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Master of Science in Oral Biology
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Professor Anahid Jewett, Chair

The aim of this study is to understand the role of immune regulators such as Natural
Killer Cells and Monocytes with Dental Pulp Stem Cells (DPSCs). In this study we will
demonstrate that DPSCs are very sensitive to Natural Killer cells attack and will
undergo cell-mediated lysis. However Monocytes are able to increase the survival of
DPSCs and rescue DPSCs from Natural Killer cells cell-mediated lysis. We further
analyze the different subpopulation of Monocytes CD16- and CD16+ cell surface
receptors to provide an immunotherapeutic tool for tissue regeneration and repair of
DPSCs in an event of a stress to a cell.
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Master of Science in Oral Biology
University of California, Los Angeles, 2015
Professor Anahid Jewett, Chair.

BACKGROUND
Root canal therapy (RCT) is a commonly used technique in treating irreversible
pulpitis when dental pulp tissue is stressed or provoked by mechanical exposure.
Although RCT procedure controls tooth sensitivity and prolongs tooth functionality, it
increases tooth discoloration and fragility while reducing nourishment and protection. In
addition, failed root canal therapies and chronic pulpitis leads to tooth and bone loss.
Therefore to preserve tooth structure, it has become imperative to understand normal
immune physiology against dental pulp tissue and to possibly develop new mechanisms
to maintain pulpal integrity. With recent immune purification techniques, the response of
immune system with Dental Pulp Stem Cells (DPSCs) is in its nascent stage of
exploration. Our main goal is to better understand the involvement of immune cells with
DPSCs and to delineate a new immunotherapy methods to increase DPSCs survival
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that can be actualized into common dental practice alongside current methods of Dycal
(calcium hydroxide) and MTA (Mineral trioxide aggregate).
In previous research, it has been shown that induction of transcription factor
Nuclear Factor B (NFB) in somatic cells increases the cell’s survival against stress [1,
2]. NFB protein complex plays a “rapid-acting’ role in increasing cellular transcription
factors and cell defenses against a harmful cellular stimulus [3]. In previous studies it
was demonstrated that among all innate immune cells, monocytes produced the highest
amount of NFB transcription factors within a cell [Figure 1], [4]. Consequently, by
introducing high levels of monocytes to DPSCs, we hope to increase the levels of NFB
transcription within the cells and increase the cell survival against stress. For this study
stress is induced by Natural Killer (NK) cells. NK cells are cytotoxic lymphocytes and
constitute a major component of the innate immune system. NK cells are among the
first lines of defense in the immune system response to stress and are responsible for
inducing necrosis and apoptosis of surrounding cells. By exposing DPSCs to NK cells
and monocytes we will evaluate the interaction of dental pulp to innate immune system.
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Figure 1: Monocytes are potent inducers of NFkB activity.
HEp2 cells were transfected with NFkB luciferase reporter vector before they were cocultured with monocytes, purified NK cells, peripheral blood lymphocytes (PBLs),
polymorphonuclear (PMNs) and peripheral blood mononuclear cells (PBMCs) at 1:1
ratio. After 4 hours of incubation the fold induction of NFkB activity in the samples was
determined over the control HEp2 cells in absence of immune effectors. [4]

3

During the next three chapters, we evaluate the response of DPSCs to immune
regulators: NK cells and monocytes. These interactions will be depicted using three way
co-culture experiments assessing the cytokine release, morphologic depiction, and
cytotoxic assay.

Chapter 1: Evaluation of DPSCs sensitivity to cytotoxicity of NK cells.
The first aim of this thesis explores the interaction between DPSCs and NK cells with
addition of anti-CD16 antibody and IL-2 cytokine. In prior studies, it is well documented
that when NK cells are co-cultured with IL-2 cytokine their cytotoxic capabilities increase
and when NK cells co-incubated with anti-CD16 there is a cytopreservation of their
capabilities. In this chapter, DPSCs are evaluated with differently treated NK cells using
a total of 10 co-culture experiments.

Chapter 2: Evaluation of DPSCs sensitivity to NK cells with addition of Monocyte
In the second aim we studied the 3-way interaction of DPSCs and NK cells similar to
Chapter 1 but with addition of monocytes. Total of 20 in-vivo experiments were
performed to identify each group’s involvement. The survival rate of DPSCs were
assessed by ELISA and cytotoxicity assay experiments.
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Chapter 3: Evaluation of DPSCs sensitivity to NK cells with different
subpopulation of Monocytes: CD16+ and CD16In the third aim, similar experiments were performed as in chapter 2, but with different
subpopulation of monocytes. A total of 34 co-culture experiments and cytotoxicity
assays were performed to evaluate the sensitivity of DPSCs to NK cells with different
monocyte’s subpopulation of CD16+ and CD16- cell receptors.
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CHAPTER 1: EVALUATION OF DPSCS SENSITIVITY TO
CYTOTOXICITY OF NK CELLS.

INTRODUCTION

Human Dental Pulp Stem Cells (DPSCs)
Human Dental Pulp Stem Cells (DPSCs) are mesenchymal stem cells within the
soft pulpal tissue of a vital tooth. As with any stem cells, DPSCs have the property to
renew and differentiate into multiple cell types such as odontoblasts, fibroblasts,
immune cells, nerve cells, and vascular cells [5]. DPSCs differentiation into
Odontoblasts are responsible for secretion of dentin and maintaining the foundation of
the tooth structure [7]. However, upon profound tooth stress, caused either by excess
heat, pressure, or mechanical exposure, activates the innate-immune-system’s
responses to the area to promote the healing process. But in most cases, even without
the presence of bacteria, the tooth develops a pulpitis and requires a root canal therapy
to control symptoms. Although root canal therapy removes the sensitivity of the tooth
and returns the tooth to its functional form, it also removes the dental pulp and the
necessary nourishment for the tooth, causing it to become nonvital and brittle. To better
understand this inflammation process and to provide immunotherapeutic means, it is
imperative to study the interaction of DPSCs with the major component of innateimmune-systems which include NK cells and monocytes.
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Natural Killer (NK) Cells

