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I.

Introduction

Initially, studies focused on the mechanisms of T cell activation, but
subsequently, the focus shifted towards understanding how T cell responses are regulated
and suppressed. Dendritic cells (DCs) are specialized to acquire, process, and present
antige~s and co-stimulatory signals to stimulate naYve T cells. 1 These cells are found
dispersed throughout the body, capturing and processing antigens. Once activated, DCs
l

migrate to the T cell regions .of lymphoid tissues where they present the . processed
antigen and activate T cells. DCs are critical cells involved in the initial stages of a
primary immune response that determine immune "attack" versus "tolerance." Tolerance
is the phenomenon in which antigens do not elicit an effective immune response and
instead promote active long-lasting unresponsiveness to subsequent encounters with the
same antigen.
I.A.

T Cell Tolerance.

Central Tolerance

The thymus, a lymphoepithelial organ located just above the heart, consists of
several lobes, each of which contains cortical and medullary regions. With age, the
thymus undergoes a process known as involution, which may be triggered by agedependent changes in levels of growth factors and hormones. Other theories explaining
thymic involution include a decrease in the numbers of thymic progenitor cells and the
1

2

diminished capability of T cells to rearrange TCR genes during thymocyte
development. 2
Central tolerance is induced during thymocyte development by two processes
known as positive and negative selection. 3-7

In essence the thymus serves as a "T cell

educator," depleting self-reactive thymocytes before they reach the periphery. 4-7 First,
thymocytes undergo positive selection where those with T cell receptors (TCR) that can
interact with self-peptide-MHC complexes can further differentiate. These thymocytes
then undergo a second sele~tion process, negative selection. 3 l1;1. this process, T cell
progenitors that have a TCR that binds strongly to a self-antigen-MHC complex on
stromal or bone marrow-derived cells are selectively removed from the T cell
population. 8 Thymic expression of tissue-specific antigens is regulated by a transcription
factor known as autoimmune regulator (AIRE). 9 It has been shown that loss of AIRE
abrogates the expression of tissue-specific self-peptides in the thymus and as a result,
prevents deletion of self-reactive T cells. 10 Thus, AIRE plays a role in regulating negative
selection of T cells that recognize peripheral tissue antigens. This phenomenon prevents
potentially harmful T cells from activating when they encounter the same (self) antigen
outside the thymus.
Peripheral Tolerance

Some self-reactive T cells, such as those that recognize tissue-specific peptides
other than thymic peptides or peptides produced after development, escape negative
selection and are hot deleted in the thymus. These T cells need to be regulated once they
exit the thymus to prevent unwanted T cell responses against self-peptides encountered in

3

the periphery. This phenomenon is known as peripheral tolerance. Peripheral tolerance
can be achieved through various processes, which will be described in the next section.
Mechanisms of Tolerance

Current understanding of the mechanisms of tolerance includes negative
selection4 -7 , clonal anergy11 ' 12, clonal deletion13 , immunological ignorance, and regulatory
T cells. 14- 18
As_ mentioned, the thymus acts as a "T cell educator," depleting self-reactive T
cells during negative selection. 4 -7 This theory, however, fails to explain the presence of
self-reactive T cells in the periphery and the development of tolerance to :self-antigens
that are not expressed in the thymus during the process of negative selection. In the
thymus, the transcription regulator, AIRE, controls thymic expression of tissue-specific
antigens. 9 Mutations in the AIRE gene are associated with autoimmune polyendocrine
syndrome type, 1 (APS 1), an inherited autoimmune disease that affects multiple
organs. 19•20 In addition, studies have shown that in the absence of functional AIRE,
autoreactive T cells fail to delete in the thymus. 10 Aside from regulating expression of
tissue-specific antigens necessary for negative selection, new evidence shows that AIRE
also regulates chemokine expression in antigen-presenting cells. 21 It may be that AIRE
not only functions in the expression of tissue-specific antigens but also in the expression
of chemokines by antigen-presenting cells, both of which help to regulate negative
selection. Nonetheless, it is clear that AIRE plays a critical role in negative selection.
Peripheral tolerance is achieved when potentially autoreactive T cells in the
periphery fail to elicit an immu~e response against an antigen. The initial encounter of
the TCR and antigen-MHC complex in the absence of co-stimulation induces T cell

4

anergy, a state of nonresponsiveness to an antigen presented under optimal conditions. 22
Immunological ignorance is another state of tolerance in which the T cell and the antigen
it recognizes·can co-exist without the T cell mounting an immune response. 23 '24 This state
may explain why tumors are able to evade the immune system even in the presence of
both tumor-specific T cells and tumor antigens. 25
In the thymus, a population of CD4+ thymocytes is positively selected by thymic
APCs to differentiate into T cells with regulatory functions. 19•26 These naturally occurring
CD4+CD25+ regulatory T cells (T REGS

)

have been shown to actively suppress antigen-

specific T cell responses. 26 •27 They express cell surface markers such as cytotoxic T
lymphocyte antigen 4 (CTLA4)2 8, glucocorticoid-induced tumor necrosis factor receptor
(GITR)29 , the a-chain_ of the interleukin-2 receptor (CD25)30 an~ the transcription factor
forkhead box p3 (Foxp3). 31 In addition to the thymus-derived-T REGS, there are
CD4+CD25- T helper cells that develop into TREGS in the periphery. This population of
helper T cells (Ttt3 or Trl) produces high levels of transforming growth factor-~ (TGF-~)
and IL-1032 and can induce Foxp3 following engagement of its TCR to its antigen and
differentiate into regulatory T cells. 33 Researchers speculate that the importance of these
regulatory T cells in tolerance lies in their possible role: 1) in blocking CD28-B7
interactions (co-stimulatory signal) by CTLA4 binding to B728 ; 2) as an IL-2 "sink,"
or; 3) as producers of the anti-inflammatory cytokines TGF-~ and IL-10

35

•

34

Regulatory T

cells may induce and maintain tolerance through interactions with DCs or with other T
cells.
The main role of antigen-presenting cells (APCs) is to integrate all information
from their surroundings and assess whether the signals should lead to tolerance or

5

immunity. 36 •37 DCs are key players in rendering T cells anergic38 -40 ; however, the
mechanism is not understood. Regulatory DCs promote T cell suppression perhaps by
actively inhibiting T cell responses or by altering differentiation of helper T cells (TH 1,
TH2, and TH3)., Immature DCs express low levels of MHC and co-stimulatory molecules
and are found to suppress immune responses. 41 Two distinct DC subsets have been
identified in humans: myeloid DCs (DCl) and plasmacytoid DCs (DC2 or pDCs). DCl
are characterized by an ability to capture antigen, and preferentially elicit Thl responses
while DC2 are characterized by their ability to produce high levels of type I IFN s, and
promote Th2 responses. 42 ,43 In mouse, CD8a- DCs possess stimulatory properties while
CD8a+ DCs are associated with regulatory properties. 44 Regulatory DCs suppress T cell
responses perhaps by secreting immunosuppressive cytokines45 •46 and generating
regulatory T cells. 47 -49
Previous work has demonstrated that induction of indoleamine 2,3-dioxygenase
(IDO), a tryptophan-catabolizing enzyme, can suppress T cell responses both in
vitro38 •50 •51 and in vivo. 52 -54 For instance, a fibrosarcoma cell line transfected with IDO
suppresses allogeneic T cell responses in mixed lymphocyte reactions (MLR). 51 In vivo
treatment of mouse models for experimental autoimmune encephalomyelitis (EAE), an
animal model of multiple sclerosis, 53 and trinitrobenzene sulfonic acid (TNBS)-induced
colitis54 with 1-methyl-tryptophan "(1-MT), an inhibitor of IDO, enhanced the progression
of these diseases showing that IDO is involved in down-regulating T cell responses
associated with these diseases. Further, B7 ligation with a soluble form of CTLA-4 was
found to be a potent inducer ofIDO in a subset of DCs. 55 •56 Studies using 1-MT to inhibit
IDO activity have shown that long-term survival of pancreatic islet allografts mediated by

6

CTLA4-Ig was dependent on functional 1DO. 57 Because regulatory T cells express cell
surface CTLA4, it suggests that the DC-Treg interaction via CTLA-4 binding is a
mechanism for tolerance induction and provides a link between the mechanism of
regulatory T cells and DCs. In concert with the other mechanisms discussed earlier,
CTLA4 niay play a role other than just as a simple negative regulator of T cells or costimulatory blockade molecule, by inducing IDO in a subset of DCs, which then suppress
T cell responses. Additionally, others in the field speculate that regulatory DCs suppress
T cell responses indirectly by generating regulatory T cells. 47 -49

I.B.

lndoleamine 2,3-Dioxygenase

The History of/DO
Indoleamine 2,3-dioxygenase (IDO, E.C. 1.13.11.42) is a heme-containing
enzyme that was initially isolated from rabbit intestine by Hayashi et al. in 1963. 58 -60
This oxygenase catabolizes indole-ring-containing compounds and is the first and rateli:Q1.iting enzyme in the kynurenine pathway of tryptophan metabolism to yield breakdown
products, such as kynurenine, quinolinic acid, and picolinic acid (Figure lA). 58 In the
kynurenine pathway, this enzyt?J.e oxidatively cleaves the indole ring of tryptophan to
form N-formylkynurenine that spontaneously hydrolyzes to kynurenine. 60-62
IDO is a 42 KDa enzyme that is constitutively expr_essed in the giant cells of the
placenta, and the epithelial cells of the gut and epididymus. Immune mediators such as
IFNy and IFNa induce IDO, while TGF-B63 and IL-464 have been shown to inhibit IDO
transcription and activity. Hence, IDO is linked to and regulated by the immune response.
Spleen and lymph nodes also express IDO, but expression in these tissues is tightly
regulated.
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Figure 1. lndoleamine 2,3-dioxygenase in dendritic cells. [AJ JDO in the Kynurenine
Pathway.

T1yptophan is catabolized by the rate limiting enzyme !DO to N-

Formylkynurenine.

N-Formylkynurenine is further catabolized into the downstream

compounds of the pathway. [BJ Tryptophan depletion hypothesis. !DO-expressing DCs
depletes llyptophan to promote T cell suppression. [CJ Stimulatory DCs promote T cell
proliferation in response to an antigen.
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The expression of IDO in both murine and human cultured DC has been shown to _
inhibit T cell responses 38 •39 ' 51 • In addition, it has been shown in vivo to prevent fetal
allograft rejection~2 •65 •66 and has been associated with less severe T -cell-mediated graft
versus host disease. 67 Because IDO catabolizes the essential amino acid L-tryptophan, it
has been propo·sed that· the local depletion of tryptophan starves, stresses, or otherwise
signals within the responding T · cell to promote cell cycle arrest and inhibit T cell
..

proliferation (Figure· lB).

36

· In

.

contrast, DCs not expressing functional IDO promote T

cell proliferation (Figure lC). Alternatively, some investigators argue that cell cycle
arrest and inhibition of T cell responses are mainly due to the effect of toxic metabolites
produced 'from the breakdown of tryptophan. 68 -70 'For instance, treatment of mice
suffering from experimental autoimmune encephalomyelitis (BAE) with N-(3,4Dimethoxycinnamoyl) anthranilic acid (3,4-DAA),. a derivative of the tryptophan
metabolite. anthranilic acid, resulted in the reversal of the disease. 70 However, studies
using excess tryptophan provide evidence that tryptophan depletion is the critical
biochemical process induced by IDO. 50 •71 Thus, it was hypothesized thaf dendritic cells
expressing IDO play a role· in immune regulation.

Induction and Regulation ofIDO
The IDO protein is encoded by a single gene that consists of 10 exons spread over
approximately 15,000 hp on both human and mouse chromosome 8. 36 IDO gene promoter
activity is enhanced by type I (IFNa/p) and type II (IFNy) interferons, and LPS, IL-1, and
TNF-a induce IDO synergistically with IFNy. 36 Additionally, depending on the DC
subset and the experimental system employed, B7 ligation with CTLA4 induces IDO
expression via either the IFNy57 or IFNa56 signaling pathway. We have also shown that

-9
Toll-like receptor-9 (TLR9) ligation with CpG in a small population of splenic DCs
induces IDO expression through IFNa signaling. 72
Expression of IDO does not always result in enzyme activity. Although both
murine splenic CD8a+ and CD8a- DCs expressed IDO protein (by western blot analysis)
following IFNy stimulation, only the CD8a+ DCs were capable of tryptophan
catabolism. 73 IDO expression is tightly regulated; however, the mechanisms ~hat regulate
IDO activity are not completely understood. It is possible that regulation occurs by
alternative splicing during transcript processing, post-translational modifications,
increase in enzyme turnover, or rate-limiting cofactors. Cofactors, such as heme and
tetrahydrobiopterin, bind the active site of the enzyme and are required for its activity. 61
Therefore, inhibiting heme production negatively affects IDO activity. Various
immunological situations, such as infection and transplantation, activate the inducible
isoform of nitric oxide synthase (iNOS) to produce large amounts of nitric oxide (NO). 74
NO has been shown to negatively regulate IDO activity. 75 -77 Based on IDO structural
analyses, Aitken et. al. propose that NO-binding to IDO affects IDO activity directly by
changing its conformation and essentially blocking the heme-binding site in the
enzyme. 78 In addition, peroxynitrite, a potent oxidant that forms in the presence of nitric
oxide (NO) and superoxide77 •79 , although its effect on IFNa-mediated-1DO expression is
not known, it has been found to antagonize IFNy-mediated IDo' gene transcription. 80•81
Thus, the inhibitory effect of inducible nitric oxide synthase (iNOS) on IDO is not only
on enzymatic activity but also at a transcriptional level.

10

Role in Pregnancy
Previous studies have identified a critical role for IDO in preventing maternal Tcell mediated alloresponse against paternal antigens of the fetus. 52 •82 Functional IDO is
expressed in the syncytiotrophoblast, stroma, and macrophages of the first and second
trimester placenta. 83 •84 Munn et al. have shown that pharmacologic inhibition of IDO
activity during murine pregnancy leads to fetal rejection mediated by maternal T cells
against paternal antigens. 52 Interestingly, during mid-gestation IDO is expressed strictly
in primary trophoblast giant cells of fetal origin83 whereas expression of IDO in term
placenta is restricted mainly to vascular endothelial cells of villous blood vessels and
macrophages within the fetal tissue, but little or no IDO expression is detected in the
syncytiotrophoblast cells. 85 These findings suggest a dual role for IDO in pregnancy
where IDO promotes itnmunosuppression in early stages and regulates blood flow from
placenta to fetus during late gestation periods. 85 Although·evidence that links IDO to fetal
protection is strong, !DO-deficient mice do not exhibit T cell-mediated rejection of the
conceptus during pregnancy and produce viable offsprings. It may he that !DO-mediated
fetal protection is the default mechanism and that genetically deleting IDO activity allows
compensatory mechanisms to protect the fetus:

This theory could explain why

·pharmacologic inhibition ofIDO with 1-MT led to fetal rejection.

/DO in Immune Suppression and Autoimmune Diseases
IDO activity is important in regulating the adaptive immune response. Studies
have shown that both human and murine cells that express functional IDO inhibit T cell
proliferatio11- in mixed lymphocyte reactions. In 1999, it was reported that human
monocyte-derived macrophages induced to express IDO by IFNy treatment suppressed T

11

cell proliferation and that the observed suppression can be reversed by inhibiting IDO

°

activity. 5 Comparable results were observed when T cells were cultured with human
DCs that had been induced to express IDO via IFNy treatment. 38 ' 39 These human DCs that
can be induced to express IDO were characterized by their cell-Surface expression of
CD123 and the chemokine receptor CCR6. 38 In 2002, our laboratory reported that murine
fibrosarcoma cells that have been transfected with IDO mediated !DO-dependent T cell
suppression. 51 In addition, murine plasmacytoid DCs (pDCs) in tumor-draining lymph
0

nodes (TDLNs) express IDO and can inhibit T cell proliferation in vitro. These TDLN
pDCs co-express the B-cell lineage marker CD 19. 86 Similar CD 19+ DCs were identified
in the spleen and were found to induce IDO expression and exhibit T cell regulatory
properties following B7 and TLR9 ligation. 56 •72
Experiments done by Alexander et al. using Non-Obese Diabetic (NOD) mice, an
animal model of autoimmune pancreatic insulitis,"have shown that trypto})h~n depletion
mediated by IDO is involved in suppressing T cell responses against pancreatic islet
cells. 87 IDO transduction to pancreatic islet cells suppressed diabetogenic T cells from
NOD mice both in vitro and in vivo and prolonged, the survival of these cells when
transplanted into NOD-scid mice that had been reconstituted with NOD diabetogenic T
cells. 87 In addition, studies using 1-MT to inhibit IDO activity leads to more profound
autoimmune disease pathology. 53 •54 For instance, inducing colitis in mice with
trinitrobenzene sulfonic acid (TNBS) in the presence of 1-methyl-tryptophan (1-MT), an
inhibitor of IDO, resulted in a significantly higher mortality rate than in mice treated with
TNBS in the absence of the IDO inhibitor. 54 Similar results were obtained using the
animal niodel for BAE. 53

12
Role in Tumor Protection

Tumors persist in an immunocompetent host because they develop ways to evade
immune destruction targeted against tumor antigens. 88 Tumor cells transfected with IDO
became resistant to T cell-mediated immune response, suggesting that IDO may be
playing a role in preventing T cells from destroying tumor cells. 89 In addition, IDOexpressing pDCs from TDLNs can induce CDS+ T cell anergy in vitro and in vivo. 86
Thus, it appears that tumors may exploit the immunosuppressive effect of IDO to escape
immune destruction. Understanding the mechanisms by which these tumors silence the
adaptive immune response may provide immunotherapeutic interventions to improve
current clinical treatments.
/DO in Immune Evasion by Pathogens

IDO was initially proposed as an innate host defense mechanism which worked
by depleting tryptophan needed by intracellular pathogens and infected cells. 90 IFNyinduced tryptophan degradation in Toxoplasma gondii-infected human fibroblasts
inhibited pathogen growth. 91 In addition, IFNy inhibits measles virus replication in
epithelial, endothelial, and astroglial cells in an !DO-dependent manner. 92 However,
some may argue that pathogen-induced IDO expression may lead to an active suppression
of T cell responses. It is possible that persistent pathogens rely on IDO to escape
clearance. For instance, HIV and SIV trigger IDO expression in macrophages. 93 In an
animal model of HIV~ 1 encephalitis, it was shown in vivo that inhibition of IDO using 1MT resulted· in the elimination of HIV-infected macrophages. 94 Thus, IDO appears to
also play a critical role in protecting pathogens from immune attack allowing them to
persist in the host.

