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Tolerance to self-antigens present in apoptotic cells is critical to
maintain immune-homeostasis and prevent systemic autoimmu-
nity. However, mechanisms that sustain self-tolerance are poorly
understood. Here we show that systemic administration of apo-
ptotic cells to mice induced splenic expression of the tryptophan
catabolizing enzyme indoleamine 2,3-dioxygenase (IDO). IDO ex-
pression was confined to the splenic marginal zone and was
abrogated by depletion of CD169+ cells. Pharmacologic inhibition
of IDO skewed the immune response to apoptotic cells, resulting in
increased proinflammatory cytokine production and increased ef-
fector T-cell responses toward apoptotic cell-associated antigens.
Presymptomatic lupus-prone MRLlpr/lpr mice exhibited abnormal
elevated IDO expression in the marginal zone and red pulp and
inhibition of IDO markedly accelerated disease progression. More-
over, chronic exposure of IDO-deficient mice to apoptotic cells
induced a lupus-like disease with serum autoreactivity to dou-
ble-stranded DNA associated with renal pathology and increased
mortality. Thus, IDO limits innate and adaptive immunity to apo-
ptotic self-antigens and IDO-mediated regulation inhibits inflam-
matory pathology caused by systemic autoimmune disease.

inflammation | macrophage

Macrophages (MΦ) are innate scavenging cells that are im-
portant in maintenance of tolerance to self. Mechanistically,

it is unknown how MΦs contribute to self-tolerance although it
is evident that clearance is necessary and must lead to regulation
rather than adaptive immunity. In this vein it has been shown that
interaction of apoptotic cells with MΦs results in the induction of
an anti-inflammatory response dominated by TGF-β, which sup-
presses proinflammatory cytokine production (1, 2). However,
the molecular mechanisms by which capture of apoptotic cells
trigger immune suppression in vivo is unknown. Moreover, known
mechanisms, such as exposure of phosphatidyl serine and TGF-β
production, do not explain how tolerance is maintained at the
molecular level.
Apoptotic cells in circulation are trapped and removed in

the marginal zone (MZ) of the spleen (3). The MZ is populated
by specialized MΦs tightly associated with the reticular mesh-
work. These MΦ are defined by constitutive expression of either
the scavenger macrophage receptor with collagenous structure,
MARCO, or the metallophillic macrophage marker, MOMA-1
(4–6). The importance of MZ MΦs (MZMs) in apoptotic cell
removal and tolerance was illustrated by our recent findings that
their depletion significantly changed the immune response to
apoptotic cells altering localization, increasing proinflammatory
cytokine production, and enhancing phagocytosis and phagocyte
activation (7). Similarly, in related studies deletion of MARCO+

and MOMA-1+ MZMs retarded the clearance of apoptotic
material and abrogated tolerance to apoptotic cell-associated
antigens in a mouse model of experimental autoimmune en-
cephalomyelitis (8). Thus, defective MZM-mediated apoptotic
cell capture and removal appears to have significant impact on
immune homeostasis toward systemic self-antigens.
MΦs and dendritic cells (DCs) can promote tolerance by ac-

quiring regulatory phenotypes that influence both innate and

adaptive immunity. One potential regulatory mechanism is ex-
pression of the tryptophan catabolizing enzyme indoleamine 2,3-
dioxygenase (IDO). IDO activity suppresses effector T-cell re-
sponses, promotes regulatory T-cell (Treg) differentiation and
activation, and inhibits IL-6 production by DCs (9–11). IDO ex-
pression can be induced in MΦs, DCs, and stromal cells by a
variety of stimuli including Toll-like receptor ligation with sub-
sequent IFN production (α and γ) and IDO functional activity is
induced and enhanced by TGF-β (10, 12–14). Moreover, apo-
ptotic cells can induce IDO in bone marrow-derived DCs by an
IFN-γ–driven mechanism in vitro (15). However, it is not known
what the relevance of this finding is for either apoptotic cell-
driven IDO expression or immune suppression in vivo.
In this article we show that apoptotic cells induced IDO ex-

pression in splenic MZMs and that IDO is essential to limit in-
nate and adaptive T-cell responses to antigens on apoptotic cells.
Moreover, we demonstrate that IDO is required for limiting
inflammatory pathology associated with systemic autoimmunity
and preventing apoptotic cell-driven autoimmunity in otherwise
healthy mice.

