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Thymic Dendritic Cells Express Inducible Nitric Oxide
Synthase and Generate Nitric Oxide in Response to Self- and
Alloantigens'

Sistiana Aiello,* Marina Noris,* Giampiero Piccinini,* Susanna Tomasoni,*
Federica Casiraghi,* Samantha Bonazzola,* Marilena Mister,* Mohamed H. Sayegf,and
Giuseppe Remuzz**

Thymocytes maturing in the thymus undergo clonal deletion/apoptosis when they encounter self- or allo-Ags presented by den-
dritic cells (DCs). How this occurs is a matter of debate, but NO may play a role given its ability of inducing apoptosis of these
cells. APC (a mixed population of macrophages (M) and DCs) from rat thymus expressed high levels of inducible NO synthase
(iNOS) and produced large amounts of NO in basal conditions whereas iINOS expression and NO production were very low in
thymocytes. Analysis by FACS and by double labeling of cytocentrifuged preparations showed that DCs andd® both express
iINOS within APC. Analysis of a purified preparation of DCs confirmed that these cells express high levels of INOS and produce
large amounts of NO in basal conditions. The capacity of DCs to generate NO was enhanced by exposure to rat albumin, a
self-protein, and required a fully expressed process of Ag internalization, processing, and presentation. Peptides derived from
portions of class Il MHC molecules up-regulate iINOS expression and NO production by DCs as well, both in self and allogeneic
combinations, suggesting a role of NO in both self and acquired tolerance. We also found that NO induced apoptosis of rat
double-positive thymocytes, the effect being more evident in anti-CD3-stimulated cells. Altogether, the present findings might
suggest that DC-derived NO is at least one of the soluble factors regulating events, in the thymus, that follow recognition of self-
and allo-Ags. The Journal of Immunology,2000, 164: 4649 —4658.
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autoreactive lymphocytes (1) and for T cells this step oc-process of programmed cell death, or apoptosis, as the main mech
curs in the thymus, where developing T cells first expressanism, although clonal anergy, rendering T cells unresponsive to §
their Ag-specific receptor (1). Acquired tolerance in experimentalAgs, also plays a part (14). In favor of the clonal/deletion hypoth- &
autoimmunity (2) and transplantation (3, 4) can be thymus depenesis are very recent data in transgenic mice expressing a TCRQ
dent and, indeed, in the rat, intrathymic injection of allogeneicspecific for the class | MHC Ag H-2K Intrathymic injection of g
cells or allo-Ags induced unresponsiveness to subsequent pancrg-2° spleen leukocytes reduced the CD8-positive thymocyte pop @
atic islet (5), cardiac (6), and renal allografts (7, 8). Our groupulation by 80% nine days after thymic delivery (15). Double-pos-
reported that thymic recognition of immunogenic class Il MHC itive thymocytes were also deleted (15). On the same line, intra- S
synthetic allopeptides induced a state of donor-specific tolerance tymic injection of OVA in mice transgenic for the TCR specific &
allograft and prolonged the survival of kidney allografts in high- for peptide 323-339 of OVA led to apoptosis of thymocytes start-
responder Wistar-Furth (WFRT1") to Lewis (RT1) rat strain  ing as early as 3 h and persisting up to 7 days after injection (16). 2
combinations (7, 9). Thymic epithelial cells can induce T cell clonal deletion, at least &
Despite the growing number of studies in the area, the cellulajn certain experimental systems (17), but today it seems more
and molecular mechanisms underlying the induction of intrathy-jjkely that dendritic cells (DCs) are the cell population most con-
mic tolerance are unclear. Some of these data support clonal dgistenﬂy involved in T cell-negative selection (18, 19). The neg-
ative selection potential of DCs implies that the Ag is internalized,
processed, and presented to the TCR (20, 21). The Ag retention
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T he immune system maintains self-tolerance by deletingetion (10—13), which physically eliminates reactive T cells by a
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the thymus is mainly involved in NO synthesis. Reports that boneanti-CD8-PE-conjugated and anti-CD4 Abs followed by FITC-conjugated
marrow-derived DCs were induced to produce NO by the iINOSF(ab), goat anti-mouse IgG showed that the isolated cells consisted of

: : : : 95% CD4"/CD8" thymocytes, on average.
inducers IFNy and LPS (25) aroused our interest in exploring the Macrophages (M) and DCS were obtained as previously reported (23,

possibility of resident DCs being involved in NO formation in the »g) "\yith some modifications. The total thymocyte suspension obtained

thymus. after collagenase digestion and stainless steel screen passage was washed
Overall, our findings indicate that 1) rat thymic DCs expresstwice in PBS, resuspended in RPMI 1640 supplemented with 10% FCS,

iNOS and generate NO; 2) exposure to either self- or aIIo-Agsa”d then cultured in 100-mm petri dishes (Falcon; Becton Dickinson, Lin-

. . . . coln Park, NJ) for 120 min at 37°C in a humidified 5% £i@ air incw
results in up-regulation of INOS expression and enhances NO Pr%ator. Nonadherent cells were removed by extensive washing with warm

duction by thymic DCs; 3) the latter phenomenon depends on apgs. Under phase-contrast microscopy, the adherent cells comprised two
intact Ag processing and presenting pathway; and 4) rat immaturpopulations: some cells showed the characteristics of DCs in that they had

thymocytes undergo apoptosis when exposed to NO. dendrite-like processes and rapidly changing shape; other cejisywdre
circumferentially spread, ruffled cells with many vesicles.
; The adherent cells were cultured overnight in RPMI 1640 10% FCS at
Materials and Methods 37°C with 5% CQ. After the overnight culture, the floating cells were
Reagents collected. Cells that detached after the overnight culture consisted of a

[*H]L-arginine (56.4 Ci/mmol) was purchased from New England Nuclear'@’g€_cell population that was MHC"] MHC 11", CD4", CD8 /",

(Boston, MA). Dowex AG 50 WX-8 was obtained from Bio-Rad (Rich- 45RA™, CD3™, and OX62, consistent with the expected profile of

mond, CA) and HEPES was from Merck (Darmstadt, Germany). CoIIage-DcS (2?’.’ 28, 30). However, a considerabl_e number Wefem ED3,
nase type IV, brefeldin A (BfA), chloroquine (ChIQ), amiloride (AML), suggesting that some dalso detached during the overnight culture. Thus,

- ; : i . —15% on average) contami-
and all other chemicals were purchased from Sigma (St. Louis, MO). Cu|_we_called these cells thymic APC. Some (10 },5 Tage) c

ture medium was RPMI 1640 (Life Technologies, Grand Island, NY) sup-Nating thymocytes (CD3, CD4", CD8", MHC | ™, MHC II*, ED2",
plemented with antibiotics, 2 mM glutamine, 50M 2-ME, and 10% ED3", and OX62') were also found. Most thymic Mremained adherent
heat-inactivated FCS. after the overnight culture (28). In selected experimentg, Were col-

Rat serum albumin was obtained from Sigma. Synthetic WF polymor-€cted. by treating the petri dishes with EDTA 30 mM, and analyzed
phic class Il MHC peptides were synthesized in the Protein/Nucleic Acid y A.CS' . . . .
Laboratory, Department of Medicine, Brigham and Women's Hospital P!J.”f'e.d DCs were obtained as despnbed previously (30), with some
(Boston, MA). We selected RT1Mand RTL.0B distal domains of RT4 modifications. Thymic APC were centrifuged on 55% Percoll (Pharmacia &

(WF) and synthesized two overlapping peptides of 25 aa (1-25 and 20—-4 KB'. Uppsala, Sweden) SOIUt'.On for 20 min at 4°C, and the low-density =
for each locus using published sequences (26). Rat albumin and class jaction was i:ollected_ and supjected to two rounds of p_Iastlc adherence for
MHC peptides were tested for endotoxin content byltimeulusamebocyte 0 min at 37°C. The final e!‘f'Chme”t fc_Jr DCs was Tou“”e'y perform_ed by
lysate assay (Sigma) and were found to contain betwe®h and 25 en-  [€MovIng T cells and M using magnetic beads. Briefly, cells were incu-
dotoxin units (EU) of endotoxin/mg peptides and 200 and 300 EU of en-2ated with a mixture of appropriate dilutions of R73, V65, OX12, OX22,
dotoxin/mg rat albumin. These extremely low levels do not affect NO pro-OX33' 341.1, ED2, and ED3 mAbs for 30 min at 4°C, washed three times,
duction in DCs, as documented by preliminary experiments with endotoxinar?d therl |n_cuba'ted_ with rat anti-mouse IgG-coated magnetic beads f_or 30
from two different sources (0111:B4 and 055:B5 serotypes). As many adnin at4 Cin agitation. After three rounds of magnetic depletion, the final
10,000 EU endotoxin/ml were needed to significantly stimulate NO pro-POPUlation contained 85-95% DCs.