13
IDO in Neurodegenerative Diseases

Tryptophan metabolites contribute to the development of neurodegenerative
diseases.

Guillemin et al. have shown that increased levels of quinolinate leads to

apoptosis of astrocytes. 95 Thus, it was proposed that quinolinate, a metabolite of the
kynurenine pathway, contributes to the neuropathy and dementia associated with late
stages of HIV infections. 96 -98 Additionally, increased levels of kynurenine and quinolinic
acid were associated with Alzheimer's disease. 95 •99 •100 Although data reported by
Steinman and colleagues demonstrated the protective role of tryptophan metabolites in an
animal model of multiple sclerosis 101 , quinolinate appears to be the cause in Alzheimer's
disease (AD). One explanation for the contrasting effects of tryptophan metabolites on
EAE and AD could be the fact that EAE is T-cell mediated while AD is not.
Nonetheless, IDO appears to facilitate the onset of AD by converting tryptophan into
neurotoxic compounds.

I.C.

Dendritic Cells
Dendritic cells are the most potent antigen-presenting cells in the body. These

cells are found dispersed throughout the body including the secondary lymphoid tissues
such as the spleen and the lymph nodes, capturi!1g and processing antigens. The spleen
collects antigens that are present in the blood and is composed of the red pulp, the site of
red blood cell disposal, and the white pulp that contains the lymphocytes. Although DCs
I

are normally found in the white pulp presenting antigens to lymphocytes, new findings
have localized some subsets of DCs in the red pulp. 56 •72 They are essential for activating
na1ve T cells and initiating adaptive immune responses. 102•103 DCs are important in T cell
activation, but they also play an important role in inducing tolerance. 48 •104•105 These two

14
contrasting functional properties of an otherwise homogenous DC population may be
explained by: 1) DC maturation status 102 , 2) functional plasticity 106•107, and 3) specialized
DC subsets.

36 42 108
• •

Dendritic Cell Maturation Status

The two opposing functional properties of DCs were initially explained by the
maturation status of the DCs.

Immunogenic DCs were characterized by high level

expression of MHC and co-stimulatory molecules and were termed 'mature' DCs while
tolerogenic DCs had low level expression and were called 'immature' .41 However, Braun
et al. showed that when DCs are matured in vitro with TNF-a and prostaglandin E2, they
express high levels of co-stimulatory molecules but are still capable of deleting
responding T cells. 109 This finding suggests that maturation status is not the only critical
factor that determines whether DCs promote immunity or tolerance.
Functional Plasticity of Dendritic Cells

Many studies now suggest that functional properties of DCs are not onJy based on
intrinsic features of the DC, but also depend on exogenous stimuli they receive leading to ,
their development into stimulatory or regulatory DCs. 106
As illustrated in · Figure 2, immunogenic factors such as infection and
inflammation present during activation render DCs stimulatory. Once activated,
stimulatory DCs mature and present antigen to narve T cells that then proliferate and
differentiate to become effector T cells.

However, when DCs are activated in the

presence of tolerogenic factors such as regulatory T cells or suppressive cytokines, or in
the absence of danger signals, they become DCs with regulatory properties that mediate T
cell anergy and perhaps the development of adaptive regulatory T cells.
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Although evidenc.e suggests that IDO activity in some DC subsets influences the
cell to acquire regulatory properties, the induction process of IDO expression in DCs
remains unclear. Grohmann and colleagues discovered intrinsic factors that influence the
plasticity of DCs based on the !DO-mediated immunosuppressive effect of tryptophan
catabolism. 110- 112 They demonstrated that silencing the expression of th·e suppressor of
cytokine signaling 3 (SOCS3) gene leads to IDO expression and !DO-mediated
suppressive functions in pDCs that normally do not up-regulate IDO expression and
possess stimulatory functions in response to CD28-Ig. 110•111 Additionally, they reported
that DCs from mice with enhanced expression of DAP12, an immunoreceptor tyrosinebased activation motif-bearing membrane adapter molecule, were not tolerogenic while
abrogation of OAP 12 expression led to increased IDO activity and 117-ade DCs more
tolerogenic. 112
Specialized Dendritic Cell Subsets

In addition to the functional plasticity model to generate functionally distinct
DCs, it is also proposed that during DC development and differentiation, specialized
lineages that are functionally committed arise from precursor cells. 42 This model supports
the notion that _there exist. specific DC lineages that are functionally distinct. In humans,
two distinct DC subsets have been identified: myeloid DCs (DC 1) and plasmacytoid DCs
(DC2). DC 1 are characterized by their surface expression of CD 11 c, and their ability to
capture antigen and preferentially elicit Th2 responses. DC2 are characterized by the
expression of CD123, and their ability to produce high levels of type I IFNs and promote
Th 1 responses. 42 •43 In mouse, CD8a- DCs possess stimulatory properties while CD8a+ .

17
DCs are associ~ted with regulatory properties. 44 These CD8a+ DC~ have been found to
secrete IL-10 and are able to suppress T cell responses against tumor-associated
113

peptides. 44•

It is evident that the DC pool is a heterogeneous population of cells that can
promote both immunity and tolerance. It is possible that all three factors, DC maturation
status, functional plasticity, and specialized DC subsets,. contribute to the diversity of
DCs and the existence of stimulatory and regulatory DCs.

I.D.

Guiding Hypothesis
The guiding hypothesis for this work is that DCs expressing functional IDO

suppress T cell responses .. According tq this hypothesis, expression of functional IDO
causes DCs to acquire potent T cell regulatory functions.
One prediction deriving from this hypothesis is that over-expression of IDO in
DCs will render them immunosuppressive. To test this prediction, an exogenous IDO
gene was introduced, via transfection and transgenesis, into DCs to constitutively express
functional IDO. If the hypothesis is correct, these IDO over-expressing DCs will inhibit
T cell proliferation both in vitro and in vivo in response to an antigen.
On the other hand, constitutive e~pression of IDO may have a deleterious effect
on the development and differentiation of "!DO-competent DCs" (DCs that can be
induced to express IDO) and that induction of IDO, rather than constitutive expression,
may be crucial for its immunosuppressive effect. To test this prediction, IDO is induced
by CTLA4-Ig, an immunomodulatory reagent.

18
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Genetic manipulation of DCs to constitutively e~press IDO provides a way to
study the role of IDO in DCs while drug treatment to induce IDO allows the investigation .
of pathways involved in up-regulating IDO in DCs. These two approa9hes are employed
to test the guiding hypothesis that IDO activity within DCs suppresses T cell responses.

II. Materials and Methods

Reagents

Notl EcoRI, PvuL Bam HI restriction enzymes (Promega), calf intestine alkaline

phosphatase (CIAP) were used for cloning.

Neomycin (G418) was purchased from

GIBCO-BRL, Life technologies (Grand Island, NY) and used for selection after
transfection. IMDM, RPMI, fetal bovine serum (PBS), ~-2-mercaptoethanol, Lglutamine, penicillin, streptomycin (purchased from Cellgro, Herndon, VA), dimethyl
sulfoxide (DMSO) from Sigma, L-tryptophan, and 1-methyl-D-tryptophan were used in
cell culture. Tris-HCl, ethylene diamine tetraacetic acid (EDT A), sodium dodecyl sulfate
(SDS), and sodium chloride (NaCl) were used in cell lysis buffer for DNA extraction.
Tris-HCl and EDTA were used in TE buffer to dissolve DNA. Taq DNA polymerase,
dATP, dCTP, dGTP, dTTP, potassium chloride (KCl), magnesium chloride (MgCh),
Tris-HCl, and gelatin were used in polymerase chain reactions (PCRs). RNA-STAT-60,
chloroform, isopropanol, 75% ethanol, and diethyl pyrocarbonate (DEPC) were used in
RNA extraction. Ethidium bromide (Sigma, St. Louis, MO) was used to visualize nucleic
acids separated on agarose gels. Hypnorm (fentanyl citrate, 0.315mg/ml and fluanisone,
lOmg/ml) from Janssen Pharmaceutica (Beerse, Belgium) and Midazolam (5mg/ml) from
Ben VenueLabs Inc. were used to anesthetize mice in skin graft experiments. HPLC- .
grade methanol and HPLC-grade acetonitrile for use in HPLC analysis were
19
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purchased from Fisher Scientific (Fair Lawn, NJ).'Triton X-100 was also purchased from
Fisher Scientific. proteinase K and Universal Blocking Reagent were purchased from
DAKO. Normal goat serum and normal donkey serum.were purchased from Jackson
ImmunoResearch Laboratories. Biotinylated goat anti-rabbit and anti-rat lg, peroxidaseconjugated streptavidin, 3-amino-9-ethylcarbazole chromagen were purchased from
BioGenex.

Hematoxylin from Richard-Allan Scientific, and Paramount aqueous

mounting media were used in immunohistochemistry and immunofluorescence.
·BisBenzimide Hoechst from Sigma and FluorSave from DAKO were used in
immunofluorescence. Geimsa Stain were purchased from BioRad and Permount nonaqueous mounting media from Fisher Scientific were used in giemsa staining.
Carboxyfluorescein diacetate succinimidyl ester (CFSE) obtained from Molecular Probes
(Eugene, OR) were used in T cell adoptive transfer experiments and mixed lymphocyte
reactions (MLRs) to measure T cell proliferation. . Access RT-PCR System from
Promega was used for protocols involving reverse transcriptase-polymerase chain
reaction (RT-PCR). DNase I Amplification grade purchased from Sigma wm,; used to
remove DNA contaminants in RNA samples. [3H]-thymidine from Amersham
Biosciences (Piscataway, NJ) was used in proliferation assays in vitro. Collagenase IV
(Worthington, Lakewood, NJ) and ACK lysing buffer (BioWhittaker, Walkersville, MD)
were used in splenic DC isolations by AutoMACS and Mo-Flo sorting and anti-murine
CDl lc microbeads (Miltenyi, Auburn, CA) for CDl lc+ enrichment ·by AutoMACS.
Recombinant mouse IFNa purchased from PBL Biomedical Laboratories was used for in
vitro treatment of cells.

CTLA4-IgG2a (Sigma), isotype control IgG2a (BD

Biosciences), CpG-ODN 1826 (TCCATGACGTTCCTGACGTT) and control nonCpG-
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ODN 2138 (TCCATGAGCTTCCTGAGCTT) from Coley Pharmaceutical Group, Inc. 72
were used in vitro and in vivo to study IDO and IFNa induction. IFNa ELISA kit from
PBL Biomedical Laboratories was used to measure IFNa in culture media.
Antibodies

Fluorescein isothiocyanate (FITC)-conjugated antibodies [H-2K\ H-2K\ CD19,
and B220], phycoerythrin (PE)-conjugated antibodies [CD25 (3C7), CD69 (Hl.2F3),
CD19, B220, I-A/I-E, CD152, and CD8a], APC-conjugated antibodies specific for
murine surface proteins CDl lc (clone) and CD8a (clone), and biotinylated antibody
specific for CD 19 ( 1D3) were purchased from BD Biosciences Pharmingen (San Diego,
CA). CD 11 c (N418) micro beads for magnetic cell sorting of murine splenocytes were
purchased from Miltenyi Biotec (Auburn, CA). The following antibodies, were used for
immunohistochemistry and or western blot analysis: Anti-phospho-STATl (Tyr701)
antibody obtained from Cell Signaling Technology (Beverly, MA); anti-IFNa antibodies
purchased from PBL Biomedical Laboratories (Piscataway, NJ); murine anti-actin
monoclonal antibody from CHEMICON International (Temecula, CA). The polyclonal,
rabbit anti-murine IDO antibody was prepared by Biosource International (Hopkinton,
MA).

Anti-goat, anti-rabbit, and anti-rat antibodies were purchased from Jackson

ImmunoResearch Laboratories, Inc. (West Grove, PA).
DNA vectors

The IDO expression construct pcDNA3-IDO, was previously generated in the
laboratory of 'Dr. Andrew Mellor. 51 Using standard RT-PCR and DNA cloning
procedures, full-length murine IDO cDNA was isolated from an IFNy-stimulated
macrophage cell line RAW 264. 7. The IDO cDNA was cloned into a pGEM T-easy
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vector and sequenced. The 1.2 kb IDO cDNA fragment was· digested with Notl enzyme
and cloned into the Notl site of pcDNA-3 cDNA expression vector containing
Cytomegalovirus (CMV) promoter elements 51 •
To generate the IDO expression construct pCDl lcN-IDO, full length IDO cDNA
was isolated by partial digestion using EcoRI from pGEM-IDO vector that was
previously generated in Dr. Mellor's lab. 51 The digestion products were separated on a
0.8% low melting point agarose gel and the full-length IDO cDNA was excised from the
gel. The gel slice was subjected to phenol extraction to isolate the 1.2kb IDO cDNA and
the isolated IDO cDNA was cloned into the EcoRI-cut pCDl lcN vector (gift from Dr.
Pandelakis Koni).
Cloning

Prior to vector and insert ligation, linearized vectors were treated with calf
intestine alkaline phosphatase (CIAP) to degrade 5 '-terminal phosphate monoesters on
the ends of restriction-digested DNA and to prevent self-ligation. Linearized vector and
insert were combined in a 1:3 ratio (20-50ng total DNA) in a reaction mixture. Vectorinsert ligation was performed using the Fast-Link DNA Ligation kit (EPICENTRE,
Madison, WI). Approximately 1Ong of DNA from the ligation reaction was used to
transform MAX Efficiency Stbl2 competent cells (Invitrogen, Cat # 10268-019)
according to the manufacturer's _protocol. Transformed cells were plated on LB agar
plates containing 50µg/ml ampicillin (Fisher Scientific biotech grade) and incubated
overnight at 30°C. After overnight culture, single clones were picked and inoculated in
3ml liquid LB cultures containing 50µg/ml ampicillin for 24 hours in a 30°C shaker
incubator (New Brunswick Scientific, NJ).

Plasmids were purified from 1.5ml of
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bacterial culture using a Wizard mini-prep kit (Promega) following the manufacturer's
protocol.

Purified plasmids were screened for correct DNA insert orientation by

restriction fragment length polymorphism (RFLP) analysis. Bacterial cultures were
frozen in 20% glycerol at -70°C.
To purify large quantities of bacterial plasmid, cells from frozen stocks were
inoculated in 5ml LB containing 50µg/ml ampicillin for 12 hours at 30°C.

After

incubation, the 5ml bacterial culture was seeded in 250ml LB containing 50µg/ml
ampicillin and incubated overnight at 30°C. Plasmids were purified from 250ml bacterial
culture using a Qiagen maxi-prep kit (Cat. # 12165, Valencia, CA) following the
manufacturer's protocol.
Cell lines and mice

Most cell and animal models (except the CI transgenic mouse model) already
exist and are used in the laboratory of Dr. Mellor.

DC 2.4 cells 114 (gift from Dr.

Pandelakis Koni) are a dendritic cell line from C57BL/6 (referred to as B6) mice that
express the H-2b haplotype at the MHC locus. MC57G cells (ATCC No. CRL2295; gift
from Dr. D. Moskophidis) are derived from a fibrosarcoma originating in B6 mice that
also express H-2b. CBA mice (obtained from Jackson Laboratory, Bar Harbor, ME) that
express the H-2k haplotype and B6 mice (Jackson Laboratory) that express the H-2b
haplotype are used as the wildtype control strains for IDO.

CBK_ transgenic mice

(generated by Dr. Andrew Mellor) express an H-2Kb transgene on the inbred CBA strain
(H-2k) background. BM3 (generated by Dr. Andrew Mellor) are TCR transgenic mice on
a CBA background with a T cell repertoire that consists mainly of H-2Kb-specific-CD8+
T cells. MI (generated by Dr. D. Keskin) is a transgenic mouse strain that over-expresses

24
IDO under control of the MHC Class II promoter on a CBA background.

CI is a

transgenic mouse strain that over-expresses IDO under control of the CDI lc promoter
and is generated in this project.

Oocytes used for microinjections to generate CI

transgenic mice are from matings between (CBAxB6) x (CBAxB6).
All mice are maintained in a specific pathogen-free environment in accordance
with MCG Institutional Animal Care and Use Committee {IACUC) policy.
DC2.4 transfection

Prior to transfection, pcDNA3-IDO plasmid was linearized using the non-IDOrestricting enzyme Pvu I. DC 2.4 cells were electroporated in the presence of linearized
pcDNA3-IDO or pcDNA3 vector DNA or electroporated with no DNA under
electroporation conditions of 200V and 97 5mF.

After electroporation, cells were

cultured at 37°C in 5% CO2 in IMDM medium supplemented with 10%, FCS, 2mM Lglutamine, 100U/ml penicillin, and 100mg/ml streptomycin for two days to allow
recovery.

Because the pcDNA3 vector contains the neomycin-resistance gene,

transfectants were selected using neomycin (G4 l 8) at a concentration (0.5µg/ml)
determined previously by titrating G418 against non-transfected DC 2.4 cells. Cells were
harvested and plated in 96-well plates and cloned by limiting dilution.

10 surviving

individual clones of IDO transfectants and 5 clones of vector-only transfectants were
randomly selected. First passages of cells were frozen down in liquid nitrogen as stocks.
Anesthetics

A mixture of Hypnorm, Midazolam, and sterile nonpyrogenic water (1: 1:2) was
used to anesthetize mice prior to skin graft surgeries.

