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Abstract

Introduction: Necator americanus infection is a significant public health concern, particularly in
developing countries. Dendritic cells (DCs) are considered as sentinels of the immune system and act
as a link between innate and adaptive immune systems. Following antigen uptake in peripheral tissues,
DCs migrate into the regional lymph nodes, where they present peptide antigens derived from
pathogens into naive T cells and guide T cell differentiation towards distinct inflammatory or
regulatory phenotypes. The fundamental information about how N. americanus interfaces with
immune cells such as DCs and how N. americanus secretions affect DC function and downstream
immune responses such as T cell polarisation are still under intensive research. Despite relative
successes with the drugs used in treating hookworm infection, there is a high rate of reinfection, and
the immune response against hookworms is typically not protective. Therefore, there is a need for a
better understanding of the early events involved in the interface between the hookworm and the
immune system, which could pave the way for the design of more efficient therapies and vaccines. In
a recent study our group have shown exsheathment of N. americanus L3 upon interaction with human
immature dendritic cells (iDCs). Intriguingly, these cells did not interact with the exposed infective
third-stage larvae (L3) cuticle. However, the exact mechanism underlying such immune evasion has
remained elusive. Therefore, characterisation of N. americanus L3 interaction with DCs could provide
invaluable insight into mechanism that underpin N. americanus immune evasion and its immune
modulatory effects, which could in turn help in the design of new therapeutic strategies. However, a
major limitation of working with N. americanus is the availability of viable L3, as they require a
human host. Thus, identifying other more readily accessible nematode species that can be used as a
surrogate model system for studying human immune responses would greatly facilitate such studies.
In this study | used Nippostrongylus brasiliensis parasite as a laboratory model system to investigate
physical interaction of N. brasiliensis infective larvae L3 with human DCs and investigated the surface
chemical signatures of N. brasiliensis L3 cuticle and its sheath to determine any similarities or
differences with N. americanus and whether such molecular signatures could explain the interaction

between larvae and DCs. | also investigated the immune modulatory properties of N. brasiliensis



infective larvae L3 and their secretion on DCs phenotype and function as well as how these
conditioned DCs could influence downstream T cell polarisation. Furthermore, | identified some sugar
moieties in the N. brasiliensis L3 secretion similar to those expressed on the surface of larval cuticle

and investigated their impact on DCs phenotype and on T cell polarisation.

Results: Our data showed that the exsheathment of N. brasilienis L3 upon the interaction with human
iDCs with minimal physical interaction between DCs and the exposed cuticles. | then characterised
the chemical composition of larvae sheath and cuticle using Time-of-Flight Secondary lon Mass
Spectrometry (TOF-SIMS). Interestingly, our TOF-SIMS data revealed differences between the
surface chemistries of larvae sheath and the cuticle which might be of biological relevance and explain
immune evasion by larvae cuticle. For example, the surface of larval cuticle contains
phosphatidylglycerol which may inhibit aggregation of DC around larval cuticle and support the
migration of infective stage, while the surface of larval sheath express heparan sulphate which could
result in the aggregation of DCs and diverse immune defences. Our finding confirm that chemical
signatures expressed on N. brasiliensis larval cuticle and its sheath are similar to those signhatures

expressed on N. americanus larvae previously reported using TOF-SIMS.

Furthermore, DC co-cultured with N. brasiliensis larvae cuticle induced a regulatory DC phenotype
characterised by significant production of 1L-10, suppression of 1L12p70 production in response to
LPS as well as induction of regulatory T (Treg) cell differentiation in coculture experiments between
conditioned DC and autologous naive T cells. Given the very limited physical interaction between
DCs and larvae, it was reasonable to assume that the observed immune modulatory effects are
potentially driven by larvae secretion. To test this hypothesis, similar experiments were carried out
using larvae secretions which showed similar effect as infective larvae on DC phenotype, function as
well as on T cell polarisation. Further characterisation of larval secretions revealed the presence of
sugars moieties such as galactose and N-acetylgalactosamine similar to sugars previously observed on
the surface of larval cuticle that could impact DC functions. Intriguingly, this finding highlights the

potential role of C-type lectin ligands in mediating the observed immune regulatory effects. Together,



these results demonstrate the strong immune regulatory effects of N. brasiliensis infective larvae and

their secretions on human DCs and T cells as well as the potential role of CLRs in the process.

Galactose and N-acetylgalactosamine (GalNAc) purified from larval secretion induce regulatory DC
phenotype as evidenced by a significant downregulation of LPS induced HLA-DR, CD80, CD86 and
CD40 expression compared to LPS alone as well as significant upregulation of PDL-1 expression.
This was accompanied by significant increase in production of prototypic regulatory cytokine IL-10
and a significant decrease of signature pro-inflammatory cytokine IL-12. Together, these data suggest
a regulatory phenotype for DCs treated with galactose and GalNAc in larvae secretions. Furthermore,
DCs conditioned with these sugars induced naive T cell polarisation towards regulatory phenotype

that clearly showing the potential role of galactose and GalNAc in immunomodulation.

Conclusion: Taken together, these observations are in line with previous observations showing similar
effects as N. americanus, highlighting the suitability of N. brasiliensis as a model system for
investigating early events between human DCs and infective hookworm larvae. In addition, our
findings show the potential immunomodulatory properties of N. brasiliensis infective larvae and their
secretion in regulating DCs phenotype and skewing immune responses towards regulatory phenotypes.
It also provides in understanding of how some sugars present in larval secretion have the ability to
modulate immune system. This understanding could pave the way for utilising parasite-derived

products in the development of potent treatment for autoimmune or autoinflammatory conditions.
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Chapter 1:

General introduction



1.1 Introduction

1.1.1. Human immune system

The human environment contains many microbes that are either pathogenic or non-pathogenic. The
human body is continuously exposed to these foreign substances, resulting in the eradication of the
organisms via a complex protective mechanism known as the immune system. The immune system is
a fundamental defensive system that contains an intricate network of cells and humoral factors (e.g.,
proteins and enzymes) that are used to identify and eradicate these organisms and maintain body’s
homeostasis [1,2]. These immune cells are distributed in different areas of the human body, including
the skin, blood, spleen, mucosal barriers, thymus, lymph nodes, and bone marrow. The human immune
system can be categorised into two components based on their reaction time, memory and specificity:
the non-antigen-specific immune component, known as innate immunity, and the antigen-specific
immune component, which is also referred to as adaptive immunity. Both parts of the immune system
work closely together to establish a protective spectrum of immune responses against invading

pathogens while maintaining tolerance to self-antigens [3].

1.1.1.1. Innate immunity
Innate immunity, also known as natural immunity, provides the host with immediate protection against
microbial invasion. It is considered the first line of defence against invading pathogens that enter the
human body and may lead to tissue damage. Innate immunity provides a non-specific immune
response which acts by removing microbes and stopping their attempt to invade the host tissue. This
system has different components that work together to establish an initial protective mechanism [4].
These components can be divided into physical and chemical barriers (e.g., epithelial tissue present in
the skin, and respiratory and gastrointestinal [GI] tracts), soluble plasma proteins, such as cytokines
of the complement system, and leukocyte, such as neutrophils, macrophages, natural killer (NK) cells,

and dendritic cells (DCs) [5,6]

Neutrophils originate from myeloid progenitors in the bone marrow, while macrophages are
differentiated from monocytes that are generated from myeloid progenitors in the bone marrow (Fig.

1.1). Neutrophils are found in peripheral blood in large numbers and can quickly migrate to any injury



site whereas microphage can be found in all tissues throughout the human body such as spleen, lymph
nodes, and lung, where they act as phagocytic cells. Under infectious and inflammatory conditions,
these cells are involved in the eliminating invading pathogens through a process known as
phagocytosis [7,8]. Phagocytosis is the process of engulfing and internalising foreign bodies into
intracellular vesicles to neutralise and destroy them. It begins with the migration of phagocytes through
the extracellular matrix towards the site of infection in response to chemokines which are secreted
within the infected or injured tissue. Once the cells reach the infected tissue, the encounter between
the neutrophils and macrophages and the invading pathogen, likely to be already opsonised with
complement factors results in extension of phagocytic cell plasma membrane around invading
pathogen forming of pseudopodia. These pseudopodia enhance internalisation and engulfment of the
pathogen into a phagocytic vesicle—known as a phagosome—uwhich then fuses with an intracellular
lysosome to form a phagolysosome. Within the phagolysosome, the invading pathogen is destroyed

by enzymes and substances such as reactive oxygen species (ROS) within the phagolysosome [9].

Another important component of innate immunity are the dendritic cells (DCs). DCs are specialised
antigen presenting cells that act as sentinels of the immune system that are highly efficient in antigen
uptake and presentation to T cells; therefore, they play a key role in linking innate and adaptive
immunity [10]. These cells are originated from the bone marrow and can be found in many organs

such as the peripheral blood, barrier tissues, lymph nodes and spleen [11].

1.1.1.2. Adaptive immunity
Adaptive immunity, also defined as acquired immunity and is responsible for developing a specific
immune response against a targeted pathogen. This antigen-specific immunity, as specified by the
name, demonstrates specific affinity for the evoking pathogen in combination with the development
of a memory that has an expedited and potent response against specific pathogens in case of re-
exposure. Lymphocytes are immune cells involved in mediating the immune response in adaptive
immunity. Lymphocytes originate from lymphoid progenitor cells that arise from the bone marrow
and become differentiated in primary lymphoid organs (thymus and bone marrow). In the thymus,

lymphoid cells differentiate into T cells whereas in the bone marrow they become B cells. After



differentiation, they migrate into secondary lymphoid organs, such as lymph nodes and the spleen,

where they provide two types of immune response: cellular immunity, provided by T cells, and

antibody-mediated immunity, provided by B cells [12,13].
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Figure 1.1: Immune-cell lineages derived from bone marrow. Bone marrow-derived cells give rise

to myeloid and lymphoid progenitor cells. Leukocytes (e.g., basophils, eosinophils, neutrophils, and

monocytes) are differentiated from myeloid cells; T cells, B cells, and natural killer cells originate

from the lymphoid linage. Dendritic cells (DCs) originate from lympho-myeloid progenitors and can

be differentiated from peripheral blood monocytes, similar to macrophages. Adopted from [12]



1.1.2. Antigen-presenting cells act as a link between the innate and adaptive immune systems
While DCs are major antigen-presenting cells (APCs) that act as a link between the innate and adaptive
immune systems, other cell types such as macrophages, and B cells can also act as antigen presenting
cells. These cells are sentinels of the immune system; they present antigens to T cells in the context of
major histocompatibility complex (MHC) molecules. DCs are considered the most potent APC of the
immune system as they can migrate to lymph nodes to promote primary activation of naive T cells

[14-16].

1.1.2.1. Dendritic cells
DCs arise from haematopoietic precursors in the bone marrow that gives rise to both lymphoid and
myeloid progenitor precursors. DCs can be divided into two subsets namely plasmacytoid DCs (pDCs)
and myeloid DCs (mDCs) based on their origin and function. Both populations are characterised by
phenotypic markers and can be found in lymphoid tissue (e.g., spleen and blood) and non-lymphoid
tissue (e.g., lung and skin). pDCs are characterised by the expression of CD123 (IL-3R), CD303
(BDCA-2), and CD304 (BDCA-4) antigens and the absence of CD11c expression. In contrast,
mDCs—also known as classical or conventional DCs (cDCs)—are characterised by the expression of
CDl11c, CD11b, CD13, and CD33 [17-19]. DCs circulate in the blood or reside in barrier tissues as
immature cells characterised by low-level expression of MHC Il and co-stimulatory molecules,
including CD80, CD86, and CD40. Once DCs encounter a pathogen, they are activated and matured,
resulting in upregulation of MHC Il and co-stimulatory molecule expression; this enhances the
migration of activated DCs through lymph vessels into lymph nodes to present antigens to naive T

cells [20].

1.1.2.1.1. Antigen recognition and presentation by dendritic cells
DCs can monitor the microenvironment against danger signals using pattern recognition receptors
(PRRs) [21]. Foreign antigens and tissue damage can be recognised by DCs through either pathogen-
associated molecular patterns (PAMPS) or damage-associated molecular pattern (DAMPs). PAMPs
are conserved molecular signatures of pathogens, including viruses, bacteria (or their products), fungi,

and protozoa, while DAMPs are molecules such as intracellular protein, DNA or RNA that are



constitutively released by dying/damaged tissues or tumour cells [22,23]. Once DCs capture foreign
antigens via their PRRs, they begin to process the antigens into small peptides either by the endosomal
pathway or proteolytic pathway to initiate an adaptive immune response [24]. These two pathways
involve processing antigens from different compartments. For example, exogenous antigens (i.e.,
antigens present in the extracellular environment) are processed and degraded into small peptides
through the endosomal pathway; the ingested antigens enter a phagosome which then fuses with a
lysosome to form a phagolysosome, which breaks the antigens down into small peptides. The
phagolysosome delivers the peptides to MHC Il molecules that are synthesised in the endoplasmic
reticulum (ER). Peptides that bind to MHC Il will then be transported to the cell surface to be presented
to CD4* T cells upon DCs migration to the T cell area of a draining lymph node. In contrast,
endogenous antigens (i.e., antigens present in the intracellular environment) are processed through the
proteolytic pathway. After antigen uptake, the antigen enters a proteasome which degrades it into
peptides; the peptides produced by proteasomal digestion are attached to MHC | molecules and

transported to the cell surface for presentation to CD8* T cells [25-28].

1.1.2.1.2. Dendritic cell receptors involved in pathogen recognition
DCs are responsible for continuously sensing their surroundings using PRRs that are capable of
recognising PAMPs and DAMPs. PRRs can be divided into several families, including Toll-like
receptors (TLRs), C-type lectin receptors (CLRs), Nod-like receptors (NLRs), and RIG-I-like
receptors (RLRs) [29]. Each receptor is essential for identifying a group of molecular signatures which
are found on pathogen but not host cells. (Fig. 1.2) shows a summary of main extra and intra cellular

PAMP and their PRRs counterparts [30].
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Figure 1.2: Families of pattern recognition receptors (PRRs) expressed on DCs and their ligands.
Toll-like receptors (TLRs) and C-type lectin receptors (CLRs) recognise different antigenic

determinants to promote cell activation. Adopted from [31].

1.1.21.2.1. Toll-like receptors in pathogen recognition

1.1.21.21.1. Classification of Toll-like receptors

TLRs are a type of PRR that play a fundamental role in recognising the components of PAMPs and
DAMPs leading to activation of DCs and triggering a plethora of signalling pathways. TLRs in human
comprises of 10 members (TLR1-10) [32]. TLRs are categorised into two groups depending on their
localisation and binding ligands (Fig. 1.3). The first group consist of TLR1, TLR2, TLR4, TLR5,
TLR6, and TLR10, which are expressed on the cell surface. Each receptor in this family can recognise
and bind to specific PAMPs derived from different pathogens [33]. For example, TLR2 recognises a
wide range of PAMPs, such as lipopeptides derived from bacteria, zymosan derived from fungi, tGPI-
micin derived from parasites, and haemagglutinin protein derived from the measles virus. There are
also instances that two different TLRs are involved in recognition of a group of PAMPs. For example,
TLR2 and TLR1 recognise triacylated lipopeptides derived gram-negative bacteria and mycoplasma,
while TLR2 and TLR6 bind to diacylated lipopeptides derived from gram-positive bacteria and
mycoplasma. TLR4 is involved in the recognition of bacterial lipopolysaccharide (LPS) [34], whereas

TLR5 recognises bacterial flagellin [35]. TLR10 on the other hand acts together with TLR2 to



recognise ligands from Listeria and can also respond to influenza A virus infection [36,37]. The second
group comprises TLR3, TLR7, TLR8, and TLR9 thar are expressed in intracellular compartments,
such as the ER, endosomes, and lysosomes [33]. TLR3 can recognise double-stranded RNA (dsRNA)
[38,39] while TLR7 and TLR8 recognise single-stranded RNA (ssRNA) [40,41]. Cytidine-phosphate

guanosine (CpG) is considered as ligand for TLR9 [35].

Structurally, TLRs consist of two domains: the extracellular binding domain and the cytoplasmic
signalling domain, also known as the Toll-interleukin-1 receptor (TIR). The extracellular binding
domain contains leucine-rich repeats (LRRS) that are involved in the recognition of PAMPs, while the
TIR domain contains adaptor molecules responsible for downstream signal transduction [42]. Adaptor
molecules involved in intracellular signal transduction for TLRs include myeloid differentiation 88
(MyD88), MyD88 adaptor-like protein (Mal, also known as TIR domain-containing adaptor protein
[TIRAP]), TIR-domain-containing adaptor-inducing IFN-B (TRIF), TRIF-related adaptor molecule
(TRAM), and sterile-alpha- and armadillo-motif-containing protein (SARM) (Fig. 1.4) [43].
Following interaction of TLRs with their respective ligands these adaptor molecules are capable of
inducing signalling pathways in by activating nuclear factor kappa-B (NF-«B) that in turn activates
additional signalling components, including mitogen-activated protein kinases (MAPKSs) and
interferon regulatory factors (IRFs). The activation of MAPKSs results in the production of pro-
inflammatory cytokines, while IRFs induce the production of type | interferons (IFNs) [44,45]. All
TLRs depend on the MyD88 pathway for signal transduction, except for TLR3, which depends on
TRIF. However, some TLRs utilise more than one adaptor molecule for activation of downstream
signalling pathways, such as TLR-4, which has four different adaptor molecules for signal triggering
(MyD88, TRIF, Mal, and TRAM), while TLR2/TLR1 and TLR2/TLR6 require Mal with MyD88 for

signal stimulation [46-51].
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Figure 1.3: Families of TLRs and their corresponding ligands. TLRs can be divided into the cell-
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Figure 1.4: TLRs and their intracellular domains containing adaptor molecules. TLR1/2 and
TLR2/6 depend on MyD88 and Mal as adaptor molecules, whereas TLR5, TLR7, TLRS8, and TLR9
depend only on MyD88. TLR4 utilises four adaptor molecules (MyD88, Mal, TRAM and TRIF), while

TLR3 depends only on TRIF. Adopted from [43].



1.1.2.1.2.1.2. Toll-like receptors mediate intracellular signalling pathways in dendritic

cells

1.1.21.21.21. MyD88-dependent pathway
Upon engagement of TLRs, such as in the case of TLR4 with an appropriate PAMP, the MyD88
adaptor molecule promotes the recruitment of IL-1 receptor (IL-1R)-associated kinase (IRAK)
members, including IRAK1 and IRAKA4, resulting in the formation of the Myddosome [52] (Fig. 1.5).
During formation of the Myddosome, IRAK4 sequentially activates IRAK1, resulting in the
phosphorylation of IRAK1 [53], which leads to its dissociation from MyD88 [54]. IRAK1 activation
induces activation of TNF receptor-associated factor 6 (TRAF6), which acts as a ubiquitin ligase (E3)
[55]. TRAF6, along with enzyme complex E2, promotes polyubiquitination of K63 on TRAF6 and on
another protein complex called transforming growth factor-activated protein kinase 1 (TAK1). Further
step is the recruitment of TAK1-binding protein 2 (TAB2) and TAB3 to ubiquitinated leading to TAK
1 activation [56]. TAK1 then stimulates two different pathways involved in the activation of the IkB
kinase (IKK) complex and MAPK pathway [57]. The IKK complex is composed of IKKa, IKKf, and
the NF-«xB essential modifier (NEMO, also called IKKy). TAK1 binds to the IKK complex, resulting
in activation of IKKp; activation of IKKf induces phosphorylation of IkB, which is then ubiquitinated
and degraded by the proteasome to allow activation and translocation of NF-«B to the nucleus, where

it enhances pro-inflammatory cytokine production [58-61].

1.1.2.1.2.1.2.2. TRIF-dependent pathway
The TRIF-dependent pathway initiates downstream signalling through the binding of TRIF (associated
with TRAM in case of TLR4) to either TRAF3 or TRAF6. TRIF interaction with TRAF6 and
subsequent TRAF6-mediated recruitment of receptor-interacting protein 1 (RIP 1) results in the
activation of TAK1. Activation of TAK1 leads to NF-«kB activation through the IKK complex and
activation of the MAPK pathway, thereby inducing the production of inflammatory cytokines [62]. In
the case of TRIF interaction with TRAF3, the latter recruits the IKK-related kinases TBK1 (TRAF-
binding kinase 1) and IKKe, which then induce phosphorylation and subsequent translocation of IRF3

to the nucleus where it induces expression of type | IFN genes [63] (Fig. 1.5).
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Figure 1.5: TLR intracellular signalling. TLR4 localises to the cell surface while TLR3 localises in
the endosomal compartment. MyD88 and TRIF are the two major adaptor molecules that initiate
signalling in TLRs. TLR4 can activate both MyD88 and TRIF pathways, while TLR3 activates only
TRIF. In the MyD88-dependent pathway, upon engagement of TLR4 with the appropriate pathogens,
TIRAP mediates signalling from TLR4 to MyD88. Activation of MyD88 leads to the recruitment of
IRAK1 and IRAK4, resulting in the formation of the Myddosome. Subsequent activation of IRAK1
induces activation of TRAF6, which leads to activation of TAK1, which further activates the IKK
complex and MAPKS, promoting the production of inflammatory cytokines. In the MyD88-
independent pathway (TRIF-dependent pathway), TRAM mediates signalling from TLR4 to the TRIF
adaptor protein, resulting in the activation of TRIF, which leads to recruitment of TRAF6 and TRAF3.
TRAFG6 then recruits RIP-1, which induces activation of the TAK1 complex and MAPK, resulting in

activation of NF-kB to induce the production of pro-inflammatory cytokines. TRAF3 recruits TBK1,
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which induces activation of IRF3. IRF3 induces expression of type-1 IFN genes and contributes to

inflammatory responses. Adopted from [33].

1.1.2.1.2.2. C-type lectin receptors in pathogen recognition
CLRs are another family of PRRs that are responsible for pathogen recognition; they are involved in
the recognition of glycosylated antigens. This family of PRRs contains a carbohydrate recognition
domain (CRD) that is essential for carbohydrate ligand binding, a process that also requires calcium
(Ca*") ions [64,65]. Ca?* ions are crucial for the binding of CRDs to their corresponding
monosaccharide ligands. CLRs can be found as cell surface receptors or soluble receptors, depending

on their role [66,67].

An example of a CLR is the mannose receptor (MR, also known as CD206). MR is a type |
transmembrane CLR, and it contains both an extracellular and intracellular domain. The extracellular
region of MR contains eight CRDs involved in the recognition of monosaccharides (e.g., mannose
moiety antigens) in the presence of Ca?*. The intracellular region contains a tyrosine-based motif that
plays a role in receptor internalisation and recycling. MR is an endocytic receptor that mediates the
internalisation and release of binding ligands into endosomal compartments via the clathrin-dependent
pathway. The receptors are then recycled and returned to the cell surface to mediate further ligand
internalisation [68-70]. DC-ICAM3-grabbing non-integrin (DC-SIGN, also known as CD209), is
another example of a CLR. DC-SIGN is a type Il transmembrane receptor; its extracellular domain
contains a single CRD, while its intracellular domain contains an internalisation motif. DC-SIGN is
involved in the recognition of ligands that contain mannose and fucose. Like MR, it can be involved
in the internalisation of binding ligands through the clathrin-dependent pathway and functions as an

endocytic receptor [71,72].

1.1.2.1.2.2.1. C-type lectin receptors mediate intracellular signalling in dendritic cells
Intracellular signalling initiated by activated CLRs is dependent on carbohydrate residues expressed
on pathogens [73]. For example, the intracellular domain of DC-SIGN is bound to the adaptor protein
leukocyte-specific protein 1 (LSP-1), which is associated with a signalosome complex consisting of
CNK1, KSR1, and RAF1. Upon recognition of mannose moieties, such as ManLam expressed by

12



mycobacterium or HIV-1, RAF-1 is activated and subsequently phosphorylated. The activation of
RAF-1 results in the acetylation and phosphorylation of the p65 subunit. This pathway is crucial for
DC-SIGN to modulate TLR-induced NF-xB activation, which results in modulation of immune
responses [74,75]. Upon recognition of fucose on Helicobacter pylori, the signalosomes dissociate
from the intracellular domain of DC-SIGN, while LSP-1 remains attached. This modulates TLR4-
induced NF-«xB activation and leads to suppression of the pro-inflammatory responses mediated by

TLRA4 [76].

1.1.2.1.3. Immune modulatory properties of dendritic cells
DCs use various pathways to fine-tune immune responses and thus play a potential role in determining
the outcome of immune responses against different antigens and pathogens [77,78]. For example, the
crosstalk between CLRs and PRRs (such as TLRs) represents an immunomodulatory pathway that can
guide the DC response. One scenario involving this pathway is the ligation of MR to modulate
activation of TLR4, which results in modulation of the aryl hydrocarbon receptor (AhR) and
indoleamine-2,3-dioxygenase (IDO) [79,80]. Other scenarios, as mentioned previously, include the
ligation of mannose or fucose with DC-SIGN to modulate activation of TLR4 in DCs and suppression
of pro-inflammatory responses [75,76]. Furthermore, DCs can use immunomodulatory enzymes, such
as IDO, to modulate the immune response. IDO is a rate-limiting enzyme that catabolises tryptophan
into kynurenine metabolite, which acts as a ligand to activate AhR to promote metabolic changes in
the cells [81,82]. Under inflammatory conditions, IDO activity contributes to limiting the
inflammatory response by increasing consumption of tryptophan in the microenvironment, increasing
kynurenine metabolite levels to attenuate inflammation caused by infectious microorganisms [83,84].
For example, activated DCs induce high IDO enzyme levels to control inflammatory responses and
suppress pathogen replication [85-87]. Some pathogens, such as parasites, can modulate 1DO activity

to promote their survival inside a host [88].
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1.1.3. T-cell subtypes

T cells originate from the lymphoid lineage in bone marrow and migrate to the thymus for maturation
and positive selection. After T cells undergo positive selection, they migrate through the bloodstream
into lymph nodes, where they reside to support the initiation of the adaptive immune response [89]. T
cells can be classified into two main types: CD4* T cells, also known as T-helper (Th) cells; and CD8*
T cells, also known as T-cytotoxic (Tc) cells. CD4* T cells can be categorised into different subtypes:
Thl Th2, Th17, Th9, T-follicular (Tfh) and regulatory (Treg). Each type of Th cell has a role in the
immune response and can be recognised based on its cytokine secretion profile and expression of

transcription factors (Fig. 1.6) [90].
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Figure 1.6: Subsets of T-helper cells. Each type of cell has a specific function in the immune response

and can be identified by its cytokine production and transcription factor expression.