duction in DCs. :

Mouse mAbs specific for rat determinants included Abs specific forDNA fragmentation
CD3 (IF4; Serotec, Oxford, U.K.), TCRB (R73; Serotec), TCR (V65; Double-positive CD4/CD8" thymocytes were washed once with PBS and
Serotec), CD4 (W3/25; Serotec), CB8341.1; Serotec), CDB(PE-con-  resuspended at X 10° cells/ml in RPMI 1640 with 10% FCS with or
jugated OX8; Serotec), Ig-chain (OX12; Serotec), CD45RA (OX33; Se- without the NO-generating age8tnitrosoacetylpenicillamine (SNAP, 10
rotec), CD45RC (OX22; Serotec), class | MHC (OX18; Serotec), class Il;,M, 100 uM, and 1 mM; Cayman Chemicals, Ann Arbor, M) for 8, 15,
MHC (OX6; Serotec), rat tissue macrophage Ag (ED2; Serotec), rat macand 24 h at 37°C. Dexamethasone-treated thymocytesML served as
rophage sialoadhesin (ED3; Serotec), and rat DC-restricted Ag (OX62positive controls. In negative control experiments, a SNAP solution that o
Serotec). Rabbit polyclonal Ab against mouse macrophage iNOS was puhad been preincubated overnight at 37°C was used. To evaluate the effectZ,
chased from Transduction Laboratories (Exeter, U.K.). FITC-conjugatethf TCR engagement on NO-induced apoptosis, DP thymocytes were cul- &
F(ab'), goat anti-mouse 1gG (Jackson ImmunoResearch, West Grove, PAlured for 15 h in anti-CD3-coated petri dishes and then harvested
FITC-conjugated F(ab)goat anti-rabbit IgG (Caltag, Burlingame, CA), and recultured in the presence or absence of eithepd0r 1 mM SNAP
Cy-3-conjugated goat anti-rabbit IgG (Jackson ImmunoResearch) wereor 8 h.
used as secondary Abs. A modified form of the TUNEL assay (31) was used to detect frag-
Animals mented DNA in apo_ptotic DP thyrﬂocytes (32). Brie_ﬂy, DP thymocytes

were formaldehyde fixed, permeabilized with 0.1% Triton X-100 and 0.1%
Thymi from Lewis (RT1, 150-175 g) or WF rats (RT1150-175 g;  sodium citrate, and labeled with dUTP-FITC by TUNEL reaction using a
Charles River Italia, Calco, Italy) were used. Procedures involving animalgell death detection kit (Boehringer Mannheim, Mannheim, Germany). La-
and their care were conducted in conformity with the institutional guide-beled cells were visualized by flow cytometry. The apoptosis values were
lines that are in compliance with national (Decreto Legislativo no. 116,Presented after subtracting the percentage of spontaneous apoptosis (with
Gazzetta Ufficiale, Suppl. 40, February 18, 1992, circolare no. 8, G.U., Julynedium alone) which averaged 15-20% at 8 h, 20-25% at 15 h, and
14, 1994) and international laws and policies (European Economic Com30-37% at 24 h. For the experiment with anti-CD3-coated plates, the ap-
munity Council Directive 86/609, OJL 358, December 12, 1987; Guide forOptosis values were presented after subtracting the percentage of apoptosis

the Care and Use of Laboratory Animals, U.S. National Research Councilin DP thymocytes cultured for 15 h with medium and recultured for 8 h
1996). with medium (32-38%).
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Cells Flow cytometry

Thymi (10-20 for each experiment) were cut into small fragments andCell surface immunophenotypic analysis was performed by cytofluorog-
digested with collagenase (400 U/ml) for 15 min at 37°C, filtered throughraphy using the FACSort (Becton Dickinson, Mountain View, CA). Cells
a stainless steel screen, and washed in PBS to obtain a total thymocyteere incubated with optimal concentrations of primary Abs for 30 min at
suspension (27, 28). 4°C in PBS containing 5% FCS, washed twice with the same buffer, and
Double-positive CD4/CD8" (DP) thymocytes were enriched by-re incubated with FITC-conjugated F(ap'goat anti-mouse IgG for uncen
moving class | MHC-positive cells since previous studies have shown thajugated primary Abs.
most DP thymocytes lack class | MHC expression (29). Briefly, rat anti-  For detection of INOS, cells were fixed in 4% paraformaldehyde and
mouse IgG-coupled magnetic beads (Dynabeads; Dynal, Oslo, Norwaypermeabilized with 0.1% Triton X-100 and 0.1% sodium citrate. A rabbit
were coated with anti-polymorphic class | MHC Ab (OX18) and used to polyclonal Ab against mouse macrophage iNOS (that also recognizes the
deplete class | MHC-positive cells at a 6:1 bead:cell ratio. Class | MHC-corresponding rat Ag (33)) was used, followed by FITC-conjugated'}z(ab
positive cells were removed magnetically and the resulting class | MHC-goat anti-rabbit IgG as secondary Ab. All staining included negative con-
negative cells were then analyzed by flow cytometry. Double labeling withtrols from which the primary Abs were omitted.
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Light-scattering parameters and propidium iodide staining gates weréffect of self- and non-self-Ags on INOS expression and NO
set to exclude dead cells and debris. production in DCs

To establish the effect of self- or non-self-Ags on iNOS expression and NO
Immunohistochemical examination of rat thymus production by DCs, in vitro pulsing experiments were performed using 100

ng/ml of either rat serum albumin or sperm whale myoglobin. Since DCs
Thymic frozen sections (g thick) were cut on a cryostat (HM500-O; mature in culture in 12-18 h after isolation and lose their Ag-processing
Microm, Zeiss Oberkochen, Germany). Sections were air dried, incubatedapacity (36—38), either rat albumin or sperm whale myoglobin was added
for 1 h with 0.3% HO, in methanol to quench endogenous peroxidase, andto adherent cells from WF or Lewis thymi during the overnight culture (16
processed for light microscopy immunohistochemistry using an avidin-h). In selected experiments, the effect of shorter exposure to a self-Ag was
biotin HRP complex technique (ABC method, ABC-Elite; Vector Labora- evaluated after 2.5- and 5.5-h incubation with rat albumin. APC floating
tories, Burlingame, CA). Slides were blocked by 30-min incubation with after the incubation period were collected and DCs were purified and as-
non-immune sera (goat serum for anti-iINOS or horse serum for OX6) andgayed for INOS expression, by FACS and immunoblot, and NO production
then incubated overnight at 4°C in a moist chamber with the primary Abs(see above). To assess the effect of Ag processing on the induction of NO
(anti-iNOS, 1:150; OX6, 1:150) in PBS/1% BSA (Miles, Milan, Italy), synthesisinthymic DCs, we used AML (20M), which inhibits Ag uptake
followed by the secondary Abs (biotinylated goat anti-rabbit IgG or bio- by blocking macropinocytosis (39, 40), ChlQ (&54), which inhibits en-
tinylated horse anti-mouse 1gG), ABC solution, and finally developed withdocytic function and Ag processing (41, 42), or BfA (/ml), which
diaminobenzidine for anti-iINOS and diaminobenzidine-nickel (Vector blocks the endoplasmic reticulum-Golgi egress of nascent class Il MHC
Laboratories) for OX6, as described elsewhere (33). The sections weraolecules (43-46).
counterstained with Harris hematoxylin (Biooptica, Milan, Italy). Negative ~ The effect of self- or allopeptides on iNOS expression and NO produc-
controls were obtained by omitting the primary Ab on a second sectiortion by DCs was assessed by in vitro pulsing experiments using the two
present on all of the slides. WF RT.1B' and the two RT.1D peptides (25wg/ml each). The peptide

