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ABSTRACT

Retinoic acid (RA), a bioactive retinoid, has long been recognized for its role in
regulation of immune cell activities. CD300B, the newly-identified leukocyte cell surface
receptor protein, was recently reported to trigger the immune response through its cell
membrane adaptor protein in a human monocytic cell line, THP-1. Our previous
microarray study showed that the mRNA expression of CD300B was significantly upregulated by RA treatment. We hypothesize herein that RA, alone or with other cell
activator such as phorbol ester PMA, regulates CD300B expression, both at the gene
level and the protein level, in THP-1 cells.

Our results showed that RA and PMA synergistically increased the expression of
human CD300B mRNA. RA alone increased the level of human CD300B mRNA by 20fold, while PMA alone increased CD300B mRNA by less than 5-fold. Interestingly, if we
treated the THP-1 cells with RA and PMA at the same time, the combination increased
the human CD300B mRNA level to about 60-fold, comparing to the control. Secondly,
the expression of endogenous CD300B protein in THP-1 cells was increased by PMA
treatment, but not RA treatment. Furthermore, CD300B molecules were mainly located
on the plasma membrane and in the endosomal compartment, sharing a similar
distribution pattern to transferrin receptor CD71. Finally, the cell signaling of PMA
which induced the expression of CD300B mRNA was through the MEK/ERK pathway.
Inhibition of MEK/ERK pathway abolished the CD300B induction by PMA, but not RA,
indicating a different signaling pathway of expression regulation.
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CHAPTER 1 INTRODUCTION
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In this introduction, I will review the metabolism of vitamin A and its immune
functions, the innate immunity, the CD300 family molecules, the transferrin receptor
CD71, and the phorbol ester PMA that form the basis for the hypothesis and experimental
design.

1. Vitamin A
Vitamin A (VA) is an essential micronutrient for all vertebrates including humans.
Metabolites of VA are necessary for visual process, differentiation of epithelial tissues
and normal reproduction, and for the optimal functioning of both the innate and adaptive
immune systems (1-4). Vitamin A deficiency impairs the normal regeneration of mucosal
barriers damaged by infection, and the function of macrophages, neutrophils, and natural
killer cells, thus it decreases the innate immunity. Vitamin A is also required for the
adaptive immunity through its role in the development of B cells, and T cells.

Vitamin A Absorption and Metabolism

Dietary VA comes from two major forms: preformed VA such as retinyl esters
(RE) from foods of animal origin and pro-vitamin A such as carotenoids from plants (5,
6). After intake into intestine, the intestinal retinol is derived from the hydrolysis of RE
or the cleavage of ß-carotene, and then is re-esterified within the enterocytes and
packaged into chylomicrons along with triglycerides, cholesterol, phospholipids, and
other fat-soluble vitamins. REs in chylomicrons travel through lymphatic system and are
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taken up primarily by liver and then other target tissues such as muscle, lungs, and
kidneys. In the liver, REs are hydrolyzed to unesterified retinol which is later associated
with retinol-binding protein (RBP) and transported to other tissues or converted into the
active metabolites, retinal in the retina and retinoic acid (RA) in all other target organs (7).
The excessive retinol in liver can be reesterified and packed in the stellate cells as a longterm storage form. In the circulation, the intake of RBP-bounded retinol is under the
control of Stra6, a newly identified membrane receptor whose expression is regulated by
RA (8). In the target cells, for the purpose of protecting retinoids from non-specific
oxidation, RA is associated with cellular retinoic acid-binding proteins (CRABPs),
whereas retinol is bound to cellular retinol-binding proteins (CRBPs) (7). Retinol or
retinal can function in reproduction and the visual cycle. RA, on the other hand, is
considered as the major biological active metabolite of VA. By the modification of gene
transcription though directly binding to nuclear receptors of the retinoic acid receptor
(RAR) family, RA plays a vital role in regulation of cell growth, differentiation, and gene
expression (9).

The balance of retinoid metabolism is tightly regulated by various rate-limiting
enzymes. The two which have been most studied and are thought to be especially
important are lecithin:retinol acyltransferase (LRAT), which catalyzes the esterification
of retinol (10); and CYP26, a member of cytochrome P450 family, which mediates the
oxidation of RA to its polar metabolites (11). Interestingly, those two enzymes are
regulated by RA, suggesting a feed-back regulation mechanism. For instance, in the case
of VA deficiency (VAD), the level of RA is low and will down-regulate the expressions
of LRAT and CYP26. Low LRAT means less storage and low CYP26 renders reduced
3

excretion of retinoids. Together, these changes result in more retinol available for
maintaining normal VA-related functions (12). However, during adequate VA intake
such as VA supplementation, LRAT and CYP26 levels are upregulated by high level of
RA in certain tissues (liver, lung for LRAT, and CYP26 in a number of tissues), thus
preventing retinol excess and presumably preventing toxicity.

Retinoic acid receptors and signaling

Retinoic acid (RA), the active metabolite of retinoids, is essential for
embryogenesis and limb formation, cell differentiation and proliferation, and the proper
functioning of cells and tissues (3, 13, 14). RA modulates those physiological functions
by manipulating the transcription of specific genes through the binding of its nuclear
receptors (15). There are two types of retinoic acid receptors in the nucleus, the retinoic
acid receptor (RAR) family, and the retinoic X receptor (RXR) family (16). The RAR
family is activated by both all-trans RA (atRA) and 9-cis RA (9cRA), whereas the RXR
family is activated exclusively by 9cRA. Structurally, the RAR or RXR contains a
transactivation function (AF1) domain at the amino terminus which is responsible for the
recognition of co-regulators and other transcriptional factors, a DNA-binding domain
(DBD) in the center of the protein which binds to the target genes by two zinc-finger
motifs, and a ligand-binding domain (LBD) at the carboxyl terminus which is responsible
for both ligand recognition and transactivation (17).
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Retinoid receptors form a heterodimer (RAR/RXR) and interact with target genes
by binding to specific DNA sequences termed retinoic acid response elements (RAREs).
RAREs, which are typically composed of direct repeats, have been identified in the
promoter region of a larger number of genes with a wide variety of functions (18). In the
absence of ligand, the RAR or RXR is bound with transcriptional co-repressors at the
LBD, for example, the silencing mediator for retinoid and thyroid hormone receptor and
the nuclear receptor co-repressor 1 (19, 20). The binding of co-repressors recruit histone
deacetylase that inhibits the acetylation of chromatin and keeps the chromatin in a
condensed inactivated form that prevents the gene from transcriptional activation. Upon
ligand binding, the engagement of retinoic acids and receptors causes the disassociation
of co-repressor complex from LBD due to an allosteric conformational change of the
receptors. Meanwhile, co-activators containing LXXLL motifs replace the position of corepressors, and then recruit histone acetyltransferase and other chromatin remodeling
factors to initiate gene transcription (21).

Termination of retinoid-induced transcription is mediated by the ubiquitinproteasome process which induces degradation of RAR and RXR and breakdown the
heterodimer (22). This process is induced by RA through a mitogen-activated protein
kinase (MAPK)-mediated, phosphorylation-dependent manner, suggesting a dosedependent feedback regulation. In addition, the degradation of retinoid receptors is
required for RAR and RXR turnover in cells and thereby enhances their transactivation
functions. Phosphorylation can also contribute to the termination of the ligand response
through inducing DNA dissociation or RAR/RXR degradation or through decreasing
ligand affinity (23).
5

Vitamin A and the immune system

The mammalian immune system consists of two interactive main systems: innate
and adaptive immunity. Innate immunity regulates in part the development of adaptive
responses such as cell-mediated immunity and humoral immunity. VA, acting as a
mediator in gene expression via atRA and nuclear retinoic acid receptors, plays a vital
role in the regulation both innate and adaptive immune functions, and in the humoral
antibody response (24). Vitamin A deficiency (VAD) results in the loss of mucousproducing goblet cells, causing the altered integrity of mucosal epithelium (25). As a
consequence, the susceptibility to pathogens infection in eye, the gastrointestinal tract
and the respiratory system is increased. Studies have shown that VA deficient children
had an increased severity of diarrheal disease and an increased risk of developing
respiratory symptoms (26-28). According to a recent study, VA supplementation reduced
both diarrheal and respiratory infections in a VAD population (29). It is believed that VA
supplementation improved the regeneration process of the mucosal barriers. Inadequate
availability of VA has been associated with a decreased number and activity of natural
killer (NK) cells, and a reduced phagocytic and oxidative burst activity of macrophages
during inflammation (30). In a VA deficient state, the production of interleukin-12 (IL-12,
T-cell growth promoter) and tumor necrosis factor- (TNF-, a proinflammatory
cytokine and macrophage activator) is increased, promoting an excessive inflammatory
response (31). However, these effects can be reversed by VA restoration such as VA
supplementation.
6

