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DAVID J KAHLER 

Murine CD19+ Plasmacytoid Dendritic Cells Expressing lndoleamine 2,3 Dioxygenase 

(Under the direction of ANDREW L MELLOR) 

lndoleamine 2,3 Dioxygenase (IDO) is a potent immunomodulatory enzyme whose 

role has been described in diverse physiologic states\ including pregnancy, cancer, 

tissue transplants, autoimmune disease, chronic inflammation, and depression. IDO 

suppresses antigen specific T cell proliferation via mechanisms including tryptophan 

degradation and the production of toxic metabolites, and the activation of resting 

regulatory T cells (Tregs). IDO expression is tightly regulated in the murine spleen, as 

only rare dendritic cell (DC) subsets are competent to express IDO. Therefore, an 

accurate phenotype by which to identify IDO competent DCs in tissues is important 

when ascribing the role of IDO competent DCs in disease models. Here we show that 

IDO competent CD19+ pDCs (CD19+ pDCs) express high levels of costimulatory 

receptors (CD80 I CD86) under homeostatic conditions indicating a mature or activated 

phenotype and uniquely express the Class I MHC-like molecule CD1d, and the 

chemokine receptor CCR6. IDO competent pDCs do not share the same lineage as 

other murine splenic DCs as they were the only DC subset to express Pax5, and were 

present in reduced numbers in murine models of 8 cell development indicating that they 

develop from 8 cell precursors. Distinct signaling requirements regulate IDO induction in 

IDO competent pDCs as MyD88 was required for IDO induction and function in inflamed 



skin draining lymph nodes following phorbol myristate acetate application but not for I DO 

transcript expression or STAT1 or STAT2 protein phosphorylation following treatment 

with recombinant cytokines. CD19+ pDCs from wr mice but not mice genetically 

deficient for the IDO1 gene formed stress granules (SG) following treatment with IFNy, 

which were not prevented by inhibitors of IDO activity indicating that SG formation was 

not IDO dependent. We hypothesize that IDO competent murine splenic pDCs uniquely 

expressing CD19 are phenotypically and functionally distinct from other splenic DC 

subsets and respond to inflammatory signals by expressing IDO. We further hypothesize 

that activated IDO causes distinct yet undefined biochemical changes within IDO 

competent pDCs following induction most probably by activating the integrated stress 

response and the eif2a kinases GCN2, PKR, and PERK. 

INDEX WORDS: IDO, CD19+ pDC, Pax5, MyD88, PMA, Type I IFN, Type II IFN, 

STAT1, STAT2, 1DMT, Tryptophan, Stress Granules, G3BP. 
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I. INTRODUCTION 

A. Statement of the Problem 

lndoleamine 2,3 Dioxygenase (IDO) is an immunomodulatory enzyme whose activity 

has been described in diverse physiologic states which include pregnancy, tumor 

tolerance, tissue transplants, autoimmune disease, chronic inflammation, and 

depression. IDO is a potent and dominant suppressor of antigen specific T cell 

proliferation mediated in part by the degradation of the essential amino acid tryptophan 

and the production of toxic metabolites. IDO has also been shown to activate resting 

regulatory T cells (Tregs) providing another mechanism for its potent immunomodulatory 

effects. Though IDO is expressed constitutively in tissues exposed to mucosal surfaces, 

expression of IDO by Dendritic Cells (DC) in lymphoid tissue is tightly regulated. 

Moreover, only rare DC subsets are competent to express IDO. Therefore, an accurate 

phenotype by which to identify IDO competent DCs in tissues is important when 

designing experiments to test the role of IDO in disease models. We have identified a 

murine splenic IDO competent DC subset uniquely expressing the B cell markers 8220 

and CD19 and hypothesized that this rare DC population was phenotypically and 

functionally distinct from other DC subsets present in the spleen. We further 

hypothesized that because these IDO competent DCs expressed B cell markers that 

they developed from B cell precursors. Therefore two main goals of this project were to 

define the phenotype and the lineage of these rare and unique IDO competent DCs. 

14 
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Because IDO expression is tightly regulated, we are attempting to decipher the 

components of signaling pathways leading to IDO expression in specialized IDO 

competent CD19+ pDCs. Specifically, we investigated the role of MyD88 adaptor protein 

which is essential for IFNa. production following TLR9 ligation. We hypothesized that 

because IFNa. is the obligate inducer of IDO in IDO competent DCs, MyD88 would be 

required for IDO expression. 

While the effects of IDO on T cells has been described and is under active research, 

few studies have specifically addressed the effects of IDO expression on the cells that 

actually produce enzyme. IDO activity degrades tryptophan and activates cellular stress 

response pathways leading to diverse molecular outcomes. We hypothesized that one 

such outcome was the attenuated translation of housekeeping mRNA and subsequent 

formation of Stress Granules (SG) mediated in part by the RNA binding Ras-GTPase 

activating protein G3BP. SG formation can be detected by fluorescent microscopy and 

represents a novel technique by which to detect the downstream effects of IDO in cells 

expressing the enzyme. 
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B. Literature Review 

1. IDO biochemistry and enzymology 

lndoleamine 2,3-dioxygenase (EC1.13.11.17) is one of two conserved heme

containing enzymes in mammals that catalyze the initial and rate-limiting step in 

oxidative degradation of the essential amino acid tryptophan along the kynurenine 

pathway (Taylor et al 1991; Mellor et al 1999). IDO degrades substrates containing 

indole rings such as L- and D-tryptophan and the neurotransmitter serotonin (Myint et al 

2003). Unlike IDO, tryptophan 2,3-dioxygenase (TOO, EC1.13.11.11) is specific for L

tryptophan only, is expressed exclusively in liver in response to glucocorticoids, and is 

thought to regulate dietary tryptophan levels in serum (Salter et al 1995; Liao et al 2007). 

Currently, TOO expression has not been detected in DCs and will not be discussed 

further. 

I DO is expressed constitutively in tissues with large mucosal surfaces, sites of 

infection and tumor growth, and in chronically inflamed tissues associated with allergic 

and autoimmune disease syndromes. However, only a few cell types express IDO in 

these tissues (Yamamoto et al 1967; Keith et al 1985; Munn et al 1998; Friberg et al 

2002; Hayashi et al 2004; Popov et al 2006; Saxena et al 2007). Under homeostatic 

conditions, IDO expression is tightly regulated and factors such as post-translational 

modifications, absence of co-factors such as hemin, and reactive oxygen species (ROS) 

and the presence of natural IDO inhibitors such as Nitric Oxide (NO) may inactivate IDO 

enzyme activity (Thomas et al 1999; Dang et al 2000; Braun et al 2005). 

IDO is induced in specialized DC subsets by inflammatory signals such as type I 

(IFNa/13) and type II (IFNy) interferons (IFN) and reagents that induce inflammation and 

IFN production. Toll-like receptor 9 (TLR9) ligands in the form of short unmethylated CG 



17 

oligodexynucleotide sequences (CpG), which mimic bacterial DNA, mediate IFNa 

production in pDCs that is dependent on IRF7:Myd88 interactions (Krieg et al 1995; 

Vollmer et al 2004; Honda et al 2005a; Honda et al 2005b; Mellor et al 2005). Several 

additional TLR ligands such as lipopolysaccharide (LPS), a TLR4 ligand which mimics 

bacterial cell wall components and polyinosinic-polycytidylic acid (PIC), a TLR3 ligand 

which mimics viral double-stranded RNA have been reported to induce IDO through IFN 

dependent mechanisms (Fujigaki et al 2001; Suh et al 2007). Synthetic fusion proteins 

generated from the extracellular domains of murine CTLA4, CD200, CD28, or GITR and 

the Fe portion of murine lg istotypes induce IFNa production though signaling pathways 

which are not well defined (Fallarino et al 2004; Baban et al 2005; Mellor et al 2005; 

Grohmann et al 2007). Synthetic fusion proteins bind and crosslink B7 molecules (CDB0 

and CD86) on the surface of DC and mimic the physiologic interactions between DCs 

and T cells (Mellor et al 2004a). Multiple factors are known to affect the ability of IDO 

competent pDCs to express functional IDO and include mouse strain, sequence and 

isotype of reagents, route of administration, length of time between enrichment and 

plating, methods of DC enrichment, and even the architecture and chemical composition 

of labware used for in vitro experiments (unpublished observations) (Sharma et al 2007; 

Kahler et al 2009). 

Pharmacologic inhibitors of IDO have been identified. 1-methyl-tryptophan (1 MT) is a 

competitive reversible IDO inhibitor commonly used in standard (cell-free) enzyme 

activity assays (Cady et al 1991; Sakurai et al 2002; Travers et al 2004; Hou et al 2007; 

Ou et al 2007). The D-isomer of 1 MT (1 DMT) was shown to be less toxic and more 

effective at rescuing T cell responses normally suppressed by IDO. 1 DMT is currently 

being evaluated as a potential tumor vaccine adjuvant treatment in cancer patients. 
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Brassinin (3-(S-methyldithio carbamoyl) aminomethyl indole), a natural plant product, 

and its synthetic derivative, 5-bromobrassinin (5-Br-brassinin) are novel compounds that 

also inhibit IDO activity directly (Bane~ee et al 2007). A detailed discussion on IDO 

inducers and inhibitors is covered elsewhere (Kahler et al 2009). 

2. Signaling pathways leading to /DO induction in IDO competent pDCs 

Type I interferons (IFNs) bind a common surface receptor known as the type I IFN 

receptor consisting of two subunits (IFNAR1, IFNAR2), which are associated with the 

Janus activated kinases 1 (JAK1) and the tyrosine kinase 2 (TYK2) (Fig. 1). Binding of 

type I IFN to its receptor induces the formation of STAT1:STAT1 homodimers and 

STAT1:STAT2 heterodimers which associate with IFN-regulatory factor 9 (IRF9) to form 

IFN-stimulated gene (ISG) factor 3 complexes (ISGF3). Activated STAT complexes 

translocate to the nucleus and bind Interferon Stimulated Response Elements (ISRE) in 

DNA to initiate gene transcription. Type I IFNs produce additional STAT complexes but 

their role in IDO induction has not been demonstrated (Platanias 2005). Type II IFN 

binds to a distinct cell-surface receptor (IFNGR1, IFNGR2), which is associated with 

JAK1 and JAK2 and induces the formation of STAT1:STAT1 homodimers that 

translocate to the nucleus and bind Gamma Interferon Associated Sites (GAS) in IDO 

promoters. IFN induced STAT signaling induces the expression of negative regulators of 

STAT signaling including Suppressor of Cytokine Signaling (SOCS) as a feedback 

control mechanism to prevent unrestrained gene expression. (Yoshimura et al 2007). 

IDO induction in pDCs following treatment with CD28-lgG required siRNA silencing of 
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SOCS3 indicating that 100 expression is tightly controlled in specific DCs via distinct 

mechanisms (Fallarino et al 2005; Orabone et al 2005). 

, 
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3. Murine IDO competent DCs 

Many diverse physiologic and cultured cell populations in humans and mice are 

capable of expressing IDO under specific inflammatory conditions (Thomas et al 1994; 

Alberati-Giani et al 1996; Munn et al 1998; Munn et al 1999; van Wissen et al 2002; 

Mackler et al 2003; Odemuyiwa et al 2004; Beutelspacher et al 2006; Serbecic et al 

2006; Tsoumakidou et al 2006; Mahanonda et al 2007; Sharma et al 2007). Human IDO 

competent DCs have been described and include monocyte-derived DC expressing 

CD83, COBO, CD86, HLA-DR, CD123 and CCR6 up-regulated IDO following treatment 

with IFNy (Munn et al 2002). Plasmacytoid dendritic cells (pDCs) enriched from 

peripheral blood mononuclear cells (PBMC) expressing CD123+, CD4, and BDCA2 

expressed IDO when exposed to AT-2 inactivated HIV (Boasso et al 2005; Boasso et'al 

2007). 

Our research is focused on a rare subset of IDO competent pDCs present in the 

spleen and Lymph Nodes (LN) of mice. IDO competent pDCs have been described by 

several groups in the literature. Splenic DCs expressing CD11 c, 8220, CD8a, and DX5 

expressed functional I DO and blocked clonal expansion of T cells following exposure to 

cloned CTLA4+ regulatory T cells (Tr1 D1) or the synthetic immunomodulatory reagent 

CTLA4-lgG (Mellor et al 2003; Mellor et al 2004a). Magnetic bead enriched and sorted 

CD11 c+CD8a+ DCs expressed IDO when treated with IFNy (Fallarino et al 2002b; Kim 

et al 2007; Lee et al 2007). CD8a+ DC purified from the spleens of normal mice 

tolerized the Th2 responses of cells from asthma phenotype mice through IDO 

dependent mechanisms (Gordon et al 2005). 

By using sorted DC subsets and sensitive functional assays to detect suppression of 

antigen specific T cell proliferation, we have found that CD19 is the most useful and 
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unique marker identifying IDO competent pDCs in the spleen and tumor-draining lymph 

nodes (TDLNs) of mice bearing melanomas. JOO competent DCs sorted from the spleen 

or TDLNs expressed the S cell marker CD19 (Munn et al 2004a; Saban et al 2005; 

Mellor et al 2005). IDO competent CD19+ pDCs from the murine spleen, and tumor 

draining lymph nodes constitutively expressed high levels of the chemokine receptor 

CCRS (Munn et al 2002; Munn et al 2004a; Manlapat et al 2007). 

Conventional pDCs, identified as CD11 cLow s220+, do not express CD19, CD11 b, or 

CD8a but do express the additional markers 120GB, mPDCA1, LySC+, CD4+, and L49Q 

(Asselin-Paturel et al 2001; Asselin-Paturel et al 2003; Krug et al 2004; Sarchet et al 

2005a; Sarchet et al 2005b; Kamogawa-Schifter et al 2005). pDC are most commonly 

recognized as the natural or major type I IFN producing cells following exposure to TLR9 

ligands (Honda et al 2005b). Conventional pDCs have been reported to express JOO 

following S7 ligation using the synthetic fusion proteins described above in various 

mouse models (Grohmann et al 2002; Fallarino et al 2004; Fallarino et al 2005). 

However, these studies were conducted on DC fractions enriched using magnetic beads 

conjugated to CD11 c, S220, and CD8a and did not account for the presence or absence 

of CD19+ pDCs in the experimental. 
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4. IDO competent pDCs suppress activated T cells 

IDO competent pDCs acquire potent and dominant T cell suppressor functions when 

induced to express IDO. Mechanisms proposed to account for IDO's suppressive 

functions include tryptophan depletion and the production of toxic downstream 

metabolites. Activated T cells may sense and respond to reduced levels of free 

tryptophan via the general control of non-derepressible-2 (GCN2)-kinase, a member of a 

family of eif2-a; kinases involved in the integrated stress response (ISR). The GCN2 

kinase is activated in the presence of uncharged tRNA, and phosphorylates the eif2a; 

kinase thus blocking formation of the elF2a-GTP-tRNAMet initiator complex and 

repressing the translation of housekeeping mRNAs in favor of mRNAs containing open 

reading frames (ORF). Translation of Activating Transcription Factor (ATF) family (ATF4, 

A TF6) members result in the induction of the downstream genes encoding proteins with 

specialized functions such as the CCAAT/enhancer-binding protein homologous protein 

(CHOP or GADD153) (Dong et al 2000; Harding et al 2000a; Wek et al 2006). We have 

shown that IDO induced CHOP expression and anergy in responding wild-type T cells, 

but not in GCN2-KO T cells (Munn et al 2005). 

T cells may also be sensitive to downstream tryptophan metabolites which have 

been shown to enhance T cell apoptosis (Fallarino et al 2002a; Frumento et al 2002; 

Temess et al 2002; Mellor et al 2004b; Bauer et al 2005; Fallarino et al 2007). A recent 

study reported that the downstream metabolite 3-Hydroxyanthranilic acid (HAA), induced 

T cell apoptosis by inhibiting NF-KB activation via binding to PDK 1, an essential 

mediator of CD28-induced NF-KB activation in T cells activated by TCR engagement 

(Hayashi et al 2007). Another study demonstrated the immunosuppressive effects of 

kynurenine and HAA in a model of vascularized composite tissue allotransplantation 
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(Radu et al 2007). Taher et al reported that during immunotherapy, the tryptophan 

metabolites kynurenine, 3-hydroxykynurenine, and xanthurenic acid generated through 

IDO contributed to tolerance induction regarding TH2-dependent allergic airway 

inflammation (Taher et al 2008). Synthetic tryptophan metabolites showing structural 

similarity to the kynurenines reduced· disease severity in animal models of multiple 

sclerosis, in part, by inducing T cell tolerance (Platten et al 2006). Evidence exists to 

support each hypothesis for the mechanisms of IDO mediated T cell suppression, and 

these mechanisms are not mutually exclusive. However, most studies were performed 

ex vivo and it is not yet clear if the same mechanisms occur under physiologic 

conditions. 

