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Antigen presenting cells (APCs), especially dendritic cells (DCs), play a crucial
role in immune responses against infections by sensing microbial invasion through toll-
like receptors (TLRs). Thus, TER ligands are attractive candidates for use in humans and
animal models as vaccine adjuvants. So far, no studies have performed on TLR
expression in non-human primates such as rhesus macaques. We therefore performed a
comparative cross-species study on TLR expression patterns (TLR3, 4, 7, 8 and 9) of
APCs in human, rhesus macaques and mice. We demonstrate that blood DC subsets of
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CHAPTERI

INTRODUCTION

1.1 BACKGROUND AND RATIONALE

In order to develop successful and effective vagirvaccine antigens
should be aimed to target the antigen presentifig @&PCs), especially dendritic
cells (DCs). Moreover, it has become noticed ober last years that the stronger
and more effective vaccine immunogenicity couldifsiuced by the combination
of the vaccine antigens with so-called “adjuvan{g]. Nowadays, only an
aluminium salt (alum) and squalane oil/water enomsiMF-59) have been
approved by US Food and Drug Administration (FDA) @ising as adjuvants in
human vaccine [2]. In this regard, a number of aed®ers try to explore new
candidate vaccine adjuvants. Activation via the-ltké receptors (TLRs), which
are highly presented on APCs, had attracted abtersts a candidate for adjuvant
development [3, 4].

TLRs function as pathogen-recognition receptors R®Rand recognize
conserved pathogens via pathogen-specific moleqatterns (PAMPs) [5]. To
date, at least 10 members of TLRs have been ig=hih both humans and mice
[5]. Several ligands for TLRs have been  identifi@agluding lipoproteins and
peptidoglycans for TLR2, double stranded RNA ofalirorigin for TLRS,
lipopolysaccharide (LPS) from Gram negative  baatdor TLR4, flagellin, a
protein found in bacterial flagella, for TLR5, slagstranded RNA and synthetic
imidazoquinoline compounds for TLR7 and TLR8, aminethylated CpG motifs
found in bacterial DNA for TLR9 [4]. Binding to PARs by TLRs lead to the
initiation of an intracellular signaling cascadé¢ féat results in upregulation of cell
surface expression of co-stimulatory and majorokistnpatibity complex (MHC)

class Il molecules, and secretion of cytokines @remokines. These events lead to



initiation of adaptive immune responses [3, 4,THerefore, TLRs are good targets

for rational adjuvant development.

APCs are composed of several types of «cells such as
monocytes/macrophages, B cells, and DC subsetshwhre divided into
plasmacytoid DCs (PDCs) and myeloid DCs (MDCs) ¥, Several studies
reported that distinct APCs express different past@f TLRs. [10-13]. In humans,
B cells and PDCs are the only immune cells thatkamvn to express TLR9 and
that can be activated by CpG [11], whereas TLR7&ace found on B cells, PDCs
and MDCs and on monocytes [10-13]. However, in m&ceommonly used animal
model for testing novel adjuvant formulations, thare important differences in the
TLR expression patterns on APCs as compared to ihsimia mice, TLR9 is
broadly expressed on all major DC subtypes (PDGkMDCs) as well as in B
cells, macrophages and monocytes [14, 15]. MoredMeiR8 does not function in
mice [15]. Overall, differential expression of TLRsdistinct DC subsets may lead
to the different outcome of adaptive immune respen$hese differences affect the
validity of mouse models for adjuvant evaluatioraking direct extrapolation from

mouse data to human difficult.

The limitations of mouse models, especially foirtiéferent of TLRs, lead
to the exploration of new animal models to test TieRited vaccine adjuvants.
Non-human primates such as rhesus macaques asyctelated to humans with
more recent work showing that macaques also hawelaiing MDCs and PDCs as
in humans [16-18]. Moreover, several groups haws Ud_R ligands as adjuvants
in macaques, including immunization of the antigegether with TLR3 [19],
TLR7/8 [20], or TLR9 ligands [21]. However, so f#ris not known if a similar set
of TLRs is present on APCs from human and macaQue.aim was to establish
whether macaque DC subsets and other APCs expteRspatterns similar to
human and to study the functionality of the TLRpressed on macaque APCs.
This study provides important information for a@atl design of animal models in
evaluating TLR ligands as adjuvantvivo.



1.2 RESEARCH QUESTIONS

1.2.1 Whether the TLR mRNA expression patternsR 3, 4, 7, 8, and 9) on
DC subsets (MDCs, PDCs, mo-DCs) and other APC (ryiee and B
cells) differ among different species: mouse, hunaawal non-human
primate.

1.2.2 Whether the TLR function (TLR 3, 4, 7, 8d&) on DC subsets (MDCs,
PDCs, mo-DCs) and other APCs (monocytes and B)cklten non-

human primate differ from human.

1.3 OBJECTIVES OF THIS RESEARCH

1.3.1 To compare the TLR mRNA expression pattéfiniR 3, 4, 7, 8, and 9)
on DC subsets (MDCs, PDCs, mo-DCs) and other AR@s@cytes and
B cells) among different species: mouse, humanramdhuman primate

by RT-PCR analysis.

1.3.2 To explore the TLR function (TLR 3, 4, 7, 8, and @) DC subsets
(MDCs, PDCs, mo-DCs) and other APCs (monocytesBandlls) from
non-human primate by analysis of phenotypic chai(Gést0, CD83, or
CD86) and cytokine productions (IF&- TNF-o, and IL-12p70) after

various TLR ligand-specific stimulations.



1.4 CONCEPTUAL FRAMEWORK

TLR expression patterns in APCs
differ between murine and human.

No information of the TLR expression
patterns in non-human primate.

l

To explore TLR mRNA expression patterns (TLR3, 48 @nd 9) on DC

subsets and other APCs from non-human primate bR analysis

A\ 4

To explore TLR function (TLR3, 4, 7, 8 and 9) on Babsets and other
APCs from non-human primate by phenotypic analgsi quantitation of

cytokine production after TLR ligand-specific stitation.

v

Understanding th&LR expression and function on APCs from non-humamate

v

Additional knowledgdor a rational design of animal models in evalugtin
TLR ligands as adjuvamt vivo.

1.5 KEY WORDS

- toll-like receptors (TLRS)
- © dendritic cells (DCs)
- rhesus macaques

- antigen presenting cells (APCs)




1.6 EXPECTED BENEFIT AND APPLICATION

At present, few adjuvants for use in human vacbiaee been approved by
US Food and Drug Administration (FDA) [2]. Nowadagtivating the immune
system via TLRs is a new target for vaccine adjtid@velopment. To explore the
novel TLR ligands as adjuvants for humans, factorkeep in mind are species-
specificity of TLR expression, ligand recognitiomda DC subsets. Mice can
produce a broad immune response when stimulatdd TR ligands especially
CpG ODN (TLR9 ligand). However, TLR9 expression nmay be present in all DC
subsets in primates. The limitations of mouse n®del answer all questions
surrounding TLRs lead to the exploration of newnalimodels to test TLR-related
vaccine adjuvants. Our study will open new wayshia field of TLR research in
non-human primates. Comparative cross-species stfidyLR expression and
function on DC subsets and APCs in mice, non-hupramate and human, will
provide additional knowledge of animal models assest for TLR-related

vaccine adjuvants in humans.



CHAPTERIII

LITERATURE REVIEW

The immune system is consists of the molecules, cells, tissues, and organs
that collectively function to protect the individual against pathogen organisms. It
can be broadly classified into adaptive and innate immune systems. Adaptive
immunity mediates a delayed specific response and develops immunological
memory after encounter with pathogens, whereas innate immunity is a nonspecific
immune response that is generated immediately after exposure to pathogens [22,
23] However, recent studies showed that innate immunity is able to discriminate
between pathogens and self [24-26]. Moreover, the recently studies showed that
innate immunity is able to discriminate between pathogens and self [24-26]. In
addition, the activation of innate immunity can also induce acquired immunity.
Therefore, the recent vaccine development is focused on not only the activation of

acquire immunity but also innate immunity.

Key to the development of effective vaccines is to trigger strong and long-
lived immunological specific B and T cell memory to a specific pathogens. Antigen
presenting cells (APCs), and especially dendritic cells (DCs), play an important
role in the presentation of vaccine antigen to the immune system. Also, it is now
well-known that successful vaccines should contain not only a vaccine antigen, but
also a good adjuvant that efficiently activates the innate immune system for

efficient vaccine immunogenicity [1].

Adjuvants are defined as compounds that can enhance or modulate the
immunogenicity of avaccine antigen. Recently studies revealed that the majority of
adjuvants activate the immune system via Toll-like receptor (TLR) [24, 27] .
Therefore, detailed knowledge of TLR expression on APCs and subsequent
functional consequences of TLR ligation will be useful for the development of

adjuvant formulations.



2.1 ANTIGEN-PRESENTING CELL

An antigen-presenting cell (APC) is a cell thatsems the antigens on its
surface in associated with major histocompatibilitymplex (MHC) molecules
(peptide-MHC complexes). MHC-peptide can be recogphby T cells expressing a
specific T cell receptor leading to the activatiohT cells [28]. There are three
types of APCs in the immune system.

2.1.1 Dendritic cells

Dendritic cells (DCs) are the most potent APCs tlat induce both CD8
and CD4 T-cell responses to antigens presentedté@-Mand MHC-II molecules,
respectively. They play an important role in matapag the immune responses for

therapeutic effects, for example, in vaccination.

2.1.2 Macrophages

Macrophages are APCs that actively phagocytoge Iparticles. Therefore,
they play an important role in presenting antigelesived from phagocytosed
infectious organisms such as bacteria and paradilest macrophages express low
levels of MHC-1I molecules, and much higher levate induced by the cytokine

interferony (IFN-y).

2.1.3 Bcdls

B cells are the least efficient APCs that have aaafimmunoglobulins
(specific antigen receptors) and ingest solubleeime by pinocytosis. Because B
cells do not express co-stimulatory molecules, they not so effective as APCs.

APC-capacity of B cells can be boosted throughvatitin by Th cells.



Tablel : Summary table of Antigen Presenting Cells

Dendritic Cdl

M acr ophage

B cdll

MHC-I1 Expression

Always expressed

Inducible upon
activation

Low levels

Induced by bacteria
and/or bytokines

Always expressed

Inducible upon
cctivation

Antigen type and
presentation by
MHC

Intracellular &
extracellular antigens:
presentation via MHC-
I &I

Extracellular antigens:
presentation via MHC-
Il

Extracellular antigens
binds to specific Ig

receptors: presentatior
via MHC-lI

Co-Stimulation

Always expressed at
high levels

Inducible upon
activation

Low levels

Induced by cacteria
and/or cytokines

Low levels

Inducible upon
cctivation

L ocation

Lymphoid tissue
Connective tissue
Epithelium

Blood

Lymphoid tissue
Connective tissue
Body cavities

Lymphoid tissues
Blood

2.2 DENDRITIC CELL

DCs were firstly identified as Langerhans cells ¢).@ the skin in 1868,
and in 1973 by Ralph M. Steinman and Zanvil A. C¢28]. They have a main

function in capturing antigens and initiating Tlamkediated immune responses. It

is well known that DCs are the most potent APC® ttuthe higher expression of

MHC molecules, in comparison with B cells, monosysnd macrophages [30].

Furthermore, a small number of DCs can stimuldsege number of T cells [31].

2.2.1 Function of DCs

The function of DCs is associated with their maiorastages. There are

three stages of DC maturation : precursor DCs, itaredDCs, and mature DCs [8].



2.2.2.1 Precursor DCs

The precursor DCs in the blood circulation are \ati from the DC
progenitors in the bone marrow. Under different dibon, such as different
cytokine stimulation, precursor DCs grow and ddéfgrate into three distinct
phenotypes of mature DCs: interstitial DCs, LCg] mphoid DCs. Furthermore,
three subsets of precursors have been identifi@i4C monocytes, the CD11c
precursor DC, and the CDIJgrecursor DC [32].

2.2.2.2 Immature DCs

Immature DCs are located throughout almost evesué in which they can
detect and acquire pathogens (such as bacterigi, fanuses) by endocytosis or
through specific pattern recognition receptors sagkhe toll-like receptors (TLRS).
Following these conditions, the immature DCs lethestissues and migrate to the
secondary lymphoid organs. During the migratione thCs become mature
resulting in upregulation of MHC and costimulatanplecules and secretion of

proinflammatory cytokines [33].

2.2.2.3 Mature DCs

When DCs reach the secondary lymphoid organs, asi@pleen and lymph
nodes, they are considered as mature DUsterdigitating DCs [34]. Here, DCs
present the antigen.to stimulate both C28lls and CDZ4cells via MHC-I and
MHC-II molecules, respectively [35]. Then, lymphoey become activated and can
expand and differentiate. Finally, lymphocytes ratgrback to the injured tissue to

flight the pathogens.
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Tablell : Comparison of immature and mature dendritic cells

Peripheral tissues > Lymphoid organs
T

Immature Dendritic Cells Mature Dendritic Cells

No prominent dendrites Prominent dendrites

High levels of cytoplasmic MHC class [IIHigh level of surface expression of MHC
molecules class I, class Il molecules

Low levels of costimulatory and adhesioiligh levels of costimulatory and adhesion

molecules molecules
Phagocytic activity Poor phagocytic activity
Poor stimulation of T cells Potent stimulation of Tells

2.2.2 Typesof Dendritic Cells

2.2.2.1 Humans

2.2.2.1.1 Invivo

In human, much of knowledge about DCs has come frwrnstudy of DC
subsets in the blood. Thus, direct comparisons dxtwthe mouse and human
system are difficult. - DCs are a heterogeneous pmgdulation that represents less

than 1 % of the total cells in pheripheral blood][3

DCs are derived from CD34ematopoietic progenitor celflgiPCs). Ithas
been proposed that the differentiation of DCs odgutwo models. The first model
postulated that a single committed DC lineage hastional plasticity depending

on local environment signals, so called the “fumaail plasticity model”. The other
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model proposed that distinct DC subsets are deifreed multiple DC lineages in

the early development , so called the “specialirgghge model” [36]. Depending

on their developmental origin, cytokine activata@stface antigens, and functional
capacity, DCs are subdivided into major distincpydations: conventional (cDC)

and plasmacytoid DC (PDC) [32, 36] (Table III).

