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SUMMARY

Neonates have high global rates of morbidity and mortality due to infectious
diseases; this susceptibility is attributed to the immaturity of the neonatal immune
response.

The immune system of neonates, compared to adults, has reduced

function in several aspects of immunity and lacks the long-term memory response.

Toll-like receptors (TLR) are a family of pattern recognition receptors which bind
various microbial components and alert the immune system to invading pathogens.
Comparing TLR expression and function in neonatal lymphocytes and adult
lymphocytes may reveal how TLR influence these immune cells in early life. Due
to the immaturity of their immune responses, neonates may be more reliant on TLR
for protection against infection.

The extracellular and intracellular expression of TLR1, TLR2, TLR3, TLR4,
TLR6, TLR8 and TLR9 was examined on non-stimulated and stimulated T
lymphocytes and B lymphocytes from cord blood, adult peripheral blood and
tonsils from human subjects. B lymphocytes were categorised into subsets to see if
differentiation stage of B lymphocytes affects TLR expression. The responses of
purified B lymphocytes, from neonates, adults and tonsils, to ligands of TLR3,
TLR4, TLR8 and TLR9 were compared.

The functions measured were

proliferation, levels of total Ig, IgG and IgM, and levels of IL-6 and IL-8. Tonsil B
lymphocytes were tested for expression of activation markers (CD23, CD25, CD69
and HLA-DR), co-stimulatory molecules (CD40, CD80 and CD86), and CD21 and
CD210.
~i~

The TLR expression patterns by T lymphocytes and B lymphocytes were similar
between neonates and adults, and stimulation of lymphocytes had little effect on
TLR expression. T lymphocytes from neonates and adults expressed TLR2, TLR3,
TLR4, TLR8 and TLR9.

B lymphocytes from neonates and adults expressed

TLR1, TLR3, TLR4, TLR8 and TLR9. B lymphocytes from tonsils expressed
TLR3, TLR4, TLR8 and TLR9. Cellular location of TLR was mostly consistent
with the literature, except for detection of TLR4 in permeabilised cells and TLR8
on non-permeabilised cells. CpG ODN, TLR9 ligand, induced strong proliferation,
secretion of total Ig, IgG, IgM and IL-6 from B lymphocytes from neonates, adults
and tonsils. Adult B lymphocytes produced higher levels of total Ig, IgM and IL-6
in response to the other TLR ligands compared to neonatal and tonsil B
lymphocytes. IL-8 levels were unaffected by TLR ligands in neonates, adults and
tonsils.

Neonatal lymphocytes have adult-like capacity to “innately” recognise foreign
pathogens.

Neonatal B lymphocytes have reduced responses to TLR ligands

compared to adult B lymphocytes. However, neonatal B lymphocytes respond to
TLR ligands, especially CpG ODN, with increased functions.

TLR agonists,

particularly CpG ODN, are potentially strong candidates for future research in
neonatal vaccinology.
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CHAPTER ONE
L ITERATURE R EVIEW

1.1

I N TRODUC TION

The immune system, composed of various cells, organs, immune receptors and
chemicals, defends the host from morbidity and mortality due to infection. In
humans, the immune system differs between adults and neonates. The neonatal
immune system undergoes a gradual maturation which eventually develops the
ability to mount an effective response against infection. Toll-like receptors (TLR)
are a family of immune receptors which alert the host to the presence of microorganisms. As discussed further in Section 1.3, TLR have numerous influences on
the immune system, but this study is focussed on how TLR affect neonatal immune
responses; particularly the role of TLR in neonatal lymphocytes.

This review will

detail the immune system with special focus on the neonatal immune system.
Further information on T lymphocytes and, particularly, B lymphocytes will be
presented. The role of TLR in the immune system and how they affect the neonatal
immune response will be examined.

1.2

T HE I MM UNE S YSTEM

1.2.1 Neonatal Susceptibility to Infectious Diseases
The World Health Report 2005 on Maternal and Infant Health states that
approximately 4 million neonates die every year, predominantly in Africa and Asia,
with neonatal mortality contributing 30% of all deaths in children under five (1).
Over the past century modern health care has reduced global rates of neonatal
~1~
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mortality, especially in developed nations; but approximately a third of neonatal
deaths were due to infectious diseases (1). The susceptibility of neonates indicates
there are weaknesses in their immune response, perhaps due to the immaturity of
neonatal immunity, which fails to provide sufficient protection against infection.

1.2.2 Barrier System
The first protective mechanism for humans against infection is the physical barrier
of skin and mucosal surfaces. It is a non-specific, mechanical, obstacle which is the
first immunological defence to protect humans.

In adults, skin and mucosal

surfaces are coated with enzymes, anti-microbial peptides and commensal bacterial
flora which resist pathogens (2). Post-partum, neonates are exposed to a non-sterile
environment after growing in the sterile uterine surroundings. As reviewed (3),
neonatal skin is coated with various anti-microbial peptides that have greater
activity in neonates than adults which can aid in the transition to the non-sterile
environment.

1.2.3 Innate Immune System
The second immunological barrier is the innate immune system; a germ-line
encoded, non-clonal, defence system capable of immediate reaction. The innate
immune system consists of several processes and components, including
inflammation and complement, which cooperate for maximal immune responses
against infection.

1.2.3.1

Inflammatory Response

Inflammation is an early response which counters, and often eliminates, infection
via a cascade of non-specific events involving soluble and cellular components. In
~2~
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addition to the innate immune responses, inflammation also plays a role in cellular
and humoral functions of adaptive immunity. Infected cells initiate inflammation
by secreting cytokines and other mediators which alert the immune system and
commence the cascade. The cascade of events escalates inflammation via a varied
cellular response and a humoral response comprised of soluble proteins. An influx
of neutrophils and macrophages migrate to the site of infection, secrete
inflammatory mediators and anti-microbial compounds, phagocytose microbes, and
clear dead or dying host cells. The humoral response, composed of cytokines,
acute-phase proteins, antibodies, and other soluble components eliminates microbes
via opsonisation or instigation of leucocytes to engage with pathogens.
Extravasation, the movement of phagocytes and leakage of various humoral
components from capillaries to infected cells, is part of the inflammatory response.
Inflammation also primes the adaptive immune response to the infectious agent
through lymphocytes and antigen-presenting cells (APC).

Inflammation is an

effective process for early elimination of infection and priming of adaptive immune
responses.

The inflammatory response of neonates is weak, compared to adults, which makes
them susceptible to infection.

In utero, the maternal and foetal levels of pro-

inflammatory cytokines, interleukin (IL)-1β, interferon (IFN)-γ and tumour necrosis
factor (TNF), are reduced; elevated levels of pro-inflammatory cytokines are
associated with premature labour and foetal loss (3-4). This anti-inflammatory bias
in the foetus continues in the neonate leading to the lack of an effective
inflammatory response to infection.

~3~
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As reviewed, neonates are biased to secrete anti-inflammatory and helper T (TH)
type 2 cell-mediated cytokines (3-4). Despite one report of neonatal leucocytes
producing pro-inflammatory cytokines in response to certain bacterial species (5),
several studies show neonatal leucocytes have an anti-inflammatory bias with poor
production of pro-inflammatory cytokines (3, 6). When neonatal leucocytes are
treated with bacterial products there is little production of pro-inflammatory
cytokines (6), but one study reports neonatal leucocyte production of proinflammatory cytokines in response to bacteria (5). Plasma levels of acute-phase
proteins, anti-microbial proteins produced by the liver, are significantly lower in
neonates than adults (3). Neonatal neutrophils, despite transient neutrophilia at
birth, and macrophages have impaired functions including migratory ability,
phagocytic ability and anti-microbial cellular mechanisms (3-4, 6-7).

The

inflammatory response, an early part of the immune response, is ineffective in
neonates because of the immaturity of the humoral and cellular components,
leaving neonates less able to eliminate infection.

1.2.3.2

Complement

Complement is a group of immune proteins which, in tandem with inflammation,
eliminates infection. Complement has several anti-microbial functions including
direct lysis of bacteria, fungi and infected cells, opsonisation of microbes for
phagocytosis by leucocytes, activating inflammation via granulocytes, clearance of
immune complexes, leucocyte activation and chemotaxis. It is a collection of over
40 proteins, mostly produced in the liver, found either in plasma or bound to cells
(7). Depending on the initial event, complement can be triggered through three
different pathways; classical, alternative or lectin pathways. The classical pathway
commences from an antibody-antigen complex, the alternative pathway from

~4~
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complement protein C3b binding directly to microbes and the lectin pathway after
mannose-binding ligand binds to mannose on microbes. The detection of microbes
initiates one of the three cascades of complement proteins which results in the
formation of membrane-attack complex to lyse cells. Aside from the complement
cascade, individual complement components induce cytokine secretion and engage
with lymphocytes.

Neonates have lower levels of complement than adults, which gradually increase to
adult levels between 6 – 18 months of age (7). Though complement levels are low
in neonates, premature neonates have high levels of complement protein activity
(7). The expression of complement regulation receptors by neonatal leucocytes is
variable; there are low levels of CD21 (8), but high levels of CD35 and CD55 (9).
Despite the presence of complement in neonates, the low levels may not offer
sufficient protection.

1.2.4 Adaptive Immune System
The last developed, in evolutionary terms, defence of vertebrates against pathogens
is the adaptive immune system; a clonal, acquired immune response system which
provides a delayed, but specific, reaction with long-term memory. In the adaptive
immune system, the diversity of antigen recognition is due to gene rearrangement of
lymphocyte receptors.

Lymphocyte clones which recognise self-antigens are

eliminated by negative selection, and lymphocytes which recognise foreign antigens
are positively selected for activation. The adaptive immune system liaises with the
innate immune system to counter infection. The adaptive immune response is
particular to an individual and their exposure to infection; it cannot be inherited by
the descendents of the individual.
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1.2.4.1

Cellular Response

Cell-mediated immunity in the adaptive immune system involves T lymphocytes
and dendritic cells (DC) which produces an antigen-specific response against
infections. T lymphocytes and DC mediate the immune response either by direct
engagement or indirectly through secreted cytokines.

DC are professional APC which can activate T lymphocytes. As sentinel cells
located in surface epithelia, when DC detect and phagocytose pathogens they
mature and migrate to the nearest lymph node. In the lymph node, the DC presents
peptides of the processed pathogen to high numbers of T lymphocytes until
recognition by an antigen-specific T lymphocyte.

The DC and T lymphocyte

trigger secondary co-stimulatory signals, CD80 or CD86 on DC engages CD28 on
T lymphocytes, and cytokines secreted by the DC promote T lymphocyte activation
and proliferation, and polarise T lymphocytes into subsets which enhance
inflammatory or antibody responses.

1.2.4.1.1 T lymphocyte Subsets and Function
T lymphocytes are CD3+ and categorised further into several subsets on the basis of
cell surface markers and functional attributes. T cell subsets include helper T (TH)
cells, cytotoxic T (TC) cells, natural killer T (NKT) cells and γδ T cells.

Each T lymphocyte expresses a T cell receptor (TCR) which is antigen-specific, but
for recognition they require an APC to present peptides of the processed antigen on
major histocompatibility complex (MHC) class I or class II receptors. Depending
on the pathogen, DC activate and direct T lymphocytes to generate specific
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responses from T lymphocytes subsets. DC activate TH cells via MHC class II
receptors and polarise them to TH type 1 (TH1) or TH type 2 (TH2) responses on the
basis of pathogen recognition and the cytokine pattern secreted. TH1 cells secrete
mostly pro-inflammatory cytokines which influence surrounding leucocytes and
other cells, while TH2 cells induce stronger antibody responses. TC cells require
activation via MHC class I, and then destroy infected cells through the release of
perforins, granzymes and cytokines.

A smaller subset of T lymphocytes, the

regulatory T (TR) cells, controls the immune response and regulates the immune
balance. The cell-mediated branch of the adaptive immune system is necessary for
the regulated, specific, response to infection.

1.2.4.1.1.1 T helper cells
TH cells are CD4+, interact with MHC class II, and mediate the cellular and
antibody branches of adaptive immunity.

The cellular, humoral and

immunoregulatory effects of TH cells occur through its numerous subsets, further
information is reviewed by Zhu (10). Its importance for immunity can be observed
in AIDS patients who succumb to numerous, previously harmless, microbes; HIV
replicates in and subsequently destroys CD4+ T cells. TH cells activated by cell-tocell interactions with APC require two signals; the first is antigen-specific TCR
engagement by peptide presentation by MHC class II, the second is co-stimulatory
signals with CD28 on TH cells engaged by CD80 or CD86 on the APC, with
secretion of IL-2 and IL-4 to support TH cell proliferation and activation. TH cells
can also be polyclonally activated through the influences of cytokines or microbial
antigens, though this will not produce an antigen-specific, adaptive response.
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TH cells can be divided into several subsets; the main subsets include TH1, TH2,
TREG, TH17 cells and follicular TH (THF) cells. The different TH subsets produce
different patterns of cytokines and influence different aspects of immunity. DC
direct TH cell development to TH1 or TH2 cells depending on the microbial
stimulation of DC. TH1 cells direct responses against intracellular, mycobacterial
and viral, infections and have anti-viral effects by induction of IFN-γ.

The

cytokines produced by TH1 cells enhance inflammatory responses and support
cytotoxic and memory activity of TC cells. TH2 cells skew responses to anti-parasitic
effects, influence the humoral response and often induce asthma and allergic
diseases. TH2-derived IL-10 suppresses induction of TH1 polarisation and activity
by DC.

Several cytokines, in particular IL-4, secreted by TH2 cells, affect

eosinophils and mast cells, and IL-4 induces B lymphocytes to class-switch from
IgG to IgE. The function of TH17 cells isn’t completely elucidated, but they are
effective against extracellular bacterial infections, secretes IL-17 and inflammatory
cytokines, and are involved in autoimmune conditions.

TREG cells, CD4+CD25+FoxP3+, as regulatory cells (11) which balance the immune
system, preventing excessive responses. Some TREG cells act through cytokines
TGF-β, IL-10 and IL-35 and there is evidence that direct cell-to-cell interactions
control the responses of other leucocytes.

THF cells, located mainly in the GC of secondary lymphoid organs, are nonTH1/TH2 polarised cells and mediate the antigen-specific activation of B
lymphocytes (12). A naïve TH cell in the GC follicles is antigenically primed by
follicular DC and then migrates to the periphery of the B lymphocyte zone where it
encounters antigen-primed B lymphocytes.
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specific B lymphocyte via TCR and three separate co-stimulatory signals which help
B lymphocytes develop an antigen-specific, adaptive response with affinity-matured
antibodies

1.2.4.1.1.2 Cytotoxic T cells
TC cells (13), CD8+, are important for countering intracellular infections and
controlling tumour cells. They recognise target cells either by engagement of their
TCR to antigen presented by MHC class I on target cells or through presentation of
lipid antigens by CD1. Upon target recognition TC cells produce cytokines and
eliminate cells by secretion of various proteins including perforins, granzymes and
granulysins.

1.2.4.1.1.3 Natural killer T cells
NKT cells (14), CD161+, express CD3 and several natural killer lymphocyte
markers and are mainly located in secondary lymphoid organs and the liver, very
few are found in the circulation. The ligands of NKT cells are not yet established
but they secrete IFN-γ and other TH1 cytokines and effectively clear bacterial
infections.

1.2.4.1.1.4 Gamma-Delta T cells
The γδ T cells (12) are found in peripheral blood and tissues and produce growth
factors which may have a role in skin growth and repair. They differ from αβ T
cells in the structure of their TCR which is made of γ and δ chains rather than α and
β chains.

Unlike other T lymphocytes, γδ T cells can recognise bacterial and

parasitic antigens directly and do not require antigen processing and presentation.
The γδ T cells secrete an antimicrobial peptide and, depending on the stimulus, TH2
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cytokines. Upon encountering infected cells or tumour cells, γδ T cells display
cytotoxic activity via the same mechanisms as TC cells.

1.2.4.1.2 Neonatal Cellular Response
The cell-mediated adaptive immune response allows neonates to develop their own
specific response to pathogens they encounter. However, neonates lack the ability
to develop an effective antigen-specific response with long-term memory, as seen in
the poor responses to vaccination during early infancy (15). This inability to mount
an effective cell-mediated response may be attributed to the immaturity of the cells
as elaborated in the following paragraphs.

Compared to adults, neonates have lower numbers of DC in blood with reduced
expression of MHC class II (16-18), thereby reducing neonatal DC antigenpresenting capacity. Lower expression of co-stimulatory molecules, CD40, CD80
and CD86, was reported (16, 19) but other studies show comparable expression (1718). Neonatal DC secrete lower levels of IFN-γ (18) and IL-12p70 (19), which
reduces the ability of DC to influence other leucocytes, leading to a reduced TH1
response.

Though neonatal T lymphocytes recognise a wide range of antigen peptides via
their TCR (20), their response is controlled by the cytokines in their
microenvironment (20) which polarise neonatal T lymphocytes to the TH2 bias.
The immaturity of cell signalling between DC and T lymphocytes leads to poor
activation of T lymphocytes which reduces their influence on other leucocytes.
Neonatal T lymphocytes secrete low levels of IFN-γ (21) and moderate levels of IL4 (22) compared to adult T lymphocytes. Neonatal T lymphocyte expression of
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CD154, the ligand for CD40, is uncertain with conflicting reports about higher or
lower expression than adult T lymphocytes as reviewed by Marchant (21). The TH2
polarisation of neonatal T lymphocytes doesn’t induce IgG class switching of B
lymphocytes, an inflammatory response, or cellular immune function. Neonatal TC
cells also have poor function with low expression of granzyme B and poor secretion
of IFN-γ and TNF-α (23), therefore affecting their cytotoxicity.

In summary, the cell-mediated adaptive immune response in neonates is poor due
to their immaturity and reduced function of T lymphocytes and DC. Neonatal DC
fail to effectively activate and tailor T lymphocytes, partially due to lack of proinflammatory cytokines in neonates. In turn, neonatal T lymphocytes function
poorly, and consequently they do not support several immune functions leading to
an overall reduction in immunity, both innate and adaptive.

1.2.4.2

Antibody Response

Antibodies, also known as immunoglobulins (Ig), are plasma proteins which form
part of the humoral immune response. An antibody can be either anchored to B
lymphocytes as part of their cell membrane receptor (BCR) or secreted in plasma.

An antibody is composed of four polypeptide chains, a pair of heavy chains and a
pair of light chains, linked together with disulphide bonds (Figure 1.1). The F(ab)2
region binds to antigen; a single antibody can bind to two identical antigens. The
Fc region, the effector region, engages immune cells by binding to Fc receptors for
immune responses. The antigen-binding sites of the F(ab)2 fragment consist of the
variable regions of the heavy chain (VH) and light chain (VL); these are highly
variable regions which provide the diversity and specificity of the antibody binding
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to antigen. The variability of antibody binding is increased further by somatic
hypermutation; the genes encoding the VH and VL regions undergo very high rates
of mutation and increase the diversity of antibody binding.

Antibodies are divided into five classes on the basis of the heavy chain, α, δ, ε, γ and
μ chains; IgA (α), IgD (δ), IgE (ε), IgG (γ) and IgM (μ). Individual antibody classes
have different roles; IgA is a secretory antibody in breast milk and mucosal lining of
the gut and respiratory tract, IgD is mostly found on B cell surfaces, IgE is a plasma
protein targeting parasitic infections, IgG is the main Ig in plasma and participates
extensively in immunity, and IgM is the first antibody class in early life and often
considered the “natural” antibody.

The stage of B cell maturation affects the antibody class secreted; naive B
lymphocytes secrete IgM while memory B lymphocytes secrete IgG or IgA.
Antibodies can eliminate infection directly through neutralisation of microbes or
indirectly by binding to microbes for phagocytosis or to infected cells for
elimination via antibody-dependent cell-mediated cytotoxicity via leucocytes such
as neutrophils, macrophages or natural killer lymphocytes.

1.2.4.2.1 Subsets of B Lymphocytes
B lymphocytes are CD19+ and can be classified into subsets on the basis of cell
surface markers and functionality. B lymphocytes are found in peripheral blood
and secondary lymphoid organs, like the spleen and lymph nodes. They react to
three types of antigens; T cell-independent type 1 (T-I1), T cell-independent type 2
(T-I2) and T cell-dependent (T-D) antigens.

T-I1 antigens are microbial

components and are polyclonal activators of B lymphocytes. T-I2 antigens are
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A. Antibody Structure
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Figure 1.1 Antibody Structure and Classes
A. Schematic diagram of monomer antibody structure. Heavy chains in purple
with its variable region in light purple. Light chains in red with its variable
region in light red. Disulfide bonds in dark green dashed lines. Antigen binding,
F(ab)2 and Fc regions are marked. B. Schematic diagrams of the five antibody
classes.
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microbial proteins, like flagellin, with repeating antigenic domains which cross link
several BCR on B lymphocytes. T-I1 and T-I2 antigens do not require TH cells for B
lymphocyte activation and they induce low-affinity antibodies from B lymphocytes.
T-D antigens are soluble proteins which require TH cell interactions with B
lymphocytes for development of antigen-specific, affinity-matured, memory
responses.

1.2.4.2.1.1 Peripheral Blood
The B cell subsets in peripheral blood are B1 and B2 B cells, and B2 B cells are
differentiated into naïve, memory and plasma B cells according to antigenic
stimulation. These subsets function in the innate and adaptive immune branches.

1.2.4.2.1.1.1 B1 B cells
B1 B cells (24-25) are CD5+, the main source of IgM and a long-lived, self-renewing
population of lymphocytes. They are larger and more granular than B2 B cells,
located mainly in the circulation but also found in the gut and spleen. B1 B cells
can form plasma B cells for antibody secretion. B1 B cells are an “innate”-like
population of cells which is required for early antibody defences against infection
through T-I2 antigens.

1.2.4.2.1.1.2 B2 B cells
B2 B cells (25) are CD5- and may be the equivalent of follicular B cells in secondary
lymphoid organs.

They constantly recirculate between peripheral blood and

secondary lymphoid organs, react to T-D antigens and are responsible for the
adaptive antibody response. The subsets of B2 B cells, naïve, memory and plasma
B cells, reflect degrees of antigen exposure and maturation. Naïve B cells, CD27-,
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have not been exposed to specific antigen, express surface IgM and lack maturity.
Memory B cells, CD27+, are antigenically-exposed cells which are immune matured
in secondary lymphoid organs, class-switched to high-affinity IgG isotypes, and can
differentiate into plasma B cells.

Plasma B cells are terminally differentiated,

antibody-secreting, cells descended from memory B cells.

1.2.4.2.1.2 Secondary Lymphoid Tissue
The secondary lymphoid organs include lymph nodes and spleen which are the sites
of B lymphocyte maturation to T-D antigens. Several B cell subsets, including
naïve and memory B cells, are found in peripheral circulation and the follicles of the
organs.

1.2.4.2.1.2.1 Germinal Centre Subsets
GC (26) are the site for a highly developed adaptive response for antibody
development against antigen. In secondary lymphoid organs, such as lymph nodes,
the cortex contains several follicles where GC form. The interfollicular zone in the
cortex is rich with T lymphocytes.

The follicle has a mantle zone, containing

resting B lymphocytes, and in the centre of the follicle is the GC. The GC is
divided into the dark zone, where activated B lymphocytes proliferate as
centroblasts, and the light zone, where centroblasts migrate and differentiate to
centrocytes and encounter follicular DC and THF cells for T-D antibody responses
(Figure 1.2). The B cell subsets in the GC are naïve, pre-GC, GC and memory B
cells, distinguished through their expression of IgD and CD38 (27), have different
stages of maturation and antigen experience.

Naïve B cells, IgD+CD38-, are

antigenically-naïve but travel to the GC during recirculation.

Pre-GC B cells,

IgD+CD38+, are antigenically-exposed and enter the GC. GC B cells, IgD-CD38+,
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with follicular DC and TH cell assistance undergoes somatic hypermutation and
selection for affinity maturation. The selected cells which can produce high-affinity
antibody differentiate into memory B cells, IgD-CD38-, or plasma B cells.

1.2.4.2.1.2.2 Marginal Zone B cells
Marginal zone (MZ) B cells (25) are non-circulating, resident, cells in the marginal
zone of the spleen which respond to T-I antigens. They are CD5-IgM+, secrete IgM
and, like B1 B cells, play a more “innate” role in response to infection. The MZ B
cells travel within the spleen from the marginal zone to the white pulp and
encounter antigen-specific presentation on follicular DC which activates them.

1.2.4.2.2 B Lymphocyte Function
B lymphocytes are the source of antibodies; T-I1, T-I2 and T-D antigens induce
different classes of antibodies. The antibody response, described in Section 1.2.4.2,
engages several arms of the immune responses which via antibodies can neutralise
microbes or their toxins, opsonise microbes and induce complement for lysis or
phagocytosis, form multi-linked immune complexes with antigens for clearance by
leucocytes, and eliminate antibody-labelled infected cells through antibodydependent cellular cytoxicity.

B lymphocytes also have cellular effects on the

immune response through secretion of cytokines and cognate interactions with
other cells to tailor immune responses.

1.2.4.2.2.1 Role in Antibody Responses
B lymphocytes are activated by microbes or their components which fall into three
types of antigens, T-I1, T-I2 and T-D antigens. T-I1 antigens polyclonally activate
most B lymphocytes, regardless of B cell subsets. T-I1 antigens are microbial
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Figure 1.2 Germinal Centres in Lymph Nodes
Schematic diagram of a germinal centre from a lymph node. Cortex of lymph
node contains follicles, with and without germinal centres. The germinal centre
is the site for development of T-D antibody responses. It comprises follicular
DC, THF cells and B cells at various stages of differentiation.

~ 17 ~

Literature Review

components, many are TLR ligands like LPS, which trigger B lymphocytes
independently of the BCR. They instigate a non-specific, polyclonal, antibody
response with no memory. As most B cell subsets are activated, the antibody
response will include IgM from naïve B and B1 B cells, affinity-matured IgG
isotypes from memory B cells and the various antibody classes from other B cell
subsets.

T-I2 antigens have repeating antigenic domains which cross-link several BCR and
activate B lymphocytes through strong BCR signalling. In response, B1 and MZ B
cell subsets secrete IgM, with B1 B cells in blood secreting IgM and IgG3, and in
the gut and peritoneal cavity secreting IgA. The low-affinity reactivity of B1 B cells
has also been implicated in the development of autoimmune conditions like
rheumatoid arthritis (24). MZ B cells, unlike B1 B cells, can provide limited longterm vaccine responses with T-I2 antigens, as seen in mouse models with
Streptococcus pneumoniae (24).

T-D antigens activate B2 B cells and develop an adaptive, memory response (28).
Initial activation of naïve B cells occurs when the antigen is processed, the antigenprimed B lymphocyte interacts with an antigen-specific primed TH cells to induce an
antibody class switch to IgG1. At this stage the B lymphocyte clonally expands and
differentiates to memory and short-lived plasma B cells.

The B lymphocytes,

activated by specific antigen and TH cell, travels to the GC where they clonally
expand and the VH and VL genes hypermutate to produce antibodies of varying
affinities to the antigen. Follicular DC in the GC present antigen to the GC B cells
to select for high-affinity antibody B cells; non-selected cells undergo apoptosis.
The surviving high-affinity antibody B cells receive selection signals from THF cells
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and then differentiate into long-lived memory and plasma B cells (Figure 1.3). The
T-D antigen response produces a high-affinity, class switched antibody response
with memory, but earlier stages of B lymphocyte responses also produce antibody.

The antibody responses to various antigens provide a range of responses in terms of
specificity and efficiency of antibodies.

The T-I antibody responses produce

polyclonal, low-affinity antibodies while the T-D responses have high-affinity, highspecificity antibodies with memory capacity.

1.2.4.2.2.2 Role in Cellular Responses
B lymphocytes are not the principal cytokine-secreting cells, but they do produce
low titres of cytokines which affect the microenvironment (29). Depending on the
antigen, the primed B2 B cells secrete either TH1 cytokines, IL-12, IFN-α and TNFα, or TH2 cytokines, IL-2, IL-4, IL-6 and TNF-α. The antigens to influence B2 B
cell cytokine secretions can include TLR ligands like LPS. The influence of the B
cell derived TH1 or TH2 cytokine patterns would tailor or amplify the polarisation of
TH cells to TH1 or TH2.

B lymphocytes can also secrete immunosuppressive

cytokines; B1 and MZ B cells produce IL-10 which can block inflammation.
Cytokines secreted by B lymphocytes can either direct or restrict immune responses.

Though DC are the professional APC of the immune system, B lymphocytes
possess some ability to present antigen on MHC class II to antigen-specific TH cells
(30). There is some suggestion that B lymphocytes can process antigen, present it to
antigen-specific TH cells, and provide necessary co-stimulatory and cytokine signals
to prime and tailor their responses to TH1 or TH2 (30). The MZ B cells also process
bacteria and transport them to follicular TH cells for presentation and priming.
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These roles permit B lymphocytes to participate in immunity other than the
antibody response.

1.2.4.2.3 Neonatal Antibody Response
Antibody titres in neonates are lower than in adults. IgM, the main antibody in
neonates, is secreted by B1 B cells, the main neonatal B cell subset, and naïve B
cells. B1 B cells are easily activated by T cell-independent (T-I) antigens, but they
secrete low-affinity IgM in response and are unable to switch to IgG or produce
memory cells.

As reviewed, neonatal B lymphocytes have limited antibody responses, in titres and
duration, to T cell-dependent (T-D) (15) and T-I type 2 (T-I2) antigens (8).
However neonatal B lymphocytes have elevated levels of surface IgM present (31)
which can facilitate heightened sensitivity to very low levels of antigen (32).
Complement plays an important role in the response of B lymphocytes to T-I type 2
antigens; complement protein C3d opsonises T-I type 2 antigens for enhanced
immunogenicity (33). A factor for the poor response to T-I type 2 antigens by
neonates is the low levels of complement protein C3 (34) and lower expression of
C3d receptor, CD21, by neonatal B lymphocytes (31). This poor opsonisation of T1 type 2 antigens and the low CD21 expression leads to reduced engagement of T-I
type 2 antigens by neonatal B lymphocytes.

Human (35) and murine (36) neonates lack germinal centres (GC) in the spleen, a
important site to facilitate lymphocyte and dendritic cell interactions to develop
humoral and cell-mediated immunity. Moreover, neonatal B lymphocytes have
reduced expression of co-stimulatory molecules, CD40, CD80 and CD86 (34),

~ 21 ~

Literature Review

needed for T-D antigen interactions with TH cells and DC. The limited ability of
the neonatal leucocytes reduces cognate interactions required for antibody classswitching to IgG, selection of high-affinity antibodies and development of memory
B cells. Somatic hypermutation is decreased in neonates compared to adults (37)
meaning that high-affinity antibodies are not produced.

Several factors in neonates combine to reduce the effectiveness of the antibody
response; higher proportion of B1 B cells, impaired functions of adaptive immune
cells, the lack of GC and reduced rates of somatic hypermutation.

These

weaknesses result in neonates being unable to mount a robust, mature antibody
response, as seen in the vaccine regimens of infants which require repeated doses in
the first year before they develop a long-term, adaptive response.

1.2.5 Special Features of the Neonatal Immune System
1.2.5.1

Passive Immunity of Neonates

The cells and organs of the neonatal immune system are developed, but not
functioning to their full potential; therefore they are susceptible to infection. This
weakness is partially compensated by the passive immunity neonates receive via
placental transfer of maternal IgG and breast milk passing on the mature maternal
immunity. In utero, the placental transfer of maternal IgG to the foetus increases
during gestation from low levels in the first trimester to very high levels at term (38).
At term the neonatal IgG levels exceed maternal IgG levels, and the neonate is
protected by the maternal IgG for approximately two months (39). Despite the
protective effects of maternal IgG, a disadvantage for neonatal immunity is the
inhibition of the neonatal vaccine response by maternal IgG (40). For example,
with neonatal polio vaccination maternal IgG binds to vaccine epitopes which
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limits the binding of antigen-specific neonatal B lymphocytes (39-40).

This

inhibition by maternal IgG does not allow neonates to develop their own immune
response to foreign antigens. However, the immune protectiveness of breast milk
can be seen in the higher rates of morbidity and mortality due to infectious diseases
experienced by non-breastfed infants versus breastfed infants (41-42). Exclusive
breastfeeding is important for reducing neonatal mortality rates (43) as seen in the
reduced infant mortality rates due to acute respiratory and diarrhoeal infections
(44).

The protective immune effects of breast milk on the neonate occur primarily in the
gastrointestinal mucosa as the milk is ingested. A complex mixture of proteins
from the mother’s developed immune system is transferred to the neonate. This
transfer results in passive immunity for the neonate; the neonate does not adopt the
maternal immune effects into a memory response of its own. The main antibody
class in breast milk is IgA, a secretory antibody, which is approximately 80% of
total Ig in colostrum and milk (41). After ingestion, IgA passes to the mucosal
surfaces of the gastrointestinal tract where invasion of the mucosa is prevented by
IgA binding to and neutralising microbes (41); as seen with antigen-specific,
maternal IgA in breast milk neutralising rotavirus (45) and Helicobacter pylori (46).
Although IgG is present in breast milk, it is at low levels and is less active than IgA
in the infant compared to in utero when the foetus is protected by maternal IgG
crossing the placental barrier (41).

Breast milk can have immunomodulatory functions on neonates via cytokines and
enzymes. Pro-inflammatory cytokines, IL-1β, IL-2, IL-6, IL-8 and TNF-α, which
are present in colostrum and breast milk (47-48) can assist in the development of
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neonatal immunity and perhaps to overcome the anti-inflammatory bias.
Lactoferrin, the second most abundant protein in breast milk, also found in
neutrophils, has extensive antibacterial and antifungal activity (41, 49). Lactoferrin
binds to and neutralises numerous viral, bacterial and parasitic enteric pathogens
and reduces severity of gastrointestinal illnesses (49). Breast milk contains large
numbers of carbohydrate components including various oligosaccharides,
glycoproteins and glycolipids which all block microbes from binding to mucosal
membranes (41). Individual oligosaccharides and glycoproteins from breast milk
reduce infant vulnerability to respiratory and diarrhoeal infections (50).

The

immune effects of breast milk glycans are a significant component of the
protectiveness of breast milk and the extent of their function is still being
investigated. The numerous immune effects of breast milk have a highly protective
effect for infants in early life and reduce their susceptibility to infectious diseases.

1.2.5.2

Neonatal Immune System Maturation

At birth, the immune system of neonates does not have adult-like functions. There
is gradual maturation of the neonatal immune response, for which the principal
trigger is microbial stimulation (51).

This process commences at birth with

ingestion of maternal vaginal flora during vaginal delivery leading to colonisation of
the neonatal gastrointestinal tract with probiotic bacterial flora which reduces the
inflammatory response in the gut (41).

The production of pro-inflammatory

cytokines by neonatal leucocytes in response to bacteria is conflicted in the
literature, with some reporting adult-like levels of cytokines (5) and other reports
stating low levels of cytokines (4, 6, 17). The low levels of acute-phase proteins in
neonates at birth start to rise in the first week of life, triggered by microbial exposure
(3). The activation of the acute-phase response after birth provides some immune
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protection for neonates. Continual exposure to microbes, preferably probiotics, is
necessary for the development of a consistent inflammatory response from neonatal
cells to adult-like responses.

For the cell-mediated branch of the adaptive immune system, the TH2 bias of
neonates can be transformed gradually to TH1 responses by vaccination (40), but
very low antigenic doses are required for effective TH1 and cytotoxic T lymphocyte
activity (20). Low levels of IFN-γ in neonates increase gradually and reach adult
levels by 5 years of age (40, 51). The neonatal bias for TH2 cells may be attributed
to its microenvironment and the deficiencies of neonatal APC (40) which may be
altered.

For neonatal DC, bacterial stimulus can instigate secretion of TH1

cytokines, in particular IFN-γ and IL-12, and increase expression of CD80 and
CD86 (8, 19, 40, 52). This allows a gradual development of the neonatal TH1
immune response.

The lack of GC in the secondary lymphoid organs of neonates impairs cellmediated and antibody responses of their adaptive immune system. Murine models
reveal the importance of GC formation for adaptive immunity (53) and their
development in neonates (36). As GC form in neonates, the B lymphocytes develop
the ability to antibody class-switch and produce high affinity antibodies through
somatic hypermutation (34). In the first 10 months there is an increase in somatic
hypermutation of Ig genes in neonates and infants (54) indicating a gradual
maturation in the antibody response in early life.

The process of maturation of the immune system takes several years before a child
can launch adult-like responses by their innate and adaptive immunity.
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mentioned above, it appears that microbial stimulation is critical to trigger the
maturation of the neonatal immune response.

Lack of exposure to microbes

leading to insufficient generation of immune responses in early life is the basis of
the “Hygiene Hypothesis” which is elaborated in the review by Garn (55). Without
exposure there is little inflammation and the TH2 bias remains, leading to an
increase in allergic diseases. Neonates require their immune systems to develop in
response to the non-sterile extra-uterine environment.