14



1.1.4. Helminthic parasites overview

The term helminth generally refers to parasitic worms, which can be classified into four phyla:
flatworms (Platyhelminthes), including trematodes (flukes) and cestodes (tapeworms); hairworms
(Nematomorpha); thorny-headed worms (Acanthocephala); and roundworms (Nematoda) [91,92].
Nematodes can be classified into five clades (I-V) based on morphological similarities between
species within each subgroup, in addition to similarities in their DNA and ribosomal RNA sequences

(Fig. 1.7) [93, 94].
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Figure 1.7: The classification of the phylum Nematoda. Nematodes are classified into five clades
(1-V) based on their DNA and RNA sequences. Necator americanus and Nippostrongylus brasiliensis

belong to the same clade. Adopted from [93].
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As shown in the illustration in Figure 1.7, human hookworm parasites such as Necator americanus
belong to the Strongylida family (clade V). Nippostrongylus brasiliensis, which is commonly used in
research as a model system, also lies in the same clade as N. americanus, showing high similarity in

the genomic sequences of theses nematodes [93-95].

1.1.4.1. Human hookworms

1.1.4.1.1. Necator americanus
Hookworm infection caused by nematode parasites is one of the most clinically important soil-
transmitted infections that affects 1 billion people in tropical and sub-tropical regions [96,97].
Ancylostoma duodenale and N. americanus are the two main hookworm species that cause infection
in humans [98]; the latter is more prevalent in human and has thus been more widely studied [99]. N.
americanus infection occurs primarily in warm climates, with the highest prevalence in sub-Saharan
Africa and Papua New Guinea [100]. N. americanus, “American murder”, is an obligate blood-feeding
parasite that causes rash, fever, abdominal pain, vomiting, iron deficiency anaemia, and growth
retardation in hosts with high hookworm burden; it is asymptomatic in hosts with a low hookworm
burden. As N. americanus hookworms do not replicate in humans due to the natural of their life cycle,
hookworm infection intensity is usually estimated by counting faecal eggs. As defined by the World
Health Organization (WHO), moderate hookworm-infected individuals produce 2,000-3,999 eggs per
gram (epg) of faeces, whereas individuals with heavy hookworm burdens produce more than 4,000

epg. [101].

1.1.4.1.1.1. Life cycle of N. americanus
N. americanus is an obligate blood feeder skin-penetrating parasite that resides in the small intestine.
Typically, the infective larvae L3 (iL3) mature into adult worms 42—-94 days post-infection [102-104].
When adult hookworms reach sexual maturity, the female worm begins to produce unembryonated
eggs that are passed in the faeces. Within 1-2 days, and under specific temperature and moisture
conditions, the eggs undergo several cellular divisions and become embryonated eggs that hatch into
first-stage rhabditiform larvae (L1). The L1 feed on faecal microflora and organic debris in the faeces

to continue their development (~10 days), and they moult twice to form infective, third-stage filariform
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larvae (iL3), which are characterised by the presence of a cuticle sheath that forms from the second
moult in the L2 developmental stage; its function is to protect iL3 from desiccation and to support L3

survival in tropical climates [105-108, 98,103].

Under the presence of favourable conditions, such as warmth, humidity, and shade, iL3 increase their
search for a new host by altering their crawl movement in multiple ways, referred as ‘questing
behaviour’ (109,110, 97). When iL3 come in contact with the skin of the target host, they burrow into
the skin by pressing and pushing their anterior sections against the skin [111]. The presence of key
molecules, including chloroform-soluble lipids and receptors on the skin, stimulates iL3 to release
enzymes that digest skin macromolecules to reach the bloodstream [112,113]. Numerous studies have
observed exsheathment of the N. americanus infective stage before and after skin penetration
[113,114]. iL3 normally goes through exsheathment before penetrating human skin however
exsheathment during skin penetration has also been reported implying that exsheathment may not be

essential for iL3 penetration through the skin [115].

N. americanus iL3 remain within the skin for approximately 48 hours, as reported in animal models
[116]. It has been suggested that during this period, larvae resume feeding before they migrate to the
lung where they possibly evade the host immune response. Once the invading larvae successfully enter
the bloodstream through the capillaries, they migrate to the lung and enter the alveolar spaces, migrate
into the tracheae where they are coughed up and swallowed into the Gl tract [117,102]. Estimated
migratory periods following skin penetration into either the lung or the small intestine is 2—4 or 4-5
days, respectively [104]. Once the larvae reach the small intestine, they undergo further development

and moult into the L4 stage and, ultimately into adult worms.

Approximately >42 days after infection, adult hookworms reach full sexual maturity at a length of
about 1 cm (female adults are larger than males). They are cylindrical in shape and characterised by
the formation of cutting plates located on the anterior of the hookworm. These cutting plates allow
adult hookworms to attach to the intestinal wall and feed on the intestinal mucosa and blood. The
worms are estimated to cause blood loss of 40 ul per worm daily. Adults mate and start laying eggs
that pass into the host faeces, completing the life cycle of N. americanus (Fig. 1.8) [104-106, 117].
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1.1.4.1.1.2. Immune responses to invading larvae of N. americanus
Various experimental and clinical data have indicated that most of the host immune activation and
modulation following N. americanus infection happen in different tissues including the skin, lungs,
and intestine, where migration and development of N. americanus takes place [107,119]. When N.
americanus larvae penetrate human skin, it causes in itching, skin redness, and migratory creeping,
which are likely associated with the inflammatory responses [97,120]. N. americanus iL3 deposit their
sheath during skin penetration to allow the exsheathed larvae to remain unrecognised. Interestingly,
during this invasive stage, antibodies fail to recognise exposed L3 cuticles (exsheathed L3), whereas
they successfully detect antigens on the ensheathed L3 surface. The larval cuticle secretes a variety of
immune diversionary molecules to facilitate their migration through tissues [106,107,115]. When
invading larvae successfully penetrate the host skin, they are confronted with a first line of immune
defence represented by innate immune cells. However, the role of the innate immune response against
hookworms has received less attention than the adaptive immune response and is yet to be fully
elucidated [121]. Innate immunity generated against parasitic invasion includes soluble factors, such
as the complement system, and cells, such as mast cells, DCs and macrophages. Upon larval
penetration of human skin, mast cells residing in the tissue degranulate to release the inflammatory
mediator such as histamine into the local microenvironment. Histamine acts as an endothelial
vasodilator to facilitate vascular permeability, enabling other immune cells to migrate to inflamed
tissues and trigger local oedema, redness, swelling, and itching [107, 122, 123]. Furthermore, tissue-
resident macrophages become activated and produce a wide range of cytokines and chemokines,
including IL-1p and TNF-a, which enhance expression of cellular adhesion molecules, including P-
selectins on the endothelium of blood vessels at the infection site. Once P-selectin is expressed on
endothelial cells, leukocytes expressing P-selectin glycoprotein 1 ligand (PSGL-1) can bind to
Endothelial P-selectin, followed by expression of E-selectin on endothelial cells and its ligand E-
selectin ligand-1 (ESL-1) on leukocytes. These events permit rolling of leukocytes to the site of
infection. Endothelial cells also express further adhesion molecules, including intracellular adhesion

molecule 1 (ICAM-1) and vascular cell adhesion molecule 1 (VCAM-1) that bind to B2 integrin
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expressed on leukocytes; this tight binding enables immune cells, such as monocytes, present in

circulation to move across the blood vessel endothelium and into inflamed tissues [124,125].

Complement is a part of innate immunity that also acts as a first line of defence against many invading
pathogens by inducing the opsonisation and lysis of pathogens. However, parasites have a strategy to
overcome complement attack and inhibit formation of the membrane attack complex (MAC) via the
secretions of proteins. Studies have shown that N. americanus secretes calreticulin, which acts as an
inhibitor of Clq that eventually blocks activation of the classical pathway involved in pathogen
clearance and recruitment of neutrophils, eosinophils, and macrophages to the site of infection [126-

128].

Eosinophils and neutrophils are among the cells involved in innate immunity that play a role against
N. americanus infection. Human studies have shown that eosinophilia is a common characteristic of
N. americanus infection; peripheral blood eosinophils from infected individuals show that eosinophils
are highly activated, evidenced by an increase in their surface receptor 1gG, whereas no changes are
seen in neutrophils regarding their number, morphology, or immune response [129]. Evidence
suggests that eosinophils bind N. americanus larvae in the presence of the complement system and
antibodies [120]; however, this interaction is poorly understood [130], and it is not known whether
this interaction has any larvicidal effect [107]. Not surprisingly, the presence of immunomodulator
proteins in N. americanus secretions—such as neutrophil inhibitory factor (NIF)—inhibit adherence
of activated neutrophils to vascular endothelial cells at the infection site [131,132]. Moreover, N.
americanus is a highly adapted pathogen, with secretions that can cleave IgA and produce Fab
fragments that combine with NIF to block 1gG- or IgM-mediated phagocytosis and complement

activation [133].

The other arm of innate immunity that plays an important role against parasites and aids in the
activation of adaptive immunity is DCs [134]. DCs are professional APCs that are amongst the first
immune cells to interact with pathogens; they act as a crucial link between innate and adaptive immune
responses. These cells collectively express a range of PRRs, such as TLRs and CLRs. Once they have
received ‘danger signals’ associated with different pathogens via these receptors, they undergo
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maturation through a series of morphological changes, including the loading of antigenic peptides into
MHC Il and upregulation of co-stimulatory molecules (e.g., CD86/CD80). Activated DCs migrate to
regional lymph nodes where they present antigen-derived peptides to naive T cells, leading to the
differentiation of T cells to different functional phenotypes (Th1, Th2, or Treg). Human studies on
hookworm infections found that DCs demonstrated a different phenotype as they failed to induce
maturation, downregulated expression of co-stimulatory molecules (CD86 and HLA-DR) and
polarised to drive development of Treg cells [135-137]. This phenomenon is thought to be caused by
the highly glycosylated proteins secreted by hookworms, which are recognised and internalised by
CLRs on DCs. These carbohydrates play an important role in modulating DC function towards a
regulatory response via induction of the anti-inflammatory cytokine 1L-10 [138], as there is significant
evidence supporting the role of parasite glycans in the modulation host immunity towards a regulatory
response [139-145]. Interestingly, numerous studies have observed that parasitic secretions suppress
the ability of TLRs to induce DC activation and pro-inflammatory cytokine production. The reasons
underlying this inhibition are still poorly understood; however, it is believed that pathogens target
CLRs that could result in modulation of downstream TLR signalling. Therefore, it is reasonable to
hypothesise that CLRs on DCs play a role in the recognition of glycans and mediation of the

immunomodulatory effect.

1.1.4.1.1.3. Immune response to adult hookworms
Upon arrival of the N. americanus larvae to the intestine, they mature into adult worms, whose
presence is usually associate with nausea, abdominal pain, and intestinal bleeding [97,120]. The
survival of N. americanus adult worms in humans over long periods (on average 57 years) is believed
to occur through modulation of the host immune system [138,146]. N. americanus secretes a wide
range of immunomodulatory molecules that play a fundamental role in modulation and suppression of
the immune response during hookworm infection [96,100]. An in vitro study showed that NK cells
from N. americanus-infected individuals were unable to interact with the secreted products of adult
worms [146]. Furthermore, N. americanus infection had the capacity to elicit a Th2 response, which

was associated with the production of cytokines, such as IL-4, IL-5, and IL-13 [147]. However, the
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mechanism by which DCs respond to parasite antigens for priming naive T cells towards a Th2
response is still not fully understood [148]. Previous observations suggested that DCs failed to induce
maturation in response to parasite secretions, and that these secretions could modulate TLR signalling
pathways [149]. Moreover, N. americanus infection induces expansion of Treg cells to increase their
chance of survival. The induction of this regulatory response is likely independent from parasitic
secretions, and cytokines produced by DCs, such as IL-10, play a fundamental role in induction of

Tregs through DCs priming [150,151].

1.1.4.1.1.4. N. americanus-secreted products and their role in immunomodulation

N. americanus secretes molecules into the host environment that are defined as excretory-secretory

products [152]. A hallmark function of theses secretions is that they permit the survival of live

parasites in the host for extended periods through evasion and suppression of host immune responses

[153]. Numerous studies have reported on downregulation of the host immune response caused by

hookworm secretions. Some of these studies revealed a common set of proteins secreted by N.

americanus, including NIF, antioxidants, proteases, protease inhibitors, acetylcholinesterase (AChE),

glycolytic enzymes, and C-type lectins [107, 154, 155]. The presence of NIF has been reported in N.

americanus secretions. NIF plays a role in immune evasion by interfering with recruitment of activated

neutrophils to the vascular endothelium by releasing hydrogen peroxide that blocks essential integrins

for neutrophil migration, including CD11c and CD18 [131,156].

N. americanus also secretes antioxidants that are thought to provide protection to the exposed larval
cuticle surface by counteracting the effects of host free radicals, with enzyme such as superoxide
dismutase (SOD), and neutralising lipid hydroperoxide by glutathione-S-transferases (GSTs)
[107,110,157]. Studies suggest that N. americanus larvae secrete a mixture of hydrolytic enzymes to
facilitate skin digestion, larval migration through tissues, and intestinal attachment [158-160]. These

enzymes include metalloproteases, cysteine proteases, serine and aspartyl proteinases, and evidence
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suggests that these enzymes are stored in secretory granules localised in the oesophageal glands of N.
americanus larvae [161-163]. The metalloproteases secreted by N. americanus play an important role
in immunomodulation by inhibiting eosinophil recruitment to sites of infection through blockage of
eotaxin [164]. In addition, the aspartic protease Na-APR-1 and the cysteine protease Na-CP-3 are
among of immunomodulator enzymes secreted by N. americanus. These enzymes are involved in the
hydrolysis of human haemoglobin from consumed erythrocytes and the promotion of parasite feeding

[165,166].

Previous studies have identified the presence of different carbohydrate moieties, such as galactose,
mannose, fucose, heparan sulphate, and N-acetylgalactosamine (GalNAc), on the surface of N.
americanus larvae [167]. These carbohydrates are abundant on the parasite surface and in their
secretions, and they thus have a role in fine-tuning the host immune response. Interestingly, these
carbohydrates are believed to be analogous in both structure and function to human glycans and thus
evade recognition by host immune responses [138]. Numerous studies have shown that the interaction
of these carbohydrates with DCs can interfere with effective induction of host immune responses [168-

172]

1.1.4.1.1.5. Treatment of N. americanus infection
Four anthelmintic drugs have been approved by the WHO to treat hookworm infection: albendazole,
mebendazole, pyrantel pamoate, and levamisole. These drugs have been used effectively against a
broad spectrum of parasites for more than 30 years; they have high affinity for eliminating helminths

and excreting them swiftly, without undesired effects on host tissues [173-176].

Albendazole and mebendazole are derivatives of the benzimidazole class. These two drugs bind
hookworm beta-tubulins and prevent polymerisation of microtubules inside the worm. Recent reviews
have investigated the efficacy of albendazole and mebendazole in the treatment of hookworm
infection. The results found that a 400-mg dose of albendazole was associated with a cure rate of 66%,
whereas 500 mg of mebendazole had an effective cure rate of 31% [177,178]. Albendazole and
mebendazole are the most common anthelminthic drugs used to control intestinal nematode infection
due to their high efficacy and low cost; however, there are increasing concerns regarding drug
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resistance. To date, mebendazole resistance has been reported in human hookworm infections in
Australia and Africa [179,180]. Recent clinical trials demonstrated the promising effect of
tribendimidine against N. americanus at a dose of 400 mg, reporting an 86% cure rate, which could
indicate that this drug may represent an alternative treatment choice [175,176]. However, anthelmintic
drugs do not provide long-lasting protection as there is an increased rate of re-infection for individuals
living in endemic areas, and the infection can endure throughout a lifetime [181,182]. Therefore,
developing an effective vaccine is an alternative method to preventing this disease and may provide

long-lasting protection against N. americanus.

1.1.4.1.1.6. Therapeutic potential for hookworm infection in treating autoimmune and

inflammatory diseases
The hookworm N. americanus resides in humans for long periods due to its secretion of a wide range
of immunomodulator proteins that play a fundamental role in suppressing the production of pro-
inflammatory cytokines and inducing anti-inflammatory processes [96]. Interestingly, numerous
studies have reported that hookworm infection can protect against allergies and several autoimmune
conditions, such as rheumatoid arthritis, multiple sclerosis (MS), and inflammatory bowel disease
[183,184]. Furthermore, epidemiological studies suggested that there was a decreased prevalence of
allergies and autoimmune diseases in helminth carriers [185-187]. From an immunological point of
view, autoimmune diseases appear to have Thl-mediated pathology involving the production of pro-
inflammatory cytokines IL-12 and IFN-y. In contrast, hookworm infections regulate the immune

response and promote balance in the immune system [188].

N. americanus is considered a favourable parasite to treat those diseases as it does not replicate within
the human host and adult worms can live for many years in the Gl tract [189,184]. Infection with N.
americanus at low numbers is safe and tolerable, with no documented serious adverse effects. In 2006,
it was demonstrated that infection with approximately 10-50 infective N. americanus larvae was safe
and well-tolerated, with no significant induction of anaemia; the number of eggs recovered was 50
epg. However, eosinophilia, 1gG, and IgE were detected in the blood, even with the low degree of

infection [190,191].
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The immune-suppressive properties of N. americanus have been demonstrated in different
autoimmune and autoinflammatory diseases, including asthma, Crohn’s disease, coeliac disease, and
MS. In an asthma study, 32 patients were each infected with 10 infective N. americanus larvae and
followed up for 16 weeks. This study reported no significant improvement in airway responsiveness.
The possible reason for the failure of this trial was thought to be because patients were undergoing
corticosteroid treatment, which may have impaired the immune response during N. americanus
infection [192]. In a study on Crohn’s disease, a type of inflammatory bowel disease, 9 patients were
infected with 25-50 infective larvae and followed up for 20 weeks. The Crohn’s disease activity index
(CDAI) showed improvement for 7 of the patients, with no anaemia reported during the infection
period. These results suggest that N. americanus infection could prove more beneficial for diseases

that occur in the same location where the mature worms reside [193].

The benefit of N. americanus was also demonstrated in coeliac disease, which is an autoimmune
disease that occurs when genetically susceptible people consume a gluten-containing diet. In this
study, 20 patients were treated with 5-10 infective larvae for period of 20 weeks. Patients
demonstrated decreased levels of the inflammatory cytokines IFN-y and IL-17A after a gluten

challenge [194,195].

Interestingly, N. americanus may also alter immune reactivity in MS patients. MS is an inflammatory
disorder that affects the central nervous system, inducing myelin injury [196]. Previous studies
revealed a relationship between parasite infection and the course of MS. In a study, 24 volunteers (12
uninfected MS patients and 12 parasite-infected MS patients) were evaluated to compare the effects
of parasitic infection on MS progression over 4.5 years. During the 4.6-year follow-up period, parasite-
infected MS patients showed significantly decreased magnetic resonance imagining (MRI) activity as
compared with uninfected MS patients; furthermore, the peripheral blood of parasite-infected MS
patients showed a significant increase in IL-10 and TGF-f levels and a decrease in IL-12 and IFN-y
levels as compared with uninfected patients. These observations suggest the possibility of using N.
americanus and its protein secretions as a therapeutic tool for autoimmune and inflammatory diseases

in clinical trials [197,198].
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1.1.4.1.2. Nippostrongylus brasiliensis as a model parasitic nematode
N. brasiliensis is widely used as an experimental model in the study of GI nematode infection and
immunity. This parasite is studied because it has a similar life cycle and skin-penetrating third larval
infective stage as the human hookworm. N. brasiliensis belongs to the same clade as the human
hookworm species N. americanus. In addition, N. brasiliensis has a short life cycle, allowing it to be
easily maintained in a laboratory. Rodents, such as rats and mice, are the specific hosts of N.
brasiliensis, making it easy to obtained large quantities of worms at different stages. The life cycle of
the parasite begins with eggs that hatch in faecal material through two moult stages, from L1 stage to
L3 stage. The infective third-stage L3 invade the host by penetrating the skin to initiate infection,
followed by migration of L3 from the skin to the lungs through the circulatory system. Upon arrival
in the lungs, they moult into L4 stage; this migration occurs between 24 and 32 hours post-infection.
L4 then migrates up the trachea to be coughed up into pharynx and swallowed into the Gl tract. Upon
arrival in the GI tract, the larvae attach to the intestinal wall and undergo further development to
become fully matured adult worms. The adult worms mate and eggs start to appear in the rodent faeces.
The eggs then undergo two further moults to become infective L3 [199,200]. (Fig. 1.9) illustrate life

cycle of N. brasiliensis.
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Figure 1.9: Life cycle of N. brasiliensis. © Unembryonated eggs are passed in the faeces of an
infected rodent. @ Eggs hatch and undergo two moults as L1 stage and L2 stage. © nfective L3
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circulatory system to the lungs where they moult into L4 stage. This occurs between 24 and 32 hours

post-infection. L4 migrate to the trachea and are coughed up and swallowed into the Gl tract. ©
When they reach small intestine, the larvae develop into mature adults. Adult worms mate and start to

produce eggs, which pass into the host’s faeces.
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1.2. Research objectives

N. americanus infection is a significant public health concern, particularly in developing countries.
However, fundamental information about how this parasite initially interface with immune cells and
how their secretions affect DC function and downstream T cell responses is the subject of intensive
research. Despite relative success with drugs used in treating hookworm infections, there is a high rate
of re-infection, and the immune response against hookworms is typically not protective. Therefore,
there is a need for better understanding of the early events involved in the interface between the
hookworm and the immune system, which could pave the way for the design of more effective

therapies and vaccines.

Given that the infective larvae of N. americanus requires human host, limits access to this worm for
mechanistic studies. Moreover, working with N. americanus larvae in the laboratory is quite
challenging due to the high infection rate of this parasite in humans and the complexity of its life cycle,
which takes around 5-7 weeks to develop an infective stage. Therefore, the main aim of this was to
investigate whether other more readily accessible N. brasiliensis can be used as a model system to
investigate the immune modulatory properties of infective larvae and their secretions on human
immune cells. Here, we hypothesised that N. brasiliensis infective larvae has modulate human DC
functional properties similar to those reported for N. americanus. Furthermore, we aimed to
characterise the surface chemistries of infective larvae and identify carbohydrate components within
larval secretions that could help us to understand the immune modulatory strategies used by the
parasites to modulate the immune system adding more mechanistic insight on how the infective larvae
interacts with the immune system. These findings may contribute to the design of therapeutic tools to

treat autoimmune and autoinflammatory conditions.
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Chapter 2:

Investigating the physical interaction of Nippostrongylus
brasiliensis infective larvae with dendritic cells and surface
chemistry analysis of infective larvae
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2.1 Introduction

N. americanus larvae are believed to establish a number of successful immune evasion strategies to
evade immune recognition and eradication [119]. Studies have observed that antibodies from
individuals infected with N. americanus could recognise antigens on ensheathed larvae but failed to
recognise antigens on the exposed larval cuticle [106,115]. Therefore, it has been hypothesised that
the L3 larvae shed their sheath (exsheathment) during percutaneous infection to diverts the immune
system to allow successful infection and reinfection in endemic areas [102]. DCs are professional
antigen presenting cells (APCs) and among the first immune cells that interact with pathogens, acting
as a crucial link between the innate and adaptive immune responses [21]. A recent study by our group
showed exsheathment of N. americanus L3 upon interaction with human immature dendritic cells
(iDCs). Intriguingly, these cells did not interact with the exposed third-stage larvae (L3) cuticle [201].
However, the exact mechanism underlying such immune evasion has remained elusive. Therefore,
characterisation of N. americanus L3 interaction with DCs could provide invaluable insight into
mechanism that underpin N. americanus immune evasion and its immune modulatory effects, which
could in turn help in the design of new therapeutic strategies. However, a major limitation of working
with N. americanus is the availability of viable L3, as they require a human host. Thus, identifying
other nematode species that can be used as a model system for studying human immune responses

would greatly facilitate such studies.

N.brasiliensis is an intestinal nematode parasite that infects rodents; it has been widely used as an
experimental model for studying gastrointestinal nematodes that infect humans because it has a similar
life cycle and skin-penetrating L3 infective stage to N. americanus [202]. However, the physical
interaction of N. brasiliensis with human DCs and the chemical properties of the L3 cuticle and their

sheath have not yet been studied.

Therefore, in this chapter we aimed to investigate the possibility of using N. brasiliensis as a laboratory
model system by elucidating its physical interaction with human DCs in the presence or absence of
larval sheath. Furthermore, we aimed to investigate the surface chemical signatures of N. brasiliensis

L3 cuticle and the sheath using time-of-flight secondary ion mass spectrometry (TOF-SIMS) to
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determine similarities or differences with N. americanus and whether such molecular signatures could

explain immune evasion by larvae cuticle.
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2.2 Materials and methods

2.2.1 Preparation of N. brasiliensis infective larvae
A faecal culture containing N. brasiliensis infective L3 larvae was sourced from our collaborator
(Maizels laboratory, University of Glasgow, United Kingdom), where they collected faecal material
from infected rodents and mixed it with charcoal and antibiotics, including penicillin and
streptomycin. The stock of N. brasiliensis has been tested and shown to not carry any pathogenic
micro-organisms. L3 were isolated from faecal material via the Baermann technique, as previously
described [202]. Briefly, the faecal culture was applied onto gauze padding into the Baermann
apparatus (containing ~15 ml of tap water) and left overnight. The water containing larvae was
collected in a 15-ml centrifuge tube; the larvae were allowed to settle on the bottom of the tube for 30
minutes before the excess water was drawn off. The concentrated larvae were washed extensively with
sterile deionised water containing 100 1U/ml penicillin, 100 pg/ml streptomycin, and 1% gentamicin,
and were allowed to settle by gravity after each wash for ~30 minutes. Following washes, the larvae

were counted and stored at room temperature in the dark until use.