2.2.2.1.1.1 Conventional DC

Conventional DCs can be generated from the myegdaitiway and
can be identified as lineageCD11¢, CD123™ and HLA-DR [37]. Under
different conditions, CD1I&ILA-DR" precursor DCs, or CDI€D11¢ monocyte
precursors isolated from the blood can be diffea¢ed into two conventional DC
subsets [32, 36, 38-41]: Langerhans cells (LCs)icwlare found in stratified
epithelia such as the skin; and interstitial DChjclr are found in all other tissues
[42]. LCs can be distinguished from interstitial ®8y the expression of Langerin
and Birbeck granules [43]. Myeloid interstitial DQEDCs) are closely related to
monocytes. For example, when cultured with grandeenacrophage colony-
stimulating factor (GM-CSF) and interleukin-4 (I);4 monocytes can be
differentiated into MDCs. Furthermore, when monesybr CD11timmature DCs
are cultured with macrophage-colony-stimulatingda¢M-CSF), they differentiate
into macrophages. Howevem vivo, the endometrium is influenced with the
monocyte differentiation. Monocytes differentiatedo DCs when they reverse
transmigrate the-endothelium-in the -ablumenal-todoal direction whereas the

remaining monocytes differentiated into macroplsdg4].

MDCs are classical immunosurveillance cells. Innmalr steady
state, immature MDCs reside in non-lymphoid organd are characterized by
effective Ag uptake. After endocytosing the antightDCs become mature and
acquire dendritic morphology, potent Ag presentaticapacity (peptide-MHC
complexed on the cell surface), and marked akititinduce Th cell responses [8,
45, 46).



2.2.2.1.1.2 Plasmacytoid DC
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PDCs can be genereated from CD1HtA-DR™ precursor DCs in

the lymphoid pathway. PDCs can be identified asdge, CD11¢, CD123"" and
HLA-DR*[37]. PDCs are the major type-1 IFN producing ceflaiuman blood and
are believed to play a role in antiviral respori82s 45-48]. PDCs are found in the

bone marrow, peripheral blood, and T cell areasemfondary lymphoid organs.

They have lymphoid (plasma cell) morphology. Basedhe nature of the antigen
stimulus, PDCs can direct either Thl or Th2 respsii49, 50].

Tablelll

: Human DC subsets

Nomenclature

Plasmacytoid DC

I nterstitial DC

Langerhanscell (LC)

Precursor in blood

CD11c-, CD123+

CD11c+, CD123-
or CD14+, CD11c-

CD1l1c+, CD123-
or CD14+, CD11c-

Phenotype CD11lc- CD1l1lc+ CD1lc+
CD123++ CD123+ CD123+
HLA-DR+ HLA-DR+ HLA-DR+
CD11b- CD11b+ CD11b+
Birbeck granule- Birbeck granule- Birbeck granule+
Langerin- Langerin- Langerin+

L ocalization T-cell zones of lymphoid DC precursors in blood; | T-cell zones of lymphoid
organs; DC precursors inImmature cells-in tissue | organs; DC precursors it
blood interstices blood; Immature cells in

epithelia

Function

IL-12(p70) secretion | +/- +++ +++

IFN-a. secretion +++ - -
- +++ +++

Phagocytosis

Table content is based on (Pulendran B, e2@04) [1].
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2.2.2.1.2 Invitro

The DC population represents only a minute subdjaur in the peripheral
blood mononuclear cells (PBMCs). In order to expltine usefulness of DCs in
research studies, large numbers of these cellsbeillequired, more than obtained

by routineex vivo purification methods [51].

Two difference precursor cells have been used temgge human DCs in
culture. The earliest precursor cells is the CDIGBCs isolated from bone marrow
or umbilical-cord blood [52, 53]. The other oneeéxipheral blood monocytes [54-
56], which is the most commonly precursor cell uB®dgenerating human DCs in
culture.In vitro co-culture of these two precursor cells with GM-CG8ie IL-4 can
generated immature DCs within six days [54, 57]edéh differentiated DCs are
called hematopoietic progenitor DCs (HP-DCs) anchoayte-derived DCs (mo-
DCs), respectively.

In vitro-generated DCs can be remained in the immature. stijten
stimulation by bacteria or bacterial products sasHipopolysaccharide (LPS), the
immature DCs become mature by upregulation of MHCexpression,
costimulatory molecules and secretion of produoe-imflammatory cytokines
[58].

2.2.3.2 Non-human primates

Non-human primates (such dsesus macaque) exhibit DC subsets with a
similar phenotype -and function as in humans [16-Mpreover, using similar
protocols as in human, it is also possible to gaeen vitro mo-DCs from non-
human primates, specifically those for chimpanz&@|,[ cynomolgus monkeys

(Macaca fascicularis) [60], and rhesus macaquddcaca mulatta) [61].
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2.2.3.3 Mice

2.2.3.3.1 Invivo

In mice, DCs are mainly isolated from lymphoid tiss Several mouse DC
subsets have been identified by using differenkeraras compared to human DCs.
All mouse DCs express CD11c (the integiinehain) [62-65], whereas there is
differential expression of the myeloid marker CDftte integrinouy chain of Mac-

1) and the lymphoid markers CD4 and CD8 [66]. CD8DLs (anna-homodimer
form) is different from CD8 on T cellsxff-heterodimer, typical form). Although
CD4 is also present on human DCs, @GD8 not. Another useful DC marker is
CD205 (the multilectin domain molecule DEC205) [36]

At least six DC subtypes have been described ire rii@ble 1V). In the
spleen three different DC subsets are found : PB&L CD11b CD4" DCs (so-
called ‘CD4 myeloid’ DCs); (ii) CD8 CD11b CD4 DCs (so-called ‘CD& CD4
DCs myeloid’ DCs or double negative (DN)); (iii) 8 CD11b DCs (so-called
‘CD8a’" lymphoid’ DCs) [64]. These DCs reside in differemmpartments of the
spleen, with CD11bDCs mainly localized in the marginal zone and @i28x"
DCs mainly localized in the T-cell area of the wehiulp [65, 67, 68]. In the lymph
nodes, in addition to these three subsets, theratdeast two extra DC subsets [62,
63] : (iv) CD&™" CD11B CD205 CD4 Langeriri (so-called Langerhans cells-
derived DCs (LCDCs)), and (v) CR8CD118 CD205° CD4- Langerin(so-called
‘dermal DCs’). The CD&" subset is located in-the T-cell-areas of the splgenph
nodes, and Peyer’s patches, and it can be indocsectete abundant IL-12p70 and
stimulate Thl responses [69-72]. The @GDBC subsets are located in the marginal
zones of the spleen, the subcapsular sinuses dyriigh nodes, and subepithelial
dome of the Peyer’s patches; they produce minimauts of IL-12p70 and can
induce Th2 responses [69-72]. The mouse LCDCsaatdd in epithelial tissue
and migrate to the T-cell areas of the lymph nogleen they become mature [63,
73]. Moreover, mouse dermal DCs, they are residetifierent tissue dermal layers
[63].
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In addition, recent studies described the discowdrgrecursor DC subset

that have a plasmacytoid morphology and are ablsetoete large amounts of
IFN-a when stimulated with viruses or with CpG ODN [74k7 This (vi)

plasmacytoid precursor DC subset (or PDC precutsas)a phenotype of CD1%t
class Il MHC""'B220(CD45§ CD8«" (subset) CD4(subset) and has a the function

similar to human PDCs. Mouse PDCs are scatterederred pulp and the T-cell

areas of the white pulp.

TablelV : Major DC subsetsin murine secondary lymphoid organs
Nomenclature CD8a+ DCs CD8a- DCs Plasmacytoid DCs | LangerhansDCs
Phenotype CD11c+ CD11lc+ CD11c dull CD11lc+

Class Il MHC+ Class Il MHC+ Class Il MHC dull | Class Il MHC+

CD8o+ CD8a- CD8o+ or - CD8a.-

CD205+ CD205- CD205+ or - CD205+

CD11b dull/- CD11b+ CD11b dull/- CD11b+

CD4- CDA4+ or - [78] CD4- CD4+

Birbeck granule- Birbeck granule- Birbeck granule- Birbeck granule+

B220- B220- B220+ B220-

Langerine- Langerine- Langerine- Langerine+

L ocalization T-cell zones of Marginal zones of | Marginal zones of | Immature cells in
lymphoid organs; | spleen; Subcapsular spleen epithelia;

Thymic cortex sinus of lymph Mature Langerhans
nodes; T-cell areas cells in T-cell zones
of lymph nodes; of lymphoid organs
Sub-epithelial dome
of Payer’s patches

Function

IFN-y secretion
IFN-a secretion

IL-12p70 secretion

++++

+

++++

+/-

++++

Table content is based on (Pulendran B, e2604) [1].
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2.2.3.3.2 Invitro

As mentioned earlier, splenic mouse DCs are dividéa “lymphoid” and
“myeloid” based upon the expression of GDED8a" and CD&r, respectively)
[66]. Recent studies revealed that DCs in mice lbarexpanded byms-related
tyrosine kinase 3 ligan@FIt3-L) and GM-CSF. FIt3-L can induce the expansi
and differentiation of both lymphoid and myeloid {69, 79, 80] whereas GM-
CSF preferentially expands only the myeloid DC sub$70]. These effects can

occured bothn vitro andin vivo.

In vitro, a Flt3-L-dependent culture system can generatebione-marrow
(BM)-DC subsets [81] that have the different phgpes and morphology. Whereas
the “classical” CD11@B220DCs showed the classical stellate DC morphology as
MDCs, CD11¢B220" DCs appeared rounder and had a smooth surfacefavith
dendrites and diffuse nuclei, an appearance sittaldrat of freshly isolated murine
and human PDCs [74, 75]. Moreover, recent studbegircned that the phenotype
and function of BM-derived CD11B220° DCs are similar to those ohf vivo
murine PDCs [74, 75, 82].

2.3 TOLL-LIKE RECEPTORS

TheTall gene of the fruit flyDrosophila melanogaster was the first member
of the Toll family identified. It was discovered @lto its essential function for the
dorsoventral axis formation during.embryogen¢®8. As itis generally accepted
that theDrosophila Toll in insect plays a role in immune responsesuigal
infection [84], therefore, theidentification of Toll-like receptors in mammals

became subiject to investigation.
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2.3.1 TLR Structure

TLRs are type kransmembrane glycoproteins composed of two domains
The extracellular domain contains leucine-rich egg&RR) motifs that recognize
conserved motifs of pathogens and a cytoplasmicatlgmalso known as the
Toll/IL-1R (TIR) domain, that is similar to the corresponding domaf the
interleukin-1 receptorsll(-1Rs) [85, 86]. This domain is crucial for signal

transduction that leads to proinflammatory cytokineduction.

2.3.2 TLRsand their ligands

TLRs, like other pattern recognition receptors RBR recognize so-called
pathogen-associated molecular patterns (PAMPs)hwiie conserved motifs that
are unigue to microorganisms [87[o date,10 TLRs (TLRs 1-10) have been
identified in human as compared to 11 TLRs (TLRS 4nd 11-13) identified in
mice [88]. From the homology database searchese StRs [LR1-9) are similar
betweenhuman and mouse, whereas others exhibit strikiffgrences such as
TLR10 and TLR11, that are not functional in mousd humans, respectively [89].

A number of TLR ligands have been identified fromrigus pathogens
(Table V) [90-92]. TLR ligands can be classifiedoirthree categories based on
their recognition products. TLRs 1, 2, 4 and 6digs are classified as lipid ligands
and TLR5 and TLR11 ligands are protein ligands. réhéhese TLRs mainly
recognize bacterial products.. In contrast, thenligafor TLRs 3, 7, 8 and 9, which
are localized in intracellular compartments [93;%ije classified as nucleic acid
ligands. AsTLRs have a distinct function in pathogen recognitiTLRs are a good
target for rational adjuvant development.



TableV : Toll-likereceptor ligands
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Categories Receptor Ligand Origin of ligand
Lipid Ligands TLR1 Triacyl lipopeptides Bacteria and mycobacteria
Soluble factors Neisseria meningitides
TLR2 Lipoproteins/lipopeptides Various pathogens
Peptidoglycan Gram-positive bacteria
Lipoteichoic acid Gram-positive bacteria
Lipoarabinomannan Mycobacteria
Glycoinositolphospholipids Trypanosoma cruz
Zymosan Fungi
Atypical LPS Leptospira interrogans
Porphyromonas gingivalis
Di- and triacyl lipopeptides Synthetic compounds
Heat-shock protein 70* Host
TLR4 Lipopolysaccharide Gram-negative bacteria
Taxol Plants
Heat-shock protein 60* Chlamydia pneumoniae
Heat-shock protein 70* Host
TLR6 Diacyl lipopeptides Mycoplasma
Lipoteichoic acid Gram-positive bacteria
Protein Ligands | TLRS Flagellin Bacteria
Discontinuous 13-amino-acid | Synthetic compounds
peptide
TLR11 Not done Uropathogenic bacteria
Nucleic acid TLR3 Double-stranded RNA Viruses
Ligands Poly I:C Synthetic compounds
TLR7 Imidazoquinoline Synthetic compounds
Loxoribine Synthetic compounds
Bropirimine Synthetic compounds
Single-stranded RNA Viruses
TLR8 Imidazoquinoline Synthetic compounds
Single-stranded RNA Viruses
TLR9 CpG-containing DNA Bacteria and viruses
CpG oligodeoxynucleotides | Synthetic compounds
Other TLR10 Not done Not done
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2321 TLR1, TLR2and TLR6

TLR2 recognizes the bacterial lipoproteins by farghboth homodimer and
heterodimers with TLR1 and TLR6 [5]. HomodimersTafR2 recognize various
gram-positive bacterial motifs such as peptidoghychpotechoic acid (LTA);
mycobacterium motifs such as Lipoarabinomannanagige motifs such as
glycoinositolphospholipids iArypanosoma cruz; fungal motif such as zymosan;
and atypical LPS found in gram negative bactergdcges such aseptospira
interrogans and Porphyromonas gingivalis [5, 96, 97].Moreover, TLR2 has also
been demonstrated to recognize self antigens sachlemt Shock Protein 70
(HSP70) [5, 96, 97].