VA also plays an essential role in the development and differentiation of T-helper
1 (Th1) and Th2 lymphocytes, given that the proliferation of lymphocytes is under the
control of activated retinoic acid receptors (32). VA suppresses the production of IL-12,
TNF-, and interferon- (IFN-) by Th1 lymphocytes, maintaining the normal antibodymediated Th2 response. Therefore, VA deficiency is associated with an impaired ability
to defend against extracellular pathogens. Furthermore, antibody-mediated immunity is
also impaired in the VA deficiency state, resulting from the reduction of Th2 antiinflammatory cytokines such as IL-4, IL-10, and IL-13, all of which stimulate the B cell
production of immunoglobin IgG, IgE, and IgA (33). In humans, VA supplementation
has been shown to improve the antibody titer response to various vaccines, for example,
the measles vaccine, tetanus vaccine, and the diphtheria vaccine (34). In addition, the
benefit of VA supplementation in reducing the morbidity and mortality from acute
measles and diarrheal diseases in infants and children, acute respiratory infections,
malaria, tuberculosis, and infection in pregnant and lactating women has also been
recently reported (29, 35-37).

Notably, experimental studies in animals and cell models suggested that VA
metabolites, especially RA, are critical to the development of B cell and T regulatory
(Treg) cell, and the gut-homing of T cells. In 2005, Morikawa et al. reported that RA
could accelerate the differentiation of B cells maturing into antibody producing cells in
their anti-CD40 plus IL-10-mediated human B lymphocytes culture system (38).
Moreover, Makoto Iwata et al. found that VAD could cause a reduction in integrin 4ß7+
memory/activated T cells in lymphoid organs and a depletion of T cells from the
intestinal lamina propria, which supported their conclusion that RA increases the
7

expression of integrin 4ß7 and the chemokine receptor CCR9 which are essential for the
preferential homing of T cells to the gut (39). Accordingly, experiments in both human
and mouse T cells showed that RA played an important role in the conversion of naive
FoxP3- CD4+ T cells into a unique gut-homing FoxP3+ regulatory T cell subset (40).
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2. Innate Immunity

Innate immunity functions in an antigen-nonspecific defense manner and is the
initial response by the body to eliminate microbes and prevent infection (41). The innate
immune system consists of epithelial barriers, a cellular component including
macrophages, polymorphonuclear leukocytes, dendritic cells (DCs) and natural killer
(NK) cells, and a non-cellular component with recognition molecules, such as serum
amyloid protein, C-reactive protein, mannose-binding protein, and compliment.

Pathogen-Associated Molecular Patterns (PAMPs)

Unlike adaptive immunity, which is involved in elimination of pathogens in the
late phase of infection as well as the generation of immunological memory (42), innate
immunity does not recognize every possible antigen individually. Instead, it is designed
to recognize unique microbial molecules shared by groups of related microbes called
pathogen-associated molecular patterns, PAMPs, that are essential for the survival of
those organisms and are not found associated with mammalian cells (43). The common
PAMPs include lipopolysaccharide (LPS) from the gram-negative bacteria cell wall,
peptidoglycan and lipotechoic acids from the gram-positive bacteria cell wall, bacterial
and viral unmethylated CpG DNA, double-stranded and single-stranded RNA from
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viruses, bacterial flagellin, the amino acid N-formylmethionine found in bacterial
proteins, the sugar mannose, and glucans from fungal cell walls (44).

Monocytes in Innate Immunity
PAMPs allow the pattern-recognition receptors (PPRs) on the DCs and
macrophages derived from monocytes to distinguish between potentially harmful foreign
microorganisms and self constituents (45). These cells are also stimulated by endogenous
activators such as IFN-, heat-shock proteins, and TNF- that are released during the
state of infection (46). Once activated, macrophages and DCs recognize and eliminate
pathogens by phagocytosis (47). In addition, activated macrophages and DCs can also act
as antigen-presenting cells that present a cell-surface complex of a majorhistocompatibility-complex (MHC) molecule together with a foreign antigen peptide to
the T-cell receptors on the highly specific CD28-bearing naive T cells, which later
become activated in the acquired immune response (48). Activation also causes DCs to
enhance their expression of B7 co-stimulatory molecules.

THP-1 as Monocytic Cell Model
THP-1, a human monocytic leukemia cell line, resembles the human monocytes
with various similar criteria such as secretory products, expression of oncogene and
membrane antigens, morphology, and the expression of lipid metabolism-involved genes
(49). In contrast to native (primary) human monocytes, THP-1 cells have the advantage
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of a homogeneous population that maintains the same cellular properties during many
generations. Under certain stimulation conditions, THP-1 cells stop proliferating and
differentiate into macrophages or DCs which, morphologically, have an irregular nucleus
and an increased number of phagocytic vacuoles. Previous findings indicated that RA
could enhance the macrophage-like immune functions of THP-1 cells by inducing the cell
differentiation and also by regulating the cell cycle progression (50). According to Chen
et al.’s report, the expression of CD11b, a cell surface marker of macrophage-like
differentiation on THP-1 cell was increased by RA, indicated also by cell’s increased
phagocytic activity (50).
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3. The CD300 Family and CD300B

CD300 Family

The CD300 molecules are a family of membrance-spanning glycoproteins
believed to be located on the leukocyte surface. Six human CD300 family members
(CD300A, CD300B, CD300C, CD300D, CD300E, and CD300F) were identified by
using the CMRF-35 monoclonal antibody (51, 52), and were mapped to a locus on
chromosome 17q22-25 (53, 54). Structurally, CD300 molecules are type I
transmembrane proteins and all have a single IgV-like extracellular domain (55).
CD300A and CD300F are differentiated from other family members by containing an
immunoreceptor tyrosine-based inhibitory motif (ITIM) (56, 57), whereas the other
CD300 molecules have a charged amino acid positioned in their transmembrane domains,
which enables association with other adaptor molecules such as DAP12 (58), thereby
acting as the immunoreceptor tyrosine-based activation motif (ITAM). The molecular
structure indicates that CD300 molecules trigger or inhibit immune responses (56, 59).

Distribution of CD300 Molecules

The amino acid sequences of human CD300 family members have 40% to 80%
similarities and can be divided into three pairs (55). For example, CD300A is similar to
CD300C, CD300B is most similar to CD300F, and CD300D is close to CD300E (59).
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Orthologues for different CD300 genes have been reported in mammals, birds and fish,
indicating that this family has been conserved during evolution, and implying that it
might be important in certain essential regulations (60). In human, the CD300 molecules
are present in many tissues, including lung (CD300D and CD300F), spleen and thymus
(CD300C), and heart and placenta (CD300G) (61). More specifically, most of the CD300
molecules are expressed on peripheral blood leukocytes, with different patterns. For
instance, CD300E is restricted to mature CD14+ monocytes, whereas CD300A and
CD300C are expressed by all CD14+ monocytes and nearly all DCs (62). Cell surface
CD300F is found on a limited subpopulation of CD14+ monocytes and is restricted to a
small portion of DCs (57). The distribution of CD300B and CD300D remains uncertain
due to the limited availability of antibody, but it is believed that they also have limited
expressions on monocytes and DCs (63, 64). Together, these profiles suggest that the
CD300 molecules are expressed on resident or migratory tissue leukocytes, specially
monocytes, macrophages, or DCs, and they might play an important role in myeloid cell
function and innate immunity.

CD300 Molecules and Immune Function

Previous studies have shown that the cross-linking of various CD300 molecules
on different leukocyte populations broadly modulates phagocytosis, migration, gene
transcription, cytokine production, and survival (61, 65). The molecular structure of
CD300 molecules supports the view that they contribute to innate immunity by tuning,
directing, or terminating active immune responses. Cross-linking of CD300A and
13

CD300C molecules on myeloid cells and DCs has been reported to augment the IFN-γ
(66), but diminish TNF-α and IL-6. In contrast, cross-linking CD300F on monocytes
induces TNF-α and IL-6 secretion, and also enhances the phagocytosis of antigens. In
transfectants of human COS-7 cells, CD300B enhanced signaling of the Ras/mitogenactivated protein kinase (MAPK) pathway through the association with the adaptor
protein Grb2 (58). As for cell migration, CD300A cross-linking alters mobility of
eosinophils, whereas cross-linking CD300F on monocytes enhanced migration to CCR7
and CXCR4 ligands (59). In cell survival testing in mice cross-linking of CD300A and
CD300F promoted cell proliferation, possibly through AKT activation, but the same test
in human cell line indicated the opposite effect (56, 57). However, all these results listed
above and any findings based on current and future antibodies will eventually require
confirmation using the physiological CD300 ligands, which for the most part are not yet
known.