Mice were injected
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intraperitoneally with 50-150µ1 of the mixture, depending on the weight of the mice.
Surgeries were performed approximately 15 minutes after induction of anesthesia.
Deoxyribonucleic acid extraction

Genomic deoxyribonucleic acid (DNA) was extracted from mouse-tail biopsies.
Tail biopsies were incubated overnight with gentle agitation at 55°C in 500µ1 of lysis
buffer [Tris-HCI (l00mM, pH 8.5), EDTA (5mM), SDS (2% w/v), and NaCl (200mM)]
supplemented with 200µg proteinase K.

After incubation, the lysis mixture was

centrifuged for 15 minutes at 12,000 rpm and the supernatant was transferred into 500µ1
ice-cold isopropanol and mixed by inverting the tube 3 to 4 times to precipitate DNA.
Samples were centrifuged at 12,000 rpm for 1 minute and supernatants were discarded.
DNA pellets were washed with 200µ1 70% ice-cold ethanol and centrifuged at 12,000
rpm for 1 minute and supernatants were discarded.

DNA pellets were air-dried and

resuspended in TE buffer [Tris-HCI (lOmM, pH 8.5 and EDTA (lmM)].

DNA

concentrations were determined using a Perkin Elmer MBA2000 spectrophotometer
(Norwalk, CT) at 260nm absorbance.
Polymerase chain reaction (PCR)

Sequences from the pcDNA3 vector or the pcDNA3-IDO construct and
pCDl lcN-IDO construct were amplified from DC2.4 sub lines and genomic tail DNA of
the CI transgenic mice, respectively. To amplify the pcDNA3 vector and pcDNA3-IDO
construct, the upstream oligonucleotide primer for both vector and construct, with a
sequence of 5 '-GATAG CGGTT TGACT 'CACGG-3 ', was used. The sequence of the
downstream oligonucleotide primer used to generate products (length== 526 base pairs)
from the pcDNA3 vector itself was 5'-TGACA CCTAC TCAGA CAATG CG-3', and
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the sequence of the downstream primer used to generate the products (length = 532 base
pairs) from the pcDNA3-IDO construct was 5'-GCAGC TTTTC AACTT CTTCT CG-3'.
To amplify the pCDllcN-IDO construct, the upstream oligonucleotide primer with a
sequence of 5'-CCTGG AAGTG TGTAG GCTGC-3' was used. The sequence of the
downstream oligonucleotide primer used to generate products (length = 700 base pairs)
was 5'-CAACC AGCAC GTTGC CCAGG-3'.

PCR were performed in 50µ1 total

volume containing 100ng template DNA, 10nmol of each upstream and downstream
primer, Taq DNA polymerase (2 Units per reaction), 200µM dATP, 200µM dCTP,
200µM dGTP, 200µM dTTP, 50mM KCI, 1.5mM MgCh, l0mM pH9 Tris-HCI, 0.01%
gelatin, and sterile water.

Amplifications were performed using the Biometra T3

Thermocycler (Gottingen, Germany) under the following conditions: primary incubation
at 94°C for 5 minutes to denature template DNA followed by 34 cycles of denaturation
(94°C, 30 sec), primer annealing (59°C, 1 min), and elongation (72°C, 1 min). After the
last cycle, the reaction was further incubated at 72°C for 5 minutes and kept at 4°C. 10 µ1
of PCR products were separated by electrophoresis (72V, 45 minutes) on a 0.8% agarose
gel.
Ribonucleic acid extraction

Total ribonucleic acid (RNA) was extracted from cultured cells or whole spleen
usmg RNA-STAT-60 solution (TEL-TEST "B", Inc, Friendswood, Texas, USA).
Following the RNA-STAT-60 protocol, cells were lysed directly in 200µ1 RNA-STAT60 solution per 3 x 106 DCs. Cells were incubated in RNA-STAT-60 solution for 5
minutes.

After incubation, the solution was transferred into 1.5ml eppendorf tubes.

200µ1 of chloroform was added p~r 1ml of RNA-STAT-60 and the tubes were shaken
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vigorously for 15 seconds. The solution was left at room temperature for 2 to 3 minutes
and then centrifuged for 15 minutes at 4°C, 12,000 rpm.

After centrifugation, the

solution separated into two phases: the lower red phenol-chloroform phase and the upper
aqueous phase. The RNA-containing aqueous phase was transferred and mixed into

a

RNase-free 1.5ml eppendorf with 500µ1 isopropanol per 1ml RNA-STAT-60. Samples
were stored at room temperature for 5 to 10 minutes followed by a IO-minute
centrifugation at 12,000 rpm, 4°C. Supematants were discarded and the RNA pellets
were washed once with 1ml 75% ethanol per 1ml RNA-STAT-60.

Samples were

centrifuged at 7,500 rpm for 5 ·minutes at 4°C. Supematants were discarded and RNA
pellets were air-dried briefly and resuspended in diethlypyrocarbonate (DEPC)-treated
water. RNA concentrations were determined using an absorbance at 260nm with a Perkin
Elmer MBA2000 spectrophotometer lNorwalk, CT). A laminar flow hood was used
during RNA extraction to prevent RNase contamination and possible RNA degradation.
Reverse transcriptase-polymerase chain reaction (RT-PCR)

Total ribonucleic acid was extracted from cultured cells or whole spleen
following the RNA STAT-60 protocol (TEL-TEST "B", Inc., Friendswood, Texas,
USA). Sequences for messenger RNA coding for IDO, IFNa(l-9), IFNa2, IFNa4, and
~-actin were amplified by RT-PCR from total RNA (3ng) in 50µ1 reactions using the
Access RT-PCR System (Promega). Oligonucleotide primers (6 pmol per reaction for
IFNa primers, 50 pmol per reaction for IDO and P-actin primers) were designed to
specifically amplify DNA p'roducts from IDO mRNA (5'-AGACC ACCAC ATAGA
TGAAG-3', and 5'-CCACC AATAG AGAGA CGAGG A-3'), IFNa(l-9) mRNA (5'CCTGA TGGTC TTGGT GGTGA TAA-3', and 5'-CAGTT CCTTC ATCCC GACCA
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G-3'), IFNa2 mRNA (5'-ACAGT CCAGA GAGCC ATCAA CC-3', and 5'-TCTCT
CCACA CTTTG TCTCA CAC-3'), IFNa4 mRNA (5'-CAGAG AGCGA CCAGC
ATCTAC-3', and 5'-AACA CGGG TTTGC ATATT GAGAA G-3') and B-actin mRNA
(5'-AGCAA GAGAG GTATC CTG-3', and 5'-CTTTA CGGAT GTCAA CGTC-3').
The product lengths using the IDO, IFNa(l-9), IFNa2, IFNa4, and B-actin primer sets
are 470 bp, 386 bp, 633 bp, 757 bp, and 500 bp, respectively.
Amplifications were performed using the Biometra T3 Thermocycler (Gottingen,
Germany) under the following conditions: primary incubation at 45 °C for 45 minutes to
allow reverse transcription to proceed to completion followed by an incubation at 94°C
for 2 minutes to denature template DNA. The initial denaturation was then followed by
40 cycles of denaturation (94°C, 30 sec), primer annealing (52.5°C for IDO; 65°C for
· IFNa(l-9), IFNa2, and IFNa4; and 60 °C for B-actin, 1 min), and elongation (68°C, 2
min). After the last cycle, the reaction was further incubated at 68°C for 7 minutes and
kept at 4°C. 10 µ1 of the RT-PCR products were detected by electrophoresis (72V, 45
minutes) on a 0.8% agarose gel.
Western blotting

Total protein was extracted using RIPA buffer (PBS, 1% Nonidet P-40, 0.5%
sodium deoxycholate, 0.1 % SDS, l00ng/ml PMSF, 66ng/ml aprotinin). Samples were
sonicated (Fisher Model 100 Sonic Dismembrator, Fisher Scientific).

Protein

concentration was determined using the BCA assay {Pierce, Rockford, IL).

Samples

containing 40 µg of total protein were separated by electrophoresis on SDS-PAGE gels.
Proteins were transferred onto a nitrocellulose membrane (BioRad) using a BioRad
Transblot apparatus according to the manufacturer's protocol. IDO protein was detected
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using a rabbit polyclonal antibody [generated b_y immunizing rabbits with murine IDO Cterminal peptides] and anti-rabbit IgG-HRP (Santa Cruz Biotechnology, Santa Cruz, CA).
Activated STATl protein (P-STATl) was detected using a rabbit anti-mouse PhosphoSTATl, Tyr 701 antibody (Cell Signaling Technology, Beverly, MA).

~-actin protein

was detected using a mouse anti-~ -actin monoclonal antibody (Chemicon International,
Temecula, CA) and anti-mouse IgG-HRP (Jackson ImmunoResearch Laboratories).
Standard blotting and detection protocols were used.
Southern blotting
10µg of total genomic DNA was digested with 50 units BamHI restriction enzyme
(Promega) for 3 hours at 37°C.

Following DNA digestion, DNA fragments were

separated in a 0.7% agarose gel. DNA fragments were then transferred onto a
GeneScreen Plus Hybridization Transfer membrane (PerkinElmer Life Scinces, Inc.,
Boston, MA, Cat. No. NEF1017) using a DNA transfer apparatus (Idea Scientific
Company, Minneapolis, MN) according to the manufacturer's protocol.
transgene construct was detected using a
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The IDO

P-radiolabeled probe that hybridizes

specifically to the CDllc promoter. The probe was generated by isolating the 2.05 Kb
fragment from pCDllcN-IDO that had been digested with the restriction enzymes Pstl

andBamHI.
Analytical flow cytometry
Single-cell suspensions were prepared from spleens or cultured cells. Cells were
counted, washed twice in FACS buffer (PBS, 0.1 % FCS), and incubated for 30 minutes
on ice with _fluores9ent-labeled antibodies. Following antibody incubation, cells were
washed twice with FACS buffer and resuspended· in 200µ1 FACS buffer containing 5%
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formalin for up to 4 days at 4°C. In the Flow Cytometry Core Facility at the Medical
College of Georgia, flow cytometric data was collec·ted using a FACSCalibur (BO
Biosciences) and analyzed using CellQuest software (BO Biosciences).
Immunohistochemistry ~

Sections (5µm) were prepared from formalin-fixed paraffin-embedded spleen
tissues. Following removal of paraffin using xylene (20 min), sections were washed in
ethanol and hydrated in distilled water (10 min). Cytospin preparations of ~30,000 cells
were centrifuged at 700 rpm for 5 mins, air-dried, fixed in 10% formalin, and washed
twice in PBS. At room temperature, endogenous peroxide activity was blocked with
0.3% hydrogen peroxide for 10 minutes.

Tissue sections were then treated with

proteinase K (S3020, OAKO) for 10 minutes to allow antibody access followed by two
PBS washes.

For 100 staining, sections were treated with the Universal Blocking

Reagent (HK085-5K, BioGenex, San Ramon, CA; 1: 10 dilution in distilled water), rinsed
in PBS, and incubated with rabbit polyclonal 100 antibody (1: 100 in PBS; 1hr for
cytospins and 2hrs for tissue sections). After incubation with 100 antibody, sections
were washed tw~ce in PBS and incubated with biotinylated goat anti-rabbit lg (HK3369R, BioGenex) for 20 minutes. Sections were washed again in PBS for 5 mins and
incubated in peroxidase-conjugated Streptavidin (HK330-9K, BioGenex) for 20 mins.
100 proteins were visualized by treating sections with 3-amino-9-ethylcarbazole

chromagen (HK121-5K Liquid AEC, BioGenex) for >30s but <l0mins. Tissue sections
were counterstained with hematoxylin (Richard-Allan Scientific, Kalamazoo, MI) and
mounted in Paramount aqueous mounting media (S3025, OAKO). l.2µg 100 antibody
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pre-incubated with 10 µg neutralizing peptide was used for the antibody specificity
control.
For IFNa detection, sections were treated with 20% normal goat serum (Cat. No.
005-000-121, Jackson ImmunoResearch Laboratories, Inc.) for an hour. Serum was then
poured off and tissue sections were incubated with rat anti-mouse IFNa antibody [1:100
in Tris-buffered saline {TBS) of a 0.5mg/ml stock, PBL Biomedical Laboratories,
Piscataway, NJ], 1 hour for cytospins and 2 hours for tissue sections. After incubation,
sections ·were washed twice in TBS and incubated with biotinylated goat anti-rat lg,
(HK393-9T, BioGenex) for 20 minutes. Sections were washed in TBS for 5 mins and
incubated in peroxidase-conjugated Streptavidin (HK330-9K, BioGenex) for 20 mins.
IFNa proteins were visualized by treating sections with 3-amino-9-ethylcarbazole
chromagen (HK121-5K Liquid ABC; BioGenex) for >30s but <l0mins. Tissue sections
were counterstained with hematoxylin (Richard-Allan Scientific, Kalamazoo, MI) and
mounted in Paramount aqueous mounting media (S3025, DAKO).
Giemsa stain

Cells were prepared by cytospin and fixed in methanol. Following fixation, slides
were washed twice in TBS and air-dried.

Slides were stained with Giemsa Stain

(Accustain™, Cat# GS-500) diluted 1:20 in distilled water for 20 minutes. After Giemsa
staining, slides were rinsed briefly in distilled water and air-dried completely. Cells were
mounted in non-aqueous Permount mounting media (Fisher Scientific, Cat. # SP 15-100).
High pressure liquid chromatography (HPLC)

Culture media was collected and prepared for HPLC analyses following a
standard protocol as described by Dr. Th~odore Johnson (2002) 115 To briefly describe
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sample preparation, 100µ1 of culture media was collected and centrifuged for 10 minutes.
75µ1 of supernatant wa~ tr_ansferred to a new microcentrifuge tube. 1.4ml of HPLC-grade
methanol was added to supernata11.t. The sainple was then centrifuged at 15,800g at 0°C
for 15 minutes. 1.2ml of supernatant was transferred to a new microcentrifuge tube and
allowed to dry. Dried samples were resuspended in 100µ1 HPLC-grade deionized and
distilled water and placed in sample vials. To briefly describe sample analysis, 20µ1 of
-

the sample was injected into a Luna C18(2) column (Phenomenex, 250mm x 4.6mm,
Torrance, CA) and was eluted with a linear gradient of water:acetonitrile (0-80%
acetonitrile) over 20 minutes. Absorbance was read at 225nm. Mixtures of,tryptophan
· and kynurenine were used to prepare standard concentration curves. HPLC analysis was
performed by the Proteomics and Molecular Biology Core Facility at the Medical College
of Georgia.
Thin layer chromatography (TLC)

To measure tryptophan metabolites by TLC, cells were cultured for 5 or 24 hours
in complete RPMI 1640 in 96 well plates and pulsed with tritiated (3H)-L-Trp (5
mCi/well) in tryptophan-free RPMI 1640 medium 3 hours prior to sample collection. The
plate was centrifuged at 1300 rpm for 5 minutes. Supernatants were transferred to
microcon tubes (MICROCON YM-3, Cat# 42404) and centrifuged for 100 minutes at
13,000 rpm.
A mixture of 5µ1 of samples and 5µ1 of standards (a cocktail of tryptophan,
kynurenine, quinolinic acid, and picolinic acid at lmg/ml each compound) were blotted
on Polyamide 6-F TLC paper (J.T. Baker Inc., Phillipsburg, NJ)).
samples were separated in T~C chamber using

Compounds in

aformic acid, methanol, and HPLC-grade
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super water (2.5:37.5:60) as the mobile phase. After separation, migration of tryptophan,
kynurenine, qu~nolinic acid, and picolinic acid along the TLC paper was visualized by
UV light. IDO activity was measured by cutting the spots visualized using UV light and
measuring levels of 3H-tryptophan and 3H-tryptophan metabolites using the Wallac1450
MiroBeta software v. 2.60 and a liquid scintillation and l~minescence counter (Perkin
Elmer).
Nylon wool T cell enrichment

600mg of pre-washed nylon wool (Type 200L, Cat. No. 1078-02-0, Robbins
Scientific Corporation, Sunnyvale, CA) was teased to separate fibers, and rolled into a
ball. The. wool was placed in a 10ml Brunswick syringe and autoclaved.
To enrich for T cells, the column was equilibrated with 25ml RPMI medium
supplemented with 10% FCS, 2mM L-glutamine, 100U/ml penicillin, 100mg/ml
streptomycin, and 50mM ~-2-mercaptoethanol for an hour at 37°C. No more than 3ml of
5 x 107 cells/ml was added to the column drop by drop and the column was incubated at
37°C for 45 minutes. After incubation, T cells were eluted using 25ml RPMI medium
added drop by drop to the column and the eluate was collected in a sterile tube.
,

Splenic dendritic cell isolation and sorting

To prepare cells for fractionation and sorting, spleens were collected into
1%FBS/RPMI.

1ml collagenase IV (100 units/ml in 1% FBS/RPMI- Worthington,

Lakewood, NJ) was injected into at least three areas of each spleen. Excess media was
decanted and passed through a cell strainer and the injection of 1ml collagenase IV (100
units/ml) into at least three areas of each spleen was repeated. Excess media was passed
through a cell strainer. Spleens were then placed in collagenase IV (lml/spleen of 400
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units/ml in 1% FBS/RPMI) and incubated (37°C, 30 minutes). After incubation, spleens
were made into single cell suspension by pipetting the spleen and the collagenase
solution up and down 2-3 times in 1% FBS/RPMI, filtered, and centrifuged at 1300 rpm
for 5 minutes.

