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Abstract

Mucosal surfaces are constantly challenged with a variety of microorganisms. The
pathogen invasion of mucosal surfaces is initially countered by the innate immune system via
recognition of microbe-specific motifs. Of these microbial motifs, lipopolysaccharide (LPS) is
known to be one of the most powerful bacterial virulence factors. This thesis is an attempt to
understand the roles of the LPS receptor complex at mucosal surfaces and the ways by which it
discriminates between commensal and pathogenic Gram-negative bacteria. The LPS receptor
components studied were the LPS binding protein (LBP), cluster of differentiation 14 (CD14),
toll-like receptor 4 (TLR4) and myeloid differentiation protein 2 (MD-2). In the first section of
this thesis, biological analyses of the LPS receptor complex at the tear-corneal interface suggested
that the LPS receptor components are strategically and spatially expressed to fine-tune and even
restrain their LPS response to invasive pathogenic Gram-negative bacteria. To study its function
in the developing gastrointestinal mucosal surface, soluble CD14 in breast milk was tracked in
human neonates. The lack of detection of CD14 in stools of breast-fed neonates and the in vifro
proteolysis assays suggested that CD14 is likely to survive its gastrointestinal passage in the low
bacteria density lumen of the upper digestive system, but is likely to be absent from the LPS-rich
environment of the distal gastrointestinal tract. This controlled and limited spatial distribution
could be a strategy to prevent an overzealous immune response against the commensal flora of the
distal bowel. The results obtained from these two studies concluded that the function and fate of
CD14 at mucosal surfaces was dynamic enough to merit further investigations on a much larger
scale. For this to happen, recombinant expression systems needed to be first explored. The
successful production of human CD14 in transgenic tobacco proved to be a promising source of a

stable and active CD14 to further elucidate the mechanisms of the mucosal LPS response system.
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Chapter 1

General introduction

Innate immunity

Plants and animals are constantly exposed to a multitude of microorganisms that colonize
their surfaces. In general, a symbiotic relationship develops between the host and the microbe,
which provides benefits and advantages to each organism. However, pathogenic microorganisms
often extend their colonizing capacities beyond mucosal surfaces. These pathogenic invasions are
initially countered by innate defence mechanisms that preexist in the host and act within minutes
after the initial infection. The innate immune response is based on an early recognition of
microbe-specific motifs, known as pathogen-associated molecular patterns (PAMPs). Most
PAMPs are highly conserved surface-derived molecules, such as lipopolysaccharide (LPS or
endotoxin), peptidoglycan and lipopeptide. In the host, PAMP recognition is accomplished by a
series of pattern recognition receptors (PRRs), such as the Toll-like receptors (TLRs), found at the
surface of innate immune cells. The binding of PAMPs to PRRs promotes inflammatory
responses at the site of infection through the secretion of pro-inflammatory mediators and the

recruitment of phagocytic cells, such as neutrophils and macrophages.

Lipopolysaccharide
LPS, a major component of the outer membrane of Gram-negative bacteria, is known to
be one of the most powerful PAMPs in terms of pro-inflammatory properties (Figure 1) (1). In

fact, the immune detection of LPS is so sensitive and robust that a bloodstream infection can

1



Figure 1. Schematic structure of LPS from Salmonella. LPS is composed of three structural
regions: the lipid A domain that anchors the molecule to the outer membrane, a core
oligosaccharide and a terminal O-antigen polysaccharide formed by up to 50 repeating units. The
lipid A moiety is the primary immunostimulatory region of LPS. Legend: Abe, abequose; Gal,
galactose; GIcN, glucosamine; Glu, glucose; Kdo, 2-keto-3-desoxyoctogonate; Hep, heptose;
Man, mannose; NAG, N-acetylglucosamine; P, phosphate; Rha, rhamnose. Figure modified from
(2, 3).
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result in an unbalanced and massive release of inflammatory mediators, causing a general
activation of endothelial cells and leakiness of the capillaries. These conditions can subsequently
lead to a dramatic drop in blood pressure, multi-organ dysfunction and failure, as well as other
life-threatening complications referred to as septic shock, an increasing clinical condition

worldwide (4).

LPS binding protein

In mammals, the detection of LPS is mediated by at least four extracellular and cell
surface proteins, LPS-binding protein (LBP), cluster of differentiation 14 (CD14), TLR4 and
myeloid differentiation protein 2 (MD-2), referred to as the LPS receptor complex (Figure 2) (5).
LPS recognition is initiated by LBP, a 60 kDa lipid transfer protein synthesized by hepatocytes
and secreted in the plasma at a concentration of 2-20 pg/mL (6, 7). LBP catalyzes the extraction
of LPS monomers from aggregated endotoxin structures or directly from the outer membrane of
intact bacteria via specific recognition of the well-conserved lipid anchor region of LPS, lipid A
(Figure 1) (8). LPS monomers bound to LBP are subsequently delivered to CD14 and
phospholipids, such as high density lipoproteins (HDL) (Figure 2) (9, 10). These two delivery
targets lead to opposite outcomes, cellular immune activation through CD14 or neutralization and
detoxification of LPS through HDL. Kinetic studies have shown that the transfer of LPS-LBP to
CD14 is favoured before its neutralization through HDL, which indicates that immune cells are
first activated by LPS before its detoxification, therefore preventing an overzealous immune

response and possible septic shock (11).

CDh14
CD14 is a high-affinity LPS receptor able to detect picomolar concentrations of endotoxin

(12-14). Mutagenesis studies on human CD14 (hCD14) revealed that all the regions involved in



Figure 2. Simplified model of LPS recognition and signaling by the LPS receptor complex. LPS
recognition is initiated by the binding of LPS molecules to LBP that catalyzes their transfer to
HDL, sCD14 and mCD14. Subsequently, sCD14 neutralizes LPS by transferring itto HDL or
induces an immune response by loading LPS on mCD14 or on the dimerized TLR4/MD-2
signaling complex. LPS delivered to mCD14 is subsequently loaded on the TLR4/MD-2
complex. Once bound to TLR4/MD-2, LPS triggers signal transduction by recruiting cytoplasmic
adapter proteins with the TIR domain of TLR4. The association of the adapters Mal and MyD88
to TIR leads to the early activation of NF-xB (depicted on the left in purple), whereas recruitment
of TRAM and TRIF results in a latter response to LPS, activating the IRF3 and NF-xB
transcription factors (presented on the right in green). The activation of these transcription factors
induces the expression of numerous pro-inflammatory genes. Legend: HDL, high density
lipoprotein; IFN, interferon; IxB, inhibitor kB; IKK, IxB kinase; IL, interleukin; IRAK,
interleukin-1 receptor-associated kinase; IRF3, interferon response factor 3; LBP, LPS binding
protein; LPS, lipopolysaccharide; LRR, leucine-rich repeat; Mal, MyD88 adapter like; mCD14,
membrane-bound CD14; MD-2, myeloid differentiation protein 2; MEKK3, mitogen-activated
protein kinase/ERK kinase kinase-3; MyD88, myeloid differentiation factor 88; NEMO, NF-xB
essential modulator; NF-kB, nuclear factor kB; RIP, receptor interacting protein; sCD14, soluble
CD14; TAB, TAK-1 binding protein; TAK, transforming growth factor-B-activated kinase;
TBK 1, TANK-binding kinase-1; TIR, Toll/IL-1 receptor homology domain; TLR4, Toll-like
receptor 4; TNF, tumor necrosis factor; TRAF6, tumor necrosis factor receptor-associated factor;
TRAM, TRIF-related adapter molecule; TRIF, TIR-containing adapter molecule. Figure
modified from (15).
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LPS binding and signaling are located within the N-terminal half of the protein, rendering the
C-terminal region beyond amino acid residue 152, non-essential in mediating a LPS response
(Figure 3) (16, 17). In addition, the O-linked and N-linked glycans present on CD14 were not
found to be essential in mediating LPS signaling (18, 19). However, it was suggested that they
could be involved in protein stability (18, 19). In spite of CD14’s ability to bind to endotoxin, the
reaction occurs at a very low rate due to the amphiphilic nature of the LPS monomers limiting
their transfer from LPS aggregates to CD14. However, the transfer rate of LPS to CD14 can be

enhanced by 100 to 1,000 times via the lipid transfer action of LBP (20, 21).

CD14 exists in two forms, membrane-bound and soluble. Membrane-bound CD14
(mCD14) is a 55 kDa protein embedded on the plasma membrane of macrophages and
polymorphonuclear leukocytes via a glycosylphosphatidylinositol (GPI) anchor (22, 23). LPS can
activate myelomonocytic cells after the formation of a ternary complex with LBP and mCD14

(Figure 2) (20, 21).

CD14 also exists as a soluble form (sCD14), found in normal serum (2 to 6 pg/mL) (24)

and in numerous secretions and mucosa, such as saliva (25), breast milk (26), lungs (27),
intestine (28), urine (29), sperm (30) and amniotic fluid (31, 32). Human serum has two different
sCD14 isoforms, one of a low molecular weight (48-50 kDa) and another of high molecular
weight (54-56 kDa) (33). These two sCD14 isoforms originate either from the shedding of
mCD14 from the cellular surface or from CD14 being directly secreted by the cells. The
protease-dependent shedding process occurs when the GPl-anchored mCD14 is cleaved from the
cell surface by a membrane-associated serine protease, resulting in the liberated C-terminal

truncated 48-50 kDa isoform (34, 35). It has also been suggested that this isoform could be the



Figure 3. Active and structural domains of the hCD14 protein. The 19 amino acid (aa)
N-terminal hCD14 signal sequence is cleaved after targeting the preproprotein to the endoplasmic
reticulum. mCD14 is embedded on the plasma membrane of myelomonocytic cell via a GPI
anchor located at the C-terminus after processing of the spacer domain and the hydrophobic
leader peptide. All the LPS binding and signaling domains are located in the N-terminal half of
the protein (152 of 326 residues), making the C-terminal half of the protein unnecessary for CD14
biological activity. The four N-linked glycosylation sites are denoted by the symbol N. Figure
not drawn to scale. Figure based on references (16-19).
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result of a membrane-bound GPI-specific phospholipase D shedding pathway, as described in the
case of the decay-accelerating factor (36). The second pathway, protease-independent, indicates
that some CD14 molecules actually bypass the GPI-anchoring mechanism and are directly
secreted after biosynthesis, leading to a polypeptide of 54-56 kDa (35). Studies have shown that
this latter 54-56 kDa isoform retains its C-terminal leader peptide (Figure 3), being responsible

for the higher molecular weight (35).

As for mCD14, sCD14 is able to interact with LPS, a process catalyzed by LBP.
Furthermore, sCD14 facilitates the transfer of LPS to mCD14 and TLR4/MD-2 to induce a
cytokine response in myelomonocytic cells (Figure 2) (37). In addition to activating macrophages
and neutrophils, sCD14 also enables CD14-negative cells, such as endothelial cells, epithelial
cells, dendritic cells, smooth muscle cells, and fibroblasts, to respond to low doses of LPS

(37-41).

Besides mediating LPS signal transduction, sCD14 is also involved in the detoxification
and clearance of LPS in serum by acting as a lipid shuttle (42). Similarly to LBP, sCD14 has the
ability to catalyze the transfer of LPS monomers to HDL particles (Figure 2) (43). Furthermore,
sCD14 can antagonize the LBP-LPS induced response by competing with mCD14 for LPS
binding, resulting in a dampened inflammatory response from myeloid cells (44). The LPS
neutralizing abilities of sCD14 are moderate within physiological concentrations (2 to 6 pg/mL
serum), but tend to become significant when higher quantities (70 ug/mL) of sCD14 are injected
intravenously (45). Experiments on mice demonstrated that sCD14 can save them from the
lethality of endotoxin-induced septic shock, suggesting that sCD14 could eventually be used for

sepsis therapy in humans (46).



In addition to being the main LPS receptor, CD14 is also involved in the recognition and
response to a wide spectrum of microbial PAMP (Table 1) (1, 47). This makes CD14 one of the
central PRR of the innate immune system. However, the in vivo significance of some of these
PAMP-CD14 responses is debated due to the required presence of additional serum factors or to

the low sensitivity of CD14 for these ligands (1, 48).

Toll-like receptor 4/myeloid differentiation protein 2

As a GPl-anchored protein, nCD14 cannot transmit the LPS-signal through the plasma
membrane due to the lack of transmembrane and cytoplasmic signaling domains. Therefore,
another protein is required to act as an endotoxin co-receptor and transmit the CD14-generated
signal across the cell membrane. It is now widely recognized that TLR4 is the signaling receptor
for LPS, requiring at least two other proteins to accomplish its function, the ligand-binding
receptor CD14 and the extracellular adaptor protein MD-2 (49-51). TLR4 is a type 1 receptor
composed of extracellular leucine-rich repeats (LRR), a single transmembrane region and an
intracellular TIR (Toll/IL-1 receptor) signaling domain (Figure 2). MD-2 is a secretory protein
forming a complex with TLR4 on the cell surface. MD-2 is able to bind to LPS and plays a role
in ligand recognition by TLR4 (52). Although a direct interaction between CD14 and the
TLR4/MD-2 complex has yet to be demonstrated, it has been observed that CD14 is required in

loading LPS onto the TLR4/MD-2 signaling complex (51).

Upon binding to the TLR4/MD-2, LPS causes the receptor to homodimerize and triggers
at least two separate signals: the early MyD88-dependent response and the delayed MyD88-
independent response (Figure 2) (15). These two intracellular signals involve the recruitment of
cytoplasmic adapter proteins to the TIR domains of TLR4 to activate intracellular kinase cascades

and various transcription factors, such as nuclear factor kB (NF-kB) and interferon regulatory



Table 1. The CD14 PRR recognizes not only LPS of gram-negative bacteria, but also a variety

of compounds derived from different microbial and non-microbial sources.”

Ligands Origin References”
LPS Gram:ﬁegative bacteria (12)
B 1,4-D-l(\g;a)111;u;/r[c)mic acid Pseudomonas syringae (53)
Peptidoglycan (soluble) Staphylococcus aureus (54, 55)
Peptidoglycan (insoluble) Staphylococcus aureus (56)
Lipoteichoic acid (LTA) Gram-positive bacteria (57,58)
Cell walls (insoluble) Gram-positive bacteria (59)
Rhamnose-glucose polymer Streptococcus (60)
Lipoarabinomannan (LAM) Mycobacteria (61, 62)
Lipoprotein, lipopeptide Spirochetes (63, 64)
Acylpolygalactosyl Klebsiella pneumoniae (65)
Poly uronic acid Ascophyllum nodosum (53)
Chitosans Arthropods (66)
WI-1 antigen Blastomyces dermatidis 67)
Fucoidan Fucus vesiculosus (68)
Fusion protein Respiratory syncytial virus (69)

* Adapted from Heumann & Roger (1) and Dziarski ef al. (47).

b please note that the citation numbering system in figures and tables is in sequence with that of
the text.



factor 3 (IRF3) (70). The activation of these transcription factors leads to the expression of
numerous pro-inflammatory and immunoregulatory genes and the induction of an innate immune

response (15).

In addition to the central action of LBP, CD14, TLR4 and MD-2 in LPS recognition,
several additional surface proteins, such as CD11b/CD18, CD16, CD32, CD55, CD64, CD381,
heat-shock protein (HSP)-70, HSP-90 and chemokine receptor-4 (CXCR4) have been suggested
to form a CD14-dependent receptor cluster within lipid rafts and contribute to endotoxin
recognition and signal transduction (71, 72). It has been proposed that the presence of these

additional proteins could be involved in ligand-specific cellular responses (71).

The importance of the LPS receptor complex in innate immunity is revealed by its
conserved presence throughout the plant and animal kingdoms. LPS has been shown to elicit
defence responses in a wide range of plant species (73). Furthermore, the structure of the tomato
Cf-9 and the Arabidopsis flagellin-sensing (FLS2) receptors have recently been found to share
some structural similarity with mammalian CD14 and TLR, respectively (73). The conserved
nature and the numerous proteins and signaling pathways involved in the LPS response system

reflect its importance to the host in fighting infections.

