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Previous studies suggest that !DO-mediated tryptophan depletion is a mechanism 

that inhibits T cell responses in vitro and in vivo. To further investigate the effects of cells 

expressing the tryptophan catabolizing enzyme IDO on T cell responses in vitro we have 

generated IDO transfected murine cell lines and tested their ability to activate T cells in 

co-cultures. Cell lines stably transfected with vector sequences alone maintain the ability 

of parental cell lines to stimulate proliferation of viable T cells. In contrast, cell lines 

transfected with IDO were unable to stimulate T cell division but induced cell cycle entry 

determined by CD69 expression. To investigate IDO regulation of T cell immunity in 

vivo we have generated murine IDO transgenic (L33 -Tg) mice. IDO transgenic mice 

inhibited in vivo proliferation of adoptively transferred anti-H2-Kb reactive T cell 

receptor Tg BM3 T cells and anti H-Y reactive Al, T cells. This data demonstrates that 

IDO induced tryptophan degradation is a mechanism that regulates T cell responses and 

may provide the basis of a new therapeutic approach in the treatment of autoimmune 

diseases and cancer. IDO mechanism may also aid transplant patients and inhibit 

deleterious immune responses. 
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Introduction 

Indoleamine 2,3-dioxygenase (IDO) is an intracellular enzyme, that degrades the 

essential amino acid tryptophan along the kynurenine pathway. Historically, IDO 

enzyme function was implicated in antibacterial and antiviral innate immunity, 

inflammation and ap.tioxidative functions. Recently our lab associated IDO enzyme 

function with regulation_ of T cell responses and maintenance of maternal immune 

. tolerance during pregnancy. We hypothesize that cells expressing IDO inhibit T cell 

responses. We will generate IDO expressing cell lines and 100 transgenic mice to 

investigate regulation of T cell immune responses by IDO enzyme in this thesis project. 

Tryptophan metabolism: 

1 

IDO and tryptophan dioxygenase (TOO) are heme-containing enzymes that degrade 

tryptophan. In mammals TOO is expresseq: in liver or in trophoblasts during pregnancy 

and is hypothesized to control levels of tryptophan by degrading excess tryptophan 

obtained from the diet. 100 was first isolated from rabbit intestine and found to have 

broad substrate specificity such that it could catalyze the oxidative cleavage of the indole 

ring on several molecules such as tryptophan, tryptamine and regulatory molecules 

serotonin and melatonin (15). 100 expression is constitutive in some tissues for instance 

in epididymis, but inducible iri many tissues. Expression levels of 100 vary between 

species such that in mice 100 expr~ssion i~_ highest in epididymis, colon and small 
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intestine, whereas in humans the highest levels of IDO expression is found in lungs, small 

intestine, and placenta ( 15, 16, 17). The significance of this is that IDO has broad substrate 

specificity and may have functions other than the controlling of tryptophan homeostasis. 

Regulation of IDO enzyme expression. 

Expression of IDO is· inducible and regulated by certain cytokines in-vivo. 

Interferons are potent inducers of IDO expression (1). Promoter analysis of the human 

IDO gene revealed interferon stimulated response elements (ISRE) and interferon -y 

activated sites (GAS), which make the IDO gene IFNy, a, and~ responsive (1,2,3). 

Cytokines that induce IFNy such as IL12 (4) or external factors sll:ch as LPS or bacterial 

CpG nucleotides induce IDO expression (6). LPS induces IDO expression indirectly 

through IFNy or TNF a, up-regulation (5). TNF a, and ILla synergistically enhance IDO 

expression and enzyme activity in IFN ytreated epithelial cells (7). ILl effects on IDO 

expression are variable,-ILl potentates IFN y induced IDO activity and expression on 

human mononuclear phagocytes but inhibits IDO enzyme activity on gamma interferon 

induced human uroepithelial cells (8). Cytokine combinations have differential effects on 

IDO expression, TGF-~ alone has no effects on IDO expression or enzyme activity~ but 

when combined with IFNy it inhibits IDO expression and enzyme activity (9). 

Immunomodulatory cytokines such as ILl0 and IL4 shown to have inhibitory effects on 

IDO function.and expression (lOf IFNyincfoce_s iNOS ( NOS-2) expression, which in 

tum can regulate IDO expression and enzyme activity. Inhibition of iNOS by NOS 

inhibitors in a macrophage cell line (MT2) increased IFNy induced IDO activity and gene 

expression (10). Since IDO is a heme-containing enzyme nitric oxide (NO) produced by 
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iNOS is also capable of binding to the heme group irreversibly and thus inhibiting IDO 

enzyme activity (11). Conversely IDO down stream metabolites also regulate iNOS 

expression. Tryptophan degradation by IDO results in the production of picolinic acid 

when appropriate down stream enzymes are available. In macrophages IDO expression 

produces picolinic acid, which may activate iNOS expression. Conversely, the 

tryptophan degradation product 3-hydroxy-anthralinic acid inhibits NOS expression 

(12.13). Nitric oxide effects are also cell line specific, such th~t NOS inhibits IDO 

enzyme activity and expression in macrophages whereas it h~s no effects on IDO enzyme 

activity in microglial cells in mice (14). Some tumor ·c~lls express IDO when treated with 

IFNy. Antigen presenting cells (APC's) such as dendritic cells and macrophages can also 

be induced to express IDO (49,79): Human primary CD4+ T cells have been shown to 

express IDO after C:Q3 ligation in the presence- of IFN a2b ( 49). Other than NOS, 

oxygen radicals and ant~oxidants _3:fe shown to regulate IDO expression and enzyme 

activity (44). The significance of the control of IDO expression by cytokines is that IDO 

· may have an immune function. 
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IDO is an antioxidant enzyme. 

IDO is an oxidative enzyme but unlike other oxidative enzymes and peroxydases it 

utilizes the superoxide anion 0-2 instead of oxygen or H20 2 (18,19). The superoxide 

radical can be used both as a substrate and cofactor by the prosthetic group protoheme IX 

on IDO (20). Due to this requirement, IDO enzyme activity can be blocked by 

antioxidants, which remove these reactive oxygen Species required for the IDO enzyme 

activity. The IDO reaction can be defined as follows (18): 

Tryptophan + 0-2 > Formylkynurenine + e-

IDO is an· effective superoxide scavenger due to its enzyme kinetics, which are as potent 

as superoxide clismutase (SOD) in removing reactive oxygen species (21). In addition 

IDO enzyme activity generates antioxidant potential indirectly by producing down stream 

metabolites such as 3-hydroxyanthranilic acid (3-HAA), which are oxidant scavengers. 

The 3-HAA is water soluble, ·rapidty released from the cell, and can act as an aqueous 

extracellular antioxidant (22). The antioxidant properties of IDO may be an important 

component of its biologi~al function. IDO has been implicated in several inflammatory 

disease processes such as Alzheimer's disease and Lupus erythematosus since the 

I 

inflammatory 1n:ediator IFN y induces- IDO expression (24.25). IDO may act as an anti-

inflammatory agent in these diseases locally by decreasing oxidative stress generated by 

inflammation (23). IDO as an antioxidative enzyme may also have effects on T cell 

activation and proliferation. The redox state of the immune cells w_as shown to influence 

their activation such that T cell and monocytic cell activation require inflammation and 

increased oxidative stress. Treatment of T cells with reactive oxygen radical scavengers 

was shown to inhibit T cell proliferation (26). 



This effect is believed to be NF-KB related since reactive oxygen species control 

NF-KB activation in intact cells by inducing its nuclear translocation (53). IDO is 

implicated in various papers and· in this thesis as an enzyme that regulates T cell 

immunity and proliferation. IDO may perform these functions by simply changing the 

redox potential of the target T cells and by this means inhibit their activation and 

proliferation (27). 

IDO function in innate immunity. 

5 

One of the first proposed functions for IDO was an antibacterial, antiparasitic and 

antiviral protein in the innate immune system. IDO was suited to this function since it is 

an evolutionarily conserved protein down to mollusks (29). IDO is also inducible by the 

inflammatory mediator IFN "( and is induced in macrophages during infe~tion. IPO 

activity may limit viral, bacterial and parasite replication by removal of the essential 

amino acid tryptophan from the extra cellular and intracellular environments. IDO 

expression is induced by viral infections such as influenza, HIV and Cytomegalovirus 

(30,31,32), by parasites for instance toxopla~ma, trypanosoma and malaria (33,34,35) or 

bacterial infections for example Chlamydia, Mycobacterium or S. aureus (36,37,38). 

IDO controls these infections by_ inhibiting their replication by depletion of the essential 

amin9 acid tryptophan or production of toxic metabolites ~uch as picolinic acid. Removal 

of tryptophan from the micro environment in these infections could have direct cytostatic 

effects on pathogens or impair the ability of the synthesis of certain key proteins that are 

rich in tryptophan, which are required for survival or _infectivity of the pathogen (39). 
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Regulation of T cell immunity by cells expressing IDO. 

Recent experimental data suggests that other than its previously postulated functions 

IDO plays a role in the regulation of T cell activation and proliferation. Initial clues 

come from studies on M-CSF differentiated human macrophages, which inhibit T cell 

proliferation in vitro by depleting the essential amino acid tryptophan (51). When M-CSF 

differentiated human macrophages are co-cultured with anti CD3 activated T cells, IFNy 

released by the T cells up regulates IDO expression on M-CSF _macrophages, which in 

tum removes tryptophan from the tissue culture environment and inhibits T cell 

. proliferation. Addition of a known IDO inhibitor, 1-methly tryptophan, reverses the 

inhibition of T cell proliferation in these cultures by inhibiting IDO enzyme a~tivity. 

Removal and degradation of the essential amino acid tryptophan from the culture 

environment by APC's expressing IDO was shown to inhibit T cell cycle progression and 

proliferation due to amino acid starvation (Munn et al). Other antigen presenting cells 

such as human and mouse dendritic cells express IDO and inhibit T cell proliferation and 

activation by utilizing the same mechanisms as in vitro differentiated macrophages 
' . 

(49,55,54). 

Inhibition of T cell immunity by cells expressing IDO protects the fetus, which is 

antigenialy foreign to the maternal immune system due to antigens expressed in the fetus 

by the ge~es inherited from the father (50,52). IDO is expressed by placental trophoblasts 
. . 

at the maternal-fetal interface and protec~sthe fetus from an attack by maternal T cells 

that are activated ag3:inst paternally inherited· fetal antigens. 
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· Other than protecting fetuses from maternal immunity, IDO is thought to regulate 

T cell immunity in vivo. Immune regulatory, suppressor lymphoid dendritic cells 

demonstrated functional IDO expression and inhibited T cell responses to ·peptide ·· 

antigens in vivo (54,55). CD8a+ lymphoid dendritic cells (DC) and macrophages 

express functional IDO enzyme whereas CD8a~ DC express IDO protein but do not show 

any enzyme activity. When mice were immunized with tumor peptide loaded CDS+ DC 

they developed tolerance to the~e.tumor antigens tested by DTH assays. Tolerance 

induction was reversible by the treatment of peptide loaded DC with IDO · inhibitor 

lme W prior to i.minunization. Re.cently IDO expressing HeLA cells were shown to 

inhibit allogeneic in vitro T cell proliferative responses by depleting the essential amino 

acid tryptophan. ( Logan G.J. 2002 Immunology) 

IDO expression can also increase graft survival by inhibiting anti-graft T cell 

responses. Pancreatic islet cells are transduced .to express IDO by adenoviral gene 

transfer. IDO expressing islets depleted tryptophan from the culture medium and 

inhibited proliferat_ive responses of anti-islet cell~ diabetogenic T cells in vitro. IDO 

expressing islet cells had longer survival times in.vivo with respect to normal islet cells 

when transplanted into kidney capsule of a SCIO host reconstituted with diabetogenic T 

cells (41). These results demonstrate that IDO expressing cells were potent inhibitors of T 

cell activation and proliferation in vitro and in vivo. 



Hypot~esis: Cells expressing IDO inhibit T cell proliferative responses and regulate T 

cell immunity. 

Aim 1: 

To test the hypothesis that cells expressing IDO inhibit T cell responses in vitro: 

8 

We generated IDO expressing tumor cell lines by transfection with an IDO 

expression construct. We evaluated the ability of IDO transfected cells to suppress T cell 

proliferation using in vitro T cell proliferation assays. 

Aim 2: 

To test the hypothesis that enhanced IDO expression inhibits T cell responses in 

-vivo: 

We generated transgenic mice that over express IDO. We evaluated T cell 

immunity and APC function. We tested T cell immunity against skin allografts ap.d T cell 

responses following adoptive transfer of T cells. 



Materials .and Methods. 

DNA vectors: 

Full-length murine IDO cDNA was isolated from IFN-y-stimulated RAW 

cells using standard RT-PCR and DNA cloning procedures. IDO cDNA was cloned into 

pGEM T-Easy (Promega, Madison, WI) and completely sequenced as described 

previously (61). A full-length (1.2-kb) IDO cDNA fragment wa~ digested with Not-I 

enzyme ·and cloned into Not-I cut pcDNA-3 cDNA expression vector containing CMV 

promoter elements. Not-I/Bgl-II cut IDO cDNA was cloned into a modified pDOI 

cpnstruct,which was cut with Not-I and Bgl-II. The Not-I site was introduced in front of 

Eco-RI cloning site on pDOI vector.p!eviously. Green fluorescent protein expression 

vector pEGFP ( Clontech lab Cal) was used in the optimizatio1:1 electroporations. 

Cloning: 

9 

Linerized vector ~nd inserts.were combined in 1:}0 ratio (20-50 ng total DNA) in 

a reaction mixture with lO0u of ligase enzyme (New England Bio Labs) in.ligase buffer. 

Samples were incubated overnight in 15 °C refrigerated water bath. Approximately 5 ng 
'. 

DNA was used for the transformation of TOPlO F' cells (Invitrogen) according to 

manufacturers protocol. Transformed cells were plated on to LB agar plates containing 

50µg/ml ainpicilin ( Fisher Sci~ntific biotech grade). After overnight culture in bacterial 

incubator 37 °C (Fisher Scientific Isotemp) single clones were picked with sterile pipette 

tips and inoculated into liquid LB cultures containing 50µg/ml ampicilin, After 24 hours 

of culture in shaker incubator (New Brunswick Scientific NJ) mini plasmid preps was 

prepared from log cultures using Wizard mini-prep kit (Promega) according to 
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manufacturers protocol. ·Mini preps were screened for proper insertion of insert DNA by 

RFLP analysis. Bacterial cultures from four different clones were frozen for each 

generated construct in 10% glycerol at 70 °C. Cells from frozen stocks were inoculated 

into 5 ml LB liquid cultures containing 50 µg/ml ampicillin. After 12 hours of incubation 

seed culture was inoculated into 250 ml LB liquid cultures containing 50 µg/ml 
. ' 

ampicillin. After 24 hour of culture in a shaking incubator,the DNA was isolated using a 

maxi prep kit (Qiagen. Cal). 

DNA extraction: 

DNA was extracted from tail biopsies or RAW tumor cells (106 per sample). 

Cells and tails were lysed in 500 µl of lysis buffer [ Tris HCL ( 100 nm,pH 8.5), EDT A 

(5 mM), SDS ,(2% w/v) NaCl (200 mM), proteinase l{ ~dded fresh ( 200 µg)] in 

eppendorf tubes. The Lysis mixture was agitated· overnight at 55°C in heat blocks with. 

DNA was pre~ipitated after incubation by the addition of ice cold isopropanol (500 µl). 

Samples were centrifuged (15,800 g, 1 min) and supematants were discarded. The DNA 

pellet was washed with 70% ice-cold ethanol. Air. dried samples were resuspended in TE 

buffer [ Tris-HCl (10 mM,pH 8.5 and EDTA (lmM)]. DNA concentrations were 

quantitated using a Perkin Elmer MBA2000 spectophotometer at 260 nm absorbance. 

Southern blotting: 

20 µg total DNA was digested with 50u of BamHI enzyme over night and 

separated in a 0.7% agarose gel. DNA was transferred to Genescreen membranes using 

electrotransfer (Gene electrotransfer. Research products int. Illinois). After transfer, DNA 

was denatured by soaking membrane in 0.4 N NaOH for 30 min .. Membranes were 

prehybridised at 65 °C for 2 hours in hybridization oven. The 32P labeled 750 bp cDNA 
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IDO probe was added with 10 mis• of hybridizati?n soluti~n (Ambion UltraHyb ). Probe 

was purified from a previous RT-J;>CR amplification. Probe was labeled using Gibco 

nicktranslation kit. Blots were hybridized overnight at 65 °C in a rotating hybridization 

oven .. Blot.s were washed three times with the following wash buffers: first wash 3x SSC 

+0.1 %; second wash SDSlxSSC +0.l&SDS; third._wash 0.lxSSC +0.1 %SOS all washes 

at 65 °C for one hour) and membranes were later exposed to film at 70 °C overnight or 

longer as necessary. 