Heterodimerization of TLR2 and TLR1 resulted in tteeognition of tri-
acyl lipoproteins that are primarily found in myeaerium as well as soluble
factors fromNeisseria meningitides [5, 96, 97]. In addition, heterodimerization of
TLR2 and TLR6 resulted in the recognition of di-Blgyoproteins such as MALP-2
found in mycoplasma species [5, 96, 97]. Studiesnioe indicated that in the
absence of TLR2, mice exhibits greater susceptilii gram-positive bacteria and
spirochetes such &orrelia burgdorferi [5, 96, 97].

2322 TLRS

TLR3 is involved .in recognition of dsRNA motifs, wh are the viral
replicative forms [98]. The most commonly used Tlgtnd is synthetic double-
stranded polyriboinosinic:polyribocytidylic acid i 1:C), which has a similar
activity to that of dsRNA [99]. TLR3 has been demsiwated to be involved in the
antiviral response to Mouse Cytomegalovirus (MCMAf)d human Influenza A
virus [19, 100-102]. In mice, TLR3 mediates entfy\est Nile Virus into the brain
leading to lethal encephalitis [103]. In parall®lman TLR3 mediates responses to
respiratory syncytial virus (RSV) [100, 104, 10%he ligation of TLR3 has also

been demonstrated to be important as a therapagéint. Use of Poly I:C as an
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adjuvant increases vaccine efficacy for viruseshsas HSV-2, Hepatitis B, and
Influenza A viruses [19, 106].

2323 TLR4

TLR4 forms a homodimer in recognition of bacteliBIS [5, 96, 97]. LPS is
major component of the outer membrane of gram-megdiacteria [107] that
mainly consists of lipid A. A glycosylphosphatidytisitol (GPI)-anchoring protein,
CD14, was identified to facilitate LPS action byding and retaining LPS on the
cell surface. This suggests that another membrasieips may be essential for LPS
signaling. Although low dose of LPS can induceithenunostimulatory responses,
high dose of LPS can cause a clinically life-theeatg condition called endotoxin
shock. In addition, TLR4 is involved in the recagmm of taxol, a diterpene purified
from the bark of the western yewakus brevifolia) [108, 109]. Furthermore, TLR4
has been shown to be involved in the recognitioerafogenous ligands, such as
HSP60 and HSP70, the extra domain A of fibronectioiggosaccharides of

hyaluronic acid, heparan sulfate and fibrinogen.

2324 TLRS

TLR5 has been demonstrated to recognize bactéagelfin, a monomeric
constituent of bacterial flagella [110, 111]. ThHegklla from several bacteria
species can be recognized by TLR5 suchSasnonella typhimurium, Listeria
monocytogenes, ~ Pseudomonas aeruginosa, Legionella- pneumophila, and
Escherichia coli [112, 113]. In human gut, TLR5 expression is on lthsolateral,
but not the apical side of intestinal epithelialld114]. In addition, flagellin
activates lung epithelial cells to induce inflamargt cytokine production [115].
These findings illustrate the essential role of BLIR microbial recognition at the
mucosal surface. Moreover, a TLR5 polymorphismwhich a stop codon occurs
in the ligand-binding domain of TLR5, has been shaw be associated with
susceptibility td_egionella pneumophila infection [115].
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2325 TLR7and TLRS

Because TLR7 and TLR8 have strong homology of tieirctures, they can
recognize the same ligands in some cases. Reagthiestrevealed that synthetic
antiviral compounds such as imidazoquinoline-likelenules including imiquimod
(R-837), resiquimod (R-848), S-27609, and guanoaimaogues such as loxoribine
can be recognized by both TLRs [93, 116-118]. InenTLR7 is activated by all of
these compounds, but TLR8 is not [93, 119]. Howgever human, TLR8 is
activated by resiquimod [93, 120]. Because thes¢hsyic antiviral compounds are
structurally related to guanosine nucleoside, i wat surprising that the natural
ligands for TLR7 and TLR8 were identified to bealissSRNA species such as
human immunodeficiency virus, vesicular stomatrirsis and influenza virus [90-
92].

2326 TLR9

TLR9 is involved in both antiviral and antibactérieesponses. TLR9
recognizes unmethylated CpG motifs that are presemnhicrobes, but rare in
mammalian species [78]. In humans, there are tiypes of CpG motif (GTCGTT)
that initiate TLR9-mediate responses [96, 121]. @p@otifs (also known as D-
type) induce high-amounts of IFN-especially from PDCs, but induce low level of
IL-12. CpG-B motifs (also known as K-type) are putenducers of inflammatory
cytokines such as IL-12 and TNE-especially from B cells. CpG-C motifs mediate
the effects seen by both CpG-A and CpG-B [121-1R6}vever, the recognition of
CpG motif is species-specific. Mouse and humans Fkéquire slightly different
sequence CpG motifs [126, 127]. Recently, CpG DNa#swhown to be useful as
an adjuvant. CpG DNA-conjugated proteins have ks®wn to promote both the
antigen presenting activity and the maturation 6sDthereby enhance the antigen-

specific Thl responses [128].
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2.3.3 TLR distribution

TLR are expressed differentially among the immuels of both innate and
adaptive immunity. On innate immune cells, TLRs axpressed on neutrophils,
macrophages, DCs, dermal endothelial cells and salicepithelial cells. In
addition, TLRs can be found on the cells involvedadaptive immunity including
B an T cells [129]. Furthermore, TLRs are also tham mucosal epithelium and

structural cells of tissues such as fibroblast9]13

2.3.4 TLR Function

TLRs function to Initiate the immune system to htigthe invading
microorganisms. Engagement of TLRs with their lidggieads to the production of
various pro-inflammatory cytokines, chemokines, amdfector molecules,

depending on the cell type that is activated [133}1

2.34 TLR Signaling Pathway

Stimulation of TLRs by microbial components triggesignal transduction
cascades leading to expression of immune respoasesgthat function in host
defence, including inflammatory cytokines, chemekinMHC and co-stimulatory
molecules. All TLRs contain a TIR signaling domaivat interacts with the TLR
adaptor moleculeskor ‘simplicity only the adaptor proteins, MyD88 (dygid
differentiation factor 88) and TRIF (TIR-domain-¢aming adaptor protein

inducing IFN4) will be described here.

Two intracellular signaling pathways are activabgdTLR-stimulation (see
Figure 2.1) [134, 135]. A common signaling pathwasough the adaptor protein
MyD88 (MyD88-dependent pathway), which is used HyTaRs except TLRS3,
leads to activation of N&kB and MAP kinases that ultimately results in expi@s

of pro-inflammatory cytokines like TNk IL-6 and IL-12. TLR3 (and also TLR4)
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signals through the adaptor-protein TRIF (MyD88dapdndent/TRIF-dependent
pathway), leading to activation of interferon-reggoty factor-3 (IRF-3), IRF-7 and
NF-xB, which together activate the IF5 promoter. It should be noted that
TLR7 and 9 can also induce IRM-production through activation of IRF-7 [136].
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Figure2.1: Summary of TLR ligands and their signaling pathways.

TLRs are transmembrance proteins that are localirethe cell membrane or in

endosomes. Triggering of TLRs leads to a signaiasrade that finally induces the
inflammatory cytokines through a MyD88 pathway merferons through a MyD88

independent pathway.
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2.3.6 Thedistribution of TLR expression on DCsand other APCs

The examination of DC subsets isolated from hunsats mice has been
indicated that TLRs have distinct expression past€iable VI). In human, PDCs
express TLR 7 and TLR9, whereas MDCs express TIORR2, TLR3, TLRA4,
TLR5, TLR6, and TLR8 [10, 12, 13]. There are sormadies that reported that
TLR7 was expressed in both PDC and MDCs [11, 1®Rgreas others found that
TLR7 was expressed in PDCs only [12, 13]. Humarodbhlononocytes express
TLRs 1, 2, 4, 5 and 8, but progressively lose threseptors as they differentiate
into immature mo-DCs in the presence of GM-CSF knrd and instead acquired
the expression of TLR3 [138]. Notably, human MDQCsl & vitro-differentiated
immature mo-DCs express TLR3 in their intracellutampartments [94], unlike
human fibroblasts, which express TLR3 on the ceifaxe. Human B cells and
PDCs express TLR9, which is not found in monocytes;DCs and MDCs [11-
13].

The reason for the difference of TLR expressionvbenh human and mouse
DC subsets remains unclear; a possible explanatiold be the different sources of
DCs. Human DC subsets are purified from periphlel@d whereas mice DCs are
mainly isolated from secondary lymphoid organsniice, all splenic DC subsets
express TLRs 1, 2, 4, 6, 8, and 9 [15]. HowevenisedPDCs do not express TLR3.
In comparison to human, although mouse spleen RiXpeess TLR7 and TLR9,
they also express-the other TLRs [15]. MoreoveruseoCD8" DCs do not
express TLR5 and TLR7 and fail to respond to TLB@rasts [15, 139]. The study
of TLRs. expression-imn-vitro mouse BM-DCs culture revealed that BM-derived
CD11¢B220 and CD11&B220°DCs exhibit substantial expression levels of TLRs
2,3, 4,7 and 9 [82]. The “Classical” CDIB220 BM-derived DCs preferentially
expressed TLRs 2, 3 and 4, whereas the expreskibbRs7 and 9 was higher in
BM-derived and in freshly isolated splenic CDIB220° PDCs [82]. One major
difference should be noted. TLR9 is expressed bynause DC subsets, either

from spleen or fromn vitro BM-DCs, as well as macrophages and B cells [15]. |
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human, TLR9 is expressed in PDCs and B cells oftiese differences affect the
validity of mouse models using TLR9 ligands. Theedi accessment of mouse data
to human should be taken into consideration.

2.3.7 TLR-dependent DC-mediated control of adaptive immune response

Recognition of microbial components by TLRs, whare highly expressed
on DCs, triggers activation of not only innate immity but also adaptive immunity.
Recognition of PAMPs through TLRs leads to the otaun of two signals that are
important for T cells activation and induction afagtive immunity. Signal 1 is the
peptide-MHC complex and signal 2 is the co-stinarhatsignal. Therefore, the
activation status of the antigen presentation péaysle for making T cells become
either immunogenic or tolerant (anergic). The ¢owslatory signal that is induced

by TLRs is one of the mechanisms for discriminatdrself from non-self [4, 8].



Table VI : Summary of TLR expression in Human and Mouse APCs

Species Type of cells TLR1 | TLR2 | TLR3 | TLR4 | TLR5 | TLR6 | TLR7 | TLR8 | TLR9 Reference
Human PDCs +2 R - 4 - + + - + [10-13, 94, 137]
MDCs + + + + + + +/- + - [11-13, 137]
mo-DCs
(In vitro) + b ; + +/- + - + - [13, 94, 138, 140]
Monocytes + + - + + + +/- + - [10-13, 137, 138, 140]
B cells + + - + . + + +/- + [10, 141, 142]
Mouse PDCs + + - +/- + + + + + [15, 143]
CD4"* + + - +/- + + + + + [15, 143]
CDS8a’ + + + +/- - + - + + [15, 143]
DN + + + +/- + + + + + [15, 143]
CD11¢"B220
(In vitro-BM-DCs) + 1 % + + [82]
+ +
CD11c'B220 + L N L N [82]

(In vitro-BM-DCs)

a indicate the absence of mMRNA expression of each TLRs
b indicate the presence of mMRNA expression of each TLRs
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2.4 ADJUVANTS IN VACCINE RESEARCH

2.4.1 Evolution of vaccines

Live attenuated vaccine, the weakened strains of a pathogen, is the earliest
vaccine development. Although it can stimulate an effective immune response,
several risks should be noted such as it can cause disease in the people who have a
weak immune response. Therefore, the trend of vaccine development has been
moving towards the “subunit vaccines”, which can be produced as highly purified
antigens. Since subunit vaccines cannot replicate in the host, there is no risk of
disease. However, subunit vaccines do not induce strong immune responses. As a
result of this, potent adjuvants are required to make such vaccines more

immunogenic.

2.4.2 Adjuvants

Adjuvants are defined as heterogenous components that enhance or
modulate the vaccine immunogenicity [144]. The role of innate immunity in
stimulating adaptive immune responses is the basis of the action of adjuvants.

Therefore, adjuvants are an essential part of vaccines.

Over the past decades, the gold-standard adjuvant composed of a mixture of
mineral oil and heat killed mycabacteria is known as Complete Freunds adjuvant
(CFA). CFA exhibits highly effective vaccine responses in animals, but it is not
useful in human vaccination due to it toxicity [145]. The same toxicity effects were
also-observed using incomplete Freunds adjuvant (IFA), which is the oil component
alone (ref). To date, there are only two licensed adjuvants for human use including
aluminum salt (alum) and squalane oil/water emulsion (MF59). Alum is an
aluminum-based mineral salt, which was first discovered in 1926. Alum is still the
most widely used adjuvant in human. Because alum consists of a gel-like insoluble

form, it adsorbes with the antigen and forms a ‘depot’ effect at the vaccination site.
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Unfortunatly, alum is a poor adjuvant because it induces only strong Th2 responses
[146].

As mentioned above, a good vaccine adjuvant should induce both innate and
adaptive immunity. It is well known that innate immunity can easily be triggered by
TLR stimulation leading to strong adaptive immunity. A recent study of the live
attenuated yellow fever vaccine 17D, one of the most effective vaccines, revealed
that multiple TLRs are involved in the generation of the adaptive immune response
[147]. Nowadays, almost all of the TLR ligands have been evaluated as adjuvants
and shown to enhance the vaccine efficiency in animal studies. Moreover, TLR4
and TLR9 ligands were shown to enhance the vaccine immunogenicity in human
clinical trials [148-150].