Erythrocytes were lysed in 3ml ACK lysing buffer (Bio Whittaker,

Walkersville, MD) for 3 minutes. Splenocytes were washed twice in l0mM EDTA in
Ca/Mg-free PBS before fractionation (autoMACs) or cell sorting (Mo-Flo).
For autoMACs fractionation, cells were resuspended in 1ml running buffer (2%
FBS, lmM EDTA in Ca/Mg-free PBS). Anti-murine CDl lc microbeads (Miltenyi) were
added (50µ1/ 108 cells) to cell suspension, and cells were incubated for 30 minutes on ice
in the dark. After incubation, cells were washed twice in l0mM EDTA in Ca/Mg-free
PBS and CD 11 c+ cells were selected using the· autoMACs system.
For Mo-Flo sorting, cells were incubated with APC-conjugated anti-murine
CDllc antibody (1:100 dilution in 0.1% FBS/PBS, BD Biosciences P,harmingen) and/or
PE-conjugated ariti-murine CD19 antibody (1 :200 dilution in 0.1 % FBS/PBS, BD
Biosciences Pharmingen) for 30 minutes on ice. After incubation, cells were washed
twice and resuspended in 0.1 % FBS/PBS. Mo-Flo sorting using a 3-laser Mo-Flo sorting
machine from DAKO was performed by the Flow Cytometry Core Facility at the Medical
College of Georgia.
Mixed lymphocyte reactions (MLR)

1.25 x 104 DC 2.4 cells over-expressing IDO and vector-only transfectants or 2.5
x 104 autoMACs-enriched DCs from (CI x CBK) F 1 mice were co-cultured with 1 x 105
splenic nylon-wool enriched CFSE-labeled T cells from H-2Kb-specific BM3 mice in
200µ1 of complete RPMI media in triplicate in 96- and 48-well plates. 51 An app~opriate
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stimulator to responder ratio (1 :8 for DC2.4 stimulators, andl :2 for total splenocytes as
stimulators) had been determined in preliminary tests by titrating the stimulator
concentration in the reactions. The mixed lymphocyte reactions were incubated for either
72 or 96 hours in 37°C and 5% CO2. In addition, 1DO-transfected DC 2.4 cells in the
presence of a pharmacological IDO inhibitor (1-MT) were co-cultured with a final
inhibitor concentration of 100 µM, also in triplicate, with the same responders as
mentioned above. T cell proliferation was measured by CFSE dilution and 3H-thymidine
incorporation assays as described below.
Carhoxyfluorescein diacetate succinimidyl ester (CFSE) staining

Carboxyfluorescein diacetate succinimidyl ester (CFSE) was resuspended at
10mM in DMSO and kept at -20°C. A working concentration of 1µM in DMSO was
used for staining T cells with CFSE. Single-cell suspensions of BM3 T cells (up to 2 x
107) were stained in 1ml sterile PBS containing 1 µM CFSE for 25 minutes at 37°C in a
·humidified atmosphere containing 5% CO2 in the dark. Cells were washed once in
complete media and then resuspended in complete media for another 25 minutes at 37°C
in a humidified atmosphere containing 5% CO2. Cells were then washed twice using
complete media and resuspended in PBS for use in intravenous adoptive transfer
experiments or in complete media for co-cultures in mixed lymphocyte reactions. 51
T cell adoptive transfer

Spleens from BM3 mice were harvested and splenocytes were teased out using
two 25 gauge needles (BO Biosciences).

Single-cell suspensions were prepared by

washing the cells twice with complete medium and filtering the suspension through a
70mm cell strainer (BD Falcon™, Bedford, MA). Cell suspensions were centrifuged at
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1300 rpm for 5 minutes and erythrocytes were lysed in 3ml ACK lysing buffer
(BioWhittaker, Walkersville, MD) for 3 minutes. Cells were then washed twice and
resuspended in RPMI-complete at 5 x 107 cells/ml. T ·cells were enriched as described
above in the nylon wool T cell enrichment section.
After T cell enrichment, cells were labeled with CFSE (as described) and
resuspended at 1 x 107 cells/ml in sterile PBS.

Each recipient mouse received an

intravenous injection of 1 x 106 cells. Recipient spleriocytes were harvested at 48 hours
post injection and analyzed by flow cytometry as detailed in the analytical flow
cytometry section
3

H-thymidine incorporation assay

Co-cultures from MLR were pulsed with lµCi 3H-thymidine per well at 66 hours
of incubation and were further incubated for an additional 6 hours. Cells were harvested,
lysed, and DNA transferred onto glass fiber mats (Wallac, Turku, Finland) using a
Tomtec 96 harvester (Orange, CT). Levels of 3H-thymidine incorporation were measured
using a 1_20_5 BetaPlate ~-counter (Wallac) and were analyzed using BetaPlate Genterm
software.
Enzyme-linked immunosorbent assay (ELISA)

106 AutoMACs-enriched or Mo-Flo sorted CDl lc+ cells were cultured for either
5 or 24 hours in the presence of l00µg/ml CTLA4-IgG2a or 10 and S0µg/ml CpG-ODN
1826. Culture media were then collected and IFNa levels were measured following the
protocol provided in the mouse Interferon-alpha ELISA kit (PBL Biomedical
Laboratories, Piscataway, NJ).

37

Skin grafting
Skin grafting was performed as previously described

116 117
•
.

Mice were observed

daily post surgery. Plaster bandages were removed 10-12 days post surgery and grafts
were inspected daily. A graft was considered rejected when only 10% or less of the graft
remained viable.

Statistical analyses
Experiments comparing the experimental groups to the control group were
analyzed by paired sample t-test. , Experiments comparing multiple groups were analyzed
using a one-way ANOVA test of variance. Statistical analysis of graft survival was made
using the log rank test.

p-values less than 0.05 are considered significant.

software was used for statistical analyses.

NCSS

III.

Over-Expression of lndoleamine 2,3-Dioxygenase by Genetic Manipulation

A. Hypothesis:

The immortalized dendritic cell line, DC2.4, transfected with
indoleamine 2,3-dioxygenase expression constructs will inhibit T
cell responses:

IILA.1. Generation and characterization of IDO-transfected DC2.4 cells

In vitro studies have shown that human monocytes, which have been
differentiated using GM-CSF and express IDO
IDO
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,

and human dendritic cells that produce

are capable of inhibiting T cell proliferation by rapid tryptophan depletion. IDO-

transfected MC57G cells, a fibrosarcoma cell lin~ that over-expresses IDO, inhibit T cell
responses in vitro. This inhibition can be reversed by- treatment with 1-MT suggesting
that the suppression is IDO-dependent. 51 To test the hypothesis that DCs expressing IDO
inhibit T cell responses, immortalized dendritic cells, DC2.4, were transfected with the
IDO expression construct pcDNA.3-!D0 51 and their ability to inhibit T cell responses was
tested.
To generate IDO-transfected DC2.4 cells (DC2.4-IDO+), DC2.4 cells were
transfected with the linearized pcDNA3-IDO expression construct that drives constitutive
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IDO expression under the control of a cytomegalovirus promoter. DC2.4 cells were also
transfected with the empty vector to generate vector only-transfected control cells (DC2.4
Vo). Because the pcDNA3 vector contains the neomycin-resistance gene, clones were
selected using neomycin (G418) at a concentration (0.5mg/ml), determined previously by
titrating G418 against non-transfected DC 2.4 cells, and analyzed for IDO expression.
IDO transcripts were detected by RT-PCR analysis of total RNA from DC2.4 clone #19
(Figure 3A). In contrast, no IDO transcripts were detected in RNA isolated from vector-

only-transfected DC2.4 cells.

Moreover, Giemsa staining of the DC2.4 clone #19

(Figure 3B & D) revealed a more condensed chromatin structure that may be suggestive

of a higher transcriptional activity compared to vector-only-transfected control (Figure
3C & E). Various G418-selected DC2.4 clones were analyzed for IDO protein expression

by western blot using a polyclonal antibody against the IDO protein. The data reveal a
42 kDa IDO protein band in lanes loaded with cell lysates from clones #6, 13, 16, 18, and
19, demonstrating IDO protein expression in these clones (Figure 4A).
bands were observed in vector-only-transfected control cells.

No protein

The absence of IDO

protein in some ~f the G418-selected DC2.4 clones suggests that these clones possess the
G418-resistance gene-containing vector but fail to express the IDO protein. Because
protein expression does not always constitute activity, IDO enzyme activity was
measured by HPLC analysis from two clones (# 13 and 19) that showed relatively high
IDO protein levels (Figure 4B). The data show very low levels (~5µM) ofkynurenine, a
tryptophan metabolit~, in media from DC2.4 clones # 13 and 19 cultured for 4 days
compared to levels from MC57G-24 (~50µM), a well-characterized !DO-expressing
fibrosarcoma cell line. These data demonstrate a very low level of IDO enzyme activity
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Figure 3. Characterization of the indoleamine 2,3-dioxygenase-transfected DC2.4 cell
line. (A) Genotypic analysis of DC2.4 transfected cells. RT-PCR using !DO specific
primers was performed on RNA samples from epididymus, vector only-transfected
(MC57G Vo) and IDO-transfected (MC57G-24) fibrosarcoma cell line, and vector onlytransfected (DC2.4 Vo) and JDO-transfected (DC2.4-19) dendritic cell line.

(B-E)

Giemsa stained DC2.4-Vo (Band D) and DC2.4-19 (C and E), magnifications 400x (top
panels) and J000x (bottom panels).
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Figure. 4. Indoleamine 2,3-dioxygenase expression and activity of the IDO-transfected
DC2.4 cell line. (A) Cell lysatesfrom MC57G-Vo, MC57G-24, DC2.4-Vo, and clones of
IDO-transfected DC2.4 were analyzed for /DO protein expression by Western blot using
an /DO-specific antibody. (B) To detect /DO enzyme activity, supernatantsfrom cultures
· of MC57G-Vo, MC57G-24, DC2.4-Vo, DC2.4-13, and DC2.4-19 were analyzed for
tryptophan (black bars) and kynurenine (gray bars) by HPLC.

Absorbance was

measured at 225nm and compared against standard curves for tryptophan and
·kynurenine. The limit of detection/or this assay is l.2µM
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in clones #13 and 19. Kynurenine was not detected in culture media from vector-onlytransfected cells.
Over-expression of IDO may have an effect on cell viability.· To test this issue, 1
x 105 IDO-transfected DC2.4 cells from clone #19 were cultured in normal media in a 6
well plate, and trypsinized and counted every 24 hours for 6 days. IDO+ DC2.4 #19
grew significantly slower than vector-only-transfected cells (Figure 5). Alth,ough the
HPLC data (Figure 4B) do not revea~ tryptophan depletion, it was observed during
routine culturing of transfected DC2.4 cells that while vector only-transfected DC2.4
cells did not require extra tryptophan in the media, IDO-transfected DC2.4 cells required
supplemental tryptophan (5X more than normal RPMI medium) in the culture media to
grow. This observation suggests that over-expression of IDO made the DC2.4 cells
hyposensitive to tryptophan levels or to local depletion of tryptophan perhaps by making
)

them more prone to apoptosis.
Using IDO-transfected DC2.4 clone #19, the effect of enhancing IDO expression
on the ability of DCs to stimulate T cell proliferation in vitro was examined.

Standard

MLR assays test T cell proliferation by measuring 3H-thymidine incorporation into the
DNA of the dividing T cell. However, the DC2.4 stimulators are immortalized cells and
are also actively proliferating, incorporating 3H-thymidine into their DNA. Based on
experiments done by Ors. Chandler and Baban, irradiating DCs results in a loss of ability
of 1-MT to reverse the !DO-dependent effect on T cell proliferation; therefore, this
technique is not an option to determine !DO-dependent inhibition of T cell proliferation
by DC2.4 cells (unpublished data).

In addition, DC cell lines are yery resistant to

irradiation. Because of these technical issues, -T cell proliferation was measured instead
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24 hours for 6 days. Error bars : S.D.
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by labeling T cells with the intracellular dye CFSE to discriminate T cell proliferation
from DC2.4 proliferation. CFSE staining levels were analyzed by flow cytometric
methods to detect staining levels in dividing cells.
IILA.2. Effect ofDC2.4 cells expressing IDO on T cell proliferation in vitro

DC2.4 IDO+ clone #19 or vector-only-transfected control cells (1.25 x 104) were
co-cultured in 48-well plates with CFSE-labeled H-2Kb-specific T cells (1 x 105) from
TCR transgenic BM3 mice (CBA background) in normal RPMI for 96 hours.

For

controls, CFSE-labeled BM3 CD8+ T cells were co-cultured with 2.5 x 104 splenocytes
from CBA (antigen negative, H-2Kb-) or CBK (antigen positive, H-2Kb+) mice, or were
treated with the T cell mitogen concanavalin A ( conA). Figure 6A shows BM3 T cell
proliferation measured by the intensity of CFSE staining, which decreases by 50% every
cell division; hence each peak represents one cell division. As expected, BM3 T cells did
not divide when co-cultured with CBA splenocytes that do not express the cognate T cell
antigen (H-2Kb). 28% of BM3 T cells divided when co-cultured with vector-onlytransfected DC2.4 cells while only 11 % of T cells divided when co-cultured with IDO+
DC2.4 clone 19 cells (Figure 6A).

Although the BM3 response to vector-only-

transfected DC2.4 was not robust, co-culture with CBK splenocytes confirmed that
almost all BM3 T cells w·ere able to proliferate in the presence of physiologic APCs
expressing H-2Kb from these mice.
DC2.4 cells are fast growing immortalized DC lines that continue to grow during
the MLR. Because of this, over-growth of DC2.4 cells may affect T cell proliferation.
Consistent with this, MLRs that were set ·up in 96-well plates containing 1.25 x 104
stimulator cells revealed that T cells did not divide when co-cultured with either vector-

Figure 6. Effect of indoleamine 2,3-dioxygenase transfection on the ability of DC2.4
cells to stimulate BM3 T cell proliferation in vitro. 1 x 105 CFSE-labeled BM3 T cells
were cultured in 48-well plate with 2.5 x 104 splenocytesfrom CBA or CBK mice, 1.25 x
104 DC2.4 Vo, or DC2.4-19, or ~ere treated with concanavalin A (conA) for 96 hours.
Cells were harvested, stained for CD8a, and T cell activation markers CD25 and CD69,
and analyzed by flow cytometry. [A-CJ Histograms gated on CD8a+ cells. [AJ CFSE,
[BJ CD69, and [CJ CD25.

\;,_; r e

(BJ CD69

[A] CFSE

■,

[C]C025

c;ww,

V'MP2

~

1

CBA
lf
•
,~.,
.......
. --+----.
-I!

!I

"

lf I'

... ~
1

~
~

·,:

-.. ·.. . . .~

_···
.,.·

....

...-

4%

2%

-. :_~
. .-II
1. 11· :I . .
.r~

'""

1

conA

2%
.,,
.,."t,

,,>

s:

...
- ,,.

~

,o'

,n

,.:t...

,,>

-~

-;..

,,>

Mtt'

__.

.!>

~

10%

I

ii)'

31~

..,-

-i'

,;.

C....un,,1,-,

CBK
lf

r

,9_%_
,cl

...

-;;, --~
DC2.4 Vo

~'.~ fl ~:.f :
8

,,,

•
oil

~

,
..-..;

.,,

""

..I,

·~

•ti'

. 1

as%
Ml'

,,,ulll .
'O'

~

.,,

I
29%
.~
,!""',,
.:

...

44

..,,._,

~

,ii)

~

0111

\

uc,~-...

C!cl•fX'::!¥) 11"'!

C!+l'P?::f't:''t'!

DC2.4 IDO+ :

a
0
(J

l2 l '-•~-+-

&,.;J!,r..,,;.- -

e·:;
- ,! "

•.r

~

11%
"..; . - Ill

j

--

_ , ___.__~
11

ow

CFSE

'

ti

.V
V

ow

v,

16%

66%

..

w

..,

~

,.,

'V

'¢

~"!""
: _...ft.,..___
,,>
,,...
JO'

I~

«.....c

f,,

~1

, :,

...

~

t,>

~
~

Vl

46
only-transfected or 1DO-transfected DC2.4 stimulators (data not shown). To exclude the
possibility that the lack of T cell proliferation was due to over-growth of DC2.4 cells
rather than IDO itself,· MLRs were set up using the same number of stimulator and
responder cells as described above, in wells with a larger surface area and higher volume
capacity (48-well plates, Figure 6). This set-up provides more space and more culture
media for the proliferating T cells.

Results in Figure 6A show that BM3 T cells

responded to 1.25 x 104 stimulator cells in a 48-well plate and confirms that, in the 96well plates, the lack of BM3 T cell responses to the H~2Kb+ stimulator cells was due to
over-growth of the DC2.4 cells. In addition, the number of stimulators was also titrated
whe11 MLR were cultured in 48-well plates. It was determined that BM3 T cells will
respond to 1.25 x 104 stimulator cells in a 48-well plate. These experiments show that
IDO transfection can suppress BM3 T cell proliferation in vitro (Figure 6A).
IILA.3. Stimulation ofBM3 T cells by DC2.4 cells expressing /DO

Suppression of T cell proliferation can result from failure of T cells to activate. To
determine if BM3 T cell activation by 1DO-transfected DC2.4 cells occurred, BM3 T
cells co-cultured with vector-only-transfected or 1DO-transfected DC2.4 cells were
analyzed for the expression of T cell activation markers. BM3 T cell expression of the T
cell activation makers, CD69 and CD25, were analyzed 96 hours after co-culture with
vector-only-transfected or IDO~transfected DC2.4 cells. T cells were stained with antiCD69 monoclonal antibody and analyzed by flow cytometry (Figure 6B). As shown in

Figure 6B, 86% of BM3 T cells expressed CD69 when co-cultured with vector-onlytransfected DC2.4 cells compared to 66% when co-cultured with 1DO-transfected DC2.4
cells. CD25 expression on BM3 T cells was also analyzed at 96 hours after co-culture by
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antibody staining with anti-CD25 monoclonal antibody and flow cytometry (Figure 6C).
29% of BM3 T cells expressed CD25 when co-cultured with vector-only-transfected
DC2.4 cells while only 16% of T cells expressed CD25 when co-cultured with IDOtransfected DC2.4 cells (Figure 6C). Although CD25 expression on these T cells was
low, 59% of BM3 T cells co-cultured with H-2Kh+ splenocytes (from CBK mouse)
expressed CD25 confirming that the BM3 T cells were able to up-regulate CD25
expression after activation.These experiments demonstrate two key points. First, the data show that DC2.4
cells were weak stimulators of BM3 T cells compared to CBK sple11ocytes. Secondly,
BM3 T cells express activation markers even though they did not proliferate in response
to the H-2Kb antigen. These results suggest that although IDO-transfected DC2.4 cells
did not stimulate BM3 T cells to proliferate, these cells wen~ still capable of activating T
cells.
IILA.4. Effect ofIDO expression on MHC expression in 1JC2.4 cells

BM3 mice are TCR transgenic mice. T cells from these mice recognize the H2Kh antigen.