1.2.5.3

Cord Blood

Cord blood is part of the neonate’s continuous circulation until the moment the
umbilical cord is cut. The cord blood which remains in the placenta and umbilical
cord is frequently harvested for research which can include neonatal studies and
haemopoietic stem cell research. Cord blood is used in neonatal immunology
studies due to its high availability and large volumes which can be obtained. There
may be differences in the leucocytes between the collected cord blood and the blood
circulating in the neonate, but there is no practical way of assessing these potential
differences. It would be unethical to collect large volumes of blood from neonates
for comparative studies with cord blood.

Another consideration for using cord blood in neonatal immunology studies is the
variability that exists in human subjects. Collecting cord blood at birth allows for a
consistent point for comparing subjects.
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1.3

T OLL -L IKE R ECEP TORS

1.3.1 Pattern Recognition Receptors
Pattern recognition receptors (PRR) are a part of the innate immune system that
recognises pathogen-associated molecular patterns (PAMP) associated with foreign
organisms (56).

PRR are germline encoded, include families of receptors or

individual receptors, and can be located on the cell surface, internally or secreted
extracellularly (56).

The microbial components of PAMP are critical to the

organisms’ function, hence evolutionarily conserved with little modification, and
allowing the innate immune system to discriminate between the host and microbes
(57-58). Families of receptors include TLR and C-lectin receptors (CLR). Upon
engagement of PRR, several immune responses are initiated including
inflammation, opsonisation, phagocytosis of microbes, apoptosis of infected cells
and induction of complement. PRR innately recognise pathogens and launch early
immune responses against infection.

The recognition of PAMP by PRR permits self/non-self discrimination by the
immune system followed by appropriate immune responses. The individual PRR
has a broad specificity of low-affinity binding to a wide repertoire of microbial
ligands.

Individual PRR can increase their range of PAMP by forming

heterodimers with TLR or other cell molecules. Upon recognition, PRR alert the
immune system and initial responses are launched. Immune responses can be
tailored further by the synergy of two or more PRR engaged by pathogens.

The most studied PRR are TLR, a family of transmembrane receptors. In 1985 the
Toll receptor was first identified in Drosophila larvae with a role in embryological
development (59) and, later, immune function (60), then its human homologue,
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TLR, was identified (58). Although hundreds of TLR have been identified in the
genome of sea urchins (61), in humans ten TLR, TLR1 to TLR10, have been
identified (62-65) and potentially another two TLR.

CLR, also transmembrane PRR, are found on dendritic cells and macrophages,
which endocytose and present glycosylated carbohydrate antigens to modulate
immune responses. Dectin 1, one CLR, recognises a fungal component, β-glucan,
and initiates an inflammatory response.

NLR (66) are a family of approximately 20 cytosolic proteins that can be
categorised into 3 subfamilies depending on the domain at the N-terminus; the
nucleotide-binding oligodimerisation domain (NOD) proteins, NACHT-LRRPYD-containing (NALP) proteins and neuronal apoptosis inhibitor proteins
(NAIP). The different domains instigate different signalling pathways for each
NLR subfamily, but MyD88 is one of the signalling proteins of NLR.

The

particular PAMP recognised by NLR are unknown, but NOD1 and NOD2 proteins
bind to peptidoglycan from Gram-negative bacteria.

NLR, upon engagement,

instigate antimicrobial effects including an inflammatory response. Other cytosolic
PRR include the RNA helicase family and protein kinase PKR which also
recognise viral nucleic acids and induce anti-viral inflammation and apoptosis of
infected cells.

PRR can also be secreted by cells, these include acute-phase proteins secreted by the
liver which include C-reactive protein (CRP), serum amyloid protein (SAP) and
mannan-binding lectin (MBL). CRP, SAP and MBL all bind to and opsonise
pathogens for clearance via complement and phagocytosis.
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1.3.2 Structure of TLR
TLR are Type I integral membrane glycoproteins with molecular weights ranging
90-115kDa (67). The ten TLR found in humans are phylogenetically classified into
five subfamilies on the basis of genomic sequencing: three sub-families have a single
member, TLR3, TLR4 and TLR5; the TLR2 sub-family has four members, TLR1,
TLR2, TLR6 and TLR10; and the TLR9 sub-family has three members, TLR7,
TLR8 and TLR9 (68). The TLR proteins share a conserved cytoplasmic domain,
known as Toll/IL-1R (TIR) domain, with the interleukin-1 receptor family (IL-1R)
(58). The ectodomain of TLR and IL-1R differ in that TLR have several leucinerich repeat (LRR) motifs, while IL-1R have three immunoglobulin-like domains
(58). TLR can be located either on cell surfaces or on endosomal surfaces (67) (See
Figure 1.4).

Depending on the TLR, the ectodomains of TLR contain 19-25 copies of LRR
which is capped with a 31-amino acid long N-flanking region and a cysteine-rich
domain on the C-terminal end (58, 67).

An individual LRR is made of

approximately 24 residues and forms a loop, with the first 10 residues forming a βhairpin (67). The LRR motifs all form a coil with a large β-sheet on the concave
surface formed by β-strands of each motif (67). Similar receptors bind to their
ligands on the concave β-sheet of the LRR motifs with new binding sites created by
inserting or deleting residues in the LRR motifs, suggesting that similar flexibility
for binding to ligands may occur for TLR (67).

The TIR domain of TLR has a sequence conservation of approximately 20-30%
with most of the conserved residues located in the hydrophobic core of the
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structure, the core approximately 130-165 residues in length (69). The TIR domain
has five β-strands, parallel, surrounded by five α-helices, with secondary structures
all connected by loops (69). Three regions in the conserved sequence identified as
boxes 1, 2 and 3 appear to have a role in signalling (70). Mutations in boxes 1 and
2 affected signalling and mutations in box 3 reduced cell surface expression,
therefore these three regions all play essential roles in receptor localisation and
signalling (70).

Ectodomain

Plasma membrane

TIR domain

Figure 1.4 Schematic Structure of TLR1
TLR are transmembrane receptors which consists of an ectodomain and a
cytoplasmic TIR domain. The specificity of each TLR is derived from the
particular number of LRR motifs in the ectodomain.

1.3.3 Cell and Tissue Distribution
TLR are expressed by a wide range of cells and tissues, including endothelia and
epithelia (71), as well as leucocytes (see Table 1.1). This section on TLR expression
will focus exclusively on studies done on human cells to assess the current
knowledge of TLR expression in the human immune system.
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Early studies examining expression of TLR in cells focussed on detecting mRNA
with PCR-based methods.

Then with increasing availability of commercial

antibodies against TLR, the protein expression was examined. As shown in Table
1.1, the mRNA and protein expression studies show almost the full range of TLR
expressed by several leucocyte populations.

However, discrepancies between

mRNA and protein studies are present, such as TLR8 in neutrophils and TLR3 in
monocytes. These discrepancies may be explained by lack of mRNA translation in
protein, or studies not testing for TLR protein expression due to early unavailability
of commercial TLR antibodies.

1.3.4 TLR Ligands
TLR identify pathogens through recognition of PAMP with self-recognition of
some host molecular components such as heat shock proteins and fibrinogen.
TLR1 - TLR10 recognise PAMP from the entire spectrum of microorganisms which
includes bacteria, fungi, parasites and viruses. The structural flexibility of the TLR
ectodomain permits an individual TLR to bind, albeit at low-affinity, to multiple
ligands. As shown in Table 1.2, TLR2 and TLR4 have the largest numbers of
ligands identified.

The ligands of individual TLR appear to all come from a

particular domain of microorganisms, for example the ligands of TLR2 and TLR4
are mostly bacterial while TLR3 recognise mainly viral ligands.

The cellular location of TLR correlates to its ligands with cell surface TLR detecting
bacterial ligands and intracellular TLR detecting viral ligands. The TLR2 and
TLR5 sub-families recognise bacterial ligands and expressed on the cell membrane,
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Table 1.1 Expression of TLR on Human Immune Cells (References in brackets)

CELL TYPE

POLYMERASE CHAIN

FLOW CYTOMETRY

REACTION

IMMUNOHISTOCHEMISTRY

Peripheral Blood
Neutrophils

Monocytes

1, 2, 3, 4, 5, 6, 7, 8, 9,

1, 2, 3, 4, 5, 6, 7,

NR*

10

9

(72-73)

(72, 74-77)

1, 2, 4, 5, 6, 7, 8, 9

1, 2, 3, 4, 6, 8, 9

9

(78-80)

(74-76, 78, 80-

(81)

82)
Eosinophils
Basophils
T lymphocytes

1, 4, 6, 7, 9, 10

1, 2, 4, 6, 7, 9

NR

(73, 75)

(77, 83)

2, 4

2, 4

(75)

(75)

1, 2, 3, 4, 5, 6, 8, 9

2, 3, 4, 5, 6, 8, 9,

2, 3, 4

(79, 84-86)

10

(84, 86)

NR

(84, 86-89)
B lymphocytes

1, 2, 4, 6, 7, 9, 10

1, 2, 3, 4, 8, 9

(79, 90-91)

(81-82, 92-94)

Natural killer

1, 2, 3, 4, 5, 6, 8, 9,

1, 2, 3, 4

lymphocytes

10

(96-97)

NR
NR

(79, 85, 95)
Tonsil T lymphocytes

Tonsil B lymphocytes

Macrophages

Dendritic cells

1, 2, 3, 4, 5, 7, 9, 10

1, 3, 4, 9

(98)

(98)

1, 6, 7, 8, 9, 10

1, 2, 7, 9, 10

2, 3

(91, 99)

(91, 100)

(74, 101)

NR

4

2, 4

(80, 102)

(74, 102)

1, 2, 3, 4, 6, 7, 8, 9,

1, 2, 3, 4, 8, 9

NR

10

(78, 82, 100)

(78-79, 90, 103)

*NR – Not reported

~ 32 ~

NR

Literature Review

and the TLR3 and TLR9 sub-family recognise viral ligands and expressed in
intracellular endosomes. Studies report cell surface expression of TLR1, TLR2,
TLR4, TLR6, TLR9 and TLR10 (72, 76, 90), and intracellular endosomal
expression of TLR3 (86), TLR8 (82) and TLR9 (104).

Cells also vary TLR

expression according to their activation state, activated T lymphocytes upregulate
surface expression of TLR2 and TLR4 (84). Activation of cells which alters TLR
expression can occur by several mechanisms including in vitro activation (84),
microbial infections (74, 81) and cytokines (74).

TLR can discriminate between similar ligands to produce differing immune
responses; various immune cell responses are seen when different cell wall proteins
engage TLR2 (105) or CpG ODN engages TLR9 (106). For example, two types of
CpG ODN which engage TLR9 on plasmacytoid DC induce differing responses;
CpG ODN A limits DC maturation and induces secretion of high levels of IFN-α,
and CpG ODN B induces maturation and survival of DC with increased secretion
of TNF-α and IL-8 (106). Table 1.2 lists some of the ligands for individual TLR,
but TLR10 is an orphan receptor.

1.3.5 TLR Signalling
TLR signalling involves a highly complex network of proteins that form several
signalling cascades resulting in distinct cellular responses. A family of adaptor
proteins, each containing a TIR domain, are the first proteins to interact with an
engaged TLR by dimerising the TIR domains of the TLR and adaptor protein. The
adaptor proteins, myeloid differentiation primary-response protein 88 (MyD88),
TIR-domain-containing adaptor protein (TIRAP), TIR-domain-containing adaptor
protein inducing IFN-β (TRIF) and TRIF-related adaptor molecule (TRAM), are
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Table 1.2 Ligands of TLR

TLR
1

Ligands
Lipoprotein (Mycobacterium sp.) (107)
LPS (108)
Soluble factors (Neisseria meningitidis) (108)

2

Lipopeptides/lipoproteins (including Mycoplasma and Mycobacterium

tuberculosis) (76, 84, 109)
Glycolipids (76, 84)
LPS (74, 108)
Soluble factors (Neisseria meningitidis) (108)
Zymosan (84)
Peptidoglycan (76, 84)
Porin (110)
Bacterial fimbrae (110)
Haemagglutinin protein (110)
Cytomegalovirus virions (110)
Human Heat shock protein (HSP) 60 and HSP70 (110-111)
3

dsRNA (112)

4

LPS (64, 72)
Respiratory syncytial virus (113)
Chlamydial HSP60 (110)
Mycobacterial HSP65 (110)
Fibrinogen (110, 113)
Human HSP60 and HSP70 (110-111)
Human fibronectin (110)
Human hyaluronic acid, etc (110)

5

Bacterial flagellin (114)

6

Lipopeptide/lipoprotein (Mycoplasma) (76)
Peptidoglycan (76)
Zymosan (72)

7

ssRNA (110)

8

ssRNA (110)

9

Unmethylated CpG DNA motifs (115)

10

Not known
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important for directing TLR signals to different signalling cascades to activate
particular transcription factors required for specific responses.

MyD88, the principal adaptor for nearly all TLR, separates the signalling pathways
into MyD88-dependent and MyD88-independent pathways.

When engaged,

several TLR activate the MyD88-dependent signalling by associating with MyD88
to initiate a signalling cascade, described further by Akira (116), which culminates
in early-phase activation of transcription factor, nuclear factor-kappaB (NF-κB).
Early-phase activation of NF-κB results in instigation of an inflammatory response
(116-117); one of the main effects of TLR engagement. TLR2 and TLR4 requires
TIRAP to act upstream of MyD88 for MyD88-dependent signalling to activate NFκB (118).

MyD88-independent signalling dimerises TIR regions of other adaptors, TRAM
and TRIF, with engaged TLR to initiate late-phase activation of NF-κB which
induces expression of co-stimulatory molecules and IFN-associated products (116).
Other MyD88-independent signalling pathways use TRIF to trigger activation
interferon-regulatory factor 3 (IRF3) to directly induce expression of type 1 IFN
genes (116). LPS-activated TLR4 utilises both MyD88-dependent and MyD88independent pathways for inflammatory cytokine production and TRAM is
required by TLR4 for the MyD88-independent pathway (119).

The various TLR signalling pathways can activate several transcription factors
which include NF-κB, activating protein-1 (AP-1) and the family of interferon
regulatory factors (IRF).

These transcription factors can induce inflammatory

responses, type I interferon responses and upregulation of co-stimulatory

~ 35 ~

Literature Review

expression.

The numerous genes transcribed in response to TLR signalling

contribute to inflammation and various other immune mechanisms.

1.3.6 TLR Function
TLR have a profound impact on both innate and adaptive immune responses
through direct and indirect influences. The number of TLR and the complexity of
signalling pathways allow a varied and nuanced response to TLR ligation. The
main effects of TLR are inflammation, innate anti-microbial effects, apoptosis of
infected cells, influencing the adaptive response and, on occasion, autoimmune
effects. Further discussion on the effects of TLR on the immune system for this
section will be based on studies on human and mouse systems.

Inflammation is an early response against infection that is comprised of an intricate
network of cellular and humoral responses that operate to clear pathogens. TLR
engagement can induce secretion of pro-inflammatory cytokines (108) as seen in
neutrophils (72), monocytes (120), macrophages (107, 121), mononuclear immune
cells (120, 122-123), dendritic cells (123-124), mast cells (112) and epithelial cells
(125). Knockout murine models for TLR2 or MyD88 both showed decreases in
streptococcal cell wall-induced joint inflammation (126). The effects of several TLR
on neutrophils include increased phagocytosis, superoxide production and
chemokine expression with decreased chemotaxis and prolonged survival of
neutrophils (72, 75, 127).

TLR activate various anti-microbial mechanisms in neutrophils (72), macrophages
(107), eosinophils (73) and natural killer lymphocytes (79, 128) to resist infection.
TLR2 is necessary for effective clearance of Mycobacterium tuberculosis respiratory
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infections in mice otherwise chronic pneumonia develops (129). Apoptosis can be
TLR-mediated; apoptosis of cells via TLR2 has been observed with neutrophils of
TB-infected patients (130) and murine microglia in herpes simplex viral-infected
mice (131). TLR contribute to the development of anti-microbial activity.

The link of TLR between the innate and adaptive immune responses is important as
the two branches have been studied independently of each other. The influences of
TLR on the adaptive responses of lymphocytes will be discussed in the next
paragraph; this paragraph will focus on the sentinel cells of the adaptive immune
response, DC. DC maturation by TLR engagement results in up-regulation of costimulatory molecules including CD80 and CD86, altered expression of
chemokines and secretion of pro-inflammatory cytokines allowing them to increase
their antigen presenting ability and migrate to lymph nodes (71, 128). Different
TLR trigger different pathways; subsets of DC shape T cell differentiation through
differential cytokine release and co-stimulatory molecule expression, thereby
influencing the adaptive response (71, 128). TLR8 ligand, CL075, induces IL-12
and TNF-α from myeloid DC and minimal levels of IFN-γ and TNF-α from
plasmacytoid DC (123). In response to CpG ODN, murine DC secrete IL-12 and
elevate expression of CD40, CD80 and CD86, and murine macrophages secrete IL6, TNF-a, IL-12 (115), while human DC secrete IFN-γ and low levels of TNF-α in
response to CpG2216 (123). DC can also be stimulated by agonists for TLR3 and
TLR4 acting synergistically with each other or with TLR8, with synergy enhanced
further by IFN-γ or CD40L, which induces DC to secrete IL-12p70 and activate T
cells to secrete IFN-γ (132). A recent study has found TLR-activated DC secrete IL6 which suppresses regulatory T cells from interfering with activated CD4+ T cells
(133).
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The influence which TLR exert over the adaptive response and their ability to
recognise endogenous ligands has implications for development of systemic
autoimmune diseases. In autoreactive murine B cells the B cell receptor engages
with chromatin released from apoptotic cells; the engaged B cell receptor then crosslinks with TLR9 which is stimulated by the few CpG motifs present in the
mammalian chromatin and the two receptors act synergistically to induce activation
and proliferation of the B cell (134). TLR9 is also implicated in breaking T cell self
tolerance via TLR9-engaged APC and inducing murine experimental autoimmune
encephalomyelitis, the animal model of multiple sclerosis (135).

Inflammatory

bowel disease, a localised autoimmune condition, has been linked to Asp299Gly
TLR4

polymorphism

which

has

lipopolysaccharide (LPS) (136-137).

an

impaired

signalling

pathway

for

TLR dysregulation or impaired signalling

pathways can lead to systemic or localised autoimmune conditions.

1.3.7 TLR and Lymphocytes
T lymphocytes are activated by TLR ligands directly or indirectly through TLRengaged DC and mast cells (112, 138-139), can proliferate (84, 140) and upregulate
expression of T lymphocyte activation markers (138, 141). TLR engagement also
instigates T lymphocytes to secrete cytokine patterns differentially depending on the
TLR ligand (84, 140-141). TLR ligands can have co-stimulatory effects on TCRengaged T lymphocytes to enhance proliferation and cytokine secretion (84, 141).
One instance of TLR influencing adaptive responses is the polarisation of T helper
cells to TH1 subset by cytokine signals from TLR-engaged accessory cells (142-143).
The functions of cytotoxic T lymphocytes can be affected by TLR either directly
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(141) or indirectly (104, 139, 144). Regulatory T lymphocytes are suppressed upon
TLR engagement which prevents dampening of the immune response (133, 145).

B lymphocytes proliferate, upregulate expression of co-stimulatory molecules
including CD40, CD80, CD86 and MHC class II, and secrete antibodies in
response to TLR ligands (146-149). CpG oligodeoxynucleotides (ODN), a TLR9
ligand, is a well-known mitogen of B lymphocytes that initiates the TLR signalling
cascade and induces proliferation, upregulation of co-stimulatory molecules,
differentiation of memory B cells into plasma cells and secretion of IgG and IgM
(147, 150-153).

Additional effects of CpG ODN on B lymphocytes include

enhanced functions after co-stimulatory engagement with BCR (152, 154), reduced
apoptosis (153) and secretion of cytokines (115). The differentiation stage of B
lymphocyte can affect their responses to TLR ligands; memory B cells secrete IgG
(154) whereas naïve B cells secrete IgM and activate T lymphocytes (153) and
murine splenic B lymphocyte subsets secrete variable cytokine patterns (155).
Studies also indicate the possible requirement of TLR engagement for antibody
class-switching, isotype-switching and somatic hypermutation (156-159). TLR have
an important role in the function of B lymphocytes.

1.3.8 TLR and Neonatal Immune Response
As discussed in Section 1.1, the neonatal immune system is under developed and
unable to launch effective responses against infection.

Nonetheless, neonates

receive protection from passive immunity passed from the mother via breast milk.
Another potential source of protection are PRR; the neonatal immune system may
be able to discriminate between self and nonself to distinguish invading pathogens.
The potential ability of neonates to recognise infections is confirmed by cord blood
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leucocytes responding to Gram-positive and Gram-negative bacteria (5) and
microbial components, Poly I:C and LPS (17, 160). In the neonate, TLR ligands
can enhance certain immune functions, but not the neonatal inflammatory
response. TLR ligands induce secretion of pro-inflammatory cytokines by cord
blood mononuclear leucocytes (6, 17, 122), but levels vary when compared to adult
blood mononuclear leucocytes. When compared to adults, levels of IFN-gamma
and IL-12p70 by whole cord blood (17, 122), and IL-1, IL-6, IL-12 and TNF by
neonatal murine macrophages (6) in response to TLR ligands are lower. However,
one study showed elevated IL-6 and TNF-alpha by TLR-engaged cord blood
mononuclear leucocytes when compared to mononuclear leucocytes from one year
old infants (160). The current knowledge indicates that several components of the
neonatal inflammatory response are deficient compared to adults, as discussed in
Section 1.2.3.1.

The literature shows that neonatal leucocytes have a partial

inflammatory response to TLR ligands, but not at adult levels. The report of higher
levels of pro-inflammatory cytokines in cord blood leucocytes was compared to
infants; infants’ immune systems are still developing when compared to adults,
therefore this study does not contradict the earlier studies.

Adaptive immune responses of neonates are affected by TLR as seen with multiple
TLR engagement of neonatal DC resulting in increased levels of pro-inflammatory
cytokines and co-stimulatory molecule expression (52, 161-162).

TLR ligands,

acting as co-stimulatory signals, induced cord blood T lymphocytes to secrete IFNα, TNF-α, IL-2 and IL-10 with increased expression of CD25 and intracellular
granzyme B in CD8+ T cells (23, 84).

CpG ODN stimulates cord blood B

lymphocytes to secrete IgM (163) but there is little in the literature looking at TLR
and neonatal B lymphocytes. However, neonatal murine B1 B cells stimulated by
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TLR ligands may have an anti-inflammatory effect and tailor a TH2 response by
secreting high levels of IL-10 which suppresses adult murine DC from secreting proinflammatory cytokine (164-166).

The immaturity of the neonatal adaptive

immune cells and subsequent responses may be overcome with treatment by TLR
ligands, at least for DC and T lymphocytes.

Despite enhanced responses of DC and T lymphocytes to TLR engagement, TLR
signalling in cord blood is impaired, which may explain the functional discrepancies
between adult blood and cord blood (17). Cord blood leucocytes, compared to
adult blood leucocytes, treated with TLR ligands have reduced expression of
MyD88 and IRF5, decreased activation of signalling proteins p38-MAPK and
ERK1/2 and reduced binding of transcription factor IRF3 which results in
decreased secretion of pro-inflammatory cytokines (167-169).

1.3.9 TLR Ligands as Vaccine Adjuvants
Vaccines are highly successful in minimising several infectious diseases, to the point
that scourges such as smallpox, polio and measles have diminished. Ideally, an
effective vaccine requires a single-dose administration to produce a specific,
memory immune response.

However, many infectious diseases lack effective

vaccines which produce a robust immune response, so the use of vaccine adjuvants
can enhance the immunogenicity of vaccines. Vaccine adjuvants are compounds
which enhance the immune response to the vaccine antigen.

For an effective

immune adaptive response, DC, T lymphocytes and B lymphocytes need to interact
with each other via immunological synapses for antigen presentation and costimulation signals for activation followed by paracrine cytokine influence. These
cellular interactions occur in GC which are located in secondary lymphoid tissue.
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The immaturity of neonatal immunity includes a relative lack of GC formation in
secondary lymphoid tissue and reduced functions of DC, T lymphocytes and B
lymphocytes; these weaknesses do not allow neonates to develop a specific, longterm, memory response. TLR ligands influence and enhance immune responses
thereby indicating a potential role as vaccine adjuvants for neonatal vaccines.

TLR ligands enhance the systemic adaptive immune response indicating their
potential as vaccine adjuvants. An example would be the Yellow fever vaccine 17D, in use for 65 years, it was recently found to activate several TLR pathways to
produce multiple responses (144).

Murine studies indicate the importance of

MyD88 in long-term, antibody, response (170) and necessity of TLR for the
development of GC (170-171). Vaccine studies trialling CpG ODN as an adjuvant
found enhanced IgG titres and avidity in adults (172), increased IgG titres and
proliferation of murine B lymphocytes (173-174), and adult-like TH1 and TH17
responses with DC activation in neonatal mice (175). There is further evidence for
TLR ligands to counter the TH2 response in neonatal and adult mice (176-177). The
observations of enhanced antibody responses to TLR ligands are challenged by one
study showing elevated antibody titres in response to Freund’s adjuvant and a
TLR2 ligand in MyD88-/-TRIF-/- mice (178), but it does not contradict the data on
CpG ODN.

So far, most of the evidence demonstrates that TLR ligands, in

particular CpG ODN, may be effective adjuvants for vaccines to produce an
increased adaptive response with specific memory against infection. However there
must be caution when considering TLR ligands as vaccine adjuvants in neonates.
As described at the end of Section 1.3.6, TLR ligands have been implicated in the
development of autoimmune conditions in mouse models (135, 179). TLR ligands
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should definitely be researched as potential adjuvants in neonatal vaccines, but all
their potential effects require further examination.

1.4

P R O JEC T P LAN

Neonates have poorer immunity when compared to adults and are vulnerable to
infection. The poor function of T lymphocytes and B lymphocytes in neonates
leads to deficient innate and adaptive immunity against infectious diseases. The
deficiencies of the neonatal immune response may be compensated for by immune
protection from innate immunity like TLR which are present through germ-line
encoding and do not need to be acquired.

At the commencement of this study there was very little in the literature about the
role of TLR on lymphocytes. Much of the information was on expression of TLR
mRNA, there were few TLR antibodies commercially available to determine
expression of TLR proteins. With flow cytometry, the literature showed cord blood
T lymphocytes expressed TLR2 and TLR4 (84), and adult blood B lymphocytes
expressed TLR9 (81). In the intervening years published reports on TLR protein
expression have increased due to availability of antibodies (Table 1.1), but there is
still little information about expression by neonatal lymphocytes.

Initial data (92) showed that TLR1, TLR2, TLR3, TLR4 and TLR9 were not
detected on adult blood T lymphocytes, but surface expression of TLR1 and TLR9
on B lymphocytes was detected. TLR9 is considered an intracellular marker and
the detected surface expression initially contradicted the literature, but other studies
supported this observation (81). Much of the literature used knock-out models of
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TLR and TLR signalling proteins, but very few studies indicated whether the cell of
interest expressed the TLR.

As seen in Table 1.1, the mRNA and protein

expression of TLR are often not consistent, for example TLR3 and TLR8
expression by B lymphocytes was not detected as mRNA, but detected as protein.
For this reason expression of TLR protein by lymphocytes from adults and
neonates is of interest.

In the preliminary study (92) it was found that, when distinguishing B lymphocytes
into B1 and B2 subsets, mean fluorescence intensities of TLR1 and TLR9 were
greater on B1 B cells. It is hypothesised that early lineage B lymphocytes may
express higher levels of TLR than the mature, differentiated B lymphocytes.

The mitogenic nature of many TLR ligands, like LPS and CpG ODN, which
stimulate the function of adult lymphocytes, may also stimulate neonatal
lymphocytes. This has been shown in the adult-like functions of neonatal DC upon
stimulation with combined TLR ligands (52, 162). It is possible that TLR may play
a greater role in the immature immune system of neonates compared to the mature
immune system of adults thus compensating for the inadequate immunity of
neonates. It is hypothesised that the degree of TLR expression and function is
greater in neonatal lymphocytes than adult lymphocytes.

1.4.1 Research Question
What potential role do TLR have in the expression and function of neonatal
lymphocytes?
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1.4.2 Research Hypotheses
That the early lineage B lymphocytes may express higher levels of TLR than the
mature differentiated B lymphocytes.
That the degree of TLR expression and function is greater in neonatal lymphocytes
than adult lymphocytes.

1.4.3 Aims
To determine TLR expression by T lymphocytes from neonates and adults.
To determine TLR expression by B lymphocytes from neonatal blood, adult blood,
and tonsils.
To examine functions in response to TLR ligands of B lymphocytes from neonatal
blood, adult blood and tonsils.

1.4.4 Research Plan
This study comparing the immune systems of neonates and adults will focus on
human subjects. The research samples will be cord blood for neonates, buffy coats
from the Australian Red Cross for adults and tonsils as lymph nodes.

As far as possible the entire TLR panel will be tested and the commercial TLR
antibodies available for this study are TLR1, TLR2, TLR3, TLR4, TLR6, TLR8
and TLR9. Due to discrepancies in TLR expression between mRNA and protein,
TLR protein expression will be detected through flow cytometry. TLR expression
according to the activation state of lymphocytes, and the extracellular and
intracellular expression are also of interest. Subsets of B lymphocytes from cord
blood, adult blood and tonsils will be examined for patterns of TLR expression.
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Once the TLR expressed by B lymphocytes are identified, B lymphocytes from the
three subject groups will be treated with the relevant ligands and the functions will
be studied. The functions of interest are B lymphocyte proliferation, quantification
of total antibody and individual antibody classes, and quantification of cytokines
IL-1β, IL-6, IL-8, IL-10, IL-12p70 and TNF.

In this study a broad examination of TLR expression will be performed, with the
intention of identifying differences which will merit further comparative analysis
(beyond the scope of this thesis).
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CHAPTER TWO
M ATERIALS

2.1

AND

M ETHODS

M ONOCLONAL A NTIB OD IES AND I MMUNOFLUORESCENCE
S TA IN IN G R EA GEN TS

All monoclonal antibodies (mAb) and immunofluorescence (IF) staining reagents
were titrated for optimal labelling of cells. Table 2.1 lists all mAb sourced from
hybridoma cell cultures and the Human Leucocyte Differentiation Antigens
(HLDA) Workshop 8. MAb from hybridoma cell cultures were used in culture
supernatant form or purified mAb. Table 2.2 lists all commercial reagents used for
IF staining and Table 2.3 lists all commercial fluorescent mAb. All monoclonal
antibodies targeting human proteins were raised in mice unless otherwise stated.

2.2

B UFFERS AND S OLU TIONS

All reagents used were of analytical standard.

2.2.1 Phosphate Buffered Saline
Phosphate buffered saline (PBS) was sourced commercially and made in the
laboratory.

Commercial, sterile, Dulbecco’s PBS (SAFC Biosciences, Sigma

Aldrich Inc.; catalogue no. 59321C) was used in all cell separation and culture
protocols.

Laboratory PBS (pH 7.2-7.6; osmolality 281-297) was produced by dissolving 160 g
NaCl, 4 g KCl, 23 g Na2HPO4 and 4 g KH2PO4 in 20 L deionised water. Sodium
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Table 2.1 MAb from Hybridoma Cultures and HLDA Workshop 8

mAb

Isotype

Clone

Reference

IgG1, κ

10F7MN

ATCC

CD3

IgG2a

OKT3

ATCC

CD40

IgG1

G28/5

ATCC

Anti-IgM

IgG1

HB57

ATCC

IgG1 Negative Control

IgG1

x63

IgG1 myeloma protein

IgG2a Negative Control

IgG2a

SAL5

IgG2a anti-Salmonella mAb

CD25

IgG2a

7G7B6

(180)

Erythrocyte Marker
CD235a
Activation Stimuli

Controls

Co-Stimulatory Molecules and Cytokine Receptors
CD21

IgG1

B98

HLDA Workshop 8

CD80

IgG1

L307.4

HLDA Workshop 8

CD86

IgG1

FUN-1

HLDA Workshop 8

CD210

Rat IgG2a, κ

3F9

HLDA Workshop 8

Table 2.2 Immunofluorescence Staining Commercial Reagents
Reagent

Company

Cat. No.

Anti-Mouse Ig F(ab)2 – PE Conjugated
(DDA-PE)

Chemicon

AQ326H

Biotinylated Anti-Mouse IgG (H+L) –
Made in Horse (HαMBi)

Vector Laboratories

BA-2000

Mouse Serum (Normal)

Dako

091001

Streptavidin/RPE (SA-PE)

Dako

R0438

Streptavidin, Alexa Fluor 647
Conjugate (SA-AF647)

Molecular Probes, Invitrogen

S-21374
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Table 2.3 Commercial Antibodies

mAb

Format

Isotype

Clone

Company

Cat. No.

Lineage Markers
CD3

FITC

IgG2a, κ

HIT3a

BD Pharmingen

555339

CD3

PE

IgG2a, κ

HIT3a

BD Pharmingen

555340

CD5

FITC

IgG1, κ

UCHT2

BD Pharmingen

555352

CD5

PE

IgG1, κ

UCHT2

BD Pharmingen

555353

CD19

PE

IgG1, κ

HIB19

BD Pharmingen

555413

CD19

PerCP-Cy5.5

IgG1, κ

SJ25C1

BD Pharmingen

340951

CD27

FITC

IgG1, κ

M-T271

BD Pharmingen

555440

CD38

FITC

IgG1, κ

HIT2

BD Pharmingen

555459

CD45

FITC

IgG1, κ

HI30

BD Pharmingen

555482

IgD

Biotin

IgG2a, κ

IA6-2

BD Pharmingen

555777

Activation Markers
CD23

PE

IgG1, κ

M-L233

BD Pharmingen

555711

CD25

PE

IgG1, κ

M-A251

BD Pharmingen

555432

CD69

PE

IgG1, κ

FN50

BD Pharmingen

555531

CD95

PE

IgG1, κ

DX2

BD Pharmingen

555674

HLA-DR

PE

IgG2a, κ

L243

BD Pharmingen

347367

Negative Isotype Controls and TLR Markers
IgG1

PE

IgG1, κ

MOPC-21

BD Pharmingen

555749

IgG2a

PE

IgG2a, κ

G155-178

BD Pharmingen

555574

TLR1

PE

IgG1, κ

GD2.F4

eBioscience

12-9911

TLR2

PE

IgG2a, κ

TL2.1

eBioscience

12-9922

TLR3

PE

IgG1, κ

TLR3.7

eBioscience

12-9039

TLR4

PE

IgG2a, κ

HTA125

eBioscience

12-9917

TLR6

Biotin

Rat IgG2a, κ

hPer6

eBioscience

13-9069

TLR8

Purified

IgG1

44C143

Imgenex

IMG-321A

TLR8

PE

IgG1

44C143

Imgenex

IMG-321D

TLR9

Purified

Rat IgG2a, κ

eB72-1665

eBioscience

14-9099

TLR9

PE

Rat IgG2a, κ

eB72-1665

eBioscience

12-9099
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azide (Sigma-Aldrich Inc.; catalogue no. S-8032) was added to laboratory PBS at
0.02% w/v (PBS/Azide) and used for phenotyping protocols. For intracellular
phenotyping assay, saponin (Sigma-Aldrich Inc; catalogue no. S-2149) was added
to PBS/Azide at 0.1% w/v (Current Protocols in Immunology, Section 6.24.9).

For 20x PBS, dissolved 160 g NaCl, 4 g KCl, 23 g Na2HPO4 and 4 g KH2PO4 in 1 L
deionised water.

2.2.2 Leucocyte Stain
Azure II (0.1 g; Sigma Aldrich Inc.; catalogue no. 861065) was dissolved in 50 mL
deionised water and 0.25 mL Triton X100 (Sigma Aldrich Inc.; catalogue no. X100)
added, then stored for one week and filtered. The stock was diluted 1/100 with
deionised water for erythrocyte lysis and leucocyte counts, and cell counts were
read on Improved Neubauer Haemocytometer.

2.2.3 FACS Permeabilisation Solution
BD FACS Permeabilizing Solution 2 (BD Biosciences; catalogue no. 340973), as
per manufacturer’s instructions, was diluted 1/10 with deionised water for
permeabilisation of cells.

2.2.4 Intracellular Skim Milk Block
To prepare skim milk block for intracellular staining, skim milk powder (Black &
Gold, Australia) was added to Saponin/PBS/Azide at 5% w/v, mixed on a rotary
mixer for 15 minutes, then centrifuged for 30 minutes at 15, 000 x g before retaining
the supernatant and storing at 4ºC for up to 6 months (Current Protocols in
Immunology, Section 6.24.9).
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Skim milk block for cell surface staining was prepared as described above, except
PBS/Azide was used in lieu of Saponin/PBS/Azide.