Results
Apoptotic Cells Induce IDO Expression in the Splenic MZ. Adminis-
tering apoptotic cells to mice generally promotes anti-inflamma-
tory responses and immune tolerance (2, 8). However, if mice are
depleted of MZMs, then challenge with apoptotic cells elicits a
proinflammatory cytokine response, resulting in fulminate auto-
immunity (7).
IDO activity can be induced by TGF-β (12), and apoptotic cells

can induce IDO expression in bonemarrow-derivedDC coculture
in vitro (14, 15). Thus, we hypothesized that apoptotic cells might
induce IDO expression in phagocytes after engulfment in vivo. As
most particulate material >1 μm administered systemically is
trapped in the splenic MZ, we examined IDO expression in this
region 18 h after systemic administration of apoptotic thymocytes.
Immunofluorescent staining of mice before apoptotic cell chal-
lenge showed that there is no detectible IDO under basal con-
ditions (Fig. 1A). In contrast, 18 h after injection of apoptotic cells
staining for IDO revealed a prominent expression pattern con-
fined to the MZ and outer edge of the follicle. To test if IDO
expression was dependent on the presence of MZMs, we used
a transgenic model in which the human diptheria toxin receptor is
expressed on CD169+ cells (8). We found that administration of
diptheria toxin depleted MARCO+ and MOMA-1+ MZMs but
did not affect follicular structure or CD11c+ DC populations in
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the spleen (Fig. 1B). When apoptotic cells were administered to
MZM-depleted mice, there was a complete abrogation of IDO
induction (Fig. 1A, c), suggesting IDO expression was dependent
on the presence of MZMs. To test whether IDO was expressed by
MZMs directly, sections were stained for IDO and costained for
MOMA-1, MARCO, CD11c, and F4/80. The fluorescence pat-
tern showed that IDO overlapped with MARCO+ MΦs and not
with MOMA-1+ or F4/80+ MΦs or CD11c+ DCs (Fig. 1C).
Immunostaining was confirmed by FACS-sorting SignR1+ mac-
rophages (a surface marker identifying MARCO+ MZMs) and
examining IDO1 message levels because SignR1+ MΦs showed
a sevenfold increase in IDO message by RT-PCR 18 h after ap-
optotic thymocyte injection (Fig. 1D). In contrast, there was no
appreciable increase in IDO expression in MOMA-1+ MΦs,
CD11c+ DCs, or F4/80+ MΦs.

IDO Inhibits Inflammatory Responses to Apoptotic Cells. We pre-
viously showed that the response to apoptotic cells is profoundly
altered in the absence of MZMs, resulting in pronounced
proinflammatory cytokine production (7). Because IDO is in-
duced in the MZ in response to apoptotic cells, we asked whether
IDO is mechanistically required to suppress inflammation in
this setting.
Mice were treated with the IDO inhibitor 1-methyl-D-trypto-

phan (D1MT) in drinking water and injected intravenously with
2 × 107 apoptotic cells. Eighteen hours later we measured levels

of TNF-α, IL-6, IL-10, IL-12p40, and TGF-β in the spleen. In
control mice, injection of apoptotic cells induced significant TGF-
β and IL-10 with a lower induction of IL-6, IL-12p40, and TNF-α,
as previously reported (Fig. 2A) (7). In contrast, when IDO ac-
tivity was inhibited, there was a significant reduction in TGF-β
and IL-10 protein relative to control apoptotic-cell–injected mice,
and highly significant increases in proinflammatory cytokine
production. In particular, TNF-α levels were threefold-greater in
IDO-inhibited vs. control mice receiving apoptotic cells. When we
examined cytokine message in DC and MZM populations, we
found that apoptotic cells induced IL-10 mRNA in both CD8+