Although LPS, the TLR4 ligand, is a potent vaccine adjuvant, it caused the
toxic effect in humans [151, 152]. The chemical derivatives of the lipid A were
modified for reducing its toxicity. The monophosphoryl lipid A (MPL) has been
used widely in combination with the vaccine in clinical trials. Recently, one of the
modified MPL derivatives, “RC-529 or Ribi Adjuvant”, has been used in a hepatitis
B vaccine trial. The similar protective antibody level was obtained by using only
two doses of the adjuvants mixed with vaccine comparing with three doses of

vaccine alone [148]. This formulation has been licensed in Europe (Fendrix).

As TLR9 agonist, CpG 7909, which is one of the CpG-ODNSs, has been
tested and shown to enhance the protective effects of vaccines in human clinical
trials-[149, 150]. - CpG 7909 mixed with ‘hepatitis-B-vaccine induced- faster and
higher specific antibody ‘responses compared ‘with ‘the vaccine alone [153].
Moreover, combining CPG 7909 with IFA in a tumor vaccine showed that higher

specific CTL responses can be induced by this adjuvant [154].
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2.5 WHICH PRECLINICAL MODEL ?

For evaluation of adjuvant development, the predictability of animal models
is questionable in some circumstances. The most widely used preclinical model are
mice, but although they often generate helpful information, there are some
significant differences between the immune systems of mice and humans [155]. As
stated above, TLRO is expressed on different DC subsets in mice and humans and
optimal CpG sequences are also species-specific. Moreover, the responsiveness of
TLRS8 is also weak in mice [156].

Based on their close relationship to humans, non-human primates such as
rhesus macaques have proven to be valuable as animal models for testing vaccines
and immunization strategies [157, 158]. Also, several reports showed the presence
of MDCs and PDCs in circulation in macaques [16-18]. Moreover, several groups
have used TLR ligands as adjuvants and evaluated their effects in macaque models,
including immunization of the antigen together with TLR3 [19], TLR7/8 [20], or
TLR9 ligands [21]. However, so far, it is not known if a similar set of TLRs is
present on APCs from human and macaque. Therefore, the better understanding of
TLR expression and also their function in preclinical animal models is important in

the evaluation of TLR adjuvant development.



CHAPTER 111

MATERIALS AND METHODS

3.1 MATERIALS

For comparative study, targeted antigen presenting cells were derived from

three species as described:

3.1.1 Non-human primate : Rhesus Macaques (Macaca mulatta) were
housed at the Armed Forces Research Institute of Medical Sciences (Bangkok,
Thailand).

3.1.2 Human : Peripheral venous blood from healthy donors were derived
from the Armed Forces Research Institute of Medical Sciences (AFRIMS) and
buffy coats were derived from Thai Red Cross Blood Bank (Bangkok, Thailand).

3.1.3 Mice : BALB/c mice, 8-12 wk of age, were purchased from National
Laboratory Animal Centre, Mahidol University (Bangkok, Thailand).
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3.2 METHODS

3.2.1 PURIFICATION AND GENERATION OF DC SUBSETS AND OTHER
APCS FROM : MACAQUE, HUMAN, AND MOUSE

3.2.1.1 Purification of macaque and human dendritic cell subsets

Peripheral venous blood was obtained from healthy human donors and adult
rhesus macaques (Macaca Mulatta) maintained in accordance with guidelines of the
Institutional Animal Care and Use Committee. Peripheral blood mononuclear cells
(PBMCs) were obtained by density gradient centrifugation using Histopaque-1077
(Sigma-Aldrich, St. Louis, MO). T cells were removed by rosetting with
neuraminidase-treated sheep red blood cells [17], in case of cell isolation by flow

cytometry.

3.2.1.1.1 Isolation of macaque DC subsets

Flow cytometric cell sorting (FACS) was used to isolate DCs for TLR
expression assay whereas immunomagnetic cell sorting (MACS) was used to isolate
DCs for TLR functional assay. The purity of all sorted DC populations was >95%
by FACS and >80% by MACS as determined by FACSCalibur (BD Biosciences).

For mRNA expression study, T cell-depleted populations were stained with
Ab against CD20 (FITC) (BD Biosciences (San Jose, CA)) and CD1c (Anti-BDCA-
1) (PE) (Miltenyi Biotec, Germany) for MDCs isolation and stained with mAbs
against HLA-DR (FITC) (BD- Biosciences (San Jose, CA)) and CD123 (PE) (BD
PharMingen (San Diego, CA)) for PDCs isolation. Then, CD20™ and CD1c™" cells
(MDCs) and CD123""9" HLLA-DR" cells (PDCs) were sorted with a FACSVantage
(BD Biosciences, Mountain View, CA). After isolation, cells were spined down and

keep at -80°C immediately for preventing cell activation.



32

For functional study, highly pure CD1c" (or BDCA-1) (MDCs) without
contaminating CD1c™ B cells were obtained by immunomagnetic depletion of
CD20" B cells using CD20 mAb-conjugated microbeads (Miltenyi Biotec,
Germany) followed by immunomagnetic enrichment of CD1c¢® MDCs. For
macaque PDCs, CD123-expressing cells were isolated from PBMCs by indirect
magnetic labeling with PE-conjugated mAb and anti-PE mAb-conjugated
microbeads (Miltenyi Biotec) and enrichment of labeled cells by MACS. The purity
was analyzed by counterstaining with HLA-DR.

3.2.1.1.2 Isolation of human DC subsets

Human MDCs were purified by staining T cell-depleted populations with
Lin FITC (lineage markers: CD3, CD4, CD16, CD56 and CD20), and CD11c-PE
(BD Biosciences (San Jose, CA)); Lin and CD11c”™" cells were sorted. The sorted
cells were analyzed and were found to express HLA-DR, but minimally expressed
CD123 and had typical myeloid morphology. For PDC purification, human T cell-
depleted populations were stained with mAbs against HLA-DR (FITC) and CD123
(PE), and CD123"9" HLA-DR* cells were sorted. The sorted cells had a typical

plasma cell-like morphology and did not express either CD11c or lineage markers.

3.2.1.2 Generation of macaque and human monocyte-derived dendritic
cells (mo-DCs)

CD14™ monocytes were isolated by positive selection from PBMCs using
non-human and human primate CD14 magnetic cell sorting (MACS) system

(Miltenyi Biotec, Auburn, CA) according to the manufacturer’s.instructions.

- In brief, 10" PBMCs were incubated with 80 uL MACS buffer (For rhesus
macaque: Endotoxin free 1XPBS and 1% fetal calf serum (FCS); for human:
1XPBS, 1% FCS and 2mM EDTA) and 20 ul of CD14 MicroBeads and kept on ice

for 15 min.
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- Wash cell by adding 1 mL of MACS buffer and centrifuge at 300xg for 10
minutes.
- After washing off the excess beads, purified CD14+ were passed through

an MS MACS separation column, according to manufacturer’s instructions.

3.2.1.2.1 Generation of macaque mo-DCs

Macaque monocytes (1.25x10° cells/mL) were culture in complete medium
(CM) consisting of RPMI 1640 supplemented with non-essential amino acids, 2
mM L-glutamine, 1 mM sodium pyruvate, 100 pg/mL penicillin, 100 pg/mL
streptomycin (Gibco Laboratories, Grand Island, NY) and 10 pg/mL B-
mercaptoethanol, supplemented with 1% FCS for 6 days in the presence of 100
ng/mL of recombinant human (rh) granulocyte-macrophage colony-stimulating
factor (GM-CSF) and 10 ng/mL of rh interleukin (IL)-4 (both from R&D System,
Minneapolis, MN). Every second day, half the volume of medium was replaced

with fresh medium containing the same amount of cytokines.

3.2.1.2.2 Generation of human mo-DCs

Human monocytes were cultured at 1x10°/mL in' CM supplemented with
10% FCS in the presence of 100 ng/mL rh GM-CSF and 100 ng/mL rh IL-4. All
cultures were maintained at 37°C in a humidified atmosphere of 5% CO,. Every
second day, half the volume of medium was replaced with fresh medium containing

the same amount of cytokines.

3.2.1.3 Purification of macaque and human monocytes and B cells

CD14" monocytes and CD20" B cells were isolated by positive selection
from PBMCs using non-human and human primate CD14 and CD20 magnetic cell
sorting system (Miltenyi Biotec, Auburn, CA) according to the manufacturer’s

instructions.
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- In brief, 10" PBMCs were incubated with 80 uL MACS buffer (For rhesus
macaque: Endotoxin free 1XPBS and 1%FCS; for human: 1XPBS, 1% FCS and
2mM EDTA) and 20 ul of CD14 or CD20 MicroBeads and kept on ice for 15 min.

- Wash cell by adding 1 mL of MACS buffer and centrifuge at 300xg for 10
minutes.

- After washing off the excess beads, purified CD14" or CD20" were passed

through an MS MACS separation column, according to manufacturer’s instructions.

3.2.1.4 Generation and purification of mouse bone marrow-derived
dendritic cells (BM-DCs)

Mouse bone marrow (BM) cells were isolated from femurs and passed
through nylon mesh. BM cells were the cultured in CM supplemented with 5% FCS
and 100 ng/ml recombinant mouse Flt3-L (R&D System, Minneapolis, MN) at 10°
cells/mL and incubated at 37°C in a humidified atmosphere of 5% CO, for 7 days.
On day 4, half the volume of medium was replaced with fresh medium containing
the same amount of cytokine.

On day 7, cells were harvested, stained with PE-labeled anti-CD11c and
FITC-labeled anti-B220 (BD Biosciences (San Jose, CA)) and sorted by
FACSVantage Cell sorter (BD Biosciences, Mountain View, CA) into CD11c"
B220 (MDCs) and CD11c" B220" populations (PDCs) (purity > 95%).
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3.2.2 COMPARATIVE TLR EXPRESSION ON DC SUBSETS AND OTHER
APCS FROM : MACAQUE, HUMAN, AND MOUSE

3.2.2.1 RNA Extraction

Total RNA was isolated from various DC subsets and other APCs (3x10°-
10x10° cells) using the RNeasy Mini kit (Qiagen, Valencia, CA) according to the
manufacturer’s instructions. The procedure was based on a spin column, with the

ability to bind RNA and exclude DNA or protein contaminants.

To avoid contamination with DNA, extracted RNA was treated with RQ1
RNase-free DNase (Promega Corporation) for 30 min at 37°C. All RNA
preparations were standardized by RT-PCR for B-actin and were free from DNA
contamination as judged by a lack of signal from non-reverse transcribed RNA with

all primer sets.

3.2.2.2 cDNA Synthesis

cDNA was synthesized using oligo (dT):g primers and the RevertAid™ First
Strand cDNA Synthesis Kit (Fermentas, Canada). 1 pug of RNA was incubated with
1mM dNTP mix, 0.5 pg oligo (dT)ss primers, 20 U RiboLock™ Ribonuclease
inhibitor and 200 U RevertAid" M-MuLV reverse transcriptase all diluted in 1x
reaction buffer, at 42°C for 1 min. The reaction is inactivated by boiling at 70°C for
10 min. The cDNA produced was stored at -20°C.

3.2.2.3 Semi-Quantitative RT-PCR optimization

For semi-quantitative RT-PCR, one set of TLR 3, 4, 7, 8 and 9 and
intracellular positive control, beta-actin primers was designed for all three species.
All sequences were retrieved from NCBI database and primers were designed using

an on-line primer-design program named Primer3 Output
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(http://mvwwgenome.wi.mit.edu/cgi-bin/primer/primer3.cgi). Table VIII (Appendix
I) shows the mRNA accession code from the NCBI database, the primer sequences
with their expected product lengths, optimal annealing temperature, and optimal

thermal cycles. All primers were synthesized by Proligo, Sigma.

Appendix I, Part | showed the sequence alignment of all three species for
each target genes by ClustalW program (BioEdit, Ibis Biosciences, Carland, CA).
Primers were designed based on conserved regions of TLRs. Afterwards, all the

primers were analysed for their specificity by NCBI BLAST.

Appendix |, Part Il shows the PCR optimization. Cells from each species
were used for PCR optimization. For mouse, spleen cells were used for optimizing
all the primers. For human and macaque, PBMCs were used for optimizing the
TLR4, 7, 8 and B-actin primers whereas mo-DCs and B cells were used for
optimizing TLR3 and TLRY, respectively. Firstly, each primer set was optimized
for its annealing temperature (Ta). The starting Ta was chosen based on the
calculation of length and composition of the primers. Then, the Ta was optimized
by varying the temperature £+ 5 °C from the calculated Ta. An optimal Ta was
chosen from the temperature that gives specific amplification and has high yields of
a unique product. Secondly, the cycle number was optimized, by obtaining PCR
samples every five cycles between 25X and 45X thermal cycles. The cycle number
was chosen within the exponential rate of product accumulation and before it
reached plateau. Finally, the sensitivity of each primer set was done by varying the
amount of input cells (20,000, 10,000 and 5,000 cells) per reaction.

All cDNA from APC subsets were performed under the optimized PCR
condition in Appendix I, Table IX by using a GeneAmp PCR System 9700
(PerkinElmer/Applied Biosystems). Corrected size and yield of PCR products were

analyzed on a 1.5% agarose gel.
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3.2.3 TLR FUNCTIONAL STUDIES IN MACAQUE APCS AND HUMAN
MONOCYTE-DERIVED DCS

3.2.3.1 In Vitro Stimulation

For assessment of TLR function, the various macaque DC cell populations,
other APCs and human mo-DCs were seeded into 96-well flat bottom plates at
5x10°-1x10° cells/mL in CM supplemented with 10% FCS for macaque PDCs,
MDCs, monocytes, B cells and human mo-DCs and 1% FCS for macaque mo-DCs
and then stimulated in the presence or absence of the indicated TLR ligands below
for 24 h. Optimal concentrations of TLR ligands were obtained by titration of
different concentrations in initial experiments and subsequently used at a
concentration that caused significant DC phenotypic differentiation without
increased cell death.

