF-induced increase in
killing of S. aureus was abrogated by adding the anti-CRIg
antibody (Figure 2E). This work was extended to another
cytokine which is well known for its neutrophil priming
properties, GM-CSF (17). The data presented in Figures 3A, B
show that that GM-CSF treated neutrophils display an increased
expression of CRIg on their cell surface, in a time and
concentration related manner. Similar to the effects of other
inflammatory mediators this cytokine showed effects within the
20 min of incubation. We examined whether the priming
required the continuous presence of the cytokine. Treating
neutrophils with GM-CSF for 15 min and then washing the
cells to remove exogenous GM-CSF, maintained the increase in
CRIg expression (Figure 3C). An important aspect of neutrophil
anti-microbial function is the formation of extracellular traps
(NET), projections which characteristically are composed of
ex t race l lu l a r DNA and granu le pro te ins such as
myeloperoxidase. Thus, to increase the significance of our
findings we examined whether engagement of CRIg promoted
the release of NETs. In these studies, we used GM-CSF as a
priming agent since this has been shown to increase the expression
of CRIg (Figure 3), but not the release of NETs (18). To view the
release of NETs, the DNA dye PI and granule constituent, MPO,
were measured in treated cells, both microscopically and by flow
cytometry. The data presented in Figure 3D show images of cells
treated with GM-CSF, anti-CRIg antibody and a combination of
these two. While neither of the agonists had an effect, neutrophils
primed with GM-CSF responded to the anti-CRIg by the release of
NETs. When cells were gated for both expression of DNA and
MPO, no NETs were released with either treatment with GM-CSF
or Anti-CRIg antibody. However, there was a significant increase
in NETs when cells were primed with GM-CSF and then
challenged with anti-CRIg antibody (Figure 3E). Finally,
neutrophils may become primed in the process of diapedesis
across the endothelial layers proximal to inflamed tissue engage
various receptors. Interaction between fibrinogen and CR3
(CD11b/CD18) has been shown to induce rapid elevation of
intracellular Ca2+, along with enhancement of CD66 and CD11b
expression on the neutrophil cell surface, and induction of
degranulation, suggesting mediation of neutrophil responses (19,
20). Fibrinogen from plasma adsorbs onto polystyrene surfaces
(21). To investigate the effects of this interaction on CRIg
expression by priming of neutrophils, we examined the effect of
neutrophil interaction with plasma-coated 5 mL polystyrene
Frontiers in Immunology | www.frontiersin.org 7
FACS tubes. This did not cause any increases in CRIg
expression (Figure 3F). While this needs to be studied more
extensively, our findings suggest that the function of increased
CRIg expression on neutrophils is likely to be predominantly
dependent on inflammatory mediators.

Effects of the Anti-Inflammatory
Cytokine, IL-10
While some cytokines may activate neutrophils, others have
been shown to depress their response, such as IL-10 (22). We
thus examined the effects of the anti-inflammatory cytokine,
IL-10. Neutrophils treated with IL-10 showed significant drop
in basal expression of CRIg (Figure 3G). The cytokine also
prevented the increase in expression caused by GM-
CSF (Figure 3G).

Role of PKC and p38 MAP Kinase
The observation that PMA, a direct activator of PKC in intact
cells (23, 24), causes an increase in CRIg surface expression by
neutrophils (Figures 1E, G) suggests that PKC is involved in the
upregulation of CRIg. The effects of PMA were long lasting and
were not affected by washing the cells after the treatment. This
suggests that once the priming signal has been initiated no
further presence of this stimulation is required to maintain the
increased CRIg expression (Figure 4A). Not surprisingly,
treating neutrophils with the PKC pharmacological inhibitor,
GF109203X, prevents the PMA-induced expression of CRIg
(Figure 4B). In contrast to neutrophils, expression in
macrophages has previously been found to be decreased by
PMA (10, 25). In comparison, with TNF, the inhibitor has no
effect on the TNF-induced expression of this complement
receptor in neutrophils (Figure 4C), consistent with findings
that TNF does not activate PKC in neutrophils (26, 27).

The TNF-induced CRIg expression in neutrophils is
dependent on p38 MAP kinase, demonstrated by the ability of
the well-characterized p38 inhibitors SB203580 and SB202190 to
abrogate this response (Figures 4D, E) (16). Other MAP kinases
such as ERK1/2 and JNK are unlikely to be involved as TNF does
not activate these in neutrophils (16). Further investigations
showed that the TNF effect i s not dependent on
phosphoinositide 3-kinase (PI3K) activation, as this activation
was not inhibited by wortmannin (Figure 4F).