2.2.5 2% Paraformaldehyde Fixative
Paraformaldehyde (PFA) fixative (181) was prepared by dissolving 10 g of PFA
powder (BDH Laboratory Services, UK; catalogue no. 294474L) in 475 mL
deionised water on a hot plate for one hour in a fume hood. The temperature was
not allowed to exceed 70ºC. Two drops of 5 M NaOH were added to turn the
solution clear and cooled to room temperature. Then 25 mL of 20x PBS was added
to the solution, pH adjusted to 7.3, filtered, aliquoted and stored in freezer for use.

2.2.6 RF10 Cell Culture Medium
Foetal bovine serum (FBS) (JRH Bioscience, Sigma-Aldrich Inc.; catalogue no.
12003C) was heat-inactivated in a 56ºC water bath for 30 minutes, aliquoted and
stored in freezer.

RF10 cell culture media was, aseptically, prepared by addition of FBS at 10% v/v
and Penicillin-Streptomycin-Glutamine x100 at 1% v/v (Invitrogen Pty Ltd;
catalogue no. 10378-16) to RPMI 1640 Medium (Modified) (SAFC Biosciences,
Sigma Aldrich Inc.; catalogue no. 51502C). RF10 was stored for up to two weeks
before discarding due to degradation of glutamine.

2.2.7 Buffers and Reagents for ELISA Assays
All ELISA buffers were made with laboratory PBS free of sodium azide.
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2.2.7.1

ELISA Antibodies

Table 2.4 lists capture and detection antibodies used in protocols. The detection
antibodies were conjugated with horseradish peroxidase (HRP) and all antibodies
were purchased from Chemicon International, Millipore Corp.

Table 2.4 ELISA Capture and Detection Antibodies
Antibody

Host

Reactivity

Cat. No.

Goat

Human IgG, IgM, IgA

AQ503

Ig Detection – HRP

Sheep

Human IgG, IgM, IgA, IgD

AP301P

IgG Detection – HRP

Sheep

Human IgG

AP316P

IgM Detection – HRP

Sheep

Human IgM

AP320P

Capture Antibody
Ig Capture
Detection Antibodies

2.2.7.2

ELISA Buffers

ELISA coating buffer was prepared with 45.3 mL of 1 M NaHCO3, 18.2 mL of 1 M
Na2CO3 and added deionised water to 1 L before adjusting pH to 9.6 with sodium
bicarbonate or sodium carbonate solutions.

ELISA wash buffer consisted of Tween 20 (Sigma Aldrich Inc.; catalogue no. P5927) added to PBS at 0.05% v/v.

ELISA blocking buffer consisted of Bovine Serum Albumin (Sigma Aldrich Inc.;
catalogue no. A-7906) dissolved in ELISA wash buffer at 5% v/v.

ELISA diluent buffer had BSA dissolved in ELISA wash buffer at 1% v/v.
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2.2.7.3

ELISA Substrate Solution

The substrate was made fresh for each assay. Phosphate citrate buffer, 0.05 M pH
5.0, was prepared by dissolving one tablet in 100 mL deionised water (Sigma
Aldrich Inc.; catalogue no. P-4809), then filter-sterilised and aliquoted. Two tablets
of 5 mg o-Phenylenediamine dihydrochloride (OPD) (Sigma Aldrich Inc.; catalogue
no. P-3804) and 10 μL of 30% w/w H2O2 (Sigma Aldrich Inc.; catalogue no. H1009) were added to 20 mL phosphate citrate buffer.

2.3

C RYOPRESERVA TION

The protocols for storing and thawing cells from cryopreserved cell stocks were the
same for hybridoma cell lines and clinical tonsil cells. Aseptic technique is required
at all times.

2.3.1 Storage
Two solutions, A and B, were prepared:
•

Solution A – 50% FBS and 50% RF10

•

Solution B – 70% RF10 and 30% dimethyl sulfoxide (Sigma Aldrich Inc.;
catalogue no. D-5879)

Cell viability was checked by live cell exclusion of Trypan Blue (Sigma Aldrich Inc.;
catalogue no. T-8154) with storage proceeding only if viability was greater than
80%.
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Cells were centrifuged at 300 x g for 5 minutes, supernatant discarded and cells
were resuspended in solution A at 108 cells/mL. Over ten minutes an equal volume
of solution B was added drop by drop with simultaneous gentle shaking of the cell
suspension. The final suspension had a cell count of 5 x 107 cells/mL and 1 mL
aliquots were transferred into labelled polypropylene cryopreservation tubes
(Greiner Bio-One; catalogue no. 121-263).

The tubes were placed in a thick polystyrene container that was sealed and stored in
-80ºC freezer overnight. The following day the tubes were transferred to liquid
nitrogen storage facilities.

2.3.2 Thawing
A tube of frozen cells was thawed in a 37ºC water bath until the ice just melted,
then the contents quickly transferred to a 30 mL tube. Slowly, 2 mL of warm RF10
was added drop by drop to the cells with simultaneous gentle shaking for 10
minutes, then the suspension was stood for another 10 minutes. This procedure
was repeated for 6 ml of RF10, and then 10 mL. Cells were centrifuged at 300 x g
for 5 minutes, the supernatant discarded and cells resuspended in RF10. Cell
viability was checked and dead cells removed with Lymphoprep separation,
described in Section 2.8.

2.4

P RODUCTIO N OF M ONOCLONAL A NTIB OD IES FROM
H YBRIDO MA C ELL L INES

Four hybridoma cell lines were cultured for antibody production; OKT3 (CD3),
G28/5 (CD40), 10F7MN (CD235a) and HB57 (anti-IgM).
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The cell lines were thawed and their growth was established in T25 (Nunc™;
catalogue no. 156367) and T75 (Nunc™; catalogue no. 156499) flasks before
antibody was harvested. During cell growth there is antibody secretion and a pH
shift seen in RF10 turning yellow. Over 2 months, antibody was collected from the
flasks every 3 to 5 days by harvesting 90% of media and replacing with fresh RF10.
The harvested culture media was centrifuged, supernatant collected and stored at
4ºC until antibody purification at a later stage.

2.5

P URIF IC A TION AND Q UAN TIF ICATIO N OF M ONOCLONAL
A N TIB ODIES

Protein G Sepharose 4 Fast Flow beads (GE Healthcare; catalogue no. 17-0618)
were used for purification of IgG antibodies from OKT3, G28/5 and HB57 culture
supernatants. Laboratory PBS was used for antibody purification.

2.5.1 Antibody Purification
•

Clean column of old beads and add 2 mL of fresh Protein G Sepharose 4
Fast Flow beads.

•

Flush air bubbles from peristaltic pump tubing with PBS and attach column
to pump.

•

Fill column with PBS, carefully open column tap for a steady drip and wash
beads with 30 mL PBS at a flow rate of 4 mL/minute. This will wash beads
free of ethanol and pack them at the bottom of the column. The column
must be upright so the interface of beads is flat.
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•

Reduce PBS level to about 1 cm above the beads. The column must not run
dry or beads will be damaged.

•

Feed culture supernatant into the column and reduce the flow rate to 2.5
mL/minute. After the culture supernatant, wash beads with 30 mL PBS.

•

Elute antibody from beads with 3 mL 0.1M glycine pH 2.5-3.0, collect in 6 x
1 mL aliquots and neutralise glycine by adding 100 μL 1 M Tris pH 9.0.

2.5.2 Quantification of IgG
•

Pool aliquots of purified antibody and dialyse overnight with PBS at 4ºC
using “Slide-A-Lyzer” 7 kDalton molecular weight cut-off cassettes (Thermo
Fisher Scientific Inc.; catalogue no. 66370).

•

Filter-sterilise antibody with 0.22 μm syringe filters (Millipore Corp.;
catalogue no. SLGV033RS)

•

Measure antibody concentration with spectrophotometric reading at 280
nm. Determine the antibody quantity with this equation; Antibody
concentration = Absorbance x 0.769 mg/cm/mL.

Antibodies against CD3, CD40 and IgM were purified from the hybridoma
supernatants and after purification, dialysis and sterilisation, the antibody yields
were; 5.76 mg of OKT3 IgG, 5.3 mg of G28/5 IgG and 3.63 mg of HB57 IgG.

2.6

S UB JEC T G ROUPS

From healthy adult volunteers, the Australian Red Cross provided leucocyte-rich
buffy coats from blood that was processed within 18 hours of collection.
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Umbilical cord blood was collected from healthy patients undergoing vaginal
delivery of infants at the Delivery Suite of WCH. The gestational ages of the
collected cord bloods were not made available to researchers; the variation and
interpretation of results may be affected by the gestational age of cord blood. Cord
blood was collected via drainage of severed umbilical cord into CPDA-1 BloodPack Units (Fenwal Blood Technologies; catalogue no. FBR7110) and processed
within 18 hours.

Tonsils were collected from patients admitted for elective surgical removal of tonsils
and adenoids due to sleep apnoea or recurrent tonsillitis. All subjects were under 12
years of age and parental consent was obtained for participation in the study. For
TLR phenotyping studies tonsils were processed within 12 hours of collection. For
TLR functional studies, tonsil cells were immediately extracted from the tissue and
cryopreserved until use.

TLR phenotyping studies used three subjects per group; adult blood subjects 1, 2
and 3; cord blood subjects 1, 2 and 3; and tonsil subjects 1, 2 and 3. Mononuclear
leucocytes from adult blood and cord blood were split into three aliquots to
examine TLR expression; non-stimulated lymphocytes, stimulated T lymphocytes
and stimulated B lymphocytes. Mononuclear leucocytes from tonsils were split into
two aliquots, one for non-stimulated B lymphocyte and the other for stimulated B
lymphocytes. TLR functional studies used three subjects per group; adult blood
subjects 4, 5 and 6; cord blood subjects 4, 5 and 6; and tonsil subjects 4, 5 and 6.

Ethics approval for this study was part of a larger study, “The Human Cell
Differentiation Molecule (HCDM) study; An international study on white blood
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cells” (REC 1804/2/2009), approved by Children Youth and Women's Health
Service Research Ethics Committee at the Women’s and Children’s Hospital,
Adelaide. The Flinders Clinical Research Ethics Committee of Flinders University,
Adelaide, approved the existing ethics from Women’s and Children’s Hospital
(FCREC 06/09/2007).

2.7

E X TR A CTIO N OF C ELLS FROM T ONSIL T ISS UE

For flow cytometry, tonsil tissue was separated into a single-cell suspension as
follows:
•

Use aseptic technique.

•

Dip tonsils into Riodine (10% Povidone Iodine; Orion Laboratories;
catalogue no. RIO00802F) briefly, then wash in commercial PBS to
completely remove iodine.

•

With sterile scissors, cut tonsil tissue into pieces and place on a sterile sieve
resting in a Petri dish containing RF10.

•

Grind tonsil pieces through the sieve using a disposable syringe plunger,
RF10 will become cloudy as cells pass through. Discard waste tissue in
sieve.

•

Treat the tonsil cell suspension to separate mononuclear leucocytes, as
described below.

2.8

S EPARA TION OF M ONONUCLEAR L EUCOCYTES

Mononuclear leucocytes are separated from erythrocytes and other leucocytes using
density centrifugation with Lymphoprep (Axis Shield PoC AS; catalogue no.
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1114545).

The presence of nucleated erythrocytes in cord blood affects its

separation protocol.

Commercial, sterile, PBS was used and the Lymphoprep

separation protocol is as follows:
•

Dilute blood samples with PBS and tonsil cells with RF10; for adult buffy
coat and tonsils 1:1, and cord blood 1:3.

•

Carefully, without disturbing the Lymphoprep interface, layer diluted
sample over Lymphoprep (one volume of Lymphoprep for two volumes of
diluted sample).

•

Centrifuge tubes with no brake; for adult blood and tonsil at 700 x g for 20
minutes, and for cord blood at 350 x g for 30 minutes.

•

Carefully harvest the mononuclear cell layer on top of the Lymphoprep
interface and transfer to a separate tube.

•

Dilute harvested cells with PBS at least 1:4, then wash and centrifuge cells
twice for 5 minutes each time; first at 700 x g and second at 300 x g.

•

Resuspend cells in appropriate solutions to desired cell count for later
assays.

2.9

R EMOVAL OF N UCLEA TED E RYTHROCYTES FROM C ORD
B LOOD M ONONUCLEAR C ELLS

Mononuclear cells isolated from cord blood contain high proportions of nucleated
erythrocytes that interfere in studies examining mononuclear leucocytes, hence
removal of nucleated erythrocytes is required. Modifying an in-house protocol
(182), cord blood erythrocytes were labelled with a monoclonal antibody
(10F7MN) targeting CD235a, an erythroid cell lineage marker (182), and removed
via magnetic selection with MACS Goat Anti-Mouse IgG Microbeads (Miltenyi
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Biotec, Germany; catalogue no. 130-048). Nucleated erythrocytes were removed
for TLR phenotyping studies, this was not necessary for TLR functional studies.

10F7MN supernatant and MACS Microbeads were titrated previously for optimal
conditions. MACS Buffer was prepared by addition of BSA at 0.5% w/v and
EDTA at 2 mM (Sigma Aldrich Inc.; catalogue no. E6758) to commercial PBS.
The protocol is as follows:
•

Use aseptic technique

•

Suspend cord blood cells to 107 cells/mL in commercial PBS and add 10 μL
10F7MN supernatant per 107 cells.

•

Mix on rotary mixer for 30 minutes at room temperature, then wash cells
with cold MACS buffer twice at 300 x g for 5 minutes.

•

Follow manufacturer’s instructions for removal of nucleated erythrocytes
with MACS Microbeads. Changes include using 5 μL Microbeads per 107
cells and separation with the CS column on VarioMACS in the biohazard
cabinet.

•

After obtaining the 10F7MN-depleted cell fraction, wash cells once and
resuspend to desired cell count in appropriate solution.

Aliquots of cells were removed post-separation to measure any nucleated
erythrocyte contamination using anti-CD45 antibody, a pan-leucocyte marker, and
10F7MN. The nucleated erythrocyte contamination after separation was fewer
than 7% cells.
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2.10 S TIMULATIO N OF T L YMPHOCY TES
For TLR phenotyping studies, one aliquot of mononuclear leucocytes from adult
blood and cord blood were treated to stimulate T lymphocytes. T lymphocytes
were stimulated with dual signals, the CD3 antibody to engage the TCR and costimulation via interactions with monocytes, in the presence of IL-2 to mimic
physiological activation of T lymphocytes. The stimulation protocol is as follows:
•

Coat 4 wells in a 6-well tissue culture plate (Nunc™; catalogue no. 140675)
with 10 μg/mL purified OKT3, diluted in PBS, overnight at 37ºC in the 5%
CO2 incubator. Wash OKT3-coated wells thrice with sterile PBS.

•

Suspend mononuclear leucocytes to 5 x 106 cells/mL in warm RF10, and
add 107 cells and 160 pg of IL-2 to each well coated with OKT3.

•

Incubate tissue culture plate at 37ºC in 5% CO2 incubator for 24 hours and
harvest cells. Wash harvested cells twice (300 x g, 5 minutes) and resuspend
in PBS/Azide at 107 cells/mL.

T lymphocytes were identified by CD3 expression, then categorised into T cells and
T blasts on the basis of forward scatter (FSC) and side scatter (SSC) which are
indicators of cell size and granularity respectively; T cells are smaller and less
granular than T blasts (Figure 2.1). Activation of T lymphocytes was measured by
upregulation of T lymphocyte activation markers, CD25, CD69 and CD95 (183184) (Table 2.1). T cells and T blasts after stimulation expressed higher levels of
activation markers than before stimulation demonstrating the effectiveness of the T
lymphocyte stimulation protocol.
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Figure 2.1 Flow Cytometry Gating Strategy for T Lymphocytes
Identification of T lymphocytes from mononuclear leucocytes of A. Adult blood
and B. Cord blood. Region one (R1) gated for lymphocytes based on FSC and
SSC. CD3 identified T lymphocytes with region two (R2) gating for T cells and
region three (R3) gating for T blasts.
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Table 2.1 Expression of Activation Markers by T Lymphocytes (% positive cells)

Non-stimulated
CD25

CD69

Stimulated
CD95

CD25

CD69

CD95

Adult Blood
1

2

3

T cells

10.3

1.1

57.1

75.7

82.2

96.3

T blasts

32.5

82.7

98.9

95.7

93.8

99.3

T cells

11.3

0.9

62.5

85.5

87.2

99.9

T blasts

39.3

60.9

98.8

95.3

95.3

99.9

T cells

4.6

1.7

77.3

78.9

85.8

99.8

T blasts

9.6

36.8

98.9

96.1

91.7

99.9

T cells

9.8

0.7

59.0

97.7

98.5

99.9

T blasts

15.6

7.1

100.0

24.5

37.4

99.5

T cells

5.3

0.4

11.5

98.2

99.7

97.7

T blasts

8.3

0.1

96.2

88.4

95.1

98.6

T cells

6.6

0.5

39.5

97.9

98.6

99.2

T blasts

8.0

4.1

99.2

42.9

62.2

99.3

Cord Blood
1

2

3

Activation of T lymphocytes from each subject in the adult blood and cord blood groups, in
response to stimulation, was measured as percentage of cells with positive expression of
CD25, CD69 and CD95.

2.11 S TIMULATIO N OF B L YMPHOCY TES
For TLR phenotyping studies, one aliquot of mononuclear leucocytes from adult
blood, cord blood and tonsils was treated to stimulate B lymphocytes. To mimic
physiological T-D activation of B lymphocytes, leucocytes were treated with
antibodies for dual activation signals via BCR and CD40 in the presence of IL-2
and IL-4. The B lymphocyte stimulation protocol was modified from an in-house
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method and cytokines were titrated for optimal concentration. The protocol is as
follows:
•

Coat six wells in a 12-well tissue culture plate (Nunc™; catalogue no.
150628) with 2 mL of 2 μg/mL purified HB57, diluted in ELISA coating
buffer, for 1 hour at 37ºC in 5% CO2 incubator. Wash HB57-coated wells
thrice with sterile PBS.

•

Suspend mononuclear leucocytes in warm RF10 at 2 x 107 cells/mL and
add 107 cells to each HB57-coated well. To each well, add 1 μg of purified
anti-CD40 (G28/5), 50 U IL-2 and 100 U IL-4 and extra RF10 to bring the
well volume to 1 mL.

•

Incubate tissue culture plate at 37ºC in 5% CO2 incubator for 24 hours and
harvest cells. Wash harvested cells twice (300 x g, 5 minutes) and resuspend
in PBS/Azide at 107 cells/mL.

B lymphocytes were identified by CD19 expression. Adult blood and cord blood B
lymphocytes were mainly smaller B cells which did not develop into B blasts,
whereas tonsil B lymphocytes were divided into B cells and B blasts on the basis of
FSC and SSC for cell size and granularity (Figure 2.2).

Activation of B

lymphocytes was measured by upregulation of activation markers, CD23, CD25
and HLA-DR (185-186), with HLA-DR expression measured by median
fluorescence intensity (MFI) (Table 2.2).

B cells expressed higher levels of

activation markers after stimulation of B lymphocytes compared to before
stimulation.
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Figure 2.2 Flow Cytometry Gating Strategy for B Lymphocytes
Identification of B lymphocytes from mononuclear leucocytes of A. Adult blood,
B. Cord blood and C. Tonsils. Region one (R1) gated for lymphocytes based on
FSC and SSC. CD19 identified B lymphocytes with region two (R2) gating for B
cells from all three groups and region three (R3) gating for B blasts from tonsils.
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Table 2.2 Expression of Activation Markers by B Lymphocytes

Non-stimulated
CD23

CD25

Stimulated
HLA-DR

CD23

CD25

HLA-DR

Adult Blood
1

B cells

84.0

29.9

1778.3

44.1

74.1

3959.6

2

B cells

78.2

27.1

1654.8

61.7

83.2

3491.2

3

B cells

51.9

52.8

1459.0

30.3

84.9

4782.9

Cord Blood
1

B cells

59.5

5.7

1945.6

63.0

49.8

3586.6

2

B cells

74.4

1.0

1134.2

69.1

26.6

4740.0

3

B cells

44.7

3.5

991.1

54.6

54.6

3522.7

B cells

52.3

22.6

2350.1

57.6

53.5

4740.0

B blasts

47.3

47.5

2350.1

37.4

84.4

9910.5

B cells

71.1

12.8

2287.6

86.5

42.8

5376.1

B blasts

57.6

17.2

7704.0

79.0

64.5

9910.5

B cells

69.0

13.5

1945.6

75.2

39.6

3651.7

B blasts

73.7

44.1

7169.2

64.8

73.7

9910.5

Tonsils
1

2

3

Activation of B lymphocytes from each subject in the adult blood, cord blood and tonsil
groups, in response to stimulation, was measured.

Expression of CD23 and CD25 was

calculated as percentage of cells with positive expression, and HLA-DR expression by B
lymphocytes was measured as MFI.

2.12 S UBSE TS OF B L YMPHOCYTES
Subsets of B cells, not B blasts, were identified from the groups with lineage
markers. After their identification, B cells from adult blood using CD5 and CD27
were categorised into; B1 (CD5+), B2 (CD5-), naïve (CD27-) and memory (CD27+)
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B cells. Cord blood B cell subsets were divided into B1 and B2 B cell subsets.
Tonsil B cells were categorised into four subsets with IgD and CD38; Naive
(IgD+CD38-), pre-GC (IgD+CD38+), GC (IgD-CD38+) and memory (IgD-CD38-)
subsets (27). (Figure 2.3)

2.13 I MMUNOFLUORESCENCE L ABELLING FOR F LOW
C Y TOME TR Y
For cell staining, cells from each subject were suspended in PBS/Azide at 107
cells/mL. For TLR phenotyping studies and the expression of activation markers
by tonsil B lymphocytes, 5 x 105 cells were aliquoted into individual tubes for direct
IF cell staining. For indirect IF assays on co-stimulatory and cytokine receptor
expression by tonsil B lymphocytes, aliquots of 106 cells were stained.

TLR antibodies, DDA-PE, HαMBi, SA-PE and SA-AF647 were titrated for
optimal staining. All staining experiments:
•

Use appropriate negative isotype controls.

•

Incubate cells with antibodies for 30 minutes on melting ice in the dark.

•

For washes, centrifuge cells with brake at 300 x g for 5 minutes at 4ºC.

•

Fix cells at the end with 50 μL PFA fixative, store in the dark at 4ºC and
read on the flow cytometer the following day.

2.13.1 Extracellular Labelling
Direct cell surface staining was done with fluorescently-conjugated antibodies for
TLR phenotyping studies, and activation markers by tonsil B lymphocytes.
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CD5

CD27

A. Adult Blood B Lymphocyte Subsets

100

101

102

CD19

103

104

100

101

102

CD19

103

104

CD5

B. Cord Blood B Lymphocyte Subsets

100

101

102

CD19

103

104

IgD

C. Tonsil B Lymphocytes Subsets

100

101

102

CD38

103

104

Figure 2.3 Flow Cytometry Gating Strategy for B Lymphocyte Subsets
Identification of B lymphocyte subsets from A. Adult blood, B. Cord blood and
C. Tonsils. Adult blood B lymphocytes subsets are: B1 (CD5+), B2 (CD5-), naïve
(CD27-) and memory (CD27+) B cells. Cord blood B lymphocyte subsets are: B1
(CD5+) and B2 (CD5-) B cells. Tonsil B lymphocyte subsets are: naive
(IgD+CD38-), pre-germinal centre (IgD+CD38+), germinal centre (IgD-CD38+)
and memory (IgD-CD38-) B cells.
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PBS/Azide was the wash buffer for extracellular labelling of cells.

For TLR phenotyping studies, a panel of 20 fluorescent antibodies identified T
lymphocytes, B lymphocytes, their respective activation status, the different subsets
of B lymphocytes and whether TLR are expressed by these different cells.
Antibodies were added in various combinations to individual tubes, and then
incubated before cells were washed twice and fixed. The only changes were for
cells labelled with anti-IgD or TLR6, as they were biotinylated antibodies. No
commercial fluorescently-conjugated anti-TLR6 antibody was available, only a
biotinylated anti-TLR6 antibody was found. For TLR6, after the cells were labelled
with TLR6 and other markers, SA-PE was added, incubated, washed twice, and
fixed. For IgD, after the tonsil cells were labelled with anti-IgD and other markers,
SA-AF647 was added, incubated, washed twice, and fixed. It was not possible to
simultaneously label tonsil cells with the two biotinylated antibodies, TLR6 and
anti-IgD, and obtain distinct, non-interfering, fluorescent signals, despite extensive
experimentation. For this reason, TLR6 expression was examined on tonsil B
lymphocytes, but tonsil B cell subsets were not identified.

For TLR functional studies, expression of activation markers by tonsil B
lymphocytes was determined after treatment with TLR ligands. The cells were
incubated with CD19, CD23, CD25, CD69 and HLA-DR antibodies, washed
twice, and fixed.

2.13.2 Intracellular Labelling
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TLR phenotyping studies included intracellular staining with fluorescentlyconjugated antibodies for adult blood and cord blood cells as follows:
•

Stain for surface expression of lineage markers by incubation with
antibodies, and then wash twice with PBS/Azide.

•

Permeabilise cells with 500 μL of 1x BD FACS Permeabilization solution,
incubate in the dark for 10 minutes at room temperature, centrifuge cells and
carefully remove supernatant.

•

Add 50 μL skim milk intracellular block to permeabilised cells and incubate
for 30 minutes on melting ice in the dark.

•

Add negative isotype control and TLR antibodies, incubate, wash twice
using 0.1% Saponin/PBS/Azide, and fix.

•

For TLR6, label cells with surface markers, permeabilise, block, label with
intracellular TLR6 antibody, wash, add SA-PE, incubate, wash twice with
0.1% Saponin/PBS/Azide, and fix.

For tonsils, intracellular staining for TLR is as follows:
•

Stain for surface expression of lineage markers of tonsil cells by incubation
with antibodies and wash twice with PBS/Azide.

•

Add SA-AF647, to bind to IgD-biotin, incubate and wash twice with
PBS/Azide.

•

Permeabilise cells and block as described earlier, add negative isotype
controls and TLR antibodies, incubate, wash twice using 0.1%
Saponin/PBS/Azide, and fix.

•

For TLR6, follow with additional staining with SA-PE, as described earlier.
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For intracellular staining of TLR in permeabilised cells, there was no blocking of
TLR expression on the cell surface. Consequently, detection of TLR expression by
permeabilised cells includes intracellular TLR expression and surface TLR
expression present on the permeabilised cell membrane.

2.13.3 Indirect Immunofluorescence Labelling
A three-step high sensitivity staining protocol (187) was modified slightly and used
to detect expression of co-stimulatory markers and cytokine receptors of tonsil B
lymphocytes. Purified antibodies against CD21, CD40 (G28/5), CD80, CD86 and
CD210, and IgG1 isotype (x63) hybridoma culture supernatant were used. For
reducing non-specific binding, earlier experiments showed skim milk was more
effective than human serum for blocking. The protocol follows:
•

Add antibodies to 106 cell aliquots, incubate and wash twice. To block nonspecific binding on B lymphocytes, add 100 μL skim milk block (no saponin)
and incubate on ice for 30 minutes in the dark.

•

Add HαMBi, incubate and wash twice before addition of 10 μL mouse
serum block for 10 minutes incubation.

•

Add SA-PE and CD19 antibody, and then incubate, wash twice and fix.

2.13.4 Flow Cytometry
The studies were processed on the BD FACSCalibur System (BD Biosciences). To
acquire at least 3 x 103 B lymphocytes from blood mononuclear leucocytes, a
minimum number of 105 total events was collected during data acquisition. For
tonsil mononuclear leucocytes, 5 x 104 total events were acquired as tonsils are rich
with B lymphocytes. As per standard practice in flow cytometry, all measurements
of marker expression by flow cytometry were tested once and each expression
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measurement is calculated from a sample size of thousands of cells. The collective
fluorescence intensity of the cell population, such as median fluorescent intensity,
will account for the variability of staining by individual cells, as seen by histograms
of TLR expression showing cells with a range in fluorescence intensities.

Data was analysed with BD CellQuest Pro software (BD Biosciences). The gating
strategy to identify T lymphocytes and B lymphocytes first gated the lymphocyte
region, based on cell size and granularity using FSC and SSC, then fluorescent
tagging of CD3 for T lymphocytes and CD19 for B lymphocytes (Refer Figures 2.1
and 2.2). Lymphoblasts were identified by CD3 or CD19 expression and SSC of
cells. The subsets of B lymphocytes from each subject group were identified by
lineage markers (Refer Figure 2.3). Though cellular viability was not examined
with a marker, cells were labelled and fixed to minimise loss and the gating strategy
(Refer Figures 2.1 and 2.2) excluded dead cells which are FSClo SSChi (188).

2.13.5 Analysis of Expression of TLR and Other Markers
Expression of TLR was unimodal so the MFI of cell populations was used;
calculating percentage of positive cells was not appropriate as TLR expression was
not bimodal. Kolmogorov-Smirnov (KS) statistics (189) is a non-parametric test
that can be used to compare two datasets in flow cytometry; in this instance it
allows comparisons of fluorescent histograms between a control and test. However,
KS statistics are highly sensitive, especially for large sample sizes, and calculate
highly significant differences between two histograms which are virtually identical.
In these instances the biological significance of two virtually identical histograms
would be dubious. Therefore, to calculate TLR expression, percentages and K-S
statistics were not used and MFI ratios were preferred.
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To detect whether TLR were expressed, the ratio of TLR MFI to the MFI of the
matched negative isotype control was calculated. This method of measurement has
been reported elsewhere (190), though mean fluorescence intensity was used. Based
on earlier experiments and advice by expert flow cytometrists, a MFI ratio value of
1.3 was arbitrarily selected as the value for positive expression of TLR.

A

minimum of a 30% increase on the MFI of the negative isotype control for the TLR
MFI was considered sufficient to support positive expression of TLR and account
for any background fluorescence. A MFI ratio of 1.3 or greater exhibited a shift in
PE fluorescence large enough to confirm positive expression of TLR. (Figure 2.4)

For expression of activation markers, co-stimulatory molecules and cytokine
receptors by tonsil B lymphocytes, the distribution was either unimodal or bimodal.
HLA-DR, CD21, CD40, CD80, CD86 and CD210 were all expressed as a
unimodal distribution, so MFI ratio values were used to assess expression levels.
CD23, CD25, CD69 and CD95 expression was bimodal so differences in
expression were determined by the proportion of positive or negative cells. MFI
ratio or percent positive cells assessed the expression of cell markers by tonsil B
lymphocytes in response to TLR ligands.

2.13.6 Statistical Analysis of Expression of TLR and Other Markers
Statistical analysis on TLR expression was not possible because as TLR expression
was assessed as positive or negative based on the TLR MFI ratio of 1.3, the results
were qualitative data. Though quantitative information from TLR MFI ratios was
available, this study was interested only in assessing the presence or absence of
TLR. Therefore statistical comparisons of group means would be confusing as the
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A. TLR2

B. TLR8
TLR MFI Ratio = 1.31

Counts

Counts

TLR MFI Ratio = 1.12

100

101

102

103

Isotype/TLR2

104

100

101

102

103

Isotype/TLR8

104

C. TLR9

Counts

TLR MFI Ratio = 2.02

100

101

102

103

Isotype/TLR9

104

Figure 2.4 TLR MFI Ratio
TLR MFI ratio calculated by TLR MFI divided by negative isotype control MFI.
TLR MFI ratio greater than 1.3 is designated as positive for TLR expression. TLR
MFI ratios below, at and above 1.3 is represented by A. TLR2, B. TLR8 and C.
TLR9, respectively. (TLR = purple, negative isotype control = black)
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results are qualitative, not quantitative. If all subjects in both groups express TLR,
statistical analysis won’t reveal further information. For this reason, only
descriptive statistics for TLR expression are presented as numbers of subjects out of
three that were positive for TLR expression.

Expression of activation markers, co-stimulatory molecules and cytokine receptors
by tonsil B lymphocytes in response to TLR ligands was statistically analysed using
Univariate analysis-of-variance (ANOVA) (191) and values of p < 0.05 were
considered statistically significant. Raw data for CD21, CD80, CD86 and HLADR was transformed by logarithm function to obtain normal frequency distribution
of data; for other molecules, raw data was normally distributed and did not require
transformation.

For data analysis, there was a Simple Contrast of “Between-

Subjects Factors” which compared timepoint zero and TLR ligands to the RF10
media control. Although the tonsil group has three subjects, all three subjects are
all treated with the same TLR ligands under the same conditions, therefore it is
possible to compare the differences in levels of marker expression.

2.14 I SOLA TION OF B L YMPHOCY TES
For TLR functional studies, purified B lymphocytes were required to determine the
direct effects of TLR engagement on B lymphocytes, not the indirect effects of TLRengaged T lymphocytes or monocytes on B lymphocyte function. As erythrocytes
are immunologically inert cells, their presence was not expected to interfere with
TLR effects on B lymphocyte. A commercial kit, RosetteSep™ Human B cell
Enrichment (Stemcell Technologies; catalogue no. 15064), was used for B cell
purification from adult blood, cord blood and tonsil cells.
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tetramer bi-specific antibody reagent contains multiple antibody specificities to react
with erythrocytes and leucocytes so erythrocytes encircle and bind to all leucocytes,
except B lymphocytes, and then are removed via density centrifugation leaving
negatively selected B lymphocytes (Figure 2.5). The protocol was modified slightly
for efficiency and economy as follows:
•

Add FBS to commercial, sterile, PBS at 2% v/v (FBS/PBS).

•

For erythrocytes, collect whole blood in Acid Citrate Dextrose Whole Blood
Tubes (BD Vacutainer, BD Biosciences; catalogue no. 364606) and store at
4ºC. For use, remove blood from the tube, wash thrice (700 x g, 10 minutes,
no brake) with FBS/PBS and skim the blood interface after each
centrifugation to remove leucocytes for washed erythrocytes.

•

Extract mononuclear leucocytes from sample with Lymphoprep separation,
calculate cell count and add appropriate number of washed erythrocytes for
leucocyte:erythrocyte ratio of 1:50.

•

Centrifuge cells (700 x g, 10 minutes, no brake), carefully remove
supernatant with sterile pipette and resuspend in sufficient volume of
FBS/PBS to obtain 5 x 107 leucocytes/mL.

•

Add 50 μL of RosetteSep™ per 5 x 107 leucocytes. Mix carefully with
gentle inversion to avoid air bubble formation. Incubate at room
temperature for 20 minutes with gentle mixing every 5 minutes.

•

Dilute cell suspension 1:4 with FBS/PBS. Using a large bore pipette to
preserve rosettes, carefully layer cell suspension over Lymphoprep (one
volume of Lymphoprep for two volumes of diluted samples).

•

Follow adult blood procedure for Lymphoprep separation. Use FBS/PBS
as diluent.
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•

After collection of purified B lymphocytes, remove an aliquot to examine for
B cell purity with CD19, CD45 and 10F7 antibodies via flow cytometry.

•

Resuspend purified B lymphocytes in RF10 to desired cell count for later
assays.

The purity of enriched B lymphocytes in the final cell fraction was examined by
flow cytometry studies identifying numbers of CD45+ leucocytes, a pan-leucocyte
marker (192), and CD19+ B lymphocytes, and then calculating the percentage of
CD19+ B lymphocytes to CD45+ leucocytes. The purity of B lymphocytes, to other
leucocytes, in the cell fraction was greater than 97% for tonsil subjects, 83.9% –
94.8% for adults, and 50% - 74.5% for cord blood (Table 2.3).

The purity of B lymphocytes enriched from cord blood was poorer compared to B
lymphocytes enriched from adult blood and tonsils. The B lymphocytes enriched
from cord blood contained a large proportion of erythrocyte precursors.

An

explanation for this is erythrocyte precursors, but not mature erythrocytes, express
CD45 (193); this contamination would interfere with the assessment of B cell purity
in cord blood. The poorer purity of cord blood B lymphocytes may be due to cord
blood erythrocytes precursors being labelled with CD45 and falsely elevating the
leucocyte count when calculating B cell purity.
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Erythrocytes

RosetteSep Reagent

Mononuclear Leucocytes
RosetteSep™ tetramer bispecific antibody
Anti-leucocyte

Anti-erythrocyte

Selection of T lymphocytes and monocytes by
erythrocyte rosettes leaving B lymphocytes.

Leucocyte/RosetteSep suspension
layered over Lymphoprep.

B lymphocytes separated from other
leucocytes and erythrocytes.