2.2.2 Generation of human dendritic cells from peripheral blood mononuclear cells
Whole blood samples were obtained from healthy donors (National Blood Service, Sheffield, UK)
following approval of the ethics committee (Faculty of Medicine and Health Sciences, Research Ethics
Committee, University of Nottingham). Peripheral blood mononuclear cells (PBMCs) were isolated
from the whole blood using Histopaque (Sigma-Aldrich, UK) by density gradient centrifugation.
CD14* monocytes were purified from PBMCs by positive selection using a magnetic cell separation
system (Miltenyi Biotech, UK). The purity of the purified monocytes was tested using flow cytometry.
Purified monocytes were counted using a Countess™ |1 FL. Automated Cell Counter (Thermofisher,
UK) and supplemented in RPMI 1640 medium (Sigma-Aldrich) containing 10% heat-inactivated fetal
bovine serum (FBS), 100 U/ml penicillin, 100 pg/ml streptomycin, and 2 mM L-glutamine (all from
Sigma-Aldrich); this supplemented culture medium will referred to as ‘complete medium’. For
immature DC generation, 10° cells/well of monocytes were seeded into a 24-well plate (Corning Life

Science, NY, USA) in the presence of 50 ng/ml GM-CSF and 250 U/ml IL-4 (both from Miltenyi
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Biotech) and incubated for 6 days at 37°C and 5% CO,. Fresh complete medium was added on day 3

and supplemented with the same concentration of GM-CSF and IL-4 as on day 0 [203].

2.2.3 Incubation of N. brasiliensis infective larvae with human immature dendritic cells
Human immature DCs (iDCs) (2.5 x 10° cells/well) were seeded in a 24-well plate in complete RPMI
1640 medium and treated with mixed number of ensheathed and exsheathed L3 (~50 larvae), followed
by incubation of the cells for 24 hours at 37°C with 5% CO,. During the incubation period, cells were

imaged using a Fluorescent Cell Imager (Etaluma).

2.2.4 Quantification of DCs viability assay

2.2.4.1 Trypan blue
The number of viable cells was primarily determined using Trypan blue (Sigma-Aldrich). Briefly,
the cell suspension was stained with 0.4% Trypan blue at a 1:20 dilution factor. Cells were then

counted using Countess™ [l FL Automated Cell Counter (Thermofisher, UK).

2.2.4.2 LIVE/DEAD stain
Cell viability was evaluated using LIVE/DEAD stain (Thermo Fisher Scientific) according to the
manufacturer’s protocol. Briefly, cell supernatants were removed, stained with 250 ul of LIVE/DEAD
stain, then incubated for 20 minutes in the dark at 37°C before analysis. Cells were imaged using the
Fluorescent Cell Imager (Etaluma) and data analysis was conducted either by counting fluorescent

cells using ImageJ software or using flow cytometry.

2.2.5 Characterisation of N. brasiliensis larvae surface chemistry

2.2.5.1 Poly-L-lysine-coated slide preparation
Microscopy glass slides (76 x 26 x 1.0-1.2 mm), methanol (HPLC grade), and acetone (HPLC grade)
were purchased from Thermo Fisher Scientific, UK. Poly-L-lysine (70-150 kDa) was purchased from
Sigma-Aldrich, UK. The microscopy slides were cleaned using deionised water, methanol, and
acetone. Poly-L-lysine was prepared in deionised water at a concentration of 0.1%, and then 100 pl of
0.1% poly-L-lysine solution was pipetted onto the centre of the cleaned microscopy glass slide. To

distribute the poly-L-lysine over the slide, another cleaned microscopy slide was placed on top of the
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poly-L-lysine drop. Then, the slides were incubated for 5-10 minutes at room temperature, separated

carefully, and washed with deionised water.

2.2.5.2 Preparation of N. brasiliensis slides
N. brasiliensis L3 (n>100) were washed extensively with sterile deionised water (10 times). The larvae
were allowed to settle by gravity to the bottom of a 15-ml centrifuge tube for approximately 15-30
minutes, and the excess water was drawn off. After the washing step, 100 ul (n~10) of N. brasiliensis
suspension was pipetted onto poly-L-lysine-coated slides, and the larvae were allowed to settle on the
slides. The slides were examined using an optical microscope before the excess water was aspirated
to dry the slides. Next, the slides were stored at -20°C in an airtight sealed container to maintain the

integrity of larval morphology.

2.2.5.3 Time-of-flight secondary ion mass spectrometry (TOF-SIMS)
TOF-SIMS experiment was carried out to detect the surface chemistries of larvae surface on poly-
lysin coated slides. The experiment was done with the help of David Scurr and Nichola Starr. An
IONTOF GmbH TOF-SIMS instrument equipped with a metal ion gun producing a Bi3+ primary ion
source (25 keV) and a single-stage reflection analyser to collect positive and negative secondary ion
data. An electron flood gun producing a low energy (20 eV) was used to compensate for positive ions
generated by sample surface charging. To ensure static SIMS conditions, the dose of the primary ion
beam was maintained at 1 x 10'%/cm? throughout the measurement. Slides containing N. brasiliensis
larvae were measured using this instrument. A total of six larvae—three replicates of the L3 cuticle
and three replicates of the larval sheath—were scanned at the region of interest (500 um x 500 pum) at
a resolution of 256 x 256 pixels in both positive and negative polarity. TOF-SIMS produces spectral
datasets and images, and each pixel on the image relates to a specific mass spectrum. Therefore, to
identify the masses that differentiated the larval sheath from its cuticle, multivariate analysis (MVA)

was applied.

2.2.5.4 Multivariate analysis
To identify differences between the surface chemistries of the L3 cuticle and the sheath, principal
component analysis (PCA) was performed using simsMVA software [204]. The peak list was
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generated for a single L3 cuticle and sheath, and that peak list was applied to the mass spectra of all
L3 cuticles and sheaths. In total, 100 m/z peaks for negative ion polarity and 100 m/z peaks for positive
ion polarity were examined. The peak list intensities were normalised to the total ion count and
exported to simsMVA software, and PCA was performed to assess the differences in the spectra
between the L3 cuticle and sheath. The data from the PCA are presented as score plots and loading
plots; the score plots were generated to determine the correlation between selected variables on the
cuticle and sheath, while the loading plots were generated to visualise mass ions that were expressed

on the larval cuticle and sheath individually.

35



2.3 Results

2.3.1 Characterising the N. brasiliensis infective larvae
Length measurement of N. brasiliensis L3 was performed and calculated using ImageJ software (Fig.
2.1A&B), while structural characterisation was performed using a Fluorescent Cell Imager (Etaluma)
(Fig. 2.2). Analysis of the length measurements of the infective L3 stage (ensheathed L3 and L3
cuticle) was conducted on ~10 larvae; the length varied among these larvae. The ensheathed L3 length
ranged between 600-690 um; in contrast, L3 cuticle length ranged between 500-600 um (Fig. 2.1C).
This assessment was followed by identification of the external morphology of the infective stage,
include the sheath, oesophagus, and tail structures. N. brasiliensis L3 retained its cuticle by a sheath,
which developed from the second stage (Fig. 2.2A). The oesophagus of the infective L3 was slightly
enlarged, tubular in shape, and located at one-quarter of N. brasiliensis larval length. In addition, N.
brasiliensis L3 had a short tail and a ventral protuberance (arrowhead) (Fig. 2.2 B). These
characterisations proved that the larvae employed in this study were the infective stage of N.

brasiliensis [198].
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Figure 2.1: A) & B) The determination of length measurement of N. brasiliensis infective stage
L3 using ImageJ software. In ImageJ software: open image > drawing a straight line over larvae
starting from mouth to tail > analyse > set scale > change length unit to um > analyse > measure. C)
The measurement of ensheathed L3 (n=10) ranged between 550-600 pm, while L3 cuticle length

(n=10) was approximately 550600 um.

Larvae Sheath

Figure 2.2: Structural characterisation of the ensheathed infective L3 (EnL3) and the ex-
sheathed L3 (ExL3). A) EnL3 is enclosed in the sheath, which contains the cuticle for L3. B) The L3
cuticle has a short tail with a ventral protuberance (arrowhead) and a tubular oesophagus located at

about one-third of the larval length.
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2.3.2 The physical interaction between N. brasiliensis iL3 and dendritic cells
The physical interaction between N. brasiliensis infective larvae and human DCs was examined by
incubation of N. brasiliensis L3 (ensheathed and exsheathed L3) with immature monocyte derived
DCs. The interactions were observed for up to 24 hours using the Fluorescent Cell Imager (Etaluma).
After one hour of incubation time between the ensheathed L3 with iDCs, the microscopy data showed
that DCs bound or aggregated to the ensheathed N. brasiliensis larvae. The ensheathed larvae moved
dynamically for 2-3 hours after start of incubation with DCs, which promoted which promoted
exsheathing of the larvae. The exsheathing process can take up to 4 hours after incubation and no
exsheathing was noticed within 2 hours of incubation with DCs. Consequently, the exposed larvae
cuticle migrated away from the sheath, while DCs continued to sequester onto the discarded sheath
and formed aggregates, without binding to the exposed larval cuticle (Fig. 2.3 A). In contrast, when
exsheathed larvae (L3 cuticle only) were incubated with iDCs, the iDCs exhibited no binding or
aggregation to the L3 cuticle in the absence of the cuticle sheath. The L3 cuticle moved dynamically
and freely, without any aggregation of DCs around it at different time points (Fig. 2.3 B). After 24
hours of incubation, the L3 cuticle—in the presence or absence of the sheath—moved freely, without

attracting DCs, while aggregation of DCs was observed around the discarded larval sheath (Fig. 2.3A

cuticles are available in (supplementary video 1 and 2).

Furthermore, to investigate whether or not ensheathed and exsheathed L3 larvae could impact on iDCs
viability, Live/Dead assay was used. Our data showed that ~90% of cells were viable after co-culture

with L3 larvae (Fig. 2.4).
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Figure 2.3: A) Time-lapse images show the physical interaction of ensheathed N. brasilienis L3 with
iDCs. A-i, A-ii and A-iii) At initial incubation of the ensheathed L3 and up to 2 hours, the larva moves
dynamically and remains hidden in its sheath, while DCs continue to sequester around the sheath. A-iv,
A-v, A-vi) Ensheathed L3 initially begins to puncture the sheath (first visualisation of the ex-sheathing
process) and continues moving dynamically until L3 is completely exsheathed. The exposed L3 cuticle
migrates independently of the sheath. A-vii, A-viii) After 24 hours of incubation, sequestration of DCs
around the discarded sheath is observed, while the exposed L3 cuticle remains unchallenged. Data show

representative images of two independent experiments (n=2).

Figure 2.3: B) Time-lapse images showing the physical interaction of N. brasiliensis L3 cuticle with
iDCs. B-i—B-iv) At initial incubation of the exsheathed L3 and up to 4 hours, the larvae are free to move
without any attraction to DCs. B-v, B-vi) After 24 hours of incubation, the DCs showed no interest in binding
to the L3 cuticle, and the larvae continue to move freely. Data show representative images of three

independent experiments (n=3).
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Figure 2.4: The viability of DCs after 24 hours of treatment with N. brasiliensis L3. Quantification
of LIVE/DEAD fluorescent cells was performed using ImageJ software. Briefly, in ImageJ software:
open image > change image type to 8-bit > adjust threshold to highlight cells to be counting, process
> binary > convert to mask, analyse > analyse particles to count all cells. The results showed that
>90% of DCs were alive after treatment with L3. Data are representative of three independent

experiments using DCs from three different donors (n=3).
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2.3.3 Chemical characterisation of N. brasiliensis L3 larvae

Our previous observation showed the differential ability of iDCs to interact with ensheathed larvae
and the cuticle; therefore, we hypothesised that the surface of the L3 cuticle could be chemically
differentiated from the larval sheath. We used TOF-SIMS to test our hypothesis. PCA of the data
generated from negative-polarity TOF-SIMS of the larval cuticle (n=3) and larval sheath (n=3) was
performed using sims-MVA to assess key differences across the datasets. A peak list was generated
for a single larval cuticle and larval sheath (supplementary figure 1), that peak list was then applied
for all larvae cuticles and sheaths. Data obtained was applied to the sims-MVA software to determine
whether the larval cuticle and sheath could be chemically differentiated. The score plots generated
from PCA clustered the data into two distinct populations based on chemical similarity. All L3 cuticle
samples were separated from sheath samples using the ions included in PC1, whereas PC2 contained
ions specific to the sheath. Our data showed that the L3 cuticle PC1 group contained 64.72% of the

selected m/z peaks within the dataset, while the larval sheath PC2 group contained 30.18% (Fig. 2.5).
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Figure 2.5: 2D and 3D PCA score plots showing PC1 (L3 cuticle) and PC2 (sheath) from data
generated from negative-polarity TOF-SIMS. PC1 contained 64.72% of the variables within the

dataset, while PC2 contained 30.18% of the variables within the dataset (L3 cuticle n=3, sheath n=3).
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Normalised loadings (a.u)

The loadings for PC1 and PC2 were identified to determine the mass ions specific to the larval cuticle

and larval sheath (Fig. 2.6 A&C), and chemical assignment of highly loaded mass ions for PC1 and

PC2 was performed (Fig. 2.6 B&D).
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Figure 2.6: A) & B) Normalised loading plots for the L3 cuticle (n=3) and chemical assignment

of highly loaded ions on the L3 cuticle. C) & D) Normalised loading plots for the sheath (n=3) and

chemical assignments of major loaded ions for the larval sheath.
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Cuticle. The PC1 loadings elucidated that the L3 cuticle surface contained mass ions at 44.99 u,
identified as CHO; (Fig. 2.6B), which is a generic fragment associated with most amino acids [205].
CHO; was distributed on both the L3 cuticle and sheath; however, it was more highly expressed on
the L3 cuticle surface than on the sheath. Interestingly, the surface of the L3 cuticle contained
secondary ions associated with characteristic monosaccharide fragments, including fucose, galactose,
L-rhamnose, and GalNAc (Fig. 2.7 A) [206]. The chemical assignment for each monosaccharide is
provided in (Fig. 2.7 B). Further analysis, the surface of L3 cuticle elucidated expression of C3sHsPOs~
ion, which indicates a phosphatidylglycerol head group and is located specifically on the L3 cuticle
surface (Fig. 2.7 B). Through further analysis of ions loaded specifically on the L3 cuticle revealed
the presence of secondary ions associated with cysteine amino acids, including HS™ (32.98 u), CHsS
(46.99 u), Co.HS (56.98 u), CNS™ (57.97 u), Sy (63.94 u) and HS, (64.95 u) (Fig. 2.7 C). However,
the L3 cuticle surface demonstrated a lower abundance of secondary ions associated with sulphated
compounds than the sheath, including SO, (63.96 u), SO3; (79.96), SOsH" (80.97 u), SO, (95.96 u),

and SO4H"(96.96 u) (Fig. 2.7 D).

Sheath. The loadings for PC2 demonstrated that the larval sheath was highly loaded with secondary
ions associated with sulphated compounds, including SO, (63.96 u), SOs™ (79.96), SOsH" (80.97 u),
S04 (95.96 u), and SO4H (96.96 u) (Fig. 2.8D). These compounds were distributed over the larval
sheath and L3 cuticle surfaces; however, they were observed in greater density on the sheath. In
contrast to this observation, the larval sheath contained characteristic monosaccharide fragments (Fig.
2.8A); however, they were more highly expressed on the L3 cuticle than the sheath. Interestingly, the
sheath surface contained secondary ions specific to heparan sulphate CsHsSOs™ (Fig. 2.8D) [207] but
do not contain a phosphatidylglycerol head group and secondary ions associated with cysteine amino
acids (Fig. 2.8 B&C). Differences between chemicals found on the surface of cuticle and sheath are

illustrated in (Fig. 2.9)
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Figure 2.7: lon images for the L3 cuticle. A) The L3 cuticle surface exhibited monosaccharide
secondary ions. B) In addition, it contains phosphatidylglycerol head group. C) The surface of L3
elucidate expression of secondary ions associated with cysteine amino acids D) The L3 cuticle
contained probable sulphate compounds, but not heparan sulphate. (n=3). Total loaded ions expressed
on the larval cuticle are illustrated in (supplementary figure 2), while ion images for other L3 cuticles

are illustrated in (supplementary figure 3&4).
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Figure 2.8: lon images for the larval sheath. A) The surface of larval sheath exhibited no
monosaccharide secondary ions. B and C) The sheath surface did not contain cysteine subunits and
phosphatidylglycerol head group. D) The larval sheath surface exhibited sulphate-containing
compounds and heparan sulphate. (n=3). Total loaded ions expressed on the larval cuticle are
illustrated in (supplementary figure 2), while ion images for other larval sheaths are illustrated in

(supplementary figure 5&86).
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Figure 2.9: Schematic diagram showing the immune evasion strategy of N. brasiliensis infective
larvae. DCs bind to ensheathed N. brasiliensis L3 and result in exsheathment of larvae. DCs aggregate

to the discarded larval sheath due to the presence of heparan sulphate, providing an escape mechanism

for the larval cuticle.
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2.4  Discussion

The N. americanus hookworm infects 576740 million people worldwide. Infection mainly occurs in
impoverished rural areas and in tropical regions in individuals who inhabit endemic areas where they
encounter soil containing the faecal material of infected individuals. Chronic infection can cause long-
term consequences, including chronic iron deficiency anaemia. The consequences of chronic iron
deficiency anaemia include physical and cognitive disabilities. Even though hookworm infection can
be controlled effectively with anthelmintic drugs, reinfection after treatment is common and leads to
the serious problem of drug resistance. Despite the chronicity of the infection, widespread prevalence,
and the potential development of drug resistance, very little is known about how this parasite interacts
in the early phase with the immune system. Therefore, there is an urgent needed to interrupt

transmission of the parasite and thus control the infection [96,208,209].

N. americanus infective larvae are characterised by a non-notched pointed tail with an oesophageal
bulb located at one-third of the length of the hookworm; infective L3 length ranges from 300—400 um
[210]. In contrast, the morphological features of N. brasiliensis L3 are a tube-shaped (enlarged)
oesophagus that is located slightly posterior from the mouth. Furthermore, N. brasiliensis L3 have a
short tail with a ventral protuberance, and the infective larval length ranges from 594-668 um. Our
findings are in line with those of Kassai [198] and confirm that the larvae used in the present study are

the infective stage of N. brasiliensis.

The infective stage of N. americanus is surrounded by a sheath to protect the larval cuticle from
desiccation in warm conditions, thus allowing larvae to survive long enough to encounter human host.
Moreover, it is believed that the ensheathed larvae play a role in immune evasion during transdermal
invasion through the exsheathment process [113,115]. N. brasiliensis infective stage retains its cuticle

by a sheath that is discarded during skin penetration [211].

DCs are sentinels of immune system that constantly sense their surrounding environment using PRRs.
They are abundant in barrier tissues and act as link between the innate and adaptive immune systems.
Different pathogens and parasites have been shown to modulate DC function and therefore modulate
the adaptive immune response. Therefore, given the potential role of DCs in shaping adaptive immune
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responses, better understanding of mechanisms that modulate DC function could make them ideal for

developing new treatment strategies against infectious or autoimmune diseases [212-214].

A previous study in our group showed that human DCs bind to ensheathed N. americanus infective
larvae, initiating the exsheathment of N. americanus and exhibiting no interest in binding to the
exposed L3 cuticle [201]. However, interaction of human DCs with the N. americanus L3 cuticle in
the absence of the cuticle sheath has not yet been investigated. Therefore, we aimed to investigate
whether human DCs were capable of interacting with the L3 cuticle in the absence of the larval sheath
by using N. brasiliensis as a model system. Furthermore, we investigated the physical interaction
between the ensheathed larvae of N. brasiliensis and DCs to determine whether N. brasiliensis
infective larvae could behave similarly to N. americanus. Our results showed that iDCs exhibited no
preference to interact with the N. brasiliensis L3 cuticle in the absence of the cuticle sheath after a 24-
hour incubation period. iDCs aggregated and bound to the ensheathed L3, which promoted the
exsheathment of larvae and subsequent movement away of the exposed larval cuticle. The latter were
free to move without any aggregation of DCs around them, while DCs continuously sequestered onto
the discarded sheath. It is reasonable to postulate that chemical structures are fundamentally different
between the L3 cuticle and the sheath, which contributes to the observed immune evasion.
Interestingly, our findings were in line with a study by Hassan et al.; confirm that N. brasiliensis
behaves similarly to human N. americanus. In addition, our results were consistent with the
observation of the diversionary activity of N. americanus larvae bypassing immune responses when
penetrating host skin via exsheathment. It is remarkable that antibodies from infected individuals with
N. americanus infection can bind to antigens on the surface of ensheathed larvae but fail to recognise

antigens on the larval cuticle [106,114].

Given that there was minimal physical interaction between DCs and the N. brasiliensis L3 cuticle, and
that they were attracted to the larval sheath, we hypothesised that the surface chemistries between the
larval sheath and cuticle were different. To test our hypothesis, we aimed to identify antigenic
molecules that may act as differential markers of the immune system using TOF-SIMS. Our data

obtained from TOF-SIMS confirmed that ion assigned to lipid (such as phosphatidylglycerol), was
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more highly expressed on the L3 cuticle than on the sheath. In contrast, ions assigned to sulphur-
containing compounds and heparan sulphate were more prevalent on the larval sheath than on the
cuticle. Our observation is in line with research showing that L3 cuticle of N. americanus infective
contained phosphatidylglycerol whereas larval sheath exhibited heparan sulphate. Our finding confirm
that chemical signatures express on N. brasiliensis larval cuticle and its sheath are similar to those
signatures expressed on N. americanus larvae previously reported using TOF-SIMS [215]. These
results provide additional support for the notion that N. brasiliensis could be a good experimental
model to investigate the modulation of the immune response to a human hookworm. Interestingly our
TOF-SIMS data elucidated that ion assigned to monosaccharides (such as galactose, GalNAc, fucose
and L-rhamnose) and amino acids (such as cysteine) were more highly expresses on the L3 cuticle
than on sheath. This observation in the line with studies showing that N. americanus contained a
variety of carbohydrate moieties while that cysteine was present in many parasite species [167,197].
However, despite this rather detailed understanding of the surface chemistry of both N. brasiliensis
and N. americanus the exact mechanism by which they modulate the immune response through these
chemical signatures have yet to be explored. A study has shown that ability of phosphatidylglycerol
lipid on inhibiting aggregation of pseudomonas aeruginosa to respiratory epithelial cell [216]. In
addition, in vitro studied has shown that phosphatidylglycerol has a potent activity against respiratory
syncytial virus in the way it can inhibit viral attachment to epithelial cells which in turn supress viral
infection [217]. Considering the data obtained for exhibited phosphatidylglycerol ion on the N.
brasiliensis larval cuticle (Fig. 2.8), it is reasonable to suggest that the presence of that ion could

inhibit DCs aggregation around the L3 cuticle.

An intriguing observation was the presence of a cysteine protease enzyme secreted from the N.
americanus L3 cuticle but not from ensheathed larvae. This finding suggests that enzymes might play
a role in the exsheathment process, providing an escape for the L3 cuticle [218]. This is consistent
with our finding where N. brasiliensis larval cuticle express cysteine secondary ions indicating that N.
brasiliensis larvae have similar chemical signatures as N. americanus that play a role in evading

immune system.
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Several studies have demonstrated the biological relevance of monosaccharides in the modulation of
the immune system and in the control of inflammation. An example, a study by Tohru et al. showed
that various monosaccharides, namely fucose, L-rhamnose, and GalNAc, could suppress the immune
response by inhibiting macrophage migration and leukocyte activity [219]. Furthermore, some
pathogens that contain carbohydrates have an immunomodulatory effect on DCs and the activation of
adaptive immune responses [220,221]. Therefore, the next chapter will explain in more detail the
biological relevance of monosaccharides chemical signatures expresses on N. brasiliensis larval in

modulating immune responses.

Heparan sulphate- and sulphur-containing compounds were more abundant on the larval sheath than
on the cuticle. The sulphur-containing compounds present on nematodes are responsible for the
formation of collagen cuticles, as reported by Kim et al. [222]. Interestingly, it has also been shown
that expression of heparan sulphate on endothelial cells played an important role in the recruitment of
DCs from peripheral tissues, while decreased expression of heparan sulphate reduced recruitment of
DCs [223]. Therefore, our findings provide a rationale for why DCs bind to and sequester the larval
sheath but not the L3 cuticle. More importantly, our results are in line with those showing that the N.

americanus sheath exhibits heparan sulphate compounds [215].

2.5 Conclusion

The data presented in this chapter describe the physical interaction between N. brasiliensis infective
L3 and iDCs that follows a similar pattern to what has been previously described for N. americanus
namely induction of L3 exsheathment and aggregation of DCs around larval sheath. Moreover,
examining the surface chemistry of N. brasiliensis cuticle and larval sheath revealed marked
similarities to those of N. americanus which could also, at least partly, explain the differential
interaction between DCs and cuticle versus larval sheath, Nevertheless, to understand the
immunomodulatory properties of N. brasiliensis on immune cells, it is important to investigate the
effect of the N. brasiliensis L3 cuticle on DC phenotype and function, and on T-cell activation.
Therefore, co-culturing of N. brasiliensis L3 with human DCs was carried out and is detailed in the

next chapter.
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Chapter 3:

Investigating the impact of Nippostrongylus brasiliensis
infective larvae on human dendritic cells and T-cell
polarisation
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3.1 Introduction

DCs are professional APCs and are amongst the first immune cells that interact with pathogens and
act as a crucial link between the innate and adaptive immune responses [224]. These cells efficiently
recognise and encounter antigens via PRRs in peripheral tissues [225]. Once DCs are activated, they
undergo maturation through expression of co-stimulatory molecules and the production of cytokines.
Mature DCs migrate to lymph nodes where they present peptide antigens derived from pathogens to
naive T cells and instruct their differentiation [226,227]. However, in the absence of maturation signals
from DCs, they induce immune tolerance through the expression of co-inhibitory molecules, including
programmed death ligand (PDL), and production of immunoregulatory cytokines (e.g., 1L-10) that
inhibit the activation and proliferation of T cells and promote generation of Tregs [228-230].
Therefore, the outcome of immune responses induced by DCs depends on the activation status of DCs,
which determines their expression of surface markers and cytokine production. DCs can instruct the
differentiation of naive CD4* T cells into functional Th-cell phenotypes, which can be either pro-
inflammatory (Th1, Th2, Th9, Thl7) or anti-inflammatory (Treg) [231,232]. Each of the T-h-cell
populations have a distinct function and role in the immune response to fight against a specific type
of pathogen. For example, Thl cells are responsible for inducing immunity against intracellular
pathogens, resulting in the production of Th1 cytokines, such as IFN-y whereas Th2 cells are involved
in immune responses against allergens and extracellular pathogens, such as parasites, resulting in the
production of Th2 cytokines, such as IL-4, IL-5, and 1L-13 [233,234]. Furthermore, DCs can promote

generation of Treg cells by inducing IL-10 to inhibit effector T-cell responses [235].

