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Abstract

Multiple sclerosis (MS) is an incurable autoimmune disease of the CNS. Although its
cause is not known, immune cells are involved in the disease progression. Among these cells,
type I monocytes are first to arrive to the brain and initiate inflammation; however, if
monocytes are type II activated, they can inhibit inflammation. Previous research has shown
that immune responses can be modulated by treatments, such as glatiramer acetate (GA) and
immune complexes (IC). Therefore, we aimed to determine whether GA and IC can induce

type II activation of monocytes in MS.

Human blood monocytes from healthy volunteers and MS patients were stimulated in
vitro with bacterial lipopolysaccharide (classical activation) in the presence or absence of GA
and immune complexes (IC) composed of IVIG and human red blood cells (type II
activation). Flow cytometry, ELISA and cytometric bead array were used to assess levels of

marker expression and cytokine production in order to define the activation of monocytes.

Interestingly, while both GA and IC induced type II activation of monocytes, the
characteristics of these type II monocytes were distinct. We have found that monocytes from
both healthy people and MS patients have significantly lower levels of inflammatory marker
CD40 and higher levels of the anti-inflammatory cytokine IL-10 after treatment with IC. In
contrast, GA treatment reduced the levels of CD40, CD86 and the inflammatory cytokine IL-
12. Moreover, the combined addition of GA and IC appeared to be more effective in type II
activating monocytes than either agent alone. We also found that both CD14""CD16™ and
CD14'CD16" monocyte subsets can be type II activated by the treatments; however, an

interaction between the subsets impaired their response to the treatments.

Our study suggests that treatments with GA and IC, especially in combination, are
effective in type II activation of human monocytes and can be beneficial therapeutic

approaches for multiple sclerosis.
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Chapter 1.

General introduction



1.1. Multiple sclerosis

MS (MS) is an incurable disabilitating disease with unknown etiology, characterized by
the loss of neuronal myelin sheath and subsequent neuron death. The autoimmune nature of
MS is indicated by an involvement of immune cells in induction of inflammation and
demyelinization of neurons in the CNS[1, 2], leading to cognitive, tactile, visual, hearing,
speech and movement impairments[3]. Chronic CNS inflammation can persist for many years
in MS patients and lead to significant disability and reduction in the quality of life[4].

MS mostly affects women[5] with an average onset at ages 20-40[6], although cases in
younger individuals have been reported[7]. While MS is not a common disease, its
prevalence is steadily increasing in the world with a highest rate in Caucasian subjects[8].
New Zealand is among the countries that have the highest incidence with 1 case reported in
every 1400 New Zealanders[9]. There are three main types of MS: relapsing remitting
(RRMS), secondary progressive (SPMS) and primary progressive (PPMS). Up to 90% of
cases begin as RRMS, which can progress to SPMS, and approximately 10% have
PPMS[10]. The course of RRMS is defined by relapse and remission stages, where new brain
lesions (regions of demyelinization) occur during the relapse stages with some to complete
recovery during remissions[11]. In PPMS and SPMS, however, the remission stage is missing
and the disease steadily progresses over years[12]. In all three forms of MS, immune
dysregulation is the main component of the disease progression, although many
environmental factors can influence MS outcome and progression.

The initiating cause of MS is unknown. Although multiple risk factors are associated
with development of MS, including genetics, geographical distribution, vitamin D deficiency,
smoking, diet and infections[13-18], none of these can be defined as a single causative factor.
Instead, they are believed to be contributing factors that increase the likelihood of developing
MS. Although the etiology of MS is still undefined, it is clear that pathological changes in the
immune system play a main role in the development of the disease[19], reinforcing MS as an

immune-mediated disease.



1.2. Immunology of MS

Although the exact cause is unknown, MS is believed to be an immune mediated disease.
Yet, immune cells play a dichotomous role in MS. While some immune cells, namely CD4"
T helper cells (Thl and Thl7), natural killer, B cells, classically activated
monocytes/macrophages and microglia cause inflammation in MS[1, 2, 20],
immunoregulatory cells such as T helper 2 (Th2), regulatory T cells (Treg) and type II
monocytes/macrophages protect the CNS from inflammation[21]. Thl cells are a type of
helper T lymphocytes that produce cytokines, such as IL-2 and IFNy, and promote cellular
immune defense against intracellular microorganisms[22]. The subset of Th cells, namely
Th17, produces IL-17 cytokine and is involved in protection from extracellular
microorganisms[23].  Differently from Thl and Thl7 cells, Th2 cells induce humoral
immune response and produce cytokines, such as IL-4, IL-5, IL-6, IL-10 and IL-13[22].
Among these immune cells, inflammatory monocytes and T cells, such as Thl and Th17
cells, are known as drivers of inflammation in MS[24]. Specifically, myelin—reactive Thl and
Th17 cells are known to be the main inflammatory cells that damage myelin sheaths of
neurons in CNS, causing inflammation in MS[2, 20, 25].

Another class of T cells, such as CD8" cytotoxic T cells has been also found in brain
tissue of MS patients. The number of infiltrating CD8" cells is significantly higher than that
of CD4" T cells in the CNS of MS patients and can be contributing to progression of the
disease[26]. Other immune cells, such as B cells, are also involved in MS pathogenesis.
Activated B cells have been found in cerebrospinal fluid of MS patients both in RRMS and
SPMS[27]. While B cells are not able to migrate through the uninterrupted BBB, they are
probably involved in late inflammation in MS[10].

During inflammation, T and B lymphocytes become activated by antigen presenting cells
(APC). APC of monocytic lineage, such as microglia[28], dendritic cells[29] and
monocytes[ 1] are found in increased number in the inflammatory tissue of MS patients. APC
induce the activation of lymphocytes by presenting them antigens through MHCII molecules
and co-stimulation through CD40 and CD86[30]. While Thl and Th17 cell infiltration is
evident in brain lesions in early stage of MS[20, 31], monocytes are the predominant cells
found in both early and late stages[32, 33], indicating the long term involvement of
monocytes in inflammation during MS. These findings highlight the important role of

monocytes in MS.



1.3. Monocytes

1.3.1  Monocytes as immune cells

Monocytes are generated in the bone marrow from hematopoietic stem cells and mature
in the peripheral blood. They have a half life of 1-3 days when circulating in the blood under
normal conditions, and either infiltrate tissues to become tissue-specific macrophages and
dendritic cells[34], or undergo apoptosis[35]. While in the blood, monocytes circulate in
various stages of differentiation that define their function and characteristics[36], but can
infiltrate tissues while in any of these stages[37].

Monocytes are an important cell type in the innate immune system and are a highly
heterogeneous population of immune cells[36]. The heterogeneity of monocytes is not only
due to their morphological characteristics, but also variability in their phenotype and
activation[34]. In healthy subjects, monocytes make up approximately 10% of the total
peripheral blood mononuclear cell population[38]. The number of monocytes can increase
during some inflammatory and infectious diseases[35], either through replenishment from

their less differentiated forms, or from their original source of generation[38].

1.3.2  Characteristics of monocytes

Monocytes can be distinguished by their typical morphological and phenotypical
characteristics, although the latter can be highly variable. Morphologically, monocytes can be
defined as round cells with a single nucleus and large cytoplasm, whereas their phenotype
can be identified through a broad spectrum of cell surface markers uniquely expressed on
different types of monocytes[35]. CD14 and CD11b are defined as a hallmark of monocytes
and thus are expressed on all monocytes, but at different levels. CD14 is a receptor for the
bacterial toxin, lipopolysaccharide (LPS), [39] and CD11b is a monocyte adhesion molecule
and an integrin[40]. While these are markers that are systematically expressed on all
monocytes, other markers, such as CD16 (Fcy receptor III), are found only in specific subsets
of monocytes[41]. Classification of monocytes in relation to their phenotype is still a

developing area of immunology.



1.3.3  Function of monocytes

Despite the diversity in the characteristics of monocytes, all monocytes generally
function in the defense and clearance of infectious or unnecessary elements. Thus, they act as
scavenger cells and maintain homeostasis by removing toxic products and dead cells from the
organism[38]. In addition, monocytes kill and eliminate pathogens through an internalization
process, called phagocytosis[38], and through the production of toxic substances. In addition,
monocytes give rise to other phagocytic cells, such as macrophages and dendritic cells[42].
Other immune cells that are implicated in MS, such as T cells, can be activated or suppressed
by monocytes[21]. In addition to contributing to inflammation, monocytes can also regulate
the immune response and control inflammation[43]. Besides their immune roles, it has been
recently shown that monocytes facilitate tissue repair and wound healing[36]. Function of
monocytes depend on their activation state[44] and they can be generally classified into four
types: classically (M1), alternatively (M2a) and type II activated (M2b) and deactivated
(M2c) monocytes[45]. M1 cells are classically activated monocytes that are responsible for
killing and clearing microorganisms and inducing inflammation. M2a monocytes are
alternatively activated monocytes, which are involved in defense against parasites and tissue
repair. M2b monocytes are type II activated monocytes and are responsible for
immunoregulation, whereas M2c is a deactivated form of monocytes. Among them,
classically and type II activated monocytes are known to be important in pathogenesis of
MSJ[21]. Depending on their activation and on which cell surface markers and cytokines are
elevated, monocytes induce either inflammatory Thl and Thl7 cells, or anti-inflammatory

Th2 and Treg cell responses[46].

1.3.4  Classical activation of monocytes

When exposed to stimulants, such as interferon gamma (IFN-y) and bacterial
lipopolysaccharides (LPS), monocytes become classically activated and have characteristics
that are typical of inflammatory cells. Classically activated monocytes can polarize T cells
towards predominantly Thl and Thl7 types by producing high levels of inflammatory
cytokines and molecules. As such, they are substantial producers of the cytokines IL-6 and
IL-12[47, 48], and express high levels of CD40, CD86 and HLA-DR[49, 50], in comparison

to inactive cells. A typical classical activation can be induced by in vitro stimulation of



monocytes with IFN-y and LPS[51]. Therefore, IFN-y-primed and LPS-stimulated monocytes
can be used as an in vitro model of classical activation.

Monocytes are potent antigen presenting cells and can activate T cells during
inflammation by binding of their co-stimulatory markers CD40, CD80 and CD86[52] to their
ligands on T cells (CD40L and CD28 respectively) and present antigens through HLA
molecules to T cell receptors (TCR). They also produce monokines, such as IL-1p, IL-6, IL-
8, IL-10, IL-12 and TNFa[46] to induce activation of different T cells and other immune
cells. Although the stimulating cause is unknown, classically activated monocytes activate T

cells and induce inflammation in MS[53, 54].

1.3.5 Type II activation of monocytes

In contrast to classically activated M1 monocytes that drive a Thl response, M2
monocytes produce high level of IL-10[55] and induce activation of Th2 cells[45]. Among
the M2 monocytes, alternatively activated M2a monocytes produce substantial amount of
growth factors and are responsible for tissue repair and angiogenesis[36], as well as inducing
allergy[45]. While there is no evidence about an involvement of alternatively activated
monocytes in MS, induction of type II activated M2b monocytes can be a therapeutic
approach for the disease[21, 32].

Type II activated monocytes play an immunomodulatory role[21]. In vitro type 1l
activation can be induced by treatment of monocytes with IL-10 and IL-13 in the presence of
LPS[56]. These type II monocytes lead to activation of Th2 cells and, accordingly, are
associated with amelioration of MS[32, 43]. Type II activated monocytes have a reduced
production of inflammatory cytokines and lower expression of co-stimulatory markers and a
higher level of the anti-inflammatory cytokine, IL-10, in comparison to classically activated
monocytes. This enables inhibition of inflammatory Th1 and Th17 cell activation and shifting
the T cell profile towards a Th2 response[21]. Ultimately, the polarization of T cells by
monocytes can significantly affect the course of MS; for example, type II activated tissue-
resident macrophages prevented the onset of disease and ameliorate its progression in a
mouse model of MS[44]. Thus, inhibition of classically activated monocytes by type II

activation can be an advantageous method to ameliorate disease in MS.



1.3.6  Cell surface markers and cytokines in monocytes

Activation of monocytes can be defined by the expression of cell surface markers,
such as CD40, CD64, CD86, CCR2 and HLA-DR, and production of cytokines, including IL-
6, IL-10 and IL-12. CD40 is a receptor of TNF family, expressed on many immune cells,
including monocytes. Binding of CD40 to its ligand (CD40L) co-stimulates Th1 and Th17
cells and contributes to progression of autoimmune diseases[57]. CD86 is another co-
stimulatory marker for T cells. Whereas binding of CD86 to its ligand CD28 activates T cells,
the binding to CTLA-4 inhibits T cell activation[58]. CD64 (FcyRlI) is a high affinity receptor
for IC and Ig (immunoglobulins). Its role is to mediate phagocytosis and defense from
microorganisms[59]. CCR2 is a chemokine receptor for CCL2 chemokine which binding
facilitates migration of monocytes to inflammatory site[60]. HLA-DR is an antigen-
presenting molecule of MHC class II. Presentation of antigens through HLA-DR induces
proliferation of T cells[61]. IL-6, or interleukin 6, promotes differentiation of Th17 cells and
downregulates activation of mature Th17 cells[62, 63]. IL-10 is an anti-inflammatory
cytokine that plays an immunomodulatory role. It is involved in polarization of T cell
response by inhibiting proliferation and activation of Th1 and Th17 cells[64]. IL-12 plays the
main role in promoting Thl cell response and inducing inflammation[65]. Classically
activated monocytes have increased levels of CD40, CD86, CD64, CCR2, HLA-DR, IL-6
and IL-12, and these molecules are upregulated during multiple sclerosis[66-68]. In contrast,
type II activated monocytes are characterized by having lower levels of these markers and

cytokines and increased production of IL-10[21].

1.3.7  Role of monocytes in inflammation and MS

Monocytes play an inflammatory role when they encounter microorganisms, but can also
induce inflammation in a non-infectious environment. During inflammation, circulating or
tissue resident monocytes activate T cells by producing inflammatory cytokines, such as IL-1,
IL-6, IL-12 and TNF-a, and attracting them to the inflammatory site[69, 70]. Monocytes bind
attracted T cells through their co-stimulatory molecules CD40[71] and CD86[52] and present
antigens bound to HLA-DR[24, 31] molecules.

During MS, monocytes damage the nerve cells in the absence of overt infection[15]. It

has been shown that monocytes can infiltrate the CNS and become important mediators of



inflammation in a mouse model of MS[72]. The inflammatory products of monocytes,
including IL-6, IL-12, CD40, CD86 and HLA-DR, are significantly upregulated during MS
and are believed to be a key mechanism through which inflammatory damage occurs in the
brain tissue[47-50]. However, the role of inflammatory monocytes is not restricted to their
activation of other immune cells. In addition to activating Th1 and Th17 cells, monocytes can
directly damage neurons in MS[73]. They are one of the first cell types that arrive in the brain
tissue to drive inflammation in MS, and are the most permanent cells that exist in all the
active lesions of MS patients[24]. Intralesional monocytes have been shown to phagocytose
debris derived from the neuronal myelin sheath[24], indicating their direct involvement in the
nerve damage. This direct involvement has been shown by the observation that monocytes
can lyse nerve cells by producing neurotoxic factors, such as nitric oxide and oxygen
radicals[74, 75]. Due to their high production of migration factors such as matrix
metalloproteinases, monocytes are more effective at migrating through the blood brain barrier
(BBB) and infiltrating the brain tissue than T cells[76]. Together, the monocyte-derived
cytokines and activation molecules stimulate the inflammatory Th1 and Th17 cells to induce
inflammation and neuronal death in MS[24]. These findings emphasize the crucial role of

monocytes in MS, reinforcing monocytes as an attractive target for the treatment of MS.