and CD8neg DCs, as well as SignR1+ MZMs (Fig. 2B), but in-
hibition of IDO reduced IL-10 message induction by a factor
of 10. Moreover, IDO inhibition increased TNF-α, IL-6, and
IL-12p40 mRNA primarily in SignR1+ MZMs (Fig. 2B). Thus,
blocking IDO had a marked impact on the splenic cytokine
response to apoptotic cells, which appears to primarily affect
SignR1+ MZMs.
When we examined TGF-β mRNA in splenic DCs and MZMs,

the data showed that CD8α+ DCs had significant induction (60-
fold) relative to basal TGF-β (Fig. 2C). This finding was in
marked contrast to CD8αneg DCs and SignR1+ MΦs, which
showed little change in TGF-β mRNA after apoptotic cell in-
jection. In agreement with our cytokine ELISA data, inhibition
of IDO reduced TGF-β mRNA sixfold after apoptotic cell
challenge in CD8α+ DCs compared with controls (Fig. 2C).
Thus, the data suggested CD8α+ DCs are a significant source of
TGF-β after exposure to apoptotic cells, and blockade of IDO
attenuates the TGF-β response in these cells. Moreover, because
CD8+ DCs are not the source of IDO expression, this result
indicates IDO may act in a paracrine fashion, influencing TGF-β
production after challenge with apoptotic cells.
IDO can modulate immune responses via reduction of envi-

ronmental tryptophan and subsequent activation of the stress-
response kinase general control nonrepressed (GCN) 2 (9).
GCN2 alters the transcriptional profile inducing expression of the
transcription factor CCAAT/enhancer-binding protein β-ho-
mologous protein (CHOP) (16). CHOP is important for several
of the observed effects of IDO expression and serves as a marker
of cellular GCN2 activation (9, 17). Eighteen hours after apo-
ptotic cell injection we found significant induction of CHOP
message in SignR1+ macrophages paralleling IDO expression
(Fig. 2C). There was also observed lower-level CHOP induction
in CD8+ DCs with minimal induction in CD8neg DCs. CHOP
expression was dependent on IDO function because pre-
treatment of mice with D1MT significantly reduced CHOP in-
duction. To determine if CHOP was mechanistically involved in
TGF-β induction, we challenged CHOP−/− mice with apoptotic
cells and analyzed TGF-β mRNA. We found that in the absence
of CHOP apoptotic cell challenge failed to induce TGF-βmRNA
over baseline (Fig. 2D). Taken together, these results indicate
IDO expression induces metabolic stress in SignR1+ MΦs after
systemic challenge, with apoptotic cells affecting local DC func-
tion via paracrine mechanisms by tryptophan depletion and
subsequent GCN2 activation.
TGF-β can directly induce IDO in DCs with kinetics that are

slower but sustained for a longer period compared with IFN
stimulation (12). Because IDO inhibition reduced TGF-β pro-
duction after apoptotic cell challenge, it is unlikely that IDO
induction requires TGF-β (Fig. 2A). However, to confirm this
theory, mice were pretreated with anti–TGF-β blocking anti-
bodies 3 h before apoptotic cell injection. TGF-β blockade had
no effect on IDO expression 18 h after challenge (Fig. S1), in-
dicating IDO expression is mechanistically upstream of TGF-β
expression in the apoptotic cell-driven suppression.
IDO can be an important regulator of the adaptive T-cell

response (10, 11); therefore, we examined the impact of IDO
deficiency on the T-cell response to exogenous apoptotic cells
and associated antigens. Wild-type and congenic IDO1−/−