The work conducted in this thesis aims to further elucidate the fate and function of the
LPS receptor complex in the constantly challenged mucosal environment. In the first section, the
expression and immune functions of the LPS receptor complex were studied in the directly
exposed and easily accessible tear-corneal mucosal interface. In the second section, the
persistence and potential functions of breast milk sCD14 were analyzed in the confined and more

protected mucosal lumen of the newborn gastrointestinal tract. And thirdly, the production of
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hCD14 in transgenic tobacco was envisaged as a promising abundant source of a stable and active

CD14.

11



Chapter 2

Ocular LPS receptor component compartmentalization:

a strategy of the eye to limit immune responses to pathogens

Summary

The outer eye is in direct contact with the environment and therefore is in continual
exposure with a wide array of microbial pathogens. Consequently, several defence mechanisms
have been developed by ocular surfaces against microbial assaults to minimize any loss of corneal
integrity and transparency. We analyzed the innate immunity of the tear-corneal interface and
identified two proteins in reflex human tears: sSCD14 and LBP. Supplementary to tears, the LPS
receptor molecules CD14, LBP, TLR4 and MD-2 were found to be spatially and strategically
expressed by the different corneal epithelial cell layers to potentially minimize LPS
responsiveness against non-pathogenic ocular flora in the intact cornea. Primary and
immortalized corneal epithelial cells, representative of the inner epithelial layers of a wounded
cornea, showed that tear sCD14 and LBP complemented the LPS receptor complex expressed by
the corneal epithelia to mediate in a dose-dependant manner the production of interleukin-6 (IL-6)
and 1L-8 when challenged with LPS from Pseudomonas aeruginosa. This compartmentalized
LPS response constitutes another facet of immune privilege evolved with sight to restrict ocular
immune responses to corneal epithelial insults by Gram-negative pathogens and limit the sight-

threatening consequences of inflammation.
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Introduction

The tear film acts as the first protective barrier of the outer eye against the environment.
Its continuous flow protects the eye by bathing the ocular surface and flushing foreign particles
from the epithelium. In addition to the hydrodynamics, tears contain several inmune molecules
with bactericidal properties. Of these molecules, secretory IgA (sIgA) opsonizes bacteria and
prevents their adherence to the epithelium (74). Another tear component, lactoferrin, limits
bacterial growth and biofilm formation by sequestering iron and destabilizing bacterial
membranes (75). These defence molecules, along with lysozyme, peroxidase, beta-lysin and
various other antimicrobial peptides use tears as a medium to help protect the entire ocular

surface (76).

The second barrier contributing to ocular protection is the intact corneal epithelium.
Several epithelial features are essential in mediating this protection: tight cell junctions, cell
polarity and continuous epithelial turnover (77). Structural integrity is essential in preventing
bacterial adherence and infiltration into deeper epithelial layers and subsequent infections (77).
However, rather than merely being a passive barrier, there is evidence that corneal epithelial cells
actively participate in the ocular inmune defence as they express innate immune receptors, such

as TLRS (78), CD14 (79), TLR4 (80) targeted against pathogenic products.

Microbial keratitis is responsible for up to 30% of the prevalence of blindness in less
developed countries (81). In tropical and subtropical climates, bacteria account for 50-60% of
keratitis cases, whereas for temperate climates, this level rises to 90% (81). Bacterial keratitis is
mostly associated with predisposing factors such as extended contact lens wear and LASIK
surgery in developed society (82, 83) or trauma in tropical and subtropical communities (84),

where Pseudomonas aeruginosa remains the primary Gram-negative causative agent (83). In
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recent years, a constant increase in keratitis incidence and subsequent treatment costs (83),
combined with long-standing occupational insults, has demanded better understanding of the

immune defence mechanisms present in the ocular environment to prevent infections.

In this first study, the expression and the immune functions of the LPS receptor proteins,
CD14, LBP, TLR4 and MD-2, were investigated in human tears and corneal epithelia.
Interestingly, no complementary work is known to have explored the spatial distribution of these
molecules across the corneal epithelium and in the protective tear film environment. Given the
constraints of working in ambio on the human ocular surface, the following experimental design
was used to investigate the ocular immune privilege response against LPS: reflex tears, post-
mortem corneas, human corneal epithelial cell line, primary corneal epithelial cells, post-surgical
and post-mortem lacrimal glands. This experimental data shows that sCD14 and LBP identified
in human tears complement the corneal derived repertoire of the LPS receptor complex to induce
an innate immune reaction in response to Gram-negative bacterial infiltration of the breached

human cornea.

Materials and Methods

Subjects

The study was approved by the Ottawa Hospital Research Ethics Board. Ninety-one
healthy volunteers were recruited randomly at the University of Ottawa Eye Institute. The
purpose of the research and the experimental procedure were explained to all the participants and
their informed consent was obtained before tear collection. The volunteers were chosen based on

that they were not taking any ocular medication, had no previous history of eye disease and had
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not suffered from dry eye conditions (85). The study included two groups. The first, consisting
of 67 healthy non-contact lens wearers included 34 women and 33 men; with a median age of
48 years and a range of 17-86 years. The second group was composed of 24 healthy contact lens
wearers, including 13 women and 11 men; with a median age of 27 years and a range of

16-54 years.

Tear fluid collection

Tear production was stimulated by briefly exposing the eye to vapors of freshly minced
onions. Tear samples were then collected with 50-pL flamed-polished disposable
microcapillaries (VWR, West Chester, PA), while avoiding ocular surface contact. For the
continuous incremental tear flow experiment, onion vapor-stimulated tears from 11 individuals
were collected as five successive aliquots of 50 pL each and transferred into 5 individual

microtubes. All tear samples were frozen at —80°C until analysis.

Human corneal and lacrimal tissues

Ten post-mortem human corneas, sepsis free, stored in Optisol (Chiron Vision, Irvine,
CA), were obtained from the Eye Bank of Canada. The mean age of the donors was 44.4 years,
with a range of 20 to 74 years. The epithelia from three human corneas were physically isolated
for RNA and protein analysis. Briefly, the epithelium was scraped from the cornea with a Gill
corneal knife (Storz Instruments, Tuttlingen, Germany) under a dissecting microscope, ensuring
that the scraping was confined to the corneal region to minimize any conjunctival or stromal
contamination. The isolated epithelia were snap frozen in liquid nitrogen and stored at -80°C

until analysis.
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For RT-PCR analysis, sepsis free human lacrimal gland biopsies were obtained within 1 h
post-surgery from 4 patients (2 men and 2 women, median age of 37 years, range 24-53 years)
who had medical conditions requiring surgery (inflammation or tumor). For protein extraction
and immunohistological analysis, healthy human lacrimal glands were obtained from the
Department of Cellular and Molecular Medicine Anatomy Program (University of Ottawa, ON)
within 48 h post-mortem from 4 donors (3 men and 1 woman, median age of 71 years, range
51-89 years). The corneal and lacrimal biopsies were obtained in accordance with the guidelines

established by the Ottawa Hospital Research Ethics Board.

Human corneal epithelial cells

The human corneal epithelial cell (HCEC) line immortalized with an SV40 adenovirus
recombinant vector (86) was maintained in keratinocyte serum-free medium (KSFM) (Invitrogen,
Carlsbad, CA) supplemented with 0.05 mg/mL bovine pituitary extract and 5 ng/mL human
recombinant epidermal growth factor (Invitrogen, Carlsbad, CA). Primary corneal epithelial cells
derived from progenitors in the limbal-corneal region of human corneas were maintained in
complete KSFM, supplemented with 100 U/ml Penicillin, 100 pug/ml streptomycin and 10 pg/ml
gentamicin (Invitrogen, Carlsbad, CA). For differentiation, primary corneal epithelial cells or
HCEC line were grown to 100% confluence for 2 weeks in supplemented hormonal epithelial
medium consisting of DMEM (low glucose):F-12 (Invitrogen, Carlsbad, CA), 15% FBS,
10 ng/mL of epidermal growth factor, 5 ug/mL insulin, 0.1 pg/mL cholera toxin alpha subunit,
5 mM L-glutamine, 0.5% dimethyl sulfoxide and gentamycin. All cells were grown at 37°Cina
humid environment containing 5% CO,, changing the cell culture media every 2 to 3 days. The
stratification of primary corneal epithelial cells and HCEC line on an air-liquid interface matrix

was performed as previously described (87).
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CD14 and LBP protein quantification by ELISA

The collected tear samples were centrifuged for 5 min at 10,000 X g at 4°C to sediment
any cellular and insoluble debris. The sCD14 and LBP concentrations in tears, cornea, lacrimal
gland, primary cells and HCEC extracts were measured by ELISA (HyCult Biotechnology, Uden,

The Netherlands).

RNA isolation and RT-PCR analysis

Messenger RNA was isolated from lacrimal glands, scraped corneal epithelia, confluently
grown primary corneal epithelial cells and HCEC line with the RNeasy Mini Kit (Qiagen,
Chatsworth, CA). To ensure that all genomic DNA was completely removed from the samples,
extracts were subjected to DNase digestion with the RNase-free DNase kit (Qiagen, Chatsworth,
CA). The random primed ¢cDNA synthesis was performed with Superscript™ First-Strand
Synthesis for RT-PCR (Invitrogen, Carlsbad, CA) as per manufacturer’s instructions.
Oligonucleotide primers used to amplify CD14, LBP, TLR4 and MD-2 (Table 2) were designed
based on the published sequences (GenBank accession numbers: X06882, AF105067, U88880
and AB018549, respectively) and by using the primer design software Gene Runner (version 3.05,
Hastings Software Inc., Hastings, NY). PCR was performed using the REDExtract-N-Amp™
PCR Readymix™ (Sigma, St. Louis, MO) and was carried out with 35 cycles of denaturation at
94°C for 45 seconds, annealing at 53°C or 59°C for 45 seconds and extension at 72°C for
45 seconds. The resulting products were resolved by electrophoresis in ethidium bromide-stained
1% low-melt agarose gel. To further confirm the veracity of the RT-PCR products, the amplified
sequences were purified with the QIAquick Gel Extraction Kit (Qiagen, Chatsworth, CA) and
sequenced by the University of Ottawa Biotechnology Research Institute (Ottawa, ON) using the

PCR primers.
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Table 2. LPS receptor complex RT-PCR primer sequences.

Annealing

Gene Primer  Primer sequence
name temperature direction
O
hCD14 59 Sense 5’-CGCGGAAGATATCACCACGCCAGAACCTTGTGAGCTGGA
Antisense  5’-GGCATAAGCTTGGATCCTTAGGCAAAGCCCCGGGCCCCT
hLBP 59 Sense 5’-GCTGTTGAACCTCTTCCACAACCAG
Antisense  5’-CTGAAGTTCAGGAGCGGAGCAGAG
hTLR4 59 Sense 5’-ATGGCCTTCCTCTCCTGCGTGAGAC
Antisense  5-TCTGTGCAATAAATACTTTGAATCTTGTTGCTGG
hMD-2 53 Sense 5>-TTCCATATTTACTGAAGCTCAGAAGCAG
) Antisense  5’-GGGCTCCCAGAAATAGCTTCAAC
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Immunoblotting

Samples containing CD14 and LBP were resolved by SDS-PAGE electrophoresis under
reducing conditions (12% resolving gel) and transferred onto nitrocellulose (Amersham
Biosciences, Piscataway, NJ). The membrane was thereafter blocked for 1 h in 5% dried skim
milk in TBS with 0.1% Tween-20. CD14 and LBP were probed with the biotinylated polyclonal
anti-human CD14 antibody (0.05 pg/mL in TBS-Tween) or with the biotinylated polyclonal anti-
human LBP antibody (0.1 pug/mL in TBS-Tween) (R&D Systems, Minneapolis, MN)
respectively. After extensive washing, the membrane was incubated for 1 h with the anti-biotin
HRP-conjugated antibody (1:1000) (Cell Signaling Technology, Beverly, MA). The antigens
were detected using a chemiluminescent system (ECL Western Blotting Detection Reagents,

Amersham Biosciences, Piscataway, NJ).

Immunofluorescence staining

Human corneal epithelial cells were grown on a sterile microscope coverslip placed in a
6 well tissue culture plate. After reaching 70 to 80% confluence, cells were fixed with 3.7%
paraformaldehyde for 20 min at RT and permeabilized with 0.2% triton X-100 for 20 min at RT.
Human corneas and lacrimal glands were fixed overnight at 4°C in 4% paraformaldehyde.
Following an overnight equilibration in 30% sucrose, they were incubated at room temperature
for 2 h in a 1:1 solutions of 30% sucrose:Optimum Cutting Temperature embedding medium.
Samples were flash frozen in sucrose:Optimum Cutting Temperature embedding medium,
cryosectioned to 10 um on a Shandon cryostat (Thermo Electron Corporation, Waltham, MA),
and mounted on Superfrost slides (Fisher Scientific, Nepean, ON). After air-drying for 2 h, slides

were stored in —80°C until use.
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For immunostaining, corneal and lacrimal cryosections were rehydrated in PBS for
10 min. All slides were blocked in 5% normal donkey serum (Jackson ImmunoResearch, West
Grove, PA) for 1 h at 37°C. For histological localization of CD14 and LBP, the slides were
incubated overnight at 4°C with 27.5 ng/mL mouse monoclonal anti-CD14 antibody (MY4,
Beckman Coulter, Miami, FL) in PBS containing 5% normal donkey serum and 0.3% triton-X.
The sections were thereafter overlaid with 0.7 ug/mL of anti-LBP rabbit polyclonal antibody
(HyCult Biotechnology, Uden, The Netherlands) for 2 h at 37°C. After extensive washing, the
slides were incubated for 2 h at 37°C with 30 pg/mL fluorescein isothiocyanate (FITC)-
conjugated anti-mouse IgG and 30 pg/mL rhodamine red-X (RRX)-conjugated anti-rabbit IgG
antibodies (Jackson ImmunoResearch, West Grove, PA). The corneal sections were further
incubated with the 2-minute DAPI fluorescent counterstaining (Innogenex, San Ramon, CA)
followed by mounting (Vectashield mounting medium, Vector Laboratories, Burlingame, CA) of
the microscope slide. Sections were observed with the Axioskop 2 fluorescent microscope (Carl

Zeiss, Thornwood, NY).

The immunohistological localization of TLR4 and MD-2 was performed by blocking the
rehydrated cryosections with 5% normal donkey serum (Jackson ImmunoResearch, West Grove,
PA). The TLR4 and MD-2 proteins were localized with 2 pg/mL biotinylated goat polyclonal
anti-TLR4 antibody (R&D Systems, Minneapolis, MN) and 8 pug/mL rabbit polyclonal anti-MD-2
antibody (FL-160, Santa Cruz Biotechnology, Santa Cruz, CA) incubated for 2 h at 37°C. After
3 washes in PBS, the sections were further incubated for 2 h at 37°C with 32 pg/mL FITC-
conjugated mouse monoclonal anti-biotin and 30 pg/mL RRX-conjugated anti-rabbit IgG
antibodies (Jackson ImmunoResearch, West Grove, PA). The nuclei were visualized with DAPI

staining and the slides were mounted as described above.
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LPS biological assays on cultured human corneal epithelial cells

To quantify cytokine production, cultured primary corneal epithelial cells and HCEC line
were plated in 24-well flat-bottom tissue culture plates. After reaching approximately 80%
confluence, the cells were left untreated or were preincubated with various doses of filter-
sterilized pooled human tears, 500 ng/mL recombinant human sCD14 (R&D Systems,
Minneapolis, MN), 150 ng/mL recombinant human LBP (R&D Systems, Minneapolis, MN),
10 pg/mL anti-human CD14 monoclonal antibody MY4 (mouse [gG2b; Beckman Coulter,
Miami, FL), 10 pg/mL anti-human LBP monoclonal antibody 6G3 (mouse IgG1; HyCult
Biotechnology, Uden, The Netherlands); and 10 pg/mL of their isotype-matched controls
MOPC-141 and MOPC-21, respectively (Sigma-Aldrich, St. Louis, MO) for 2 h at 37°C. To
eliminate any unwanted LPS contaminants affecting cytokine production, the endotoxin levels
were measured in all reagents with a gelatin assay of Limulus amebocyte lysate (Associates of
Cape Cod, East Falmouth, MA). Any reagent that tested positive for LPS was treated with
END-X (Associates of Cape Cod, East Falmouth, MA) to remove any residual endotoxin. With
sCD14, LBP, tears and antibodies still present in the medium, LPS derived from Pseudomonas
aeruginosa 10 (Sigma-Aldrich, St. Louis, MO) was added at a concentration of 100 ng/mL to
activate the cells. The medium was harvested after 24 h, centrifuged to remove cellular debris
and stored at —70°C until analysis. The culture supernatants were analyzed by ELISA for IL-8

(Sanguin Reagents, Amsterdam, Netherlands) and IL-6 (eBioscience, San Diego, CA).