CLRs are a family of PRRs that are expressed on iDCs and play arole in the capture and internalisation
of antigens for presentation to T cells to initiate adaptive immune responses. Among the CLRs
expressed on DCs are MR and DC-SIGN; they are involved in the recognition of different
carbohydrate moieties [236]. DC-SIGN recognises mannose and fucose structures on glycosylated
pathogens, while MR recognises sulphated and mannosylated sugars [237]. Studies have shown that
galactose and GalNAc can bind to CLRs, where 3- and 4-hydroxyl groups of galactose and GalNAc

bind to the calcium ion in the CRD [238-241]. Engagement of CLRs with their specific glycosylated
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ligands could influence immune modulatory properties of DCs, and downstream events leading to T-

cell polarisation [237,242].

For example, ligation between CLRs and glycosylated antigens has been shown to modulate 1DO
activity in DCs. IDO is a tryptophan-degrading enzyme that is produced by immune cells upon
stimulation with different stimuli [243]. A previous study has shown the relationship between IDO
enzyme activity and CLR activation, where ligation of glycosylated allergens containing mannan to
MR on DCs resulted in downregulation of IDO activity and generation of the Th2 phenotype [244].
Other studies have been reported that in vitro induction of IDO can control growth of various
pathogens, including bacteria (e.g., group B streptococci) and parasites (e.g., Toxoplasma gondii)

[245,246].

Studies have shown that some pathogens (e.g., parasites) and certain infections can utilise their
carbohydrate moieties to engage CLRs on DCs to evade immune system surveillance. For example,
N. americanus iL3 have been shown to evade immune detection and surveillance through a mechanism
involving DC-SIGN and MR [201]. Another study showed that mycobacterial ManLAm, which
contains mannose, was able to inhibit IL-12 production by DCs via MR ligation that in turn resulted
in contribution to the persistence of Mycobacterium tuberculosis [247]. Moreover, human
immunodeficiency virus (HIV) contains high levels of mannose moieties (gp120) on its envelop,
which bind to DC-SIGN on DCs, thereby facilitating efficient transfer of the virus into T cells; the

virus can subvert DC-SIGN function to evade immune detection [248,249].

Having shown the lack of physical interaction between N. brasiliensis infective L3 larvae and
DCs, in this chapter I investigate any potential paracrine effect of L3 on DC phenotype,
cytokine profile and IDO activity. In addition, we used DC-T-cell co-culture experiment to

understand how this parasite shapes the outcome of adaptive immune response.
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3.2 Materials and methods

3.2.1 Preparation of N. brasiliensis infective larvae

The infective larvae were prepared by the method described in Chapter 2 section 2.2.1.

3.2.2 Generation of human dendritic cells from peripheral blood mononuclear cells

Human DCs were generated by the method described in Chapter 2 section 2.2.2

3.2.3 Incubation of N. brasiliensis infective larvae with human immature dendritic cells

Human iDCs (2.5 x 10° cells/well) were seeded in a 24-well plate in complete RPMI 1640 medium
and treated with ~50 exsheathed L3 (L3 cuticle), followed by incubation of the cells for 24 hours at
37°C with 5% CO,. For the positive control, iDCs stimulated with LPS from E. coli (10 ng/ml), and

unstimulated DCs were used as controls.
3.2.4 Incubation of N. brasiliensis infective larvae with human mature dendritic cells

Human iDCs (2.5 x 10° cells/well) were seeded in a 24-well plate in complete RPMI 1640 medium,
stimulated with LPS from E. coli (10 ng/ml), followed by treatment of the cells with 50 exsheathed
L3. Cells were then incubated for 24 hours at 37°C with 5% CO.. iDCs stimulated with LPS from E.

coli (10 ng/ml), and unstimulated DCs were used as controls.

3.2.5 Quantification of DCs viability assay

DC viability was quantified according to the method described in Chapter 2 section 2.2.4.

3.2.6 Flow cytometric analysis

Antibodies against DC-SIGN (clone DCN47.5), MR (clone DCN228), HLA-DR (clone RE A805),
CD80 (clone RE A661), CD86 (clone RE A968), CD40 (clone REA733), PDL1 (clone REA1197) (all
purchased from Miltenyi Biotec, UK), antibodies against AhR (clone FF3399) (eBioscience, UK)
were used as DC markers, and non-reactive isotype-matched antibodies were used as controls.
Antibodies against CD3 (clone BW264/56), CD45RA (clone T6D11), CD4 (clone REA623), CD25
(clone 4E3) (all from Miltenyi Biotec, UK), and FOXP3 (clone 236 AE7) were used as T-cell markers.

Non-reactive isotype-matched antibodies were used as controls.
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3.2.6.1 Extracellular surface marker staining

Surface staining was performed. Briefly, cells were harvested from a well plate to FACS tubes and
washed with cold PBS containing 0.5% bovine serum albumin and 0.1% sodium azide, which was
named PBA (all from Sigma-Aldrich). Cells were stained by the addition of 2 pl of labelled antibody
and incubated for 20 minutes at 4°C in the dark, then washed with cold PBA and fixed with 4%
paraformaldehyde (Sigma-Aldrich). The samples were measured using an FC500 flow cytometer

(Beckman Coulter, UK) and the resulting data were analysed using Kaluza software.

3.2.6.2 Intracellular surface marker staining

For intracellular staining, cells were harvested to FACS tubes and fixed with 4% paraformaldehyde
for 10 minutes at room temperature, then washed twice with permeabilisation solution (PBS
containing 0.5% bovine serum albumin, 0.1% sodium azide, and 0.5% saponin). Cells were then
stained with labelled antibody for 30 minutes at 4°C in the dark, followed by washing twice with cold
PBA, and the samples were measured using the FC500 flow cytometer (Beckman Coulter). The

resulting data were analysed using Kaluza software.

3.2.7 Cytokine expression measurements

Following culture for 24 hours, the supernatant from the cells was collected and stored at -20°C until
analysis. The concentrations of cytokines (IL-12p70, IL-10, TGF-B, IL-4, and IFN-y) were measured
using the DuoSet ELISA system (R&D System), according to the manufacturer’s guidelines. The
absorbance for each cytokine was measured at 450 nm using a Glomax Promega plate. Cytokine

concentration levels were analysed using GraphPad Prism 7 from a standard curve.

3.2.8 Quantification of indoleamine-2,3-dioxygenase enzyme activity

This was done as previously described in our laboratory [203]. Briefly, human iDCs (2.5 x 10°
cells/well) were seeded in a 24-well plate in complete RPMI 1640 medium, treated with exsheathed
L3 (~50 larvae) in the presence or absence of LPS. The cells were supplemented with 100 pM L-
tryptophan (Sigma-Aldrich). Cells were then incubated for 24 hours at 37°C with 5% CO,. The cell
supernatant was collected from each condition to determine IDO enzyme activity by measuring L-
kynurenine (K'YN) levels using a colourimetric assay. This step was performed by adding 50 pL of
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30% trichloroacetic acid to 100 pL of cell supernatant in a microcentrifuge tube (Fisher Scientific)
and centrifuging samples for 5 minutes at 13,000 rpm to separate the protein component from the
KYN metabolite so that the protein component precipitated in the bottom of the tube, while KYN
remained on top. After centrifugation, KYN was collected in a new microcentrifuge tube and 150 pL
of Ehrlich reagent is added to each tube (5 ml of glacial acetic acid [Fisher Scientific] in 100 mg of 4-
dimethylaminobenzaldehyde [Sigma]). We pipetted 200 uL of each condition into a well of a 96 well-
plate and the absorbance was measured at a wavelength of 490 nm using a Promega GlowMax plate
reader. The KYN standard absorbances were plotted against their corresponding known
concentrations, from 0 uM to 200 uM; the sample KYN concentration was calculated from the

standard curve by a linear equation.

3.2.9 Isolation of naive CD45RO" T cells and dendritic cell-T-cell co-culture

Isolation of human naive T cells was conducted according to established protocols in our laboratory
[203]. Briefly, PBMCs were isolated from the buffy coat samples and counted to determine their
number, and T cells were isolated using a pan-T-cell isolation kit (Miltenyi Biotec). Naive CD45RO
T cells were depleted from the pan-T-cell population by applying negative selection using
immunomagnetic beads (Miltenyi Biotec). The purity of the naive T-cell population was confirmed
by staining cell samples (2.5 x 10°) with PE fluorescence antibody against human CD45RA. Then,
autologous naive T cells were co-cultured with DCs primed by infective larvae at a ratio of 1:10 (DC:T
cell) in RPMI media supplemented with 5% human AB serum, 100 U/ml penicillin, 100 mg/ml
streptomycin, and 2 mM L-glutamine. On day 3 after co-culture, fresh media was supplemented with
2 ng/ml of IL-2 (Miltenyi Biotec). On day 6, cells were harvested, counted, re-stimulated with 2 ug/ml
of anti-CD3 (clone OKT3) and anti-CD28 (clone 28.2) and 1 x 10° cells/well were seeded in a flat-
bottom 96-well plate and incubated for 24 hours. The cells were then stained for phenotypic

identification, and the cell supernatants were collected for cytokine analysis.

56



3.2.10 RNA isolation, endpoint-PCR, and quantitative real-time PCR

To identify and quantify FOXP3 transcription factor expression, end-point polymerase chain reaction
(PCR) and quantitative real-time PCR (qRT-PCR) were performed, respectively. Briefly, after 6 days
of DC-T-cell co-culture, T cells were harvested, washed with PBS, and stored at -80°C until RNA
extraction. The RNA extraction was purified using the RNeasy kit (Qiagen) according to the
manufacturer’s protocol. We measured the concentration of the isolated RNA using a Nanodrop 1000
Spectrophotometer (Thermo Fisher Scientific, Pierce). cDNA was synthesised using a PCRBIO
synthesis kit according to the manufacturer’s instructions. Endpoint-PCR and real-time PCR were
performed using Taq mix and SYBR Green qPCR Master Mix, respectively (PCR Biosystems). For
the RT-PCR, the heat cycle reaction was started at 95°C for 2 minutes, 40 cycles at 95°C for 5 s, and
65°C for 25 s, followed by 95°C for 1 minute, 55°C for 30 s, and 95°C for 30 s. All sample values
were normalized to GAPDH and were run in duplicate. The heat cycle for the end-point PCR was
initiated at 95°C for 1 minute, followed by 40 cycles at 95°C for 15 s, 55°C for 15 s, 72°C for 30 s,
and 72°C for 3 minutes. To inspect the size and integrity of the PCR product, samples were run on 2%
agarose gel using an E-gel system with ethidium bromide (Invitrogen). Forward and reverse primers

were used (Merck, UK) (Table 1).

Genes Primer Sequence (5°-3%)

GAPDH  Forward 5 -GAGTCAACGGATTTGGTCGT-3"

Reverse 5-GACAAGCT TCCCGTTCTCAG-3

FOXP3  Forward 5- GTGGCCCGGATGTGAGAA-3’

Reverse 5- GGAGCCCTTGTCGGATGATG-3"

Table 3.1: Forward and reversed primers used in PCR experiments.

3.2.11 Isolation of naive CD45RO* T cells and suppression assay

CD45R0O* memory T-cell isolation was performed by isolating pan-T cells from PBMCs, as described
previously (see section 3.2.9). CD54RO* memory T cells were separated from the pan-T-cell
population by applying positive selection using immunomagnetic beads (Miltenyi Biotec). A

suppression assay was performed via co-culture of naive T cells primed by DCs stimulated with L3
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using CD54RO* autologous memory T cells isolated from the buffy coat. Briefly, CD45RO*
autologous memory T cells were removed from liquid nitrogen, washed, and counted. Prior to seeding,
cells were incubated for 20 minutes in the dark at 37°C with 1 ml (5 uM) of CFSE cell proliferation
solution (Thermo Fisher Scientific, U.K.). Cells were then washed, suspended in complete culture
media (5% human AB serum, 1% penicillin/streptomycin, and 1% L-glutamine), and incubated for 5
minutes in the dark at 37°C. The cells were then washed and suspended in complete culture media.
Then, unlabelled T cells from the DC-T-cell co-cultures were harvested on day 6, counted, and co-
cultured with CFSE-labelled CD45RO" autologous memory T cells in 96-well round-bottom plates
(Corning Life Sciences) at a ratio of 1:8 (CD4*CD25*FOXP3*: CD45R0") in complete RPMI media
(5% human AB serum, 1% penicillin/streptomycin, and 1% L-glutamine) for 72 hours. T cells were
harvested, stimulated with anti-CD3 antibody and anti-CD28 antibody, seeded in flat-bottom 96-well
plates (1x10° cells/well), and incubated for 24 hours. The cells were then harvested, washed, and fixed
using 4% paraformaldehyde solution. Flow cytometry was performed on the FC500 (Beckman

Coulter), and cell proliferation and data analysis were determined using Kaluza software (version 2.1).

3.2.12 Statistical analysis
Data were analysed and evaluated using GraphPad Prism version 7.02 (GraphPad Software, San
Diego, CA). Values are presented as mean = SEM, and statistical significance was determined by one-

way ANOVA when comparing two groups. A p-value <0.05 was considered statistically significant.
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3.3 Results

3.3.1 Dendritic cells adopt a tolerogenic phenotype following exposure to N. brasiliensis
infective third-stage larvae

iDCs were generated from monocytes that were isolated from PBMCs, as described previously see
section (2.2.2). The purity of the monocytes was tested using flow cytometry, data showed 97%
viability for isolated monocyte (Fig. 3.1). To confirm differentiation of monocytes to iDCs, iDCs
generation on day 6 was analysed for expression of CD11c and CD14 using flow cytometry. Results
in (Fig. 3.2) show that iDCs expressed 99.5% of CD11c and almost no CD14, indicating the successful

generation of iDCs on day 6.

To investigate the effect of N. brasiliensis L3 on DC phenotype, iDCs (2.5 x 10° cells/well) were
coculture with exsheathed L3 larvae (n=50) and incubated for 24 hours at 37°C in 5% CO.. In a parallel
positive-control sample, cells were stimulated with 10 ng/ml of LPS, and untreated cells were used as
a negative control. DC phenotype was assessed by quantifying expression of cell-surface markers,
including DC-SIGN (CD209), MR (CD206), HLA-DR, CD80, CD86, and PDL-1. Data obtained from
flow cytometry showed no significant increase in the expression of maturation markers, including
HLA-DR, CD86, CD80, and CD40 in L3-treated cells compared with iDCs (Fig. 3.3). In addition, MR
(CD206) and DC-SIGN (CD209) expression were significantly downregulated in DCs primed with
infective larvae compared with untreated cells. Interestingly, expression of programmed death-ligand-
1 (PDL-1) was significantly increased following exposure to L3 compared with untreated cells (Fig.
3.3). Collectively, these results support the generation of a regulatory DC phenotype after treatment
with N. brasiliensis L3. All data are shown on a histogram (supplementary figure 7). Additionally, DC
viability was monitored following these experiments using LIVE/DEAD staining, and the data showed

that ~90% of DCs were viable after co-culture with L3 (Fig. 3.4).
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Figure 3.1: Purity test of purified monocytes from buffy coat by flow cytometry staining. Flow
cytometry data showed that 97% CD14* monocytes were successfully isolated from the buffy coat.

Quadrants were set according to unstained cells in a way that 99% of the cells were in the left

guadrants. Data from three independent donors (n=3).

unstained
__ 250 _ 250
2 B
x =
200 200-]
% 150 % 1304
2 ]
iDCs £ 2
b 100 & 100
= 0
x sl ._:;:-' ol ‘,'..3 3
- ZI99.99 0.01% i|100.00% 0.00%|
- e TR e e
r ; . _ CD14+ CD11c
= 10 iDCs = iDCs stained iDCs stained
F 0 750
B Y
x X
200 200]
P P -
(x 10%) g 150 % 150
Forward Scatter 3 2
©
ﬁ 100 % 100
» e ] »
99.86% 0.14% 10.46% ﬁ 99.54%
1:1' 10 1I‘T' 1l‘1’ ‘|Iul 0 |}l" “’P
CD14+ CD1Mc+

Figure 3.2: Flow cytometry staining for immature DCs. Flow cytometry data shows that
generated iDCs expressed 93% CD11c with no expression of CD14, indicating the generation of
iDCs. Quadrants were set according to unstained cells in a way that 99% of the cells were in the left

or bottom quadrants. Data from of three independent donors (n=3).
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Figure 3.3: The expression of DC receptor molecules in response to stimulation with infective
L3 or LPS. Median fluorescence intensity was obtained from flow cytometry data and analysed. All
data are shown as mean * SD for three independent donors (n = 3). *p<0.05, **p<0.01, ***p< 0.001,
****p <0.0001. Data from three independent experiments using DCs from three different donors
(n=3).
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Figure 3.4: The viability of DCs 24 hours after treatment with N. brasiliensis L3. Quantification
of LIVE/DEAD fluorescence cells was performed using ImageJ software. Briefly, in ImageJ software:
open image > change image type to 8-bit > adjust threshold to highlight cells to be counted, process >
binary > convert to mask, analyse > analyse particles to count all cells. The results showed that >90%

of DCs were alive after treatment with L3. Data from three independent experiments using DCs from

three different donors (n=3).
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3.3.2 Effects of N. brasiliensis L3 on cytokines production by dendritic cells

DC phenotype was further characterised by assessing the production of cytokines, including IL-12p70
and IL-10 as signature pro and anti-inflammatory cytokines respectively. A cytokine assay was
performed using cell-free supernatants collected following DC stimulation with either LPS or N.
brasiliensis L3 after 24 hours. The results showed significant induction of IL-10 in DCs stimulated
with N. brasiliensis L3 compared with untreated cells (Fig. 3.5A), whereas no significant increase was
observed in IL-12p70 expression (Fig. 3.5B). These findings indicated that DCs treated with L3
released high levels of a potent anti-inflammatory cytokines, which together with their low expression

of maturation markers could support priming naive T cells towards Tregs.
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Figure 3.5: Cytokine production by DCs in response to stimulation with either LPS or N.
brasiliensis infective larvae. A) & B) The culture supernatant was analysed for cytokine production
by ELISA. DCs stimulated with infective larvae induced high levels of IL-10 but not IL-12. In contrast,
cells stimulated with LPS produced high levels of pro-inflammatory cytokine IL-12. All data are
shown as mean * SD for three independent donors (n = 3). *p<0.05, **p<0.01, ***p< 0.001, ****p

<0.0001. Data from three independent experiments using DCs from three different donors (n=3).
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3.3.3 Indoleamine-2,3-dioxygenase activity in response to N. brasiliensis L3

Activated DCs have increased IDO enzyme levels, which converts L-tryptophan into KYN
metabolites that contribute to a pro-inflammatory response. In addition, the AhR is a ligand-dependent
transcription factor that has been shown to be involved in IDO activity, where a change in IDO enzyme
is directly proportional to AhR expression [78]. Therefore, to investigate whether L3 produce an anti-
inflammatory environment, IDO activity and AhR expression were analysed. Results showed that no
significant induction of IDO enzyme was seen in DCs after L3 stimulation compared with untreated
DCs; however, there was a significant increase in IDO activity in LPS-stimulated DCs compared with
unstimulated DCs as expected (Fig. 3.6A). Next, we studied potential impact of L3 on AhR expression
in iDCs and again not surprisingly we observed no induction of AhR expression followed L3
stimulation. In contrast, AhR expression significantly increased upon LPS stimulation compared with
unstimulated cells (Fig. 3.6B) (supplementary figure 8). This finding was consistent with our IDO
activity data, where AhR expression was directly correlated with IDO induction. Collectively, these
results indicated that N. brasiliensis L3 increased the production of IL-10 by iDCs, which is in line

with previous observations using N. americanus in a similar experimental set up [201].
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Figure 3.6. Induction of indoleamine-2,3-dioxygenase (IDO) activity in response to N. brasiliensis
L3 secretion in human DCs. (A) IDO activity in DCs was stimulated with either LPS or L3
secretions. (B) Flow cytometry analysis of aryl hydrocarbon receptor (AhR) expression in the DCs
stimulated with either LPS or L3 larvae. Data are shown as mean £+ SD of three independent donors

(n=23).
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3.3.4 N. brasiliensis L3 suppressed the immune stimulatory effects of LPS

As shown in this study, iDCs readily undergo maturation upon exposure to LPS. To further investigate
the modulatory effect of the N. brasiliensis larvae, we assessed the influence of L3 on DC maturation,
in response to LPS stimulation. DCs were treated with infective larvae in the presence of 10 ng/ml
LPS. Data showed that DCs exhibited decreased expression of maturation markers, including HLA-
DR, CD86, CD80, and CD40, in response to LPS in the presence of L3 compared with LPS alone
(Fig. 3.7). Similarly, L3 significantly suppressed LPS-induced IL-12 production (Fig. 3.8A) and IDO
activity (Fig. 3.8B). Together, these data showed that the infective larvae of N. brasiliensis negatively

modulated the immune response through TLR4 signalling, which could alter the immune function of

DCs.
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Figure 3.7: TLR-induced signalling is negatively regulated by N. brasiliensis L3. Flow cytometry
data of DC surface marker expression after stimulation with LPS in the presence of infective larvae
were obtained and analysed for median fluorescence intensity. Data are shown as mean + SD of three

independent donors (n = 3).
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Figure 3.8: N. brasiliensis L3 modulates LPS-induced cytokine production and IDO activity. A)

LPS-induced IL-12 production was suppressed in the presence of iL3. B) IDO activity decreased in

DCs stimulated with LPS in the presence of L3. Data are shown as mean + SD of three independent
donors (n = 3). *p<0.05, **p<0.01, ***p< 0.001, ****p <0.0001.

3.3.5 N. brasiliensis infective larvae modulate dendritic cell-induced T-cell polarisation

Naive CD45RA* T cells were isolated from PBMCs, as described previously see section 3.2.9. After

the isolation process, the purity of the purified naive T-cell population was assessed using flow

cytometry. Fig. 3.9 shows the expression of CD45RA in naive T cells, which confirmed the isolation

of the target cells from PBMCs.
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Figure 3.9: Analysis of isolated naive T cells using flow cytometry. The population of naive T cells

showed 90% expression of CD45RA, which indicated successful isolation of the target cells. Data are

from three independent experiments using naive T cells from three different donors (n=3).
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Then purified naive T cells were preserved in liquid nitrogen for 7 days while iDCs were generated
from autologous monocytes isolated from PBMCs (Fig. 3.10). On co-culture day and after thawing
naive T cells from liquid nitrogen, cells were assessed for their viability and activation status. Viability
assays were performed using LIVE/DEAD staining and a Countess™ |l FL Automated Cell Counter
(see section 2.2.4). Activation status for naive T cells was assessed by observing CD25 as an indicator
for activation. Fig. 3.11 demonstrates that liquid nitrogen preservation did not affect naive T-cell
viability, as 92% of the cells were living after liquid nitrogen preservation. We then evaluated CD25
marker expression on naive T cells to confirm steady state after defrosting from liquid nitrogen. Fig.
3.12 shows that naive T cells did not express the CD25 activation marker, indicating that the cells
were not activated maintaining their naive status. Collectively, these data confirm the quality of cells
generated after the isolation and preservation process, which allowed us to move forward to perform

the autologous co-culture experiments.
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Figure 3.10: Schematic method of T-cell preservation in liquid nitrogen and autologous co-
culture. The process shows isolation of monocytes and naive T cells from a buffy coat sample by
gradient separation using magnetic beads. After isolation of both populations, monocytes underwent
a differentiation process into iDCs for 6 days, followed by treatment of the generated iDCs with iL3
(24 hours), while the naive were preserved in liquid nitrogen. The naive T cells were then defrosted,
assessed for their viability and activation, and then co-cultured with pre-treated DCs at ratio or 1:10
(DCs:T cells) for 6 days. Co-culture cells were supplemented with IL-2 on day 3 and stimulated with
anti-CD3 and anti-CD28 on day 6. Cell phenotype was assessed using flow cytometry, cytokine

secretion by ELISA, and gene expression using PCR experiments.
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Figure 3.11: Viability of naive T cells using LIVE/DEAD flow cytometry staining and
Countess™ |l FL Automated Cell Counter after isolation and liquid nitrogen preservation. A)
Data show that 95% of naive T cells were alive after isolation from PBMCs by using LIVE/DEAD
flow staining; similar viability was observed using a Countess™ |l FL Automated Cell Counter. B)
There was no marked reduction in live cell numbers after liquid nitrogen thawing comparing to the
naive T cell numbers after the isolation process. Data are from three independent experiments using

naive T cells from three different donors (n=3).
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Figure 3.12: CD25 expression in CD3" T cells after preservation in liquid nitrogen. Naive T cells
showed no expression of CD25 activation marker after storage in liquid nitrogen. Data are from three

independent experiments using naive T cells from three different donors (n=3).
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Considering the noticeable effect of the L3 on DC surface phenotypic markers and cytokine profile,
we investigated the impact of L3 primed DCs on downstream T-cell differentiation by performing co-
culture studies where naive T cells were co-cultured with DCs pre-stimulated with L3 in the presence
or absence of LPS for 6 days. In parallel, DCs pre-treated with 10 ng/ml LPS co-cultured with naive
T cells were used as a positive control, while untreated iDCs co-cultured with naive T cells were used
as a negative control. On day 3, co-culture cells were supplemented with IL-2, and on day 6, cells
were stimulated with anti-CD3 and anti-CD28 for 24 hours followed by analysing T-cells phenotype
and cytokine profile. Phenotypic analysis of T cells was performed by measuring FOXP3 and CD25
expression in CD4+ cell population. Representative data shown in Fig. 3.13 show that L3 primed DCs
support a marked increase in the number of CD25+/FOXP3+ cells indicating differentiation of naive
T cells towards a Treg phenotype (64%) that was greater than the impact of LPS stimulated DCs which

also supported Treg phenotype (47%).