Slot blots: 

5 µg DNA was denatured with 20 µl 4M NaOH for 10-1 Smin at room 

temperature. 200µ1 NH4Oac added to each aliquot. Samples were blotted to prewetted 

membranes (with 500µ1_ lM NH4OAc) using slotblot apparatus. Membranes were 

baked in an 80 °C oven. Probes were nicked, prehybridized & hybridi~ed as for Southern 

bloting with 750bp IDO cDNA probe or with 750bp rabbit ~ actin probe for RAW 

transfectants ( 750bp BamHI- EcoRI fragment from pDOI vector). 

RNA extraction: 

Total RNA was extracted from confluent tumor cell cultures using RNA-ST AT-

60 solution (Tel-Test Inc. Tex). Confluent cells were lysed with 1 ml of RNA-STAT 

solution in T25 culture flasks. After three minutes of incubation, solution was transferred 

into 1ml eppendorf tubes. 300µ1 Chlorophorm was added to mixture and tubes were 

briefly mixed by vortex. Tubes were centrifuged for 30 min in 4°C/ 15800 g. The clear 

upper phase, containing RN A, was removed and mixed with ice-cold isopropanol in a 

new eppendorf tube. Samples were vortex and centrifuged as before. After the spin down 

a clear RNA pellet was visible.· Supernatant was discarded and RNA pellet was air-dried. 
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. . 

The RNA pellet was dissolved in DEPC treated.RNA'se free wa~er. The RNA 

concentration in ·samples was determined by Perkin Elmer MBA2000 spectophotometer 

at 260 nm absorbance. A laminar flow hood was used all through RNA extraction. 

Eppendorf tubes came RNA'se free from the manufacturer. 

RT-PCR analysis: 

IDO cDNA and 'Y actin cDNA control was amplified from 1 µg total RNA using 

reagents from RT~PCR kit (Access RT-PCR, Promega). Primers, 5' GTA CAT CAC 

ATG GCG TAT G 3' and 5' GCT TTC GTC AAG TCT TCA TTG 3' used to amplify a 

750 bp IDO cDNA. Primers 5' AGA AGA AAT CGC CGCACT C 3' and 5' GGT CCA 

GAC GCA AGA TGG 3' used to amplify a 533 bp y actin cDNA. cDNA was synthesized 

at 48°C for 45 min in Biometra termocycler. Both cDNA were amplified using 35 cycles 

at 58 °C Tm. Samples were separated on 1.5 to 2% agarose gels and visualized under 

UV transillimination. For semiquantitative IDO expression analysis on RAW cell line 

transfectants, IDO cDNA was amplified from total cDNA (15 cycles) and separated at 

0.7% agarose gel, then transferred to hybridization membranes and probed with 32P 

labeled IDO 750 bp cDNA probe (probes were purified from a previous RT-PCR). For 

transfer, labeling and hybridization, Southemblot conditions were used. 

Cell lines and transf ection. 

A total of 2x 107 confluent cells were harvested. Washed twice with sterile ice 

cold PBS. The cells were resuspended in 500 µl Optimem medium (Gibco). Tumor cells 

were electroporated in the presence of 20 µg of linearized (Nru-I~ Bgl-1) pcDNA3-IDO or 

pcDNA-3 vector DNA by electroporation. (B10-Rad, Hercules, CA) in room temperature. 

Cells were immediately seeded into tissue culture flasks and cultured in IMDM medium 

supplemented with 10% FCS, L-glutamine (2 mM), penicillin (100 U/ml), and · 
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streptomycin (100 µg/ml) (IMDM complete) for 2 days to recover. Cells were harvested 

and plated in 96-well plates and cloned by limiting dilution in IMDM complete medium 

supplemented with 500 µM tryptophan and G418 (Life Technologies, Rockville, MD). 

After three weeks of selection, single clones were selected on random and analyzed by 

RT-PCR. Optimal 0418 concentrations were determined for each cell line by titrating 

200 to 1500 ug/ml G4 l 8 on Log cultures of tumor cells. The lowe$t amount of G418 that 

kills 100% of the cells was used· for selection. The EGFP ( enhanced green fluorescent 

protein) expression vector under the control of a CMV promoter was used for 

optimization electroporations. Electroporations for every cell line were performed as 

described above with setting ( 200, 220, 250, 275, 300, 320v/ 975µF). Tw~ntyfour hours 

after electroporation the cells were analyzed by flowcytometry or flu~rescent microscopy 

with a FITC filter (Leica). The electroporation conditions that generated the highest 

number of EGFP positive cells were used for subsequent electroporations with IDO 

exp~ession vector. 
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Cell Origin Cell type Electroporation G-418 
Line conditions. concentration 
P388-Dl DAB/2 Monocyte cell 300V 200µg/ml in 

mouse line. 975µF complete IMDM 

RAW264 Balb-C Macrophage 300V 200µg/ml in 
mouse ceil line 975µF complet~ IMDM 

MC57G. B6 Fibrosarcoma. 320V 1 000µg/ml in 
mouse· . 975µF complete IMDM 

MB49 B6 Urinary 320V 1200µg/ml in 
mouse bladd~r 975µF complete IMDM 

carcinoma. 
LLC B6 Lewis Lung 370V . 300µg/ml in 

mouse carcinoma. 975µF complete IMDM 

KB3-l Human. .. Hela like 320V 1200µg/ml in 
975µF complete IMDM 

MCF7 Hurp.an Mammary 320V i200µg/ml in 
tumor. 975µF complete IMDM 

EL4 B6 Thymoma 275V S00µg/ml in 
Mouse 975µF complete IMDM 

DC2.4 B6 Dendritic cell 200V 600µg/ml in 
Mouse 975µF · complete IMDM 

Table 1: Electropora_tion and selection conditions used on tumor cell line transfections. 

All were determined by optimization transfections with EGFP expression vector. 

Cell lines: 

MC57G (ATCC No. CRL2295; gift from Dr. D. Moskofidis) MB49 (gift from Dr. J. 

Leonard, Genetics Institute). DC2.4 (gift from Lak Koni). EL4 cells, P388, LCC and 

RAW cells (purchased from ATCC). KB3.l and MCF7 (gift from Dr Shoenlein) 



15 

Mice: 

All mice used for.these studies were bred under specific pathogen-free conditions 

at the Medical College of Georgia. CBK transgenic mice express an H-2Kb transgene on 

the inbred CBA strain genetic background. BM3 (81) and Al (82) transgenic mice are 

TCR-transgenic mice containing large cohorts ofH-2Kb -specific CD8 +T cells or male 

(H-Y) Ag-specific_CD4 + T cells on the inbred CBA strain genetic background. IDO

transgenic mice were generated by the staff of the Medical College of Georgia 

Transgenic Unit. Briefly, DNA was microinjected into fertilized oocytes from inbred 

CBA/Ca strain parents using standard_procedures. The DNA construct (L33) was 

prepared by ligating a murine full-length IDO cDNA into the cloning site of the cDNA 

expression cassette pDOI, which uses promoter elements from a murine MHC class II 

gene (16). Two transgenic (L33) foundei: mice were identified by Southern blot/in situ 

hybridization using a transgene specific probe, and mice were mated with CBA/Ca strain 

partners to establish two separate transgenic lineages, L31 and L33. Recipient mice for 

adoptive transfer experiments were generated by intercrossing IDO transgenic 

(heterozygous) mice (line 33) with CBK transgenic (homozygous) mice and selecting 

double (L33xCBK) and single (CBK) transgenic littermates by genotypic analyses. 

Anesthetics: 

Hypnorm 5mg/ml and midazolam 5mg/ml was mixed in sterile pyrogenic water 

( 1: 1 :6 ratio). Determined with respect to age and weight of the recipient mice 25 to 75 

µl was injected subcutaneously in the right thigh region. Mice were anesthetized during 

skin graft surgeries. 
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Western blotting: 

The pcONA-3-100-transfected MC57G clones and vector-transfecte clones were 

cultured to confluency. Total protein was extracted using RIPA buffer (PBS, 1 % Nonidet 

P-40, 0.5% sodium deoxycholate, 0.1 % SOS, 100 ng/ml PMSF, 66 ng/ml aprotinin). 

Samples were briefly sonicated (sonicator from Fisher Scientific, Pittsburgh, PA), 

avoiding heating and bubbling. Total protein was assayed using protein assay reagents 

(Pierce, Rockford, IL). Samples containing SO µg of total protein lysate were separated 

on 12% SOS-PAGE. Gel was blotted onto nitrocellulose membrane (Biorad) using 

transblot apparatus according to manufacturers protocol (Biorad). IDO protein was 

detected using a' polyclonal Ab preparation from rabbits immunized with one of two 

synthetic murine IDO C-terminal peptides and anti-rabbit IgG-HRP (Santa Cruz 

Biotechnology, Santa Cruz, CA). Actin protein was detected using a mouse anti-actin 

mAb (Chemicon International, Temecula, CA) and anti-mouse IgG-HRP (Jackson 

ImmunoResearch Laboratories, West Grove, PA) using standard blotting and detection 

techniques. In vivo IDO expression was assessed by removing tissues from L33 

transgenic and control CBA mice and placing tissues in 2 ml of ice-cold RIP A buffer. 

Samples were homogenized using a Powergen-125 homogenizer (Fisher Scientific). 

Homogenized samples were processed and blotted as described above. 



HPLC analysis: 

A total of 105 per well transfected MC57G or MB49 cells were seeded into 96-

well plates in 200 µl of IMDM complete medium containing 0418 (1 mg/ml). 
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After 3 days, 75 µl of culture medium was removed and extracted with 1.4 ml ofHPLC

grade methanol. P~ecipitated proteins were rem~ved by centrifugation and supematants 

were dried. Samples were reconstituted with 100 µl of HPLC-grade deionized water, and 

20 µl of sample was injected into a C18 column (Luna C18(2), 250 µ 4.6 mm, 5 µm; 

Phenomenex, Torrance, CA). Samples were eluted with a gradient of water : acetonitrile 

(0 -80% acetonitrile) over 20 min. Standard concentration curves were prepared using 

mixtures of kynurenine and tryptophan. IDO activities in spleens of L33 transgenic and 

CBA mice were assessed by culturing 106 splenocytes in 200 µl of IMDM complete 

medium in 96-well plates for four days with or without the presence of IFN-y(200 U/ml). 

Seventy-five microliters of culture medium was analyzed as described above. 5xl06 

RAW cell IDO transfectants were· cultured in duplicate T12.5 flasks in 4mls of complete 

IMDM medium for four days then medium was analyzed by HPLC. DC2.4 and EL4 cells 
.. 

were cultured in 96 well plates 106 per well for four days and medium was analyzed by 

HPLC. 



18 

Collagenase digestion of spleen: 

Spleens were harvested in IMDM .. Individual spleens were transferred in to a 

petri dish. Spleen was injected with 10 ml IMDM supplemented with 400 U/ml 

collagenase. Spleens were teased into small fragments in the petri dish. Spleen fragments 

and collagenase solution was pipetted into a 50 ml tube and incubated in 37°C for 60 

minutes in a tissue culture incubator. C~ll suspension was pipetted vigorously after 

incubation to dissociate rem~ining chunks of tissue. Cell suspension was passed through 

a cell strainer to reinove debris. Cell suspension was washed twice with IMDM. 

Adherent APC enrichment: 

Approximately 107 collagenase digested splenocytes were plated in 10ml of 

complete medium in T75 tissue culture flasks. After 90 minutes of incubation at 37°C 

non-adherent cells were removed by gentle pipetting and discarded. Flasks were washed 

twice with 5 ml of pre-warmed IMDM to remove remaining non-adherent cells. 

Adherent cells were removed by gentle scraping with cell scraper. These adherent 

populations were us~d as APC's in MLR's immediately after isolation. 

Dendritic cell enrichment from spleen: 

Collagenase treated splenocytes were washed twice and re-suspe,nded in 3 ml of 

dense BSA solution (1.08 OD), mixed and transfered to conical 12 ml sterile Falcon 

tubes. BSA cell mixture was overlayed with 2 mls of low densitiy BSA solution 

(1.06 OD). Tubes were centrifugated for 15 min at 9500 x g, with brake off in a swing 

out rotor. After centrifugation, tubes were removed and interface contajning dendritic 

cells were removed by pipeting. Cells were washed twice in complete IMDM, counted 

and used in proliferation assays. 
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Mixed lymphocyte cultures with tumor cells: 

Semiconfluent IDO or vector-only transfected tumor cells (MC57G, MB49) were 

harvested, washed twice to remove G418, and seeded (5, 2.5, and 1.2xl04 Cells /well) 

into 96-well plates in 100 µl of IMDM complete 111edium with 2- mercaptoethanol (50 

µM). Splenocytes from TCR transgenic BM3 mice or DES mice were stained with 1 µM 

CFSE (Molecular Probes, Eugene, OR) in PBS for 35 min at 37°C and washed twice with 

medium. A total of 10 5 BM3 splenocytes in 100 µI/well were used as responders. 2.5xl04 

stimulators were usedin EL4 and DC2.4 MLR's. 

MODEL: We tested T cell proliferation by CFSE dye tracking. CFSE is a cell 

membrane permeable fluorescent dye that stains intracellular proteins, every time these 

stained cells undergo a cell division CFSE dye is distributed to dau~hter cells and their 

fluorescence is decreased by hal( These divisions can be traced by a flowctytometry 

machine in which each division will be represented by one peak. 

BM3 T cells which are transgenic for an antiH2-Kb T cell receptor used as 

responders since these cells were clonal and capable of undergoing clonal expansion 

when they encounter antigen. Mixed pool of T cells from a normal mice spleen which 

will generat~ an allogeneic _response were not suitable for ~~s study since their precursor 

frequency is very low which 1-il.akes it hard, to deterrine their divisions on a flow 

cytomery device. 
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· Flow cytometric analyses: 

After co-culture, cells were harvested, washed with PBS, and stained with 

PE-conjugated anti-mouse CD8 Ab (BD PharMingen, San Diego, CA) for 1 h. Cells were 

washed with PBS and analyzed using a FACSCalibur flow cytometer (BD Biosciences, 

Mountain View, CA). CD69 expression by T cells was ·assessed by staining co-cultures 

with PE-conjugated anti-mouse CD69 and APC-conjugated anti-mouse CD8 (BD 

PharMingen) and subjecting them to flow cytometry. Histograms and dot plots were 

produced from gated live lymphocyte populations .using light scatter parameters. 

Semico:pfluent tumor IDO and vector-transfected cells were harvested, stained with 

FITC-conjugated· mAb to mouse H-2K b (Caltag Laboratories, Burlingame, CA), and 

analyzed by flow cytometry as described above. Apoptosis of T cells was assessed by 

flow cytoinetry 48 h after coculture.· Cells were harvested and stained with CD8-PE, 

propidium iodide, and FITC-conjugated Annexin V (BD PharMingen). Annexin V 

histograms were generat~d for·gate~:CD8+T.cell populations. TCR expression by 

BM3 CD8 + T cells 72 h_ after coculture was assessed by staining cells with 

anti-TCR clonotypic Ab (Ti98 biotin), CyChrome-streptavidin (BD 

PharMingen). 
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T cell adoptive transfer: 

A total of 10 .7 splenocytes from BM3 mice in 200 µl of PBS were injected 

into the tail veins of recipient.~ce. Mice were sacrificed 96 h after adoptive transfer and 

single cell suspensions were prepared from spleen.' . RBC' s' were removed by osmotic 

lysis and cells were counted using a Coulter (Seattle, WA) counter. Donor T cells were 

detected by staining cell prepai;ations with CD4-FITC, CD8-PE, and anti-clonotypic Ab 
,· ,'·,. . 

(Ti98--c~mjug_ated with biotin)as. described previously (81)~ Stained cells were analyzed 

by flow cytometry (FAC_SCalibur; BD Biosciences) using CellQuest analysis software 

(BD Biosciences). A ·total of 2xi07 _spleriocytes from Al female TCR-transgenic mice 

(82) were transferred into recipient male and female mice, which were sacrificed 90 h 

later. Al donor T cells were detected using anti-CD4 and.anti-V ~ 8.1/2 mAbs (BD 

PharMingen) as described previously (60). 

CTL assays: 

EL4 cells w_ere used as targets in CTL assays. 5xl06 EL4 cells were loaded with 

100 µCi 51Cr for 90min at 37°C. Cells were washed 2 times with Optimem medium 

(Gibco) to remove excess 51Cr. Centrifugated at 750rpm 5 min. Targets were 

resuspended in complete IMDM at 105 cells/ml. 100µ1 (104 cells) were added into all 
' . 

wells containing diluted responders. 

Responders were either obtained from ex-vivo spleen samples ( 96 hours after 

adoptive transfers) or in vitro MLRs (106 per well BM3 cells 48 hours after co-culture 

with 5xl04 MC57G transfectants). 106 responders per_well was diluted and pipetted into , 

wells to create 100:1. 50:1, 25:1 responder to target ratios. 



Ass,ay was performed 1n 96 ~ell ~ound bottom plates. _After cells were pipetted 

plates were spin for lmin at 500 rpm to pre~ipitate responders and targets together. 
' ,. 
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Triplicate wells were prep~ed for maximum release of 51Cr (WO µ15% triton X-100 in to 

100µ1 targets) or spontaneous release of 51Cr (100 µl medium to 100 µl targets in 

complete IMDM). After three hours of incubation 25 µl supernatant was transferred to 

filter paper plates and 51Cr release was measured using Pharmacia beta plate counter (83). 