Statistical analysis
Individual experiments in this study were performed in triplicate to confirm the
reproducibility of the results. Values are presented as mean + standard deviation. The statistical

significance of differences between two or more means was evaluated using one-way analysis of
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variance (ANOVA), with P values of less than 0.05 (indicated by asterisks) were considered

statistically significant.

Results

Quantification of sCD14 and LBP in human tears

Both sCD14 and LBP proteins in onion-vapor stimulated tears from healthy individuals
were found to be present in all tear samples (n = 91), with a mean concentration of
561.1 + 281.6 ng/mL for sCD14 and 135.8 + 106.6 ng/mL for LBP. Among different individuals,
sCD14 and LBP levels varied from 35.4 to 1,249.5 ng/mL and from 23.5 to 307.4 ng/mL,
respectively. Linear regression and one-way ANOVA revealed that age, gender, contact lens
wear and continuous tear stimulation had no influence on sCD14 and LBP values in reflex tears
(Figure 4 and Table 3). Western blotting analysis of representative tear samples showed that
sCD14 exhibited an apparent molecular weight of 50 kDa (Figure 5a, lane 4), characteristic of the
secretory form of the protein (88). Immunoblotting also revealed the presence of the 60 kDa LBP
protein in human tears, which corresponded to the same apparent molecular mass as serum LBP

(Figure 5a, lane 4 and 2, respectively).

Human lacrimal glands are the source of tear sCD14 and LBP

Immunoblotting analysis was performed on human lacrimal gland extracts (n = 4) to
determine the source of these tear immune proteins. Two polypeptides of molecular mass of 50
and 55 kDa were detected with the anti-CD14 antibody, while a 60 kDa protein was identified as

LBP with the anti-LBP antibody (Figure 5a, lane 3). CD14 and LBP expression was further
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Figure 4. CD14 and LBP innate immune proteins are abundant in onion-vapor stimulated human
tears. To investigate the effects of age on tear sCD14 (a) and LBP (b) concentration, both
proteins were quantified by ELISA in tears of 67 non-contact lens wearers. Linear regression and
correlation coefficient were calculated using Microsoft Excel. (¢) Five successive 50 pL tear
aliquots from 11 donors were analyzed by ELISA to determine if tear sCD14 and LBP levels vary
with time after stimulation. Results are expressed as means + SD.
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Figure 4
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Table 3. Levels of sCD14 and LBP in human tears according to gender
and contact lens wear.

Study groups’ sCD14° LBP"
(ng/mL) (ng/mL)
Women (n=34) | 562 +337 140 £ 132
Men (n=33) 597 £ 194 125 £90
Non contact lens wearers (n=67) 579 +274 133 £113
Contact lens wearers (n=24) 509 + 300 143 £ 90

2 The first study group was composed of 67 healthy non-contact lens
wearers, 34 women and 33 men; with a median age of 48 years and a
range of 17-86 years. The second group was composed of 24 healthy
contact lens wearers, including 13 women and 11 men; with a median
age of 27 years and a range of 16-54 years. Tear production was
stimulated by onion vapors and reflex tears were collected with flamed-
polished disposable microcapillaries.

®The quantification of sCD14 and LBP in tears was performed by

ELISA using commercially available kits. Results are expressed as
means + SD.
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Figure 5. The LPS receptor complex proteins, CD14, LBP, TLR4 and MD-2 are expressed by
the lacrimal gland and the corneal epithelia. (a) Lacrimal gland, tears and corneal epithelium were
analyzed by western immunoblotting with the biotinylated anti-human CD14 or biotinylated
anti-human LBP polyclonal antibodies followed by the anti-biotin HRP-linked antibody.

(b) Detection of CD14, LBP, TLR4 and MD-2 mRNAs by RT-PCR from human lacrimal gland,
isolated corneal epithelium, cultured corneal epithelial primary cells and the immortalized human
corneal epithelial HCEC cell line. The reactions were performed with and without the reverse-
transcriptase (RT) step to confirm the cDNA origin of the amplification.
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detected in human lacrimal glands by the amplification of both transcripts by RT-PCR (Figure 5b)
using human gene specific primers. Sequencing of the RT-PCR products correlated to the CD14
and LBP published sequence (GenBank accession numbers X06882 and AF105067, respectively)
(Figure 6 a,b). Immunofluorescence detection of both proteins in human lacrimal glands (n = 4)
showed CD14 and LBP to be co-localized in the cytoplasm of acinar cells constituting the alveoli
of the serous gland (Figure 7 a-c). Control sections omitting primary antibodies and, cross-
reactivity analysis of the secondary antibodies confirmed the specificity of labelling

(Figure 7 i-p).

Lacrimal acinar cells also express TLR4 and MD-2

Besides synthesizing and secreting sCD14 and LBP in tears, lacrimal acinar cells were found to
express TLR4 and MD-2, as shown by RT-PCR (Figure 5b). For TLR4, however, three products
were amplified using primers flanking the region between exons I and IV of the gene.

Sequencing of the amplified fragments confirmed the nature of the three splicing variants of
human TLR4 (Figure 8). The TLR4 transcript containing exons 1, Il and IV, encoding the proper
functional TLR4 (89), was predominant in human lacrimal gland (Figure 5b). The other two less
abundant alternative splicing forms were unlikely to encode a functional TLR4 due to premature
translational termination of the protein (89). In the lacrimal acinar cells, both TLR4 and MD-2

proteins were found to be co-localized in situ by immunofluorescence (Figure 7 e-g).

Human corneal epithelium expresses the LPS-receptor complex
To examine whether the cornea exhibits a failsafe backup system for its supply of LPS receptor
proteins, the expression of these proteins was investigated in this stratified tissue.

Immunohistological analysis of human corneas (n = 7) revealed that LBP is strongly expressed in
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Figure 6. Nucleotide sequences of human CD14, LBP and MD-2 amplified from human lacrimal
gland total mRNA. The identity of the CD14 (a), LBP (b) and MD-2 (¢) products amplified by
RT-PCR from human lacrimal gland total mRNA (Figure 5b) were confirmed by sequencing.
The sequencing results correspond to: (a) nucleotides 370 to 1,034 of the 1,570 nucleotide
sequence of CD14 (GenBank accession number X06882), (b) nucleotides 627 to 1,072 of the
1,463 nucleotide sequence of LBP mRNA (GenBank accession number AF105067) and

(¢) nucleotides 266 to 551 of the 624 nucleotide sequence of MD-2 mRNA (GenBank accession
number AB018549).
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Figure 7. Immunolocalization of CD14, LBP, TLR4 and MD-2 in human lacrimal glands.

(a,b) Double immunofluorescence labeling using the monoclonal anti-CD14 (MY4) and the
polyclonal anti-LBP antibodies. (¢) CD14 and LBP merged staining, where the arrows indicate
the acinar cell nuclei and the arrowhead refers to the tear duct in the centre of the alveoli. (d) The
phase contrast image of the tissue confirming the section integrity. (e,f) Double-labeling
experiment using the biotinylated anti-TLR4 and the polyclonal anti-MD-2 antibodies.

(g,h) TLR4 and MD-2 merged staining and phase contrast image of the tissue. (i-p) Secondary
antibody controls were performed by omitting the primary antibodies and the cross-reactivity
controls were done by incubating the mouse primary antibody with the anti-rabbit secondary
antibody and vice-versa. Original magnification x 400.
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Figure 8. Nucleotide sequences of human TLR4 amplified from human lacrimal gland total
mRNA. The identity of the TLR4 products: 659 bp (a), 540 bp (b) and 373 bp (c) amplified by
RT-PCR from human lacrimal gland total mRNA (figure 5b) were confirmed by sequencing. The
RT-PCR amplified region covered the three splicing sites of the human TLR4 gene where the four
resulting exons are color indicated and their position within the 3,811 nucleotide sequence of
TLR4 mRNA (GenBank accession number U88880) is indicated in brackets: exon 1 in black
(nucleotides 91 to 137), (nucleotides 138 to 258), exon 3 in blue (nucleotides
259 to 424) and exon 4 in red (nucleotides 425 to 705).
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the squamous superficial epithelium and sparsely expressed in the columnar basal cells

(Figure 9b). Negligible LBP staining was observed among wing cells composing the intermediate
layer of the corneal epithelium. Corneal CD14 expression was sparse and mainly limited to the
basal epithelial cells with an absence of staining in the superficial and wing cells (Figure 9a). In
the basal epithelium, LBP and CD14 were not co-localized suggesting they were expressed by
different epithelial cells (Figure 9¢). Both CD14 and LBP could also be detected by western
blotting in isolated corneal epithelia (Figure 5a, lane 5), thus further confirming the
immunofluorescence results. In contrast, TLR4 and MD-2 expression was polarized with
ubiquitous staining along the basal and wing epithelial cells, with little or no expression in the
superficial differentiated epithelium (Figure 9 e,f). Image overlay indicated that both proteins
were expressed by the same cells (Figure 9g). To elucidate the origin of these proteins, the
respective CD14, LBP, TLR4 and MD-2 mRNAs were detected by RT-PCR in the isolated
human corneal epithelia (n = 3) (Figure 5b). The three splicing forms of human TLR4 were
amplified from corneal epithelial cDNA, with the functional transcript composed of

exons I, III and IV being the most abundant.

Primary human corneal epithelial cells and HCEC line do not express the entire LPS
receptor complex in vitro

HCEC line may complement tear sCD14 and LBP to reconstitute the LPS complex in
ambio. To test this hypothesis, their expression was analyzed in vitro. CD14 mRNA was
amplified by RT-PCR from freshly isolated primary corneal epithelial cells and from the HCEC
line (Figure 5b). LBP mRNA was not detected in both primary and HCEC cells (Figure 5b).
These results were supported by immunofluorescence, where CD14, but not LBP, showed some

reactivity in both HCEC (Figure 10 a-c) and primary corneal epithelial cells (data not shown).
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Figure 9. Immunolocalization of CD14, LBP, TLR4 and MD-2 in human corneal epithelium.
(a,b) Double immunofluorescence labeling using the monoclonal anti-CD14 MY4 and the
polyclonal anti-LBP antibodies. (¢) CD14 and LBP staining were merged with the DAPI stained
nuclei. (d) The phase contrast image of the tissue, where the corneal organization is indicated as
follows: S, superficial epithelial cells; W, wing epithelial cells; B, basal epithelial cells; BM,
Bowman’s membrane and ST, stroma. (e,f) Double-labelling experiment using the biotinylated
anti-TLR4 and the polyclonal anti-MD-2 antibodies. (g,h) Merged staining of TLR4 and MD-2
with DAPI, and phase contrast image of the tissue. (i-p) Secondary antibody controls and the
cross-reactivity controls were performed as previously described. Original magnification x 400.
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Figure 10. Immunolocalization of CD14, LBP, TLR4 and MD-2 in the human corneal epithelial
cell line HCEC. (a,b) Double immunofluorescence labeling using the monoclonal anti-CD14
(MY4) and the polyclonal anti-LBP antibodies. (¢,d) CD14 and LBP merged staining and phase
contrast image. (e,f) Double-labelling experiment using the biotinylated anti-TLR4 and the
polyclonal anti-MD-2 antibodies. (g,h) TLR4 and MD-2 merged staining and phase contrast
image. (i-p) Secondary antibody controls and the cross-reactivity controls were performed as
previously described. Similar expression pattern of the LPS receptor complex was observed with
primary corneal epithelial cells (data not shown). Original magnification x 400.
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ELISA on total cell lysate and culture supernatant indicated that CD14 was expressed by corneal
epithelial cells but was not secreted, as the media showed no CD14 reactivity with the ELISA kit
(data not shown). LBP was not detected by ELISA in corneal epithelial cell lysate or culture
supernatant, which suggested that it was not expressed by primary and HCEC cells in vitro.
Cultures of primary corneal epithelial cells and HCEC differentiated in supplemented hormonal
epithelial medium or stratified on an air-liquid interface matrix failed to induce LBP expression
(data not shown). On the other hand, both TLR4 and MD-2 were expressed in vitro as confirmed

by RT-PCR (Figure 5b) and immunofluorescence (Figure 10 e-g).

Primary human corneal epithelial cells and HCEC line respond to LPS in the presence of
tear sCD14 and LBP

To assess the biological relevance of tear sCD14 and LBP in the initiation of an
endotoxin immune response, the production of proinflammatory molecules was analyzed in
primary human corneal epithelial cells and HCEC line challenged with Pseudomonas-derived
LPS in the presence of sCD14, LBP and human tears. In vitro cultures of primary corneal
epithelial cells and HCEC line had expression patterns of the LPS receptor complex (Figure 5b,
and 10 a-h) similar to those of basal and wing epithelial cells in vivo (Figure 9 a-h). Therefore,
primary and HCEC cells represent an adequate in vitro model of the inner epithelial layers of a
breached cornea to study LPS responsiveness in amplifying cells. LPS alone had little effect on
1L.-6 and IL-8 secretion by primary corneal epithelial cells (Figure 11 a,b) and HCEC line
(Figure 11 c,d) as previously observed (79, 80), whereas the addition of recombinant sCD14 or
LBP increased IL-6 and IL-8 production (Figure 11). However, no major difference was detected
in IL-6 or IL-8 production whether sCD14 and LBP were added alone or combined. This

indicated that the two soluble proteins increased, individually or in concert, the efficiency of the

33



Figure 11. Enhanced LPS response of primary corneal epithelial cells and HCEC line in presence
of sCD14 and LBP. Primary corneal epithelial cells (a,b) and HCEC line (¢,d) were pretreated
with sCD14 and LBP (500 ng/mL and 150 ng/mL respectively, the average concentrations found
in human tears), anti-CD14 monoclonal antibody MY4 (10 pug/mL), anti-LBP monoclonal
antibody 6G3 (10 pg/mL) and their isotype-matched controls (IgG2b and IgG1 respectively at

10 ug/mL each) before addition of LPS from P. aeruginosa (100 ng/mL). Secretion of IL-6 and
IL-8 proinflammatory cytokines in the cell culture media was assessed by ELISA. Results are
expressed as means + SD of triplicate cultures of one experiment representative of three.
Statistically significant differences were determined using one-way ANOVA, with probabilities
*P < .05 and **P < 0.005.
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LPS-induced response. The recombinant sCD14 and LBP-mediated activation was significantly
abrogated by the neutralizing anti-CD14 MY4 and the anti-LBP 6G3 antibodies, thus suggesting
that both proteins contributed to this activity (Figure 11). Pooled human tears were also tested for
enhancing LPS-mediated cytokine production. Tear sCD14 and LBP mediated the activation of
primary and HCEC cells by endotoxin in a dose-dependant manner to produce IL-6 and IL-8
(Figure 12). The tear induced production of IL-6 and IL-8 in primary corneal epithelial cells
(Figure 12 a,b) and HCEC line (Figure 12 c,d) was significantly inhibited by the anti-CD14 MY4
and the anti-LBP 6G3 antibodies, but not by their isotype-antibody matched controls, therefore

supporting the biological activity of sCD14 and LBP in tears for mediating innate immunity.
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Figure 12. Enhanced LPS response of primary corneal epithelial cells and HCEC line in presence
of human tears. Primary corneal epithelial cells (a,b) and HCEC (¢,d) were pretreated with
various concentrations of pooled human tears, anti-CD14 monoclonal antibody MY4 (10 pg/mL),
anti-LBP monoclonal antibody 6G3 (10 pg/mL) and their isotype-matched controls (IgG2b and
IgG1 respectively at 10 pg/mL each) before addition of LPS from P. aeruginosa (100 ng/mL).
Secretion of IL-6 and IL-8 proinflammatory cytokines in the cell culture media was assessed by
ELISA. Results are expressed as means * SD of triplicate cultures of one experiment
representative of three. Statistically significant differences were determined using one-way
ANOVA, with probabilities *P < 0.01.
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Discussion

In this study, the LPS from P. aeruginosa induced an innate immune response in basal
corneal epithelial cells due its interaction with two LPS receptor proteins, sCD14 or LBP,
discovered in tears bathing the surface of the eye. The detection of sCD14 in reflex tears supports
the presence of the protein in other human secretory fluids (25, 26, 29, 30). However, the
presence of LBP in tears is remarkable, as it was undetectable in other secretions, such as urine
(29), seminal fluid (30) and saliva (25), with the exception of breast milk where trace amounts of
the protein were found (26). The dual presence of sCD14 and LBP in tears could be attributed to
the extremely delicate structure of the cornea, requiring more sensitive detection of Gram-
negative bacteria to eliminate any potential sight threatening damages caused by infections. Since
non-stimulated basal tears contain higher or equivalent amounts of lactoferrin, sIgA and lysozyme
compared to stimulated reflex tears (90), the levels of sCD14 and LBP in basal tears may
therefore be higher or equivalent to those measured in reflex tears. The broad concentration range
of both proteins among different individuals and the unchanged sCD14 and LBP levels between
age groups, gender, and contact lens wear are characteristics shared by other tear innate immune
proteins, such as lactoferrin (91) or lysozyme (92), thus confirming the innate nature of both

CD14 and LBP for ocular protection.