NK cells are produced by lymphoid progenitor cells and are a vital component of
the innate-immune-system. Morphologically NK cells have a granular shape and they
represent about 5-20% of human peripheral blood lymphocytes. In humans, they are
identified as CD3 negative cells that contain CD16 and CD56 surface markers [9]. NK
cells participate in immune responses in an area where stress cytokines such as IL-2
are released. These cells recruit members of the Toll-like receptor (TLR) family and are
involved in innate cell activation on recognition of stress [8]. In addition, together with
signaling and activating phagocytic cells, such as monocytes, NK cells are effectors of
the innate immunity and provide the first line of defense against stress. NK cells
cytotoxicity depends on target cell binding and activation of the lytic mechanism, which
involves secretion of lytic granules, perforin and granzymes protein. NK cells have been
responsible for apoptosis and necrosis in somatic cells missing the MHC-1 [6, 16].
However, their interaction with stem cells and particular DPSCs has not been clearly
understood. Previous studies have stated that stem cells are protected against
cytotoxicity of NK cells [10, 11, 12]. Our goal is to clarify the understanding of whether
DPSCs are sensitive or protected by cytotoxic attack of NK cells.

The initial interaction between an NK cell and its target cell requires cell-to-cell
contact, which often involves LFA-1 (CD11a/CD18) on the NK cell interacting with an
intercellular adhesion molecule on the target cell [20]. Several surface molecules on NK
cells have been identified that, when stimulated, either activate the cytotoxic mechanism
and induce cytokine secretion or inhibit the cytotoxic mechanism [20]. In our

7

experiments the activating IL-2 cytokine and inhibitory anti-CD16 antibody is used to
control the cytotoxic activity of NK cells. By adding an activating and inhibitory factor to
NK cells we selectively monitor NK cells response and assess their function in the
experiments.

Interleukin – 2 (IL-2)

Interlukin-2 (IL-2) is an activating cytokine for NK cells. It is integral in the
development of NK cells immunologic effect and proper stress selection [13]. IL-2 is
produced by somatic cells in response to stress and binds and activates NK cells
cytotoxic attack. IL-2 stimulates the differentiation, growth and survival of NK cells. [14].

CD16 antibody (anti-CD16)
The majority of NK cells express the receptor CD16, which exist as a multimeric
complex formed by the  chain and the homo- or heterodimers of either  or  chains
[19]. Although some research has shown that anti-CD16 has an activating effect, our
previous experiments have shown that treating NK cells with anti-CD16 monoclonal
antibodies will decrease the cytotoxic function of NK cell [18].
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Interferon Gamma (IFN-gamma, IFN-γ, IFN-g)

Interferon gamma (IFN-gamma) is a cytokine produced by NK cells [23]. As NK
cells are stimulated they start to release IFN-gamma, which in a positive feedback loop,
activate, stimulate and recruit more NK cells. IFN-gamma is a potent inducer of NK cells
function and cytotoxic activity. In addition, IFN-gamma assists in NK cell proliferation
and allow for exact targeting of the infected area [23, 24]. By evaluating the amount of
IFN-gamma release we get an understanding of NK cell activity.

K562 Cells

The K562 cell line is used as control to assess the levels of sensitivity of DPSCs
to NK cells. K562 cells are known to be easily killed by NK cells as they lack the MHC
complex required to inhibit NK cells cytotoxicity activity [21].
K562 cells are a human immortalized myelogenous leukemia cell line. Under an
electronic microscopy they are round and relatively smooth with small numbers of short
microvilli resembling undifferentiated leukemic cells [28]. They do not phagocytose or
mediate antibody-dependent phagocytosis or cytolysis [28]. They also have
characteristics similar to early-stage erythrocytes, granulocytes and monocytes [17]
.
Human Basic Fibroblast growth factor (FGF, bFGF)
Fibroblast growth factor (FGF) is a cytokine that is produced by DPSCs. In
cytoplasm, FGF provides DPSCs with signal transductions to proliferate and
9

differentiate [22]. FGF release to the surrounding cells, provides cells with
angiogenesis, tissue regeneration, healing and recovery from stress [22].
To assess the health of DPSCs the FGF cytokine is analyzed. FGF is produced
by DPSCs toward the end stages of their life cycles [15]. Normally DPSCs releases low
amounts of FGF as this molecule is unstable and it is easily degraded in the cytoplasm.
However, during the end stage of the DPSCs life cycle, the FGF molecule is stabilized
and it is released into the extracellular environment [15]. It promotes proliferation of
fibroblasts to occupy the new cavity and granulize the void in the tissue [22, 29]. By
analyzing the levels of FGF we are able to evaluate the DPSCs activity.

In this first chapter our goal is to understand whether DPSCs are sensitive to NK
cell’s cytotoxic attack. Other studies have shown that stem cells are not sensitive to
cytotoxic attack of NK cells [10, 11, 12]. We will perform several experiments to
evaluate this hypothesis. DPSCs will be co-cultured with differently treated NK cells and
analyzed visually and subsequently through ELISA and cytotoxic assays.
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CHAPTER 1: MATERIALS AND METHODS

DPSCs Media
Differentiating media for specific selection of human DPSCs was prepared by
using Gibco 11960, Dulbecco’s Modified Eagle Medium high glucose 1x (DMEM) and it
was supplemented with 10% Fetal Bovine Serum, 1% antibiotic / antimycotic, 1%
nonessential amino acids, 1% sodium pyruvate, 0.2% β-Glycero-phosphate and 0.005%
L-Ascorbic acid 2-phosphate sesquimagnesium salt [25].

DPSCs Cells
Human dental pulp stromal cells (DPSCs) were obtained from healthy donor’s third
molars based on guidelines set forth from the University of California, Los Angeles
Human Subject Protection Committee. The extracted teeth were cracked and the tissue
inside were harvested. Tissues were treated with 0.1% collagenase (Sigma Aldrich, St.
Louis, MO, USA) and 0.25% trypsin EDTA (1 mM) (Invitrogen) at 37°C for 48 hours to
obtain a single-cell suspension of the dental pulp. Then it were washed twice and
resuspended in the differentiating media for DPSCs. The cells were then cultured and
incubated at 37°C with 5% CO2. They were passaged and used in experiments at 80%
confluency [5].