Differentiation of bone marrow in vitro: 

Bone marrow cells were harvested from the femur ,:and tibias of transgenic and 

non-transgenic mice. Cells were washed and cultured with GM-CSF for dendritic cell 

differentiation and M-CSF for macrophage differentiation for two days. Non-adherent 

cells were removed and adherent cells were washed and cultured in fresh medium with 

GM-CSF or M-CSF respectively for an addition of five days. Differentiated non-adherent 

cells were harvested from GM-CSF differentiated cultures and adherent cells from M-CSF 

differentiated cultures were harvested by gently scraping with a cell scraper. Cells were 

counted and used in mixed lymphocyte assays. 
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T cell proliferation assays: 

Responder splenocytes BM3 and DES (lxl05
) were co-cultured with irradiated 

(lx105 titrated two fold in 96 well plates) L33 (L33xCBK), CBK (CBKxCBA) and CBA 

stimulators in 200µ1 of IMDM containing 5% FCS,lOmM glutamine,lO0u/ml penicilin, 

100µ1/ml streptomycin and 5xl0-4 M 2-mercaptoethanol in flat-bottomed microtitre plates 

at 37° C in 5% CO2 /95%ai:, 60 hours after seeding, cultures were pulsed with lµCi of [3 

H] thymidine per wen and [3 H] thymidine incorporation was determined 12 hours later. 

APC's isolated from spleens and in vitro differentiated APC's were used in mixed 

lymphocyte cultures as described above. 

Skin grafting: 

Skin grafting was performed as described previously (Billingham RE, Medawar 

PB. The technique of free skin grafting in mammals. J. Exp. Med. 1951 28:385 -A02), 

Mice were observed daily after transplant surgery. Plaster bandages were removed 10-12 

days after surgery and graft& were inspected daily for signs of rejection. 

Statistics: 

Experiments comparing two groups such as adoptive transfer experiments were 

analyzed by two sample t tests with unequal variance using the Excel program 

(Microsoft). ANOVA test with Tukey's correction were used when multiple variance 

analysis needed in proliferation assays. NCSS software was used for testing. 
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RESULTS 

AIM 1: Test the hypothesis that IDO expression inhibits T cell proliferation in 

vitro: IDO expression by monocyte differentiated human macrophages and dendritic 

cells inhibit T cell.proliferation in vitro (49,50). Previous experiments utilized the IDO 

inhibitor 1-meW to demonstrate the link between IDO enzyme and T cell regulation. In 

this study we transfected tumor cell lines with an IDO expression construct pcDNA3-

IDO and tested their ability to inhibit T cell responses. We transferred IDO expression 

and ability to inhibit T cell proliferative responses to cells by genetic manipulation. 

Analysis and generation of IDO transfected cell lines: 

RAW macrophages were transfected with the pcDNA-IDO expression const~ct, 

which drive~ IDO expression constitutively under the control of cytomegalovirus virus 

early gene promoter. RAW cells were also transfected with the empty vector pcDNA3 to 

generate control cells. Twenty G418 selected clones were analyzed for IDO expression. 

Data (figure 1) confirm IDO expression by one selected RAW pcDNA3-IDO 

transfectant. IDO RNA transcripts were detected by, RT-PCR analysis of total RNA from 

clone 101 cells (fig lA). In contrast vector transfected cells were negative for IDO 

expression since IDO RNA transcripts was not detected. Western-blot analysis with an 

anti-IDO polyclonal antibody detected IDO protein expression on clone 101 



25 

demonstrated by an immunoreactive 42 to 45 kDa IDO protein band. No protein bands 

were observed on vector transfected control .(fig lB). We tested IDO e~zyme activity on 

clone 101 by HPLC a~alysis (fig lC and D), which demonstrated high level of IDO 

enzyme activity. Figure 1 C shows HPLC profiles of medium samples from RAW 

transfectants. The first trace shows standard samples used to determine kynurenine (first 

peak) and tryptophan (second peak) migration profiles on HLPC analysis. The second 

trace shows HPLC analysis of medium sample, which bas a tryptophan peak but no 

kynurenine peak. The third trace shows HPLC analysis of conditioned cell culture 

supernatant from vector transfected RAW cell cultures, which has tryptophan but no 

kynurenine peak. Peaks represented as(* or**) were background peaks, which are not 

kynurenine since they migrated slower than kynurenine standard on the first panel. HPLC 

analysis of culture supernatant from clone 101 demonstrated a kynurenine peak but the 

tryptophan peak was absent due to IDO enzyme activity on these cells (fourth trace). We 

calculated kynurenine and tryptophan c_oncentration in each sample and generated a bar 

graph (fig 1D). ClonelOl degraded all the tryptophan (black bars) in tissue culture 

medium in four days and produced kynurenine (red bars). Kynurenine production and 

tryptophan degradation was not detected when culture medium from vector transfected 

cells were analyzed by HPLC. 
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There could have been biological limitations to IDO expression such that IDO 

enzyme expression could be deleterious to cells since it degrades the essential amino acid 

tryptophan and produces toxic compounds such as kynurenine. This experiment 

establishes transfection as a model for generating IDO over-expressing cell lines. 

Transfected RAW cells expressed IDO and grew in tissue culture without any apparent 

disability. 

Standard MLR assays test T cell proliferation· by 3H thymidine incorporation into 

dividing cell DNA, which required a step to inhibit proliferation of stimulators such as 

irradiation or mytomydn C treatment before co-culture. We failed to stop proliferation 

of RAW tumor cells using irradiation or mytomycin C treatment, which generated high 

backgrounds in MLR reactions. Because of these technical limitations we generated a 

system where we only tested T cell proliferation by CFSE dye staining whereas live 

tumor cells act as antigen presenting cells but don't contribute to any background 

proliferation recording. 



Figure 1. _Analysis of RAW transfectants: A; RT-PCR analysis of total RNA isolated from 

. Vector transfected and IDO transfected clone 101. IDO expression was detected on clone 

101 demonstrated by the amplification of a specific 750 hp IDO band whereas vector 

transfected clone was negative for IDO expression. B; IDO protein was detected from total 

cell lysates isolated from confluent RAW transfectan,ts by westemblot analysis using a 

specific anti IDO rabbit polyclonal antibody which identified a ~42-45kD /DO specific 

band on clone 101 though vector transfected clone was negative for IDO protein. r actin 

was used as_ a loading control on RT-PCRs and /3 actin was used as a loading control for 

westemblots. There was no difference in actin protein or RNA between samples so loading 

was even . 

. C: First panel. HPLC trace of kynurenine and tryptophan standard mixture demonstrating 

a kynurenine and tryptophan peak. Second panel: HPLC trace of culture medium 

~emonstrating a nonspecific peak(**) and tryptophan peak. Third panel HPLC trace of 

conditioned medium from vector transfected RAW cultures demonstrating a tryptophan 

peak and a non specific peak(*). Fourth paneL· HPLC trace of conditioned medium sample 

from IDO expressing RAW clonel0l. Data demonstrates a kynurenine peak. Tryptophan 

peak was absent ( degraded by IDO ). 

D: IDO enzyme activity on RAW transfectants. Bar-graph representation ofdata on 

figure JC 5xl06 RAWtransfectants were loaded into T12.5 tissue culture flasks and 

grown for four days. Clone 101 IDO expressing clone degraded all the available 

tryptophan in the culture medium.(black bars) into kynurenine (red bars). 
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Generation of transfected MC57G cells expressing IDO: 

We selected the MC57G fibrosarcoma tumor cell line for this study because it 

stimulates proliferation of H2-Kb specific TC~ t~ansgenic BM3 T cells. We transfec~ed 

MC57G cells with DNA from the·pcDNA-3-IDO construct and control vector (pcDNA3) 

DNA. G418-selected stable clones were generated and twenty clones were analyzed for 

IDO expression by RT-PCR, two IDO positive clones (#24 and #26) were selected for 

further analysis. Transfected clones 24 and 26 produced h_igh levels of IDO protein 

detected by western blot analysis (figure 2A). These clones also displ~yed IDO enzyme 

activity as revealed by HPLC analysis of cell culture supernatant (figure 2B). MC57G 

clones 24 and 26 depleted tryptophan and produced kynurenine in a three-day culture 

whereas vector transfected clones did not. 
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Characterization of MC57G transfectants. 

IDO expression could be deleterious and affect the growth of MC57G transfectants; 

there for we cultured MC57G transfectants in parallel cultures and counted their numbers 

every 24 hours (fig2C). After 48 hours we did not detect any growth differences between 

IDO expressing cells and control cells. Conversely, IDO expressing cells grew faster 

. than vector transfected control cells after 48 hours. We found that this was due to 

differences in growth characteristics other than their growth rate. IDO_ transfected cells 

did not slow their growth when cultures reach confluency and the cells continued to 

divide. We injected B6 mice with 106 MC57G tqmsfected cells. IDO transfected MC57G 

cells grew significantly larger tumors than vector transfected cells in B6 mice in vivo (fig 

2D) (T test p< 0.03 for clone 24 p<0.04 for clone 26). This observation might be due to 

enhanced proliferation of IDO transfected MC57G cells or IDO expressing cells mighth 

have growth advantages since they could inhibit host immune responses against tumor 

antigens. 

Cells expressing IDO inhibits T cell proliferation in vitro: 

MC57G IDO+ clones 24, 26 and vector-transfected control cells (5xl04
) were co

cultured with CSFE stained BM3 T cells ( 105
) for 72 hours. Every peak on figure 3A 

represents one .BM3 T cell division. BM3 T cells underwent at least five divisions when 

co-cultured with MC57 vector transfected control cells in contrast BM3 T cells divided 

only once when co-cultured with 24 or 26. -IDO expressing clones. BM3 T cells did not 

divide when cultured alone (fig 3A). Only 13% of the BM3 T cells were undivided 

(CFSE high population) after 72 hours of co-culture with vector transfected clones 

whereas the undivided population constituted 68 % and 76% of the total.BM3 T cell 



Figure 2: Analysis and characterization of MC57G transfectants. #24 and #26 are !DO 

over-expressing clo_nes and Vo is vector transfected control: 

A. Western blot analysis of total protein from MG_57G transfectants with !DO and f3 actiri 

Abps. B. HPLC analysis of cell culture superhatantfromMC57G transfectants. Black bars 

represent tryptophan concentrations and red bars represent kynurenine concentrations 

(µM). 

C. IDO transfected MC57G clones 24 ( ■) and 26( •) grow faster than vector transfected 

clone(♦). 

D. B6 mice were injected with 106 MC57Gtransfectants subcutaneously. Four weeks after 

injection tumors were dissected and their weight determined. IDO transfected cells #24 

and #26 grew larger tumors in B6 host than vector transfected control (Vo) tumors 

(p < 0.03 for clone24 and p< 0.04 for clone 26 T test). 
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population in co-cultures with IDO expressing clones 24 and 26, respectively. We 

calculated BM3 T cell proliferation in these co-cultures by determining CD8+ T cell 

rat~os to total cells by flow cytometric analysis, which was consistent with the previous 

observation that CD8+ BM3 T cells numbers increased 4 fold, whereas CD8+ cell 

numbers did not increase when co-cultured w~th IDO positive clones 24 and 26 (fig 4A). 

Previously we demonstrated that IDO expressing cells grew faster in confluent cultures 

than vector transfected controls. Tumor cells·used up nutrients in co-cultures and over 

. growth of IDO expressing cells could adversely affect T cell proliferation. In co-cultures 

with Sx 1Qf stimulators tumor cells did not overgrow. We .also titrated the stimulators to 
•,· ·. ; . 

control for possible deleterious effects of tumor overgrowth in co-cultures. 12xl03 

MC57G IDO expressing stimulators· still inhibited T cell proliferation in co-cultures 

(fig4B). When BM3 T cells were co-cultured with 12xl03 MC57G vector transfected 



Figure 3: /DO e~pressing MC57G cells inhibit BM3 T cell proliferation in vitro: CFSE 

staining profiles of CD8+ cells after co-culturing BM3 splencytes alone (upper panel) or 

with MC57G vector-transfected cells (second panel) or IDO-transfected clones (third and 

fourth panels) for 72 h. Dot bots demonstrate CD8 and CFSE staining profiles of co

cultures. CD8+CFSE" BM3 Tcells were gated on <!,ot blots and demonstrated on 

histograms. Each peak on the histograms represents a Tcell division. Bars indicate 

percentage of undivided (CFSE high).and divided (CFSE low)·CD8+T cells. 
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Figure 4: T cell proliferation in co-cultures with IDO-transfected MC57 cells. A, Numbers . 

of CD8+ T cells present in cultures containing /DO tra1J,sfectants ( ♦ and £) or vector 

transfectants ( ■ ) over time. B. CFSE staining profiles of CD8+ cells after co-culturing 

BM3 splencytes with 12xlif MC57G transfectants. BM3 cells alone (upper left panel) or 

with MC57G vector-transfec~ed cells (upper right panel) or IDO-transfected clones (lower 

panels)for 72 h. Bars indicate percentage of undivided (CFSE high) and divided (CFSE 

low ) CDB+T cells. 
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controls 58% of them divided after 72 hours. BM3 T cells proliferated less in these 

cultures since the stimulator concentration was five times lower. We did not observe any 

significant differences in BM3 T cell proliferation when we used Sxl04 or 12xl03 

MC57G IDO expressing clones. Decreasing.stimulator concentration did not improve 

BM3 T cell proliferation in co-cultures with IDO expressing MC57G cells. Taken 

together, th~se experiments show that BM3 T cell proliferation was inhibited by IDO 

expressing MC57G clones and inhibition of BM3 T cell proliferation was not due to 

tumor overgrowth in co-cultures. 

IDO expression does not affect MHC expression in MC57G cells: 

BM3 T cell proliferation was inhibit¢d by IDO expressing MC57G clones. This 

might be due to re.duced H-2Kb expression. Gene expre_ssion in· tumor cells is often 

unstable, so selection procedures a_iid s~bdoning c~uld have affected H-2Kb expression 

by these transfected cells. This may in turn ·explain the lack of T cell proliferation in co

cultures since BM3 T cells recognize H-2Kb antigen; its_presence is the limiting step for 

BM3 T cell activation and proliferation. To address these issues we tested MC57G 

transfectants for H2Kb expression by antibody staining with a FITC labeled monoclonal 

antibody specific for H-2~b followed by flow cytometric analysis (figure 4C). MC57G 

transfectants have comparable H2Kb staining and upregulated H2Kb expression when co

cultured with BM3 T cells in MLR' s. Upregulation of H2Kb was most likely due to 

induction by IFNyproduced in the activated BM3 T cells in the co-cultures. This 

experiment demonstrated that inhibition of BM3 T cell proliferation by IDO expressing 

MC57G clones was not due to altered MHC class I expression. 



. . 

Figure 4C: H2-"/t' expr:ession on vector transfected (first panel) and IDO transfected 

MC57G clones 24 (second panel) and 26 (third panel). First peak on histogram 

represents unstained control cells. Sec_ond peak is H2-"/t' expression on untreated MC57G 

transfectants~ Third peak is H2-"/t' staining on MC57G transfectants after !2 hours co

culture with BM3 cells. 
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IDO transfected MC57G cells stimulate BM3 T cell cycle entry. 

Since IDO expression in MC57G cells did not alter H2Kb expression, we tested 

whether they still induced T cells to enter the cell cycle as efficiently as vector 

transfected cells. To examine this issue we analyzed expression of early markers of T 

cell activation. We analyzed CD69 expression after 48 hours of co-culture, before T cell 

proliferation starts in vector transfected control cells by staining with an anti-CD69 mAb 

and analyz~ng stained cells by flow cytometry. As shown in figure SA, BM3 T cells 

express CD69 marker at similar levels in vector transfected and IDO transfected MC57G 

co-cultures. At 48 hours the propotions of CD69 positive cells were similar in IDO 

transfected and vectortransfected control cells (16% and 15% of total cells respectively). 

We also analyzed T cell receptor (TCR) expression on BM3 T cells in these co-cultures 

by antibody staining with an anticlonotypic mAb (Ti98) ( 81). TCR expression was down 

regulated when BM3 T cells engage respective antigen. At 72 hours all the BM3 T cells 

in both IDO transfected and vector transfected MC57G co-cultures down regulated TCR 

expression (fig 5, second panel). These experiments demonstrated that·BM3 T cells· 

recognize H2Kb on tumor cells and entered cell cycle irrespective of whether tumor cells 

express IDO or not. We conclude that IDO expression by tumor cells had no affect on 

activation marker expression and cell cycle entry of BM3 T cells. 



Figure 5. Phenotypic analyses of BM3 T cells co-cultured with MC57G transfectants. 