The mRNA and protein detection of CD14 and LBP in the lacrimal gland suggests that
acinar epithelial cells are a main source of both proteins in human tears. In addition, the sole
presence of the 50 kDa sCD14 isoform in human tears makes any contributions from serum
exudate unlikely due to the presence of two serum sCD14 isoforms: 50 kDa and 55 kDa (93).
The 50 kDa sCD14 isoform in tears is likely to originate from the cleavage of a 55 kDa precursor
(93) which was present, in addition to the 50 kDa soluble isoform, in the lacrimal protein extract.

Another potential source of LBP in tears is the superficial corneal epithelial cells, as they were
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shown by immunofluorescence to express the protein. The fact, however, that reflex tears flow
voluminously and quickly could suggest that such a contribution by superficial corneal epithelial

cell may be secondary.

At least four potential roles of tear sCD14 and LBP are foreseen: (i) protection of the
lacrimal gland against Gram-negative infections, (ii) opsonization of Gram-negative bacteria and
LPS to prevent their adherence on the intact corneal epithelium, (iii) efficient delivery of LPS to
the exposed inner epithelial layers of the breached corneal epithelium, and (iv) protection of the
downstream lacrimal sac and nasal epithelium against infection via tear sCD14 and LBP drainage

through the nasolacrimal duct:

The infrequency of lacrimal gland infections (94) could be in part attributed to the
abundance and variety of antimicrobial products synthesized and secreted by this serous gland.
Besides expressing sCD14 and LBP, acinar cells were also shown to express TLR4 and MD-2,
therefore enabling them to respond to Gram-negative insults threatening to compromise the

essential ocular function of this organ (Figure 13a).

Due to its anatomical localization, the corneal epithelium is constantly exposed to
microorganisms and their virulence factors. In keratitis, P. aeruginosa adheres to corneal
epithelial cells through adhesins, such as LPS that binds to specific corneal epithelial molecules,
like asialo GM, glycolipids (95), galectin-3 (96) and cystic fibrosis transmembrane conductance
regulator (CFTR) (97). An inflammatory response against pathogens, although beneficial in other
organs, may affect corneal transparency. The infiltrating polymorphonuclear leukocytes (PMN)

and plasma proteins in the cornea can diffract and obstruct the visual axis, thus causing the
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Figure 13. Distribution and potential functions of the LPS receptor complex in the human
lacrimal-corneal environment. (a) Lacrimal acinar cells express the entire LPS receptor complex
and should therefore be able to initiate an innate immune response against Gram-negative insults.
(b) On the normal intact cornea, an endotoxin induced immune response is uncommon or non-
existent. This lack of immune response is attributed to the opsonizing capacity of tear sCD14 and
LBP on Gram-negative bacteria and the limited expression of the LPS receptor complex by
superficial corneal epithelial cells. (¢) In the hypothetical model of wounding where mechanical
damage has breached the corneal epithelium, the tear film provides sCD14 and LBP to deliver the
LPS signal more efficiently to wing and basal epithelial cells. The activated epithelial cells
recruit and activate PMNs to the site of infection by releasing IL-6, IL-8 and other cytokines. The
adjacent table summarizes data from ELISA, RT-PCR, western blotting and microscopic analysis
of the distribution of the LPS receptor components in the ocular environment and is represented
as follows: +, ubiquitous presence; +/-, sparse presence and -, absence. Cartoon modified after
(98).
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focused image to be cast away from the retina (99). Persisting inflammation may also lead to
permanent corneal destruction by scarring, perforation and blindness (83). Immune privilege is
the evolutionary solution of the eye to ensure ocular immune protection against pathogens while
limiting immunogenic inflammation (99). The first step in preventing sight-distorting events such
as infection and inflammation is to inhibit the adherence of ocular pathogens, such as

P. aeruginosa, to the corneal epithelium. LBP and CD14 are known to have opsonizing

activities (42, 100, 101), so tear sCD14 and LBP could inhibit the adherence of P. aeruginosa to
the cornea by binding and neutralizing LPS on the surface of the bacteria (Figure 13b). Ina
similar mechanism, superficial corneal epithelial cells expressing LBP could prevent

P. aeruginosa adherence by releasing LBP in the outer corneal environment and saturating the
LPS adhesins of the bacteria. Furthermore, tear sCD14 and LBP could prevent shedded LPS
monomers from interacting with the intact corneal epithelium by transferring them to lactoferrin
(102) or lipoproteins (42, 103), two proteins also found in human tears (75, 104). The lactoferrin-
and lipoprotein-bound LPS would no longer be available to interact with corneal epithelial cells
and could be removed from the ocular surface via tears, eyelid blinking and hydrodynamic
flushing. Also, LBP alone could mediate LPS detoxification by forming large LBP-LPS
complexes that could subsequently be washed away with tears (105). The corneal epithelium
itself strategically expresses the LPS receptor complex to minimize LPS responsiveness on its
intact structure. Indeed, all the LPS receptor constituents required for an endotoxin response were
expressed by basal and wing epithelial cells located in the inner corneal epithelial layers, with no
CD14, TLR4 and MD-2 expression found in the squamous apical layers (Figure 9). Such
polarized expression has been noted for TLR5 (78) and was proposed to contribute to ocular
immune privilege by preventing host detrimental inflammatory responses of the corneal

epithelium against non-pathogenic ocular flora.
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Although the ocular surface is relatively resistant to microbial invasions, corneal surface
injury disrupts the epithelial integrity allowing the infiltration of pathogens into the epithelium
(83). Our in vitro model of the inner epithelial layers of a damaged cornea, primary and HCEC
cell stimulation, revealed that the presence of tear sCD14 and LBP was required for an efficient
delivery of endotoxin to the LPS receptor molecules expressed on corneal epithelial cells and for
the release of IL-6 and IL-8 cytokines (Figure 13c). The observed minute cytokine response
mediated exclusively by LPS correlated with previous findings (79, 80). This could be attributed
to the limited presence of CD14 or TLR4 on the surface of corneal epithelial cells (79, 80) or to
their intracellular localization (80), therefore limiting their biological response to LPS.
Extracellular LBP and sCD14, provided by natural tears for example, are known to complement
and facilitate the transfer of LPS to CD14 and TLR4/MD-2 (20, 37) now shown to be also
expressed by corneal epithelial cells. This compartmentalized activation is another facet of
immune privilege evolved with sight to restrain ocular immune responses to corneal epithelial
insults by Gram-negative pathogens. LBP expressed by the apical epithelial layer of the cornea
could also play an important role in LPS recognition in the injured corneal surface. Similarly to
IL-1a (106), LBP stored in the cytoplasm of superficial epithelial cells could be passively released
by the rupture of the cellular membrane caused by pathogens or trauma. LBP released by the
damaged superficial cells could increase the LBP concentration in the wound microenvironment
and improve LPS delivery to the exposed wing and basal epithelial cells to trigger an innate

immune response.

This first thesis project suggests that the combined roles of tear sCD14 and LBP along
with the polarized expression of the LPS receptor complex in the corneal epithelium could explain
ways in which corneal epithelial cells discriminate between pathogenic and nonpathogenic Gram-

negative bacteria, hence contributing to ocular immune privilege by limiting redundant
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inflammation while ensuring immune protection. Further understanding of the molecular
interactions among tear sCD14 and LBP, Gram-negative pathogens and corneal epithelial cells
may lead to the development of efficient treatments to enhance ocular innate immune defences

and prevent the sight threatening consequences of severe Gram-negative infections.
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Chapter 3

Killing the messenger in the nick of time: persistence of breast

milk sCD14 in the neonatal gastrointestinal tract

Summary

Human breast milk contains several proteins that supplement and stimulate the newborn
immune system to prevent gastrointestinal infections. To deliver their immune benefits to the
neonate, these proteins would have to survive the passage through the gastrointestinal tract and
retain their biological activity. We analyzed the presence of breast milk sCD14 in the neonatal
digestive system and found breast milk sCD14 to be undetectable in stools of breast-fed infants.
In vitro digestion analysis with simulated gastric and pancreatic fluids revealed that sCD14 is
likely to survive the pepsin digestion but is more prone to been nicked and digested by pancreatin.
These findings suggest that the presence of intact breast milk sCD14 in the upper digestive system
could promote innate immunity in this low bacteria density lumen. The low concentration of
sCD14 in the LPS-rich environment of the distal gastrointestinal tract (i.e. commensal microflora)

could be a strategy to prevent excessive and complicative inflammation.
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Introduction

At birth, the human immune system is not fully developed and the neonatal intestine does
not yet harbor its beneficial commensal flora (107, 108). These mucosal weaknesses make human
neonates particularly vulnerable to infections and gastrointestinal illnesses (109). Necrotizing
enterocolitis and diarrhea are such gastrointestinal disorders that can occur during the bacterial
colonization of the intestine and are annually responsible for millions of infant deaths worldwide

(110-112).

Besides its nutritional role, breast milk is known to supplement and stimulate the infant’s
developing immune system with immunologically active factors that prevent and fight
gastrointestinal infections (113). Such factors include immunocompetent cells, immunoglobulins,
growth factors, cytokines, lysozyme, lactoferrin and complement (114). However, these
immunologically important molecules would have to remain intact and active throughout the
gastrointestinal tract to provide immune benefits for the newborn. Some of these breast milk
immune proteins, such as sIgA (115, 116) and lactoferrin (117, 118), have been shown to survive
the passage through the infant digestive system, with observed faecal excretion rates of 160

mg/day and 14.3 mg/day, respectively (116).

Recently, another immune messenger, sCD14, has been found in significant quantities
(15 pg/mL) in the milk of lactating mothers (26, 119, 120). In the digestive tract, the LPS
co-receptor components TLR4 and MD-2 have been shown to be expressed by gastric (121, 122)
and intestinal epithelial cells (123, 124). The TLR4/MD-2 co-receptor, in conjunction with
CD14, has been shown to enable gastric and intestinal epithelial cells to respond to LPS in vitro
(26, 119, 121). Consequently, several immune functions have been proposed for breast milk

sCD14 in the neonatal intestinal environment; modulation of selective intestinal immune
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responses to commensal and pathogenic microorganisms during postnatal intestinal bacterial
colonization (119, 125), induction of B cell growth, differentiation and IgM secretion to stimulate
the newborn immune system (126) and down-regulation of IgE secretion by neonatal B cells
resulting in a reduced risk of atopy and eczema development (32, 127). Despite all the beneficial
roles envisaged for sCD14, the in vivo physiological significance of this milk-borne innate
immune protein remains to be elucidated: does breast milk sCD14 persist throughout the suckling

neonatal digestive tract to deliver valuable immune protection?

In this second study, the daily intake and excretion, the digestive stability, the intestinal
absorption and the proteolytic susceptibility of breast milk sCD14 were investigated in the human
newborn gastrointestinal tract. Given the constraints of working in ambio in the human neonatal
intestine, the following experimental design was used to investigate the fate of breast milk
sCD14: faeces and urine of exclusively breast-fed neonates and formula-fed neonates, and in vitro
digestion of human breast milk with simulated gastric and pancreatic fluids. This experimental
data shows that breast milk sCD14 is susceptible to pancreatin proteolysis in vivo and therefore,
its absence from the newborn distal gastrointestinal tract prevents complicative inflammation

during colonization by LPS-bearing microflora.
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Materials and Methods

Subjects

The study was approved by the Ottawa Hospital Research Ethics Board. Two groups of
neonates (n = 28), born at the Ottawa Hospital — General Campus, were enrolled within one day
after birth when the purpose of the research and the experimental procedure were explained to the
parents and their informed consent was obtained. The first group was composed of 15 newborns
(7 girls and 8 boys) who were exclusively breast-fed for at least one month after birth. All the
nursing mothers were healthy and had no medical complications. The second group consisted of
13 newborns (6 girls and 7 boys) whose mothers planned to exclusively formula-feed for at least
the first month of life of their newborn, using the commercial milk formula of their choice
(Enfalac, Similac, Similac Advance or Nestlé Good Start; with or without iron). All infants were
healthy and born at term (38-42 weeks) with a birth weight ranging between 3.1-4.1 kg. Given
that all the neonates were born within a normal range, the groups of patients studied constitute an

adequate representation of the population.

Sample collection

Three 24 h collections were performed on each newborn in their own home at 1 week
(6-9 days), 2 weeks (12-16 days) and 4 weeks (26-32 days) of age. For each collection, the
participants were asked to collect for a period of 24 h the infant faeces and urine using Kushies®
diaper liners (D.D.F. Inc., Stoney Creek, ON). The diaper liners soiled with faeces or urine were
placed in their respective sterile containers and were immediately frozen (-20°C) in the family
personal freezer. Milk intake of each infant was measured for 24 h on each collection day using
the difference in body weight before and after each nursing. Infants were weighed by their

mothers on a Seca 725 mechanical paediatric baby scale (Seca Corporation, Hamburg, Germany)
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without altering the normal feeding pattern. The weight of milk was converted to volume using
its specific gravity of 1.031 g/mL (128). On each day of collection, breast-feeding mothers hand-
expressed a small milk sample into a sterile plastic container, whereas formula-feeding mothers
provided a small sample of the commercial formula milk fed to the infant. Milk samples were
immediately frozen (-20°C) until analysis. A urine sample from human adult (male, 26 years old)
was collected to study the in vivo secretion of urinary sCD14 and IgA. All the samples were
collected as directed by the families. In the studied groups, no concerns or problems that would

have affected the samples or their storage occurred during the collection days.

Sample preparation and analysis

Diaper liners containing urine were gently squeezed and the extracted urine was frozen
until analysis. Diaper liners containing faecal material were weighed and the faeces were scraped
from the diaper liners. The faeces were thereafter homogenized in PBS (1:2) containing a
protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO) and incubated on ice for 30 min to
extract any soluble proteins. The extract was then centrifuged at 10,000 X g for 20 min at 4°C to
sediment any insoluble material and the supernatant was used for analysis. Milk samples were
centrifuged at 5,000 X g to remove fat and heavy cellular components and stored at —80°C until
analysis. The quantification of sCD14 and sIgA proteins in milk, urine and stool extracts was

performed in duplicate by ELISA according to the manufacturer’s instructions.