To evaluate whether administration of substances capable of up-regumixture was added to adherent cells from WF (self-pulsing) or Lewis (al-

lating INOS expression in several tissue types can modify iNOS expressiotppulsing) thymi during the overnight culture. After the overnight culture,
and distribution in rat thymus, two animals received 20 mg/kg LPS by i.p.DCs were purified and assayed for iNOS expression and NO production. In
injection. The animals were sacrificed 18 h later and the thymus was resome experiments, Ag-processing inhibitors (AML, ChiQ, and BfA) were
moved and treated as above. added in combination with peptides.

o ) Statistical analysis
Intracellular localization of INOS ) .
Data are means SE. The two-tail Studertttest was used for statistical

Thymic APC and purified DCs were washed with PBS and cytospun intoanalysis of NO production and iNOS expression in different thymic cell

glass slides (Shandon, Cheshire, U.K.). Cells were fixed and permeabilizegopulations and in DCs incubated with self- or allo-Ags. One-way &

with ice-cold methanol for 15 min before staining with anti-iNOS or anti- ANOVA was used to analyze NO-induced apoptosis. Statistical level of <

class Il MHC Abs (in PBS/5% FCS) followed by Cy-3-conjugated goat significance was defined gs< 0.05.

anti-rabbit IgG and FITC-conjugated F(ab’goat anti-mouse 1gG (in

PBS/5% FCS), respectively. Double labeling anti-iNOS and anti-class |

MHC was also performed. All staining included negative controls from Results

which the primary Abs were omitted. iINOS expression in rat thymus
To study intracellular iNOS localization, immunoblot analysis was per- . . L .

formed on DC whole lysate, cytosol, and particulate fraction. Purified DCsT© €valuate the expression and tissue localization of iNOS, the .

were pelleted, resuspended in 500ysis buffer (50 mMpg-glycerolphos-  only NOS isoform identified in the rodent thymus (24), immuno-

phate, 2 mM MgCJ, 1 mM EGTA, 0.5% Triton X-100, 0.5% Nonidet hjstochemical analysis was done on cryostat sections of Lewis ratg
P-40,1 mM DTT, 1 mM pefabloc, 2AM pepstatin, 2Q:M leupeptin, and  thymj ysing anti-INOS Ab. Results showed iNOS intense staining €

1000 U/ml aprotinin) and sonicated. An aliquot of the whole lysate was h . . .
stored at-=70°C. The remaining lysate was centrifuged at 100,80§for at the corticomedullary junction and medulla (Fig. 1A). The same EB

30 min at 4°C to separate cytosol and particulate fraction (34). The cytosol€gions were strongly stained by anti-class Il MHC Ab (FigCl,
was stored as for the whole lysate and the pellet was resuspended and againdD). At higher magnification, INOS staining was mainly local-
centrifuged at 100,00& g for 30 min at 4°C. The pellet was resuspended jzed on large cells surrounded by a number of negative smaller

and stored at-70°C until assayed. Protein concentration was determine . . . .
for each sample (whole lysate, cytosol, and particulate fraction) using thdéhymocytes (Fig. 1B). No iNOS expression was detected in the -

Bradford method (Bio-Rad). The proteins (1§ for each lane) were sep- cortex of norm_a! thymu_s (Fi9_~ 1A_)-_ However, in thymic SeCtio_n_s
arated on denaturating a 7.5% SDS-polyacrylamide gel by electrophoresfom rats receiving a single i.p. injection of LPS, some specific
and then blotted on nitrocellulose membrane by wet electroblotting for 9GNOS  staining was also found focally in the cortex (data not

min. Blots were blocked overnight at 4°C with 5% nonfat dry milk in shown). suggesting that also cortical cells. ma: o epithelial
TBS-T at pH 7.5 (20 mM Tris base, 137 mM NaCl, and 0.1% Tween 20) ), gg_ 9 . ' ybe P
cells, can be induced to express iNOS.

and then incubated for 2.5 h with anti-iINOS (1/1000) followed by the
secondary Ab (biotinylated goat anti-rabbit IgG), ABC solution, and finally
developed with diaminobenzidine (Vector Laboratories). Cellular localization of iNOS and NO production within the

thymic cell population
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Conversion of fH]L-arginine to PH ]L-citrulline To determine the cell type(s) within the thymus that express iINOS

o . ) ) and produce NO in basal conditions, rat thymocytes and thymic
To evaluate NO production in the different thymic cell populations, total . . .
thymocytes, APC, and purified DCs (abouk210°/ml) were incubated for APC (DCs and M®) \_/vere.lsola..ted from the thymus by d'ﬁerent_'al
24 h in RPMI 1640/10% FCS in the presence #f]L-arginine (0.54Ci). adherence, as describedhtaterials and Methods. FACS analysis
Total thymocyte incubation was performed with X0L0° cells/ml to over of iINOS in thymocytes and thymic APC showed specific high
come the assay’s detection limit. staining in the latter cell population (Fig. 2A), whereas in thymo-

Incubations were stopped by adding one volume of ice-cold 15% TCA. : P : -
TCA-treated samples were centrifuged at 10,00@ to precipitate pro- cytes INOS staining was very low (FigAX As shown in Fig. 2B,

teins. The supernatant was extracted five times with one volume of water€X VivO No.prOdUCtion in gr?stimulated t‘?tal t.hymocytes, mea_‘su"Ed
saturated ether, vacuum lyophilized, and resuspended in 2 ml HEPES (pRS conversion offH]L-arginine to fH]L-citrulline after a 24-h in

5.5) and applied to 2-ml wet-bed volumes of Dowex AG '50 WX-8 (100~ cubation, was very low (0.00& 0.002 nmol/18 cells, n = 4).

200 mesh, Li form), followed by 2 ml of water. JH]L-citrulline was APC produced large amounts of NO in basal conditions (-39

uantitated by liquid scintillation counting in the 4-ml column effluent and -
iqdentified by ¥Lg as described previous?y (35). 0.38, nmol/16 cells,p < 0.01 vs thymocytes; = 6), confirming

For each experiment, aliquots of RPMI1640/10% FCS containingthat these cells express the enzymatic machinery for NO synthesis.
[®H]L-arginine were incubated without cells, as blanks. After overnight culture, thymic APC appeared as DCs anfl M
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FIGURE 1. Detection of iNOS
and class Il MHC expression in
Lewis rat thymus. Cryostat sections
were stained with anti-iNOS (and
B) or anti-class Il MHC (OX6C and
D) Ab followed by biotinylated sec-
ondary Abs, ABC solution, diamino-
benzidine (Aand B) or diaminoben-
zidine/nickel (CandD). No staining
was seen when primary Abs were
omitted (Efor class Il MHC andF
for INOS). Harris-hematoxylin coun-
terstaining. Original magnification:
A, C, E, andF, X100; original mag-
nification: B and D, X400.

when viewed on cytospin slides. Double labeling of cytocentri-low to moderate level of the Ag recognized by OX62 mAb (Fig.
fuged APC showed two cell populations expressing high iINOS:5). Nearly 80% of purified DCs were iNOS positive by FACS
the majority of iINOS-positive cells had the exact morphology of when the staining was done on unstimulated cells (Fig. 5).
DCs (high nuclear:cytoplasmic ratio and distinct long cytoplasmic To confirm iINOS expression in DCs, we repeated experiments
processes or dendrites) and was class || MHC highly positive (Figwith immunofluorescence analysis on cytospin preparations. Al-
3, A andB). However, we also found unequivocal INOS-positive most all of the purified DCs were positive as for both INOS and
staining in a second cell population that was clearly class Il MHCclass Il MHC staining (Fig. 3C andD). To determine iNOS in-
negative or had a low MHC positivity (Fig. 3 andB). This cell  tracellular distribution in DCs, anti-iINOS immunoblots were per-
population was classified as@von the basis of the FACS finding formed on soluble and particulate fractions of DC sonicates. As
of low class Il MHC, moderate ED2, and high iNOS in a cell shown in Fig. 6, immunoblots revealed two forms with apparent
preparation enriched with ¥ from rat thymi (Fig. 4). molecular masses of 135 and 130 kDa, respectively, both in the
Using the protocol as described Materials and Methods, we soluble and in the particulate fractions. This is consistent with
obtained 85-95% purified thymic DCs. These cells have a typicaprevious data in primary M&howing the existence of two iINOS
DC morphology, express high levels of class Il MHC, and are notvariants both found in the cytosolic and in the membrane
stained by ED2 and ED3 mAbs; most of themg0%) express a compartments of the cell (34). Confocal microscopy analysis on
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A Induction of INOS expression and NO production by thymic
DCs after incubation with either self- or non-self-Ags

0

20

Thymocyles Thymic APC To establish whether engagement with self-Ags induced iINOS ex-
pression in thymic DCs, rat serum albumin was added to thymic-
adherent cell preparations that were cultured for 2.5, 5.5, and 16 h,
respectively. At the end of incubation period, floating cells were
collected and processed as describedimterials and Methods.