We also measured the level of key cytokines in the co-culture supernatant, including 1L-10 and TGF-
B as prototypic Treg cytokines. Data presented in Figure 3.14 shows increased IL-10 and TGF-$
production in T cells co-cultured with L3-treated DCs in the presence or absence of LPS. Overall, the
co-culture results indicated that L3 modulated DC function, which led to the induction of

CD4+FOXP3+CD25high Tregs.
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Figure 3.13: Flow cytometry phenotypic analysis of naive T cells co-cultured with primed DCs. Dot plot data

confirms expression of CD4* cell populations under all conditions. The presence of CD25 and FOXP3 expression

in the CD4" T-cell population can be seen under L3 conditions in the presence and absence of LPS. Data are from

three independent experiments using naive T cells from three different donors (n=3).
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Figure 3.14: Investigation of the effect of infective larvae on T-cell differentiation using cytokine
production. Marked increase in IL-10 production was observed in all conditions compared with the
control. Intriguingly, an increase in TGF-3 was noted under the same conditions. Data are reported as

mean = S.D of three independent experiments using cell supernatants from three different donors

(n=3).
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3.3.6 Quantification of FOXP3 expression using polymerase chain reaction

The increased production of IL-10 and TGF- that we observed in T cells co-cultured with DCs pre-
stimulated with infective larvae was similar to findings that have been reported in the context of N.
americanus [271]. Based on this observation, we hypothesised that the naive T cells had acquired the
anti-inflammatory/regulatory phenotype; therefore, to further confirm we investigated FOXP3 mRNA
expression using end-point and RT-PCR. The data obtained from end-point PCR indicated an increase
in the level of FOXP3 expression in T cells co-cultured with infective L3-primed DCs compared to
compared with the control (LPS only or no-stimulation). (Fig. 3.15A). To further determine the levels
of FOXP3 expression in these cells we used RT-PCR that showed a significant increase in FOXP3
expression in T cells co-cultured with DCs primed with infective L3, indicating that Treg cells were
generated under these conditions (Fig. 3.15B). More importantly, these findings support that N.
brasiliensis infective larvae can regulate the human immune system and suggests the use of these

larvae as a model to investigate the modulation of the immune response by the human hookworm.
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Figure 3.15: PCR experiments were conducted to confirm the T-cell phenotype generated by
DCs treated with N. brasiliensis infective larvae. A) End-point PCR data show the induction of the
FOXP3 gene in infective larvae alone and in the presence of LPS (n=3). B) RT-PCR data is consistent
with end-point PCR data showing significant increases in FOXP3 gene expression compared with LPS
only, indicating the generation of a Treg phenotype in the population of infective larvae. Data are

reported as mean + SD of three independent donors (n=3).
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4.3.8 T cells differentiation in co-cultures with N. brasiliensis iL3 primed DCs suppress
activation of memory T cells

To further ascertain the functional properties of Tregs differentiated in co-cultures with L3 primed
DCs we investigated their inhibitory potential on memory T cells. In these experiments CD45RA-
memory T cells were isolated from PBMCs, as described previously (see section 3.2.12). After the
isolation process, the purity of the purified isolated cell population was assessed for the lack of
CD45RA expression marker (Fig. 3.16). Then purified memory T cells were preserved in liquid
nitrogen for 14 days until they were co-cultured with T cells primed by stimulated DCs (Fig. 3.17).
Before conducting the suppression assay co-culture, defrosted memory T cells were assessed for
viability using LIVE/DEAD flow cytometry staining and a Trypan blue automated cell counter (see
Materials and Methods). Figure 3.18 illustrates that ~90% of the memory T cell were alive after storage
in liquid nitrogen, indicating that the method used to store cells did not affect cell viability. The
suppression assay experiment was performed using autologous memory T cells and naive T cells,
where the naive T cells were primed by stimulated DCs with either L3 alone or in the presence of LPS
for 7 days and then co-cultured with CFSE-labelled memory T cells for 96 hours (see materials and
methods section 3.2.11). After 96-hour culture, effector T cells were harvested and analysed by flow
cytometry. CFSE-labelled effector T cells showed a clear reduction in proliferation in the presence of
L3 but not in the presence of LPS. These data are consistent with our previous observations, which
indicated that L3 drove most of the T cell differentiation towards Tregs and that these Tregs

contributed suppressive activity (Fig. 3.19).
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Figure 3.17: Schematic process for memory T-cell isolation, preservation, and suppression assay

co-culture. In this process, CD14" monocytes, naive T cells, and memory T cells were purified from

a buffy coat by gradient separation using magnetic beads. 1* CD14* monocytes were differentiated

into iDCs for 6 days, while naive and memory T cells were stored in liquid nitrogen for 7 days and 14

days, respectively. 2* The generated iDCs population was treated with L3 for 24 hours. 3* Autologous

DC-T-cell co-culture was carried out by co-culturing pre-treated DCs with naive T cells at a ratio of

1:10 for 7 days. After 7 days of co-culture, T cells were harvested and prepared for co-culture with

autologous memory T cells. 4* The suppression assay was conducted by co-culturing autologous

memory T cells and naive T cells, where naive T cells were primed with stimulated DCs for 7 days

and then co-cultured with CFSE-labelled memory T cells.
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Figure 3.18: Memory T-cell viability analysis using LIVE/DEAD flow cytometry staining
Countess™ |1 FL Automated Cell Counter after isolation and liquid nitrogen preservation. A)
The data show that 95% of the naive T cells are alive after isolation from PBMCs by using
LIVE/DEAD flow staining, showing similar viability using a Trypan blue automated counter. B)
Naive T cell viability showed no marked reduction in live cell number after liquid nitrogen thawing
compared to naive T cell numbers after the isolation process. Data are from three independent

experiments using naive T cells from three different donors (n=3).
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Figure 3.19: T-cell suppression assay. Histograms show the percentage of dividing CFSE-labelled

effector T cells co-cultured with Tregs. Effector T cells show increased proliferation under the LPS

condition and reduced proliferation under the L3 condition. Data shown are of three independent

experiments (n=3).
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34 Discussion

Hookworm infection is a significant public health concern, particularly in developing countries;
however, the fundamental mechanism of how parasites initially modulate DC function is not fully
understood [250]. There is intensive interest in understanding host these parasites modulate the
immune system leading to their long-term survival in the host. Furthermore, there is also interest in
harnessing immune regulatory properties of parasites as potential therapeutic tools for autoimmune
and inflammatory diseases [197]. In this chapter | investigated immune modulatory properties of N.
brasiliensis iL3 on human DCs to see if they align with previously reported effects of N. americanus

larvae.

The maturation status of DCs plays a key role in their ability to initiate T-cell activation. Other co-
stimulatory molecules found on DCs, such as CD40, are necessary for DC activation and priming of
Thl-cell differentiation through induction of I1L-12 production by DCs [251,252]. However, the lack
of upregulation of DC co-stimulatory molecules, such as CD80/86, prevents the effective activation
of T cells, as these bind to TCR and CD28 [253]. Furthermore, a lack of HLA-DR upregulation in
response to foreign antigens prevents further activation of Th cells and the production of antibodies
against pathogens [254]. Cytokine production is present during any in vivo exposure and plays a
crucial role in the migration of DCs to the lymphoid organs for T-cell priming [255]. IL-10 is an anti-
inflammatory cytokine; it has a crucial role in inhibiting and downregulating Th1 cytokines, including
IFN-y, TNF-q, IL-2, and IL-3 [256]. While IL-12 is a pro-inflammatory cytokine, it has a role in

inducing Th1 cells to secrete IFN-y [257].

We started by evaluating the DC phenotype following treatment with N. brasiliensis L3 cuticle by
analysing DC surface markers. The data showed a significant reduction in MR and DC-SIGN
expression following treatment of iDCs with the larval cuticle. This is likely due to the presence of
glycosylated ligands on the L3 cuticle that might bind to CLRs. In contrast, there was no observed
change in the expression of other surface markers (CD80, CD86, HLA-DR, and CD40) and DCs
maintained an immature phenotype. However, DCs maintained their ability to respond to LPS

stimulation in the experiment, as evidenced by upregulation in maturation markers. In addition, when
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assessing the cytokine production by DCs following treatment with larval cuticle, there was a
significant increase in the anti-inflammatory cytokine 1L-10 and no significant production of pro-
inflammatory cytokine IL-12. DC viability was analysed in all experiments using the LIVE/DEAD
staining, most of DCs were alive upon treatment with N. brasiliensis larvae. These findings indicated
the generation of a regulatory DC phenotype after treatment with N. brasiliensis infective larvae
compared with the control. A previous study reported that impaired of DC maturation following
treatment with N. americanus infective larvae caused no significant increase in pro-inflammatory
cytokine secretion by DCs in individuals with necatoriasis [120]. This finding was in line with our
findings indicating that N. brasiliensis behaves similarly to the human hookworm. More importantly,
carbohydrate-containing pathogens or allergens have been shown to have an immunomodulatory
effect on DCs. Studies have shown that glycosylated allergens that contain different carbohydrate
moieties are able to bind to MR on DCs and modulate the immune system [258,269]. A similar study
showed that allergens from house dust mites mediated uptake by DC-SIGN and modulated the immune
response [260]. These findings suggest that N. brasiliensis larvae could utilise monosaccharides

expressed on its cuticle surface to modulate immune cells.

IDO is a tryptophan-degrading enzyme that is produced by immune cells upon stimulation by the
pro-inflammatory cytokine IFN-y. IDO mediates catabolism of the essential amino acid tryptophan,
leading to the production of KYN, which can activate AhR. AhR is a ligand-dependent transcription

factor that has been shown to be involved in IDO induction [261,262].

Interestingly, addition of L3 to LPS stimulated DCs led to a significant reduction in IDO activity
further highlighting the immune suppressive potential of L3. Research has shown that increased IDO
activity can be seen under production of inflammatory cytokines; in contrast, a lack of IDO activity
or reduced tryptophan levels in the microenvironment suppresses immune cells [263-265]. These
observations are in line with our findings, where a reduction in IDO activity in DCs treated with N.
brasiliensis infective larvae corresponded to a regulatory phenotype, as evidenced by decreased IL-

12 production and increased IL-10 production.
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PRRs expressed on DCs include TLRs and CLRs. Activation of TLRs, particularly TLR4, leads to
upregulation of maturation markers and secretion of inflammatory cytokines; CLR ligation results in
processing of the antigen into peptides, which are presented via MHC Il and induce the production of
anti-inflammatory cytokines [71,170]. For induction of the optimal immune response, both TLRs and
CLRs need to be involved in antigen recognition. Several studies have suggested that pathogens
exploit the interplay between the receptors and interfere with TLR signalling, thereby inducing
immune tolerance [73,266]. In our study, we investigated how N. brasiliensis infective larvae
modulated TLR4 signalling induced by LPS in the context of cell phenotype, cytokine profile, and
IDO activity. Our previous results showed that LPS induced DC maturation, enhancing the production
of pro-inflammatory cytokines; this activity was suppressed in the presence of L3, indicating that L3

can modulate LPS-induced TLR4 signalling.

Considering the effect of N. brasiliensis infective larvae on DC phenotype, cytokine profile, and IDO
activity, we further investigated whether DCs primed with infective L3 could modulate T-cell priming
by DCs in autologous DC-T cell co-cultures. The data indicated the presence of a CD4*CD25*FOXP3*
population of T cells when they were co-cultured with DCs pre-treated with L3 either in the presence
or absence of LPS compared with the control (LPS only or no-stimulation). This finding indicated the
generation of a regulatory T-cell phenotype, which is in line with our previous finding where DCs
treated with infective L3 expressed a regulatory phenotype through expression of PDL-1 and increased
IL-10 production. Several studies have demonstrated that tolerogenic DCs, which are characterised by
increased 1L-10 secretion and the expression of PDL-1, play a key role in promoting immune tolerance

through induction of Tregs [267-269].

To better understand the T-cell phenotype, the level of key cytokines, such as IL-10, TGF-B, IL-4, and
IFN-y, were measured in the co-culture supernatants. Interestingly, the results showed increase 1L-10
and TGF-B production in T cells co-cultured with DCs that were primed with infective larvae in the
presence or absence of LPS compared with the control; however, no statistically significant increase
was detected in the production of IFN-y and TL-4 under these conditions. Overall, the co-culture results

indicated that N. brasiliensis larvae modulated DC function, leading to induction of Tregs. In
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agreement with Matoso et al. [270], N. americanus infection was associated with the induction and
expansion of Tregs, which leads to enhanced pathogen survival and promotes long-term persistence.
Regulatory T cells play a key role in maintaining peripheral tolerance and controlling the immune
response; they are characterised by expression of CD4, CD25, and FOXP3. This T-cell population
produces suppressive cytokines, such as IL-10 and TGF-p, to exert its regulatory activity. Infection
with N. americanus is associated with the induction and expansion of Tregs; however, the mechanism
underlying this process needs to be further investigated [271]. The presence of regulatory
monosaccharides on the surface of the larval cuticle has been demonstrated, which might play a role
in generating regulatory cells. Different studies have shown that pathogens containing carbohydrates
have an immunomodulatory effect on DCs and downstream effects on the activation of adaptive
immunity. For example, a study showed the ability of F. hepatica glycoconjugates, which contain
mannose and fucose residues, to induce of regulatory DCs by binding to DC-SIGN [221]. Another
study reported that expression of fucosylated antigens on the envelope of H. pylori can interact with
DCs and modulate host immune responses [220]. Furthermore, Tn antigens expressed on malignant
cells that contain galactose and GalNAc can induce an immunosuppressive response from DCs,
thereby evading the immune system [272]. These studies show the importance and biological

relevance of glycosylated antigens in modulating or suppressing DC function.

We evaluated the expression of the regulatory gene FOXP3 in each condition to confirm the immune
regulatory effect that was generated by N. brasiliensis larvae. The PCR results showed significant
increases in FOXP3 expression in larval conditions, which have previously been shown to increase
IL-10 production. This finding supports the consistency of our observations for the larval condition
and confirms the presence of Tregs in these conditions compared with the control. Our findings are
consistent with studies showing that N. americanus had similar effects on the generation of FOXP3
Tregs, suggesting that N. brasiliensis induced similar immunomodulatory effects as the human
hookworm [271]. Chronic human N. americanus infection is classically associated with a profound
ablation of cell proliferation, but the role of Tregs in human hookworm infection is still poorly

understood. To determine the possible role of Tregs in hookworm infection, a suppression assay was
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designed to evaluate whether CD4*CD25"FOXP3* Treg cells could modulate the in vitro cellular
proliferation of effector T cells following parasite antigen stimulation. Our data showed that
CD4*CD25"FOXP3" cells suppressed the activation and proliferation of effector T cells by direct
contact with effector T cells or secretion of immunoregulatory cytokines, such as IL-10 and TGF-p.
These data are in line with studies that have investigated the immunomodulatory hallmarks of N.
americanus infection involving induction of Tregs, latter which plays a fundamental role in

downregulating the responses of effector T cells [273-275].

3.5 Conclusion

The data presented in this chapter describe the impact of N. brasiliensis infective larvae on pivotal
cells of the immune system. DCs treated with infective larvae were able to modulate DC phenotype
and function and could generate regulatory cells through co-culture experiments. These data clearly
show that L3 larvae from N. brasiliensis impact human DC phenotype and cytokine profile similar to
effects previously shown to be induced by N. americanus infective larvae highlighting the possibility
of using N. brasiliensis as an experimental model for N. americanus in in vitro functional studies.
Furthermore, given that such potent immune modulatory effects and lack of any stable physical
interaction between DCs and exsheathed larvae as we have seen it previously in the chapter 2 highlight
the possibility that L3 cuticle could insert immune modulatory effects in a paracrine manner via its
secretion. Therefore, to fully understand the immunomodulatory effects of N. brasiliensis infective
larvae, we aimed to investigate the immunomodulatory properties of parasite secretions on immune

cells, which is described in detail in Chapter 4.
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Chapter 4:

Investigating the impact of Nippostrongylus brasiliensis
infective larvae secretions on human dendritic cells and T-
cell polarisation
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4.1 Introduction

Despite the chronicity of infections caused by N. americanus, little is known about how this parasite
interacts with the host immune system to arrive in the gut and survive for long-term besides the
complex immune responses generated against it [276]. This is likely due to various immune evasion
and immune regulatory features of N. americanus arising from its complex antigenic structure as well
as secreting a wide range of glycoproteins [151,218]. These secretions are mostly glycosylated in
nature with potential immune regulatory properties [106,154]. However, the mechanism through
which these secretions could influence different immune cells, particularly DC functions, is not
completely understood [250]. Therefore, understanding the regulatory effect of parasites and how it
might result in a dampened host immune system is a subject of intense research [152]. Glycoprotein
and glycan decoration of pathogens has proven to be important in understanding the relationship that
develops between parasites and their hosts, including recognition by the innate immune system and
the immunomodulatory effects caused by these glycoproteins [70, 141, 277]. For example, it has been
shown that O-methylated glycans of Toxocara canis contain fucose and galactose residues that mimic
mammalian blood group antigen H, making them able to interact with DC-SIGN on DCs and cause
regulation of immune responses [278]. Schistosoma mansoni fucosylated glycoproteins can interact
with DC-SIGN on DCs and subsequently inhibit maturation of DCs [279]. Little is known about the
presence of monosaccharides in N. americanus secretions, and the mechanisms by which these
molecules interfere with the host immune system [250, 280]. Therefore, investigating
monosaccharides in N. americanus secretions is of major importance in determining their involvement
in modifying DC function and understanding the possible mechanisms involved that could help us to

design novel therapeutic strategies.

In the previous chapters we have shown the immunomodulatory effect of N. brasiliensis infective
larvae on human immune cells and the ability of L3 larvae to skew DC immune responses into an anti-
inflammatory phenotype and modulate adaptive immune responses. Given the short term and unstable
physical interaction between DCs and L3, it is reasonable to suggest that the observed immune

regulatory effects are mediated through L3 secretions. To examine this hypothesis, in this chapter, we
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aim to collect N. brasiliensis larvae secretion in order to evaluate the impact of larval secretions on
DCs and T-cell polarisation as well as to investigate whether larval secretions have similar effects on
modulating immune responses as infective larvae. Moreover, we aimed to investigate presence of
monosaccharides that have been previously identified on larvae cuticle and whether these

monosaccharides could be found in the larval secretions.
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4.2 Materials and methods

4.2.1 Preparation of N. brasiliensis infective larvae

Infective larvae were prepared as described in Chapter 2.

4.2.2 Preparation of N. brasiliensis infective larval secretions

N. brasiliensis L3 were cultured in RPMI 1640 medium supplemented with 100 1U/ml penicillin, 100
pag/ml streptomycin, and 1% gentamicin, then incubated for 24 hours at 37°C in 5% CO,. We collected
larval secretions and concentrated them using Vivaspin2 centrifugal concentrator unit MWCO 3 kDa
(purchased from Sigma-Aldrich) via centrifugation at 3000 g for 20 minutes. The proteins and
endotoxins of the concentrated secretion were quantified using the protein assay (BCA) and Limulus
amoebocyte lysate (LAL) assay Kits, respectively (both were purchased from Thermo Fisher
Scientific, UK). The standard and test samples were prepared according to the manufacturer’s
protocols. Protein absorbance was measured at 562 nm, while endotoxin absorbance was measured at
405 nm using the SpectraMax Paradigm spectrophotometer. Absorbance of protein and endotoxin
standards were plotted against their corresponding known concentrations for the determination of the

unknown sample concentrations. Concentrated larval secretions were stored at -80°C until use (Fig.
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Figure 4.1: Process for collection of N. brasiliensis larval secretions. L3 are isolated from faecal
material using a Baermann apparatus. The isolated larvae were washed extensively with sterile
deionised water containing 100 1U/ml penicillin, 100 pg/ml streptomycin, and 1% gentamicin and
cultured in RPMI medium supplemented with the same concentrations of antibiotics as used for the
washing solution for 24 hours at 37°C in 5% CO,. After 24h, the media containing the larval secretions
was collected, concentrated using MWCO 3kDa filters, and the protein and endotoxin concentrations

were measured.
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4.2.3 Measurement of protein concentration

The protein concentrations of the larval secretions were measured using a BCA protein assay,
according to the manufacturer’s recommendations. Briefly, a solution of 2 mg/ml bovine serum
albumin (BSA) standard was used to prepare a set of protein standards at range of 20-2000 pg/ml.
BSA dye reagent was prepared at ratio of 50:1 (BCA reagent A:BCA reagent B). Then, 25 pl of BSA
standards and samples were pipetted into 96-well plate (in duplicate) followed by addition of 200 pl
of prepared dye reagent into each well. After mixing, the well plate was incubated for 30 minutes at
37°C and the absorbance was measured at a wavelength of 562 nm using Promega GlowMax plate
reader. The concentration of the protein samples was determine using the equation of standard curve

obtained from the BSA standard concentration.

4.2.4 Generation of human dendritic cells from peripheral blood mononuclear cells

Human DCs were generated as described in Chapter 2 see section 2.2.2.

4.2.5 Incubation of N. brasiliensis larval secretions with immature dendritic cells

Human iDCs (2.5 x 10° cells/well) were seeded in a 24-well plate in complete RPMI 1640 medium
and treated with 20 ug/ml of larval secretions, followed by incubation of the cells for 24 hours at 37°C
with 5% CO.. iDCs stimulated with LPS from E. coli (10 ng/ml), and unstimulated DCs were used as

controls.

4.2.6 Incubation of N. brasiliensis larval secretions with mature dendritic cells
Human iDCs (2.5 x 10° cells/well) were seeded in a 24-well plate in complete RPMI 1640 medium,
stimulated with LPS from E. coli (10 ng/ml) and treated with 20 ug/ml of larval secretions. The cells

were incubated for 24 hours at 37°C with 5% CO..

4.2.7 Quantification of DCs viability assay

DC viability was assayed as described in Chapter 2 section 2.2.4.

4.2.8 Flow cytometric analysis and cytokine expression measurement
Flow cytometry and cytokine expression measurement were conducted as described Chapter 3 section

3.2.6.
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4.2.9 Quantification of indoleamine-2,3-dioxygenase enzyme activity

IDO expression was quantified as described in Chapter 3 section 3.2.8.

4.2.10 Characterisation of N. brasiliensis larval products using SDS-PAGE and silver staining
To run the protein gel, the running buffer was prepared before starting the experiment, according to
manufacturer’s instructions. Briefly, 1x running buffer was used, which was produced by diluting 100
ml of 10 x running buffer (250 mM Tris, 1.92 M glycine, 1% sodium dodecy! sulphate [SDS], pH 8.3)
(Bio-Rad, UK) in 900 ml of distilled water. A Mini-protean precast gel 4-15% (Bio-Rad, UK) was
placed in the electrophoresis cell after removing the comb and the tape from the gel, followed by
assembly of the electrophoresis cell and filling the inner and outer chambers with 1 x of running buffer.
The sample (20 ug/ml of larval secretions) was prepared in a reducing reagent by dissolving one part
of sample to one part of Laemmli sample buffer (Bio-Rad, UK) followed by heating of the sample at
100°C for 5 minutes and loading into the gel well. The protein ladder and sample were loaded into the
gel lanes (50 ul per lane) and the electrophoresis cell was connected to the power supply and
programmed with 200 V for 1 hour. After completing of electrophoresis, the gel was removed. To
visualise the proteins in the larval product, the SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
gel was stained with silver (Vector laboratories, UK). Briefly, the gel was fixed with fixing solution |
(methanol, acetic acid, and distilled water) for 10 minutes, followed by fixing solution Il (methanol,
acetic acid, fixing reagent I, and distilled water) for 15 minutes. The gel was then pre-treated with
methanol, pre-treatment reagent, and distilled water for 10 minutes, and washed with distilled water
for 5 minutes. Then gel was stained with silver staining solution I and Il for 15 minutes and washed
twice with distilled water for 2 minutes each time. To enhance the contrast of silver staining, 10%
concentrator developer in distilled water was placed on the gel. The staining reaction was stopped by
adding citric acid and agitating it for ~10 minutes. Finally, the gel was washed with distilled water and

imaged.

4.2.11 Glycosylation analysis
Concentrated larval secretions (20 pg/ml per lane) were run on 4-15% SDS-PAGE, as described

previously, and the SDS-PAGE gel was transferred onto a PVDF nitrocellulose membrane (Bio-Rad,
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UK) to perform Western blotting. Briefly, after completing the transfer of the electrophoresis gel, the
membrane was stained using biotinylated labelled lectin antibodies (Vector Laboratories, UK),
according to the manufacturer’s protocol. First, the membrane was incubated in Carbo-Free Blocking
Solution (Vector Laboratories, UK) for 30 minutes at room temperature. Then, the membrane was
incubated with 20 pug/ml of biotinylated lectin antibody”™ for 30 minutes at room temperature and
washed with PBS containing 0.05% Tween 20. The membrane was then incubated in alkaline
phosphatase conjugate enzyme for 30 minutes and washed with PBS containing 0.05% Tween 20.
Finally, the membrane was incubated with Chemiluminescent/Fluorescent Substrate and imaged using

a chemiluminescent imaging system.

“Biotinylated labelled lectin included concanavalin A (Con-A) specific for mannose, Dolichos biflorus
agglutinin (DBA) specific for GalNAc, peanut agglutinin (PNA) specific for galactose, Ricinus
communis agglutinin (RCA) specific for galactose, soybean agglutinin (SBA) specific for GalNAc,
Ulex europaeus agglutinin (UEALI) specific for fucose, and wheat germ agglutinin (WGA\) specific for
GalNAc. The membrane was analysed using a LAS-400 imaging system.

4.2.12 Blocking of C-lectin receptors

Blocking antibodies for MR (clone 15.2) and DC-SIGN (clone H-200) were purchased from Santa
Cruz Biotechnology. iDCs were treated with either MR-blocking antibody (100 pg/ml) or DC-SIGN-
blocking antibody (20 pg/ml) and incubated at 37°C for 25 minutes. iDCs treated with the isotype

control mouse 1gG and untreated cells were used as control. Then, the cells were treated with larval

secretions and incubated for 24 hours at 37°C with 5% CO..

4.2.13 Isolation of naive CD45RO" T cellsand dendritic cell-T-cell co-culture

Cell isolation and co-culture were performed as described in Chapter 3 section 3.2.9.