Reagents

The quantification of sCD14 and slgA proteins was performed using the human sCD14
ELISA kit (HyCult Biotechnology, Uden, The Netherlands) and the human IgA ELISA
quantification kit (Bethyl Laboratories Inc., Montgomery, TX), respectively. Commercial

recombinant human CD14 (thCD14) (R&D Systems, Inc., Minneapolis, MN) and purified breast
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milk human sIgA (Serotec Ltd., Oxford, UK) served as controls in the in vitro digestion analysis.
Immunodetection was performed using the biotinylated polyclonal anti-human CD14 antibody
(R&D Systems, Minneapolis, MN) and the biotinylated alpha chain-specific anti-human IgA
antibody (Caltag Laboratories, Burlingame, CA). Human AB serum used as a loading control in

immunoblotting was purchased from Sigma-Aldrich, St. Louis, MO.

In vitro digestion of purified sCD14, purified sIgA and breast milk

The procedure was slightly modified from that developed by Rudloft et a/ (129). For the
pepsin digestion procedure, control rhCD14 or sIgA were prepared at a concentration of
10 ng/mL in phosphate-buffered saline (PBS). The pH of the rhCD14, sIgA and human breast
milk samples was adjusted to 4.5 with 1M hydrochloric acid. The rhCD14, sIgA and human
breast milk samples were each aliquoted in four microtubes and pepsin (from porcine gastric
mucosa, 800-2500 U/mg of protein, Sigma, St. Louis, MO) was added to the desired
concentration. The samples were kept in the dark and incubated at 37°C for 30 min with
occasional shaking. The reaction was halted by diluting the samples in SDS gel-loading buffer

and boiling them for 5 min.

The pancreatin digestion was performed by adjusting the pH of breast milk, control sIgA
(10 ng/mL) and rhCD14 (10 ng/mL) to 7.0 with 1M HCl or IM NaHCO;. The rhCD14, sIgA and
human breast milk samples were each aliquoted in four microtubes and pancreatin (from porcine
pancreas, 4X USP specifications, Sigma, St. Louis, MO) was added to the desired concentration.

The samples were digested at 37°C for 1 h as described above.

The sequential digestions of control rhCD14, slgA and breast milk with simulated gastric

and pancreatic fluids were performed by adjusting the pH of breast milk, sIgA (10 ng/mL) and
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rhCD14 (10 ng/mL) to 4.5 with IM HCI. The rhCD14, sIgA and human breast milk samples
were each aliquoted in four microtubes and pepsin was added to a concentration of 1 mg/mL. The
samples were kept in the dark and incubated at 37°C for various periods (30-60 min) with
occasional shaking. After the pepsin digestion, the pH of each sample was increased gradually
during 10 min to 7.0 with 1M NaHCO; and pancreatin was added to a concentration of 1 mg/mL.
The samples were kept in the dark and incubated at 37°C for various periods of time (60-120 min)
with occasional shaking. The reaction was halted by diluting the samples in SDS gel-loading
buffer and boiling them for 5 min. Each in vitro digestion experiment was performed in triplicate

on breast milk samples from different mothers.

Immunoblotting

To monitor the intact breast milk immune proteins, samples were resolved by SDS-PAGE
electrophoresis under reducing conditions (11% resolving gel) and transferred onto nitrocellulose
(Amersham Biosciences, Piscataway, NJ). The membrane was blocked for 1 h in 5% dried skim
milk in TBS with 0.1% Tween-20. The sCD14 and sIgA proteins were probed with the
biotinylated polyclonal anti-human CD14 antibody (0.05 pg/mL in TBS-Tween) or with the
biotinylated alpha chain-specific anti-human IgA antibody (0.07 pg/mL in TBS-Tween),
respectively. After extensive washing, the membrane was incubated for 1 h with the anti-biotin
HRP-conjugated antibody (1:1,000) (Cell Signaling Technology, Beverly, MA). The antigens
were detected using a chemiluminescent system (ECL Western Blotting Detection Reagents,

Amersham Biosciences).

Statistical analysis

Individual experiments in this study were performed in triplicate to confirm the

reproducibility of the results. Values are presented as mean * standard deviation. The statistical
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significance of differences between two or more means was evaluated using one-way ANOVA,

where P values of less than 0.05 (indicated by asterisks) were considered statistically significant.

Results
Contrary to sIgA, breast milk sCD14 is not excreted by the newborn

To analyze the stability of breast milk sCD14 in the newborn digestive system, the input
(breast milk) and the output (faeces and urine) levels of sCD14 were measured by ELISA and
compared to sIgA, a breast milk antibody known for its gastrointestinal persistence (115, 116).
To ensure that the output levels of sCD14 and sIgA did not originate from in vivo gastrointestinal
synthesis by the newborn, formula-fed neonates were recruited as a control group, since sCD14
and sIgA could not be detected in any commercial milk formulas (Table 4 and 5). The lack of
detection of sCD14 and sIgA in commercial milk formulas could be attributed to the absence or
extremely low concentration of these proteins in the commercial preparations or to the inability of
the ELISA kits and antibodies to detect the bovine sCD14 and sIgA proteins. In the study group,
both sCD14 and sIgA could be observed in all breast milk samples, with sIgA levels being on
average 30 times higher than sCD14 (Table 4 and 5). The output faecal and urinary levels of
sCD14 were similar between breast-fed and formula-fed neonates (Table 4). However, sIgA was
present in higher concentration, one thousand fold and ten fold respectively, in faeces and urine
samples from breast-fed neonates when compared to those of formula-fed newborns (Table 5).
To rule out any presence of aggregated or adsorbed sCD14 proteins in the stool matrix that would
be non-extractable with PBS, harsher extraction techniques with detergents were performed on
stool samples. These stronger extraction procedures generated similar faecal sCD14 levels to

those of the PBS extraction, with no significant difference observed between the two techniques
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Table 4. CD14 concentration in breast milk, in milk formula, and in the urine and faeces of breast-
fed and formula-fed infants.

Breast-fed neonates Formula-fed neonates
(n=15) (n=13)
AgeSamples Breast mi!k Urine . Faecesa foz/[ninl\l:la Urine . Faeces‘l
(weeks) (ng/mL) (ng/mL) (ng/gww) (ng/mL)* (ng/mL) (ng/gm)
1 2195’,5;)000{,—* 478+863 41+96 | 04+07 37.6+698 11.7£273
2 2151”1900005 16+34 80+150 | 06+18 102+103  3.8%46
4 2124?(?0003 844125 29+50 | 02205 229%353  20%41

* The quantification of CD14 in the collected samples was performed by ELISA using a commercially
available kit.

Results are expressed as means + SD of triplicate cultures of one experiment representative of three.
Statistically significant differences between samples from breast-fed and formula-fed newborns were
determined using one-way ANOV A, with probabilities: ® P <0.0001.

Table 5. IgA concentration in breast milk, in milk formula, and in the urine and faeces of breast-fed
and formula-fed infants.

Breast-fed neonates Formula-fed neonates
(n=15) (n=13)
AgeSamples Breast milk Urine Faeces folrll:lllll(la Urine Faeces
a a a a a
(weeks) (ug/mL)*  (ug/mL) (ug/gsw) (ug/mL)* (ug/mL) (ug/gw)
1 991+ 682° 3.9+9.6 1,559 +999° 0+0 0+0 21+1.6
2 831 +624° 20+22° 1,569+ 988" 0+0 0.1+0.1 14.7+27.3
4 499 + 181° 4.1+5.6° 12994756 0+0 02102 20.1+27.5

* The quantification of IgA in the colleted samples was performed by ELISA using a commercially

available kit.

Results are expressed as means + SD of triplicate cultures of one experiment representative of three.
Statistically significant differences between samples from breast-fed and formula-fed newborns were
determined using one-way ANOVA, with probabilities: ® P <0.0005; © P<0.01.
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(data not shown). Furthermore, stool homogenate spiked with rhCD14 to give a final rhCD14
concentration of 8 ng/mL, revealed that the constituents of the stool extract did not impede the
reactivity of the CD14 antigens with the commercial ELISA kit, since a rhCD14 concentration of
8.7 £ 0.5 ng/ml. was detected in the spiked stool homogenate. The daily intake and excretion of
sCD14 and slIgA per unit body weight showed that breast-fed infants excreted considerably higher
quantities of sIgA (1,800 = 1,700 pg/Kg/day) when compared to formula-fed infants

(15 + 27 ng/Kg/day) (Figure 14). Despite the significant difference in sCD14 intake between
breast-fed (3,300 £ 2,300 pg/Kg/day) and formula-fed (0.05 + 0.15 ng/Kg/day) infants, the daily
excretory levels of sCD14 were similar (0.005 £ 0.009 pg/Kg/day for breast-fed and

0.007 £ 0.014 pg/Kg/day for formula-fed) between the two groups, albeit the minute faecal

concentration (Figure 14).

To estimate whether sCD14 and sIgA proteins passed intact through the gastrointestinal
tract, immunoblotting analysis was performed on samples collected from breast-fed and formula-
fed babies. Two polypeptides of molecular mass of 48 and 52 kDa were detected with the anti-
CD14 antibody in breast milk and serum, whereas only a 52 kDa polypeptide was observed in the
urine of breast-fed and formula-fed infants, corresponding to the size of sCD14 detected in the
adult urine sample (Figure 15a). Immunoblot analysis also revealed the presence of the 60 kDa
heavy chain polypeptide of sIgA in breast milk as well as in the stool and urine of breast-fed
newborns, which corresponded to the same apparent molecular mass of the heavy chain of serum
IgA (Figure 15b). Smaller polypeptides, that likely represent digested fragments of the sIgA
heavy chain, were also detected by the anti-IgA antibody in faecal samples of breast-fed infants

(Figure 15b).
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Figure 14. Daily intake and faecal excretion of sCD14 (a) and sIgA (b) in exclusively breast-fed
(BF) (n=15) or formula-fed (FF) (n=13) infants. The quantification of sCD14 and sIgA in milk
and newborn stool homogenate was performed by ELISA using commercially available kits. The
daily intake was calculated by converting the weight of milk consumed within the 24 h collection
period to volume, multiplying it with the CD14 or IgA concentration measured and dividing it
with the neonate’s body weight. The daily excretion was calculated by multiplying the weight of
faeces recovered within the 24 h collection period with the CD14 or IgA concentration measured
and dividing it with the neonate’s body weight. Results are expressed as means = SD.
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Figure 14
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Figure 15. Immunodetection of human sCD14 (a) and sIgA (b) in various samples from breast-
fed and formula-fed infants. Breast-fed (BF) and formula-fed (FF) infant samples along with
serum and adult urine controls were subjected to western blotting with the biotinylated anti-CD14
polyclonal antibody (a) or the biotinylated anti-IgA polyclonal antibody (a chain specific) (b),
followed by the anti-biotin HRP-linked antibody. The immunoblots are representative of three
different mother-neonate groups.
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Breast milk sCD14 is more susceptible to in vitro pancreatin digestion than pepsin digestion
To investigate the susceptibility of sCD14 to digestion in comparison to sIgA along the
gastrointestinal tract, both proteins (10 ng/mL) were subjected separately to in vitro proteolysis
with porcine pepsin and pancreatin enzymes. Both sCD14 and sIgA, in their recombinant or
purified forms and naturally present in breast milk, showed a similar resistance to pepsin
digestion (Figure 16). All the breast milk samples continued to show the intact molecular weight
of both proteins after the 10 mg/mL pepsin digestion (Figure 16). For the pancreatin digestions,
control rhCD14 and sIgA also had a similar and high susceptibility to the enzyme, with no protein
detectable after the 0.1 mg/mL pancreatin digestion (Figure 17). In the breast milk milieu
however, sIgA showed more resistance to porcine pancreatin than did sCD14, where no sCD14
survived the 10 mg/mL digestion (Figure 17, lane 10). During the sequential pepsin and
pancreatin digestions, both control proteins were proteolyzed, whereas in the breast milk
environment, sIgA clearly showed a stronger resistance to proteolysis when compared to sCD14
(Figure 18). Approximately half of breast milk sCD14 proteins were degraded in the shortest
digestion period (30 min pepsin and 60 min pancreatin) and no protein remained after the longest
digestion period (60 min pepsin and 120 min pancreatin) (Figure 18), as judged by visual
examination of the western blot signal. For breast milk sIgA, the sequential digestions were less
effective, where approximately one quarter of the original amount of the protein was still
remaining after the longest sequential gastric and pancreatic digestion (60 min pepsin and 120
min pancreatin) (Figure 18). The multiple smaller bands detected on the blots likely represent
digested products of sCD14 or sIgA heavy chain, which were absent in non-digested samples
(Figure 16, 17 and 18). In general, the sCD14 and sIgA proteins in breast milk showed a higher

resistance to pepsin and pancreatin digestions than the control proteins (Figure 16, 17 and 18).
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Figure 16. Western analysis of pepsin digested human breast milk, control rhCD14 (a) and sIgA
(b). The control proteins, rhCD14 and slIgA (10 ng/mL), and breast milk were digested in vitro
with the indicated concentrations of pepsin for 30 min at 37°C, pH 4.5 and subjected to western
blotting with the biotinylated anti-CD 14 polyclonal antibody (a) or the biotinylated a chain
specific anti-IgA polyclonal antibody (b), followed by the anti-biotin HRP-linked antibody. Lane
P represents porcine pepsin (10 mg/mL) in PBS as a loading control. The immunoblots are
representative of three independent digestions performed on different breast milk samples.
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Figure 17. Western analysis of pancreatin digested human breast milk, control thCD14 (a) and
sIgA (b). The control proteins, rhCD14 and sIgA (10 ng/mL), and breast milk were digested in
vitro with the indicated concentrations of pancreatin for 60 min at 37°C, pH 7.0 and subjected to
western blotting with the biotinylated anti-CD14 polyclonal antibody (a) or the biotinylated o
chain specific anti-IgA polyclonal antibody (b), followed by the anti-biotin HRP-linked antibody.
Lane P represents porcine pancreatin (10 mg/mL) in PBS as a loading control. The immunoblots
are representative of three independent digestions performed on different breast milk samples.

57



P control protein breast milk

1oy

kDa 10 01 1 10 0 01 1 10 pancreatin (mg/mL)

a g

50
40

30
20

sCD14

Figure 17



Figure 18. Western analysis of sequential digestion of human breast milk, control rhCD14 (a) and
sIgA (b) with simulated gastric and pancreatic fluids. The control proteins, rhCD14 and sIgA (10
ng/mL), and breast milk were digested in vitro at various incubation times with pepsin (1 mg/mL)
at 37°C, pH 4.5 followed by a pancreatin digestion (1 mg/mL) at 37°C, pH 7.0 and subjected to
western blotting with the biotinylated anti-CD 14 polyclonal antibody (a) or the biotinylated o
chain specific anti-IgA polyclonal antibody (b), followed by the anti-biotin HRP-linked antibody.
Lane P represents porcine pepsin (1 mg/mL) and pancreatin (1 mg/mL) in PBS as a loading
control. The immunoblots are representative of three independent digestions performed on breast
milk samples from different nursing mothers.
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Discussion

The results presented in this study suggest that breast milk sCD14 protein does not persist
the newborn gastrointestinal tract. This finding is supported by the trace excretory levels
(5.4 + 11.0 ng/g) of sCD14 observed in feces of both exclusively breast-fed (intake of
25.6 + 13.8 pg/mL of sCD14) and formula-fed neonates (virtually no intake of sCD14). These
observations were constant at three weekly time points during the first month of life of the human
newborn, when the gastrointestinal tract is maturing. Furthermore, the trace levels of faecal
sCD14 measured in both breast-fed and formula-fed infants could result from endogenous
intestinal synthesis of sCD14 (28) or could be related to analytical variations at the lower limit of
detection of the ELISA kit. However, the minute concentrations of faecal sCD14 measured from
formula-fed neonates suggest that the endogenous intestinal secretion of SCD14 is very limited or

its intestinal fate restricts its detection in stool.

By contrast, breast milk sIgA was detected in high quantity in the stools of breast-fed
newborns (1,500 + 900 pg/g), confirming its persistence in the gastrointestinal tract (115, 116).
The gastrointestinal persistence of sIgA is largely attributed to its high degree of glycolysation
and to the presence of the secretory chain, rendering this dimeric antibody inherently resistant to
luminal proteolysis (130). This faecal sIgA difference observed between breast-fed and formula-
fed neonates validates the methodology used to measure the passage of intact breast milk proteins

in the newborn gastrointestinal tract.