Upper panels, Analyses of Cn69 and ens expression by BM3 T cells cultured alone (left 

panel), with vector-transfected MC57G cells ( center panel), or with InO-transfected clone 

24 cells (right panel). Percentages indicate overa_ll proportions of Cn69+ ens+ Tcells 

detected in each cell population analyzed. Lower panel. Analyses of TCR expression of 

gated ens+ T cells using_.Ti9S anti-clonotypic Ab after 72 h of coculture. · Markers 

highlight T cells expressing high levels of TCR corresponding to naive cns+r cells in 

BM3 transgenic mice ( 81 ). 
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IDO expressing MC57G cells stimulate effector T cell development: 

ens+ T cells from BM3 mice, co-cultured with IDO expressing MCS7G clone did 

not proliferate, but expressed CD69 and down regulate TCR expression. BM3 Tg mice 

were generated from a CD8+ cytotoxic T cell clone, so-we tested whether these activated 

BM3 T ce~ls in IDO expressing MCS7G co-cultures were functional and developed a 

cytotoxic T cell phenotype. We tested CTL activity at 48 before T cell proliferation 

start~d in the vector transfected MCS7G control co~cultures. Figure 6 shows titration 

curves of BM3 T cells from MCS7G co-cultures in a CTL assay against chromium loaded 

H2Kb+ EL4 cell targets. There was no detectable difference on BM3 CTL activity 

between cells obtained from IDO transfected or vector transfected MCS7G co-cultures. 

These data suggested that T cells were activated in co-cultures with IDO expressing 

MCS7G cells not only recognized H2Kb antigen and entered cell cycle, but also 

developed into cytotoxic effector T-lymphocytes (CTL). We concluded that BM3 T cell 

proliferation was inhibited in IDO expressing MCS7G co-cultures, but this was not due to 

intrinsic defect of these tumor cells since they activated and induced a CTL phenotype on 

BM3 Tcells. 



Figure 6: CTL analysis of BM3 T cells co-cultured with MC57 G transfectants. BM3 T 

cells were co-cultured with Vector (Vo) and /DO transfected clone 24 MC57G cells or 

recombinant ~L2 for 48 hours as positive control. BM3 cells were removed from co

cultures and were used in a lysis assay against C51 loaded EfA. target cells. BM3 cells 

obtained from /DO transfected co-cultures (■) demonstrated similar CTL activity as BM3 

T cells removed from vector transfected co-cultures ( ♦ ). IL2 stimulated BM3 cells were 

better CTL's with respect to MC57G co-cultured BM3 cells(•). 
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Inhibition ofIDO enzyme in MC57G transfectants by 1-methyl tryptophan 

treatment: 

40 

To test the hypothesis that inhibition of T cell proliferation by MC57G transfectants 

was IDO dependent we treated the co-cultures with 1-methyl tryptophan (lmeW), a 

pharmacological inhibitor of IDO. Addition of 2000 µM to 500 µM lmeW did not affect 

BM3 T cell prolife~ation in MC57G IDO transfectant co-cultures. Also, addition of extra 

tryptophan (800 µM) did not affect BM3 T cell proliferation in MC57G IDO transfectant 

co-cultures. These experiments .(fig?) demonstrated that inhibition of BM3 T cell 

proliferation by IDO expressing MC57G transfectants was not reversible by treatment 

with lmeW. Also inhibition of BM3 T cell proliferation was not due to depletion of 

tryptophan from the culture since addition of excess tryptophan did not reverse inhibition 

and stimulated BM3 T cell proliferation in co-cultures. To explain this observation we 

analyzed culture medium from lme W treated MC57G IDO expressing clone 24 by HPLC 

for kynurenine. Data)n figure 8 demonstrates that treatment of MC57G clone 24 with 

lmeW did notinhibit IDO activity completely; even cultures that were treated with 2000 

µM lmeW for four days contained 15 µM kymirenine. lmeW treated v~ctor transfected 

contr~ls did not produce any_kynurenine so production of 1_5µM kynurenine in clone 24 

cultures after 2000J.:LM lmeW treatment was significant-Taken together these 

experiments demonstrated that lme W treatment reduced but did not inhibit IDO activity 

completely in MC57G IDO transfectants. This failure to block IDO activity 

pharmacologically may explain why addition of lme W was not sufficient to reverse 

inhibition of BM3 T cell proliferation. 



Figure 7: 1 me W treatment did not affect inhibition of BM3 T cell proliferation by IDO 

expressing MC57G cells: First panel; CFSE staining profiles of BM3 T cells alone or after 

co-culture with vector (Vo) and IDO transfec_ted clones 24 and 26. Middle panel is CFSE 

staining profiles of BM3 T cells co-cultured with IDO expressing MC57G clone 24 cells in 

cultures supplemented with 2000µM to500µM lmeW or with 900µM tryptophan 

supplement. Last panel is CPSE staining profiles of BM3 T cells co-cultured with IDO 

expressing clone 26 cells in co- cultures supplemented with 2000µM to 500µM 1 me W or 

supplemented with 900µM tryptophan. 



\-I 
-q-

BM3 VectorTx Clone 24 Clone 26/ 
70% 78% 

Q .. 9'tiw ·-;;:;;i ,::. .. ' . ;:;"i1 10'' '"'' 11 12' '- •~i' "'"4 'o' 11711 f '"'*12· .JIJ,-i 
1 
"'

11 4 
10 10 10 10 10 10 10 10 10,.;t 10 

'i····,4 
10... 10 

CFSE • 

2000uM1Mew 1000uM 1MeW S00uM 1MeW 900uM Trp 
re-:i28% 72% ~-:240/c, 76% 

,::. • 0 q l(i I iilij 11.a■1-z. •hij~i i Iii-I 
10 10 10. 103 

Clone#24 .... 
cg 
:::, . 

0 
() 

·-Cl) 
(.) Q.. ,, .. ~ 'd •'"'If, •••2' ''13', n:4 

10 10 10 10 

Clone#26 

.. re 71% 

""I 

4 
o ·, 

0
• , 11111 .R 111 ■, _. ill.a; _, • "'◄ 

10 · 10 

73% g 1 32% 68% 

f . ···-.,; . ···-, 3· .... ., 4 
10 10'"' 10 10 



2000 

1500 

3 1000 
Cl) 

:iE 800 ,-

~ 500 

200 

NT 

0 20 40 60 

uM -Kynurenine produced 

Figure 8: /DO inhibitor I-methyl tryptophan ( lMeW) did not inhibit all the 

/DO enzyme activity in MC57G cells: 106 MC57G clone#24 /DO expressing 

cells were seeded into 48 well plates in 2 mls of complete IMDM medium for 

3 days with or without 1- methyl tryptophan ( 0, 200,500,800, 1000, 1500 or 

2000µM). After 72'hours of culture, supernatant was analyzed by HPLC for 

kynurenine concentrations. Each bar represents mean+/ _SD of 

measurements from 3 wells. Culture medium did not contain kynurenine and 

vector transfected control cells also did not produce kynurenine. 
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BM3 T cells did not undergo apoptosis in co-cultures with MC57.G transfectants: 

Kynurenine, quinolinic and- picolinic acids are all products of IDO ·enzyme 

activity and were previously shown to induce apoptosis on CD4+T cells (54). We tested 

apoptosis on BM3 T cells co-cultured with MC57G transfectants by Annexin V staining 

(fig· 9). We did not observed enhanced apoptosis_r~lative to control's when BM3 T cells 

were co-cultured with IDO expressing MC57G clone 24. This result demonstrates that 

inhibition of BM3 T cell proliferation by IDO expressing MC57G clones was not due to 

enhanced T cell apoptosis. MC57G cultures might not have the necessary enzymes to 

· produce picolinic. acid or quinolinic acid, which might explain the absence of apoptosis 

on T cells. BM3 CDS+ T cells could also be resistant to these metabolites or apoptosis. 



Figure 9: Annexin V staining on gated CDB+ Tcells after48 h. Percentages indicate 

proportions of gated CD8+ T cells staining with Annexin V Ab. No significant differences in 

Annexin V staining observed between BM3 ce~l~ co-cultured with vector transfected and 

IDO transfected MC57G clone 
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Inhibition of BM3 T cell proliferation by MB49- IDO transf ected cells. 

We demonstrated that MC57G transfectants that express IDO inhibited T cell 
. . . 

proliferation, to test the hypothesis further we· g~nerated other cell lines that express IDO. 

We transfected MB49 urinary bladder carcinoma with pcDNA3-IDO and pcDNA3 

vector. Selected 0418 resistant clones were screened by RT-PCR and the highest IDO 

expressing clone (S 1) was selected for further analysis. Data in figure lOA shows RT

PCR analysis of MB49 transfectants;_ clone S 1 cells expressed IDO whereas vector 

transfected control clone did not. We analyzed IPO enzyme activity on clones by HPLC 

analysis of conditioned culture medium. In figure lOB, clone S 1 depleted tryptophan 17% 

more than vector transfected control clone, which could be an indication of IDO enzyme 

activity. We tested H2-Kb expression on clone S1 by flow cytometry (figure lOC), which 

demonstrated that IDO expression did not alter H2-Kb expression in clone S 1. BM3 T 

cells were co-cultured with MB49 clone S 1 and vector transfected control. IDO 

expressing clone S 1 cells did not stimulate BM3 T cell proliferation as well as vector 

transfected control cells. The experiment shown in figure 11 reveals the CFSE staining 

profiles ofBM3 cells co-cultured with MB49 transfectants; 93% ofBM3 T cells undergo 

· division (CFSE low population) when co-cultured with vector transfecterl: control MB49 

cells. Only 7% of the cells were undivided (identified by CFSE high cells). When BM3 

cells were co-cultured with IDO expressing clone S 1 only 48% of the BM3 cells in the 

culture divided and 52% of the cells were on undivided resting stage after 72 hours of co

culture. This experiment further supports the hypothesis that IDO expressing tumor cells 

inhibit T cell proliferation. 



Figure J 0:A. IDO expression in MB49 transfectants detected by RT-PCR analysis of total 

RNA obtainedfrom confluent MB49 cultures. pcDNA3-IDO transfected clone SJ expresses 

IDO RNA as detected by a specific band of 750 bp IDO product PCR performed without 

reverse-transcriptase (to check possible DNA contamination) on MB49-SJ total RNA did 

not amplify an IDO band (RT-), which means positive IDO band observed in MB49 RT

PCR was due to IDO RNA expression. Vector transfected MB49 clone does not express 

IDO RNA (Vo). ractin RT-PCR usedfor loading control demonstrated that samples have 

equal amount of total RNA. 

B. HPLC analysis of cell culture supernatant from IDO and vector transfected MB49 

clones. IDO expressing clone SJ depleted J 7% more tryptophan than vector transfected 

control clone, which may be due to IDO enzyme activity. Kynurenine production was not 

observed in MB49 cultures (Y axis µM) 

C. H-2'/t' expression determined by antibody staining followed by flow cytometric analysis 

on vector transfected and IDO transfected MB49 clones. 



c::: 
u a.. 

I 

~ c::: 
• 

<( 

(/) ·-(/) 

~ -ca 
C: 
ca 
u 
....I a.. 
::r: 

• ca 

.0 
~ 
C\I 
:r: . 
() 

Vo -RT S1 

IDO 

B Actin 

35 
30 
25 
20 
15 
10 
5 
0 

Vo 
C> 
II">...---- ------, 

' 

S1 

Vo S1 

F 

46 



~ 
Q 
u 

M 
0 

MB49 vector Tx 

CFSE 

102 
FL1-CSFE 

103 

47 

MB49 IDO+-Sj 

Ve------.-........---------. 

S1 
M 
o· 

48% 5:2% 
. -"· . 

102 
FL1-CSFE 

Figure 11: BMS T cell proliferation was inhibited by /DO expressing MB49 

cells. CFSE stainedBM3 Tcel/s were co-cultured with Vector transfected (Vo) 

and /DO transfected MB49 c/017e (S1). CFSE+ CDEr BM3 Teel/ proliferation was 

decrease~ when co-cultured with S 1 /DO expressing clone in which only 48 % of 

the T cells has undergo division where as 93% ~f the BM3 T cells under go 

division when co-cultured with vector transfected MB49 cells., 
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IDO expressing EL4 cells inhibit BM3 T cell prol_if eration. 

EL4 thymoma cell line was transfected wit_h IDO expression vector and control 

vector used in previous experiments. We identified multiple IDO expressing clones by 

western blot analysis (appendix figurel). We selected clonel5, which had the highest. 

IDO expression for further analysis. HPLC .analysis of co~ditioned medium from EL4 

transfectants show that IDO expressing EL4 clone15 depleted13% more tryptophan with 

respect to vector transfectant (fig !2A): EL4 clone 15 cells also produced kynurenine 

· (Ted Jolu;lson personal communication): We also tested MHC class I expression on EL4 

transfecta~ts (fig 13). IDO expression did not alter H2-Kb expression on clone15. We 

tested these clones in co-cultures ·with BMJ s~lenocytes (figure 14 ). IDO expressing 

clone 15 did not stimulate BM3 T cell proliferation as potently as vector transfected 

clone; 95% ofBM3 T cells underwent division when co-cultured with EL4 vector 

transfected control but only 32% of the BM3 cells divided when co-cultured with IDO 

expressing clone15. Most of the BM3 cells (62%) were undivided, even after 72 hours of 

co-culture with IDO expressing 9lone 15. The EL4 clone15 and vector transfected 

contr9l also stimulated comparable levels of CD69 activation marker expression 

(figure15), thus antigen presentation by EL4 cells was not compromised by IDO 

expression since T cells entered cell cycle. Taken together, proliferation experiments with 

EL4 and MB49 transfectants provide additional support for the hypothesis that IDO 

expressing tumor cells lines inhibit BM3 T cell progression through the cell cycle. 
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IDO expressing EL4 clone 15 inhib~ts DES T cell proliferation. 

. We used BM3 TCR transgenic T cells in our experiments sine~ they do not need co-. 

stimulation (81) and respond to H2-Kb expressed by tumor cells alone. To evaluate if our 

findings with BM3 T cells were applicable to other systems, we used T cells from another 

H2-Kb specific TCR transgenic mouse strain (DES); which is more CDS co-stimulation 

dependent than BM3 T cells in proliferation assays with EL4 · transfectants. In our 

previous experiments we tried DES cells as responders against MC57G cells and found 

that these cells did not stimulate DEST cell proliferation, but EL4 cells stimulate DEST 

cell proliferation. We tested DES T cell proliferation in co-cultures with transfected EL4 
. . . 

·stimulators; 44% of DES T cells underwent division when co-cultured with vector 

transfected EL4 control cells. Most DES T cells did not divide when co-cultured with 

IDO expressing clone 15. Only 18% of DES T cells divided in these cultures (figure 16). 

DES cells were also tested for CD69 activation marker expression in EL4 co-cultures. 

(FigurelS). DES T cells expressed comparable levels of CD69 regardless of which clone 

they were co-cultured with. This result shows that DES T cells recognized antigen 

presented by IDO expressing EL4 cells. These results demonstrated that IDO expressing 

EL4 tumor cells also inhibited DES T cell proliferation, _which replicated previous results 

obtained with BM3 T cells with another TCR Tg _T cell. 
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Figure 13: H2-J(l expression on EIA- transfectants: First panel unstained controls. Second 

panel H2-J(l expression on vector and /DO transfected EIA- cells. 
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Figure 14: T cell proliferation in co-cultures with IDO transfected EIA- cells. BM3 T 

cell proliferation in co-cultures with EIA- transfectants, 95% of BM3 T cells undergo 

division when co-cultured with vector transfected EIA- clones whereas only 32% of the 

same T cells undergo division when co-cultured with IDO transfected EJA. clone 15 ( Left 

panel). DES T cell proliferation in co-cultures with EL4 transfectants. 44% of the DES T 

cells undergo division when co-cultured with vector transfected EL4 clones whereas only 

18% of the same T cells undergo division when co-cultured with IDO transfected EL4 

cells. 



Figure 15: T cells express CD69 activation marker and enter cell cycle when co-cultured 

with EJA. transfectants: A. CD69 expression on BM3 Tcells cultured alone (naive) or co

cultured with EIA- vector and /DO transfected cells. B. CD69 expression on DES T cells 

cultured alone (naive) or co-cultured with EJA. vector or /DO transfected cells. 
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Inhibition of BM3 T cell proliferation by dendritic cell line expressing IDO. 

We tested IDO expression by an immortalized dendritic cell lip.e, which we 

transfected with the IDO expression vector pcDNA3-IDO. Selected G418 resistant clones 

were tested for IDO protein ~xpression by western blot analysis (appendix fig 2). We 

identified four IDO expressing clones and tested IDO enzyme activity on clone 116, 202 

and 204. HPLC analyses of conditioned medium from these cultures show that IDO 

expressing clones 116, 202 and 204 did not deplete tryptophan more than control 

transfected cells and no kynurenine was detected (fig 16A). IDO expressing clone 116 

did deplete 10% more tryptophan than control when co-cultured with BM3 T cells, that 

may be an indication-of IDO expression (fig 1~~). Tryptophan depletion levels were 

·consistent with expression levels determined by western blot analysis such that highest 

IDO expressing clone 116 depleted tryptophan faster. We tested inhibition of BM3 T cell 

proliferation by DC clones expressing IDO. Our preliminary analysis demonstrated that 

IDO expressing C~one 116 inhibited BM3 T cell proliferation, but clone 20~ and 204 and 

vector transfected control clone did not (figure 17). 