4.2.14 RNA isolation, endpoint PCR, and quantitative real-time PCR

RNA isolation, endpoint PCR, and gRT-PCR were performed as described in Chapter 3 section 3.2.10.

4.2.15 Isolation of naive CD45RO* T cells and suppression assay

Cell isolation and suppression assay were performed as described in Chapter 3 section 3.2.11.
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4.2.16 Statistical analysis

Data were analysed and evaluated using GraphPad Prism version 7.02 (GraphPad Software, San
Diego, CA). Values are presented as mean + SEM and statistical significance was determined by one-

way ANOVA when comparing two groups. A p-value <0.05 was considered statistically significant.
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4.3 Results

4.3.1 Effect of different concentrations of larval secretions on dendritic cell activation and
cell viability
N. brasiliensis larval secretions were collected and concentrated using a 3KDa centrifugal

concentrator unit, as described previously in the materials and methods section 4.2.2.

To understand the immunomodulatory properties of N. brasiliensis larval secretions on DC phenotype
and function, larval secretion levels needed to be optimised while maintaining cell viability. To
achieve this, we investigated the dose response of DCs with varying concentrations of larval
secretions: 4 ug/ml, 20 pug/ml, and 100 pug/ml. Fig. 4.2 shows that different concentrations of larval
secretions have different effects on cell viability: 4 pg/ml had no effect in cell viability or cell
phenotype, as evidenced by no reduction in the expression of DC-SIGN or MR; 20 p/ml had no toxic
effect on DCs, with a slight effect on cell phenotype; and 100 pg/ml had a detrimental impact on cell
viability, with similar effect as 20 pg/ml on cell phenotype. From this data, we decided to use the 20
pug/ml of larval secretions to stimulate DCs and study the immunomodulatory properties of N.
brasiliensis larval secretions on DC phenotype and function, and to investigate the downstream effects

of larval secretions on the adaptive immune system.
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Figure 4.2: Dose-response effect of N. brasiliensis larval products on human DC phenotype and

cell viability. Different concentrations of N. brasiliensis larval secretions had no effect on maturation

marker expression in DCs, while 100 pug/ml negatively affected DCs viability compared with other

doses. Data are representative of two independent experiments (n=2).
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4.3.2 N. brasiliensis larval secretions induce tolerogenic dendritic cell phenotype and
function

To investigate the effect of N. brasiliensis larval secretions on iDCs, these cells were treated with 20
ug/ml of larval secretions; cells stimulated with 10ng/ml of LPS alone and unstimulated cells were
used as the positive and negative controls, respectively. After 24 hours of culture, DC surface markers
were examined using flow cytometry to identify changes in DC phenotype, while pro-inflammatory
(1L-12p40) and anti-inflammatory (IL-10) cytokines were measured in cell supernatants using ELISA.
In addition, IDO activity was quantified as a surrogate for DC immunogenicity. Fig. 4.3 shows that
DCs co-cultured with larval secretions retained the immature phenotype, as evidenced by low level
expression of maturation markers, including HLA-DR, CD86, CD80, and CD40. However, an
upregulation in PDL-1 expression was seen in DCs stimulated with larval secretions, suggesting a bias
towards an anti-inflammatory phenotype under this condition. To confirm this observation, pro-
inflammatory and anti-inflammatory cytokines were measured in cell supernatants. The data showed
increased IL-10 production and decreased IL-12p40 secretion in DCs stimulated with larval secretions
compared to unstimulated cells, which supports our observations of surface phenotype changes; this
is also reflected in the no changes in IDO enzymatic activity in DCs stimulated with larval secretions
compared with unstimulated DCs (Fig. 4.4). All data are shown as histograms (supplementary figure
9). Furthermore, DC viability was monitored following these experiments using LIVE/DEAD
staining; ~90% of cells were viable after co-culture with L3 secretions (Fig. 4.5). Together, these data

indicated that larval secretions had similar effects to infective larvae on DC phenotype.
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Figure 4.3: The expression of DC receptor molecules in response to stimulation with either 20
ug/ml of larval product or LPS. Median fluorescence intensity was obtained from flow cytometry
data and analysed. All data are reported as mean + SD for three independent donors (n = 3). *p<0.05,
**p<0.01, ***p< 0.001, ****p <0.0001. Data are from three independent experiments using DCs from

three different donors (n=3).
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Figure 4.5: The viability of DCs 24 hours after treatment with N. brasiliensis L3 secretion. DCs
treated with larval secretions showed >90% of viability. Data are from three independent experiments
using DCs from three different donors (n=3).
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4.3.3 N. brasiliensis larvae secretions modulate activated dendritic cell phenotype, cytokine
secretion, and IDO activity

The ligation of LPS to TLR4 can induce DC activation and maturation, guiding a pro-inflammatory
response. Research has shown that activation of CLRs can modulated TLR4 signalling [281]. To
understand the immunomodulatory effect of larval secretions on CLR-TLR4 cross talk, we stimulated
DCs with 20 pg/ml larval secretion and 10 ng/ml LPS. Figure shows that DCs exhibited lower
expression of maturation markers, including HLA-DR, CD86, CD80, and CD40, in response to LPS
in the presence of larval secretions compared with LPS alone (Fig. 4.6). Similarly, L3 secretions
significantly suppressed LPS-induced IL-12 production (Fig. 4.7A) and IDO activity (Fig. 4.7C), with
significant induction of IL-10 production (Fig. 4.7B). Collectively, these data confirmed that L3

secretions had a similar effect as infective L3 larvae in modulating the phenotype of LPS stimulated

DCs.
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Figure 4.6: N. brasiliensis larvae secretions modulate TLR4 signalling. Flow cytometry data of the
DC surface marker expression after stimulation with LPS in the presence of larval secretions. Data
were obtained and analysed for median fluorescence intensity. Data are shown as mean + SD of three

independent donors (n = 3).
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Figure 4.7: Larvae secretions modulate LPS-induced cytokine production and IDO activity. A)
& B) DC cytokine production in response to L3 secretions with LPS. C) DC IDO activity and AhR
expression after stimulation with L3 secretions in the presence of LPS. Data are shown as mean £ SD

of three independent donors (n = 3). *p<0.05, **p<0.01, ***p< 0.001, ****p <0.0001.

4.3.4 N. brasiliensis larval secretions target C-lectin receptors on human dendritic cells

Our results have shown the suppression of DC maturation and pro-inflammatory responses by larval
secretions. A possible explanation for the observed immunomodulatory effects could be the
recognition of larval products by CLRs on DCs that interfere with TLR signalling and the presence of
glycosylated antigens within larval secretions. According to this rationale, CLRs on DCs were blocked
by specific antibodies prior to stimulation of DCs with L3 secretions. Briefly, iDCs were treated with
either 20 pg/ml of MR-blocking antibody (clone 15.2) or 20 pg/ml of DC-SIGN-blocking antibody
(clone H-200) (Santa Cruz Biotechnology). The cells were incubated for 25 minutes at 37°C with 5%
CO:>. To confirm blocking of MR and DC-SIGN, the blocked cells were analysed using flow cytometry
(supplementary figure 10). Then, 20 ug/ml of larval secretions in the presence or absence of LPS were
added to blocked CLR-DCs, and the cells were incubated for 24 hours at 37°C with 5% CO,. After 24
hours, cells were analysed regarding cytokine production and IDO enzymatic activity. Interestingly,
data from these experiments illustrated a significant decrease in I1L-10 production after MR and DC-
SIGN were blocked in L3 secretion-treated cells compared with control DCs (CT-DCs) (Fig. 4.8B).
Furthermore, there was a slight increase in IL-12p70 production following blockage of the CLRs (Fig.
4.8A). We did not observe a significant change in IDO activity in the DC-SIGN-blocked DCs treated
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with L3 secretions; in contrast, there was significant induction of IDO activity in the DCs treated with
larval products after MR blockage (Fig. 4.8C&D). Together, these data highlight that L3 secretions
modulate the DC responses through the engagement of CLRs.
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Figure 4.8: A) & B) Cytokine production in the CT-DCs and CLRs blocked cells stimulated by L3
secretions in the presence or absence of LPS for 24 hours. C) and D) IDO activity and AhR expression
in CT-DCs and CLRs blocked cells stimulated by L3 secretions in the presence or absence of LPS for
24 hours. Data are expressed as mean = SD of three independent donors (n = 3). *p<0.05, **p<0.01,
***p< 0.001, ****p <0.0001.
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4.3.5 Characterisation of N. brasiliensis larval products and detection of the glycosylation
pattern in larval secretions

N. brasiliensis larval secretions were initially analysed using protein gel electrophoresis (Fig. 4.9).
Separated larval protein bands were not observed when staining gel with Coomassie blue stain;
however, protein bands were detected following silver staining. Larval product proteins were observed

at molecular weights ranging between 62-175 kDa.

175 —
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Figure 4.9: Separation of N. brasiliensis larval products on SDS-PAGE gel. After gel
electrophoresis, gel was silver stained, as described previously. Protein ladder molecular weight is

represented in (a), while larval separated protein molecular weight is represented in (b).
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It is well known that CLRs on DCs, including DC-SIGN and MR, can recognise ligands that contain
monosaccharides. Having investigated the potential role of DC CLRs for the recognition of larval
products, the next step would be to investigate the different monosaccharide moieties present in the
larval secretions. N. brasiliensis L3 secretions were examined for the presence of different sugars
using biotinylated labelled lectin, which included Con-A, DBA, PNA, RCA;, SBA, UEAI, and WGA.
Our data revealed that different patterns of glycosylation were present in the L3 secretions; the larval
product strongly reacted with RCA1 and SBA, which recognised galactose and GalNAc, respectively.
Furthermore, L3 secretions also induced a positive reaction in the presence of UEA and Con-A, which
recognised fucose and mannose residues, respectively. In contrast, L3 secretions failed to react with
other biotinylated lectins, which suggested that the larval secretions might not contain sugars specific
to those lectins (Fig. 4.10). These observations complement our finding of the reduction of IL-10 levels
after blockage of CLR on DCs. This data is consistent with our previous observation in chapter 2 that

showed the presence of these carbohydrates on the surface of larval cuticle.

175 -
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62—
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325-

25-

Figure 4.10: Analysis of L3 secretions in terms of glycosylation. L3 secretions are strongly
glycosylated, containing galactose and GalNAc rich glycoproteins, as noted by the strong reaction
with RCA and SBA compared with the other lectin. +++ strong reaction, ++ moderate reaction, + mild

reaction, and — no reaction.
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4.3.6 N. brasiliensis larval secretions modulate dendritic cell-induced T-cell polarisation

Our previous findings showed that N. brasiliensis larval secretions produced high levels of IL-10 by
DCs while suppressing induction of I1L-12 in the presence of LPS. Therefore, we next aimed to
investigate the downstream effects of the larval secretions on T-cell differentiation through DC-T-cell
co-culture studies. The co-culture experiment was conducted as described previously using autologous
naive T-cells and DCs. Briefly, DCs were treated with 20 pg/ml of larval secretions in the presence or
absence of LPS for 24 hours. These stimulated DCs were harvested and co-cultured with naive T cells
for 7 days, where on day 6, the T cells were restimulated with anti-CD3 and anti-CD28 for 24 hours.
The T cells were assessed for phenotype and cytokine profile. Fig. 4.11 confirms the presence of CD4
in all conditions. The data also show the presence of FOXP3 and CD25 within the CD4* cell
population in larval conditions in presence or absence of LPS. This finding suggests the presence of
T-cell populations expressing an anti-inflammatory phenotype similar to those that were observed in
our previous findings (Chapter 3), where infective L3 conditioned DCs to express a regulatory

phenotype.

To further confirm the phenotype of these cells, we assessed their cytokine profiles. As expected, Fig.
4.12 shows increase IL-10 and TGF-p production in T cells co-cultured with L3 secretion-treated DCs
in the presence or absence of LPS. This finding is the line with our previous T-cell phenotype analysis
data. Overall, the co-culture results indicated that larval secretions regulated DC function, which led

to the induction of CD4*FOXP3*CD25" Tregs.
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Figure 4.11: Flow cytometry phenotypic analysis of naive T cells co-cultured with primed DCs. Dot plot data

confirms expression of a CD4" cell population in all conditions. CD25 and FOXP3 expression in the CD4" T-cell

population can be seen under larval secretion conditions in the presence or absence of LPS. Data are representative

of three independent experiments using naive T cells from three different donors (n=3).
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Figure 4.12: Cytokine production of T cells co-cultured with larval secretion-primed DCs.
Marked increases in IL-10 and TGF-f production can be observed in T cells co-cultured with L3
secretion-treated DCs in the presence or absence of LPS. Data shown are means + S.D of three

independent experiments using cells supernatants from three different donors (n=3).

4.3.7 Quantification and quantitation of FOXP3 expression using polymerase chain reaction
To further confirm the generation of Tregs from T cells co-cultured with DCs pre-stimulated with
larval secretions, we investigated FOXP3 expression as Treg transcription factor using end-point PCR
and RT-PCR. The data obtained from end-point PCR and RT-PCR confirmed the expression of
FOXP3 genes in T cells co-cultured with larval secretion-primed DCs in the presence or absence of
LPS (Fig. 4.13A&B). This data was in line with our findings that showed that N. brasiliensis infective
L3 was able to express FOXP3. Collectively, these findings indicated that N. brasiliensis infective
larvae or their secretions could regulate the human immune system, which could suggest the potential

role of L3 or their secretions in the treatment of autoimmune and inflammatory conditions.
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Figure 4.13: PCR to confirm T-cell phenotype generated by DCs primed with N. brasiliensis
infective larvae. A) End-point PCR data show induction of FOXP3 in infective larvae alone and in
the presence of LPS (n=3). B) RT-PCR data is consistent with end-point PCR data, showing significant
increases in FOXP3 expression compared with LPS alone, indicating the generation of a Treg
phenotype in the population for infective larvae. Data are shown as mean + SD of three independent

donors (n = 3).

4.3.8 T cell differentiation in co-cultures with N. brasiliensis larvae secretions primed DCs
suppress activation of memory T cells

This assay was carried out to determine the influence of larval secretion-DC-primed T cells on effector
T cells. T cells were co-cultured with DCs pre-treated with L3 secretion either in the presence or
absence of LPS; the cells were harvested and co-cultured with CFSE-labelled effector T cells. After
96-hour culture, effector T cells were harvested and analysed by flow cytometry. CFSE-labelled
effector T cells showed a clear reduction in proliferation in the presence of larval secretions, but not
in the presence of LPS. These data are consistent with our previous observations, which indicated that
larval products drove most of the T cells towards Tregs and that these Tregs contributed suppressive

activity (Fig. 4.14).
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Figure 4.14: T-cell suppression assay. Histograms show the percentage of dividing CFSE-labelled
effector T cells co-cultured with Tregs. Effector T cells show increased proliferation in the LPS

condition decreased proliferation activity in larvae secretion condition. Data shown are of from three

independent experiments (n=3).
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44 Discussion

N. americanus larvae are believed to modulate the hots immune system both mechanically during
penetration, but also by secreting a wide range of glycoproteins [152,218]. These glycoproteins can
interact with TLRs and CLRs on host DCs, leading to immunomodulation. N. americanus larvae have
been shown to secrete numerous glycoproteins that play a role in modulating the immune response
[106,154]. Characterisation of these secretions is crucial to understand their impact in the context of
immune regulation, which could help in the development of novel therapeutic strategies. Previous
studies have indicated that secretions from N. americanus infective larvae modulated human DC
phenotype and function; however, the exact mechanism involved in the immunomodulatory effects,
the involvement of CLRs in the uptake of parasite secretions, and the downstream effect of larval
secretions on shaping the adaptive immune response remains elusive [70]. Therefore, we aimed to
investigate the influence of larval products on human DC phenotype and function, particularly within
the context of cell-surface marker expression, production of cytokines, IDO activity, and downstream

effects on T-cell polarisation.

We evaluated the impact of N. brasiliensis larval secretions on DC phenotype and function. The data
showed that DCs maintained an immature phenotype following treatment with 20 pg/ml of larval
secretions, as evidenced by a lack of maturation molecule expression, including HLA-DR, CD86,
CD80, and CDA40. In contrast, DCs expressed PDL-1 and overproduced IL-10. There was a significant
reduction in DC-SIGN and MR expression following stimulating with larval products. In contrast,
DCs maintained their ability to respond to LPS stimulation, as there was upregulation of maturation
markers. These data indicated that the L3 secretions promoted tolerogenic DCs that could prime and
induce the Tregs. Our data were similar to reports that suggested that PDL-1 plays a role in the
expression and production of 1L-10 during induction of immune tolerance [282-284]. The absence of
maturation markers on the DCs could lead to the induction of Tregs [285]. Nevertheless, the
downregulation of DC-SIGN and MR expression on DCs after stimulation with larval secretions
highlights the presence of CLR ligands within larval products; these glycosylated antigens are

investigated in this chapter.
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As a result of the anti-inflammatory conditions induced by DCs after stimulation with N. brasiliensis
L3 secretions, we further investigated how L3 secretions affect IDO activity. The data showed that
DCs stimulated by larval secretions were unable to induce IDO activity. In contrast, IDO activity
increased when the cells were exposed to LPS only. These results indicated that DCs had an anti-
inflammatory role after they were exposed to L3 secretions due to a lack of IDO induction. Next, we
investigated the process by which larval secretions modulated TLR4 signalling, which was induced
by LPS within the context of the cell phenotype, cytokine production, and IDO activity. Our previous
results showed that LPS induced DC maturation by enhancing production of pro-inflammatory
cytokines and inducing a high level of IDO activity. Interestingly, these effects were absent in the
presence of L3 secretions, which could indicate that larval secretions can modulate TLR4 and suppress
the immune response. Research has shown that ligation of mannose or fucose with DC-SIGN on DCs
can modulate TLR responses, as seen in H. pylori and Mycobacterium infection [286,287]. A study
by Royer et al. reported that engagement of MR on iDCs with specific glycosylated antigens inhibited

induction of IDO activity [258].

Amongst the CLRs expressed by DCs are MRs and DC-SIGN; both receptors recognise a wide range
of glycosylated antigens, and they have a role in inducing inhibitory or stimulatory signals in DCs that
result in modulation of DC function [288]. Given the high expression of DC-SIGN and MR on DCs
and their role in the recognition of different pathogens, their potential role in DC interactions with
larval products was investigated using antibodies to block MR and DC-SIGN. Our data demonstrated
that DCs treated with blocking antibodies for either DC-SIGN or MR showed a significant decrease
in induction of anti-inflammatory cytokines and reverted the observed suppression of IL-12 production
compared with untreated DCs. Khoo et al., Cumming et al., and Hewiston et al. reported that
glycosylated proteins, which were abundant on the parasite surface and within their secreted antigens,
had a role in modulating host immunity [152,289,290]. This observation is in line with our findings,
which showed downregulation of DC-SIGN and MR expression by DCs following treatment with the
L3 secretions, indicating involvement of CLRs in the recognition of the L3 secretions. It was

reasonable to assume that CLRs on human DCs acted as a main target in the recognition of these
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secretions and presence of glycosylated protein within larval secretions. This clearly indicates the
fundamental role of both DC-SIGN and MR in mediating interaction with glycosylated larval
products. CLRs are key receptors targeted by larval products to modulate the innate immune response

within a host.

Considering the noticeable immunomodulatory effect of the larval secretions on DCs, we examined
the presence of glycosylated proteins within larval products. The initial examination of N. brasiliensis
larval products by electrophoretic separation demonstrated the presence of most proteins with a
molecular weight range of 62-175 kDa. Then, glycosylated proteins found in N. brasiliensis larval
secretions were examined using biotinylated labelled lectins to identify carbohydrate moieties, as
described previously. Carbohydrates are detected as dark bands against a clear background using
Western blotting. Based on our findings, bands detected between 62-83 kDa were assigned to
galactose and GalNAc containing glycoproteins; this was in line with a study that showed that
galactose and GalNAc from mucin in bovine milk were located between 60—75kDa [291]. Bands
detected between 100-175 kDa was assigned to mannose rich glycoproteins, while bands detected
between 25-32 kDa were assigned to fucose rich glycoproteins; this was in line with a study that
showed that mannosylated glycans of Trypanosoma congolense were detected between 100-130 kDa,
while fucose in Aspergillus fumigatus was located between 23-30 kDa [292, 293]. These results
highlighted the presence of a variety of carbohydrate moieties, including galactose, GalNAc, and
fucose in the N. brasiliensis larval secretions, which could provide new insights into parasite secretion-
mediated immune regulation. These insights could assist in the design of more efficient therapies and
vaccines. More importantly, this finding is consistent with our previous finding that showed the
presence of regulatory sugars on the N. brasiliensis infective larval cuticle and in larval secretions,

indicating that L3 and their secretions have similar roles in regulating immune responses.

Several studies have demonstrated that tolerogenic DCs characterised by increased IL-10 secretion
and expression of PDL-1 played a key role in promoting immune tolerance through induction of Tregs
[267-269]. Therefore, we investigate the immunomodulatory effects of larval secretion-primed DCs

on shaping the adaptive immune response using DC-T-cell co-culture experiments. Data obtained
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from these experiments showed the presence of a CD25*FOXP3* cell population within CD4* T cells
that were co-cultured with L3 secretions in the presence or absence of LPS compared with the control.
Level of key cytokines, such as IL-10, TGF-B, IL-4, and IFN-y, were measured from the co-culture
supernatants using ELISA. As expected, the results showed a significant increase in IL-10 and TGF-
B production in T cells co-cultured with L3 secretion-treated DCs in the presence or absence of LPS.
However, no statistically significant increase was detected in the production of IFN-y and IL-4 under
these conditions. Overall, the co-culture results indicated that the L3 secretions modulated DC
function, leading to induction of CD4*CD25"FOXP3* Tregs. This finding is in line with a study that
showed expansion of CD4*CD25*FOXP3* Tregs after infection with filarial parasites, such as Brugia
malayi, which played an important role in evading host immunity [294]. We assessed T-cell
proliferation after co-culture with larval secretion-conditioned or unconditioned DCs in the presence
or absence of LPS. The data showed proliferation of T cells, which confirmed the potency and viability
of T cells after the co-culture experiment. These findings confirmed that larval secretions had a similar

role in regulating immune responses as infective larvae.

Next, we looked at FOXP3 gene expression to confirm our observation of the generated immune
response. PCR data showed increased regulatory FOXP3 in larval secretions compared with the
control, confirming the presence of a regulatory T-cell phenotype under that condition. This finding
is consistent with our previous results, where infective larvae expressed the regulatory FOXP3 gene.
These findings are in line with research that showed that parasites, such as Entamoeba histolytica, rely
on galactose and GalNAc for survival [295]. Another study showed that a protein containing galactose

from Trypanosoma cruzi bound to human erythrocytes and mediated host-cell invasion [296].

We designed a suppression assay to elucidate the effects of regulatory-phenotype cells generated after
culturing larval secretion-treated DCs with naive T cells. The data showed marked reduction in
effector cell proliferation with larval secretions alone and in the presence of LPS, in which a
CD4*CD25"FOXP3" cell population with production of IL-10 and TGF-f cytokines has previously
been shown. This finding is in line with a study that showed that CD4*CD25" Tregs suppressed

effector T cells in leishmaniasis [297].
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4.5 Conclusion
This chapter described the immunomodulatory properties of N. brasiliensis larval secretions that were
able modulate DC immune responses, switching DCs to an anti-inflammatory phenotype through
modulation of TLR-CTL crosstalk. First, we demonstrated that L3 secretions bound to CLRs,
significantly downregulated the expression of these receptors, and induced a regulatory DC phenotype
characterised by significant production of IL-10 and suppression of 1L-12p70 production in response
to LPS. Interestingly, blocking MR and DC-SIGN could—at least partially—revert the observed
suppression of IL-12 production in the presence of larval secretions, which indicated that C-type lectin
ligands might mediate the observed immunosuppressive effects. Furthermore, we noted that N.
brasiliensis secretions suppressed IDO activity, which impacted downstream T-cell polarisation.
Interestingly, we identified the presence of regulatory carbohydrates, including galactose and GalNAc
containing glycoproteins within larval secretions, and discovered exciting new areas for further
investigation. This study provides opportunities to understand the strategies used by parasites to
modulate immune responses, which could help us to utilise these strategies for the treatment of
autoimmune and inflammatory diseases. However, to fully understand the immune modulatory
potential of these regulatory carbohydrates, it is important to deplete these sugars from larval
secretions and investigate their impact on DCs and downstream on T-cell activation and polarisation
following DC priming with depleted sugars. Depletion of target carbohydrates from larval secretions

is detailed in Chapter 5.
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Chapter 5:

Depletion of carbohydrates from Nippostrongylus
brasiliensis infective larval secretions and investigation of
their impact on immune cells
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5.1 Introduction
Data presented in previous chapter illustrated the role of CLRs in mediating immune regulatory
properties of N. brasiliensis infective larvae secretions on DC phenotype, cytokine profile,
downstream effect on T-cell polarisation, highlighting the potential importance of carbohydrates,
including galactose and GalNAc, in larvae secretions in these processes. It is therefore important to
understand the biological relevance of these carbohydrates in modulating DCs phenotype and how

these carbohydrates can shape the outcomes of adaptive immune responses.

Lectins are a group of proteins found in plants and in a diverse array of microorganisms; they can bind
to specific carbohydrates [298]. Immune cells, such as DCs, express lectins on their surface, including
PRRs, which can recognise carbohydrates and glycoproteins expressed on pathogen surfaces [299].
These lectins are either membrane-bound or soluble, depending on their role [300]. The interaction
between these lectins and carbohydrate ligands have been the focus of increasing interest in recent
years. The importance of this interaction is that it may aid in the understanding of the
immunomodulatory role of pathogens in directing host immune systems to the tolerogenic pathway,
thus allowing them to escape the immune system [301]. Many studies have shown that some
carbohydrates—including those decorating pathogens—play a role in modulating the immune system
by modulating DC function. For example, it has been shown that a synthetic immobilised galactose
can induce a tolerogenic DC phenotype and skew T-cell responses towards the Treg phenotype [302].
Hamilton et al. showed that glyco-antigens of F. hepatica could bind to DC-SIGN on DCs and
suppress DC maturation, which contributed to pathogen survival [303]. Furthermore, it has been
shown that glycosylated allergens can modulate the immune system through binding to DC-SIGN

[260].