- TLR3 ligand : 100 pg/mL dsRNA complex polyinosine-polycytidylic
acid (Poly(l:C)) (Invivo-Gen (San Diego, USA)).

- TLR4 ligand : 5 pg/mL Ultra Pure Escherichia coli K12 LPS (Invivo-
Gen (San Diego, USA)).

- TLR 7 ligand : 3 pg/mL Imiquimod (R837) (Invivo-Gen (San Diego,
USA)).

- TLR8 ligand : 5 pg/mL single-stranded polyU oligonucleotide
complexed with LyoVec™ (ssPolyU/LyoVec) (Invivo-Gen (San Diego, USA)).

- TLR9 ligand : 5 pug/mL CpG-oligodeoxynucleotide (ODN) 2006
(TCGTCGTTTTGTCGTTTTGTCGTT) that was obtained from Coley
Pharmaceutical Group (Wellesley, MA).

The J558L transfected with CD40L fibroblast cell line was additionally used

to stimulate macaque mo-DCs [159].
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3.2.3.2 Phenotypic Analysis

To evaluate surface expression levels of maturation markers and
costimulatory molecules, cultured cells were harvested and washed in PBS
supplemented with 0.5% BSA. Then, cells were stained with combination of FITC-
labeled CD40, PE-labeled CD83 and APC-labeled CD86 and analyzed by a
FACSCalibur flow cytometry (BD Biosciences). Nonspecific Ab binding was also
examined by staining the cells with fluorochrome-labeled isotype-matched normal

mouse Igs.

3.2.3.3 Quantitation of Cytokine Production

To evaluate cytokine production, the culture supernatants were collected and
analyzed by the macaque-reactive IL-12(p70), TNF-a ELISA (Biosource
International, Camarillo, CA), macaque cross-reactive human IFN-a (PBL
Biomedical Laboratories, New Brunswick, NJ), human-reactive I1L-12p70 and the
human-reactive TNF-a (R&D Systems, Minneapolis, MN). All assays were

performed according to the manufacturer’s instructions.

3.3 STATISTICAL ANALYSIS

Data are depicted as mean £ SD. A two-tailed student’s t test for paired
samples was used for comparison of unstimulated APCs to APCs that were
stimulated with different TLR ligands (TLR3, 4, 7, 8 and 9) using Prism version
3.0; GraphPad Software, Inc., San Diego, CA). A “p” value of 0.05 or less was

considered to be signicant (*).



CHAPTER IV

RESULTS

41 PURIFICATION AND GENERATION OF DC SUBSETS FROM
MACAQUE, HUMAN AND MOUSE

4.1.1 Isolation and phenotypic characterization of macaque dendritic cell

subsets

Dendritic cells represent a heterogeneous population consisted of several
subsets [8]. In human blood, PDC and MDC subsets comprise approximately 1%-
1.5% of total PBMCs, making them difficult to isolate and study in large number.
However, specific combinations of antibodies enable isolation of these subsets

using cell sorting.

We set out to isolate macaque blood DC subsets using anti-human mAbs
known to cross-react with this species. Two techniques of cell sorting were used to
isolate DC subsets depending on the purpose of studies. Because of the purity of
sorted DC populations by flow cytometric cell sorting (FACS) was more than 95%,
therefore the FACS technique was used to isolate DCs for mMRNA expression study.
However, the yield of isolated cells relative to starting PBMCs was low and the
process of isolation can cause the mechanical stress to the cells. Therefore,
immunomagnetic cell sorting (MACS) was used to isolate DCs for TLR functional
study-instead.

Using the same two-color FACS analyses used to identify human PDCs,
macaque PDCs were isolated by FACS sorting of HLA-DR* CD123"%" cells and
thus phenotypically resemble human PDCs (Figure 4.1). Interstingly, the mean
fluorescence intensity (MFI) of expression of HLA-DR in macaque PDCs showed

more variation than in human PDCs. Moreover, macaque PDCs showed only one
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homogenous group of CD123 staining. However, for TLR functional study,
antibodies to human PDC-specific surface markers BDCA-2 and -4 did not cross-
react with macaque PDCs [160]. Therefore, we initiated anti-PE microbeads to sort
CD123-PE positive cells from PBMCs and it showed more than 80% purity (Figure
4.2). Freshly sorted PDCs showed a uniform appearance with eccentric reniform

nuclei, prominent Golgi region, and numerous short, veil-like projections.

Human Macaque

T
=

HLA-DR

CD123
Figure 4.1 : Two-color flow cytometry gating identifies macaque PDCs (right
panel) that phenotypically resemble human PDCs (left panel). PBMCs were
first selected based on forward and side scatter and then further defined as CD123"

and HLA-DR" cells. The data are representative of typical flow cytometric analysis.
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Figure 4.2 : Fluorescence-activated cell sorting analysis shows the purity of
CD123" and HLA-DR® macaque PDCs by magnetic cell sorting (MACS)
system. Anti-PE microbeads were used to sort CD123-PE positive cells from
PBMCs. The purity was more than 80%. The data shown is one representative of

three independent experiments.
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For MDCs, human MDCs can be purified by two-color analysis as Lin-
CD11c" cells. However, these antibody specific markers did not cross-react with
macagque MDCs as shown in Figure 4.3. Therefore, BDCA-1 (a myeloid marker
that identifies CD1c in humans) was replaced as an alternative marker for identify
macaque MDCs. Macaque MDC were isolated as CD1c* CD20™ cells using FACS
sorting (Figure 4.4) or magnetic beads sorting. Freshly isolated MDCs showed
reniform or multilobulated nuclei, with few dendrites and veil-like cytoplasmic

projections.

In whole blood, we identified approximately 1231 + 555 PDCs/10° PBMCs
(0.1%, n =18 donors) and 6894 + 3659 MDCs/10° PBMCs (0.7%, n = 17 donors),
considerably less compared to human blood PDCs and MDCs [32].

Human Macaque

HLA-DR
10° 10" 102 10° 10*

Figure 4.3 : Human MDCs were clearly identified by anti-CD11c whereas
macaque MDCs were not. In fresh human and macaque PBMCs, anti-CD11c
(clone 3.9 (Biosource, CA), react with: macaque cells) did not ‘stain intensively
enough to allow macaque MDCs separation. Data are representative of six

monkeys.
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cD20
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Figure 4.4 : ldentification of macaque MDCs using the CD1c (BDCA-1).
Using FACS sorting, Macaque PBMCs were first selected based on forward and
side scatter and then further defined as CD1c (BDCA-1)" and CD20" cells. The data

are representative of typical flow cytometric analysis.

4.1.2 Generation and characterization of macaque monocyte-derived DCs

Large numbers of DCs can be generated in vitro from macaque CD14"
peripheral blood monocytes by culture with GM-CSF and IL-4 [54] and were
similar to that of human CD14-derived DCs. However, as compared to human mo-
DCs, a modified method was established for the generation of rhesus macaque mo-
DCs, using similar amounts-of. GM-CSF (100 ng/ml),-but-10-times lower amounts
of IL-4 and only 1% FCS. This method gave rise to mo-DCs with a typical DC
morphology. We observed that macaque cytokine-generated DCs are easily
activated by trace amounts of LPS, requiring endotoxin-free isolation and culture

conditions.
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4.1.3 Generation, Isolation and characterization of mouse BM-DCs

Mouse DC subsets can be generated in vitro from Flt3-L-supplemented BM
culture. Freshly isolated BM cells cultured in FIt3-L-containing medium induced
the generation of CD11¢*B220" PDC and CD11c¢'B220° MDC subsets. According
to the published data , mouse BM culture cells were harvested and isolated on day 7
which is the peak of the culture, 15-20% of the cells were CD11¢"B220" (PDC)
cells whereas the remaining CD11¢"B220° (MDC) cells (Figure 4.5). Both DC

subsets have an immature phenotype and were used for mRNA expression study.

CD11c

- T - . T, T il
10" 10! 10° 10° 10*

B220

Figure 4.5 : In vitro generation of mouse BM-derived DC subsets. BM cells
were cultured in medium supplemented with mouse FIt3-L. CD11c-FITC vs B220-
PE FACS analysis after 7 days culture is shown. An electronic gate was determined
on CD11c" cells and B220 expression was analyzed (* = PDC, - = MDC). Results

shown are representative of three experiments.
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4.2 COMPARISON OF TLR EXPRESSION ON DC SUBSETS AND OTHER
APCS FROM: MACAQUE, HUMAN AND MOUSE

We investigated the expression of the following TLRs: TLR3, 4, 7, 8, and 9
using RT-PCR on macaque DC populations and compared this to human and
murine DC subsets. To avoid contamination from other cell types, DC subsets and
other APCs were sorted by flow cytometry (FACS) (the purity is >95%). As can be
seen in Figure 4.6, macaque DC populations clearly differ in their TLR expression

patterns.

Transcripts of TLR3 and TLR4 were detected in MDCs and mo-DCs,
whereas TLR7 was only expressed in PDCs and MDCs but not in mo-DCs. TLR8
MRNA was equally expressed in all DC subsets. TLR9 was exclusively expressed
in PDCs.

Comparison of the TLR expression in DC subsets from different species
(Figure 4.6 and Table VII) revealed that macague and human DCs express similar
sets of TLRs in contrast to mouse DCs. In mouse, both PDCs and MDCs express
TLR9, whereas only macaque and human PDCs but not MDCs express this TLR. In
addition, macaque and human PDCs do not express TLR3, TLR4 and TLR8 that are
highly expressed in murine PDCs.

Furthermore, TLR expression on other APCs from rhesus macaques were
also investigated and compared to that of human APCs, as for DC subsets, similar
TLR expression patterns were observed on both macaque and human monocytes
and B cells. Transcripts of TLR4, TLR7 and TLR8 were detected in both

monocytes and B cells, whereas TLR9 was expressed only in B cells.

These results indicated that macaques APC subsets including PDCs, MDCs,
mo-DCs, monocytes and B cells expressed a similar set of TLRs as human APC

subsets.
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Figure 4.6 : mMRNA expression of TLRs in APCs from different species.

MRNA expression of TLR 3, 4, 7, 8, and 9 was examined in purified PDCs (a),
MDCs (b), mo-DCs (c), monocytes (d), and B cells (e) by RT-PCR. For detection
of mMRNA expression, one set of primers was designed for using with three species.
The data shown are representative of three independent experiments. B-actin as

positive control, RT(-) as non-reverse transcribed RNA, (-) as negative control and

M as a marker.
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b : Myeloid dendritic cells
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¢ : Monocyte-derived DCs
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Table VII :

human and mouse) and other APCs (between macaque and human)
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Comparison of TLR expressions in DCs (between macaque,

Type of cells TLR3 TLR4 TLR7 TLRS8 TLR9
Species
Plasmacytoid DCs
Macaque -2 - + - +
Human - - + - +
Mouse +° - + + +
Myeloid DCs
Macaque + + + + -
Human + + + + -
Mouse ¥ + + + +
Monocyte-derived DCs
Macaque + + - + -
Human + + - + -
Monocytes
Macaque - + + + -
Human - + + + -
B cells
Macaque - + * + +
Human - + + + +

a indicate the absence of mMRNA expression of each TLRs
b indicate the presence of mMRNA expression of each TLRs
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4.3 TLR FUNCTION IN MACAQUE APCS

4.3.1 Effects of TLR ligation on phenotypic differentiation

Since macaque and human DCs subsets and other APCs express a similar
set of TLRs, we next compared the function of these TLRs. First, we characterized
the phenotypic differentiation of macaque PDCs, MDCs, mo-DCs, monocytes and
B cells after being stimulated in vitro with different TLR ligands for 24 hours. The

concentration of TLR ligands used was optimized following titrations experiments.

4.3.1.1 Plasmacytoid dendritic cells (PDCs)

Consistent with their expression of TLR7 and 9, PDCs differentiated in
response to imiquimod, a ligand for TLR7, and CpG ODN, a ligand for TLR9, as
shown by an up-regulation of CD86 expression (Figure 4.7). PDCs stimulated with
poly(l:C), E.Coli LPS, or ssPolyU/LyoVec, ligands for TLR3, TLR4, or TLRS,
respectively, did not showed any up-regulation of CD86 expression.
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Figure 4.7 : Phenotypic changes in-macaque PDCs in response to TLR ligation.
Purified PDCs were incubated with TLR3 ligand (poly (I:C); 100 pg/ml), TLR4
ligand (LPS; 5 pg/ml), TLR7 ligand (imiquimod or R837; 3 ug/ml), TLR8 ligand
(SSpolyU; 5 pg/ml), and TLR9 ligand (CpG 2006; 5 ug/ml). Mean fluorescence
intensity (MFI) of CD86 was analyzed by flow cytometry. Data is shown as means
+ SD (n=3).
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4.3.1.2 Myeloid dendritic cells (MDCs)

In contrast to PDCs, MDCs upregulated the costimulatory molecules of
CD86 and CD40 when stimulated with poly(l:C), E.Coli LPS, imiquimod and
ssPolyU/LyoVec, ligands for TLR3, TLR4, TLR7 and TLRS8, respectively,
correlating with their expression of TLR3, TLR4, TLR7 and TLR8 (Figure 4.8).
Consistent with their lack of TLR9 expression, MDCs did not respond to CpG
ODN.
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Figure 4.8 : Phenotypic changes in macaque MDCs in response to TLR
ligation. Purified MDCs were incubated with TLR3 ligand (poly (I:C); 100 pg/ml),
TLR4 ligand (LPS; 5 pg/ml), TLR7 ligand (imiquimod or R837; 3 ug/ml), TLR8
ligand (SSpolyU; 5 ug/ml), and “TLR9 ligand (CpG 2006; 5 ug/ml). Mean
fluorescence intensity (MFI) of CD40 and CD86 was analyzed by flow cytometry.