CD300B

A DNA microarray study comparing RA-treated and control THP-1 cells was
conducted by the Ross lab (data not shown) with the purpose of identifying genes that are
under the regulation of RA. For CD300B, the mRNA expression increased more than 10
fold in the 24 hour-RA treatment, with or without the addition of TNF-. Thus CD300B
was identified as of possible interest regarding VA and immune function and became the
subject of our research interest.
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Among CD300 family members, CD300B is one of the least studied due to the
limited availability of specific monoclonal antibody (mAb). CD300B, like its paired
CD300 family member CD300F, is distributed mainly on myeloid cells, and appears to
be a nonclassical activating receptor. CD300B not only delivers signals through the
associated membrane adaptor DAP-12, but also transmits messages by recruiting Grb2 to
its cytoplasmic tail (58). It is commonly accepted that the binding of CD300B to adaptor
proteins such as DAP-12 and Grb2 relies on the presence of a positively charged lysine
residue in the CD300B transmembrane domain.

Interestingly, the possible physiological significance of this paired receptor was
indicated by the analysis of differential regulation in human versus mouse cells? For
instance, mouse CD300B is an N-linked glycoprotein, and differs from human CD300B
by several amino acid residues in the transmembrane domain. These differences may
result in different surface expression patterns or different capacities to bind to
downstream adaptors. For example, mouse CD300B can associate with both DAP10 and
DAP12 while human CD300B can only bind to DAP12 (67). In addition, human
CD300B, but not mouse CD300B possesses a putative tyrosine phosphorylation motif,
Y188, in its cytoplasmic tail, implying the possibility of delivering an activation signal
independently. Recent studies have demonstrated that DAP12 could modulate an
inhibitory or activating signal, depending on the type of its associated adaptor complexes
(68). Therefore, CD300B and associated kinases should be considered as a multifunctional cell signaling regulator.
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4. PMA and PKC Pathway

Phorbol 12-myristate 13-acetate (PMA), which shares structural similarity to
diacylglycerol (DAG), can induce monocytic cells such as THP-1 cells to differentiate
into macrophage-like cells (69) by a mechanism dependent on the activation of protein
kinase C (PKC) (70).The PKC family consists of more than 11 isoforms which take part
in cellular responses to various agonists, including hormones, some growth factors and
neurotransmitters (71). The PKC isoforms are divided into the following three groups
according to their sensitivity toward the activators: conventional PKCs (cPKC: α, β1, β2,
γ) which require DAG, phosphatidylserine, and calcium for activity, novel PKCs (nPKC:
δ, ε, ε, ζ) which are calcium-independent, but are diacylglycerol (DAG)-stimulatable (72),
and atypical PKCs (aPKC: δ, μ) which require neither calcium nor DAG but do bind
phosphatidylserine when active. PMA activates the atypical and conventional PKC
isoforms because it is similar in structure to DAG. PMA binds to a cysteine-rich region
contained within the C1 domain of PKC, producing a hydrophobic region that allows
PKC to associate with the cell membrane. Then PKC recruits relevant cofactors which
remove the inhibitory complex from the PKC core, resulting in the autophosphorylation
on carboxyl-terminal serine and the translocation of activated PKC from cell membrane
to the cytosol (73).

The activation of protein kinase(s) is an essential step in PMA-induced
differentiation of monocytic cells and is tightly connected to the Raf/MAP kinasesignaling pathway (74). In general, it is believed that the upstream kinase MAPKKK is
16

phosphorylated by activated PKC through the phosphorylation of Raf, which can initiate
the activation of one of multiple other kinases of the three down-stream signaling
pathways: the Jun kinases, the p38 kinases, and the extracellular signal-regulated kinases
(ERKs). The cell differentiation is regulated by the expression of various genes that fall
under the control of these signaling pathways.
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5. CD71, Transferrin Receptor

Transferrin receptor (TFRC, CD71) is primarily involved in iron homeostasis by
regulating cellular iron uptake in interaction with the hemochromatosis (HFE) protein.
CD71 is the main receptor for transferrin and allows transferrin-bound iron uptake by the
cell. Iron uptake occurs through the internalization of iron-loaded transferrin mediated by
the interaction with CD71. Furthermore, CD71 maintains cellular iron homeostasis
because CD71 expression is regulated in response to intracellular iron concentration (75).
For example, low iron concentration promotes increased levels of transferrin receptor, to
increase iron intake into the cell. In addition, CD71 may also contain other growth
regulatory properties in certain normal and malignant cells. The elevated levels of CD71
in malignancies, its relevance in cancer, and the extracellular accessibility of this
molecule make it an excellent antigen for the treatment of cancer using antibodies (76).
The CD71 can be targeted by monoclonal antibodies specific for the extracellular domain
of the receptor.

Structurally, CD71 is a disulfide-bonded homodimeric type II transmembrane
molecule, with a long extracellular domain (671aa) which binds transferrin, a
transmembrane domain (28aa), and a short cytoplasmic tail (61aa) which mediates the
rapid endocytosis and recycling (77). As a cell surface protein, CD71 is mainly found on
the plasma membrane. However, the uptake of iron-carrying transferrin involves the
internalization of the complex of transferrin and its receptor CD71. Therefore, CD71 is
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also found in endosomes and other cellular compartment while recycling to the cell
surface (78).

In this study, we used CD71 as a localization indicator to compare with CD300B
in human monocytic THP-1 cells, since they share some similarities in the intracellular
and membrane distributions. Surprisingly, we found that CD71 is also under the
regulation of some treatments that we designed specifically to modulate CD300B
expression. Possible mechanisms will be considered in the discussion.

19

CHAPTER 2 HYPOTHESIS AND OBJECTIVES
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As reviewed in Chapter 1, CD300B is expressed mainly on monocytes in human,
mouse and other mammals. With the potential to differentiate into macrophages or DCs,
monocytes are believed to play an important role in innate immunity. A DNA microarray
study in human monocytic THP-1cells had indicated that the expression of CD300B gene
is strongly up-regulated by RA. In addition, RA has been reported as an essential
mediator in immune response through its gene transcription induction. Taking these
results together, we hypothesize that RA, alone or with other cell activator such as PMA,
regulates CD300B expression, both at the gene level and the protein level, in human
monocytic THP-1 cells.

To test this hypothesis, four specific research aims were designed:
1. To understand the characteristics of the CD300B gene in human, mouse and
rat by performing gene alignment among species using the gene sequence
from our clones and online databases. As part of this aim, we investigated
putative protein translation start points by in vitro transcription and translation
assays.
2. To determine whether atRA can also enhance the translation of CD300B
protein since it has been demonstrated to increase the transcription of
CD300B mRNA. If not, other possible cytokines/chemokines will be included
to test their ability in inducing the expression of CD300B, on both the gene
level and protein level. Real-time PCR tests will be conducted to examine the
changes of mRNA translation. On the other hand, the expression of CD300B
21

protein in all treatments will be measured by flow cytometric tests and
microscopy tests.
3. To investigate the cellular distribution of CD300B protein in THP-1 cells, and
to compare its distribution to the transferrin receptor CD71, by labeling
CD300B and CD71 proteins with specific fluorescent antibodies and
observing their distribution pattern through confocal microscopy.
4. To determine the signaling pathway that is involved in the regulation of the
expression of CD300B. Inhibitors of MAPK kinases will be introduced into
the cell culture. The effect of signaling pathway blockade will be tested on the
transcriptional level by real-time PCR.
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CHAPTER 3 MATERIALS AND METHODS
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1. Cell and Culture Conditions.

THP-1, a human monocytic leukemia cell line, was obtained from the American
Type Culture Collection (ATCC, Rockville, MD). Cells were maintained in RPMI-1640
medium containing 10% heat-inactivated fetal bovine serum (FBS, Invitrogen, Carlsbad,
CA), 10-5M 2-mercaptoethanol, 100 units/ml penicillin and 100 µg/ml streptomycin (Life
Technologies, Rockville, MD) at 37°C in an atmosphere of 95% air and 5% CO2. In
order to keep the cells in an optimalized condition, cells were passed for no more than 3
months before renewal from frozen stocks. For each experiment, the cells were collected
and resuspended in the fresh medium supplemented with 10% FBS and aliquots of cell
suspension (0.5 × 106 cells/ml) were transferred to a 6-well or 12-well culture plate and
incubated for various times with indicated reagents.