NK cells Purification
The purified NK cells were obtained by the following method: Venous blood was
drawn, via forearm venipuncture, from healthy individuals based on guidelines of the
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University of California, Los Angeles Human Subject Protection Committee. The
extracted blood was placed on top of 15 ml of Ficoll-hypaque in 50ml conical tubes and
centrifuged for 25 minutes. The PBMC layer was collected and washed twice with 1x
PBS. The cells were plated and placed in an incubator to allow adhesion [2]. After 60
minutes, the supernatant was removed and selected for NK cells by using Miltenyi
Biotech’s NK cell isolation kit.

Co-Culture experiment
The co-culture experiment allows us to better understand the microenvironment
and the interactions among DPSCs and NK cells by analyzing the morphology of DPSCs
under a microscope. In this experiment, we allocated DPSCs to different wells on a plate
and incubated them with different concentrations of NK cells. We then analyzed the
health of DPSCs in each well under a confocal microscope and captured their
morphological pictures. In addition, Enzyme-Linked Immunosorbent Assay (ELISA) was
performed on the supernatants.
The co-culture experiment was performed by removing DPSCs from 80%
confluent plates using 0.25% trypsin and plating them overnight at 1.0 x 105
concentration per well on a 12 well plate. After 24 hours the cells were attached and the
supernatant was replaced to remove the dead cells. The NK cells were added to selected
wells at 5.0 x 105 concentrations. The purified NK cells were segmented into four different
groups: NK control, NK + anti-CD16, NK + IL-2, and NK + anti-CD16 + IL-2. The antiCD16 antibody was added at 30 µl per million and IL-2 cytokine was added at 3 µl per
million to specified NK groups. After 48 hours the different NK cells were added at 5.0 x
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105 concentrations per well. The morphology was observed the next day and the
supernatants were collected for Enzyme-Linked Immunosorbent Assay (ELISA). The
ELSA protocol was followed based on the R&D system protocols for Human bFGF and
IFN-gamma.

Cytotoxic Assay Experiment
In the cytotoxicity assay experiment allows to quantify the survival of DPSCs while
exposed to NK cells. We radiated DPSCs with chromium 51 and then incubated them
with NK cells. As DPSCs died, they released their cytoplasm and chromium 51 into the
supernatants and we were able to measure the percent death based on the amount of
chromium 51 in the supernatants. This experiment illustrates a direct measurement of
DPSCs survival against NK cell cytotoxicity, whereas in the co-culture, the findings must
be interpreted based on cytokine activity and therefore indirect. As part of the control for
NK cells cytotoxicity activity we have used K562 cell line.
We performed the cytotoxicity assay by the following method. We plated DPSCs at
1.0 x 106 concentrations per well on a two well plate. After 24 hours, we replaced the
supernatants to remove dead cells and plated at 1.0 x 106 concentrations. After 48 hours,
we removed both wells with 0.25 percent trypsin and centrifuged them. We removed the
supernatants and then suspended them with 140 µl DPSCs media, 25 µl Cr51, and 60 µl
Fetal Bovine Serum for one hour in a tube. We washed the cells twice with PBS and
plated them on a 96 well plate at 1.0 x 104 per well. We added the four different groups of
NKs to different columns on the plate. After five hours of incubation, we harvested the
supernatants from each sample and measured them for percent release of Cr51
radioactivity using a gamma counter machine.
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CHAPTER 1: RESULTS

Figure 2: Co-incubation of DPSCs with treated NK cells

According to the observed images [Figure 2], DPSCs showed high level of
sensitivity to NK cells, contrary to previous studies [10, 11, 12]. There was an increased
lysis of DPSCs while exposed to NK untreated cells and even greater lysis when exposed
to NK IL2 treated cells. IL-2 cytokine was a high activator of NK cells in which most
DPSCs had been lysed. However, the DPSCs co-cultured with NK anti-CD16 treated
cells showed more viability. Anti-CD16 antibody had an inhibitory effect on NK cells and
minimized the cytotoxic activity of NK cells. DPSCs exposed to NK Anti-CD16 treated
cells had the highest survival rate in comparison to control.

14

DPSC

DPSC

DPSC

DPSC

DPSC

Control

&

& NK +

& NK + IL-2

& NK + IL-2 +

Untreated NK

anti- CD16

anti- CD16

Figure 2: DPSCs are susceptible to NK cells cytotoxic attack.
NK cells were purified from healthy human donors and were treated either with IL-2
(1000u/ml), anti-CD16 mAb (3ug/ml), or combination of both IL-2 and anti-CD16 for 24
hours. DPSCs were plated for 1 day and then exposed to the various treatments of NK
cells listed above for 8-12 hours at an effector to target ratio of 5:1. The following
images were taken by an electron microscope that displayed necrosis and apoptosis of
DPSCs in the presence of differently treated NK cells
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Figure 3: DPSC are susceptible to NK cells cytotoxic attack
To measure the cytotoxic attack of NK cells on DPSCs the following experiments
were performed. DPSCs were labeled with Chromium 51 (Cr51) for 1 hour and any
remaining chromium unconsumed by the cells were washed off. Then Cr51 DPSCs were
co-cultured with treated NK cells for 4 hours at the following effector to target ratios 5:1,
2.5:1, 1.25:1, and .625:1. The supernatants were removed and the amount of chromium
released was measured by a gamma counter machine.
DPSCs showed high levels of sensitivity to NK cells. When comparing at 5:1 ratio:
There were 40% lysis of DPSCs while exposed to NK untreated cells and 70% lysis when
exposed to NK IL-2 treated cells. However, the DPSCs co-cultured with NK anti-CD16
treated cells showed more viable DPSCs (10% lysis) when compared to NK IL-2 & antiCD16 treated cells (40% Lysis). DPSCs exposed to NK anti-CD16 treated cells had the
highest survival rate, in which NK cells cytotoxicity were inhibited (10% lysis).
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Figure 3: DPSCs are susceptible to NK cells cytotoxic attack.
From healthy human donors NK cells were purified and were treated with anti-CD16
mAb (3ug/ml), IL-2 (1000u/ml), and both for 24-48 hours. DPSCs were labeled with
Cr51 for 1 hour and any remaining chromium not taken up by the cells were washed
off. The untreated and treated NK cells were then added to Cr51 DPSCs for 4 hours at
the following effector to target ratios 5:1, 2.5:1, 1.25:1, and .625:1. The supernatants
were removed and the amount of chromium released was measured by a gamma
counter.
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Figure 4: K562 cells are susceptible to NK cells cytotoxic attack

