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Abstract

Pediatric human immunodeficiency virus-1 (HIV-1) infection is characterized by
rapid disease progression and profound thymus insufficiency; however the pathogenesis
of thymus dysfunction during HIV infection is complex and poorly defined. A recently
proposed mechanism for HIV-associated thymus dysfunction is the inhibition of
thymopoiesis due to aberrant expression of IFN-α and pro-inflammatory cytokines by
activated plasmacytoid dendritic cells (pDC) in the thymic microenvironment. We tested
the hypothesis that the products of virus-activated pDC would inhibit or alter
thymopoiesis. Thymic pDC were enriched and isolated from 3 week old ICR mice using
density gradient centrifugation and magnetic separation using an antibody recognizing mPDCA-1, a unique marker for murine pDC. pDC represented 0.12% of total thymocytes
and 12% of magnetically sorted cells. The phenotype of thymic pDC was found to be
CD4+CD11c+CD123+m-PDCA-1+. Murine pDC and non-pDC cells were stimulated with
the TLR9 ligand CpG for 6 and 24 hours. Supernatant and RNA were collected at each
time point and analyzed for expression of IFN-α, TNF-α, and IL-6 using ELISA and RTPCR. Enriched thymic pDC secreted higher levels of TNF-α, IFN-α and IL-6 than nonpDC at 24 hours post-stimulation. mRNA for TNF-α and IL-6 peaked at 6 hours. To
assess the impact of pDC activation on thymopoiesis, murine thymus lobes were obtained
at embryonic day 20 or at birth and established in thymus organ culture (TOC).
Conditioned media from stimulated and unstimulated pDC were added to TOC; controls
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included organ cultures that received normal medium or CpG. Murine TOC that received
conditioned media from stimulated pDC tended to have a reduced percentage of
CD4+CD8+ thymocytes and had a significant increase in percentage of CD4+CD8- when
compared with TOC grown in unconditioned medium or organ cultures directly
stimulated with CpG.
These data suggest that the products of activated pDC can induce changes in
thymopoiesis that could contribute to thymus dysfunction during immunosuppressive
lentivirus infections, even in the absence of virus replication.
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CHAPTER 1

INTRODUCTION AND REVIEW OF LITERATURE

Introduction
Despite over 25 years of progress in defining the pathogenesis of HIV-AIDS, the
worldwide HIV epidemic will soon surpass 40 million people. The rapidly progressive
nature of pediatric HIV infection when compared with adult infection is attributable to
the thymic role as a centralized site for T-cell loss. Thymocyte depletion during pediatric
HIV infection occurs through both direct killing of infected thymocytes and indirect loss
due to destruction of the thymic microenvironment. One alteration of the
microenvironment suggested from the studies of the feline immunodeficiency virus (FIV)
animal model is the abnormal induction of IFN-α, produced by activated plasmacytoid
dendritic cells (pDC). Plasmacytoid dendritic cells represent a distinct subset of dendritic
cells and are key inducers of the innate immune response to viral infection through the
production of type I interferons (IFN-α or IFN-β) and proinflammatory cytokines.
We propose a pathogenetic mechanism in which the innate immune response of
the thymic pDC to HIV infection may exert a detrimental effect on thymopoiesis through
the aberrant expression of cytokines within the thymic microenvironment. We show
herein that such a mechanism inhibits thymopoiesis in a murine thymus model.
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A murine thymus model provides an ideal system to study the precise role of activated
pDC on thymus function, as reagents are readily available for pDC isolation and
functional characterization. We hypothesized that activated pDC will produce factors
including the cytokines IFN-α, TNF-α, and IL-6 that alter thymopoiesis. This research
will test our larger hypothesis that viruses such as HIV can interrupt T-cell production
through a modification of the thymic microenvironment.
The first chapter of this dissertation reviews plasmacytoid dendritic cells (pDC),
and their role in normal thymopoiesis, in HIV-1 infection, and in autoimmune diseases.
In addition, this chapter examines HIV-1 pathogenesis in the thymus.
The second chapter of this dissertation describes a refined method for the isolation
and enrichment of thymic plasmacytoid dendritic cells using a serial process of enzymatic
digestion, buoyant density centrifugation, and fluorescence activated and magnetic cell
sorting.
The third chapter of this dissertation describes the stimulation of thymic pDC with
TLR ligands and the changes in cytokine production following stimulation. We report
changes in cytokine production following TLR ligand activation and phenotypic changes
in thymocytes following TLR ligation.
The fourth chapter of this dissertation describes the evaluation of the effects of
activated pDC on thymopoiesis and the thymic microenvironment. We report the
influence of activated pDC on developing thymocytes in murine thymus organ culture
and the phenotypic changes in thymocytes following antibody neutralization of cytokines
in supernatant of stimulated pDC on thymus organ culture.

2

Plasmacytoid dendritic cells
Plasmacytoid dendritic cells (pDC) were first discovered in 1958 by pathologists
K. Lennert and W. Remmele (Acta Haematologica, 1958) who reported cells with plasma
cell morphology in the T cell zone of human lymph nodes. These cells were initially
named “T-associated plasma cells.” It was found, however, that these cells did not
express B cell markers, but did express CD4; and were therefore renamed “plasmacytoid
T cells” (Liu, 2005). pDC would eventually overlap and converge with another
established cell type; the natural interferon-α producing cell (NIPC). NIPC make up a
unique group of cells in the peripheral blood that produce IFN-α in response to viral
stimulation (Fitzgerald-Bocarsly and Feng, 2007; Fitzgerald-Bocarsly, 2002). pDC and
NIPC were discovered to be one in the same cell with regards to phenotype and type I
IFN production, as pDC secreted large quantities of IFN-α after stimulation with herpes
simplex virus type 1 (HSV-1) (Fitzgerald-Bocarsly and Feng, 2007).
Plasmacytoid dendritic cells are found in the blood and lymphoid tissues,
including lymph nodes, thymus, tonsils, spleen, bone marrow and Peyer’s patches
(McKenna et al., 2005). They develop from CD34+ hematopoietic stem cells and are
produced continually from the bone marrow during adult life (Liu, 2005). pDC migrate
to the T-cell areas of lymph nodes and inflammatory sites by specific expression of
chemokine receptors. pDC express CD62-ligand (L-selectin) and CCR7 which recognize
receptors on high endothelial venules (HEV), resulting in the accumulation of pDC
around HEV and in the T-cell areas of the lymph node (McKenna et al., 2005). Human
pDC have a round, lymphoid morphology, resembling plasma cells, and are 8 – 10 µm in
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diameter (Grouard et al., 1997). The surface phenotype of the human pDC is linCD4+CD11c-MHCII+CD123+CD45RA+.
The exact developmental pathways and origins of plasmacytoid dendritic cells are
not fully understood, but key cytokines for pDC development have been identified. Flt3L
is one cytokine necessary for pDC development from hematopoietic stem cells in humans
and mice (Liu, 2005). Granulocyte colony-stimulating factor (G-CSF) is another cytokine
needed for mobilization of pDC from the bone marrow (Colonna et al., 2004). FLT3+
cells within common lymphoid progenitors (CLP) and common myeloid progenitors
(CMP) were found to differentiate into myeloid DCs and pDCs in culture and in vivo
(Naik et al., 2005). The common lymphoid origin of pDC is supported by their
expression of the pre-T cell receptor α (pTα), λ5, Spi-B, and IgH D-J gene
rearrangements (Corcoran, 2003).
pDC are “professional interferon-producing cells” in that they are able to produce
100 to 1000 times more type I IFN than other cell types in peripheral blood mononuclear
cells (PBMC) upon viral stimulation (Liu, 2005). Enveloped viruses, double-stranded
RNA, and unmethylated bacterial DNA with CpG motifs are all inducers of IFN-α in
pDC (Fitzgerald-Bocarsly, 2002). pDC have a unique toll-like receptor (TLR) profile,
selectively expressing TLR7 and TLR9 that recognize single-stranded RNA and doublestranded DNA, respectively (Liu, 2005). TLR activation results in the recruitment of
adaptor molecules, which activate signaling pathways culminating in gene transcription
of IFN-α/β and other proinflammatory cytokines. Induction of type I IFN is regulated by
the interferon regulatory factor (IRF) family, made up of nine transcription factors
involved in induction of type I IFN and the response to IFN. Transcriptional control of
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the IFN-α and IFN-β genes is primarily controlled by IRF-3 and IRF-7, with
constitutively high expression of IRF-7 in pDC as compared with myeloid dendritic cells
(Colonna et al., 2004). Human pDC commit 60% of their transcriptional machinery to
type I IFN expression within six hours of viral activation (Ito et al., 2006).
Plasmacytoid dendritic cells have emerged as a key cell type in antiviral innate
immunity, able to activate and promote the maturation of other cell types through the
production of type I IFN. Production of type I IFN by human pDC induces the
maturation of myeloid dendritic cells (mDC) through upregulation of costimulatory
molecules and secretion of IL-12 (Liu, 2005). NK cells and B cells are also activated
through the type I IFN secreted by pDC. B cells are induced to differentiate into virusspecific mature plasma cells (Gilliet et al., 2008). Additionally, pDC activate naïve T
and Th1 cells through type I IFN (Fitzgerald-Bocarsly and Feng, 2007).
In the steady state, pDC discriminate between host-derived or self DNA and
pathogen-derived nucleic acids through the subcellular location of TLR7 and 9 and the
methylation of CpG motifs in self DNA. Tolerance to self-DNA is lost in autoimmune
diseases such as systemic lupus erythematosus (SLE) and psoriasis. In SLE, immune
complexes made up of self-DNA and autoantibodies activate pDC by first binding to the
Fc receptor FcγRII (CD32) allowing for internalization of the complex and delivery to
TLR9 (Conrad et al., 2009). Activated pDC continuously produce type I IFN, found in
high levels in the sera of SLE patients, which in turn activate mDC to trigger autoreactive
T cells and promote differentiation of B cells into plasma cells (Liu, 2005).
Self-RNA molecules rich in uridine or uridine and guanosine can also trigger pDC to
produce type I IFN in SLE through binding with TLR7 (Gilliet et al., 2008). In psoriasis,
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self-DNA activates pDC by forming large aggregates with the antimicrobial peptide
LL37, secreted by damaged epithelial cells (Conrad et al., 2009). Self-DNA-LL37
multimeric aggregates are protected from nuclease degradation and are delivered to the
early endosomes of pDC where they bind with TLR9 (Gilliet et al., 2008). Another host
factor found to trigger pDC activation is high-mobility group box 1 protein (HMGB1), a
DNA-binding protein released by apoptotic cells that binds to self DNA-LL37
complexes, facilitating their union with TLR9 (Gilliet et al., 2008).
Murine pDC were first discovered in 2001 and their phenotype is
CD4+CD11c+B220+lin-CD8α- (Asselin-Paturel et al., 2001). Murine pDC, like human
pDC, respond to viral stimulation with secretion of IFN-α and IL-12 (Bjorck, 2001).
Murine pDC also share similar morphology to human pDC, with a characteristic smooth,
round shape and eccentric nucleus (Asselin-Paturel et al., 2001). Stimulation of murine
pDC with influenza virus and CpG oligodeoxynucleotides (ODN) resulted in an
upregulation of constimulatory molecules and MHC II, with CpG ODN stimulation
providing the strongest pDC activation (Asselin-Paturel et al., 2001). Frequency of pDC
varies in immune organs and also mouse strains, with a higher frequency of spleen pDC
found in 129Sv and the lowest frequency in C57/B6 mice (Asselin-Paturel et al., 2003).
Murine pDC subsets are delineated with the surface markers CD4, CD8 and Ly49Q,
including splenic pDC which are heterogeneous for CD4 and CD8 (Naik et al., 2005).
Murine pDC also uniquely express Ly49Q, a lectin-type killer cell inhibitory receptor,
notably at developmental stages in the bone marrow (Omatsu et al., 2005).
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Thymic plasmacytoid dendritic cells (pDC)
Hematopoietic progenitor cells give rise to thymic pDC during fetal development,
and are found in the medulla and at the cortico-medullary junction (Bendriss-Vermare et
al., 2001). While pDC are established as interferon-producing cells important in the
innate immune response, their function in the thymus has yet to be elucidated. They
appear to serve as effectors of innate immunity in the thymus through the production of
type I IFN and other cytokines. Plasmacytoid DC are just one subset of dendritic cells
populating the thymus, also including myeloid dendritic cells (mDC) and interdigitating
dendritic cells (IDC). Each dendritic cell subpopulation is distinct both phenotypically
and functionally. Murine pDC are CD11cintB220+, compared with myeloid thymic DC
which are CD11chi (Okada et al., 2003.). Bendriss-Vermare et al. (2001) showed that
thymic pDC developed into myeloid DC when cultured with IL-3 and CD40L, as seen
with an upregulation of CD86, induction of DC-LAMP, and increased capacity for T-cell
stimulation. Thymic pDC express CD2, CD5 and CD7 at intermediate levels, and high
levels of IL-3Rα and pre-Tα mRNA (Res et al., 1999).