The lack of detection of breast milk sCD14 in stools of breast-fed infants suggests two

possible fates of sCD14 in the gastrointestinal tract: (i) efficient transport, in an intact and active

form, through the intestinal mucosa to contribute to the serum pool of sCD14, and/or (ii) digestion
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and degradation by the gastrointestinal enzymes to restrict its biological activity along the

newborn intestinal tract.

The first potential fate of breast milk sCD14 was investigated by analyzing the levels of
sCD14 in the urine of breast-fed and formula-fed neonates. The quantification of urinary proteins
is a suitable technique to estimate the serum concentration of specific proteins in the newborn
without having to resort to invasive procedures (131-133). In both groups of breast-fed and
formula-fed neonates, the urinary sCD14 detected by immunoblot had a similar electrophoretic
mobility to sCD14 found in human adult urine (29). However, the similar urinary sCD14 levels
between breast-fed and formula-fed newborns measured by ELISA do not support the notion of
its absorption through the intestinal mucosa and its subsequent renal excretion. Even within the
first week of age, when the small intestine is known to have an enhanced permeability to
macromolecules coming in contact with its mucosa (134), no differences in urinary sCD14 levels
were observed. In contrast, breast milk sIgA has been shown to be absorbed by the newborn
intestinal mucosa within the first week of life and to contribute to the serum IgA pool (134),
which was reflected with higher urinary sIgA levels (131). These results suggest that sCD14
observed in urine samples is endogenous in origin and is unlikely to originate from intact breast

milk sCD14 absorbed by the small intestine.

Secondly, the digestibility of breast milk sCD14 was investigated in vitro with simulated
gastric juices and revealed that the protein is resistant to pepsin digestion. This gastric resistance
can be attributed to the low secretion of hydrochloric acid in the neonatal stomach, resulting in a
pH of 3.5-5, far higher than the optimal pH conditions of pepsin (135). In this study, the
conditions of the in vitro model of gastric digestion (pH 4.5 for 30-60 min) were designed to

reflect the neonatal gastric environment (129). The relative abundance of sCD14 in breast milk
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(25.6 + 13.8 pg/mL), when compared to its serum concentration (3 pg/mL) (26), and its relative
resistance to pepsin digestion, may allow significant amounts of the intact protein to reach the
duodenum. Furthermore, the enhanced proteolytic resistance observed for both sCD14 and sIgA
naturally present in breast milk, in comparison to their purified forms, may be attributed to the
breast milk abundance of alternate substrates for digestive enzymes and to the presence in milk of
protease inhibitors, such as o-antitrypsin and antichymotrypsin (136, 137). These protective
properties of breast milk could contribute to some proteolytic resistance of SCD14 during its
upper gastrointestinal passage. The first N-terminal half of sCD14 has been shown to contain all
the active domains to trigger biological responses against LPS (Figure 3) (16). As a result,
partially digested forms of sCD14, in addition to its undigested form, could offer immune
protection to the upper digestive tract (oral cavity, esophagus, stomach and duodenum), where
low bacterial density is found (138). Besides inducing an intestinal LPS-immune response

(26, 119), breast milk sCD14 could also modulate this LPS-response by interacting with other
breast milk immune proteins, such as lactoferrin (102) and TLR2 (139), and prevent excessive
immune reactions and inflammation. Breast milk sCD14 could reduce the luminal bioavailability
of free LPS monomers by transferring them to lactoferrin (102) and prevent the interaction of
endotoxin with intestinal epithelial cells. Another CD14 co-receptor, soluble TLR2, recently
found in breast milk, could also interact with sCD14 to avoid excessive local inflammation
against Gram-positive bacteria and mycobacteria present in the neonatal intestinal tract (139).
This modulated sCD14 activation was investigated in another delicate environment, the tear-
cornea interface, one which also requires fine-tuned immune responses in order to fully

accomplish its biological functions while remaining infection- and inflammation-free.

The increased proteolytic susceptibility of breast milk sCD14 to pancreatic fluids, when

compared to breast milk sIgA, suggests that only a minute fraction of sCD14 ingested by the
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neonate may persist the duodenal passage. These results could explain the relative absence of
breast milk sCD14 in the stools of breast-fed neonates. Furthermore, breast milk sCD14 proteins
could be subjected to additional hydrolysis during their jejunum, ileum and colon transit by
proteolytic enzymes of bacterial and intestinal origin (140). The absence or trace amounts of
sCD14 in the distal small intestine and colon could be a solution in preventing uncontrolled and
detrimental immune responses in this heavily colonized environment (138). Indeed, by binding to
LPS, sCD14 cannot discriminate between harmful pathogenic and beneficial commensal Gram-
negative bacteria and therefore could trigger inflammation in the distal bowel. In contrast, the
gastrointestinal persistence of breast milk sIgA is considered beneficial to the newborn due to its
specificity in targeting pathogens to which the nursing mother has been exposed and consequently
preventing their penetration through the neonatal intestinal mucosa (113, 141). Similarly, the
persistence of breast milk lactoferrin and lysozyme in the neonatal intestine is also considered
advantageous due to the fact that they reduce and control bacterial proliferation and colonization
without triggering inflammation and immune responses (142, 143). These results suggest that
breast milk sCD14 is absent or has a very limited presence in the distal gastrointestinal tract to

avoid excessive mucosal inflammation in this densely colonized environment.

This second thesis project suggests that breast milk sCD14 is particularly susceptible to
pancreatin digestion and is not excreted in feces. This non-ubiquitous gastrointestinal presence
may allow sCD14 to contribute to immune protection against Gram-negative pathogens in the
upper digestive tract while reducing its inflammatory activity in the LPS-rich environment of the

distal bowel.
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Chapter 4

Human CD14 expressed in seeds of transgenic tobacco displays
similar proteolytic resistance and bioactivity with its

mammalian-produced counterpart

Summary

Human CD14 plays an important role in innate immunity by being the key receptor of
LPS found on Gram-negative bacteria. The recently discovered widespread localization of CD14
in secretions and mucosal surfaces, such as breast milk, tears and the cornea, reveals its extensive
anti-microbial properties and numerous potential medical applications. To produce active
rhCD14 for massive distribution, transgenic tobacco plants were successfully generated to express
rhCD14 in the seed endosperm under the control of two versions of the rice glutelin Gt-1
promoter. Plant-made rhCD14 reached a concentration of 16 pg/g of seeds and showed stability,
proteolytic resistance and ability to induce the release of pro-inflammatory cytokines in presence
of LPS. The expression of plant rhCD14 in tobacco seeds constitutes a promising low-cost and
abundant supply of this immune protein to further investigate its roles in, impacts on and potential

medical applications for the innate immune system.
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Introduction

Plants have been used as medicine since the earliest stages of civilization. Nearly 80% of
the world population still depends on traditional herbal medicine for primary health care, while
close to one quarter of prescription drugs used in developed countries are of plant origin (144). In
recent years, biotechnology has extended the medicinal use of plants by improving the expression
of endogenous medicinal compounds and also by introducing foreign health enhancing genes
(145-147). Compared to other organisms, plants offer several advantages in producing important
medicinal proteins. They carry appropriate post-translational modifications and lack mammalian
viruses, pathogens or oncogenes. In addition, mass production of biopharmaceutical proteins
becomes commercially feasible by scaling up to agricultural field production, while maintaining
low costs (148). Furthermore, when the expression of recombinant proteins is targeted into edible
seeds, these proteins can be safely stored in protein bodies of endosperm cells for oral delivery,
without requiring processing or purification (149). This combination of advantages has allowed
the expression, in edible plant organs, of a wide diversity of biopharmaceutical proteins with

preventive, diagnostic and therapeutic potential (150).

Another promising candidate for plant-made pharmaceuticals is human CD14. As
mentioned in the general introduction, sCD14 is present in serum as well as several secretions and
mucosa, such as tears, cornea (79), saliva (25), breast milk (26), lungs (27), intestine (28), urine
(29), sperm (30) and amniotic fluid (31, 32). The widespread localization of sCD14 in body
fluids and mucosa reflects the important roles played by this protein, as a first line of defence

against Gram-negative pathogens, in these constantly challenged mucosal environments.

Through its widespread mucosal presence, several preventive and clinical usages have

been suggested for sCD14 (151). Soluble CD14 is known to detoxify and eliminate LPS in serum
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by transferring them to HDL particles and plasma membranes (Figure 2) (42, 43). Therefore,
intravenously administered sCD14 may compete with mCD14 for LPS, dampening the LPS-
mediated responses of myeloid cells and preventing the lethal consequences of endotoxin-induced
septic shock (46). Similarly, intra-mammary administered sCD14 may reduce the severity of
bovine mastitis by increasing the recruitment of immune cells to the site of infection (152). Due
to potential opportunities of sSCD14 in prevention and treatment of Gram-negative infections,
several attempts relying on recombinant DNA technology have been carried to produce CD14,
such as mammalian cell lines (153, 154), insect cell cultures (45), E. coli (155), as well as yeast
(156). The production of rhCD14 in tobacco callus suspension culture was also attempted (157).

However, obstacles were encountered with the secretion of the protein and its stability (157).

In mammalian cells, secretory organelles, such as the Weibel-Palade bodies of endothelial
cells, play a key role in homeostasis and inflammation by regulating the storage and secretion of
various regulatory proteins, such as the homeostatic von Willebrand factor and the leukocyte
receptor P-selectin (158). Similarly, plant biotechnology take advantage of the storage and
delivery properties of proteins bodies by using specific promoters to target cytokines, vaccine
candidates, growth hormones and other biopharmaceuticals to the seed endosperm, a natural
protein deposition site (145, 159, 160). In this third study, the accumulation of thCD14 protein
was explored in transgenic tobacco seeds. The full-length and truncated rice glutelin Gt-1
promoters were used to successfully direct CD14 expression to the tobacco seed endosperm. This
experimental data shows that plant-produced rhCD14 was stable, proteolytic resistant and

biological active in presence of LPS.
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Materials and methods

Reagents

Human genomic DNA isolated from blood samples was kindly provided by Dr. Alex
MacKenzie (Children’s Hospital of Eastern Ontario, Ottawa, ON). Commercial Chinese hamster
ovary cell (CHO) produced rhCD14 (R&D Systems, Inc., Minneapolis, MN) was used as a

control in western blotting, in pepsin and pancreatin in vitro digestions and in biological assays.

Transgene construction and tobacco transformation

The hCD14 coding sequence was isolated by polymerase chain reaction (PCR) from human
genomic DNA. Two primers covering the hCD14 coding sequence, but excluding the hCD14
signal sequence (Figure 3), were designed based on the published sequence (161). The 5> primer
(5’-CGCGGAAGATATCACCACGCCAGAACCTTGTGAGCTGGA-3’) was designed with an

EcoR V restriction site (underlined), whereas the 3” primer (5’-GGCATAAGCTT GGATCCTTA

GGCAAAGCCCCGGGCCCCT-3’) contained Hind 11T and BamH I restriction sites (underlined)
and a stop codon (bold). PCR was performed using Vent; DNA Polymerase Kit (New England
Biolabs, Mississauga, ON) and 35 cycles of denaturation at 94°C for 1 min; annealing at 61°C for
1 min and extension at 72°C for 1 min. The resulting PCR products were subjected to 3’ end
A-tailing by using Taq DNA polymerase (Promega Corporation, Madison, WI) following the
manufacturer’s instructions. The A-tailed PCR product was cloned into the pGEM-T Easy Vector
(Promega Corporation, Madison, WI) and the construct was named pCD14WT (Figure 19). To
target seed specific expression, the hCD14 coding sequence was cloned under the control of the
1.8 kb or 5.1 kb rice glutelin Gt-1 promoter (162), the rice glutelin Gt-1 signal sequence and the
nopaline synthase termination of transcription signal (145) (Figure 19 and 20). To confirm the

integrity of the hCD14 coding sequence, DNA sequencing was performed on the pCD-1WT
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Figure 19. Construction of the pWT1.8 expression cassette containing the hCD14 coding
sequence under the control of the truncated 1.8 Kb rice glutelin seed-specific Gt-1 promoter. The
hCD14 coding sequence lacking the human signal sequence was subcloned from pCD14WT into
pPH3 using the Nae I and EcoR V blunt-end restriction enzymes as well as Hind III. The glutelin
Gt-1 signal sequence (Gt-1/SS) fused to the hCD14 coding sequence was thereafter subcloned
into the pPH3/GM-CSF/Nos-ter construct. The generated pCD-2WT construct was subcloned
into the pRD400 transformation vector to generate the pWT1.8 expression construct. Legend:
hCD14, human CD14 coding sequence lacking the human CD14 signal sequence; Gt-1 promoter,
glutelin-1 promoter; Gt-1/SS, glutelin-1 signal sequence; LB, left border; Nos-ter, nopaline
synthase gene polyadenylation signal; npt II, neomycin phosphotransferase II gene; RB, right
border.
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Figure 20. Construction of the pWT5.1 expression cassette containing the hCD14 coding
sequence under the control of the full-length 5.1 Kb rice glutelin seed-specific Gt-1 promoter.
The expression construct of pCD-2WT was subcloned into the pPCR-Script Amp SK(+) using the
Ssp I and Hinc 11 blunt-end restriction enzymes as well as Hind III to introduce a Kpn I restriction
site upstream of the 1.8 kb Gt-1 promoter. The full-length 5.1 kb Gt-1 promoter was thereafter
subcloned from pGtl into pCD-3WT to replace the truncated 1.8 kb Gt-1 promoter and generated
pCD-4WT. The pCD-4WT construct was subcloned into the pRD400 transformation vector to
generate the pWTS5.1 expression construct. Legend: hCD14, human CD14 coding sequence
lacking the human CD14 signal sequence; Gt-1 promoter, glutelin-1 promoter; Gt-1/SS, glutelin-1
signal sequence; LB, left border; Nos-ter, nopaline synthase gene polyadenylation signal; npt II,
neomycin phosphotransferase I gene; RB, right border.
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plasmid, using the following primers: 5’-dGCACGATGATTTCTCATTG,
5°-dGCTCAGCTACTGGTAGGCG, and 5’-dACGCCCACAGGCGTGTGC. The two transgene
expression cassettes were further cloned into the Agrobacterium binary vector pRD400 (163) to
generate the pWT1.8 and pWTS5.1 expression constructs (Figure 19 and 20). The pWT1.8 and
pWTS5.1 vectors were introduced into the Agrobacterium tumefaciens strain LBA4404
(Gibco/BRL, Mississauga, ON) by cold-shock transformation (164). Agrobacterium-mediated
transformation was performed on leaf disk tissue of Nicotiana tabacum cultivar Xanthi as
previously described (165). Kanamycin (300 mg/L) was used to select transformants, defined as
TO lines. The first generation (T1) lines were progeny lines derived from self-pollination of the

TO primary events.

PCR, Southern analyses and RT-PCR

Tobacco genomic DNA was extracted from young leaves of transformed and non-
transformed plants as previously described (166). For PCR, the hCD14 coding sequence was
amplified using the REDExtract-N-Amp™ ™ Plant PCR kit (Sigma-Aldrich, St. Louis, MO) with

the same primers and PCR conditions as described above.

Southern blotting was performed as previously described (167). Briefly, 40 pg of plant
genomic DNA was digested with the appropriate restriction enzymes (New England BioLabs Inc.,
Mississauga, ON). The restriction-digested DNA fragments were separated on a 0.7% agarose
gel, denatured and transferred onto Hybond-N+ nylon membrane (Amersham Biosciences,
Piscataway, NJ). The membrane was probed with the [**P] labeled Bg! 11 - BamH 1 fragment
corresponding to the Gt-1 signal sequence and hCD14 coding sequence from the pWT1.8
expression construct (Figure 19). The radiolabelling was performed using the Ready-to-go DNA

Labelling kit (Pharmacia, Baie d’Urfé, Québec). The hybridizations were incubated overnight at
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68°C. The blots were then subjected twice to 15 min washes in 2X SSC containing 0.1% SDS at
room temperature, followed by two 30 min washes in a 0.1X SSC, 0.5% SDS solution at 37°C
and 68°C, respectively. Kodak Biomax MS-1 Films (Amersham Biosciences, Piscataway, NJ)

were exposed to the nylon membranes for 16-24 h at —70°C before being developed.