As part of control for NK cells, K562 cell lines were used to evaluate cytotoxic
attack of NK cells. They commonly used to show viability of NK cells cytotoxic attack and
it allows for their direct comparison to DPSCs.
K562 cells were labeled with Cr51 for 1 hour and any remaining chromium not
taken up by the cells were washed off. Then Cr51 K562 cells were co-cultured with treated
NK cells for 4 hours at the following effector to target ratios 5:1, 2.5:1, 1.25:1, and .625:1.
The supernatants were removed and the amount of chromium released was measured
by a gamma counter.
As seen with DPSCs, there were an increase in K562 cells lysis when co-cultured
NK cells. At 5:1 ratio; there were 85% lysis of K562 cells when co-cultured with NK-IL-2
treated cells and 75% lysis with NK untreated cells. K562 cells showed higher
susceptibility to NK cells and higher levels of lysis than DPSCs which were 70% with NK
IL-2 cells and 40% with NK untreated cells.
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Figure 4: K562 cells are susceptible to NK cells cytotoxic attack.
NK cells from healthy human donors were purified and left untreated or treated with
IL-2 (1000 u/ml) for 24-48 hours. K562 cells were labeled with Cr51 for 1 hour and any
remaining chromium not taken up by the cells was washed off. The untreated and
treated NK cells were then added to Cr51 labeled K562 cells for 4 hours at the
following effector to target ratios 5:1, 2.5:1, 1.25:1, and .62:1. The supernatants were
removed and the amount of chromium released was measured by a gamma counter.
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Figure 5: NK cells increase secretion of IFN-gamma when treated with IL-2 cytokine

To evaluate the activity of NK cells, IFN-gamma secretion were measure when NK
cells were co-cultured with DPSCs. The DPSCs were plated one day prior and then cocultured with treated NK cells at a 5:1 effector to target (E:T) ratio for 24-48 hours. The
supernatants were then removed and used to do an ELISA assay for IFN-gamma.
Based on the results, there was an increase in IFN-gamma secretion when NK
cells were treated with IL-2 cytokine. IL-2 cytokine activates NK cells and increase their
cytotoxic activity and release. The highest secretion of IFN-gamma was seen when
DPSCs were co-cultured with NK IL-2 cells alone; this is consistent with previous
experiments where most DPSCs lysis were observed (70%). On the other hand, NK antiCD16 treated cells had an inhibition of cytotoxic activity where DPSCs showed more
viability.
NK untreated cells produced very little IFN-gamma, but 40% DPSCs lysis were
observed in cytotoxic assay. This indicates that there is a direct correlation with IL-2
cytokine and IFN-gamma release. IL-2 cytokine promotes IFN-gamma release by NK
cells.
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Figure 5: NK cells increase secretion of IFN-gamma when treated with IL-2
cytokine.
NK cells were purified from healthy human donors and treated with IL-2 (1000u/ml),
anti-CD16 mAb (3ug/ml), or both for 24 hours. At the same time DPSCs were plated at
(1x106) for 24 hours and then co-incubated with the treated NK cells for 24-48 hours.
The supernatants were removed and the amount of INF-gamma was determined using
an ELISA.
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Figure 6: DPSCs produce high levels of FGF upon lysis by NK cells
To evaluate the activity of DPSCs, FGF cytokine secretion were measured. The
DPSCs were plated one day prior and then co-cultured with treated NK cells at a 5:1
effector to target ratio for 24-48 hours. The supernatants were then removed and used to
do an ELISA assay for FGF.
This experiment indicated similar results as the cytotoxic assay, the FGF secretion
increased as DPSCs lyses were increased. DPSCs co-cultured with NK IL-2 produced
the highest FGF release, followed by NK IL-2 & anti-CD16, NK untreated, and NK antiCD16 cells. This confirms that FGF cytokine is produced during the end stages of DPSCs
life cycle. Normally DPSCs releases low amounts of FGF as this molecule is unstable
and it is easily degraded in the cytoplasm. However, during the end stage of the DPSCs
life cycle, the FGF molecule is stabilized and it is released into the extracellular
environment [15]. As DPSCs lyse fibroblasts are recruited to the area to fill the void.
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Figure 6: DPSCs produce high levels of FGF upon lysis by NK cells.
NK cells were purified from healthy human donors and treated with IL-2
(1000u/ml), anti-CD16 mAb (3ug/ml), or both for 24 hours. At the same time
DPSCs were plated at (1x106) for 24 hours and then co-incubated with the
treated NK cells for 24-48 hours. The supernatants were removed and the
amount of FGF was determined using an ELISA.

23

CHAPTER 1: DISCUSSION
As the tooth is stressed, dental pulp tissue release cytokines for recruitment of
innate immune system. Based on the above experiments, the NK cells are recruited and
activated in the area and the DPSCs become very sensitive and undergo high levels of
apoptosis. The DPSCs show similar apoptosis pattern as K562 cells which lack the MHC1 complex. Indicating that the DPSCs lack or have very low levels of MHC-1 complex
allowing them to be targets by NK cells.
DPSCs release high levels of FGF cytokine during their end stage of life cycle
when exposed to NK cells. The release of FGF allows DPSCs to increase proliferation
and differentiation of surrounding cells, promoting growth and healing by fibroblast to fill
the space. Similarly, the increase levels of cytokines leads to positive feedback loop,
where there is an increase production of IFN-gamma and higher activation of NK cells
and further apoptosis of DPSCs by NK cells.
Further evaluation of these microenvironments are necessary to understand the
roles of monocytes during stress. In the following chapter we will introduce monocytes
into the co-culture experiments and evaluate their role.
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CHAPTER 2: Evaluation of DPSCs sensitivity to NK cells with addition
of Monocyte

INTRODUCTION
Chapter 1 experiments showed that DPSCs were sensitive to the NK cells of
innate immune system. In this chapter, we will evaluate another innate immune cells,
monocytes, with DPSCs. In series of co-culture experiments, we will analyze the
microenvironment interaction of DPSCs, NK cells and monocytes.