(IDO1-deficient) mice were injected with apoptotic thymocytes
and 3 d after injection we examined CD4+ T-cell and Treg

Fig. 1. Apoptotic cells induce IDO expression in MZMs. (A) Eight-week-old
B6.CD169DTR mice were depleted of MZMs and injected with 5 × 107 apo-
ptotic thymocytes intravenously and 24-h later spleens were snap-frozen and
sections were examined for expression of IDO1. Images are representative for
three mice per group. (a) Sham-injected CD169DTR mouse; (b) diphtheria
toxin-injected littermate control 24 h after injection with apoptotic thymo-
cytes; (c) diphtheria toxin-injected CD169DTRmouse (depleted of MZMs) 24 h
after injection with apoptotic cells. Images are representative for three mice
per group. (B) B6.CD169DTR+ mice were were depleted of MZMs and 2 d later
the spleens were collected and analyzed by flow cytometry and immuno-
fluorescent staining for the presence of B cells (B220), T cells (CD4, CD8), DCs
(CD11c, CD8), red pulp MΦs (F4/80), and MZMs (MARCO, MOMA1). Dot-plots
and images are representative for three mice per group. (C) Spleen sections
from BL/6 mice 24 h after injection with apoptotic thymocytes treated as in
A were costained with antibodies against mouse IDO1 (red) and MARCO,
MOMA-1, CD11c, and F4/80 (all green). Images are representative of three
mice per group. (D) MZM and other splenic phagocytic cells were sorted on
the basis of the markers indicated and RNA was analyzed for levels of IDO1
transcripts by semiquantitative PCR. Values were normalized for β-actin ex-
pression and relative expression compared with control (untreated) SignR1+

MΦs. All experiments were repeated at least twice with similar results.
(Magnification: B, 200×; C, 400×.)
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(FoxP3+) cell numbers and activation. There was a significant
increase in total CD4+ T-cell numbers in IDO−/− mice 3 d after
apoptotic cell administration (Fig. 3A). Moreover, although
CD44 on CD4+ splenic T cells was unchanged or reduced fol-
lowing apoptotic cell transfer in IDO-sufficient animals, there
was a significant increase in splenic CD44highCD4+ T cells in
IDO−/− mice (Fig. 3B). These data were unexpected and suggest
a widespread loss of regulation of CD4+ T-cell responses in the
absence of IDO. In contrast, injection of a single bolus of apo-
ptotic cells did not affect Treg numbers (Fig. 3A).
To directly test the hypothesis that IDO suppressed antigen-

specific CD4+ T-cell responses to apoptotic cells, T-cell receptor
transgenic OTII T cells were adoptively transferred to IDO−/−

and wild-type mice who were challenged with apoptotic oval-
bumen (OVA)-expressing thymocytes. Three days later, OTII
proliferation was assessed by 5-(and 6)-carboxyfluorescein diac-
etate succinimidyl ester (CFSE) dye dilution. In IDO-sufficient
animals, OTII cells did not respond to antigen delivered on
apoptotic cells, as measured by either proliferation (Fig. 3C) or
activation (CD44high cells) (Fig. 3D). In contrast, in IDO-de-
ficient mice, administration of OVA+ apoptotic thymocytes led
to significant proliferation, and increased CD44 expression in the
proliferating T-cell population (Fig. 3 C and D). Thus, taken
together, the data show intact IDO1 activity was required for
normal regulation of T-cell responses and proinflammatory cy-
tokine production in response to apoptotic cells and apoptotic
cell-associated antigens.