Figure 2.5 Protocol for StemCell RosetteSep™ Human B cell Enrichment
Mononuclear leucocytes incubated with erythrocytes and RosetteSep™ bispecific tetramer antibody reagent.
Erythrocytes encircle all leucocytes,
excluding B lymphocytes, for negative selection of B lymphocytes.
Cell
suspension layered over Lymphoprep for density separation of cells by
centrifugation. Purified B lymphocytes isolated.
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Table 2.3

Purity of Enriched B Lymphocytes (percentage CD19+ cells/CD45+

cells)

Individual Group Subject
4

5

6

Adult Blood

94.4

83.9

94.8

Cord Blood

50.0

74.5

66.6

Tonsils

97.7

98.5

98.7

2.15 T REA TMENT OF B L YMPHOCY TES WITH TLR L IGANDS
Ligands of detected TLR from phenotyping studies were used to treat B
lymphocytes isolated from adult blood, cord blood and tonsils for TLR functional
studies. TLR ligands were selected on the advice of Dr Ashley Mansell, Monash
Institute of Medical Research, Melbourne. The ligands were:
•

TLR3 ligand - Poly(I):Poly(C) (Amersham Biosciences, GE Healthcare;
catalogue no. 27-4729) (Poly I:C)

•

TLR4 ligand – Lipopolysaccharide (Sigma Aldrich Inc; catalogue no. L2143) (LPS)

•

TLR8 ligand – CL075 (InvivoGen; catalogue no. tlrl-c75)

•

TLR9 ligand – CpG B ODN 2006 motifs; sequence
T*C*G*T*C*G*T*T*T*T*G*T*C*G*T*T*T*T*G*T*C*G*T*T (145)
(Geneworks Pty Ltd, Australia) (CpG ODN)

Poly I:C, LPS and CL075 were reconstituted according to manufacturer’s
instructions and CpG ODN was dissolved in sterile, deionised water. All ligands
were titrated for optimal concentration to activate B lymphocytes. TLR ligand
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treatment of purified B lymphocytes from the three groups was carried out as
follows:
•

For the proliferation assay, resuspend B lymphocytes in warm RF10 at 106
cells/mL and aliquot 105 B cells per well into 5 rows of triplicate wells in a
round-bottomed 96-well tissue culture plate (Greiner Bio-One; catalogue no.
650-180).

•

Dilute ligands in RF10 and aliquot into an individual row of triplicate wells,
the final well volume is 200 μL with final ligand concentrations; first row is
RF10, second is 10 μg/mL Poly I:C, third is 100 ng/mL LPS, fourth is 10
μM CL075, and fifth is 100 nM CpG ODN.

•

Incubate plate for 3 days at 37ºC in 5% CO2 incubator, then measure
proliferation with incorporation of [3H] thymidine.

•

Set up second plate like the proliferation assay, except prepare five rows of
two sets of triplicate wells (total of six), incubate this plate for five days, then
harvest supernatant and store at -20ºC until performing assays to measure
antibody and cytokine levels.

B lymphocytes were purified in large numbers from tonsils allowing further
investigation into its expression of co-stimulatory marker and cytokine receptors
after TLR ligand treatment. The very low numbers of B lymphocytes from adult
blood and cord blood did not permit similar investigations. Tonsil B lymphocytes
were treated with TLR ligands as follows:
•

Allocate an aliquot of tonsil B lymphocytes for marker expression at
timepoint zero.

•

Suspend remaining tonsil B lymphocytes in RF10 at 2 x 106 cells/mL.
Aliquot 5 x 106 B cells per well into 5 wells in 5 plates of 6-well tissue culture
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plates. Assign each plate a TLR ligand, and after addition of TLR ligand
the final well volumes are 5 mL.
•

Treat B lymphocytes with; RF10 in the first plate, 10 μg/mL Poly I:C in the
second, 100 ng/mL LPS in the third, 10 μM CL075 in the fourth and 100
nM CpG ODN in the fifth plate.

•

Incubate plates for 24 hours at 37ºC in 5% CO2 incubator, then harvest cells
with a rubber policeman.

•

Pool the cells treated with the same reagent, then wash twice and resuspend
in PBS/Azide at 107 cells/mL before IF staining for flow cytometric
analysis of activation, co-stimulatory markers and cytokine receptor
expression.

2.16 P ROLIFERA TION A SSAY
Proliferation was determined by incorporation of [3H] thymidine by B lymphocytes
on the third day of treatment with TLR ligands. B lymphocytes were pulsed with 1
μCi [3H] thymidine (GE Healthcare; catalogue no. TRK120) per well for 6 hours
prior to cell washing and harvesting by FilterMate Harvester (PerkinElmer Inc.).
Betaplate Scint (PerkinElmer Inc.; catalogue no. 1250-440) was added to the
harvested cells that were then read and analysed by 1450 MicroBeta Jet: LSC &
Luminescence Counter (PerkinElmer Inc.) to determine rate of proliferation by B
lymphocytes.

Proliferation from triplicate cultures was in counts per minute

(c.p.m.) and expressed as mean with standard error.
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2.17 ELISA FOR I G , I G G AND I G M L EVELS IN C ELL C ULTURE
S UPERNATAN TS
Supernatants from B lymphocytes after five days of treatment with TLR ligands
were thawed just before ELISA assays were performed. The groups were tested
simultaneously and ELISA assays for total Ig, IgG and IgM quantification were
performed on consecutive days.

ELISA were performed in triplicate and, if

necessary, repeated with different dilutions of supernatant. ELISA antibodies were
optimised at 1/500 for Ig Capture antibody and 1/2000 for all three detection
antibodies using ELISA diluent buffer. Standards for Ig, IgG and IgM were pooled
human sera. The ELISA protocol was identical for each Ig, IgG and IgM assay as
follows:
•

Coat three 96-well plates of Polysorb ELISA wells (Nunc™; catalogue no.
469922) with Ig Capture antibody overnight at 4ºC and wash x 5 with
ELISA wash buffer the following day.

•

Block wells with ELISA blocking buffer for one hour at room temperature
and wash x 5.

•

Dilute standards, internal controls and test samples with ELISA diluent
buffer, aliquot into the wells, incubate at room temperature for two hours,
and then wash x 5.

•

Aliquot the appropriate HRP-conjugated Detection antibody into wells,
incubate at room temperature for two hours, wash x 5, add the OPD
substrate, and incubate for 30 minutes at room temperature in the dark.

•

Using Sunrise™ microplate absorbance reader (Tecan Group Ltd), read the
plates for absorbance at 450 nm.
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ELISA results were analysed by MultiCalc software (PerkinElmer Inc.) and values
(ng/mL) were presented as mean with standard error.

2.18 CBA FOR H UMAN I NFLAMMA TORY C Y TOK IN ES IN C ELL
C UL TURE S UPERNA TAN T
A commercial kit, BD Cytometric Bead Array (CBA) Human Inflammation Kit
(BD Biosciences; catalogue no. 551811), measured IL-1β, IL-6, IL-8, IL-10, IL12p70 and TNF levels in B lymphocyte culture supernatant.

These kits were

provided by BD Biosciences, courtesy of Dr Homero Sepulveda and Dr Robert
Balderas. Capture beads, with six levels of fluorescence intensities to correspond to
a different cytokine, bind to cytokines present in culture supernatant.

PE-

conjugated antibodies against the six cytokines were added to form an antibodysandwich complex with the cytokine in the centre.

This antibody-sandwich

complex is determines which cytokines are present and the PE intensity allows
quantification of the detected cytokine (Figure 2.6). Supernatants were thawed just
before testing, used undiluted and assayed in triplicate. The nine subjects were
tested over three days; three subjects, one from each group, were tested each day.
The CBA kit was used as per manufacturer’s instructions. Briefly, capture beads
and PE detection reagent were incubated with standards, internal controls and test
samples for 3 hours, then washed and analysed on FACSCalibur where 5000 events
in region 1 were collected. Results were analysed on CellQuest software using the
template for CBA analysis.
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A. CBA Kit

Fluorescent capture beads coated with 6 different antibodies
Add culture supernatant

Beads specifically bind to target cytokine

Add PE reagent

PE-labelled antibody binds target cytokine

Flow cytometry

B. CBA Negative and Positive Charts
Negative

Positive

Standard.001

Capture Beads

IL-8
IL-1β
IL-6
IL-10
TNF
IL-12p70

100

101

102

103

104

100

101

102

103

104

PE

Figure 2.6 Protocol for CBA Kit
A. Flow cytometry procedure for quantitation of cytokines from culture
supernatant using antibody-labelled fluorescent beads and PE-conjugated
antibodies. B. Charts of negative and positive standards illustrating the different
fluorescent intensities of the beads and their individual specificities to particular
cytokines, and the detection of cytokines through the PE antibodies.
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2.19 S TA TIS TICAL A NALYSIS
For statistical analysis of proliferation, antibody and cytokine data, Repeatedmeasures ANOVA (191) was applied to compare within TLR ligands, and
Bonferroni post hoc analysis compared results between the adult, neonate and tonsil
groups. Values of p < 0.05 were considered statistically significant. All raw data
was transformed by logarithm function to obtain normal frequency distribution of
data prior to testing. For Repeated-measures ANOVA to analyse within TLR
ligands, the replicates were assessed by “Within-Subjects Factors”, and Simple
Contrast of “Between-Subjects Factors” compared TLR ligands to the RF10 media
control. For Bonferroni post hoc analysis between the groups, the two sets of
“Within-Subjects Factors” were the replicates and TLR ligands, and the “BetweenSubjects Factors” were the groups of adults, neonates and tonsils.
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As described in Chapter One, the lack of development in the immune system of
neonates impairs their ability to mount a response against infection, hence the
greater reliance of neonates on innate immunity.

Neonatal T lymphocytes,

compared to adult T lymphocytes, have reduced adaptive immune functions. TLR,
directly and indirectly, activate T lymphocytes and instigate several responses
including tailored cytokine secretion and induction of TH1 responses and regulation
of immune activity. In this chapter the potential role of TLR in neonatal immunity
will be explored by comparing TLR expression patterns of non-stimulated and
stimulated T lymphocytes from adult blood and cord blood. As most of the TLR
research literature is on adult subjects, this study is intended to provide data on
TLR expression at the early stage of immune development.

At the start of this study, the literature on TLR expression had little information
about TLR protein because few TLR antibodies were available, the bulk of
expression studies were on TLR mRNA. As described in Table 1.2, RT-PCR
studies on TLR mRNA showed all TLR, except TLR7 and TLR10, were detected
in adult blood T lymphocytes.

With increasing antibody availability, TLR

expression by adult T lymphocytes was reported for TLR1, TLR2, TLR3, TLR4,
TLR5 and TLR9 (86-89) and TLR6, TLR8 and TLR10 by T regulatory cells (89).
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According to these studies, there was surface expression of TLR1, TLR2, TLR4,
TLR5, TLR6, TLR8 and TLR10, and internal expression of TLR3, TLR5 and
TLR9. A literature search revealed only one report on TLR expression by cord
blood cells, which showed internal expression of TLR2 and TLR4 by T cells (84).
Further data about TLR expression by cord blood T lymphocytes may clarify
whether TLR can engage and activate neonatal T lymphocytes and affect their
function.

Literature on TLR expression in relation to activation states of lymphocytes is
scant, but some studies examine how diseases affect TLR expression. Activation by
TCR-engagement can stimulate expression of TLR2 and TLR4 by cord blood TH
cells (84), TLR5 by adult blood TH cells (87) and TLR10 by adult blood TREG cells
(89). With disease, tonsillitis induces higher levels of TLR2, TLR3 and TLR5
expression by tonsil TC cells (98), and lymphatic filariasis decreases TLR1, TLR2
and TLR4 expression and increases TLR9 expression by T lymphocytes (88).
Ascertaining how TLR expression by T lymphocytes can be affected by the cell
activation state, or by disease, is necessary to comprehend TLR influence on
immune responses.

For TLR phenotyping of T lymphocytes from adult blood and cord blood, several
parameters were examined to provide a comprehensive picture. For this study, the
following TLR: TLR1, TLR2, TLR3, TLR4, TLR6, TLR8 and TLR9, were tested
on non-stimulated and stimulated lymphocytes to detect expression. To reflect
activation states, T lymphocytes were categorised into T cells or T blasts and TLR
expression was assessed. Extracellular and intracellular expression was examined
to determine the surface and endosomal locations of TLR.
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3.2

R ESUL TS

3.2.1 TLR Expression by T Lymphocytes
The extracellular and intracellular expression of TLR1, TLR2, TLR3, TLR4,
TLR6, TLR8 and TLR9 by non-stimulated and stimulated T lymphocytes from
adult blood (n = 3) and cord blood (n = 3) were examined. As described earlier
(Refer Chapter Two, Section 2.8), after enrichment of mononuclear cells from
blood each cell suspension was divided into three for TLR phenotyping studies; one
aliquot for non-stimulated lymphocytes, a second aliquot for stimulating T
lymphocytes for 24 hours, and the third aliquot for B lymphocyte studies (Refer
Chapter Four).

Using anti-CD3 antibody and cell-to-cell interactions with

monocytes, T lymphocytes were activated via engagement of CD3 and costimulation with monocytes in the presence of IL-2 and IL-4. T lymphocytes were
identified with FITC-conjugated CD3 antibody, followed by detection of TLR with
PE-conjugated antibodies. T lymphocytes were classed as T cells or T blasts based
on cell size and granularity (Refer Chapter Two, Figure 2.1). TLR were detected
on non-permeabilised cells for extracellular expression, and in permeabilised cells
for intracellular expression. TLR expression by permeabilised cells is the sum total
of intracellular expression and surface TLR expression on permeabilised cell
membranes (Refer Chapter Two, Section 2.13.2). TLR expression was compared
with matched negative isotype controls and expression levels greater than MFI ratio
value 1.3 were deemed positive for presence of TLR (Refer Chapter Two, Figure
2.4). Statistical comparison of TLR expression between adult blood and cord blood
was not done as results were deemed positive or negative for TLR expression (Refer
Chapter Two, Section 2.13.6).

Instead, TLR expression was presented as

descriptive data in Table 3.1.
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3.2.1.1

TLR1

Adult blood T lymphocytes:
•

Non-stimulated T cells: one subject expressed TLR1 in permeabilised cells.

•

Non-stimulated T blasts: two subjects expressed TLR1 on nonpermeabilised cells and all three subjects expressed TLR1 in permeabilised
cells.

•

Stimulated T cells: two subjects expressed TLR1 in permeabilised cells.

•

Stimulated T blasts: one subject expressed TLR1 in permeabilised cells and
another subject expressed TLR1 by non-permeabilised and permeabilised
cells.

(Figures 3.1, 3.2 and Table 3.1)

Cord blood T lymphocytes:
•

Non-stimulated T cells: one subject expressed TLR1 in permeabilised cells.

•

Non-stimulated T blasts: two subjects expressed TLR1 by non-permeabilised
and permeabilised cells.

•

Stimulated T cells: no TLR1 expression was detected.

•

Stimulated T blasts: one subject expressed TLR1 in permeabilised cells and
another subject expressed TLR1 by non-permeabilised and permeabilised
cells.

(Figure 3.1, 3.2 and Table 3.1)

3.2.1.2

TLR2

Adult blood T lymphocytes:
•

Non-stimulated T cells: one subject expressed TLR2 in permeabilised cells.
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Figure 3.1 TLR1 Expression by T Lymphocytes
MFI ratio of TLR1 expression by non-stimulated (N-S) and stimulated (Stim.) T
lymphocytes, both non-permeabilised and permeabilised, from A. Adult blood (n
= 3) and B. Cord blood (n = 3). Dotted black line corresponds to MFI ratio of
1.3.
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Figure 3.2 TLR1 Expression by T Lymphocytes
Representative example of TLR1 expression by T cells and T blasts, both nonpermeabilised and permeabilised, from A. Non-stimulated adult blood and cord
blood and B. Stimulated adult and cord blood. (TLR1 = purple, negative isotype
control = black)
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•

Non-stimulated T blasts: all three subjects expressed high levels of TLR2 on
non-permeabilised cells and low levels of TLR2 in permeabilised cells.

•

Stimulated T cells: all three subjects expressed TLR2 on non-permeabilised
cells and one subject expressed TLR2 in permeabilised cells.

•

Stimulated T blasts: all three subjects expressed TLR2 on non-permeabilised
cells and two subjects expressed TLR2 in permeabilised cells.

(Figures 3.3, 3.4 and Table 3.1)

Cord blood T lymphocytes:
•

Non-stimulated T cells: no TLR2 was detected.

•

Non-stimulated T blasts: all three subjects expressed high levels of TLR2 on
non-permeabilised cells and low levels of TLR2 in permeabilised cells.

•

Stimulated T cells: all three subjects expressed TLR2 on non-permeabilised
cells.

•

Stimulated T blasts: all three subjects expressed TLR2 on non-permeabilised
cells and two subjects expressed TLR2 in permeabilised cells.

(Figures 3.3, 3.4 and Table 3.1)

3.2.1.3

TLR3

Adult blood T lymphocytes:
•

Non-stimulated T cells: all three subjects expressed TLR3 in permeabilised
cells.

•

Non-stimulated T blasts: all three subjects expressed TLR3 on nonpermeabilised cells and two subjects expressed TLR3 in permeabilised cells.

•

Stimulated T cells: all three subjects expressed bright TLR3 in permeabilised
cells.
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Figure 3.3 TLR2 Expression by T Lymphocytes
MFI ratio of TLR2 expression by non-stimulated (N-S) and stimulated (Stim.) T
lymphocytes, both non-permeabilised and permeabilised, from A. Adult blood (n
= 3) and B. Cord blood (n = 3). Dotted black line corresponds to MFI ratio of
1.3.
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B. Stimulated T Lymphocytes
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Figure 3.4 TLR2 Expression by T Lymphocytes
Representative example of TLR2 expression by T cells and T blasts, both nonpermeabilised and permeabilised, from A. Non-stimulated adult blood and cord
blood and B. Stimulated adult and cord blood. (TLR2 = purple, negative isotype
control = black)
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•

Stimulated T blasts: all three subjects expressed high levels of TLR3 on nonpermeabilised cells and two subjects expressed TLR3 in permeabilised cells.

(Figure 3.5, 3.6 and Table 3.1)

Cord blood T lymphocytes:
•

Non-stimulated T cells: all three subjects expressed high levels of TLR3 in
permeabilised cells.

•

Non-stimulated T blasts: all three subjects expressed TLR3 by nonpermeabilised and permeabilised cells.

•

Stimulated T cells: one subject expressed TLR3 on non-permeabilised cells
and all three subjects expressed high levels of TLR3 in permeabilised cells.

•

Stimulated T blasts: two subjects expressed TLR3 on non-permeabilised
cells and all three subjects expressed TLR3 in permeabilised cells.

(Figure 3.5, 3.6 and Table 3.1)

3.2.1.4

TLR4

Adult blood T lymphocytes:
•

Non-stimulated T cells: all three subjects expressed TLR4 in permeabilised
cells.

•

Non-stimulated T blasts: all three subjects expressed high levels of TLR4 on
non-permeabilised cells and low levels of TLR4 in permeabilised cells.

•

Stimulated T cells: two subjects expressed TLR4 in permeabilised cells.

•

Stimulated T blasts: two subjects expressed TLR4 on non-permeabilised
cells and all three subjects expressed TLR4 in permeabilised cells.

(Figure 3.7, 3.8 and Table 3.1)

~ 95 ~

TLR Expression by T Lymphocytes

A. Adult Blood T Lymphocytes
100

MFI Ratio

Legend
Adult 1
N-S
Stim.
Adult 2
N-S
Stim.

10

Adult 3
N-S
Stim.
1

Non
Permeabilised
Non
Permeabilised
Permeabilised
Permeabilised

T blasts

T cells

B. Cord Blood T Lymphocytes
100

MFI Ratio

Legend
Cord 1
N-S
Stim.
Cord 2
N-S
Stim.

10

Cord 3
N-S
Stim.
1

Non
Permeabilised
Non
Permeabilised
Permeabilised
Permeabilised

T blasts

T cells

Figure 3.5 TLR3 Expression by T Lymphocytes
MFI ratio of TLR3 expression by non-stimulated (N-S) and stimulated (Stim.) T
lymphocytes, both non-permeabilised and permeabilised, from A. Adult blood (n
= 3) and B. Cord blood (n = 3). Dotted black line corresponds to MFI ratio of
1.3.
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Figure 3.6 TLR3 Expression by T Lymphocytes
Representative example of TLR3 expression by T cells and T blasts, both nonpermeabilised and permeabilised, from A. Non-stimulated adult blood and cord
blood and B. Stimulated adult and cord blood. (TLR3 = purple, negative isotype
control = black)
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Cord blood T lymphocytes:
•

Non-stimulated T cells: two subjects expressed TLR4 in permeabilised cells.

•

Non-stimulated T blasts: all three subjects expressed high levels of TLR4 on
non-permeabilised cells and lower levels of TLR4 in permeabilised cells.

•

Stimulated T cells: all three subjects expressed TLR4 on non-permeabilised
cells and one subject expressed TLR4 in permeabilised cells.

•

Stimulated T blasts: all three subjects expressed TLR4 by non-permeabilised
and permeabilised cells.

(Figure 3.7, 3.8 and Table 3.1)

3.2.1.5

TLR6

Appropriate controls with intracellular TLR6 expression in non-stimulated T
lymphocytes from adult and cord blood were omitted except for one cord blood
subject, as a consequence it was not possible to calculate MFI ratios for TLR6
expression by non-stimulated T cells and T blasts from adult blood and cord blood.

Adult blood T lymphocytes:
•

Non-stimulated T cells: no extracellular TLR6 was expressed.

•

Non-stimulated T blasts: two subjects expressed TLR6 on nonpermeabilised cells.

•

Stimulated T cells: no TLR6 was detected.

•

Stimulated T blasts: no TLR6 was detected.

(Figure 3.9, 3.10 and Table 3.1)
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Figure 3.7 TLR4 Expression by T Lymphocytes
MFI ratio of TLR4 expression by non-stimulated (N-S) and stimulated (Stim.) T
lymphocytes, both non-permeabilised and permeabilised, from A. Adult blood (n
= 3) and B. Cord blood (n = 3). Dotted black line corresponds to MFI ratio of
1.3.
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Figure 3.8 TLR4 Expression by T Lymphocytes
Representative example of TLR4 expression by T cells and T blasts, both nonpermeabilised and permeabilised, from A. Non-stimulated adult blood and cord
blood and B. Stimulated adult and cord blood. (TLR4 = purple, negative isotype
control = black)
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Cord blood T lymphocytes:
•

Non-stimulated T cells: two subjects expressed TLR6 on non-permeabilised
cells.

•

Non-stimulated T blasts: two subjects expressed TLR6 on nonpermeabilised cells.

•

Stimulated T cells: no TLR6 was detected.

•

Stimulated T blasts: no TLR6 was detected

(Figure 3.9, 3.10 and Table 3.1)

3.2.1.6

TLR8

Adult blood T lymphocytes:
•

Non-stimulated T cells: one subject expressed TLR8 on non-permeabilised
cells and all three subjects expressed TLR8 in permeabilised cells.

•

Non-stimulated T blasts: all three subjects expressed TLR8 by nonpermeabilised and permeabilised cells.

•

Stimulated T cells: all three subjects expressed TLR8 by non-permeabilised
and permeabilised cells.

•

Stimulated T blasts: all three subjects expressed TLR8 by non-permeabilised
and permeabilised cells.

(Figure 3.11, 3.12 and Table 3.1)

Cord blood T lymphocytes:
•

Non-stimulated T cells: all three subjects expressed TLR8 on nonpermeabilised cells and two subjects expressed TLR8 in permeabilised cells.

•

Non-stimulated T blasts: all three subjects expressed TLR8 on nonpermeabilised cells and two subjects expressed TLR8 in permeabilised cells.
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Figure 3.9 TLR6 Expression by T Lymphocytes
MFI ratio of TLR6 expression by non-permeabilised and non-stimulated (N-S) T
lymphocytes, and by non-permeabilised and permeabilised stimulated (Stim.) T
lymphocytes from A. Adult blood (n = 3) and B. Cord blood (n = 3). Dotted
black line corresponds to MFI ratio of 1.3.
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Figure 3.10 TLR6 Expression by T Lymphocytes
Representative example of TLR6 expression by T cells and T blasts, both nonpermeabilised and permeabilised, from A. Non-stimulated adult blood and cord
blood and B. Stimulated adult and cord blood. (TLR6 = purple, negative isotype
control = black)
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•

Stimulated T cells: all three subjects expressed TLR8 on non-permeabilised
cells and two subjects expressed TLR8 in permeabilised cells.

•

Stimulated T blasts: all three subjects expressed TLR8 on non-permeabilised
cells and two subjects expressed TLR8 in permeabilised cells.

(Figure 3.11, 3.12 and Table 3.1)

3.2.1.7

TLR9

Adult blood T lymphocytes:
•

Non-stimulated T cells: all three subjects expressed bright TLR9 in
permeabilised cells.

•

Non-stimulated T blasts: two subjects expressed TLR9 on nonpermeabilised cells and all three subjects expressed bright TLR9 in
permeabilised cells.

•

Stimulated T cells: one subject expressed TLR9 on non-permeabilised cells
and all three subjects expressed bright TLR9 in permeabilised cells.

•

Stimulated T blasts: all three subjects expressed dim TLR9 on nonpermeabilised cells and bright TLR9 in permeabilised cells.

(Figure 3.13, 3.14 and Table 3.1)

Cord blood T lymphocytes:
•

Non-stimulated T cells: all three subjects expressed TLR9 in permeabilised
cells.

•

Non-stimulated T blasts: two subjects expressed TLR9 on nonpermeabilised cells and all three subjects expressed TLR9 in permeabilised
cells.
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A. Adult Blood T Lymphocytes
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Figure 3.11 TLR8 Expression by T Lymphocytes
MFI ratio of TLR8 expression by non-stimulated (N-S) and stimulated (Stim.) T
lymphocytes, both non-permeabilised and permeabilised, from A. Adult blood (n
= 3) and B. Cord blood (n = 3). Dotted black line corresponds to MFI ratio of
1.3.
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A. Non-Stimulated T Lymphocytes
Cord Blood

Adult Blood
T cells

T cells

T blasts

T blasts

Non-permeabilised cells

100

101

102
PE - IgG1

103

104

100

101

TLR8

102
PE - IgG1

103

104

100

101

TLR8

102
PE - IgG1

103

Cord 1
MFI Ratio=18.94

Counts

Cord 2
MFI Ratio=1.47

Counts

Adult 2
MFI Ratio=4.76

Counts

Counts

Adult 2
MFI Ratio=1.00

100

104

101

TLR8

102
PE - IgG1

103

104

TLR8

Permeabilised cells

100

101

102
PE - IgG1

103

100

104

101

TLR8

102
PE - IgG1

103

104

100

101

TLR8

102
PE - IgG1

103

Cord 1
MFI Ratio=1.45

Counts

Cord 2
MFI Ratio=1.31

Counts

Adult 2
MFI Ratio=2.22

Counts

Counts

Adult 2
MFI Ratio=2.23

100

104

101

TLR8

102
PE - IgG1

103

104

TLR8

B. Stimulated T Lymphocytes
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Figure 3.12 TLR8 Expression by T Lymphocytes
Representative example of TLR8 expression by T cells and T blasts, both nonpermeabilised and permeabilised, from A. Non-stimulated adult blood and cord
blood and B. Stimulated adult and cord blood. (TLR8 = purple, negative isotype
control = black)
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•

Stimulated T cells: all three subjects expressed low levels of TLR9 on nonpermeabilised cells and high levels of TLR9 in permeabilised cells.

•

Stimulated T blasts: one subject expressed TLR9 on non-permeabilised cells
and all three subjects expressed TLR9 in permeabilised cells.

(Figure 3.13, 3.14 and Table 3.1)

Table 3.1 Summary of TLR Expression Patterns by T Lymphocytes

TLR

1

2

3

4

6

8

9

Non-Stim.

Group
(n = 3)

Cells

Stim.

Blasts

Cells

Blasts

N-P

P

N-P

P

N-P

P

N-P

P

Adult blood

0

1

2

3

0

2

1

2

Cord blood

0
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2

2

0

0

1

2

Adult blood

0

1

3

3

3

1

3

2

Cord blood

0

0

3

3

3

0

3

2

Adult blood

0

3

2

3

0

3

2

3

Cord blood

0

3

3

3

1

3

2

3

Adult blood

0

3

3

3

0

2

2

3

Cord blood

0

2

3

3

3

1

3

3

Adult blood

0

NA

2

NA

0

0

0

0

Cord blood

2

NA

2

NA

0

0

0

0

Adult blood

1

3

3

3

3

3

3

3

Cord blood

3

2

3

2

3

2

3

2

Adult blood

0

3

2

3

1

3

3

3

Cord blood

0

3

2

3

3

3

3

3

The two groups, adult blood and cord blood, had three subjects per group. The numbers of
subjects in the table are the number of subjects out of three that had TLR detected.
Non-Stim. = Non-stimulated, Stim. = Stimulated, cells = T cells, blasts = T blasts, N-P =
Non-permeabilised cells, P = Permeabilised cells, NA = Not available
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A. Adult Blood T Lymphocytes
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Figure 3.13 TLR9 Expression by T Lymphocytes
MFI ratio of TLR9 expression by non-stimulated (N-S) and stimulated (Stim.) T
lymphocytes, both non-permeabilised and permeabilised, from A. Adult blood (n
= 3) and B. Cord blood (n = 3). Dotted black line corresponds to MFI ratio of
1.3.
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Figure 3.14 TLR9 Expression by T Lymphocytes
Representative example of TLR9 expression by T cells and T blasts, both nonpermeabilised and permeabilised, from A. Non-stimulated adult blood and cord
blood and B. Stimulated adult and cord blood. (TLR9 = purple, negative isotype
control = black)
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3.3

D ISCUSSION

From the results there are three main observations. First, adult blood and cord
blood T lymphocytes expressed similar patterns of most TLR. Second, stimulation
of T lymphocytes did not alter most TLR expression patterns, and third T cells
expressed fewer TLR than T blasts.

These studies showed T lymphocytes from adult blood and cord blood consistently
expressed TLR2, TLR3, TLR4, TLR8 and TLR9. In contrast, TLR1 and TLR6
expression by T lymphocytes was inconsistent within the two groups.

The first observation that cord blood T lymphocytes express most of the TLR that
adult blood T lymphocytes express, and indeed the additional expression of TLR4
by stimulated cord blood T cells, suggests that neonates possess the ability to
“innately” recognise pathogens. Despite this, the functional capability of neonatal
T lymphocytes after TLR engagement needs investigation to determine if they have
adult-like abilities.

One study showed that neonatal cord blood leucocytes,

compared to adult blood leucocytes, have reduced mRNA levels of TLR signalling
proteins MyD88 and IRF5, and post-stimulation with lipoteichoic acid there is
decreased phosphorylation of p38-MAPK and ERK1 with reduced cytokine
secretion (167). Though TLR expression is present in cord blood T lymphocytes,
the integrity of TLR signalling pathways and functional ability of neonatal T
lymphocytes need further examination to clarify their role.

The second observation from the results is that stimulation of T lymphocytes did
not affect the expression of most TLR, excluding TLR2, TLR4 and TLR6. The
upregulation of TLR2 and TLR4 by stimulated T cells from cord blood was
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supported by a similar study (84). T lymphocytes were activated by anti-CD3
antibody and co-stimulation by monocytes, these are signals required for adaptive
immune activation. TLR expression may not be as responsive to adaptive immune
signals as TLR are part of the innate recognition of infection, and instead activation
via other mechanisms may be more effective to alter TLR expression. Disease does
affect TLR expression by increasing or decreasing particular TLR in T lymphocytes,
as seen for patients with tonsillitis (98) or lymphatic filarial infection (88). Despite
the inertia in expression of several TLR to T lymphocyte stimulation, the cited
studies and results for TLR2, TLR4 and TLR6 show that T lymphocytes are
capable of regulating TLR expression in response to appropriate stimuli.

TLR expression was affected by the activation state of T lymphocytes. T blasts
from adult blood and cord blood, both non-stimulated and activated, expressed all
tested TLR except TLR6. In contrast, T cells from adult blood and cord blood had
fewer TLR detected; TLR2, TLR3, TLR4, TLR8 and TLR9. T blasts expressed a
broader range of TLR than T cells. Most literature examining TLR expression by T
lymphocytes focus on either T lymphocytes or subsets like TH cells or TC cells, there
is little published on T blasts.

The cell activation state of T lymphocytes has an effect on TLR expression, as seen
with non-stimulated and stimulated T blasts expressing more TLR than nonstimulated and stimulated T cells. As discussed previously, the stimulation of T
lymphocytes increases expression of activation markers (Refer Chapter Two, Table
2.1) and numbers of T blasts, but does not affect TLR expression patterns. The
activation cell status of T lymphocytes, as T cells or T blasts, is more relevant for
TLR expression than whether there was in vitro stimulation of T lymphocytes. This
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can be seen in the lower TLR expression by stimulated T cells with higher
activation compared to non-stimulated T blasts with lower activation. Stimulation
of T lymphocytes may not increase expression of TLR unless they develop into T
blasts.

The broader range of TLR expressed shows that T blasts will be more responsive to
infection as most tested TLR were constitutively expressed.

Further study on

untested TLR would reveal if all TLR are expressed by T blasts. There is little in
the literature about TLR5, TLR7 and TLR10 expression by T blasts, though TLR5
and TLR10 are expressed by T lymphocytes (87, 89). The TLR expressed by cord
blood T lymphocytes and adult blood T lymphocytes indicates that neonates are
capable of altering TLR expression and detecting infection. The ability of blasts to
respond to infection should be enabled by its broad TLR expression.

An experimental oversight for intracellular TLR expression by lymphocytes
occurred when the surface TLR was not blocked, therefore the intracellular
detection using permeabilised cells includes surface TLR expression on the
perforated cell membrane and the intracellular TLR expression.

Not blocking

surface TLR that is brightly expressed may lead to confusion between extracellular
and intracellular TLR. From the results, TLR2 and TLR4 have bright surface
expression and dim internal expression, and therefore they are inconclusive.

In some instances, there is brighter surface expression than the sum total of
intracellular staining and extracellular staining on perforated cell membranes. This
may occur when TLR expression is primarily on the surface with minimal
intracellular expression, such as for TLR2 or TLR8. Another explanation for the
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discrepancy in expression between non-permeabilised versus permeabilised cells is
that TLR epitopes may be sensitive to the conditions used for cell permeabilisation,
possibly damaged, and subsequently not detected by antibodies.

The results show variation in TLR expression within subjects, for example TLR1
and TLR6 was expressed by one or two subjects in the groups of three. This high
variability of TLR expression can be expected from human samples. Numerous
parameters were measured to assess TLR expression by human lymphocytes; these
parameters include non-stimulated versus stimulated cells, cell permeabilisation and
other parameters. TLR expression will vary considerably between these different
parameters; for example, a surface marker will be poorly expressed intracellularly or
expression may vary according to the cell activation state, i.e. T blasts or T cells.
Though the groups were too small to be representative of an entire population, if
TLR were consistently expressed in all three subjects per group in the same
parameter, it was deemed that the subject group expressed that particular TLR in
that particular parameter. If there was variability in TLR expression in the three
subjects per group, no conclusions were made. Expression studies on larger groups
are desirable, but it is expected that they also will show considerable variability in
human subjects.

Though the group size was too small to provide statistically significant data,
preliminary information on individual TLR expression can be gleaned from the
results to contribute further knowledge about TLR and form the basis for a larger
study, as elaborated in the following paragraphs.
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The presence of TLR2 expression adds to existing literature which reports surface
TLR2 on non-stimulated adult blood T lymphocytes (88) and TLR2 expression by
non-stimulated and stimulated T lymphocytes from cord blood (84). It was not
possible to consider TLR2 expression by T blasts as literature on T lymphocytes do
not differentiate T cells from T blasts.

TLR4 was detected in permeabilised T cells and T blasts with elevated surface
expression on T blasts. Though one study confirmed absence of surface TLR4 by
adult T cells (89) other studies report surface expression on T lymphocytes (88, 98)
and, internal and external TLR4 expression by non-stimulated and stimulated cord
blood T lymphocytes (84).

The lack of TLR4 surface expression on T cells,

excluding stimulated T cells from cord blood, contradicts the cell surface location of
TLR4 in the literature (76, 84).

The TLR8 expression using permeabilised T blasts and adult T cells is expected as
TLR8 is described as an internal marker (82), but external TLR8 expression by T
blasts and cord blood T cells, though seen on adult T regulatory cells (89), was
surprising. The surface location of TLR8 by T lymphocytes was unexpected and
indicates TLR8 may have additional functions to being an internal receptor for
detecting viral pathogens.

The expression of TLR1 and TLR6, co-receptors of TLR2, was variable. TLR1
expression was mostly internal, which contradicts a previous report of surface
TLR1 on tonsil T lymphocytes (98). TLR6 expression was external as reported
earlier (89), but it was not possible to determine internal TLR6 expression due to
the lack of appropriate controls. The inconsistent TLR1 and TLR6 expression by T
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lymphocytes may be due to experimental variation due to the small sample size of
the groups. If the inconsistency of expression is confirmed with a larger sample
size, it may reflect a mechanism to regulate formation of TLR2/TLR1 or
TLR2/TLR6 heterodimers.