Because BM3 T cell responses to vector-only-transfected or IDO-

transfected DC2.4 were not as robust as the responses when cultured with CBK (H-2Kh+)
splenocytes, the expression of the cognate antigen, H-2K\ on vector-only-transfected and
IDO-transfected DC2.4 cells was tested. IDO expression by DC2.4 cells may result in a
reduction of MHC Class I expression. Because BM3 T cells recognize the MHC Class I
H-2Kh antigen, this may explain the reduced T cell proliferation observed in co-cultures
with !DO-expressing DC2.4 cells. To measure H-2Kh expression levels, vector-onlytransfected and IDO-transfected DC2.4 were stained with anti-H-2Kh monoclonal
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Effect of indoleamine 2, 3-dioxygenase transfection on DC2. 4 cell line

expression of MHC Class I molecule. DC2.4 Vo, DC2.4-IDO+, and splenocytes from
C57B6/J mice enriched for B cells, macrophages, and DCs, were stained and analyzed
for H-21<!1 expression by flow cytometry. (MFI : Mean Fluorescent Intensity, S.D. ·:
standard deviation, n = 3).
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antibody and analyzed by flo~ cytometry (Figure 7). Results showed no difference in
H-2Kb expression levels by vector-only-transfected (mean fluorescent intensity, MFI =
140.55+/-61.96) and IDO-transfected DC2.4 cells (MFI = 146.90 +/-55.84).

H-2Kb

expression was high on both vector-only-transfected and IDO-transfected DC2.4 cells.
From the data, it is concluded that DC2.4 cells express the H-2Kb antigen recognized by
BM3 T cells and that the reduced T cell proliferation observed in co-cultures with IDOexpressing DC2.4 cells is not due to the absence of antigen.

B. Hypothesis:

Dendritic cells from indoleamine 2,3-dioxygenase transgenic mice
\

will inhibit T cell responses.

IILB.1. Generation of the pCDllcN-IDO vector

Studies using human DCs38 have shown that IDO expression inhibits T cell
proliferation by rapid tryptophan depletion in an !DO-dependent manner. In addition,
data presented here show -that immortalized DCs inhibit T cell proliferation following
IDO transfection. To test the hypothesis that enhanced IDO expression in DCs inhibits T
cell responses, IDO transgenic mice over-expressesing IDO specifically in DCs were
generated.

In this study, the pCDllcN vector 104 was used to direct IDO expression

specifically in DCs.

By using the CD 11 c promoter to -drive IDO expression, IDO

expression was targeted to DCs and the effects of IDO expression on DCs was examined.
To generate the pCDl lcN-IDO vector, full length (1.2 Kb) IDO cDNA was
cloned into a single EcoR I site in the pCDl lcN vector. pCDl lcN vector contains the
CDl lc promoter to specifically target gene expression to dendritic cells. For optimal

figure 8. Genetic characterization of indoleamine 2,3-dioxygenase transgenic (TgCI)
mice. (A) Map of the pCDJ lcN-IDO vector. Blue: CDI le promoter, red: IDO cDNA,
gray: rabbit {3-globin expression cassette. EcoRI: restriction enzyme site. (B and C)
Genotypic analysis of TgCI mice.

(B) RT-PCR was performed using /DO-specific

primers to detect IDO transcripts from RNA samples from epididymus (E) and spleen (S)
of Fl(CBA x B6) and CBK mice,- spleens from TgCI mice (1-4), a non-transgenic
littermate (nonTg) . (C) Southern blot an_alysis of F1 progeny #1-16 (TgCI founder x
CBA) to detect germline transmission of the /DO transgene. Genomic tail DNA were
digested using the restriction enzyme BamHI. Restriction digest products were separated
on an agarose gel and transferred onto a GeneScreen Plus Hybridization Transfer
membrane. The membrane was blotted with radio labeled ( 2P) probe that hybridizes to a
sequence i~ the pCDllcN vector. +CI: genomic DNA spike with 2ng pCDllcN-IDO
construct. [DJ Transgene copy number.
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gene expression, the promoter is follow~d by a rabbit ~-globin ~xpression cassestte(Figure SA).

Prior to DNA microinjection into fertilized oocytes, the pCDl lcN-IDO vector
was digested with Xhol and Sacll restriction enzymes to obtain the pBluescript-free
pCDllcN-1DO construct and allow gene expression in eukaryotic cells.

After

doublerestriction digest, the products were separated on a 1% low melting-point agarose
gel and the 7.8 Kb fragment, which corresponds to the pBluescript-free pCDllcN-IDO
construct, was excised from the gel. The gel slice was subjected to phenol-extraction to
isolate the construct as described in the Methods section.
IILB.2. Generation and identification of/DO-transgenic (TgCI) mice

The MCG Transgenic Core Facility carried out the DNA microinjection of the
transgene construct into fertilized (CBA x B6)F 2 oocytes. Oocytes that survived the
procedure were implanted by laparotomy into a pseudopregnant female mouse.· After
birth, tail DNA from pups obtained from the Transgenic Core Facility was analyzed and
screened using murine !DO-specific and CD 11 c promoter-specific PCR primers and an
oligonucleotide probe that hybridizes to a sequence within the CDllc promoter
(Southern blot) to identify pCDl lcN-IDO transgenic founder mice. Of 34 pups screened,
8 transgenic founder mice were detected by PCR and Southern blot. To determine if the
trans gene was transmitted via the germ line, all 8 founder mice (designated CI 1 through
CI8) were bred with CBA mice. Pups from the first (F 1) generation were screened for the
IDO transgene by PCR and Southern Blot. 3 of the 8 founder mice, CB, CI5, and CI8, .
passed the transgene onto their offspring in a Mendelian fashion (i.e. 25% of the
offspring screened positive for the transgene). Figure 8B is the PCR analysis and Figure
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SC is the Southern blot analysis of DNA from F 1 mice of the CI8 founder mouse.

Southern b_lot analysis revealed that of the three lines, CI5 line has the highest copy
number of the trans gene (Figure 8D).
111.B.3. Analysis of IDO protein expression in dendritic cells of TgCI mice

When analyzed for IDO protein expression, mice from all three lines that were
positive for the transgene expressed IDO protein in the spleen. In Figure 9, spleens from
transgene-positive

F1

generation

immunohistochemical IDO staining.

mice

were

collected

and

prepared

for

Spleens from CB, CI5, and CI8 lines stained

positive for IDO in the red pulp area of the spleen while spleens from CBA mice did not
stain for IDO. In addition, autoMACs-enriched DCs from CBA, CI3, CI5, and CI8 lines
were stained for IDO. IDO .expression was detected in DCs from Cl3, CI5, and CI8
spleens (Figure 9). Very few DCs from CBA spleens expressed IDO. Western blot
·analysis of IDO transgenic mice also confirmed IDO protein expression (Figure 10). Of
the three lines; CI8 had the highest intensity of IDO staining. Taken together, CI3, CI5,
and CI8 were identified ·as IDO over-expressing transgenic lines.

The stimulatory

capability of DCs from CB, CI5, and CI8 lines were tested in MLRs and in adoptive
_transfer experiments.
The !DO-over-expressing, TgCI, mice had no gross phenotypic changes
compared to non-transgenic mice: 1) spleen cellularity in TgCI versus nonTgCI and 2)
DCs subset analysis by flow cytometry (Table 1) were similar.

_

Figure 9.

Indoleamine 2,3-dioxygenase expression by TgCI mice.

Spleen tissues

(magnification l00X) and CDllc+ cells from CBA, C/3, C/5, and CI~ mice
(magnification 1000X) were stained for /DO. For the staining control, spleen tissues and
CD 11 c+ cells from C/8 mice were stained for /DO in the presence of the /DO antibody
neutralizing peptide (magnification 400X).
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. Figure 10. Western blot analysis of TgCI mice to assess IDO expression. 30µg of cell
lysate protein from IDO-transfected and vector-only-transfected MC5 7G, Tg-MI ·
splenocytes, TgCI DCs, or non-transgenic littermate DCs were analyzed for IDO.
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Table I. Spleen cellularity and DC subset analysis of TgCI mice

Mice

No. of
Splenocytes
per spleen

% CDllcHIGH
CD19+
(mean)·

TgCI

1.8 E8 +/-1.9 E7

non-Tg

1.6 E.8 +/-1.3 E7

n = 4; p > 0.05

% CDllcL 0
(mean)

8.9%

%
CDllcHIGH
cn19NEG
(mean)
25.8%

65.3%

13.9%

22.4%

63.7%
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IILB.4. IDO enzyme activity in dendritic cells from TgCI mice

To determine if enhanced IDO expression in TgCI mice resulted in increased IDO
enzyme activity in DCs, tryptophan and kynurenine concentrations in culture media of
autoMACs-enriched DCs were measured by HPLC analysis (Figure 11 ).
Although kynurenine concentration was low (~2µM) in culture media from TgCI
DCs, there was less tryptophan in the culture media from TgCI DCs (~8µM) compared to
media from non-transgenic DCs (~20µM), suggesting tryptophan depletion. However,
when TgCI DCs were cultured in the presence of lO0µM 1-MT to inhibit IDO, the
tryp~ophan concentration remained low (~8µM). Thus, 1-MT treatment. did not block
tryptophan depletion by TgCI DCs suggesting that the tryptophan depletion in TgCI mice
was not due to degradation by IDO.
IILB. 5. T.cell stimulatory function of APCs from TgCI mice

Human monocytes, differentiated using GM-CSF 50 , and human dendritic cells
expressing IDO

38

,

inhibit T cell proliferation by catabolizing tryptophan. In addition, in

vitro studies presented here and published previously using immortalized murine

dendritic and tumor cell lines, DC2.4 and ·MC57G51 , show that IDO transfection
suppresses BM3 T cell proliferation. Hence, the hypothesis is. that APCs from TgCI mice
will be less poten,t stimulators of T cell proliferation than APCs from normal mice due to
enhanced IDO expression. To test this hypothesis using H-2Kb-specific BM3 T cells,
DCs from TgCI mice must express the H-2Kb antigen. Therefore, TgCI mice were bred
with H-2Kb transgenic CBK mice. 2.5 x 104 autoMACs-enriched DCs from CBA (H2Kb-), (nonTgCI x CBK)F 1 (H-2Kb+), and (TgCI x CBK)F 1 (H-2Kb+) mice were used as
stimulators in a 72 hour-MLR to stimulate CFSE-labeled anti-H-2Kb -specific

57

60·

■ Trp.

[] Kyn

50
40

, µ,,
M30

20

MC51G;.

Vo·

MC57G24

CBA

non-Tg

*

*

Tg-CI

·Tg-CI
+1MT

Figure 11. Jndoleamine 2, 3-dioxygenase activity in TgCI mice. Auto MA Cs-enriched DCs
from CBA, non-transgenic littermate (nonTg) and TgCI were cultured for 4 days. DCs
from TgCJ mice were cultured with or without 1MT.

For controls, vector-only-

transfected and IDO-transfected MC57G were cultured for 4 days. ·Culture media were
collected and analyzed for tryptophan and kynurenine concentrations by HPLC.
Absorbance was measured at 225nm a,nd compared against standard curves for
tryptophan and kynurenine. The limit of detection for this assay is ! .2µM Error bars:
S.E., *p-value < 0. 002.
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T cells from BM3 TCR transgenic mice.

CFSE staining and expression profiles of

activation markers, CD69 and CD25, of BM3 T cells were analyzed by flow cytometry

(Figure 12). The data show robust BM3 T cell response against APCs from {TgCI x
CBK)F 1 and (nonTgCI x CBK)F 1 ·mice. In addition, there were no differences· in CFSE
staining, and CD69 and CD25 expression profiles between T cells cultured with {TgCI x
CBK)F 1 and (nonTgCI x CBK)F 1 DCs. As expected, BM3 T cells 'did not respond to
antigen-negative APCs from CBA mice.

This experiment was repeated using 3H-

thymidine incorporation as a measure of T cell proliferation (Figure 13). 3H-thymidine
incorporation results support the flow cytometric analyses showing that T cells
proliferated when cultured with either (TgCI x CBK)F 1 DCs or (nonTgCI x CBK)F 1 DCs.
There were no significant differences between T cells cultured with {TgCI x CBK)F1 and
(nonTgCI x CBK)F1 DCs (p > 0.05). As expected, BM3 T cells cultured with DCs from
CBA mice did not proliferate due to the absence of the H-2Kb antigen. From these
experiments, it appears that enhanced IDO expression in DCs did not inhibit allospecific
BM3 T cell responses elicited in vitro, contrary to our hypothesis.·

IILB.6. Analysis of allospecific T cell responses elicited in TgCI mice after T cell
adoptive transfer
To examine the effect of enhanced IDO expression on T cell responses elicited in
vivo, BM3 T cells were adoptively transferred into host mice expressing H-2Kb. This in
vivo system is more physiologic than the in vitro MLR that requires physical dissection of
the spleen to isolate DCs. 2 x 107 CF SE-stained nylon-wool enriched BM3 T cells were
injected intravenously into CBA, (nonTgCI x CBK)F1, or (TgCI x CBK)F1 mice.
Recipient mice were sacrificed 40 hours after adoptive transfer and spleens were

Figure 12. Effect of indoleamine 2,3-dioxygenase over-expression in dendritic cells on
proliferation of CFSE-labeled BM3 T cells in vitro. 2. 5 x 104 autoMA. Cs-enriched DCs
from CBA, non-transgenic littermate (nonTg x CBK), and Tg-Cls x CBK (Tg-Cl3 x CBK,
Tg-C15 x CBK, and Tg-Cl8 x CBK) mice were cultured with CFSE-labeled T cells from
· BM3 TCR_ transgenic mice for 72 hours. CFSE staining and CD69 and CD25 activation
·markers ofBM3 T cells were analyzed by flow cytometry.
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Figure 13. Effect ofindoleamine 2,3-dioxygenase over-expression in dendritic cells on T
cell proliferation as determined by 3H-thymidine incorporation of BM3 T cells in vitro.
[A] 2.5 x 104 autoMACs-enriched DCs from CBA, nonTgCI x CBK, and TgC/s x CBK
(Tg-C/3 x CBK, Tg-C/5 x CBK, and Tg-C/8 x CBK) mice were cultured with T cells from
BM3 TCR transgenic mice in the presence or absence of 1-MT for 66 hours and then
pulsed with 3H-thymidine for 6 hours.

BM3 T cell proliferation was measured by

incorporation of 3H-thymidine into DNA. Error bars: S.E., p > 0. 05.
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recovered for flow cytometric analyses of CFSE staining and CD69 expression profiles

(Figure 14). The data showed that BM3 T cell proliferation in response to the H-2Kb
antigen occurs when T cells were adoptively transferred into (TgCI x CBK)F 1, and
(nonTgCI x CBK)F1 m1ce. No difference was observed in CFSE staining and CD69
expression profiles between T cells adoptively transferred into TgCI x CBK, CBK, and
nonTgCI x CBK mice. As expected, BM3 T cells that were adoptively transferred into
CBA mice did not _proliferate due to the absence of the H-2Kb antigen.

From these

results, it appears that enhanced IDO expression in TgCI mice did not inhibit allospecific
BM3 T cell responses elicited in vivo.

IILB. 7. Effect of enhanced IDO expression in dendritic cells on MHC-mismatched
skin graft rejection
It was hypothesized that enhanced IDO expression in donor allograft tissues
protects the graft from allogeneic host T cell-mediated immunity. To test this hypothesis,
tail skin from H-2Kb -expressing (TgCI x CBK)F 1 mice was grafted onto (CBA x
B 10.BR)F 1 mice. In this system, the recipient mice will elicit an alloresponse against the
H-2Kb MHC Class I molecule expressed by the skin graft. Because the !DO-transgenic
mouse line is not on a pure CBA background and may have some C5 7/BL6-specific
antigens, it was critical to develop a system where T cell responses of the recipient mice
to the do~or skin graft are elicited against the H-2Kb allo-antigen alone. To achieve this,
recipient.mice were generated by breeding CBA mice with congenic B10.BR mice that
are on a C57/BL6 background but express the H-2Kk instead of the H-2Kb molecule. This
strain combination is used to eliminate mismatch in both major and minor
histocompatibility complex except for H-2Kb (Table II). Figure 15 shows that the

Figure 14. Effect of indoleamirie 2,3-dioxygenase over-expression in dendritic cells on
BM3 T cell proliferation in vivo. 2 x 107 CFSE-stained nylon-wool enriched BM3 T cells
were injected intravenously into CBA, non-transgenic littermate (non-Tg), or TgCixCBK
(TgCI). Mice were sacrificed 40 hrs after adoptive transfer and splenocytes were
analyzed for CFSE staining, CD8, and CD69 expression profiles by flow cytometry.
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Table II. Summary ofskin graji experimental design.

Donor (haplotype)

Recipient

Allo-antigen

l) C BA (H-2K)

(CBA x 810.BR)F i

2) C BK (H-2\ H-2Kb)

(CBA x B l0.BR)f 1

H-2Kb

3) (nonTgCl x CBK)F 1 (H-2\ H-2K6)

(CBA x Bl0.BR)F 1

H-2 Kb

4) (TgCl x CB K)F , (H-2 \ H-2Kb)

(CBA x BI 0.BR)F 1

H-2Kb

Table Ill. Mean survival time ofskin grafted on to (CBA x B 1O.BRJF1 recipient mice

Donor skin

No. of recipients
(n)

No. rejected

Mean Survival Time
(days)+/- std. err.