IDO Regulates Spontaneous Autoimmune Disease Progression in
Lupus-Prone MRLlpr/lpr Mice. IDO is a counter regulatory mecha-
nism, meaning that it is induced by the proinflammatory signals
that it acts to suppress. Thus, the expression of IDO is often

elevated in settings of chronic inflammation caused by autoim-
mune disease (18–22). Increased IDO in these situations acts to
attenuate harmful inflammation, as shown by the marked exac-
erbation of disease in all of these models when IDO is inhibited.
Lupus-prone Murphy Roths large (MRL)lpr/lpr mice show a pro-
longed period of chronic inflammation and autoimmunity before
the development of overt disease (23–26). We asked whether
IDO function was involved in limiting development of systemic
autoimmune disease in MRLlpr/lpr mice.
In normal mice there is typically little basal IDO activity

detectible in the spleen (as shown in Fig. 1A). In marked contrast,
the spleens of young, presymptomatic MRLlpr/lpr mice demon-
strated a significant constitutive expression of IDO in the red pulp
and the MZ (Fig. 4A). To test the mechanistic role of IDO,
presymptomatic female MRLlpr/lpr mice were treated with the
IDO inhibitor D1MT and monitored for the development of se-
rum autoimmunity. At the beginning of the experiment both
groups of mice exhibited comparable αdsDNA IgG titers (Fig.
4B). After 4-wk of treatment with D1MT, αdsDNA IgG titers
showed a marked increase (10-fold) (Fig. 4B). In control mice
treated with vehicle only, serum αdsDNA IgG activity did not
increase over same period (Fig. 4B). This difference was main-
tained at 6 wk and D1MT administration did not alter total serum
IgG concentrations relative to control groups, indicating that IDO
selectively affected development of autoantibodies (Fig. S2A).
Elevated autoantibody levels in D1MT-treated mice corre-

lated with increased IgG immune-complex deposition in the
kidneys (Fig. 4C, c and d). In contrast, control mice treated with
vehicle showed minimal IgG deposition at week 6 (Fig. 4C, a and
b). Consistent with these findings, histological analysis of Peri-
odic acid-Schiff (PAS) and Mason’s trichrome-stained renal
sections revealed that IDO inhibition led to alteration of the

Fig. 2. Inhibition of IDO increases apoptotic cell induced proinflammatory cytokines. (A) Eight- to 12-week-old female BL6 mice were given water containing
the IDO inhibitor D1MT as described in SI Materials and Methods. After 48 h of treatment, 2 × 107 apoptotic thymocytes were transferred intravenously and
18 h after thymocyte injection spleen was collected and assessed for the cytokines indicated. Bars are mean values for four mice per group ± SD. (B) Mice
treated as in A were sorted 8 and 18 h after challenge and analyzed by semiquantitative PCR for the transcripts indicated. (C) MZMs (i.e., SignR1+ macro-
phages) and CD11c+ DCs from mice treated as in A were sorted and TGF-β or CHOP message levels were determined by semiquantitative PCR. (D) Female BL/6
CHOP−/− mice were challenged with apoptotic thymocytes as in A. Eight and 18 h after challenge, splenic DC and MZM populations were sorted and TGF-β
mRNA levels were determined. *P ≥ 0.05 and **P > 0.01 as determined by Student t test, where indicated. These experiments were repeated at least twice
with similar results.

Ravishankar et al. PNAS | March 6, 2012 | vol. 109 | no. 10 | 3911

IM
M
U
N
O
LO

G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1117736109/-/DCSupplemental/pnas.201117736SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1117736109/-/DCSupplemental/pnas.201117736SI.pdf?targetid=nameddest=STXT


glomerular architecture, with increased presence of collagen,
hypercellularity, and mesangial thickening (Fig. S2B).
YoungMRLlpr/lpr animals treated with D1MT also showed rapid