TLR3 and TLR9 were expressed by T lymphocytes from adult blood and cord
blood, and both TLR are internal receptors as reported previously (86, 88, 98).
External expression of TLR3 and TLR9 were seen on T blasts, and for TLR9 on
activated cord blood T cells. The results show the similarities of these TLR by T
lymphocytes from adult blood and cord blood.

As discussed in Chapter One, neonates are vulnerable to infection due to an
immature immune system which has T lymphocytes that are impaired in several
functions. Research into the neonatal immune system will expand knowledge and
assist in discovering how to accelerate immune maturation of neonates and
decrease susceptibility to infection. A neonatal murine study showed CpG ODN
overcame the neonatal TH2 bias and induced TH1 responses including increased TC
lymphocyte activity (176); an effective response against infection which supports
research into TLR ligands as potential vaccine adjuvants. However, another study
reported different TLR ligands injected into neonatal mice induced an excessive
inflammatory response only controlled with adoptive transfer of adult mouse T
lymphocytes compensating for low numbers of neonatal T lymphocytes (194).
Comprehending the various effects of TLR on neonatal T lymphocyte functions and
how it serves in the overall immune response is necessary.
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B lymphocytes can be activated by TLR engagement and secrete antibodies and
cytokines in response.

As discussed previously in Chapter One, neonatal B

lymphocytes have reduced antibody class-switching, minimal antibody affinity
maturation and a poor memory response compared to adult B lymphocytes. In
lymph nodes from adults and children, B lymphocytes can undergo a T-D immune
response to produce an effective antibody response with memory. B lymphocytes
have different functions according to their location and the degree of immune
maturation. In this chapter the potential role of TLR in neonatal immunity will be
explored by examining TLR expression patterns of non-stimulated and stimulated B
lymphocytes from adult blood, cord blood and tonsils.

TLR expression by B lymphocytes has been studied in adult blood and tonsils, but
no studies in cord blood were available. RT-PCR studies of TLR mRNA (Refer
Chapter One, Table 1.1) showed adult B lymphocytes expressed all TLR (79, 90-91)
except TLR3, TLR5 and TLR8, and tonsil B lymphocytes expressed TLR1, TLR6,
TLR7, TLR8, TLR9 and TLR10 (91, 99). In studies examining TLR proteins,
adult B lymphocytes expressed extracellular TLR1, TLR2, TLR4 and TLR9 (81,
92-94, 100) and intracellular TLR9 (195), and tonsil B lymphocytes expressed
extracellular TLR2 and TLR10 (74, 100) and intracellular TLR1, TLR2, TLR7 and
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TLR9 (91). The literature shows little correlation in the expression between TLR
mRNA and TLR protein.

Activation of B lymphocytes occurs via receptors which include BCR and MHC
class II, and may influence expression of TLR. B lymphocytes activated via BCR
upregulated mRNA expression of TLR4, TLR7, TLR9 and TLR10 (99, 154) and in
response to LPS upregulated TLR9 (100). In disease, HIV patients have diminished
TLR9 mRNA levels in B lymphocytes (196), for tonsillitis TLR mRNA expression
by B lymphocytes is increased for TLR1, TLR9 and TLR10, and decreased for
TLR7 (91), and for lymphatic filariasis B lymphocytes have decreased protein
expression of TLR1, TLR2, TLR4 and TLR9 (93).

Whether B lymphocytes

regulate TLR protein expression upon activation requires further study.

As previously discussed (Refer Chapter One, Section 1.2.4.2.1), B cell subsets from
adult blood and cord blood differ to subsets from tonsils. Neonatal B lymphocytes
are predominantly B1 B cells that are self-renewing and provide a more rapid,
innate response to infection compared to B2 B cell, and tonsillar B cell subsets
develop according to immune maturation to T-D immune interactions. Earlier
work showed greater TLR1 and TLR9 protein expression by adult B1 B cells (92),
and memory B cells upregulated TLR4, TLR9 and TLR10 mRNA levels (154, 197).
It is hypothesised that the stage of B cell development may affect the patterns of
expressed TLR with earlier, immature, B cell subsets expressing more TLR than
mature, developed B cell subsets.

As with Chapter Three, several parameters were examined to assess TLR
expression by B lymphocytes. The following TLR: TLR1, TLR2, TLR3, TLR4,
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TLR6, TLR8 and TLR9, were tested to detect extracellular and intracellular
expression by non-stimulated and stimulated B lymphocytes from adult blood, cord
blood and tonsils. Tonsil B lymphocytes were categorised into B cells or B blasts on
the basis of cell size and granularity. B lymphocytes were further delineated into
subsets according to their sources; B1, B2, naïve and memory B cells from adult
blood; B1 and B2 B cells from cord blood; and naïve, pre-GC, GC and memory B
cells from tonsils.

4.2

R ESUL TS

4.2.1 TLR Expression by B Lymphocytes
Non-stimulated and stimulated B lymphocytes from adult blood (n = 3), cord blood
(n = 3) and tonsils (n = 3) were examined for extracellular and intracellular
expression of TLR1, TLR2, TLR3, TLR4, TLR6, TLR8 and TLR9.

TLR

phenotyping studies were on enriched mononuclear cells for non-stimulated and
stimulated B lymphocytes. For stimulation, B lymphocytes were treated for 24
hours with anti-IgM and anti-CD40 antibodies in the presence of IL-2 and IL-4. B
lymphocytes were identified with PerCP-Cy5.5-conjugated anti-CD19 antibody and
TLR were detected with PE-conjugated antibodies. Tonsil B lymphocytes were
sub-categorised as B cells or B blasts based on cell size and granularity (Refer
Chapter Two, Figure 2.2).

TLR were detected on non-permeabilised cells for

extracellular expression, and in permeabilised cells for intracellular expression.
TLR expression is the sum total of intracellular expression and surface TLR
expression on permeabilised cell membranes (Refer Chapter Two, Section 2.13.2).
TLR expression was compared with matched negative isotype controls and
expression levels greater than MFI ratio value 1.3 were deemed positive for
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presence of TLR (Refer Chapter Two, Figure 2.4). Statistical comparisons of TLR
expression between adult blood, cord blood and tonsil were not done as results were
deemed positive or negative for TLR expression (Refer Chapter Two, Section
2.13.6). Instead, TLR expression was presented as descriptive data in Table 4.1.

4.2.1.1

TLR1

Adult blood B lymphocytes:
•

Non-stimulated B cells: two subjects expressed TLR1 on non-permeabilised
cells and the third subject expressed TLR1 in permeabilised cells.

•

Stimulated B cells: two subjects expressed TLR1 on non-permeabilised cells
and all three subjects expressed TLR1 in permeabilised cells.

(Figures 4.1, 4.2 and Table 4.1)

Cord blood B lymphocytes:
•

Non-stimulated B cells: all three subjects expressed TLR1 on nonpermeabilised cells.

•

Stimulated B cells: two subjects expressed TLR1 on non-permeabilised cells
and the third subject expressed TLR1 in permeabilised cells.

(Refer Figures 4.1, 4.2 and Table 4.1)

Tonsil B lymphocytes:
•

Non-stimulated B cells: one subject expressed TLR1 on non-permeabilised
cells and another subject expressed TLR1 in permeabilised cells.

•

Non-stimulated B blasts: one subject expressed TLR1 on non-permeabilised
cells and another subject expressed TLR1 in permeabilised cells.
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•

Stimulated B cells: one subject expressed TLR1 on non-permeabilised cells
and another subject expressed TLR1 in permeabilised cells.

•

Stimulated B blasts: one subject expressed TLR1 on non-permeabilised cells.

(Figures 4.1, 4.2 and Table 4.1)

4.2.1.2

TLR2

Adult blood B lymphocytes:
•

Non-stimulated B cells: no TLR2 was detected.

•

Stimulated B cells: two subjects expressed TLR2 on non-permeabilised cells
and the third subject expressed TLR2 in permeabilised cells.

(Figures 4.3, 4.4 and Table 4.1)

Cord blood B lymphocytes:
•

Non-stimulated B cells: no TLR2 was detected.

•

Stimulated B cells: all three subjects expressed TLR2 on non-permeabilised
cells.

(Figures 4.3, 4.4 and Table 4.1)

Tonsil B lymphocytes:
•

Non-stimulated B cells: no TLR2 was detected.

•

Non-stimulated B blasts: one subject expressed TLR2 on non-permeabilised
cells and another subject expressed TLR2 in permeabilised cells.

•

Stimulated B cells: no TLR2 was detected.

•

Stimulated B blasts: one subject expressed TLR2 in permeabilised cells.

(Figures 4.3, 4.4 and Table 4.1)
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Figure 4.1 TLR1 Expression by B Lymphocytes
MFI ratio of TLR1 expression by non-stimulated (N-S) and stimulated (Stim.) B
lymphocytes, both non-permeabilised and permeabilised, from A. Adult blood (n
= 3), B. Cord blood (n = 3) and C. Tonsils (n = 3). Dotted black line
corresponds to MFI ratio of 1.3.
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Figure 4.2 TLR1 Expression by B Lymphocytes
Representative example of TLR1 expression by B cells and B blasts, both nonpermeabilised and permeabilised, from A. Non-stimulated adult blood, cord
blood and tonsil and B. Stimulated adult blood, cord blood and tonsils. (TLR1 =
purple, negative isotype control = black)
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Figure 4.3 TLR2 Expression by B Lymphocytes
MFI ratio of TLR2 expression by non-stimulated (N-S) and stimulated (Stim.) B
lymphocytes, both non-permeabilised and permeabilised, from A. Adult blood (n
= 3), B. Cord blood (n = 3) and C. Tonsils (n = 3). Dotted black line
corresponds to MFI ratio of 1.3.
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Figure 4.4 TLR2 Expression by B Lymphocytes
Representative example of TLR2 expression by B cells and B blasts, both nonpermeabilised and permeabilised, from A. Non-stimulated adult blood, cord
blood and tonsil and B. Stimulated adult blood, cord blood and tonsils. (TLR2 =
purple, negative isotype control = black)
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4.2.1.3

TLR3

Adult B lymphocytes:
•

Non-stimulated B cells: one subject expressed TLR3 on non-permeabilised
cells and all three subjects expressed high levels of TLR3 in permeabilised
cells.

•

Stimulated B cells: one subject expressed TLR3 on non-permeabilised cells
and all three subjects expressed high levels of TLR3 in permeabilised cells.

(Figures 4.5, 4.6 and Table 4.1)

Cord blood B lymphocytes:
•

Non-stimulated B cells: all three subjects expressed low levels of TLR3 on
non-permeabilised cells and high levels of TLR3 in permeabilised cells.

•

Stimulated B cells: one subject expressed TLR3 on non-permeabilised cells
and all three subjects expressed high levels of TLR3 in permeabilised cells.

(Figures 4.5, 4.6 and Table 4.1)

Tonsil B lymphocytes:
•

Non-stimulated B cells: all three subjects expressed bright TLR3 in
permeabilised cells.

•

Non-stimulated B blasts: one subject expressed TLR3 on non-permeabilised
cells and all three subjects expressed bright TLR3 in permeabilised cells.

•

Stimulated B cells: all three subjects expressed bright TLR3 in permeabilised
cells.

•

Stimulated B blasts: two subjects expressed TLR3 on non-permeabilised
cells and all three subjects expressed bright TLR3 in permeabilised cells.

(Figures 4.5, 4.6 and Table 4.1)
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Figure 4.5 TLR3 Expression by B Lymphocytes
MFI ratio of TLR3 expression by non-stimulated (N-S) and stimulated (Stim.) B
lymphocytes, both non-permeabilised and permeabilised, from A. Adult blood (n
= 3), B. Cord blood (n = 3) and C. Tonsils (n = 3). Dotted black line
corresponds to MFI ratio of 1.3.
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Figure 4.6 TLR3 Expression by B Lymphocytes
Representative example of TLR3 expression by B cells and B blasts, both nonpermeabilised and permeabilised, from A. Non-stimulated adult blood, cord
blood and tonsil and B. Stimulated adult blood, cord blood and tonsils. (TLR3 =
purple, negative isotype control = black)
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4.2.1.4

TLR4

Adult blood B lymphocytes:
•

Non-stimulated B cells: two subjects expressed TLR4 on non-permeabilised
cells and all three subjects expressed TLR4 in permeabilised cells.

•

Stimulated B cells: all three subjects expressed TLR4 in permeabilised cells.

(Figures 4.7, 4.8 and Table 4.1)

Cord blood B lymphocytes:
•

Non-stimulated B cells: all three subjects expressed TLR4 by nonpermeabilised and permeabilised cells.

•

Stimulated B cells: one subject expressed TLR4 on non-permeabilised cells
and all three subjects expressed TLR4 in permeabilised cells.

(Figures 4.7, 4.8 and Table 4.1)

Tonsil B lymphocytes:
•

Non-stimulated B cells: all three subjects expressed TLR4 in permeabilised
cells.

•

Non-stimulated B blasts: one subject expressed TLR4 on non-permeabilised
cells and all three subjects expressed TLR4 in permeabilised cells.

•

Stimulated B cells: no TLR4 was detected.

•

Stimulated B blasts: two subjects expressed TLR4 in permeabilised cells.

(Figures 4.7, 4.8 and Table 4.1)

4.2.1.5

TLR6

Adult blood B lymphocytes:
•

Non-stimulated B cells: no TLR6 was detected.
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Figure 4.7 TLR4 Expression by B Lymphocytes
MFI ratio of TLR4 expression by non-stimulated (N-S) and stimulated (Stim.) B
lymphocytes, both non-permeabilised and permeabilised, from A. Adult blood (n
= 3), B. Cord blood (n = 3) and C. Tonsils (n = 3). Dotted black line
corresponds to MFI ratio of 1.3.
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Figure 4.8 TLR4 Expression by B Lymphocytes
Representative example of TLR4 expression by B cells and B blasts, both nonpermeabilised and permeabilised, from A. Non-stimulated adult blood, cord
blood and tonsil and B. Stimulated adult blood, cord blood and tonsils. (TLR4 =
purple, negative isotype control = black)
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•

Stimulated B cells: two subjects expressed TLR6 in permeabilised cells.

(Figures 4.9, 4.10 and Table 4.1)

Cord blood B lymphocytes:
•

Non-stimulated B cells: one subject expressed TLR6 on non-permeabilised
cells.

•

Stimulated B cells: no TLR6 was detected.

(Figures 4.9, 4.10 and Table 4.1)

Tonsil B lymphocytes:
•

Non-stimulated B cells: one subject expressed TLR6 in permeabilised cells.

•

Non-stimulated B blasts: two subjects expressed TLR6 in permeabilised
cells.

•

Stimulated B cells: one subject expressed TLR6 on non-permeabilised cells
and another subject expressed TLR6 in permeabilised cells.

•

Stimulated B blasts: one subject expressed TLR6 on non-permeabilised cells
and another subject expressed TLR6 by non-permeabilised and
permeabilised cells.

(Figures 4.9, 4.10 and Table 4.1)

4.2.1.6

TLR8

Adult blood B lymphocytes:
•

Non-stimulated B cells: all three subjects expressed high levels of TLR8 on
non-permeabilised cells and low levels of TLR8 in permeabilised cells.

•

Stimulated B cells: all three subjects expressed high levels of TLR8 on nonpermeabilised cells and low levels of TLR8 in permeabilised cells.
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Figure 4.9 TLR6 Expression by B Lymphocytes
MFI ratio of TLR6 expression by non-stimulated (N-S) and stimulated (Stim.) B
lymphocytes, both non-permeabilised and permeabilised, from A. Adult blood (n
= 3), B. Cord blood (n = 3) and C. Tonsils (n = 3). Dotted black line
corresponds to MFI ratio of 1.3.
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Figure 4.10 TLR6 Expression by B Lymphocytes
Representative example of TLR6 expression by B cells and B blasts, both nonpermeabilised and permeabilised, from A. Non-stimulated adult blood, cord
blood and tonsil and B. Stimulated adult blood, cord blood and tonsils. (TLR6 =
purple, negative isotype control = black)
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(Figures 4.11, 4.12 and Table 4.1)

Cord blood B lymphocytes:
•

Non-stimulated B cells: all three subjects expressed high levels of TLR8 on
non-permeabilised cells and one subject expressed TLR8 in permeabilised
cells.

•

Stimulated B cells: all three subjects expressed TLR8 on non-permeabilised
cells and two subjects expressed TLR8 in permeabilised cells.

(Figures 4.11, 4.12 and Table 4.1)

Tonsil B lymphocytes:
•

Non-stimulated B cells: one subject expressed TLR8 on non-permeabilised
cells and another subject expressed TLR8 by non-permeabilised and
permeabilised cells.

•

Non-stimulated B blasts: all three subjects expressed TLR8 on nonpermeabilised cells and one subject expressed TLR8 in permeabilised cells.

•

Stimulated B cells: all three subjects expressed TLR8 on non-permeabilised
cells and one subject expressed TLR8 in permeabilised cells.

•

Stimulated B blasts: all three subjects expressed TLR8 on non-permeabilised
cells and one subject expressed TLR8 in permeabilised cells.

(Figures 4.11, 4.12 and Table 4.1)

4.2.1.7

TLR9

Adult blood B lymphocytes:
•

Non-stimulated B cells: two subjects expressed TLR9 on non-permeabilised
cells and all three subjects expressed bright TLR9 in permeabilised cells.
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Figure 4.11 TLR8 Expression by B Lymphocytes
MFI ratio of TLR8 expression by non-stimulated (N-S) and stimulated (Stim.) B
lymphocytes, both non-permeabilised and permeabilised, from A. Adult blood (n
= 3), B. Cord blood (n = 3) and C. Tonsils (n = 3). Dotted black line
corresponds to MFI ratio of 1.3.
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Figure 4.12 TLR8 Expression by B Lymphocytes
Representative example of TLR8 expression by B cells and B blasts, both nonpermeabilised and permeabilised, from A. Non-stimulated adult blood, cord
blood and tonsil and B. Stimulated adult blood, cord blood and tonsils. (TLR8 =
purple, negative isotype control = black)

~ 136 ~

104

TLR Expression by B Lymphocytes

•

Stimulated B cells: two subjects expressed TLR9 on non-permeabilised cells
and all three subjects expressed bright TLR9 in permeabilised cells.

(Figures 4.13, 4.14 and Table 4.1)

Cord blood B lymphocytes:
•

Non-stimulated B cells: one subject expressed TLR9 on non-permeabilised
cells and all three subjects expressed TLR9 in permeabilised cells.

•

Stimulated B cells: all three subjects expressed TLR9 by non-permeabilised
and permeabilised cells.

(Figures 4.13, 4.14 and Table 4.1)

Tonsil B lymphocytes:
•

Non-stimulated B cells: all three subjects expressed TLR9 in permeabilised
cells.

•

Non-stimulated B blasts: one subject expressed TLR9 on non-permeabilised
cells and all three subjects expressed TLR9 in permeabilised cells.

•

Stimulated B cells: all three subjects expressed TLR9 in permeabilised cells.

•

Stimulated B blasts: all three subjects expressed TLR9 in permeabilised cells.

(Figures 4.13, 4.14 and Table 4.1)

4.2.2 TLR Expression by B cell Subsets
To observe if B cell differentiation affects TLR expression, B cell subsets of adult
blood, cord blood and tonsils had TLR expression examined. With fluorescentlylabelled antibodies against CD5 and CD27, B lymphocytes from blood were
categorised into the following subsets: B1 (CD5+), B2 (CD5-), naïve (CD27-) and
memory (CD27+) B cells. Adult blood B lymphocytes have all four subsets, but
~ 137 ~

TLR Expression by B Lymphocytes

A. Adult Blood B Lymphocytes

B. Cord Blood B Lymphocytes

10

MFI Ratio

MFI Ratio

10

1

1

Non
Permeabilised
Permeabilised

B cells

B cells

Adult 1
N-S
Stim.

Legend
Adult 2
N-S
Stim.

Non
Permeabilised
Permeabilised

Adult 3
N-S
Stim.

Cord 1
N-S
Stim.

Legend
Cord 2
N-S
Stim.

Cord 3
N-S
Stim.

C. Tonsil B Lymphocytes
10

MFI Ratio

Legend
Tonsil 1
N-S
Stim.
Tonsil 2
N-S
Stim.
Tonsil 3
N-S
Stim.
1

Non
Permeabilised
Non
Permeabilised
Permeabilised
Permeabilised

B blasts

B cells

Figure 4.13 TLR9 Expression by B Lymphocytes
MFI ratio of TLR9 expression by non-stimulated (N-S) and stimulated (Stim.) B
lymphocytes, both non-permeabilised and permeabilised, from A. Adult blood (n
= 3), B. Cord blood (n = 3) and C. Tonsils (n = 3). Dotted black line
corresponds to MFI ratio of 1.3.
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B. Stimulated B Lymphocytes
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Figure 4.14 TLR9 Expression by B Lymphocytes
Representative example of TLR9 expression by B cells and B blasts, both nonpermeabilised and permeabilised, from A. Non-stimulated adult blood, cord
blood and tonsil and B. Stimulated adult blood, cord blood and tonsils. (TLR9 =
purple, negative isotype control = black)
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Table 4.1 Summary of TLR Expression Patterns by B Lymphocytes

TLR

1

2

3

4

6

8

9
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(n = 3)
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Non-Stim.
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N-P
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Adult blood
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1

Adult blood

0

0
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0

0
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0

0
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0

Adult blood

1

3
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3
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3

3

1

3
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0

3

0

3

Adult blood

2

3

0

3
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3

3

1

3
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0

3

0

0

Adult blood
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0

2

Cord blood

1
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0
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0

1

1

1

Adult blood

3

3

3

3

Cord blood

3

1

3

2
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1

Adult blood

2

3
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1

3

3

3
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0

3

0

3

Non-Stim.
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P

Stim.
N-P
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1
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1

1

NA
1

0

NA
2

NA
0

NA
2

NA

1
NA

1

3

NA
1

2
NA

2

3

3
NA

3

0

1
NA

3

1

0
NA

1

1

P

1
NA

3

0

3

The three groups, adult blood, cord blood and tonsils, had three subjects per group. The
numbers of subjects in the table are the number of subjects out of three that had TLR
detected.
Non-Stim. = Non-stimulated, Stim. = Stimulated, cells = B cells, blast = B blasts, N-P =
Non-permeabilised cells, P = Permeabilised cells, NA = Not available.
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cord blood B lymphocytes are comprised of B1 and B2 B cell subsets. Fluorescent
antibody markers against IgD and CD38 tagged tonsil B lymphocytes into the
following four subsets: naïve (IgD+CD38-), pre-GC (IgD+CD38+), GC (IgD-CD38+)
and memory (IgD-CD38-) B cells.

As before, with matched negative isotype

controls, TLR expression was measured with the MFI ratio.

4.2.2.1

TLR Expression by Adult Blood B cell Subsets

Non-stimulated B cells from adult blood expressed TLR8 on non-permeabilised
cells, and TLR3, TLR4 and TLR9 in permeabilised cells. Levels of TLR3 and
TLR9 expression are similar between B1 and B2 subsets, and between naïve and
memory subsets. TLR4 and TLR8 have slightly lower levels in expression ranges
for the B2 B cell subset compared to the other three subsets. (Refer Figure 4.15)

Stimulated B cells from adult blood expressed TLR8 on non-permeabilised cells,
and TLR1, TLR3, TLR4 and TLR9 in permeabilised cells. Between B1 and B2
subsets, the TLR1 expression range was lower for the B1 subset. Between naïve
and memory subsets, the expression ranges of TLR1 and TLR4 were lower in the
naïve subset, and for TLR3 and TLR9 the ranges were higher in the naïve subset.
(Refer Figure 4.16)

Adult B cell subsets have slight variations in the levels of TLR expression between
the B1/B2 subsets and between the naïve/memory subsets.

4.2.2.2

TLR Expression by Cord Blood B cell Subsets

Non-stimulated B cells from cord blood expressed TLR1, TLR4 and TLR8 on nonpermeabilised cells, and TLR3 and TLR9 in permeabilised cells. The levels of
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Figure 4.15 TLR Expression by Non-Stimulated Adult B cell Subsets
Non-stimulated B cells from adult blood (n = 3) with detected TLR were
categorised into adult blood B cells subsets; B1, B2, naive and memory B cells.
Non-stimulated adult B cells expressed A. Intracellular TLR3, B. Intracellular
TLR4, C. Extracellular TLR8 and D. Intracellular TLR9.
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Figure 4.16 TLR Expression by Stimulated Adult B cell Subsets
Stimulated B cells from adult blood (n = 3) with detected TLR were categorised
into adult blood B cells subsets; B1, B2, naive and memory B cells. Stimulated
adult B cells expressed A. Intracellular TLR1, B. Intracellular TLR3, C.
Intracellular TLR4, D. Extracellular TLR8 and E. Intracellular TLR9.
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TLR1, TLR3, TLR4, TLR8 and TLR9 expression ranges were similar between B1
and B2 B cell subsets. (Refer Figure 4.17)

Stimulated B cells expressed TLR2 and TLR8 on non-permeabilised cells, and
TLR3, TLR4 and TLR9 in permeabilised cells. The levels of of TLR2, TLR3,
TLR4, TLR8 and TLR9 expression were similar between B1 and B2 B cell subsets.
(Refer Figure 4.18)

B cell subsets from cord blood do not differ in TLR expression.

4.2.2.3

TLR Expression by Tonsil B cell Subsets

Non-stimulated B cells from tonsils expressed TLR3, TLR4 and TLR9 in
permeabilised cells. The GC B cell subset, compared to other subsets, appears to
have slightly lower levels of TLR3 expression and higher levels of TLR4 and,
especially, TLR9 expression. (Refer Figure 4.19)

Stimulated B cells from tonsils expressed TLR8 on non-permeabilised cells, and
TLR3 and TLR9 in permeabilised cells. There is little difference for TLR3, but
TLR8 has lower expression by memory B cells and GC B cells express TLR9 at a
higher range. (Refer Figure 4.20)

Tonsil B cell subsets had differences in TLR expression, especially the GC B cell
subset.
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Figure 4.17 TLR Expression by Non-Stimulated Cord Blood B cell Subsets
Non-stimulated B cells from cord blood (n = 3) with detected TLR were
categorised into cord blood B cells subsets, B1 and B2 B cells. Cord blood B
cells expressed A. Extracellular TLR1, B. Intracellular TLR3, C. Extracellular
TLR4, D. Extracellular TLR8 and E. Intracellular TLR9.
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Figure 4.18 TLR Expression by Stimulated Cord Blood B cell Subsets
Stimulated B cells from cord blood (n = 3) with detected TLR were categorised
into cord blood B cells subsets, B1 and B2 B cells. Cord blood B cells expressed
A. Extracellular TLR2, B. Intracellular TLR3, C. Intracellular TLR4, D.
Extracellular TLR8 and E. Intracellular TLR9.
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Figure 4.19 TLR Expression by Non-Stimulated Tonsil B cell Subsets
Non-stimulated B cells from tonsils (n = 3) with detected TLR were categorised
into tonsil B cells subsets; naïve, pre-germinal, germinal and memory B cells.
Tonsil B cells expressed A. Intracellular TLR3, B. Intracellular TLR4 and C.
Intracellular TLR9.
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Figure 4.20 TLR Expression by Stimulated Tonsil B cell Subsets
Stimulated B cells from tonsils (n = 3) with detected TLR were categorised into
tonsil B cells subsets; naïve, pre-germinal, germinal and memory B cells. Tonsil
B cells expressed A. Intracellular TLR3, B. Extracellular TLR8 and C. Intracellular
TLR9.

~ 148 ~

TLR Expression by B Lymphocytes

4.3

D ISCUSSION

The main observations from the results are, firstly B lymphocytes from adult blood
and cord blood expressed similar patterns of TLR. Secondly, B lymphocytes from
tonsils expressed fewer TLR than B lymphocytes from adult blood and cord blood.
Thirdly, stimulation of B lymphocytes did not alter most TLR expression patterns.
Lastly, differences in levels of TLR expression within B cell subsets were observed
in tonsils.

The results showed that B lymphocytes from adult blood and cord blood
consistently expressed TLR1, TLR2, TLR3, TLR4, TLR8 and TLR9, but
expression of TLR6 by B lymphocytes was inconsistent within the two groups. The
consistency of TLR expression by B lymphocytes from adult blood and cord blood
was such that in both groups TLR2 expression was upregulated to positive
expression by stimulated B cells.

The observation that cord blood B lymphocytes express TLR that adult blood B
lymphocytes express, which was also seen in T lymphocytes, suggests that B
lymphocytes from neonates are capable of adult-like “innate” recognition of
pathogens. However, cord blood B lymphocytes may not have responses like adult
blood B lymphocytes if TLR signalling, as discussed in Chapter Three, is impaired.
The reduced TLR signalling in neonatal leucocytes coupled with the lowered
function of B lymphocytes from neonates, discussed in Chapter One, may affect
TLR-induced responses of neonatal B lymphocytes compared to adult B
lymphocytes.

To establish the capacity of cord blood B lymphocytes in their

response to TLR engagement further study into their functional abilities is required.
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The expectation that TLR may be expressed highly by under developed neonatal B
lymphocytes has not been supported with these expression studies.

The second observation was that B lymphocytes from tonsils expressed fewer TLR
than B lymphocytes from adult blood and cord blood.

Tonsil B lymphocytes

expressed TLR3, TLR4, TLR8 and TLR9, but the expression was inconsistent
compared to blood B lymphocytes. From these results it appears that the site of B
lymphocytes, instead of age-related immune development, may have a greater
influence on TLR expression.

B cells and B blasts from tonsils expressed TLR3, TLR4, TLR8 and TLR9, in
contrast to Chapter Three which showed more TLR expressed by T blasts than T
cells. It wasn’t possible to compare with B blasts from adult blood and cord blood
as there were too few in the blood for a defined sub-population (Refer Chapter Two,
Figure 2.2).

B lymphocytes from blood express more TLR than tonsil B lymphocytes. The
greater expression of TLR by B lymphocytes from blood may be due to regulation
as B lymphocytes circulate between blood and secondary lymphoid organs. Blood
B lymphocytes with their greater TLR expression can facilitate T-I responses to
TLR ligands; several T-I antigens are TLR ligands, LPS and CpG ODN can act
through TLR4 and TLR9 respectively. However, differences in expression by B
lymphocytes from blood and tonsils require further investigation to establish if
circulatory B lymphocytes are regulating TLR or if the TLR expression is
constitutive to the particular populations of B lymphocytes.
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In tonsils, B lymphocytes participate in T-D immune responses and produce an
adaptive, specific, high-affinity, memory response. Although tonsil B lymphocytes
expressed fewer TLR, there are murine (158) and human (157) studies that
postulate B lymphocytes require TLR engagement in addition to BCR engagement
and cognate interaction for effective T-D immune responses.

The reduced

expression of TLR by tonsil B lymphocytes appears to contradict these recent
studies, but TLR expression may be carefully regulated to fulfil this particular role
in T-D responses.

The third observation was that in vitro stimulation of B lymphocytes did not affect
expression of most TLR; non-stimulated and stimulated B lymphocytes expressed
the same TLR. The TLR expression affected by in vitro activation was TLR2 and
TLR6 for adult blood and cord blood, and TLR4 for tonsils.

As with T

lymphocytes, the method of B lymphocyte activation, which mimicked T-D
activation, appeared to be ineffective for altering TLR expression. B lymphocytes
have increased or decreased expression of TLR in response to BCR engagement
(99, 154) and to diseases like tonsillitis (91), lymphatic filariasis (93) and HIV (196).
However, most of these published reports are in disease states and they focus on
mRNA expression rather than protein expression. B lymphocytes can regulate TLR
expression in response to appropriate stimuli as seen in the literature and the results
of TLR2, TLR4 and TLR6 expression.

The final observation was that levels in TLR expression were different in B cell
subsets from tonsils. For B cell subsets from tonsils, GC B cells differed from other
subsets in levels of TLR expression. In particular, TLR9 expression by GC B cells
was considerably higher than in other tonsil subsets. One report showed tonsil GC
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B cells, compared to other subsets, had elevated levels of TLR10 mRNA, but
similar mRNA levels of TLR1, TLR2, TLR7 and TLR9 (91). Murine (158) and
human (157) studies show that TLR engagement may be a third signal required for
activation of B lymphocytes by T-D antigen, but the human study used naïve B
cells. Also, the studies didn’t clarify if TLR had a direct or indirect effect on B
lymphocytes, an indirect effect may not require GC B cells to express TLR for the
third signal.

This preliminary data supports the idea that stages of B cell

development in tonsils can influence TLR expression.

B1 and B2 B cell subsets from cord blood and adult blood did not differ in levels of
TLR expression.

This result contradicts our previous report of greater mean

fluorescence intensity in TLR expression by B1 B cells than B2 B cells (92). The
difference between the current results and the report is due to two reasons. The first
reason is as B1 B cells are larger than B2 B cells the fluorescent signal will be
brighter, thereby increasing the mean fluorescence intensity of TLR on B1 B cells.
The second reason is in the report, B1 B cells had a small population of extremely
bright TLR positive cells which can be seen in the TLR fluorescence histogram.
This population of very bright cells skewed the TLR mean fluorescence intensity to
a higher value compared to B2 B cells which lacked the very bright cells. Using the
median fluorescence intensity to measure TLR expression, as done in these studies,
gives a more representative average of TLR expression in a cell population
compared to using mean fluorescence intensity. There is little evidence from the
literature and results to support differing TLR expression between B1 and B2 B cell
subsets.
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The different subsets of B lymphocytes can have different responses to TLR. B1 B
cells can proliferate and secrete IgM, IgA and IgG (148, 198), and assist in antiinflammatory responses in neonates (164, 166) in response to TLR ligands. From
blood and in response to TLR9 ligation, naïve B cells can be activated, proliferate,
secrete IgM and upregulate MHC class II, CD40 and CD80 (153), and memory B
cells are polyclonally activated and secrete IgG (152). From tonsils, there are
differences in TLR expression in GC B cells, but not in the earlier lineage B cells as
previously thought.

GC B cells, compared to other subsets respond to TLR

engagement by proliferation and increased signalling (199).

Unlike blood, the

development of B cell subsets in tonsils influences the patterns of TLR expression.

As with T lymphocytes, B lymphocytes exhibited considerable variability of TLR
expression. For example, one adult blood subject had surface TLR3 expression on
stimulated B lymphocytes and one cord blood subject expressed TLR8 in
permeabilised, non-stimulated, B lymphocytes. As the donors are human subjects,
considerable variability has to be expected in the expression studies. There may be
consistency in certain TLR expression patterns, such as intracellular TLR9
expression by B lymphocytes, but other expressions of TLR may vary considerably.
The causes of variation may be due to genetics, environment or a combination. A
subject who has suffered recent infection may have elevated expression of TLR
compared to a healthy, non-infected, subject. There are many unknown factors
which influence TLR expression which need to be accounted for. Studies on larger
groups of human subjects will provide a clearer indication of the degree of
variability of TLR expression among humans.
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Though the group size was too small to provide statistically significant data,
preliminary information on individual TLR expression can be gleaned from the
results to contribute to further knowledge, as elaborated in the following
paragraphs.

TLR2 absence from non-stimulated B lymphocytes from blood and tonsils
contradicts several report (74, 91, 93-94). This discrepancy is difficult to explain as
surface TLR2 was detected on adult blood B lymphocytes with flow cytometry (9394) and on activated B lymphocytes from tonsils with immunohistochemistry (74).
TLR2 was detected on stimulated blood B lymphocytes, but there is no literature
available to support the results.

TLR4 was detected at low levels in permeabilised B lymphocytes from all three
groups with variable expression of surface TLR4. The internal TLR4 expression
was unexpected (200) and adds to reports of external expression by adult B cells
(93). B lymphocytes can detect invasive, intracellular, pathogens such as Francisella
tularensis (201) with internal TLR4.

The internal expression of TLR4 by B

lymphocytes, also seen with T lymphocytes, may reduce immune sensitivity to
LPS, a ligand of TLR4 that also is a potent mitogen that can induce septic shock
(202).

B lymphocytes from all three groups expressed extracellular TLR8, although TLR8
is reported as an intracellular receptor (203). In the adult blood and cord blood
groups, the extracellular expression of TLR8 was very bright compared to the
permeabilised cells. As discussed in Chapter Three, the surface TLR8 was not
blocked prior to intracellular labelling, the low level intracellular TLR8 may be
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attributed to surface TLR8 on the perforated lymphocyte membrane. There is
minimal literature about TLR8 expression by human B lymphocytes, but this will
be explored further in Chapter Six.

B lymphocytes from each group expressed TLR1, but expression was highly
variable.

B lymphocytes from each group expressed very little TLR6.

TLR1

expression has been reported on surfaces of adult B lymphocytes (92-93) and
internally in tonsil B lymphocytes (91).