Induction of Type I Interferons in pDC
Type I interferons (IFN) are a family of cytokines made up of IFN-α (multiple
subtypes), -β, -ε, -κ, -ω, -δ, and –τ. Of main interest are IFN-α and –β, as IFN-δ and –τ
are not found in humans, and IFN-ε and IFN-κ are expressed in the placenta and
keratinocytes, respectively (Theofilopoulos et al., 2005.). In the human genome, there
are 13 IFN-α genes, 1 IFN-β gene, and 1 IFN-ω gene, all lacking introns and found on the
short arm of chromosome 9 (Samuel, 2001). Almost all nucleated cells produce type I
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IFN in response to viral infection, although pDC produce up to 1000-fold more type I
interferon (Theofilopoulos et al., 2005.). In both, the mouse and human, there are
multiple subtypes of IFN-α and a single IFN-β and IFN-ω that use a common
heterodimeric receptor, IFNAR-1 and IFNAR-2, found ubiquitously on most cells
(Theofilopoulos et al., 2005). Upon IFN-α/β receptor ligation, signaling begins through
two tyrosine kinases, Tyk2 and Jak1, which interact with IFNAR-1 and IFNAR-2
receptor subunits respectively (Samuel, 2001). Activation of the receptor-associated
enzymes leads to phosphorylation of transcription factors STAT1 and STAT2 (signal
transducer and activators of transcription) (Biron, 2001). STAT1 and STAT2 dimerize
and complex with IRF9, and this complex, ISGF3, translocates to the nucleus and binds
to regulatory sequences in promoter regions of ISG (IFN-stimulated genes) (Biron,
2001). Type I IFNs induce the expression of hundreds of ISGs, which are characterized
by antiviral and antiproliferative roles (Haller et al., 2007). IRF7 is one such ISG that
binds to the promoter region of IFN-α, inducing expression of IFN-α, thereby creating a
positive feedback loop (Pitha and Kunzi, 2007).
Numerous genes are regulated by type I IFN to create an antiviral state in cells,
each targeting a specific point in the viral life cycle. Prominent IFN-induced proteins
include the protein kinase PKR, 2',5'-oligoadenylate synthetase (OAS)/RNase L, Mx
GTPase, enzyme adenosine deaminase (ADAR), and apolipoprotein B mRNA-editing
enzyme catalytic polypeptide-like 3G (APOBEC3G) (Katze et al., 2002). PKR is a
RNA-dependent protein kinase that is activated by double and single-stranded RNA to
phosphorylate several substrates, including the α subunit of the protein synthesis factor
eIF-2 (Samuel, 2001). Serine phosphorylation of eIF-2α impairs the catalytic function of
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eIF-2B, leading to the inhibition of translation initiation. 2-5A synthetase (OAS) and
RNase L are two enzymes in a key pathway that degrades RNA in the cell after induction
of interferon. OAS synthesizes oligomers of adenosine linked by phosphodiester bonds,
and these oligoadenylates bind and subsequently activate RNase L, a latent
endoribonuclease (Silverman, 2007). The active RNase L protein degrades both viral and
cellular rRNA, through cleavage of single stranded regions (Silverman, 2007). The Mx
pathway is another key pathway in the IFN-induced antiviral state. Mx proteins are
members of the dynamin family of GTPases, which target viral nucleocapsids and viral
RNA synthesis (Samuel, 2001). Another IFN-induced protein is the enzyme ADAR1, a
RNA-specific adenosine deaminase which edits RNA by deaminating adenosine to yield
inosine, leading to altered cellular and viral RNA transcripts (Samuel, 2001). An
important nucleic-acid editing enzyme induced is apolipoprotein B mRNA-editing
enzyme catalytic polypeptide-like 3G (APOBEC3G), a member of the cytidine
deaminase family of enzymes. APOBEC3G converts cytosine residues in viral DNA to
uracil, resulting in mutations in proviral DNA (Argyris and Pomerantz, 2004).
Interestingly, APOBEC3G is an inhibitor of HIV-1 Vif, although wild-type HIV-1 Vif
counteracts this activity through binding APOBEC3G and targeting it for degradation
(Argyris and Pomerantz, 2004).

Induction of Pro-inflammatory cytokines TNF-α and IL-6
TNF-α and IL-6 are two key pro-inflammatory cytokines that direct the host’s
response to infection (Janeway et al., 2005). TNF-α, produced by macrophages, activates
endothelial cells in blood vessels to express adhesion molecules, including ICAM-1 that
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promote and facilitate the binding of circulating monocytes and leukocytes (Janeway et
al., 2005). Additionally, TNF-α secreted by macrophages induces blood clotting in order
to contain the infection. TNF-α and IL-6 are endogenous pyrogens that act on the
hypothalamus to elevate the body’s temperature during infection. Both cytokines initiate
the acute-phase response, acting on the liver to synthesize acute-phase proteins, such as
C-reactive protein, which opsonize pathogens and trigger the complement cascade
(Janeway et al., 2005). If TNF-α is released systemically, in the case of a systemic
bacterial infection, vasodilation and increased vascular permeability occur and lead to
septic shock (Janeway et al., 2005).
TNF-α is a member of the Tumor Necrosis Factor superfamily of cytokines that
activate signaling pathways related to cell homeostasis, death and differentiation. It is a
17-kd homotrimeric protein, encoded within the major histocompatibility complex
(MHC), found in both membrane and soluble forms. Members of the TNF superfamily
can bind and interact with one or more cognate receptors. TNF-α interacts with receptors
TNFR1 (p55) and TNFR2 (p75), expressed on all somatic cells (Ware, 2003). The
cytoplasmic tail of TNFR1 contains a death domain and subsequent binding of TNF-α
with TNFR1 leads to apotosis (Ware, 2003). TNFR2 lacks a death domain, and TNF-α
binding leads to cell survival and inflammation (Ware, 2003).
TNF-α and IL-6 are primarily produced by macrophages, monocytes, and T cells.
Both cytokines are also produced by plasmacytoid dendritic cells (pDC) when activated
through ligation of TLR7 or TLR9 (Gilliet et al., 2008). Signaling occurs through
adaptor molecules that come together to make a complex that activates the transcription
factor NF-κB, which induces gene transcription of TNF-α and IL-6. Murine pDC
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produce TNF-α and IL-6, in addition to other cytokines, in response to HSV-1 and
synthetic oligodeoxynucleotides (Hochrein et al., 2004). Omatsu et al. (2005) found
immature pDC and mature pDC in bone marrow, characterized by their expression levels
of Ly49Q, produced high levels of TNF-α, IL-6, IL-12 p70, and IFN-α when exposed to
CpG-oligodeoxynucleotides. Interestingly, Ly49Q- pDC produced less IL-6, IL-12 and
IFN-α than Ly49Q+ pDC, but comparable levels of TNF-α. The authors purport that
Ly49Q- pDC are at a different stage of differentiation than Ly49Q+ pDC, and this may be
a possibility in other tissues as Ly49Q- pDC are found in blood, thymus and nonlymphoid
tissues (Omatsu et al., 2005). Veckman and Julkunen (2008) showed that human pDC
produce TNF-α, IL-6, and IFN-α in response to stimulation with live Streptococcus
pyogenes. Cytokine levels produced by S .pyogenes-stimulated pDC were similar when
compared with levels of TNF-α and IL-6 produced by influenza A virus-infected pDC
(Veckman and Julkunen, 2008).

Toll-like receptors (TLRs)
Toll-like receptors (TLRs) are one group of pattern recognition receptors (PRR)
that recognize evolutionarily conserved molecular patterns found in bacteria and viruses.
These immune receptors are essential members of the innate immune system, and ten
have been discovered in humans while thirteen TLRs have been found in the mouse
(Bowie and Haga, 2005). TLR ligation leads to a complex signaling cascade that induces
transcription of antiviral proteins and pro-inflammatory cytokines.
TLRs are transmembrane proteins with shared homology in their ectodomain to
interleukin-1 receptors (IL-1Rs) (Cook et al., 2004). This Toll-IL-1R (TIR) domain is
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comprised of approximately 18 to 25 tandem copies of a leucine-rich motif (Kim et al.,
2007). TLR signaling is mediated through this TIR domain and the adaptor molecule
MyD88 (myeloid differentiation primary response protein 88). Members of the TLR
family that recognize flagellin and lipoproteins, found in bacteria and fungi, include
TLR1, TLR2, TLR4, TLR5 and TLR6 and are located on the plasma membrane (Saitoh
and Miyake, 2009). Remaining members, including TLR3, TLR7, TLR8, and TLR9,
recognize nucleic acids and reside intracellularly in endosomes and lysosomes (Saitoh
and Miyake, 2009). Toll-like receptors signal through adaptor proteins that interact with
the TIR domain; all TLRs use MyD88 as an adaptor protein except TLR3 which uses
TRIF (TIR domain-containing adaptor protein inducing IFNβ) (Barton and Kagan, 2009).
The binding of adaptor proteins begins a signaling cascade that ultimately results in the
phosphorylation of IκB, which releases the transcription factor NF-κB to translocate to
the nucleus to induce transcription of pro-inflammatory cytokines and costimulatory
molecule genes (Cook et al., 2004). TLRs also activate interferon regulatory factors IRF3 and IRF-7, transcription factors that regulate expression of type I IFN. IRF3 is
constitutively expressed and induces early transcription of IFN-β, whereas IRF7 is
activated through expression of IFN-β and responsible for induction of IFN-α and IFN-β
genes (Taniguchi et al., 2001).
TLR3, TLR7, TLR8 and TLR9 are unique in their recognition of microbial
nucleic acids and localization in intracellular compartments. TLR9 resides in the
endoplasmic reticulum (ER) of unstimulated dendritic cells and macrophages, and travels
to lysosomes following internalization of CpG-DNA (Latz et al., 2004). Another report
has shown that UNC93B1, a resident ER protein, plays a crucial role in delivery of TLR7
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and TLR9 to endolysosomes (Kim et al., 2008). In mice engineered with a mutation in
UNC93B1, TLR7 and TLR9 remain in the ER following stimulation compared with
wild-type mice (Kim et al., 2008).
Toll-like receptors are receiving increased attention as they may play roles in the
development of systemic autoimmune diseases such as systemic lupus erythematosus
(SLE), scleroderma, and rheumatoid arthritis (RA). TLR7 and TLR9, expressed
exclusively by pDC, can bind endogenous ligands, including immune complexes
containing DNA and RNA found in SLE. pDC express Fc receptors which bind IgGimmune complexes, and internalize the complexes delivering them to endolysosomes
where TLR7 and TLR9 receptors are recruited (Marshak-Rothstein, 2006). Endogenous
nucleic acids originate from dead or dying cells and subsequently stimulate the
production of autoantibodies by reactive B cells (Marshak-Rothstein, 2006.).
Pathogenesis of HIV-1 in the thymus
A unique element in the pathogenesis of HIV infection of children is the
vulnerability of the thymus to productive infection at its height of physiologic activity
(Gaulton et al., 1997). Infection of this central lymphoid tissue disrupts thymopoiesis
through multiple mechanisms and induces regional inflammation (Haynes et al., 2000).
HIV-1 infection and the progression to AIDS are primarily characterized by the decline
of CD4+ T cells and a failure to maintain the T cell repertoire. The development of naïve
T cells occurs in the thymus during fetal development and the neonatal period,
establishing a comprehensive peripheral T cell repertoire. Reports have shown the
impaired production of naïve T cells in HIV-1 infected patients, suggesting that thymic
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function is suppressed by HIV-1. In fact, the thymus is an early site for HIV-1 infection,
and thymocytes are uniquely vulnerable to lytic viral infection (Meissner et al., 2003).
The normal human thymus will begin to atrophy at puberty, and this process is
characterized by an increase in the perivascular space and a decrease of the thymic
epithelial space (Haynes et al., 2000). The HIV-1 infected thymus of children undergoes
premature atrophy and develops a concerted lymphoid infiltrate in the perivascular spaces
(Haynes et al., 2000). Other morphological changes induced by HIV-1 infection in the
thymus include a loss of Hassall’s corpuscles and a condensation of the thymic
epithelium (Gaulton et al., 1997).
Thymic injury and loss of thymic function due to HIV-1 infection is the combined
result of at least two broad mechanisms. First, thymocytes are depleted due to direct lysis
of HIV-1 infected cells. Expression of CD4, the primary receptor for HIV, is found on
immature and mature thymocytes and intrathymic T progenitor cells (ITTP), rendering
these cells vulnerable to viral infection (McCune, 1997). Besides direct infection,
thymocytes are also depleted by indirect mechanisms as evidenced by paracrine effects of
molecules (including IFN-α and IL-10) secreted by aberrantly activated or infiltrating
cells (Meissner et al., 2003). All thymocytes express the IFN-α receptor β chain
(CD118), and are potentially responsive to secretion of IFN-α by thymic pDC as a
consequence of innate immune stimulation. Sustained activation of pDC could impair
thymopoiesis by disrupting the thymic microenvironment. In support of this theory,
Schmidlin et al. (2006) reported that endogenous IFN-α produced by activated pDC
impaired the T cell development of human CD34+CD1a- thymic progenitor cells, while
exogenous IFN-α impaired the upregulation of specific surface markers associated with T
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cell development in a dose-dependent manner. Furthermore, type I interferons have been
reported to induce terminal differentiation and subsequent apoptosis of uninfected thymic
epithelial cells (TEC) in vitro (Vidalain et al., 2002) and after measles virus infection
(Vidalain et al., 2002).