1.4. Monocyte subsets

1.4.1 CDI14" and CD16" monocyte subsets

There are two main subsets of monocytes that are identified as CD14" ' CD16 (i.e. CD14"
monocytes) and CDI4'CDI16" (i.e. CD16™ monocytes). In healthy subjects, 90-95% of
monocytes are CDI14" and the other 5-10% are CDI16'. Monocytes originate from
hematopoetic stem cells in the bone marrow and enter the blood stream as CD14" monocytes,
where they either continue to circulate as CD14" monocytes, or differentiate into CD16"
monocytes[77]. The CD16" monocytes are believed to give rise to tissue macrophages and
dendritic cells[78]. The two monocyte subsets have functional and phenotypical differences.
For example, CD14" monocytes express higher levels of CCR2[41, 79], CD64[80] and IL-
10[81]; whereas, CD16" monocytes express higher levels of CD40, CD86 and HLA-DR[80,
82] and inflammatory cytokines[79, 83, 84].

Although both subsets bear typical morphological characteristics of monocytes[85],
they differ in phenotype and function. These variations are defined by the differential
expression of markers, production of cytokines and antigen presenting abilities of CD14" and
CD16" monocyte populations. Thus, in comparison to CD16" subset, CD14" monocytes
express higher level of chemokine receptor CCR2[41, 79] and Fcy receptor I (CD64)[80],
while producing higher level of anti-inflammatory cytokine IL-10[81]. In contrast to CD14"
monocytes, CD16" monocytes have higher level of chemokine receptor CX3CR1[41],
markers HLA-DR, CD40 and CD86[80, 82] and inflammatory cytokines TNFa, IL-6 and IL-
1B[79, 83, 84], when exposed to bacterial or viral antigens. Not surprisingly, CD16"
monocytes are far superior at activating T cells[82], suggesting that they are more active

inducers of inflammation than the CD14" monocytes.

1.42 CDI14" and CD16" monocytes in inflammation and MS

The ratio of the two monocyte subsets is altered during inflammatory and autoimmune
diseases[86-90], and an increased number of CD16" monocytes has been shown to be
correlated with expansion of Thl cells[91] and activation of inflammation[87]. While the
absolute number of the total monocyte population remains normal, the percentage of CD16"

monocytes within the total monocyte population increases during infections[92, 93].



Expansion of the CD16" monocytes is observed in inflammatory diseases such as rheumatoid
arthritis[86], lupus erythromatosus[87], atherosclerosis[88], Kawasaki disease[94], immune
thrombocytopenia[90] and MS[95]. This increase is positively correlated with an activation
of inflammatory processes[96], high levels of C-reactive protein (CRP), a marker of
inflammation, [94], and proliferation of Thl cells[90]. Moreover, a recent in vitro study
revealed that the expanded CD16" monocyte subset, and not the CD14" subset, is directly
responsible for the expansion of Thl cells and inhibition of regulatory T cells in immune
thrombocytopenia[90]. This research highlights that the change in the ratio of the monocyte
subsets reflects their unique role in inflammation and infection.

Similar to other inflammatory diseases, although the total monocyte count is generally
normal in patients with MS, the percentage of CD14" and CD16" monocyte subsets within the
total monocyte population changes dramatically[95]. The proportion of circulating CD14"
monocytes is reduced from 90-95% in healthy subjects to 70% in MS patients. On the other
hand, the proportion of CD16" monocytes is significantly higher in MS patients (32%), than
in healthy subjects, which corresponds to a 3-6 fold increase from the normal range (5-
10%)[97]. Lopez-Moratalla et al. suggests that CD14" monocytes give rise to CDI16"
monocytes[97]. Therefore, the change in ratio of CD14" and CD16" monocytes might be due
to differentiation of some of the CD14" subset monocytes into CD16" cells. Interestingly, the
decreased number of CD14" monocytes is negatively correlated with the Th1/Th2 cell ratio in
MS[98], suggesting that CD14" monocytes are not responsible for the significant expansion
of inflammatory Thl cells. It is not clear whether the proliferation of these T cells is related
to the expansion of CD16" monocytes in MS. Understanding the specific roles of CD14" and
CD16" monocytes in MS is crucial; however, currently the function and phenotype of the
individual CD14" and CD16" subsets in MS, and their exact role in MS and the expansion of

inflammatory T cells, is still unknown.

1.4.3 Activation of CD14" and CD16" monocytes

Monocytes in the circulation function as inflammatory cells during MS[97] and it is
known that both CD14" and CD16" monocytes have pro-inflammatory roles when classically
activated in inflammatory conditions[79]. As both subsets express TLR4, an LPS
receptor[99], in vitro treatment of monocytes with LPS can classically activate both subsets
and induce a pro-inflammatory phenotype. Both types of monocytes are induced to produce

inflammatory cytokines, such as IL-6 and TNF-a, by LPS stimulation[81]; however, the main
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producers of TNF-o are not CD14" monocytes, but CD16  monocytes[83]. Expansion of
CD16" monocytes in Kawasaki disease is associated with a high level of CRP[94], a
biomarker of systemic inflammation, suggesting an association of CD16" monocytes with
inflammation. An increased number of CD16" monocytes has been correlated with high
levels of Thl cells in immune thrombocytopenia, and CD16" monocytes are also directly
responsible for extensive production of the inflammatory cytokine IL-12 (higher than in
CD14" monocytes) and increased proliferation of IFN-y" Th1 cells in vitro[90]. This suggests
that classically activated CD16" monocytes are potent activators of Thl cells during
inflammation and might be more efficient at inducing inflammation than CD14" monocytes.
Although monocytes in MS patients appear to have characteristics of classically
activated cells[97], the phenotypes of these classically activated individual CD14" and CD16"
subsets have not yet been described. In contrast to classically activated monocytes, type II
activated monocytes exhibit features of anti-inflammatory or regulatory immune cells, and
can be beneficial in treatment of MS[21]; however, to date, there have been no studies
characterizing type II activation of CD14" and CD16" monocyte subsets in MS. Very little is
known about the regulatory effect of immunomodulatory agents on monocyte subsets. Drugs
such as glucocorticoids induce regulatory type of macrophages[36] and have an
immunosuppressive effect on both monocyte subsets. Glucocorticoid treatment leads to a
reduction in HLA-DR expression and the number of CD16" monocytes in the circulation of
both MS patients and healthy subjects, whereas the number of CDI14" monocytes is
increased[95, 100]. The well-known immunosuppressive effect of glucocorticoids in MS is
not through inhibition of CD14" monocytes and other immune cells, but mainly through
depletion of CD16" monocytes[95], showing the importance of CD16" monocytes as a target
for the treatment of MS. Although CD16" monocytes are only a minority of the monocytes in
healthy human blood[77], the role of CD16" monocytes in MS, as well as CD14" monocytes,

should be well considered.

1.44 Role of CD14" and CD16" monocytes in brain inflammation and MS

Although both monocyte subsets can be involved in brain inflammation, CD16"
monocytes have been shown to be important cells in the progression of AIDS-related
encephalitis, and are more effective at invading the CNS than CD14" monocytes[101].
Despite the fact that CD16™ monocytes are released from the bone marrow into the

circulation later than CD14" monocytes, they spend less time in the blood and migrate into
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tissues earlier than CDI14" monocytes in a macaque model of AIDS[102]. After
transmigration into the CNS, CD16" monocytes surround blood vessels and differentiate into
macrophages[103], which cause neuron death in HIV dementia[104]. Taken together, these
studies suggest that CD16" monocytes can effectively infiltrate the brain, take the form of
inflammatory macrophages and cause nerve damage, suggesting an importance of
differentiating between monocyte subsets in relation to their function in brain inflammation.
Although a significant change in the proportion of CD14" and CD16™ monocytes has
been found in MS[95], there are no studies that have looked at the specific phenotypes and
functions of these CD14" and CD16" subsets so far. However, in other autoimmune diseases,
an increased number of CD16" monocytes correlates with expansion of Thl cells[90] and
induction of inflammation[105]. During MS, monocytes play an important role in inducing
Thl and Th17 cells[24], and damaging nerve cells[73]; however, it is unclear what roles the
CD14" and CD16" monocyte subsets play in this inflammation, and how they can be altered

by immunomodulating treatments for MS.
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1.5. Treatments of MS

Most MS treatments target the immune system, such as glatiramer acetate (discussed in
section 1.6), interferon (IFN)-B, mitoxantrone[106], fingolimod[107], natalizumab[108],
glucocorticoids[109], Teriflunomide[110] and BG-12[111]. All of these treatments are
approved by the food and drug administration (FDA) as treatments for MS, and are mostly
for use in RRMS patients. Although these drugs have 30-70% efficacy in reducing relapse
rates and disability, none of them are considered a cure for MS[112, 113] and are known to
have significant side effects. Other, non-FDA approved drugs such as campath[114] have

also been efficient in some cases of MS but, likewise, can cause many side effects.

1.5.1  IFN-

Currently, there are four IFN-B products available on the market: Betaferon, Avonex,
Extavia and Rebif. IFN-f is an immunomodulating agent which inhibits Thl cell
activation[115] and enhances anti-inflammatory IL-10 production by Th2 cells. Despite that,
it is believed that IFN-B works through other immune cells and does not have a direct effect
on CD4" or CD8" T cells[116]. In addition, it has been shown that IFN-B can directly
modulate B cells and cells of monocytic lineage, such as macrophages and microglia[115,
117]. Thus, IFN-B inhibits antigen presentation by macrophages and B cells to Thl
cells[115], as well as activation of microglial cells[117]. However, the exact mechanism of its
action is unknown. A disadvantage of this treatment is that in some cases the effectiveness of
IFN-B may be reduced as a result of the development of anti-IFN-f antibodies[118]. Despite
the widespread use of IFN-B for treatment of MS, this disadvantage, along with other
potential side effects, such as flu-like symptoms[119], has led to a decrease in the popularity

of IFN- therapy.

1.5.2  Mitoxantrone (Novantrone)

Mitoxantrone is an antineoplastic chemotherapy agent that has some effect in reducing
relapses and progression of MS, and is the only FDA-approved drug for both RRMS and
SPMS[120]. Its effect on the immune system is related to its cytotoxicity to immune

cells[121]; however, this extensive cell death can result in leukopenia[122], along with other
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side effects such as nausea, vomiting, alopecia and amenorrhoea, and improvements in the
disability score have not been significant in MS patients[123]. Moreover, due to a significant

cardiotoxicity, the dose of the drug is limited to a lifetime cumulative dose[124].

1.5.3  Fingolimod (Gilenya)

Fingolimod is a new oral immunotherapy[125] which inhibits migration of inflammatory
Thl and Th17 cells into the CNS by regulating its migration-related receptor sphingosine 1-
phosphate[126]. Fingolimod reduces number of brain lesions and relapses in MS patients
with RRMS, and has been more effective than IFN-f treatment[127]. However, death cases
associated with reactivation of latent viral infections after the administration of this drug have

been reported in MS patients[127].

1.5.4  Natalizumab (Tysabri)

Natalizumab is another inhibitor of T cell migration that works by blocking the T cell
adhesion molecule o4p1-integrin. It was recently removed from the list of FDA approved
drugs due to cases of drug-related death[108] and then re-approved as an efficient treatment
for MS, but natalizumab treated MS patients require close monitoring for adverse effects of

the treatment, such as progressive multifocal leukoencephalopathy, or PML[128, 129].

1.5.5 Glucocorticoids

Glucocorticoids (GC) are the synthetic form of endogenous steroid hormones and have
an immunosuppressive effect in MS[130]. Despite the fact that GC are not in the list of FDA-
approved treatments for MS, they have been a commonly used modality for the treatment of
MSJ[131] and have a broad effect on the immune system[132]. Although GC have a wide
range of inhibitory effects on the immune cells, including suppression of their migration
through the blood brain barrier (BBB), decreased activation, and increased cell death[133-
137], they only have short term, partial efficacy with respect to improving relapse rates after
administration of high doses[131]. As GC treatment does not have a long lasting effect on
MS and involves significant systemic side effects including, but not limited to, depression,
osteoporosis, diabetes and infections[138], GC treatment is appropriate only in drug-resistant

cases, but not as a first choice therapy for MS.
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1.5.6  Alemtuzumab (Campath-1H)

Alemtuzumab is a monoclonal anti-CD52 (a lymphocyte anti-adhesion molecule)
antibody that suppresses inflammation through depletion of circulating T and B cells[139]
and prevents development of new brain lesions in MS[140]. Initially being developed as a
leukemia treatment, alemtuzumab has shown to be effective in reducing relapses in RRMS
only, but not any other types of MS[141, 142]. Although an administration of alemtuzumab is
required only once every six months, it only affects newly formed brain lesions, whereas
previously formed brain inflammation and progressing disability have not been improved by
treatment with alemtuzumab in MS patients[140]. As it is typical for immune-depleting
agents, alemtuzumab has the potential to cause leukopenia which increases susceptibility to

infections[143].

1.5.7 1VIG (intravenous immunoglobulin G)

IVIG is concentrated natural immunoglobulin G, derived from the blood of hundreds of
healthy donors and is administered once a month in a dose of 0,4-2 g/kg[144]. The cost of
IVIG treatment for an average 60 kg person is about 120 New Zealand dollars per month.
IVIG is well known for its minimal and rare side effects, which include anemia,
hypersensitivity, headache, fever, and, in number of cases, renal toxicity[145]. At present,
only a few studies have been done to explore its mechanism of action on the immune system.
IVIG injection results in a decrease in number of CD16", but not CD14", monocytes in
Kawasaki disease[94]. In human MS studies, IVIG has some effectiveness in reducing
relapse rates and the clinical symptoms of the disease[146-149]. A study by Bayry et al,
found that in human monocyte-derived dendritic cells, IVIG down-regulates production of
pro-inflammatory cytokines[150], including IL-12 production in MS patients[151], and
expression of MHC II molecules and the co-stimulatory markers CD40 and CD86 in vitro.
These findings demonstrated that IVIG has a type II activating effect on dendritic cells.
Although it has been established that IVIG has minimal side effects[147], its mechanism of

action in MS is unclear.
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1.5.8 Teriflunomide

Teriflunomide is an oral disease-modifying drug. It modulates immune system through
inhibition of dihydro-orotate dehydrogenase and pyrimidine synthesis[152]. Teraflunomide
reduces number of annual relapses in RRMS patients. Although it has been considered as a
safe therapy for MS in short-term studies, more studies are required in order to define its

long-term effect[110].

1.5.9 BG-12 (Tecfidera)

BG-12, or dimethylfumarate, is an oral neuroprotective agent and protects nerve axons
from oxidative damage[153]. It has been approved by FDA as an MS treatment in 2013. BG-
12 is known to be effective in decreasing relapse rates and disability in patients with

RRMSJ[154]. However, the effect of BG-12 on immune system is not clear.