CBA

5

0

n/a

CBK

6

6

17.5 +/- 0.806

(nonTgCl x C BK)F 1

II

11

17 +/- 0.658

(TgCl x CBK)F,

19

19

15.5 +/- 0.233*

* p-value < 0.002
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Figure 15. Effect of indoleamine 2,3-dioxygenase over-expression in dendritic cells of
donor skin on recipient's alloresponse against the skin graft. Tail skin from CBA, CBK,
(nonTgCI x CBK)F1 (non-Tg), and (TgCI x CBK)F1 (Tg-CI) mice were grafted onto (CBA
x BJ0.BR)F1 mice. The graft was scored for viability and was considered rejected when
only 10% or less of the graft remained viable. * p-value < 0.002.
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recipient mice rejected (TgCI x CBK)F1 skin grafts by day 15. As expected, (CBA x
B10.BR)F 1 hosts accepted CBA skin grafts indefinitely. (CBA x Bl0.BR)F1 hosts
rejected CBK skin grafts by day 17.5 and skin from (nonTgCI x CBK)F 1 littermates were
rejected by day 17. Table III shows the number of recipient mice grafted with donor
skin and the mean survival time for the grafts. These results show that enhanced IDO
expression on skin grafts did not prolong allograft survival in recipient mice. Although
the DCs are expressing IDO, it is possible that the tolerogenic DCs that suppress T cellmediated immunity against the graft may not be present in the skin at the time of grafting.
In addition, it is also a possibility that constitutive expression of IDO in DCs may have an
effect on the development of tolerogenic DCs. Strikingly, results showed that (CBA x
B10.BR)F 1 mice ·rejected skin grafts from (TgCI x CBK)F 1 mice faster (p<0.002) than
CBK mice or their (nonTgCI x CBK)F 1 littermates (Figure 15). This finding suggests
that enhanced IDO expression in IDO transgenic mice does .not suppress T cell responses
against the skin allograft; perhaps enhancing IDO expression has a negative effect on the
development of regulatory DCs allowing faster graft rejection.

IILB.8. Analysis ofTcell suppressive functions o/CTLA4-Ig in TgCI mice
I

Recently,

our

laboratory

published

evidence

showing

that

the

immunomodulatory reagent CTLA4-Ig induces IDO expression in "!DO-competent DCs"
(defined as cells that can be induced to express IDO; CDl lcHIGH' CD19+, 120G8NEG) and
that the suppressive effect of CTLA4-Ig is IDO-mediated. 56 In this study, flow cytometric
analyses reveal that CDl lcHIGHCDl 9+ DCs are present in TgCI · mice (Table I);
therefore, the lack of T cell suppression in TgCI mice is not due to the absence of the
relevant DCs. However, it is possible that the "!DO-competent DCs," although present in
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TgCI mice, are not suppressive when IDO is induced. Because enhanced IDO expression
in TgCI DCs did not suppress T cell proliferation, it was necessary to investigate whether
TgCI mice are still able to suppress T cell proliferation in response to CTLA4-Ig. To
investigate this, DCs from CBK and TgCI mice, which were treated with l00µg CTLA4Ig for 24 hours, were isolated and cultured with BM3 T cells~ T cell proliferation was
measured by 3H-thymidine incorporation. DCs from untreated CBK mice stimulated
BM3 T cell proliferation while BM3 T cell proliferation was significantly (p<0.05)
suppressed following CTLA4-Ig treatment (Figure -t6A). Treatment with the IDO
inhibitor 1-MT blocked CTLA4-Ig-mediated suppression implying that CTLA4-Igmediated suppression is !DO-dependent. Significantly, CTLA4-Ig treatment of (TgCI x
CBK)F 1 mice did not suppress BM3 T cell resp_onses elicited in vitro. These results
demonstrated that while (TgCI x CBK)F 1 and CBK DCs exhibit comparable T cell
stimulatory functions, treatment with the !DO-inducing reagent CTLA4-Ig revealed a
defect in the ability of CTLA4-Ig to induce !DO-mediated T cell suppression in (TgCI x
CBK)F 1 mice.

These outcomes suggest that DC responsiveness to CTLA4-Ig is
(

functionally altered due to enhanced expression of the IDO trans gene.
IILB. 9 IFNa production by TgCI mice following B 7 ligation

Results presented in Figure 16A demonstrate that DCs from CTLA4-Ig treated
(TgCI x CBK)F1 mice did not induce !DO-mediated T cell suppression. Furthermore,
recently published work from our lab shows that CTLA4-Ig-mediated IDO induction by
CD19+ DCs requires IFNa signaling and that treatment with CTLA4-Ig induces CD19+
DCs to produce IFNa. 56 To determine if the failure to induce !DO-mediated T cell
suppression following B7 ligation by (TgCI x CBK)F 1 DCs is due to failure to produce

Figure 16. Effect ofCTLA4-ig on TgCI mice. [A] DCsfrom CBK and (Tg-C/8 x CBK)F1
mice were treated in viiro with 100µg/ml CTLA4~1g for 24 hours and cultured with BM3
T cells.' T cell proliferation was measured by 3H-thymidine incorporation. * p<0.05 [BJ
lx10 7 autoMACs-enriched DCs from (CBA x B6)F1 and TgCI mice were treated with
J00µg/ml CTLA4-lgfor 5 hours. IFNa concentration in culture media was measured by
. ELISA. *p<0.001, n.d.: not detected.
l
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IFNa, autoMACs-enriched DCs from (TgCI x CBK)F1 mice were treated in vitro with
l00µg/ml CTLA4-Ig for 5 hours and IFNa concentration in culture media was measured
by ELISA. Figure 16B shows that CTLA4-Ig treated DCs from (TgCI x CBK)F 1 mice
did not produce IFNa. As expected, DCs from (nonTgCI x CBK)F1 mice produced large
amounts of IFNa following CTLA4-Ig treatment. These results suggest that the defect in
the ability of CTLA4-Ig to induce !DO-mediated T cell suppression in (TgCI x CBK)F1
mice is due to a defect in IFNa production in response to CTLA4-Ig. These results
provide an explanation as to why the transgenic approach of enhancing IDO expression
in DCs did not induce DCs with suppressive functions.

IV.

Hypothesis:

Indoleamine 2,3-Dioxygenase Induction in Dendritic cells by
Ligation of B7 molecules with CTLA4-Ig

Dendritic cells induced to express indoleamine 2,3-dioxygenase by
ligating B7 molecules with CTLA4-lg will inhibit T cell responses.

IV.1. Induction ofIDO in dendritic cells after in vitro and in vivo CTLA4-Ig treatment

The objective of experiments described in this section was to elucidate the
signaling mechanisms in splenic DCs that explain IDO induction following CTLA4-Ig
treatment.

In a report published in 2002, Grohmann et al. showed that CTLA4-Ig

treatment induces IDO. 57 To verify this in our experimental system, mice were exposed
to CTLA4-Ig and IDO expression assessed 24 hours later by staining spleen tissues with
anti-IDO antibody to detect IDO+ cells. Consistent with results obtained previously by
Dr. Baban in our laboratory, CTLA4-Ig treatment induced IDO. 56 Spleen sections from
(CBAxB6)F 1 mice that were treated with CTLA4-Ig for 24 hours were stained for IDO.
IDO was detected in CTLA4-Ig treated spleens (red staining, Figure 17A-B) while IDO
was not detected in spleens treated with IgG2a (Figure 17C-D). In a recent report, we
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Figure 17.

In vivo induction of !DO expression following CTLA4-Ig treatment.

(CBAxB6)F1 mice were treated with 100,ug CTLA4-Ig [A and BJ or IgG2a [C and DJ for
24 hours. Spleens were harvested and paraffin sections were prepared. Sections were
stained with anti-IDO antibody to detect !DO protein (red staining).
follicles, R: red pulp.

L : lymphoid
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identified !DO-expressing splenocytes as a minor subset of CD 19+ DCs that acquired
potent and dominant !DO-dependent T cell regulatory functions following CTLA4-Ig
treatment (Appendix Figure 1). 56

IV.2. IDO induction in interferon-y receptor- and interferon~alf:J receptor-deficient
dendritic cells after CTLA4-Ig treatment
Grohmann and colleagues reported that induction of IDO in plasmacytoid DCs
(pDCs) following CTLA4-Ig treatment required IFNy signaling. However, in our
experimental system, which differs in several aspects, we found that IDO was induced
normally after CTLA4-Ig treatment in IFNyR-deficient mice. Moreover, IDO was not
induced in IFNa/~R deficient mice following CTLA4-Ig treatment in vivo showing that
in our system, IFNa signaling is essential to induce IDO following CTLA4-Ig treatment
(Appendix Figure 2). In addition, we identified a small population of DCs, distinct from

the pDCs that express CDllc, B220, and 120G8 surface markers 118, which requires IFNa
signaling to induce IDO following CTLA4-Ig treatment and to acquire T cell regulatory
properties. This small population of DCs expresses the surface marker CD 19. 56 Taken
together, our data showed that IFNa signaling was essential to induce selective IDO upregulation in CD19+ DCs, which rendered them T cell suppressive following CTLA4-Ig
treatment.

IV.3. Induction of interferon-a in dendritic cells after CTLA4-Ig treatment
Because IFNa signaling is required to induce IDO, it was hypothesized that IFNa
is produced in response to CTLA4-Ig. To test this hypothesis, tis~ue sections from
spleens of (CBA x B6)F 1 IDO-wildtype (WT) mice that were treated with CTLA4-Ig or
IgG2a 5 hours previously were prepared and stained with anti-IFNa antibody (Figure
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18).

IFNa was detected in cells dispersed throughout the red pulp areas of the spleens

from CTLA4-Ig treated IDO-WT mice (Figure 18A). No IFNa-producing cells.were
detected in tissue sections from spleens of IgG2a-treated mice (Figure 18B). To confirm
the finding that IFNa is produced following CTLA4-Ig and to determine if DCs are
producing IFNa, autoMACs-enriched CDllc+ cells were treated with CTLA4-Ig or
IgG2a for 5 hours and the cells were stained for IFNa expression (Figure 19A-C). IFNa
was detected in CDl lc+ cells treated with CTLA4-Ig (Figure 19A) but not in the IgG2atreated control group (Figure 19B). To measure IFNa gene and protein secretion by
CD 11 c+ cells, IFNa gene transcription was assess~d by RT -PCR analysis and IFNa
secretion by ELISA following in vitro CTLA4-Ig treatment. Transcripts of the IFNa (19) ·gene were detected in RNA samples prepared from influenza. virus-infected and
samples from CTLA4-Ig-trea~ed CDllc+ cells but not in RNA samples prepared from
IgG2a-treated CDl lc+ cells (Figure 19D). Interestingly, .transcripts of the IFNa2 and
a4 genes were detected in RNA samples prepared from influenza virus-infected CDllc+
cells but not in RNA samples prepared from CTLA4-Ig-treated CD 11 c+ cells (Figure
19D). Consistent with the RT-PCR data, secreted IFNa was detected in media from

cultures of CTLA4-Ig treated DCs (Figure 19E).
IV.4.

Induction of interferon-a in CD19+ dendritic cells after in vitro CTLA4-lg

treatment

We recently reported that CTLA4-Ig induces IFNa expression in a subset of DCs
that expresses the surface protein CD19 (Appendix Figure 3). Consistent with our
published data, CTLA4-Ig treatment was shown to induce IFNa in CD19+ DCs.

Figure 18. Jn vivo induction of interferon-a expression following CTLA4-lg treatment. (CBAxB6) F 1 mice were
treated with 100 ,ug CTLA4-Ig [A and BJ or IgG2a [CJ for 5 hours. Spleens were harvested and paraffin sections
were prepared. Sections were stained with anti-IFNa antibody [A and CJ to detect IFNa protein (red staining).
[BJ For a staining control, sections from CTLA 4-Ig-treated spleen were incubated with secondary antibody alone.

-..J

w

Figure 19. Interferon-a production by dendritic cells following in vitro treatment with
CTLA4-lg. [A-CJ autoMACs-enriched CDllc+ cells from ,.(CBA x B6)F1 mice were
treated with J00µg/ml CTLA4-lg [AJ or lgG2a [BJ for 5 hours and were stained with
anti-lFNa antibody to detec't IFNa protein. AutoMACs-enriched CDllc+ cells treated
with J00µglml CTLA4-lg were incubated with secondary antibody only [CJ.

[DJ

AutoMACs-enriched CDllc+ cells from (CBA x B6)F1 mice were infected with the
influenza virus (see Appendix for infection protocol) or treated with J00µg/ml CTLA4-lg
(+) or lgG2a (-) for 5 hours. RNA samples from cells were analyzed by RT-PCR using
specific primers to detect transcripts of IFNal-9, a2, and a4 genes. [EJ IFNa protein
was 'measured by ELISA in culture media from untreated, lgG2a-, or CTLA4-lg-treated
CD 11

c+ cells. *p< 0.001
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Mo-Flo-sorted CD1 lcHIGHCD19+, CD1 lcHIGHCD19NEa, and CDl lcLO from (CBAxB6)F 1
mice were treated with CTLA4-Ig for 5 hours and secreted IFNa protein was measured
by ELISA. Figure 20A shows the sort gates used to fractionate CD1 lcHIGHCD19+,
CDllcHIGHCD19NEG, and CDllcLO populations.

IFNa was dete~ted in media from

cultures of CD19+ and CD19- DCs treated with CTLA4-Ig(Figure 20B). The presence
of IFNa in the culture media of CD19- DCs could be due to a few CD19+ cells
contaminating the CD 19- fraction since obtaining a purified cell population is difficult
when sorting such small numbers of cells. Altogether, these data show that CTLA4-Ig
mediates induction of IFNa expression by CD 19+ DCs.

IV.5. Interferon-a production by /DO-deficient mice in response to CTLA4-lg
We have shown that CTLA4-Ig treatment induces ·tFNa expression that then
signals via IFNa/~R to up-regulate IDO in CD19+ DCs.

This sequence of events

suggests that IDO is downstream of IFNa "in the cascade of events. Therefore, it was
hypothesized that !DO-deficient mice produce IFNa in response to CTLA4-Ig. To test
this hypothesis, tissue sections from spleens of (CBAxB6)F 1 IDO-wildtype (WT) and
!DO-deficient (KO) mice that were treated with CTLA4-Ig for 5 hours were prepared and
stained with anti-IFNa antibody (Figure 21A).

IFNa was detected dispersed in the

splenic red pulp areas from CTLA4-Ig-treated IDO-WT mice. No IFNa was found in
tissue sections from the spleens of CTLA4-Ig-treated IDO-KO mice. To confirm these
findings, IFNa was also detected using RT-PCR (Figure 21B) and ELISA (Figure 21C).
RNA samples and culture media from autoMACs-enriched CDllc+ cells from IDO-WT
and IDO-KO

treated with CTLA4-Ig for

5 hours

were used to

measure

Figure 20. Interferon-a production by CD19+ dendritic cells following CTLA4-Ig
treatment in vitro. [A] Mo-flo sort gates used to fractionate CDllcHIGHCD19+,
CDllcHIGHCDJ0E0 , and CD11i 0 populations. [BJ Mo-jlo sorted CDllcHIGHCD19+,
CDllcHIGHCDJ0E0 , and CDllcw from (CBAxB6)F1 mice were treated with JOOµg/ml
CTLA4-Ig for 5 hours and IFNa protein in the culture media was measured by ELISA.
*p<O.O5
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Figure 21. Interferon-a production by indoleamine 2,3-dioxygenase-deficient mice
following CTLA4-lg treatment. [A] Tissue sections from spleens of (CBA x B6)F1 IDOwildtype (WT) and !DO-deficient (KO) mice treated with J00µg CTLA4-lg for 5 hours
were prepared and stained with anti-lFNa antibody to detect IFNa (red staining). [BJ
-AutoMACs-enriched CDllc+ cells from IDO-WT or IDO-KO mice were infected with
the influenza virus (see Appendix for infection protocol) or treated with 100µg/ml
CTLA4-lg (+) or lgG2a (-) for 5 hours. RNA samples from cells were analyzed by ~TPCR using specific primers to detect transcripts of IFNal -9, a2, and a4 genes. [CJ
IFNa protein was measured by ELISA in culture media from mCTLA4-lg (mutated
isoform ofCTLA4-lg) -, or CTLA4-lg-treated IDO-WTor IDO-KO CDJ lc+ cells.
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IFNa transcripts and secreted protein, respectively. Transcripts of the IFNa (1-9), a2,
and a4 genes were detected in RNA samples prepared from influenza virus-infected
IDO-WT and IDO-KO DCs. Transcripts of IFNa (1-9) were detected in samples from
CTLA4-Ig-treated IDO-WT CDllc+ cells but not in RNA samples prepared from
CTLA4-Ig-treated IDO-KO CDllc+ cells. Consistent with the RT-PCR data, secreted
IFNa was not _detected in media from IDO-KO DC cultures treat~d with CTLA4-Ig
(Figure 21 C).
Figure 20 illustrates that CTLA4-Ig induces IFNa expression in CD19+ DCs. To

test if IDO activity is necessary for IFNa production by CD19+ DCs following B7
ligation, Mo-Flo sorted CD19+ (CDl lcHIGH) cells from IDO-WT and IDO-KO mice
were treated with CTLA4-lg, and IFNa secretion was measured by ELISA (Figure 22).
No difference in CD19+ cell yield after Mo-Flo sorting was found between the IDO-WT
and .IDO-KO sort events (Table IV) indicating that CD 19+ DCs are present in IDO-KO
mice. IFNa was detected in media of cultures of IDO-WT CD 19+ and CD 19- DCs
treated with CTLA4-Ig.