Role of pDC in HIV infection
The field of dendritic cell biology has evolved as dendritic cells play important
roles in both the innate and acquired immune responses (Steinman and Hemmi, 2006).
They also provide protection from pathogens through their expression of pattern
recognition receptors (PRR), including TLR and C-type lectins. Dendritic cells play
several roles in the pathogenesis of HIV, and the role of plasmacytoid dendritic cells is
characterized by the secretion of type I IFN in response to HIV infection.
Plasmacytoid DC express CD4, the primary receptor for HIV, and chemokine
receptors CCR5, and CXCR4, the co-receptors utilized by the virus (Muller-Trutwin and
Hosmalin, 2005). Reports have shown peripheral blood pDC are susceptible to HIV
infection in vitro and in vivo (Schmidt et al., 2005). HIV was isolated from purified
blood pDC of a HIV-infected individual after culture with IL-3 and CD40L (Schmidt et
al., 2005). Patterson et al. (2001) had also shown both mDC and pDC from blood could
be infected by HIV-1 in vitro, with the virus replicating more efficiently in pDC
compared with mDC. Schmidt et. al.(2004), however, reported limited virus replication
in pDC despite their infection by HIV-1 isolates utilizing either CCR5 or CXCR4
coreceptors. When antibodies to IFN-α were added to HIV-stimulated pDC plus CD40L,
viral replication increased by three fold (Schmidt et al., 2005). pDC produce large
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amounts of IFN-α in response to HIV-1 within 48 hours, and secretion of IFN-α is not
limited by heat-inactivated HIV-1 strains (Yonezawa et al., 2003). Furthermore,
exposure to HIV-1 also results in the differentiation and maturation of blood pDC
(Schmidt et al., 2005). This differentiation includes morphological changes into
classical dendritic cells with dendrites. Additionally, pDC cultured with HIV-1
upregulated maturation markers CD80 and CD86 (Yonezawa et al., 2003). Fonteneau et
al. (2004) found that pDC exposed to nonreplicative HIV-1 strongly upregulated
maturation markers CD83 and CCR7, while only slightly upregulating CD80 and CD86.
Myeloid DC did not mature as a consequence of exposure to HIV-1; however, mDC did
differentiate and upregulate maturation markers when cultured with HIV-1-stimulated
pDC (Fonteneau et al., 2004).
Evidence has shown that dendritic cells are reduced and their function is abated
during HIV infection. A number of groups have reported decreased numbers of blood
pDC and blood CD11c+ mDC in HIV-infected individuals and AIDS patients (Chehimi et
al., 2002, Soumelis et al., 2001, Donaghy et al., 2001, Feldman et al., 2001, Schmidt et
al., 2004). Surprisingly, Soumelis et al. (2001) found that blood pDC numbers were
increased in asymptomatic long-term survivors (LTSs) and they had significantly lower
viral loads compared with patients with low numbers of pDC. The progressive depletion
of pDC correlated with an increasing HIV-1 plasma viral load (Donaghy et al., 2001;
Schmidt et al., 2005). Myeloid DC are also reduced in HIV-infected subjects as reported
by a number of groups (Donaghy et al., 2001; Feldman et al., 2001; Schmidt et al.,
2005). The exact mechanism of depletion of these two dendritic cell subsets remains
unclear. One plausible mechanism for the loss of blood pDC in HIV-infected
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individuals, is their subsequent migration to secondary lymphoid tissues and maturation
following exposure to the virus. Another possibility for the loss of pDC and mDC is
direct infection by HIV-1, as both DC subsets express CD4. Loss of IFN-α production by
pDC during primary HIV-1 infection affects viral replication and activation of other cell
types in the immune system. Studies report an impairment in function of blood pDC of
HIV-infected patients, as shown by a decreased response to viral stimulation and less
IFN-α (Feldman et al., 2001). IFN-α regeneration during immune restoration of HIVinfected patients on antiretroviral therapy (ART) was associated with resistance to
opportunistic infections (Siegal et al., 2001).
In summary, there is ample experimental evidence to indicate that pDC are a
crucial component of the innate immune response to HIV infection. Their distribution
throughout the thymus further suggests that pDC play a role in normal thymus function,
and possibly, induction of thymic involution. However, the precise role of pDC
activation on thymopoiesis has not been determined. Therefore, we sought to develop an
ex vivo system in which to characterize the products of pDC activation and the impact of
activation on thymopoiesis.
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CHAPTER 2

ENRICHMENT OF PLASMCYTOID DENDRITIC CELLS FROM THE MURINE
THYMUS
Introduction
Plasmacytoid dendritic cells (pDC) comprise approximately 0.2% of
hematolymphoid cells in the human thymus (Gurney et al., 2004). Despite their small
numbers, much research has shown that pDC play an integral role bridging innate and
adaptive immunity. While numerous studies have focused on blood pDC, fewer groups
look to examine pDC in the lymphoid tissues. This is due to the fact that pDC are a
subset of dendritic cells, and, therefore, must be distinguished from conventional or
myeloid dendritic cells using cell-surface markers and their histologic localization.
Within most secondary lymphoid tissues, pDCs are localized around high endothelial
venules (HEV) and T-cell rich areas (Grouard et al., 1997); human blood pDC express Lselectin (CD62-L) in order to emigrate into lymph nodes through high endothelial
venules (Colonna et al., 2004). Key cell-surface markers that distinguish pDC from
mDC include CD123 (IL-3Rα), BDCA-2 (Dzionek et al., 2001) and DLEC the latter two
only present on human pDC.
Plasmacytoid dendritic cells are found in the thymus, although their precise role
in the thymus remains unknown. Using immunohistochemistry, Schmitt et al. (2007)
determined pDC were localized in the medulla of the thymus. In the mouse, unlike in the
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human, both dendritic cell subsets, mDC and pDC, express CD11c (Bendriss-Vermare et
al., 2001). Additionally murine pDC in the thymus express B220 (CD45R),
distinguishing them from myeloid dendritic cells (Okada et al., 2003). Okada et al.
(2003) found the phenotype of the thymic pDC to be CD11c+B220+CD4+/-CD8α+/-MHC
I+CD44+Ly6C+MHCIIlo. This chapter describes the protocol developed to isolate and
enrich pDC from the murine thymus and the characterization of these cells.

Materials and Methods
Fluorescence activated cell sorting (FACS) enrichment by negative selection
Three to four-week old ICR mice were obtained from an ongoing project in the
laboratory of Drs. Carl Pinkert and Mike Irwin. Thymuses were collected under sterile
conditions immediately after euthanasia by cervical dislocation and placed in sterile
RPMI 1640 medium (Invitrogen, Carlsbad, CA) supplemented with penicillinstreptomycin (Invitrogen, Carlsbad, CA ). Thymuses were transferred to a petri dish
containing 5 ml RPMI medium, and teased apart using two 22 gauge needles for ten
minutes. An enzyme solution of 20 mg/ml DNase I (Roche, Indianapolis, IN) and 1.0
mg/ml Collagenase A (Roche) in 5 ml RPMI medium was added to the disassociated
thymic tissue and incubated at 37°C for 30 minutes with gentle rotation. Digested
fragments were filtered through a 100 µm Falcon cell strainer with 10 ml RPMI 1640
media containing 5 µg/ml DNase I (Roche). The single-cell suspension was washed
twice for 5 minutes at 540 g with ice-cold 1X phosphate-buffered saline solution (PBS)
supplemented with 5 mM EDTA and 5% FBS. The thymocytes were resuspended in cold
isotonic Percoll solution (density 1.077 g/ml) at 1.5 x 108 cells/ml. Discontinuous density
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gradients were prepared in 15 ml conical tubes by layering 1 ml FBS, 3 ml cell
suspension, and 2 ml Percoll solution. Tubes were centrifuged at 1700 g for 10 minutes
at 4°C. Low-density cells were collected at the interface of the Percoll and FBS from
each tube using a cannula. The low-density cells were washed three times with 15 ml
PBS supplemented with EDTA and FBS at 540 g for 5 minutes. Low density cells were
incubated with an antibody cocktail of CD11b-PE, CD19-PE, CD14-PE, CD3-PE and
CD8α-PE (all at 20 µg/ml) for 30 minutes in the dark on ice. Cells were washed twice
with the addition of 2 ml of flow buffer (1X PBS, 2% FBS, 0.1% sodium azide) followed
by centrifugation at 200 g for 5 minutes at 4° C. Cells were subsequently sorted to
collect the PE-negative fraction using a MoFlo high-speed cell sorter (Dako cytomation)
with Summit software. A small fraction of the negatively sorted cells were stained with
m-PDCA-1-FITC (Miltenyi Biotec, Auburn, CA) for positive identification of murine
pDC by flow cytometry.

Magnetic cell sorting (MACS) enrichment of murine thymic pDC
The thymuses of three to four-week old ICR mice were processed to collect low-density
cells as described above. The low-density cells were washed three times with 15 ml PBS
supplemented with EDTA and FBS at 540 g for 5 minutes. Cells were resuspended in
400 µl MACS buffer (1X PBS supplemented with 2 mM EDTA and 0.5% BSA) per 108
total cells. Anti-mPDCA-1 Microbeads (Miltenyi Biotec, Auburn, CA) were added at
100 µl per 108 cells and incubated for 15 minutes at 4°C. Magnetically labeled cells were
washed in approximately 3 ml MACS buffer and centrifuged at 300 g for 10 minutes.

20

The supernatant was aspirated and cells were resuspended in 500 µl MACS buffer per
108 cells.
The MS magnetic column (Miltenyi Biotec, Auburn, CA) was primed by the
addition of 500 µl MACS buffer. The magnetically-labeled cell suspension was added to
the column and unlabeled cells were collected as the negative fraction. The column was
then washed three times by adding 500 µl MACS buffer. The column was removed from
the magnet and using a new collection tube, magnetically labeled cells were flushed out
by adding 1 ml buffer to the column and applying the plunger. Cell counts were
performed to determine cell numbers for both negative and positive fractions.