1.5.10 Summary

None of the current treatment options are curative for MS and overall the benefits for the
patients do not always balance against their side effects. Moreover, they are extremely costly
and need to be administered in the long term[155]. As the modest efficacy of the treatments
can be associated with extensive side effects, a new approach for the treatment of MS is
required. A difficulty with finding a highly effective treatment is the unknown etiology and
complex, yet unclear, mechanism of the disease progression. While the mechanism of MS
development needs to be clarified, it is essential to continue to explore safe and effective
alternative treatment modalities. Therefore, in this study, we investigated treatments that

target monocytes such as glatiramer acetate (GA) and immune complexes (IC) in MS.
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1.6. Glatiramer acetate

1.6.1 Glatiramer acetate in MS

Glatiramer acetate (GA) is a current therapy for MS and is a random copolymer of four
amino acids. GA has approximately 30% efficacy in reducing relapses and disability in MS
patients[156]. Aside from inflammation at the injection site due to daily subcutaneous
injections, GA is known as a treatment with minimal, self-limiting side effects which, in rare
cases, can involve flushing, chest tightness, palpitation, anxiety, and dyspnea[156]. One of
the reasons for the limited efficacy of GA was the insufficient knowledge of its mechanism of
action in MS, and thus, an understanding of which patient populations will best benefit from
it.

The mechanism of GA action is not fully understood, although it has long been thought
that the main effect of GA on MS is mediated by T cells, as GA has a direct inhibitory effect
on Thl cells and polarizes the T cell profile from a Thl to Th2 cell direction[157]. This
polarization changes the T cell-derived cytokine cascade[158]. It has been shown that GA
increases the anti-inflammatory cytokines IL-10, IL-4 and TGF-B and decreases pro-
inflammatory TNF-a mRNA levels in T lymphocytes[159]. As an antigen, it pushes GA-
specific Th2 cells to induce anti-GA antibody production by B cells[160]. These anti-GA
antibodies are found at higher levels than anti-MBP antibodies in MS patients treated with
GA[161]. GA acts on T cells as an “antigen mimic” and blocks the inflammatory Thl cell
activation through suppressing their response to nerve antigens such as MBP, PLP[162] and
MOG([163, 164]. These antigens are presented to T cells by antigen presenting cells,
including monocytes, through HLA-DR molecules. GA-specific T cells have been shown to
be abundant in MS lesions only in earlier stages, yet GA has long term efficacy in MS[165].
Since GA is also effective in late MS, when T cell infiltration is not prominent in the CNS, T
cells must not be the only mediators of GA action[20].

It has been recently found that GA can act through an HLA-DR independent
mechanism[166], suggesting that the antigen blocking on T cells is not necessarily a
requirement for GA to be effective. This finding has led to further research to determine
whether there are other regulatory cells that mediate the GA effect on T cells. It has been
suggested that GA affects T cells in the periphery, with a subsequent migration of GA-
specific Th2 cells to the CNS, where they inhibit the inflammatory Thl cell activation[167,
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168]. In the peripheral blood, GA can encounter other immune cells, including regulatory T
cells (Treg) - one of the major regulators of T cell activation. However, involvement of Treg
in mediating the GA effect is unlikely, as Toker ef al. have shown that an inhibition of Thl
cells by GA occurs independently from Treg in a mouse model of MS[166]. Therefore, there
must be other regulators that can mediate the full GA effect on the immune system in MS.
Recently, it has been shown that GA modulates activation of differentiated and tissue resident
form of monocytes, such as microglia. Thus, GA increased the secretion of IL-10, while
decreasing the production of TNFa in rat microglia[169]. These findings indicate on the

ability of GA to modulate cells of monocytic lineage.

1.6.2  Effect of glatiramer acetate on monocytes and their subsets

Human monocytes are the most abundant circulating antigen presenting cells that
modulate T cell activation in the periphery. More than 95% of murine peripheral monocytes
specifically bind GA in vivo 3-6 hours after GA administration. Recently, it has been shown
that GA can directly affect an intermediate CD14'CD16" subset of monocytes and increase
its phagocytic activity in MS patients[170]. GA has a direct type II activating effect on
human monocytes, resulting in a regulatory phenotype[32]. This is consistent with the finding
that in a mouse model of MS, type II activated GA-treated monocytes can directly inhibit Thl
cell proliferation[166]. Moreover, GA-treated monocytes ameliorate MS in mice, by inducing
their regulatory phenotype[43]. All the above-mentioned studies lead to a hypothesis that the
main mediators of GA’s effect in MS are the circulating blood monocytes. In order to fully
understand the mechanism of action of GA and improve its efficacy, it is crucial to elucidate
the GA effect on human monocytes.

Although GA has an immunomodulatory effect on human monocytes in MS[32], its
effect on specific monocyte sub-populations has not been described yet. To date, there is no
evidence about type II activation of CD14" and CD16" monocyte subsets in MS, despite the
fact that these monocyte subsets play unique roles in inflammation[82, 83, 94]. Given that
exploring the mechanism of action of GA on monocytes is essential to improving treatment
efficacy, this study looks at the effect of GA on monocytes, and the individual CD14" and
CD16" subsets, in MS.
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1.7. Immune complex

Immune complexes (IC) consist of antigens bound to antibodies. Although IC form
naturally due to binding of human antibodies to pathogens as part of a defense mechanism,
other IC form as a result of antibodies that bind to various human cells and molecules. While
these complexes can be pathogenic, as seen in lupus erythematosus[171] and rheumatoid
arthritis[172], IC can also induce type II activation of macrophages and thus, reduce
inflammation.

Recently it has been shown that IC treatment switches the balance of cytokine production
to the anti-inflammatory side in differentiated monocytes (macrophages) from mice [173],
indicating a direct anti-inflammatory effect of IC on monocytes. More exploratory studies
have been done using a mouse model of MS and have shown that IC improve the disease
course by type II activating a differentiated form of monocytes (macrophages) and inhibiting
expression of CD40, CD80, and IL-12, while upregulating anti-inflammatory IL-10
production[44]. A direct type II activating effect of IC has also been shown in murine
macrophages in vitro, in which IC treatment in the presence of LPS downregulates the
production of IL-12 and enhances the production of IL-10[173]. Although the type II
activating effect of IC on these mature monocytes is well established in mice, little is known
about the effect of IC on human monocytes.

Murine studies use IC of sheep red blood cells (SRBC) and anti-SRBC antibodies,
whereas in humans the IC consists of human RBC and human IgG. In humans, IC can be
generated naturally by intravenous immunoglobulin G injection (IVIG), which results in IC
consisting of IVIG bound to the A and B antigens on human red blood cells[174-176]. These
IVIG complexes have been shown to be an effective treatment for many autoimmune
diseases[177-179]. In vitro studies have found that IC effectively bind to Fcy receptors on
human monocytes[178, 180], therefore in vitro treatment of monocytes with IC gives a good
representation of the biological effect of IVIG treatment in humans[176]. In addition, by
exploring the effect of IC on monocytes, we may be able to explain the immunomodulatory
effect of IVIG on monocytes. Despite the evidence regarding the regulatory effect of IVIG
treatment in MS, the direct mechanism of action of IC on human monocytes and their subsets

in MS is not yet clear.
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1.8. Overall aims

This study aims to investigate a type II activating effect of GA and IC on human
monocytes in both healthy subjects and MS patients. In order to assess this, the following

specific aims will be addressed:

1. To characterize the monocytes and their subsets in healthy and MS groups.

2. To compare the classical activation of monocytes and their subsets in healthy and
MS groups.

3. To investigate type II activation of monocytes and their subsets by GA and IC
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Chapter 2.

Materials and methods
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2.1. Subjects and blood samples

Healthy volunteers were recruited from Victoria University of Wellington, and MS
patients were recruited from the Wellington Hospital, Neurological Foundation of New
Zealand and Wellington MS Society. Experimental protocols were approved by the Multi-
region Ethics Committee and the Central Regional Ethics Committee (Ministry of Health,
New Zealand) under the licences MEC 10/05/048 and CEN 11/11/062. All the volunteers
gave informed written consent to participate in this study.

The healthy group included 30 healthy volunteers with a mean age of 35 (£13) years and
a female to male ratio of 1.7:1. Healthy subjects did not have any underlying diseases and
subjects who had any inflammatory or infectious diseases, including the common cold, or
who had taken any medications, were excluded from the study. Female subjects were not
pregnant or taking any contraceptives.

The MS patients group included 27 volunteers, each with a confirmed diagnosis of MS. 7
MS patients were under daily glatiramer acetate treatment (GA-treated MS group) and 20 MS
patients had received no treatments for a minimum of 6 months (untreated or non-GA treated
MS group). Patients who were receiving treatments other than GA were not included in the
study. The MS patients had either relapsing remitting MS (RRMS) and were in a relapse
stage at the time of study participation, secondary progressive MS (SPMS), or primary
progressive MS (PPMS). The mean age of the patients was 47 (+12) years and there was a
female to male ratio of 2:1. The disease severity was evaluated by qualified neurologists
according to a commonly used scoring system known as the expanded disability status scale
(EDSS). The mean EDSS of patients in this study was 4 (+2), where an EDSS of 1 represents
the minimum severity of MS, and 10 represents the highest severity or death due to MS
(Appendix 1)[181]. The mean duration of MS was 10 (£9) years.

Up to 50 ml of peripheral venous blood was taken from healthy subjects, and up to 100
ml of blood from the MS patients. The blood collection (phlebotomy) was performed either at
the Department of Neurology at Wellington Hospital, or in the phlebotomy room at the
Malaghan Institute of Medical Research, VUW, by a certified phlebotomist. The blood
samples were collected into sterile heparinised vaccutainer tubes (BD Biosciences, San Jose,
CA, USA). All necessary precautions were taken to minimise the potential side effects from
the phlebotomy. The blood samples were used for isolation of peripheral blood mononuclear

cells (PBMC) and subsequent experiments immediately after collection.
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2.2. Total monocyte isolation

2.2.1. PBMC isolation

To 50 ml of heparinised whole blood, 93.3 ml of phosphate buffered saline (PBS)
without calcium or magnesium was added, and the sample mixed by inversion. 50 ml of
Histopaque-1077 (Sigma, St. Louis, MO, USA) was brought to room temperature. The blood-
saline mixture was layered onto the Histopaque-1077 and centrifuged at 400 x g for 30
minutes at room temperature. After centrifugation, the upper layer was aspirated and the
opaque interface containing the PBMC was collected. The PBMC were washed with PBS and
centrifuged at 250 x g for 10 minutes, two times. Finally, the PBMC were washed with

MACS isolation buffer to prepare them for monocyte isolation.

2.2.2. Isolation of total monocytes from PBMC

The monocytes were magnetically labelled according the following protocol, to facilitate
isolation. The PBMC were resuspended in 80 pul of MACS buffer per 107 cells, and incubated
with human CD14 microbeads (Myltenyi Biotec, Teterow, Germany) at a concentration of 20
ul per 107 cells. After incubation at 4°C for 15 minutes, the cells were washed in 1-2 ml of
MACS isolation buffer and centrifuged at 300 x g for 10 minutes. The cells were resuspended
in MACS isolation buffer, ready for magnetic separation.

The magnetic separation of the total monocyte population from the other PBMC was
performed using LS columns on a magnet (Myltenyi Biotec, Germany). The column was
washed with MACS isolation buffer, then the magnetically labelled cells were added to the
column, and the unlabeled CD14" cells passed through the column. The column was washed 3
times with 3 ml of MACS isolation buffer, while still on the magnet. The column with the
remaining CD14" cells was removed from the magnet and placed on a collection tube. The
CD14" cells (monocytes) were then flushed through to the collection tube and used for cell

culture.
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2.3. Isolation of subsets

2.3.1. Depletion of NK cells and granulocytes

The PBMC were isolated as described above (Section 2.3.1) and magnetically labelled
with CD15 and CD56 microbeads (Miltenyi Biotec, Germany), specific for granulocytes and
natural killer cells, respectively. The labelled granulocytes and natural killer cells were
magnetically separated on LD columns as described previously (Section 2.3.2), and the
effluent containing the monocytes and lymphocytes was taken for the isolation of CD16"

monocytes.

2.3.2. Positive isolation of CD16 monocytes

The collected effluent was magnetically labelled with CD16 microbeads (Miltenyi
Biotec, Germany) and the CD16" monocytes were magnetically separated on LS columns as
mentioned previously (Section 2.3.2). The magnetically separated CD16" monocytes were
taken for cell culture, and the column effluent was collected and used for further isolation of

CD14" monocytes.

2.3.3. Positive isolation of CD14" monocytes

The collected effluent with remaining CD14" monocytes and lymphocytes was
magnetically labelled with CD14 microbeads and the CD14" monocytes were magnetically
separated on LS columns as mentioned above (Section 2.3.2). The column effluent consisted
of depleted lymphocytes, and was discarded. The isolated CD14" monocytes were taken for

cell culture.

2.4. Monocyte culture and IFN-y priming

The isolated monocytes were resuspended in complete T cell media (CTCM) and
cultured in duplicate or triplicate in U-bottomed 96-well plates (BD Biosciences, USA) at a

concentration of 1x10° cells per well for flow cytometry experiments, and at a concentration
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of 1x10° cells per well for gPCR work. The cells were incubated at 37°C in 5% CO, for 16
hours in the presence of 20 U/ml IFN-y (IFN-y priming).

2.5. LPS stimulation

The primed cells were stimulated with lipopolysaccharide from E.Coli (Sigma, USA) at a
final concentration of 200 ng/ml. The cells were then incubated at 37°C in 5% CO, for 24
hours. After the incubation, 100ul of supernatant was harvested and stored at -20°C for the
subsequent measurement of cytokine levels. The cells were then used for flow cytometry or

qPCR.

2.6. GA treatment

For in vitro GA treatment, primed cells were treated with glatiramer acetate (Copaxone,
Sanofi Aventis) at a final concentration of 100 pg/ml per 1x10° cells, in the presence or
absence of LPS. The cells were then incubated at 37°C in 5% CO, for 24 hours. After the
incubation, 100ul of supernatant was removed and stored at -20°C, for cytokine measurement
at a later date. The cells were taken for flow cytometry or qPCR.

During in vivo GA treatment, MS patients received daily 20 mg glatiramer acetate
injections (Copaxone; Sanofi Aventis, Australia) for a minimum of six months prior to the

blood collection.

2.7. IC treatment in vitro

Immune complexes (IC) were prepared as following. Human red blood cells (RBC) from
blood group A (NZ Blood, Auckland, New Zealand) were mixed with intravenous
immunoglobulin G (IVIG; NZ Blood, NZ) and incubated at room temperature for 30 minutes
with constant rotation. The primed cells were treated with IC, consisting of a 1:100 dilution
of IVIG and 10 RBC per monocyte, in the presence or absence of LPS. The cells were then
incubated at 37°C in 5% CO, for 24 hours. After the incubation, 100ul of supernatant was
removed for the detection of cytokines, and stored at -20°C. The cells were then taken for

flow cytometry or gPCR.
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2.8.Flow cytometry

2.8.1 Staining and data acquisition

Flow cytometry antibodies (Appendix 2) were pre-titrated in order to optimise the
resolution between the positive and negative cell populations, and minimise background
fluorescence. Cells were washed in FACS buffer, then stained with the optimised primary
antibodies diluted in FACS buffer, in a total volume of 50ul. The samples were incubated for
15 minutes at room temperature, washed with FACS buffer, centrifuged at 700 x g for 5
minutes, and resuspended in FACS buffer. When biotinylated primary antibodies were used,
cells were incubated for a further 15 minutes with streptavidin-conjugated fluorophores and
then washed with FACS buffer. The stained cells were resuspended in FACS buffer for
subsequent acquisition on a FACS Canto II flow cytometer using Diva software (BD
Biosciences, USA). Data was analysed using FlowJo 5 software (Tree Star, Ashland, OR,
USA).