5. IDO competent pDCs activate Regulatory T cells 

IDO competent pDCs comprise a low proportion of total DCs and an even lower 

proportion of total cells present in the spleens or LN of mice. It is therefore unlikely that 

their ability to mediate dominant, antigen specific T cell suppression relies exclusively on 

the global depletion of tryptophan and the effects of the resulting downstream production 

of toxic metabolites. This would suggest that IDO competent pDCs activate other T cell 

suppressive mechanisms. One such mechanism is CD4+CD25+ Regulatory T cells 

(Tregs), which comprise only a minor subset (-5-10%) of CD4+ T cells and are potent T 

cell suppressors (Sakaguchi 2005; Shevach et al 2006). Tregs are unique amongst T 

cells in that they express CTLA4 stably at the cell surface and do not normally exhibit 

constitutive suppressor activity thus requiring activation to acquire suppressor functions 

(Thornton et al 2004; Mahnke et al 2007). Synthetic soluble CTLA4 (CTLA4-lg) mimics 
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the CTLA4 expression by Tregs and induces IDO expression in IDO competent pDCs 

(Grohmann et al 2002; Fallarino et al 2003; Mellor et al 2004a). 

Fallarino et al. reported that IDO competent pDCs enhanced in vitro Treg 

differentiation from na'ive CD4 precursors via GCN2-dependent tryptophan depletion and 

tryptophan metabolites (Fallarino et al. 2006). Sharma et al demonstrated several unique 

characteristics of IDO activated Tregs (Sharma et al 2007). Tregs isolated from TDLNs 

of mice bearing melanomas were constitutively activated, and possessed more potent 

suppressor functions than Tregs activated by standard mitogenic anti-CD3 treatment. 

Moreover, IDO activated Tregs were uniquely dependent on the PD-1 pathway for 

activation of suppressor functions as antibodies that blocked interactions between PD-1 

and its ligands (PD-L 1 and PD-L2) rescued T cell responses in in vitro assays. Tregs 

isolated from TDLNs of mice bearing melanomas also possessed the ability to induce 

na'ive splenic Tregs to acquire potent suppressor functions. Taken together, these 

results indicate that activation of Tregs by IDO represents a powerful mechanism by 

which to suppress T cell responses. 

6. Clinical implications of IDO activity in disease states 

The combined mechanisms of tryptophan degradation, downstream production of 

toxic metabolites, leading to T cell suppression and activation of Tregs, provide clues on 

how rare populations of IDO expressing DCs can mediate potent immunomodulatory 

effects, and provide compelling reasons to identify IDO competent DC subsets in 

lymphoid tissues. IDO's immunomodulatory role in diverse physiologic states can be 

conceptualized as a doubled edged-sword providing both beneficial and detrimental 

effects to an organism. Examples of the beneficial aspects of IDO expression are 
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observed in the prevention of undesirable activation of the immune system towards 

paternally inherited fetal antigens by the maternal immune system (Munn et al 1998; 

Mellor et al 2001 a; Mellor et al 2001 b; Mellor et al 2002; Honig et al 2004; Ligam et al 

2005). IDO's immunomodulatory role in cases of tissue and stem cell transplantation has 

also been described (Beutelspacher et al 2006; Brandacher et al 2007a; Brandacher et 

al 2007b; Hainz et al 2007a; Hainz et al 2007b; Seveno et al 2007; Yang et al 2007; 

Muller et al 2008). 

Detrimental effects of dysregulated IDO expression are observed in many disease 

states. Chronic inflammation induced in tissues following injury from environmental 

carcinogens, viral infections or tumor formation is being recognized as an important 

mechanism in upregulating IDO and suppressing the immune system (Mellor et al 

2001 b; Wolf et al 2004; Melchior et al 2005; Platten et al 2005; Scheler et al 2007; 

Romani et al 2008). IDO's role in depression and neurological diseases is another area 

under increasing research based on IDO's ability to degrade serotonin, and melatonin 

and the decreased tryptophan levels observed in individuals following viral infection or 

tissue injuries (Maes et al 2002; Russo et al 2003; Wichers et al 2005; Cozzi et al 2006; 

Maes et al 2007; Muller et al 2007). Several recent reviews describe IDO's role in 

multiple and diverse disease states and the reader is referred to them for additional 

information (Mellor et al 2004b; Mellor et al 2008). Accurate identification of distinct IDO 

producing cell types under these conditions will lead to a better understanding of the 

disease process, and aid research into targeting the molecular mechanisms that induce 

or repress functional IDO expression. 
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7. Analysis of IDO competent pDCs 

Two major complications arise from the protocols used to isolate specific subsets of 

DCs and the subsequent reporting of purity of cells used in the assays (Kahler et al 

2009). The first complication stems from the fact that IDO competent DCs express of 

many of the same markers used to identify companion lymphocytes such as T cells, 8 

cells, and other DC subsets. Depletion of 8 cells using antibodies against 8220 or 

CD19, or T cells by CD4 or CDBa. prior to enrichment of DCs from a cell population 

effectively eliminates the IDO competent DCs expressing these markers from the assay 

(Asselin-Paturel et al 2001). Conversely, bulk enrichment of DCs using only CD11c 

carries over all DC subsets, preventing the assignment of a particular functional outcome 

to a specific subset. Therefore, it is imperative to clearly define the method of 

preparation, phenotype of the DC subsets, and complete cellular composition of total cell 

populations included in any assay designed to test for IDO mediated suppression. 

The second complication is that clear definition of IDO competent DC subsets is 

technically challenging because DCs comprise a low proportion of the total DCs (1-5%) 

present in the spleen and lymph nodes. Moreover, the phenotype of DCs is 

heterogeneous and varies between tissues and can change during cell fractionation. 

These challenges notwithstanding, flow cytometry and Fluorescent Activated Cell 

Sorting (FACS) are useful tools for determining the phenotype of IDO competent cells 

and in sorting distinct subsets for use in experiments. Technological advances in digital 

flow cytometry and the development of fluorescent molecules with increased brightness 

and stability have resulted in improved resolution of rare cell populations and made 

acquisition and analysis of data more flexible and efficient. One goal of this project is to 
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analyze the expression of selected surface receptors by IDO competent pDC and to 

identify unique markers by which to further discriminate them from other DC subsets. 

8. Murlne models of B cell development 

Because IDO competent pDCs express B220 and CD19, two markers typically 

associated with the B cell lineage, we hypothesized that they might develop from B cell 

lineage precursors. Five murine models commonly used. to study B cell development 

were analyzed for the presence of IDO competent pDCs and the ability of these mice to 

express IDO. Each murine model addressed a specific stage in the antigen independent 

portion of B cell development and was used to construct an experimental model of IDO 

competent pDC development (Fig. 25). 

a. Pax5hCD2 Reporter 

The B cell-specific activator protein (BSAP) is encoded by the Pax5 gene. 

Downstream targets of BSAP include CD19, and the surrogate light chains ,._5 and 

VpreB which are involved in B cell receptor (BCR) development (Thevenin et al 1998). 

Expression of Pax5 simultaneously suppresses other lineage specific genes while 

upregulating 8 cell specific genes (Nutt et al 1999). Several murine models of the Pax5 

system exist. In Pax5 KO mice, 8 cell development is arrested in Bone Marrow (BM) al 

the early pro 8 (preB1) stage. They undergo DH-JH rearrangement of lgH chain with 

normal frequency but experience a 50 fold reduction in VH - DHJH rearrangement (Nutt et 

a/ 1997). The Pax5 conditional KO model demonstrated that continuous Pax5 

expression is required lo maintain commitment to the B cell lineage because its loss 
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converted committed pro-B cells into hematopoietic progenitors with multilineage 

potential (Mikkola et al 2002). The Pax5 reporter mouse is the model used in this project 

(Courtesy of Meinrad Busslinger). In this model, the human CO2 (hCD2) indicator gene 

under the translational control of an internal ribosomal entry sequence was inserted into 

the 3' untranslated region of the Pax5 gene (Fuxa et al 2007). B cell development 

occurs normally and the majority of common lymphoid progenitors and pre-pro-B cells in 

the BM do not show Pax5 expression. However, human CO2 expression is detected at 

similar levels from pro-B to mature B cells but undetected in plasma cells and non-B 

cells of the hematopoietic system. 

b. IKAROS p.galactosidase reporter mouse 

lkaros belongs to a family of zinc finger DNA binding proteins involved in the early 

stages of both lymphoid and myeloid development (Molnar et a/ 1996; 

Nichogiannopoulou et al 1999; Kirstetter et al 2002; Payne et al 2003; Medina et al 

2004). Hematopoietic stem cell (HSC) populations are greatly reduced in the lkaros-KO 

mice and show decreased expression of the tyrosine kinase receptors flk-2 and c-kit 

which are key signaling pathways essential for B cell development. We obtained spleens 

from the lkaros reporter mouse (courtesy Dr. David Allman) which . contain a 

hypomorphic mutation in the lkaros locus in which a j3-galactosidase reporter gene was 

inserted into the 5' region of the lkaros locus of exon 3 (Kirstetter et al 2002). In this 

model, very low amounts of lkaros protein are expressed in both heterozygous and 

homozygote animals. B cells are absent during fetal development, but develop in adults 

from a reduced pool of precursors. This model was recently used to show that lkaros 
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was required for the development of conventional pDCs but not for the myeloid or 

lymphoid DC compartments (Allman et al 2006). 

c. CD19-KO 

CD19 is a multi-functional coreceptor that interacts with the pre-BCR/BCR and can 

modulate B-cell development at multiple stages (Otero et al 2003; Del Nagro et al 2005). 

CD19 cross-linking activates Ca2+ flux in B-2 cells but not in B-1 cells, although it can 

synergize with surface lgM in both B-1 and B-2 cells. (Krop et al 1996) It has been 

shown to play a role in STAT1 phosphorylation and Pl3K activation following BCR 

signaling (Su et al 1999; Aiba et al 2008). CD19 also forms complexes with other 

coreceptor molecules which modulate BCR signaling within lipid rafts (Cherukuri et al 

2001; Fujimoto et al 2007). 

Murine splenic and lymphoid tissues harbor IDO competent DCs that uniquely 

express CD19 (Munn et al 2004a; Saban et al 2005; Mellor et al 2005; Manlapat et al 

2007). Because of this unique phenotype and the multi-functionality of the CD19 

receptor observed in B cells, it becomes a valid question to ask whether expression of 

CD19 is required for development of CD19+ pDCs or is it required for induction of IDO 

expression. To test the hypothesis that CD19 expression is required for functional IDO 

expression and/or IDO competent DC development we used the CD19cre,cre murine 

model (Courtesy of Dr. Michiko Shimada). In this model, a Cre cassette inserted into 

exon 2 of CD19 functionally disrupts the gene. Homozygous mice are CD19-deficient, 

but heterozygous mice are phenotypically normal. Mice that are homozygous deficient 

for CD19 are viable, fertile, normal in size and do not display any gross physical or 

behavioral abnormalities. However, they lack B-1a cells, natural serum lgM, and are 
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more susceptible to infection due to impaired ability to respond to T-cell-dependent 

antigens, and fail to form splenic germinal centers (Rickert et al 1997; Haas et al 2005). 

d.Ju-KO 

Expression of a functional BCR represents the end of the antigen independent 

stages of B cell development. Munn et al showed that CD19+ DCs from TDLN had 

undergone successful DH - JH rearrangement and we hypothesized that this was a 

requirement for CD19+ DC development (Munn et al 2004a). To test this hypothesis we 

obtained the JH-KO mouse (Courtesy of Dr. Michiko Shimada) which harbors a 

homozygous deletion of JH gene segments and therefore cannot undergo DH-JH 

rearrangement. B cell development is blocked at the large, preB stage although some 

assembly of V.-J. genes occurs even in the absence of lgM µ heavy chain formation 

(Chen et al 1993). 

e. µ- Heavy Chain KO (µMT) 

The purpose of successful VHDHJH rearrangement is to produce a functional antigen 

specific BCR. We extended our hypothesis to include the possibility that at least preBCR 

formation was required for CD19+ pDC development. To do this, we also obtained the 

µMT model which lacks lgM µ heavy chain formation due to a disruption in the 

membrane exon of the constant region (Kitamura et al 1991 ). B cell development in mice 

deficient for lgM µ heavy chain formation are arrested at the pro B cell stage and 

preferentially express lgA and lack lgM and lgD surface expression (Macpherson et al 

2001). 



32 

9. Role of MyDBB in IDO expression and function 

The Myeloid Differentiation primary response gene 88 (MyD88) encodes for a family 

of adaptor proteins important in TLR and IL-1 / IL 18 proinflammatory signal transduction 

pathways (reviewed in (Janssens et al 2002)). It is well established that MyD88 plays an 

integral role in TLR9 mediated Type I IFN (IFNa/13) production in pDCs, and we have 

shown that IFNa is the obligate inducer of IDO in murine splenic CD19+ pDCs following 

TLR9 ligation by unmethylated DNA (CpG) sequences (Honda et al 2004; Honda et al 

2005a; Mellor et al 2005). Thus, MyD88 is implicated in having an integral role in IDO 

induction via TLR9 ligation in CD19+ pDCs. 

Recently, several groups have demonstrated a role for MyD88 in the induction and 

promotion of inflammation-induced carcinogenesis by showing reduced tumor formation 

in MyD88-KO mice treated with specific carcinogens (Naugler et al 2007; Swann et al 

2008). We use 12-O-tetradecanoylphorbol 13-acetate (TPA) (aka phorbol myristate 

acetate, PMA) application to model the effects of chronic inflammation on IDO induction 

and have shown that IDO is expressed in inguinal LNs of mice treated with PMA. 

Moreover, sorted pDCs from PMA treated mice suppress antigen specific T cell 

proliferation via IDO dependent mechanisms. Mice treated with PMA express 

proinflammatory cytokines including TNFa. and IL 1 a/[3, both of which have been shown 

to synergistically increase IFN-induced IDO activity (Gogusev et al 1996; Shirey et al 

2006). Moreover, combinations of the proinflammatory cytokines (IL-12 and IL-18) have 

induced IDO in human cell lines independently of IFNy (Liebau et al 2002). These results 

suggest that MyD88's has a role in proinflammatory cytokine induced IDO expression 

following PMA treatment. 
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10. Stress granule formation in splenic CD19+pDCs 

The immunosuppressive effect of IDO expression on T cells is well documented in 

the literature. We have shown that !DO-expressing plasmacytoid DCs activate the GCN2 

kinase pathway in proliferating T cells and activate resting CD4+CD25+Foxp3+ Tregs in 

a GCN2 dependent manner (Munn et al 2005; Sharma et al 2007). Reports describing 

the effect of activated IDO expression in various cell lines have also been published. 

Overexpression of IDO in macrophage and fibrosarcoma cell lines resulted in altered cell 

adhesion properties, metalloproteinase expression and activity of the cyclooxygenase 

enzymes (Marshall et al 2001). IFN-y induced IDO in human lung mucoepidermoid 

carcinoma derived (NCI-H292) cells mediated exaggerated IL-6 and IL-8 responses to 

TNF-a and LPS (van Wissen et al 2002). Cell surface expression of MHC class I antigen 

was suppressed in IDO adenoviral vector transfected keratinocytes (Li et al 2004). A 

recent report described cell-autonomous control of interferon type I expression by IDO in 

CD19+ pDCs (Manlapat et al 2007). However, the biochemical effects that occur within 

CD19+ pDCs expressing the activated enzyme have not yet been actively investigated. 

One consequence of functional IDO expression is tryptophan degradation, leading to a 

state of amino acid (AA) deficiency. Amino acid deficiency during active mRNA 

translation activates the ISR, specifically the GCN2 kinase as described in section 4. 

To prevent aggregation of untranslated mRNA complexes in the cytoplasm, resulting 

from stalled protein translation mediated by activated GCN2, numerous RNA binding 

proteins organize and shuttle untranslated mRNAs between cytoplasmic structures 

known as stress granules (SG) or processing bodies (PB) (Mazroui et al 2006). The 

Ras-GTPase activating protein SH3-domain-binding protein (G3BP) is an RNA binding 
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protein that specifically concentrates in SGs and is used to identify SG formation by 

immunofluorescent (IF) microscopy in cells subjected to environmental stress (Tourriere 

et al 2003; Kedersha et al 2005; Kedersha et al 2007). Therefore, we hypothesized that 

SG formation occurs in 1D0 competent pDCs as a consequence of tryptophan 

degradation following IDO induction. 



II. MATERIALS AND METHODS 

Mice. All mice were bred and housed at the Medical College of Georgia in barrier 

facilities. All experimental procedures were approved by the local IACUC. Pax5hco
2 

and 

Pax5GFP mice were obtained from Meinrad Busslinger (Research Institute of Molecular 

Pathology, Vienna, Austria). MyDBB-KO mice were obtained from Andrew Gewirtz 

(Department of Pathology & Laboratory Medicine, Emory University Atlanta, GA). CD19-

KO and JH-Chain KO mice were generous gifts from Dr. Michiko Shimoda and Dr. 

Pandelakis Koni (Medical College of Georgia, lmmunotherapy Center Augusta, GA). 