Data is shown as means + SD (n=3).
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3.1.3 Other antigen presenting cells (APCs) : Monocytes and B cells

Neither macaque monocytes nor B cells showed dramatic phenotypic
differentiation when exposed to the all TLR ligands. However, in response to
poly(l:C), imiquimod and ssPolyU/LyoVec, monocytes did show a small
upregulation of CD86 and CD40. In contrast, in response to E.coli LPS, monocytes
showed upregulation of CD40 but no changes in CD86 (Figure 4.9a). B cells
showed a slight up-regulation of CD86 and CD40 in response to CpG ODN only
(Figure 4.9b). However, when compared with the responses in PDCs, these effects

were minimal.

Figure 4.9 : Phenotypic changes in macaque Monocytes and B cells in response
to TLR ligation. Purified monocytes and B cells were incubated with TLR3 ligand
(poly (1:C); 100 ug/ml), TLR4 ligand (LPS; 5 ug/ml), TLR7 ligand (imiquimod or
R837; 3 ug/ml), TLR8 ligand (SSpolyU; 5 pg/ml), and TLR9 ligand (CpG 2006; 5
png/ml). Mean fluorescence intensity (MFI) of CD40 and CD86 was analyzed by

flow cytometry. Data is shown as means £ SD (n=3).
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3.2 Effects of TLR ligation on cytokine production

Subsets of DCs have been reported to have distinct patterns of cytokine
production. In this regard, PDCs may be the only APCs capable of producing high
levels of interferon type | (IFN-a) [161]. Therefore, we further determine the
function of TLRs by investigating the secretion of IFN-a in PDCs, IL-6 in B cells
and TNF-a and I1L-12p70 by the other APCs in response to TLR3, 4, 7, 8 and 9

ligands.

Macaque PDCs produced remarkably high level of IFN-o (880-5,500
pg/mL) in_ response to imiquimod and CpG ODN (n=3, p < 0.05 compared with
unstimulated PDCs) (Figure 4.10a). However, these amounts were lower as
compared to levels reported to be produced by human PDCs (30,000-50,000
pg/mL) by our group [17]. Undetectable or very low amounts of IFN-o were found
in supernatants of PDCs incubated with other TLR ligands. Thus, these data
confirm that IFN-o is induced only by TLR7 and 9 ligand-exposure of PDCs,

which is consistent with their TLR7 and 9 expression.
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Significantly increased levels of 1L-12(p70) (40-510 U/mL) were observed
when macaque MDCs were stimulated with poly(l:C) and ssPolyU/LyoVec (n=3, p
< 0.05 compared with unstimulated MDCs, respectively) whereas when MDCs
were stimulated with E.coli LPS, imiquimod and CpG ODN showed no detectable
level of IL-12p70 (Figure 4.11b). Of note, macaque MDCs produced high levels of
TNF-o (765-7,026 pg/mL) in response to poly(l:C), LPS and ssPolyU/LyoVec
(n=3, p < 0.05 compared with unstimulated MDCs) (Figure 4.11b). Imiquimod
induced low but detectable levels of TNF-a (22-213 pg/mL, n=3) in MDCs.

Macaque monocytes produced very high levels of TNF-o (344-3,958
pg/mL) in response to E.Coli LPS and ssPolyU/LyoVec (n=3, p < 0.05 compared
with unstimulated monocytes) (Figure 4.11c). Macaque B cells stimulated with
E.Coli LPS, imiquimod, ssPolyU/LyoVec, and CpG ODN induced high levels of
IL-6 (240-818 pg/mL) compared with unstimulated B cells (n=3, p < 0.05) (Figure
4.11d).
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Figure 4.10 : Cytokine production by macaque APCs in response to different
TLR ligands.

APCs were stimulated with TLR3 ligand (poly (I:C); 100 ug/ml), TLR4 ligand
(LPS; 5 pg/ml), TLR7 ligand (imiquimod or R837; 3 ug/ml), TLR8 ligand
(SSpolyU; 5 ug/ml), and TLR9 ligand (CpG 2006; 5 ug/ml) for 24 h. Supernatants
of APCs cultures were measured for different cytokines by ELISA:(a) PDCs; IFN-
a, (b) MDCs; IL-12p70 and TNF-a, (¢) monocytes; TNF-a, and (d) B cells; IL-6.
Data is shown as means £ SD (n = 3 for each groups; *, p < 0.05, compared with

unstimulated cells, paired student’s t test).
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4.4 MONOCYTE-DERIVED DENDRITIC CELLS (MO-DCS) COMPARISON
BETWEEN MACAQUE AND HUMAN

For macaque mo-DCs, treatment with poly(l:C), E.Coli LPS and
ssPolyU/LyoVec resulted in dramatically increased maturation, reflected by up-
regulation of CD86, CD83 and CD40. However, compatible with their lack of
TLR7 and TLR9 expression, imiquimod and CpG ODN did not induce any
maturation. In comparison, human mo-DCs were also activated by the same TLR
ligands (although they responded to ssPolyU/LyoVec to a lesser degree) (Figure
4.11).

Human mo-DCs produced high levels of IL-12p70 (73-144 U/mL, n=2) in
response to poly(l:C), E.Coli LPS, or ssPolyU/LyoVec (Figure 4.12). In contrast,
macaque mo-DCs did not produce IL-12p70 in any condition. However, CD40L
stimulation can trigger IL-12p70 production (20-45 U/mL, n=2) in macaque mo-
DCs, indicating that these cells are capable of production of this cytokine. Macaque
mo-DCs produced high levels of TNF-a (356-1730 pg/mL) in response to E.Coli
LPS and ssPolyU/LyoVec (n=3, p < 0.05 compared with unstimulated macaque
mo-DCs) and produced low levels of TNF-a (147-168 pg/mL) in response to
poly(I:C). Interestingly, high levels of IFN-a production were induced by poly(l:C),
a ligand for TLR3, in both macaque (115-371 pg/mL, n=3) and human mo-DCs
(560-1132 pg/mL, n=2).
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Figure 4.11 : Comparison of phenotypic changes in macaque and human mo-
DCs (in vitro) in response to different TLR ligands for 24 h. Purified macaque
and human mo-DCs (n = 3 and n = 2, respectively) were stimulated with different
TLR ligands. Mean fluorescence intensity (MFI) values of CD40 (a), CD83 (b), or
CD86 (c) was analyzed by flow cytometry. Data is shown as means + SD for

macaque mo-DCs and means for human mo-DCs.
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Figure 4.12 : Comparison of cytokine production in macaque and human mo-
DCs (in vitro) in response to different TLR ligands for 24 h. Cytokine
production of TNF-a (a), IFN-a (b) and IL-12p70 (c) were measured in the
supernatant by ELISA, after exposure of macaque or human mo-DCs (n = 3 and 2,
respectively) to TLR3 ligand (poly (I:C); 100 ug/ml), TLR4 ligand (LPS; 5 ug/ml),
TLR7 ligand (imiquimod; 3 ug/ml), TLR8 ligand (SSpolyU; 5 ug/ml), and TLR9
ligand (CpG 2006; 5 ug/ml). Of note, CD40L fibroblast cell line was additionally
used to stimulate macaque mo-DCs (n=2). The J558L transfected with CD40L
fibroblast cell line was additionally used to stimulate macaque mo-DCs. Data is
shown as means = SD for macaque mo-DCs) (n = 3, * p < 0.05, compared with
unstimulated cells, paired student’s t test) and shown as means for human mo-DCs
(n=2).
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CHAPTER V

DISCUSSION AND CONCLUSION

A careful selection of animal models to evaluate strategies for vaccination
and the selection of vaccine components, such as adjuvants, for clinical use, is
important. It remains possible that animals have different responses to particular
adjuvants than humans. In the vaccine development field, there has been a recent
interest in using TLR ligands as adjuvants; in this regard, it should be noted that
there are major differences in animal models, especially in TLR expression patterns
between mouse and human [4, 162]. We hypothesized that rhesus macaques might
be a better animal model for evaluating TLR adjuvant vaccine. However, studies on
TLR expression and function in these animals were lacking. Therefore, ex vivo
experiments on freshly isolated macaque APCs were performed in this study for

assessing TLR expression and functionality.

In this study, two technigues were used to isolate DC subsets depending on
the subsequent characterization of the cells. Based on the high purity of isolated
cells (>95%), FACS technigue was used to isolate the cells for mMRNA expression
studies. This minimized contamination with mRNA from other cell types. However,
a limitation of cell sorting using FACS is the pre-activation of isolated cells during
the process, partly due to-isolation at room temperature and to mechanical forces
that are applied on the cells. Hense, for functional study MACS technique was used
to isolate the cells instead. By MACS, the pre-activation of isolated cells was
prevented because of all sorting steps were performed on ice or using ice-cold
buffers A disadvantage of the MACS technique is the lower cell purity obtained
(>80%), as compared to isolation by FACS. In order to improve the purity of
isolated cells, further experiments have to be performed such as to perform negative
selection to deplete the contaminating cell populations (for DCs subsets, these are

mainly B cells and monocytes) or use more consecutive columns to increase the
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purity. Nevertheless, it should be realized that increasing the number of columns
will lead to a decreasing yield of isolated cells. Together with our observation that
macaques have lower amounts of circulating DCs as compared to humans and with
the fact that smaller volumes of blood can be obtained from macaques due to their
smaller size and weight, increasing the purity by using more consecutive columns

was not feasible in this study, restricting cell purities to >80% only.

In a previous study, it was shown that DC subsets in rhesus macaque closely
resemble humans DCs, including expression of DC markers [16]. Therefore, rhesus
macaque DC subsets can be characterized and isolated using anti-human mAbs that
cross-react with rhesus. For isolation of macague DCs, we observed that indeed
macaque PDCs could be identified as HLA-DR'CD123" cells similar to human
PDCs. However, macaque PDCs showed substantially differences in their CD123
staining. In comparison to humans, few HLA-DR'CD123" cells were observed in
macaque. As a result of this observation, we initiated a new method for sorting
macaque PDCs by using anti-PE microbeads to sort CD123-PE stained macaque
PDCs directly from PBMCs with a purity of >80%. Furthermore, we also found that
antibodies to CD11c (clone 3.9, Biosource, CA), a myeloid marker, did not cross-
react with macaque MDCs in our hands. In constrast to the previous study showing
that this mo-Ab (clone 3.9) cross-reacted with macaque [61] as well as the species
specificity recommended from the commercial supplier. Instead, we used antibodies
BDCA-1 (CD1c) for MDCs isolation. In addition, we generated a modified method
for obtaining macaque mo-DCs from blood monocytes in this study by using
similar amounts of GM-CSF (100 -ng/ml), but 10 times lower amounts of IL-4 and
only 1% FCS. By our method, the higher yield of immature macaque mo-DCs was

obtained comparing to the original method [59].

To study TLR expression patterns on APCs in human, rhesus macaque and
mice, we generated the new primer sets (TLR3, 4, 7, 8, 9 and B-actin) that are
specific for all three species. In consequence, our study is the first comparative

cross-species study on TLR expression patterns (TLR3, 4, 7, 8 and 9) of APCs in
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human, rhesus macaque and mice. Our detailed analysis showed that blood DC
subsets of rhesus macaque expressed the same sets of TLRs as those of human but
were substantially different from mouse DC subsets. In macaque and human,
MDCs expressed TLR3, 4, 7 and 8 whereas PDCs expressed only TLR7 and 9, in
contrast to mouse in which both DC subsets expressed all TLRs (TLR3, 4, 7, 8 and
9). Additionally, TLR expression patterns in macaque mo-DCs (i.e., TLR3, 4 and
8), monocytes (i.e., TLR4, 7, and 8) and B cells (i.e., TLR4, 7, 8, and 9) were also

similar to human.

For analysis of TLR mRNA expression in detail, two controversial topics
have been reported in humans. The first is whether human MDCs and monocytes
express TLR7 [10-13, 137] and the second is whether human B cells express TLR4
and TLR8 [10, 141, 142, 163]. Concerning TLR7, our results clearly demonstrated
that mRNA expression in both macaque and human MDCs and monocytes.
Moreover, we observed that both macaque and human B cells expressed TLR4 and
TLR8. There are several possibilities that may account for these observations. The
purity of the isolated cells should be the most important issue. Taking this into
consideration, >95% purity of the isolated cells (as determined by FACS analysis)
was obtained from our study and also from the other studies in human [10-13, 137,
141, 142]. The mRNA from the remaining contaminated cells might be amplied and
responsible for the results obtained. However, this possibility was ruled out in our
study, because PCR sensitivity testing showed that the minority of the contaminated
cells (less than 5,000 cells per one PCR reaction) could not be amplified by our
method. Still, further experiments need to be performed by using the known
proportion of contaminated cells for testing the detection limit of our method. The
second issue for this discrepancy might be the primer design. The three studies in
human MDCs and monocytes showed different observations of TLR7 expression
and used different TLR7 primer sets [11, 13]. By using the RT-PCR method, the
study from Krug et al. [11] observed TLR7 expression whereas Jorossay et al. [13]
cound not detect TLR7 expression in both human MDCs and monocytes. Kadowaki

et al. [12] found weak TLR7 expression by RT-PCR, but significant expression of
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TLRY7 by real-time PCR in both human cell types. According to the observation by
Kadowaki et. al. [12], it seems reasonable to suppose that not only the different
primer sets but also the different assay used should be taken into consideration for
interpretation of the results; in their hands, real-time PCR was more sensitive than
conventional PCR for detection of mMRNA expression [12]. However, in our study,
we chose to perform only conventional RT-PCR because our main interest was to

determine which genes are expressed and not to quantify gene expression.

In functional studies, it should be realized that our study has the limitation in
the purity of isolated cells, as mentioned above. By using MACS separation in our
study, only > 80% purity was obtained. Therefore, contaminating cells could be
responsible for the observed results especially for the cytokine production. In order
to confirm our observations, further experiments need to be performed such as
increasing the purity of the isolated cells and/or using more specific technique such
as intracellular cytokine staining (ICS) to identify which individual cells are

responsible for the observed cytokine production.