2.8.2 Gating strategies

Live, singlet cells were gated using forward scatter properties (FSC-H and FSC-A).
CD45" leukocytes were gated from the total live cells. The monocytes were then selected
from the CD45" cells and were assessed to check the purity of monocytes. Monocytes were
also either assessed for activation marker expression, or further divided into CD14"'CD16°
and CD14'CD16" monocytes in order to evaluate marker expressions on the co-cultured

CDI14" and CD16" subsets (Appendices 8-11).

2.9. Cytokine measurement

2.9.1 Extracellular cytokine detection by enzyme linked immunosorbent assay

An enzyme linked immunosorbent assay (ELISA) was used to measure extracellular
cytokine secretion according to the manufacturer’s protocol. All of the primary and
secondary antibodies were pre-titrated to find the optimal concentration for detection of

cytokines. 96 well ELISA plates (BD Biosciences, USA) were coated with 50 pl of primary,
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or capture, antibody in sodium phosphate buffer overnight at 4 °C or for 2 hours at room
temperature (Appendix 3). The plates were then washed in wash buffer (PBS containing
0.05% Tween 20 (Sigma, USA)) and blocked with 100ul of 5% FCS in PBS for 2 hours at
room temperature. After washing, 50 pl of standards or samples (culture supernatant) were
added to the plate and incubated overnight at 4 °C, or for 2 hours at room temperature.
Following this incubation, the plate was washed and 50 pl of biotinylated secondary, or
detection, antibody was added and incubated for 1 hour at room temperature. After washing,
50 ul of streptavidin conjugated horseradish peroxidase was added and incubated for 1 hour
at room temperature. The plates were then washed and 100 pl of tetramethyl benzidine
mixture was added. After sufficient color development, the reaction was stopped by the
addition of 100 pl of stop solution (0.18 M sulphuric acid). Absorbance values were
measured at 450 nM using a VersaMax plate reader (Molecular Devices, Sunnyvale, CA,
USA). A standard curve was constructed from the absorbance values of the standards and
then used to calculate the sample cytokine concentrations. The detection limit for individual

cytokines ranged from 15-100 pg/ml, as indicated on the manufacturer’s datasheet.

2.9.2 Extracellular cytokine detection by cytometric bead array

A human inflammatory cytokines cytometric bead array (CBA) kit (BD Biosciences)
was used to detect extracellular cytokine secretion. The cytokines were quantified using a
human inflammatory cytokine cytometric bead array (CBA) kit (BD Biosciences, San Jose,
CA, USA). The CBA kit consists of six bead populations with distinct fluorescence
intensities that can be resolved in the red FL-3 channel. Each population is coated with
capture antibodies specific for IL-1b, IL-6, IL-8, IL-10, IL-12p70 or TNF-a. After these
beads are incubated with test samples or standards, phycoerythrin (PE)-conjugated cytokine-
specific detection antibodies are added to enable the cytokine-bound beads to be
distinguished from unbound beads. The PE fluorescence intensity of the resulting sandwich
complexes can then be detected in the yellow FL-2 channel during flow cytometry and
compared to a range of standards to ascertain the cytokine concentrations. 25 pl of undiluted
sample and duplicate standards ranging from 20 pg/ml to 5000 pg/ml were incubated with 25
ul of the mixed beads for 1.5 hours. At the end of the incubation, the samples were washed
twice with wash buffer and all but 50 pl of supernatant was aspirated. 25 pl of the PE-
conjugated anti-cytokine antibodies were then added to each sample. After a 1.5 hour

incubation, the samples were washed twice, resuspended in 200 ul wash buffer. The samples

27



were acquired on a FACS Canto II flow cytometer and the data analyzed using FCAPArray
software (BD Biosciences, USA). The detection limit for the individual cytokines ranged

from 2-20 pg/ml, as indicated on the manufacturer’s datasheet.

2.9.3 Intracellular cytokine detection by flow cytometry

Intracellular staining of cultured monocytes was performed in order to detect
intracellular cytokine production. The cells were incubated with LPS, GA or IC in the
presence of monensin (BD Biosciences, USA) at a final concentration of 0.67 pl/ml/10° cells
for 22 hours at 37°C. The cells were then harvested, washed with FACS buffer and
centrifuged at 400 x g for 5 minutes. Extracellular staining of the cells was performed by
incubating with fluorescent anti-CD antibodies (Biolegend, San Diego, CA, USA) at room
temperature in the dark for 15 minutes (Appendix 4). The cells were fixed in 100 pl of 4%
paraformaldehyde at room temperature in the dark for 20 minutes. The cells were then
permeabilized using 200 pl of 0.1% saponin buffer and incubated at room temperature in the
dark for 15 minutes. Intracellular staining was performed using fluorescent anti-cytokine
antibodies (Biolegend, USA) diluted in saponin buffer and incubated with the cells at room
temperature in the dark for 30 minutes. Finally, the cells were acquired on a FACS Canto II
flow cytometer (BD Biosciences, USA) and the data was analyzed using FlowJo 5 software

(Tree Star, USA).

2.10. MTT

A colorimetric MTT assay was performed to assess the cytotoxicity of the treatments. The
treated cells were incubated with 20 pul of 3-(4,5-dimethylthiazol-2-yl)-2.5-
diphenyrtetrazolium bromide in dPBS (MTT solution; Sigma, USA) at 37°C in 5% CO, for 2
hours. Then, 100 pl of MTT solubiliser was added and the cells were incubated for a further
16 hours. The OD expression of MTT was measured by absorbance at 570 nm on a Versamax
plate reader (Molecular Devices, USA). A colour change of the MTT solution, added to the
stimulated cells, from yellow to purple, represents good metabolic activity of monocytes with
no cytotoxicity upon stimulation with LPS, shown by high OD fluorescence. However, if the
stimulants are cytotoxic, the metabolic activity of cells is decreased and little or no colour

change is observed[182].
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2.11. Validation of data by qPCR

2.11.1 cDNA synthesis

cDNA was synthesized using SuperScript™ III First-Strand Synthesis Supermix kit
(Invitrogen, Carlsbad, CA, USA) accordancing the manufacturer’s protocol. Briefly, the
DNase-treated RNA (1 pg) was mixed with 1 pL primer (50 uM oligo(dT),9), 1 pL annealing
buffer, and nuclease-free water (to make a total volume of 8 puL), and incubated at 65°C for 5
minutes. After cooling the reaction tube on ice for at least 1 minute, the samples were mixed
with 2X first-strand reaction mix (10 pL) and SuperScript™ III/RNaseOUT enzyme mix (2
pL) and incubated at 50°C for 50 minutes. The reaction was terminated by heating the sample

to 85°C for 5 minutes. The cDNA was stored at -80°C until further use.

2.11.2 Quantitative real-time PCR

Expression levels of the mRNA for cell surface markers, cytokines, and house-keeping
genes were determined using a quantitative PCR method. Common house-keeping genes, such
as cyclophilin and B-actin, were used. All primers were manufactured by Integrated DNA
Technologies (Coralville, IA, USA) (Appendix 5). To quantify the expression levels of each
of the genes, singleplex reaction mixes were prepared containing a single set of primers at
validated concentrations (200 nM) and the reagents supplied in the ‘SYBR® GreenER™ qPCR
SuperMix Universal Kit” (Invitrogen, USA), according to the manufacturer’s protocol.
Samples were prepared in duplicate by adding the cDNA sample (200 ng) to the prepared
reaction mix (total volume of 52 pL), and then transferring two 25 pL aliquots, each
containing 100 ng of cDNA, into 0.2 mL optical PCR tubes. The amplification reaction was
run on an iCycler real-time PCR detection system (Bio-Rad, Hercules, CA, USA) under the
following conditions: 1 cycle of 50°C for 2 minutes, 1 cycle of 95°C for 2 minutes, 40 cycles
of 95°C for 15 seconds, and 60°C for 30 seconds. Controls included samples that underwent
reverse transcription-PCR with the exclusion of SuperlII/RNaseOUT enzyme mix in order to
check the effectiveness of the DNase treatment and reaction mixtures that did not contain a
template. The PCR amplification efficiency for each set of primers was evaluated using a
standard curve created with a serially diluted cDNA sample. The mRNA expression was

analysed as 27AAC g described[183].
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2.12. Hiearchial cluster analysis

The hierarchial cluster analysis (HCA) was done by using HCE3,5 and MatLabR2012a
softwares (Math Works Inc, USA). An average linkage method and row and column
clustering directions were used. In order to measure similarities and distances, the Pearson
correlation coefficient was selected, whereas the mosaic mapping method was chosen for
display of the data. The statistical analysis between the clustered groups was performed by

using MANOVA (multivariate analysis of variance) with Wilks’ Lambda post hoc test.

2.13. Statistical analysis and graphs

Statistical power analysis was performed in order to define a minimum number of
volunteers to be involved in this study. The power analysis considered a variability between
the subjects and a variability that may rise due to conducting experiments in different days,
and the minimum number of subjects to recruit was defined as 20 in each group. Statistical
analyses of the experimental results and graphs were performed using GraphPad Prism 5
(GraphPad Software Inc., La Jolla, CA, USA) and Microsoft Excel 2010 softwares
(Microsoft Corporation, Redmond, WA, USA). The descriptive statistics were created in
order to make histograms and assume the normal distribution of the data. Student’s t-test was
used to determine statistical significance when comparing two treatment groups. One-way

ANOVA with Dunnett’s post-hoc test was used when comparing three or more groups.
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Chapter 3.

Characterization of ex vivo monocytes from MS patients
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3.1. INTRODUCTION

Monocytes, together with T cells, promote inflammation in MS by activating other
immune cells and directly damaging neurons[1, 76]. The circulating blood monocytes of MS
patients have inflammatory characteristics and are similar to classically activated monocytes.
These characteristics include the upregulated expression of activation markers such as CD40,
CD86, HLA-DR[53] and inflammatory cytokines[184]. The upregulation of these activation
markers and cytokines leads to the stimulation and sustained activation of inflammatory Thl
and Th17 cells, which are well known drivers of the inflammation in MS[43, 63, 185].
Monocytes have two main subsets with distinct phenotypes[41], namely CD14" and CD16"
monocytes; however, the role of these subsets in the T cell dysregulation (i.e. sustained
activation of Th1 and Th17 cells) that occurs during MS, is unclear.

The CD16" monocytes are increased in number during MS, whereas the number of
CD14" monocytes is decreased[97]. While it is clear that the CD14" and CD16" monocytes
have unique phenotypes and differ in their function during inflammation[79, 80, 82-84], the
role of CD14" and CD16" monocytes in MS has not yet been described. This study

characterizes the phenotype of inflammatory monocytes and subsets during MS.

3.2. AIMS

This chapter aims to characterize the phenotype of monocytes, including CD14" and

CD16" monocyte subsets, in a New Zealand population of MS patients and healthy subjects.
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3.3. RESULTS

3.3.1. Optimization of monocyte isolation

3.3.1.1. Isolation of total monocytes

Two different methods of magnetic separation were used to isolate monocytes from
peripheral blood mononuclear cells (PBMCs): 1) purification with Dynabeads®, and 2)
purification with Microbeads®. In both methods, magnetic beads specific to human CD14
antigen were used. Although monocyte separation using CD14 Dynabeads resulted in a
highly pure monocyte population, subsequent experiments using flow cytometry showed that
cell surface markers were detectable only at minimal levels and with a high variability
(Figure 3.1). Dynabeads are relatively large in size (4.5 pM) and are easily visible under a
light microscope. Mechanical blockage of monocyte receptors by firmly attached Dynabeads
can thus impair the subsequent binding of fluorescent antibodies. Attached Dynabeads were
visible under the light microscope throughout all of the monocyte culture and stimulation
steps (data not shown). In addition, when the expression of markers on Dynabead-isolated
monocytes was compared to those of monocytes before Dynabead isolation (i.e. within
PBMC cultures), the expression was minimal and highly variable in the Dynabead-isolated
monocytes (Figure 3.1). In addition, classical activation of monocytes with IFN-y priming
and LPS stimulation did not induce expression of CD40 in the Dynabead-isolated monocytes
(Figure 3.2). Therefore, magnetic isolation with Dynabeads was not considered an

appropriate method for the isolation of monocytes for these studies.
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Isolation with DYNABEADS | {

PerCP-Cy5-5-A:: CD14

Isolation with MICROBEADS

PerCP-Cy5-5-A:: CD14

PerCP-Cy5-5-A:: CD14

Figure 3.1. Microbead-isolated monocytes express CD14.
Total monocytes were isolated from PBMC using CD14 Dynabeads or CD14 Microbeads. Isolated monocytes

were stained with PerCP-Cy5,5—conjugated anti-CD14 antibody (blue) or isotype control (red). The expression
of CD14 was assessed by flow cytometry. Data was analyzed on FlowJo software and the monocytes were gated

on CD45" live singlet cells. (a) CD14 expression on monocytes before isolation, i.e. in PBMC. (b) CD14

expression on monocytes after positive isolation with Dynabeads or Microbeads.
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Figure 3.2. Microbead-isolated monocytes express CD40 upon LPS stimulation.

Total monocytes were isolated from PBMC using CD14 Dynabeads or CD14 Microbeads. Isolated monocytes
were primed with IFN-y (20 U/ml) overnight and cultured in medium with or without LPS (200 ng/ml) for 24
hours. The monocytes were harvested and stained with PE—conjugated anti-CD40 antibody (blue) or isotype
control (red), and the expression of CD40 assessed by flow cytometry. Data was analyzed on FlowJo software
and the monocytes were gated on CD45" live singlet cells. (a) CD40 expression on monocytes treated with

medium only. (b) CD40 expression on monocytes stimulated with LPS.

35



In contrast to Dynabeads, magnetic Microbeads are bio-degradable, have a size of 50 nm
(which is 90-fold smaller than Dynabeads) and were not visible under light microscope
within 24 hours of culture. Microbead-isolated monocytes had a similar expression of
markers as monocytes within PBMCs (i.e. before magnetic separation) and gave a highly
pure yield of isolated monocytes (Figure 3.3), indicating that Microbeads do not interfere
with the binding of fluorescent antibodies. In addition, Microbead-isolated monocytes did not
show any unspecific activation, as no cytokine production was observed when Microbead-
isolated monocytes were cultured in media without additional stimulants (Chapter 4.3.2).
Thus, the positive selection of monocytes using magnetic Microbeads, was chosen as the best

method for monocyte isolation.
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Figure 3.3. More than 95% of Microbead-isolated cells express CD14.

Total monocytes were isolated from PBMC using CD14 Microbeads. Isolated monocytes were stained with
PerCP-CyS5,5—conjugated anti-CD14 antibody (blue) or isotype control (red). The expression of CD14 was
assessed by flow cytometry. Data was analyzed on FlowJo software and the monocytes were gated on CD45"
live singlet cells. (a) CD14 expression on monocytes before isolation, i.e. in PBMC. (b) CD14 expression on
monocytes after positive isolation with Microbeads. (c) CD14 expression on monocyte-depleted PBMC, i.e.

lymphocytes.
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3.3.1.2. Isolation of monocyte subsets

In this study, to isolate monocyte subsets, PBMC were depleted of all non-monocyte
cells that express CD16, namely neutrophils and NK cells. CD15 and CD56 microbeads were
used in order to deplete these populations as they express CD15 (neutrophils)[186] and CD56
antigens (NK cells)[187] on their surfaces. CD16" monocytes were then positively isolated
using CD16 Microbeads. The CD14'CD16  population (CD14™ monocytes) was then
positively isolated from the sample using CD14 Microbeads. The remaining cells were

primarily CD3" lymphocytes (Figure 3.4).

a.
Blood
l Gradient centrifugation [Mistopague 1077}
PBM
Positive isolation
Monocytes -
(CD14 microbeads)
Lymphocytes
b.
Blood
lGradicnt centrifugation (Histopaque 1077)
PBMC

Depletion NK Ce”S,
(D15, CD56 microbeads)  NeUtrophils

Positive isolation

CD16' monocytes «——
(CD16 microbeads)

Positive isolation

CD14*monocytes . |
(CD14 microbeads)

Remaining

Lymphocytes

Figure 3.4. Work flow for monocyte and monocyte subset isolation.