µMT mice were generous gifts from Dr. David Munn (Medical College of Georgia, 

lmmunotherapy Center Augusta GA). Spleens from lkaros reporter mice were a 

generous gift from Dr. David Allman (University of Pennsylvania, Pathology and 

Laboratory Medicine, Philadelphia PA, USA) 

Single cell suspensions of total splenocytes. Mice were killed by cervical dislocation 

and spleens or inguinal LN were harvested into complete media composed of 1640 

RPMI, 10% heat inactivated fetal calf serum (FCS), 1% Penicillin, 1% Streptomycin, 1% 

Glutamine and 0.1 % 2-ME. Cell suspensions were prepared by mincing spleens and 

incubating in serum free media containing 400 U/ml Collagenase D (Worthington) for 30 

minutes in the dark at 37°C and 5% CO2• Spleens were then mashed with a syringe 

plunger through a 70µm cell strainer and washed once in complete media by 

35 
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centrifugation at 1400 rpm for 5 minutes. Red blood cells were lysed in 2 ml of ice cold 

ACK lysis buffer (Biowhittaker / Lonza #10-548E) for 3 minutes followed by two washes 

in complete media. Cell counts were performed on a hemocytometer using Trypan blue 

or Eosin dye. Lymph nodes were processed as described for spleens without the use of 

collagenase or red cell lysis. 

CD11c+ Enrichment. CD11c+ enriched DC fractions were prepared using magnetic 

beads and the AutoMACS system. Cell suspensions were incubated in the dark on ice 

for 30 minutes with anti-CD11 c Ab conjugated to magnetic beads (Miltenyi Bielec 130-

052-001 ). CD11 c+ cells were enriched using the positive- selection single-column 

sensitive-mode program and collected into 50ml tubes containing 10ml complete media. 

Following separation, cells were counted and resuspended in complete media. CD11 c+ 

(as determined by flow cytometry following enrichment) routinely resulted in a population 

of cells consisting of at least 80% gated lymphocytes and 50% total splenocytes 

expressing CD11 c. 

Flow Cytometry and Cell Sorting. Single cell suspensions were resuspended in 

staining buffer composed of PBS containing 1 % fetal calf serum at a density of 10
6 

cells/100µI and incubated with Fe Receptor Block (BD 553142 Clone Fcylll/11 2.4G2) for 

30 min on ice prior to incubation with cocktails of fluorescenlly labeled antibodies 

described below. Cells were washed twice and resuspended in ice cold staining buffer 

and analyzed immediately to avoid receptor internalization and without formalin fixation 

to avoid reduce autofluorescence (AF). Flow cytometry was performed on a BD 

FacsCanto flow cytometer equipped with a blue (488 nm, air-cooled, 20 mW solid state) 

and red (633 nm, 17 mW HeNe) excitation system. Data analysis was performed using 

FACSDiva software. Cells were sorted on the BD ARIA under the following parameters: 
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70µm nozzle, 40psi, frequency 85, plate voltage 5500V, event rate 21000 evts/sec, 95% 

sorting efficiency. Sort precision mask used was Yield=B, Purity=B, Phase=0, Single 

Cell=off. A combination of isotype control mAb and Fluorescence Minus One (FMO) 

techniques were used to set analysis gates and to discriminate between non-specific 

staining and naturally occurring auto fluorescent cells. 

Antibodies used in flow cytometry and cell sorting. CD1 d (CD1 .1, Ly-38) -PE (8D 

553846 Clone 181), CD4-PE (8D 553653 Clone L3T4/RM4-5), CD5 (Ly-1)-PE (8D 

553023 Clone 53-7.3), CDBa.-PE (8D 553033 Clone 53-6.7 ), CD11b-PE (8D 557397 

Clone M1ll0), CD11c-APC (8D 550261 Clone HL3), CD19-FITC (8D 553785 Clone 

1D3), CD19-PE (8D 557399 Clone 1D3), CD45R/8220-PerCP (8D 553093 Clone RAB-

682), COBO (87.1)-PE (8D 553769 Clone 16-10A1), CD86 (87.2)-PE (8D 553692 Clone 

GL1), mPDCA1-FITC (Miltenyi Biotec 130-091-961 Clone JF05-1C2.4.1), mPDCA1-PE 

(Miltenyi Biotec 130-091-962 Clone JF05-1C2.4.1), CCR6-PE (R&D Systems, Inc 

FA8195P Clone 53103), MHC Class I (H-2Kb)-PE (8D 553570 Clone Mouse (BALB/C) 

lgG2a, K), MHC Class II (I-Ab)-PE (8D 553552 Clone Mouse lgG2a,K), hCD2-PE 

(eBioscience 12-0029 Clone RPA-2.10) , Rat lgG2a,K -PE (8D 553930 Clone Rat lgG2a, 

K) 

IFNa3 ELISA. Murine IFNa.3 (IFNa.A) was detected in cell culture supernatants using 

Mouse Interferon alpha (Mu-lFN-a.) ELISA kit (Product # 42100-1 PBL biomedical). 

CD11c+ enriched DCs were plated in 96-well plates at 105 cells in 50µ1 of complete 

media. Experimental reagents were added to wells at 2x concentrations in 50µ1 of 

complete media and cells allowed to incubate for indicated time periods at 37°C and 5% 

CO2 atmosphere. Cells were spun down at 1200 rpm for 5 minutes and supernatants 

were withdrawn and stored at -B0°C prior to analysis. Supernatants were diluted at 1 :2 -
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1 :4 in PBS and analyzed in parallel wells. Absorbance was read on Molecular Devices 

SpectraMax MS plate reader at 450 nm. Standard calibration curves were constructed 

using a 4 parameter mathematical model and analyzed using Soflmax PrO 5 ver5.0 and 

Microsoft Excel. 

Western Blots. For the analysis of STAT1 /2 phosphorylation, total cell lysates from 

CD19+ pDCs sorted form WT or MyD88 KO mice were prepared using RIPA buffer 

(composed of 10mM NaHP04, 150 mM NaCl, 2mM EDTA, 1% Triton X, 0.1% SOS and 

1 % sodium deoxycholate) at 105 cells/50µI. Protease inhibitor cocktail (Sigma P8340) or 

phosphatase inhibitor cocktail I (Sigma P2850) was added to buffer immediately prior to 

cell lysis. Total cell lysates of ID01 transfected (MC57 _24) or vector only (MC57 _ Vo) 

were used to test the specificity of the ID01 antibody described below. Total cell lysates 

obtained from 5*104 cells/well were run on 8-12% SOS-PAGE gels using the Biorad 

MiniProtean 3 or Hoeffer BOOSE Ruby electrophoresis units. SOS-Page running buffer 

consisted of Tris/Glycine (Biorad #161-0734) and SOS. Protein was transferred to 

nitrocellulose membranes (BioRad Transblot # 162-0115) using Tri/Glycine buffer 

containing 2% MeOH. Blots were blocked with 2% nonfat milk (Biorad #170-6404) and 

probed with STAT1-Cell Signaling (9172 dilution 1:100), pSTAT1 (Tyr701)-Cell 

Signaling (9171L dilution 1:100), STAT2-Cell Signaling (4597 dilution 1:100), or pSTAT2 

(Tyr689)-Millipore / Upstate (07-224 dilution 1:100). Protein bands were visualized by 

exposing blots to photographic film following incubation with goat anti-rabbit lgG-HRP 

santacruz biotechnology (sc-2004 dilution 1 :5000) and the Western Lightning 

Chemiluminescence Reagent (Perkin Elmer). 

/001 antibody. Polyclonal rabbit anti-mouse IDO Ab was generated by using a 

synthetic peptide (CLRSVKDTTEKALLSWP) matching the C terminus of murine ID01 
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(SouthernBiotech, AL, USA). Serum samples were obtained from rabbits 3 weeks 

following boosts of the peptide and tested for specificity against total cell lysates of IDO1 

transfected (MC57 _24) or vector only (MC57 _Vo) transfected cells following the Western 

blot protocol described above. Serum fractions showing the highest degree of specificity 

for IDO1 and the lowest background were purification by affinity chromatography. 

Purified IDO1 antibody was again tested for specificity by western blots as described 

previously. lmmunohistochemical staining protocols were developed in tandem by 

members of the Mellor and Munn laboratories (Joyce Wilson, Mary Everhart, David 

Kahler) to detect IDO1 expression in spleen and LN tissue sections using a combination 

of IDO1 WT and KO mice in the presence or absence of the specific blocking peptide 

injected in rabbits. 

120GB antibody. The plasmacytoid specific 120G8 antibody was purified from cell 

culture supernatants of hybridoma cells obtained from Dr. Pandelakis Koni who initially 

received them from Giorgio Trinchieri. As part of an initial rotation project, I cultured the 

hybridoma cells and purified and biotinylated the 120G8 antibody. Raw supernatants 

were collected and centrifuged and filtered through a 0.22µL filter to removed protein 

aggregates and cellular debris. Filtered supernatants were then diluted 1 :1 with 0.1 M 

sodium acetate (pH 7.0-7.4) and passed through a HiTrap protein G sepharose column 

at a rate of 5ml/minute per manufacturer's instructions (GE Life sciences, USA). Bound 

120GB was eluted from the column with 10 ml 0.1M Glycine (pH 2.7) into tubes 

containing Tris HCK (pH 9) and dialyzed overnight in PBS. Concentration of dialyzed 

fractions was determined by BCL protein assay and purity checked by SDS page. All 

step were performed at 4 °C. 120G8 Ab purified from cell culture supernatants and 

purified 120G8 obtained from Giorgio Trichieri was biotinylated usingEZ-Link Sulfa-NHS-
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LC Biotin system (Pierce 21335) according to manufacturer's instructions. Specificity of 

both An preps was confirmed by comparing flow cytometry staining profiles. 

CpG-ODN. CpG B 1826, non-CpG B 2138, CpG C 2135 and non-CpG C 2137 were 

purchased from Coley Pharmaceutical Group, Inc. (Ontario, Canada). DCs were cultured 

with 2.5 µg/ml CpG B or 15 µg/ml CpG C for 6 hrs to detect IFNa. or 24hrs to detect IDO. 

1-methyl-D-tryptophan and 10x Tryptophan. 1-Methyl-D-tryptophan (Cat. No. 

110117-83-4) and L-Tryptophan (L-Trp, Cat. No: 73-22-3) were purchased from Sigma

Aldrich (Milwaukee, WI) and added to final concentrations of 1 00µM and 245µM 

respectively, unless otherwise stated. 

Recombinant Cytokines. IFNa.3 (IFNa.A #12100-1), and IFNl3 (#12400-1) were 

obtained from PBL biomedical laboratories. IFNy (#554587) was obtained from BD 

Pharmingen. The specific activity of all cytokines was adjusted to 1*105 U/ml in sterile 

filtered 1 % BSA in PBS and single use aliquots were stored at -80°C and thawed just 

prior to use. 

PMA treatment: Shaved mice were painted 3x with 1 0µg 12-O-tetradecanoylphorbol 

13-acetate (PMA) in 200µ1 acetone (days 0, 3, 7) and sacrificed on day 9. 

Mixed Lymphocyte Reaction (MLR). Graded numbers of Mo-Flo (Dako-Cytomation) 

sorted CD11 cP05B220Pos or CD11 cP05B220NEG pDCs from PMA LNs were cultured for 

72 hrs with sorted OT-I CD8a.+T cells (105/well) and 100nM OVA (SIINFEKL) peptide in 

the presence or absence of 200µM 1-methyl-[D)-tryptophan. Plates were incubated for 

72 h at 37°C in a humidified 5% CO2 atmosphere. Wells were pulsed with 0.5 µCi 

[
3H]thymidine ([3H]TdR) in 40 µI RPMI 1640 for the last 6 h of the incubation period. TdR 

incorporation was measured using the BetaPlate system (Wallac, Newark, NJ). MLRs 

described for CpG treated splenocytes (Fig. 2) were performed using combinations of 
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responders and stimulators set up in triplicate wells. Responder T cells were enriched 

using nylon wool and used together with equal numbers of fractionated or unfractionated 

non-irradiated stimulators. 

Statistical Data Analysis. Statistical significance of IFNa3 ELISA results was 

assessed by ANOVA followed by Tukeys HSD post hoc analysis for pairwise 

comparisons using online ANOVA analysis (http://faculty.vassar.edu/lowry/anova1u.html 

- accessed 10/12/08) and compared to results produced in GraphPad Prism© statistical 

analysis software (ver 5.01). Analysis of stress granule formation between groups was 

performed using the prop.test function in the Splus software package which calculates 

Pearson's x2 test for proportions. In all experiments results were considered statistically 

significant at the PS 0.05 level. 

Reverse Transcriptase - PCR. Total RNA was extracted from cell suspensions using 

the Qiagen RNeasy mini kit and converted to cDNA using MMLV from lnvitrogen (Cat# 

28025). cDNA was amplified in 25µ1 total using Takara ExTaq Hot start (RR006A), 

Perfect Match (Stratagene #600129), 3.75 mM MgCI,, and primers shown in Table 1. 

Amplified cDNA was separated on 1-2% agarose gels and visualized by ethidium 

bromide on UVP Gel Doc-it system. Primer sequences for IFNa subtypes obtained from 

(Fung et al 2004). 
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Table I PCR primers and thermocycler conditions 

Product 
Analyte Primer Sequence (5'-3') Length PCR Conditions 

(bp) 

F TGCCAAATCCACAGGAAAAT Denature: 30 sec@ 94"C 

1001 470 
Annealing: 1 min @ 62°C 

R GTTTGCCAAGACACAGTCTG Extension: 1 min @ 72"C 

35cycles 

F CCTGATGGTCTTGGTGGTGATAA Denature: 30 sec@ 94"C 

IFNa1-9 386 
Annealing: 30 sec@ 68°C 

R CAGTTCCTTCATCCCGACCAG Extension: 1min@ n•c 
30 cycles 

F ACAGTCCAGAGAGCCATCAACC Denature: 30 sec @ 94 •c 
IFNa2 633 

Annealing: 30 sec @ n•c 
R TCTCTCCACACTTTGTCTCACAC Extension: 1 min @ 72"C 

30 cycles 

F CAGAGAGCGACCAGCATCTAC Denature: 30 sec@ 94°C 

IFNa4 757 
Annealing: 30 sec@ 60"C 

R AACACGGGTTTGCATATTGAGAAG Extension: 1 min @ 72 •c 
30 cycles 

F CATCAACTATAAGCAGCTCCA Denature: 30 sec @ 94 •c 
IFNp 540 

Annealing: 30 sec @ 60"C 

R TTCAAGTGGAGAGCAGTTGAG Extension: 1 min @ n•c 
30 cycles 

F AGCAAGAGAGGTATCCTG Denature: 30 sec @ 94 •c 

P-Actin 500 
Annealing: 30 sec @ 60"C 

R CTTTACGGATGTCAACGTC Extension: 30 sec @ so•c 
35 cycles 
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lmmunohistochemistry. Formalin-fixed paraffin tissue sections (4µm) were processed 

by similar protocols. Formalin fixed, paraffin embedded tissue sections were 

deparrafinized using Clear Rite-3 (Richard Allen Scientific #6901) or xylene and graded 

ethanol solutions. Antigen retrieval was carried out for IDO staining by steaming tissue in 

DAKO Target Retrieval Solution (#81699) for 20 min followed by cooling lo room temp 

for 20 min. Antigen retrieval for hCD2 staining was carried out by steaming tissue for 10 

min in 1mM EDTA followed by cooling for 10 min at room temperature. Antigen retrieval 

for B220 staining was not required. Endogenous peroxidase activity was blocked by 

incubation with a 1:10 dilution of 0.3% H202 in PBS for 10 minutes. Tissue sections 

were pre-blocked with either 2% goat serum in PBS for 1 hr for IDO or hCD2 staining or 

3 min with Power Block Universal Blocking reagent (Biogenix #HK085-5K) for B220 

staining. Tissue sections were incubated with anti-I DO Ab (1 :2000) for 2 hours at room 

temperature, or B220 (1:200 BD 550286) or B220 lsotype (BD 559073) or hCD2 (1:200 

abeam #37212) overnight at •4•c. Tissue sections were incubated at room temp for 

20min with biotinylated goat anti-rabbit lgG (SS Link, Biogenex #HK336-9K), for IDO and 

hCD2 or (biotinylated Rabbit anti-rat lgG (SS Link, Biogenex, #HK3385-T) for B220 

staining followed by streptavidin-HRP (SS Label, Biogenex #HK330-9K) for 20 min. 

AEC chromagen (3-amino-9-ethylcarbazole Dakocytomation #K3469) was used to 

develop primary antibody. Hematoxylin I (Richard Allen Scientific #7221) was used as a 

nuclear counterstain. Digital images were acquired using an Olympus Provis AX70 

microscope and Diagnostic Instruments, Inc. SPOT camera 1.3.0 and software (vers 

4.0.9) Image processing was performed in Photoshop CS2 (vers. 9.0.2) and consisted 

of histogram stretching and minor adjustments to brightness, contrast, and color levels. 
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Detection of stress granule formation by lmmunofluorescence microscopy. Aria 

sorted splenic CD19+ DCs (9.5*104/well pooled from 4 mice) were treated with 500µM 

NaAsO2 (Fisher# 714216) in the presence of absence of cycloheximide or 600 U/ml 

IFNy in the presence or absence of 1DMT or 10xTryptophan. Cytospins were prepared 

from experimental samples and fixed in freshly prepared and filtered 4% PFA in PBS for 

15 min at RT followed by permeabolization in ·20°C methanol for 10 min. Slides were 

washed in PBS and incubated in blocking buffer consisting of PBS + 5% Heat 

inactivated Horse Serum (Gibco #16050-130) at least one hour prior to incubation with 

primary antibodies. For detection of stress granules, cells were incubated for 1 hour at 

37°C in a humidity chamber with chicken polyclonal anti-G3BP (1 :200 abeam ab37906) 

followed by 1 hour at 37°C with goat anti-chicken AlexaFluor488 (1:1000 lnvitrogen A-

11039). Hoechst 33258 (Bisbenzimide H, Sigma #B2883) was used to counterstain 

nuclei and coverslips were mounted with Prolong Gold antifade mounting media 

(Molecular Probes #P36930) and allowed to cure at RT overnight in the dark prior to 

analysis. 