2. Reagents.

All-trans-retinoic acid (prepared as a concentrated stock in ethanol), calcium
ionophore A23187, lipopolysaccharide (LPS, from E. coli), 12-O-tetradecanoylphorbol13-acetate (PMA), dibutyryl-cAMP, and cycloheximide were from Sigma (St. Louis,
MO). TNF- and IL-1ßwere from R&D Systems (Minneapolis, MN). IFN- was
purchased from preproTech Inc. (Rocky Hill, NJ), and Poly I:C stabilized with poly-Llysine and carboxymethycellulose was provided by the late Dr. H. Levy, NIH. MAPK
kinase inhibitors SB203580 and PD98059 were from Calbiochem Inc. (San Diego, CA).
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3. CD300B Gene Cloning, Sequencing and Alignment.

Human and rat CD300B genes were cloned from cDNA of RA-treated THP-1
cells and cDNA of rat lung tissue, respectively. pcDNA3.1+ (Invitrogen Corp., Carlsbad,
CA) was used as the vector for cloning and sequencing. Primer sequences for PCR
amplification were: 5’-GCGGTACCTATAAAAGGAAGCATATGAGTAA-3’ (forward)
and 5’-GCCTCGAGGCTTATCCATCGGTCTAAGG-3’ (reverse) for rat CD300B (full
sequence, 763bp); 5'-GCGGTACCAAAGGCGGTCTAGATGTGCA-3' (forward) and 5'GCGAGCTCTGCAGATCCATCTCTCTAAG-3' (reverse) for human CD300B (full
sequence, 717bp). Plasmids were confirmed by restriction enzyme digestion and then
sent to the Nucleic Acid Facility (Penn State-University Park) for sequencing. The mouse
CD300B gene sequence was as cited from NCBI database (gene ID: NM_199221.2).
Alignments of CD300B genes and proteins were conducted by using the online tool
ClustalW2 (www.ebi.ac.uk/Tools/clustalw2).

4. Radioactive in vitro Protein Synthesis.

Human and rat CD300B proteins were synthesized in a cell-free fashion by The
Single Tube Protein System 3 kit (STP3) (Novagen, Madison, WI). DNA templates were
pcDNA3.1+ plasmids carrying human and rat CD300B genes. Experiments were
conducted according to the manufacturer’s instructions (www.merck-
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chemicals.com/showBrochure?id=200905.374). The newly synthesized proteins were
labeled with radioactive [35S]methionine and were then separated on 15% SDS-PAGE
based on size. After electrophoresis, proteins were fixed by immersing the gel in 10%
TCA for 5 min, and then rinsed briefly with water. Finally, the gel was dried under
vacuum and exposed to Kodak MS X-ray film at room temperature to visualize the 35Slabeled proteins.

5. Total RNA Isolation.

THP-1 cells were cultured in 6-well or 12-well plates for various times and
treatments. Upon harvest, the total cellular RNA was isolated by using Rneasy Mini Kit
(Qiagen Inc., Valencia, CA) according to the manufacturer's instructions.

6. Reverse Transcription and Quantitative Real-Time PCR.

One microgram of total RNA was subjected to reverse transcription (Promega,
Madison, WI). One-tenth of the reaction mixture was used for quantitative real-time PCR
tests with SYBR Green labeling (BioRad, Hercules, CA). cDNA was denatured at 94°C
for 3 min followed by 35 repeated cycles of 30 s at 94°C, 45 s at 62°C, and 30 s at 72°C.
Primer sets used were as follows: human CD300B, sense, 5'GCGGTACCGGGAAGGCAGAGCCATGT-3', antisense, 5'GCCTCGAGTGCAGATCCATCTCTCTAAG-3'; human CD71, sense, 5'26

ATCAGGATTGCCTAATATACCTGTC-3', antisense, 5'GTTCAACTCAGGAATCCTCTCAATC-3'; human GADPH, sense 5'TGAAGGTCGGAGTCAACGGATTTGGT-3', antisense 5'CATGTGGGCCATGAGGTCCACCAC-3'. GADPH was chose as the internal control
gene, and the mRNA expression level of each sample was corrected by its relative ratio to
GADPH mRNA. Data were normalized to the average value for the control group, set at
1.00, prior to statistical analysis.

7. Flow Cytometry

THP-1 cells were washed twice with PBS at the time of harvesting and prepared
for the following staining. For the overall protein detection, cells were permeabilized by
using BD Cytofix/Cytoperm kit (BD Biosciences, San Jose, CA) and then were
incubated with appropriately diluted anti- CD300B-goat IgG (R&D System Inc.,
Minneapolis, MN) and anti- CD71-rabbit IgG antibodies (Santa Cruz Biotechnology Inc.,
Santa Cruz, CA) at 4°C for 1 hour, and then incubated with secondary antibodies to
CD300B and CD71, Alexa 488-anti-goat-IgG (Invitrogen, Carlsbad, CA ) and PE-antirabbit-IgG (Invitrogen, Carlsbad, CA ), respectively, at 4°C for 1 hour. For cell surface
protein detection, living cells were incubated at 4°C with the same antibodies as for
permeabilized cells. In addition, PE-conjugated-anti-CD11b antibody (BD PharMingen,
San Diego, CA) was used in cell surface staining at 4°C for 1 hour. Cells stained with
secondary antibody only were considered as the non-specific binding control and used to
set up the gates for flow cytometry. After incubation, the cells were washed and fixed
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with 1% paraformaldehyde in PBS, and positive-stained cells were measured by flow
cytometry (Flow Lab, Penn State Univ.). Data were analyzed by FLOWJO software
(Tree Star, Ashland, OR).

8. Confocal Microscopy.

THP-1 cells after various treatments were harvested and incubated with antibodies.
The incubation procedures and antibodies were the same as for the flow cytometry tests.
After the fixation of the cells (same procedure as for flow cytometric test), samples were
visualized using an Olympus Fluoview 1000 Confocal Laser Scanning Microscope
(Olympus America Inc.; Melville, NY). Images were analyzed by the Fluoview software.
(Parameters regarding the flow cytometric test and confocal microscopy can be found in
Appendix.)

9. Statistical Analysis.

Statistical analysis was performed by using Prism software (Graphpad Software
Inc., La Jolla, CA) for one-way analysis of variance (ANOVA), or two-way ANOVA.
Differences among groups were determined using Tukey's Multiple Comparison Test.
Data are presented as the mean ±SEM for the experiments that have four repeats. For
tests that have only duplicates for one treatment, the data are shown as the mean with the
range. A value of P < 0.05 was considered statistically significant.
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CHAPTER 4 RESULTS
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Sequence analysis and gene expression study of CD300B
First, we conducted a sequence alignment analysis of CD300B in human, mouse,
and rat, to compare CD300B in different species (Figure 1). The human and rat CD300B
genes were cloned from the cDNAs of human THP-1 cells and rat lung tissue,
respectively. The mouse CD300B gene was obtained from a citation in the NCBI
database (www.ncbi.nlm.nih.gov) (gene ID: human CD300B: NM_199221). Our
sequencing result of human CD300B agreed with the gene sequence in the NCBI
database (gene ID: human CD300B: NM_174892; rat CD300B: GU054494). The
CD300B gene shows a high similarity in the alignment and is conserved among species
(Figure 1). According to a previous report (58), CD300B protein, as a cell surface
receptor, contains an extracellular region, a transmembrane region, and a short
cytoplasmic tail (Figure 2b). However, there are two putative translation start codons
(ATGs) in CD300B genes, which, if both used, would result in different sizes of CD300B
proteins. Importantly, in rat, if the gene transcription starts from the second ATG, it will
produce a protein that has lost all the original biological functions due to the protein
translational reading frame shift (Figure 2a, b).
To investigate the translational start point of CD300B in human and rat, an in
vitro transcription and translation study was performed (Figure 3). We made constructs
containing the full length CD300B gene and the truncated CD300B gene whose cDNA
starts from the second ATG. By comparing the size of newly synthesized 35S-methioninelabled proteins, we found that the translation of rat CD300B gene started from the second
ATG (~21kDa, arrow 3 in Figure 3) even in the full length constructs (Group 1 & 3).
Interestingly, the full length construct of the human CD300B gene produced both the full
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length protein (~26kDa, arrow 1 in Figure 3) and a smaller protein (~23kDa, arrow 2 in
Figure 3) whose size matches the one starting from the second ATG (Group 2 & 4),
indicating an alternative splicing when the human CD300B gene was translated to protein.
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Figure 1. CD300B genes in human, mouse, and rat. Alignment of gene sequences for
human CD300B (HOMO), mouse CD300B (MUS), and rat CD300B (RAT). * Identical
nucleotides among species. The first ATGs in the predicted translational region are
shaded. The second ATGs in the predicted translational region are underlined in red.
Numbers are relative to the predicted translational start site.
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a