PBMC were isolated from human peripheral blood by gradient centrifugation with Histopaque 1077. Monocytes
were isolated from PBMC using magnetic Microbeads. (a) Total monocytes were positively isolated from
PBMC using CD14 Microbeads. The remaining cells mainly consisted of lymphocytes. (b) Monocyte subsets
were positively isolated from PBMC using CD16 and CD14 Microbeads after depletion of CD16" NK cells and
granulocytes by using CD15 and CD56 Microbeads. The remaining cells mainly consisted of lymphocytes.
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The purity of monocytes was assessed by flow cytometry, based on the expressions of
CD14, CD16 and CD11b markers. Using the methods described above, we achieved greater
than 95% purity of total monocytes (Figure 3.3) and in both CD14" and CD16" subsets
(Figure 3.5).
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Figure 3.5. Isolated monocyte subsets had above 95% purity.

Monocytes were isolated from PBMC using CD14 and CD16 Microbeads. Isolated monocytes were stained
with PerCP-Cy5,5—conjugated anti-CD14 and V450—conjugated anti-CD16 antibodies. The purity of monocyte
subsets was assessed based on the expressions of CD14 and CD16 by flow cytometry. (a) CD14 and CD16
marker expression on isolated CD14" monocyte subset. (b) CD14 and CD16 marker expression on isolated

CD16" monocyte subset.
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The monocyte subset identity was verified using expression of CD11b, CD14 and CD16
cell surface markers. While the CD14" subset of monocytes have a high expression of CD11b
and CD14 (the hallmarks of monocytes), the CD16" subsets have an intermediate level of
expression of CD16 (FcyRIII) and CDI14. The isolated CD14™ monocytes had high
expression levels of both CD11b and CD14, and undetectable levels of CD16 expression in
both healthy and MS groups. Therefore, the purified CD14" monocytes were
CD11b""CD14"CD16™ monocytes (Figure 3.6). In contrast, the isolated CD16™ monocytes
had low expression levels of CD11b and CD14, and medium expression levels of CD16 in
both groups (Figure 3.7). Therefore, CD16" monocytes were CDI11b'CD14'CDI16"

monocytes (Figure 3.8).
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Figure 3.6. CD14" monocytes express high levels of CD11b and CD14 and no CD16.

CD14" monocytes were isolated from PBMC depleted of NK cells, granulocytes and CD16" monocytes by using
CD14 Microbeads. The isolated CD14" monocytes were stained with PerCP-Cy5,5—conjugated anti-CD14,
AF488—conjugated CD11b and V450—conjugated anti-CD16 antibodies (blue) or isotype control (grey). The
expression of CD14 (a), CD16 (b), and CD11b (c) on the CD14" monocyte subset. Data were collected on flow
cytometry using the gating strategy in appendix 10.

39



a. b. c.
1CD14+ monocytes|
f CD14+ monocytes
CD16+ monocytes

|CD16+ monocytes FU‘G*"‘U'MNG

L Rt T Kn| T - L R T T YOO

2 3 4 5

0 10 103 104 10 0 10 10 10 10 0 10 10 10 10

Comp-PerCP-Cy5-5-A:: CD14

Comp-V450-A:: CD16

Comp-Alexa Fluor 488-A:: CD11b

Figures 3.7. Expression of CD11b, CD14 and CD16 on monocyte subsets.

CD16" monocytes were isolated from PBMC depleted from NK cells and granulocytes using CD16 Microbeads.

The CD14" monocytes were then isolated from the remaining PBMC by using CD14 Microbeads. The isolated

CDI14" and CD16" monocytes were stained with PerCP-Cy5,5—conjugated anti-CD14, AF488—conjugated

CD11b and V450—conjugated anti-CD16 antibodies (blue or red) or isotype control (grey). The expression of
CD14 (a), CD16 (b), and CD11b (c) CD14" (blue) and CD16" (red) monocyte subsets. The histograms represent

the same data for the CD14" monocytes as in Figure 3.6. Data were collected on flow cytometry using the gating

strategies in appendices 10,11.
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Figure 3.8. CD16" monocytes express medium levels of CD11b and CD14 and CD16.
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CD16" monocytes were isolated from PBMC depleted from NK cells and granulocytes using CD16 Microbeads.

The isolated CD16" monocytes were stained with PerCP-Cy5,5—conjugated anti-CD14, AF488—conjugated
y y Jjug

CD11b and V450—conjugated anti-CD16 antibodies (red) or isotype control (grey). The expression of CD14 (a),
CD16 (b), and CD11b (c) on CD16" monocyte subset. The histograms represent the same data for the CD16"

monocytes as in Figure 3.7. Data were collected on flow cytometry using the gating strategy in appendix 11.
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3.3.2 Proportion of monocytes from healthy and MS groups

In MS patients (n=20), approximately 11-16% of the PBMCs were monocytes, based on
the expression of CD11b and CD14, which is similar to the proportion of monocytes in
healthy subjects (n=26) (10-20%). However, the proportions of CD14" and CD16" monocyte
subsets were altered in MS patients, such that the proportion of CD14" monocytes was lower
in MS patients (73.6% + 17 (SD)) compared to healthy subjects (92% + 4 (SD)). Conversely,
the proportion of CD16" monocytes was significantly increased (five-fold) in MS patients

(26.2% £17.3 (SD)) compared to the healthy subjects (5.1% +2.7 (SD)).

3.3.3 Activation state of monocytes from healthy and MS groups

In order to investigate the activation state of monocytes in MS patients in comparison to
healthy subjects, the expression of activation markers on ex vivo isolated total monocytes was
assessed by flow cytometry. In our study, monocytes from MS patients had significantly
higher expression of the activation markers CD40, CD86, HLA-DR and CCR2, whereas the
increase in CD64 was not significant (Figure 3.9). This finding indicates that monocytes in
the MS group were more highly activated than those in the healthy group.

When the expression of markers on the isolated CD14" subset was compared, the
expression of CD86, HLA-DR and CD64 was upregulated on CD14" monocytes from MS
patients, while the expression of CD40 was downregulated (Figure 3.10). No difference was
found in the expression of CCR2. In the CD16" monocytes from MS patients, however,
HLA-DR, CD64 and CCR2 were more highly expressed than in healthy group, whereas the
expression of CD40 and CD86 was non-significantly higher in this subset (Figure 3.11).
Together taken, both CD14" and CD16" monocytes from MS patients have characteristics of
classically activated cells, as shown by the increased expression of all the activation markers

assessed.
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Figure 3.9. Total monocytes from MS patients had high expression of activation markers.

Total CD11b"'CD14" monocytes were isolated from PBMC using CD14 Microbeads. Isolated monocytes were
stained with fluorescent flow antibodies and the expression was assessed by flow cytometry. (a) The expression
of CD40 on total monocytes. (b) The expression of CD86 on total monocytes. (c) The expression of HLA-DR
on total monocytes. (d) The expression of CD64 on total monocytes. (e¢) The expression of CCR2 on total
monocytes. Shown are the means and SD of 20 individuals in each of the subject groups. The statistical
analysing was done by using Student’s t-test to compare 2 groups. ¥*P<0.01; **P<0.005; ***P<0.001. Data were

collected on flow cytometry using the gating strategy in appendix 8.
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Figure 3.10. CD14" monocytes from MS patients had high expression of CD86, HLA-DR and CD64.

Total monocytes were isolated from PBMC using CD14 Microbeads. Isolated monocytes were stained with
fluorescent flow antibodies and the expression was assessed by flow cytometry. CD14'CDI16CDI1b"™"
monocytes were gated out from the total monocyte populations on flow cytometry data, based on the expression
of CD11b, CD14 and CD16. (a) The expression of CD40 on CD14" monocytes. (b) The expression of CD86 on
CD14" monocytes. (c) The expression of HLA-DR on CD14" monocytes. (d) The expression of CD64 on CD14"
monocytes. (e) The expression of CCR2 on CD14" monocytes. Shown are the means and SD of 20 individuals

in each of the subject groups. The statistical analysing was done by using Student’s t-test to compare 2 groups.

*P<0.01; ***P<0.001. Data were collected on flow cytometry using the gating strategy in appendix 8.
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Figure 3.11. CD16" monocytes from MS patients had high expression of activation markers.

Total monocytes were isolated from PBMC using CD14 Microbeads. Isolated monocytes were stained with
fluorescent flow antibodies and the expression was assessed by flow cytometry. CD14'CD16'CDI11b"
monocytes were gated out from the total monocyte populations on flow cytometry data, based on the expression
of CD11b, CD14 and CD16. (a) The expression of CD40 on CD16" monocytes. (b) The expression of CD86 on
CD16" monocytes. (c) The expression of HLA-DR on CD16" monocytes. (d) The expression of CD64 on CD16"
monocytes. (e) The expression of CCR2 on CD16" monocytes. Shown are the means and SD of 20 individuals

in each of the subject groups. The statistical analysing was done by using Student’s t-test to compare 2 groups.

*P<0.01; **P<0.005. Data were collected on flow cytometry using the gating strategy in appendix 8.

44



3.3.4 Comparison between CD14" and CD16" subset phenotypes

In healthy subjects, CD14" monocytes had higher expression of CD40 and CCR2 and
lower expression of CD86 and HLA-DR, than the CD16" monocytes, while having a similar
expression of CD64 (Figure 3.12), when the expressions are compared between the CD14"
and CD16" monocytes. In MS patients, however, the expressions of activation markers were
significantly altered, and the CD16" monocytes had higher expression of all the activation
markers, assessed in this study (Figure 3.13.a-d), except for CCR2 (Figure 3.13.e). The
expression of CCR2 in the CD16" monocytes was in the same levels as in the CD14"
monocytes from MS patients (Figure 3.13.e), whereas it has been 2-fold lower in healthy
subjects (Figure 3.12.e). This indicates an equal ability of CD16"™ monocytes to migrate in

the response to CCR2 ligand (CCL2 chemokine), as CD14" monocytes in MS patients.
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Figure 3.12. Healthy CD14" monocytes had higher expression of CD40 and CCR2 and lower expression of
CD86 and HLA-DR, than the CD16" monocytes.

Total monocytes were isolated from PBMC using CD14 Microbeads. Isolated monocytes were stained with
fluorescent flow antibodies and the expression was assessed by flow cytometry. CD14'CDI16CDI1b"™"
monocytes were gated out from the total monocyte populations on flow cytometry data, based on the expression
of CD11b, CD14 and CD16. (a) The expression of CD40 on subsets. (b) The expression of CD86 on subsets. (c)
The expression of HLA-DR on subsets. (d) The expression of CD64 on subsets. (¢) The expression of CCR2 on
subsets. Shown are the means and SD of 20 individuals in healthy group. The statistical analysing was done by
using Student’s t-test to compare 2 groups. ¥*P<0.01. Data were collected on flow cytometry using the gating

strategy in appendix 8.
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Figure 3.13. MS CD16" monocytes had higher expression of activation markers than CD14" monocytes.

Total monocytes were isolated from PBMC using CD14 Microbeads. Isolated monocytes were stained with
fluorescent flow antibodies and the expression was assessed by flow cytometry. CD14'CD16'CDI11b"
monocytes were gated out from the total monocyte populations on flow cytometry data, based on the expression
of CD11b, CD14 and CD16. (a) The expression of CD40 on subsets. (b) The expression of CD86 on subsets.
(¢) The expression of HLA-DR on subsets. (d) The expression of CD64 on subsets. (¢) The expression of CCR2
on subsets. Shown are the means and SD of 20 individuals in MS group. The statistical analysing was done by
using Student’s t-test to compare 2 groups. ¥*P<0.01. Data were collected on flow cytometry using the gating

strategy in appendix 8.

3.3.5 Summary

In overall, monocytes from MS patients have characteristics of classically activated
cells, when assessed ex vivo, whereas the monocytes from healthy subjects have only a basal
state of activation. Among the monocyte subsets, CD16"~ monocytes from MS patients have a
more inflammatory phenotype than the CD14" monocytes, which was different from the
healthy subjects. These findings suggest that the monocytes of MS patients, especially the

CD16" subset, circulate in an inflammatory state that resembles classical activation.
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3.4. DISCUSSION

This chapter characterized the phenotype and activation of ex vivo isolated monocytes
and their two main subsets in MS patients. These results showed that monocytes and their
subsets could be identified in MS patients’ blood by the same phenotypical features, as in
healthy people; however, they had characteristics of inflammatory or classically activated

monocytes. In contrast, the monocytes in healthy subjects had a basal state of activation.

3.4.1. Characteristics of monocytes and their subsets

Monocytes can be identified by a unique expression of cell surface markers, such as
CDI11b and CD14, whereas CDI16 is an additional marker that distinguishes the CD16"
monocyte subset from the CD14" subset [34]. Supporting these observations, the results from
our study showed that monocytes isolated from healthy and MS patients expressed both
CDI11b and CD14, although the level of expression varied between the different monocyte
subsets. Depending on the degree of expression of these identifying markers, the CD14"
monocytes can be further described as CDI11b™"CD14"$"CD16™ cells, and the CDI16"
monocytes can be characterized as CD11b"YCD14"°VCD16™ cells. This corresponds to the
study by Ingersoll et al., which described the expression of CD14 and CD16 as the main
phenotypical identification markers for the monocyte subsets in humans [41]. Additionally,
this study indicated that the monocytes and their CD14" and CD16" subsets could be
identified in the blood of MS patients by using the same hallmarks as in healthy subjects.

3.4.2. Proportion of monocyte subsets in MS patients

By using monocyte identification markers (i.e. CD11b, CD14 and CD16), the proportion
of monocyte subsets were evaluated in MS patients. Although the percentage of monocytes
remained within the normal range (11-16% of PBMC), the proportion of CD14" and CD16"
monocytes was significantly altered in MS patients. Specifically, the proportion of CD14"
monocytes was decreased and the proportion of CD16" monocytes was significantly
increased (i.e. by five-fold) in MS patients, in comparison to the healthy subjects. These
results agree with a previous study, which reported a six-fold increase in the number of

CD16" monocytes (32% of total monocytes), and a subsequent decrease in CD14" monocytes
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(68% of total monocytes) in MS patients [97]. The subtle difference between this and others’
studies may be due to variation in the methods used for the isolation of monocyte subsets. For
example, Lopez-Moratalla ef al. used an adherence method, which resulted in approximately
90% pure monocytes. CD14 magnetic beads were used in this study, resulting in isolated
monocytes with greater than 95% purity. The difference in the purity of isolated monocyte
subsets can also affect the evaluation of the subset’s ratio. Nethertheless, the results from our
study are in line with observations reported in previous studies[97], as we showed similar
changes in the proportion of monocyte subsets in MS patients.