Cell staining of the low density fraction
Low density cells were collected after density centrifugation and adjusted to a
concentration of 2 x 106 cells/ml. Cells were filtered using a 5 ml polystyrene tube with
cell-strainer cap (BD Falcon, Franklin Lakes, NJ) to remove large cell clusters. Cells
were stained with monoclonal antibodies against CD11c-PE (0.2 mg/ml) (eBioscience,
San Diego, CA), CD4-Alexa647 (0.2 mg/ml BD Pharmingen, Franklin Lakes, NJ) and
mPDCA-1-FITC (1:11, Miltenyi Biotec, Auburn, CA). Low density cells were incubated
for 30 minutes on ice in the dark. At the end of the incubation, cells were washed twice
with the addition of 2 ml flow buffer (1X PBS, 2% FBS, 0.1% sodium azide) followed by
centrifugation at 200 g for 5 minutes at 4° C. Cells were fixed with equal parts 0.5%
paraformaldehyde and flow buffer and incubated for 30 minutes on ice in the dark. Cells
were washed as stated above at the end of fixation, and 500 µl flow buffer was added to
cells. Cells were analyzed using a MoFlo cytometer and Summit software.
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Staining of m-PDCA-1+ cells
m-PDCA-1+ cells were collected from the magnetic column (Miltenyi Biotec,
Auburn, CA) and filtered using a 5 ml polystyrene tube with cell-strainer cap (BD
Falcon, Franklin Lakes, NJ). The cell concentration was adjusted to 1 x 106 or 2 x 106
cells/ml depending on the total number of cells. Cells were stained with antibodies
against IgG-PE (BD Pharmingen, Franklin Lakes, NJ), CD4-Alexa 647(BD Pharmingen,
Franklin Lakes, NJ), and CD123-FITC (eBioscience, San Diego, CA). Cells were
incubated for 30 minutes on ice in the dark. At the end of the incubation, cells were
washed twice with the addition of 2 ml of flow buffer (1X PBS, 2% FBS, 0.1% sodium
azide) followed by centrifugation at 200 g for 5 minutes at 4° C. 500 µl flow buffer were
added and cells were kept in the dark. Cells were analyzed using a MoFlo cytometer and
Summit software.
Immunofluorescence microscopy
Frozen 5 µm sections of thymus were prepared from a 3 week old ICR mouse
using a Microm HM550 cryostat (Richard Allen Scientific, St. Louis, MO). Slides were
fixed in ice-cold acetone for 10 minutes on ice. After fixation, slides were washed three
times with 1X PBS for 5 minutes each. A blocking solution (0.1X PBS, 5% BSA, 10%
FBS) was applied to each slide for 1 hour in a dark humidified chamber. The primary
antibody solution, diluted 1:25 in blocking buffer, was added to the slides and incubated
for 1 hour at room temperature in a dark humidified chamber. Following incubation,
slides were washed three times as stated previously. A DAPI counterstain, diluted to 300
nM, was applied to each slide for 30 minutes at room temperature in a dark humidified
chamber. Slides were washed three times as previously stated. Lastly, the slides were
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mounted and a coverslip was affixed using Citiflour (aqueous polyvinyl alcohol). Slides
were viewed and photographed using a Nikon Eclipse E800 microscope (Nikon, Inc.,
Melville, NY).

Results
Enrichment of pDC
Thymic plasmacytoid dendritic cells (pDC) were isolated and enriched from the
murine thymus using both FACS and MACS. The median number of pDC per thymus
enriched using FACS was 1.09 x 106, while the median number of pDC per thymus
enriched using MACS was 2.35 x 106 (Fig. 1). Using MACS resulted in a significant
increase (p <0.01) in total pDC yield per thymus when compared to using FACS. The
median percentage of pDC enriched from total thymic cells by FACS was 0.04%, while
the median percentage of pDC collected from total thymic cells enriched by MACS was
0.12% (Fig 2). Magnetic cell sorting resulted in a significant (p=0.01) increase in pDC
yield from total thymic cells when compared with fluorescence activated cell sorting.
Considering the beginning frequency of pDC (0.12% of total thymic cells) and the final
frequency of 11.6% of the positive magnetic fraction (Table 1), pDC were enriched
approximately 100 fold using the MACS protocol.
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Figure 1. pDC yield per thymus from MACS compared with FACS. Magnetic cell
sorting (MCS) resulted in a significant (p<0.01) increase in total pDC yield when
compared with fluorescence activated cell sorting (FACS). The median number of pDC
enriched from each thymus by FACS was 1.09 x 106 (6.98 x 105 – 1.22 x 106), while the
median number of pDC enriched from each thymus by MACS was 2.35 x 106 (1.55 x 106
– 3.08 x 106). Antennae represent the interquartile range for each data set. Medians were
compared using the Mann-Whitney U test. MCS indicates MACS. Medians represent
n=9 for FACS, and n=16 for MACS.
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Figure 2. Percentage of pDC in total thymocytes from MACS compared with FACS.
Magnetic cell sorting (MACS) resulted in a significant (p=0.01) increase in pDC
percentage in the enriched fraction when compared with fluorescence activated cell
sorting (FACS). The median percentage of pDC enriched from total thymic cells by
FACS was 0.04% (0.03-0.04%), while the median percentage of pDC collected from total
thymic cells enriched by MACS was 0.12% (0.08-0.18%). Antennae represent the
interquartile range for each data set. Medians were compared using the Mann-Whitney U
test. Medians represent n=9 for FACS, and n=16 for MACS.
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Frequency of pDC
Total thymocytes

0.12%
(0.04 – 0.43%)

Low density fraction

2.54%
(1.12 – 4.37%)

Positive magnetic fraction

11.6%

Table 1. Frequency and range of pDC of total thymocytes, low density fraction, and
positive magnetic fraction.

Identification of dendritic cell subsets
Within the low density fraction, two dendritic cell populations were distinguished
with the cell-surface markers CD11c and m-PDCA1. Myeloid dendritic cells had the
phenotype CD4+CD11c+m-PDCA1- and comprised 3.7% of the low density cell fraction.
The phenotype of plasmacytoid dendritic cells was CD4+CD11c+m-PDCA1+ and
comprised 1.8% of low density cells (Fig 3B).
Cells positive for m-PDCA-1+ were also positive for CD4 and CD123 (Fig 4A).
m-PDCA-1+ cells represented approximately 12% of cells in the positive fraction from
the magnetic column. m-PDCA-1+CD4+CD123+ cells were backgated in the scatterplot
and found to be heterogeneous in terms of size and complexity (Fig 4B).
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3.7%
1.8%

CD11

A

B
m-PDCA-1

Figure 3. Scatterplot and staining of the low density cell fraction. A) Scatterplot of the
low density cell fraction B) Low density cells were gated on CD4+ cells; showing
positive staining using m-PDCA1-FITC and CD11c-PE.

CD4

B

A
CD123

Figure 4. Staining and back gating of m-PDCA-1+ cells. m-PDCA-1+ cells are
CD4+CD123+, shown in the gated area R21. They are shown in pink in the scatterplot in
panel B, indicating a broad range of size (forward scatter) and granularity (side scatter).
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Immunofluorescence microscopy of murine thymus
Immunofluorescence staining of frozen murine thymus sections using antibody
m-PDCA-1 and DAPI revealed specific fluorescence in the medulla and the corticomedullary junction, with a pattern showing intense cytoplasmic fluorescence at the cell
membrane (Fig 5).

Figure 5. Direct labeling of m-PDCA-1+ cells in murine thymus. Thymus sections were
stained with monoclonal antibody m-PDCA-1 conjugated to FITC, and counterstained
with DAPI.
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Discussion
Plasmacytoid dendritic cells (pDC) are found in blood, and numerous tissues,
including spleen, lymph nodes, thymus and bone marrow. Their paucity of number in
lymphoid tissues requires a precise method of isolation reliant on specific markers and
physical characteristics. The frequencies of pDC found in the present study are
consistent with previous studies (Asselin-Paturel et al., 2001). Here, we utilized both
FACS and MACS to enrich and isolate pDC from the murine thymus. pDC were isolated
through negative selection using FACS, by removing B cells, monocytes, myeloid
dendritic cells, and T cells. pDC enriched with MACS employed positive selection,
using the murine-specific marker m-PDCA-1 conjugated to magnetic beads. MACS
resulted in a significant increase in total pDC yield per thymus when compared to FACS.
Magnetic cell sorting also resulted in a significant increase in pDC yield out of total
thymocytes when compared with fluorescence activated cell sorting. To further quantify
pDC in low density fraction, cellular staining for CD11c and m-PDCA-1 was employed
and identified the two expected dendritic cell populations, pDC and mDC.
Plasmacytoid dendritic cells found in the thymus characteristically are found in
the medulla and at the cortico-medullary junction (Bendriss-Vermare et al., 2001). The
results of our immunofluorescence assay were consistent with Bendriss-Vermare et al.
(2001) with the localization of pDC in the medulla and along the cortico-medullary
junction.
The murine-specific pDC marker murine pDC antigen 1 (m-PDCA-1) is also
known as bone marrow stromal antigen 2 (BST2), although little is known about this
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marker (Blasius et al., 2006). Blasius et al. (2006) found that BST2 is localized and
cycles between the plasma membrane and Golgi apparatus (Blasius et al., 2006).
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CHAPTER 3
STIMULATION OF PLASMACYTOID DENDRITIC CELLS WITH TLR
LIGANDS
Introduction
Plasmacytoid dendritic cells produce copious amounts of type I interferons within
24 hours of viral or bacterial stimulation. What distinguishes pDC as “professional type I
Interferon producing cells” is their ability to produce interferon mRNA transcripts within
4 hours following stimulation, with a maximum level of transcripts achieved at 12 hours
(Liu, 2005). As specialized cells, they switch their transcriptional machinery after
activation primarily to the production of type I interferons. As a subset of dendritic cells,
pDC also express pattern recognition receptors (PRR) that recognize conserved pathogenassociated molecular patterns (PAMP), including Toll-like receptors (TLR), protein
kinase PKR, and the 2’-5’-oligoadenylate synthase (OAS)/RNase L pathway (Janeway
and Medzhitov, 2002). pDC selectively express TLR7 and TLR9, which recognize
ssRNA and ssDNA respectively (Fuchsberger et al., 2005).
Previous research on pDC stimulation has centered primarily on pDC from the
blood, and secondly on lymphoid tissues such as spleen, lymph node and tonsils. A
scarcity of studies exists on thymic dendritic cells, and even less on thymic pDC.
Subpopulations of thymic dendritic cells can be distinguished based on expression of
CD11c, CD14, and CD123; pDC were found to be CD123hi, and two myeloid DC subsets
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were found to be CD11c+CD14+ and CD11c+CD14- (Schmitt et al., 2007). Thymic pDC
express lymphoid-specific transcripts, including pre-Tα, Spi-B, and λ-like, maintaining
expression of the latter two upon maturation (Bendriss-Vermare et al., 2001). Another
report used CD11c and B220 (CD45R) to distinguish plasmacytoid and myeloid dendritic
cells as pDC express B220 and were found to produce large amounts of IFN-α upon
stimulation with TLR9 ligand CpG ODN 2216 (Okada et al., 2003). Thymic pDC
stimulated with CpG ODN 2216 were comparable in IFN-α production when compared
with thymic pDC stimulated with HIV-1, however the combination of both CpG and
HIV-1 produced a 4-fold greater IFN-α production than either stimulus alone (Gurney et
al., 2004).
TLR ligands, including CpG DNA and synthetic ssRNA, allow for in vitro studies
without the use of intact bacteria or viruses. Thus, they permit the assessment of
activated cell populations without the influence of replicating agents. We exploited the
use of synthetic TLR ligands to stimulate thymic pDC in vitro in this study and
determined that the cytokine secretion profile of pDC includes a rapid induction of IFNα, TNF-α, and IL-6.