Figure 16: Analysis of /DO enzyme activity on DC2.4 clones. A. HPLC analysis of 
J 

conditioned medium from DC clones. 1 a6 DC2.4 clones were cultured in 2mls of complete 

mediumfor4 days 75 µl of medium analyzed by HPLC. There was no detectable 

tryptophan depletion by IDO transfected clones 116, 202 or 204. B. HPLC analysis of 

conditioned medium from BM3-DC2.4 co-cultures ( MLR 's ). IDO transfected clones 

deplete marginal levels of trptophan when co-cultured with BM3 cells for 3 days. (p<0.04 ). 
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Figure 17: BM3 Tcell proliferation'in DC2.4 co-cultures: CFSE+-CD8+ staining on B_M3 

cells after 64 hours of co-culture (BM3 ). BM3 T cells under go division when co-cultured 

with Vector transfected (Vo) DC2.4 cells, 79% of the BM3 Tcells in the culture undergo 

division.· When BM3 T cells were co-cultured with !DO transfected clone 116 most of the 

proliferation was inhibited such that only 19% of the T cells undergo division ( 116) . . When · 

BM3 cells were co-cultured with /DO transfected clone 202 which as iow expression and 

no /DO enzyme activity 63% of the BM3 T cells_ undergo division. 
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Figure 17B: Analysis of surface marker expression on DC2.4 clones. DC transfectants 

express H2"/t determined by flow cytometric analysis ( second panel). Levels of H2"/t 

expression were similar on vector transfected and /DO transfected clone 116. DC clones 

also express co-stimulatory proteins B7.1 (third panel) and B7.2 (fourth panel). 
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Aim2: Test the hypothesis that enhanced IDO expression inhibits T cell responses in 

vivo: 

Generation and analysis of IDO transgenic mice. 

Transgene construct. 

Full length, L2kb IDQ cDNA was.clo:µed into Not 1-Bgl II site in the pDOI vector, 

· which was previously modified by the addition ·of a Not I site in front of the Eco-RI 

cloning site. The pDOI vector contains an MHC class II promoter for APC specific gene 

expression followed by a rabbit ~ globin intron for optimal gene expression. We selected 

the pDOI vector for our studies since we wanted to direct IDO expression into APC' s, . 

which could regulate T cell immunity. We did not ~se a strong constitutive promoter such 

as CMV because we were concerned that toxic IDO enzyme products could affect 

embryonic· development. By using an MHC class II promoter we reasoned that we could 

direct IDO expression in immunological tissues for the desired function late in 

development wit~ minimal de_leterious side affects. We tested the expression 

characteristics of the pDOI-1DO recombinant plasmid construct in· RAW macrophage 

cells following transfection. DNA was transfected into RAW cells by electroporation. 

Cells were cultured in G418 to select for transfected cells. We isolated twenty 

independent stably transfected clones by limiting dilution. IDO expression was analyzed 
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-by RT-PCR analysis and four"pDOI-IDO transfected IDO _expressing clones were 

selected for further study. Transfected G418 resistant RAW clones were analyzed for the 

_ presence and integration of pDOI-IDO vector by slot-blot analysis of genomic DNA 

using vector specific rabbit~ globin DNA as probe. Figure 18A demonstrates relative 

DNA copy- number irt RAW cell transfectants. pDOI-IDO transfected·clones 6, 8, 11 and 

22 had higher vector copies with respe~t to the vector (pDOI) transfected RAW clone. 

IDO expression by the transgene construct was analyzed by semi-quantitative RT-PCR 

analysis (figure 18B). We observed IDO expression in pDOI-IDO transfectants, where as 

vector transfected control cell line did not expressed IDO. Transfected clone 11 

displayed the highest DNA copy number and had the highest IDO expression. RT-PCR -

analysis confirmed RNA expression from the transgene vector. To determine IDO protein 

levels expressed by transfected cells, we performed western-blot analysis. Total protein · 

from RAW clones was isolated and blotted with a rabbit IDO antibody; (figure 18C) 

reveal~d higher IDO protein levels in pDOI-IDO transfected RA W_clones with respect to 

cells transfected with vector DNA. 

To determine IDO enzyme activity 106 RAW cell transfectants were cultured for 

48 hours and culture medium supematants samples were analyzed by HPLC to detect 

kynurenine and tryptophan. No kynurenine was detected; however medium from clone 11 

cultures contained significantly lower levels of tryprophan with respect to other clones 

and vector transfected control. IDO positive clones 6, 8 and 22 had also lower levels of 

tryptophan with respect to vector transfected cells (Fig19A). 
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We also tested IDO expression in RAW transfectants by. immunofluoresence 

staining with a r_abbit anti-IDO polyclonal antibody. Figure 20-1 shows high IDO 

expression bright orange, red cychrome 5 staining on clone 8 were as there is no 

comparable intense staining on vector transfected control (figure 20-3) or clone 8 stained 

with_non specific pre-immune rabbit serum (figure 20-2) controls. Secondary antibody 

alone did not stain RAW cells (figure 20-4). IDO positive clone #8 also exhibited 

·predominantly cytoplasmic staining. Control staining was more nuclear. IDO is a 

cytoplasmic enzyme anc;l histological staining is on anticipated localization of the 

enzyme. 

The pDOI-IDO construct contains an MHC class II promoter that has promoter 

motifs for IFN,Y mediated induction of gene expression. We tested for inducibility of IDO 

expression in RAW transfectants by culturing selected RAW clones with 1000 u/µl IFNy. 

Tryptophan concentration and kynurenine production, which are indicators of IDO 

enzyme.activity, were analyzed in induced cultures by HPLC·. We could not detect 

kynurenine in untreated cultures (Figure 19A), but IFNy induced clone 11 to produce 

kynurenine and clone 11 supernatants had significantly lower tryptophan with r~spect to 

vector-transfected control (figure 19B). These data indicated that pDOI-IDO transfectants 

were IFNy inducible and supported expression of enzymatically active IDO protein. We 

decided-to t;tse this construct to generate transgenic miGe_over-eX:pressing IDO. 



Figure 18: Analysis and characterization of pDOI-IDO vector. A. Slot blot copy number 

analysis of /DO transfected RAW clones. Total DNA from G418 resistant transfectants 

were isolated and hybridized with the Rabbit /3 globin intron probe present in the 

transgene construct. 

B. Expression of /DO by pDOI-IDO vectorr_Semi-quan,titative RT-PCR analysis of total 

RNA isolated from confluent RAW transfectants, following 15 cycles of RT-PCJJ.. samples 

were separated by 0.8% agarose gel electrophoresis._ Samples were transferred to 

membranes by southem~blotting and hybridized with an /DO specific probe. 

C. Western blot analyszs of !DO expression in confluent RAW transfectants. 

Note: Figure modified from Marshall B, KeskinDB, Mellor AL.Regulation-of 

prostaglandin synthesis and_ cell adhesion by a .tryptophan catabolizing enzyme. BMC 

Biochem. 2001;2(1):5. 
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Figure 19: A; HPLC analysis of conditioned RAW culture medium to determine /DO 

enzyme activity in pDOI-IDO transfected clones 11 and 8. Tryptophan concentration 

(black bars) in medium is lower in /DO transfectants with respect to vector transfected 

co~trol. B. HPLC analysis of IFNyinduced RAW transfectants. -!1-fter induction for 3 days 

with 1000 units/ml IFNy clone 11 prod~ced kyn~renine ( red bars) ·and depleted ~45% 

more tryptophan with respect to vector transfected control or low /DO expressing clone 8. 
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Figure 20: Analysis of /DO expression on RAW clones by immunofluorescence. RAW 

clones were transferred to slides by cytospin and stained with /DO Ab 1 :400 (primary) 

and cy-chrome labeled anti rabbit Ab 1 :800 (secondary). Pre-immune rabbit serum used 

as control. 

1.RA W clone 8 staining with /DO antibody followed by cy-chrome anti rabbit Ab staining. 

2.RA W clone 8 staining with pre-immune rabbit serum ( control) followed by cy-chrome 

anti rabbit Ab staining. 

3. Vector transfected clone with /DO antibody staining followed by cy-chrome anti rabbit 

Ab staining. 

4. RAW clon~ 8 staining with secondary Ab ( anti rabbit cy-chrome) staining control. 

Note: Same exposure time was used for all the pictures. 
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Generation and identification of IDO 'transgenic mice: 1 

To generate IDO transgenic mice we digested the pDOI-IDO vector with Bgl -I to 

remove bacterial plasmid sequences that would inhibit gene expression in eukaryotic 

cells. Transgene DNA was separated from bacterial plasmid sequences by% 0.8 agarose 

gel electrophoresis after enzyme digestion. The isolated transgene band was cut out, 

eluted and cleaned by phenol chlorophorm extraction. Transgene DNA was micro 
' ' 

. . 
injected into~ 300 fertilized oocytes of CBA mouse strain by the staff of the MCG 

transgenic core facility. Surviving microinjected oocytes were transferred to female foster 

mothers. After 21-day pregnancy 22 pups were obtained. Tail DNA was prepared from 

tail biopsies at day 10-14 from the pups and transgene DNA _was detected by Southern 

blot hybridization with an IDO cDNA probe. Of 22 pups we detected two transgenic 

founder mice. Figure 21-A is slot-blot analysis of DNA from these two founder mice 

DNA using an IDO cDNA probe. Line 33 (L33) mice is the lab designation for IDO 

transgenic mice with_ high copy number. L:31 mice _is the lab designation for the low copy 

number IDO transgenic mice. CBA mice were the genetic background for both L33 and 

L3 l mice and IDO band on the CBA slot blot display endogenous IDO signal. Figure 

21-B represents Southem-bl?t analysis of L33 mice. The. IDO cDNAprobe used in 

hybridization analysis identifies three endogenous IDO bands on BamH-1 digested CBA 

tail DNA. L33 IDO Tg mice displayed an_extra ~ 2.4 Kb transgene band. These data 

identified two IDO transgenic founders ·by genetic analysis. 



Figure 21-1: Identification of IDO transgenic mice. A. Slotblot analysis of total DNA from 

· L33 and L31 mice with an IDO cDNA probe demonstrating extra copies of IDO gene on 

IDO transgenic mice. CBA has background levels of signal refering to endogenous IDO 

gene. B. Southe~blot analysis of Bam HI cut total genomic DNA from L33 mice with IDO 

cDNA probe, which has high copies of IDO trans gene. Figure demonstrates a specific 

~2.4kb IDO transgene band on !DO transgenic L33 mice, .which was absent from normal. 

CBA mice that has the 3 bands from endogenous IDO gene. 
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Analysis of IDO protein expression i11: -1DO transgenic mice: 

The transgene contains an MHC class II promoter so we anticipated that the 

transgene would be expressed in lymphoid organs~ which are rich in MHC class II 

positive cells. Levels of IDO ·expression in IDO transgenic mice lymphoid tissues were 

analyzed by ·Western-blotting. Total protein was isolated from lymphoid organs, spleen, 

lymph-nodes, thymus and immuno blotted with rabbit IDO antibody (figure 21-C). 

Lysates prepared from spleen, thymus and lymph-node of L33 mice contained IDO 

whereas lysates from CBA cpntrol mice did not contain detectable levels of IDO protein. 

Protein expression levels on L31 and L33 ·mice correlated with DNA copy-number 

analysis such that L33 mice expressed more IDO protein than L31 mice. Taken together, 

data in figure 21-C identify L33 and L31 mice as IDO protein overexpressing transgenic 

mice with respect to CBA control mice. We decided to keep and breed high copy number 

high IDO protein expressing L33 mice for further studies. 

L33 mice phenotype: 

We observed no gross anatomical phenotypic alterations attributa~le to enhanced 

IDO expression in L33 mice. We observed no difference in spleen and thymus cellularity 

in L33 mice with respect to CBA mice. We analyzed B cell, T cell and APC ratios in L33 

mice spleens and T cell ratios in thymuses by specific surface antibody staining and flow 

cytometric analyses (Table 2). We detected no significant differences between L33 mice 

and CBA in these cell populations and flow cytometric-staining profiles. 



Figure 21: Western blot analysis of L33, L31 and CBA mice control tissues and MC57G 

/DO transfected cells as positive control. Total protein from lymphoid tissues such as 

spleen, lymphnode and thymus were isolated. 50 µg protein from each tissue was 

separated in 12% SDS-PAGE and blotted with /DO or /3 actin antibody. 
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IDO enzyme.activity in L33 mice: 

To deteflll:1ne if enhanced IDO expression in L33 mice leads to increased IDO 

enzyme activity, we measured serum tryptophan levels in L33 and control (CBA) mice. 

Figure 22 shows mean blood tryptophan concentrations for four male L33 mice with 

respect to age matched CBA controls as determined by HPLC analysis of blood serum 

obtained by cardiac punctures. There were no statistical differences between L33 and 

CBA mice in serum tryptophan levels (T Test p< 0._2). However, a trend towards lower 

tryptophan serum levels in L33 mice was observed. 

Splenocytes from IDO transgenic mice have enhanced IDO enzyme activity: 

We tested IDO enzyme activity in ·cultured splenocytes. Me~ium used to culture 

splenocytes from L33 mice splenocytes contained ~25% less tryptophan than CBA mice 

controls and produced ~ 20% more kynurenine. These results demonstrate that L33 mice 

have higher IDO. enzyme activity than ~ontrol CBA mice. CBA control mice also 

produced ~lSuM of kynurenine. We believe this enzyme activity in CBA splenocytes 

was due to induction of endogenous IDO by inflammatory cytokines produced due to 

stress generated in cell preparation. Adherence of splenoctes onto culture plate was also 

known to induce IDO expression (Lee et al personal communication P.C.). Since IDO 

trans gene was under control of the MHC class II promoter we hypothesized that APC' s 

were responsible f~r the enhanced IDO activity in L33 mice splenocytes. To test this we 

enriched DC' s by BSA gradient centrifugation after collagenase treatment of dissected 

spleens. L33 mice DC cultures produced 50% more kynurenine and depleted 15% more 

tryptophan with respect to CBA DC' s. Macrophage enriched populations were also 



Table 2 : Spleen and Thymus cell content. 

Subset content ( % ) 

Tissue Cell subset L33 mice CBAmice 

Thymus CDS+ T cells 2.1 3.4 

" CD4+ T cells 9 10 

" CD4+ CDS+ T cells 44 ( T test p< 0.23) 54 

Spleen B220+ B cells 33 ( T test p< 0.3) 27 

" CDllc+ 1.8 1.8 

" CDllb+ 6.9 5 

" CD4+ T cells 26 ( T test p< 0.1) 30 

" CDS+ Tcells 11.8 13.6 

Table 2: Flow cytometric analysis of spleen and thymus from L33 and CBA mice 

( Age matched, four male mice per group). Subset % of total were represented. 
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No significant differences were detected between L33 and CBA mice (Two sample T test). 
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Figure 22: HP LC analysis of serum· tryptophan levels from four age 

matched (8 weeks old) L33 and CBA mice peripheral blood serum. No 

difference was detected in average tryptophan levels (black bars) between 

L33 and CBA mice (t test p<0.2). Kynurenine was not detected in these 

samples. Kynurenine in our experience is rapidly cleaned by kidneys and 

shows up in urine samples. Each bar represents mean +I- SD of 

measurements. 
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Figure 23:.Enhanced /DO enzyme activity in L33 cells. 

A: HPLC analysis ofmediumfrom irf L33 and CBA splenocytes culturedfor 3 days with 

or with out IFNy( 1000 u/ml). Black bars are µM tryptophan and red bars are µM 

kynurenine. 

B: HPLC analysis ofmediumfrom 106 L33 and CBA DC's. DC's were isolatedfrom 

spleens by BSA gradient and cultured for 3 days with or without IFNy. Kynurenine 

produced by L33 DC's was significantly higher than kynurenine produced by CBA DC's 

(T test p <0.002) 

C: HPLC analysis of medium from 106 L33 and CBA macrophages. Macrophages were 

enriched from spleens by adherence. onto tissue culture flasks after collagenase digestion 

and cultured for 3 days with or without IFNy. L33 macrophages depleted significantly 

higher-tryptophan than CBA macrophages· (T test p <- 0.001 ). 

Each bar represents single mouse, mean +/- SD of measurements from 3 wells 
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is?lated by plastic adherence. These cell populations from L33 mice also produced more 

kynurenine and depleted 50% more tryptophan than CBA mice. Addition of IFN 'Y to 

these cultures did not enhance IDO enzyme activity mediated by L33 cells but increased 

CBA DC's kynurenine production by 50%. CBA adherent cells depleted 20% more 

tryptophan when additional IFNy was added to culture medium. Data in figure 23 show 

that IDO transgenic splenocytes have higher IDO enzyme activity with respect to CBA 

splenocytes, but IDO exp.ression in L33 mice APC' s was not IFNy inducible. 

APC's from IDO transgenic mice did not inhibit T cell responses in vitro: 

Published results ,demonstrated that monocyte derived human mac~ophages and 

dendritic cells can suppress T cell proliferation in vitro by expression of IDO. Aim 1 

studies also established IDO expression and transfer of IDO expression to tumor cell 

lines as a potential mechanism for the regulation of T c~ll proliferation. 