There are few reports about TLR6

expression by B lymphocytes.

Permeabilised B lymphocytes from the three groups expressed TLR3 and TLR9,
and extracellular expression was variable. Extracellular and intracellular TLR9
expression by B lymphocytes from adult blood (81, 92-93) and tonsils (91, 100) has
been reported. A literature search showed no reports of TLR3 expression by B
lymphocytes.

As with T lymphocytes, B lymphocytes from adult blood and cord blood expressed
the same pattern of TLR. Stages of B cell development in blood, both adult and
cord, did not influence levels of TLR expression; earlier B cell subsets, such as B1 or
naïve B cells, did not express higher levels of TLR. The previous hypothesis that to
compensate for an immature immune system, neonates will have greater protection
with TLR is not supported by the results. B lymphocytes from adults and neonates
express similar patterns of TLR, but the functional capacity of neonatal B
lymphocytes requires investigation.
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From Chapters Three and Four, TLR expression patterns by T lymphocytes and B
lymphocytes are similar between adults and neonates. This observation implies that
neonates have an “innate” ability to discriminate between the self and non-self to
detect the presence of pathogens. Neonates can express TLR at birth; unlike the
adaptive immune response which the neonate has to acquire.

Infection is

responsible for a large proportion of neonatal deaths (1), therefore neonates require
an “emergency” immune response. TLR expression allows neonates to recognise
the presence of pathogens which can instigate an early, defensive response against
infection. TLR expression by neonatal lymphocytes, and subsequent activation of
lymphocytes upon TLR engagement, may have a role in early immunity. TLRengaged neonatal B lymphocytes, which are mainly B1 B cells, may secrete low
affinity IgM which can provide neonates with some protection by neutralising
infection. The pattern of TLR expression by neonatal lymphocytes also allows
neonates to discriminate between bacteria, viruses and fungi. This discrimination
may instigate differing immune responses by the neonate to counter the pathogens.
TLR expression is unaffected by stages of B cell development in adult and neonates
which indicates TLR have a consistent role in the function of B lymphocytes. TLR
expression by neonatal lymphocytes plays a role in early neonatal immunity by
recognition of infection and, possibly, instigation of activity by T lymphocytes and
B lymphocytes.

B lymphocytes from tonsils expressed fewer TLR than B lymphocytes from blood.
Of the subsets from tonsil B lymphocytes, GC B cells express TLR at different levels
to the other B cell subsets.

The decreased expression of TLR by tonsil B

lymphocytes may belie their importance in the secondary lymphoid organs.
Despite the role of TLR in the early immune response, from the results and recent
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literature, TLR may have a role in the adaptive, humoral, response of B
lymphocytes.

In the next chapter, the functional abilities of B lymphocytes from adult blood, cord
blood and tonsils in response to TLR ligand stimulation is tested. Knowledge about
the capacity of neonatal B lymphocytes will be obtained to further understanding
about the role of TLR in early immunity.
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R ESPONSES

OF

B L YMPHOCYTES

TO

L IGANDS

OF

T OLL -L IKE

R ECEPTORS

5.1

I N TRODUC TION

As discussed in Chapter One, B lymphocytes are the effector cells of the humoral
response and have different functions in innate and adaptive immunity. Neonatal B
lymphocytes have impaired function which includes reduced proliferation, poor
antibody class-switching and poor responses to T-D antigens with minimal somatic
hypermutation.

Neonatal B lymphocytes may have increased or decreased

responses to TLR engagement compared to adult B lymphocytes, but neonatal
function can be enhanced to adult levels as seen in multiple TLR ligand treatment
of neonatal dendritic cells (52, 161-162).

In lymphoid tissue, B lymphocytes

respond to T-D antigens to produce mature cells with high-affinity antibodies and
memory. The study of tonsil B lymphocyte responses to TLR engagement will
examine whether TLR have a potential role in lymphoid tissue.

As TLR are

important components of the immune system, when engaged on B lymphocytes,
their effects may reveal the interplay of the innate immunity with differences
between neonatal and adult humoral responses, and with adaptive responses of
tonsil B lymphocytes.

Most studies into TLR effects on functions of B lymphocytes focus on murine
models or human adult studies. TLR9 is engaged by its ligand CpG ODN (115),
and it induces proliferation (154, 157, 204-205), antibody secretion by memory B
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cells (152) and differentiation of human adult B lymphocytes into plasma B cells
(163, 205). Engagement of TLR9 and CD40 on B lymphocytes induces secretion of
IgM, IL-6, IL-10, IL-12 and TNF-α (197), and may be required for naïve B cells to
mature and switch antibody classes (157).

B lymphocytes did not proliferate in

response to other TLR ligands for TLR2, TLR4, TLR6 and TLR7/8 (204). Indirect
effects on B lymphocytes include enhanced proliferation and secretion of IgM, IgG
and IL-6 by naïve and memory B cells in the presence of TLR7-engaged
plasmacytoid dendritic cells (204) and increased IgG titres and avidity from
Hepatitis B vaccines using CpG ODN motifs as an adjuvant (172). TLR, through
direct and indirect engagement, have a broad influence on function of adult B
lymphocytes on both innate and adaptive immune systems.

Little research has been done into the effects of TLR ligands on neonatal human B
lymphocytes. Cord blood B lymphocytes secrete IgM and IgG in response to CpG
ODN (163). As neonatal dendritic cell function is enhanced to adult levels in
response to TLR engagement (52, 161-162), perhaps neonatal B lymphocytes can
overcome their immaturity to provide stronger immune responses using TLR
ligands.

As described earlier (Refer Chapter One, Section 1.2.4.2.1), B lymphocytes in
peripheral blood consist of B1 and B2 B cell subsets, and B2 B cells which circulate
between blood and secondary lymphoid organs are further divided into naïve or
memory B cell subsets. B cell subsets isolated from peripheral blood can secrete
antibodies upon activation by either T-I antigens or BCR engagement, but
peripheral blood B lymphocytes are not able to undergo maturation through antigen
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exposure in vitro. TLR engagement of B1 B cells induces IL-10 secretion (164), and
for naïve and memory B cells it induces antibody secretion (152-153).

B lymphocytes in lymphoid tissue function differently to peripheral blood, in
lymphoid tissue antigen-exposed B lymphocytes mature. This defined role may be
reflected in an altered response of tonsil B lymphocytes to TLR ligands. Human
tonsil B lymphocytes respond to CpG ODN by upregulating CD23, CD25 and
CD86 and co-stimulation of TLR9 and CD40 induces IgM, IgG, IL-6 and IL-10
production (206).

IgM is produced in response to TLR2 ligand (94) and B

lymphocytes upregulate HLA-DR and IL-6 for TLR4, TLR7 and TLR9 ligands
(91). How TLR activation of B lymphocytes influences the function of tonsils
requires further investigation.

For these studies, the functions of B lymphocytes from adult blood, cord blood and
tonsils in response to TLR ligands were compared. The tonsils in this study were
collected from children under ten years old and undergoing tonsillectomies. The
scarcity of B lymphocytes in blood did not permit studies on B cell subsets so focus
was kept on B lymphocytes as a whole. The earlier work on TLR phenotyping of B
lymphocytes detected several TLR; specifically TLR3, TLR4, TLR8 and TLR9.
Purified B lymphocytes from the three groups were treated with ligands of the
detected TLR. The direct effects of TLR engagement on B lymphocytes were the
target of these experiments, not the indirect effects of TLR engaged leucocytes
influencing B lymphocytes.

The B lymphocyte functions examined were

proliferation, levels of total Ig, IgG and IgM, and levels of six cytokines, IL-1, IL-6,
IL-8, IL-10, IL-12p70 and TNF. For tonsils, sufficient numbers of B lymphocytes
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allowed examination of activation, co-stimulation and other markers in response to
TLR ligands.

5.2

R ESUL TS

The TLR3, TLR4, TLR8 and TLR9 ligands, Poly I:C, LPS, CL075 and CpG ODN
respectively, were cultured with B lymphocytes purified from adult blood (n = 3),
cord blood (n = 3) and tonsils (n = 3) to examine functional responses. In the tonsil
group, the age and reason for tonsillectomies were: subject four was six years old
with chronic tonsillitis, subject five was two years old with sleep apnoea, and
subject six was three years old with sleep apnoea. As described earlier (Refer
Chapter Two, Section 2.14), B lymphocytes were negatively selected using Human
B cell Enrichment Cocktail RosetteSep reagent to remove other leucocytes. B
lymphocytes from the groups were cultured with RF10 media or TLR ligands, three
days for proliferation studies and five days for antibody and cytokine levels. B
lymphocyte proliferation was measured via incorporation of [3H] thymidine.
Antibodies from culture supernatant were quantified for levels of total Ig, IgG and
IgM using the sandwich ELISA. The cytokines from culture supernatant were
measured with the Human Inflammation CBA kit from BD Biosciences. The large
yields of B lymphocytes from tonsils allowed additional flow cytometry studies to
examine the expression of various markers by tonsil B lymphocytes when treated
with TLR ligands for 24 hours. For statistical analysis of proliferation, antibody
and cytokine data, Repeated-measures ANOVA was applied to compare within
TLR ligands, and Bonferroni post hoc analysis compared results between the adult,
neonate and tonsil groups. For statistical analysis of the expression of various
markers by B lymphocytes, Univariate ANOVA was applied to compare the
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responses to TLR ligands.

Values of p < 0.05 were considered statistically

significant (Refer Chp 2, Sections 2.13.6 and 2.18).

5.2.1 Proliferation of B Lymphocytes
Adult blood B lymphocytes significantly increased proliferation in response to each
TLR ligand, especially CL075 and CpG ODN (Figure 5.1).

Cord blood B

lymphocytes proliferated significantly in response to all TLR ligands, especially
CpG ODN (Figure 5.1). Post hoc analysis of proliferation rates of B lymphocytes
between adult blood and cord blood showed no significant difference (p = 0.374).

Tonsil B lymphocytes proliferated significantly in response to CpG ODN, but there
were minimal responses to other TLR ligands (Figure 5.1). Post hoc analysis of
proliferation rates of B lymphocytes showed significant differences between tonsils
and adult blood (p < 0.001), and tonsils and cord blood (p < 0.001).

The

proliferation rates of tonsil B lymphocytes were significantly lower compared to B
lymphocytes from adult blood or cord blood.

5.2.2 Antibody Secretion by B Lymphocytes
5.2.2.1

Total Ig Levels

Adult blood B lymphocytes secreted significant levels of Ig in response to CL075
and CpG ODN (Figure 5.2). Cord blood B lymphocytes secreted significant levels
of Ig, slightly in response to Poly I:C and CL075, and strongly in response to CpG
ODN (Figure 5.2). Post hoc analysis showed a significant difference between Ig
levels from adult blood and cord blood B lymphocytes (p = 0.007) in response to
TLR ligands; therefore, in response to TLR ligands, cord blood B lymphocytes
secreted lower levels of Ig than adult blood B lymphocytes.
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Figure 5.1 Proliferation of B Lymphocytes Treated with TLR Ligands
B lymphocytes from A. Adult blood (n = 3), B. Cord blood (n = 3) and C. Tonsils (n
= 3), were treated in triplicate cultures with RF10 control or TLR ligands for three
days. Proliferation was measured with [ 3H] thymidine incorporation (c.p.m. =
counts per minute) and results presented as mean with standard error; horizontal
bar represents mean of three subjects. Differences in proliferation between RF10
control and TLR ligands were compared using Repeated-measures ANOVA and
p>0.05 was considered not significant.

~ 163 ~

Responses of B Lymphocytes to TLR Ligands

Tonsil B lymphocytes secreted Ig significantly in response to CpG ODN, but there
were minimal responses to other TLR ligands (Figure 5.2). Post hoc analysis of Ig
secretion by B lymphocytes in response to TLR ligand showed a significant
difference between tonsils and adult blood (p = 0.005), and no difference between
tonsils and cord blood (p = 1.000). Tonsil B lymphocytes were less responsive and
secreted lower levels of total Ig compared to adult blood B lymphocytes.

5.2.2.2

IgG Levels

Adult blood B lymphocytes secreted IgG at significantly high levels in response to
CL075 and, especially, CpG ODN (Figure 5.3).

Cord blood B lymphocytes

secreted IgG significantly in response to CpG ODN, but not to other TLR ligands
(Figure 5.3). Post hoc analysis showed a significant difference in IgG levels by B
lymphocytes between adult blood and cord blood (p < 0.001); cord blood B
lymphocytes were far less responsive to most TLR ligands, excluding CpG ODN,
compared to adult blood B lymphocytes.

Tonsil B lymphocytes secreted IgG significantly in response to CpG ODN, but not
to other TLR ligands (Figure 5.3).

Post hoc analysis of IgG secretion by B

lymphocytes in response to TLR ligands showed no significant difference between
tonsils and adult blood (p = 0.144), and a significant difference between tonsils and
cord blood (p < 0.001). Tonsil B lymphocytes secreted IgG at comparable levels to
adult blood B lymphocytes and at higher levels than cord blood B lymphocytes.

5.2.2.3

IgM Levels

Adult blood B lymphocytes secreted significant levels of IgM in response to LPS,
CL075 and CpG ODN (Figure 5.4). Cord blood B lymphocytes secreted significant
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Figure 5.2 Ig Secretion by B Lymphocytes Treated with TLR Ligands
B lymphocytes from A. Adult blood (n = 3), B. Cord blood (n = 3) and C. Tonsils (n
= 3), were treated in triplicate cultures with RF10 control or TLR ligands for five
days. Ig levels in culture supernatant was measured using ELISA and results
presented as mean with standard error; horizontal bar represents mean of three
subjects. Differences in Ig levels between RF10 control and TLR ligands were
compared using Repeated-measure ANOVA and p>0.05 was considered not
significant.
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Figure 5.3 IgG Secretion by B Lymphocytes Treated with TLR Ligands
B lymphocytes from A. Adult blood (n = 3), B. Cord blood (n = 3) and C. Tonsils (n
= 3), were treated in triplicate cultures with RF10 control or TLR ligands for five
days. IgG levels in culture supernatant was measured using ELISA and results
presented as mean with standard error; horizontal bar represents mean of three
subjects. Differences in IgG levels between RF10 control and TLR ligands were
compared using Repeated-measures ANOVA and p>0.05 was considered not
significant.
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levels of IgM in response to Poly I:C, CL075 and CpG ODN (Figure 5.4). Post hoc
analysis of IgM secretion by B lymphocytes in response to TLR ligands showed no
difference between adult blood and cord blood (p = 0.224).

Tonsil B lymphocytes secreted IgM significantly in response to CL075 and,
strongly, CpG ODN. Post hoc analysis of IgM secretion by B lymphocytes in
response to TLR ligands showed significant differences between tonsils and adult
blood (p = 0.001), and tonsils and cord blood (p = 0.003). Tonsil B lymphocytes
secreted lower levels of IgM compared to B lymphocytes from adult blood and cord
blood.

5.2.3 Cytokine Secretion by B Lymphocytes
Problems with

the Human

Inflammation

CBA

Kit

prevented

accurate

measurements of several cytokines from culture supernatants. Data on the level of
cytokines secreted by B lymphocytes following treatment with TLR ligands could
only be obtained for IL-6 and IL-8. No useful data could be obtained for the other
cytokines, IL-1β, IL-10, IL-12p70 and TNF, as the internal controls were not
reproducible between experiments.

5.2.3.1

IL-6 Levels

B lymphocytes from adult blood secreted significant levels of IL-6 in response to
LPS, CL075 and CpG ODN (Figure 5.5). Cord blood B lymphocytes secreted IL-6
significantly in response to all TLR ligands, especially Poly I:C, CL075 and CpG
ODN (Figure 5.5).

Post hoc analysis of IL-6 secretion by B lymphocytes in

response to TLR ligands showed no difference between adult blood and cord blood
(p = 1.000).
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Figure 5.4 IgM Secretion by B Lymphocytes Treated with TLR Ligands
B lymphocytes from A. Adult blood (n = 3), B. Cord blood (n = 3) and C. Tonsils (n
= 3), were treated in triplicate cultures with RF10 control or TLR ligands for five
days. IgM levels in culture supernatant was measured using ELISA and results
presented as mean with standard error; horizontal bar represents mean of three
subjects. Differences in IgM levels between RF10 control and TLR ligands were
compared using Repeated-measures ANOVA and p>0.05 was considered not
significant.
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Tonsil B lymphocytes secreted IL-6 at significant levels in response to CpG ODN
(Figure 5.5). Post hoc analysis of IL-6 secretion by B lymphocytes in response to
TLR ligands showed no significant differences between tonsils and adult blood (p =
0.952), and tonsils and cord blood (p = 0.596).

5.2.3.2

IL-8 Levels

Adult blood B lymphocytes secreted IL-8, but with no significant response to TLR
ligands (Figure 5.6). Cord blood B lymphocytes secreted high levels of IL-8 with
slight, but significant, increases in response to LPS and CL075 (Figure 5.6). Post
hoc analysis of IL-8 secreted by B lymphocytes in response to TLR ligands showed
a significant difference between adult blood and cord blood (p = 0.034). Cord
blood B lymphocytes secreted higher levels of IL-8 than adult blood B lymphocytes.

Tonsil B lymphocytes secreted IL-8, but with no significant response to TLR
ligands, except for Poly I:C which had significantly decreased secretion of IL-8
(Figure 5.6). Post hoc analysis of IL-8 secreted by B lymphocytes in response to
TLR showed no significant difference between tonsils and adult blood (p = 1.000),
and a significant difference between tonsils and cord blood (p = 0.040). Tonsil B
lymphocytes secreted IL-8 at lower levels than cord blood B lymphocytes.

5.2.4 Activation Markers of Tonsil B Lymphocytes
At timepoint zero and after 24 hour treatment with TLR ligands, tonsil B
lymphocytes were identified with PerCp-Cy5.5-conjugated CD19 antibody, then
activation measured with PE-conjugated antibodies to CD23, CD25, CD69 and
HLA-DR, before reading on flow cytometry. Expression levels of CD23, CD25
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Figure 5.5 IL-6 Secretion by B Lymphocytes Treated with TLR Ligands
B lymphocytes from A. Adult blood (n = 3), B. Cord blood (n = 3) and C. Tonsils (n
= 3), were treated in triplicate cultures with RF10 control or TLR ligands for five
days. IL-6 levels in culture supernatant was measured using Human Inflammation
CBA Kit and results presented as mean with standard error; horizontal bar represents
mean of three subjects. Differences in IL-6 levels between RF10 control and TLR
ligands were compared using Repeated-measures ANOVA and p>0.05 was
considered not significant. ND = Not Detected
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Figure 5.6 IL-8 Secretion by B Lymphocytes Treated with TLR Ligands
B lymphocytes from A. Adult blood (n = 3), B. Cord blood (n = 3) and C. Tonsils (n
= 3), were treated in triplicate cultures with RF10 control or TLR ligands for five
days. IL-8 levels in culture supernatant was measured using Human Inflammation
CBA Kit and results presented as mean with standard error; horizontal bar represents
mean of three subjects. Differences in IL-8 levels between RF10 control and TLR
ligands were compared using Repeated-measures ANOVA and p>0.05 was
considered not significant. ND = Not Detected
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and CD69 were measured as percentage of positive cells, and HLA-DR was
measured as changes in MFI as all B lymphocytes express HLA-DR.

5.2.4.1

CD23

The proportion of CD23+ tonsil B lymphocytes was not significantly affected by the
24 hour cell culture or treatment by TLR ligands. (Figure 5.7)

5.2.4.2

CD25

The proportion of CD25+ tonsil B lymphocytes increased significantly during the 24
hours cell culture, and this proportion was significantly increased in response to
CpG ODN. (Figure 5.7)

5.2.4.3

CD69

The proportion of CD69+ tonsil B lymphocytes increased significantly during 24
hour cell culture, and there were no significant increases in the proportion upon
treatment with TLR ligands. (Figure 5.7)

5.2.4.4

HLA-DR

The expression of HLA-DR by tonsil B lymphocytes was not significantly affected
by the 24 hour cell culture or the treatment by TLR ligands. (Figure 5.7)

5.2.5 Co-Stimulatory Molecules of Tonsil B Lymphocytes
At timepoint zero and after 24 hours of treatment with TLR ligands, tonsil B
lymphocytes were tested for co-stimulatory markers, CD40, CD80 and CD86. The
indirect immunofluorescence labelling method (Refer Chapter Two, Section 2.13.3)
was used to identify B lymphocytes and expression of co-stimulatory molecules for
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Figure 5.7 Activation of Tonsil B Lymphocytes
Tonsil B lymphocytes were treated with RF10 control or TLR ligands for 24 hours
and expression of activation markers was detected by flow cytometry. Percentage
of positive cells for A. CD23, B. CD25 and C. CD69, and MFI of D. HLA-DR, from B
lymphocytes from time-point 0 hour (T0) and 24 hour treated cells is shown.
Horizontal bar represents mean of three subjects. Differences in expression
between RF10 control and T0/TLR ligands was compared using Univariate ANOVA
and p>0.05 was considered not significant.
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flow cytometry. As for TLR expression, the expression of the molecules were
calculated as MFI ratio using the MFI values of markers to matched negative
isotype controls.

5.2.5.1

CD40

One tonsil subject did not express CD40 at any point. B lymphocytes from the
other tonsil subjects were not significantly affected by the 24 hour cell culture or
treatment by TLR ligands. (Refer Figure 5.8)

5.2.5.2

CD80

The expression of CD80 by tonsil B lymphocytes was not significantly affected by
the 24 hour cell culture or treatment by TLR ligands, except for a significant
increase in response to CpG ODN. (Refer Figure 5.8)

5.2.5.3

CD86

The expression of CD86 by tonsil B lymphocytes was not significantly affected by
the 24 hour cell culture or treatment by TLR ligands. (Figure 5.8)

5.2.6 Additional Markers of Tonsil B Lymphocytes
Expression of CD21, a receptor for complement, and CD210, the IL-10 receptor, by
tonsil B lymphocytes in response to TLR ligands was detected as described for costimulatory molecules.

5.2.6.1

CD21

Expression of CD21 by tonsil B lymphocytes was not significantly affected by the
24 hour cell culture or treatment by TLR ligands. (Figure 5.9)
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Figure 5.8 Co-Stimulatory Molecule Expression by Tonsil B Lymphocytes
Tonsil B lymphocytes were treated with RF10 control or TLR ligands for 24 hours
and expression of co-stimulatory markers was detected by flow cytometry. MFI ratio
of A. CD40, B. CD80 and C. CD86, from B lymphocytes from time-point 0 hour (T0)
and 24 hour treated cells is shown. Horizontal bar represents mean of three
subjects. Differences in expression between RF10 control and T0/TLR ligands was
compared using Univariate ANOVA and p>0.05 was considered not significant. ^ =
MFI ratio < 2
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5.2.6.2

CD210

Expression of CD210 by tonsil B lymphocytes was not significantly affected by the
24 hour cell culture or treatment by TLR ligands. (Figure 5.9)

5.3

D ISCUSSION

The main observations from the results are, firstly B lymphocytes from adult blood
and cord blood have similar rates of proliferation and IL-6 secretion, and reduced
antibody levels from neonatal B lymphocytes. Secondly, TLR ligands, especially
CpG ODN, enhance functions of B lymphocytes from adult blood and cord blood.
Thirdly, certain functions of tonsil B lymphocytes are reduced compared with adult
blood B lymphocytes. Lastly, tonsil B lymphocytes respond poorly to most TLR
ligands.

B lymphocytes enriched from cord blood were contaminated, despite best efforts,
with up to 50% of erythrocyte precursors. Published methods (182, 207) were used
for positive selection and removal of erythrocyte precursors.

Due to the

immunologically “inert” nature of erythrocytes, their presence was not expected to
influence the responses of cord blood B lymphocytes. As the direct effects of TLR
ligands on B lymphocytes were of interest, it was critical that other leucocytes were
removed from the B lymphocyte fraction.

As described in Chapter One, T

lymphocyte and monocytes stimulated by TLR ligands release various cytokines
which may affect B lymphocyte function. Despite the contaminating erythrocytes,
the TLR expressed by B lymphocytes can engage with TLR ligands and induce
various responses. Cell-to-cell contact was not
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Figure 5.9 CD21 and CD210 Expression by Tonsil B Lymphocytes
Tonsil B lymphocytes were treated with RF10 control or TLR ligands for 24 hours
and expression of A. CD21 and B. CD210 was detected by flow cytometry. MFI ratio
of CD21 and CD210 from B lymphocytes from time-point 0 hour (T0) and 24 hour
treated cells is shown.
Horizontal bar represents mean of three subjects.
Differences in expression between RF10 control and T0/TLR ligands was compared
using Univariate ANOVA and p>0.05 was considered not significant.
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required in these assays, therefore the contaminating erythrocyte would have little
effect on B lymphocytes.

The first observation showed that in direct response to TLR ligands, B lymphocytes
from adult blood and cord blood had, statistically, similar proliferation rates and IL6 levels, and antibody levels from cord blood are reduced. IL-8 levels from cord
blood B lymphocytes were high with slight increases to particular TLR ligands.
Despite the similarity of IL-6 levels from adults and neonates to TLR ligands, Poly
I:C did stimulate IL-6 secretion by cord blood B lymphocytes. Adult blood B
lymphocytes do secrete IL-6 in response to ligands of TLR7 (204) and TLR9 (195),
but not TLR4 (197). However, the similarity of IL-6 levels was not observed in
whole blood treated with TLR2 ligand from adults and neonates (167). This may
be explained by a failure of other neonatal immune cells secreting IL-6 (8). TLR
ligands’ induction of IL-6 may then influence inflammatory responses (208) and
differentiate B lymphocytes into antibody-secreting cells (209).

Neonatal and adult B lymphocytes proliferated at similar rates in response to TLR
ligands, with greater proliferation of cord blood B lymphocyte in response to Poly
I:C. Published reports confirm the stronger response to CpG ODN (154, 205)
compared to other TLR ligands (204). The adult-like proliferation of cord blood B
lymphocytes to in vitro stimulation with TLR ligands, particularly Poly I:C and
CpG ODN, indicates that neonates can, under certain circumstances, initiate a
vigorous antibody response.

However, the antibody response will not be the

specific, high-affinity IgG antibodies; instead the high avidity, low affinity IgM
secreted by the B1 B cell subset.
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Neonatal B lymphocytes secreted significantly lower levels of total Ig and IgG, and
similar IgM levels, in response to TLR ligands compared to adult B lymphocytes.
Cord blood B lymphocytes secreted Ig and IgM significantly in response to Poly
I:C, CL075 and CpG ODN, and IgG was secreted at significantly increased levels
in response to CpG ODN. Published reports confirm that CpG ODN induces
secretion of IgG and IgM by B lymphocytes from adult blood (152, 154, 197) and
cord blood (163). The poor IgG response by cord blood B lymphocytes treated with
other TLR ligands may be due to intrinsic neonatal defects for antibody classswitching. The ability of CpG ODN to overcome this defect and induce IgG
production points to CpG ODN as a potential agent to promote an effective
antibody response in neonates.

Overall, antibody responses from neonatal B

lymphocytes are lower than adult B lymphocytes, but TLR ligands enhance cord
blood responses to adult basal levels. This improvement of cord blood antibody
responses, while not affinity-matured IgG, can still provide protection for the
vulnerable neonate.

Discrepancies in the levels of total Ig to IgG and IgM were observed in certain
instances. For adult blood B lymphocytes, Poly I:C had little effect on total Ig, IgG
and IgM levels compared to the control. LPS induced a slight, but statistically
insignificant, increase of IgM from cord blood B lymphocytes, but this increase was
not reflected in levels of total Ig by cord blood B lymphocytes stimulated with LPS.
Discrepancies in levels of antibody classes are difficult to interpret, but it may be
that comparisons between the different antibody classes are limited due to the
different capture antibodies used for the ELISA. The different ELISA may have
differing sensitivities for measuring total Ig, IgG and IgM, which would account for
the observed discrepancies.
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The significant effect of LPS on increasing IL-8 levels by cord blood B lymphocytes
has been also reported in neutrophils and monocytes from adult blood (210). There
is also a report of IL-8 secretion by cord blood treated with a ligand of TLR2 (167);
TLR ligands can induce IL-8 secretion by leucocytes in adults and neonates. IL-8 is
a pro-inflammatory cytokine which mainly affects neutrophils (3) and also has an
important role during parturition (3).

When comparing the functions of B lymphocytes from neonates and adults,
proliferation and IL-6 responses were comparable, but antibody responses were
reduced. While cytokine levels can be affected by many other immune cells, the
antibody response is derived entirely from B lymphocytes.

For the neonatal

antibody response, IgM levels were increased by all TLR ligands tested and IgG
levels were enhanced by CpG ODN.

The ability of TLR ligands to enhance

neonatal immune function to adult basal levels, as seen for B lymphocytes in the
results, has been reported in dendritic cells (52, 162).

The second observation was that TLR ligands, especially CpG ODN, increased
functions of B lymphocytes from adult blood and cord blood. Responses of B
lymphocytes to cytokines or CD40 ligation were enhanced further with TLR
ligands (154, 204). CpG ODN stimulated functions of B lymphocytes from adult
blood and cord blood. CpG ODN is a well-known mitogen of B lymphocytes (150)
that induces proliferation (115), upregulates co-stimulatory markers (211), drives
differentiation of B lymphocytes (163) and induces antibody secretion (151). The
stimulatory effect of TLR ligands on B lymphocytes supports them as possible
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candidates for vaccine adjuvants in neonates and adults, particularly CpG ODN
which has produced enhanced antibody responses in vaccine adjuvant trials (172).

The third observation was that functions of tonsil B lymphocytes, excluding IgG
and cytokine secretion, were lower than adult blood B lymphocytes. Proliferative
responses of tonsil B lymphocytes to TLR ligands were limited, but CpG ODN
induced significant proliferation, as reported for tonsil B lymphocytes (206) and
murine splenic B lymphocytes (148, 198). The proliferation rates of B lymphocytes
were significantly lower in tonsils compared to adult blood and cord blood.
However, CpG ODN did induce significant proliferation of tonsil B lymphocytes.
The lack of proliferation by tonsil B lymphocytes in response to TLR ligands may
reflect the particular role B lymphocytes have in tonsils. Tonsil B lymphocytes
undergo maturation upon antigenic exposure to produce a tailored antibody
response, polyclonal stimulation of tonsil B lymphocytes for proliferation may not
be as useful for this role.

Tonsil B lymphocytes secreted IL-6 in response to CpG ODN, but had no response
for IL-8 secretion. Reports show tonsil B lymphocytes, co-stimulated with antiCD40 antibody, secreted IL-6 in response to ligands against TLR2, TLR4, TLR8
and TLR9 (91, 155, 206). In tonsils the adaptive immune effects of IL-6 involve
differentiation of B lymphocytes into IgG-secreting plasma B cells. The results
show that tonsil B lymphocytes did not secrete IL-8 in response to TLR ligands. As
IL-8 has little effect on B lymphocytes it is harder to evaluate the secretion of IL-8
by tonsil B lymphocytes in response to TLR ligands, but production of IL-8 by
tonsil B lymphocytes may induce an inflammatory response upon signs of infection.
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B lymphocytes from tonsils, compared to adult blood, secreted significantly lower
levels of Ig and IgM, and similar levels of IgG. In one study tonsil B lymphocytes
secreted IgG and IgM in response to CpG ODN and CD40 ligand (206). Most
studies were in murine models and showed splenic B lymphocytes secreting various
Ig (198, 212) including IgG (148, 213) and IgM (146, 148, 213) in response to
TLR2, TLR4, TLR2/6, TLR7 and TLR9 ligands. In this study, CL075 induced
tonsil B lymphocytes to secrete significantly increased levels of IgM, but had
insignificant effects on total Ig and IgG. The selective enhancement of IgM by
CL075 in tonsils indicates that IgM secreting B cells are responsive, but classswitched B cells are not either because they lack TLR8 or because down-stream
response elements are switched off.

The similar levels of IgG secreted by B

lymphocytes between blood and tonsils is because tonsils are one site for B
lymphocytes to mature into affinity-enhanced, class-switched, IgG-secreting cells.
TLR engagement of tonsil B lymphocytes may influence cells to secrete antibodies
according to the stage of differentiation, and assist in antibody class-switching.

The last observation was that tonsil B lymphocytes responded poorly to TLR
ligands in most functions tested. Tonsil B lymphocytes were activated with the
appropriate concentrations of TLR ligands, as shown in the results, but they had
minimal effect on B lymphocyte proliferation and secretion of antibodies and
cytokines. An interesting observation was that B lymphocytes were activated, as
indicated by upregulation of CD25 and CD69 expression, after culturing with RF10
media from timepoint zero to 24 hour treatment.

Tonsil B lymphocytes, in response to CL075 and CpG ODN, had statistically
insignificant increases in the expression of co-stimulatory molecules, CD40, CD80
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and CD86.

Published reports confirm increased expression of co-stimulatory

molecules in response to TLR engagement in B lymphocytes from blood (214) and
tonsils (91, 206), and murine splenic B lymphocytes (146, 155). TLR engagement
and subsequent upregulation of co-stimulatory markers prepares tonsil B
lymphocytes for cognate interactions with T lymphocytes.

CD40 expression was absent in tonsil B lymphocytes from tonsil subject four who
suffered chronic tonsillitis.

This lack of CD40 expression by the tonsil B

lymphocytes remained unaffected by treatment with various TLR ligands, which
did upregulate the activation markers.

The lack of CD40 expression by B

lymphocytes has been associated with Hyper-IgM Syndrome, a condition in which
B lymphocytes fail to mature and class-switch from IgM to IgG, and undergo
somatic hypermutation (215). This condition is unlikely in this patient as the cells
are producing comparable levels of IgG and IgM levels are not excessive. The
specific absence of CD40 in this chronic tonsillitis patient is surprising, but a
literature search revealed no reports of an association between an absence of CD40
expression and chronic tonsillitis.

CD21 and CD210 expression was unaffected by TLR ligand treatment of tonsil B
lymphocytes.

Expression of CD21, a complement receptor, by tonsil B

lymphocytes is present, but is not regulated by TLR engagement. Expression of
CD210, the IL-10 receptor, by tonsil B lymphocytes is present, but not regulated by
TLR engagement. As with CD21, the constitutive expression of CD210 by tonsil B
lymphocytes indicates that regulation by TLR engagement may not be required,
and IL-10 can still induce B lymphocytes to differentiate and secrete antibodies
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(209).

The expression of CD21 and CD210 by tonsil B lymphocytes may be

sufficient without further regulation to early signs of infection.

Tonsil B lymphocytes in response to CL075 and CpG ODN increased antibody
levels and expression of co-stimulatory molecules. These enhanced functions are
consistent with the role of lymphoid tissue as a site for B lymphocytes to mature
and develop a specific, adaptive, humoral response. As the results show, some TLR
ligands have the capacity to assist B lymphocyte adaptive responses in tonsils.

The functions of B lymphocytes in response to TLR ligands were mostly reduced in
neonates compared to adults. Although the responses of neonatal B lymphocytes
were improved by TLR ligands, they only reached the basal levels of adult blood B
lymphocytes; neonatal B lymphocyte function rarely reached the ligand-treated
levels of adult B lymphocytes. Chapter Four demonstrated similar patterns of TLR
expression by B lymphocytes from cord blood and adult blood, but the reduced
function of neonatal B lymphocytes may be due to impaired TLR signalling
reported previously in neonatal leucocytes (167). Nonetheless, the function of B
lymphocytes from neonates was still noticeably enhanced by TLR ligands,
particularly by CpG ODN. The most interesting observation was the increased IgG
secretion by cord blood B lymphocytes after treatment with CpG ODN. This
demonstrates that CpG may induce adaptive responses from neonates, especially as
CpG ODN induces B lymphocytes to secrete IgG (151) and enhances the antibody
response of adults during vaccination (172). Neonatal B2 B cells secrete minimal
IgG, but CpG ODN may have overcome this intrinsic defect to instigate the cells to
secrete IgG.

This ability of CpG ODN requires further investigation and has

implications for developing effective neonatal vaccines.
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As previously discussed (Refer Chapter One, Section 1.3.3), TLR differ in their cell
locations according to the microbial nature of their ligands, extracellular TLR
recognise bacteria and intracellular TLR recognise viruses. Most TLR expression
studies using flow cytometry directly examine the expected location of TLR, for
example staining for surface expression of TLR2 or TLR4 and intracellular
expression for TLR3 or TLR9. Chapters Three and Four examined extracellular
and intracellular expression of TLR, and most TLR tested had expression patterns
that were consistent with published studies, such as dim extracellular expression
and bright intracellular expression of TLR9. However, the results in Chapter Four
showed that B lymphocytes expressed TLR8 at high levels on the surface and low
levels inside cells.

As this particular result differs from the literature which

describes TLR8 as an intracellular receptor (82), further investigations into TLR8
expression by B lymphocytes were done.