onset of skin pathology relative to vehicle-treated mice. Histologic
examination of affected areas of skin revealed widespread struc-
tural alterations, including hair-follicle loss, hyperplasia of the
epidermal and dermal layers, and the appearance of numerous
hyaline cysts (Fig. 4C, g, arrow). In contrast, skin from vehicle-
treatedmice at the same age had normal histology (Fig. 4C, e). IgG
deposition has been described in MRLlpr/lpr skin primarily at the
dermal/epidermal junction (27). Skin from D1MT-treated mice
exhibited a greater than twofold increase in fluorescence staining
for IgG (Fig. 4C, h andD) compared with control skin (Fig. 4C, f),
with particular increases at the dermal-epithelial junction (Fig. 4C,
h, arrow). Thus, taking these data together, we find that inhibition
of IDO in presymptomatic MRLlpr/lpr mice caused accelerated loss
of self-tolerance and development of end-organ disease.
Because IDO is expressed at sites of inflammation as a counter

regulatory measure, it is possible that the increased autoimmu-
nity observed upon IDO inhibition was the result of amplification
of pathology associated with target-organ autoimmunity. How-
ever, In contrast to the spleen, when the kidney was examined,
we found only low-level IDO expression, primarily in podocytes
and vascular endothelium (Fig. S2C). When IDO was inhibited,
we did not observe appreciable changes in IDO expression.
Thus, the lack of significant IDO expression in the kidney indi-
cates it is unlikely that IDO inhibition increased autoimmunity
by modulating target organ inflammation.

Chronic Exposure to Apoptotic Cells Breaks Tolerance in IDO-Deficient
Mice. In normal mice, repeated exposure to apoptotic cells does
not lead to pathogenic autoimmunity or a loss of self-tolerance

(28). In contrast, administration of apoptotic material to auto-
immune-prone animals has been shown to exacerbate disease
(29). Genetic ablation of IDO does not in itself render mice
prone to spontaneous development of autoimmune disease (30).
However, it was unknown whether IDO was required to main-
tain self-tolerance when mice were chronically challenged with
apoptotic cells.
To test this theory we injected IDO−/− and wild-type C57BL/6

mice with apoptotic thymocytes twice a week for a period of 5 mo.
In mice with intact IDO the response to apoptotic cells was low
level and self-limiting (Fig. 5A). In contrast, IDO-deficient mice
showed progressive increases in serum αdsDNA IgG and the
development of lethal autoimmunity (Fig. 5 A and B). Death
appeared due to renal pathology, with IDO−/− mice exhibiting
significant perivascular and periglomerular infiltration, mesangial
thickening, glomerular proliferation, and tubular necrosis (Fig.
5C) with increased IgG immune complex deposition, complement
fixation, and protenuria (Fig. 5 D and E). Taken together, these
results identify IDO as a critical factor in the maintenance of
tolerance to self-antigens released by apoptotic cells.

Fig. 3. IDO regulates the T-cell response to apoptotic cell antigens. (A and
B) Female BL/6 and B6.IDO−/− mice were injected intravenously with 107 live
or apoptotic syngeneic thymocytes and 3 d posttransfer the splenic T cells
were evaluated via FACS for CD4 and FoxP3 expression (A) or CD44 ex-
pression on gated CD4+ T cells (B). (C and D) Eight-week-old female mice of
the genotype indicated were injected with 5 × 106 CFSE-labeled MACS pu-
rified Thy1.1+OTII T cells and 48 h later 107 apoptotic thymocytes were
adoptively transferred via caudal vein injection. Three days postinjection the
splenic CD4+ T cells population were examined for extent of OTII pro-
liferation (C) and the Thy1.1+ OTII T cells were examined for CD44 expression
(D). All dot plots and histograms are representative for three mice per group
and bars represent the mean values ± SD. *P ≥ 0.05, **P > 0.01 as de-
termined by the Student t test, where indicated. These experiments were
repeated multiple times with similar results.