It is well known that hookworms such as N. americanus can suppress production of pro-inflammatory
cytokines and induce anti-inflammatory properties [95,96]. In addition, immunomodulatory molecules
secreted by parasites can generate a regulatory or tolerogenic phenotype among immune cells, such

DCs, that can influence T-cell differentiation [304]. There is a decline in the prevalence of allergies

112



and autoimmune diseases in helminth carriers [184-186]. Studies have shown that hookworm infection
can protect against allergy and autoimmune conditions and has shown promising outcomes for the
treatment of these conditions using parasite secretions [182,183]. For example, a study showed that
ES-62 glycoprotein from Acanthocheilonema viteae had a protective effect on systemic lupus
erythematosus (SLE) by downregulating MyD88 expression in B cells and Kidney cells, therefore
inhibiting production of IL-12 [305]. In another study, lacto-N-fucopentaose secreted by S. mansoni
can bind to DC-SIGN on DCs thereby induce production of anti-inflammatory cytokines and it has

been demonstrated to protect against typel diabetes [306].

Much is known about how hookworms modulate immune responses, particularly through modulating
DC phenotype and function, and these parasites have been studied as treatment for autoimmune
diseases. However, the capacity for carbohydrates from larval secretions to modulate immune
responses and using these carbohydrates as therapeutic tools has not been well studied. Therefore, this
chapter investigates the effect of galactose and GalNAc depleted from N. brasiliensis larval secretions
on DC phenotype and function. Accordingly, in this chapter, we depleted galactose and GalNAc from
larval secretions and used RCA and SBA lectins to confirm their depletion to investigate whether these
glycoproteins represent immunomodulator molecules in larval secretions. The ability of these
carbohydrate-primed DCs to skew T-cell differentiation is investigated using DC-T-cell co-cultures.
These findings will provide opportunities to use depleted carbohydrates from parasite secretions as
immunomodulatory tools or as therapeutic agents for the treatment of autoimmune conditions and

allergies.
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5.2 Materials and methods

5.2.1 Preparation of N. brasiliensis infective larval secretions and measurement of protein
concentration

As previously described in Chapter 4 see section 4.2.2 N. brasiliensis L3 were cultured in RPMI 1640
medium supplemented with 100 1U/ml penicillin, 100 pg/ml streptomycin, and 1% gentamicin, then
incubated for 24 hours at 37°C in 5% CO.. The larval secretions were then collected and concentrated
using a Vivaspin2 centrifugal concentrator unit MWCQO 3kDa. The protein concentration of the
concentrated larval secretions was quantified using a protein assay (BCA). Then, the concentrated

larval secretions were stored at -80°C until carbohydrate depletion was carried out.

5.2.2 Enrichment of galactose and N-acetylgalactosamine

Pierce™ Disposable Columns were purchased from Thermo Fisher Scientific, UK. Ricinus communis
agglutinin (RCA), an agarose-bound lectin specific for galactose depletion, was purchased from
Vector Laboratories, UK. Soybean agglutinin (SBA), an agarose-bound lectin specific for GaINAc
depletion, was purchased from Vector Laboratories, UK. Glycoprotein Eluting Solution for
galactose/GalNAc-binding lectins was purchased from Vector Laboratories, UK. Hydroxy-ethyl-

piperazine (HEPES) buffer solution was purchased from Sigma-Aldrich.

To deplete galactose and GalNAc from larval secretions, Pierce™ Disposable Columns were prepared
before starting the experiment. Briefly, a porous filter disc was inserted into the column bottom and
then the column was washed with 10 mM HEPES buffer to remove air bubbles from below the disc
filter. We pipetted RCA and SBA agarose lectins into separated, prepared disposable columns and
allowed the agarose to settle on the disc filter in the bottom of the tube by gravity. Then, 15-ml
centrifugal tubes were placed under the columns, the columns were washed with 10 mM HEPES buffer
and the flow-through was discarded. We placed new 15-ml centrifugal tubes under the columns,
applied larval secretions into the first column containing RCA agarose lectin, and allowed the larval
secretions to drain through the column by gravity. We retained the larval flow-through from the first
column into the second column containing SBA agarose lectin, then allowed it to drain through the

column by gravity. The larval secretion flow-through from the second column was referred to as
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‘depleted-sugars larval secretion’ and stored at -20°C until use. The two columns were washed with
10-mM HEPES buffer solution to remove unbounded sugars before applying the eluting solution.
Then, 15-ml centrifugal tubes were placed under the columns, eluting solution was added to the two
columns to release bound sugars, and the eluates representing galactose and GalNAc enriched fraction

were collected and stored at -20°C until use (Fig. 5.1).

1b 1a
GalNAc Apply SBA agarose into Apply RCA agarose into '} Galactose
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2b 2a
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Figure 5.1: Hlustration of galactose and N-acetylgalactosamine (GalNAc) depletion from larval
secretions. la & 1b) Two disposable columns were prepared by inserting filter discs inside the
columns, then applying RCA and SBA agarose lectins. 2a & 2b) The columns were washed with 10-
mM HEPES buffer and the buffer was allowed to drain by gravity. 3a) Larval secretions were added
to the column containing RCA agarose lectin and the larval secretions were allowed to drain through
the column by gravity. 3b) The flow-through from the 3a column was added and the larval secretions
were allowed to drain by gravity. The flow-through from this column was stored as ‘galactose- and
GalNAc-depleted larval secretions. 4a & 4b) columns were washed with 10 mM HEPES and eluting

solution was applied. The elutes of galactose and GalNAc were stored at -20°C until use.
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5.2.3 Characterisation of depleted sugars using SDS-PAGE, silver staining, and Western

blot

As previously mentioned in Chapter 4 section 4.3.5 whole larval secretions, galactose and GalNAc
enriched fractions from the secretion, and larval secretions after glycoprotein depletion were run in
Mini-Protein Precast Gel 4-15% (Bio-Rad, UK). The gel was stained with silver stain (Vector
laboratories, UK). To perform Western blotting, unstained SDS-PAGE gel was transferred onto a
PVDF nitrocellulose membrane. The nitrocellulose membrane was stained with RCA and SBA
biotinylated labelled lectin antibodies (Vector Laboratories, UK), according to the manufacturer’s
protocol. Finally, the membrane was incubated with chemiluminescent fluorescent substrate and

imaged using a chemiluminescent imaging system.

5.2.4 Dendritic cell generation and naive T-cell isolation
Monocytes were isolated from the buffy coat of healthy donors following approval of the ethics
committee (National Blood Service, Sheffield, UK). DCs were generated from the monocytes, while

naive T cells were isolated from monocytes, as previously described in Chapter 3 section 3.2.2.

5.2.5 Dendritic cell-depleted sugar co-culture

iDCs (2.5 x 10° cells/well) were seeded in a 24-well plate in complete RPMI 1640 medium and treated
with 20 ug/ml of each depleted sugar in the presence or absence of LPS. iDCs were also treated with
20 ug/ml of sugar-depleted larval secretions in the presence and absence of LPS. For the positive
control, iDCs were stimulated with LPS from E. coli (10 ng/ml), while unstimulated DCs were used

as the negative control. Cells were incubated for 24 hours at 37°C with 5% CO..

5.2.6 Analytical flow cytometry and cytokine measurement

Following 24 hours of culture, cells were harvested from the well plate to FACS tubes and centrifuged
at 350 g for 5 minutes, acc/dec=3. Cell supernatants were collected and analysed for cytokine content.
Cell pellets were washed with PBA (PBS with 0.5% bovine serum albumin and 0.1% sodium azide),
followed by incubation with labelled antibodies (CD209 FIT-C, CD206 PerCP, CD86 PE, CD80 APC,

HLA-DR PerCP, or CD40 PE) in the dark at 4°C for 20 minutes. Cells were then washed with PBA
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and fixed with 4% paraformaldehyde until analysis. The samples were measured using the FC500 flow

cytometer (Beckman Coulter, UK), and the resulting data were analysed using Kaluza software.

5.2.7 Quantification of dendritic cell viability assay

As described in Chapter 2, cell viability assessment was performed using LIVE/DEAD stain (Thermo
Fisher Scientific) according to the manufacturer’s protocol. Briefly, cell supernatants were removed,
stained with 250 ul of LIVE/DEAD stain, and incubated for 20 minutes in the dark at 37°C before
analysis. Cells were imaged using the Fluorescent Cell Imager (Etaluma) and data analysis was

conducted by counting fluorescent cells using ImageJ software.

5.2.8 Dendritic cell-T-cell co-culture

Autologous naive T cells were co-cultured with DCs primed by enriched glycoproteins at a ratio of
1:10 (DC:T cell) in RPMI media supplemented with 5% human AB serum, 100 U/ml penicillin, 100
mg/ml streptomycin, and 2 mM L-glutamine (all from Sigma-Aldrich). On day 3 after co-culture, fresh
media supplemented with 2 ng/ml of IL-2 was added to the co-culture. On day 6, cells were harvested,
counted, re-stimulated with 2 ug/ml of anti-CD3 and anti-CD28, then seeded in a flat-bottom 96-well
plate (1 x 10° cells/well) and incubated for 24 hours. The cells were then stained for phenotypic
identification using T-cell markers CD4 (clone REA623), CD25 (clone) and FOXP3 (clone 236AE7)
(all from Miltenyi Biotec, UK), non-reactive isotype-matched antibodies were used as controls, while

cell supernatants were collected for cytokine analysis.

5.2.9 RNA isolation and cDNA synthesis
As described in Chapter 3 section 3.2.10, RNA extraction was carried out using the RNeasy Kit
(QIAGEN), while cDNA synthesis was carried out using the PCRBIO synthesis kit, according to the

manufacturer’s instructions.

5.2.10 End-point PCR and real-time quantitative PCR
Endpoint-PCR and real-time PCR were carried out using Taq mix and SYBR Green qPCR Master

Mix, respectively, as described in Chapter 3 section 3.2.10.
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5.2.11 Statistical analysis
Data were analysed and evaluated using GraphPad Prism version 7.02 (GraphPad Software, San
Diego, CA). Values are presented as mean + SEM and statistical significance was determined by one-

way ANOVA when comparing two groups. A p-value <0.05 was considered statistically significant.
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53 Results

5.3.1 Characterising the galactose and N-acetylgalactosamine depleted from larval secretions

Following depletion of galactose and GalNAc from larval secretions using agarose bound lectins, the
eluted enriched glycoproteins were separated via protein gel electrophoresis followed and the gel was
stained with silver stain. Fig. 5.2 shows galactose and GalNAc enriched fractions, represented by the
presence of bands between 62 kDa and 83 kDa. The data also showed the absence of those bands from
larval secretions after depletion of galactose and GalNAc, as compared with whole larval secretions.
To verify this result, unstained protein gel was transferred onto a PVDF nitrocellulose membrane and
Western blotting was performed. After Western blotting, each of membrane lanes were stained
separately with either RCA or SBA lectins. Figure 5.3 shows that galactose enriched fraction positively
reacted with RCA lectin, while SBA lectin positively reacted with GalNAc enriched fraction, compared
with the galactose/GalNAc-depleted larval secretions, which did not react with RCA and SBA lectins.

These results confirm that galactose and GalNAc enriched fraction from larval secretions could be used
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for further experiments.
v
e
e

83 4

62 —

47.5 4

25 -

16.5

Figure 5.2: Separation of galactose and GalNAc enriched larval secretion on SDS-PAGE gel. After
gel electrophoresis, the gel was silver stained. a) Protein ladder molecular weight 16.5-175 kDa. b)
Whole larval secretions. ¢) Galactose/GalNAc-depleted larval secretions. d) Galactose enriched. €)

GalNAc enriched. Data shown are from two independent experiments (n=2).
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Figure 5.3: Analysis of galactose and GalNAc enriched fractions using biotinylated lectins. a) &

b) Whole L3 secretions positively reacted with RCA and SBA lectins that recognised galactose and
GalNAc containing glycoproteins, respectively. c) & d) Galactose/GalNAc-enriched fractions did not
react with SBA and RCA lectins. e) Galactose enriched positively reacted with RCA lectin. f) GaINAc

enriched positively reacted with SBA lectin. Data shown are from two independent experiments (n=2).

5.3.2 Effect of galactose and N-acetylgalactosamine on dendritic cell phenotype and function

To investigate the effect of galactose and GalNAc isolated from L3 secretion on immature and mature
DCs, unstimulated and LPS-stimulated DCs were cultured with 20 ug/ml of either galactose or GaINAc
enriched fractions. After 24-hour culture, flow cytometric analysis was performed to identify DC
phenotype changes using surface markers, and cytokine production was measured in cell supernatants.
The data showed that galactose and GalNAc enriched fractions alone did not induce any changes in DC
phenotype compared with unstimulated DCs; the DCs maintained an immature phenotype, as evidenced
by a lack of upregulation of maturation markers (supplementary figure 11). In contrast, galactose and
GalNAc enriched fractions could modulate DC phenotype in LPS-stimulated DCs, as evidenced by a
significant decrease in maturation marker expression, including HLA-DR, CD80, CD86, and a decrease
in expression of the co-stimulatory marker CD40; there was an increase in PDL-1 expression compared
to LPS stimulated cells as shown in flow cytometry data (Fig. 5.4), suggesting a bias towards an anti-
inflammatory phenotype in DCs stimulated with either galactose or GaINAc enriched. This observation

is also reflected in the cytokine profile, where 1L-12p70 production was decreased and I1L-10 production
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was increased (Fig. 5.5), supporting our previously observed changes in DC surface phenotype. This

data clearly shows that galactose and GalNAc isolated from

larval

secretions have an

immunomodulatory effect on DCs. DC viability was also monitored following these experiments using

LIVE/DEAD staining, and >90% of cells were viable after co-culture with isolated carbohydrates (Fig.

5.6).
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Figure 5.4: Phenotypic analysis of galactose and GalNAc enriched fractions on mature DCs. DCs

were analysed for expression of maturation markers (HLA-DR, CD86 and CD80), a co-stimulation

marker (CD40), and inhibitory marker (PDL-1). The data showed that galactose and GalNAc enriched

fractions in the presence of LPS, were able to modulate DC phenotype compared with stimulation with

LPS only. Data are from three independent experiments using DCs from three different donors (n=3).

121




IL-12p70 IL-10

*okok *Ex
800 5001
—_ ok *%
= =
£ 600 E 4 %
a =
5 S 3007 %&—
= 400+ =
Z o
= 2004
g g
£ 200+ 2 o|®
8 8 100+
0 E - T T L 0 1 T T T
<« ° S & & 2 > &
Y RN ¢ & N & &
S © N & o O
C N Q! O &
Q & 3 Q & &
% » & Sl
2 X o D
) &L N X
C.,x ,,x\' (f)x \?
Q 0(' Q oc’-,x

Figure 5.5. Cytokine profile of dendritic cells treated with galactose ana GalNAc enriched
fractions in the presence of a TLR4 ligand (LPS). Galactose and GalNAc enriched fractions induced
a significant increase in IL-10 production and suppression of IL-12 in DCs stimulated with LPS
compared with LPS stimulation alone. Data are shown as mean = SD for three independent donors (n

= 3). *p<0.05, **p<0.01, ***p< 0.001, ****p <0.0001. Data are from three independent experiments

using DCs from three different donors (n=3).
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Figure 5.6: The viability of DCs 24 hours after treatment with galactose and GalNAc enriched
fractions. DCs treated with Galactose and GalNAc enriched glycoproteins showed 90% viability.

Data are from three independent experiments using DCs from three different donors (n=3).

123



5.3.3 Dendritic cells conditioned by galactose or N-acetylgalactosamine promoted T-cell
differentiation towards IL-10-producing cells in autologous dendritic cell-T-cell co-cultures

Our previous findings showed that glycoproteins isolated from larval products, including galactose and
GalNAc enriched, produced high levels of 1L-10 while suppressing induction of IL-12 in the presence
of LPS. Therefore, we next aimed to understand the downstream effect of these glycoproteins-primed
DCs on T-cell differentiation through DC-T-cell co-culture studies. The co-culture experiment was
performed as described previously using autologous naive T-cells and DCs. Briefly, autologous naive
CDA45RA" T cells were isolated from PBMCs, as described previously; the purity of the purified naive
T-cell population was assessed for expression of CD45RA. Our data confirmed that 96% of the isolated
cells expressed CD45RA, indicating the purity of the naive cells (supplementary figure 12). These cells
can be used for co-culture study to investigate the effect of galactose- and GalNAc-primed DCs on T-
cell activation and immune system modulation. Then, purified naive T cells were preserved in liquid
nitrogen for 7 days until the co-culture experiment was prepared. On co-culture day 1, thawed naive T
cells were tested for viability and activation status using a Trypan blue automated cell counter and
testing for expression of CD25, respectively. Our data demonstrated that liquid nitrogen preservation
did not affect naive T-cell viability, as 94% of the cells were alive after storage, compared with cell
viability after isolation (supplementary figure 13). Moreover, the naive T cells did not express CD25
activation marker, indicating that the cells were not activated, and they were able to interact with DCs

(supplementary figure 14).

Galactose and GalNAc enriched fractions induced high levels of 1L-10 production while suppressing
IL-12 production in LPS-stimulated DCs. The DCs were treated with 20 pg/ml of either galactose or
GalNAc in the presence or absence of LPS for 24 hours. The DCs were then harvested and co-cultured
with naive T cells for 7 days; co-culture cells were supplemented with IL-2 on day 3, and on day 6 the
T cells were restimulated with anti-CD3 and anti-CD28 for 24 hours. After co-culture, the T cells were
assessed for phenotype and cytokine profile. Phenotypic analysis of T cells assessed the presence of
CD3 as a general marker for T cells. In addition, we assessed expression of CD4 within the CD3*

population and the presence of FOXP3 and CD25 populations within the CD4* T-cell population using
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flow cytometry. Our data confirmed the expression of CD3 on the naive T-cell population under all
conditions (supplementary figure 15). The data also confirmed the presence of CD4* T cells within T-
cell population, and the presence of FOXP3 and CD25 expression within the CD4* cell population under
depleted carbohydrate conditions, as compared with LPS alone (Fig. 5.7). We assessed the levels of key
cytokines in co-culture supernatant, including IL-10 and TGF-B, to investigate downstream of the T-
cell phenotype. Fig. 5.8 shows a significant increase in IL-10 and TGF-§ production by naive T cells
with galactose and GalNAc in the presence of LPS compared with LPS alone. This observation is in
line with our previous T-cell phenotype analysis data. Overall, the co-culture results indicated that

glycoproteins modulated DC function, which led to the induction of CD4*FOXP3*CD25"9" Tregs.
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Figure 5.7:

Flow cytometry phenotypic analysis of naive T cells co-cultured with galactose- and

GalNAc-primed DCs. Dot plot data confirm the expression of CD4 in the cell population in all

conditions. The presence of CD25 and FOXP3 in the CD4* T-cell population was higher with galactose

and GalNAc enriched fractions in the presence of LPS compared with LPS alone. Data are from

independent experiments using naive T cells from three different donors (n=3).
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Figure 5.8: Naive T-cell cytokine profile after co-culture with galactose- and GalNAc-conditioned
DCs. An increase in IL-10 and TGF-p production was observed with galactose and GaINAc compared
with LPS alone. Data shown are mean values = S.D of three independent experiments using cells

supernatants from three different donors (n=3).
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5.3.4 Dendritic cells conditioned with galactose or N-acetylgalactosamine promoted T-cell
differentiation towards a T-reg phenotype in dendritic cell-T-cell co-cultures

From our previous data, we hypothesised that naive T cells co-cultured with galactose- or GalNAc-
treated DCs acquired an anti-inflammatory phenotype. To confirm the phenotype of these cells, we
investigated the expression of FOXP3 transcription factor using end-point PCR and RT-PCR. The data
obtained from end-point PCR indicated the expression of FOXP3 in T cells co-cultured with galactose-
or GalNAc-primed DCs in the presence or absence of LPS (Fig. 5.9A). Our RT-PCR results were
consistent with the end-point PCR results, which showed a significant increase in FOXP3 expression

under these conditions compared with LPS alone (Fig. 5.9B).
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Figure 5.9: PCR data obtained from DC-T-cell co-culture. A) End-point PCR data showed the induction of
FOXP3 in galactose and GalNAc fractions in the presence or absence of LPS (n=2). B) The RT-PCR data was
also consistent with end-point PCR data showing significant increases in FOXP3 gene expression compared with
LPS alone, indicating the generation of a Treg phenotype under galactose and GalNAc fractions conditions. Data

are shown as mean + SD of three independent donors (n=3).
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5.4  Discussion

There is increasing interest in identifying parasite-derived immunomodulatory molecules can modulate
immune responses for use as therapeutic agents in autoimmune diseases [306]. There are promising
data from the use of parasite-derived immunomodulatory molecules that are able to modulate immune
responses and protect the host against inflammation, thereby inhibiting progression of autoimmune
diseases [307,308]. However, despite the significance of being able to use parasite secretions as
immunomodulators for the host immune response, the immunomodulatory properties of carbohydrates
depleted from larval secretions has remained unexplored. Therefore, we aimed to investigate the
influence of carbohydrates isolated from larval products on human DC phenotype and function,
particularly regarding cell surface marker expression, cytokine production, and downstream effects on

T-cell polarisation.

The initial examination of galactose and GalNAc enriched fractions from N. brasiliensis larval products
by electrophoretic separation demonstrated the presence of bands within a molecular weight between
60-83 kDa. This observation is in line with a study that showed that galactose and GalNAc from mucin
in bovine milk were located between 60—75 kDa [291]. This band did not appear in larval secretions
after depletion of galactose and GalNAc, successfully confirming depletion of the target carbohydrates
from the larval secretions. Galactose and GalNAc enriched glycoproteins were examined using RCA
and SBA biotinylated labelled lectins to confirm the depletion of these carbohydrates. Galactose and
GalNAc enriched were detected as dark bands between 62-83 kDa against a clear background; these
bands were missing from the carbohydrate-depleted larval secretions when the membrane was stained

with RCA or SBA, compared with the whole larval secretion.

DCs are consider an ideal target for immune modulation or immunotherapy, including the treatment of
autoimmune diseases or cancers, as they have a central role in shaping the adaptive immune response
[309-311]. Some tumour cells can suppress immune responses by skewing DC function from an

inflammatory phenotype to a tolerogenic phenotype. For example, it has been shown that Tn and sTn
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antigens, which are overexpressed on tumour cells that contain galactose and GalNAc enriched, are

able to suppress DC function and thus evade the immune system [272, 312].

Furthermore, some carbohydrates decorating pathogens or synthetic carbohydrates have been known to
inhibit immune responses by modulating DC function, which in turn suppresses the immune system.
For example, it was shown that E. histolytica expressed galactose and GalNAc on its surface. These
carbohydrates are important for parasite survival, allowing evasion of the host immune system by
promoting degradation of the mucin layer in the intestine and generation of a cyst where the parasite
can survive and the infection can persist [313-315]. It has been shown that immobilised galactose has
immunoregulatory properties, with the ability to induce differentiation of DCs towards a tolerogenic
phenotype, which in turn supports naive T-cell differentiation towards a Treg phenotype [302]. This
finding is in line with our data, which showed that galactose and GalNAc enriched from larval secretions
were able to induce a regulatory phenotype in LPS-challenged DCs, as evidenced by a significant
reduction in the expression of co-stimulatory molecules HLA-DR, CD80, CD86, and CD40, and an

increase in expression of tolerogenic CD274 (PDL-1).

The maturation status of DCs plays a key role in their ability to initiate T-cell activation. Other co-
stimulatory molecules found on DCs, such as CD40, have been shown to play an important role in
priming of Th1l cell differentiations through binding with CD40L on T cells, resulting in production of
IL-12, which is a known key pro-inflammatory cytokine [316,317]. However, the lack of upregulation
of DC co-stimulatory molecules, such as CD80/86, prevents the effective activation of T cells, as these
molecules bind to TCR and CD28 [253]. Furthermore, a lack of HLA-DR upregulation in response to
foreign antigens prevents further activation of Th cells and the production of antibodies against
pathogen [254]. PDL-1 (CD274) is an inhibitory ligand for T-cell activation and proliferation and plays
a role in the development of Tregs [318]. This function is consistent with how some parasite-derived
molecules that contain carbohydrates can modulate the immune system. For example, studies showed
that soluble egg antigens (SEAs) from S. mansoni inhibited DC maturation in the presence of LPS by

decreasing co-stimulatory molecule expression, presumably contributing to parasite survival [250,320].
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Interestingly, our data also showed that parasite-derived molecules that contained carbohydrates were

able to suppress maturation of LPS-challenged DCs.

Phenotype changes in galactose- and GalNAc-conditioned DCs are also reflected in their cytokine
profiles. Specifically, galactose or GaINAc cultured with LPS-stimulated DCs showed a significant
increase in IL-10 production and decrease in IL-12 production. This observation is in line with how
glycoantigens produced by some pathogens can modulate DC function. For example, glycoantigens
produced by F. hepatica, such as GaINAc decorated glycoproteins, are involve in the modulation of
DC function through promotion of the production of IL-10 [320]. IL-10 is an anti-inflammatory
cytokine that prevents excessive immune response through influencing the differentiation of Treg cells;
IL-12 is a pro-inflammatory cytokine that plays a key role in skewing the immune response towards
Thi-cell differentiation [321]. Together, these data strongly suggest that the galactose- and GalNAc-
primed DCs acquired a tolerogenic phenotype; to confirm our findings, these conditions were applied

in DC-T-cell co-cultures.

To better understand the immunomodulatory effect of galactose and GalNAc isolated from larval
products on the immune response, we decided to investigate the influence of these carbohydrates on T-
cell differentiation in DC-T-cell co-cultures. The data show that galactose and GalNAc enhanced
expression of CD25 and FOXP3 in the CD4" T-cell population, suggesting the differentiation of naive
T cells towards Tregs. This finding is consistent with our cytokine profile data, which showed increased
IL-10 and TGF-p production under galactose and GalNAc conditions. Finally, we investigated FOXP3
gene expression to confirm the ability of galactose and GalNAc to generate a Treg phenotype. The data
showed that DCs conditioned with galactose or GaINAc could induce the regulatory gene FOXP3. This
supports the consistency of our results and confirms the presence of regulatory T-cell phenotype under
these conditions. Our findings are in line with a previous study that showed that carbohydrates, such as
GalNAc, secreted by Aspergillus fumigatus had immunosuppressive activity and were believed to
induce a Treg response, which in turn promoted fungal development [322,323]. Furthermore, the Tn

antigen of F. hepatica contains GalNAc that can participate in inhibition of the upregulation of DC-
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maturation marker expression, which in turn favours expansion of regulatory T cells [320]. A study
showed that glycans containing GalNAc from the soluble products of Trichuris suis contributed to
modulation of human DC function and were believed to induce Treg cells that favoured survival of

parasite in the host [324,325].