T FACS analysis revealed that a 2.5-h exposure to rat albumin did
not modify INOS expression (mean FITC-fluorescence intensity,
rat albumin-pulsed DCs: 375, unpulsed DCs: 325; 2), whereas

* iINOS expression was almost doubled by a 5.5-h exposure (mean

FITC-fluorescence intensity, rat albumin-pulsed DCs: 472, un-
pulsed DCs: 287y = 2). Maximal induction was observed after a
16-h exposure to albumin (mean FITC-fluorescence intensity, rat
albumin-pulsed DCs: 652 28, unpulsed DCs: 262 52,n = 4,

p < 0.01, Fig. 7A). Densitometric analysis of immunoblots re-

0.01 T vealed an increased immunoreactivity of protein extracts from

16-h rat albumin-pulsed DCs over unpulsed cells, either in cyto-

solic (150%) or in particulate fraction (200%) (Fig. 6).

Thymocytes Thymic APC As shown in Fig. 7B, 16-h rat albumin pulsing significantly

FIGURE 2. iNOS expression and NO production in thymocytes and raised PH]L-citrulline release compared with unpulsed cells

thymic APC. A, Flow cytometric detection of INOS expression (closed (2.95= 0.55 nmol/16 cells,n = 9, p < 0.01 vs unpulsed 1.45

histograms) in thymocytes (left panel) and thymic APC (right panel). Con-0.32 nmol/18 cells,n = 9 (Lewis DCs,n = 5 experiments; WF

trol staining (open histograms) was performed without primary Ab. ResultsDCs,n = 4 experiments)), indicating an increased NO biosynthe-

are representative of four similar experimei@s>H]L-citrulline release by sjs. NO production in albumin-pulsed DCs corresponded to a con-

thymocytes and thymic APC after 24-h incubation. Data are meaS§&. centration of NO of about 10—2@M which is equivalent to that

*, p < 0.05 vs thymocytes.

generated by 100M SNAP (23, 47).
Additional experiments were performed to find whether NO
synthesized in response to DC pulsing with self-Ags reflected an
purified DCs confirmed that iINOS immunoreactivity was presentaspecific effect of albumin itself or implied activation of the pro-
both in the cytosol and in association with membrane structuresess of Ag processing and presentation. To this purpose AML,

(data not shown). which inhibits macropinocytosis in DCs (39, 40), or ChlQ, which

Consistent with the expression data, purified thymic DCs pro-blocks presentation of Ags by neutralizing intracellular acidic
duced significant amounts of NO in basal conditions (1:7@.20, = compartments (41, 42), or BfA, which interferes with the egress of

n = 23 experiments). In the latter experiments, DCs from eithemewly synthesized MHC molecules (43—-46), was added before

Lewis rats (n= 12 experiments) or WF rats (A 11 experiments) and maintained throughout the Ag pulsing. As shown in Fij, 7

were used; no difference was found in DC-NO production from theall of the above inhibitors significantly abrogated NO production

two strains. by Ag pulsing.
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negative for class || MHC (AandB).

In the purified DC preparation, all
INOS-positive cells (D) highly ex-
press class Il MHC molecules (C).
Negative controls performed by omit-
ting primary Abs showed no signal
(data not shown). Original magnifica-
tion, X1000. Results are representa-
tive of four similar experiments.

FIGURE 3. Class Il MHC and

iINOS expression in cytocentrifuged
thymic APC and purified DCs. Cells
were stained with anti-class Il MHC
(green) and anti-iNOS (red) mAbs. In
the thymic APC, note two cells (white
arrow) that are INOS positive but
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FIGURE 4. Cytofluorometric analysis of thymic ¥ Thymic M¢ were prepared by adhesion as describedaterials and Methods. Cells were stained
for expression of the indicated molecules (filled histograms) by using primary Abs followed by FITC-conjugated secondary Ab. Control staining (open
histograms) was performed by omitting primary Ab.

To evaluate whether non-self-Ags were capable as well to in1.26 = 0.37; BfA, 0.94+ 0.63, nmol/16 n = 3), whereas AML
duce NO synthesis in DCs, the conversion #f]L-arginine to  had only a partial inhibitory effect (data not shown).
[*H]L-citrulline was evaluated in sperm whale myoglobin-pulsed
DCs. Results showed a 2-fold increase of NO production in myo-
globin-pulsed vs unpulsed DCs (4.01 vs 1.70 nmal/a€lls).

To establish whether loading with peptides from self-class |1 The kinetics of apoptosis induced by different concentrations of the
MHC molecules induced NO biosynthesis in DCs, NO productionNO donor is shown in Fig. 9. After an 8-h incubation, only the
was also evaluated in WF DCs pulsed in vitro with WF class Il highest (1 mM) SNAP concentration induced evaluable apoptosis
MHC peptides. WF class Il MHC peptide loading stimulated NO (after subtracting the percentage of spontaneous apoptosis). After
release, as documented by a significant increastHn {citrulline 15 and 24 h, a significant specific apoptosis was found with all =:
compared with unpulsed DCs (4.62 0.84 nmol/18 cells, p < three SNAP concentrations (Fig. 9). Dexamethasone-treated DP 3
0.05 vs unpulsed 2.1 0.41 nmol/16 cells,n = 7, Fig. § left thymocytes, which served as positive control, showed an averageS
panel). To evaluate whether allogeneic class Il molecules coulaf 55% apoptosis. Negative control experiments in which DP thy-
up-regulate iNOS expression and NO production in DCs as wellmocytes were incubated with SNAP solution (1 mM), disactivated <
DCs from Lewis rats were pulsed with WF class || MHC peptides. overnight at 37°C (23), showed a percentage of apoptosis compa-Z
WEF class Il MHC allopeptides induced up-regulation of INOS ex- rable with untreated cells. Q
pression in Lewis DCs (mean FITC-fluorescence intensity, al- To investigate the effect of TCR engagement on the apoptotic ZB,
lopeptide-pulsed DCs: 565, unpulsed DCs: 336; mean of two exeffect of NO, DP thymocytes cultured for 15 h in anti-CD3-coated S
periments) and NO synthesis (4.39 0.95 nmol/18 cells, p < plates were harvested and recultured in the presence or absence ot
0.05 vs unpulsed 1.7& 0.29 nmol/16 cells,n = 7, Fig. 8,right either 100uM or 1 mM SNAP for 8 h. DP thymocytes cultured for "i
panel) as compared with unpulsed DCs. 15 h with medium and recultured for 8 h with medium served as ©
ChlQ and BfA both completely prevented the effect of WF classcontrols. Results are shown in Fig. 10. As expected, an 8-h incu- §
Il MHC peptides on NO synthesis in WF and Lewis DCs (ChlQ, bation with 100uM or 1 mM SNAP induced no or very little ©

NO-induced apoptosis in DP thymocytes

:dny wouy papeojumoq
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FIGURE 5. Cytofluorometric analysis of thymic purified DCs. Purified DCs were prepared as describkddnals and Methods. Cells were stained

for expression of the indicated molecules (filled histograms) by using primary Abs followed by FITC-conjugated secondary Ab. Control staining (open

histograms) was performed without primary Ab. Results are representative of four similar experiments.
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FIGURE 6. Western blot analysis of INOS in DC lysates. Unpulsed and

rat albumin-pulsed DCs were purified, sonicated in lysis buffer, and cen-

trifuged to obtain soluble and particulate fraction. Aliquots of whole lysates
(WL), cytosol (C), and particulate fraction (P) were subjected to SDS-
PAGE (10ug for each lane) and immunoblotted with anti-INOS Ab. The
blot is representative of two similar experiments. The migration of molec-
ular mass markers in kDa is indicated on thg.
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FIGURE 8. Effect of self- and allopeptides on NO production by puri-
fied thymic DCs.Left, Effect of self-peptide pulsing orfH]L-citrulline
release by purified DCs from WF thymi. A mixture of the four WF class
I MHC peptides (B and D distal domains of tgechain of RTZ, 25 ug/ml

specific apoptosis in cells pre-exposed to medium alone. By conf-or each peptide) was added to WF thymic-adherent cells during overnight

trast, an 8-h reculture of anti-CD3-stimulated thymocytes with 10
uM or 1 mM SNAP dose-dependently increased the percentage