b

Figure 2. Molecular characteristics and gene expression of CD300B. Alignment of
CD300B amino acid sequences translated from the first ATG (a), and the second ATG
(b). Amino acids are grouped by their properties in colors: red indicates small and
hydrophobic amino acids, blue indicates acidic amino acids, pink indicates basic amino
acids, green indicates hydroxyl and amine amino acids, and gray indicates the others. "*"
means that the residues or nucleotides in that column are identical in all sequences in the
alignment; ":" means that conserved substitutions have been observed, according to the
COLOR table above; "." means that semi-conserved substitutions are observed. The
putative transmembrane domain is shaded and the charged lysine in that domain is
underlined.
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Figure 3. The expression of CD300B protein in rat and human. The expression of
CD300B proteins by the in vitro transcription and translation assay. 35S-methionine was
incorporated during translation and autoradiography was performed. The bands show the
size and intensity of translated CD300B proteins. Group 1 and group 3 are two
independent rat CD300B proteins translated from rat lung cDNAs, and group 2 and group
4 are two independent human CD300B proteins translated from THP-1 cell cDNAs.
Within each group, two cDNA templates were used: left lane cDNA ranged from first
ATG to the stop codon, right lane cDNA is truncated cDNA that ranged from second
ATG to the stop codon. Information about gene sequences can be found in Figure 1.
Empty plasmid served as the negative control. Arrow 1: human CD300B protein
(~26kDa) translated from the first ATG; arrow 2: human CD300B protein (~23kDa)
translated from the second ATG; arrow 3: Rat CD300B protein (~21kDa) translated from
the second ATG.
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Retinoic acid increases the CD300B gene expression
Our previous microarray study on human THP-1 cells showed a significant
increase of CD300B mRNA by RA treatment (data not shown). To confirm the induction
of CD300B gene expression by RA, we cultured human THP-1 cells with a physiological
concentration (20nM) of RA for 24 hours and measured the mRNA level of CD300B
(Figure 4). Our results showed that RA alone can increase the CD300B gene expression
by 20 fold, which agreed with the microarray result.
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Figure 4. Retinoic acid induced the expression of CD300B mRNA in human THP-1
cells. The expression of CD300B mRNA was analyzed by quantitative real-time PCR.
Human THP-1 cells were treated with a physiological concentration (20nM) of RA for 24
hours. The expression level of CD300B mRNA was normalized to GADPH mRNA
expression. The CD300B mRNA value of the control group was set at 1. RA treatment
increased the expression of CD300B mRNA by ~20 fold. Bars show the mean ±SE for
four experimental repeats (*: P<0.001).
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PMA combined with RA increased the expression of CD300B protein.
The induction of CD300 mRNA expression by RA is convincing, but is the
protein expression also induced? Can RA also increase CD300B protein synthesis? To
answer these questions, we measured the CD300B protein in human THP-1 cells after
various cultured conditions using an anti-human CD300B antibody. We also detected the
cellular distribution of transferrin receptor CD71, to help us to understand the localization
of CD300B in the cell or on the cell surface. In addition, the expression of cell surface
protein CD11b was measured as the indicator of cell differentiation. There was no
increase of CD300B protein if the cells were treated only with RA (data not shown).
Since CD300B is considered as an immune-related gene and THP-1 cells can perform
immune-related functions, we thought that the CD300B protein expression might be
induced by certain cytokines, or chemokines, or other immune-related stimuli. Thus we
added cytokines, such as TNF-, IFN-, IL-1ß, and bacterial antigens, such as LPS, into
the cell culture, with the purpose of stimulating the expression of CD300B protein.
Although the cell differentiation could be driven by RA and the various stimuli, as shown
by the increased expression of CD11b (Figure 5d), the CD300B protein showed no
change under the same culture conditions, for both the protein on the cell surface and the
protein in the permeabilized cells (Figure 5).
Previous reports about stimulating THP-1 cells with PMA, poly I:C, and cAMP,
led us to include them in our ‘super mix’. Surprisingly, the ‘super mix’ and RA increased
the expression of CD300B protein, as early as in 4 hours, with a peak at 24 hours
(Supplementary Figure 1). The cell differentiation was also observed under the same
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conditions, as indicated by the elevated expression of CD11b on the cell surface (the
bottom row, Supplementary Figure 1).
To investigate whether the induction of CD300B protein expression is caused by
the combination of PMA, poly I:C, and cAMP, or specifically by any one of them, we
treated the THP-1 cells with the combination of RA and PMA, RA and poly I:C, and RA
and cAMP, respectively, for 24 hours. The protein expression of CD300B was
significantly increased by the combination treatment of RA and PMA, but not by RA and
poly I:C, nor RA and cAMP (Figure 6). Notably, although RA and cAMP had no effect
on the CD300B protein expression, they induced the cell differentiation to a similar
extent to RA and PMA treatment, as indicated by the increased expression of CD11b.
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a