Quantitative analysis of stress granule formation. To quantify differences in SG 

formation between treatment groups the proportion of cells containing SG was 

calculated by randomly selecting fields containing at least 10 cells with intact / distinct 

nuclei as judged by Hoechst nuclear staining. Cells containing ,!e 2 SG/cell were counted 

as positive for SG formation. A minimum of 10 fields and a minimum of 100 total cells 

were counted per slide at magnification 1 000x. The proportion of SG+ cells was 

calculated as# SG+ Cells/ Total# cells counted. 



III. RESULTS 

A. Phenotypic Analysis of splenic IDO competent pDCs 

1. Rationale 

A key step in identifying the phenotype of !DO-competent DC subsets is by first 

demonstrating IDO dependent suppression of antigen specific T cell proliferation. We 

have shown IDO dependent suppression mediated by murine splenic CD11 cHIGH DCs 

positively expressing CDBcx, B220, and uniquely CD19 but not 12G08 (Fallarino et al 

2002b; Mellor et al 2004a; Munn et al 2004b; Baban et al 2005; Mellor et al 2005; 

Manlapat et al 2007). To further define the phenotype of IDO competent DCs, we 

evaluated the expression levels of nine additional surface markers. CD4, CDBcx, and 

CD11 b were chosen because DC subsets were historically defined by combinations of 

these markers (Vremec et al 1992; Vremec et al 2000; Edwards et al 2003). The 

conventional pDC marker mPDCA 1 was selected to verify our previous results showing 

that the pDC specific marker 120GB did not identify IDO competent DCs (Mellor et al 

2005). We recently published a partial dataset describing expression levels of COBO, 

CCRS on CD19+ pDCs, and the full analysis is provided here using a more accurate 

definition of the conventional pDC subset based on mPDCA 1 expression (Manlapat et al 

2007). CD1d is a transmembrane glycoprotein expressed on DCs and B cells, and is 

structurally related major MHC I proteins which presents lipid and glycolipid antigens to 
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T cells and NKT cells (Nishimura et al 2000; Sonoda et al 2002; Lang et al 2008). CD1 d 

was chosen based on recent reports showing that the CD1d ligand cxGalCer potentiated 

IFNy induced IDO expression and function and was found to be expressed on 

s220P05CD1 gPos cells co-expressing CD5 (Fallarini et al 2008; Yanaba et al 2008). 

Hypothesis 1. Murine Splenic CD19+ DCs are a phenotypical/y distinct DC subset 

Specific Aim 1. Evaluate the expression of surface receptors on CD19+ pDCs by 

flow cytometry. 

2. IDO competent pDCs are a phenotypically distinct DC subset 

Expression levels of the surface receptors CD11 c, B220, and CD19 (Fig. 2) define 

the phenotype of the murine DC subsets discussed in this project and in our publications 

(Saban et al 2005; Mellor et al 2005; Manlapat et al 2007). The wide initial Forward 

(FSC) and Side (SSC) light scatter gating criteria (Fig. 2A) is essential as tight initial 

gating strategies commonly employed to reduce false positive Auto Fluorescent (AF) 

from the analysis gates artificially excludes the IDO competent CD19+ pDCs (Vremec et 

al 2000; Kahler et al 2009). A wide FSC vs SSC gate is particularly important when 

analyzing CD11 c+ enriched populations obtained through Magnetic (MACS) or 

Fluorescence Activated Cell Sorting (FAGS) techniques for the presence of IDO 

competent pDCs. IDO competent pDCs are defined phenotypically by the upper right 

region (red, CD11 cHIGHCD19Pos) (Fig. 2C) and comprise a rare DC subset representing 

roughly 1-5% of CD11c+ (total) DCs (Fig. 28), and only 0.1-0.2% of the total cells 

present in a normal murine spleen when processed using collagenase as described in 
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the Materials and Methods section. Note that not all cells within the CD11 cHIGHCD19Pos 

gates express B220 (grey cells in Fig. 2C). Nor do all the cells within the 

CD11 cHJGHB220Pos gates express CD19 (grey cells in Fig. 2B). However, all IDO 

competent CD19+ pDCs express B220 (red cells Fig. 2B,C,E) and the dual expression 

of these two markers allows either B220 or CD19 to define the IDO competent 

CD11 cHIGH pDC compartment in sorting or phenotyping experiments. By back gating the 

red CD19+ pDC subset onto FSC vs SSC dotplot (Fig. 20), ii becomes clear that CD19+ 

pDCs posses high FSC and SSC light scatter properties indicating a mature phenotype, 

and verifying the requirement of a wide initial FSC and SSC gate. The subset defined by 

the lower right region (Fig. 2C) (blue, CD11 cHIGHCD19NEG) composes 20-30% of total 

DCs and 1-5% the total splenocytes and contains a heterogeneous population of "mostly 

myeloid" DCs which we collectively defined as myeloid DC (mDC). We are primarily 

focused on the unique phenotype of CD19+ pDCs and not the entire CD11 c+ DC 

population but include the CD11 cHIGHCD19NEG population for comparison of surface 

marker expression. By definition, the mDC subset does not express B220 and displays 

mid level FSC and SSC light properties (Fig. 2B,D,E). The region defined by the lower 

middle gate (Fig. 2C) (green, CD11cL0wCD19NEG) comprises 40-50% of total DCs and 1-

5% total splenocytes. Note that not all CD11cLowCD19NEG DCs are B220Pos_ Cells 

positively expressing B220 within this region contain the conventional pDC subset which 

comprises 5-10% of total DCs and 0.5-1% of total DCs (Fig. 2F). The remaining CD11c+ 

cells (grey, CD11 cL0 wCD19NEGB220P05
) represent uncharacterized populations of cells 

which will not be discussed because we have shown that only splenic CD11 cHIGH DCs 

populations suppress antigen specific T cell proliferation via IDO dependent 
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mechanisms (Mellor et al 2005). However, this population of IDO incompetent cells may 

possess unique functional abilities. 
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3.1D0 competent CD19+ pDCs are not conventional pDCs 

Conventional pDCs are identified phenotypically as CD11 cL0ws220PoscD1 gNEG (Fig. 

2C,FJ and by expression of 120GB (Asselin-Paturel et al 2003). We tested the 

hypothesis that IDO competent cells were distinct from conventional pDCs based on 

expression levels of CD19 and 120GB. We injected mice with the TLR9 ligand CpG and 

24 hours later sorted CD11 cHIGHcD19NEG and CD11 cHIGHCD19Pos DCs and set up 

assays to detect IDO dependent antigen specific T cell suppression. Only 

CD11 cHIGHCD19Pos DCs suppressed antigen specific T cell suppression via the IDO 

dependent mechanism as shown by the addition of the IDO specific inhibitor 1 MT which 

rescued T cell proliferation (Fig. 3A). We repeated this experiment using sorted 

CD11cL0w120GaPos and CD11ctt1Gtt120GaNEG DCs (Fig. 3B) and showed that only 

CD11cHIGH120G8NEG DCs suppressed antigen specific T cell suppression via the IDO 

mechanism (Mellor et al 2005). My specific role in these experiments was the 

production, purification and biotinylation of the 120GB antibodies used to sort DC 

subsets for the functional MLR assays (Fig. 3 panel BJ. Details of the antibody 

production are provided in the Materials and Methods section. 

We recently learned that the 120GB antibody actually recognizes an epitope of the 

mPDCA1 surface marker and not a unique receptor expressed by pDCs (Personal 

communication, Giorgio Trinchieri). We analyzed DC populations for the expression of 

the conventional pDC marker mPDCA 1 to verify our previous results (Fig. 3B) indicating 

that the pDC specific marker 120GB did not identify IDO competent DCs. The 

conventional pDC subset (Fig. 4A) defined as CD11cL0wCD19NEGs220Pos were the only 

DCs expressing high levels of mPDCA1 (Fig. 4B). Note that not all 

CD11 cLowcD19NEGs220Pos DCs express mPDCA 1. Backgating the mPDCA 1 + pDCs 
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(purple) revealed distinct differences in the phenotype and location of pDCs with respect 

to the CD19+ pDC and mDC subsets (Fig. 4C). We conclude from these studies that 

IDO competent pDCs exist in the CD11cHIGHg220P05co19Pos subset and are not 

conventional pDCs expressing 120GB or mPDCA1. 
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Figure 3 CD19+ DCs acquire potent ICC-dependent, T cell-suppressive functions 
following CpG-ODN treatment. (A) Sorted CD11 cHIGHCD19Pos or 
CD11 cHIGHCD1 gNEG DC were used as stimulators in MLRs in the presence (white bars) 
or absence (black bars) of the specific IDO inhibitor 1MT. (B) Gating criteria for CD11c 
and 120GB staining to purify DC subsets used in MLRs. Arrows indicate (percentage) 
suppression of T cell proliferation due to IDO activity expressed relative to control 
MLRs containing 1 mT. 

52 



C 

A 8 i mPOCAl+ 

~pOCs S-1. "--...:.:,9 ~ ~ . . 
U r- I r-- - -- I 5 _ ;j,,,, ' J •.~;_ It, ~ ~ ~ ..l,~~YJZ~.-

:;( J~Y §. ..I JW .. ,., ' \~·;;~ 

~ 1~ v·~ualll L:J l ~. r%: ~·. ¥,.,_ ~ 
C I I Jl N .• V --

E co .. -~"'ill"" 

I ::J _,...,.,. "- '• I I 
CDllc Bzio 

0-1. 

~ LI ~ 

.~. ll ~ I£ \ j oi • . ' ~ ,,:\~- - Q. !!- N 0 

· ~ N _ U ~•{~ "lt1t ·~., '"" •' co o ~ K!'; •• , J / \.... .. 1 ...... .. J .. I. ~ "... ..- .. . .. , .. ,,,, ... ~ ..... . • 
N W' ' l,l• ••• " •• ~ • mPDCAl 
N = PDCAl mPDCAl co ••""' ill""", ' """ '"""' ' lsotype m 

CDllc 

Figure 4 CD19+ pDCs are a discrete subset of pDCs that express 8220 but not mPDCA1. Total splenocytes were stained with 
antibodies for CD11 c, CD19, B220, and mPDCA 1 and analyzed on a BO Canto flow cytometer. (A) Dotplots indicating the gating structure 
which defines the CD19+ pDC (red), mDC (blue), and pDC (green) subsets analyzed in panel B. (B) Histogram analysis of mPDCA 1 
expression levels on DC subsets. Histogram analysis gates set at ::.5% positive expression using isotype controls. Values in analysis gates 
indicate % of DC subset positive for mPDCA 1 expression. (C) Dotplots showing backgated (purple) mPDCA 1 + pDCs defined by lower right 
histogram gate in panel B 

(.11 
w 



54 

4. IDO competent CD19+ pDCs are phenotypically mature DCs 

Differences in costimulatory receptor expression are observed between DC subsets. 

Expression of COBO (87.1) is consistently high on CD19+ pDCs and mDCs in 

comparison to pDCs (Fig. 5-6) (8aban et a/ 2005; Manlapat et a/ 2007). The greatest 

difference is observed in CD86 (87.2) expression, which is highest on CD19+ pDCs, 

intermediate on mDCs and low on pDCs. High level expression of costimulatory 

receptors under homeostatic conditions indicates a mature phenotype and is consistent 

with high FSC and SSC properties (Fig. 20). 

CD19+ pDCs express CD4 while cells within the pDCs and mDC gates show varying 

degrees of expression indicating heterogeneous populations within the gates. A 

backgating analysis confirmed that pDCs express CD4 but not CDBu or CD11 b which is 

consistent with the phenotypic definition of immature IFNu producing cells having a 

plasmacytoid morphology and CD11 cLow9220Pos pDCs expressing 120GB (Asselin

Paturel et a/ 2001; Asselin-Paturel et a/ 2003). Heterogeneous CDBu expression is 

observed in all DC subsets. Note that although CD19+ pDCs exists in the CDBu+ and 

CDBu- populations, IDO competent CD19+ pDCs reside within the CDBu+ compartment 

(Fig. 5-6) (Mellor et al 2003). 
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S. IDO competent CD19+ pDCs express CD11b and CCR6 

CD19+ pDCs express high levels of CD11 b comparable to mDCs (Fig. 5-6). A small 

proportion (<25%) of cells within the pDC gate expressed CD11 b. However, a 

backgating analysis revealed that the CD11 b+ cells were a CD11 cL0Ws220NEGco19Pos 

population and not pDCs. This is consistent with the phenotypic definition of pDCs (Fig. 

4) which indicate that 26% cells in the CD11 cL0Wco19NEG9220Pos population did not 

express mPDCA1 and are not pDCs (Asselin-Paturel et al 2001). Because our 

phenotypic definition of pDCs had changed from CD11 cL0wco19NEG to 

CD11cL0wco19NEG9220Pos, we reanalyzed the expression of the chemokine receptor 

CCR6 on DCs subsets by flow cytometry to verify our previously published results which 

showed that a small proportion of pDCs expressed CCR6 (Manlapat et al 2007). 

Consistent with our previously published results, CD19+ pDCs constitutively expressed 

high levels of the chemokine receptor CCR6 under homeostatic conditions as did a 

smaller proportion of mDCs (Fig. 5-6). pDCs defined as CD11cL0Wco19NEG9220Pos,did 

not express CCR6, indicating that low level expression of CCR6 we observed in 

Manlapat et al was expressed by CD11cLowco19NEG9220NEG DCs. 

6. CD19+ pDCs express CDld but not CDS 

IDO competent CD19+ pDCs express CD1d but not CD5 thus distinguishing them 

from the regulatory B cell subset (Fig. 7). Moreover, the gating criteria shown in the 

lower row of dotplots (Fig. 7A) indicate a clear separation between CD19+ pDCs and the 

CD1dHIGH and co5HIGH populations. The mDC compartment expresses low levels of both 

CD1 d and CD5 whereas pDCs do not express CD1 d or CD5. 
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B. Development and Lineage of Murine Splenic IDO competent pDCs 

1. Rationale 

Similar to the conventional pDC subset, CD19+ pDCs express B220, but uniquely 

express CD19 which is associated with cells derived from the B cell lineage. Pax5 is a 

transcription factor required for specification and maintenance of the B cell lineage and 

drives CD19 expression during B cell development (Nutt et al 1999; Mikkola et al 2002; 

Munn et al 2004a). Munn et al suggested that CD19+ pDCs developed along pathways 

common to B cells by demonstrating the presence of Pax5 transcripts in CD19+ pDCs 

sorted from TDLNs and that CD19+ pDCs had undergone DH - JH gene rearrangement 

during development which is required for the formation of an antigen specific B Cell 

Receptor (BCR) (Munn et al 2004a). Based on these observations we hypothesized that 

murine splenic CD19+ pDCs may develop along the same pathways as B cells. Several 

murine models of B cell development were available to us from researchers in our 

department and we designed projects to test them for the presence of IDO competent 

CD19+ pDCs and to identify B cell lineage specific factors involved in CD19+ pDC 

development. 

Hypothesis 2: /DO competent pDCs are derived from the B cell lineage 

Specific Aim 2: Identify B cell lineage specific factors required for /DO competent 

pDC development. 
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2. PaxS is required for development of CD19+ pDCs 

To test the hypothesis that Pax5 was expressed during CD19+ pDC development we 

used 5-color flow cytometry to detect hCD2 expression on splenic pDC subsets from the 

Pax5hco2 reporter mouse. B cells and pDCs developed normally in the bone marrow of 

the Pax5GFP model and we verified that CD19+ pDCs developed normally in these mice 

(Fuxa et al 2007). CD19+ pDCs were present in Pax5hco2 reporter mice in proportions 

comparable to those observed in the B6 wr mouse as were the mDC and pDC subsets 

(Fig. BA) and expression levels of COBO, CD86, CD11 b, and CCR6 on all subsets (data 

not shown). It was important to show the specificity of the hCD2 antibody for the 

transfected hCD2 gene in the reporter mouse and not for murine CO2. The CD11c vs 

hCD2 dotplots (Fig. BA) clearly show that the hCD2 antibody was specific for hCD2 as 

positive staining for CO2 only occurred in the Pax5hco2 reporter mouse and not the B6-

wr. Additional confirmation of antibody specificity was made by noting that the staining 

pattern in the CD11 c vs hCD2 dotplot was similar to the CD11 c vs CD19 and CD11 c vs 

B220 dotplots indicating that the hCD2 antibody was detecting B cells which are 

dependent on Pax5 expression for development. 

Following confirmation of antibody specificity, we tested the hypothesis that CD19+ 

pDCs expressed Pax5 by performing flow cytometry to detect hCD2 receptor expression 

on DCs subsets (Fig. BB). CD19+ pDCs were the only DCs expressing hCD2. 