Monocytes
Monocytes are leukocytes cells, responsible for innate immune defense against
infectious diseases and stress. The activation of monocytes elicit three main responses:
First, their phagocytosis ability, allows them to uptake particles, cytokines and microbes
followed by their digestion and destruction. Second, they are able to present antigens to
T-lymphocytes to mount a specific immune response against the antigen. Lastly, they
have the ability to produce pro-inflammatory cytokine such as tumor necrosis factor
(TNF), interleukin-1 (IL-1), interleukin-6 (IL-6) and interleukin-12 (IL-12) [26]. The release
of these cytokines, including IL-6, leads to dilation of endothelial capillaries and delivery
of further immune cells. Thereby initiating and reinforcing the innate immune cells in an
acute inflammatory response.
Monocytes, upon activation transform morphologically and functionally. Their
plasma membrane permeates the body of antigen and the rates of pinocytosis and
25

engulfment increase. In addition, their cytoplasm becomes larger and there is an increase
in release of cytokines, including the important interleukin-6 cytokine [26]. The production
of IL-6 when monocytes are active provides a method to evaluate their role and function.
In our experiments, Interleukin-6 release will be the main focus of our experiments, in
which we will evaluate monocyte activity.

Interleukin-6 (IL-6):
IL-6 cytokine is a self-acting growth factor produced by monocytes for monocytes.
It assists in their development, growth, and differentiation. IL-6 cytokine is responsible for
inflammatory and anti-inflammatory response of monocytes [27]. In our experiment IL-6
cytokine allows us to directly measure the activity of monocytes.

In this second chapter, we will study the three way interaction of DPSCs, NK cells,
and monocytes and respectively their cytokine release of FGF, IFN-gamma, and IL-6.
Total of twenty experiments in-vivo experiments will be performed to identify each group’s
involvement and analyzed via ELISA. The survival rate of DPSCs will be assessed via
cytotoxicity assay experiments.
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CHAPTER 2: MATERIALS AND METHODS
DPSCs Media prepared as in chapter 1.
DPSCs prepared as in chapter 1.

NK cells & Monocytes Purification
The purified NK cells and monocytes were obtained by the following method.
Venous blood was drawn, via forearm venipuncture, from healthy individuals based on
guidelines of the University of California, Los Angeles Human Subject Protection
Committee. The extracted blood was placed on top of 15 ml of Ficoll-hypaque in 50ml
conical tubes and centrifuged for 25 minutes. The PBMC layer was collected and washed
twice with 1x PBS. The cells were plated and placed in an incubator to allow adhesion of
monocytes [2]. After 60 minutes, the supernatant were removed and selected for NK cells
by using the NK cell isolation kit by Miltenyi Biotech. Meanwhile, the cultured plates and
adhered cells were scraped and collected. Monocytes were further purified using the
Monocyte Enrichment Kit by EasySep, StemCell Technologies Inc.

Co-Culture experiment with NK and monocytes (ELISA).
The Co-culture experiment was performed by removing DPSCs from 80%
confluent plates using 0.25% trypsin and plating them overnight at 1.0 x 10 5
concentration per well on 2x 12 well plate. After 24 hours the cells were attached and the
supernatant was replaced to remove the dead cells. The monocytes were added to
selected wells at 5.0 x 105 concentrations. The purified NK cells were segmented into
four different groups: NK control, NK + anti-CD16, NK + IL-2, and NK + anti-CD16 + IL-2.
27

The anti-CD16 antibody was added at 30 µl per million and IL-2 cytokine was added at 3
µl per million to specified NK groups. After 48 hours the different NK cells were added at
5.0 x 105 concentrations per selected well. The supernatants were collected for EnzymeLinked Immunosorbent Assay (ELISA). The ELSA protocol was followed based on the
R&D system protocols for Human bFGF, IFN-gamma, and IL-6.

Cytotoxicity Assay Experiment
We performed the cytotoxicity assay by the following method. We plated DPSCs at
1.0 x 106 concentrations per well on a two well plate. After 24 hours, we replaced the
supernatants to remove dead cells and added monocytes to one of the plates at 5.0 x 10 6
concentrations. After 48 hours, we removed both wells with 0.25 percent trypsin and
centrifuged them. We removed the supernatants and then suspended them with 25 µl
Cr51, 140 µl DPSCs media, and 60 µl Fetal Bovine Serum for one hour in a tube. We
washed the cells twice with PBS and plated them on a 96 well plate at 1.0 x 10 4 per well.
We added the four different groups of NKs to different columns on the plate. After five
hours of incubation, we harvested the supernatants from each sample and measured
them for percent release of Cr51 radioactivity using a gamma counter machine.
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Statistical analysis
An unpaired, two-trailed student t-test was performed for the statistical analysis.

% Cytotoxicity = Experimental cpm – spontaneous cpm
Total cpm – spontaneous cpm

LU 30/106 cells were calculated using the inverse of the number of effector cells needed
to lyse 30% of tumor target cell x100.
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CHAPTER 2: RESULTS

Figure 7: Monocytes protect DPSCs against NK cells lysis.
In Figure 7, similar to previous experiments, there was an increase in lysis of
DPSCs when co-cultured with NK untreated cells and NK IL-2 treated cells. This confirms
that NK cells, especially NK IL-2 treated cells, are able to induce high levels of DPSCs
cell death.
Additionally, NK anti-CD16 cells had reduced levels of cytotoxicity in comparison
to NK untreated cells. A decrease in NK cell cytotoxicity is also seen in NK IL-2 & antiCD16 cells in comparison to NK IL-2 treated cells. Again both cases reconfirming that
anti-CD16 reduce the cytotoxic activity of NK cells.
However, in this experiment, the addition of monocytes to DPSCs allowed for
more survival of DPSCs against NK untreated cells and NK IL-2 treated cells. (P<0.05).
This presents three possible explanation for increase DPSCs survival when co-cultured
with monocytes. First explanation, is that monocytes present a physical shield for DPSC.
Both monocytes and DPSCs are targets of NK cells cytotoxic attack thereby reducing
total number of DPSCs exposed to NK cells. Second, the cytokines released by
monocytes inactivate the cytotoxic attack of NK cells. Third, the cytokines released by
monocytes transforms DPSCs to resist NK cell cytotoxic attack. These three explanations
will be further explained as other ELISA experiments are completed.
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Figure 7: Monocytes protect DPSCs against NK cells lysis.
From healthy human donors NK cells were purified and were treated with anti-CD16
mAb (3ug/ml), IL-2 (1000u/ml), and both for 24-48 hours. DPSCs (1x106) were cocultured with purified monocytes at 1:1 ratio and incubated for 24-48 hours at 370 C.
DPSCs and monocytes were labeled with Cr51 and FBS for 1 hour and any remaining
chromium not taken up by the cells were washed off. The untreated and treated NK
cells were then added to Cr51 DPSCs and monocytes for 4 hours at the following
effector to target ratios 5:1, 2.5:1, 1.25:1, and .625:1. The supernatants were removed
and the amount of chromium released was measured by a gamma counter. Lytic units
30/106 cells was determined using the inverse number of NK cells required to lyse
30% of the DPSCs.
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Figure 8: Monocytes increase IFN-gamma secretion substantially when cultured
with NK IL-2 cells.