b

c

d

Figure 5. RA together with TNF-, IFN-, IL-1ß, LPS and calcium ionophore
induced the differentiation of THP-1 cells but did not increase the expression of
CD300B protein. Human THP-1 cells were treated by RA along with TNF-, IFN-, IL1ß, LPS and calcium ionophore for 24 hours, and then were harvested for target protein
analysis by flow cytometry. Y axis displays relative cell number and the X axis displays
the log of fluorescence intensity. Protein expression of total CD300B in permeablilized
THP-1 cells(a), CD300B on cell surface (nonpermeabilized cells) (b), total CD71 (c), and
cell surface CD11b (d) are shown as black curves. Gray curves are untreated controls
with positive staining. Cells stained with secondary antibody only were considered as the
non-specific binding control and used to set up the gates for flow cytometry. Numbers on
the bars indicate the percentage of cells that expressed the target protein.
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Figure 6. RA combined with PMA increased the expression of CD300B protein.
Human THP-1 cells were treated with RA in combination of PMA, poly I:C, and cAMP,
respectively, for 24 hours. Protein expression of CD300B, CD71, and CD11b are shown
as black curves. Gray curves are untreated controls with positive staining. Gates were set
according to non-specific antibody staining. Numbers on the bars indicate the percentage
of cells expressed the target protein. Mean fluorescence intensities (MFI) values are
shown on each flow chart. A higher value of MFI indicates a higher expression of protein
per cell.
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RA and PMA synergistically increased CD300B mRNA expression
The results above showed that the combination of RA and PMA could induce the
protein expression of CD300B, but what is the effect of this treatment on CD300B gene
expression? Can PMA alone increase the mRNA of CD300B in THP-1 cells? To answer
these questions, we conducted a 24-hour treatment of the THP-1 cells with RA, PMA,
and the combination. Quantitative real-time PCR showed that PMA alone increased the
CD300B mRNA by 5 fold, but the combination of RA and PMA increased the gene
expression of CD300B by as high as 60 fold, in a synergistic manner (Figure 7).
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Figure 7. RA and PMA synergistically increased CD300B mRNA expression level.
The expression of CD300B mRNA was analyzed by quantitative real-time PCR. Human
THP-1 cells were treated with RA (20nM) and/or PMA (5ng/ml) for 24 hours. The
expression level of CD300B mRNA was normalized to GADPH mRNA expression. The
CD300B mRNA value of the control group was set at 1. Bars show the mean ±SE for
four experimental repeats. Different letters above the bars indicate significant differences
between groups (P < 0.05; a >b > c).
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The increased expression of CD300B protein was induced by PMA.
To study the role of PMA in the induced expression of CD300B protein, we
treated THP-1 cells with PMA, alone or with RA. Flow cytometric analysis showed that
PMA alone could increase the expression of CD300B protein, to an even higher level
than after the combination treatment, both on the cell surface and in the cell (Figure 8).
The distribution of CD300B protein inside of the cell or on the cell surface was
investigated by confocal microscopy (Figure 9a, b). A specific monoclonal antibody was
used to tag CD300B, with a fluorescent secondary antibody used for detection (green in
Figure 9). CD71which is known to be located to the plasma membrane and endosome
was used as an indicator for comparison to the localization of CD300B protein. The
CD300B staining (green) showed the similar cellular distribution to CD71 (red), with a
little more CD300B towards to the cell surface, indicated by the overlapping color
(‘Merged’ column, Figure 9). PMA treatment significantly increased the intensity of
CD300B protein expression on the edge of the cell, while the combination of RA and
PMA induced a stronger expression of CD300B protein in the cell (last two rows, Figure
9a). On the other hand, the surface expression of CD300B protein could be detected even
without treatment, and could be increased by PMA or the combination treatment (Figure
9b). Furthermore, the introducing of PMA could induce the conformational change in the
shape of THP-1 cells (Figure 9, DIC column), correlating to the cell differentiation
indicated in Figure 6.
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Figure 8. PMA induced the expression of CD300B protein. Human THP-1 cells were
treated with RA and/or PMA for 24 hours. Protein expressions of cell surface CD300B (a)
and intracellular CD300B (b) are shown as black curves. Gray curves are untreated
controls with positive staining. Gates were set according to non-specific antibody staining.
Numbers on the bars indicate the percentage of cells expressed the target protein. Mean
fluorescence intensities (MFI) values are shown on each flow chart. A higher value of
MFI indicates a higher expression of protein per cell.
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Figure 9a. The overall expression of CD300B and CD71 in RA or/and PMA treated
THP-1 cells. THP-1 cells were incubated with RA and/or PMA, harvested and
permeabilized. For CD300B staining: cells were incubated with monoclonal antiCD300B antibody and followed with an Alexa488-conjugated secondary antibody (green
color). For CD71 staining: cells were incubated with monoclonal anti-CD71 antibody and
followed with an Alexa594-conjugated secondary antibody (red color). The sensitivity
and brightness of fluorescence detection was set according to the control using the
secondary antibody for non-specific staining (2AB CON). Bright view (DIC) of cells is
shown in the left column. Overlaid pictures (Merged) of Alexa488 and Alexa594 stain
show the co-localization of CD300B protein and CD71 protein. The photomicrographs
shown are representative of at least three independent experiments.
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Figure 9b. The cell surface expression of CD300B and CD71 in RA or/and PMA
treated THP-1 cells. THP-1 cells were incubated with RA and/or PMA, harvested, but
not permeabilized so that antibodies could only bind to the cell surface. For CD300B
staining: cells were incubated with monoclonal anti-CD300B antibody and followed with
an Alexa488-conjugated secondary antibody (green color). For CD71 staining: cells were
incubated with monoclonal anti-CD71 antibody and followed with an Alexa594conjugated secondary antibody (red color). The sensitivity and brightness of fluorescence
detection was set according to the control using the secondary antibody for non-specific
staining (2AB CON). Bright view (DIC) of cells is shown in the left column. Overlaid
pictures (Merged) of Alexa488 and Alexa594 stain show the co-localization of CD300B
protein and CD71 protein. The photomicrographs shown are representative of at least
three independent experiments.
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Rapid induction of CD300B mRNA expression in RA+PMA-treated THP-1 cells.
Next we investigated the kinetics for the mRNA induction of CD300B by the
combination of RA and PMA. The increase of CD300B mRNA was observed as early as
2 hours, 6 fold as compared to the untreated control cells, and the expression kept
increasing at 6 hours and 8 hours of treatment time (Figure 10). The observation that the
induction level of CD300B mRNA at 8 hours was not as high as at 24 hours led us to
question: was new protein synthesis involved in the CD300B mRNA expression? A
protein synthesis inhibition experiment was conducted to address this question. We
pretreated the THP-1 cells with cycloheximide (CHX), a protein synthesis inhibitor, for
half an hour and then cultured the cells with RA, PMA, and the combination for another 6
hours. The result showed no difference between the CHX pretreated cells and control
(Supplementary Figure 2), indicating that the induction of CD300B mRNA expression
did not require the new protein synthesis.
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Figure 10. The induction of CD300B mRNA transcription by RA and PMA is
apparent as early as 2 hours and continuously increase. THP-1 cells were incubated
with RA and PMA for 2 hours, 4 hours, and 8 hours, and then harvested. The expression
of CD300B mRNA was analyzed by quantitative real-time PCR. The expression level of
CD300B mRNA was normalized to GADPH mRNA expression. The CD300B mRNA
value of the control group was set at 1. Bars show the mean ±SE for four experimental
repeats. Different letters above the bars indicate significant differences between groups (P
< 0.05; a >b > c).
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PMA induced CD300B mRNA expression through the MEK/ERK pathway.
PMA can activate THP-1 cells by activating PKC and initiating the downstream
signaling cascade. Two possible signaling pathways of PMA induction are involved (see
model in Figure 11). One is the MEK 1/2, ERK 1/2 pathway, the other is the MKK 3/6,
p38 MAPK pathway. To investigate which pathway is essential to the regulation of
CD300B expression, we turned off each pathway by using specific inhibitors to MEK 1/2
and p38 MAPK when culturing the cells with RA, PMA, and the combination.
Interestingly, SB203580, a p38 inhibitor, had no effect on the CD300B mRNA
expression in any of the treatments. However, PD98059, a MEK1/2 inhibitor,
significantly decreased the induction of CD300B mRNA in the PMA and the
combination treatment (lower 2 graphs, Figure 12). We conclude that PMA induced
CD300B mRNA transcription through the MEK/ERK pathway but not the p38 MAPK
pathway.
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Figure 11. Putative signaling pathways involved in the regulation of CD300B
expression. Retinoic acid can diffuse through the cell membrane, and then enter the
nucleus where it binds to the complex of RAR and RXR, increasing the gene
transcription of CD300B up to 20 fold (Fig. 4). On the other hand, PMA can also induce
the mRNA expression of CD300B (~5 fold). Interestingly, the combination of RA and
PMA synergistically increases the CD300B mRNA expression by 60 fold (Fig. 7). Two
possible signaling pathways of PMA induction are shown. Moreover, the gene
transcription process is independent of new protein synthesis (Supplementary Figure 2).
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Figure 12. PMA induced CD300B mRNA transcription through MEK/ERK
pathway but not p38 MAPK pathway. THP-1 cells were incubate PD98059 (MEK1/2
kinase inhibitor) and/or SB203580 (p38 kinase inhibitor) under the treatment of
control/RA/PMA/RA+PMA for 24 hours. The expression of CD300B mRNA was
analyzed by quantitative real-time PCR. The expression level of CD300B mRNA was
normalized to GADPH mRNA expression. The CD300B mRNA value of the control
group was set at 1. Bars show the mean ±SE for four experimental repeats. Different
letters above the bars indicate significant differences between groups (P < 0.05; a >b).
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CHAPTER 5 DISCUSSION AND FUTURE DIRECTIONS
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Discussion

It has long been recognized that VA and its metabolites have immune-regulatory
functions but the mechanisms are not well understood. Recently, there has been
significant progress in elucidating the roles of RA in regulation of immune cell activities
(79). In the present study, we investigated the role of RA, together with PMA, in the
expression regulation of CD300B, a novel member of the leukocytes surface molecule
family, and we also investigated the putative signaling pathways involved in the
regulation of CD300B expression.