Interestingly, various studies have shown that infection with parasitic helminths can suppress
inflammation in a variety of inflammatory conditions. An example, clinical trials have shown that
treatment with T. suis eggs could improve active Crohn’s disease and ulcerative colitis outcomes
[326,327]. The treatment of MS patients with T. suis eggs reduced the amount of newly detected MS
lesions and significantly lower magnetic resonance imaging (MRI) activity compared with uninfected
MS subjects [328,329]. However, using parasitic helminths in the treatment of some inflammatory
diseases or allergic conditions did not result in suppression or significant improvement of disease
activity; for example, using T. suis to treat patients with allergic rhinitis or using N. americanus to treat
patients with asthma [330,331]. This discrepancy indicates that more studies are necessary to
understand the underlying mechanisms of how helminths can induce immunomodulation. Therefore,
the data in this chapter may give insights into the mechanism of how parasites can modulate host
immune responses and how these immunomodulator molecules can be applied to develop

immunotherapeutic strategies to treat inflammatory diseases.

55 Conclusion

The data presented in this chapter demonstrated the biological relevance of galactose and GalNAc
enriched from N. brasiliensis larval secretions and that they could modulate DC immune responses
towards anti-inflammatory phenotypes. Furthermore, the data illustrated the immunomodulatory effects
of galactose- and GalNAc-primed DCs in modulating adaptive immune responses to induce Treg
populations (Fig. 5.10). These data provide new insight as to how non-infectious parasite derived
products modulate the immune system and could potentially pave the way for the development of new

therapies for inflammatory diseases using these carbohydrates.
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Figure 5.10: Schematic illustration summarising the effects of galactose and GalNAc depleted from N.

brasiliensis larval secretions on innate and adaptive immune responses.
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Chapter 6:

General discussion
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The immune system consists of immune cells and a diverse group of proteins that are programmed to
respond to changes in the microenvironment to protect the host against different invaders without
causing extensive tissue damage [332]. APCs act as link between the innate and adaptive arms of the
immune system to initiate a specific immune response for efficient elimination of pathogen [333]. DCs
are professional APCs that act as sentinels of the immune system and sense their surrounding
environment using PRRs, such as TLRs and CLRs [334]. Carbohydrates act as ligands for CLRs and
different CLRs recognise different carbohydrate moieties. The interaction between a specific CLR and
its ligand can influence DC phenotype, thereby influencing T-cell differentiation [242,335]. Numerous
investigations have suggested that carbohydrates and glycoconjugates have the potential to modulate
immune responses [336]. Tumour cells have been reported to express aberrant glycosylation patterns
that interact with immune cells, be involved in modulation of these cells, and enhance tumour metastasis
[337]. Necatoriasis is a neglected tropical disease caused by N. americanus that is considered a
significant public health concern, particularly in developing countries. Despite the chronicity of N.
americanus infections, little is known about how this parasite interacts with the host immune system to
arrive in the gut and survive long-term besides the complex immune responses it generates [276].
Despite relative success with drugs used to treat hookworm infections, there is a high rate of re-
infection, and the immune response against hookworms is typically not protective [180,181]. Therefore,
there is a need to better understand the early events involved in the interface between hookworms and

the immune system to pave the way for the development of more effective therapies and vaccines.

The main aim of the current study was to evaluate the effectiveness of N. brasiliensis infective larvae
as a model system to investigate the immunomodulatory properties of N. americanus. N. brasiliensis
was selected because it had previously been used as a model Gl parasite in the study of nematode
infection and immunity. Furthermore, this parasite has a similar life cycle to N. americanus. Unlike N.
americanus, it can be easily and inexpensively maintained in the laboratory; it has a short life cycle,
and large quantities of worms can be easily obtained. In this context, we investigated the
immunomodulatory properties of N. brasiliensis infective larvae and their secretions on immune cells

with the goal of possibly using this parasite as a model system for N. americanus larvae. Understanding
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how this parasite or its secretions influences and modulates the immune system and successfully
identifying immunomodulatory carbohydrates on the larval cuticle and within their secretions could
pave the way for the development of autoimmune therapies and improved strategies for the development

of effective vaccines against hookworms.

A previous study described how N. americanus infective larvae induced exsheathment to evade
immunity upon initial interaction with human DCs. The data suggested that a difference in chemical
signatures between the N. americanus larval sheath and its cuticle could play a role in its immune
evasiveness, although this mechanism has yet to be established [201]. In Chapter 2, we described the
physical interaction between human DCs and N. brasiliensis infective larvae in the presence and
absence of the larval sheath: the DCs aggregated on the ensheathed larvae, triggered larval exsheathing,
and exhibited negligible interactions with the exposed larvae. These findings are consistent with the
physical interactions previously observed with N. americanus, indicating that N. brasiliensis larvae
behave in a similar manner to N. americanus larvae and could represent a good experimental model for
investigating the immunomodulatory response of the human hookworm. Interestingly, our data showed
that DCs exhibited no preference to interacting with the larval cuticle in the absence of the cuticle sheath
after a 24-hour incubation period. These data suggested that the chemical structures of the larval sheath
and its cuticle were fundamentally different. To confirm this hypothesis, we investigated the chemical
signatures of the L3 cuticle and its sheath using TOF-SIMS. The data showed that the larval sheath
contained ions assigned to sulphur-containing compounds and heparan sulphate while the larval cuticle
contained ions assigned to lipids (e.g., phosphatidylglycerol), monosaccharides (e.g., galactose,
GalNAc, fucose, and L-rhamnose), and amino acids (e.g., cysteine). A previous study showed that
expression of heparan sulphate on endothelial cells played an important role in the recruitment of DCs
from peripheral tissues, while decreased expression of heparan sulphate reduced recruitment of DCs
[223]. In contrast, an in vitro study showed that the presence of phosphatidylglycerol lipid on respiratory
epithelial cells could inhibit aggregation and attachment of Pseudomonas aeruginosa [216]. Therefore,
our findings provided a rationale for why DCs bound to and sequestered the larval sheath but not the

L3 cuticle.
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To investigate the immunomodulatory properties of the L3 larvae on immune cells and whether the
chemical signatures of monosaccharides expressed on the larval cuticle had a role in modulating the
immune response, we co-cultured the N. brasiliensis L3 larva with DCs and investigated the
downstream effects of the larval cuticle on modulating the adaptive immune response (see Chapter 3).
The data for DCs co-cultured with L3 larvae showed no significant increase in expression of maturation
markers and co-costimulatory markers, such as CD80, CD86, HLA-DR, and CD40; however, there was
an increase in tolerogenic PDL-1 expression in the conditioned cells compared with the untreated cells.
To confirm the tolerogenic phenotype, we analysed the cytokine profiles of the cells under these
conditions. Our data showed a significant increase in anti-inflammatory IL-10 and no significant change
in IL-12 production in the larval cuticle-conditioned DCs compared with the untreated cells.
Interestingly, DCs conditioned with the larval cuticle were able to modulate DC phenotype and cytokine
profile in LPS-stimulated cells. These findings suggest that the N. brasiliensis larval cuticle alone
maintained an immature DC phenotype and has the potential to significantly reduce inflammation in
the presence of LPS through modulation of TLR-CLR crosstalk. Our findings were consistent with
studies showing that N. americanus infective larvae had similar effects on modulating DC function,
suggesting that N. brasiliensis induced immunomodulatory effects similar to the human hookworm
[201]. Furthermore, previous studies have shown the carbohydrates coating pathogens and parasites
have an immunomodulatory effect on DC function. For example, the Mycobacterium tuberculosis cell
wall contains ManLam, a glycoconjugate containing mannose that can target DC-SIGN on DCs, thereby
impairing DC maturation and inducing the production of the anti-inflammatory cytokine IL-10. This
process promotes immunosuppression and can contribute to the survival of M. tuberculosis [168].
Another example is H. pylori, which contains fucose that can cause tolerogenic DC, which in turn

suppresses the adaptive immune response and promotes bacterial persistence [338].

IDO is an enzyme involved in immune cell activation and stimulation that has a direct relationship with
the DC inflammatory condition [339]. In Chapter 3, we described how larval cuticle-conditioned DCs
showed no significant increase in IDO activity compared with untreated cells, while that condition

showed a significant reduction in IDO activity in LPS-stimulated DCs compared with LPS alone. These
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findings were consistent with the previously observed phenotypic and cytokine profile changes. A
reduction in CDA40, increase in CD274, and reduction in IDO activity would suggest a tolerogenic DC
phenotype. Similar findings were observed by Shih Ling et al., who reported that inhibition of IDO
activity suppressed the DC inflammatory response to LPS [339]. Collectively, our findings support the

hypothesis that the N. brasiliensis larval cuticle has immunomodulatory effects on DC function.

To understand the ability of the N. brasiliensis larval cuticle to modulate the adaptive immune response,
DC-T-cell co-cultures were used to determine immune response outcomes. Data obtained from co-
culture of the N. brasiliensis larval cuticle and naive T cells revealed the presence of CD25*FOXP3*
cells within the CD4* T-cell population under infective larval conditions in the presence and absence
of LPS compared with untreated cells or LPS-stimulated cells, respectively. Therefore, we hypothesised
the presence of a Treg cell population; to confirm our findings, we analysed the cytokine profile.
Cytokine profiling revealed a significant increase in the anti-inflammatory cytokines I1L-10 and TGF-$
in T cells co-cultured with DCs primed with infective larvae. Similar findings were observed by Matoso
et al., who reported that N. americanus infection was associated with induction of Treg cells, which in
turn enhanced pathogen survival and promoted long-term persistence [270]. Furthermore, our findings
were consistent with studies showing that some pathogens coated with carbohydrates could modulate
the outcome of immune responses. For example, Mycobacterium cell walls coated with mannose and
Fasciola hepatica coated with both mannose and fucose have been shown to induce DCs to a tolerogenic
phenotype, leading to increased IL-10 production in T cells [221,340,341]. In addition, research has
shown that some tumour cells overexpress Tn antigens that contain galactose and GalINAc and can
cause immune suppression [272]. To confirm the presence of a Treg population, we performed end-
point and real-time PCR targeting the FOXP3 gene, which is expressed in Tregs. The PCR data showed
increased FOXP3 levels under larval conditions. These data confirmed the T-cell phenotype and
cytokine profile that were previously observed and represent N. brasiliensis larval cuticle-mediated
generation of a Treg cell population. Our findings were consistent with studies showing that N.
americanus larvae had similar effects on the generation of FOXP3 regulatory T cells, suggesting that

N. brasiliensis could induce an immunomodulatory effect similar to that of the human hookworm [271].
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N. americanus larvae are believed to infect the human not only mechanically during penetration, but
also by secreting a wide range of immune modulatory molecules [152,218]. These secretions are mostly
glycosylated in nature and can influence the immune response [106,154]. However, the mechanism by
which these secretions interfere with the immune response, particularly DC function, is still under
intensive research and is far from being completely understood [250]. Despite our observation in the
lack of any stable physical interaction between DCs and the N. brasiliensis larval cuticle. These evasion
strategies are believed to be related to the secretions of the infective larvae. These secretions might
contain immuno-regulatory molecules that can interfere with the induction of sufficient immunity
against the parasite; it is thus reasonable to suggest that the larval cuticle could have an
immunomodulatory effect via its secretions. Therefore, in Chapter 4, we aimed to investigate the impact
of N. brasiliensis larval secretions on DC function and its downstream effects on adaptive immune
response. In addition, we aimed to characterise this secretion and also identify whether galactose and
GalNAc which previously identified on surface of larval cuticle could be found in larval secretions.
Data obtained from larval secretion-conditioned DCs showed that DCs maintained an immature
phenotype, as evidenced by an absence of significant expression of maturation and co-stimulatory
markers. Furthermore, larval secretion-conditioned DCs showed a significant increase anti-
inflammatory IL-10, decrease in IL-12, and no significant induction of IDO activity compared with
untreated DCs. Interestingly, N. brasiliensis larval secretions were able to modulate DC phenotype,
cytokine production, and IDO activity patterns in LPS-stimulated DCs through modulation of TLR—
CTL crosstalk. These findings provide enough evidence to confirm that larval secretions possess similar
immunomodulatory potential for suppressing the DC inflammatory response to TLR4 activation as
infective L3. Research has shown the link between CTLs and TLRs, and that pathogen binding through
these receptors can modulate the immune system [74]. Our findings are consistent with research that
showed that Heligmosomoides polygyrus (Hp) nematode secretions alone failed to induce DC
maturation, while these secretions were able to modulate DC activation in the presence of a TLR4 ligand
[342]. Trypanosoma cruzi secretions have been shown to impair maturation of DCs in the presence of

LPS, with marked reduction in pro-inflammatory cytokine secretion [296].
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Glycosylated antigens are a known ligand for CLRs, which are expressed on the surface of APCs, such
as DCs [137]. As mentioned previously, most parasitic secretions are glycosylated in nature and have
an immunomodulatory effect on the immune response. It has been shown that Toxocara canis secretions
containing O-methylated glycans, such as fucose and galactose, that mimic mammalian blood group
antigen H are able to interact with DC-SIGN on DCs and modulate immune responses [278]. S. mansoni
secretions contain fucosylated glycoprotein, which can interact with DC-SIGN on DCs and
subsequently inhibit maturation of DCs that drives such a response from T cells [279]. To determine
whether N. brasiliensis larval secretions target CLRs on DCs, blocking antibodies, including DC-SIGN
and MR, have been used to block CLRs. Data obtained from these experiments showed a significant
decrease in 1L-10 production with an increase in 1L-12p70 production in L3 secretion-conditioned DCs
compared with unblocked DCs. This finding suggests that N. brasiliensis larval secretions target CLRs
on DCs to modulate the immune response. To confirm the presence of glycosylated molecules within
larval secretions, we examined larval secretions for the presence of different sugars using biotinylated
labelled lectin. Data obtained from glycosylation analysis showed that larval secretions contained
different monosaccharide moieties, including galactose, GalNAc, fucose, and mannose glycoproteins.
These data are in line with our previous findings (see Chapter 2), where these carbohydrates were
present on the larval cuticle and provided sufficient evidence that N. brasiliensis larvae contained
glycosylated molecules in their secretions that could interfere with immune responses previously
observed. Furthermore, our findings were consistent with research that showed that glycosylated
antigens were abundant in some parasitic secretions and had a role in modulating host immunity

[152,289,290].

To understand the effect of larval secretion-conditioned DCs on T-cell polarisation, DC-T-cell co-
cultures were used to determine the outcomes of the adaptive immune response. The data obtained from
our co-culture experiments showed that larval secretion conditions in the presence and absence of LPS
compared with untreated cells or LPS-stimulated cells, respectively, exhibited the presence of a
CD25*FOXP3* Treg cell population within the CD4* T-cell population. In addition, cytokine profiling

data showed a remarkable increase in anti-inflammatory IL-10 and TGF-f in naive T cells primed with
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larval secretion-conditioned DCs compared with the control, confirming our previous findings and the
presence of Tregs. To further confirm the presence of Tregs, we performed PCR to evaluate FOXP3
gene expression in these cells. The PCR data showed increased levels of the regulatory gene FOXP3
under larval secretion conditions, which confirmed the previously observed T-cell phenotype and
cytokine analysis findings and provides sufficient evidence for the presence of Treg cells in our T-cell
population. These findings were consistent with research that showed that the secretions of some Gl
nematodes, including H. polygyrus and Teladorsagia circumcincta, were capable of directly inducing
FOXP3* Treg cells that played a role in regulating host immunity [343]. Furthermore, these findings
were in line with research showing that parasites, such as Entamoeba histolytica, relied on galactose
and GalNAc for survival via modulation of host immunity [295]. Another study showed that a protein

containing galactose from T. cruzi bound to human erythrocytes and mediated host cell invasion [296].

There is a particular focus on understanding the products released by parasites and how these products
are responsible for regulating the host immune system [152]. It has been shown that O-methylated
glycans in Toxocara canis containing fucose and galactose mimic mammalian blood group antigen H
and are able to interact with DC-SIGN on DCs to regulate immune responses [278]. Fucosylated
Schistosoma mansoni glycoproteins can interact with DC-SIGN on DCs and subsequently inhibit
maturation of DCs [279]. We showed the immunomodulatory effect of N. brasiliensis infective larvae
and their secretions on human immune cells and the presence of immunoregulatory monosaccharides
that might play role in skewing DC immune responses to an anti-inflammatory phenotype and
modulating adaptive immune responses. Chapter 5 describes how we aimed to deplete
immunoregulatory glycoproteins and glycoconjugates from larval secretions and investigate the
biological relevance of these glcoproteins on DCs to understand their ability to modulate the adaptive

immune response.

Initial experiments involved analysis of the immunomodulatory properties of enriched glycoproteins,
including galactose and GalNAc, on DC phenotype and function. Through assessment of co-stimulatory

molecule (CD80, CD86, HLA-DR, and CD40) expression on conditioned DCs, our data showed that
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these monosaccharides were able to modulate DC phenotype in the presence of LPS. This observation

was similar to how infective larvae and their secretions were able to modulate the effects of DCs.

This modulation is also reflected in changes in the cytokine profile, where 1L-12p70 was decreased and
IL-10 was increased in LPS-stimulated DCs. These data clearly showed that depleted galactose and
GalNAc had an immunomodulatory effect on DCs with a bias towards inducing an anti-inflammatory
phenotype. These findings were consistent with a study that showed that expression of galactose and
galactosamine in E, histolytica played a role in evading innate immune cells and thus enhanced infection
and promoted parasite survival [313]. The findings were also in line with a study that showed that
immobilised galactose could modulate DC phenotype and function, which in turn modulated the

outcome of the adaptive immune response [302].

The biological relevance of galactose and GalNAc enriched fractions from N. brasiliensis larval
secretion-conditioned DCs and the downstream effects of galactose and GalNAc enriched fractions
depends on their ability to modulate adaptive immune responses. This process is represented by cell-
to-cell communication between conditioned DCs and naive T cells. The in vitro co-culture approach
has been used to understand in vivo cell-to-cell interactions and to determine immune response
outcomes [344]. We aimed to understand the influence of galactose and GalNAc enriched glycoproteins
from larval secretions on T-cell polarisation. Data obtained from co-culture of galactose- or GalNAc-
conditioned DCs and naive T cells showed that galactose and GalNAc enriched secretions enhanced
expression of CD25 and FOXP3 in the CD4* T-cell population in addition to remarkable changes in
their cytokine profile compared with the control. Naive T cells showed increased anti-inflammatory IL-
10 and TGF-B production under galactose and GalNAc conditioning, indicating the presence of
tolerogenic DCs that drove such a response from T cells. To confirm our findings, we analysed
expression of FOXP3 in these T cells. PCR data showed that the FOXP3 was induced in DCs
conditioned with galactose or GalNAc. This finding supports the consistency of our T-cell phenotype
findings and cytokine data and provides sufficient evidence for presence of a regulatory T-cell

population under these conditions. Our findings are in line with research showing that glycoproteins
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secreted by pathogens plays a role in modulating the immune system. For example, GalNAc secreted
by Aspergillus fumigatus has been shown to have immunosuppressive activity and is believed to induce
a Treg response, which in turn promotes fungal development [323,324]. In addition, the secretory
products of Trichinella spiralis composed of GaINAc can induce immunomodulation and enhance

generation of a Treg response [345].

In conclusion, we were able to demonstrate that N. brasiliensis modulate human Dc functional
properties similar to N. americanus, supporting the suitability of N. brasiliensis as a model system for
investigating the interface of hookworms with immune cells in early stages. Interestingly, we were able
to elucidate different surface chemistries between the N. brasiliensis larval cuticle and its sheath that
could be of biological significance. In addition, we have shown that N. brasiliensis infective larvae and
their secretions have potent immunomodulatory effects which are, at least partly, due to carbohydrates
released by the worm, which could be potentially utilised as a promising tool in autoimmune therapy.
The beneficial effects of using parasite-derived products or parasite larvae in the treatment of
autoimmune, allergic, and malignant diseases have been shown in various studies. Therefore, future
work on utilising either N. brasiliensis larvae or their products for the design of more efficient therapies

in the treatment of inflammatory or autoimmune diseases is needed.
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Supplementary video 1: physical interaction of human DCs with N. brasiliensis ensheathed larvae

o

Ensheathed L3 larvae with DCs. Mp4

Supplementary video 2: physical interaction of human DCs with N. brasiliensis exsheathed larvae
(L3 cuticle)

O

L3 cuticle and DCs.mp4
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Supplementary figure 1: Peak list generated for larval cuticle and larval sheath.
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Supplementary figure 2: Total loaded ions expressed on larval cuticle vs larval sheath.

147



Total loaded ions Monosaccharide fragments

-
P

4

8

Cysteine fragments Sulphate fragments

=

Phosphatidylglycerol
F——100.00 pm

HS- CH:S- SO>-
MC: 16; TC: 1.209e+004 MC: 11 TC: 8.666e+003 MC: 12 TC:2564e+004

,.a"

/

[— —

C:HS- CNS-
MC: 28; TC:2.777e+004 MC: 52;TC:8527e+004

O~
MC: 8 TC: 1.155e+004

| —|

C3HesPOs-

Sz- HS2- SO
SOuH- -
MC: 21, TC: 4736e+004 MC: 24.7C:3.502e+004 MC: 24;TC:9.477e+004 MC: 13;TC: 1.074e+004

CH SO

Supplementary figure 3: Total loaded ions images expressed on the L3 cuticle (second worm). The
L3 cuticle surface exhibited monosaccharide secondary ions. Also, it contains phosphatidylglycerol
head group. In addition, the L3 cuticle surface elucidate expression of secondary ions associated with
cysteine amino acid. However, The L3 cuticle contained probable sulphate compounds, but not heparan

sulphate.
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Supplementary figure 4: Total loaded ions images expressed on the L3 cuticle (third worm). The

L3 cuticle surface exhibited monosaccharide secondary ions. Also, it contains phosphatidylglycerol

head group. In addition, the L3 cuticle surface elucidate expression of secondary ions associated with

cysteine amino acid. However, The L3 cuticle contained probable sulphate compounds, but not heparan

sulphate.
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Supplementary figure 5: Total loaded ions images expressed on the L3 sheath (second worm). The

L3 cuticle surface exhibited monosaccharide secondary ions. Also, it contains phosphatidylglycerol

head group. In addition, the L3 cuticle surface elucidate expression of secondary ions associated with

cysteine amino acid. However, The L3 cuticle contained probable sulphate compounds, but not heparan

sulphate.
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Supplementary figure 6: Total loaded ions images expressed on the L3 sheath (third worm). The
L3 cuticle surface exhibited monosaccharide secondary ions. Also, it contains phosphatidylglycerol
head group. In addition, the L3 cuticle surface elucidate expression of secondary ions associated with
cysteine amino acid. However, The L3 cuticle contained probable sulphate compounds, but not heparan

sulphate.
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Supplementary figure 7: Phenotypic analysis of L3 larvae conditioned iDCs and mDCs. DCs were
analysed for expression of MR and DC-SIGN. In addition, they analysed for maturation and co-
stimulation markers (HLA-DR, CD86, CD80 and CD40) and inhibitory markers (PDL-1). Data shows
no significant increase in the expression of maturation markers in L3-treated cells in its own and in
presence of LP. In addition, MR (CD206) and DC-SIGN (CD209) expression were significantly
downregulated in DCs primed with infective larvae. Interestingly, expression of programmed death-
ligand-1 (PDL-1) was significantly increased following exposure to L3 larvae in presence or absence

of LPS.
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Supplementary figure 8: Expression of aryl hydrocarbon receptor (AhR) in DCs stimulated with
either LPS or L3 larvae in presence and absence of LPS. Dot plot and histogram data show no

expression of AhR in DCs stimulated with L3 larvae in presence and absence of LPS.
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Supplementary figure 9: Phenotypic analysis of L3 secretion conditioned iDCs and mDCs. DCs
were analysed for expression of MR and DC-SIGN. In addition, they analysed for maturation and
co-stimulation markers (HLA-DR, CD86, CD80 and CD40) and inhibitory markers (PDL-1). Data
shows no significant increase in the expression of maturation markers in L3 secretion -treated cells in
its own and in presence of LP. In addition, MR (CD206) and DC-SIGN (CD209) expression were
significantly downregulated in DCs primed with infective larvae. Interestingly, expression of
programmed death-ligand-1 (PDL-1) was significantly increased following exposure to L3 secretion in

presence or absence of LPS.
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Supplementary figure 10: Expression of MR and DC-SIGN after their blocking in cells stimulated
by L3 secretions in the presence or absence of LPS. Data show significant reduction in the expression

of either DCs MR or DC-SIGN after their blocking compared to non-blocked cells.
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Supplementary figure 11: Phenotypic analysis of galactose and GalNAc on iDCs. DCs were
analysed for expression of maturation markers including (HLA-DR, CD86 and CD80), co-stimulation
markers (CD40) and inhibitory markers (PDL-1). Data show no significant phenotype changes on DCs

conditioned with galactose or GalNAc in the absence of LPS compared to immature DCs.
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Supplementary figure 12: Analysis of isolated naive T cells using flow cytometry. The population

of naive T-cells shown 91% expression of CD45RA which successfully indicating isolation of target

cells.
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Supplementary figure 13: Viability of naive T-cells using live/dead flow cytometry staining
Countess™ |l FL Automated Cell Counter after isolation and liquid nitrogen preservation
methods. A) Data shown 95% of naive T cells are live after isolation from PBMCs by using live/dead
flow staining also showing similar viability using trypan blue automated counter. B) Naive T cells
viability show no marked reduction in live cells number after liquid nitrogen thawing comparing to

naive T cells number after isolation process
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Supplementary figure 14: Showing CD25 expression in CD3 T cells after preservation in liquid
nitrogen. Naive T cells show no expression of CD25 activation marker after stored in liquid nitrogen.
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Supplementary figure 15: Showing CD3 expression in naive T cell co-cultured with galactose and

GalNAc primed DCs. Naive T cells show expression of CD3 in all conditions indicating presence of

naive T cells population in all condition.
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