Role of Intracellular Ca2+, Rac, Rab27a
and ARPC1B
The above observations (Figures 2, 3) imply that CRIg is stored
intracellularly and mobilized to the cell surface during
stimulation, presumably via the exocytotic pathway, as per
macrophages (1). Neutrophil degranulation via exocytosis is
known to require an increase in intracellular Ca2+ (28) and
involves actin remodeling and microtubule assembly (29). We
therefore investigated whether the increase in cell-surface CRIg
expression requires intracellular Ca2+ and the function of the
actin cytoskeleton. Previous studies in neutrophils have
demonstrated that extracellular Ca2+ was minimally required
for exocytosis whereas Ca2+ release from intracellular stores was
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critical for this function (reviewed in (28)). We therefore used the
cell permeable Ca2+-selective chelator, BAPTA, in our
investigations. When neutrophils were treated with BAPTA,
there was no significant increase in expression of either CRIg
Frontiers in Immunology | www.frontiersin.org 8
or CD11b induced by fMLF (Figure 5A), implying a requirement
for intracellular Ca2+.

To further investigate the role of the actin cytoskeleton, we
examined the effects of blocking the function of rac, a small
A B C

D

E F G

FIGURE 3 | Effect of GM-CSF on CRIg expression and CRIg-induced release of NETs and regulation by IL-10. (A) CRIg expression on activated neutrophils. Data show
changes in CRIg expression by flow cytometry on the surface of neutrophils over time in response to GM-CSF (40 ng/mL) and the cytokine concentration related effect at
30 min. Expression was calculated as DMFI and then these were expressed as a percentage increase over control treatment (n = 3 experiments). (B) Summary of the
stimulation of neutrophil CRIg expression by GM-CSF for 30 min incubation and a concentration 40 ng/mL. Measurements were taken from distinct specimens and
graphs show mean ± SD of these experiments. (C) Shows the effect of washing (Wash) the cells after priming with GM-CSF. Neutrophils were treated for 10 min with 40
ng/mL GM-CSF and then either washed or left intact. After a further 10 min incubation the level of surface CRIg was assessed by flow cytometry. (D) examination of
CRIg induced NET release. Photomicrographs show the release of NETs caused by anti-CRIg antibody only after priming with GM-CSF, with no effect seen by treating
neutrophils with GM-CSF or anti-CRIg antibody alone. Shown is the PI staining, MPO staining using indirect immunofluorescence and the combination of staining for DNA
and MPO. In these investigations the neutrophils were treated with 25 ng/mL of GM-CSF for 20 min and then with anti-CRIg antibody. The cells were examined after a
further 18 h incubation. Scale is represented by lines in the photo. (E) the NETs were semi-quantitated by flow cytometry. Data shows the MPO expression on PI labelled
cells. (F) Shows the effects of neutrophil priming by plasma coated surfaces on CRIg expression over 60 min incubation. Data are presented as individual values and as
mean ± SD of these values/experiments. (G) Shows the effects of IL-10 (100 ng/mL) on basal and GM-CSF (40 ng/mL) on CRIg expression in neutrophils. One-way
ANOVA with Dunnett’s (A, C, G) or Sidak’s (E, F) post-test compared between all treatments and (B) Two-tailed, unpaired t-test compared with control expression.
Significance levels are indicated by asterisks: *P < 0.05, **P < 0.01, ***P < 0.001, n.s., not significant.
March 2022 | Volume 13 | Article 840510

319

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Small et al. Neutrophils Express Complement Receptor Immunoglobulin
GTPase that regulates actin polymerization and neutrophil
functions (30, 31). Three highly homologous forms of rac
proteins (rac1, rac2 and rac3), are expressed in mammalian
cells. Of these, rac1 and rac2 are expressed in neutrophils, and
there is no evidence for the presence of rac3 in myeloid cells (32).
Human neutrophils express predominantly rac2 (~97%) and a
small amount of rac1 (33). Activation of these small GTPases in
human neutrophils in response to fMLF has been demonstrated
(34). We found that treating neutrophils with the rac1 inhibitor,
NSC 23766, doesn’t alter either CRIg or CD11b expression in
response to fMLF (Figure 5B). Additionally, EHT 1864, a rac
inhibitor with selectivity for rac1 and rac2 over rac3 (35),
suppresses the stimulatory effect of fMLF and TNF on CRIg
and CD11b expression (Figure 5C), highlighting the importance
of rac2.