Our research on RA and CD300B was inspired by the findings of a DNA
microarray study that was conducted to identify the RA-responsive genes in human THP1 cells. CD300B, among other genes that were upregulated by the 24-hour incubation
with RA, showed about 10 fold increase in the mRNA expression. In addition, CD300B,
the newly-identified receptor protein, was recently reported to trigger the immune
response through its cell membrane adaptor protein in human cell lines (58). Therefore,
how RA and/or other mediators regulate the expression of CD300B and the importance
of this regulation in immune response became the subjects of our research interests. In
our study, we chose human monocytic leukemia THP-1 cells as our research model
because it resembles the human monocytes with various similar criteria such as secretary
products, oncogene and membrane antigens expression, and its potential to differentiate
into macrophages or DCs (49). Based on the data we obtained, there are several points
that need to be discussed.
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First of all, the gene and protein sequences of CD300B are highly conserved in
human, mouse, and rat, indicating its evolutionary importance (Figure 1, Figure 2b).
According to Martinez-Barriocanal et al (58), human CD300B molecule has a positively
charged lysine residue in its transmembrane region and a functional tyrosine-based motif
(Y) in its short cytoplasmic tail. Our alignment results showed that the basic residue also
is present in the transmembrane region of mouse and rat CD300B molecules, however,
the tyrosine motif can only been found in human CD300B molecule, but not in mouse or
rat (Figure 2b). As the cell surface receptor protein, it is likely that human CD300B can
help to transmit the external cell signal into the cell through its membrane-bound
adaptors, such as DAP-12, or through the phosphorylation cascade starting from its
cytoplasmic tyrosine. As the consequence of lacking the tyrosine in the cytoplasmic tail,
the CD300B molecules in mouse and rat mainly rely on their transmembrane adaptors to
trigger the cell signal. Moreover, the protein expression of rat CD300B starts from the
second ATG but not the first ATG in its gene sequence (Figure 3). This finding is
important to the characteristics of rat CD300B protein because the translational reading
frame shift, if the protein expression starts at the first ATG, would result in a different
protein that has lost all the original biological functions (Figure 2a). Indeed, according to
the rule of Kozak sequence (80), the second ATG in rat CD300B gene is more likely to
be the translational start site. On the other hand, the human CD300B protein translated
into two discrete bands even though we provided a plasmid that carries its full length
gene, suggesting the occurrence of posttranslational modifications to the mature protein
(Group 2&4, Figure 3).
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Secondly, PMA can induce the expression of endogenous CD300B protein in
THP-1 cells. At the beginning of this study, we observed the increase of the CD300B
mRNA after we treated the THP-1 cells with a physiological concentration (20mM) of
RA. However, the expression of CD300B protein was not responsive to the same RA
treatment. It is possible that RA, as an immune-response inducer, can sensitize the
expression of related genes, such as CD300B, in the way of increasing its mRNA
accumulation, however, RA can not necessarily enhance the rate of new protein synthesis.
Therefore, we then focused on the identification of the stimulations that could increase
the protein expression of CD300B. We included various cytokines, chemokines, and
bacterial antigens into the cell culture. Although TNF-, IFN-, and IL-1ßhave been
shown indicated to induce the differentiation of THP-1 cells and increase the production
of immune-related proteins (81), they had no effect on the expression of CD300B protein.
Bacterial antigen LPS, the ligand for TLR4, has also been tested to show no effect on the
CD300B protein expression. Zymosan, which is prepared from yeast cell wall and is used
to induce experimental inflammation in macrophages (82), was also added into our
treatment. Although zymosan induced the differentiation of THP-1 cells, we eliminated it
in our experiment because it has a high affinity to the CD300B-detecting antibody and
could be internalized into the THP-1 cells, which would confuse the detection of
CD300B protein. Finally, after we tried numerous stimulatory candidates, PMA was
identified as the only mediator in our tests that could induce the CD300B protein
synthesis (Supplementary Figure 1, Figure 6). In addition, although RA and cAMP had
no effect on the CD300B protein expression, they induced the cell differentiation to a
similar extent to RA and PMA treatment, indicating that the increase of CD300B protein
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is not required for cell differentiation (Figure 6, CD11b expression). Next, the individual
effects of RA or PMA on the induction of CD300B protein synthesis were studied. Our
results suggest that PMA plays a main role in the induction of CD300B protein
expression on the cell surface and also in the cell compartment (Figure 8, 9). Notably, the
PMA treatment induced the expression of CD300B protein at a quite low concentration
(5ng/mL). Furthermore, we included the detection of transferrin receptor CD71 in our
confocal microscopy study, because it could potentially be used as an indicator of the
cellular localization of the CD300B protein. According to the overlaid pictures (Figure 9,
Merged), CD300B protein is expressed on the plasma membrane and endosomal
compartment membranes, sharing the same distribution pattern as CD71. Despite that
CD300B is considered as a cell surface protein, it was also observed inside the cell, even
around the nucleus. It is likely that the newly synthesized CD300B protein was on the
way to being relocated to the surface and was labeled by the Ab that diffused into the
permeabilized cells. It is also possible that the membrane bounded CD300B protein was
internalized along with the phagocytic vesicles into the cell (Figure 9a).

Thirdly, RA and PMA synergistically increased the expression of human CD300B
mRNA. RA alone increased the human CD300B mRNA level by 20-fold, while PMA
alone only increased human CD300B mRNA level by less than 5-fold. Interestingly, if
we treated the THP-1 cells with RA and PMA at the same time, the combination could
increase the human CD300B mRNA level to about 60-fold, in comparison to the control
(Figure 7). In addition, we found that the RA and PMA-induced increase of CD300B
mRNA was a rapid and cumulative effect (Figure 10). According to a previous report,
PMA has long been recognized as a cell activation inducer, and its differentiation
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induction has been observed in HL-60 and NB4 cells (83). It is possible that PMA could
enhance the expression of a related protein, to form a positive feedback loop, therefore
resulting in the synergistic effect. However, our protein synthesis inhibition experiment
showed that the synergistic induction of CD300B mRNA by RA and PMA was
independent of new-synthesized protein (Supplementary Figure 2). Interestingly, both
CD71 mRNA and protein increased after the combination treatment of RA and PMA, in
an identical manner to CD300B (Figure 6 and Figure 9a, b), indicating they could share a
similar regulation mechanism. Indeed, as an important player in iron metabolism, the
transferrin receptor CD71 has been reported to be vital for the proliferation of all cells
including those of the immune system (84, 85). In addition, Stafford et al. reported that in
fish, transferrin and its receptor might be the novel activators for macrophage maturation,
therefore enhancing the innate immunity (86).

Finally, PMA induced CD300B mRNA expression through the MEK/ERK
pathway. PMA, which mimics DAG, can activate PKC and trigger the related signaling
pathways. In general, it is believed that the upstream kinase MAPKKK is phosphorylated
by activated PKC through the phosphorylation of Raf, which can initiate the activation of
one of multiple other kinases of the three down-stream signaling pathways: the Jun
kinases, the p38 kinases, and the extracellular signal-regulated kinases (ERKs) (87). Our
results showed that the induction of CD300B expression by PMA was through the
MEK/ERK signaling pathway, supported by the evidence that the inhibitor of MEK1/2
abolished the increase of CD300B mRNA by PMA (Figure 12). In contrast, the inhibition
of p38 MAPK kinase had no effect on the increased expression of CD300B.
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In summary, RA and PMA synergistically increase the expression of CD300B,
both of the gene expression and protein level, in human THP-1 cells. We have concluded
that the regulation model of the CD300B expression may be as illustrated in Figure 13. In
this figure, from left to right: Retinoic acid can diffuse through the cell membrane, and
then enter the nucleus where it binds to the complex of RAR and RXR, increasing the
gene transcription of CD300B up to 20 fold (Fig. 4). On the other hand, PMA can also
induce the mRNA expression of CD300B (~5 fold). Interestingly, the combination of RA
and PMA synergistically increases the CD300B mRNA expression by 60 fold (Fig. 7).
Indeed, PMA induces the CD300B transcription through MEK/ERK signaling pathway
(Fig. 12). Moreover, the gene transcription process is independent of new protein
synthesis (Supplementary Figure 2) and is time dependent (Fig. 10). The CD300B protein
translation can be increased by PMA but not RA (Fig. 8). The newly synthesized
CD300B protein can locate to the plasma membrane, possibly interacting with a putative
coupled protein by the positively charged lysine in the transmembrane domain of
CD300B (Fig. 2b). Crosslinking of cell surface CD300B has no effect on the synthesis of
new CD300B (Supplementary Figure 3). Upon ligand stimulation, by factors not yet
determined, CD300B can be phosphorylated and pass the signal to the downstream
proteins, such as DAP12, to initiate the proper immune response.
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Figure 13. Overview of the regulation for CD300B expression. Retinoic acid can
diffuse through the cell membrane, and then enter the nucleus where it binds to the
complex of RAR and RXR, increasing the gene transcription of CD300B up to 20 fold
(Fig. 4). On the other hand, PMA can also induce the mRNA expression of CD300B (~5
fold). Interestingly, the combination of RA and PMA synergistically increases the
CD300B mRNA expression by 60 fold (Fig. 7). Indeed, PMA induces the CD300B
transcription through MEK/ERK signaling pathway (Fig. 12). Moreover, the gene
transcription process is independent of new protein synthesis (Supplementary Figure 2)
and is time dependent (Fig. 10). The CD300B protein translation can be increased by
PMA but not RA (Fig. 8). The newly synthesized CD300B protein can relocate to the
plasma membrane, interacting with a putative coupled protein by the positively charged
lysine in the transmembrane domain of CD300B (Fig. 2b). Crosslinking of cell surface
CD300B has no effect on the synthesis of new CD300B (Supplementary Figure 3). Upon
ligand stimulation, CD300B can be phosphorylated and pass the signal to the downstream
proteins, such as DAP12, to initiate the proper immune response.
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Future Directions:

Our results showed that RA can induce CD300B mRNA expression, in a rapid
and new-protein-independent fashion. As reviewed in the introduction, RA can
manipulate the transcription of target genes through its receptor complex RAR/RXR
which locates to and binds with the RARE. It will be interesting to investigate whether
the human CD300B gene contains the RARE(s), and whether the regulation of RA on
human CD300B gene is dependent on the interaction of RAR/RXR and RARE(s). In
addition, RA also up-regulated the expression of CD71 in the present study, in a similar
manner as compared to the regulation of CD300B. Therefore, it will be worthwhile to
investigate the presence and functions of RARE(s) in the human CD71 gene.