Backgating DC subsets onto the CD11 c vs hCD2 dotplot confirmed that hCD2 was 

positively expressed on CD19+ pDCs were and not an artifact generated by false 

positive AF cells observed in the CD11 c vs hCD2 dotplot of the B6-Wf. Thus, consistent 

with our hypothesis, CD19+ pDCs expressed the Pax5 gene at some point during 

development. 
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As a complementary analysis to the flow cytometry data, splenic tissue sections from 

86-WT and Pax5hco2 reporter mice were stained for 8220 expression. 8220 expressing 

cells were present in the red pulp and germinal centers of Pax5hco2 reporter mice and 

the structure of the spleen appeared to be normal (Fig. 9). 

3. TLR9 and IFNa signaling pathways are intact in PaxS reporter mice 

Because IFNa is the obligate inducer of IDO in splenic CD19+ pDCs following TLR9 

ligation we verified that TLR9 and IFNa signaling pathways were intact in Pax5 reporter 

mice by treating CD11 c+ enriched DCs from 86-WT and Pax5 reporter mice with CpG C 

for 6 hours and analyzing supematants for IFNa3 expression by ELISA. CD11 c+ 

enriched DCs from Pax5hCD2 and Pax5GFP reporter mice produced IFNa3 at levels 

observed in the 86-WT mouse thus confirming that TLR9 signaling pathways were intact 

in both Pax5hCD2 and Pax5GFP reporter mice (Fig. 10). 

4. Inflammation induced IDO expression occurs in PaxS reporter mice 

The Pax5hco2 reporter mice appeared to be normal based on the presence of a 

normal population of CD19+ pDCs and intact TLR9 signaling and IFNa production. We 

hypothesized that IDO competent DCs present in the inguinal LN of Pax5hco2 reporter 

mice could be induced to express IDO following treatment with PMA. As described in 

detail in the Materials and Methods section, shaved 86-WT and Pax5hCD2 reporter mice 

were treated three times with PMA and tissue sections of the draining inguinal LN were 

stained with IDO antibody to detect IDO expressing cells. Consistent with our 
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hypothesis, IDO expressing cells were present in the draining inguinal LN of PMA 

treated 86-WT and Pax5hcD2 reporter mice indicating that inflammation induced IDO 

expression occurred in the Pax5hcD2 reporter mice (Fig. 11). 
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Figure 9 Spleens develop normally in Paxshco2 reporter mice. Tissue sections 
from paraffin embedded spleens of untreated 86 WT and Paxshco2 reporter mice were 
stained with anti-CD45R/B220 (red chromagen) or isotype lg control and 
counterstained with hematoxylin (blue). Cells expressing 8220 are present in the peri
follicular regions and dispersed throughout the red pulp where IDO expressing cells 
are found. (magnification x200) 
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Figure 10 TLR9 and IFNa signaling pathways are intact in Pax5 reporter 
mice. 106 CD11c+ Enriched DCs from 86-WT (black bars), Pax5hCD2 (grey 
bars), and Pax5GFP (white bars) reporter mice were incubated with 15 µg/ml 
CpG C 2395 for 6 hours. IFNa3 was detected in 100µ1 aliquots of cell culture 
supematants by IFNa3 specific ELISA kit (PBL biomedical). P <0.001 by 
ANOVA followed by Tukey's HSD for pairwise comparisons. All treated 
samples significant at the P S0.05 (*) level compared to untreated samples. 
Error bars indicate 1 SD of triplicate wells. 
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Figure 11 Inflammation induced IDO expression occurs in the inflamed 
LN of Paxshco2 reporter mice. Shaved WT and Paxshco2 reporter mice were 
painted 3x with 1 0µg TPA in 200µ1 acetone. Tissue sections from paraffin 
embedded draining inguinal LN from untreated or PMA treated WT and 
Paxshco2 reporter mice were stained with anti-1DO Ab (red chromagen, 
magnification x200) and counterstained with hematoxylin (blue) 
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5. Ikaros is required for development of CD19+ pDCs 

To test the hypothesis that activation of the lkaros transcription factor was required 

for CD19+ DC development, we performed 4-color flow cytometry on total splenocytes 

from the heterozygous (IK+/L) and homozygous (IKLJL) lkaros reporter mice (Fig. 12). We 

observed a decrease in the IDO competent pDC population (defined as 

CD11 cHIGHB220Pos and CD11cHIGHCD19Pos) in lk+/L and lkuL mice indicating that the loss 

of lkaros expression may have affected the development of IDO competent pDCs. 

Consistent with the results of Allmans group, we observed a decrease in the proportion 

of mPDCA 1 + cells within the CD11 cLow gate in the lk+iL mouse and a virtual absence of 

mPDCA1+ pDCs in the lkLJL mouse (Fig. 12). The mDC population also decreased 

slightly in lkLJL mice as did the overall CD11 c+ population indicating that lkaros may play 

a role in the development of all DCs. 

6. CD19 is not required for IDO competent pDC development 

To test the hypothesis that CD19 expression is required for the development of an 

IDO competent DC compartment, we performed 4-color flow cytometry on total 

splenocytes from the CD19-KO mouse. We hypothesized that CD19+ DCs would be 

absent in these mice but a population of CD11 cHIGHB220+ cells should exist as B220 is 

expressed on B lineage progenitor cells before activation of Pax5 and expression of the 

CD19 receptor. Unexpectedly, a very small population of CD19+ pDCs was present in 

the spleens of CD19-KO mice. However, consistent with our hypothesis, a normal 

population of CD11cHIGHs220Pos DCs was present (Fig. 13A). The mDC and pDC 

subsets were present in slightly increased proportions due to the loss of CD19+ cells. 



er, .... 
0 
u 

WT 
CD11C• 5.5% 

9% 

CD11c• 5.5% 

3% 

lr7 
~ 

IKL/L 

1.2% 

15.2% 

1% 

D 

Figure 12 lkaros is required for development of IDO competent pDC. Total 
splenocytes were stained with antibodies for CD11 c, CD19, 8220, and mPDCA 1 and 
analyzed on a BO Canto flow cytometer. Upper row - Dotplots indicating gating criteria 
that defines DCs as CD11 c+B220+ and 100 competent DCs as CD11 cHIGHB22QPOs. 
Middle row - gating criteria that defines DC subsets based on CD11c and CD19+ 
expression. Values shown indicate percent of gated subsets as proportion of CD11 c+ 
DCs. Lower row - dotplots indicating decrease of pDC population in lkaros models. 
Values shown indicate proportion of mPDCA 1 + DCs (purple) in the gated 
CD11 cL0 wco19NEG region. IK•1L: heterozygous lkaros . IKuL Homozygous lkaros 
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To complement the flow cytometry analysis we performed we stained tissue sections 

from the spleens of CD19-KO mice with anti-8220 antibody to detect the presence and 

location of cells expressing 8220. The spleens of CD19-KO mice appeared to have 

developed normally and we detected 8220+ cells on the periphery of the 8 cell follicles 

and in the red pulp areas in (Fig. 138). We tested the hypothesis that CD19 is required 

for IDO expression by treating mice with PMA to induce IDO in the draining inguinal LN 

and staining tissue sections with IDO antibody. We observed IDO expressing cells in 

tissue sections from CD19-KO mice treated with PMA indicating that CD19 is not 

required for the development of an IDO competent pDC subset (Fig. 13G). 

7. µ-Heavy Chain is required for development of IDO competent pDC 

To test the hypothesis that the µ-heavy chain is required for the development of IDO 

competent pDCs, we performed 4-color flow cytometry on total splenocytes from the 

µMT mouse. We hypothesized that development of an IDO competent pDC 

compartment may not occur in these mice as 8 cell development in mice deficient for 

lgM µ-heavy chain formation are arrested at the pro 8 cell stage. Consistent with our 

hypothesis IDO competent pDCs were absent in the spleens of the µMT mice (Fig. 14A). 

Although CD11 cHIGH9220Pos were absent from the spleen, conventional pDC 

(CD11 cLow9220P08) and mDC populations were present indicating that the µ-heavy 

chain was not required during their development. 
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We stained tissue sections from the spleens of µMT mice with anti-8220 antibody to 

detect the presence and location of cells expressing 8220 and complement the flow 

cytometry analysis. Consistent with the flow cytometry analysis, very few 8220+ cells 

were detected in the spleens of µMT mice. There did not appear to be an organized 

follicular structure and the few 8220+ cells observed (most likely pDCs) were scattered 

randomly through splenic tissue (Fig. 148). Based on the absence of IDO competent 

pDCs observed in the flow cytometry analysis and the sparse 8220+ cells observed in 

the IHC results we hypothesized that inflammation induced IDO expression would not 

occur in the inguinal LN of µMT mice. Consistent with our hypothesis, we detected no 

IDO positive cells in the inguinal LN of PMA treated µMT mice (Fig. 14G) indicating that 

µ-heavy chain is required for the development of an IDO competent pDC compartment. 
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8. Phenotypic analysis of total splenocytes from /n-KO mice. 

To test the hypothesis that VHDHJH gene rearrangement is required for the 

development of IDO competent pDCs, we performed 4-color flow cytometry on total 

splenocytes from the JH-KO mouse. We hypothesized that CD19+ DCs would not 

develop in these mice as they are deficient for JH gene segments and cannot undergo 

DH-JH rearrangement thereby blocking 8 cell development at the large, pre8 stage. 

Contrary to our hypothesis CD19+ and (CD11cHIGH8220+) pDCs were present in the 

spleens of JH mice (Fig. 15). Analysis of DC subsets within the JH-KO spleen was made 

difficult by the presence of highly Auto Fluorescent (AF) cells which extended into the 

analysis gates in the absence of specific monoclonal antibodies to detect CD19, 8220, 

and mPDCA1. This is demonstrated in the far right column of dotplots of Figure 15 which 

shows total splenocytes stained only with anti-CD11c expressing equal proportions of 

CD19+ pDCs and CD11cHIGH8220+ DCs. This artifact prevents a definitive conclusion on 

the presence of splenic CD19+ pDCs in the JH-KO mouse as DC populations cannot be 

accurately compared to the WT using the same analysis gates. Small numbers of cells 

that were CD19+ and 8220+ but CD11 c- were detected as were the mDC and pDC 

subsets which were present in increased proportions indicating that VHDHJH gene 

rearrangement was not required during their development. We hypothesized that 

inflammation induced IDO expression would not occur in the inguinal LN of JwKO mice 

but were unable to complete this experiment as the mice died before we could treat 

them and we were unable to obtain more. 
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Figure 15 Splenocytes from J11KO mice are highly autofluorescent. Total 
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C. Functional Aspects of IDO expression in IDO competent pDCs 

1. Role of MyDBB in IDO expression and function 

a. Rationale 

75 

In this section we explore signaling pathways upstream and downstream of IDO 

expression in IDO competent pDCs. II is well established that MyDBB plays an integral 

role as an adaptor protein in TLR9 mediated type I IFN (IFNa.!J3) production in pDCs, and 

that IFNn is the obligate inducer of IDO in murine splenic CD19+ pDCs following TLR9 

ligation (Honda et al 2004; Honda et al 2005a; Mellor et al 2005). Therefore, we 

hypothesized that MyDBB was required for IDO expression in murine splenic CD19+ 

pDCs. Recently, MyDBB was implicated in the induction and promotion of inflammation

induced carcinogenesis using MyDBB-KO mice, which showed decreased tumor 

formation due to defective TLR signaling pathways involved in proinflammatory cytokine 

production (Naugler et al 2007; Rakoff-Nahoum et al 2007; Swann et al 2008). We use 

PMA application to study the role of chronic inflammation on IDO induction and have 

detected IDO expression in inguinal LNs of WT mice treated with PMA and suppression 

of T cell proliferation in vitro and hypothesized that MyDBB may play a role in the 

upstream induction of IDO following PMA induced proinflammatory cytokine signaling. 

Hypothesis 3: MyDBB is required for /DO expression and function in routine splenic 

CD19+pDCs 

Specific Aim 3: Determine the role of MyDBB in /DO expression and function in 

murine splenic CD19+ pDCs 
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b. MyDBB is required/or inflammation induced IDO expression 

Because IFNa is the obligate upstream inducer of IDO in CD19+ pDCs, and CD19+ 

pDCs produce IFNa in response to TLR9 or B7 ligation, we hypothesized that MyD88 

was required for IDO expression. MyD88-WT and MyD88-KO mice were treated with 

PMA as described and tissue sections from the draining Inguinal LN were stained for 

IDO expression. Very few IDO positive cells were detected in the LN of the PMA treated 

MyD88-KO mouse (Fig 16) as compared to the level of IDO+ cells in the WT mouse (Fig 

11). A T cell suppression assay using sorted CD11 cP05B220Pos pDCs from PMA treated 

MyD88-WT and MyD88-KO mice was conducted to test the hypothesis that MyD88 is 

required for IDO function. Sorted CD11cP05B220Pos pDC from PMA treated MyD88-KO 

mice did not suppress antigen specific T cell proliferation (Fig 16B). However, DCs from 

PMA treated MyDBB-WT mice suppressed T cell proliferation in an IDO dependent 

manner as proliferation was rescued in the presence of IDO specific inhibitor 1-methyl

[D]-tryptophan (1 DMT). Furthermore, suppression only occurred in the presence of 

CD11 cP05B220Pos pDC cells and not CD11 cP05B220NEG cells sorted from the same LN 

of the IDO-WT mouse indicating that IDO competent cells segregated exclusively into 

the CD11 cP05B220Pos pDC compartment. One explanation for the lack of PMA induced 

IDO expression and function observed in MyD88-KO mice is that MyD88 is required for 

the development of IDO competent pDCs and MyD88-KO mice lack the IDO competent 

DC compartment. Alternatively, MyD88 KO mice may possess normal numbers of IDO 

competent pDCs that are functionally defective 
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Figure 16 PMA induced inflammation does not stimulate IDO expression In the inguinal LNs of MyD88-KO mice. (A} Tissue sections 
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c. Myd88 is not required/or development of CD19+ pDCs 

To test the hypothesis that MyDBB is required for IDO competent pDC development 

we analyzed Inguinal LN and spleens from MyDBB-KO mice by flow cytometry. CD19+ 

pDCs and CD11 cP058220Pos DCs were present in the Inguinal LN and spleen of MyDBB

KO mice in proportions comparable to those present in MyDBB-WT mice (Fig. 17). The 

mDC and pDC subsets were also present in the expected proportions as were 

expression levels of COBO, CD86, MHC Class 1/11, CD4, CDBa and CCR6 on all DC 

subsets (data not shown). The presence of a normal complement of CD19+ pDCs in 

both Inguinal LN and spleen of MyDBB-KO mice was consistent with the hypothesis that 

MyDBB was not required for development of CD19+ pDCs. Together with the functional 

data reported in the previous section, (Fig. 17) these data support the hypothesis that 

CD19+ pDCs lose the ability to signal IDO induction in inflamed LN. We further 

hypothesize that defective IDO induction is caused by the loss of IFNa production by 

DCs in MyDBB-KO mice. 

d. Myd88 is required/or TLR9 mediated IFNaexpression 

To demonstrate MyDBB's role in IDO expression and function, we first looked to the 

TLR9 signaling pathway where MyDBB has a known role in IFNa expression. We 

hypothesized that TLR9 ligands would not induce IDO expression in CD19+ pDCs from 

MyDBB-KO mice because of defective IFNa production. Before testing this hypothesis 

we first verified that our colony of MyDBB-KO mice was in fact deficient for MyDBB by 

treating CD11 c• enriched DCs from MyDBB-WT or MyDBB-KO mice with the TLR9 ligand 

CpG 8 1826 and assaying cell culture supernatants for IFNa3 expression by ELISA. 
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Consistent with our hypothesis, MyDBB-WT CD11 c+ □Cs treated with CpG B 1826 

expressed IFNa3 but MyDBB-KO □Cs did not (Fig. 18). 
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Figure 17 MyD88 is not required for development of IDO competent CD19+ pDCs. Single cell suspensions prepared from 
inguinal LNs or spleens of untreated MyD88-KO, and background-matched MyD88-WT mice were stained with anti-CD11c, -
CD19,-CD45R/8220 and mPDCA1-mAb, and analyzed on a BD FacsCanto flow cytometer. (A) Dotplots show populations of 
CD11c vs CD19 (top row) , CD11c vs mPDCA 1 (second row), CD11c vs 8220 (third row), and 8220 vs CD19 (bottom row) DCs 
present in the Inguinal LN of 86 WT and MyD88 KO mice. Percentages indicate the proportion of gated populations in total 
lymphocytes. (8) As described in A for Spleen. 
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Figure 18 MyD88 is required for TLR9 mediated IFNa expression. 5*105 

CD11 c+ enriched DC from MyD88-WT (black bars) or MyD88-KO (white bars) 
mice were treated with 2.5µg/ml CpG B 1826 for 6 h. IFNa3 expression in cell 
culture supernatants was measured by IFNa3 specific ELISA (PBL 
Biomedical). P<0.001 by ANOVA followed by Tukey's HSD for pairwise 
comparisons. Statistically significant differences in IFNa3 expression shown 
by*= p:;;Q.05 Error bars indicate 1 SD of triplicate wells. 
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e. Type I and Type 11 IFNs induce 1D0 transcripts in MYD88-KO mice 

Following confirmation of defective TLR9 pathways in the MyD88-KO mouse, we 

treated CD11 c+ enriched DCs from MyD88-WT and MyD88-KO mice with CpG B or 

recombinant Type I (IFNa/13) and II IFNs (IFNy) for 24 hrs and evaluated IDO transcript 

expression by Reverse Transcriptase PCR (RT-PCR) (Fig. 19). Lqw level expression of 

IDO transcripts observed in untreated (Media) samples is common as serum factors are 

known to influence DC maturation (Romani et al 1996). Therefore IDO transcripts 

observed in excess of those observed in untreated samples were interpreted as positive 

IDO expression. Only CD11 c+ DC from MyD88-WT mice expressed IDO transcripts 

following incubation with CpG B. However, IDO transcripts were detected in both 

MyD88-WT and MyD88-KO mice following treatment with IFNl3 and IFNy revealing that 

IDO transcription downstream of IFNa was MyD88 independent. Interestingly, IFNa3 did 

not induce IDO transcripts in DCs from MyD88-WT or MyD88-KO mice above levels 

observed in the untreated (Media) DCs. 

f. Type I and Type 11 IFNs induce STAT phosphorylation in CD19+ pDCs 

We hypothesized that the recombinant IFNa subtype (IFNa3) used to stimulate DCs 

did not induce STAT1 and STAT2 phosphorylation and therefore did not induce 

expression of IDO transcripts. We used western blotting as a complementary approach 

to test this hypothesis. Splenic CD19+ pDCs from MyDBB-WT or MyD88-KO mice were 

sorted by FAGS and treated in vitro with recombinant IFNa3, IFNl3, or IFNy. Total cell 

lysates were separated by SOS-PAGE, transferred to a nitrocellulose membrane, and 

probed for native and phosphorylated STATs (Fig.20). Similar responses to IFNa3, IFNl3, 
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and IFNy were observed in CD19+ pDCs from MyDBB-WT and MyDBB-KO mice. Native 

STAT1 and STAT2 were constitutively expressed in untreated and treated fractions. 