For RT-PCR, RNA was extracted from developing seeds (6-11 days after pollination)
using the RNeasy Plant Mini kit and the RNase-free DNase kit (Qiagen Inc., Mississauga, ON).
First strand cDNA synthesis was performed with the Superscript ™ First-Strand Synthesis for
RT-PCR (Invitrogen Life Technologies, Carlsbad, CA). The hCD14 coding sequence was
amplified using the REDExtract-N-Amp'™ PCR Readymix™ (Sigma-Aldrich, St. Louis, MO)
with the same primers and PCR conditions as described above. The resulting products were
resolved by electrophoresis in ethidium bromide-stained 1% low-melt agarose gel. To further
confirm the veracity of the RT-PCR products, the amplified sequences were purified with the
QIAquick Gel Extraction kit (Qiagen Inc., Mississauga, ON) and sequenced by the University of

Ottawa Biotechnology Research Institute (Ottawa, ON) using the PCR primers.

ELISA and western blotting

Mature tobacco seeds (16-20 days after pollination) were grounded in liquid nitrogen with
a mortar and pestle and their proteins were extracted as previously described (145). The rhCD14
concentration in protein extracts was measured using ELISA plates (HyCult Biotechnology,
Uden, The Netherlands). For western immunoblotting, total soluble protein extracts were
resolved by SDS-PAGE electrophoresis under reducing conditions (11% resolving gel) and
transferred onto nitrocellulose (Amersham Biosciences, Piscataway, NJ). The membrane was
blocked for 1 h in 5% dried skim milk in TBS with 0.1% Tween-20. The thCD14 protein was

probed with the biotinylated polyclonal anti-human CD14 antibody (0.05 pg/mL in TBS-Tween).
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After extensive washing, the membrane was incubated for 1 h with the anti-biotin HRP-
conjugated antibody (1:1,000) (Cell Signaling Technology, Beverly, MA). The antigens were
detected using a chemiluminescent system (ECL Western Blotting Detection Reagents,

Amersham Biosciences, Piscataway, NJ).

Pepsin and pancreatin digestion analyses and biological assays

For in vitro digestion susceptibility experiments and biological assays, rhCD14 from total
seed protein extract was partially purified and concentrated by ammonium sulfate precipitation.
Briefly, ammonium sulfate was added to the total protein extract to a final concentration of
40% (w/v). The mixture was incubated on ice for 1 h with occasional shaking and centrifuged at
10,000¢g for 10 min at 4°C. Ammonium sulfate was further added to the supernatant to give a
final concentration of 55% (w/v). The solution was incubated on ice for 1 h with occasional
shaking and centrifuged at 10,000g for 10 min at 4°C. The pellet was resuspended in PBS,
dialyzed against the same buffer and concentrated using the Centriprep YM-10 Centrifugal Filter

Unit (Millipore, Billerica, MA).

In vitro digestions of transgenic tobacco soluble seed proteins extracts, breast milk and
commercial CHO rhCD14 with porcine pepsin and pancreatin enzymes were performed as
described in chapter 3. Biological assays were performed on primary corneal epithelial cells and
the HCEC line as they were previously shown to react to LPS in presence of sCD14 (Figure 11).
The cells were plated in 24-well flat-bottom tissue culture plates and after reaching approximately
80% confluence, they were left untreated or were preincubated with tobacco seed rhCD14 protein
fraction (500 ng/mL of CD14), non-transgenic (NT) tobacco seed protein extract, 500 ng/mL

CHO rhCD14, 10 pg/mL anti-human CD14 monoclonal antibody MY4 (mouse IgG2b; Beckman

Coulter, Miami, FL), and 10 pg/mL of its isotype-matched control IgG2b MOPC-141 (Sigma-
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Aldrich, St. Louis, MO) for 2 h at 37°C. To eliminate any unwanted LPS contaminants affecting
cytokine production, the endotoxin levels were measured in all reagents with a gelatin assay of
Limulus amebocyte lysate (Associates of Cape Cod, East Falmouth, MA). Any reagent that tested
positive for LPS was treated with END-X (Associates of Cape Cod, Falmouth, MA) to remove
any residual endotoxin. With rhCD14 and antibodies still present in the medium, LPS derived
from Pseudomonas aeruginosa 10 (Sigma-Aldrich, St. Louis, MO) was added at a concentration
of 100 ng/mL to activate the cells. The medium was harvested after 24 h, centrifuged to remove
cellular debris and stored at —70°C until cytokine analysis. To verify the rhCD14 bioactivity, the
culture supernatants were analyzed by ELISA for IL-8 (Sanguin Reagents, Amsterdam,

Netherlands) and IL-6 (eBioscience, San Diego, CA).

Statistical analysis

Individual experiments in this study were performed in triplicate to confirm the
reproducibility of the results. Values are presented as mean + standard deviation. The statistical
significance of differences between two or more means was evaluated by using one-way
ANOVA; P values of less than 0.05 (indicated by asterisks) were considered to be statistically

significant.
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Results

Generation and identification of stable transgenic tobacco lines

To express hCD14 in tobacco, transgene expression vectors were constructed, in which
the hCD14 coding sequence was cloned under the control of the 1.8 kb or 5.1 kb rice glutelin Gt-1
promoter, the rice glutelin Gt-1 signal sequence and the nopaline synthase termination of
transcription signal (Figure 19 and 20). The sequencing of the hCD14 coding sequence cloned in
pCD-1WT (Figure 19) revealed that the 72 bp Gt-1 signal sequence was fused in-frame of the
5’end of the mature hCD14 coding sequence (Figure 21). The stop codon was also present
in-frame at the 3’end of the hCD14 coding sequence (Figure 21). DNA sequencing revealed no

mutations in the Gt-1 signal sequence, nor in the hCD14 coding sequence (161, 168).

After Agrobacterium-mediated transformation, transgenic plantlets containing the hCD14
transgene were first selected by kanamycin resistance and then screened for the hCD14 coding
sequence (1.1 kb) by genomic PCR (Figure 22a). In total, eight WT1.8 and nine WT5.1
independent transgenic plants were chosen for further investigation. Genome integration of the
entire and intact expression cassette was confirmed by Southern blot analysis, where both the 3.2
and 6.5 kb restriction-digested fragments corresponding to the entire pWT1.8 and pWT5.1
expression cassettes were detected in the transformed plants (Figure 22c). Southern blotting
revealed the genomic organization of independent transgenic events. The tested transgenic lines
contained between one and four transgene copies in their genomes (Figure 22b). PCR and
Southern analysis confirmed that the hCD14 transgene was stably inherited to the successive T1
generation (Figure 23). The overall horticultural traits and development of these two generations

of transgenic plants were similar to those of NT plants.
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Figure 21. Nucleotide sequence of the hCD14 coding sequence fused to the Gt-1 signal sequence.
The entire hCD14 coding sequence fused to the Gt-1 signal sequence and cloned into the
pCD-1WT vector (Figure 19) was sequenced as described in the materials and methods section.
The 72 nucleotides glutelin-1 signal sequence (red) was found to be in-frame at the 5’end of the
1,071 nucleotides mature hCD14 coding sequence (black) ending with a stop codon (blue).

74



ATGGCATCCA
CTTGTGCGAT
ATGAAGATTT
TCCGAAGCCT
CGGTCTCAAC
CGCGGCAGTA
GTGGGAGCCG
GCTAGCGTAC
CCGGCACCAT
AGCTTGCGCC
CGAGCTGCAG
AAGCACACTC
CTTACCAGCC
GATGGCGGCT
TGCGCAACAC
GCGGCAGGTG
CGCCACCGTA
ACTCCCTCAA
CCAGCCAAGC
GCCGCAGCCT
ATCCCTTCCT
TCCGGCGTGG
GGGAACCCTG

Figure 21

TAAATCGCCC
GGCTCCCTAG
CCGCTGCGTC
TCCAGTGTGT
CTAGAGCCGT
TGCTGACACG
CACAGGTTCC
TCCCGCCTCA
GCCTCCGCTG
TACGCAACGT
CAGTGGCTCA
GCCTGCCTTT
TAGACCTGTC
CTCTGTCCCC
AGGAATGGAG
TGCAGCCCCA
AACCCTAGCG
TCTGTCGTTC
TCAGAGTGCT
GACGAGCTGC
GGTCCCTGGA
TCCCAGCCTG
GTGCTGCTCC

CATAGTTTTC
CCACCACGCC
TGCAACTTCT
GTCTGCAGTA
TTCTAAAGCG
GTCAAGGCTC
TGCTCAGCTA
AGGAACTGAC
CCTCTGGAAG
GTCGTGGGCG
AGCCAGGCCT
TCCTACGAAC
TGACAATCCT
ACAAGTTCCC
ACGCCCACAG
CAGCCTAGAC
CTCCGAGATG
GCTGGGCTGG
CGATCTCAGC
CCGAGGTGGA
ACTGCCCTCC
TGCACGTTCG
AAGGGGCCCG

TTCACAGTTT
AGAACCTTGT
CCGAACCTCA
GAGGTGGAGA
CGTCGATGCG
TCCGCGTGCG
CTGGTAGGCG
GCTCGAGGAC
CCACAGGACT
ACAGGGCGTT
CAAGGTACTG
AGGTTCGCGC
GGACTGGGCG
GGCCATCCAG
GCGTGTGCGC
CTCAGCCACA
CATGTGGTCC
AACAGGTGCC
TGCAACAGAC
TAACCTGACA
CCCACGAGGG
ACCCTGTCGG
GGGCTTTGCC

GCTTGTTCCT
GAGCTGGACG
GCCCGACTGG
TCCATGCCGG
GACGCCGACC
GCGGCTCACA
CCCTGCGTGT
CTAAAGATAA
TGCACTTTCC
CTTGGCTCGC
AGCATTGCCC
CTTCCCGGCC
AACGCGGACT
AATCTAGCGC
CGCACTGGCG
ACTCGCTGCG
AGCGCCCTGA
TAAAGGACTG
TGAACAGGGC
CTGGACGGGA
CTCAATGAAC
TGGGGGTGTC
TAA

50
100
150
200
250
300
350
400
450
500
550
600
650
700
750
800
850
900
950
1000
1050
1100
1143



Figure 22. Identification and molecular characterization of T0 transgenic tobacco. (a) The PCR
amplification of the CD14 coding sequence from tobacco genomic DNA was performed to reveal
the transgenic nature of the transformed plants. (b) Southern analysis was performed to
determine the genomic organization of independent transgenic events. Genomic DNA (40 pg)
was digested with Bgl Il and probed with the 1.1 kb [**P] radiolabelled Bgl IT — BamH 1 fragment
(corresponding to the Gt-1 signal sequence and hCD14 coding sequence) from the pWT1.8
construct (Figure 19). (¢) Southern blotting was conducted to verify that no transgene
rearrangements occurred during the genomic insertion of the expression construct. Genomic
DNA (40 ug) from selected transgenic tobacco transformed with the WT1.8 or WT5.1 transgene
was digested with EcoR I + Hind IIl or Kpn 1 + Hind 111, respectively and probed as indicated
above. Transgenic plant lines are identified by number and are grouped by the expression
construct (WT1.8 or WTS5.1) inserted into their genome. Non-transgenic tobacco (NT) was used
as a non-transformed negative control, while the digested full-lenght pWT1.8 (£coR 1— Hind 111
fragment) (Figure 19) and pWTS5.1 (Kpn I — Hind III fragment) (Figure 20) expression contructs
were used as positive controls (+) where their respective size is indicated with the arrowhead.
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Figure 23. Identification and molecular characterization of T1 transgenic tobacco. (a) The PCR
amplification of the CD14 coding sequence from selected T1 tobacco genomic DNA was
performed to confirm the transgenic nature of the plants. (b) Southern analysis was performed to
compare the genomic organization between T0 and T1 transgenic plants. Genomic DNA (40 ug)
was digested with Bg/ 11 and probed with the 1.1 kb [**P] radiolabelled Bg! 11 — BamH 1 fragment
(corresponding to the Gt-1 signal sequence and hCD14 coding sequence) from the pWT1.8
construct (Figure 19). Transformed plants are identified by number and expression construct
(WT1.8 or WT5.1). Non-transgenic tobacco (NT) was used as a non-transformed negative
control.
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CD14 is specifically expressed in seeds of transgenic tobacco

To determine the hCD14 transgene expression in T0 and T1 transgenic tobacco, RT-PCR,
ELISA and immunoblotting were performed on seeds and other plant tissues. CD14 expression
was detected in developing seeds of both T0 and T1 plants by RT-PCR amplification of the
transgenic transcript using human gene specific primers (Figure 24a). Sequencing of the RT-PCR
products (Figure 25) correlated to the hCD14 published sequence (161). To support the RT-PCR
findings and to estimate the structural integrity of thCD14 proteins, immunoblotting was
performed on the seed protein extracts. One polypeptide of apparent molecular mass of 46 kDa
was detected with the polyclonal anti-CD14 antibody in representative seed samples, and was
slightly lower than the molecular weight of the CHO thCD14 protein (50 kDa) (Figure 24b).
Western blotting analysis of various plant tissues showed the presence of the thCD14 protein to
be limited to seed tissue (Figure 24¢). The rhCD14 seed-specific expression was also supported

by ELISA performed on different plant tissues (data not shown).

The concentration of rhCD14 protein in mature tobacco seeds was assessed by ELISA.
The protein was detected in seed extracts of all tested transgenic plants and their progeny (n = 25),
with a mean concentration of 2.19 + 1.69 ug/g seeds for WT1.8-T0 and 1.39 + 0.68 ng/g seeds for
WT5.1-TO transgenic plants (Figure 26). One-way ANOVA analysis revealed that the full-length
(5.1 kb) or the truncated (1.8 kb) Gt-1 promoters had no influence on rhCD14 seed expression and
that the seed thCD14 levels were similar between T0 and T1 generations. Seed protein extracts of

NT plants showed no immunoreactive material (Figure 26).
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Figure 24. Expression of thCD14 in TO and T1 transgenic tobacco. (a) RT-PCR detection of
CD14 transcripts in developing seeds (6-11 days after pollination) of transgenic tobacco. The
reactions were performed with (+) or without (-) the reverse-transcriptase (RT) step to confirm the
cDNA origin of the amplification. Non-transgenic tobacco (NT) was used as a non-transformed
negative control, while the pWT5.1 expression construct was used as a positive control. (b)
Western blot analysis of seed protein extracts from selected transgenic plants. The seed extracts
were subjected to western immunoblotting with the biotinylated anti-CD14 polyclonal antibody
followed by the anti-biotin HRP-linked antibody. NT plant and commercially available CHO
produced rhCD14 (CHO CD14) were used as negative and positive controls. (¢) Western blot
analysis of tissue specific expression of CD14 in the wt1.8-3 TO transgenic tobacco. The seed
specific expression analysis is representative of three independent experiments performed on
tissue extracts from different transgenic tobacco plants (WT1.8-3 T0, WT5.1-3 TO and

WT1.8-3 T1).
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Figure 25. Nucleotide sequence of the thCD14 RT-PCR product amplified from WT1.8-3 TO
transgenic tobacco. RNA was extracted from developing seeds (6-11 days after pollination) of
the transgenic tobacco line WT1.8-3 T0, was subjected RT-PCR to amplify hCD14 coding
sequence (Figure 24a) and the resulting products were sequenced. The sequencing result
corresponds to nucleotides 159 to 913 of the 1,143 nucleotides constituting the Gtl signal
sequence fused to the hCD14 coding sequence (Figure 21).
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Figure 26. Quantification of rhCD14 proteins in seeds of TO and T1 transgenic tobacco. Mature
seeds (16-20 days after pollination) of transgenic plants transformed with different expression
cassettes (WT1.8 or WT5.1) were subjected to protein extraction and analyzed by ELISA for their
rhCD14 content. Seed extracts from non-transformed plants (NT) were assayed as a negative
control. Results are expressed as means + SD of triplicate cultures of one experiment
representative of three.
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Plant produced rhCD14 has similar digestive resistance and biological activity to CHO
produced rhCD14

To assess the half-life and the proteolytic resistance of rhCD14 synthesized in transgenic
plants, plant rhCD14, CHO rhCD14 and human breast milk (a natural source of hCD14) were
subjected to in vitro proteolysis with porcine pepsin and pancreatin enzymes. Plant produced
rhCD14 showed a stronger resistance to pepsin digestion, compared to CHO rhCD14
(Figure 27a). Approximately one quarter of the original amount of plant rhCD14 was still
remaining after the 10 mg/mL pepsin digestion (Figure 27a). Breast milk sCD14, however, had
the highest resistance to the pepsin digestion, when compared to the two other sources of rhCD14
(Figure 27a). A similar trend in the digestive susceptibility of the three sources of CD14 was
observed for the pancreatin digestion, where no plant rhCD14 could be detected after the
10 mg/mL digestion (Figure 27b). The third digestion, where pepsin and pancreatin digestions
were added sequentially, both CHO produced and plant produced rhCD14 were proteolyzed at the
shortest digestion period (30 min pepsin and 60 min pancreatin), while one quarter of the original
amount of breast milk hCD14 was still remaining after the longest digestion period (60 min
pepsin and 120 min pancreatin) (Figure 27¢). In general, plant rhCD14 had a proteolytic

susceptibility ranging between those of CHO rhCD14 and breast milk sCD14 (Figure 27).