CD19+ DCs from IDO-KO mice failed to induce IFNa

expression after CTLA4-Ig treatment. As mentioned, the presence of IFNa in the culture
media of CD 19- DCs could be due to a few CD 19+ .cells contaminating the CD 19fraction since obtaining a purified cell population is difficult when sorting such a small
population. Altogether, these data show that CTLA4-Ig-mediated induction of IFNa
expression by CD 19+ DCs is !DO-dependent.
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Figure 22. Interferon-a production following CTLA4-lg treatment of CDJ9+ DCs is
blocked

in

indoleamine

2,3-dioxygenase-deficient

mice.

Mo-flo

sorted

CDllcHIGHcDJ9+, CDllcHIGHcn1¢1EG, and CDJJl 0 from IDO-WT or IDO-KO
(CBAxB6)F1 mice were treated with J00µg/ml CTLA4-lgfor 5 hours and1FNaprotein in. .
the culture media was measured by ELISA. *p<0. 05
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Table IV. Percent of CDllcHJGHCD19+, CDllcHJGHCDJ<JIE0 , and CDJJl 0 from total
CD] Jc+ populations from (CBAxB6)F1 /DO-WT and IDO-KO mice following Mo-Flo
· fractionation.
%CD 11 cmaHcD 19+
(ave. +/- SE)

%CD 11cmaHcD19NEG %CD 11 cw
(ave.+/- SE)
(ave.+/- SE)

IDO-WT

2.41 % +/- 0.08

16.00% +/- 1.47

81.48% +/- 1.39

IDO-KO

3.26% +/- 0.50

19.28% +/- 2.67

77.47% +/- 3.17

n = 4; p>0.05, ave : average; SE: standard error
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IV. 6. Interferon-a production by /DO-deficient mice in response to CpG DNA

To examine the role of IDO in IFNa· production following TLR stimulation,
IFNa expression following CpG-ODN (1826) treatment was assessed in !DO-deficient'
mice. Tissue sections from spleens of IDO-WT and IDO-KO mice (B6 background) that
were treated with CpG for 5 hours were prepared and stained with anti-IFNa antibody
(Figure 23A and B).

IFNa was detected in media of cultures of both IDO-WT and

IDO-KO mice in response to CpG treatment.

To confirm the immunohistochemical

staining of IFNa, autoMACs enriched CDl lc+ cells from IDO-WT and IDO-KO mice
were treated with CpG-ODN and IFNa gene transcriptiou measured by RT-PCR (Figure
23C) and protein secretion by ELISA (Fi;ure 23D). IFNa transcripts were detected in
RNA samples from CpG-ODN treated DCs from IDO-WT and IDO-KO mice.
Consistent with the RT-PCR results, IFNa was detected in media from cultures of IDOWT and IDO-KO DCs after TLR9 ligation. These results show that !DO-deficiency has
no effect on CpG-induced IFNa expression and that IFNa expression in response to
TLR9 stimulation is !DO-independent.
IV. 7. Effect of 1-methy-D-t!)'ptophan on interferon-a production by de_ndritic cells in
response to CTLA4-Ig and CpG DNA

To confirm the results obtained with the IDO-KO mice, the pharmacologic
inhibitor of IDO, 1-MT, was used to abolish IDO activio/, and IFNa expression by DCs
following CTLA4-Ig treatment in the presence of 1-MT was assessed (Figure 24).
AutoMACs-enriched CD 11 c+ cells from IDO-WT were treated with CTLA4-Ig for 5
hours in the presence of 1-MT, and the cells were stained with anti-IFNa antibody. As

Figure 23. Effect of 1-methyl-tryptophan and indoleamine 2,3-dioxygenase deficiency on
inteiferon-a production by dendritic cells following TLR9 stimulation. [AJ Tissue
sections from spleens of IDO-wildtype (WT) and !DO-deficient (KO) mice treated with
50µg CpG-ODN for 5 hours were prepared and stained with anti-lFNa antibody to
detect IFNa (red staining). [BJ AutoMACs-enriched CDllc+ cells from IDO-WT or
IDO-KO were infected with the influenza virus (see Appendix for infection protocol) or
treated with 6µg/ml nonCpG-ODN (n), CpG-ODN (C), or CpG-ODN in the presence of
1-MT (C+) for 5 hours. RNA samples from cells were analyzed by RT-PCR using specific
primers to detect transcripts of IFNal-9, a2, and a4 genes.

[CJ IFNa protein was

measured by ELISA in culture media from nonCpG-ODN-, CpG-ODN-, or CpG-ODN +
1-MT--treated IDO-WT or IDO-KO CD 11 c+ cells.
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Figure 24. Effect of 1-methyl-tryptophan on interferon-a production by dendritic cells
following CTLA4-lg treatment. [A] AutoMACs-enriched CDllc+ cells from IDO-WT
were treated with CTLA4-lg with or without J00µM 1-MT for 5 hours.

Cells were

stained with anti-lFNa ant/body to detect IFNa protein (red staining). [BJ Secreted
IFNa in media from cultures ofmCTLA4-lg-treated or CTLA4-lg-treated IDO-WT DCs
in the presence or absence of J00µM 1-MT or excess tryptophan (J0X Trp, 245µM) was
measured by ELISA. *p<0. 001
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expected, IFNa was detected in CDllc+ cells treated with CTLA4-Ig. IFNa was not
detected in CDl lc+ cells treated with CTLA4-Ig in the presence of 1-MT (Figure 24A).
Secreted IFNa cannot be detected in media from cultures of CTLA4-Ig-treated IDO-WT
DCs in the presence of 1-MT (Figure 24B), supporting the results obtained from IDOKO mice.

To determine if the inhibition of CTLA4-Ig-induced IFNa expression by 1-MT is
dose-dependent,

autoMACs-enriched CD 11 c+

concentrations of 1-MT (0-25µM).

cells were

treated with

varying

Results show that CTLA4-Ig-induced IFNa

expression was blocked by treating cells with at least 25µM 1-MT (Figure 25), while
concentrations less than 2.5µM failed to block CTLA4-Ig~induced IFNa expression.
IV.8. IDO transcription following B7 ligadon occurs within S hours
According to a personal communication with Dr. Babak Baban, IDO was only
detected by immunohistochemical analysis at later times (> 18 hours) following CTLA4lg treatment.

Because of the new finding that IDO activity is essential for IFNa

production following B7 ligation, it was hypothesized that induction of IDO expression
occurs as early as 5 hours. Since immunohistochemical analysis is not sensitive enough
to detect low levels ofIDO, IDO gene transcription was measured by RT-PCR analysis in
DCs treated with CTLA4-Ig for 5 hours (Figure 26). IDO transcripts were detected in
RNA samples from CTLA4-Ig-treated DCs but were not detected in samples from lgG2atreated controls.
IV. 9. IFNa production following B7 ligation is GCN2-dependent
Munn et al. recently reported that activation of the integrated stress response
system in T cells via GCN2-kinase activation leads to !DO-dependent T cell
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Figure 25. Effect of various 1-methyl-D-tryptophan concentrations on IFNa production
following B 7 ligation in IDO-WT DCs. IFNa levels in supernatants from IDO-WT DCs
treated with J00µg/ml CTLA4-Ig in the presence of varying 1-MT concentrati<?ns (025µM) were measured by ELISA. *p < 0.001.

Figure 26. IDO transcription is GCN2-independent while IFNa production is GCN2dependent at 5 hours following _CTLA4-lg treatment. [AJ AutoMACs-enriched CDllc+
cells were treated in vitro with l00µg/ml CTLA4-JgG2a (+) or lgG2a (-) for 5 hours.
After 5 hours, RNA was extracted and IDO transcripts were detected by RT-PCR. [BJ
GCN2-WT (129 background) and GCN2-KO mice were treated in vivo with l00µg
CTLA4-lg. After 5 hours, mice were sacrificed and spleen sections were stained for
IFNa (red staining). [CJ Splenocytesfrom GCN2-WT and GCN2-KO tnice were analyzed
for CD19 and CDllc surface ,parker expression. Plots shown were gated on live cells
and cells expressing CD 11 c on the cell surface.
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suppression. 119 Because data suggest that IDO is upstream of IFNa and IDO is induced at
5 hours, it was hypothesized that activation of GCN2-kinase is required to induce IFNa.
First, IDO gene transcription was measured by RT-PCR in GCN2-KO DCs treated with
CTLA4-Ig for 5 hours (Figure 26A). IDO transcripts were detected in RNA samples
from CTLA4-Ig-treated GCN2-KO DCs and not in samples from IgG2a-treated GCN2KO DCs. To determine if GCN2 kinase is required to induce IFNa expression following
CTLA4-Ig treatment, spleen sections from GCN2-WT (129 background) and GCN2-KO
mice treated in vivo with l00µg CTLA4-Ig for 5 hours were stained for IFNa. IFNa was
not detected in GCN2-KO spleens treated with CTLA4-Ig suggesting that GCN2 kinase
is essential for IFNa production following CTLA4-Ig treatment (Figure 26B).

To

determine whether significant CD19+ DCs are present in GCN2-KO mice, splenocytes
from GCN2-WT and GCN2-KO mice were analyzed for CD 19 and CD 11 c surface
marker expression. Figure 26C shows no differences in the percentage of total DCs and
CD19+ DCs between· GCN2-WT and GCN2-KO mice. This experiment implies that the
lack ofIFNa production followiJ.?.g CTLA4-Ig is not due to the absence of CD19+ DCs ..

JV.JO. CpG DNA induces IFNa and IDO transcription in GCN2-deficient DCs
To determine if IFNa and IDO gene transcription is induced in GCN2-KO DCs
following CpG treatment, RNA samples were isolated from AutoMACS-enriched GCN2WT (129) and GCN2-KO DCs treated in vitro with CpG for 5 hours, and IFNa and IDO
transcripts were measured by semi-quantitative RT-PCR (Figure 27). IFNa transcripts
were detected in RNA samples from both CpG-treated GCN2-WT and GCN2-KO DCs
but not in samples from non-CpG-treated DCs (Figure 27A). IDO transcripts were also
detected in RNA samples ofCpG-treated DCs from GCN2-WT and GCN2-KO mice
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Figure 27. !FNa and !DO gene transcription in GCN2-KO DCs following CpG-ODN
treatment. AutoMACs-enriched CDJ Jc+ cells from 129 Sv/Ev and GCN2-KO (129 Sv/Ev
background) cultured with (+) or without(-) 6µglml CpG-ODN for 5 hours. RNA was
isolated from cells, and samples were analyzed for IFNa [A] and !DO [BJ transcripts by
semi-quantitative RT-PCR. Vo : vector only-transfected MC57G; 24: JDO-transfected
MC57G.
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(Figure 27B). These findings imply that GCN2 kinase is not required for IFNa and IDO

transcription following CpG treatment.
IV.11. DCs show low IDO activity 5 hours following B7 ligation

To measure IDO activity at 5 hours, CDllc+ cells were treated with CTLA4-Ig
for 5 hours in tryptophan-free media supplemented with 3H-L-Trp, and media were
analyzed by TLC assay to separate tryptophan and its metabolites. After separation,
migration of standards (tryptophan, kynurenine, quinolinic acid, and picolinic acid) along
the TLC paper was visualized with UV light. IDO activity was assayed by measuring the
levels of radioactive 3H-tryptophan and 3H-tryptophan metabolites. First, it is important
to show that the TLC assay can detect tryptophan depletion and. kynurenine production.
Figure 28 demonstrates that this TLC assay can detect tryptophan depletion and

kyimrenine production in media from the !DO-expressing MC57G clone 24 but not in
vector-transfected MC57G. On the other hand, tryptophan depletion but not kynurenine
production was detected in media from DCs cultured with CTLA4-Ig for 24 hours. This
result may suggest that DCs preferentially break down tryptophan to metabolites other
than kynurenine. No detectable tryptophan depletion and very low kynurenine levels
were detected at 5 hours after CTLA4-Ig treatment of DCs (Figure 29) suggesting that no
IDO activity is present at 5 hours. However, it is possible that extremely low levels of
IDO activity are present at 5 hours and that this assay is not suffieciently sensitive to
detect such small changes.
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Figure 28. Tryptophan depletion and kynurenine production measured by thin layer
chromatography. [A] !DO-trans.fected and vector-trans.fected MC57G cells were cultured
in normal media overnight and pulsed with 3 H-l-tryptophan for an additional 3 hours.

[BJ CD/ le+ cells from /DO-WT (CBA x B6)F1 were treated with 100,uglml lgG2a or
CTLA4-Jg in the presence or absence of J00µM I-MT.for 24 hours in tryptophan-free
media supplemented with 3 H-l-t1yptophan. Culture media was analyzed by TLC assay to
separate llyptophan and its metabolites and measure their radioactivity. Tip: flyptophan,
Kyn: kynurenine, and Quin/Pico: Quino/inic acid I Picolinic acid.
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Figure 29. DCs show low !DO activity 5 hours post CTLA4-lg treatment. CDI l e+ cells
from (CBA x B6)F1 !DO-WT were treated with 100,ug/ml lgG2a or CTLA4-Ig in the
presence or absence of I 00,uM I-MT for 5 hours in tryptophan:free media supplemented
3

with H-L-Trp. Culture media were analyzed by TLC assay to separate tryptophan and
its metabolites and measure their radioactivity. Trp: tryptophan, Kyn: kynurenine, and
Quin/Pico: Quinolinic acid I Picolinic acid.

V. Discussion
Several reports implicate a role for IDO in immune regulation. For instance,
_Munn et al. in 1998 reported that during murine pregnancy, IDO suppresses maternal T
cell-mediated immunity to fetal tissues? 2 In addition, studies have shown that several
disease models of autoimmunity and allergy exhibited more profound disease pathology
. when treated with the specific IDO inhibitor, 1-MT. 53 ,54 There is evidence in the literature
suggesting that IDO activity in certain DC subsets influences these cells to acquire T cell
regulatory properties, 38 •39 •51 but how IDO exerts its effect on DCs to make them
tolerogenic remains unclear.
In this study, we· hypothesized that expression of IDO causes DCs to acquire
potent T cell regulatory functions. Because IDO-transfected tumor cell lines51 and human
and murine dendritic cells expressing ID036 •38 •39 •86 have been shown to inhibit T cell
responses in vitro in an !DO-dependent manner, the initial approach to test the hypothesis
was to transfect IDO into an immortalized dendritic cell line and assess its T cell
stimulatory capacity. The DC2.4 cell line is a dendritic cell line derived from C57/BL6
bone marrow cells that were infected with an amphotropic retrovirus expressing murine
GMCSF . 114 Following transfection of DC2.4 cells with IDO cDNA, IDO mRNA was
tested by RT-PCR. IDO-transfected DC2.4 cells (DC2.4-IDO) contained IDO transcripts
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while vector-transfected (DC2.4-Vo) did not (Figure 3). Consistent with the RT-PCR
results, western blot analysis showed that IDO protein was expressed in DC2.4-IDO cells
but not in DC2.4-Vo (Figure 4A). Although IDO protein was present in DC2.4-IDO
cells, low kynurenine levels, as measured by HPLC analysis, suggests very low IDO
activity compared to IDO~transfected MC57G (MC57G-24) cells (Figure 4B). Since
MC57G is a fibrosarcoma cell line and DC2.4 is a dendritic cell line, it may be that
DC2.4 cells preferentially breakdown tryptophan to metabolites other than kynurenine. In
addition, DC2.4 cells transfected with IDO grew significantly slower than vectortransfected DC2.4 cells (Figure 5). Although HPLC data suggest that IDO activity was
low, routine culturing of IDO-transfected and vector-transfected DC2.4 cells revealed
that DC2.4-IDO cells required additional tryptophan to grow. This observation suggests .
2 key points: 1) that the IDO protein is enzymatically active or 2) that IDO-transfection
made the DC2.4 cells hyposensitive to tryptophan levels perhaps by making them more
prone to apoptosis.
The effect of IDO expression in DC2.4 cells on their ability to stimulate T cell
proliferation was investigated _by culturing transfected DC2.4 cells (H-2Kb+) with H-2Kbspecific T cells from TCR transgenic BM3 mice in an MLR.

MLRs were initially

cultured in 96-well plates and showed no T cell proliferation even when T cells were
cultured with DC2.4-Vo.

When MLRs were cultured in 48-well plates, T cells

proliferated in response to DC2.4-Vo (Figure 6). T cell proliferation in response to
DC2.4-IDO cells was inhibited compared to responses against DC2.4-Vo (Figure 6);
however, T cell activation markers, CD25 and CD69, were up-regulated when cultured
with both Vo- and IDO-transfected DC2.4 cells. Because IDO-transfected DC2.4 cells
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grew slower than Vo-transfected (Figure 5), suppression of T cell responses observed in
cultures with DC2.4-IDO as stimulators might be due to the lower numbers of stimulators
in the MLRs rather than an active suppression by the APC, which may explain why there
are fewer activated BM3 T cells in cultures with 1DO-transfected DC2.4 than in Votransfected cells.

FACS analyses of transfected DC2.4 cells showed that IDO-

transfection had no effect on_ H-2Kb expression (Figure 7), confirming that antigen was
present in MLR cultures with DC2.4-IDO stimulators. Altogether, these experiments
showed that although T cell proliferation was inhibited when BM3 T cells were cultured
with 1DO-transfected DC2.4 cells, these T cells were still able· to express T cell activation
markers. These results suggest that IDO expression has an effect on dendritic cells but
exactly how IDO affects DCs remains obscure. It is possible that IDO expression might
alter the cell biology of APCs. Grohmann et al. have shown that in vitro pre-treatment of
CD8a+ DCs with IFNy prior to in vivo injection made them suppressive and that
inhibiting IDO by 1-MT during pre-treatment blocked the suppressive effects of IDO. 120
This finding suggests that the effect of IDO, whether it is due to tryptophan depletion or ,
metabolite production, is cell-autonomous. Hence, IDO may alter DCs by decreasing
their stimulatory function possibly via up-regulating the expression of suppressive
ligands (e.g. PD-L1) 121 and increasing production of suppressive cytokines such as IL1O122•123 and TGF-(3. 47 Although there is. no evidence indicating that IDO exerts its effects
on DCs in this manner, it has been shown that IDO expression in transfected cell lines
results in an altered expression of matrixmetalloproteinases and prostaglandin
synthesis. 124
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As another approach to test the hypothesis that IDO expression in DCs leads to
suppression of T cell-mediated responses was to generate an IDO transgenic mouse
(TgCI).