Fig. 4. IDO inhibition accelerates systemic autoimmune disease in lupus-
prone MRLlpr/lpr mice. (A) Five-micrometer splenic sections from 8-wk-old
female MRLlpr/lpr mice were stained with antibodies for IDO1 and counter-
stained with DAPI. Images are sections from two unmanupulated MRLlpr/lpr

animals and are representative images for a group of five mice. (B–D) Eight-
week-old female MRLlpr/lpr mice were given the IDO inhibitor D1MT ad
libitum in drinking water and examined over the next 6 wk for the impact on
autoimmune disease relative to mice given water treated in a similar manner
but without the addition of D1MT. (B) Sera were collected from mice before
the administration of D1MT (before) and at 4 and 6 wk after D1MT ad-
ministration and tested for αdsDNA IgG titers via ELISA. Bars represent the
mean value for the group. n = 5 mice/group. **P > 0.01. (C) Kidney sections
were collected from MRLlpr/lpr mice after 6-wk treatment with D1MT and
5-μm frozen sections were stained with α-mouse IgG FITC antibody to de-
termine the amount of IgG immune complex deposition in the glomeruli
(a–d). Additionally, dorsal skin was collected from MRLlpr/lpr mice after 6-wk
treatment with D1MT. Skin samples were divided and half was fixed in 10%
formalin for H&E staining (e and g) and half was snap-frozen; cryosections
were acetone-fixed and stained for mouse IgG as described for the kidney
sections, with a DAPI counterstain to visualize nuclei. Panels are represen-
tative for five mice per group. Arrow in g highlights hyline cysts, which were
found in the skin of MRLlpr/lpr mice treated with D1MT. (f and h) Arrow in h
illustrates the increase in IgG deposition in D1MT-treated mice at the der-
mal-epithelial junction. (D) Skin fluorescence intensity for samples stained
with FITC-labeled α-mouse IgG in B was determined using ImageJ analysis
software. At least two sections were stained from each sample and the mean
intensity was determined from the average for each animal. Experiments
were repeated three times with similar results. **P > 0.01.
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Discussion
Immune reactivity to apoptotic cells is tightly controlled to
prevent the development of undesirable inflammation. In sys-
temic autoimmune disease the evidence suggests that a primary
mechanism driving disease genesis and progression is a failure of
this control, allowing the development of immune responses to
apoptotic self. A question raised by this is why apoptotic cell
antigens are normally not immunogenic. Our recent work has
highlighted the concept that systemic regulation of the basal
reaction to apoptotic “self” is governed not only by signals de-
rived from the apoptotic cell but from the cell type that captures
them (e.g., phagocytes in the spleen and liver) (7). We now ex-
tend this theory to show that one specific molecular mechanism,
the immunoregulatory enzyme IDO, is expressed in the MZ of
the spleen and appears critical for immunoregulation of the re-
sponse to apoptotic cells in circulation.
IDO is a heme-containing intracellular enzyme that catalyzes

the breakdown of tryptophan. Inflammatory mediators, such as
IFN-α, IFN-γ, and endotoxins, stimulate certain myeloid/mono-
cyte cells and stromal cell types to express IDO (31). IDO cre-
ates local immune suppression and maintains functional immune
privilege in a range of inflammatory syndromes of clinical im-
portance, such as tumors, infections, and autoimmune/allergic
syndromes. Our results now extend this to show that IDO is
induced in MZMs in response to exposure to apoptotic cells.
Abrogation of IDO profoundly compromised the normal ability
to suppress the response to apoptotic cell bodies, leading to in-
creased inflammatory cytokine production, dysregulated T-cell
responsiveness, and lethal autoimmunity. It is striking that under
basal conditions we could not detect any measurable T-cell re-
sponse to apoptotic cell-associated antigen (as illustrated in Fig.
3), yet the inhibition of IDO led to T-cell responses to the same
antigens. It is unclear if IDO expression in the spleen either
reduces presentation of self-antigens to potentially autoreactive
T cells or actively suppresses the response of T cells after these
antigens are presented. Our continuing studies will seek to clarify
this point. Nevertheless, IDO is clearly a critical regulatory
mechanism controlling the response to these antigens.
Our observation that CD8+ DCs constitute the bulk of the