To determine the ability of plant rhCD14 protein to initiate an endotoxin response, the
production of proinflammatory molecules was analyzed in human primary corneal epithelial cells
and HCEC line challenged with Pseudomonas-derived LPS in the presence of CHO rhCD14 or
plant thCD14. In comparison to the cell culture media, neither LPS nor the NT seed protein
extract significantly induced 1L-6 or IL-8 secretion by primary corneal epithelial cells
(Figure 28 a,b) and HCEC line (Figure 28 ¢,d). The addition of CHO rhCD14 or plant rhCD14

with LPS to the cells increased both IL-6 secretion by three-fold, and increased IL-8 secretion by
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Figure 27. Western analysis of pepsin and/or pancreatin digested rhCD14 from transgenic
tobacco seeds, commercial control CHO rhCD14 and human breast milk. (a) The tobacco seed
CD14 extract (plant rhCD14), as well as CHO produced rhCD14 and breast milk used as
digestion susceptibility controls (data from Figures 16, 17, 18), were subjected to in vitro
proteolysis with the indicated concentrations of pepsin for 30 min at 37°C, pH 4.5 and subjected
to western blotting with the biotinylated anti-CD14 polyclonal antibody followed by the
anti-biotin HRP-linked antibody. Lane P represents porcine pepsin (10 mg/mL) in PBS as a
loading control. (b) The three CD14 samples were digested in vitro with the indicated
concentrations of pancreatin for 60 min at 37°C, pH 7.0 and subjected to western blotting as
described above. Lane P represents porcine pancreatin (10 mg/mL) in PBS as a loading control.
(¢) The three CD14 samples were digested in vitro at various incubation times with pepsin

(1 mg/mL) at 37°C, pH 4.5 followed by a pancreatin digestion (1 mg/mL) at 37°C, pH 7.0 and
subjected to western blotting as described above. Lane P represents porcine pepsin (1 mg/mL)
and pancreatin (1 mg/mL) in PBS as a loading control.
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Figure 28. LPS response of primary corneal epithelial cells and HCEC line in presence of
rhCD14 expressed in transgenic tobacco. Primary corneal epithelial cells (a,b) and HCEC line
(e,d) were pretreated with control CHO rhCD14 (500 ng/mL) (data from figure 11), NT seed
protein extract, thCD14 expressed in WT1.8-3 T1 transgenic tobacco (500 ng/mL), anti-CD14
monoclonal antibody MY4 (10 pg/mL) and its isotype-matched control (IgG2b, 10 pg/mL) before
addition of LPS from P. aeruginosa (100 ng/mL). Secretion of IL-6 and IL-8 proinflammatory
cytokines in the cell culture media was assessed by ELISA. Results are expressed as means + SD
of triplicate cultures of one experiment representative of three. Statistically significant
differences were determined using one-way ANOVA, with probabilities *P < 0.05 and

**P <0.005.
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four- and three-fold respectively (Figure 28). The CD14-mediated activation was significantly
abrogated by the neutralizing anti-CD14 MY4 antibody, but not by its isotype-antibody matched
control. This indicates that plant rhCD14 and CHO rhCD14 in presence of LPS, signal the

secretion of IL-6 and IL-8 cytokines (Figure 28).
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Discussion

In this study, we analyzed the ability of genetically engineered tobacco plants to express
biologically active rhCD14. To drive the expression of the rice glutelin Gt-1 signal sequence
fused to the hCD14 coding sequence, two CD14 expression cassettes were generated, one
containing the full-length (5.1 kb) rice glutelin Gt-1 promoter and the other containing a truncated
(1.8 kb) version of the promoter. The detection of rhCD14 in transgenic tobacco using RT-PCR,
ELISA and western blotting suggested that both rice Gt-1 promoters were active and capable to
target the expression of rhCD14 exclusively in seeds. The levels of rhCD14 observed in tobacco
seeds were similar to those of other human proteins (i.e. GM-CSF) under the control of the Gt-1
promoter (145). Similar protein levels obtained for rhCD14 and rhGM-CSF demonstrate the Gt-1
promoter constancy in controlling the expression of different human coding sequences in
transgenic tobacco. Furthermore, the recombinant proteins were only detected in seeds, thus
confirming the endosperm-specific expression of the Gt-1 promoter in tobacco (145, 169). Taken
together, these results confirm that the Gt-1 monocot promoter is able to retain its activity and

spatial expression in dicot plants.

Between the two groups of transgenic plants, one containing the full-length Gt-1
promoter and the other containing the truncated version, similar rhCD14 levels were observed in
the seed extracts. The individual plant lines with the highest rhCD14 yields were those under the
control of the truncated 1.8 kb Gt-1 promoter. A major positive cis-acting transcriptional
regulatory element located in the far distal 5° region of the full-length (5.1 kb) Gt-1 promoter, and
therefore absent from the truncated 1.8 Gt-1 promoter, was found responsible for a 20-fold
increase of the promoter activity in rice endosperm (162, 170). The transcription factors in
tobacco seeds did not seem to recognize this positive cis-regulatory element, because of the

similar expression levels observed with the 5.1 kb and the 1.8 kb Gt-1 glutelin promoters. The
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role of this regulatory element has never been studied in tobacco, since previous expression
analyses of the rice Gt-1 promoter in tobacco were confined to the 1.3 kb proximal promoter, a
smaller version of the 1.8 kb promoter (169). These results demonstrate that even if the Gt-1
monocot promoter retained its activity and specificity in dicot plants, different mechanisms of

transcription regulation exist between the two Angiospermae subclasses.

Other factors, such as the number of transgene insertions, atypical codons, premature
poly-A signals and mRNA destabilizing sequences, might influence the level of expression of the
rhCD14 transgene. Southern blotting of independent transgene integration patterns indicated that
the plants with a single or double transgene copy inserts generally had a higher rhCD14
expression compared to those with multiple transgene inserts. A similar trend has been observed
with other transgenes (146) and is likely to be attributed to post-transcriptional gene silencing
triggered by high transcription levels from the multiple transgene inserts (171). The detection of
the entire and intact transgene by Southern blot suggests the absence of any rearrangements
during its integration. The normal horticultural traits, development and fertility of the
transformed plants indicated that the insertion sites of the transgene did not disrupt important
endogenous genes. Following self-pollination, all the transgenic lines showed that the hCD14
transgene was stably inherited and expressed in the T1 progeny. Furthermore, the presence of
rhCD14 protein in seeds did not show any toxicity towards the tobacco embryo, since germination
occurred normally. These genetic and expression analyses demonstrated that the rhCD14
transgenes and the accumulation of rhCD14 in tobacco seeds were stably inherited in these

transgenic tobacco lines.

The characterization of transgenically produced rhCD14 protein by western immunoblot

suggests that the N-terminal rice Gt-1 signal peptide of 24 amino acids was cleaved from the
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thCD14 protein, since a smaller molecular weight (46 kDa) (Figure 24b, lanes 4-7) was observed
for plant rhCD14 when compared to the molecular size (50 kDa) of its CHO produced counterpart
(Figure 24b, lane 2). If rhCD14 had retained its Gt-1 signal peptide, its molecular mass would
have been approximatively 2-3 kDa higher. The cleavage of the glutelin signal sequence would
imply that the thCD14 protein was correctly processed by the endoplasmic reticulum (ER) and
subsequently deposited into the ER-derived protein bodies of the seed endosperm (172). It has
been previously shown that the rice Gt-1 signal peptide is effective in targeting and accumulating

human proteins in tobacco seed endosperm protein bodies (160, 173).

The difference in the molecular mass observed between rhCD14 synthesized in transgenic
tobacco lines and CHO cells (Figure 24b, lanes 4 and 2) suggest that thCD14 post-translation
modifications, such as glycosylation, might vary between the two expression systems. The
hCD14 protein has been shown to have N-linked and O-linked carbohydrates (Figure 3),
accounting for an average of 20% of the total molecular weight of the mature glycoprotein (19).
Previous studies demonstrated that the glycosylated state of hCD14 is neither likely to influence

the protein’s ability to bind LPS, nor its capacity to trigger an innate immune response (19).

However, it has been postulated that the degree of glycosylation of hCD14 might be
involved in the stability and the half-life of the protein (19). To test this hypothesis, digestibility
studies were performed and indicated that plant rhCD14 has a similar resistance to pepsin and
pancreatin digestion to that of CHO rhCD14 and breast milk shCD14. The slightly enhanced
proteolytic resistance observed for hCD14 naturally present in breast milk could be attributed to
the abundance in breast milk of alternate substrates for the digestive enzymes and to the presence

of protease inhibitors in breast milk (136). These results indicate that any tobacco-generated post-
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translational modifications of rhCD14 did not seem to influence, either positively or negatively,

rhCD14 stability and proteolytic susceptibility.

CD14 bioassays were performed to investigate if the tobacco endosperm post-
translational modifications may have affected the protein activity. The rhCD14 fraction, purified
from transgenic tobacco seeds, was able to induce the secretion of IL-6 and IL.-8
pro-inflammatory cytokines in the presence of LPS, as in the case with commercial CHO rhCD14.
The absence of any observable stimulation from primary corneal epithelial cells and HCEC with
NT seed extract or neutralizing anti-CD14 antibody indicates that the activity observed from
transgenic seed extracts originated from plant hCD14. These biological assay results indicate

that rhCD14 produced in seeds of transgenic tobacco is functionally active.

This third thesis project found that tobacco is a promising expression system for in planta
production of stable and biologically active thCD14. The accumulation of thCD14 in tobacco
seed endosperm from stably transformed plants offers an inexpensive and abundant supply of this
immune protein. Such a low-cost preparation now facilitates the assessment of its role and impact
on the innate immune system. The currently achieved levels of hCD14 protein accumulation
(16 pg/g seeds) in transgenic plants may be further increased by codon optimization of thCD14 to
match plant codon usage, selection of even stronger promoters and signal sequences, such as the
KDEL retention signal. Ideally, one may want to generate transgenic cereals expressing rhCD14

for direct oral delivery and research of innate immune responses at mucosal surfaces.
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Chapter S

Conclusions and future directions

LPS is the major virulence factor of pathogenic and commensal Gram-negative bacteria.
Due to high sensitivity of the LPS immune response, a Gram-negative infection can result in
severe and occasionally deadly complications known as septic shock. The LPS response system
must therefore be highly regulated, especially at mucosal surfaces where commensal and potential

pathogenic Gram-negative bacteria are omnipresent.

The work presented in this thesis addresses ongoing efforts in understanding the innate
immune role of the LPS receptor complex at mucosal surfaces. The mechanisms used by the LPS
receptor complex to discriminate between commensal and pathogenic Gram-negative bacteria
were investigated. The studies led to two different paths as the findings unfolded. The first
project involved the presence and function of the LPS receptor complex at a directly exposed
mucosal surface, the tear-corneal interface. The second project focused on a more confine
mucosal surface, the digestive system and the gastrointestinal persistence of breast milk sCD14.
Common to both, however, was exploring the controlled distribution of this LPS receptor
complex in these mucosal environments to shed more light on the mechanisms by which the body
can limit redundant inflammation against non-pathogenic bacteria. In addition, the production of
rhCD14 in transgenic tobacco constitutes a promising source of abundant and cheap rhCD14
protein. This may eventually help facilitate further studies to elucidate the control mechanisms of

the LPS response system.
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In the first section of this thesis, the analysis of the LPS receptor complex at the tear-
corneal interface suggested that the LPS receptor components are strategically and spatially
expressed to restrain their LPS response to pathogenic Gram-negative bacteria. On the intact
cornea, tear sCD14 and LBP would have very limited if no access to TLR4 and MD-2 expressed
in the inner corneal epithelial layer, therefore minimizing LPS responsiveness and preventing
detrimental inflammatory responses. However, in the presence of LPS from P. aeruginosa, tear
sCD14 and LBP were found to induce pro-inflammatory IL-6 and IL-8 cytokine secretion from
corneal epithelial cells, representative of the exposed inner epithelial layers of an injured cornea.
To further investigate this wound regulated LPS response, in vivo studies using rats, with intact or
mechanically injured corneas, could be challenged with LPS in presence or absence of human
tears, transgenic tobacco-produced rhCD14, LBP and their respective neutralizing antibodies.
The LPS-induced immune response in this in vivo model system could be monitored by analyzing

the recruitment of immune cells (i.e. PMN) to the wound site.

In the second section, ingested breast milk sCD14 was found not to be present throughout
the newborn gastrointestinal tract, as it was undetectable in stools. In vitro digestion analyses
suggested that the gastrointestinal distribution of breast milk sCD14 was regulated by its
susceptibility to enzymatic proteolysis. The protein is likely to survive in the low bacteria density
lumen of the upper digestive system due to its resistance to pepsin digestion. However, its
pancreatin susceptibility suggests that it is likely to be absent from the LPS-rich environment of
the distal gastrointestinal tract. This non-ubiquitous gastrointestinal presence of breast milk
sCD14 could be a way to limit potential overzealous immune responses against commensal
bacteria flora in the distal bowel, while ensuring immune protection in the upper digestive system.
This potential role of breast milk sCD14 could further be investigated by analyzing the proteolytic

susceptibility of breast milk sCD14 with human newborn gastric and duodenal secretions obtained
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from medically stable premature infants who need to be fed by gavage (174). In addition, in vivo
studies conducted on suckling rat or pig animal models could be performed. CD14 synthesized
by CHO and transgenic plant could be labeled with [ and fed by gavage to suckling animals.
Sampling and biopsies could be performed at different time after L.rthCD14 ingestion on
different segments of the digestive track and other tissues from the anesthetized animals. Total
count and western blot analysis performed on the various tissues and their contents could be use

to detect the presence of intact or partially digested rhCD14 (175).

In the final chapter, transgenic tobacco plants were generated as an expression system for
providing a low-cost and abundant source of thCD14. Plant-made rhCD14 was found to be
efficiently stored in a stable and biologically active form in tobacco seeds. Transgenic crops,
such as rice, expressing the codon-optimized version of the hCD14 coding sequence, could one
day further increase the yields of the recombinant protein. This expression system constitutes a
promising source of rhCD14 for the aforementioned studies, helping to identify the roles of the
LPS receptor. Furthermore, plant-made rhCD14 could one day be used for therapeutic medical
applications, such as sepsis therapy. Other applications of plant-made rhCD14 could be targeted
to the preventive side for contact lens users, nursing mothers and suckling neonates. Such
applications could include the addition of thCD14 to contact lens solutions or artificial tear drops
to mimic the immune advantages of human tears, to creams for cracked nipples to prevent
mammary infections during lactation, as well as to commercial milk formulas, to mimic the

immune advantages of breast milk for the neonate.
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