In Figure 8 as expected, the addition of IL-2 cytokine increased IFN-gamma
production by NK cells. Anti-CD16 antibody produced similar results: there was a
decrease in cytotoxic activity of NK cells. The highest secretion of IFN-gamma was seen
when NK IL-2 treated and NK IL-2 & anti-CD16 treated cells were co-cultured with
monocytes: About two fold increase in comparison to NK-IL2 and NK IL-2 & anti-CD16
cells without monocytes. The addition of monocytes significantly increased the secretion
of IFN-gamma in these two samples. These results imply that monocytes enhanced
cytokine production of NK cells and synergized the IL-2 cytokine.
NK untreated cells produced very little IFN-gamma, but DPSCs lysis still were
observed in cytotoxic assay. This indicates that there is a direct correlation with IL-2 and
IFN-gamma release. IL-2 promotes the release of IFN-gamma by NK cells. However, the
actual cytotoxic activity of NK cells does not have a direct correlation with IFN-gamma
production.
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Figure 8: Monocytes increase IFN-gamma secretion substantially when cultured
with NK cells and DPSCs.
NK cells were purified from healthy human donors and treated with IL-2 (1000u/ml),
anti-CD16 mAb (3ug/ml), or both for 24 hours. DPSCs were plated at (1x106) for 24
hours a day before and co-cultured with purified monocytes at 1:1 ratio and incubated
for 24-48 hours at 37 C. The treated NK cells were then added at 1:1 ratio. After 2448 hours NK cells supernatants were removed and an ELISA specific for IFN-gamma
was performed.
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Figure 9: Monocytes produce consistent levels of IL-6 cytokine
In figure 9, we observed consistent levels of IL-6 cytokine produced by monocytes.
The control, which includes just monocytes cells alone, had the highest levels of IL-6
productions. This indicates the IL-6 production is independent of DPSCs and NK cells,
and their cytokine release. The high release of IL-6 cytokine is due to numerous
monocytes in close proximity of one another, which enhance their signaling for
proliferation and growth.
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Figure 9: Monocytes produce consistent levels of IL-6 cytokine.
NK cells were purified from healthy human donors and treated with IL-2 (1000u/ml),
anti-CD16 mAb (3ug/ml), or both for 24 hours. DPSCs were plated at (1x106) for 24
hours a day before and co-cultured with purified monocytes at 1:1 ratio and incubated
for 24-48 hours at 37 C. The treated NK cells were then added at 1:1 ratio. After 2448 hours NK cells supernatants were removed and an ELISA specific for IL-6 was
performed.
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Figure 10: Monocyte increase FGF cytokine production of DPSCs

In Figure 10, production of FGF cytokine is substantially increased when DPSCs
are co-cultured with monocytes. More than two fold increase in FGF cytokine release by
DPSCs with monocytes and NK IL-2 or NK IL-2 & anti-CD16 treated cells in comparison
to similar samples without monocytes. Monocytes help DPSCs to survive the cytotoxic of
NK cells in which DPSCs are able to produce more FGF cytokine to recruit fibroblast and
signal other cells. In addition, monocytes maintain the DPSCs in their end stage life
cycle, where cytokine production is enhanced, but apoptosis is not completed. This
allows the DPSCs to increase their internal signal transductions to proliferate and
differentiate.
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Figure 10: Monocyte increase FGF cytokine production of DPSCs.
NK cells were purified from healthy human donors and treated with IL-2 (1000u/ml),
anti-CD16 mAb (3ug/ml), or both for 24 hours. DPSCs were plated at (1x106) for 24
hours a day before and co-cultured with purified monocytes at 1:1 ratio and incubated
for 24-48 hours at 37 C. The treated NK cells were then added at 1:1 ratio. After 2448 hours NK cells supernatants were removed and an ELISA specific for FGF was
performed.
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CHAPTER 2: DISCUSSION:

The above experiments reiterate the sensitivity of DPSCs to stress. The DPSCs
are very sensitive to activated NK cells, and high levels of pulp tissue is lost as NK cells
are recruited and activated in the area. The stress of DPSCs while exposed to NK cells
induce high release of FGF cytokine, but a higher levels of FGF cytokine is observed in
DPSCs incubated with monocytes. Monocytes help to increase the survival of DPSCs by
increasing NFkB transcription to promote differentiation and growth. As DPSCs live
longer more FGF cytokine and NFkB transcription factor are produced. This follows the
cytotoxic assay experiments, first, monocytes present a physical shield for DPSCs.
Second, the cytokines released by monocytes transforms the DPSCs to resist NK cells
cytotoxic attack, aiding in differentiation and ultimately their functional change. Third, the
cytokines released by monocytes over activates NK cells leading to their inactivation of
cytotoxic attack, but increase in their IFN-gamma cytokine production, the split anergy
terminology.
Further evaluation of monocytes are necessary to understand their exact roles in
growth, survival, and healing. In the next chapter we will evaluate subpopulation of
monocytes; CD16 positive and CD16 negative monocytes.
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CHAPTER 3: Evaluation of DPSCs sensitivity to NK cells with different
subpopulation of Monocytes; CD16+ and CD16-

INTRODUCTION
In the previous chapter we showed that monocytes were able to rescue DPSCs
from NK cells cytotoxic attack. In this chapter we will analyze subpopulation of
monocytes: CD16 receptor present and CD16 receptor not present.