Materials and Methods
Stimulation of m-PDCA-1+ and m-PDCA-1- cells
m-PDCA1+ cells and mPDCA1- cells, isolated using MACS as stated above, were
plated in duplicate at 2 x 106 cells/ml in 500 µl complete RPMI media (RPMI 1640, 10%
FBS, 100 µg/ml streptomycin, 100 units/ml penicillin, 2 mMol L-glutamine, 10 mMol
Hepes buffer (pH 7.2), 5.5 µmol 2-mercaptoethanol) in a 24 well flat-bottom plate
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(Falcon®, Becton-Dickinson, Franklin Lakes, NJ). Imidazoquinoline compound
(CL097) (Invivogen, San Diego, CA) or CpG type A (ODN 1585) (Invivogen, San
Diego, CA) were added to stimulate cells at 5 µg/ml and 1 µM, respectfully.
Additionally, the m-PDCA+ cells received rIL-3 (R & D Systems, Minneapolis, MN) at
10 ng/ml. Cells were cultured for 6 or 24 hours at 37°C with 5% CO2. After culture,
supernatants were collected and stored at -80°C. RNA was extracted from cells using the
High Pure RNA Isolation Kit (Roche, Indianapolis, IN) and stored at -80°C.

Quantification of cytokine production
Culture supernatants were assayed for the presence of IFN-α, TNF-α, and IL-6 by
enzyme linked immunosorbent assay (ELISA) as specified below.

TNF-α ELISA
The BD OptEIA TNF kit (BD Biosciences, Franklin Lakes, NJ) was used to
quantify TNF-α protein in the supernatants. Standards were prepared from a 2000 pg/ml
stock solution, serially diluting it resulting in the following concentrations : 1000 pg/ml,
500 pg/ml, 250 pg/ml, 125 pg/ml, 62.5 pg/ml, and 31.3 pg/ml. Equal volumes (50 µl) of
ELISA diluent and standard or sample were added to wells of a 96 well plate coated with
capture monoclonal antibody specific for mouse TNF-α, and incubated for 2 hours at
room temperature.

Wells were washed 4 times with 300 µl Wash Buffer (diluted

detergent solution) and 100 µl of biotinylated polyclonal anti-mouse TNF-α antibody was
added and incubated for 1 hour at room temperature. Wells were washed as previously
described, and 100 µl streptavidin-horseradish peroxidase was added to each well for 30
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minutes at room temperature.

A final wash was completed, and 100 µl of TMB

(3,3’,5,5’-tetramethylbenzidine) substrate solution was added to each well for 30 minutes
at room temperature in the dark. After the last incubation, each well received 50 µl Stop
Solution (1M phosphoric acid). The optical density of each sample was read at 450 nm
using an ELISA plate reader.

Quantitative PCR for cytokine mRNA
Cytokine transcripts were quantified from stimulated mPDCA1+ and mPDCA1cells using a one-step RT-PCR. Total RNA was extracted using the High Pure Isolation
Kit (Roche, Indianapolis, IN) as recommended by the manufacturer according to
manufacturer’s instructions. A modification was made to the protocol which was a
DNase treatment of the samples at 37°C for 30 minutes. Quantitative determination of
murine TLR7, TLR9, IFN-α, TNF-α, and IL-6 mRNA was performed using one-step RT
fluorescence resonance energy transfer (FRET) PCR in a LightCycler (Roche,
Indianapolis, IN). Primers and FRET probes were obtained from Qiagen (Valencia, CA)
and are shown in Table 2.

Extraction of total RNA
Total RNA was extracted from the stimulated mPDCA1+ and mPDCA1- cells
using the High Pure RNA Isolation Kit (Roche Applied Science, Indianapolis, IN)
following the manufacturer’s instruction. A minor modification of the procedure was
employed: DNase treatment of samples was incubated at 37○C for 30 min for the removal
of genomic DNA.
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Design of primers and probes
Primers and FRET probes were obtained from QIAGEN (Valencia, CA) and are
shown in Table 2. In Table 2B, UP indicates the 5’-labeled primer, DN indicates the 3’labeled primer; BOD and FLU indicate the Bodiby and Carboxyfluorescein probes,
respectively. All oligonucleotides were designed by use of the Vector NTI software
(InforMax Inc., Frederick, MD) for a calculated Tm of 65° to 70° in the reaction buffer
with 190 mMol salt concentration and 100 pM oligonucleotide concentration. Primers
and/or probes were designed to bridge exon boundaries when possible, therefore only
allowing amplification from, and detection of, cDNA but not genomic DNA (Table 2,
Figures 6-7, Figures 9-11). The length of the amplification products was designed to be
between 160 and 220 bp. Carboxyfluorescein (6-FAM) probes were 3’ labeled and used
unpurified as FRET energy donor probes excited by 488 nm light. Bodipy 630/650 and
Cy5.5 probes were 5’-labeled, 3’-phosphorylated, HPLC-purified and used as acceptor
probes. Fluorescence emitted from Bodipy 630/650 probes served for detection of the
target gene mRNAs at 640 nm. In a separate RT-PCR, G6PDH mRNA was detected as a
transcript from a housekeeping gene from Cy5.5 probes at 705 nm.

35

Table 2. Primers and probes used in this study
A. Design
mRNA

TNF-α

IL-6

IFN-α

TLR-7

TLR-9

G3PDH

Amplicon
Length

177 bp

210 bp

153 bp

215 bp

183 bp

171 bp

1-4

1-3

1

1-2

1-2

4-5

NM_013693

NM_031168

NM_177361

NM_031178

NM_031178

NM_004285

Exons
spanned
Accession
#

B. Sequences

TNF-α

UP

GCCACCACGCTCTTCTGTCTACTGAACT

DN

CTCCACTTGGTGGTTTGCTACGACGT

BOD

BOD-TTGGGAACTTCTCATCCCTTTGGGGA-P

FLU

CCATAGAACTGATGAGAGGGAGGCCA-6-FAM

UP

GTTCCTCTCTGCAAGAGACTTCCATCCA

DN

CCATTGCACAACTCTTTTCTCATTTCCAC

BOD

BOD-ACCAGCATCAGTCCCAAGAAGGCAA-P

FLU

TTGTGAAGTAGGGAAGGCCGTGGTTGT-6-FAM

UP

CAGCAGCTCAATGACCTGCAAGGCT

DN

CCAGGCACAGGGGCTGTGTTTCT

BOD

BOD-TGTGAGGAAATACTTCCACAGGATCACTGP

FLU

ACCCAGGAAGACTCCCTGCTGG-6-FAM

UP

CTCCTCCACCAGACCTCTTGATTCCAT

DN

TGTCAAATGCTTGTCTGTGCAGTCCA

IL-6

IFN-α

TLR-7
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TLR-9

G6PDH

BOD

BOD-AAAACACCATTTTCAGTTTTCTTTCAAA-P

FLU

ATTTGTCTCTTCCGTGTCCACATC-6-FAM

UP

GAACATCATTCTCTGCCGCCCAGT

DN

TGAGGCTTCAGCTCACAGGGTAGGAA

BOD

BOD-AGAGTCCTTCGACGGAGAACCATG-P

FLU

CCTGTACCAGGAGGGACAAGGGGTG-6-FAM

UP

AAGCACCTCAACAGCCACATGAATGC

DN

TCTCCCGAAGGGCTTCTCCACGAT

Cy5.5

Cy5.5-ATGAGTCAGACAGGCTGGAACCGCAT-P

FLU

GCAGTCACCAAGAACATTCAAGAGACCTG-6FAM

Reaction mix and thermal cycling for Real-Time PCR
The PCR buffer was 20 mM Tris-HCl, pH 8.4, 50 mM KCl, 4.5 mM MgCl2, 0.05 %
Nonidet P-40, 0.05 % Tween-20, 0.03 % acetylated bovine serum albumin, and 200 µM
each dATP, dCTP, dGTP, and 600 µM dUTP. Reactions were performed in glass
capillaries with 15 µl of 1.33 x master mixture and 5 µl of sample RNA or standards.
Each 20 µl reaction contained 2.0 U Platinum Taq DNA polymerase (Invitrogen,
Carlsbad, CA), 0.2 U heat-labile uracil-N-glycosylase (Roche Molecular Biochemicals,
Indianapolis, IN), and 0.0213 U ThermoScript® reverse transcriptase (Invitrogen,
Carlsbad, CA). All primers were used at 1 μM, probes of Bodipy 630/650 and Cy5.5
probes at 0.2 μM, and 6-FAM probes at 0.1 μM. Master mixes were prepared freshly
from 10x PCR buffer, 5x oligonucleotide mix, 50x nucleotide mix, and enzymes.
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All PCRs were performed on the LightCycler® PCR platform (Roche Molecular
Biochemicals, Indianapolis, IN) using LightCycler® Software version 3.5. Thermal
cycling was preceded by a 20-minute reverse transcription reaction at 55°C followed by 5
min incubation at 95°C. Thermal cycling consisted of 18 high-stringency step-down
cycles followed by 25 relaxed-stringency fluorescence acquisition cycles. The 18 highstringency step-down thermal cycles were 6 x 15 sec @ 95°C, 60 sec @ 75°C; 9 x 15 sec
@ 95°C, 60 sec @ 73°C; 3 x 15 sec @ 95°C, 30 sec @ 71°C, 30 sec @ 72°C. The
relaxed-stringency fluorescence acquisition cycling for PCRs consisted of 25 x 15 sec @
95°C, 8 sec @ 58°C followed by fluorescence acquisition, 30 sec @ 65°C, and 30 sec @
72°C.
Establishment of quantitative standards
Templates for standard reactions were prepared from RT-PCRs that contained 200
µM dTTP instead of dUTP. PCR products were isolated by 4 % MetaPhor agarose gel
electrophoresis, extracted by glass matrix binding and elution (Roche Molecular
Biochemicals, Indianapolis, IN), quantified by PicoGreen DNA fluorescence assays
(Molecular Probes, Eugene, OR), verified by DNA sequencing, and used at 104, 103, 102,
10, and 0 copies per 5 µl in a background of 100 ng purified pGEM plasmid DNA
(Promega, Madison, WI) in T10E0.1.
Data analysis
Copy numbers of mRNAs were log2-transformed to establish normal distribution and
the data were analyzed by mean plots ± 95% confidence intervals (CI) in one-way or
38

factorial ANOVA. Comparisons of means under the assumption of no a priori
hypothesis were performed by two-tailed Tukey honest significant difference (HSD) test.
Differences at P≤0.05 in the Tukey HSD were considered significant.
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Primers and probes

Standard curves

Figure 6. Establishment of quantitative PCR to detect murine TNF-α cDNA. Upper
panel shows 177 base-pair amplicon bridging exons 1 to 4 of TNF- α mRNA.
Highlighting indicates primers, red and green indicate probes, and underlined letters
indicate the start of a new exon. Bottom panel indicates the distribution of quantitative
standards of 104, 103, 102, 101 copies of TNF-α, and pGEM plasmid DNA reaction as
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negative control (resulting in a flat curve under noise band and not showing up under data
analysis).
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Primers and probes

Standard curves

Figure 7. Establishment of quantitative PCR to detect murine IL-6 cDNA. Upper panel
shows 210 base-pair amplicon bridging exons 1 to 3 of IL-6 mRNA. Highlighting
indicates primers, red and green indicate probes, and underlined letters indicate the start
of a new exon. Bottom panel indicates the distribution of quantitative standards of 104,
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103, 102, 101 copies of IL-6, and pGEM plasmid DNA reaction as negative control
(resulting in a flat curve under noise band and not showing up under data analysis).
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Primers and probes

Standard curves

Figure 8. Establishment of quantitative PCR to detect murine IFN-α cDNA. Upper
panel shows 153 base-pair amplicon for IFN-α mRNA. Highlighting indicates primers,
red and green indicate probes, and underlined letters indicate the start of a new exon.
This gene has a single exon in murine species. Bottom panel indicates the distribution of
quantitative standards of 104, 103, 102, 101 copies of IFN-α, and pGEM plasmid DNA
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reaction as negative control (resulting in a flat curve under noise band and not showing
up under data analysis).
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Primers and probes