The mechanism for the relative increase in the number of CD16" monocytes in MS is
unclear. However, it has been suggested that the CD14" monocytes might differentiate into
CD16" monocytes [77], which could shift the profile of CD14" monocytes into CD16"
monocytes during the inflammation that occurs in MS. Therefore, the increased number of
CD16" monocytes in MS patients might be due to the replenishment of CD16" monocytes
from CD14" monocytes, as the percentage of CD14" monocytes drops down in parallel with
the increase in number of CD16" monocytes. Alternatively, it is also possible that the
migration of monocytes to the site of inflammation results in a loss of the normal proportion
of CD14" and CD16" subsets in the circulating blood of MS patients. CD16" monocytes may
play a greater role in the activation of inflammatory T cells compared to CD14" monocytes.
This imbalance could be an important factor in the dysregulation of T cells in MS, as the

CD16" monocytes from MS patients exhibit a highly inflammatory phenotype.

3.4.3. Expression of activation markers in monocytes and their subsets in

MS

In this study, the total monocyte population from MS patients displayed characteristics
of classically activated (inflammatory) monocytes, as indicated by a higher expression of the
activation markers CD40, CD86, HLA-DR, CD64 and CCR2, compared to monocytes
isolated from healthy subjects. The total monocyte population also had the expanded
population of CD16" monocytes, which are believed to be the most inflammatory subset in
MS patients. This study further compared the expression of activation markers between
individual monocyte subsets from MS patients and healthy subjects, and characterized the

inflammatory nature of these CD14" and CD16" monocytes.
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CD40 and CD86 are important molecules, and are co-stimulators of T cells. Blockade
of this pathway prevents the development of MS in a mouse model [188-190]. In this study,
the expression of CD40 and CD86 was significantly increased in the monocytes from MS
patients, in comparison to healthy patients. This finding indicates that the inflammatory
monocytes from MS patients are superior in their induction of T cell activation, compared to
that of monocytes from healthy subjects. Interestingly, it seems that the high expression of
CD40 and CD86 in MS patients was due to elevated numbers of CD16" monocytes
specifically. In MS patients, CD16" monocytes have significantly higher levels of CD40 and
CD86, compared to the CD14" monocytes, suggesting a greater ability of CD16" monocytes
to co-stimulate T cells.

Both monocyte subsets from MS patients have a significantly higher expression of
HLA-DR, compared to monocytes from the healthy subjects, supporting an idea of activation
of inflammatory T cells through antigen presentation by the monocytes. HLA-DR is the main
molecule that is responsible for the presentation of antigens to T cells by monocytes [191],
and the increased level of HLA-DR has been associated with the exacerbation of MS[192].
When the expression was evaluated in the monocyte subsets from healthy people, the CD16"
monocytes had a higher expression of HLA-DR, than the CD14" monocytes. These results
support a study by Passlick et al., which showed that in healthy patients, CD16 monocytes
had a two-fold higher level of HLA-DR, and might be more potent antigen presenting cells
compared to CD14" monocytes[85]. Our study showed, for the first time, that in MS patients,
both CD14" and CD16" monocytes can be efficient antigen presenting cells. The two subsets
had up-regulated expression of HLA-DR with only a very subtle difference (i.e. slightly
higher in the CD16" subset). This indicates that the CD14" and CD16" monocytes may both
have increased antigen presenting ability in MS patients, but not healthy subjects.

The binding of CCR2 to its ligand (i.e. CCL2) induces the migration of monocytes to
an inflammatory site [79] and is known to be involved in the disease progression in MS [68].
While CCL2 is expressed in neurons, microglia, astrocytes and brain endothelial cells[193],
the expression levels of CCR2 were significantly increased in the total monocyte population
from MS patients in our study. This suggests that in MS patients, there may be an increase in
the migration of monocytes to the brain tissue due to inflammation in the CNS. A previous
study showed that while this chemokine receptor was variably expressed on monocyte
subsets in healthy people, the CD14" monocytes had higher expression levels of CCR2,
compared to the CD16" monocytes in healthy subjects [41], which is in agreement with the

present study. In MS patients, however, the elevation in CCR2 was not due to the increase in
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CD14" monocytes, but because of the significantly elevated expression in CD16" monocytes.
The CCR2 upregulation in CD16" monocytes resulted in an equal final expression on CD14"
and CD16  monocytes from MS patients, despite the high expression on the CD14"
monocytes from healthy subjects. These results indicate that, in contrast to monocyte subsets
from healthy subjects, both CD14" and CD16  monocytes from MS patients can be
efficiently stimulated to migrate to the inflammatory site in the response to the chemokine,
CCL2.

The binding of CD64, a high affinity Fcy receptor I, induces inflammation and the
clearance of pathogens from the organism [194]. The expression of CD64 in monocytes from
healthy patients was similar in both subsets. These results are contradictory to other studies,
which have observed a higher level of CD64 in CD14" monocytes in healthy people [41].
This discrepancy might be due to differences in the cell type used by Ingersoll et al., where
they examined a complex cell population (i.e. PBMC) consisting of monocytes, lymphocytes
and some granulocytes. In this study, a purified monocyte population was used.

Monocytes, residing in the brain of MS patients (macrophages) have high expression
levels of CD64, which is indicative of phagocytic activation of the monocytes [195]. In
parallel, this study found that the circulating blood monocytes in MS patients also had
induced expression of CD64, and that the CD16" monocytes had a higher expression than the
CD14" monocytes. Differentiated CD64 iINOS™ monocytes have been found in active
lesions of the CNS in MS patients, and these macrophages contained intracellular myelin
fragments indicating the phagocytosis of myelin debris and the possible direct damage of the
myelin sheath by these cells [195]. CD16" monocytes are the main producers of iNOS [97],
which is an enzyme that synthesizes NO, a product known to be directly involved in the
nerve damage in MS [196]. The CD64 iNOS™" cells are highly likely to be derived from the
CD16" monocytes. In agreement with this, Hill et al. have shown that the inflammatory
CD64""INOS™ cells are not CD14" monocytes, as the CD14"iINOS"" macrophages have
been found in the surrounding tissue, not in the active inflammatory sites. This finding
suggests that CD14" monocytes play the role of scavenger cells, whose function is to clear
post-inflammatory debris and apoptotic cells in MS [195]. Taken together, these observations
indicate that the CD16 monocytes are the main cells that are responsible for the
phagocytosis and direct damage of nerve proteins in MS.

To conclude, the enhanced expression of activation markers showed a highly
inflammatory nature, similar to the classical activation state of the monocytes in MS patients.

Although the ability to phagocytose, migrate and present antigens appear to be similar in both
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monocyte subsets, the CD16" monocytes might be more effective in the co-stimulation of T
cells, in addition to causing direct damage to the brain tissue in MS. This study has
characterized for the first time the activation of monocytes and their subsets during MS, in a

New Zealand population.
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Chapter 4.

Type II activation of total monocytes in vitro
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4.1. INTRODUCTION

Monocytes can play a dual role in MS by promoting or resolving inflammation.
Classically activated monocytes contribute to inflammation in MS by directly damaging
oligodendrocytes and nerve cells[73], and activating other immune cells, including Thl and
Th17 cells[24]. Monocytes activate T cells through production of inflammatory cytokines[69,
70], co-stimulatory molecules such as CD40[71] and CD86[52], and antigen presentation by
HLA-DR molecules[31]. However, if type II activated, monocytes may also play a regulatory
role. While classically activated monocytes induce inflammation in MS, it has been shown
that type II activated macrophages can ameliorate disease in a mouse model of MS[44].
Unlike classically activated monocytes, type Il activated monocytes produce low levels of the
inflammatory cytokines and activation markers and a high amount of anti-inflammatory
cytokine IL-10[21]. Thus, through the action of IL-10 and other anti-inflammatory factors,
type II activation of monocytes is a beneficial approach in the treatment of MS.

Recently, it has been shown that glatiramer acetate (GA) has a direct type II activating
effect on monocytes in a mouse model of MS, and GA induces activation of anti-
inflammatory Th2 cells[43] and inhibits the proliferation of inflammatory T cell subsets[166].
In human studies, GA inhibits the production of inflammatory molecules SLAM (signaling
leukocyte activation molecule) and TNFa that are involved in activation of T cells[32],
possibly as a result of the type II activation of human monocytes, yet the mechanism of
action of GA is not well understood. Although it is clear that monocytes are important
mediators of GA effect in MS, its direct type II activating effect on human monocytes has not
been fully characterized. Therefore, this study aims to elucidate the direct type II activating
effect of GA treatment on human monocytes in MS.

Immune complexes (IC) have also been shown to have a type II activating effect on
differentiated monocytes (i.e. macrophages) and ameliorate disease in a mouse model of
MS[44]. Although IC can directly affect human monocytes[178], the ability of IC to type II
activate human monocytes has not been investigated. Hence, it is important to understand the

direct effect of IC on human monocytes and characterize its type II activating effect.
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4.2. AIMS

It was hypothesized that GA and IC can type II activate human monocytes in MS. In

order to examine this hypothesis, the following aims have been proposed in this chapter:

1. To compare the classical activation of monocytes from both healthy subjects and MS
patients.

2. To characterize the type II activation of monocytes by GA and IC in healthy subjects and
MS patients.
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4.3. RESULTS

4.3.1. Optimization of monocyte culture and treatments

4.3.1.1. Optimization of classical activation

Classical activation of monocytes was induced by IFN-y priming for 16 hours followed
by stimulation with LPS. Both IFN-y and LPS were shown to be essential for the classical
activation, as cytokine production was not detected in the absence of one of these stimulants.
IFN-y was used at a concentration of 20 U/ml since this was shown to be an optimal dose for
the priming of monocytes. At this concentration IFN-y had a similar effect at inducing
cytokines as at higher concentrations and induced a good response to LPS in monocytes. In
both low and high concentrations of IFN-y, LPS stimulation was required for IL-12
production since cytokine production was not observed in the absence of LPS (Figure 4.1.a).

Two different concentrations of LPS were tested for the stimulation of monocytes and
induction of IL-12 production: 100 ng/ml and 200 ng/ml. The effect of these LPS
concentrations on monocyte viability was investigated using the colorimetric MTT assay. In
this study, stimulation of monocytes with LPS at concentrations of 100 ng/ml and 200 ng/ml,
did not have a cytotoxic effect since no change was detected in the MTT response. This
finding suggests that LPS at both concentrations is not toxic to monocytes (Figure 4.1.b). It
was found that 200 ng/ml LPS was more potent at inducing cytokine production in
monocytes, indicating efficient activation of monocytes by LPS at this concentration (Figure
4.1.c). Thus, we have chosen concentrations of 20 U/ml IFN-y for priming, and 200 ng/ml
LPS for stimulation as optimal conditions for the activation of monocytes.

To find an optimal duration of stimulation, monocytes were incubated with either LPS or
no LPS for 2, 4, 10 and 24 hours after [FN-y priming. As expected, in the absence of LPS no
IL-12 production was detected at any of the time points. The highest induction of IL-12
production was observed after stimulation with LPS for 24 hours, in comparison to medium
only (Figure 4.1.d). Thus, stimulation with LPS for 24 hours was chosen as an optimal time

to assess the classical activation of monocytes.
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Figure 4.1. IFN-y priming at 20 U/ml (a) and LPS stimulation at 200 ng/ml (c) promotes the best classical

activation (i.e. IL-12p40 production) 24 hours (d) post priming.
(a) Total monocytes were isolated from healthy subjects and primed with various doses of IFN-y for 16 hours

before culturing in the presence or absence of LPS. (b) After 24 hours, the effect of LPS on monocyte viability

was assessed by the MTT assay and expressed as optical density (ODsy). (c) IL-12 production in the
supernatants was measured by ELISA. (d) IL-12 production by IFN-y primed (20 U/ml) monocytes cultured in

the presence or absence of LPS (200 ng/ml) was assessed at various times post priming by ELISA. Shown are

the means and SD of triplicate wells from three different experiments from three different individuals.
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4.3.1.2. Optimization of GA treatment

In order to ensure that GA had no adverse effects on monocyte viability, an MTT assay
was performed. Monocytes were treated with or without LPS in the presence of GA at two
different concentrations. Treatment with 200 pg/ml GA, regardless of LPS concentration,
decreased monocyte viability. However, at a concentration of 100 ng/ml GA had no cytotoxic
effect on monocytes as the OD was similar to that of in untreated cells (Figure 4.2.a), which
suggests that treatment of monocytes with 100 pg/ml of GA is an optimal concentration for
the treatment.

In order to test if GA alone activates monocytes, a no-LPS control was used to assess
activation. GA treatment of monocytes without LPS stimulation did not induce IL-12
production (Figure 4.2.b). LPS stimulation is thus a requirement for the monocytes to

produce IL-12 (Figure 4.2.b), indicating that activation of monocytes is due to the LPS and
not the GA.
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Figure 4.2. Optimization of GA treatment of monocytes.

Total monocytes were isolated from healthy subjects and primed with 20 U/ml IFN-y for 16 hours. Monocytes
were cultured with GA in the presence or absence of LPS for 24 hours. (a) The effect of GA on monocyte
viability was assessed by the MTT assay and expressed as optical density (ODsz). (b) IL-12 production in the
supernatants was measured by ELISA. Shown are the means and SD of triplicate wells from three different

experiments from three different individuals.
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4.3.1.3. Optimization of IC treatment

Previous studies using IC to induce type II activation have used a variety of different IC,
such as opsonized sheep red blood cells (RBC) or IgG-coated ovalbumin[173, 197]. Because
IVIG contains antibodies to blood group antigens, such as A and B[174, 175], IVIG was used
to coat human RBC to create large IC in the present study. Additionally, this IC may also
occur naturally when A, B, or AB positive patients are treated with IVIG and thus, may
represent a natural induction of type II activation. However, before using IC, a specificity and
optimal dose were first investigated.

To confirm IC formation, specificity of Ab (IVIG) binding to RBC was examined by
using PECy5-conjugated goat anti-human Ig to detect the antibody-coated RBC by flow
cytometry. It was found that antibodies specifically bound to RBC at a number of different
IVIG dilutions, and a 1:100 dilution of IVIG showed a good binding of the antibody to RBC
(Figure 4.3.a). Thus, the 1:100 dilution of IVIG was chosen as an optimal dose for the IC
treatment of monocytes. To ensure that IC treatment did not impair the viability of
monocytes, two different dilutions of IVIG (1:100 and 1:200) were tested by MTT assay. IC
at both dilutions of IVIG did not alter the results of MTT assay, indicating on no cytotoxic
effect of IC on monocytes (Figure 4.3.b).

Since type II activation by IC requires FcyR ligation in the presence of an inflammatory
stimulus such as LPS, the ability of IC alone to activate monocytes was investigated.
Monocytes treated with IC in the absence of LPS did not produce any IL-12, indicating on
the lack of activation of the monocytes upon only IC treatment. In contrast, the monocytes,
treated with LPS in the presence or absence of IC, produced high concentrations of IL-12
(Figure 4.3.c), indicating that activation of monocytes is specifically dependent on LPS, but
not on the IC.

To assess any non-specific effect of RBC on monocytes, unopsonized RBC (i.e. RBC,
not coated with IVIG) were used. While IC treatment in the presence of LPS slightly
inhibited IL-12 production of monocytes compare to LPS alone, unopsonized RBC treatment
did not have any inhibitory effect on monocytes (Figure 4.3.d). This finding indicates that
the IC effect on monocytes is not due to RBC alone, but is dependent on the IVIG bound to
the RBC.