To support a role for rac2 and actin filament reorganization in
the induction of CRIg surface expression, we utilized neutrophils
from a patient deficient in the expression of actin related protein
2/3 complex subunit 1B (ARPC1B) (Figure 5D), also known as
Frontiers in Immunology | www.frontiersin.org 9
Arc-p41, the only ARPC1 isoform expressed in hematopoietic
cells (36, 37). Arp2/3 is a downstream effector of rac2 (38) and is
required for actin filament branching (39). Our data demonstrate
that ARPC1B deficient neutrophils, while showing normal basal
expression of CRIg and CD11b did not display an increase in
expression of these receptors in response to TNF and
fMLF (Figure 5D).

Membrane-membrane docking and fusion during exocytosis
requires intracellular Ca2+, as well as other effectors, including the
small GTPase, Rab27a (40, 41). We therefore investigated whether
Rab27a is required for the surfaceexpressionofCRIg.Nexinhib20, a
specific Rab27a inhibitor, causes inhibition of CRIg expression
(Figure 5E). Taken together, the above data support the contention
that CRIg is recruited to the cell membrane from an intracellular
compartment by the exocytotic pathway that requires a rise in
intracellular Ca2+ concentration, reorganization of the actin
cytoskeleton and a membrane fusion step that is regulated by
Rab27a. Depending on the stimulus, this process also requires
either PKC and/or p38, depending on the activating agonist.
A B C

D E F

FIGURE 4 | The role of PKC and p38 MAP kinase in up regulation of CRIg expression. (A) Shows Effect of washing the cells following priming. Neutrophils were
treated with 100 nM of PMA for 20 min and then washed and re-incubated for 1h. After incubation the level of CRIg expression was measured by flow cytometry.
(B, C) Surface CRIg expression induced by PMA or TNF measured on neutrophils pre-treated for 10 min with 500 nM of the PKC inhibitor, GF109203X. (D, E)
Effects of p38 inhibitors. Surface CRIg induced by TNF on neutrophils pre-treated for 30 min with either 10 µM SB203580 or 20 µM SB202190. (F) Effects of PI3
kinase inhibitor, wortmannin. Surface CRIg induced by TNF on neutrophils pre-treated for 10 min with 100 nM wortmannin. Expression was assessed as described
in Figure 1 with the calculated DMFI expressed as a percentage increase over control treatment. Measurements were taken from distinct specimens and graphs
show mean ± SD of these measurements, Sidak’s post-test compared between TNF/PMA treatment and control or treatment in the presence of inhibitor.
Significance levels are indicated by asterisks: *P < 0.05, **P < 0.01, n.s., not significant.
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DISCUSSION

The data demonstrate that neutrophils express CRIg mRNA and
protein. Only one transcript of CRIg was observed in neutrophils
and by western blot analysis the commercial antibody clone 6H8
detected one protein of molecular weight 35 kDa. This contrasted
with MDM which showed in addition, a longer form, 50 kDa
protein, as previously reported (1). A significant finding from our
work was that expression on the cell surface required activation
Frontiers in Immunology | www.frontiersin.org 10
with inflammatory mediators and this then led to the activation
of neutrophil functional responses through CRIg engagement
with the anti-CRIg monoclonal antibody. CRIg expression by
neutrophils may have been previously missed as in our study, we
found that expression on the cell surface is poor, unless the
neutrophils have been stimulated with inflammatory mediators
or agonists. A wide range of mediators were able to cause an
increase in CRIg expression and included both endogenously
and exogenously generated mediators. Here we have
A B