Standard curves

Figure 9. Establishment of quantitative PCR to detect murine TLR-7 cDNA. Upper
panel shows 215 base-pair amplicon bridging exons 1 to 2 of TLR-7 mRNA.
Highlighting indicates primers, red and green indicate probes, and underlined letters
indicate the start of a new exon. Bottom panel indicates the distribution of quantitative
standards of 104, 103, 102, 101 copies of TLR7, and pGEM plasmid DNA reaction as
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negative control (resulting in a flat curve under noise band and not showing up under data
analysis).
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Primers and probes

Standard curves

Figure 10. Establishment of quantitative PCR to detect murine TLR-9 cDNA. Upper
panel shows 183 base-pair amplicon bridging exons 1 to 2 of TLR-9 mRNA.
Highlighting indicates primers, red and green indicate probes, and underlined letters
indicate the start of a new exon. Bottom panel indicates the distribution of quantitative
standards of 104, 103, 102, 101 copies of TLR9, and pGEM plasmid DNA reaction as
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negative control (resulting in a flat curve under noise band and not showing up under data
analysis).
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Primers and probes

Standard curves

Figure 11. Establishment of quantitative PCR to detect murine G6PDH cDNA. Upper
panel shows 171 base-pair amplicon bridging exons 4 to 5 of G6PDH mRNA.
Highlighting indicates primers, red and green indicate probes, and underlined letters
indicate the start of a new exon. Bottom panel indicates the distribution of quantitative
standards of 104, 103, 102, 101 copies of G6PDH, and pGEM plasmid DNA reaction as
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negative control (resulting in a flat curve under noise band and not showing up under data
analysis).
Results
Stimulation with TLR7 and TLR9 ligands
Murine thymic pDC were successfully stimulated in vitro with TLR7 and TLR9
ligands. Stimulated m-PDCA-1+ cells produced large amounts of TNF-α protein
compared with stimulated m-PDCA-1- cells (Fig. 12). m-PDCA-1+ cells stimulated with
TLR7 and TLR9 ligands produced greater quantities of TNF-α protein compared with
those unstimulated and negative control supernatant (Fig. 12). Interestingly, m-PDCA-1+
cells stimulated with TLR9 ligand alone secreted a higher amount of TNF-α than those
stimulated with both TLR7 and TLR9 ligands together (Fig. 12). This could be because
both TLR7 and TLR9 use the same signaling pathway, and are both dependent on the
adaptor protein MyD88 (Moynagh, 2005).
Quantitative RT-PCR was used to measure cytokine transcripts of stimulated and
unstimulated m-PDCA-1+ cells for TNF-α, IL-6, IFN-α, and transcripts of the
housekeeping gene G6PDH. Total RNA was extracted from stimulated and unstimulated
cells, treated with DNase, and cDNA was synthesized in the presence of reverse
transcriptase. Stimulated m-PDCA-1+ cells had higher expression of IL-6 transcripts
compared to unstimulated m-PDCA-1+ cells, although transcripts of the housekeeping
gene G6PDH remained alike (Fig. 13). IL-6 transcripts from m-PDCA-1+ cells peaked at
6 hours post stimulation, but levels remained high even at 24 hours post stimulation (Fig.
15). Additionally, levels of TNF-α transcripts peaked at 6 hours post activation and were
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still detectable at 24 hours post stimulation (Fig. 16). We were unable to compare IFN-α
mRNA levels in stimulated and unstimulated m-PDCA-1+ cells due to inability to detect
IFN-α transcripts over the background of intronless IFN α genes in contaminating
genomic DNA (Fig. 14).

However, published reports have indicated that type I IFN

mRNA can be detected at 4 hours post stimulation resulting in peak mRNA at 12 hours
(Ito et al., 2006).

Figure 12. Quantification of TNF-α protein from supernatants of m-PDCA-1+ and mPDCA-1- cells using ELISA. pDC produced abundant TNF-α when compared to nonpDC cells after stimulation with TLR7 ligand, TLR9 ligand, or the combination of both.
Supernatant from feline CD4+ T cells was used as a negative control. Results represent a
single experiment; therefore, no statistical analysis was performed.
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transcript (IL-6)

housekeeping gene (G6PDH)

Figure 13. Quantitative detection of murine IL-6 transcripts from stimulated and unstimulated pDC. Stimulated pDC showed a higher expressional level of IL-6 than that of
unstimulated pDC (upper panel) while the transcript levels of G6PDH as housekeeping
gene were similar between stimulated pDC and unstimulated pDC (bottom panel).
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Figure 14. RT-PCR designed to quantify murine IFN- α mRNA within a single exon.
There was not an appreciable difference between amplification levels with or without the
addition of reverse transcriptase (RT), indicating that the assay was not a valid
measurement of mRNA expression. Similar results were obtained despite repeated
attempts to remove genomic DNA through a variety of methods, including extended
DNAse treatment and oligo dT selection of poly A RNA.
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Figure 15. Stimulated pDC showed significantly up-regulated levels of IL-6 transcripts.
Data were log2 transformed to create a normal distribution and analyzed by one-way
ANOVA. Comparisons of means were performed by the two-tailed Tukey honest
significant differences (HSD) test. Error bar, ±95% confidence interval. n = 4 repeats /
treatment. pDC cells, six-hour after TLR9 treatment (1 µM), showed significantly
increased IL-6 transcripts (213.15±23.59; 24,670±20,345) than pDC cells not receiving
treatment (28.95±20.64; 538±280), and non-pDC cells not receiving treatment (28.46±23.32;
4,092±8,832)
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Figure 16. Stimulated pDC showed significantly up-regulated levels of TNF-α
transcripts. Data were log2 transformed to create a normal distribution and analyzed by
one-way ANOVA. Comparisons of means were performed by the two-tailed Tukey
honest significant differences (HSD) test. Error bar, ±95% confidence interval. n = 4
repeats / treatment. pDC cells, six-hour after TLR9 treatment (1 µM), showed
significantly increased TNF-α transcripts (213.04±23.11; 66,669±145,867) than pDC cells
not receiving treatment (28.10±21.72; 613±1,049), and non-pDC cells not receiving
treatment (28.61±22.60; 1,923±3,946), and 6 hours (28.96±22.42; 1,373±1,971) and 24 hours
(29.88±21.21; 644±576) after receiving treatment.
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Figure 17. Stimulated pDC showed significantly up-regulated levels of TNF-α protein
compared to unstimulated pDC and stimulated non-pDC cells. Levels of TNF-α in
supernatants were measured in triplicate and then analyzed by one-way ANOVA.
Comparisons of means were performed by the two-tailed Tukey honest significant
differences (HSD) test. Error bar, ±95% confidence interval. Asterisks (*) indicate
significant differences (p<0.05).
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Figure 18. Stimulated pDC showed significantly up-regulated levels of IL-6 protein
compared to unstimulated pDC and stimulated non-pDC cells. Levels of IL-6 in
supernatants were measured in triplicate and then analyzed by one-way ANOVA.
Comparisons of means were performed by the two-tailed Tukey honest significant
differences (HSD) test. Error bar, ±95% confidence interval. Asterisks (*) indicate
significant differences (p<0.05).
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Figure 19. Stimulated pDC showed significantly up-regulated levels of IFN-α protein
compared to unstimulated pDC and stimulated non-pDC cells. Levels of IFN-α in
supernatants were measured in triplicate and then analyzed by one-way ANOVA.
Comparisons of means were performed by the two-tailed Tukey honest significant
differences (HSD) test. Error bar, ±95% confidence interval. Asterisks (*) indicate
significant differences (p<0.05).

Discussion
Results of this study showed that pDC, enriched from the murine thymus,
produced higher levels of TNF-α and IL-6 transcripts and TNF-α, IL-6, and IFN-α
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protein upon stimulation with TLR ligand compared to non-pDC cells. A valid RT-PCR
assay for IFN-α was not developed. The levels of protein seen here are comparable to
levels of proinflammatory cytokines of stimulated pDC in published reports (Veckman
and Julkenen, 2008). Veckman et al. (2008) found stimulated pDC produced 0.15 ng/ml
TNF-α, 0.2 ng/ml IL-6, and 2 ng/ml IFN-α in cell supernatants 24 hours after stimulation
with influenza A virus. High levels of IFN-α in our non-pDC fraction indicate the
existence of contamination of the non-pDC cell fraction with a cell population (likely
pDC) that expressed high levels of IFN-α. As TLR9 ligand was used to stimulate cells in
both the non-pDC and pDC fractions of cells, only cells expressing TLR9 would be
activated. Cells that are TLR9 positive include pDC and B cells, and B cells would be
found in minimal numbers in the thymus. Thus, we conclude that a small, but
functionally significant number of pDC contaminated the non-pDC fraction of cells.
For reverse-transcription PCR, we routinely design primers and probes to overlap
two or more exons so that RT-PCR would only amplify the mRNA target, not genomic
DNA. However, this strategy was not useful for murine IFN-α because this gene
contains only a single exon. Therefore, we tried to remove genomic DNA by treating the
total nucleic acids with DNase and by selecting the mRNA with oligo-dT coated beads.
Despite these attempts, we were not able to completely remove genomic DNA as seen in
Figure 14. Similar amplification levels were seen for the sample with and without
reverse transcriptase. The use of multiple DNase treatments became too harsh for mRNA
and accordingly no RT-PCR amplification was seen (data not shown). In spite of the
strategy to test mRNA samples in the reaction with and without reverse transcriptase, we
have to accept at this time that we are not able to amplify INF-α mRNA copies with
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ensured specificity. This finding underscores the importance of careful design and
systematic analysis of appropriate controls to validate methods for the quantification of
mRNA targets, particularly those with single or two exons.
pDC isolated from the murine thymus were stimulated and activated to produce
pro-inflammatory cytokines (TNF-α, IL-6, and IFN-α), both in gene transcripts (in the
case of the former two) and protein found in the supernatant. It is evident, however,
based on the cytokine levels of unstimulated populations that the enrichment and
isolation procedures contributed to their activation, even in the absence of other
exogenous stimuli. Potentially, ligation of m-PDCA-1 by the sorting monoclonal
antibody during the enrichment process resulted in stimulation of pDC. Other
enrichment procedures will need to be developed that have a reduced effect on the
stimulation of pDC.
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CHAPTER 4

EFFECT OF STIMULATED THYMIC pDC ON THYMUS ORGAN CULTURE

Introduction
T cell development involves a series of complex events with distinct selection
processes to generate a T cell repertoire that is MHC-restricted and self-tolerant.
The study of T cell differentiation in vitro offers advantages over in vivo studies,
including the isolation of distinct selection events through monoclonal antibody
blockade, addition of recombinant cytokines, and avoidance of toxicity associated with
administered reagents. A few in vitro model systems are currently in use to study the
cellular interactions of thymopoiesis such as the culture of entire or reaggregated mouse
fetal thymic lobes and the culture of hematopoietic progenitors on a stromal cell line
(Ramsdell et al., 2006).
Thymus organ culture (TOC) is an in vitro system of culturing explanted murine
fetal thymuses to study the phenotypic and functional changes of developing thymocytes.
Thymus grafts are positioned at the interface of air and medium, to maximize the
exchange of gases and nutrients. The isolation of ex vivo T cell development allows for
manipulation of precise conditions without the confounding physiologic influences. TOC
systems are used to study central T-cell tolerance and the role of peptides in the
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differentiation of T cells (Ashton-Rickardt, 2007) and have been used to research
replication and pathogenesis of HIV-1 in the thymus (Meissner et al., 2003).
Very little research has studied the effect of stimulated thymic pDC on T cell
development. One study showed stimulated pDC, generated in vitro using thymic
precursor cells cocultured with the OP9-Jag1 cell line, had a deleterious effect on early T
cell development (Schmidlin et al., 2006). Baron et al. (2008) demonstrated the addition
of TLR ligands or IFN-α treatment to fetal thymus organ culture resulted in a blockade to
the early steps of thymopoiesis. To our knowledge, there exist no reports of effects of
stimulated pDC on thymopoiesis using freshly sorted pDC from thymus tissue. The
current study reports the effect of pDC, after TLR ligation on developing thymocytes in
TOC.