We hypothesized that APC's from L33 mice would be less potent stimuiators of T 

cell proliferative responses due to enhanced IDO expression. To test this hypothesis we 

analyzed the APC function of splenocytes from L33 mice in vitro by MLR. 3xl04 

splenocyes from CBA (H2-Kb-), CBK (.H2-Kb+) and L33 (CBKxL33) mice used as 

stimulators in a 70 hour MLR against CFSE stained anti H2-Kb specific T cells from 

_ DES and BM3 TCR Tg mice. Figure 24 demonstrates BM3 CFSE staining profiles 

following flow cytometric analysis of BM3 T cells cultured alone or with APC' S from 

CBA, CBK or L33 (L33xCBK) mice. Each peak represents one BM3 T cell division due 

to two-fold dilution of CFSE dye staining upon cell division. BM3 T cell divisions and 

percent of every d~vision in BM3 T ~ell population in L33/BM3 MLR's and CBK/BM3 
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MLR's represented respectively. Some BM3 T cells underwent at least 5 divisions when 

co-cultured with either with L33 or CBK splenocytes. The numbers of cell divisions and 

the population in each division mode was not significantly different between L33 

(L33xCBK) and CBK co-cultures. BM3 cells cultured alone and BM3 cells co-cultured 

with CBA mice were included as negative controls, an~ did not support T cell 

proliferation due to lack of antigen (H2-Kb ). 

We repeated this experiment"using DEST cells as responders. DES cells require 

a.CDS co-stimuiatory signatand.proliferate slower than BM3 cells. DES MLR's shown 

in figure 25 demonstrated a similar profile to BM3 MLR' s such that in L33(L33xCBK) 

and CBK co-cultures DES cells proliferated but there were no differences between 

proliferation profiles. Peaks representing individual divisions overlapped making their 

definition more difficult. However comparison of divided to undivided DES populations 

(M2 vs. Ml respectively) revealed that the proportions of divided populations did not· 

vary between L33 (L33xCBK) and CBKco-cultures (figure 25). As in experiment with 

BM3 T cells DEST cells did not proliferate when co-cultured with CBA cells (negative 

control). 

We also tested irradiated L33 (L33XCBK) and CBK mice stimulators in an MLR 

against BM3 and DES responders. Again there were no significant differences between 

L33 co-cultures and CBK co-cultures in BM3 or DES proliferation as determined by 3H 

thymidine incorporation (figure 26). These results demonstrate that IDO Tg mice 

splenocytes did not exhibit differences with respect to wild type splenocytes in their 

potential to stimulate T cell proliferation. However, transgenic APC' s, which should 

express IDO under the control of MHC class II promoter represent only a small fraction 



Figure 24: MLR 's using /DO transgenic splenocytes as APC' s against BM3 responders. 

CFSE stained splenocytes were co-cultured with CBA, CBK, L33 ( L33xCBK) splenocytes 

or alone. First panel CFSE stained BM3 T cells as controls. Second panel CBA 

splenocytes cQ-cultured with BM3 T cells (negative control). Third panel BM3 i' cells 

undergo 5 divisions when co-cultured with L33 splenocytes for 3 days. Fourth panel BM3 

T cells undergo 5 divisions when co-cultured with CBK splenocytes. There was no 

statistical difference between BM3 T cell proliferation in L33 or CBK co-cultures. BM3 T 

cell divisions and percentages of divided population,s were similar between L33 and CBK 

co-cultures. 
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Figure 25: MLR using /DO transgenic splenocytes against DES responders. CFSE 

stained splenocytes were co-cultured with CBA, CBK, L33 (L33xC!3K) splenocytes or 

alone. BM3 cells did not divide_when co-cultured alone (A) or with CBA splenocytes (B). 

80% of the DES T cells undergo divisions when co-cultured with CBK splenocytes for 3 

days ( C). 81 % of the DES T cells undergo divisions when co-cultured with L33-

(L33xCBK) splenocytes. There were no statistical differences on DES T cell proliferation 

in L33 or CBK co-cultures. DES T cell divisions and percentages of divided populations 

were the similar between L33 and CBK co-cultures. 
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Figure 26, A: MLR using irradiated L33(L33xCBK) (red bars), CBK+I- (black 

bars) and CBA (hatched bars) splenocytes as stimulators and BM3 splenocytes 

as reponders. There were no statistical differences in BM3 T cell proliferation 

between L33 co-cultures and CBK co-cultures 

(p<0.7 * Anova with Tukeys multiple comparison). 

B: MLR using L33( L33xCBK), CBK +/- and CBA stimu/aJors and DES 

splenocytes as responders. There were no statistical difference in DEST cell 

proliferation between L33 co-cultures and CBK co-cultures 

(p<0.8 ** Anova with Tukeys multiple comparison) 
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of total splenocytes so we enrichedAPC's using their size and adherence.characteristics. 

Dendritic cells were isolated by BSA gradient centrifugation from collagenase treated 

pooled L33 (L33xCBK), CBK or CBA :spleens. Isolated dendritic cells were irradiated 

· and used as stimulators in 72 hour MLR assay with BM3 responders. Figure 27 A shows 

12-hour 3H thymidine pulsed proliferat~on profiles of these co-cultures such that L33 

mice DC' s were marginally better in stimulating BM3 cells but there were no statistical 

differences between L33 DC's (red bars) and CBK DC's (black) (P< 0.06 ANOVA). 

We tested the ability of adherent splenocytes to function as APC' s from L33 an~ 

CBK mice. Adherent cell populations were a mixture of mainly macrophages, B cells 

and dendritic cells ~ut not T cells. After collagenase digestion splenic APC' s were 

isolated by adherence to culture plates for 2 hours and non-adherent cells were removed 

by repetitive washes. Adherent cells were scraped gently and used as responders in a 72 

hour MLR against BM3 responders Figure 27B shows proliferation profiles of pulsed 

BM3 cells. No differences were evident between co-cultures containing adherent APC's 

from L33 (L33xCBK)(red bars) and CBK (black bars) mice (p<0.9 Anova). 

We repeated MLR's with DC's and adherent cells using DEST cells as 

responders. Figure 27C shows proliferation profiles of DES T cells co-cultured with L33 

DC's (red bars) or CBK DC's (black bars). No detectable difference in DEST cell 

proliferation was detected between L33 co-cultures and CBK co-cultures. We used 

splenic adherent cells isolated from L33 and CBK ·mice as stimulators against DES 

responders (figure 27D). No significant difference was detected on DES proliferation in 



Figure 27 A: DC's were isolatedfrom collagenese treated L33 (L33/CBK), CBK+I- and 

CBA mice spleen using BSA gradient centrifugation. These DC's were used as stimulators 

in an MLR against BM3 responders. No differences were detected between L33/BM3 co

cultures (red bars) and CBKIBM3 co-cultures (black bars).(* p<0.065 ANOVA. Tukey

Kramer comparison) 

B: Adherent splenocytes from collagenese treated L33 (L33/CBK), CBK +/- and CBA mice 

used as stimulators in and MLR against BM3 responders. No significant differences 

detected between L33/BM3 (red bars) co-cultures.and CBK/BM3 (black bars) co

cultures.(** p<0.9 ANOVA. Tukey-Kramer comparison) 

C. DC's as stimulators against DES Tcell responders. No significant differences were 

detected between L33/DES (red bars) co-cultures and CBK/DES (black bars) co

cultures.(*** p <0.2 ANOVA. Tukey-Kramer comparison) 

D. Adherent splenocytes against DES T cells responders. No significant differences were 

detected between L33/DES (red bars) co-cultures and CBK/DES (black bars) co-cultures. 

(**** p <0.4 ANOV A. Tukey-Kramer comparison) 
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Figure 28 A: DC's were differentiated with GM-CSF for 7 days from bonemarrow 

progenitors of L33(L33xCBK), CBK+/- and CBA (hatched bars) mice. The~e DC's were 

used as stimulators in an MLR against BM3 responders. No significant difference was 

detected between P/BM3 co-cultures (red bars) and CBK/BM3 co-cultures (black bars). 

(*p<0.27 ANOVA. Tukey-Kramer comparison) 

B: Macrophages were differentiated with M-CSF for 7 days from bonemarrow 

progenitors of L33( L33xCBK), CBK +/- and CBA mice. These macrophages were used as 

stimulators in and MLR against BM3 responders. No difference detected between P/BM3 

co-cultures(red bars) and CBK/BM3 co-cultures(Black bars).( **p<0.4 ANOVA. Tukey

Kramer comparison) 

C. GM-CSF differentiated DC's as stimulators against DES responders. No significant 

difference was detected between L33/DES co-cultures (red bars) and CBKIDES co

cultures (black bars).( *** p<0.4 ANOVA. Tukey-Kramer comparison) 

D. M-CSF differentiated macrophages as stimulators against DES responders. No 

significant difference was detected between L33/DES co-cultures (red bars) and CBKIDES 

co-cultures (black bars) .. (**** p<0.08 ANOVA. Tukey-Kramer comparison) 
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L33 (red bars) an~ CBK (black bars) co-cultures. These experiments demonstrated that 

enhanced IDO production in L33 mice did not affect the ability of splenic APC's to 

stimulate T cell proliferation in MLR reactions. Dissected splenocytes and fractionated 

APC's may mature into T cell stimulatory APC's due to pro-inflammatory cytokines 

produced because of tissue and cell damage during cell preparation. As an alternative to 

using APC' s isolated from dissected tissues we differentiated DC' s and macrophages in 

vitro from bone marrow precursors using GM-CSF and M-CSF treatment for seven days. 

Differentiated cells from L33, CBK and CBA mice were used in MLR' s as stimulators 

against BM3 and DES T ceH responders. Differentiated APC' s from L33 mice stimulated 

T cell proliferation at comparable levels as CBK control mice. We did not identify any 

differences in APC. function between IDO Tg L33 mice and CBK control mice (figure 

28). 

T cell proliferative responses were inhibited in IDO transgenic mic~ in vivo. 

To examine the effect of enhanced IDO expression on T cell responses in vivo we 

utilized an adoptive transfer model in which allogeneic T cells were transferred to host 

(stimulator) mice. This system.is more physiological than dissecting and dissociating 

spleens to obtain APC's. When adoptively transferred T cells reach lymphoid tissues and 

encounter their target antigen they start proliferating in a physiological setting and their 

numbers ove,r time can be determined by flow cytometric analysis ex-vivo by staining 

with anti-clonotypic antibodies. We transferred BM3 T cells to L33 (L33xCBK), CBK 

and CBA mice by tail vein injections. After 4 days spleens were dissected and BM3 cell 

numbers. were determined by CD4, CDS and Ti98 clonotypic Ab staining followed by 



Figure 29: Adoptive transfer experiment. 107 BM3 splenoi:ytes were transfered into L33 

(L33xCBK) mice (empty bars) CBK+/- (black bars) and CBA mice as control (hatched 

bars). After 98 hours of incubation spleens were dissected and BM3 cell numbers were 

dete7!rlined by flow cytometric analysis. Figure represents two experiments. Consistent 

with the hypothesis BM3 cells proliferated less in /DO transgenic L33 mice than CBK 

mice. ( p<0.002 for experiment A and p<0.003 for experiment B. T test) 
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Figure 30. Ex-vivo CTL assay using splenocytesfrom mice that has received BM3. 

T cells by adoptive transfer. 96 hours after BM3 T cell injections splenocytes from CBA 

mice, L33 ( L33xCBK) mice or CBK +/- mice were used as effectors in a CTL assay 

against c51 loaded EIA cells targets. Results were consistent with proliferation figures 

such that CBK splcnocytes which get BM3 injections have at least 4 times more 

CTLIBM3 cells than L33 mice injected with same amount of BM3 cells. 



Figure 31: Adoptive transfer experiment. 2xl07 Al (anti H-YTCR Tg mice) splenocytes 

were transfered into CBA and L33 male mice dr to female mice (hatched bars) as control. 

After 90 hours of incubation spleens were dissected and Al cell numbers were determined. 

Figure represents three experiments. Consistent with the hypothesis Al splenocytes in L33 

male mice ( empry bars) proliferated 38% less in experiment A, 24% less in experiment B 

and 34% less in experiment C than CBA male mice (Black bars) ( p<0.003 for experiment 

A) p (p<0.12for experiment B) and (p<0.08for experiment C) T test. 
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flow cytometry. BM3 cell number·s were significantly lower after four days of incubation 

in L33 mice than CBK mice. BM3 proliferation was alleviated in L33 hosts with respect 

to CBK hosts. (figure 29)(P< 0.002 and p< 0.003 T Test). We also tested ex-vivo 

cytotoxicity of BM3 splenoctes four days after adoptive transfer. BM3 T cells are CDS+ 

TCR transgenic cells and mature into cytotoxic T cells wh~n they encounter their target 

antigen (81 ). Consistent with the finding· of reduced BM3 T cell proliferation in L33 

mice, splenocytes from BM3 T cell injected L33 mice exhibited lower cytotoxity with 

respect to CBK hosts injected with same number of BM3 splenocytes (Figure 30). 

Similar outcomes were observed when male (H-Y) antigen specific CD4+ T cells from 

Al TCR transgenic mice (82) were injected into male and female L33 mice. H-Y specific 

T cells proliferated less in L33 me:tle mice than CBA male mice in three consecutive 

experiments (figure. 31). These experiments demonstrated that enhanced IDO expression 

in L33 mice alleviated allogeneic T cell responses in vivo following T cell adoptive 

transfer. 
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Immune responses to allogeneic antigens by IDO transgenic mice: 

We hypothesized that enhanced expression of IDO may suppress T cell immunity in 

L33 mice. To test this hypothesis we tested L33 and CBA mic_e responses to allogeneic . 

B6 splenocytes. L33 mice and CBA mice were immunized with 106 splenocytes by intra

peritoneal injection. 10 days after immunization we tested anti H-2Kb responses in an 

allo-MLR using.immunized L33 and CBA mice splenocytes as responders against B6 

stimulators (figure 30-1). We detected no significant differences between H-2Kb specific 

proliferative responses generated using responders from immunized L33 and CBA 

splenocyes. These outcomes demonstrated that L33_ mice were not immune suppressed 

and were capable of generating T cell proliferative responses against allogeneic antigens. 
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Figure 30-1: Immune responses to allogeneic antigens by !DO 

transgenic L33 mice: We immuni=ed L33 mice( red bars) and CBA 

mice( black bar,\) with B6 plenocytes. /0 days after immuni=ation we 

set up MLR's using immuni=ed mice splenocytes as responders against 

irradiated B6 sp/enoe,ytes as stimu/ators. There were no slatistical 

differences between L33 responders and CBA responders. 

(* p < 0.9 ANO VA. There were no significant differences analysed by 

Tukey-Kramer multiple comparison test ) 
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Enhanced IDO expression does not protect MHC mismatched skin grafts from hosi 

immunity: 

Tissues from L33 mice might ·be relatively tolerant to allogenei~ hosts due to 

enhanced IDO ~xpression. To test this prediction we grafted allogeneic BALB/c mice 

with skin grafts from L33 mice tail. BALB/c hosts rejected L33 skin grafts by day 15.5 

on average (Table 3). This shows that skin grafts from IDO transgenic mice could not 

. induce tolerance in allogeneic hosts. 

In vivo T cell responses in a graft versus host reaction model was alleviated in L33 

mice so we hypothesized that L33 mice might be tolerant to allogeneic tissue grafts. To 

test this hypothesis we grafted skin from CBK mic~ (H2-Kb+) or L33 (CBKxL33) mice 

on to L33 and L31 mice. CBA mice rejected CBK skin grafts by 15-16 days on average . 

L33 mice grafted with CBK skin rejected grafts by an average of 17 .6 days. Some L33 

mice rejected CBK ·grafts by 20 days, but there were no statistical difference in graft 

rejection times between CBK grafted L33 mice and CBK grafted CBA mice (p<0.052 T 

Test) (table 3). 



00 
00 

Table 3 : Skin graft experiments. 

Donor Re.cipient Nuinber grafted/Number rejected Survival time (days) 

L33 Balb/c 6(6) 15.5 +/- 0.5 

CBK L33 6(6) 17.6 +/- 2.3 

CBK L31 11(11) 16 +/- 1.5 

L33xCBK L33 6(6) 17+/- 3.6 

Table 3: Survival time for skin grafts on L33 mice. L33 mice rejected skin grafts with 
H-2k!1 antigen difference. 
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IDO expression on L33 mice has no effect on tumor growth: 

L33 mice rejected skin grafts,which means enhanced IDO expression in this mice did 

not tolerize it to foreign antigens. Skin grafts are highly antigenic so they might over ride 

tolerigenic effects on T cell responses due to enhanced IDO expression in L33 mice. To 

address this possibility we injected L33 mice with allogeneic tumors since tumors are 

weakly immunogenic, they may have a better chance to benefit from enhanced IDO 

expression in L33 mice. We injected L33 and CBA control mice with LLC (Lewis lung 

carcinoma) cells (107 per mice) by subcutaneous injections. We obs~rved tumor growth in 

L33 and CBA mice. Expected result was that LLC tumor cells will grow .only on L33 

· mice due to inhibition of T cell responses by enhanced IDO expression but not on CBA 

mice which will reject LLC tumors which are from B6 mice background and H2-Kb 

positive. After 2 weeks of incubation LLC tumors grew in L33 mice and CBA mice. We 

analyzed tumor size from these mice (figure 32A). There were no statistical differences in 
. . 

the size of tumors between L33 and ~BA 'mice. LLC tumors grew in CBA hosts in an 

allogeneic environment was an unexpected result so were tested growth of another B6 

tumor, MC57 (fibre-sarcoma). L33 mice and CBA mice were injected with 107 MC57G 

cells sub-cutaneously (figure 32B). MC57G cells developed-solid tumors in control B6 

mice injected sub-cutaneously. MC57 cells did not grow as a tumor in L33 mice and 

CBA mice and were rejected as allogeneic grafts (figure 32C). These results show that 

regardless of antigenecity enhanced IDO expression has no ameliorating affect on tumor 

growth. 