While this study showed that TLR expression patterns in macaques APCs
generally mirrored that of human APCs, the responsiveness of macaques APCs to
certain activation ligands partially differed from that of human APCs. Interesting,
unlike human mo-DCs, macaque mo-DCs did not produce bioactive IL-12p70 in
response to any of the tested TLR ligands (TLR3, 4, 7, 8 and 9 ligands). It is well
known that the biologically active form of IL-12p70 is a heterodimeric cytokine,
composed of a p35 subunit and a p40 subunit [164]. Therefore, the production of
bioactive IL-12p70 requires the coordination of two subunits protein that are
encoded by different genes. Hence, further experiments need to be performed such
as to study IL-12p40 cytokine production, which is representative for IL-12
transcriptional regulation, by ELISA or on mRNA level. In addition, a number of
studies have been reported that activated T cells, either by CD40-CD40L
interactions or through co-stimulation of T cell-derived IFN-y [11, 164], also

increase 1L-12p70 production by DCs. To test this concept on macaque mo-DCs,
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we performed a co-culture of these cells with CD40L transfected cells to mimick
intereaction with activated T cells [159]. We indeed observed IL-12p70 production;
however, the amount produced was very low, similar to another study using
macaque mo-DCs [59]. Thus macaque mo-DCs are capable of secreting IL-12p70
in macaque mo-DCs and this requires CD40L costimulation in addition to TLR

activation, in contrast to human mo-DCs.

As mentioned earlier, we found that TLR7 is expressed in both macaque and
human MDCs and monocytes. However, we observed that TLR7 stimulation using
the TLR7 ligand, imiquimod, of macaque MDCs and monocytes resulted in low to
undetectable levels of 1L-12p70 and TNF-a production, respectively. This finding
corresponded with studies showing that human MDCs produced low levels of IL-
12p70 in respond to imiquimod (TLR7 ligand) [165] and human monocytes did not
produced TNF-a in respond to loxoribine (TLR7 ligand) [166]. However, both of
those studies showed in addition that human MDCs and monocyte can produce high
level of IL-12p70 and TNF-o when stimulated with the alternative TLR7 ligand
resiquimod (R-848), which has been reported that to be a more potent stimulus than
imiquimod [165, 166]. Thus, in our study, a possible explanation for the lack of
cytokine production by macague MDCs and monocytes might be that imiquimod
and loxorubine are not potent enough for NF-kB activation in these macaque cells.
Alternatively, it might be that TLR7 on macaque MDCs and monocytes is not
functional. Further experiments using the potent TLR7 ligand R848 should be

performed to-answer these issues.

In literature, there is no information on TLR expression and the activity of
their ligands in macaque B cells, in-contrast to human and mice. Although it is well
established that murine B cells respond to the TLR4 ligand LPS [167], TLR4
expression in human B cells was found to be weak [10, 163] and B cells were
unresponsive to LPS [163]. However, our study demonstrated that both human and
macaque B cells express TLR4 and macaque B cells could response to LPS by

producing the cytokine IL-6 cytokine. Furthermore, we observed the expression of
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TLR8 in human and macaque B cells and could demonstrate that macaque B cells
respond to TLR8 ligand. This is in line with the study by Bourke et al. showing that
B cells express human TLR8 [142] and can activated by TLR8 ligand (Tomai et al.
[168]). However, other reports have described lack of TLR8 mRNA expression and
functional TLR8 in human B cells [165, 169, 170]. In order to prove the mRNA
expression, the purity of isolated B cells, primer design and the method (such as
RT-PCR and real-time PCR) should be taken into account as mentioned before. In
order to convincingly demonstrate that TLR4 and TLR8 ligands can activate
macaque B cells, further experiments should be performed to extend our results
such as studying B cell proliferation and IgM production after TLR stimulation.

Based on our results, we can explain why some adjuvants induce potent
immune response in mouse models but not in humans and non-human primates. Of
note, while CpG ODN are potent adjuvants for induction of both humoral and
cellular immunity in mice [143, 171, 172], they can induce only humoral immune
responses in humans [150] and in non-human primates [173-175]. These
differences are likely due to differential expression of TLR9, which is expressed on
murine MDCs, but absent in human and macaque MDCs. There are other
controversies in studies using different animal models for testing vaccine adjuvants.
Studies in mice have shown that CpG ODN is more effective than TLR7/8 agonists
as vaccine adjuvants [20]. In contrast, subsequent primate studies by the same
group demonstrated that a vaccine with TLR7/8 agonists dramatically enhanced the
magnitude and.improved the quality of Thl and CD8" T cell responses, compared
to animals immunized with vaccine containing CpG ODN [176]. Our results
indicate that TLR7 and TLR8 are broadly expressed on all APCs in both humans
and ‘macaques, whereas TLR9 is limited to B cells and PDCs. Therefore, TLR7/8
agonists could indeed be more effective in non-human primates than CpG ODN for
eliciting broad humoral and cellular immune responses, by targeting different sets
of APCs. From our study, we can conclude that after TLR ligation, macaque APCs
induced an innate immune response by up-regulation of costimulatory molecules

and production pro-inflammatory cytokines. However, whether the effect of TLR
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ligation can subsequently activate the adaptive immune response should be
investigated. Further studies should be focused on the effect of TLR ligation both in

vitro and in vivo for T cell stimulation studies.

In conclusion, our studies will open new avenues in the field of TLR
research since we show that non-human primates share expression and to a certain
level also functionality of TLR with humans. In addition, the immunization concept
of broadly targeting APCs, and in particular DC subsets based on their specific TLR
expression, could emphasize the importance of using non-human primates for the
design of vaccines in which such responses might be important in humans. Our
study provides important information for the rational design of animal models for

evaluating the safety and activity of new vaccine adjuvants in vivo.
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Table VIII : Summaries of primer sequence used for RT-PCR and PCR optimal conditions

for three species

Oligo MRNA Sequence (5°-3’) Expected  Optimal Optimal
name Accession length Annealing  Thermal

Code* (bp)  Temp (°C)  Cycles
B-actin-for BC013835° GCTCCTCCCTGGAGAAGAGCTA 312 52 35
B-actin-rev CB552819° TACTTGCGCTCAGGAGGAGCAA

NMO007393°
TLR3-for NMO003265° GTCTGGAAGAAAGGGACTTTGA 148 52 40
TLR3-rev. AY525613° ACGGCATGATGTACCTTGAATC

NM126166°
TLRA4-for NMO003266° TCAGCTCTGCCTTCACTACAGA 291 52 35
TLR4-rev  AY525614° CTGTCCTCCCACTCCAGGTA

NMO021297¢
TLR7-for NMO016562° GACACTAAAGACCCAGCTGTGA 315 54 35
TLR7-rev. AY525617° CTGGAGGAACTTGGACTTCTGA

AY035889°
TLR8-for AF245703" CTGCGCTACCACCTTGAAGAGA 318 52 35
TLR8-rev  AY525618° GTCAGGCCACTGGAGGATGGA

NM133212°
TLR9-for AF245704* GCTGTTTGTGCTGGCCCACA 181 52 40
TLRO-rev  AY525619°  GAGGACACTCTGGCGGCAGA

NM031178°

* GenBank, National Center for Biotechnology Information.
a Homo sapiens mMRNA sequence (human)

b Macaca mulatta mMRNA sequence (rhesus macaques)

¢ Mus musculus mRNA sequence (mouse)
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1. Beta Actin : Estimated product size = 312 bp

" 'fITTTTITTTTITTTTITTTTITTTT 'f'f'f'fITTTTITTTTITTTTITTTTITTTTITTTTITTTT TTTTITTTTITTTTITTTTITTTT

-1 730 "."4EI 750 a0 770 720 20a

K-

[B-actin-for : GCTCCTCCCTGGAGAAGAGCTA

BC013835 (Human)
CB552819 (Macaque)
NMO007393 (Mouse)

NMO007393 (Mouse)

J TITTTTITTTTI'f'f'f'fITTTTITTTTITTTTITTTTITTTTITTTTITTTTITTTTIT
— 870 280
BC013835 (Human) =
CB552819 (Macaque) S

J rrr I rrrrY I ryYryYrT I rrrrY I L B rrrrY I ryYerr rYT?TY I !!!TIT!!! I rrrry I rrrrY I rrYTCTY I !!!TIT!!! I rrryYrY I rrrrY rrYTCTY I rrr
— 920 370 980 1000
BC013835 (Human) i [ S 272 e - P .

CB552819 (Macaque)
NMO007393 (Mouse)

. TITTTTITTT'FI'f'f'f'fITT'F'II'f'f'f'fI'F'f'f'fITTTTITTTTIT'F'f'fI'f'f'f'fI'F'f'f'fITTTTITTTTIT'F'f'fITTTTITTTTITTTTITTTTI

| 1010 lEIZEI 1030 1040 1050 lEIEEI 1070 1020 lEIBEI

H

pE
0y oy gy
0y gy i

BC013835 (Human)
CB552819 (Macaque)
NMO007393 (Mouse)

=
e T

Al x AS A

B-actin-rev : AAGCAGGAGGACTCGCGTTCAT

'F'f'f'fITTTTITTTTITT'F'II'f'f'f'fI'F'f'f'fITTTTITTTTITTTTITTTTITTTTITTTTITT
| 1100 lllEI 1120 1130 ll&El llSEI llFSEI ll"."EI 1180

An AR 2

BC013835 (Human)
CB552819 (Macaque)
NMO007393 (Mouse)

. TTITTTTIT'F'f'fI'f'f'f'fI'f'f'f'fITT'F'II'f'f'f'fI'F'f'f'fITTTTITTTTITTTTITTTTITTTTITTTTIT

-1 1120 lZEIEI 1210 1220 1230 1240 125EI

BC013835 (Human)
CB552819 (Macaque)
NMO007393 (Mouse)

(E a."'u"'u"‘u"‘

G8
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2. TLR3 : Estimated product size = 148 bp

;J EéBD ! Zéﬁﬂ ! 2LﬂmdeMEMMESmﬁsmﬂmtmmna@nma&wmdmuZéeu ! 2%90 ! Eéﬂﬂ ! ZélD : 5
NM003265 (Humar) . p T p . » ; P . ,., ,., — —
AY525613 (Macaque)
NM126166 (Mouse)

JITTT'ITTTTIT'F'f'fI'f'f'f'fI'f'f'f'fI'f'f'r'fI'f'f'f'fIT'TTITTTTI'TTTITTT'ITTTTI'F'f'f'fITTTTITTTTITT'TITTTTIT'TTIT

112720 2730 ZTQD 27480 2760 2770 Z'T"Ell:l 2790 2800 281

NMO003265 (Human)
AY525613 (Macaque)
NM126166 (Mouse)

TLR3-for : GTCTGGAAGAAAGGGACTTTGA

T
T
o !!TIT!!!I!TTTI!!!!ITTT!I!!!TIT!!!I!TTTI!!!!ITTT!I!!!TIT!!!I!TTTI!!!!ITT!!I!!TTI!!!!I!T!TI!!!

| 2820 2830 2840 2850 ZEIEEI ZBTEI 2880 28320 ZBEIEI

[y

NMO003265 (Human)
AY525613 (Macaque)
NM126166 (Mouse)

TLR3-rev : CTAAGTTCCATGTAGTACGGCA

‘I'fITTTTITTTTITT'F'II'f'f'f'fI'F'f'f'fITTTTITTTTIT'F'f'fI'f'f'f'fITTTTITTTTITTTTITTTTITTTT

I'TTTITTT'ITTTTITT'TI
| EBlEI 2920 2930 2940 =950 =9a0 2970 2980 2930
NM003265 (Human) A A A =l o e 2, = Ao AR ah o mfs ,_:r .:: = h A ,::r A b A = A
AY525613 (Macague) e n
NM126166 (Mouse) = = =
o TTTTITTTTITTTTITTTTI'f'f'f'fI'f'f'f'fITTTTITTTTITTTTITTTTITTTTITTTTITTTTITTTTITTTTITTTTITTTTITTTTI
B | 3EI|:II:I 2010 SDZD a0z0 SDQD SDSD a070 a0e0
NMO003265 (Human) = = " = ,, G " G AAG : pp
AY525613 (Macaque) = =
NM126166 (Mouse) = 5
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3..TLR4 : Estimated product size = 291 bp

TITTTTITTTTITTTTITTTTI!
.

. ;. W N a - jrTrTT | Trrr | TEYTYT | TYTYT | FTTYIT|TREYTY [ TYARY | TYOYY
| 2310 sa90 57 ;Shade |dent|tlisuaT€ similarities ||1..?J.|%ninent wmdu:uwh 360 5370 =380 s7ag =
NMO003266 (Human) A A EA e A A 2 EE R ( e -~ TR i A s i s
AY525614 (Macaque) B ; = A 2 e TR
NM021297 (Mouse) 2 2 ; i A ET CE=C
. I rrrTrT I rrTreT I rrTTrTCT I rTrCTY I rrTreT I rrTTTCT I T T I rrTrCTY I rTTCT I rTT™T I rrTrCT I rrrTrT I rrTreT I rrTTrTCT I rTrCTY I rrTTrCTY I rrTTrTCT I rTrTCT I
- |[2400 2410 2420 2420 2440 2450 24 a0 2470 2480 24
NMO003266 (Human) = s A AGAGA 4 iz JoiEs A = LT AR A 2 T e N E e e, e
AY525614 (Macague) = ; e - TTe
NMO021297 (Mouse) C = : z

TLR4-for : TCAGCTCTGCCTTCACTACAGA

. 'f'f'f'fI'f'f'f'fI'f'f'f'fI'f'f'f'fITTTTITTTTITTTTITTTTITTT

| 2a0a0 2310 2320 Za30
NMO003266 (Human) G e (oA R~ et i
AY525614 (Macaque) C 3G A ade | = =
NMO021297 (Mouse) (= S e TAMT e &

o !!IT!T!|!!!!|TT!!|!!TT|!!!!ITTT!|!!!TIT!!!|

T I TTTT I TTTCT I TrTT™YT I rTTTCT I TrTTC"T I TTT™™T I TTTCT I TrTT™YT I rTTTCT I TT
2540 2550 2560 2570 2580
= 2 2 ‘ 2 2 - —ilere i - A

& TIeE T
THET =
CEECT

!!!!|!!!!|!!'!!I!!!!I!!!!I!!!!|!!!!|!!!!I!!!!I!!!!
= 2530 Ze00 2510 Z2ez0 2830 Ze40 2650 2660 2670
NM003266 (Human) T A 2 ..ﬁ G ‘ =i lE A,
AY525614 (Macaque) S S - - z &
NMO021297 (Mouse) Ties CE T 7 G HEAGG AT AGGIGCARUNICIEE G 00 ONAG ACEAAA A
TLRA4-rev : ATG
o I'|"|"|"|'I'|"|"|"|'I'|"|"|"|'|'|"|"|"|'|'|"|"|"|'|'|"|"|"|'I'|"|"|"|'|'|"|"|"|'|'|"|"|"|'|'|"|"|"|'|'|"|"|"|'I'|"|"|"|'|'|"|"|"|'|'|"|"|"|'|'|"|"|"|'|'|"|"|"|'|'|"|"|"|'|
| 2710 2730
NMO003266 (Human) ! > A A 2
AY525614 (Macaque)

NMO021297 (Mouse)

Aclcl-E

L8
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4. TLRY : Estimated product size = 315 bp

TTTTITTTTITTTTITTTTIT'F'f'fI'f'f'f'fI'f'f'f'fITT'F'II'f'f'f'fI'F'F'f'fI'f'f'f'fI'f'f'f'fITT'F'II'f'f'f'fITTTTITTTTITTTTITTTTITT

- ZBEIIII 2810 2820 2830 2840 ZBSEI 28e0 2870 ZEEHII
NMO16562 (Human) ] D 3 = = = - p T, TEE
AY525617 (Macaque)
AY035889 (Mouse)

!TIT!!!I!T!TI!!!!ITTT!I!!!TIT!!!I!T!TI!!!!I!T!!I!!!TIT!!!I!TTTI!!!!ITT!!I!!T!I!!!!I!TTTI!!!!