0culture. Cells that detached from the plates during the incubation period
0v}lere collected and purified. Purified DCs were incubated for 24 h with

medium in the presence ofHl]L-arginine. Overnight self-peptide pulsing

apoptoti.c cells as compared W_ith that. of DP thymocytes treate@ignificantly increased the production of NO by DCs compared with un-
with anti-CD3 and recultured with medium. Taken together, thesepu|sed cells. Results are the meanSE of seven experiments, p < 0.05
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FIGURE 7. Effect of rat serum albumin on iINOS expression and NO

vs self-peptide pulsingRight, Effect of allopeptide pulsing orfHl]L-cit-
rulline release by purified DCs from Lewis thymi. A mixture of the four
WF class Il MHC peptides (B and D distal domains of Biehain of RTZ,

25 pg/ml for each peptide) was added to Lewis thymic-adherent cells dur-
ing overnight culture. Cells that detached from the plates during the incu-
bation period were purified and incubated as above. Overnight allopeptide
pulsing significantly increased the production of NO by DCs compared
with unpulsed cells. Results are the meanSE of seven experiments,

p < 0.05 vs allopeptide pulsing.

results suggest that TCR engagement renders DP thymocytes mor
sensitive to NO-induced apoptosis.

Discussion

Clonal deletion, which occurs in the thymus upon recognition of &
self- or allogeneic peptides by maturing T cells, is essential to the €
process of self (2, 10) and acquired transplant tolerance (3, 5-8).
However, the nature of humoral mediator(s) involved in this pro-
cess is still elusive.

We have now provided evidence that thymic DCs possess the
enzymatic machinery for synthesizing NO and are actually a major
source of NO within the thymus. The capacity of DCs to generate
NO was enhanced by exposure to a self-protein and required a

/610" ounuwfB - mmmy/:dny wouy papeojumoq
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301
production by purified thymic DC4, iNOS FACS analysis in rat albumin-
pulsed and unpulsed DCs. Rat albumin (3@9ml) was added to thymic-
adherent cells during overnight culture (16 h). Cells that detached from the 204

plates during the incubation period were collected and purified. Cells were
stained for expression of INOS (filled histograms). Control staining (open
histogram) was performed without the primary Ab. Results are represen-
tative of four similar experimentsB, Effect of rat albumin pulsing on
[®H]L-citrulline release by purified DCs. After a 16-h incubation with rat i
albumin, cells were purified and incubated for 24 h with medium alone in =

the presence offH]L-arginine. Sixteen-hour self-Ag-pulsing significantly éh 15h 24hn

increased the production of NO by DCs compared with unpulsed cellsFIGURE 9. NO-induced apoptosis in DP thymocytes. DP thymocyte
AML (50 M), ChIQ (15 M), and BfA (1 ng/ml), given before the Ag  apoptosis induced by 8-, 15-, and 24-h incubations with the NO donor
pulsing, completely prevented the induction of NO synthesis. VehiclesSNAP at three different doses. DexamethasongNl) induced 55% ap-
(DMSO for AML, medium for ChlQ, and ethanol for BfA) did not show optosis. Values are presented after subtracting spontaneous apoptosis in
any effect. Results are the meansSE of nine experiments:;, p < 0.01 untreated thymocytes (17% at 8 h, 22% at 15 h, and 35% at 24 h on
vs basal;#, p < 0.05 vs rat albumin pulsing. average). Results are the meansSE of three individual experiments.

Apoptotic Cells (percentage)
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CJ45h anti-CD3 + 8h medium (28, 54, 55). Functionally, these cells, in contrast t¢p Mhich
Bl 151, anti-CD3 + 8h SNAP 100uM simply capture Ags, process self- and allogeneic Ags and present
B2 15h ani-OD3 + 8h SNAP 1mM them in a self-restricted MHC fashion (18, 56, 57). These func-
FZ315h medium + 8h SNAP100pM . . . . .

50 - E15h medium + 8h SNAPmMM tional properties, unique to DCs in the thymic parenchyma, render

them instrumental to the complex process of negative selection of
maturing T cell. Thus, in fetal thymic reaggregation culture from
C5  TCR transgenic mice, addition of DCs from Chnice dras
tically reduced CD4/CD8" DP thymocytes, indicating that
self-Ag presented by DCs induced clonal deletion of TCR-specific
thymocytes (53). That thymic DCs actually induce negative selec-
tion events in vivo has been confirmed by data that targeted ex-
pression of class Il MHC I-E molecules specific to DCs do actually
negatively select I-E-reactive T cell clones (19).

Although it is well established that internalization and process-
ing of Ags by thymic DCs are indispensable for negative selection,
FIGURE 10. Enhanced NO-induced apoptosis in DP thymocytes pre-no studies have investigated whether Ag handling generates mes-
exposed to anti-CD3. DP thymocytes cultured for 15 h in anti-CD3-coatedsages within the DC itself which eventually trigger cell activation.
petri dishes or in medium alone were harvested and recultured in the aljy, this study, we show that thymic DC exposure to a self-circu-
sence or presence of SNAP (1p or 1 mM) for 8 h. Values are pre- |54ing Ag, albumin, potently induces iNOS expression and en-
‘T’%nces its capacity to release NO in vitro. The ability of Ag-pulsed

for 15 h with medium and recultured for 8 h with medium. Results are theDC t h their NO theti it letel ]
means+ SE of four individual experiments,, p < 0.01 vs 15-h anti-CD3 S 10 enhance their synthetic capacity was completely pre