Although through this study we have come to understand the regulation and
stimulation of the expression of CD300B in THP-1 cells, the ligand for human CD300B
molecule remains elusive. A cross-linking experiment using the antibody to human
CD300B was conducted to attempt to mimic the effect of CD300B ligand binding on
human THP-1 cells. However, no increase of CD300B mRNA was observed
(Supplementary Figure 3). It is possible that the activation of CD300B requires more than
just physical binding, for example, maybe the activation is due to phosphorylation or the
dependent on a change of protein conformation. In addition, based on the protein
structure of CD300B extracellular region, it is also likely that cell surface CD300B
molecules function through the interaction with other cell surface coupled proteins, for
example, a subtype of toll-like-receptors. The identification of the natural ligand for
CD300B is a good and necessary topic for future study because it could help to
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understand the role of CD300B molecules in immune regulation and cell signal
transmission.
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Appendix A. SUPPLEMENTARY FIGURES

Supplementary Figure 1. Combination of PMA, poly I:C, and cAMP increased the
CD300B protein expression in the presence of RA, TNF-, IFN-, IL-1ß, LPS and
calcium ionophore. Human THP-1 cells were treated with PMA, poly I:C, cAMP, RA,
TNF-, IFN-, IL-1ß, LPS and calcium ionophore for 4, 16, 24, and 48 hours as indicated.
Protein expressions of CD300B, CD71, and CD11b are shown as black curves. Gray
curves are untreated controls with positive staining. Gates were set according to nonspecific antibody staining. Numbers on the bars indicate the percentage of cells expressed
the target protein. Mean fluorescence intensities (MFI) values are shown on each flow
chart. A higher value of MFI indicates a higher expression of protein per cell.
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Supplementary Figure 2. The induction of CD300B mRNA expression was
independent of new protein synthesis. THP-1 cells were incubated in four treatments
(control, RA, PMA, RA+PMA) with or without cycloheximide (CHX) for 6 hours. The
expression of CD300B mRNA was analyzed by quantitative real-time PCR. The
expression level of CD300B mRNA was normalized to GADPH mRNA expression. The
CD300B mRNA value of the control group was set at 1. Bars show the mean ±range for
two experimental repeats. No significant difference between control and experiment
groups.
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Supplementary Figure 3. Cross-linking of cell surface CD300B protein had no effect
on the expression of CD300B mRNA. THP-1 cells were incubated with indicated
concentration of CD300B antibody only (control) or with the combination of RA, PMA,
and CD300B antibody (RA+PMA), for 24 hours. The expression of CD300B mRNA was
analyzed by quantitative real-time PCR. The expression level of CD300B mRNA was
normalized to GADPH mRNA expression. The CD300B mRNA value of the control
group was set at 1.
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Appendix B. ANTIBODIES AND PARAMETERS FOR CELL
STAINING EXPERIMENTS

Ab

Producer

Cat. Number

Concentration

1

R&D System Inc.

AF2879

0.2 µg/5×106 cells

2

Santa Cruz Biotech Inc.

sc-9099

0.2 µg/5×106 cells

3

Invitrogen

A-11055

1:4000

4

Invitrogen

A-11012

1:5000

5

Invitrogen

P-2771MP

1:2000

6

BD PharMingen

555388

4 µl/5×106 cells

anti-human CD300B-goat IgG
anti-human CD71-rabbit IgG
alexa 488-anti-goat IgG
alexa 594-anti-rabbit IgG
PE-anti-rabbit IgG
PE-anti-human CD11b

1, 2 are the primary antibodies that bind to the target protein. 3, 4, 5 are the
secondary antibodies which carry detectable fluorescence color and could bind to primary
antibodies according to species. 6 is PE conjugated direct antibody that binds to CD11b
protein on the cell surface. 1+3 was used to label CD300B protein, both in flow
cytometry and confocal microscopy; 2+4 was used to label CD71 protein in confocal
microscopy; 2+5 was used to label CD71 protein in flow cytometry.

The antibody incubation was conducted at 4°C for 1 hour, in dark, followed by 2
×PBS washes to remove the unbounded antibodies. After incubation, the cells were
washed and fixed with 1% paraformaldehyde in PBS, and then sent to analysis.

For flow cytometric test: 1). gating: the gates for countable cells were set
according to untreated control cells and remained the same through the same experiment
group; 2). cell counts: for each type of treatment, 20000 cells were analyzed; 3). dyes: if
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possible, stain the cells with one antibody at a time to minimized the possible nonspecific binding.

For confocal microscopy: 1). laser sources: stimulating the labeled fluorescent
dyes with two laser ranges, 499-519nm for CD300B (alexa 488), and 591-618nm for
CD71 (alexa 594); 2). power of the microscopy: 100×amplification power was used for
the visual detection of labeled cells, another 2.5×zoom in was added when taking the
images (final amplification power: 250×);

3). Parameters:

"[Acquisition]" ""
"Device"

"FV1000"

"Observation Mode"
"Objective Lens"

"LSM"
"UPLFL

100X O NA:1.30"

"Objective Lens Mag." "100X"
"Objective Lens NA"
"Scan Mode" "XY"

"1.3"

"Scan Direction"

"Oneway"

"Sampling Speed"

"8.0 [us/Pixel]"

"Confocal"
"ON"
"C.A." "110 [um]"
"Sequential Mode"

"Line"

"Integration Type"

"Line Kalman"

"Integration Count"

"3"

"Region Mode" "None"
"Find Mode"

"x1"

"Rotation"

"0.0 [deg]"

"Pan X"
"Pan Y"

"0 [um]"
"0 [um]"

"Zoom" "x2.5"
"Laser 1 Wavelength" "488 [nm]"
"Laser 1 Transmissivity"

"18.0 [%]"
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"Laser 2 Wavelength" "543 [nm]"
"Laser 2 Transmissivity"
"83.0 [%]"
---------------------------------------------------------------------"[Channel 1]" ""
"Channel Name"

"CHS1"

"Dye Name" "Alexa Fluor 488"
"Spectrum Separation" "ON"
"PMT Detection Mode" "Analog"
"PMT Voltage" "607 [V]"
"Excitation DM Name" "DM488/543/633"
"Excitation DM Position"
"3"
"Excitation Wavelength"

"488 [nm]"

"Emission DM Name" "SDM560"
"Emission DM Position"
"3"
"Emission Wavelength" "520 [nm]"
"BF Position" "500 [nm]"
"BF Range"

"30 [nm]"

-------------------------------------------------------------------"[Channel 2]" ""
"Channel Name"
"Dye Name"

"CHS2"

"Alexa Fluor 594"

"Spectrum Separation" "ON"
"PMT Detection Mode" "Analog"
"PMT Voltage" "679 [V]"
"Excitation DM Name" "DM488/543/633"
"Excitation DM Position"
"Excitation Wavelength"

"3"
"543 [nm]"

"Emission DM Name" "Mirror"
"Emission DM Position"
"1"
"Emission Wavelength" "618 [nm]"
"BF Position" "555 [nm]"
"BF Range"

"100 [nm]"

-----------------------------------------------------------------------"[Channel 3]" ""
"Channel Name"
"Dye Name"

"TD1"

"None"

"Spectrum Separation" "OFF"
"PMT Detection Mode" "Analog"
"PMT Voltage" "152 [V]"
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"Excitation DM Name" "DM488/543/633"
"Excitation DM Position"
"Excitation Wavelength"

"3"
"488 [nm]"

"Emission DM Position"

"0"

"Emission Wavelength" "0 [nm]"
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