-] 2850 =200 =910 2920 2930 =940 ZBEEI 23280 2970 2

0y 0 i
@ @

TLR7-for : GACACTAAAGACCCAGCTGTGA

NMO016562 (Human)
AY525617 (Macaque)
AY035889 (Mouse)

o ITTT!I!!!TIT!!!I!TTTI!!!TIT!!!I!TTTI!!!!ITT!!I!!!TI!!!!I!T!!I!!T!I!!!!IT!T!I!!TTI!!!!ITTT!I!

=] 29280 2930 3000 3010 3020 3030 2040 3050 3060 307

NMO016562 (Human)
AY525617 (Macaque)
AY035889 (Mouse)

g

o !!TIT!!!I!T!TI!!!!I!T!!I!TTTI!!!!ITT!!I!!TTI!!!!ITT!!I!!TTI!!!!ITTT!I!!!TI!!!!IT!T!I!!!TIT!!

= 3080 3090 3100 3110 3120 3130 3140 3150 3160
NMO016562 (Human) GEAL : G G A el = -
AY525617 (Macaque) : gg

AY035889 (Mouse)
TLR7-rev : AGTCTTCAGGTTCAAGGAGGTC

. TITTTTITTTTI'f'f'f'fI'F'f'f'fITTTTITTTTITT'F'II'f'f'f'fI'F'f'f'fITTT'FI'f'f'f'fITT'F'II'f'f'f'fITTTTITTTTITTTTITTTTITTT

| 2170 SlEII:I 3120 3200 Jz10 3220 2230 Jz40 3250

NMO016562 (Human)
AY525617 (Macaque)
AY035889 (Mouse)
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5. TLR8 : Estimated product size = 318 bp

. TT TTTTI'f'f'f'fI'f'f'f'fITTTTI'f'f'f'fI'f'f'f'fITTTTITTTTI'f'f'f'fI'f'f'f'fI'f'f'f'fITTTTITTTTITTTTITTTTITTTTITTTTITTTT

-1 2710 2730 2770 =780
AF245703 (Human) A2 5 AR AT : BE p ~
AY525618 (Macaque) = FACER A
NM133212 (Mouse) = FATEN

" |'r'|"r'r|'r'r'r'r|'r'r'r'r|'r'r'r'rl'r'r'r'rl'r'r'r'rl'r'r'r'rl'r'r'r'rl'r'r'r'r|'r'r'r'r|'r'r'r'r|'r'r'r'r|'r'r'r'r|'r'r'r'r|'r'r'r'r|'r'r'r'r|'r'r'r'r|'r'r'r'r|'r
B 2790 2800 2810 2820 2830 2840 Z850 Z8e0 2870
AF245703 (Human) OO oM AR el A A maly e = . " — . n —
AY525618 (Macaque)

NM133212 (Mouse)

o TTT I TrTT™YT I TTIT™T I TTTCT I TrTT™YT I TTIT™T I T TAT I TrTrT™"YT I rrTTCT I TTTCT TTT™TYT I rTTTCT I TrTTC"T I TTT™™T I TTTCT I TrTTC"T I TTT™™T I TTTCT I TTT
=1 =880 2830 2200 =910 2920 2930 =940 =950 2960
- - & 2 " 3 a2 2 - - & i~ 2 - = g P 2 - a2

AF245703 (Human)
AY525618 (Macaque)
NM133212 (Mouse)

. f|'|"|"|"|'|'|"|"|"|'|'|"|"|"|'|'|"|"|"|'|'|"|"|"|'|'|"|"|"|'|'|"|"|"|'|'|"|"|"|'|'|"|"|"|'|'|"|"|"|'|'|"|"|"|'|'|"|"|"|'|'|"|"|"|'|'|"|"|"|'|'|"|"|"|'|'|"|"|"|'|'|"|"|"|'|'|"|'TT

| 2270 2980 2320 3000 2010 3020 3030 3040 2050 3
AF245703 (Human) = COE A e . T . . = T | . - .
AY525618 (Macaque)
NM133212 (Mouse)

JTTTT TTTTITTTTITTTTITTTTITTTTITTTTI'f'f'f'fITTTTITTTTITTTTITTTTITTTTITTTTITTTTITTTTITTTTITTTT
= 3060 3070 3080 3020 3100 3110 3120 3130 3.
AF245703 (Human) Gl 4 - - d § ik - GG R =8 G E =
AY525618 (Macaque)

NM133212 (Mouse)

TR

68
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6. TLR9 : Estimated product size = 181 bp

ITTTTI'F'FTTI'I'F'FT|'I'F'FT|'I'I'F'P|'I'I'F'F|T'I'F'F|T'I'I'F|T'I'I'F|TT'I'I|'f'f'l'll'r'r'r'llTTTTITTTTITTTTITTTTITTTT|'I'F'FT|

EBDD EBlD ZBZ0 Z830 Za

JETSD 2760 2770 ZTEIEI 2720
AF245704 (Human) l GALG GGG e ACEAG
AY525619 (Macaque)
NMO?£178 (Mouse)

" 'f'f'f'fI'f'f'f'f|'f'f'f'fI'f'f'f'f|'f'f'f'fITTTTITTTTITTTTITTTTI

- 2850 2860 2870 EBEIEI 28720 =200

'f'f'f'f|'f'f'f'f|'f'f'f'f|'f'f'f'f|'f'f'f'f|TTTT|TTTTITTTT|TTTTITT

AF245704 (Human)
AY525619 (Macaque)
NMO031178 (Mouse)

23210 =32z0 =330

r
—
=
—
[

. TTTITTTT'TTTT TTTTITTTT TTTTITTTT 'f'f'f'f|TTTTITTTTITTTTITTTT|'f'f'f'f

rTTCT I TTTT TTCTTCT I TTTT rTTrTTCT I TT

| 2940 2950 23a0 2950 29EHII 2990 2000 2010 3EIZEI
AF245704 (Human) 4 e a A A A |::;r |.:;r o 2 b 2 = — a - :::-:_ 3 ) ': |::::_
AY525619 (Macaque) bz £ R
NMO031178 (Mouse) i = e

TLR9-for : GCTGTTTGTGCTGGCCCACA

;I TT rTrrTCT I rTTrTTCT I TTTT I rrTCT I rTrTTrTCT I rTrrT™T I rTTTTCT I TTTT I TrTTTCT I TTITCT
| 2030 3E|4EI SIIISIII 2080 2070 2080 2020 2100 2110
AF245704 (Human) . B = ECE Y~ TR = - PR pEp—— = P
AY525619 (Macaque) ! 5 :
NM031178 (Mouse)

TTTTITTTT TTTT'TTTTITTTT'TTTT|'f'f'f'f|'f'f'f

o g g

o g g
R RT

TLR9-rev : AGACGGC

'rl'I'I'F'l|'F'I'I'F|'I'F'IT|TTTT'TTTTITTTT'
a

= 2120 231320 2 14 o
AF245704 (Human) S =
AY525619 (Macaque)
NMO031178 (Mouse)

06

GGTCTCACAGGAG
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Part Il : PCR optimization for each of primer sets

As mention in the method (Topic 3.2.2.3), the annealing temperature and
cycle number were optimized for each of primer sets. Then, the sensitivity of each
of primer sets was done by varying the amount of cells per reaction.

1. B-actin:

1.1 An optimal temperature is 52 °C.

Mouse 312 bp
Human
312 bp
Macaque
312 bp
Annealing Temp : M 53 54.4 55.3 56.1 Neg
1.2 An optimal cycle number is 35 cycles.
Mouse 312 bp
Human
uma 312 bp
Macaque 312 bp

Cycle Number : M 25 30 40 45 Neg
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1.3 The sensitivity of B-actin primers for all three species is less

than 5,000 cells per reaction.

Mouse

Amount of cells
/ reaction

20,000
10.000

M

5.000

Human
(=) (=) o
o o

e & 8§
g 2 v

Macaque
Qo o o
o Qo

© & §
g 2 v

Neg

312 bp
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2. TLR4:

2.1 An optimal temperature is 52 °C.

Mouse

291 bp
Human

291 bp
Macaque 291 bp

Annealing Temp: M 50 51.1 54.4 56.5 58.7 60.8 62.9 64.6 65.8 Neg

2.2 An optimal cycle number is 35 cycles

Mouse

291 bp
Human 291 bp
Macaque

291 bp

Cycle Number : M 25 30 40 45 Neg
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2.3 The sensitivity of TLR4 primers for human is 20,000 cells per
reaction, whereas for macaque is 10,000 cells per reaction.

Human Macaque

Amount of cells 8 8 8 8 8 8
/ reaction == s g 9
™N - w ~N - w

291 bp
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TLR7 :

3.1 An optimal temperature is 54 °C.

Mouse 315 bp
Human
Macaque 315bp

Annealing Temp: M 50 51.1525 56.558.7 60.8 62.9 64.6 65.8 Neg

3.2 An optimal cycle number is 35 cycles.

Mouse 315 bp
Human 315 bp
Macaque

4 315 bp

Cycle Number : M 25 30 40 45 Neg
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3.3 The sensitivity of TLR7 primers for human is 10,000 cells per
reaction, whereas for macaque is 5,000 cells per reaction.

Human Macaque

2 © o @9
Amountofcells & 8 § & & 8
/ reaction = S 9 = =
™ - = ™ - =

M

315 bp
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4. TLR8:

4.1 An optimal temperature is 52 °C.

Mouse

— e — S W — — — 318 bp

Human

I T I e—, 318 bp

Macaque

—— S S RS G NS S A — 318bp

Annealing Temp : M 50 51.154.4 56.5 58.7 60.8 62.9 64.6 65.8 Neg

4.2 An optimal cycle number is 35 cycles.

Mouse 318 bp
Human

318 bp
Macaque

318 bp

Cycle Number : M 25 30 40 45 Neg
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4.3 The sensitivity of TLR8 primers both human and macaque is

10,000 cells per reaction.

Human Macaque

Amount of cells
[ reaction

20,000
10.000
5.000
20,000
10.000
5.000

M

318 bp




APPENDIX 11

CHEMICAL AGENTS AND INSTRUMENTS

A. CHEMICAL AGENTS

100 bp DNA ladder (Promega, USA)

Agarose (GIBCO; Grand Island, N.Y. USA)

Bromphenol blue (Sigma, MO, USA)

CD1c (BDCA-1) Dendritic cell isolation kit (non-human primate)
(Miltenyi Biotec, Germany)

dNTPs (Promega, USA)

Ethidium Bromide (Sigma, MO, USA)

Guanidium thiocyanate (Sigma, MO, USA)

Histopaque-1077 (Sigma, MO, USA)

Isopropanol (Sigma, MO, USA)

recombinant mouse Flt-3 ligand (R&D System, Minneapolis, MN)
recombinant human granulocyte-macrophage colony-stimulating factor
(rh GM-CSF) (R&D System, Minneapolis, MN)

recombinant interleukin-4 (rh IL-4) (R&D System, Minneapolis, MN)
RNAsin (Promega, USA)

RPMI Medium 1640 (GIBCO, USA)

Tag DNA Polymerase (Promega, USA)

Trypan blue (Sigma, UK)

99
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B. INSTRUMENTS
96- well flat plate (Costar, USA)
Agarose submarine gel apparatus
Automatic pipette (Gilson, Lyon, France)
Analytical Balance
Centrifuge
Conical tube 15, 50 mL (Falcon, USA)
Counting chamber
Cover slip
Cryotube (Sarstedt, Germany)
Electrophoresis power supply (Biorad, CA, USA)
Freezer -70°C
Glover, sterile
Heparin tube (Becton-Dickinson, USA)
Incubator (Forma Scientific, Ohio, USA)
MACS columns (LD, MS) (Miltenyi Biotec, Germany)
MACS Separators (Miltenyi Biotec, Germany)
Microcentrifuge (Eppendorf, USA)
Microtube 250 uL, 1.5 mL
Mixer Vortex-Genic. (Scientific industries, N.Y., USA)
Multichannel pipette and Pipette Tisps
PCR machine Gene Amp PCR System 2400 (Perkin Elmer)
Serological pipette 1, 2, 5, 10, 25 mL (Costar, USA)
Stereomicroscope (Olympus, Japan)

UV Trans-illuminator (ULTRA-LUM, Carson, California)
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