Despite TLR8 being considered an internal marker, there is little evidence in the
literature to support this and the impression of TLR8 as an internal marker may be
due to inferences from several studies. TLR7, TLR8 and TLR9 were identified
using genomic sequencing, and due to their high homology they were
phylogenetically classified as a TLR sub-family (64, 216). TLR7 and TLR8 bind to

~ 185 ~

Investigations into TLR8 Expression

single-stranded RNA (217) and TLR9 binds to CpG ODN (115), and these ligands
require endosomal uptake (150, 218). TLR7, TLR8 and TLR9 require endosomal
maturation for activity (219-220), but one report states that TLR8 does not require
endosomal maturation (219). Intracellular expression of TLR7 (221) and TLR9
(88, 195) was detected, but until recently no TLR8 expression studies were
available. For TLR8, a chimera created with the TLR4 ectodomain and TLR8
cytoplasmic domain was transfected into leucocytes and its expression indicated
that it may be an internal marker (203).

There is only one recent study (82)

demonstrating intracellular expression of TLR8, but this study did not block any
surface expression of TLR8 prior to intracellular labelling. Unlike TLR7 or TLR9,
there was insufficient literature to clearly state TLR8 was mainly expressed
internally. The phylogenetic classification of TLR8 with TLR7 and TLR9, coupled
with the possible requirement of endosomal maturation for TLR8 activity, seemed
to indicate that TLR8 was an internal marker.

The new finding in Chapter Four indicates that TLR8 is a surface marker on B
lymphocytes and not an internal marker. This is supported by one report of surface
TLR8 expression by regulatory T lymphocytes (89).

TLR8 may actually be

expressed on cell surfaces before being internalised with its ligand for endosomal
maturation and immune responses. In light of this new finding, the experimental
result required validation before drawing any final conclusions about TLR8
expression. Confirmation of surface TLR8 expression with independent antibodies
was not possible as other anti-TLR8 monoclonal antibodies bind to the same
antigenic peptide of TLR8. The following studies were done to examine surface
expression of TLR8:
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Viability of B lymphocytes was assessed: integrity of the cell membrane was
examined to ensure TLR8 antibody was not entering the cell.
TLR8 expression was examined with indirect immunofluorescence labelling: to
ensure PE dye was not binding non-specifically to B lymphocytes.
PE-conjugated TLR8 antibody was tested: its effectiveness in labelling was assessed
through competitive binding with an unconjugated TLR8 antibody.
Spectrophotometric absorption and emission of CL075: CL075, a ligand for TLR8,
may have fluorescent properties as it contains aromatic rings in its chemical
structure. (Figure 6.1)
Cell culture studies with CL075: to examine the localisation of CL075, a potentially
fluorescent TLR8 ligand, on the surface of leucocytes.

NH2
N

N

S

Figure 6.1 Chemical Structure of CL075
CL075, a thiazoloquinolone derivative, is a ligand for TLR8. Its chemical formula
is C13H13N3S and molecular weight is 243.33 Daltons.
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6.2

M A TER IALS AND M E THOD S

Most buffers and reagents used are listed in Chapter Two, but additional reagents
and protocols for Chapter Six are listed here.

6.2.1 Monoclonal Antibodies and Immunofluorescence Staining
Reagents
Table 6.1 lists additional immunofluorescence staining reagents.

Table 6.1 Immunofluorescence Staining Commercial Reagents
Reagent

Company

Cat. No.

CD19 – FITC conjugated (Mouse IgG1
isotype; Clone HIB19)

BD Pharmingen

555412

7-amino-actinomycin D (7AAD)

BD Pharmingen

559925

Annexin V – FITC conjugated

BD Pharmingen

556419

Cytochrome C – FITC conjugated
(Mouse IgG1 isotype)

eBioscience

11-6601

4’,6-diamidino-2-phenylindole (DAPI)

Sigma Aldrich Inc.

32670

6.2.2 Immunofluorescence Labelling for Flow Cytometry
Viability of B lymphocytes before and after permeabilisation was tested with two
markers, Annexin V is a marker for apoptosis and 7AAD is a marker for cell
viability. Mononuclear leucocytes from adult blood were not permeabilised or
permeabilised, then stained for extracellular and intracellular expression of TLR8
and TLR9 using PE-conjugated antibodies (Refer Chapter Two, Sections 2.13.1 and
2.13.2). Mononuclear leucocytes were incubated with either Annexin V for 15
minutes, or 7AAD added just prior, then the cells were read on FACSCalibur. For
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flow cytometric studies, viable lymphocytes were selected by gating on forward and
side scatter parameters.

The detection reagents for indirect labelling of TLR8 and TLR9 on lymphocytes
were SA-PE and SA-AF647. Adult blood mononuclear leucocytes were labelled
with indirect immunofluorescence protocol (Refer Chapter Two, Section 2.13.2).

For competitive TLR8 staining on B lymphocytes, adult blood mononuclear
leucocytes were incubated with unconjugated x63 or TLR8 antibodies, washed
twice, incubated with PE-conjugated TLR8 antibody and washed twice. The x63
antibody is a negative control for IgG1 isotype antibodies. The cells were also
stained for TLR8 expression using direct PE-conjugated antibodies and indirect
immunofluorescence labelling.

6.2.3 Spectrophotometric Analysis of CL075
Spectrophotometric analysis determined the absorption and emission properties of
CL075 and adult blood mononuclear leucocytes in RF10. The samples analysed
were sterile, distilled water for the blank, CL075 dissolved in water at 10-5 M, and
mononuclear leucocytes suspended in RF10 at 1 x 106 cells/mL. For the UVvisible absorption spectra of CL075 and cell culture were determined with the
CARY 300 UV-Vis Spectrophotometer (Varian Inc.).

Samples were tested in

matched 1.0 cm path length quartz cells over the wavelength range 200 to 600 nm
at 1 nm intervals, with a scan rate of 600 nm/min. The fluorescence of CL075 and
cell culture in response to excitation by CL075 absorption bands were measured by
the LS50B Fluorescence Spectrometer (PerkinElmer Inc.). Samples were tested in
matched 1.0 cm path length quartz cells over the wavelength range 290 to 600 nm
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with excitation and emission slit widths of 10 nm each, by means of a 1%
transmittance emission filter, scanning occurred at 0.5 nm intervals, with a scan rate
of 200 nm/min. Dr Sally Plush, University of South Australia, provided expert
assistance for these experiments.

6.2.4 Immunofluorescence Microscopy
Immunofluorescence microscopy studies on B lymphocytes and CL075 using Leica
SP5 spectral scanning confocal microscope (Adelaide Microscopy). The protocol
was as follows:
•

Suspend mononuclear leucocytes to 1 x 107 cells/mL in warm RF10 and
add 106 cells per well to 3 wells in a 12-well tissue culture plate. Add CL075
to third well for a final concentration of 10μM, and add RF10 to all wells for
final volume of 1 mL.

•

Incubate plate at 37ºC in 5% CO2 incubator for 2 hours, then harvest cells
using a rubber policeman and wash cells once.

•

Transfer cells from each well to separate tubes for immunofluorescence
staining with FITC-conjuated CD19 antibody (Refer Chapter Two, Section
2.13.1). Add DAPI stain for one minute, then wash cells twice.

•

Drain excess supernatant, add 10 μL Glycerol (Sigma Aldrich Inc.;
catalogue no. G8773), resuspend cells, transfer cells to glass slides and
mount coverslips.

•

Capture images with confocal microscope and examine localisation of
CL075 in B lymphocytes.
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6.3

R ESUL TS

6.3.1 Viability of B Lymphocytes
TLR8 was detected on non-permeabilised B lymphocytes.

In permeabilised B

lymphocytes, high non-specific binding precluded a conclusion for TLR8
expression. TLR9 was detected at low levels on non-permeabilised B lymphocytes
and at high levels in permeabilised B lymphocytes. CD45RO was detected on a
proportion of non-permeabilised T lymphocytes, and it was detected in a larger
proportion of permeabilised T lymphocytes. Cytochrome C was not detected on
non-permeabilised B lymphocytes, and detected at high levels in permeabilised B
lymphocytes.

Annexin V was detected at extremely low levels on non-

permeabilised and permeabilised B lymphocytes. 7AAD was detected at extremely
low levels in non-permeabilised lymphocytes, and detected in almost all
permeabilised mononuclear leucocytes. (Figures 6.2 and 6.3)

6.3.2 TLR8 Indirect Labelling of Lymphocytes
Surface TLR8 on B lymphocytes was not detected using SA-AF647, and for SA-PE
high non-specific binding precluded a conclusion. Surface TLR9 was detected on B
lymphocytes with both SA-PE and SA-AF647. Surface TLR8 and TLR9 on T
lymphocytes were not detected with SA-PE or SA-AF647. (Figure 6.4 and 6.5)

6.3.3 Competitive TLR8 Antibody Labelling
TLR8 surface expression by B lymphocytes was detected with PE-conjugated TLR8
antibody, but not with the indirect immunofluorescence labelling with
unconjugated TLR8 antibody. For competitive binding of PE-conjugated TLR8
antibody, there was a reduction in TLR8 staining in two subjects when comparing
addition of x63 to unconjugated TLR8 antibody. (Figures 6.6 and 6.7)
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Figure 6.2 Viability of B Lymphocytes
Expression of molecules by non-permeabilised (N-Perm) and permeabilised
(Perm) cells from adult blood. Detected A. IgG1 isotype, B. TLR8, C. IgG2a
isotype and D. TLR9 by B lymphocytes; E. CD45RO expression of T
lymphocytes; F. Cytochrome C and G. Annexin V by B lymphocytes; and H.
7AAD by lymphocytes. Results from three experiments. ^ = < 1%
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Figure 6.3 Viability of B Lymphocytes
Representative example (Donor 1) of molecule expression by non-permeabilised
(N-Perm) and permeabilised (Perm) cells from adult blood. Molecules detected
are A. IgG1 isotype, B. TLR8, C. IgG2a isotype and D. TLR9 by B lymphocytes;
E. CD45RO expression of T lymphocytes; F. Cytochrome C and G. Annexin V by
B lymphocytes; and H. 7AAD by lymphocytes.
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Figure 6.4 TLR8 Indirect Labelling of Lymphocytes
Extracellular TLR8 (B, F) and TLR9 (D, H) with matched negative isotype
controls (x63 – A, E; SAL5 – C, G) were detected on B lymphocytes and T
lymphocytes using high-sensitivity three-step immunofluorescence labelling with
fluorescent dyes. Results from three experiments.
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Figure 6.5 TLR8 Indirect Labelling of Lymphocytes
Representative example (Donor 1) of detection of extracellular TLR8 (B, F) and
TLR9 (D, H) with matched negative isotype controls (x63 – A, E; SAL5 – C, G)
on B lymphocytes and T lymphocytes using high-sensitivity three-step
immunofluorescence labelling with fluorescent dyes.
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Figure 6.6 Competitive TLR8 Antibody Labelling
TLR8 expression with negative isotype controls by B lymphocytes was detected
with A. PE-conjugated TLR8 and B. Indirect PE-labelling of TLR8. Competitive
binding of PE-conjugated TLR8 antibody was assessed with C. Unconjugated
x63 and TLR8 antibodies. Results from three experiments.

~ 196 ~

Investigations into TLR8 Expression

101

102

103

104

100

101

IgG1

102

103

Donor 4
MFI = 5.83

Counts

Donor 4
MFI = 7.77

Counts

Counts

Donor 4
MFI = 5.14

100

B. Indirect SA-PE TLR8 Expression

Direct PE TLR8 Expression

100

104

101

TLR8

102

103

Donor 4
MFI = 6.79

Counts

A.

104

100

101

102

x63

103

TLR8

100

101

102

Donor 4

103

104

Control MFI = 6.38
TLR8 MFI = 8.43

Counts

Counts

Control MFI = 8.35
TLR8 MFI = 5.33

100

101

102

103

Donor 5

104

Counts

C. Competitive TLR8 Expression

100

Control MFI = 11.65
TLR8 MFI = 10.09

101

102

103

104

Donor 6

Figure 6.7 Competitive TLR8 Antibody Labelling
Representative example of TLR8 expression with negative isotype controls by B
lymphocytes detected with A. PE-conjugated TLR8 and B. Indirect PE-labelling
of TLR8. Competitive binding of PE-conjugated TLR8 antibody was assessed
with C. Unconjugated x63 and TLR8 antibodies (x63 antibody = black, TLR8
antibody = red).
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Spectrophotometric Absorption and Emission of CLO75
Four absorption bands for CL075 were recorded at 236, 253, 323 and 337 nm. Five
absorption bands for cell culture in RF10 were recorded at 202, 212-216, 222, 236
and 280 nm. (Figure 6.8)

When CL075 was excited at 236, 253, 323 or 337 nm, large emission signals were
detected, the largest emission maxima resulted from excitation at 236 nm.
Emission properties of cell culture in RF10 when excited at 236, 253, 323 or 337 nm
had appreciably lower quantum yield when compared with excitation of CL075 at
236 and 253 nm. (Figure 6.9)

6.3.4 Immunofluorescence Microscopy of Leucocyte Culture with
CL075
Though B lymphocytes were identified, there were no fluorescent signals by CL075
in response to immunofluorescence imaging. (Figure 6.10)

6.4

D ISCUSSION

The surface expression of TLR8 on B lymphocytes from Chapter Four results was
unexpected as the literature indicates that TLR8 is an internal receptor. In the
introduction, the literature on internal TLR8 expression was examined and found
to be lacking. It is conjecture on the basis of the relationship of TLR8 to TLR7 and
TLR9 (64, 216), internal expression of TLR7 and TLR9 (88, 221), and possible
endosomal maturation required for TLR8 activity (219-220).

TLR8 expression

from Chapters Three and Four shows low level expression inside T lymphocytes
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Figure 6.8 Spectrophotometric Absorption of CL075 and Cell Culture
Absorption bands of A. CL075 and B. Cell culture in RF10 media.
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Figure 6.9 Spectrophotometric Emission of CL075 and Cell Culture
Emission spectra of A. CL075 and B. Cell culture in RF10 media upon excitation
with CL075 excitation wavelengths; 236 nm, 235 nm, 323 nm and 337 nm.
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DAPI

CD19

Merge

Figure 6.10 Immunofluorescence Microscopy of Leucocyte Culture with CL075
Confocal images of PBMC treated with CL075 and labelled with DAPI and FITCconjugated CD19. Merged image shows CD19+ leucocytes. CL075 did not emit
any detected fluorescent signals. Magnification x 100. Scale bar = 10 μm.

and B lymphocytes, but surface expression of TLR8 is greater. The result of surface
TLR8 expression needed to be verified with further experimentation to ensure the
validity of the observation.

The surface TLR8 expression result could not be confirmed with another anti-TLR8
monoclonal antibody. There were no appropriate monoclonal antibodies available
and polyclonal antibodies were not acceptable due to their potential lack of
specificity. The Imgenex antibody used in the TLR phenotyping studies was a
mouse anti-human TLR8 monoclonal antibody, clone 44C143, developed against a
synthetic peptide of human TLR8 within amino acids 750-850. Four anti-TLR8
monoclonal antibodies of different clones were identified from three companies, but
were not suitable because they were all raised against the same synthetic peptide of
TLR8 as Imgenex clone 44C143.

As the result could not be confirmed

independently, the Imgenex anti-TLR8 antibody binding was examined further.

The lower intracellular expression of TLR8 by lymphocytes compared to the
surface TLR8 expression was unexpected. A possible explanation is the anti-TLR8
antibody is internalised by cells, the antibody is damaged by proteolysis in
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endosomes and therefore has reduced detection of intracellular TLR8. However,
bright internal expression of TLR3 and TLR9 by lymphocytes has been detected.

Irrespective of intracellular expression of TLR8, bright surface expression of TLR8
was observed.

Cell viability of B lymphocytes was examined to ensure that the integrity of the cell
membrane was maintained and that the surface expression of TLR8 was not due to
antibodies detecting intracellular TLR8.

TLR8 and TLR9 expression by B

lymphocytes, detected with PE-conjugated antibodies, were consistent with the
results of Chapter Four. Cytochrome C, an intracellular protein (222), was detected
internally with no detection on non-permeabilised cells. CD45RO expression was
measured on T lymphocytes as they were part of the mononuclear leucocytes
fraction and underwent identical conditions to B lymphocytes which don’t express
CD45RO. CD45RO expression, an extracellular marker, was detected on nonpermeabilised and permeabilised T lymphocytes. An explanation for the greater
presence of CD45RO on permeabilised cells is that extracellular and intracellular
CD45RO was detected on permeabilised cells, whereas only extracellular staining is
detected on non -permeabilised cells.

Apoptosis and membrane integrity of non-permeabilised and permeabilised cells
was examined by expression of Annexin V, a marker of apoptosis, and 7AAD,
which binds to DNA and is therefore a marker of membrane permeability. The
gating strategy excludes apoptotic cells with FSClo SSChi scatter, and viability of
gated lymphocytes was examined. Very low levels of Annexin V were expressed by
non-permeabilised and permeabilised B lymphocytes, indicating that B lymphocytes
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within the lymphocyte gate have minimal apoptosis. Cells outside the gate would
include apoptotic cells, but the analysis of TLR8 expression was based on the same
gating strategy. The membrane integrity of non-permeabilised lymphocytes was
excellent, as shown by the low level of 7AAD staining. Finally, no cytochrome C
was detected on the non-permeabilised cells.

These experiments rule out the

possibility that TLR8 detection on non-permeabilised cells was because the
antibody could enter the cells and stain intracellular TLR8.

Another possibility for the surface staining of TLR8 was that PE dye may be
binding non-specifically. Unconjugated TLR8 antibody, the same clone as the PEconjugated antibody, was used for indirect immunofluorescence labelling. Surface
expression of TLR8 was not detected on B lymphocytes or T lymphocytes. Surface
TLR9 expression was detected with indirect immunofluorescence labelling with
both fluorescent dyes. The PE conjugation of TLR8 antibody may result in greater
adherence to cells as the process of PE conjugation may affect the antibody
structure and binding. Another problem is that the negative isotype control, x63
antibody, has high levels of binding to B lymphocytes, thereby affecting the
interpretation of TLR8 binding to B lymphocytes. The high levels of binding may
be due to Fc receptors present on B lymphocytes; inclusion of human sera in the
experiments to block Fc receptors may have mitigated the non-specific binding. It
is not possible to interpret whether the PE dye is binding non-specifically to B
lymphocytes due to the inconclusive results of this experiment.

The PE-conjugated TLR8 antibody may be binding non-specifically to other cell
surface proteins and not binding specifically to TLR8. Therefore the specificity of
PE-conjugated TLR8 antibody binding was tested through competitive binding with
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either unconjugated TLR8 antibody or x63 antibody. The unconjugated TLR8
antibody, unlike the x63 antibody, will block binding of the PE-conjugated TLR8
antibody. This was seen in two out of three subjects tested, but one subject did not
have inhibited TLR8 expression after addition of unconjugated TLR8 antibody.
There is some evidence that PE-conjugated TLR8 antibody binds to TLR8 on the
surface of B lymphocytes, but as this was not consistently observed for all subjects
tested, no definite conclusions can be made.

Another alternative is cell culture studies to examine co-localisation of TLR8 with
its ligand on cell surfaces by using fluorescently-conjugated TLR8 ligands. The
commercial unavailability of fluorescently-conjugated ligands of TLR8 led to
investigations of the fluorescent properties of CL075, the TLR8 ligand used in
Chapter Five.

The absorption bands of CL075 and cell culture in RF10 were determined and
CL075 had some bands that did not overlap with absorption bands of cell cultures
in RF10. Excitation of CL075 in cell cultures resulted in emission of a bright
fluorescent signal with minimal interference by the cell culture or RF10. This
permits studies into localisation of CL075 in B lymphocytes using fluorescence
microscopy to determine whether CL075 can bind to TLR8 with subsequent
internalisation. Initial studies with confocal microscopy were not successful as no
lasers had the appropriate wavelengths for excitation of CL075. With the confocal
microscope the laser with the shortest wavelength was 405 nm and the longest
wavelength for exciting CL075 was 337 nm. Though the excitation and emission
spectra of CL075 was determined, the lack of appropriate technology precluded
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investigations into CL075 interactions with B lymphocytes. Lasers with shorter
wavelengths are required for fluorescent studies using CL075.

The verification of external TLR8 expression requires investigations which were not
possible due to the constraints of time, so potential experiments are discussed
further. The use of labelled TLR8 ligands would be very useful to clarify the site
and function of TLR8, as described earlier for CL075. Using confocal microscopy,
co-localisation studies with an effective anti-TLR8 antibody will reveal whether
TLR8 binds to its ligand on the cell surface of B lymphocytes which is then
internalised for endosomal maturation to instigate TLR8 activation.

Another

option for investigation is to extract cell membranes of purified B lymphocytes and
probe for TLR8 expression in the membrane preparation, although purity is
important to ensure there is little contamination with intracellular proteins. Other
experimental avenues are available to support or refute the observation of external
TLR8 expression on B lymphocytes, but additional time and resources are required.

If the surface expression of TLR8 is confirmed, the functionality of the receptor
would be of interest. Endosomal maturation is required for TLR8 activity (220)
which indicates any surface TLR8 which is engaged with its ligand would have to
be internalised for activity. Confocal microscopy studies examining engagement of
surface TLR8 and possible internalisation would be useful. Further cell culture
studies examining any functional responses of TLR8 would clarify the functionality
of surface TLR8 expression.

The surface expression of TLR8 detected on B lymphocytes was observed because
of simultaneous examination of extracellular and intracellular TLR studies.
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Although the results of the Imgenex PE-conjugated anti-TLR8 antibody were
inconclusive, further analysis showed non-permeabilised B lymphocytes were viable
with no aberrant rearrangement of external and internal molecules.

Although

further studies are required, this study demonstrated surface expression of TLR8 on
B lymphocytes. Surface TLR8 expression indicates that TLR expression is more
flexible than previously realised and that variable cellular locations of TLR may be
a regulatory mechanism of immune responses.
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G ENERAL D ISCUSSION

7.1

D ISCUSSION

TLR expression and function by lymphocytes was compared between adults,
neonates and secondary lymphoid tissue. With the immaturity of the neonatal
acquired immune system and the innate role of TLR, it was hypothesised that TLR
expression and function would be greater in neonates compared to adults. The
hypothesis was negated by the results. TLR expression by cord blood and adult
blood lymphocytes was similar, and responses of B lymphocytes to TLR ligands
were not greater in cord blood compared to adult blood. The second hypothesis
tested was that early lineage B cells express higher levels of TLR than mature,
differentiated, B cells. This hypothesis was also negated by the results. Levels of
TLR expression in blood and tonsils were similar between subsets of B
lymphocytes, excluding the GC B cell subset from tonsils.

These two hypotheses were tested to see if the immaturity of the neonatal acquired
immune response was in some way compensated for by an enhanced response to
TLR. The results negated the hypotheses, but showed clearly that neonatal
lymphocytes express TLR and are able to respond to TLR ligands, observations
with important implications for vaccination of neonates.

T lymphocytes and B lymphocytes from adult blood and cord blood expressed
several TLR. When particular TLR are present, it is expected that TLR function
will correlate with expression. The functions of B lymphocytes from adult blood
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and cord blood were examined after treatment with ligands of TLR3, TLR4, TLR8
and TLR9. B lymphocytes proliferated in response to TLR ligands, but the effects
on downstream functions were less.

Several factors may contribute to the

discrepancy between TLR expression and the poor downstream functions of TLRengaged B lymphocytes. Different ligands to the same TLR can produce differing
responses (Refer Chp 1, Section 1.3.4); TLR9 discriminates between CpG ODN A
and CpG ODN B, and produces different patterns of cytokines (106). Cell types
may affect TLR responses; as cord blood B lymphocytes are predominantly IgM
secreting B1 B cells, TLR-engaged B lymphocytes from cord blood secreted
minimal IgG. Recognition of ligands by TLR is necessary for responses; for some
ligands, recognition requires the TLR to form a heterodimer with another cellular
receptor. As an example, LPS is recognised by TLR4/MD-2 heterodimer, without
MD-2 there are minimal response to LPS (200). For neonates, poor TLR signalling
in neonatal leucocytes (167, 169) may

explain the discrepancy between TLR

expression and downstream function in neonatal B lymphocytes.

Correlation

between TLR expression and TLR function can not be assumed; several factors are
involved in TLR functionality.

TLR expression by T lymphocytes and B lymphocytes was similar between adult
blood and cord blood demonstrating that neonates can detect infection; the first step
to counter infection. T blasts expressed almost all tested TLR, compared to T cells
with fewer TLR, which suggests they can respond vigorously to a variety of
infectious agents.

Unlike the development of TCR and Ig expression by

lymphocytes, germ-line encoding of TLR makes innate TLR expression by neonatal
lymphocytes possible.

As discussed in Chapter Four, if neonates have partial

immune function coupled with TLR expression, this will help mitigate the
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vulnerability of neonates to infectious diseases.

TLR ligation induces T

lymphocytes (23, 84) and mononuclear leucocytes (5, 160) from cord blood to
secrete moderate levels of pro-inflammatory cytokines. TLR ligands can shift the
neonatal bias of TH2 immune responses towards TH1 responses (176) and increase
activity of neonatal TC cells (23, 176). In adults, TLR-engaged T lymphocytes
instigate inflammatory response, destruction of infected cells and regulation of
adaptive responses. Likewise, TLR ligands can boost the impaired response of
neonatal T lymphocytes against infection via induction of the inflammatory
response, shifting neonatal TH2 polarisation and TC activity. This enhancement of
neonatal T lymphocyte activity contributes to the critical role of T lymphocytes in
cell-mediated and humoral immune defences.

The expression of TLR by neonatal lymphocytes adds to the particular immune
features that neonates possess, including sensitivity of their B lymphocytes to very
low levels of antigens (32) and elevated surface expression of IgM and IgD (31).
The proliferative response of B lymphocytes to TLR ligands was similar between
adults and neonates; therefore neonatal B lymphocytes recognise infection, are
activated and proliferate. For antibody functions, neonates have lower titres of total
Ig and IgG which may lead to reduced antibody-mediated elimination of infection.
IgG titres in neonates are limited for several reasons including reduced expression
of co-stimulatory molecules by neonatal B lymphocytes, immaturity of T
lymphocytes and DC, and lack of GC in secondary lymphoid tissue (34). Neonatal
B lymphocytes, in response to all TLR ligands tested, secreted IgM; IgM has high
avidity which can partially compensate for the low affinity binding. The high levels
of IgM provide the neonate with an “emergency” response to neutralise infection.
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Though neonates lack the mature IgG response, the sensitivity of neonatal B
lymphocytes to TLR ligands offers some antibody protection with high IgM titres.

Neonatal B lymphocytes, compared to adult B lymphocytes, secreted similar levels
of IL-6 and higher levels of IL-8. Though B lymphocytes are not the main cytokine
secreting cells, they can influence their micro-environment. Murine neonatal B1 B
cells, upon TLR engagement, secrete IL-10 which prevents DC from polarising to
TH1 immune responses and limits IL-12 production (164-165). IL-6 secretion by
TLR-engaged neonatal macrophages enhances antibody secretion by neonatal B
lymphocytes in response to T-I antigens (6). Cytokine secretion by neonatal B
lymphocytes upon TLR ligation affects the microenvironment and modulates
immune responses.

For secondary lymphoid tissue, tonsil B lymphocytes expressed fewer TLR and
TLR ligands had less effect on cell function compared to adult blood B
lymphocytes. In response to most TLR ligands, tonsil B lymphocytes did not
proliferate and low levels of antibodies and cytokines were secreted.

This

discrepancy between TLR expression and poor TLR functionality is puzzling. TLR
ligands are reported to have some effect on tonsil B lymphocytes; TLR-engaged
tonsil B lymphocytes upregulate expression of CXCR5 and CD77 which assist in
GC formation (94), several co-stimulatory molecules (206), and TLR signalling may
be the third signal required for cognate interactions between B lymphocyte and TH
cells (157-158). However, these reports do not reflect the tested responses in this
study.

One suggestion is that, as secondary lymphoid tissue is the site for

maturation of B lymphocytes, the environment may not be conducive for B
lymphocytes to respond to TLR ligands. In lymphoid tissue T-D immune reactions

~ 210 ~

General Discussion

occur; B lymphocyte responses to T-I antigens, which include several TLR ligands,
may not be critical in this location. If so, B lymphocytes may respond to TLR
ligation in a different manner, most likely features of T-D immunity will be
increased.

GC B cells expressed TLR at different levels compared to other B cell subsets of
tonsils; thus the differentiation of tonsil B lymphocytes affects TLR expression. As
discussed in Chapter Four, this result adds to suggestions that TLR may be a third
signal required for B lymphocyte interactions with T-D antigens (157-158). Despite
reports of statistically unverified upregulation of co-stimulatory molecules by TLRengaged B lymphocytes (91, 155, 206), the results did not show significant
upregulation of CD40, CD80 and CD86 by tonsil B lymphocytes in response to
most TLR ligands. It may be that TLR-engaged B lymphocytes in tonsils also
require other signals for upregulation of co-stimulatory molecules, which can then
facilitate cognate interactions.

GC B cells expressed higher levels of TLR9

compared to other B cell subsets, and tonsil B lymphocytes did proliferate and
secrete high levels of antibodies and cytokines in response to CpG ODN. The
results suggest that TLR9 and CpG ODN affect functions of B lymphocytes in
tonsils.

TLR recognition of infection by B lymphocytes will induce a rapid, polyclonal
antibody-mediated, early defence.

TLR engagement induces differentiation of

naive, B1 and marginal zone B cell subsets into plasma B cells for an antibody
response (148, 153). B cell subsets respond differently to TLR engagement; low
affinity IgM is secreted by naive B cells (153, 205), and high affinity IgG is secreted
by marginal zone splenic B cells (198) and memory B cells (212). Murine studies
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reveal that marginal zone B cells upregulate CD86 expression to TLR ligands (155)
and GC B cells have greater levels of proliferation and higher expression of TLR
signalling proteins compared to splenic B cell subsets (199).

Sources of B

lymphocytes also affect TLR responses; as seen in the results, B lymphocytes from
blood have a higher antibody response compared to tonsil B lymphocytes. TLRengaged B lymphocytes will participate in T-I and T-D antigen responses depending
on the B cell subset and the particular TLR signalling pathway.

CpG ODN is a potent mitogen of B lymphocytes (115), the proliferative and
antibody responses of blood and tonsil B lymphocytes to CpG ODN is supported by
the literature (154, 204, 206). A particularly interesting result was that purified cord
blood B lymphocytes secreted high levels of IgG in response to CpG ODN. B1 B
cells do not antibody class-switch to IgG (25); therefore it is likely that cord blood
B2 B cells switched from IgM to IgG, with no cognate interactions with T
lymphocytes and DC, in response to CpG ODN. There is some evidence in the
literature linking TLR9 signalling to antibody class-switch recombination. CpG
ODN and IL-10 stimulate naive B cells to trigger early T-I antibody class-switch
recombination to IgG, and additional IgG secretion requires BCR and B cell
activating factor signals (156). Expression of AID and Blimp-1, genes for somatic
hypermutation and class-switch recombination, increased in cord blood B
lymphocytes treated with CpG ODN (156, 163).

CpG ODN can act on B

lymphocytes, either solely or as a co-stimulatory signal, and increase proliferation,
expression of co-stimulatory molecules (CD40, CD80, CD86 and HLA-DR),
secretion of antibodies and cytokines (IL-6, IL-10, TNF-α and IL-12), and
terminally differentiate to plasma cells (153, 155, 163, 197, 206). B lymphocytes,
stimulated by CpG ODN, can modulate immune responses; as an APC, B
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lymphocytes stimulate T lymphocytes to proliferate and secrete IFN-γ (153, 197).
CpG ODN has extensive effects on the innate and adaptive roles of B lymphocytes;
it interacts with the T-I and T-D antigens and can influence immune responses.
The broad range of functions which CpG ODN has makes it a strong candidate as a
vaccine adjuvant.

TLR ligands have potential as vaccine adjuvants; the Yellow Fever vaccine, in use
for 65 years, activates DC via TLR2, TLR7, TLR8 and TLR9 to produce a broad
range of immune responses (144). Human (157) and murine (158) studies report
that TLR engagement on B lymphocytes is the third signal required for T-D
antibody responses. This is disputed by studies showing MyD88 knock-out mice
with robust IgG responses (178, 199, 223), but another study with MyD88 knockout mice showed that though germinal centres formed, and class-switch
recombination and somatic hypermutation occurred, the long-term antibody
responses with plasma cell differentiation did not develop (170). Nonetheless, TLR
ligands as adjuvants in murine models induced germinal centre formation,
selectively primed antigen-specific memory B cells, and induced proliferation of
antigen-specific B lymphocytes and elevated titres of IgG, IgG2a and IgG2b (146,
171, 174, 223). Some vaccine studies trialling CpG ODN as an adjuvant show
increased IgG titres and affinity (172), and increased proliferation and cytotoxicity
of antigen-specific TC (224). The broad immune effects which TLR exert contribute
to vaccine immunisation; TLR assist the development of a robust antibody
response, instigate inflammation, prime the immune system, and skew DC to TH1
bias. There is strong evidence to support TLR ligands as vaccine adjuvants, but
further research is needed to clarify contradictions in the literature.
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Neonates and infants undergo repeated vaccinations to compensate for their poor
immunological memory to vaccine immunogens.

Adjuvants that can enhance

neonatal immunity would reduce the pressure on the vaccination regimen in early
life.

In neonates, TLR ligands, separately or synergistically, induce DC and

monocytes to produce IL-12 and TNF-α, and upregulate expression of costimulatory molecules (52, 161-162). This encourages neonatal APC to overcome
their anti-inflammatory bias and skew towards the TH1 paradigm. However, use of
TLR ligands needs to account for peculiarities in neonatal immunity. TLR ligation
of neonatal murine B1 B cells induces high levels of IL-10 which limits DC from
producing IL-12 and encourages a TH2 bias (164-165). Antibody production by
neonatal murine B lymphocytes is impeded by high levels of IL-10, though this can
be partially countered by IL-6 from LPS-engaged B lymphocytes (6). Neonatal
vaccines can benefit from TLR ligands; Hepatitis B vaccination with CpG ODN in
neonatal mice produced TH1 responses with high titres of IgG1 and IgG2a (176),
TB vaccination with a TLR9 ligand in neonatal mice induced an inflammatory
response with TH1 bias and maturation of antigen-specific DC, and TLR ligands
enhanced human neonatal TC cell cytotoxic activity (23). TLR ligands enhance
several aspects of the neonatal immune system and accelerate immune
development; exploiting this ability may reduce the immune vulnerability of
neonates. The long-term effects of TLR ligands as adjuvants need to be examined
to avoid the potential of autoimmunity.

Nonetheless, TLR ligands as vaccine

adjuvants are promising and further research is required to complete understanding
of the neonatal immune system.
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The present study contributed to our understanding of the effects of TLR in vaccine
responses by providing direct evidence of TLR protein expression by neonatal cells,
and functional responses through TLR.

This study tested the expression of TLR proteins by non-permeabilised and
permeabilised cells, regardless of expected cellular locations. Most of the results
supported existing literature, for example TLR2 is a surface receptor and TLR3 is
an intracellular receptor.

However, the use of flow cytometry yielded new

observations on the cellular locations of TLR expression. Early on, this approach
bore new information about the surface expression of TLR9 (81, 92, 100). Another
unexpected result was the surface expression of TLR8 by B lymphocytes.

As

discussed in the Introduction of Chapter 6, TLR8 was considered an internal
receptor because of its classification with TLR7 and TLR9, but external TLR8
expression has not been reported in the literature so far. This new observation
indicates that TLR expression may be more flexible than previously thought.
Flexibility of TLR expression may be an immune regulatory mechanism or may
allow adaptability of the host to interact with pathogens under different conditions.
Further work is required to confirm surface TLR8 expression, but this is an
informative result.

It is important to note that unexpected results need to be

considered, even if, and arguably especially if, they differ from accepted dogma.

There are several directions from this study for further investigation. The nature of
IgG produced by CpG ODN-treated cord blood B lymphocytes needs more
research. The isotype, affinity and antigen-specificity of IgG needs to be examined
to determine the effectiveness of the antibody. The IgG needs to bind to infectious
agents and contribute to an effective immune response; non-specific IgG will not
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offer any protection for neonates. Another direction is to study the effects of TLR
ligands on tonsil B lymphocytes. Greater understanding of how TLR can affect
cognate interactions between T lymphocytes and B lymphocytes to produce the
mature antibody response is required.

The question of whether TLR ligands

enhance long-term antibody responses is important for their role as vaccine
adjuvants. The potential role of TLR to induce autoimmune diseases must be
examined.

TLR dysfunction has been implicated in the pathogenesis of

autoimmune diseases in humans (136-137) and mice (135).