Materials and Methods
Thymus organ culture
For each experiment, the intact uteri were retrieved from two pregnant ICR mice
(20 days of gestation based on observation of vaginal plugging) immediately after
euthanasia by cervical dislocation. In some experiments, neonatal mice were obtained
within 12 hours of birth. The fetuses or neonates were placed on moist sterile gauze
under a dissecting microscope (6X magnification, Leica MZ6, Wetzlar, Germany). After
the heads were removed, the chest cavity was opened up with shallow incisions into the
sternum. The thymic lobes were located in the chest cavity and teased away from nearby
tissue, and then grasped using iris forceps and placed in sterile PBS in a petri dish on ice.
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Gelfoam sponges (Upjohn, Kalamazoo, MI) were cut with sterile surgical scissors
into 20 mm x 20 mm squares and placed in a 12 well plate. 1.5 or 2 ml of TOC media
(DMEM-10, 10% FBS, 2 mM L-glutamine, 100 U/ml Penicillin, 100 µg/ml
Streptomycin, 50 µM 2-mercaptoethanol) was added to each well to saturate Gelfoam
square sponges. A sterile Nucleopore polycarbonate membrane (Whatman, Florham
Park, NJ) was added to each Gelfoam sponge (Fig. 20). Four or five thymic lobes were
transferred to each Nucleopore membrane using iris forceps. One well received only
TOC media, a second received 70% conditioned media from stimulated pDC, a third well
received 70% conditioned media from unstimulated pDC, and a fourth well received
TLR9 ligand ODN1585 at 1 µM in TOC media. Thymuses were cultured for four days
at 37°C with 5% CO2. Two thymuses were reserved for initial phenotypic analysis and a
viable cell count was performed using the trypan blue exclusion test.
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Figure 20. Murine thymus organ culture model Upper panel: Thymus organ culture
set-up. Lower panel: Photograph of thymus organ culture experiment; showing
Gelfoam square in TOC medium with Nucleopore membrane. Needle is pointing to
thymus lobes dotting the surface of the membrane.

Flow cytometric analysis of thymopoiesis
Thymic lobes were removed from the Nucleopore membranes at the end of the
four-day incubation period using sterile iris forceps and placed in 500 µl sterile PBS. A
cell suspension was prepared through teasing the thymic lobes apart with two 25-gauge
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needles under the dissecting microscope. Cell suspensions were filtered through a 100
µm Falcon cell strainer (BD Biosciences, Franklin Lakes, NJ) and a cell count was
performed on each group. Cells were stained in 1.5 ml Eppendorf tubes with monoclonal
antibodies recognizing rat IgG2b-FITC (AbD Serotec, Raleigh, NC), CD4-Alexa700 (0.2
mg/ml) (eBioscience, San Diego, CA), CD8α-FITC (0.5 mg/ml) (eBioscience, San
Diego, CA), and incubated for 30 minutes in the dark on ice. Cells were washed twice
with the addition of 700 µl flow buffer (1X PBS, 2% FBS) and then centrifuged at 300 g
for 5 minutes at 4°C.

Thymocytes were resuspended in 500 µl flow buffer and analyzed

on a MoFlo cytometer (Dako Cytomation) with Summit software.

Neutralization Assay
Thymus organ culture was set up as previously described. Five thymic lobes were
transferred to each Nucleopore membrane, on a Gelfoam square in 560 µl TOC media.
Blocking antibodies used were anti-murine IFN-α (10µg/ml) (PBL Interferon Source,
Piscataway, NJ), anti-murine TNF-α (10µg/ml) (BioVision, Mountain View, CA), and
anti-murine IL-6 (1µg/ml) (BioVision, Mountain View, CA). Antibodies were added to
supernatant, incubated for 2 hours at 37°C and then transferred to appropriate TOC wells.
Three wells each received supernatants previously incubated with blocking antibodies
IFN-α, TNF-α and IL-6. A final well received supernatant incubated with all 3 antibodies
concurrently. Controls included one well that received only TOC media, and a second
well that received 70% conditioned media from stimulated pDC. TOC were cultured for
four days at 37°C with 5% CO2. Two thymuses were reserved for initial phenotypic
analysis. Following incubation, thymic lobes were removed from each well and a single
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cell suspension was prepared as described above. Thymocytes were stained using
antibodies recognizing rat IgG2b-FITC, CD4-Alexa700, CD8α-FITC as previously
described and analyzed on a MoFlo cytometer (Dako Cytomation) with Summit software.

Results
Phenotypic analysis
In this study, we tested the hypothesis that thymic pDC, activated through
TLR ligation, can alter the phenotype of developing thymocytes. Thymus organ cultures
were successfully maintained for 4 days and subsequently each treatment group was
analyzed by flow cytometry to identify specific phenotypic changes. Fresh thymocytes
were analyzed prior to TOC to establish an initial phenotypic profile of developing
thymocytes. The scatterplot of these thymocytes revealed a homogeneous population of
small and nongranular cells, typical of thymocytes (Fig. 21A). Fresh thymocytes were
predominantly (74%) a double positive (CD4+CD8+) phenotype , 6% were CD4 single
positive (CD4+CD8-), 3% were CD8 single positive (CD4-CD8+), and 17% were double
negative (CD4-CD8-) (Fig 21B). Thymocytes cultured in TOC after 4 days were larger
and more granular (Fig. 21C.) These thymocytes retained a primarily double positive
(CD4+CD8+) phenotype at 68.9%, while single positive CD4 cells increased to 9.2% and
single positive CD8 cells increased to 5.1%, and 16.7 % of cells were double negative
(Fig. 21D). Thymocytes from TOC that received 70% conditioned media from
stimulated pDC had a lower percentage (55%) of double positive cells, and higher
percentages of both single positive populations and double negative thymocytes (Fig.
21E). Thymocytes from TOC that received 70% conditioned media from unstimulated
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pDC resembled control TOC in phenotype with a higher percentage of double positive
(64.5%), and lower percentages of single positive CD4 and CD8 cells (Fig. 21F.) The
phenotype of thymocytes in TOC that received TLR9 ligand ODN1585 was 62% double
positive (CD4+CD8+), 8.8% CD4 single positive (CD4+CD8-), 10.5% CD8 single
positive (CD4-CD8+), and 18.4% double negative (CD4-CD8-) (Fig 21G).
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Figure 21. Flow cytometric analysis of fresh thymocytes, control and treatment groups of
TOC. Cells were stained with CD8α-FITC (FL1) and CD4-Alexa 647 (FL6) A.
Scatterplot of fresh thymocytes B. Fresh thymocytes C. Scatterplot of control
thymocytes in TOC after 4 days D. Control thymocytes in TOC after 4 days E. TOC
group received 70% conditioned media from stimulated pDC F. TOC group received
70% conditioned media from unstimulated pDC G. TOC received TLR9 ligand ODN
1585
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Thymocytes were recovered after the designated incubation period, and their
phenotype was determined using CD8α-FITC and CD4-Alexa647 or -Alexa700 to
evaluate the effect of conditioned media from stimulated pDC, unstimulated pDC, and
addition of TLR9 ligand. The percentage of double positive thymocytes (CD4+CD8+) in
TOC after 4 days was not significantly different than double positive thymocytes in a
fresh thymus (Fig.22). Furthermore, treatment with media of stimulated pDC,
unstimulated pDC, or TLR9 ligand had no significant effect on the percentage of double
positive thymocytes (Fig. 23). The percentage of CD4 single positive population
(CD4+CD8-) in TOC after 4 days, however, was greater than the percentage of those in a
fresh neonatal thymus (Fig. 24). The percentage of CD4+ thymocytes in TOC that
received conditioned media from stimulated pDC was significantly increased compared
with TOC that received conditioned media from unstimulated pDC (Fig. 25).
Percentages of CD4+ thymocytes in TOC that received conditioned media from
unstimulated pDC were significantly decreased compared with TOC control (Fig. 25).
When the percentage of CD8 single positive (CD4-CD8+) and double negative (CD4CD8-) was examined, no significant different was found compared to these thymocyte
populations in a fresh thymocytes (Fig. 26, 28 respectively). Treatment groups had no
effect on the percentage of CD8 single positive (CD4-CD8+) and double negative (CD4CD8-) (Fig. 27, 29 respectively).
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Figure 22. Percentage of double positive (CD4+CD8+) thymocytes in thymus organ
culture compared with fresh thymus. The percentage of double positive (CD4+CD8+)
thymocytes in 4 days of thymus organ culture was not significantly different from the
percentage of these cells in fresh thymus. Bars represent the medians of 4 replicates.
Antennae represent the interquartile range. Medians were compared using the MannWhitney U test, with P<0.05 considered significant.
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Figure 23. Treatment of TOC with supernatants from stimulated pDC, unstimulated
pDC, or TLR9 ligand had no effect on the percentage of CD4+CD8+ thymocytes after 4
days in TOC. Bars represent the medians of 4 replicates. Antennae represent the
interquartile range. Medians were compared using the Mann-Whitney U test, with
P<0.05 considered significant.
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Figure 24. The percentage of single positive CD4 thymocytes (CD4+CD8-) after 4 days
in thymus organ culture was significantly greater than the percentage of these cells in
fresh thymus. Bars represent the medians of 4 replicates. Antennae represent the
interquartile range. Medians were compared using the Mann-Whitney U test, with
P<0.05 considered significant.
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Figure 25. Treatment of TOC with supernatants from stimulated pDC, unstimulated
pDC, or TLR9 ligand showed a significant reduction in CD4+CD8- cells in TOC treated
with unstimulated pDC supernatant when compared with untreated TOC. In addition,
CD4+CD8- thymocyte percentages were significantly higher in TOC receiving stimulated
pDC and TOC stimulated directly with TLR ligand when compared with TOC receiving
unstimulated pDC supernatants. Bars represent the medians of 4 replicates. Antennae
represent the interquartile range. Medians were compared using the Mann-Whitney U
test, with P<0.05 considered significant.
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Figure 26. The percentage of single positive CD8 thymocytes (CD4-CD8+) after 4 days
in thymus organ culture was not significantly different from the percentage of these cells
in fresh thymus. Bars represent the medians of 4 replicates. Antennae represent the
interquartile range. Medians were compared using the Mann-Whitney U test, with
P<0.05 considered significant.
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Figure 27. Treatment of TOC with supernatants from stimulated pDC, unstimulated
pDC, or TLR9 ligand had no effect on the percentage of CD4-CD8+ thymocytes after 4
days in TOC. Bars represent the medians of 4 replicates. Antennae represent the
interquartile range. Medians were compared using the Mann-Whitney U test, with
P<0.05 considered significant.
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Figure 28. The percentage of double negative thymocytes (CD4-CD8-) after 4 days in
thymus organ culture was not significantly different from the percentage of these cells in
fresh thymus. Bars represent the medians of 4 replicates. Antennae represent the
interquartile range. Medians were compared using the Mann-Whitney U test, with
P<0.05 considered significant.
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Figure 29. Treatment of TOC with supernatants from stimulated pDC, unstimulated
pDC, or TLR9 ligand had no effect on the percentage of CD4-CD8- thymocytes after 4
days in TOC. Bars represent the medians of 4 replicates. Antennae represent the
interquartile range. Medians were compared using the Mann-Whitney U test, with
P<0.05 considered significant.

We had earlier quantified cytokines TNF-α, IL-6, and IFN-α in the supernatants
of media of stimulated pDC. To test our hypothesis that these cytokines in the
supernatant of conditioned media altered thymopoiesis, we employed blocking antibodies
to TNF-α, IL-6, and IFN-α. Anti-murine TNF-α, IL-6, and IFN-α were added to the
supernatant of activated pDC and incubated prior to addition to TOC. The phenotype of
fresh thymocytes and control TOC thymocytes was primarily double positive
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(CD4+CD8+) at 75% and 68.5% respectively, as described previously. The treatment
group with the lowest percentage of double positive (59%) was the TOC that received
70% conditioned media from stimulated pDC (Table 3) (Fig. 30). This same group also
had the highest percentage of CD4 single positive thymocytes (15.6%) (Table 3) (Fig.
30). Treatment groups that received supernatant neutralized with blocking antibodies had
higher percentages of double positive thymocytes than the group that received 70%
conditioned media from stimulated pDC without blocking antibodies. The group that
received anti-IFN-α, and the group that received all three antibodies had percentages of
double positive thymocytes comparable to the control TOC group (Table 3) (Fig.30).