Consistent with the current model of Jak-STAT signaling, phosphorylated STAT1 

protein. 
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Figure 20 Type I and Type II IFNs induce STAT1 and STAT2 phosphorylation in MyO88-KO mice. 105 Aria sorted splenic CD19+ pDC 
from MyD88-WT or MyD88-KO mice were cultured with 500 U/ml IFNa, IFN~, or IFNy for 30 min. Cells were lysed in RIPA buffer containing 
protease and phosphatase inhibitors. Total cell protein was separated by SOS-PAGE and transferred to nitrocellulose membrane. 
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(Tyr689) overnight at 4°C. Bands were revealed using goat anti rabbit HRP and Western Lightning chemiluminescence system and 
photographic film . Results are representative at least three experiments. 
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was induced by Type I and II IFNs, whereas only Type I IFNs induced STAT2 protein 

phosphorylation (Platanias 2005). In both mice IFNj3 was the most efficient inducer of 

STAT1 phosphorylation, whereas IFNy showed a decreased ability to induce STAT1 

phosphorylation in MyD88-KO mice relative to B6 WT mice. Outcomes from this 

experiment showed that Jak-STAT signaling pathways are intact in CD19+ pDCs from 

MyD88-KO mice, and that recombinant IFNcx3 induced STAT1 and STAT2 

phosphorylation in CD19+ pDCs from MyD88-WT and MyD88-KO. Collectively, 

outcomes obtained from the analysis of MyD88-KO mice revealed that IDO induction is 

MyD88 dependent, most likely due to the failure of pDCs to induce IFNcx in response to 

the inflammatory stimulus in inflamed skin draining LN. 

g. TLR9 ligands induce expression of multiple type l lFN subtypes 

Because we have previously shown that two Type I IFN subtype (IFNcx3 and IFNcx1-

9) were expressed by CD11 c+ enriched DCs following B7 ligation with CTLA4-lgG2a we 

hypothesized that other subtypes were produced following treatment with TLR9 ligands 

(Baban et al 2005; Manlapat et al 2007). To test the hypothesis that CD11 c+ DCs 

produce multiple IFNcx subtypes following TLR9 ligation we cultured CD11 c• enriched 

DCs from MyD88-WT with CpG B 1826 and assayed cell culture supernatants and total 

RNA by ELISA and RT-PCR at selected lime points. CD11 c+DC from MyD88-WT mice 

expressed detectable levels of IFNcx3 following 2.5 hours of culture with TLR9 ligands 

and a maximum concentration detected by 8 hrs(Fig. 21A). We detected transcripts of 

IFNj3 and three Type I IFNcx subtypes by RT-PCR (Fig. 21 B). Early expression of IFNj3 

and IFNcx1-9 transcripts was observed at 2.5 hrs which persisted through 36 hrs of· 
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culture. IFNa4 transcripts were detected at 2.5 hr but disappeared after 8 hrs of culture. 

Expression of IFNa2 appeared later at 4 hours with CpG B but also disappeared after 8 

hours. We interpret these results as evidence that TLRS ligands induce expression of 

multiple type I IFN subtypes. 
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Figure 21 TLR9 ligation induces expression of multiple Type I IFN subtypes. CD11 c+ enriched DC from 86-WT mice were treated with 
2.Sµg/ml CpG B 1826. Supernatants and cells were collected at indicated time points and stored at -80°C (A) IFNa3 in supernatants was 
measured by ELISA at indicated time points. Statistical Significance assessed by ANOVA followed by Tukey's HSD for pairwise 
comparisons. All observed differences in IFNa3 expression between time points were statistically significant at the P :50.05 (*) level with the 
exception of 8 to 24 hr comparison . Error bars indicate 1 SD of triplicate wells. (B) IFNP and IFNa subtype transcripts were detected from 
total RNA extracted from 7.5*105 cells. 
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2. Stress granule formation in splenic CD19+ pDCs 

a. Rationale 

The immunosuppressive effect of IDO expression on T cells and cell lines is well 

documented in the literature (Marshall et al 2001; van Wissen et al 2002; Li et al 2004; 

Munn et al 2005; Fallarino et al 2006; Sharma et al 2007) Using GCN2-KO mice we 

have shown IDO activates cell-autonomous signals essential for IFNa production 

following 87 ligation but not TLR9 ligation, most likely by activating a GCN2 dependent 

stress response in CD19+ pDCs (Manlapat et al 2007). However no formal study of the 

effects of IDO expression on CD19+ pDCs themselves has been conducted to date. 

Downstream effects of IDO induction include tryptophan degradation leading to a state 

of AA deficiency during active mRNA translation, which specifically activates the GCN2-

kinase by sensing the presence of uncharged tRNA. Activated GCN2 phosphorylates 

the eif2a kinase and stalls translation of housekeeping mRNAs, initiating the formation of 

SG and PB by RNA binding proteins such as G3BP which specifically concentrates in 

SGs and is used to identify SG formation by immunofluorescent microscopy in cells 

subjected to environmental stress (Tourriere et al 2003; Kedersha et al 2005; Kedersha 

et al 2007). The formation of SG following IDO induction in CD19+ pDCs may represent 

a novel method by which to detect the effects of IDO in IDO competent pDCs. Therefore, 

we hypothesized that SG formation could be detected in CD19+ pDCs by 

immunofluorescent microscopy as a consequence of tryptophan degradation following 

IDO induction. 

Hypothesis 4: /DO expression induces Stress Granule Formation in CD19+ pDCs 

Specific Aim 4: Detect formation of Stress Granule formation in CD19+ pDCs by 

immunoffuorescent microscopy 
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b. Sodium arsenite induces stress granule formation in CD19+ pDCs 

To test the hypothesis that IDO induces the formation of SG in CD19+ pDCs we first 

tested if SG were induced in the cytoplasm of CD19+ pDCs. Splenic CD19+ pDCs were 

sorted by FACS, treated with sodium arsenite (NaAs02) to induce cell stress, and 

stained with anti-G3BP, a protein specifically involved in SG formation (Kedersha et al 

2005; Kedersha et al 2007). As expected diffuse cytoplasmic staining for G3BP was 

observed in the untreated CD19+ pDCs (Fig. 22A) as G3BP is constitutively expressed 

in the cytoplasm under homeostatic conditions (Mazroui et al 2006). Upon treatment with 

arsenite, punctuate structures were observed in the cytoplasm of sorted CD19+ pDCs 

(Fig. 22A). To verify that the structures we observed were SG, parallel wells were 

treated with cycloheximide (CHX), which blocks SG formation through the stabilization of 

polysomes (Kedersha et al 2007). Formation of SG did not occur in CD19+ pDCs treated 

with arsenite in the presence of CHX or with CHX alone. We interpreted these results to 

indicate that G3BP aggregation as an indicator of SG formation can be induced and 

observed in the cytoplasm of CD19+ pDCs by fluorescence microscopy. We developed 

a metric to quantify SG formation in CD19+ pDCs following IDO induction by calculating 

the proportion of cells containing SG as described in Materials and Methods and 

assessed statistical significance using Pearson's x,2 test for proportions. The results of 

this analysis revealed that arsenite induced SG formation in CD19+ pDCs at statistically 

significant levels (Fig. 228). 
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Figure 22 Sodium arsenite Induces stress granule formation in CD19+ pDCs. (A) 
Cytospin preparations using Aria sorted CD19+ pDCs treated with 0.5 mM Sodium 
arsenite (NaAsO2) for 45min in the presence or absence of cycloheximide (CHX) were 
stained with chicken polyclonal anti-G3BP (green) and counterstained with Hoechst 
33258 anti nuclear dye (blue). to detect SG formation (white arrows). Magnification 
1 000x. The proportion of cells containing SG is shown in bottom left corner of image 
and was calculated by counting the number of cells containing at least 2 SG/cell in 1 0 
randomly selected fields at 1 000x (8 ) Quantitative analysis of panel A.. Statistical 
significance was assessed using Pearson's x,2 test for proportions. P<0.0001 
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c. JFNyinduces IDO Independent stress granule formation 

Following validation of the assay, we tested the hypothesis that IFNy induces 100 

dependent SG formation in CD19+ p□Cs. Aria sorted CD19+ p□Cs from the spleens of 

I001-WT 0NT) and I001-KO mice were treated with IFNy for 24hrs to induce 100. 

Parallel treatments were performed in the presence of the specific 100 inhibitor 1 □MT to 

prevent tryptophan degradation, or 10 times the physiologic concentration of tryptophan 

(1 Ox Trp) in order to saturate the enzyme. If SG formation was dependent on functional 

100 activity, the presence of 1DMT or 10x tryptophan would block SG formation in IFNy 

treated WT CD19+ p□Cs. We detected SG formation in the cytoplasm of CD19+ p□Cs 

from WT mice following treatment with IFNy, but not in I001-KO mice (Fig. 23) 

suggesting that an intact 1001 gene was essential for SG formation. However, the 

presence of 1DMT or 10x Trp did not block SG formation in □Cs from IFNy treated WT 

mice. Treatment with 1MT or 10x Trp alone produced no effect in WT and I001-KO 

□Cs. Quantitative analysis revealed that only IFNy treated CD19+ p□Cs from WT mice 

(including +1 □MT and +1 Ox Trp samples) formed SG at statistically significant levels 

when compared to untreated WT CD19+ p□Cs (Fig. 24). Repeat experiments produced 

similar results suggesting that SG induction in CD19+ p□Cs in WT mice following IFNy 

treatment was not dependent on 100 enzyme activity or tryptophan depletion. It is 

unclear why IFNy did not stimulate SG formation in CD19+ p□Cs from 1001 KO mice. 

One potential explanation is that 1001 gene ablation profoundly alters the development 

of 100 competent p□Cs in mice. However, we have previously shown that CD19+ pDC 

development occurs normally in 1001 KO mice (Manlapat et al 2007). 
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Figure 23 IFNy induces SG fonnatlon in ID0-WT CD19+ pDCs but not ID01-KO CD19+ pDCs.(A) Cytospin preparations using Aria sorted 
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pDCs treated with IFNy compared to untreated WT. 
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Figure 24 IFNy induces IDO independent SG formation in ID0-WT CD19+ pDCs but 
not ID01-KO CD19+ pDCs.(A) Cytospin preparations using Aria sorted CD19+ pDCs 
treated for 24hr with IFNy in the presence or absence of IDO inhibitor (1DMT) or 10x 
tryptophan. The proportion of cells containing SG is shown in bottom left corner of 
image and was calculated by counting the number of cells containing at least 2 SG/cell 
in 10 randomly selected fields at 1000x .(B) Quantitative analysis of panel A. IDO1-WT 
(black bars) and IDO1-KO (white bars) Statistical significance was assessed using 
Pearson's x2 test for proportions. P!> 0.05 for WT CD19+ pDCs treated with IFNy in 
presence of 1 DM or 1 Ox tryptophan compared to untreated WT. 
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IV. DISCUSSION 

A. Phenotypic Analysis of splenic CD19+ pDCs 

The data presented here clearly show that IDO competent CD19+ pDCs are a 

unique subset of DCs distinct from mDCs and conventional pDCs based on the 

expression of unique combinations of cell surface receptors and the ability to suppress 

antigen specific T cell proliferation via IDO (Fig 3A). IDO competent CD19+ pDCs 

posses high FSC and SSC light scattering properties and constitutively express high 

levels of the costimulatory markers CD80 (87.1) and CD86 (87.2) indicating a mature 

phenotype (Fig 2,5-6). High level 87 expression may explain why 87 ligands such as 

CTLA4-lgG2a induce IFNa and IDO exclusively in CD19+ pDCs (Mellor et al 2004a). 

However, conventional pDCs were also reported to express IFNa and IDO following 87 

ligation with CTLA4-lgG3 even though conventional pDCs expressed low levels of CD80 

and CD86 (Grohmann et al 2002; Fallarino et al 2004). One study showed that 87 

ligation with CD28-lgG3 induced IDO expression and kynurenine production in SOCS3 

siRNA-trealed pDCs whereas treatment with CTLA4-lgG3 did not require silencing of 

SOCS3 for IDO expression and function (Fallarino et al 2005). The requirement of 

SOC3 silencing in pDCs suggests that signaling pathways downstream of 87 ligation are 

tightly controlled and may be regulated differently in different cells types. Because 

magnetic bead enriched DC populations were used in these studies, ii is more likely that 
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the IDO induction observed was due to contaminating IDO competent pDCs stimulated 

to express IDO via CTLA4-lgG3. 

We have observed that the isotype of the Fe portion of CTLA4-lg fusion proteins and 

the strain of mouse are key factors affecting IFNa and IDO expression following B7 

ligation by CTLA4-lgG (murine Fe) fusion proteins. Our experiments were carried out 

using CTLA4-lgG2a to treat sorted IDO competent pDCs from WT and GCN2-KO 

(129/SvJ- background) and WT and IDO1-KO (F1[B6*CBA]-background) models (Mellor 

et al 2004a; Baban et al 2005; Manlapat et al 2007). Another group used murine CTLA4 

conjugated to the human lgG1 Fe fusion protein in BALB/C mice to show IFNy 

independent induction of IDO expression and function (Feunou et al 2007). Again, 

magnetic bead CD11 c+ enriched DCs were used in this study and it would difficult to 

ascribe the effects of CTLA4-lgG1 to any individual DC subset. IDO induction and 

kynurenine production following activation of the high affinity lgGE receptor (IFceRI) in 

human monocytes has been reported suggesting that Fc:Fc receptor signaling may play 

a role in IDO induction.(von Bubnoff et al 2002; van Bubnoff et al 2003; Bieber 2007). 

However it may be that Fc:Fc receptor binding occurs on adjacent cells and the CTLA4 

portion of the fusion protein is the IDO inducer in DCs. Evidence to support the 

hypothesis that the CTLA4 portion of the fusion protein is the IDO inducer comes from 

studies using cloned CTLA4+ regulatory T cells (Tr1D1) which up-regulated IDO 

selectively in DC subsets co-expressing B220 or CD8a (Mellor et al 2004a). 

Sorted CD11cHIGH120G8NEG DCs from mice injected with the TLR9 ligand CpG 

suppressed antigen specific T cell proliferation via IDO dependent mechanism (Fig 38). 

The 120GB antibody recognizes an epitope of the mPDCA1 surface marker and not a 

unique receptor expressed by pDCs (Personal communication, Giorgio Trinchieri). 
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Because the fluorescently labeled mPDCA 1 Ab is commercially available we were now 

able to revisit these experiments by testing the hypothesis that IDO competent CD19+ 

pDCs do not express mPDCA 1. Consistent with our hypothesis CD19+ pDCs did not 

express mPDCA1 (Fig. 4). Moreover, conventional pDCs were the only DCs expressing 

high levels of mPDCA1. Thus IDO competent CD19+ pDCs are phenotypically and 

functionally distinct from conventional pDCs. 