+ 8-h medium and 15-h anti-CD3 8-h SNAP (100uM). O, p < 0.01 vs vented by.AML, C.hIQ, and BfA, three agents that effectively b!opk
15-h medium+ 8-h SNAP (100xM and 1 mM). presentation of diverse Ags by DCs (38—40, 45). AML inhibits
macropinocytosis, a process that endows DCs with a high capacity
of a nonsaturable mechanism for capturing any soluble Ag (39,
fully expressed process of Ag internalization, processing, and pre40). ChlQ, by neutralizing intracellular acidic compartments, in-
sentation. Peptides derived from portions of self-class Il MHChibits endocytic function, Ag processing, and invariant chain
molecules up-regulate iINOS expression and NO production byleavage from class Il MHC molecules following peptide binding
DCs as well. Exactly the same was found with an allogeneic com{41, 42), whereas BfA interferes with the egress of newly synthe-
bination of class Il MHC molecules and DCs, suggesting a possisized class Il molecules from the endoplasmic reticulum (43—46).
ble role of NO in both self and acquired tolerance. The functionalThus, our data indicate that induction of INOS and NO release by
implication of these findings in thymic pathophysiology rests onrat albumin is dependent on processing of the self-Ag by DCs,
additional data that exogenous NO induced apoptosis of rat DRlthough it cannot be established which event along the Ag-pro-
thymocytes in a dose- and time-dependent fashion. cessing pathway triggers iNOS induction. According to our data,
NO appears to be an ideal messenger for cell to cell interactionfNOS up-regulation occurs at a late stage during Ag processing; <
within the thymic parenchyma according to the following argu- indeed, maximal iINOS expression in DCs was found after a 16-h é
ments: 1) It is synthesized and released upon cell activation (48&xposure to albumin, when Ag processing has been completed andﬁ
49) and has a very short half-life (50). This would confine the Ag peptides are being presented on class Il MHC molecules (58). g
effect of NO in the thymus to cells close enough to the ones ini-Unpulsed thymic DCs express iNOS although at a lesser degree_,
tially activated. 2) Induction of apoptosis by NO in DP thymocytes than Ag-pulsed DCs and immunohistochemistry findings showed E—
(Refs. 23 and 24 and present data) is prompt, whereas single-potNOS-positive cells, with dendritic morphology, in the normal rat 3
itive mature T cells areesistant (23). 3) TCR engagement rendersthymus. This finding can be taken as to suggest that iNOS expres-n
DP thymocytes more sensitive to the apoptotic effect of NO (Ref. 24sion in DCs is induced in vivo by endogenous thymic Ags.
and present data). Thus, the effect of NO is maximal on cells ready to When thymic DCs were exposed to either self- or allogeneic
be clonally deleted in response to self- or allogeneic peptide-TCRelass Il MHC peptides, up-regulation of INOS and NO release was
mediated recognition, as a function of its different impact dependingbserved to an extent comparable to that elicited by albumin puls-
on the T cell maturation step and TCR engagement. ing. Again, ChlQ and BfA completely blocked NO synthesis up-
Previous data (23, 24, 50) on the cell source of NO within theregulation by self- and allogeneic peptides. Recent work with
thymus are fragmentary and inconclusive. Immunohistochemistrynouse, rat, and human peptides representing portions of the poly-
analysis in this study showed that INOS was expressed in the nomorphic regions of class | and Il MHC molecules indicate that
mal adult rat thymus and the signal was mostly localized in theexogenous self-peptides and allopeptides are taken up by APC and
corticomedullary and medullary regions. Further analysis of dif-presented in a self-MHC bhinding site for recognition after endog-
ferent thymic cell populations showed that APC, largely repre-enous pinocytosis, processing in the Golgi, and transport to the cell
sented by DCs and M, express INOS and generate NO even surface (59—-63). In an earlier study, we found that thymic recog-
constitutively soon after isolation. By contrast, NO production by nition of class Il MHC allopeptides is sufficient for induction of
thymocytes is negligible and occasionally undetectable. Two diftolerance in the rat renal allograft model (7). Further studies on the
ferent phenotypes were identified within APC, both INOS positive.mechanisms of acquired thymic tolerance by class Il MHC al-
The prevailing phenotype was class Il MHC highly positive andlopeptides showed that the induction phase depended on the pres-
had a high nuclear:cytoplasmic ratio and long cytoplasmic pro-ence of an intact thymus and at least partially on a process of T cell
cesses (dendrites), recapitulating the main characteristics of DCanergy, whereas the maintenance phase implied clonal deletion of
(30, 51, 52). Less common were cells with immunophenotype andpecific alloreactive T cell clones (64).
morphologic characteristics of residentM53). TCR-mediated recognition of self-MHC-peptide complexes is
DCs represent a unique cell population in the thymus constituinstrumental to negative selection so that thymocytes that express
tively designed to express class | and class Il MHC at high levelsSTCR with high avidity for MHC/peptide undergo apoptosis (65).
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However, it is also clear that additional signals, other than the 6.
TCR-mediated ones, are required to determine whether thymo-
cytes will undergo clonal deletion or maturation and that such 7.
signals are provided by APC (65). That NO produced by thymic
DCs upon Ag processing and presentation may function as a mol-
ecule that delivers such an additional signal is supported by theg,
finding that administration of exogenous NO greatly increased ap-
optosis in anti-TCR Ab-stimulated DP thymocytes, whereas DP 4
thymocytes that did not have their TCR engaged were less sensi-
tive. If this were true, it is possible to hypothesize that thymocytes,
that express TCR with high avidity for a given presented Ag, re-;,
spond to NO and undergo negative selection whereas those with
low affinity are spared. 11.

NO-mediated apoptosis was reported in several cell types in-
cluding macrophages (66), lymphocyte cell lines (67, 68), pancre-
atic B cells (69), and mouse thymocytes (23). Although mecha-1%
nisms of NO-mediated apoptosis are still controversial, activation
of tumor suppressor protein p53 (70), inhibition of the proteasomes.
(70), impairment of mithocondrial function and energy depletion
(71), direct DNA damage by deamination and cross-linking of
DNA (72), and activation of caspase cascade (67, 68), all haves.
been proposed. Preliminary experiments in our laboratory showing
that exposure of DP thymocytes to exogenous NO activates
caspases 3 and 6 and particularly caspase 8 (S. Aiello, M. Norisé.
and G. Remuzzi, unpublished observations) support a role for
caspase cascade activation in NO-induced DP thymocyte apopta7.
sis. Consistently, treatment of DP thymocytes with z-VAD-fmk (a
broad-spectrum caspase inhibitor) partially prevented NO-induce
apoptosis (Aiello et al. unpublished observations). On the otheig,
hand, other studies in rat hepatocytes (73) and human mature lym-
phocytes (74) have shown that NO can even suppress apoptosis via
a direct inhibition of caspases activation (75, 76), indicating thatyo.
not all cell types are equally sensitive to the apoptotic effect of NO.

A recent study showed that thymocyte apoptosis and animaj,
survival after induction of polymicrobial abdominal sepsis is sig-
nificantly less in animals lacking iINOS as compared with wild- 22-
type mice, providing in vivo evidence that NO has indeed a role in
mediating thymocyte apoptosis and selection (77).

In summary, the information from the present study and from
few other studies (23, 24) can be used to support the possibility,
that, upon self- and alloantigen processing, DCs up-regulate iNOS
and enhance NO synthesis. Engagement of TCR with specific Ags
sensitizes reactive T cell clones to the apoptotic properties of parass
crinally released NO.

23.

Acknowledgments

We are grateful to Dr. Lorenzo Gallon for helpful technical advice, Nadia
Azzollini and Angela Pezzotta for expert animal care, Dr. Mario Bontem- 57
pelli for invaluable help with FACS analysis, and Dr. Judy Baggott for
editing this manuscript.

26.

28.

References

1. Matzinger, P., and S. Guerder. 1989. Does T-cell tolerance require dedicate

antigen-presenting cellRature 338:74.

Khoury, S. J., L. Gallon, W. Chen, K. Betres, M. E. Russel, W. W. Hancock,

C. B. Carpenter, M. H. Sayegh, and H. L. Weiner. 1995. Mechanisms of acquired

thymic tolerance in experimental autoimmune encephalomyelitis: thymic den-31.

dritic-enriched cells induce specific peripheral T cell unresponsiveness in vivo.

J. Exp. Med. 182:357.

. Remuzzi, G., and N. Perico. 1995. Immunotolerance: from new knowledge of32.
mechanisms of self-tolerance to future perspectives for induction of renal trans-
plant toleranceExp. Nephrol. 3:319.

. Naji, A. 1996. Induction of tolerance by intrathymic inoculation of alloantigen. 33.
Curr. Opin. Immunol. 8:704.

. Fiedor, P., M.-X. Jin, M. A. Hardy, and S. F. Oluwole. 1997. Dependence of
acquired systemic tolerance to rat islet allografts induced by intrathymic soluble34.
alloantigens on host responsiveness, MHC differences, and transient immuno-
suppression in the high responder recipidiransplantation 63:279.

29.
d

30.
2.

98. Ardavin, C. 1997. Thymic dendritic cellsnmunol. Today 18:350.

. Stockinger, B., and B. Hausmann. 1994. Functional recognition of in vivo pro-

4657

Oluwole, S. F., N. C. Chowdhury, M.-X. Jin, and M. A. Hardy. 1993. Induction
of transplantation tolerance to rat cardiac allografts by intrathymic inoculation of
allogeneic soluble peptide$ransplantation 56:1523.

Sayegh, M. H., N. Perico, O. Imberti, W. W. Hancock, C. B. Carpenter, and
G. Remuzzi. 1993. Thymic recognition of class Il major histocompatibility com-
plex allopeptides induces donor-specific unresponsiveness to renal allografts.
Transplantation 56:461.

Remuzzi, G., M. Rossini, O. Imberti, and N. Perico. 1991. Kidney graft survival
in rats without immunosuppressants after intrathymic glomerular transplantation.
Lancet 337:750.

. Remuzzi, G., M. Noris, A. Benigni, O. Imberti, M. H. Sayegh, and N. Perico.

1994. Thromboxane Areceptor blocking abrogates donor-specific unresponsive
ness to renal allografts induced by thymic recognition of major histocompatibility
allopeptidesJ. Exp. Med. 180:1967.

Saito, T., and N. Watanabe. 1998. Positive and negative thymocyte selection.
Crit. Rev. Immunol. 18:359.