Figure 32: Analysis of LLC tumor growth on L33 tra_nsgenic mice. 107 LLC cells were 

injected to CBA and L33 mice sub-cutenous. After 2 weeks (A) or 3 weeks(B) tumors were 

dissected and weighted. No diffe~ence in LLC tumor growth was observed befw:een CBA 

and L33 mice. [p <0.06 (n:S)for experiment A and p<0.4 (n:3)for experiment B) T test J 

C; MC57G (H2-~+) cells were injected in to CBA, L33(CBA) and B6 mice. MC57G cells 

did not grow tumors on allogeneic CBA and L33 mice hosts. MC57G cells grow tumors in 

syngeneic B6 control mice. 
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L33 IDO transgenic mice were tolerized to minor transplantation antigen: 

L33 mice rejected skin grafts with an MHC antigen difference (H2-Kb). L33 mice 

also rejected MC57G tumors witha full allogeneic MHC difference (B6 vs CBA). 

Immune responses agains·t strong transplantation antigens may override IDO induced 

tolerizing effects . To test this Dr Chandler .grafted IDO transgenic L33 female mice with 

L33 male skin grafts. B6 female mice always reject B6 male skin grafts due to immure 

responses generated against male associated minor transplantation antigen (H-Y). L33 

female mice (L33xB6) did not reject L33 male skin grafts (L33xB6)* where as B6 

females rejected B6 male grafts. This preliminary r~sult demonstrates that IDO over 

expression by L33 mice APC's could tolerate L33 female mice to male (H-Y) antigen 

and supports the hypothesis that .IDO expressing cells in L33 mice inhibits T cell 

responses. 

*Note: These experiments were still in progress at the time of writing. L33 female mice 

could still reject male skin grafts at a later date. These experiments will be concluded by 

Dr Phil Chandler and added as a table in appendix. 
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Discussion: 

Aim 1. Cells expressing IDO inhibit T cell proliferation in vitro. 

We hypoth~sized. that· cells expressing IDO i~hibit ~ ce~l proliferation., Studies in Aim 

1 we transfected an IDO expression construct in to tumor cell lines that were inducers of 

T cell proliferation in vitro. Tumor cells that acquired the ability to .express functional 

IDO enzyme activity demonstrated inhibition of T cell proliferation. MC57G, MB49 and 

EL4 cell line~ that wen~ transfected with the IDO expression construct inhibited BM3 T 

cell proliferation in vitro. Inhibition of BM3 T cell proliferation was not due to an 

inability to present antigen by these cells. MHC expression was not effected by IDO 

expression and IDO expressing tumor cells induced T cells to enter cell cycle and express 

T cell activation markers. 

Effects of IDO activity on T cell proliferation. 

Previously MCSF differentiated human macrophages and GM-CSF differentiated 

human dendritic cells were shown to inhibit T cell proliferation by IDO mediated 

tryptophan degradation ( 49,51). This inhibition was reversible by IDO inhibitor lmeW. 

In our studies we used a genetic model in which tumor cells were engineered to express 

IDO by transfection of an IDO expression construct (pcDNA3-IDO). The tumor cells 

that expressed IDO inhibited T cell proliferation in vitro. The transfer of IDO expression 
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was sufficient to tum stimulatory cells into inhibitiory cells. There are multiple models 

explaining inhibition of T cell proliferation by cells expressing IDO. The working model 

that guides our experiments in this thesis is the tryptophan depletion model, which is 

summarized below. 

Figure 33: APC's expressing /DO 

Could inhibit T cell proliferation 

by depleting the essential amino

acid tryptophan. 

MODEL 

Cell expressing JOO 

Trp 

Trp Trp 

Tryptophan depletion hypothesis. IDO expressing cells could rapidly remove 

the essential amino acid tryptophan by a combined mechanism, which requires the 

intracellular transport of tryptophan by a high affinity tryptophan transporter and 

tryptophan degradation by IDO. T cells could not proliferate in the absence of the 

essential amino acid tryptophan. Total removal of tryptophan from the extra cellular 

environment could inhibit T cell proliferation (Lee et al submitted). Tryptophan removal 

from the localized micro- environments, such as immunological synapse, by a high 

affinity tryptophan transporter could also be sufficient to inhibit T cell proliferation. 
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Based on previous studies the proposed hypothesis was that IDO expressing M

CSF differentiated macrophages inhibit T cell proliferation by rapidly catabolizing the 

essential amino acid tryptophan (50,51). In our new model system IDO expressing 

MC57G clones did inhibit T cell proliferation but they did not deplete all the available 

tryptophan in culture medium. Also addition of excess tryptophan into these co-cultures 

did not reverse inhibition of BM3 T cell proliferation. This demonstrated that inhibition 

by IDO expressing cells in our system did not require total tryptophan depletion. There 

are other potential mechanisms for the inhibition of T cell proliferation by cells 

expressing IDO, which are summarized below. 

Oxidative mechanisms. IDO is an antioxidant enzyme and high redox potential 

is important for T cell proliferation. When T cells were treated with antioxidants their 

proliferation was inhibited ().Oxygen radicals are also required for NF-KB activation, 

which is a transcription factor that controls expression of genes involved in inflammatory 

and immune responses (53). IDO could regulate T cell proliferation by removing 

reactive oxygen species 'and in tum inhibiting T cell proliferation and NF-KB activation 

(27). 

Toxic metaboUtes. Degradation of tryptophari by IDO enzyme generates toxic 

and apoptosis inducing metabolites such as 3-HAA, kynurenine, quinolinic, picolinic acid 

and xanthurenic acid. These toxic metabolites could inhibit T_ cell immunity by inducing 

T cell apoptosis (56). Previous studies demonstrated a _link between IDO expression, 

antigen presenting cells, and induction of apoptosis on CD4 T cells. Grohmann et al 

demonstrated that IDO expressing tolerogenic CDS+ DC' s induced apoptosis on CD4 T 

cells. We analyzed apoptosis by Annexin V staining on BM3 T cells co-cultured with IDO 
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expressing MC57G cells, and did not observe enhanced T cell apoptosis over vector 

transfected control cultures. The failure of BM3 T cells to proliferate in these co-cultures 

was not due to enhanced apoptosis. We also observed BM3 T cell numbers over 72 hours 

of co-culture and we did not detect any significant decrease in BM3 T cell numbers in 

IDO expressing MC57G cultures. D!fferences in susceptibility to apoptosis might be due 

to differences in cell type and function, and CDS+ T cells might be more resistant to 

apoptosis. IDO expressing regulatory CDS+ DC' s might also have additional 

mechanisms inducing apoptosis on T cells, which may be absent on tumor cell 

transfectants. 

Serotonin depletion. Serotonin is a monoamine neurotransmitter. It is found in 

high concentrations in the brain. Serotonin is also found in the blood platelets; during 

coagulation, serotonin is released from platelets, where it induces smooth muscle 

contraction and vasoconstriction. Recently a high affinity serotonin transporter was 

identified in human and fish blood lymphocytes (57) .. Pharmacological inhibition of high 

affinity serotonin transporter in fish lymphocytes inhibited PHA induced lymph 

proliferation ( 57). These results suggest that fish and human lymphocytes possess a high 

affinity serotorti~ transporter and that serotonin might be required for the proliferation of 

T cells (57,58,59). Serotonin (5-hydroxy-tryptamine) is a tryptophan metabolite and is 

degraded by IDO. If serotonin is essential for T cell proliferation, degradation of 

serotonin by IDO could inhibit T cell proliferation. 
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TCR receptor transgenic ~ells used in the study: 

We utilized BM3 TCR Tg T cells in our studies because these cells were well 

characterized in our lab. BM3 T cells did not require co-stimulation and they did 

proliferate when co-cultured with H-2Kb aJ:?.tigen in tumor cells. Our observations were 

not restricted to BM3 T cell,s. Proliferation of T-cells from.a different TCR Tg mouse 

(DES) was also inhibited by IDO expressing EL4 clones. DES T cells and BM3 T cells 

are CDS+ anti H2-Kb specific TCR Tg Tcells. DEST cells require CDS co-stimulation 

where as -BM3 cells were co-stimulatimi independent. There were differences in 

proliferative responses to antigen between DES and BM3 T cells. BM3 T cells mount 

rapid and strong proliferative responses, whereas DES cells respond weakly to antigens 

and did not generate strong proliferative responses. DES T ceHs did not respond to 

MCS7G tumors so we were not able to use these cells in co-cultures with MCS7G cells 

but EL4 cells supported DES T cell proliferation. IDO expressing EL4 cells inhibited 

proliferation of both ·of these TCR transgenic T cells of CDS T cell phenotype. Still we 

could not generalize IDO dependent inhibition of T cell proliferation in vitro on all T 

cells since we were limited to BM3 and DES cells due to the limitations of the model we 

used. Proliferation assays with CFSE staining require homogeneous populations of T 

cells .as responders due to low detection resolution of flow cytometry equipment. 

Physiological T cells from a non TCR Tg mice did not have high enough antigen specific 

T cell precursors to detect in this type of analysis. One piece- of supporting evidence 

comes from in vitro studies in which IDO expressing MCS7G clones inhibited CBA anti 

H2Kb recall responses in vivo (60). T cell proliferative responses generated against IDO 

expressing clones in CBA mice were lower than vector transfected control. 
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This outcome supports the hypothesis that IDO expressing MC57G clones not 

only inhibited T cell proliferation in vitro but also inhibited T cell responses in vivo (60). 

IDO transfection into cell lines: 

We transfected tumor cells with the IDO expression construct (pcDNA3-IDO). 

We analyzed at least twenty clonal, 0418 resistant stable transfectants from every cell 

line that we generated. We could identify IDO expression in clones by western blot 

analysis or RT-PCR but not every IDO expressing cell had IDO enzyme activity. We 

could detect high IDO enzyme activity o~ ¥C57G and RAW cell line transfectants. In 

contrast EL4, MB49 and DC2.4 cells that expressed IDO did not generate high IDO 

enzyme activity detectable by kynurenine production. 'These transfectants deplete 

tryptophan but did not produce kynurenine. There are several explanations for the failure 

to detect IDO enzyme activity in transfectants. IDO transfected cells might have IDO 

enzyme activity and we might not detect it. We could only detect tryptophan and 

kynurenine levels in culture medium by HPLC analysis. If cells degraded tryptophan 

further into downstream metabolites like quinolinic acid we would not detect this with 

HPLC analysis. We. did not have a method for the testing of metabolites other than 

kynurenine at the time of analysis. Recently Anna Manlapat and Ted Johnson 

demonstrated by thin layer chro~atography that DC2.4 and EL4 IDO transfectants 

produce downstream metabolites quinolinic and picolinic acid. 

EL4, MB49 and DC 2.4 clones may have an intrinsic inability to_show IDO 

enzyme activity. IDO enzyme might require post-transcriptional modifications like cell 

line specific IDO phqsphorylation, which could be absenUn these tumor cells. 
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Nitric oxide (NO) inhibits IDO enzyme activity. Murine APC's are known t() 

express inducible nitric-oxide-synthase (iNOS) (Albina JLB 1995), whose product NO 

inhibits IDO enzyme activity. NO inhibits IDO because it binds to.the heme group 

irreversibly. NO inhibits heme containing proteins such as hemoglobin and IDO (Alberti 

AA1998 ,JI1997). Murine tumor cells lines could express iNOS, which could explain 

low IDO enzyme activity in some transfectants. 

DC2.4 clones were generated from bon~-marrow precursors differentiated with 

GM-CSF treatment so they were from a myeloid linage (Shen JI 1997). We previously 

demonstrated that this subtype of DC expressed IDO detected by western-blot analysis 

but did not show IDO. enzyme activity in vitro due to an intrinsic disability (Fallarino 

2002 Int-Imm). Ourobservations with the DC2.4 cell line\vere consi~tent with this result 

since we detected IDO protein expression by western-blot analysis but there was low 

IDO enzyme activity. DC2.4 IDO transfectants did not produced kynurenine but they did 

inhibit T cell proliferation. 

Some tumor cell lines could also be very good in IDO mediated tryptophan 

depletion due to presence of a high affinity tryptophan transporter (Munn et al) which 

will result in elimination of clones that have high IDO enzyme activity by starvation and 

death during selection the procedure. To overcome this potential problem we routinely 

used tryptophan-enriched medium during selection and cloning of our transfectants 

( except MB49 transfections which was an early experiment). Generation of inducible cell 

lines expressing IDO could overcome this potential problem. We did not generate any 

inducible cell lines expressing IDO because all our transfectants inhibited T cell 

proliferation. 
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Our results suggest that a cell line transfected with IDO expression construct can 

be a potent suppressor of T cell proliferation even when detectable IDO activity is weak. 

In our experimental system we did not need to deplete media tryptophan completely to 

inhibit T cell proliferation. 

Effects of IDO expression on cell lines. 

IDO expressing cell lines had a different phenotype than vector transfected 

control cells. IDO expression on MCS7G cells affected their growth characteristics. IDO 

expressing MCS7G clones did not stop growing when cultures reached confluency. In 

confluent cultures IDO expressing MCS7G cells kept growing in clumps, whereas vector 

transfected cultures had slower growth. In log cultures we did not detect significant 

growth differences between IDO transfected and vector transfected MCS7G clones. We 

injected B6 mice with MCS7G transfectants. MCS7G cells that were transfected with 

IDO expression construct grew faster than vector transfected control cells in vivo. These 

observations may arise due to differences in gene expression because of IDO expression 

in transfected cells. lines. IDO expression in MCS7G cells changed their cyclo-oxygenase 

expression ( 61). IDO expression in MCS7G cell line also changed their metalloprotease 

expression and adherence characteristics (61). 

MCS7G IDO expressing clones grew larger tumors in syngeneic host in vivo. 

Transplantable tumor cells could induce immune responses in syngeneic host due to 

tumor associated antigens. IDO expression in MCS7G transfectants may protect them 

from host immunity and give them growth advantages over vector transfected controls or 

affect their invivo growth and migration characteristics (61). 
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Effect of IDO expression on APC function in vitro. 

Selection procedures and sub cloning to isolate IDO transfected cells might 

generate or select for a subpopulation of these cultures that were defective in antigen 

presentation. This was not observed, since vector transfected clones that were processed 

simultaneously, stimulated T cell proliferation invitro. IDO expression could have an 

effect on APC function. However, IDO expression did not affect antigen presentation, 

since we tested IDO transfectants and observed similar levels of MHC expression with 

vector transfected control cells. Our studies demonstrated that inhibition of T cell 

proliferation by IDO expressing tumor cells was not due to an intrinsic inability to 

stimulate T cells. When BM3 T cells were co-cultured with IDO expressing MCS7G 

clones they recognized cognate antigen and expressed CD69 and down regulated TCR 

expression, both markers of T cell activation. IDO expressing clones did inhibit T cell 

proliferation but they induced T cell maturation since BM3 T cells co-cultured with IDO 

expressing MC57 cells acquired CTL activity demonstrated by cell lyses assays. Our 

studies demonstrated that IDO expressing cells inhibit T cells proliferation, but did not 

affect their ability to recognize cognate antigen. Antigen recognition by T cells was not 

altered in the presence of IDO expressing cells, but their subsequent clonal expansion 

was inhibited. T cells entered cell cycle and they received signals through TCR/CD3 

complex because they express T cell activation markers like CD69. These T cells did not 

proceed through the cell cycle when co-cultur~d whh IDO expressing tumor cells. These 

observations with IDO transfected tumor cells extend previous observations in which 

IDO expressing MCSF macrophages inhibited T cell proliferation (Munn et al). This 
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model is the first test of the hypothesis using genetically modified cells to enhance IDO 

expression in APC' s. Previous experiments demonstrated that when T cells were 

activated in the absence of tryptophan they entered the cell cycle but they stop in Go-S 

phase because of a specific tryptophan dependent cell cycle check point (Munn personal 

communication). Our experiments recapitulate this result using tumors cells that 

overexpress IDO. However we did not perform cell cycle analyses nor we did analyze 
. . 

cyclin expression. For further analysis of this system these assays are required to dissect 

cell cycle progression of T cells in the presence of IDO expressing tumor cells. 

In naive T cell repertoires, antigen specific T cells are in very low frequencies. 

These nai'.ve cells have to undergo rapid clonal expansion to mount physiological immune 

responses. Inhibition of T cell proliferation by IDO expressing APC' s could be sufficient 

to stop T cell immune responses. T cells could be aware of the antigen but could not 

mount physiological responses since their numbers were not expanded sufficiently (60). 