C

D E

FIGURE 5 | Expression of CRIg on the neutrophil surface is dependent on intracellular calcium, Rac, ARPC1B and Rab27a. (A–C), Surface CRIg and CD11b
expression was measured on neutrophils challenged with 10-6 M fMLF, following pre-treatment with either 25 mM of Ca2+ chelator, BAPTA-AM for 30 min, 50 mM of
the Rac-1 inhibitor, NSC 23766 for 1 h, or 100 mM of the Rac-1/Rac-2 inhibitor, EHT 1864, for 30 min. The effect of EHT 1864 was also examined on TNF (103 U/
mL)-induced CRIg and CD11b expression. (D) Sequence electropherograms of the end of ARPC1B exon 2 and flanking intron in a healthy donor and a patient with
a splice-site substitution (LRG_1188t1:c.64+2T>A). The resulting deficiency in ARPC1B is shown in the Western blot showing absence of the protein in neutrophil
lysate compared to parental and other healthy donor neutrophils. Flow cytometric histograms present a lack of up-regulation of cell surface CRIg and CD11b in
response to TNF is ARPC1B-deficient neutrophils. Graphs show mean DMFI of two experiments. (E) Surface CRIg and CD11b expression was measured on
neutrophils challenged with 10-6 M fMLF, following pre-treatment with 20 mM of Rab27a inhibitor, Nexinhib20, for 1 h. Expression was assessed as described in
Figure 1 with either DMFI per se or as a percentage increase over control treatment. Measurements were taken from distinct specimens and graphs show mean ±
SD of these measurements. One-way ANOVA with Sidak’s post-test compared between fMLF/TNF treatment and control or fMLF/TNF in the presence of inhibitor.
Significance levels are indicated by asterisks: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, n.s., not significant.
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demonstrated that fMLF, LPS and the cytokines TNF and GM-
CSF induce expression of CRIg on the neutrophil surface. This
effect extended to the lipid mediator LTB4 generated through the
lipoxygenase pathway of the metabolism of arachidonate. The
strong neutrophil activator PMA was very effective in inducing
CRIg expression. The signals leading to increased CRIg
expression were long-lived and did not require the continuous
presence of the mediator, demonstrated for GM-CSF and PMA.
Thus washing the cells free of these agonists did not reduce the
increase in CRIg expression. While these agonists effectively
increased CRIg expression it is unlikely that their priming in
the process of diapedesis plays a role as there was no increase in
CRIg expression when neutrophils were bound to plasma coated
tubes, where fibrinogen in the plasma interacts with aMB2 on
the neutrophils.

Of major interest was the finding that the expression of CRIg
could be decreased by treating neutrophils with the anti-
inflammatory cytokine IL-10. Thus, this cytokine caused a
decrease in basal CRIg expression. When added to neutrophils
together with GM-CSF, it affected the ability of this cytokine to
increase CRIg expression. This is consistent with previous studies
which showed a decrease in ability to induce a respiratory burst
by GM-CSF if the neutrophils had been pretreated with IL-10
(22). While the IL-10 effects can be considered as causing a
decreased ability to fight infections, it is likely to play a protective
role in autoimmunity and tissue damage.

CRIg is a promoter of phagocytosis, and as it binds to the
complement component C3b which is a precursor to iC3b, it is
able to act more rapidly than the other complement receptors,
such as CR3 (1, 42). Thus, for neutrophils, the ability to
upregulate a receptor with such efficient phagocytic capability
would be highly beneficial in the cell’s anti-microbial function.
While Kupffer cells of the murine liver show high expression of
CRIg (1), this expression is not present in human liver (9).
Hence, here the infiltrating neutrophils seen in infection of the
liver may play a critical role as anti-microbial cells since they
would express CRIg on their surface. TNF primes neutrophils to
kill bacteria and parasites in a complement-dependent manner
(12, 43) and hence the increase in expression of CRIg is likely to
contribute to this priming role, especially as CRIg is able to
engage complement-opsonized bacteria before CR3 (1, 42). Our
data demonstrate that the increased killing of S. aureus induced
by TNF could be abrogated by blocking the interaction of
bacteria with an anti-CRIg antibody. Furthermore, it was
evident that upon increasing CRIg expression in TNF primed
neutrophils, engaging the receptor with the anti-CRIg antibody
induced a respiratory burst involving the NADPH oxidase and
the generation of oxygen reactive species in association with
increased activation of p38 MAP Kinase. Thus, the findings
demonstrate that CRIg not only promotes neutrophil bacterial
phagocytosis but also promotes their killing. The anti-bacterial
properties of CRIg expression on neutrophils was further
demonstrated by examining NET formation by human
neutrophils. While GM-CSF was not able to induce NETs, it
primed for NET formation in neutrophils challenged with anti-
CRIg antibody. Previously we have shown that these agonists
Frontiers in Immunology | www.frontiersin.org 11
such as TNF also cause an increase in activation markers such as
CR3 and FcgR (12, 43) and their relationship to the CRIg-
promoted bacterial killing will need further investigation.

Studies into the mechanisms of the agonist-induced CRIg
expression on neutrophils suggest a role for PKC, p38 MAP
kinase, ARPC1B, rac2, Rab27a. The increase in CRIg surface
expression induced by PMA, an activator of PKC, was inhibited
by the pharmacological inhibitor, GF109203X. In comparison,
the effects of TNF, which does not activate PKC (26, 27) were not
inhibited, suggesting that CRIg expression can be induced via a
PKC-dependent and PKC independent pathways. The response
to TNF was dependent on p38, shown by inhibition by two of the
p38 MAP kinase inhibitors, SB203580 and SB202190. Inhibition
of Rab27a successfully inhibited surface upregulation of CRIg in
response to fMLF stimulation. Rab27a is known to be responsible
for regulating the docking and fusion with the plasma membrane
during exocytosis of granule constituents (41).