Sospedra, M., X. Ferrer-Francesch, O. Dominguez, M. Juan, M. Foz-Sala, and
R. Pujol-Borrell. 1998. Transcription of a broad range of self-antigens in human
thymus suggests a role for central mechanisms in tolerance toward peripheral
antigens.J. Immunol. 161:5918.

Sebza, E., V. A. Wallace, J. Mayer, R. S. M. Yeung, T. W. Mak, and P. S. Ohashi.
1994. Positive and negative thymocyte selection induced by different concentra-
tions of a single peptideScience 263:1615.

Sprent, J., and S. R. Webb. 1995. Intrathymic and extrathymic clonal deletion of
T cells. Curr. Opin. Immunol. 7:196.

14. Chen, W., S. Issazadeh, M. H. Sayegh, and S. J. Khoury. 1997. In vivo mecha-

nism of acquired toleranc€ell Immunol. 179:165.

Fluck, N. C., N. D. Jones, A. L. Mellor, P. J. Morris, and K. J. Wood. 1997.
Thymic events following intrathymic injection of alloantigen elucidated using
TCR transgenic mice. IfProceedings of XVI International Congress of Trans-
plantation Society August 25-30, 19%arcelona, Spain.

Chen, W., M. H. Sayegh, and S. J. Khoury. 1998. Mechanism of acquired thymic
tolerance in vivo: intrathymic injection of antigen induces apoptosis of thymo-
cytes and peripheral T cell anergy. Immunol. 160:1504.

Degermann, S., C. D. Surh, L. H. Glimcher, and J. Sprent. 1994. B7 expression
on thymic medullary epithelium correlates with epithelium-mediated deletion of
V5" thymocytes.J. Immunol. 152:3254.

Broecker, T., M. Riedinger, and K. Karjalainen. 1997. Targeted expression of
major histocompatibility complex (MHC) class Il molecules demonstrates that
dendritic cells can induce negative but not positive selection of thymocytes in
vivo. J. Exp. Med. 185:541.

Guery, J. C., and L. Adorini. 1995. Dendritic cells are the most efficient in pre-
senting endogenous naturally processed self-epitopes to class Il-restricted T cells.
J. Immunol. 154:536.

cessed self antigefnt. Immunol. 6:247.

Muller, P., J. Shumacher, and B. A. Kyewski. 1993. Half life of antigen/major
histocompatibility complex class Il complexes in vivo: intra- and interorgan vari-
ations.Eur. J. Immunol. 23:3203.

Fehsel, K., K. D. Kroncke, K. L. Meyer, H. Huber, V. Wahn, and
V. Kolb-Bachofen. 1995. Nitric oxide induces apoptosis in mouse thymocytes.
J. Immunol. 155:2858.

Tai, X-G., K. Toyo-oka, N. Yamamoto, Y. Yashiro, J. Mu, T. Hamaoka, and
H. Fujiwara. 1997. Expression of an inducible type of nitric oxide (NO) synthase
in the thymus and involvement of NO in deletion of TCR-stimulated double-
positive thymocytes]. Immunol. 158:4696.

Lu, L., C. A. Bonham, F. G. Chambers, S. C. Watkins, R. A. Hoffman,
R. L. Simmons, and A. W. Thomson. 1996. Induction of nitric oxide synthase in
mouse dendritic cells by IFN; endotoxin, and interaction with allogeneic T
cells.J. Immunol. 157:3577.

Chao, N. J., L. Timmerman, H. O. McDevitt, and C. O. Jacob. 1989. Molecular
characterization of MHC class Il antigen31(domain) in the BB diabetes-prone
and resistant ralmmunogenetics 29:231.

Banuls, M. P., A. Alvarez, |. Ferrero, A. Zapata, and C. Ardavin. 1993. Cell-
surface marker analysis of rat thymic dendritic cellsmunology 79:298.

Crowley, M., K. Inaba, M. Witmer-Pack, and R. M. Steinman. 1989. The cell
surface of mouse dendritic cells: FACS analyses of dendritic cells from different
tissues including thymusCell Immunol. 118:108.

Jenkinson, E. J., G. Anderson, and J. J. T. Owen. 1992. Studies on T cell mat-
uration on defined thymic stromal cell population in vitdo Exp. Med. 176:845.
Josien, R., M. Heslan, J-P. Soulillou, and M. C. Cuturi. 1997. Rat spleen dendritic
cells express natural killer cell receptor protein 1(NKR-P1) and have cytotoxic
activity to select targets via a €4-dependent mechanisth. Exp. Med. 186:467.
Gauvrielli, Y., Y. Sherman, and S. A. Ben-Sasson. 1992. Identification of pro-
grammed cell death in situ via specific labeling of nuclear DNA fragmentation.
J. Cell Biol. 119:493.

King, L. B., M. S. Vacchio, R. Hunziker, D. H. Margulies, and J. D. Ashwell.
1995. A targeted glucocorticoid receptor antisense transgene increases thymocyte
apoptosis and alters thymocyte developménmunity 5:647.

Aiello, S., M. Noris, M. Todeschini, S. Zappella, C. Foglieni, A. Benigni,
D. Corna, C. Zoja, D. Cavallotti, and G. Remuzzi. 1997. Renal and systemic
nitric oxide synthesis in rats with renal mass reductiditiney Int. 52:171.
Vodovotz, Y., D. Russell, Q.-W. Xie, C. Bogdan, and C. Nathan. 1995. Vescicle
membrane association of nitric oxide synthase in primary mouse macrophages.
J. Immunol. 154:2914.

8102 ‘6T AInc uo 18nb Aq /610" jounwiw i [:mmm//:dny wody papeo jumoq


http://www.jimmunol.org/

4658

Ag CHALLENGE AND NO PRODUCTION IN THYMIC DC

35. Noris, M., A. Benigni, P. Boccardo, S. Aiello, F. Gaspari, M. Todeschini, 55. Bancherau, J., and R. M. Steinman. 1998. Dendritic cells and the control of

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

M. Figliuzzi, and G. Remuzzi. 1993. Enhanced nitric oxide synthesis in uremia:

implications for platelet dysfunction and dialysis hypotensiiuney Int. 44: 56.

445,

Inaba, K., M. Witmer-Pack, M. Inaba, K. S. Hathcock, H. Sakuta, M. Azuma, 57.

H. Yagita, K. Okumura, P. S. Linsley, S. Ikehara, et al. 1994. The tissue distri-
bution of the B7-2 costimulator in mice: abundant expression on dendritic cells

in situ and during maturation in vitrdl. Exp. Med. 180:1849. 58.

Witmer-Pack, M. D., J. Valinsky, W. Olivier, and R. M. Steinman. 1988. Quan-
titation of surface antigens on cultured murine epidermal Langherans cells: rapid

and selective increase in the level of surface MHC productsivest. Dermatol. 59.

90:387.
Puré, E., K. Inaba, M. T. Crowley, L. Tardelli, M. D. Witmer-Pack, G. Ruberti,
G. Fathman, and R. M. Steinman. 1990. Antigen processing by epidermal Lang-

herans cells correlates with the level of biosynthesis of major histocompatibility 60.

complex class Il molecules and expression of invariant chhiBxp. Med. 172:
1459.

Sallusto, F., M. Cella, C. Danieli, and A. Lanzavecchia. 1995. Dendritic cells use61.

macropinocytosis and the mannose receptor to concentrate macromolecules in the

major histocompatibility complex class Il compartment: downregulation by cy- 62.

tokines and bacterial products. Exp. Med. 182:389.
Brossart, P., and M. J. Bevan. 1997. Presentation of exogenous protein antigens

on major histocompatibility complex class | molecules by dendritic cells: path- 63.

way of presentation and regulation by cytokinB&ood 90:1594.
Wibo, M., and B. Poole. 1974. Protein degradation in cultured cells. 1l. The

uptake of chloroquine by rat fibroblasts and the inhibition of cellular protein 64.

degradation and cathepsin B. Cell Biol. 63:430.
Ziegler, H. K., and E. R. Unanue. 1982. Decrease in macrophage antigen catab-

olism caused by ammonia and chloroquine is associated with inhibition of antigerg5s.

presentation T cellfProc. Natl. Acad. Sci. USA 79:175.

Lippincott-Schwartz, J., J. G. Donaldson, A. Schweizer, E. G. Berger, H.-P.66.