IDO expressing APC' s could stimulate tolerance using this mechanism. 
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Pharmacological inhibition of IDO function in IDO transf ected tumor cell lines: 

Pharmacological inhibition of IDO activity did not rescue T cell stimulatory 

function on IDO expressing MC57G clones. Our analysis demonstrated that inhibition of 

IDO activity by 1 methyl tryptophan (lmeW) was not complete since kynurenine was 

produced even in very high concentrations of 1 me W (2000 µM) IDO expressing clone 

24 retained enzyme activity as revealed by ability to produce kynurenine. There were 

several explanations for this observation. 1 me W is a competitive inhibitor of IDO 

enzym~, which competes with the substrate tryptophan. We don't know the biology of 

lmeW transport into cells. If MC57G cells have difficulty in transporting lmeW, it 

would not be avaUable for competing with tryptophan inside the cell. Cells transfer 

tryptophan; using L type aminoacid transporters (79,80). We do not know whether these 

transporters could also transport lmew.· J?r David Munn and colleagues identified a 

novel high affinity tryptophan transporter activity in MCSF differentiated human 

macrophages. This particular tryptophan transporter was expressed by APC' s and · 

allowed IDO expressing APC's to deplete tryptophan rapidly. We did not observe any 

evidence for such a transporter in our IDO transfected tumor cells. If lmeW was also 

transported by this mechanism tumor cell transfectants would be unable to do so and 

there won't be sufficient levels of intracellular lmeW to compete with tryptophan to 

inhibit IDO enzyme c::1,ctivity. We did not used lmeW concentrations_higher than 2000 

µMin our studies. Commercial lmeW preparations have ~ 10% tryptophan as a 

contaminant which triples available tryptophan in culture medium at a concentration of in 

2000 µM lmeW. This would have supplied IDO with more substrate and could make 
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inhibition less likely. Published concentrations of lme W used for IDO inhibition varied 

from 1 µM to 250 µM (Grohmann JI 2001, Munn 1999JEM) in our hands this range 

failed to inhibit IDO enzyme activity in MC57G transfectants. lme W might also have 

affects on IDO gene regulation; a feed back mechanism involving lmeW inhibition of 

IDO enzyme might regulate IDO gene transcription. In our model IDO was over

expressed under the control of a viral promoter (CMV). Hence this promoter will not be 

affected by any physiological inhibition involving lmeW and native IDO promoter. Over 

expression of IDO under the control of CMV promoter could also increase IDO to high 

levels that could not be inhibited by a competitive inhibitor. 



Aim 2: Generation and analysis of ID~ transgenic mice. · 

In studies described in Aim 2, we evaluated the hypothesis that enhanced IDO 

expression in transgenic mice would inhibit T cell responses in vivo. 
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We generated IDO transgenic mice under the control of a MHC class II promoter 

to drive IDO expression in immunologicaly relevant tissues and cells. This vector was 

previously used to generate a transgenic mouse in our department and resulted in mice 

that over-expressed the target transgene in MHC class II positive cells. L33 IDO 

transgenic mice exhibited enhanced IDO expression in .lymphoid organs detected by 

western blot analysis. L33 splenocytes and isolated APC' s had enhanced IDO enzyme 

activity detected by HPLC analysis. L33 mice APC's stimulated T cell proliferation in 

vitro. However, T cell proliferation was inhibited in L33 mice in vivo following a T cell 

adoptive transfer. We tested immune responses against skin grafts and tumors and did 

not detect any significant difference with control mice. However, recent preliminary 

studies suggests that enhanced IDO activity can protect skin grafts mismatched at one 

minorhistocapability locus from host immunity. 
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Transgene construct: 

We selected the MHC class II promoter for transgene expression because its 

expression is tightly regulated. Global IDO expression on a transgenic mouse under a 

highly active promoter expressed in mostcells like a viral promoter (CMV) or a native 

promoter such as ~ actin may have been deleterious due to decreased essential amino acid 

tryptophan availability or increased toxic metabolite production. The advantage of MHC_ 

class II promoter was that it was activated late in fetal development (64) and had a ~ghly 

regulated tissue specific pattern of expression. In ·addition, MHC class II was expressed at 

highly inducible levels in APC's that stimulated T cell proliferation. This should be 

sufficient to induce IDO mediated T cell inhibition Since APC's are the most likely cells 

to interact with T cells. 

IDO transgenic mice that have higher expression of IDO in utero might have 

died before birth due to the deleterious effects of IDO expression. This was supported by 

the observation that we had difficulties breeding homozygous L33 mice. Homozygous 

L33 females did get pregnant ( observation, weight increase) but did not produced 

offspring. All .of the homozygous mice used in these studies were generated from 

heterozygous matings. One way to overcome this problem was to generate an IDO 

trangenic mice that expresses the transgene under the control of an inducible promoter 

such as the TET system, which we did not used. (65) 
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Transgene expression in L33 mice: 

The transgene was active in L33 mice. Enhanced protein expression from the IDO 

transgene was detected in L33 mice spleen by western blot analysis, but expression was 

lower in lymph nodes and thymus compared to spleen. This may be due to the MHC class 

II promoter used, since it directs IDO expression to APC' s, relative APC levels may 

contribute to the level of protein detected on western blots. However this level of protein 

expression was significant, since we did not detect any IDO expression on CBA controls. 

IDO enzyme activity in L33 mice: 

We tested serum tryptophan concentrations on L33 mice peripheral blood samples. 

Over expression of IDO could decrease tryptophan concentrations on. blood. There was a 

trend towards lower tryptophan on L33 mice serum but we did not detect any statistically 

significant differences in serum tryptophan levels between L33 mice and CBA mice. 

Transgenic and knockout mice were known to compensate changes in gene expression to 

maintain homeostasis. This observation may occur because decreases in TDO can make 

up .for additional IDO mediated tryptophan consumption. TDO is thought to be 

responsible of tryptophan homeostasis ( 66,67) and probably over expression of IDO 

could be compensated with a decrease on TDO levels to keep the blood tryptophan levels 

at physiological levels. However IDO expression in the peripheral tissues may not affect 

serum tryptophan levels, 
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IDO enzyme activity on cultured L33 cells: 

IDO transgenic splenocytes cultured ex vivo demonstrated higher IDO enzyme 

activity with respect to CBA control cells. These cells produced more kynurenine and 

depleted more tryptophan than CBA controls. We isolated DC's by BSA gradient 

fractionation from transgenic spleen and CBA spleens. When cultured transgenic DC had 

higher IDO enzyme activity with respect to CBA mice detected by enhanced kynurenine 

production. Adherent transgenic cell populations also had higher IDO enzyme activity 

with respect to CBA controls but these populations produced less kynurenine with respect 

to DC' s, which might be due to degradation of kynurenine further to quinolinic and 

picolinic acid by macrophages. DC's might be defective in these enzymatic pathways, 

which may explain the kynurenine build up in DC cultures. 

We expected transgenic cells to be IFNyinducible IDO expressors due to IFNy 

inducible MHC class II promoter used in vector construction. IDO expression in L33 

splenocytes was IFNy inducible but isolated APC' s from L33 mice did not have IFNy 

inducible IDO activity. One problem might be that our batch of IFNy was not 

biologically active. However the IFNy used did enhance endogenous IDO enzyme 

activity and expression from CBA cells, which was also IFNy inducible, suggesting that 

IFNy we used was active. There might be biological limitations to IDO enzyme activity 

in these cells and IDO transgenic cells might be operating at these limits, which might not 

be enhanced or induced by exogenous IFNy administration. During APC isolation IDO 

expressing cells might die. Indeed murine DC' s have limited lifetime in-vitro cultures 

(68). IDO expressing APC's might also die in in vitro due to deleterious IDO affects. 

IDO expressing CD8a+ DC' shad limited survival in vitro (F. Falarino P.C.). 



Over 48 hours of culture 50% of these IDO expressing DC were shown to die 

from apoptosis where as DC' s isolated from IDO knockout mice had no such survival 

problem in vitro. 
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Mouse tissues and cells are very good at producing NO due to higher iNOS 

expressing levels.on rodents relative to human cells (Albinal995 JLB.). NO inhibition 

might be responsible of low IDO enzyme activity in IDO transgenic mice. The iNOS 

knock out mice is commercially available. Breeding IDO transgenic mice with an iNOS 

knock out background could enhance IDO enzyme activity in IDO transgenic mouse. 

There may be other limitations on IDO enzyme activity that-we have not yet determined. 

IDO enzyme could require specialized,cells for enzyme activity, these cells might support 

certain post translation modifications such as phosphorylation. The pDOI-IDO vector 

may not direct IDO expression on to these cells. This last case is low in possibility since 

we know DC's are the main IDO expressing immune cell lineage in mouse and these 

cells also express MHC class II that will support pDOI-IDO expression. More specific 

promoters such as CD 11 C, which is DC specific, may be more useful in directing IDO 

over expression to DC' s. 

In collaboration with Puccetti and colleagues we demonstrated that both CD8c:x.+ 

and CD8c:x.- DC's expressed IDO (62). However only CD8c:x.+ DC have IDO enzyme 

activity. So we might have IDO expression on a APC's but not all of it can be 

enzymaticaly active, which supports and explains the observation on the HPLC data 

obtained from ex vivo cultures. Also stress generated during cell isolation may result in 

the expression of inflammatory mediators. These proinflammatory mediators might also 

have anti IDO affects in vitro. 
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IDO transgenic L33 mice APC's did not affect.in vitro T cell proliferation. 

T cell proliferative responses induced by L33 mice APC's were not significantly 

different than CBA control APC's. We were unable to demonstrate IDO mediated 

inhibition of T cell proliferation by IDO transgenic APC' s in vitro, which might have 

several explanations. We isolated splenic APC's from tissues, which could cause stress to 

induce APC maturation into a stimulatory phenotype than inhibitory. Inflammatory 

cytokines can be produced by dissected cells that might induce APC maturation into 

immune stimulatory phenotype (75). Mature DC were known to be stimulatory whereas 

immature DC' s were inhibitory (73). 

IDO over expression and enzyme activity in APC's could make these cells more 

fragile than normal cells which might die early on during MLR cultures. We recently 

identified differences in survival between DC' s isolated from IDO knock out mice 

control mice. DC's isolated from knockout mice were deficient in IDO gene expression 

and their survival in overnight cultures were significantly higher that .DC' s that were 

isolated from control mice with IDO_activity (F~llarino F P.C.). If IDO expressing APC's 

from L33 transgenic mice die early in MLR cultures they may not inhibit T cell 

proliferation. 
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IDO transgenic L33 mice inhibits T cell responses in vivo. 

L33 mice inhibited T cell proliferative responses in vitro in a graft versus host 

disease model. BM3 and Al splenocytes (81,82) were injected to L33 mice and control 

mice. BM3 and Al proliferative responses were ameliorated in L33 mice with respect to 

control mice. mo·mediated inhibition of T cell proliferation may need local tissue 

micro-environments. In a given tissue environment tryptophan and their IDO mediated 

toxic products will be in equilibrium and excess metabolites will be removed and 

tryptophan will be replenished. In a local micro-environment, which is rich in IDO 

expressing cells could work against this equilibrium to maintain local low tryptophan 

levels and enhanced toxic by product buildup. One such lymphoid organ was spleen with 

its APC rich tissue structure. Spleen was appropriate for our studies since elevated IDO 

activity was detected in spleen from L33 mice. 

APC's from IDO transgenic mice did not inhibit T cell proliferation in vitro but 

did inhibit T cell responses in vivo. This observation suggests that IDO expressing cells 

requires confined micro-environments in vivo to regulate T cell proliferation. Spleen with 

its cellular environment could maintain a micro-environment, that cannot be reproduced 

in vitro. This may enable APC' s expressing IDO to lower tryptophan concentrations 

locally and increase toxic by products such as picolinic acid, which could in tum inhibit T 

cell proliferation. 

Lower T cell proliferation in vivo in L33 mice after T cell adoptive transfer may 

be due to differential migration of T cells in L33 mice. We transfered T cells into L33 

and control _mice by tail vein injections. IDO expression could effect cell migration into 

spleen. This could lower T cell proliferation in L33 mice spleens since precursor 
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frequency will be lower and this could explain our observation. However IDO expression 

did not effect T cell migration into spleen in L33 mice (60) .. 

Lymphoid tissues could also hav~ accessory cells, which could aid IDO 

expressing APC' s to .inhibit T cell proliferative responses. CD4+CD25+ suppressor T 

cells could inhibit T. cell responses. IDO expressing APC' s could ~nduce generation of 

these suppressor T cells in vivo. IDO expressing APC' s could also induce migration of 

these suppressor T cells into sites of inflammation to inhibit T cell proliferative responses 

(70,71,72,76). 

Tolerance against tissue grafts in IDO transgenic mice. 

We grafted L33 mice with allogeneic skin grafts. We hypothesized that similar 

mechanisms that inhibit T cell proliferation on adoptive transfer experiments would 

prevent T cell responses against allogeneic skin grafts. L33 mice rejected both CBK (H2-

Kb) and L33 (L33xCBK) grafts. There were no significant differences between L33 mice 

mean survival times and CBA controls. Surgical inflammation may over ride subtle 

inhibitory effects due to elevated IDO activity (74,75). Skin grafts are also highly 

immunogenic which may override IDO inhibitory mechanisms. Less immunogenic grafts 

such as heart grafts and liver grafts might have higher chance of survival in L33 mice 

protected by e~hanced IDO activity. 

Tumors are known to be weakly immunogenic and they may act as a less 

immunogenic alternative to test the hypothesis that IDO expression on L33 mice inhibit 

allogeneic T cell responses against tissue grafts. Our experiments demonstrated no 

detectable difference ~etween CBA and L33 mice on T cell responses to allogeneic tumor 
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cells. Lewis lung carcinoma (LLC) cells contrary to the dogma that tumors do not grow 

across MHC barrier generate tumors on CBA background, which may be a special 

characteristic of LLC tumor cell line. This observation can also be due to IDO expression 

by LLC cells since LLC cells express IDO when induced by cytokines such as IFNy. 

LLC tumor growth in allogeneic hosts is currently under investigation in our lab by Dr 

Phil Chandler. 

There were no differences observed between the growth characteristic of LLC 

tumors on L33 and CBA mice both grew similar size tumors. This observation may be 

due to tumor biology, developing tumor does secrete factors that induce blood-vessel 

growth for the food supply of the tumor. When tumor generates this elaborate blood 

supply it will may be hard to maintain low tryptophan levels on the tumor and enhanced 

toxic buy product build up. 
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Immune responses against minor tissue transplantation antigens were inhibited in 

L33 mice. 

Dr Chandler tested minor transplantation antigens because we believe full allo H-

2 differences delivered a strong si_gnal that can overcome IDO induced tolerance. L33 

female mice that received L33 male skin did not reject their grafts, whereas B6 females 

rejected male skin graft due to immune responses generated against (H-Y) male 

associated antigen. This experiment demonstrated that IDO expressing cells inhibited 

immune responses against minor transplantation antigens. IDO expressing skin grafts 

could survive in hosts with enhanced IDO activity. In organ transplantation, grafted 

tissues are selected so that transplantation antigen differences are minimised. In our 

study enhanced IDO expression inhibited responses against minor transplantation 

antigens on skin grafts. Generating tissues with enhanced IDO expression by genetic 

manipulation may provide the basis of a new therapeutic approach, which may increase 

survival after organ transplantion. •. 
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Significance of the study: 

In this study we demonstrated that cells and tissues engineered to express IDO inhibit 

or ameliorate deleterious T cell responses. Tissues expressing IDO also survived as 

transplants in allogeneic hosts. 

Clinically undesirable immune responses directed against organ transplants contain a 

major T cell component, which mediates organ rejection in transplant recipients. Auto

reactive T cell responses also contribute to autoimmune diseases. Possible inhibition of 

these responses by cells or tissues expressing IDO may provide the basis of a new 

therapeutic approach. Tissue·s and organ grafts could be induced to express IDO before 

transplantation, which may inhibit host versus grafts responses. Gene delivery systems 

are currently in the development process; the_methods, such as viral gene therapy vectors, 

(77) could be ~mployed to transfer IDO gene expression_ to tµ~se tissue and organ grafts. 

IDO expressing APC's cou_ld also be used as tolerogenic vaccines to impose antigen 

specific tolerance in hosts. 

Autoimmune diseases might be treated by IDO gene delivery to tissues that are 

affected by autoimmune T cell resronses. IDO expression may inhibit deleterious T cell 

responses and ameliorate the disease process. Tumors are also capable of IDO 

expression, which may be one of the systems they employ to evade the host immune 

system. Pharmacological inhibition of IDO on these tumors might cure or ameliorate 

cancer. 



115 

Appendix 
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Appendix fig 1 : Western blot analysis of DC2.4 and EL4 transfectants. 
Experiment done by Dr Brendon Marshall. 
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Appendix figure 2: /DO expression on L33 skin ( Fille~ lines) enhances graft survival 
against wild type skin (open bars). Data courtesy of Phil Chandler. 
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