A key observation emanating from the data is that CRIg
expression is regulated differently in neutrophils compared to
macrophages. While TNF, PMA and LPS depress expression in
macrophages (10, 11), they increase expression in neutrophils.
Indeed, PKC activation in macrophages depresses CRIg
expression (25), but increases expression in neutrophils.
Similarly, the activation of p38 is not required for macrophage
CRIg expression (10).

Our observations that neutrophils express CRIg, has broad
implications in terms of the potential use of CRIg as a therapeutic
agent or target. Similar to other B7 family ligands, CRIg
expression levels have been shown to be elevated in a range of
cancers (44). As a result, it has been suggested that CRIg may be a
potential target for inhibiting antibodies (similar in action to
blocking antibodies against the checkpoint molecules PD-1 and
PD-L1). However, if CRIg is naturally expressed in blood cells as
well as the tissues and is an important player in neutrophil-
mediated clearance of opsonized pathogens, then blocking CRIg
may severely immunocompromise patients. Therefore, the
properties of CRIg as identified here will be important in
considering future studies into the therapeutic efficacy of
CRIg-targeting agents.

The findings established that neutrophils express functional
CRIg on the cell surface when activated by inflammatory
mediator. This places another perspective on the mechanisms of
the inflammatory reaction in infection and immunity involving
CRIg. It is tempting to speculate that tissue infiltrating neutrophils
are armed with CRIg to participate in phagocytosis in bacterial and
fungal infection.While the cells in an unstimulated state show little
or no CRIg expression, with the generation of inflammatory
mediators there is an increase on neutrophils, enabling this cell to
efficiently participate in CRIg mediated phagocytosis of bacteria.
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APPENDIX II: PRESENTATIONS 



Presentations abstracts 
1 Oral presentation in 2018 ACS 41st Annual Meeting Adelaide 

http://acs-adelaide-2018.p.acs.currinda.com/days/2018-10-23/abstract/24191#
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2 Oral Presentation for BD science communication award in 2019 during 

48th Annual meeting hosted by the Australian and New Zealand Society 

for Immunology (ASI) 

https://www.immunology.org/events/48th-annual-scientific-meeting-the-australian-and-new-

zealand-society-for-immunology 
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3 Poster presentation in 2019 in Australasian Cytometry Society 42nd 

Annual Meeting Melbourne. 

Abstract number: 24342 

https://acs2019orgau.files.wordpress.com/2019/10/acs-2019-conference-handbook-1.pdf 

328
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4 E-poster presentation at 8th Congress of the Federation of 

Immunological Societies of Asia Oceania (FIMSA 2021) 

Abstract number: PP110. http://fimsa2021.org/html/about.php 

329
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5 E-poster presentation at 49th Annual Scientific Meeting of the 

Australian and New Zealand Society for Immunology (ASI 2021) 

Abstract number: 78192 (#256) 
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6 Adelaide Immunology Retreat (AIR-17_2022) 

Oral presentation – “Role of PKCζ levels and signalling in the development of immature Th2 

biased neonatal T cells to those of Th1 propensity and regulation by omega-3 and omega-6 

fatty acids” https://www.immunology.org.au/events/2022-Adelaide-Immunology-Retreat/ 

331
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7 Poster presentation at the 50th Annual Scientific Meeting of the 

Australian and New Zealand Society for Immunology (ASI 2022) 

Poster presentation – “Role of PKCζ levels and signalling in the development of immature Th2 

biased neonatal T cells to those of Th1 propensity and regulation by omega-3 and omega-6 fatty 

acids”. https://asi2022.org/ 

ASI2022 - Abstracts Microsite 

Early Career Researcher Pre-Meeting Workshop Monday 28th Nov 2022 

Oral presentation – “Role of PKCζ and omega-3 fatty acids in development of immature Th2 

cytokine biased neonatal T cells to the Th1 cytokine propensity” https://asi2022.org/cms/wp-

content/uploads/ASI2022-Early-career-researchers-Workshop-.pdf 
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8 Oral presentation at Australasian Society of Clinical Immunology and 

Allergy (ASCIA) SA Branch Educational Meeting March 2023 
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