As a component of IC, IVIG exhibits its effect by binding to A antigens on RBC from
blood group A, RBC (A), and also to B antigens from blood group B[198]. In order to
confirm this, RBC from blood group 0, RBC (0), that lack A and B antigens were used as a
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mismatched negative control. To test if the IVIG effect on monocytes is dependent on the
presence of the A antigen on RBC, monocytes were treated with either RBC (A), or RBC (0),
opsonised with IVIG. The IC effect was assessed by its effect on IL-12 production in LPS-
stimulated monocytes. As such, when monocytes were treated with opsonised RBC (A), the
production of IL-12 was decreased, in comparison to classically activated monocytes. This
indicates that opsonised RBC (A) has an effect on monocytes. However, the monocytes,
treated with opsonised RBC (0), did not show any alteration in the production of IL-12,
indicating that the IVIG effect on monocytes is dependent on the presence of A antigen on
RBC (Figure 4.3.e). Therefore, RBC (A) were used to make IC in the present study.

Overall, the following optimal conditions were chosen for in vitro stimulations and
treatments of monocytes in this study: 20 U/ml of IFN-y priming, 200 ng/ml of LPS, 100
pg/ml of GA and 1:100 dilution of IVIG and 10 RBC per monocyte for IC treatment. A 16-
hour IFN-y priming was followed by 24-hour treatment with LPS, in the presence or absence

of GA or IC.
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Figure 4.3. Optimization of IC treatment of monocytes.

(a) Human RBC were incubated with various dilutions of IVIG for 30 min in room temperature to allow the
formation of IC and stained with PECy5-conjugated goat anti-human Ig. The PECy5 — conjugated IC were
detected by flow cytometry. (b-d) Total monocytes were isolated from healthy subjects, primed with 20 U/ml
IFN-y for 16 hours. Monocytes were cultured with IC in the presence or absence of LPS for 24 hours. (b) The
effect of IC on monocyte viability was assessed by the MTT assay and expressed as optical density (ODsz). (¢)
IL-12 production in the supernatants was measured by ELISA. (d) Monocytes were cultured with IC or RBC in
the presence or absence of LPS. (e) Monocytes were treated with either RBC (A), or RBC (0), opsonized with

IVIG in vitro. Shown are the means and SD of triplicate wells from three different experiments from three

different individuals.
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4.3.2. Classical activation of monocytes

To induce classical activation, the isolated total monocyte populations were primed with
IFN-y overnight and stimulated with LPS for 24 hours. In comparison to untreated
monocytes, LPS-treated monocytes had significantly higher expression of CD40, and non-
significantly higher expression of CD86 and HLA-DR in both healthy and MS groups
(Figure 4.4). No cytokines were detected in supernatants from unstimulated monocytes from
either group. However, when treated with 200 ng/ml LPS in vitro, both healthy and MS
monocytes produced very high amounts of IL-6 and IL-12 and some IL-10, a pattern
indicative of classical activation. Interestingly, the classically activated MS monocytes were,
in general, more active in the production of cytokines and cell surface markers (Figure 4.4).
As such, they expressed significantly higher level of CD86 and non-significantly higher level
of CD40 and HLA-DR, and also produced greater amounts of IL-6 compared to the
classically activated healthy monocytes. These results indicate that both healthy and MS
monocytes can be classically activated and have a similar pattern albeit a different level of
cytokine and activation marker expression. These LPS-treated, classically activated
monocytes can thus be used as a model of inflammatory cells (a positive control) to further

assess the type II activating effects of IC and GA treatments.
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Figure 4.4. LPS stimulation induces classical activation of monocytes from healthy subjects and MS
patients in vitro.

Total monocytes from healthy subjects (n=23) and MS patients (n=20) were primed with 20 U/ml IFN-y
overnight and stimulated with 200 ng/ml LPS for 24 hours. The monocytes were then harvested and stained with
antibodies. The activation marker expression was assessed by flow cytometry and the cytokine production was
measured by ELISA. (a) Expression of CD40 on monocytes. (b) Expression of CD86 on monocytes. (c)
Expression of HLA-DR on monocytes. (d) Expression of CD64 on monocytes. (¢) Expression of CCR2 on
monocytes. (f) Production of IL-12 in monocytes. (g) Production of IL-6 in monocytes. (h) Production of IL-10
in monocytes. Shown are the means and SD of duplicate wells from individual experiments in healthy and MS
groups. The statistical analysing was done by using Student’s t-test to compare 2 groups. ¥*P<0.01; **P<0.005.

Data were collected on flow cytometry using the gating strategy in appendix 9.
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4.3.3. GA effect on monocytes in vitro

GA treatment of monocytes from healthy subjects, in the presence of LPS, resulted in a
significant downregulation of CD40, CD86 and IL-12 levels compared to LPS alone (Figures
4.5.a,b,d). There was a slight decrease in the expression of HLA-DR (Figure 4.5.c), and in
parallel, the extracellular level of IL-10 was increased by 34%, in comparison to the
classically activated monocytes (Figure 4.5.g). Similarly, MS patients’ monocytes showed a
phenotype of type II activation after GA treatment. Although levels of HLA-DR and IL-10
did not alter after the treatment, monocytes had significantly less CD40, CD86 and IL-12
than classically activated monocytes from MS patients (Figures 4.5.a,b,d) and a slightly
decreased production of IL-6 (Figure 4.5.e). This suggests that monocytes from healthy
subjects and MS patients can be type Il activated by in vitro GA treatment.

4.3.4. IC effect on monocytes in vitro

When monocytes from healthy subjects were treated with IC in the presence of LPS,
there was no change in level of CD86 and only a minimal inhibition of production of IL-6
and IL-12 (Figures 4.5.d,e). In contrast the expression of CD40 and HLA-DR was
significantly reduced (Figures 4.5.a,c). Moreover, production of the anti-inflammatory
cytokine IL-10 was increased by 36% after IC treatment, in comparison to classically
activated monocytes (Figure 4.5.g).

The effect of IC on MS patients’ monocytes was slightly different from that of healthy
subjects’. Instead of affecting HLA-DR expression, as observed in the healthy group, IC
downregulated the expression of CD86 although there was a substantial variability between
the individual patients and the decrease was not significant (Figure 4.5.b,c). As in healthy
monocytes, IC significantly reduced CD40 on monocytes from MS patients (Figure 4.5.a).
Although IL-6 and IL-12 production was not changed after IC treatment in MS patients
(Figures 4.5.d,e), production of IL-10 showed a trend to increase (by 15%) compared to
classically activated monocytes (Figure 4.5.g). These results suggest that in vitro IC
treatment can type Il activate monocytes in both healthy and MS groups, although the degree

of activation is lower in MS patients.
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4.3.5. The effect of GA and IC combination treatment on monocytes in vitro

Whereas GA and IC individual treatments can type II activate monocytes, it is not clear
how a combination of those two treatments affects monocyte activation. To examine this,
monocytes were treated with both GA and IC in the presence of LPS for 24 hours. In healthy
subjects, a combination of IC and GA treatments was more effective in type II activation of
monocytes than type II activation by IC or GA alone. As such, the expression of CD40,
HLA-DR and IL-12 was significantly inhibited by the combination treatment (Figures
4.5.a,c,d), which not only suppressed the production of inflammatory molecules, but also
enhanced the production of regulatory molecules like IL-10. Thus, the production of IL-10
was increased by 64%, in comparison to classically activated monocytes in healthy subjects
(Figure 4.5.g).

In MS group, monocytes had significantly reduced levels of CD40, CD86 and IL-12 after
the combination treatment (Figures 4.5.a,b,d). In comparison to single treatments, the
combination treatment resulted in a larger decrease in IL-12 production. However, unlike the
healthy group, the combination treatment of monocytes in MS group only inhibited their
inflammatory phenotype and did not increase anti-inflammatory factors. As such, the
decrease in HLA-DR and the increase in IL-10 production were not significant in the
patients’ monocytes after the combination treatment (Figures 4.5.c,f). Overall, the combined
treatment of monocytes from healthy subjects with IC and GA had a better effect than either
treatment alone, and a similar effect was observed in monocytes from MS patients. Thus,
monocytes from both healthy and MS groups showed the characteristics of type II activation

after IC and GA combination treatment.
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Figure 4.5. Type II activation of monocytes by GA and IC in vitro.

Total monocytes from healthy subjects (n=23) and MS patients (n=20) were primed with 20 U/ml IFN-y
overnight and treated with 100 pg/ml GA and/or IC in the presence or absence of 200 ng/ml LPS for 24 hours.
The monocytes were then harvested and stained with antibodies. The activation marker expression was assessed
by flow cytometry and the cytokine production was measured by ELISA. (a) Expression of CD40 on
monocytes. (b) Expression of CD86 on monocytes. (c) Expression of HLA-DR on monocytes. (d) Production of
IL-12 in monocytes. (e) Production of IL-6 in monocytes. (f) Production of IL-10 in monocytes. (g) Production
of IL-10 shown as a relative percentage to LPS. LPS group was normalized as 100%. Shown are the means and
SD of duplicate wells from individual experiments in healthy and MS groups. The statistical analysing was done
by using one way ANOVA with Dunnett’s post test to compare three or more groups and Student’s t-test to
compare 2 groups. ¥*P<0.01; **P<0.005; ***P<0.001. Data were collected on flow cytometry using the gating

strategy in appendix 9.
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4.3.6. Detection of intracellular cytokines

Previously in this chapter we have looked at how LPS, GA and IC alter extracellular
cytokine secretion which was measured in the culture supernatants, and this represents the
secretion of cytokines from the cells (Sections 4.3.2-5). This section further looks at how the
treatments affect intracellular cytokine production which was measured by intracellular
binding of fluorescent anti-cytokine antibodies and detected on flow cytometry as cytokine-
positive cells. Although methods to measure intracellular IL-12 failed to detect this cytokine
(Appendix 6), the intracellular production of IL-6 and IL-10 was assessed in monocytes from
healthy and MS groups. The effects of GA and IC treatments on intracellular IL-6 and IL-10
production were compared to that of in the LPS-stimulated monocytes, which served as a
positive control (classical activation).

Classical activation of monocytes with LPS not only induced extracellular level of
cytokines (Section 4.3.2), but also increased intracellular production of IL-6 and IL-10 in
both the healthy and MS groups (Figure 4.6.a,b). When the levels were compared between
the two groups, monocytes from MS patients had a lower level of IL-6 production after the
LPS treatments, whereas, GA and IC showed no difference between the treatments, and
higher level of IL-10 after stimulation with LPS only.

When monocytes were treated with GA, intracellular production of IL-10 was similar to
that of classically activated monocytes in both healthy and MS groups, shown by a similar
number of IL-10 positive cells (Figure 4.6.b) and a similar level of IL-10 per monocyte
(Figure 4.6.c). This indicates that the increased level of extracellular IL-10 (Section 4.3.3) is
well supported by a new intracellular production of this cytokine.

As shown previously, IC increased a production of extracellular IL-10 in both healthy
and MS groups (section 4.3.4). When intracellular levels of cytokines were measured,
intracellular IL-10 level in healthy IC-treated monocytes was similar to that of classically
activated monocytes; however, in MS patients’ monocytes the production was lower (Figure
4.6.b). When the differences between healthy and MS groups were assessed, the intracellular
production of IL-10 was similar in both groups, indicating that the production of IL-10 in MS
patients’ IC-treated monocytes is at normal level. In addition, an intracellular production of
IL-10 per each monocyte remained high in both healthy and MS groups (Figure 4.6.c),

indicating that IC treatment of monocytes from MS group maintains a high intracellular
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production of IL-10, shown by both high percentage of IL-10 producing monocytes and the
production of IL-10 in each monocyte.

A combination treatment of GA and IC in monocytes induced high intracellular
production of IL-10 in healthy subjects compared to the single treatments; however, in MS
patients, the production remained similar to GA or IC single treatments and was lower than in
that of the healthy group. This indicates that, although a combination treatment with GA and
IC further increases a high production of intracellular IL-10, observed in the single GA and
IC treatments of monocytes from healthy subjects, there is no such improvement in
monocytes from MS patients. In summary, despite monocytes from MS patients having
produced an overall lower level of intracellular IL-6 after all of the treatments, the levels
were not altered by GA and IC. In contrast, the intracellular IL-10 cytokine was constitutively
produced by monocytes and no treatment induced a significant change in this cytokine. While
GA and IC together modestly enhanced IL-10 in monocytes from healthy subjects, LPS alone
had the greatest effect effect on IL-10 in MS patients.
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Figure 4.6. Intracellular cytokine production in monocytes after GA and IC treatments.

Total monocytes from healthy subjects (n=8) and MS patients (n=7) were primed with 20 U/ml IFN-y overnight
and incubated with LPS, GA or IC in the presence of monensin at a final concentration of 0.67 pl/ml/10° cells
for 22 hours. The monocytes were then harvested and stained with fluorescent anti-CD14 and anti-CD16
antibodies. The cells were fixed in 100 pl of 4% paraformaldehyde with subsequent permeabilization in 0.1%
saponin. A 30 min intracellular staining was performed using fluorescent anti-cytokine antibodies and the data
was acquired by flow cytometry and analyzed using FlowJo 5 software. The control group represents
unstimulated and untreated monocytes. (a) Production of intracellular IL-6 in monocytes shown as a percentage
of positive cells (% gated). (b) Production of intracellular IL-10 in monocytes shown as a percentage of positive
cells (% gated). (c) Production of intracellular IL-10 per monocyte shown as mean fluorescent intensity of
positive cells (MFI). Shown are the means and SD of individual experiments in healthy and MS groups. The
statistical analysing was done by using one way ANOVA with Dunnett’s post-test to compare three or more
groups and Student’s t-test to compare 2 groups. *P<0.01; **P<0.005. Data were collected on flow cytometry

using the gating strategy in appendix 9.
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4.3.7 Validation of results by PCR

To further validate the changes in cytokine and activation marker expression at the gene
level, mRNA expression was examined by qPCR. Although GA-treated monocytes from both
healthy and MS groups did not have altered mRNA expression of HLA-DR, IL-6 and IL-10
(Figures 4.7.c,e,f), the transcript levels of CD40, CD86 and IL-12 were downregulated after
the treatment (Figures 4.7.a,b,d). These results confirm the previous findings that assessed
cytokine production by ELISA and surface marker expression by flow cytometry.

IC treatment of monocytes in both healthy and MS groups inhibited expression of CD40,
CD86 and HLA-DR mRNA (Figures 4.7.a-c) and increased the expression of IL-10 (Figure
4.7.f) as previously observed. Although IL-12 levels measured by ELISA were not altered by
IC treatment, the mRNA expression of IL-12 was significantly downregulated by the
treatment (Figure 4.7.d) in both groups. This finding indicates that the expression of this
cytokine is regulated by IC, at least at the gene level. IC and GA combination treatment of
monocytes from both groups resulted in reduced mRNA expression of CD40, CD86, HLA-
DR and IL-12 (Figures 4.7.a-d), compared to classically activated monocytes, but did not
change the expressions of IL-6 and IL-10 (Figures 4.7.e,f). Taken together these results are
in agreement with the type II activating effect of IC, GA, or combination treatment as

observed previously in protein levels (Section 4.3.3-5).
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Figure 4.7. qRT-PCR validation of results: mRNA expression of markers and cytokines in monocytes.

Total monocytes from healthy subjects (n=4) and MS patients (n=4) were primed with 20 U/ml IFN-y overnight
and treated with GA and/or IC in the presence or absence of 200 ng/ml LPS for 24 hours. The monocytes were
then harvested and assessed for mRNA expressions by qRT-PCR (for methods see chapter 2.11.2). The mRNA
expression is shown as a relative Cq expression (2““%). The control group represents unstimulated and
untreated monocytes. (a) CD40 mRNA expression in monocytes. (b) CD86 mRNA expression in monocytes. (c)
HLA-DR mRNA expression in monocytes. (d) IL-12 mRNA expression in monocytes. (e) IL-6 mRNA
expression in monocytes. (f) IL-10 mRNA expression in monocytes. Shown are the means and SD of duplicate
wells from individuals in healthy and MS groups. The statistical analysing was done by using one way ANOVA

to compare three or more groups and Student’s t-test to compare 2 groups.
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4.4. DISCUSSIONS

This study investigated the activation of monocytes by in vitro treatment with LPS, GA
and IC. Additonally, the phenotype of monocytes, type Il activated by GA and IC, was
characterized in both healthy subjects and MS patients. .