Monocyte Subpopulation
As previously explained, monocytes play an important role in innate immune
system. In response to a stress, monocytes have the following functions: They migrate to
the site and release cytokines and growth factors to mediate inflammatory; they have the
ability to phagocytose microorganism and their products; and they have the ability to
present antigens to T-cells to start the adaptive immune response. Due to their diverse
functions, it is suggested that different subpopulation of monocytes elicit different
functions [26]. We will explore CD16+ monocytes in our experiments.

Monocytes CD16 Positive (CD16+)
The marker used to distinguish between subpopulation of monocytes are the
receptors present on their lipopolysaccharide membrane. The CD16 cell surface receptor
is most commonly referred to as “proinflammatory” [30]. The CD16 positive (CD16+)
receptor is only present in 10% of all monocytes in the body. CD16+ monocytes produce
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higher levels of cytokine including the pro-inflammatory TNF cytokine [31]. In addition,
CD16+ monocytes are highly active cells with increased interaction with endothelial cells,
thereby increasing chronic inflammation as well as acute inflammation [32]. In our
experiments we will evaluate the function of CD16+ monocytes.

Due to current limitations to specifically select CD16+ monocytes, we will divide
the subpopulation of monocytes into the two following categories: CD16- and Total
Monocytes. Total Monocytes contains 10% CD16+ cell surface receptor and 90% of
monocytes without CD16 receptors.
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CHAPTER 3: MATERIALS AND METHODS
DPSCs Medium prepared as in chapter 1.
DPSC prepared as in chapter 1.
NK cells & Monocytes Purification prepared as in chapter 2.

Monocyte CD16- cell receptor separation
The separation kit “EasySep™ Human Monocyte Enrichment Kit without CD16
Depletion” was acquired from Stem Cell Technologies. The total population of monocytes
were suspended at 5 x 107 cells/mL concentration in 50 mL conical tube. We then added
the EasySep™ Human Monocyte Enrichment Cocktail without CD16 Depletion at 50
μL/mL cells. It was mixed well and incubated for 10 minutes. Vortex the EasySep™ D
Magnetic Particles for Monocytes for 30 seconds. Ensured that the particles are in a
uniform suspension with no visible aggregates. Added the EasySep™ D Magnetic
Particles for Monocytes at 50 μL/mL cells. Mixed well and incubated for another 10
minutes. Mixed the cells in the tube by gently pipetting up and down 2 - 3 times. Placed
the tube without cap into the magnet and push all the way down and set aside for 10
minutes at room temperature. The enriched cell suspension were carefully pipetted into a
new 50 ml tube. Brought the cell suspension of monocytes without CD16 to one million
per mL.

Co-Culture experiment with NK and CD16- and Total monocytes.
The Co-culture experiment was performed by removing DPSCs from 80%
confluent plates using 0.25% trypsin and plating them overnight at 1.0 x 10 5
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concentration per well on 2x 12 well plate. After 24 hours the cells were attached and the
supernatant was replaced to remove the dead cells. The different population of
monocytes: CD16- and Total Monocytes were then added to selected wells at 5.0 x 105
concentrations. The purified NK cells were segmented into four different groups: NK
control, NK + anti-CD16, NK + IL-2, and NK + anti-CD16 & IL-2. The anti-CD16 antibody
was added at 30 µl per million and IL-2 cytokine was added at 3 µl per million to specified
NK groups. After 48 hours the different NK cells were added at 5.0 x 10 5 concentrations
per selected well. The morphology was observed the next day and the supernatants were
collected for Enzyme-Linked Immunosorbent Assay (ELISA). The ELSA protocol was
followed based on the R&D system protocols for Human bFGF, IL-6 and IFN-gamma.

Cytotoxicity Assay Experiment
We performed the cytotoxicity assay by the following method. We plated DPSCs at
1.0 x 106 concentrations per well on a two well plate. After 24 hours, we replaced the
supernatants to remove dead cells and added the different population of monocytes: the
CD16+ and Total Monocytes to the plates at 5.0 x 106 concentrations. After 48 hours, we
removed both wells with 0.25 percent trypsin and centrifuged them. We removed the
supernatants and then suspended them with 25 µl Cr51, 140 µl DPSCs media, and 60 µl
Fetal Bovine Serum for one hour in a tube. We washed the cells twice with PBS and
plated them on a 96 well plate at 1.0 x 104 per well. We added the four different groups of
NKs to different columns on the plate. After five hours of incubation, we harvested the
supernatants from each sample and measured them for percent release of Cr51
radioactivity using a gamma counter machine.
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CHAPTER 3: RESULTS

Figure 11: Both subpopulation of monocytes Total Monocytes and CD16- protect
DPSCs against NK cells cytotoxic attack

Figure 11 reinforces the previous experiments. NK and NK IL-2 treated cells
increase the apoptosis of DPSCs. Anti-CD16 antibody reduced NK cytotoxicity in NK antiCD16 cells in comparison to NK untreated cells; and in NK IL-2 & anti-CD16 cells in
comparison to NK IL-2 treated cells. Monocytes were able to rescue DPSCs from
cytotoxic attack of NK cells. However, in this experiment no significant difference were
observed between Total monocytes and CD16- monocytes. Both subpopulation were
able to rescue DPSCs from cytotoxic attack of NK cells. This indicates that the
proinflammatory CD16+ cell surface receptor is not attributing to functional and
differentiating changes observed in DPSCs.
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Figure 11: Both subpopulation of monocytes CD16+ and CD16- protect DPSCs
against NK cells cytotoxic attack.
DPSCs (1×106 cells/plate) were co-cultured with Total monocytes or CD16 –
monocytes at 1:1 ratio and incubated for 24–48 hours at 37 0C. NK cells (1x106
cells/ml) were treated with IL-2 (1000 units/ml), or anti-CD16 mAb (3 mg/ml) or both
and incubated for 24-48 hours at 37 0C. The DPSCs and the monocytes were then
detached from the plate with trypsin, washed and labeled with Cr51 for 1 hour and then
incubated with the NK cells at different E:T ratios. After 4 hours the supernatants were
removed and the released radioactivity was measure by gamma counter.
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Figure 12: Both subpopulation of Monocytes increase IFN-gamma secretion
substantially when cultured with NK cells and DPSCs.