This transgenic model targeted over-expression of IDO to DCs using the

pCD 11 cN vector. pCD 11 cN is a vector, generated by Brocker et. al. and modified by Dr.
Pandelakis Koni, that contains the CD 11 c promoter to target specific gene expression to
dendritic cells. By using this vector to drive IDO expression, IDO gene expression was
targeted successfully to DCs.

If the hypothesis is correct, IDO over-expression should

have rendered these DCs from !DO-transgenic mice suppressive. However, outcomes
obtained indicated that DCs from !DO-transgenic mice did not inhibit BM3 T cell
responses either in vitro (Figure 12 and 13) or in vivo (Figure 14). In addition, skin
allografts from !DO-transgenic mice were not protected from recipient T cell responses to
donor allo-antigens but instead were rejected faster (Figure 15, p=0. 002). In this system,
the recipient mice elicited an alloresponse against the H-2Kb MHC Class I molecule
expressed on the skin graft. Because the !DO-transgenic fl?Ouse line is not on a pure
CBA background and may have some C57 /BL6-specific antigens, it was critical to
develop a system where T cell responses by the recipient mice to the donor skin graft
were elicited against the H-2Kb allo-antigen alone. To achieve this, recipient mice with
matched genetic backgrounds were generated by breeding CBA mice with congenic
BIO.BR mice. Data from skin graft experiments with these mice revealed that enhanced
IDO expression in !DO-transgenic mice did not suppress allograft rejection but instead
caused a significant ~ecrease in graft survival.

Clearly, results obtain using IDO-

transgenic mice do not support the hypothesis that DCs expressing IDO suppress T cell
responses.
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One possible explanation for the lack of regulatory function of the DCs from
!DO-transgenic mice may be due to enhanced IDO expression itself. Perhaps increased
IDO expression affected the development or differentiation of regulatory DCs. When
spleen cellularity of TgCI mice was examined, there was no significant difference
between the number of total splenocytes from non-transgenic and TgCI spleens (Table I,
p2:0.05). In addition, flow cytometric analyses revealed that CD19+ DCs exist in TgCI
mice (Table I), suggesting that there were no gross changes in the· development of the
CD 19+ DC subset in !DO-transgenic mice. However, constitutive expression of IDO in
DCs may have a profound effect on minor subsets of DCs capable of e~pressing IDO and
acquiring !DO-dependent T cell regulatory function. To assess whethe~ enhanced IDO
expression in !DO-transgenic mice affected the endogenous !DO-competent DCs, IDO
transgenic mice were treated with CTLA4-Ig and !DO-mediated T cell suppression was
measured. Strikingly, DCs from !DO-transgenic mice treated with CTLA4-Ig did not
acquire T cell regulatory function and failed to suppress allogeneic CD8+ BM3 T cell
responses (Figure 16A). These data strongly suggest that enhanced IDO expression
resulted in the loss of regulatory function of CD 19+ DCs.
Recently, our laboratory has proven that, in response to CTLA4-Ig treatment,
CD 19+ DCs produce large amounts of IFNa, induce IDO expression, and mediate IDOdependent T cell suppression. 56 Because DCs from !DO-transgenic mice treated with
CTLA4-Ig did not acquire T cell regulatory function and failed to suppress allogeneic
'CD8+ BM3 T cell responses, it was necessary to see whether IFNa was produced by
these DCs in response to CTLA4-Ig. ELISA results showed that, upon treatment with
CTLA4-Ig, DCs from !DO-transgenic mice did not produce IFNa (Figur~ 16B). As
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mentioned earlier, CD 19+ DCs are present in !DO-transgenic mice; hence, the failure of
!DO-transgenic mice to induce IFNa in response to C!LA4-Ig is not due to the lack of
CD 19+ DCs. Another explanation is that overall IFNa production may be defective in
!DO-transgenic mice. However, we showed that !DO-transgenic DCs were still able to
produce IFNa in response to CpG or viral infection. Thus, data generated using the IDO
transgenic mice strongly suggest that enhanced IDO expression affects the ability of DCs
to induce endogenous IDO with CTLA4-Ig and consequently, these cells fail to inhibit T
cell responses. In addition, although generation of the !DO-transgenic mice did not result
in increased DC suppressive function, these mice are useful in studying the role of IDO in
DCs.
CTLA4-Ig is a soluble form of CTLA4 that binds B7 molecules, specifically B7.1
and B7.2, and was found to have immunosuppressive effects. 125·126 We showed that B7ligation with CTLA4-Ig induces IDO expression in DCs (Figure 17) and mediates IDOdependent T cell suppression (Figure 16A). These results verify published data that link
IDO to the immunosuppressive effect of CTLA4-Ig. Grohmann et al. showed that
CTLA4-Ig mediates induction of IDO expression and that the ability of CTLA4-Ig to
prolong pancreatic islet allograft survival was partly IDO-dependent. 57 Using a more
direct approach to evaluate !DO-mediated T cell suppression in vivo, Mellor et al.
reported that almost all of the T cell regulatory properties of CTLA4-Ig were IDOdependent.71 Thus using !DO-deficient mice and the IDO inhibitor, 1-MT, to abolish IDO
activity, these authors showed that CTLA4-Ig-mediated T cell suppression was IDOdepehdent.
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The rationale for studying CD19+ DCs came from the work done by Munn et al.,
who showed that !DO-expressing DCs from tumor-draining lymph nodes (TDLN) were
able to suppress T cell responses and that !DO-expressing DCs express CD 19 on their
cell surface. 86 CD19 is a well-known _marker'for B cells and has been commonly used to
separate B cells from DCs. To some extent, this separation technique may have been the
reason why CD19+ DCs had not been. recognized previously.

We have recently

identified a distinct population of DCs that express the surface marker CD 19 and acquire
!DO-dependent T cell regulatory function following CTLA4-Ig (Appendix Figure 1) 56
and_ CpG-ODN72 treatments. Several reports identified IFNy as the main inducer of
IDO. 127 Grohmann et al. reported that IFNy was required for IDO induction in
unfractionated CDllc+ DCs following in vitro CTLA4-Ig treatment. 57 However, using
mice deficient in either the type I interferon receptor or the type II interferon receptor, we
found that IDO induction following CTLA4-Ig treatment is dependent on IFNa/~R, but
not IFNyR, signaling (Appendix Figure 2). 56 Much like IFNy, IFNa has anti-viral and
anti-proliferative effects. The binding of IFNa to its receptor initiates signaling events
that lead to the activation of specific DNA-binding proteins (signal transducer and
activator of transcription 1 and 2, STATl and STAT2) and interferon regulating factor 9
(IRF 9).

These DNA binding proteins then form STATl homodimers or interferon-

stimulated gene factor 3 (ISGF3) complexes that consist of activated STATl, STAT2,
and IRF9. These complexes then translocate to the nucleus where they bind to specific
promoter sequences of interferon-responsive genes. 128 The STATl homodimers bind to
IFNy-activated site (GAS) elements while ISGF3 binds to IFN-stimulated response
elements (ISRE). The IDO promoter contains both GAS and ISRE elements, making the
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IDO gene highly responsive to both type I and type II interferons, although type II
appears to be a more potent inducer of IDO. 127 The disparity between the results showing
IFNy versus IFNa signaling as essential events that lead to IDO induction may be due to
the fact that distinct systems were used to study the role of IFNs in IDO induction. It
might be that selective IDO induction by B7 ligation in distinct DC populations may be
due to the unique signaling event upstream of IDO.

For instance, focusing on the

plasmacytoid DC (pDC) population, Grohmann and colleagues discovered intrinsic
factors

that influence the plasticity of pDCs based on the !DO-mediated

immunosuppressive effect of tryptophan catabolism. 110- 112 They showed that silencing the
expression of suppressor of cytokine signaling 3(SOCS3) gene resulted in IDO
expression and !DO-mediated suppressive function in CD8a+ DCs that normally do not
up-regulate IDO expression and instead possess stimulatory function in response to
CD28-Ig. 110•111 They also reported that DCs from mice with enhanced expression of
DAP12, an immunoreceptor tyrosine-based activation motif-bearing membrane adapter
molecule, were not tolerogenic while abolishing DAP12 expression led to increased IDO
activity and made DCs more tolerogenic. 112
We have shown that IFNa is essential for CTLA4-Ig- 56 and CpG-ODNmediated72 induction of IDO expression in DCs and for !DO-dependent T cell
suppression (Appendix Figure 4). Because IFNaR signaling is essential, we
hypothesized that IFNa is produced by CD19+ DCs in response to CTLA4-Ig treatment.
Altogether, Figures 18, 19, and 20 show that CTLA4-Ig treatment leads to IFNa
production by CD 19+ DCs. These data suggest that, in response to B7 ligation, CD 19+
DCs produce IFNa to induce IDO expression, thereby causing these DCs to acquire
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suppressive properties. In this system, CD 19+ DCs are the relevant DCs that produce
IFNa in response to CTLA4-Ig. Prior to this novel finding, conventional plasmacytoid
DCs (pDCs) were known as the major IFNa-producing cells.
transmitted via toll-like receptors lead to the production of IFNa.

In pDCs, signals
CD19+ DCs are

distinct from conventional pDCs because CD 19+ DCs express CD 19, and do not express
the pDC marker 120G8, one of the markers used to identify pDCs. 56 The distinction
between CD 19+ DCs and pDCs might explain the unique signaling processes in IDO
induction as discussed above.
Based on the finding that IFNa signaling is essential to induce IDO following B7
ligation with CTLA4-Ig, we predicted that abolishing IDO activity would not affect IFNa
production in response to CTLA4-Ig and CpG. Unexpectedly, results using genetic
ablation and pharmacologic inhibition to abrogate IDO function revealed that IDO
activity is required also upstream of IFNa production by CD19+ DCs following CTLA4Ig treatment (Figure 21 and 22). In contrast, IFNa production by CpG-TLR9 ligation or
influenza virus infection was not blocked in IDO-KO DCs or by 1-MT treatment (Figure
23). These findings suggest that in CD 19+ DCs, IDO is a critical factor upstream of

IFNa expression following CTLA4-Ig but not CpG treatment. Therefore, we conclude
that different pathways are involved in inducing IFN a expression in response to B7 and
TLR9 ligation (Figure 30).
Until recently, there was no evidence that induction of IDO expression occu1:'fed
earlier than 18 hours. Since it is ·evident that IDO is both upstream and downstream of
IFNa, we hypothesized that induction of IDO expression following B7 ligation occured
at earlier .time points (5 hours). Figure 26A shows that although IDO protein was not
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detecteq by immunohistochemical analysis at 5 hours (personal communication with Dr.
Babak Baban), induction of IDO gene transcription occurs as early as 5 hours. One
possible explanation for this result is that IDO protein levels may be low at 5 hours and
immm.J.ohistochemical analysis is not sufficiently sensitive to detect low levels of the IDO
protein.
Munn et al. reported that DCs expressing IDO suppress T cell responses by
activating the cellular integrated stress response (ISR) in responding T cells. 119 Based on
their finding, we proposed that activation of the ISR might also be required for IDOdependent IFNa production in DCs following B7 ligation. Mice deficient in GCN2
kinase (GCN2-KO), a component of ISR, failed to induce IFNa production when treated
with CTLA4-Ig (Figure 26B). CD19+ DCs were detected in comparable numbers in
spleens from wildtype mice and mice lacking GCN2 indicating that GCN2-deficiency did
not ,lead to the loss of this DC subset (Figure 26C). The data suggest that GCN2 is
required for !DO-dependent IFNa production in DCs following B7 ligation.
Furthermore, even though the GCN2-KO mice fail to induce IFNa in response to
CTLA4-Ig, IDO induction up~tream of IFNa still occur~d but IFNa-dependent
amplification of IDO did not. Intriguingly, CpG treatment induced IDO and IFNa gene
transcription within 5 hours of treatment in GCN2-deficient DCs.
Given that there is strong evidence linking IDO activity with T cell suppression,
the !DO-deficient mouse model becomes a paradox. 1-MT treatment led to maternal T
cell-mediated fetal allograft rejection in !DO-competent mice while placebo treatment did
not, suggesting that IDO plays a role in fetal survival. However, IDO-KO mice are still
able to produce viable offspring, suggesting that 1-MT may have !DO-independent
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abortifacient properties. For this reason, IDO-KO mice were treated with 1-MT and the
abortifacient properties of 1-MT we~e lost in IDO~KO·mice. 83 This finding suggests that
other feto-protective mechanisms compensate for the loss ofIDO activity. 129 Moreover, if
IDO activity promotes regulatory functions in DCs, then why does enhanced IDO
. expression fail to suppress allogeneic T cell responses in !DO-transgenic mice and lead to
significantly faster rejection of skin allo_graft from !DO-transgenic donor mice?

As.

mentioned earlier, it may be that over-expression of IDO has an effect on the
differentiation process of the relevant DCs that induce IDO to acquire suppressive
functions.
Altogether, data generated in this study support the idea that, in DCs, IDO along
with IFNa and GCN2, plays a role in T cell regulation, by functioning as a molecular
"transistor", which amplifies the response to a specific stimuli. With this role, IDO
becomes an effector protein that allows specialized subsets of DCs to interpret signals
and elicit an appropriate response (Figure 31).

Immunoregulatory signals, such as

CTLA4, or a single immunostimulatory signal (e.g CpG-ODN) delivered to a DC, may
promote the DC to acquire 'regulatory properties while multiple immunostimulatory
signals received by the DCs, as the case may be during infection, promote stimulatory
DCs. This role of IDO as an effector protein that integrates immune responses may
account for the paradoxical outcomes observed in !DO-deficient and !DO-transgenic
mice.
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Figure 31. The "transistor" effect. In this model, IDO becomes an effector protein that
allows specialized subsets ofDCs to interpret signals and elicit an appropriate response.
lmmunoregulatory signals, such as CTLA4 (A), or a single immunostimulatory signal,
such as CpG alone (B) delivered to a DC may promote the DC to acquire regulatory
properties while multiple immunostimulatory signals (C) received by the DCs, as the case
may be during infection, promote stimulatory DCs.

VI.

Summary

The mechanisms by which IDO exerts its immunosuppre~sive effects are still
under investigation. Studies that show reversal of !DO-mediated T cell inhibition by
provision of excess tryptophan depict a direct effect on T cells and argue that tryptophan
- depletion is a mechanism for !DO-dependent T cell suppression. Strong evidence also
suggests that IDO has indirect effects on T cell responses through its cell-autonomous
effect on APC function.

In this study, we focused on the role of functional IDO in

dendritic cells. The finding that IDO-transfected DCs grew more slowly than vector onlytransfected DCs supports the notion that IDO expression has a direct effect on dendritic
cells.

However, in the !DO-transgenic mice, the effect of IDO on the DCs· did not

promote immunoregulatory outcomes. The loss of DC suppressive function of IDOcompetent DCs in '!DO-transgenic mice and enhanced rejection of skin allografts from
!DO-transgenic mice suggested that IDO also affects the DC differentiation process.
This work also attempted to dissect the upstream signaling events that lead to
induction of IDO expression in DCs and the downstream events that lead to DC
suppressive function. At the molecular level, this work showed that in CD 19+ DCs, IDO
is an obligate factor upstream of IFNa expression following B7 but not TLR9 ligation.
This finding supports the idea that different pathways are involved in inducing IFNa
expression in response to B7 and TLR9 ligation. As shown in this study, IDO is both
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upstream and downstream of IFNa. In addition, we have also shown that induction of
IDO gene transcription following both B7 and TLR9 ligation does not require GCN2kinase while induction of IFNa gene transcription requires GCN2 kinase following B7
ligation but not following TLR9 ligation. These findings support the idea that there
exists a bi-directional amplification loop that involves IDO, IFNa, and GCN2. To
understand how IDO, IFNa, and GCN2 integrate immune responses, studies should focus
on investigating the link between the downstream events of GCN2 kinase and IFNa
signaling in response to both immunoregulatory and immunostimulatory signals.
The clinical relevance of this work lies in its application in therapeutic
interventions to improve clinical outcomes. Despite the outcome that !DO-transgenic
mice did not promote T cell suppression and that !DO-deficient mice had successful
allogeneic pregnancies, this work shows that genetically enhancing and/or abolishing
IDO expression resultecl in altered DC function, specifically in response to CTLA4-Ig
and CpG. IDO seems to have a role in influencing DC status. · With this in mind,
immunotherapeutic drugs that influence the differentiation of DCs may ·be exploited to
drive a desired immune response.

Currently, in conditions where long-term

immunosuppressive therapy is required, clinical problems such as cancer and chronic
infections develop due to excessive or inappropriate immunosuppression. In the hope
that more suitable and targeted therapies may be developed, this study provided critical
information for designing novel immunotherapies to treat clinical syndromes that are due
to the dysregulation of T cell responses.
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VII.

Appendix

Influenza virus infection protocol
2 x 106 CD 11 c+ DC cells were jnfected with influenza A virus strain X31
(courtesy of Dr. Graeme Price) at Multiplicity of Infection (MOI) 10 in PBS for 1 hr at
37°C. Cells were pelleted (5 min., 700 g) and resuspended in 0.5 ml RPMI for 4 hrs.
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Appendix Figure 1. CDJ9+ DCs acquire /DO-dependent T cell regulatory fim ction
following
CTLA4-lg
treatment.
Courtesy
of
Dr.
Phil
Chandler.

118

Appendix Figure 2. /FNa/f3R signaling is essential for IDO expression following
CTLA4-Ig treatment. Courtesy ofDr. Babak Baban.
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Appendix Figure 3. CDJ9+ DCs produce IFNafollowing CTLA4-lg treatment. Courtesy
of Dr. Babak Baban.
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Appendix Figure 4. IFNa mediates !DO-dependent T cell suppression. Courtesy of Dr.
Phil Chandler.