4.4.1. In vitro classical activation of monocytes in MS

Monocytes from healthy subjects can be classically activated upon LPS stimulation in
vitro as shown by the induction of inflammatory cytokines and molecules[199]. In agreement
with this study, LPS-treated healthy monocytes in our study showed typical characteristics of
classically activated monocytes, such as active production of cytokines and inflammatory
markers. Interestingly, inflammatory monocytes from MS patients showed an enhanced
ability to become classically activated, in comparison to healthy monocytes. Moreover,
classically activated MS patients’ monocytes had a higher increase in the production of
inflammatory cytokines and markers such as IL-6, CD40, CD86 and HLA-DR than that of
healthy subjects. This suggests that monocytes from MS patients have a higher capacity to
further induce inflammation, compared to healthy monocytes, possibly because they have
already been previously activated in vivo during the course of MS (Chapter 3). These results
not only confirm the previous observation, in which MS patients’ monocytes were more
inflammatory than the healthy monocytes (Chapter 3), but also demonstrate that their
inflammatory ability can be further increased, if they encounter an inflammatory stimulant

such as LPS in vitro.

4.4.2. In vitro GA effect on monocytes in MS

GA is currently used in the treatment of MS, primarily for RRMS; however, it only has
about 30% efficacy[156]. In order to improve its efficacy it is essential to fully understand its
mechanism of action. While Thl and Th17 cells, and monocytes play the key role in CNS
inflammation in MS[24, 31, 32], GA can directly affect both T cells and monocytes. The
effect of GA on T cells is relatively well understood[157, 158, 162, 163, 166], however, none

of these studies have explained the full spectrum of GA effects on the immune system, and

74



exploration of GA effect on monocytes would give a broader picture of its mechanism of
action[21, 32].

Recently, a regulatory effect of GA on monocytes has been determined. In vitro
treatment of monocytes with GA results in inhibited production of inflammatory cytokines
and molecules, such as TNFo and SLAM[32]. Furthermore, monocytes exposed to GA in the
peripheral blood, directly inhibit Thl cell proliferation in mouse model of MS[166]. In
conjunction, our study gives additional insight into the direct effect of GA on human MS
monocytes in vitro. As such, GA significantly downregulated important inflammatory
products in monocytes, including CD40, CD86 and IL-12 at both the mRNA and protein
levels, indicating type II activation of monocytes by GA. According to Kim et al., type II
activated monocytes inhibit Thl cell activation and polarize the T cell profile towards the
Th2 side[21]. Our study confirms these observations and suggests that GA specifically targets
the co-stimulatory and subset differentiation pathways for T cell activation in monocytes. The
benefits of type II activated monocytes are not restricted to the polarization of T cells. It is
suggested that for GA to exhibit its effect in MS, T cell polarization is not necessarily
required[32]. Malefyt et al. have shown that regulatory monocytes can inhibit classically
activated monocytes by producing anti-inflammatory cytokines[200].

As the type II activation by GA was induced in the presence of LPS in this study, it is
likely that GA-treated monocytes can modulate the inflammatory monocytes in MS. Whether
the GA-activated monocytes can regulate inflammatory monocytes in the periphery or in the
site of inflammation, is yet to be determined. Toker et al. indicate that the alternative routes
of GA administration might alter GA efficacy[166]. Clinically GA is administered via
subcutaneous injection. As modulation of monocytes by GA is an important mechanism of its
action, an intravenous injection of GA can be considered as an alternative approach for GA
treatment, as it would allow GA to encounter the highest number of monocytes in the
circulation. In conclusion, this study shows that GA has a direct type II activating effect on
human monocytes in MS and mainly affects their co-stimulatory marker expressions and

inflammatory cytokine production.

4.4.3. Invitro IC effect on monocytes in MS

IC have a direct type II activating effect on mouse tissue resident monocytes

(macrophages) and improve the disease course in a mouse model of MS[44]. Moreover,
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ligation of Fcy receptors with IC results in inhibition of inflammatory IL-12 cytokine
production in mice macrophages[197, 201], indicating a direct anti-inflammatory effect of IC
on the differentiated monocytes (macrophages). Within humans, IC may be formed upon
intravenous IVIG injection[174-176], and monocytes can effectively bind to them[178], and
thus, the in vitro IC treatment of monocytes may replicate the in vivo activation of monocytes
by IVIG. IVIG has been shown to reduce relapse rates and clinical symptoms in MS patients
[146-149]. However, there are no sufficient reports about the mechanism of action of IVIG
and IC in MS.

This study shows that IC has a type II activating effect on human monocytes in MS. The
effect of IC on monocytes from MS patients was slightly different from that of healthy
subjects. Whereas monocytes from healthy subjects had downregulated levels of CD40 and
HLA-DR after IC treatment, IC inhibited the expression of CD40 and CD86, but not HLA-
DR in MS patients. This decrease in CD40 and CD86 levels was also observed at the gene
level. Gille et al. have shown that neonatal cord blood monocytes have significantly
downregulated expression of CD86 and HLA-DR, whereas in peripheral blood monocytes the
inhibition is not significant after IVIG treatment[202]. Our study supports the observation of
downregulation of CD40 on neonatal cord blood monocytes; while we found no significant
inhibitory effect of IC on CD86 expression similar to the work in peripheral blood human
monocytes. Thus, the location of monocytes within humans may affect the IC effect on CD86
and HLA-DR expression. Despite this, our study has shown that the inhibitory effect of IC on
CDA40 is significant and supports the previous mouse study which has shown that IC inhibits
the expression of CD40 in mice macrophages in vitro[44]. CD40 is a crucial mediator of T
cell activation and potent enough to define the polarization of T cells[203], high expression
of which activates Thl cells; whereas, a low level of CD40 activates Th2 cells[44]. As the
activation of Th2 cells is inhibitory to Thl cells and beneficial in MS[21], the downregulated
expression of CD40 can be considered one of the key anti-inflammatory mechanisms of IC
treatment in MS. To date there have been no studies showing the IC effect on surface marker
expression in monocytes, and our study has shown that IC can type II activate monocytes by
mainly targeting co-stimulatory pathways. Both CD40 and CD86 are important markers,
responsible for the co-stimulation of T cells and their binding to T cells is a key factor for
their stimulation[52, 71]. Therefore, the mechanism for the improvement of MS, shown in the
clinical trials[146-149], could be due to the suppression of inflammatory T cell activation

through the inhibition of co-stimulatory molecules CD40 and CD86.
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Previously it was reported that IC inhibits IL-12 production in mice macrophages[197,
201]. In this study however, the levels of inflammatory IL-12 cytokine, as well as IL-6, were
not altered by IC. This difference may be due to the different level of monocyte
differentiation, as the previous studies have looked at macrophages, which are a highly
mature form of monocytes. Alternatively, a high affinity receptor for IVIG (FcyRI or CD64)
is highly expressed on mice monocytes, but lower on healthy human monocytes[41], and our
study revealed that CD64 expression on MS monocytes is significantly higher than on
healthy monocytes after treatment with IC (data not shown). Therefore, it is unlikely that the
differential expression of CD64 in mice and human monocytes will affect IC efficacy.
Moreover, CD64 is not the only receptor for IC. Among many FcyRs expressed on
monocytes, FcyRIIb (CD32) is known to be the only inhibitory receptor[204] and has been
shown to be an important mediator of the IVIG effect in autoimmune diseases[178, 205].
Therefore, the binding and efficacy of IC on inflammatory cytokine productions cannot be
solely judged by the expression of a single type of FcyRs, but should rather be referred to as a
balance between the activating and inhibitory FcyRs in human monocytes. Another possible
explanation is that the time point in which the IVIG was administered to the monocyte
cultures as this can affect its efficacy. Thus, the administration of IVIG at the start of the
culturing results in the strongest inhibition of TNFa production in monocytes[206]. In this
study however, a 16 hour pre-culture treatment with IFN-y was required in order to induce
marker and cytokine production. Therefore, late administration of IC into monocyte cultures
may be a reason for the lack of effect of IC on inflammatory cytokine production measured
after 24 hours of IC treatment. However, the mRNA level of IL-12 was downregulated by IC,
suggesting that longer or repetitive treatments may be a requirement for the IC to affect the
IL-12 production at the protein level.

The production of anti-inflammatory cytokine IL-10 was increased in healthy subjects in
response to IC, with a smaller increase in MS patients, and this was confirmed at both the
protein and mRNA level. Although IC treatment upregulated the extracellular secretion of IL-
10 in monocytes from MS patients, the number of new IL-10 producing cells was lower than
in the LPS-treated cells. As LPS treatment in this study served as a positive control for the IC
treatment, the decrease in intracellular IL-10 was observed in the relation to the positive
control only and not when compared to that of the healthy group. Therefore, although IC did
not upregulate the number of IL-10 positive cells in relation to the positive control, the
overall new production and secretion of IL-10 in monocytes from MS patients was at a

similar high level as in the healthy subjects. This finding suggests that type II activated
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monocytes maintain a high secretion of IL-10 by a new intracellular production after IC
treatment. In addition, the MS patients’ monocytes that had downregulated levels of
intracellular IL-10 had increased extracellular secretion of IL-10 in parallel. Therefore, it is
possible, that in these patients, a long term treatment with IC is required to produce new
intracellular IL-10.

In this study, MS patients’ monocytes had higher levels of IL-10 both intracellularly and
extracellularly than in the healthy group when the production of IL-10 was measured 24
hours post-stimulation with LPS. However, Malefyt et al. have observed the maximal IL-10
production after 24-48 hours of stimulation with LPS in monocytes from healthy
subjects[200]. The early IL-10 production by the patients’ monocytes in this study can be
explained by the fact that MS patients’ monocytes had been circulating in the state of
activation during the course of disease [207], and their early activation might lead to higher
IL-10 production upon additional 24 hour stimulation with LPS and IC. Alternatively, Filion
et al. have found that IL-10 production is higher in monocytes of patients with secondary
progressive MS, in comparison to patients with relapsing remitting MS or healthy
controls[184]. In agreement with Filion et al., this study has shown that monocytes producing
high levels of IL-10 were mainly from the patients with SPMS and profound disability.
Although the mechanism for this high IL-10 level in progressive MS is unknown, it may be
part of an adaptation mechanism by the monocytes. Overall, this study shows for the first
time a direct anti-inflammatory and type II activating effect of IC on human monocytes in

MS.

4.4.4. Invitro IC and GA effect on monocytes in MS

Multitherapy has been long considered as an attractive approach for the treatment of
MSJ[208]. As IC and GA single treatments have various type Il activating effects, this study
further investigated the in vitro effect of IC and GA combination treatment on monocytes in
MS. Combination treatment significantly downregulated expression of CD40, CD86 and the
production of IL-12 in monocytes of MS patients at both the protein and mRNA levels.
Additionally, although IL-10 production was not altered by the combination treatment, the
mRNA expression of IL-10 was increased. This is different from the observations in the
healthy group, in which IL-10 production was significantly increased after 24 hours

treatment, although the increase in IL-10 mRNA was not as high as in MS patients. This
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suggests that MS patients’ monocytes require longer treatment than is required for the
monocytes from healthy subjects, in order to allow the increase in mRNA expression of IL-
10 to be reflected in the production of cytokines. This is shown by the fact that the IL-10
mRNA increase is higher in monocytes after the combination treatment, than after single IC
or GA treatments in MS patients. This finding indicates that the combination treatment
improves the effects of IC and GA on MS patients’ monocytes. Another factor to consider for
IC and GA administration during the combination treatment is time. Although in this study
the IC and GA have been administered simultaneously, it is possible that in the clinic a
subsequent administration of the agents at different times may improve the type II activating
effect of the combination treatment as monocytes from MS patients might respond to the IC
earlier than the healthy monocytes. Overall, this study shows that GA and IC combination

treatment has a direct type Il activating effect on monocytes in MS.

4.5. CONCLUSIONS

a. This in vitro study shows that IC and GA have a direct type II activating effect
on human monocytes in both healthy and MS groups.
b. A combination of IC and GA treatments had a better effect in the type II

activation of monocytes, than the single IC or GA treatment.
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Chapter 5.
Type II activation of CD14" and CD16" monocyte subsets
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S5.1. INTRODUCTION

Human CDI14" and CDI16" monocyte subsets have significant phenotypical and
functional differences. For example, healthy CD14" monocytes express high levels of CCR2
and CD64[41, 79, 80], and produce high level of anti-inflammatory cytokine IL-10[81]. In
contrast, healthy CD16" monocytes have high expression of various inflammatory markers
and cytokines[79, 80, 82-84], suggesting CD16~ monocytes have a highly inflammatory
nature. During CNS inflammation, CD16" monocytes and their differentiated forms
(macrophages) have been shown to be more active in inducing inflammation than the CD14"
monocytes[101-104].

The proportion of CD14" and CD16" monocytes changes during inflammation with an
increase in the number of CD16" but not CD14" monocytes, and this increase in the CD16"
subset correlates with the expansion of inflammatory Thl cells and activation of
inflammation[86, 88, 90, 94, 105, 209]. Despite the fact that the proportion of monocyte
subsets significantly changes during MS with a 3 to 6 fold increase in the number of CD16"
monocytes[97], the role of CD16" monocytes in MS has not been elucidated yet.

Classically activated CD14" and CD16" monocytes play a role in inflammation and, in
particular, it has been found that monocytes circulate in a state that resembles classical
activation during MS[54]. Unlike classically activated monocytes, type II activated
monocytes play an anti-inflammatory role, and the induction of type II activated monocytes is
beneficial in the treatment of multiple sclerosis[21]. Type II activation can be induced by
exposure of monocytes and macrophages to IC[44] or GA[32] in an inflammatory
environment (i.e. stimulation by LPS and IFN-y); however, the type II activation of the
different monocyte subsets has not been defined yet. This chapter will characterize type II
activation of CD14" and CD16" monocyte subsets by GA and IC in healthy subjects and in
MS patients.
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5.2. AIMS

This study aims to investigate, for the first time, how CD14" and CD16" monocytes can
be type II activated by GA and IC, and to compare this activation state in healthy subjects and

MS patients. These broad aims will be addressed by the following three specific aims:

1. To characterize the in vitro classical activation state of CD14" and CD16" monocyte
subsets from healthy subjects and MS patients.

2. To characterize the in vitro type II activation state of CD14" and CD16" monocyte subsets
from healthy subjects and MS patients.

3. To compare the type II activation of CD14" and CD16" monocyte subsets in purified

cultures and co-cultures with either subset.
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5.3. RESULTS

5.3.1. Classical activation of CD14" and CD16" monocytes in vitro

5.3.1.1. Classical activation of CD14" monocytes

To induce classical activation, the purified monocyte subsets have been primed with IFN-
vy overnight and treated with LPS for 24 hours. It has been previously shown that the
classically (or type I) activated human monocytes obtain characteristics of inflammatory cells
and express increased levels of CD40, CD86, HLA-DR, IL-12, IL-6 and IL-10 (Chapter 4).
This study uses the same appro