In Figure 12, NK IL-2 and NK IL-2 & anti-CD16 treated cells increase their IFNgamma production as expected while incubated with DPSCs. However, both
subpopulation of Total monocytes and CD16- were able to significantly increase the
secretion of IFN-gamma in NK IL-2 cells and in NK IL-2 & anti-CD16. These results
indicate that monocytes indifferent of CD16 receptor are able increase cytokine
production of NK cells and synergized with IL-2 cytokine.
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Figure 12: Both subpopulation of Monocytes increase IFN-gamma secretion
substantially when cultured with NK cells and DPSCs.
NK cells were purified from healthy human donors and treated with IL-2 (1000u/ml),
anti-CD16 mAb (3ug/ml), or both for 24 hours. DPSCs were plated at (1x106) for 24
hours a day before and co-cultured with purified Total monocytes or CD16monocytes at 1:1 ratio and incubated for 24-48 hours at 370 C. The treated NK cells
were then added at 1:1 ratio. After 24-48 hours NK cells supernatants were removed
and an ELISA specific for IFN-gamma was performed.
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Figure 13: Both Subpopulation of Monocytes produce high levels of IL-6 cytokine
In Figure 13, the increased levels of IL-6 cytokine released shows monocytes are
active at every level. Regardless of their interaction with NK cells or DPSCs, monocytes
release relatively constant levels of IL-6 cytokine to help signal other cells and increase
their growth and proliferation. The different subpopulation of monocyte did not produce
any significant difference, both population were able to produce high level of IL-6
cytokine.

Figure 13: Both Subpopulation of Monocytes produce high levels of IL-6 cytokine
NK cells were purified from healthy human donors and treated with IL-2 (1000u/ml),
anti-CD16 mAb (3ug/ml), or both for 24 hours. DPSCs were plated at (1x106) for 24
hours a day before and co-cultured with purified Total monocytes or CD16- monocytes
at 1:1 ratio and incubated for 24-48 hours at 370 C. The treated NK cells were then
added at 1:1 ratio. After 24-48 hours NK cells supernatants were removed and an
ELISA specific for IL6 was performed.
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Figure 14: Both subpopulations of Monocyte increase FGF production of DPSCs

The production of FGF is increased while DPSCs are incubated with monocytes.
The highest levels of FGF is observed while the DPSCs are incubated with NK IL-2
treated cells in both CD16- and Total monocytes. The significantly higher levels of FGF
with NK IL-2 illustrates that monocytes are able to synergize with IL-2 cytokine by over
signaling the NK cells and reduce their cytotoxic attack. Thereby, the DPSCs are able to
survive longer to produce more FGF cytokine for proliferation and differentiation. In
addition, the increased cytokine releases allows DPSCs to signal and recruit the
surrounding cells. The CD16+ receptor of monocytes is not contributing to these
processes.
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Figure 14: Both subpopulations of Monocyte increase FGF production of
DPSCs.
NK cells were purified from healthy human donors and treated with IL-2 (1000u/ml),
anti-CD16 mAb (3ug/ml), or both for 24 hours. DPSCs were plated at (1x106) for 24
hours a day before and co-cultured with purified Total monocytes or CD16monocytes at 1:1 ratio and incubated for 24-48 hours at 370 C. The treated NK cells
were then added at 1:1 ratio. After 24-48 hours NK cells supernatants were removed
and an ELISA specific for hFGF was performed.
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CHAPTER 3: DISCUSSION

The two different subpopulation of monocytes produced similar results as regular
monocytes in Chapter 2. Both population of monocytes were able to rescue DPSCs from
cytotoxic attack of NK cells. DPSCs released high levels of FGF cytokines while exposed
to NK cells, and significantly higher with presence of CD16- or Total monocytes. This
allowed DPSCs to survive the cytotoxic attack of NK cells and differentiate and proliferate
as well as to signal the surrounding cells. The levels of IFN-gamma significantly
increased as well, similar to previous results, while DPSCs were incubated with both
population of monocytes.
There are three explanations for the increased survival of DPSCs when cocultured with monocytes. First, monocytes presented a physical shield for DPSCs, but
this is not the main explanation; although the addition of monocytes doubled the
concentration of the sample, the amount of protection by monocytes were more than
three times the control. Second, the cytokines released by monocytes inactivate the
cytotoxic attack of NK cells. This explanation is more accepted than the first; based on
the IFN-gamma results we were able to conclude that cytokine production by NK cells
had increased, but their cytotoxic attack had decreased, leading to their split anergy.
Monocytes were able to synergize with IL-2 cytokine and over signal the NK cells and
reduce their cytotoxic attack. Third, the cytokines released by monocytes transformed
DPSCs to resist NK cells cytotoxic attack. This is the most apparent explanation.
Monocyte activated the NFkB transcription factor to increase resistance and
differentiation. This is best presented by FGF cytokine experiments. The amount of FGF
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produced by DPSCs had significantly increased In NK IL-2 samples, indicating that
monocytes maintain the DPSCs in their end stage life cycle, where cytokine production is
enhanced, but apoptosis is not executed. Allowing DPSCs to increase their internal signal
transductions to proliferate and differentiate into fibroblasts and increase their MHC-1
markers to resist the NK cells cytotoxicity. In addition, the increased production of FGF
cytokine allowed the surrounding DPSCs to differentiate into fibroblasts and increase
their MHC-1 markers.
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CONCLUSION

As the tooth is stressed, dental pulp tissue releases cytokines for recruitment of
innate immune system. Based on the above experiments, the NK cells are recruited and
activated in the area and the DPSCs become very sensitive and undergo high levels of
apoptosis. As monocytes populate the area, they provide resistance, differentiation, and
protection to DPSCs. Although transplantation of monocytes seem to promise new
methods of immunotherapy toward repair and healing of stressed DPSCs, further
research needs be implemented to understand the role of other innate immune system
with DPSCs.
The surprise finding was the high levels of FGF cytokine produced by DPSCs
during stress. This indicates that FGF cytokine is also an important biological marker to
protect, resist and differentiate DPSCs. It provides DPSCs with protection against harm.
Production and application of this cytokine to DPSCs may provide means in common
dental practice in situations with minimal bacterial infections and in cases where the tooth
is stressed by mechanical exposure, heat and excess pressure. The application of this
cytokine can provide biological relief to a sensitive tooth as an alternative to current
chemical application of Dycal and MTA.
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