Hauri, L. C. Yuan, and R. D. Klausner. 1990. Microtubule-dependent retrograde

transport of proteins into the ER in the presence of brefeldin A suggests an ER57.

recycling pathwayCell 60:821.
Griffin, J. P., R. Chu, and C. V. Harding. 1997. Early endosomes and a late
endocytic compartment generate different peptide-class I MHC complexes via

distinct processing mechanisnds.Immunol. 158:1523. 68.

Shen, Z., G. Reznikoff, G. Dranoff, and K. L. Rock. 1997. Cloned dendritic cells
can present exogenous antigens on both MHC class | and class Il molecules.

J. Immunol. 158:2723. 69.

Adorini, L., J. Moreno, F. Momburg, G. J. Hammerling, J.-C. Guery, A. Valli,
and S. Fuchs. 1991. Exogenous peptides compete for the presentation of endog-

enous antigens to major histocompatibility complex class ll-restricted T cells.70.

J. Exp. Med. 174:945.
Haddad, I. Y., J. P. Crow, P. Hu, Y. Ye, J. Beckman, and S. Matalon. 1994.

Concurrent generation of nitric oxide and superoxide damages surfactant proteirl.

A. Am. J. Physiol. 267:L.242.
Marletta, M. A. 1994. Nitric oxide synthase: aspects concerning structure and

catalysis.Cell 78:927. 72.

Nathan, C., and Q.-W. Xie. 1994. Nitric oxide synthases: roles, tolls and controls.
Cell 78:915.

Moncada, S., and A. Higgs. 1993. Tiharginine-nitric oxide pathwayN. Engl. 73.

J. Med. 329:2002.
Chen-Woan, M., C. P. Delaney, V. Fournier, Y. Wakizaka, N. Murase, J. Fung,

T. E. Starzl, and A. J. Demetris. 1996. In vitro characterization of rat bone mar-74.

row-derived dendritic cells and their precursafsLeukocyte Biol. 59:196.
Hart, D. N. J. 1997. Dendritic cells: unique leukocyte populations which control

the primary immune responsBlood 90:3245. 75.

Volkmann, A., T. Zal, and B. Stockinger. 1997. Antigen-presenting cells in the

thymus that can negatively select MHC class IlI-restricted T cells recognizing a76.

circulating self antigend. Immunol. 158:693.
Vremec, D., M. Zorbas, R. Scollay, D. Saunders, C. F. Ardavin, L. Wu, and

K. Shortman. 1992. The surface phenotype of dendritic cells purified from mouse77.

thymus and spleen: investigation of the CD8 expression by a subpopulation of
dendritic cellsJ. Exp. Med. 176:47.

immunity. Nature 392:245.

Ingulli, E., A. Mondini, A. Khoruts, and M. K. Jenkins. 1997. In vivo detection

of dendritic cell antigen presentation to CDZ cells.J. Exp. Med. 185:2133.
Mazda, O., Y. Watanabe, J.-I. Gyotoku, and Y. Katsura. 1991. Requirement of
dendritic cells and B cells in the clonal deletion of Mis-reactive T cells in the
thymus.J. Exp. Med. 173:539.

Davidson, H. W., P. A. Reid, A. Lanzavecchia, and C. Watts. 1991. Processed
antigen binds to newly synthesized MHC class Il molecules in antigen-specific B
lymphocytes Cell 67:105.

Sayegh, M. H., S. J. Khoury, W. W. Hancock, H. L. Weiner, and C. B. Carpenter.
1992. Induction of immunity and oral tolerance with polymorphic class Il major
histocompatibility complex allopeptides in the r&roc. Natl. Acad. Sci. USA
89:7762.

Benichou, G., P. A. Takizawa, P. T. HO, C. C. Killio, M. McMillan, and

E. E. Sercarz. 1990. Immunogenicity and tolerogenicity of self-major histocom-
patibility complex peptides]. Exp. Med. 172:1341.

Nuchtern, J. G., W. E. Biddison, and D. Klausner. 1990. Class Il MHC molecules
can use the endogenous pathway of antigen presentatainre 343:74.

Olson, C. A, L. C. Williams, E. McLaughlin-Taylor, and M. McMillan. 1989.
Creation of H-2 class | epitopes using synthetic peptides: recognition by allo-
reactive cytotoxic T lymphocyte®roc. Natl. Acad. Sci. USA 86:1031.

Parham, P., C. Clayberger, L. Zorn, D. S. Ludwig, G. K. Schoolnik, and
A. M. Krensky. 1987. Inhibition of alloreactive cytotoxic T lymphocytes by
peptides from thex2 domain of HLA-A2.Nature 325:625.

Sayegh, M. H., N. Perico, L. Gallon, O. Imberti, W. W. Hancock, G. Remuzzi,
and C. B. Carpenter. 1994. Mechanism of acquired thymic unresponsiveness to
renal allograftsTransplantation 58:125.

Amsen, D., and A. M. Kruisbeek. 1998. Thymocyte selection: not by TCR alone.
Immunol. Rev. 165:209.

Albina, J. E., S. Cui, R. B. Mateo, and J. S. Reichner. 1993. Nitric oxide-mediated
apoptosis in murine peritoneal macrophagedmmunol. 150:5080.

Chlichlia, K., M. E. Peter, M. Rocha, C. Scaffidi, M. Bucur, P. H. Krammer,
V. Schirrmacher, and V. Umansky. 1998. Caspase activation is required for nitric
oxide-mediated, CD95(APO-1/Fas-)-dependent and independent apoptosis in hu-
man neoplastic lymphoid cell&lood 91:4311.

Takeda, Y., M. Tashima, A. Takahashi, T. Uchiyama, and T. Okazaki. 1999.
Ceramide generation in nitric oxide-induced apoptosis. Activation of magnesium-
dependent neutral sphingomyelinase via caspaseBiol. Chem. 274:10654.
McDaniel, M. L., J. A. Corbett, G. Kwon, and J. R. Hill. 1997. A role for nitric
oxide and other inflammatory mediators in cytokine-induced pancreatic beta-cell =,
dysfunction and destructiodv. Exp. Med. Biol. 426:313.

Glogkzin, S., A. von Knethen, M. Scheffner, and B. Brune. 1999. Activation of
the cell death program by nitric oxide involves inhibition of the proteasome.
J. Biol. Chem. 274:19581.

Stadler, J., R. Dochoa Curran, J.B., B. G. Harbrecht, and R. A. Hoffman. 1991. o
Effect of endogenous nitric oxide on mitochondrial respiration of rat hepatocytes @
in vitro and in vivo.Arch. Surg. 126:186. o
Nguyen, T., D. Brunson, C. L. Crespi, B. W. Penman, J. S. Wishnok, and ‘<
S. R. Tannenbaum. 1992. DNA damage and mutation in human cells exposed to ‘2
nitric oxide in vitro. Proc. Natl. Acad. Sci. USA 89:3030.

Kim, Y-M., T. H. Kim, D. W. Seol, R. V. Talanian, and T. R. Billiar. 1998. Nitric
oxide suppression of apoptosis occurs in association with an inhibition of Bcl-2
cleavage and cytochrome c releadeBiol. Chem. 273:31437.

Mannick, J. B., K. Asano, K. Izumi, E. Kieff, and J. S. Stamler. 1994. Nitric oxide
produced by human B lymphocytes inhibits apoptosis and Epstein-Barr virus
reaction.Cell 79:1137.

Kim, Y.-M., C. A. Bombeck, and T. R. Billiar. 1999. Nitric oxide as bifunctional
regulator of apoptosi<Circ. Res. 84:253.

Li, J., C. A. Bombeck, S. Yang, Y.-M. Kim, and T. R. Billiar. 1999. Nitric oxide
suppresses apoptosis via interrupting caspase activation and mitochondrial dys-
function in cultured hepatocyted. Biol. Chem. 274:17325.

Cobb, J. P, R. S. Hotchkiss, P. E. Swanson, K. Chang, Y. Qiu, V. E. Laubach,
I. E. Karl, and T. G. Buchman. 1999. Inducible nitric oxide synthase (iNOS) gene
deficiency increases mortality of sepsis in miSeirgery 126:438.

MMM//:d1Y Wol) papeojumoq

jountuwi

§)

8102 ‘6T AInC uo 159


http://www.jimmunol.org/