Though the focus of our laboratory is not on the conventional pDCs subset, several 

points concerning the phenotypic definition of pDCs are important. Backgating the 

mPDCA 1 + pDCs (Fig. 4G) revealed that the gating criteria which defined conventional 

pDCs as CD11cL0Wco19NEGB220Pos, captured the pDC population in the absence of the 

mPDCA 1 antibody. This is an important result for future phenotyping experiments as 

previously, we defined pDCs as CD11 cL0wco19NEG only. Because pDCs only comprise 

15-20% of the CD11 cLowco19NEG population, assessments of the expression of 

additional markers on the pDC subset was complicated by the presence of non-pDCs 

within the analysis gates (Manlapat et al 2007; Kahler et al 2009). Therefore future 

phenotyping experiments designed to assess differential expression of surface markers 

between the CD19+ pDC and conventional pDC subsets should be made using 

CD11 cLOwco19NEGB220Pos (Fig. 4A) or CD11 cL0WmPDCA 1 Pas (Fig. 4G) as the gating 

criteria for conventional pDCs. Because our phenotypic definition of pDCs had changed 

from CD11 cL0wco19NEG to CD11 cLowco19NEGB220Pos we reanalyzed the expression of 

the ' chemokine receptor CCR6 on conventional pDCs and observed that 

CD11 cL0wco19NEGB220Pos pDCs did not express CCR6. These results (Fig. 5) 

represent a more refined analysis of CCR6 expression on pDCs than presented in 

Manlapat et al because we excluded non-pDC CD11 cLow cells from the analysis 
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(Manlapat et al 2007). Moreover, mPDCA 1 is recognized and accepted in the literature 

as a defining marker for conventional pDCs (Fallarino et al 2005). Comparing the 

phenotype of IDO competent CD19+ pDCs to conventional pDCs defined as 

CD11cL0wco19NEGg220Pos or CD11 cL0 wmPDCA 1 Pos strengthens our conclusions that 

IDO competent CD19+ pDCs are phenotypically distinct from conventional pDCs. 

Vremec et al, originally described lymphoid-lineage DCs in the thymus and spleens 

of mice as CDBcxPos and myeloid-lineage DCs as CDBcxNEG (Shortman et al 1997; 

Vremec et al 2000). Therefore, the equal distribution of CDBcxPos and CDBcxNEG CD19+ 

pDCs (Fig. 5-6) was somewhat puzzling as we and others have previously shown that 

only CD11cHIGHcoacxPos, co11cH1GHco19Pos, or co11cHIGHs220Pos DCs mediated 100 

dependent T cell suppression (Mellor et al 2003; Mellor et al 2004a). It is conceivable 

that CD8cx expression on CD19+ pDCs represents different stages of maturation or 

activation as several groups have shown the ability of CDBcxNEG DCs to upregulate CD8cx 

expression within the same cell type in vivo (Merad et al 2000; Martinez del Hoya et al 

2002; Leon et al 2004). The expression of CD8cx is indicative of a mature / activated 

phenotype would be consistent with high FSC and SSC properties and with high 

costimulatory receptor expression. 

The expression of CD11 b was investigated as we had previously shown that a 

population of sorted CD11 c+CD11 b+ cells (defined as myeloid) expressed IDO following 

treatment with CTLA4-lgG2a (Mellor et al 2003). CD19+ pDCs expressed high levels of 

CD11 b comparable to mDCs. Although a small proportion of pDCs also expressed 

CD11 b, a backgating analysis revealed that the CD11 b+ cells were not pDCs but some 

other distinct population. 
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Two recent reports suggested that CD1d and CD5 may be additional markers 

uniquely identifying IDO competent pDCs. Fallarini et al demonstrated the CD1 d ligand 

aGalCer potentiated IFNy induced IDO expression and function (Fallarini and others 

2008). Yanaba et al reported the discovery of a regulatory B220P05CD19Pos B cell 

subset co-expressing CD1 d and CD5 (Yanaba et al 2008). Only CD19+ pDCs expressed 

high levels of CD1 d but not CD5 (Fig. 78). Although all CD1 dHJGH and all CD5HJGH cells 

are all B220PosCD19Pos, (Fig. 7A) they do not express CD11c, thus eliminating them 

from DC subsets. Moreover, all the CD19+ pDCs exist below the CD1 dHJGH and co5HJGH 

cells used to identify regulatory B cells markers thereby supporting the hypothesis that 

CD19+ pDCs are not regulatory B cells. The key result obtained from this experiment 

was the discovery that CD19+ pDCs express high levels of CD1d which may be useful 

as an additional unique marker to differentiate between DC subsets both phenotypically 

and possibly functionally. Activation of natural killer T cells (NKT) by the glycolipid 

antigen aGalCer, was shown to induce NKT to express IFNr. IL-4 and IL 12R, induce 

DCs to express IL-12, and was CD1d and CD40-CD40L dependent (Burdin et al 1998; 

Kitamura et al 1999). However, the in vitro cytokine production assays performed by 

Burdin et al and Kitamura et al used sorted CD11cP05B220NEGCD4NEGCD8aNrn DCs, 

which would not have included the conventional pDC or IDO competent CD19+ pDC 

subsets. 

That IDO competent CD19+ pDCs express higher levels of CD1d than other DCs 

subsets suggests that the results of Burdin et al and Kitamura et al should be re

evaluated to determine if CD1d has a functional role in CD19+ pDCs. An even more 

compelling reason to revisit Burdin and Kitamuras results is the recent report showing 

that alone, aGalCer did not induce IDO, but when combined with IFNy potentiated IDO 
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expression and function in human PBMC in a CD1d dependent mechanism (Fallarini et 

al 2008). Future work in this area would include testing known IDO inducers such as B7 

and TLR9 ligands, and Type I and Type II IFNs in the presence of aGalCer to determine 

if the same potentiating effect observed by Fallarini et al is seen in murine splenic DCs. 

Also of physiologic importance was the discovery that NKT cell-derived IL-10 was critical 

for the generation of Ag-specific Tregs and systemic tolerance induced to eye-inoculated 

Ags (Sonoda et al 2001). Speculatively, induction of NKT mediated IL-10 production by 

IDO competent pDCs may represent an additional mechanism by which IDO expressing 

pDCs activate Tregs. 

We have found that CD11 cHIGHCD19pos is the most unique phenotypic definition to 

identifying IDO competent pDCs in the spleen and TDLNs of mice bearing melanomas 

because this definition represents the smallest DC subset which includes all the IDO 

competent pDCs (Munn et al 2004a; Baban et al 2005; Mellor et al 2005). Moreover, 

CD19+ pDCs are a subset of B220+ and CDBa+ DCs (Fig. ~7) and the presence of 

contaminating IDO competent CD19+ pDCs complicate the analysis and interpretation of 

experimental outcomes when DCs are not sorted optimally. 

With respect to the antibody cocktails used to define DC subsets, these experiments 

were performed using a cocktail of CD11c-APC, B220-PerCP, and CD19-FITC (or 

CD19-PE) conjugated antibodies, which provided an accurate initial phenotypic definition 

of DCs subsets, good separation between the CD11 cHIGHCD19Pos and 

CD11 cHIGHCD1.9NEG populations, and most importantly, allowed the fourth antibody to be 

conjugated to PE (or FITC). This is important for future analysis as most antibodies for 

newly discovered surface receptors that become commercially available for research are 

conjugated to Biotin, FITC or PE first. Many alternative fluorochromes were tested over 
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the course of this project and the antibody-fluorchrome cocktail described above has 

proved the most reliable when performing analysis on digital flow cytometers such as the 

BD Canto and BD Aria. Tandem dyes such as PE-Cy?, PE-Cy5.5 and APC-Cy7 which 

emit in the longer wavelengths produce wider scatter patterns (CV, coefficient of 

variation) and distort populations making ii difficult to gate on specific populations. 

Because CD19+ pDCs represent a rare population of total splenocytes these are 

important technical considerations which prevent the introduction of artifacts and false 

positive populations into the analysis (Kahler et al 2009). 

B. Development and Lineage of Murine Splenic IDO competent pDCs 

Compelling evidence linking IDO competent pDCs. to the B cell lineage is provided in 

Figure 8 which shows that in the Pax5hco2 reporter mouse, CD19+ pDCs are the only DC 

subset expressing the hCD2 receptor. Positive expression of hCD2 indicates that the 

Pax5 gene was activated at some point during the development of CD19+ pDCs and we 

interpret this as evidence that Pax5 is required for IDO competent pDC development and 

therefore are derived from the B cell lineage. Reinforcing these results are those 

produced by Munn et al showing CD19 and Pax5 expression by RTPCR and DH - JH 

rearrangement in CD19+ pDC sorted from TDLNs (Munn et al 2004a). 

The Paxshco2 reporter mouse was an excellent model to test hypotheses surrounding 

the lineage of IDO competent CD19+ pDCs. All DC subsets developed normally and 

were present in proportions comparable to B6-WT mice. The anti-hCD2 antibody was 

specific for its target and did not bind non-specifically to murine CO2 in the WT mice. 

The spleen developed normally (Fig. 9) and splenic CD11c+ DCs produced IFNa3 when 
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treated with TLR9 ligands indicating that this pathway was intact (Fig. 10). PMA 

treatment induced IDO in the draining inguinal LN of Pax5hco2 reporter mice at levels 

observed in 86-WT mice and experiments performed by other members in our 

laboratory (Buries Johnson, Phil Chandler) showed that sorted CD11 cP05GFPPos pDCs 

from PMA treated Pax5GFP reporter mice suppressed IDO mediated antigen specific T 

cell proliferation. Functional experiments should be repeated on sorted 

CD11 cHIGHhCD2Pos DCs from the spleen and LN of Pax5hco2 reporter mice to formally 

demonstrate that IDO competent CD19+ pDCs belong to the B cell lineage. Pongubala 

et al recently published data showing that EBF induces CD19+ pro-8 progenitors 

independently of Pax5. While this report increases our knowledge of the role of the 

interplay between transcription factors, these results were produced in vitro with EBF 

transfected Pax5-KO progenitors and may not accurately reflect the physiologic 

developmental process required for CD19+ DC development in vivo (Pongubala et al 

2008). Therefore, future work should include experiments in EBF and Pax5 deficient 

mice to determine if CD19+ DCs can develop independently of EBF and Pax5. On a 

technical note, it is possible that higher sort purities could be achieved using hCD2 as a 

marker for IDO competent DCs as the separation between the CD11 cH1GHhCD2Pos and 

CD11 cHIGHhCD2NEG populations is greater and the CD11 cHIGHhCD2Pos population is 

tighter and more distinct than the populations observed in the CD11 c vs CD19 dotplots 

(Fig. BA). Moreover, hCD2 excludes the mDC and pDC subsets completely thereby 

reducing contaminating cells carried over by the gating criteria shown in the CD11 c vs 

CD19 and CD11 c vs 8220 dotplots (Fig. BA). 

After demonstrating that IDO competent CD19+ pDCs were the only DC subset to 

express Pax5, we asked if transcription factors upstream of Pax5 may be responsible for 
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IDO competent pDC development. Allman et al showed that B cell lineage commitment 

occurred before DH-JH recombination and more recently, that lkaros was required for the 

development of the conventional pDC compartment (as defined by 

CD11c+B220+120G8+) but not required for the myeloid (CD11c+CD11b+) or lymphoid 

(CD11c+CD8a+) compartments (Allman et al 1999; Allman et al 2006). Although CD19+ 

DCs express CD11 b and CD8a, suggesting that lkaros was not involved in their 

development, the results of this study were obtained from cell populations depleted of 

CD19+ cells. Therefore, we hypothesized that CD19+ DCs may require lkaros upstream 

of Pax5 for development. Consistent with Allman's data, pDCs (as defined by 

CD11 c+B220+mPDCA 1 +) were virtually absent in the homozygous lkaros reporter 

model (Fig. 12). Interestingly, the mDC and CD19+ pDCs populations decreased in the 

heterozygous and homozygous lkaros models suggesting that lkaros may have a role in 

the development of all DCs. 

However, a definitive conclusion cannot be made based on the results obtained from 

lk•'L or lkUL mice because they express low levels of lkaros. pDCs may require high level 

lkaros expression for development, whereas low level expression is enough to generate 

sufficient precursors expressing Flk2/Flt3 in CLP to allow for B cell development to 

proceed (Nichogiannopoulou et al 1999). Other models exist in which to test the 

dependence of IDO competent pDCs on lkaros during development. The lkaros 

dominant-negative mouse shows complete loss of all conventional DC (cDC) subsets 

but can generate DCs from myeloid but not lymphoid progenitors (Georgopoulos et al 

1994; Galy et al 2000). The lkaros null mouse shows a selective loss of CD11 c+CD11 b+ 

but not CD11 c+CD8a+ DCs (Yl/u et al 1997). These two models should be included in 
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follow up experiments to definitively prove or disprove lkaros' role in CD19+ pDC 

development using our definitions of DC subsets based on 4-color flow cytometry. 

We next looked downstream of Pax5 for factors responsible for IDO competent pDC 

development and function. The Pax5 gene encodes the B cell-specific activator protein 

(BSAP) whose downstream targets include CD19, and the surrogate light chains 11.5 and 

VpreB which are involved in BCR development (Thevenin et al 1998). Because the 

expression of CD19 on B cell progenitors is driven by Pax5 and CD19 is a distinguishing 

marker which identifies IDO competent DCs we hypothesized that CD19 expression was 

required for development of IDO competent pDCs. 

A normal population of IDO competent (CD11cHIGHs220Pos) pDCs existed in the 

spleens of CD19-KO mice and the mDC and pDC populations were present in double 

the proportions observed in WT mice indicating that their development was unaffected 

by the loss of CD19 (Fig. 13A). Spleens developed normally and 8220+ cells were 

present in the periphery of follicles and dispersed throughout the red pulp areas where 

IDO competent pDCs are found (Figs. 9,138). PMA treatment induced IDO+ cells in 

draining inguinal LN but the number of IDO positive cells we observed was far less that 

observed in the WT or Pax5 mice (Figs. 10, 13C). One possible explanation for this result 

is the angle of the tissue section we stained did not contain the majority of IDO+ cells. 

Several sections taken from various levels of the LN were stained for IDO expression 

and revealed similar numbers of IDO+ cells. The key result is that IDO+ pDCs were 

present in CD19-KO mice indicating that CD19 was not required for the development of 

an IDO competent pDC compartment. 

Though CD19 expression may not be required for the development of an IDO 

competent pDCs, CD19 may be required for induction of IDO possibly through the 
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STAT1 or PI3K signaling pathways (Su et al 1999; Otero et al 2001; Tan et al 2005; 

Yadav et al 2007; Aiba et al 2008). Interestingly, CD19 is also phosphorylated by CD86 

and the high expression of both CD19 and CD86 on CD19+ DCs may be another 

signaling pathway by which IDO is upregulated via STAT1 dependent mechanisms (Kin 

et al 2007). It is possible that in the absence of CD19, IDO competent DCs may not 

receive the required signal strength for full induction. An alternative hypothesis is that 

Pax5 driven CD19 expression may be required for B lineage precursors to advance to 

later stages of development where other mechanisms specify the development of the 

IDO competent DCs. Evidence to support this hypothesis is derived from studies that 

showed CD19 could interact with the pre-BCR/BCR and modulate B-cell development at 

multiple stages (Otero et al 2003; Del Nagro et al 2005). 

Another group B lineage proteins targeted by BSAP are the surrogate light chains J..5 

and VpreB which are involved in development of the preBCR. To test the hypothesis that 

B cell receptor formation was required for IDO competent pDC development we 

performed the assays described for CD19-KO mice on µMT mice, which lack lgM µ 

heavy chain formation (Kitamura et al 1991; Macpherson et al 2001 ). Similar to the 

results observed in the CD19-KO mouse, IDO competent pDCs (CD11 cHIGHB220Pos and 

CD11cHIGHCD19Pos) were absent in µMT spleens although mDCs and pDC were present 

in elevated numbers (Fig. 14A). The few B220+ cells dispersed throughout the spleen 

were most likely conventional pDCs (Fig. 148). Consistent with our hypothesis, PMA did 

not induce IDO in inflamed skin draining inguinal LN. These results would suggest that a 

functional preBCR or mature BCR, or activation of downstream signaling pathways 

following BCR engagement may be requirements for IDO competent pDC development. 
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We hypothesized that VHDHJH gene rearrangement was required for the development 

of IDO competent pDCs, and performed 4-color flow cytometry on total splenocytes from 

the JH-KO mouse which are deficient for JH gene segments and cannot undergo DH-JH 

rearrangement thereby blocking B cell development at the large, preB stage. Phenotypic 

analysis of DC subsets present in the spleens of JH-KO mice was confounded by the 

presence of a cohort of highly autofluorescent cells which extended into the analysis 

gates in the absence of specific monoclonal antibodies to detect CD19, B220, and 

mPDCA1 thereby preventing a definitive conclusion on the existence of splenic CD19+ 

pDCs in the JH-KO mouse (Fig. 15). High auto fluorescence is a common feature of 

splenocytes from JH-KO mice (Personal communication, Dr. Michiko Shimada). IDO 

expression following PMA treatment was not assessed in the JH-KO mouse as the few 

mice available died before they could be treated with PMA and we were unable to obtain 

more. Future work on this model should include PMA treatments to detect IDO 

expression by IHC and function by suppressive MLR. We hypothesize that IDO 

expression will not be detected or suppress T cell proliferation following PMA treatment 

due to the absence of CD19+ pDCs in the JH-KO mouse. 