DP
(CD4+CD8+)

SP
(CD4+CD8-)

SP
(CD4-CD8+)

DN
(CD4-CD8-)

Control fresh
thymocytes

75%

6.1%

2.9%

17.1%

Control
thymocytes 4
days

68.5%

11.8%

6.1%

13.6%

70% Cond
Media Stim
pDC

59%

15.6%

6.8%

18.5%

Block TNF-α

64.9%

10.5%

10.1%

14.6%

Block IL-6

65.2%

10.4%

7.7%

16.7%

Block IFN-α

69.99%

5.1%

12.5%

12.4%

Block TNF-α,
IL-6, IFN-a

69.3%

8.6%

8.4%

13.7%

Table 3. Frequency of double positive, single positive, and double negative thymocytes in
TOC, following neutralization of conditioned media with blocking antibodies against
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TNF-α, IL-6, and IFN-α. A single blocking experiment was conducted; therefore, no
statistical analysis was performed. However, there is a clear trend to indicate that
blockade of IL-6, TNF-α, or IFN-α, or the simultaneous blockade of all three, to abrogate
the effect of stimulated pDC on thymopoiesis.

6.1 75
17.1 2.9

11.8 68.5
13.6 6.1

B

A
CD4

10.5 64.9
14.6 10.1

15.6 59
18.5 6.8

D

C

CD8α
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10.4 65.2
16.7 7.7

5.1 69.9
12.4 12.5

F

E
CD4
8.6 69.3
13.7 8.4

G
CD8α

Figure 30. Addition of blocking antibodies TNF-α, IL-6, and IFN-α to TOC. A. fresh
thymocytes, B. control thymocytes 4 days, C. TOC received 70% conditioned media
from stimulated pDC, D. TOC received supernatant incubated with blocking antibody
TNF-α, E. TOC received supernatant incubated with blocking antibody IL-6, F. TOC
received supernatant incubated with blocking antibody IFN-α, G. TOC received
supernatant incubated with blocking antibodies TNF-α, IL-6, and IFN-α.
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Discussion
Plasmacytoid dendritic cells are the major producers of type I interferons and proinflammatory cytokines, and thereby regulate and activate numerous other cell types in
the immune system. Their role in the thymus and effect on thymocytes is a subject
continuing to be examined and not clearly defined. Type I interferons have been reported
to inhibit early T cell development, exerting an effect on immature CD4-CD8CD44+CD25+ thymocytes (Lin et al., 1998). In the present study, we examined whether
the products of stimulated pDC, type I interferon and pro-inflammatory cytokines, would
inhibit thymopoiesis in thymus organ culture. Results of this study suggest that the
secreted products in the supernatant of stimulated pDC have an effect on developing
thymocytes. Our neutralization assay with blocking antibodies provided preliminary
evidence to suggest that each of the evaluated cytokines had deleterious effects on
thymopoiesis. Repeat experiments are needed to confirm that the trend is significant.
TOC treatment groups that received supernatant from stimulated pDC and those
that received TLR9 ligand had significantly higher percentages of CD4 single positive
(CD4+CD8-) thymocytes compared with TOC treatment groups that received supernatant
from unstimulated pDC. No significant differences were observed between these same
groups between percentages of double positive, CD8 single positive, and double negative
thymocytes. These results suggest the accumulation of CD4+ thymocytes may be due to
an accelerated process of thymopoiesis or a disproportionate production of CD4+ cells.
However, it is also possible that the proportionate increase in single positive CD4 cells
was the net effect of a global reduction in other thymocyte phenotypes, which were not
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statistically significant when analyzed individually. The increase in double negative
thymocytes in the TOC treatment groups that received conditioned supernatant from
stimulated pDC and TLR9 ligand may indicate a perturbation in thymopoiesis, possibly a
blockade from the double negative stage to the double positive stage. This interpretation
would be consistent with the reported arrest of thymopoiesis at the DN phenotype
induced by IFN-α (Lin et al., 1998).
A previous study found that pDC, activated by CpG or HIV-1, affected the
development of CD34+CD1a- thymic progenitor cells into T cells (Schmidlin et al.,
2006). Additionally, the same study showed the addition of exogenous IFN-α blocked
upregulation of cell surface markers associated with T cell development. The pDC
stimulated in that study were generated in vitro by culturing CD34+CD1a- thymic
progenitor cells with the OP9 bone marrow stromal cell line (Schmidlin et al., 2006). In
contrast, our study used native thymic pDC isolated from thymus tissue, which would be
expected to provide a more realistic assessment of thymic pDC function.
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CHAPTER 5

CONCLUSIONS

Dendritic cell biology has grown tremendously since the discovery and naming of
these cells by Steinman and Cohn in 1973 (Steinman and Cohn, 1973). After more than
three decades, dendritic cells have emerged as a key cell type in both innate and adaptive
immunity, playing central roles in initiating antigen-specific T cell responses, induction
of tolerance, and stimulation of other innate immune cells. Subsets of dendritic cells
have been elucidated and localize in peripheral tissues, primary and secondary lymphoid
tissues and blood. In the last ten years, one of the most unique lineages of dendritic cells,
plasmacytoid dendritic cells, has gained increased interest for their large secretion of
cytokines and ability to activate and promote other cell types. Plasmacytoid dendritic
cells have emerged as key immune cells linking innate and adaptive immunity. There are
numerous studies characterizing blood pDC, and pDC found in peripheral tissues in the
human and the mouse. In the present study, we examined whether murine pDC isolated
from the thymus modified thymopoiesis through their production of pro-inflammatory
cytokines and type I interferons. Several experiments were employed to test this
hypothesis: 1. Isolation of pDC from the murine thymus and determine the phenotype of
these cells using specific dendritic cell markers; 2. Stimulation of thymic pDC and nonpDC cells and measurement of cytokine mRNA transcription and protein secretion; 3.
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Measurement of phenotypic changes in developing thymocytes in culture with
conditioned media from stimulated thymic pDC. Murine pDC were enriched from the
thymuses of ICR mice through a novel serial process of mechanical disruption, enzymatic
digestion, density gradient centrifugation and positive selection using mPDCA-1 mAb
coated magnetic beads. Thymic pDC were stained with monoclonal antibodies specific
to myeloid and plasmacytoid dendritic cells and analyzed by flow cytometry. We
confirmed the phenotype of murine thymic pDC (CD4+CD11c+CD123+m-PDCA-1+) to
be consistent with published reports of blood and peripheral pDC in the mouse (Bjorck,
2001; Schmitt et al., 2007). Two subsets of murine dendritic cells were identified in the
low density cell fraction using cell surface markers CD11c and m-PDCA-1. Myeloid or
conventional dendritic cells comprised approximately 4% of low density cells, and
plasmacytoid dendritic cells made up almost 2% of low density cells. Our determination
of the frequency of pDC in total thymocytes is consistent with published findings
(Asselin-Paturel et al., 2003). We were able to use negative selection through FACS to
enrich pDC, although this process provided a lesser yield of pDC and was lengthy and
costly. However, despite the lower yield, a negative selection approach may reduce the
likelihood of inadvertent activation of pDC during the enrichment process. Using the
murine-specific pDC marker m-PDCA-1, we used positive selection using MACS, which
gave us a greater yield of pDC per experiment compared to the yield of pDC using
FACS, albeit at a moderately activated state based on basal levels of cytokine secretion.
In order to test our hypothesis that products of virus-activated pDC would inhibit
or alter thymopoiesis, we first undertook several experiments to stimulate thymic pDC
with TLR ligands. The results of our stimulation experiments revealed a pattern where
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TNF-α and IL-6 transcripts peaked at 6 hours post stimulation, and protein levels of TNFα, IL-6 and IFN-α were highest 24 hours post stimulation with TLR9 ligand.
Amplification of the murine IFN-α mRNA target proved difficult due to the fact that the
murine IFN-α gene has one exon. pDC were successfully stimulated, however, as they
produced large quantities of TNF-α and IL-6 protein compared to non-pDC cells. Levels
of cytokines produced by thymic pDC were found to be similar to published reports of
stimulated pDC (Veckman and Julkunen, 2008). To test our overall hypothesis that
virus-activated pDC interfere with thymopoiesis through their production of cytokines,
we introduced the supernatant from stimulated and unstimulated pDC into a thymus
organ culture system. The thymus organ cultures that received conditioned supernatant
from stimulated pDC had a significant increase in percentage of CD4+CD8- thymocytes
and had lower numbers of CD4+CD8+ thymocytes when compared to thymus organ
cultures that received supernatant from unstimulated pDC or TLR9 ligand alone. While
the changes in other thymocyte populations were not statistically significant in the
thymus organ cultures that received conditioned media from stimulated pDC, there was a
trend of reduction in overall percentages of thymocytes, particularly the double positive
phenotype, when compared with TOC that received conditioned media from unstimulated
pDC or control groups. These results indicate that the secreted products of stimulated
pDC alter thymopoiesis in this ex vivo model system. Further experiments are necessary
to elucidate which cytokine or combination of cytokines exerts this effect on the events of
normal thymocyte development. These data could help in the overall understanding of
thymus dysfunction in the context of lentivirus infection, and lead to possible therapeutic
options in the future.
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While it is established that type I interferons comprise numerous roles in the
overall immune response, their exact role in the thymus and effect on thymopoiesis is
unclear. It has been reported that IFN-α has a detrimental effect on developing
thymocytes. Lin et al. (1998) found IFN-α exerted toxic effects on the early stages of
both B and T cell development and the overall cellularity of the thymus. Exogenously
added IFN-α inhibited the IL-7-induced proliferation of triple negative (TN) thymocytes
(Su et al., 1997), and impaired the upregulation of T-cell development cell surface
markers on CD34+CD1a- thymic precursors (Schmidlin et al., 2006). The latter report
made use of a coculture system of thymic progenitor cells and bone marrow stromal cell
line to culture pDC and stimulate them with CpG or HIV-1 virus.
Large quantities of TNF-α and IL-6 produced by our stimulated pDC may also
impair thymopoiesis as seen in our thymus organ culture studies. While both of these
cytokines have a role in the growth of thymocytes (Ranges et al., 1988, Suda et al. 1990),
IL-6 has also been reported to induce thymic atrophy and decrease thymic sjTRECs
(Gruver and Sempowski, 2008; Sempowski et al., 2000). Thus, multiple products of
activated pDC may contribute to the pathogenesis of thymus dysfunction in the murine
TOC system.
While it is established that human pDC produce copious amounts of type I
interferons, we surprisingly found that murine thymic pDC produced greater quantities of
TNF-α and IL-6 protein compared with IFN-α protein. Thymic pDC may represent a
unique lineage of pDC with a distinct role in the thymus through their production of
TNF-α and IL-6. These two cytokines may indeed have a functional role in thymopoiesis
but in large quantities prove toxic to the growth of developing thymocytes. Repeated
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experiments are needed in additional strains of mice to determine if our findings were
strain-specific. Asselin-Paturel et al. (2003) found 129Sv mice had higher frequencies of
pDC in blood and spleen, when compared to C57BL/6 mice.
Overall, the preceding research shows that the secreted products of stimulated
thymic pDC have a negative effect on the events of thymopoiesis. Lower percentages of
double positive thymocytes were observed in TOC that received conditioned media from
stimulated pDC, while these same TOC had significantly higher percentages of CD4
single positive thymocytes compared to other TOC treatment groups. The preliminary
results of the neutralization assay with blocking antibodies to TNF-α, IL-6 and IFN-α
lend support to the idea that the protective cytokines produced by pDC can also be
harmful to natural physiological processes in large quantities or during a state of chronic
activation. Further studies are necessary to confirm these findings and elucidate the
specific product or combination of products secreted by thymic pDC that alter
thymopoiesis. This basic mechanism could then be targeted therapeutically in
conjunction with antiviral therapy to diminish overall thymus dysfunction.
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