TLR ligands as

adjuvants in neonatal vaccines may induce autoimmunity; it is imperative to
investigate the possibility and avoid potentially adverse vaccine sequelae.

In conclusion, neonatal lymphocytes have the ability to recognise pathogens to the
same extent as adult lymphocytes, and TLR ligands increase the functions of
neonatal B lymphocytes.

The enhanced functions of neonatal immunity upon

treatment by TLR ligands strongly support further investigations of TLR ligands as
adjuvants in neonatal vaccines. TLR may reduce immune vulnerability in early life
and provide neonates with partial protection against infectious diseases.
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Abstract
Toll-like receptors (TLRs) are a family of trans-membrane receptors that play an important role in the innate immune system.
Most studies examining the cellular expression of TLRs on immune cells have focussed on neutrophils, monocytes and dendritic
cells, but there is little evidence of TLRs being expressed on lymphocytes. Using 3-colour Xow cytometry, expression of TLR-1, TLR-2,
TLR-3, TLR-4, and TLR-9 on peripheral blood lymphocyte populations was determined. Further examination of TLRs on CD5¡ and
CD5+ CD19+ B cell subsets was performed. The binding of TLR1 and TLR9 antibodies was detected on 15-90% of resting B cells,
but not on resting T-cells. The higher expression of TLR1 and TLR9 on CD5+ B cells compared to CD5¡ B cells may reXect the role
of B1 cells in more primitive, less speciWc antibody responses.
 2005 Elsevier Inc. All rights reserved.
Keywords: Lymphocytes; Toll-like receptors

1. Introduction
Toll-like receptors (TLRs) are a family of trans-membrane receptors responsible for recognition and the initiation of a response to invading microbes by the immune
system [1]. As part of the innate immune system, TLRs
recognise pathogen-associated molecular patterns
(PAMPs), highly conserved components essential to
microbial function [2]. Ten TLRs have been identiWed in
humans with some TLRs able to recognise several
PAMPs [2–4]. Numerous studies have identiWed TLRs
on various immune cells through PCR-based molecular
screening and Xow cytometric analysis (Table 1).
Ligand recognition by TLRs can trigger a host of
responses in both the innate and adaptive immune systems. The importance of TLRs in the adaptive response

*

Corresponding author. Fax: +61 8 8239 0267.
E-mail address: Pallave.Dasari@adelaide.edu.au (P. Dasari).

0008-8749/$ - see front matter  2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.cellimm.2005.08.020

has been suggested in light of observations showing
reduced antibody production in humans and mice with
reduced or deWcient TLR1 and TLR2 expression [5].
Many immune cells can diVerentially regulate TLR
expression when cells are activated with cytokines or TLR
ligands, as observed in stimulated lymphocytes and dendritic cells (DCs) [6–10]. Upon activation, diVerent TLRs
trigger diVerent signalling pathways, leading to a variety
of cellular responses [11]. Engagement of TLRs expressed
on antigen-presenting cells (APCs) including DCs and
macrophages with their ligand(s) will result in chemokine
and cytokine production, increased antigen presentation
and the expression of co-stimulatory molecules [4,11].
These events can initiate an inXammatory reaction
through chemokine secretion and cellular recruitment
[4,11,12]. TLR recognition by DCs can also enhance the
adaptive response that is initiated by DCs presenting antigen to naïve T cells [13]. TLR ligands such as lipopolysaccharide and double-stranded RNA are known to act as
adjuvants, enhancing the adaptive immune response [13].
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TLR engagement mediates the maturation and migration
of DCs to lymph nodes that facilitates interaction with
T lymphocytes [4,14]. DC interactions with naïve T lymphocytes diVerentiate them into TH1 or TH2 lymphocytes
or T regulatory lymphocytes [15].
B lymphocytes can generally be divided into B-1 and
B-2 B cells on the basis of positive or negative expression
of CD5, respectively [16]. B-1 B cells, which appear
before B-2 B cells during embryonic development, are
self-renewing cells that can secrete natural IgM against
many common pathogen-associated carbohydrate antigens [16]. B-1 B cells also secrete IgA in gut mucosa
where their interactions with commensal Xora may be a
mechanism bridging the innate and adaptive immune
responses [17]. B1-B cells are responsive to various antigens, lipopolysaccharide and cytokines [17], but the
response of B-1 B cells to thymus independent antigens
suggests participation in a natural, innate response [18].
TLR expression on B cells can be up regulated when
B cells are activated [7], however, it has not been determined whether this increase is on B-1 or B-2 B cells.
Given the role of B-1 B cells in innate immunity, the
expression of TLR on this subset would be anticipated.
TLR expression by immune cells has mainly been
detected through presence of mRNA using PCR-based
methods (Table 1), but there is less information available
about cell surface expression due to the limited availability of monoclonal antibodies directed against TLRs. The
generation of a number of monoclonal antibodies with
speciWcity for TLRs that were being tested as a part of
the 8th International Workshop on Human Leucocyte
DiVerentiation Antigens (HLDA8), provided us with an
opportunity to conWrm the results of a number of these
earlier PCR-based studies by Xuorescence staining and
Xow cytometry. We therefore set out to examine the cell
surface expression of TLRs on resting T and B lymphocytes from peripheral blood. It also provided an oppor-
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tunity to determine whether TLRs are present on B-1
B cells and to consider the role these receptors may play
in the response of B-1 B cells to bacterial antigens.
We are interested in what TLRs are expressed on the
surface of peripheral blood T and B lymphocytes and as
part of this, we examined whether the TLR+ B cells are
preferentially B-1 cells.

2. Materials and methods
Three healthy adult donors each provided 20 mL of
blood. Peripheral blood mononuclear cells (PBMCs)
were isolated from whole blood by Isopaque-Ficoll density gradient centrifugation (LymphoprepTM, AxisShield, Oslo, Norway), concentrated to 1 £ 107 cells/mL
in PBS/0.02% Sodium Azide (PBS/Azide) and stored on
ice.
The puriWed monoclonal TLR antibodies (Suppliers
clone number; HLDA8 Workshop code given in parentheses) available for study were TLR1 (GD2.F4;
HLDA8 code 80675), TLR2 (TLR2.1; 80676 and
TLR2.3; 80677), TLR3 (TLR3.7; 80678), TLR4
(HTA125; 80679), and TLR9 (eB72-1665; 80680) (eBiosciences, CA, USA).
TLRs were detected by Xow cytometry using a threestep immunoXuorescence technique with mouse monoclonal anti-human TLR antibodies, biotinylated horse
anti-mouse immunoglobulin (H Mbi) (Vector Laboratories, CA, USA) and streptavidin-PeCy5 (SA-QR)
(Sigma-Aldrich, St Louis, USA). TLR expression on
peripheral blood lymphocytes (PBLs) was examined
using a combination of antibodies:
• FITC-anti-CD3 (BD Biosciences, CA, USA), PEanti-CD19 (BD Biosciences, CA, USA) and TLR/
HMbi/SA-QR

Table 1
Literature reports of the detection of TLRs in human immune cells
Cell type

TLRs

PCR

Flow
cytometry

Fluorescent
microscopy

Peripheral blood
Neutrophils
Monocytes
Eosinophils
Basophils
T cells
B cells
NK cells

1, 2, 3, 4, 5, 6, 7, 8, 9, 10
1, 2, 4, 5, 6, 7, 8, 9
1, 4, 6, 7, 9, 10
2, 4
1, 2, 3, 4, 5, 6, 8, 9
1, 2, 4, 6, 7, 9, 10
1, 2, 3, 4, 5, 6, 8, 9

Yes [26,27]
Yes [8,9]
Yes [27,29]
Yes [29]
Yes [6,8,31]
Yes [8]
Yes [8,31]

Yes [28,29]
Yes [9,28–30]
NR
Yes [29]
Yes [6]
Yes [30]
NR

NRa
Yes [30]
NR
NR
NR
NR
NR

Tonsillar B lymphocytes
Macrophages

1, 2, 6, 7, 8, 9, 10
2, 4

Yes [7]
Yes [32]

Yes [25]
Yes [32]

Yes [28]
Yes [28,33]

Dendritic cells
Immature DCs
Mature DCs
Plasmacytoid DCs

1, 2, 3, 4, 6
1, 6
1, 6, 7, 9, 10

Yes [9]
Yes [9]
Yes [7]

Yes [9]
Yes [25]
Yes [25]

NR
NR
NR

a

NR D Not Reported
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• FITC-anti-CD5 (Immunotech, Marseille, France),
PE-anti-CD19 and TLR/HMbi/SA-QR

Table 2
Proportion CD3+ cells that are TLR+ (expressed as percentage)
Donor Negative isotypes and TLRs

PBMCs were aliquoted in 50 L volumes and incubated with TLR monoclonal antibodies or matched isotype controls, X63 and SAL5 [19], on ice for 30 min, then
washed in ice-cold PBS/Azide and pelleted by centrifugation (270g for 5 min at 4 °C). Appropriate tubes had
50 L of 1/50 dilution of HMbi added and incubated
on ice for 30 min before cells were washed and pelleted.
Five microlitres of mouse serum (DakoCytomation,
Glostrup, Denmark) was added to tubes and incubated
on ice for 10 min as a blocking step against non-speciWc
binding. Fifty microlitres of 1/20 dilution of SA-QR and
5 L of the commercial antibodies, PE-anti-CD19,
FITC-anti-CD3 or FITC-anti-CD5 was added to the
appropriate tubes and incubated on ice for 30 min. Cells
were washed, pelleted and resuspended in PBS/Azide for
data acquisition using an FACSCaliburTM (BD Biosciences, CA, USA). Data were analysed using a lymphocyte forward scatter versus side scatter gate using
CellQuestTM software (BD Biosciences, CA, USA).

3. Results
PBLs were identiWed as either T lymphocytes or
B lymphocytes by positive staining with CD3 or CD19
speciWc antibodies, respectively. The B lymphocytes were
further categorised on the basis of CD5 expression into
B-1 (CD5+) cells or B-2 (CD5¡) cells.
The TLR staining of T and B lymphocytes for three
donors are shown in Tables 2 and 3. While expression of
TLRs was not detected in T lymphocytes, as shown in
Table 2, the potential for very low level, or inducible
TLR expression cannot be ruled out. Higher numbers of
B lymphocytes expressing surface TLRs were detected
compared to T lymphocytes. This was particularly evident in the case of TLR1 and TLR9, where increased
numbers of TLR+ cells were observed (Table 3 and

1
2
3

X63 TLR1 TLR2 TLR2 TLR3 TLR4
(80675) (80676) (80677) (80678) (80679)

TLR9
(80680)

NA
0.3
0.4

0.5
0.2
0.2

0.7
0.2
0.2

0.7
0.3
0.3

0.5
0.1
0.2

0.7
0.1
0.2

0.5
0.1
0.2

Table 3
Proportion CD19+ cells that are TLR+ (expressed as percentage)
Donor Negative isotypes and TLRs
X63 SAL5 TLR1 TLR2 TLR2 TLR3 TLR4 TLR9
(80675) (80676) (80677) (80678) (80679) (80680)
1
2
3

7.6 7.7
10.1 11.1
13.1 14.9

84.3
68.2
15.6

13.6
14.4
31.3

9.1
12.8
15.3

8.7
12.0
16.8

7.8
11.6
15.1

51.5
89.9
68.0

Fig. 1). Other TLRs were detected on a small proportion
of B lymphocytes.
Both the B-1 and B-2 lymphocyte subsets express
TLR1 and TLR9 however analysis of B-1 B cells demonstrated brighter staining for TLR expression compared
with B-2 B cells (Fig. 2).

4. Discussion
Surface TLR1 and TLR9 were detected on the majority of resting B lymphocytes, but other TLRs were found
on smaller proportions of resting B lymphocytes. It can
therefore be stated that our analysis of TLR expression
on lymphocytes partially supports observations made in
other studies that have reported detection of TLR encoding mRNA in lymphocytes. In this study TLR expression
was detected in B lymphocytes, but not T lymphocytes.
This does not mean that TLRs do not play any role in
T cell pathway as TLRs can inXuence the diVerentiation of
naïve T lymphocyte development through the engagement

Fig. 1. TLR9 expression on B cells of Donor 1. (A) Region 1 is gated around the lymphocyte population. (B) Region 2 selects for CD19+ cells to distinguish B cells. (C) B cells stained with isotype control (grey outline) or TLR9 (black outline) to show detection of TLR9 on B cells.
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Fig. 2. Staining of TLR1 and TLR9 on B-1 and B-2 B cells from Donor 1. Lymphocytes were selected with a lymphocyte gate (R1) as in Fig. 1. (A)
Staining of lymphocytes with CD19 antibody to show R2 region for selecting B lymphocytes. (B) Staining of B lymphocytes (gated R1 AND R2)
with CD5 antibody to show R3 and R4 regions used to distinguish CD5- and CD5+ B cells, respectively. (C)–(F) Staining of CD5-negative (B2) and
CD5-positive (B1) B cells with isotype control antibodies (grey outline) or TLR 1 or TLR9 antibodies (black outline). The intensity of TLR staining
is measured by mean Xuorescent intensity (MFI). (C) and (D) Staining with TLR1 antibody. (E) and (F) Staining with TLR9 antibody.

by TLR activated APCs. TLR expression on T lymphocytic
cell surfaces can inXuence T lymphocytes behaviour more
directly and enable them to participate in a modiWed manner in the adaptive immune response if APCs are ineVective, as suggested by Gelman et al. [10]. TLRs have been
found in T regulatory cells by rtPCR analysis and are
believed to play a role in cell function by monitoring the
inXammatory response [20].
While the PCR techniques used by other groups to
demonstrate the expression of TLRs in T lymphocytes
are very sensitive, it should be remembered that such
Wndings are not deWnitive proof of TLR expression on
the surface of such cells. Expression at the cell surface
may be required for these receptors to play an active role
in cellular activity or immune function. While this study
did not detect TLR cell surface expression on resting
T lymphocytes, this does not discount the possibility of
TLRs being present on activated T lymphocytes. This
would be consistent with the earlier Wndings of Komai-

Koma et al. 6, who demonstrated elevated TLR2 and
TLR4 expression associated with activated T lymphocytes compared to naïve T lymphocytes by RT-PCR and
Xow cytometry [6].
TLR expression was detected on the surface of
B lymphocytes, particularly TLR1 and TLR9. While
B lymphocytes play an active role in the adaptive
immune system, they are also prominent in the innate
immune response [16–18]. Consequently the high proportion of TLR+ B lymphocytes is consistent with their
dual roles. The greater proportion of TLR expression on
resting B lymphocytes may indicate a bigger role for
B lymphocytes in innate responses.
The importance of TLRs in the adaptive response has
been suggested in light of observations showing reduced
antibody production in humans and mice with reduced
or deWcient TLR1 and TLR2 expression [5]. TLR9
engages with its ligand, bacterial DNA in CpG motifs
[21,22]. B cells stimulated with DNA CpG motifs show
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an increased expression of co-stimulatory molecules, IL6 synthesis, sustained induction of NF-kB activity and
B cell proliferation which indicates the importance of
this receptor in the innate immune system [23]. TLR9
has been found on endoplasmic reticulum and endocytic
vesicles where they engage with CpG motifs [22,24].
These studies used cell lines for examining TLR9 expression and Leifer et al. found no cell surface expression of
TLR9 [24]. Our study did not examine for intracellular
expression of TLRs, but did reveal TLR9 expression on
the majority of circulating peripheral B cell surfaces
(Table 3 and Fig. 1), which is consistent with earlier
reports [25].
Other TLRs investigated in this study were not found
to be as highly expressed as TLR1 and TLR9 and this
may be due to either functional diVerences, diVerences in
expression pattern or a need for activation of B lymphocytes in order to induce the expression of other TLR
types. Further studies investigating the presence and role
of TLRs in activated B lymphocytes are needed.
It has been reported previously that B cells are able to
respond to bacterial DNA [23]. We observed that TLR1
and TLR9 were both expressed at high levels on the
majority of B cells. The expression of each was higher on
the CD5+ B-1 B cells than on CD5¡ B-2 B cells, which
again is consistent with earlier suggestions that B-1
B cells exhibit a more primitive and less speciWc antibody
response [16]. However, the high levels expression on B-2
B cells may indicate a stronger role for these cells in the
innate immune response than previously believed, as
well as their role in the adaptive response.
While the staining of B cells with TLR1 and TLR9
antibodies clearly demonstrated high levels of expression, an unexpectedly high level of background staining
may have masked low-level expression of other TLR on
B cells. The levels of individual TLR may also be aVected
by the diVerent exposure of individuals to various immunological stimuli.
In conclusion, we have found that TLRs were not
detectable on resting peripheral T lymphocytes. This
study also conWrms that TLRs are expressed on the surface of peripheral B lymphocytes. We found that these
receptors were mainly TLR1 and TLR9, although other
TLRs were found to be present at lower levels. The high
expression of TLR1 and TLR9 on B1 cells may reXect
their role in the innate immune response, as it provides a
means by which the cells can recognise bacterial
antigens.
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The immune system of neonates is poorly developed; this increases the
susceptibility of neonates to infection. For neonates to counter infection
eﬀectively, they ﬁrst need to recognize the presence of pathogens. Tolllike receptors (TLR) are a family of pattern recognition receptors that
alert the host to the presence of invading pathogens. To determine
whether diﬀerences in TLR expression by leukocytes compensate for
immunologic immaturity in neonates, TLR expression by monocytes
and T lymphocytes from adults and neonates was compared. Expression of TLR1, TLR2, TLR3, TLR4, TLR8 and TLR9 by monocytes
and T lymphocytes was detected with antibodies by ﬂow cytometry.
TLR1, TLR2, TLR3, TLR4, TLR8 and TLR9 expression by monocytes
was detected in adults and neonates. TLR2, TLR3, TLR4, TLR8 and
TLR9 expression by T lymphocytes was detected in adults and neonates. Monocytes and T lymphocytes from neonates are capable, like
adults, of recognizing the presence of pathogens through TLR.

Neonates have an immature immune system,
with several components of the innate (1) and
adaptive immunity (2, 3) having impaired functions. This weakness of the neonatal immune
response may explain the susceptibility of neonates to infection: approximately one-third of
neonatal deaths, globally, were because of infectious diseases (4). The deﬁcient cellular and
humoral components of innate and adaptive
immunity in neonates may account for its poor
function. Neonatal leukocytes function poorly;
monocytes and neutrophils have reduced inﬂammatory responses (1), and lymphocytes and
dendritic cells have poor function in cell-mediated immunity (3).
Monocytes are precursor cells for macrophages
and dendritic cells, which diﬀerentiate and
Abbreviations: FITC, Fluorescein isothiocyanate; IL, Interleukin; MFI, Median ﬂuorescence intensity; mRNA, messenger
ribonucleic acid; PE, Phycoerythrin; PerCpCy5.5, Peridinin
chlorophyll protein cyanine 5.5; RT-PCR, Reverse transcriptase polymerase chain reaction; TH cell, T helper lymphocyte;
TLR, Toll-like receptor; TNF, Tumor necrosis factor.
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participate in inﬂammatory and cell-mediated
responses. Neonatal monocytes have several
functions impaired, which include an inability
to secrete cytokines or diﬀerentiate into macrophages, reviewed by Velilla (2). The poor functions of neonatal monocytes adversely aﬀect the
early immune responses to infection. The cellmediated adaptive immune response develops
pathogen-speciﬁc long-term memory, but neonates lack this ability as seen in the poor
responses to vaccination during early infancy
(3). The impairment of cognate interactions
between dendritic cells and T lymphocytes leads
to poor activation of T lymphocytes which, in
turn, aﬀects T cell-mediated activation of other
leukocytes. The polarization of neonatal T lymphocytes to type 2 T helper (TH) cells leads to
reduced type 1 TH responses. The reduced
function of neonatal T lymphocytes adversely
aﬀects the adaptive immune response.
Toll-like receptors (TLR) recognize microbial
pathogen-associated molecular patterns and alert
the hostÕs immune system to the presence of
1
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invading microbes (5). The molecules containing
the pathogen-associated molecular patterns are
critical to the function of microbes; hence, the
innate immune system can use their presence to
determine that microbes are present (6). In
humans, ten TLR, TLR1 to TLR10, have been
identiﬁed (7–10). Toll-like receptors can be
located on the cell surface or internally and are
expressed by various cells and tissues in the body
including leukocytes (5, 11).
Toll-like receptors instigate a diverse range of
immune responses against pathogens. For the
inﬂammatory response, TLR engagement activates monocytes, inducing secretion of proinﬂammatory cytokines and upregulation of
chemokine receptors (12). For the adaptive
immune response, TLR can have an inﬂuence
on T lymphocyte responses. T lymphocytes
activated by TLR ligands can proliferate (13),
increase cytotoxic activity (14) and, in response
to diﬀerent ligands, secrete diﬀerent patterns of
cytokines (13, 14), which can tailor subsequent
immune responses to type 1 TH responses (15).
Toll-like receptors can regulate the immune
system by suppressing regulatory T lymphocytes
(16).
As neonates have impaired immunity, we
hypothesized that they may be more reliant on
TLR for protection against infection. Little is
known about TLR expression by neonatal leukocytes with much of the literature focused on
adult leukocytes. For TLR expression by adult
blood monocytes, RT-PCR studies on TLR
mRNA showed all TLR, except TLR3 and
TLR10, were detected (17, 18), and using antibodies, TLR1, TLR2, TLR3, TLR4, TLR6,
TLR8 and TLR9 were detected (17, 19–21).
The antibody studies showed surface expression
of TLR1, TLR2, TLR4 and TLR6, intracellular
expression of TLR3 and TLR8, and TLR9
detected at both locations. For neonatal monocytes, using ﬂow cytometry, TLR2, TLR4 (12,
22, 23) and TLR8 (24) were detected.
RT-PCR studies on adult blood T lymphocytes showed all TLR, except for TLR7 and
TLR10 (18, 25, 26). Using antibodies, all TLR,
except TLR7, (26–29) were detected on adult
blood T lymphocytes. These studies showed most
detected TLR were expressed on the cell surface,
except for TLR3, TLR5 and TLR9, which were
detected internally. One study showed internal
expression of TLR2 and TLR4 by cord blood
T cells (13).
Our hypothesis is that TLR will have a greater
presence in the neonatal immune system compared to the adult immune system. As there is
very little known about expression of TLR by
2

neonatal leukocytes, the aim of this study is to
compare the range of TLR expression by monocytes and T lymphocytes from adults and
neonates. TLR expression was examined on
monocytes and T lymphocytes from adult blood
and cord blood. Toll-like receptorsÕ expression
by non-stimulated and stimulated T lymphocytes
was assessed as TLR expression varies according
to the activation state of T lymphocytes (13, 29).
The extracellular and intracellular TLR expression was measured on non-permeabilized and
permeabilized cells.
Methods
Subjects

Umbilical cord blood was collected from three
healthy patients undergoing vaginal delivery of
healthy term neonates at the WomenÕs and
ChildrenÕs Hospital, Adelaide, Australia. From
three healthy adult volunteers, the Australian
Red Cross provided leukocyte-rich buﬀy coats
from blood. All blood samples were processed
within 18 h of collection. This study received
ethics approval from the Children Youth and
WomenÕs Health Service Research Ethics Committee.
Monoclonal antibodies and reagents

The following monoclonal antibodies were used:
mouse anti-human CD3-FITC (clone HIT3a),
IgG1 isotype control-PE (clone MOPC-21),
IgG2a isotype control-PE (clone G155–178) (all
from BD Pharmingen, San Diego, CA, USA),
TLR1-PE (clone Gd2.F4), TLR2-PE (clone
TL2.1), TLR3-PE (clone TLR3.7), TLR4-PE
(clone HTA125), rat anti-human TLR9 (clone
eB72-1665) (all from eBioscience, San Diego,
CA, USA), mouse anti-human TLR8-PE (clone
44C143) (Imgenex, San Diego, CA, USA) and
mouse anti-human antibodies from OKT3 (antiCD3) and 10F7MN (anti-CD235a) cell lines (all
from ATCC). OKT3 antibodies were puriﬁed
from cell culture supernatant using Protein G
Sepharose 4 Fast Flow beads (GE Healthcare,
Little Chalfont, UK) as per manufacturerÕs
instructions.
Cells and cultures

Mononuclear leukocytes from adult blood and
cord blood were enriched using density centrifugation with Lymphoprep (Nycomed, Oslo,
Norway) as per manufacturerÕs instructions.
Cord blood mononuclear leukocytes were
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contaminated by excessive numbers of erythrocyte precursors that could not be removed by
density centrifugation. To avoid interference in
leukocyte assays, erythrocyte precursors were
eliminated using a previously described method
(30, 31) that was modiﬁed. Brieﬂy, enriched
mononuclear leukocytes from cord blood were
treated with anti-CD235a antibody to label
erythrocytes that were then removed with MACS
Goat anti-Mouse IgG Microbeads (Miltenyi
Biotec, Bergisch Gladbach, Germany). Mononuclear leukocytes were cultured in RPMI 1640
medium (SAFC Biosciences, Lenexa, KS, USA)
supplemented with 10% fetal bovine serum
(SAFC Bioscience) and 1% penicillin–streptomycin–glutamine (Invitrogen, Carlsbad, CA,
USA) (RF10 media) at 1 · 107 cells/well in 6well ﬂat-bottom tissue culture plate (Nunc,
Roskilde, Denmark). T lymphocytes in the culture were stimulated with plate-bound puriﬁed
OKT3 and 160 pg IL-2 per well for 24 h in a
37C 5% CO2 incubator. For plate-bound
OKT3, puriﬁed OKT3 (10 lg/ml) diluted in
phosphate-buﬀered saline (SAFC Biosciences)
was added to wells, incubated overnight at
37C, and then the wells were washed thrice with
PBS before use.
Immunofluorescence staining and flow cytometry

Toll-like receptorsÕ expression by mononuclear
leukocytes from adult blood and cord blood was
detected by immunoﬂuorescence staining. For
TLR expression by non-stimulated T lymphocytes, staining was performed on mononuclear
leukocytes immediately after enrichment and
erythrocyte removal. For TLR expression by
stimulated T lymphocytes, staining was performed on harvested cells from T lymphocyte
stimulation assays. Experiments for extracellular
and intracellular expression of TLR by individual specimens were conducted simultaneously,
and monocytes, non-stimulated T lymphocytes
and stimulated T lymphocytes were examined.
For extracellular TLR expression, cells were
stained with ﬂuorescent antibodies against
CD3, TLR and negative isotype controls,
incubated at 4C in the dark for 30 min, washed
twice with PBS containing 0.02% sodium azide
(Sigma-Aldrich, St Louis, MO, USA) and ﬁxed
with 2% paraformaldehyde. For intracellular
TLR expression, cells were ﬁrst stained for
surface expression of CD3, and then cells were
permeabilized with BD FACS Permeabilization
Solution 2 (BD Biosciences, San Diego, CA,
USA) according to manufacturerÕs instructions.
Permeabilized cells were incubated with skim

milk block at 4C in the dark for 30 min,
ﬂuorescent antibodies against TLR and negative
isotype controls were added and incubated at
4C for 30 min. Cells were washed twice
with 0.1% saponin (Sigma Aldrich) dissolved
in PBS containing 0.02% sodium azide, and
ﬁxed as above. For skim milk block, 5% w/v
skim milk powder (Black & Gold, Silverwater,
Australia) was mixed for 15 min in PBS containing 0.1% w/v saponin and 0.02% w/v sodium
azide, centrifuged for 30 min at 15,000 g, the
supernatant harvested and stored at 4C. All cells
were analyzed on the ﬂow cytometer the next
day.
Data analysis

Flow cytometric studies on the cells were carried
out with the BD FACSCalibur System and data
analyzed with BD CellQuest Pro software (BD
Biosciences) (Fig. 1). T lymphocytes were identiﬁed using CD3 expression, and small T lymphocytes and T lymphoblasts were diﬀerentiated by
side scatter properties. Monocytes were identiﬁed
by forward and side scatter properties, and
negative expression of CD3. Toll-like receptorsÕ
expression was calculated as the ratio of TLR
median ﬂuorescence intensity (MFI) to the MFI
of the matched negative isotype control. Median
ﬂuorescence intensity ratio values greater than 1.3
were identiﬁed as positive for expression of TLR.
Statistical comparison of data was not possible
because of the small size of subject groups.
Results
Expression of TLR by non-stimulated monocytes

The expression of TLR1, TLR2, TLR3, TLR4,
TLR8 and TLR9 by non-permeabilized and
permeabilized monocytes from adult blood and
cord blood was compared (Fig. 2). TLR1, TLR2,
TLR3, TLR4, TLR8 and TLR9 expression by
monocytes was detected in adult blood and cord
blood. TLR2, TLR4 and TLR8 had greater
expression on non-permeabilized monocytes
compared to permeabilized monocytes. TLR1,
TLR3 and TLR9 were detected at higher levels in
permeabilized monocytes compared to non-permeabilized monocytes. The pattern of TLR
expression by monocytes was similar between
adult blood and cord blood.
Expression of TLR by small T lymphocytes

The expression of TLR1, TLR2, TLR3, TLR4,
TLR8 and TLR9 by non-permeabilized and
3
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with a TLR MFI ratio of 2.02. Toll-like receptor expression was considered positive if the MFI ratio of the TLR (black lined
histogram) to its matched negative isotype (gray ﬁlled histogram) was greater than 1.3.

permeabilized small T lymphocytes, either nonstimulated or stimulated, from adult blood and
cord blood was compared (Fig. 3). The pattern
of TLR2, TLR3, TLR8 and TLR9 expression by
non-stimulated and stimulated small T lymphocytes was similar between adult blood and cord
blood. However, TLR4 expression was detected
in non-stimulated small T lymphocytes from
adult blood and stimulated small T lymphocytes
from cord blood. Stimulation of small T lymphocytes did not upregulate or downregulate
expression of TLR1, TLR3, TLR8 and TLR9.
However, stimulation of small T lymphocytes did
aﬀect TLR2 and TLR4; upon stimulation, TLR2
was upregulated, and TLR4 expression was
downregulated in adults and upregulated in
neonates. For TLR cellular location, TLR3 and
TLR9 expression was higher in permeabilized
small T lymphocytes, and TLR2 expression was
higher for non-permeabilized cells. TLR4 and
TLR8 were detected in permeabilized cells from
adult blood and on non-permeabilized cells from
cord blood.
Expression of TLR by T lymphoblasts

The expression of TLR1, TLR2, TLR3, TLR4,
TLR8 and TLR9 by non-permeabilized and
permeabilized T lymphoblasts, either non-stimu4

lated or stimulated, from adult blood and cord
blood was compared (Fig. 4). The pattern of
TLR2, TLR3, TLR4, TLR8 and TLR9 expression by non-stimulated and stimulated T lymphoblasts was similar between adult blood and
cord blood. The stimulation of T lymphoblasts
did not upregulate or downregulate expression of
TLR2, TLR3, TLR4, TLR8 and TLR9. For
TLR cellular location, TLR2, TLR4 and TLR8
expression was higher in non-permeabilized
T lymphoblasts, and TLR3 and TLR9 expression
was higher in permeabilized T lymphoblasts. The
pattern of TLR expression by T lymphoblasts is
similar between adult blood and cord blood.
Discussion

From the results, there are three main observations. First, monocytes from adults and neonates
expressed similar patterns of TLR. Second, T
lymphocytes from adults and neonates expressed
similar patterns of most TLR. Third, stimulation
of T lymphocytes did not alter TLR expression
patterns by small T lymphocytes or T lymphoblasts.
Fractions of enriched cord blood mononuclear
leukocytes can contain up to 50% of erythrocyte
precursors; these precursors can interfere in assays
unless they are removed. Published methods (30,
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31) were used for positive selection and removal
of erythrocyte precursors. The additional step of
removing erythrocyte precursors from cord
blood mononuclear leukocytes, which was not
required for adult blood mononuclear leukocytes, does not seem to aﬀect subsequent TLR
expression, as shown in the similarity of TLR
expression between adult blood and cord blood
leukocytes.
For the ﬁrst observation, the similarity of TLR
expression indicates that neonatal monocytes are
capable of recognizing infection. As part of the
early immune response to infection, neonatal
monocytes should be able to engage with the
microbes upon recognition through TLR. However, there is evidence that neonatal monocytes,
compared to adult monocytes, have decreased
mRNA levels of TLR signaling proteins MyD88

and IRF5, and stimulation with lipoteichoic acid
leads to decreased phosphorylation of p38MAPK and ERK1 with reduced cytokine secretion (22). This is seen with cord blood monocytes
that, in response to TLR ligands, secrete variable
levels of IL-12 (24) or lower levels of IL-1b, IL-6,
IL-12 and tumor necrosis factor (TNF)-a (12).
Despite the capacity of neonatal monocytes to
recognize infection through TLR, impaired TLR
signaling pathways may aﬀect their function.
The second observation from these studies
showed that T lymphocytes from adults and
neonates expressed similar patterns of TLR2,
TLR3, TLR4, TLR8 and TLR9. The similarity
of TLR expression by T lymphocytes from
adults and neonates, and expression of TLR4
by stimulated cord blood T cells, suggests
that neonates possess the ability to ÔinnatelyÕ
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recognize pathogens. Classifying T lymphocytes
into cell activation states of small T lymphocytes
and T lymphoblasts revealed the diﬀerent pat6

terns of TLR expression; T lymphoblasts expressed a greater range of TLR than small T
lymphocytes. T lymphoblasts expressed all tested
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TLR, while small T lymphocytes expressed fewer
TLR: TLR2, TLR3, TLR4, TLR8 and TLR9.
The greater expression of TLR shows that T
blasts may be more responsive to infection as
most tested TLR were constitutively expressed.
Toll-like receptor ligands, acting as costimulatory signals, induced cord blood T lymphocytes to
secrete interferon-a, TNF-a, IL-2 and IL-10 (13).
Toll-like receptors ligands may be able to assist
in overcoming the immune deﬁciencies of the
neonatal adaptive immune response. The similarity in expression between neonates and adults
indicates that neonates are capable of altering
TLR expression and detecting infection.
The third observation from the results is that
stimulation of T lymphocytes did not aﬀect the
expression of most TLR, excluding TLR2 and
TLR4. Upregulation of TLR2 and TLR4 by
stimulated T lymphocytes from cord blood was
supported by a similar study (13). The nonresponsiveness of TLR expression upon stimulation of T lymphocytes may be because of the
stimulation assay; stimulation via CD3 and CD28
are signals for adaptive immune activation. Tolllike receptorsÕ expression may not be as responsive
to adaptive immune signals as TLR are part of the
innate recognition of infection; activation via
other mechanisms may be more eﬀective to alter
TLR expression. Disease does aﬀect TLR expression by increasing or decreasing particular TLR in
T lymphocytes, as seen for patients with lymphatic
ﬁlarial infection (28). Despite the inertia in
expression of several TLR to T lymphocyte
stimulation in this study, the cited studies and
results for TLR2 and TLR4 show that T lymphocytes are capable of regulating TLR expression in
response to appropriate stimuli. Furthermore, in
vivo-stimulated T lymphocytes from the cited
studies and T lymphoblasts in this study did show
signiﬁcant diﬀerences in TLR expression compared with small T lymphocytes.
This is a pilot study intended to provide data
on the role of TLR in the neonatal immune
system; little is known about the ability of
neonates to recognize pathogens through TLR.
The results show similar expression of most TLR
by monocytes and T lymphocytes from adult
blood and cord blood; to date, these data are not
available in the literature. The range of individual TLR expression is variable within each
subject group; the high variability of TLR
expression can be expected from human samples.
Expression studies on larger groups will also
show considerable variability in human subjects.
A surprising observation from this study is the
expression of TLR8 on the surface of adult blood
and cord blood leukocytes, despite TLR8 being
8

known as an internal receptor (20). The results
are inconclusive for internal TLR8 expression.
Although expression by permeabilized cells is
expected to show the sum of surface and internal
expression, TLR8 expression is lower in permeabilized cells compared to non-permeabilized,
intact cells, suggesting the epitope is sensitive to
the conditions used for permeabilization. Nevertheless, the staining of intact cells for TLR8 is
unequivocal. Like TLR8, TLR9 is also considered an internal marker, but later studies show
TLR9 expression on immune cell surfaces (32,
33). This pilot study, although small in numbers,
has produced interesting results that merit further investigations.
The hypothesis underlying this study was that
TLR would have a greater presence in the
neonatal immune system compared to the adult
immune system. This was not supported by the
results; the patterns of TLR expression by
monocytes and T lymphocytes were similar
between neonates and adults. The immaturity
of the neonatal immune system is not reﬂected in
TLR expression patterns by monocytes and
T lymphocytes. Despite the similarity of TLR
expression, deﬁciencies in TLR signaling in
neonates may aﬀect TLR responses as previously
discussed; TLR functional studies will clarify
their role in neonatal immunity. The results
demonstrate that neonatal monocytes and
T lymphocytes, whether non-stimulated or stimulated, possess adult-like ability for innate recognition of pathogens through TLR expression.
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