Recently, it was reported that J-chain protein expression was detected in a subset of 

murine IDO expressing CD11 c+ DCs (Kallberg et al 2008). The Joining chain (J-chain) is 

an integrated component of dimeric immunoglobulin A (lgA) and pentameric 

immunoglobulin M (lgM) which are important in mucosa! immunity (Rojas et al 2002). 

lgA and lgM are transported across epithelial cells in a receptor-mediated process 

known as transcytosis, and prevent adhesion of bacteria, viruses, and parasites to 

mucosa! surfaces by aggregating and immobilizing these organisms thus neutralizing 

their ability to infect the host (Fubara et al 1973; Outlaw et al 1990; Enriquez et al 1998). 
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J-chain KO mice had reduced numbers of !DO-expressing cells in lymph nodes and 

reduced IDO protein in splenic CD11 c+ cells. Moreover, J-chain KO mice had a lower 

ratio of kynurenine/tryptophan in serum and are less susceptible to ovalbumin induced 

oral and systemic tolerance (Kallberg et al 2008). 

We obtained data sets from Kallberg and Leanderson to determine if the IDO 

expression they observed in their experiments was produced by IDO competent pDCs. 

Key technical points complicate the interpretation of the results obtained by Kallberg and 

Leanderson. First, IDO was detected in CD11 c+ magnetic bead enriched cell lysates 

from the spleens and LNs of unstimulated WT or J-chain KO mice by quantitative real 

time PCR (qRT-PCR). Low level expression of IDO transcripts observed in untreated 

(Media) CD11c+ magnetic bead enriched samples is common (Fig. 19) and serum 

factors are known to influence DC maturation and IDO expression (Romani et al 1996). 

Moreover, detection of IDO transcripts by PCR or IDO protein by western blots does not 

indicate functional IDO activity. Second, tryptophan / kyneurenine ratios were 

determined by HPLC analysis of sera from untreated mice. II is likely that the serum 

kynurenine detected by this assay resulted from the regulation of dietary tryptophan 

levels by TOO present in the liver and cannot be ascribed to a specific lymphoid tissue 

resident DC subset (Salter et al 1995; Liao et al 2007). Lastly, the purities of enriched 

DC subsets used to detect J-chain expression were assessed on gated lymphocytes 

(50% of total cells) and not the total cells used in the assay (Personal Communication, 

Eva Kallberg) indicating that the remaining 50% of cells were undefined contaminating 

cells. Collectively, these complications would suggest that the lack susceptibility to 

ovalbumin induced oral and systemic tolerance was mediated by IDO independent 

mechanisms. A more rigorous analysis of the role of J-chain in IDO expression and 
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function by IDO competent pDCs should be conducted using sorted IDO competent pDC 

from inflamed skin draining LN of PMA treated J-chain KO mice in the presence or 

absence of 1 DMT or 1 Ox tryptophan. Phenotyping experiments using the gating criteria 

shown in Figures 2,4-6 would provide a more refined analysis of DC subsets present or 

absent in J-chain mice. Treating sorted populations of specific DC subsets with IDO 

inducers such as IFNa/13/y or TLR9 or 87 ligands prior to qRT-PCR or western blot 

analysis would allow a more accurate determination of IDO expression. 

The results generated from the experiments described in this section are 

summarized in (Table 2) and used to construct of a model of IDO competent pDC 

development (Fig. 25). In this model, Pax5 is the determining factor in IDO competent 

pDC development most likely due to the expression of BSAP and its downstream targets 

but repression of other lineage biasing targets by Pax5 may also play a role (Nutt et al 

1999). 
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Table II summary of B Cell Lineage Results 

Strain JDC) comp!"!~t Conventional mOC .IDO" Suppression" ·poc , pDC 

B6WT- + + + + + 
paic5t<:02 + + + + +c 

·co19,KQ + + + Low ND 

µMT + + ND 

JH-KO ? + + ND ND 

lkaros Low + ND ND. 

~ =.Inflammation induced 100 expre~on ;detected by IHC 
= Inflammation induced IDO function detected in M LR 

c= Pax5•FP mice used to detect functional IDO expression 
ND= Not Determined 



HSC 

CMP ~ CLP 

1 1 1 
~ lkaros 6 
1 1 1 

mDC pDC 
BSAP 
CD19 

J"-Chain 
µ-Heavy Chain 

1 
IDO Competent pDC 

Figure 25 Experimental model of IDO competent pDC development. Self 
renewing Haematopoeitic Stem Cells (HSC) differentiate into Common Myeliod (CMP) 
o.r Common Lymphoid (CLP) Precursors. Pax5 expression is required for IDO 
competent pDCs most likely for induction of B Cell Specific Protein (BSAP) and 
downstream targets 
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It is not clear from our data what role if any lkaros has in 100 competent pOC 

development but it is clear that Pax5 is not involved in pOC or mOC development. It is 

clear that the formation lgM µ heavy chain is required for the development of an 100 

competent pOC subset as evidenced by • the lack of C011 cHIGHB220Pos and 

C011cHIGHco19Pos pOCs. Moreover, it is unlikely that pOCs expressed 100 following 

PMA treatment as 100+ cells were not present in the µMT model and our previous work 

showed that pOCs do not mediate 100 dependent T cell suppression following treatment 

with TLR9 ligands (Mellor et al 2005). The question of where the development of 100 

competent pOCs occurred was not addressed in this project as phenotyping was 

performed only in na'ive splenic tissue. It was assumed that 100 competent pOCs 

developed in the bone marrow and migrated to the spleens and LN, which may or may 

not be the case as 100 competent pOCs may develop in the periphery following 

appropriate inflammatory signals. Experiments completed to date leave several key 

questions unanswered. Future work on this project should be focused on demonstrating 

100 expression and function in the C019-KO, µMT, and JH-KO mouse models following 

PMA treatment. Furthermore, the experiments described in chapter 2 should be 

performed on lkaros-KO, EBF-KO, and Pax5-KO mice in order to draw definitive 

conclusions about the role of these transcription factors in development of 100 

competent pOCs. 
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C. Functional Aspects of IDO expression in murine splenic CD19+ 

pDCs 

lmmunohistochemistry of LN sections from PMA treated MyD88-KO mice revealed 

low numbers of cells staining positive for IDO expression relative to WT and Pax5 mice 

(Fig. 11). Sorted CD11 +B220+ pDCs harvested from inflamed skin draining LNs of PMA 

treated MyD88-KO mice did not suppress antigen specific T cell proliferation (Fig. 14A). 

CD11 +B220+ pDCs from PMA treated MyD88-WT LN did suppress proliferation in an 

IDO dependent manner as shown by addition of the IDO specific inhibitor 1DMT, which 

rescued T cell proliferation (Fig. 14A). We interpret these results as an indication that the 

MyD88 adaptor protein is required for IDO expression and function following PMA 

treatment in our model of inflammation induced ID0 expression. The lack of IDO 

expression and function we observed in these experiments did not occur because 

CD19+ pDCs were absent in MyD88-KO mouse. Normal populations of all DCs were 

present in both organs (Fig. 15) as were the expression of the markers shown in Figure 

4 (data not shown). 

We conducted experiments to determine the role of MyD88 in signaling ID0 

expression. Consistent with the current literature, MyD88 was required for TLR9 

mediated IFNu3 expression as only My088-WT CD11c+ enriched DCs produced IFNu3 

as detected by ELISA in cell culture supernatants (Fig. 1 B). This experiment required the 

use of MACS enriched CD11 c+ DCs in order to obtain sufficient cell numbers to detect 

IFNu3 in the supernatants. MACS enrichment routinely yields a cell population 

I 
consisting of 30-50% CD11 c+ DCs with CD19+ pDCs being enriched 20-25 fold (0.2 -

5% of total cells) (Kahler et al 2009). With only 5% of the total cells being CD19+ pDCs 
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the IFNa3 expression observed in the WT mouse cannot ascribed to one DC subset 

over another. However, we have previously shown that sorted CD11cHIGH DCs produce 

more IFNa than CD11 cLow DCs (conventional pDCs) on a per cell basis following 

treatment with TLR9 ligands (Manlapat et al 2007). Moreover, the goal of the experiment 

was not to show differences in IFNa expression between DC subsets only to verify that 

the MyD88-KO colony was in fact deficient in their ability to respond to TLR ligation. 

MyD88 was required for TLR9 ligand induced IDO expression as CpG B did not 

induce expression of IDO transcripts in DC from MyD88-KO mice (Fig. 17). However 

treatment with recombinant IFNl3 or IFNy did induce IDO transcription. We interpreted 

this result as an indication that MyD88 was not required downstream of IFN receptor 

signaling and STAT1 and STAT2 phosphorylation leading to IDO expression, only 

upstream of CpG mediated IFNa production. Future experiments should be conducted 

using CTLA4-lg to determine if Myd88 is also required for IFNa expression following B7 

ligation as this question was not addressed in this study. 

Paradoxically, recombinant IFNa3 did not induce expression of IDO transcripts in 

DCs from MyD88-WT or MyD88-KO mice even though it induced STAT1 and STAT2 

phosphorylation as effectively as IFNl3 or IFNy (Fig. 18). Currently, there are thirteen 

known IFNa subtypes, but many type I IFNs exist which suggests functional or cell-type 

specificity between subtypes (Platanias 2005). Activation of different signaling 

pathways and responses were reported in DCs and T cells following in vitro treatment by 

different subtypes (Hilkens et al 2003; van Boxel-Dezaire et al 2006; Johnson et al 

2007). We observed IFNa1-9 gene transcription in murine splenic CD19• pDCs treated 

with CpGs or CTLA4-lg prior to IDO expression (Saban et al 2005; Manlapat et al 2007). 
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Type II IFN (IFNy) is a potent stimulator of IDO in macrophages and DCs (MacKenzie et 

al 1999; Munn et al 1999; MacKenzie et al 2003). 

We hypothesized that the recombinant IFNu3 subtype we used did not generate a 

sufficient signal to induce IDO expression. Speculatively, it may be necessary to express 

multiple IFNu subtypes in order to produce the minimum signal strength to induce IDO. 

As only one known subtype exists for IFN~ or IFNy, this effect may not be observed 

following treatment with these reagents. We addressed this hypothesis by performing a 

time course experiment characterizing type I IFN (IFNcx/~) subtype expression by 

CD11c+ enriched DCs following CpG treatment. We detected IFNct3 in cell culture 

supematants and expression of IFN~ and three Type I IFNu transcripts from total RNA 

extracted from the CpG treated cells. IFN~ and IFNu1-9, IFNu2, and IFNu4 transcripts 

were observed 3.5 hours before IFNu3 expression was detected in supematants, which 

we interpret as evidence that early IFN subtypes may induce later subtypes required for 

IDO expression. This is a potentially important and biologically significant result as it 

suggests a temporal control of IDO expression by IDO competent DCs. Expression of 

early IFN subtypes (IFN~,IFNu4) may be required to induce expression of later subtypes 

(IFNu1-9, IFNct2) which provide the signals required for IDO expression via IRF7 and 

STAT1 (Marie et al 1998). While this experiment provided information on type I IFN 

(IFNcx/~) subtype expression by CD11c+ enriched DCs following CpG treatment a 

definitive conclusion about which subtypes are responsible for IDO induction cannot be 

made based on these results. Future work in this area should be performed on sorted 

conventional pDC and IDO competent pDC treated with TLR9 ligands to first determine if 

differential IFNu expression is observed between the two subsets. Previously, only 
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recombinant murine IFNcx3 was available for experimental use. Now, the IFNcxl, IFNcx4, 

IFNcxl 1, anp IFNcx13 subtypes have become commercially available and should be 

tested to identify subtypes that induce IDO in IDO competent pDCs. 

Hou et al recently described a DC-specific MyD88-deficient mouse generated by 

crossing the MyD88 allele with a DC-specific Cre transgene (Hou et al 2008). Hou's 

model may be more appropriate model in which to test the role of MyD88 in IDO 

expression as only DCs subsets would be defective for MyD88. 

IDO expression is likely to affect DC function due to the reduction in tryptophan, 

which activates the GNC2 kinase and phosphorylates the eif2cx kinase thus halting the 

translation of housekeeping mRNAs in favor of mRNAs encoding proteins with 

specialized functions such as the CCAAT/enhancer-binding protein homologous protein 

(CHOP or GADD153) which is under strict transcriptional control by GCN2-kinase and 

has pro-apoptotic effects on cells (Dong et al 2000; Harding et al 2000a; Wek et al 2006; 

Puthalakath et al 2007). The formation of SG observed in IDO-WT but not IDO1-KO 

CD19+ pDCs following IFNy treatment suggests IDO dependent mechanisms were 

responsible for SG formation (Fig. 23). However, addition of 1 DMT, which specifically 

inhibits the IDO1 enzyme, did not prevent or even reduce SG formation in WT CD19+ 

pDCs (Hou et al 2007). Moreover, addition of 10x tryptophan, which maintains high 

tryptophan levels by saturating the IDO1 enzyme, was equally ineffective at preventing 

or reducing SG formation, thereby confirming by two distinct methods of IDO modulation 

that SG formation in IDO1-WT CD19+ pDCs following IFNy treatment did not occur 

solely by IDO dependent mechanisms (Fig. 24). 

In our system, it is more likely that other eif2cx kinases besides GCN2 were 

responsible for initiating SG formation. For example, the PKR-like ER kinase 
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PERK(PEK) detects endoplasmic reticulum stress, and the dsRNA-activated 

serine/threonine protein kinase (PKR) senses heat, ultraviolet (UV) irradiation, viral 

infection, and oxidative stress and is induced by IFNy (Harding et al 2000a; Harding et al 

2000b; Williams 2001). Both of these kinases could conceivably phosphorylate eif2cx 

following an increased translational load induced by IFNy treatment in WT CD19+ pDCs. 

It may be that IDO expression, activation and subsequent degradation of intracellular 

tryptophan in CD19+ pDCs activates the ISR by multiple mechanisms. In the absence of 

an intact IDO1 gene, the same increased translational load induced by IFNy treatment 

would not be as severe which would explain why we observed only a low proportion of 

cells forming stress granules in the IDO1-KO CD19+ pDCs. Alternatively, SG formation 

in IDO1-KO cells could have been induced by the activity of the IDO2 gene, which is 

intact in IDO1-KO mice. 

Our experimental system did not control for the effects of PKR or PERK and 

therefore represents one shortcoming of our analysis. One method to test the hypothesis 

that PERK or PKR was responsible for SG formation following IFNcx treatment would be 

to repeat this experiment in GCN2-KO mice using a panel of IDO inducers. However, 

depending on the stimulus, IDO may not be induced or activated in GCN2-KO mice 

owing to defective IFNcx expression observed following 87 ligation (Manlapat et al 2007). 

Following confirmation of functional IDO expression in GCN-KO mice, inhibition of PKR 

could be achieved through the use of 2-aminopurine (2-AP), an inhibitor of 

serine/threonine protein kinase, adenine (an isomer of 2-AP) or RNAi knockdown (Wong 

et al 1998; Delgado Andre et al 2007; Karehed et al 2007). Off target effects of 2-AP 

should be carefully considered when interpreting the results of experiments. CD19+ 

pDCs from PKR-KO mice or PERK-KO mice in combination with PKR inhibitors 
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represent other alternative methods by which to dissect the involvement of eif2a. kinases 

in SG formation following IDO induction (Abraham et al 1999; Harding et al 2001; Huang 

et al 2006) 



V.SUMMARY 

Key findings from this study indicate that murine splenic IDO competent CD19+ 

pDCs are a distinct subset of DCs express CD4, CDBu, CD11b, CCR6, CD1d but not 

CD5 or the conventional pDC marker mPDCA 1. IDO competent pDCs are phenotypically 

mature DCs expressing high levels of the costimulatory markers COBO and CD86 and 

exhibiting high FSC and SSC properties under homeostatic conditions consistent with a 

mature or activated phenotype. IDO competent CD19+ pDCs were the only DCs to 

express Pax5 which we interpret as evidence that IDO competent pDCs develop from B 

cell lineage precursors. Moreover, IDO competent pDCs did not develop normally in 

mice deficient for components of B cell developmental pathways whereas conventional 

pDCs and mDCs developed normally. 

MyD88 adaptor protein was required for IDO expression and function following PMA 

induced inflammation in skin draining inguinal LN but not for IDO transcript expression in 

CD11c+ DCs following treatment with recombinant IFNi3 or IFNy. Nor was MyD88 was 

not required for STAT1 and STAT2 phosphorylation in sorted murine splenic CD19+ 

pDCs. We interpret these results to indicate that MyD88 is only required upstream of 

IDO expression in the induction of inflammatory cytokines. 

Alone, the recombinant IFNu3 subtype did not induce IDO transcripts in CD11c+ 

DCs but TLR9 ligands that induced expression of IFNu3 also induced four other type I 

IFN subtypes. This would suggest that a panel of IFNu subtypes was required to induce 
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IDO transcript expression most likely through the expression of the early IFNj3 and 

IFNcx4 which induce the later IFN subtypes. 

SG formation in the cytoplasm of sorted CD19+ pDCs from WT, but not IDO1-KO 

mice treated with IFNy suggested that SG formation was IDO dependent. However, SG 

formation was not prevented by addition of 1 DMT or 1 Ox tryptophan, indicating SG 

formation was not IDO dependent. We conclude that SG formation was due to the 

activation of PKR and PERK, two additional eif2cx kinases involved in cellular stress 

pathways. 
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