TGF-β response after challenge with apoptotic cells is in agree-
ment with the suggested role they play in the maintenance of
tolerance (8). Moreover, the demonstration that inhibition of
IDO greatly reduces TGF-βmessage suggests that IDO and TGF-
β are mechanistically linked. However, because CD8+DCs do not
express IDO after apoptotic cell exposure, this finding suggests
a trans effect of MZM IDO expression on resident DCs in the
MZ. Moreover, it is important to note that although MZMs did
not produce TGF-β in response to apoptotic cells, there was

a significant increase in MZM IL-10 expression and when IDO
was inhibited, it was primarily the MZMs that responded with
increased TNF-α, IL-6, and IL-12 production (as shown in Fig. 2).
These results are a clear demonstration that (i) MZMs are critical
for regulating innate and adaptive immunity toward apoptotic
self, and (ii) this regulation requires intact IDO function.
The CHOP mRNA induction in MZMs and DCs suggest that

apoptotic cell challenge drives a significant stress response in the
MZ microenvironment that is dependent on IDO, as D1MT
treatment ablated this effect. It is unknown how GCN2 or CHOP
regulates monocytic responses; however the observation that
TGF-β gene expression induced by apoptotic cells is lost in the
absence of CHOP suggests CHOP is mechanistically linked to
the regulatory response toward apoptotic material.
The finding that basal splenic IDO expression levels were ele-

vated in unmanipulated MRLlpr/lpr mice suggests that increased
IDO is a physiologic response to increased inflammation in pre-
symptomatic in lupus-prone mice (24–26, 32). Functionally, we
show that IDO was mechanistically important in controlling dis-
ease progression, because inhibition of IDO caused a rapid ac-
celeration of disease. Even more strikingly, the loss of IDO in
normal mice (not genetically prone to autoimmunity) rendered
them susceptible to development of lethal autoimmunity when
challenged with apoptotic cells. Mice with intact IDO were fully
able tomaintain tolerance to the same challenge. IFNs (both type I
and II) are potent IDO inducers and their ability to enhance IDO-
mediated regulation of cell-mediated immunity would impede
autoimmune progression (10, 13). The observations that IDO in-
hibitor treatment led to increased autoantibody titers and target-
organ pathology in MRLlpr/lpr mice supports the hypothesis that
IDO is a key factor that slows autoimmune disease progression.
Recently Tanaka and colleagues demonstrated that CD169+

macrophages can cross-present apoptotic tumor antigens in
draining lymph nodes to elicit protection from tumor establish-
ment in a model of melanoma (33). This finding is seemingly at
odds with both our present report as well as the Tanaka group’s
previous data, indicating that CD169+ macrophages are critical
for apoptotic cell-antigen tolerance in the spleen (8). It is gen-
erally assumed that CD169+ macrophages in the subcapsular
region of the lymph node and the MZ of the spleen are analo-
gous in terms of function. However, there are significant differ-
ences in basal environmental exposure that would be expected to
alter macrophage function. Moreover, in the tumor-model sys-
tem the apoptotic cells were delivered subcutaneously and were
allowed to apoptose for 24 h before injection (33). Thus, the
anatomical differences, coupled with the later stages of apoptosis
and alternate route of administration, likely account for the
differences in immune response we observed.

Fig. 5. Chronic apoptotic cell administration breaks toler-
ance and results in premature mortality in IDO−/− mice. Ten-
week-old BL/6 and IDO−/− mice were given 107 apoptotic
thymocytes two times per week intravenously for 5 mo. (A)
Sera were collected monthly, as described in SI Materials and
Methods, and examined via ELISA for the development of
αdsDNA IgG reactivity. Points represent the mean values for
each group ± SD. *P ≤ 0.05, **P ≤ 0.01. (B) Survival curves for
animals over the course of the experiment. n = 10 mice per
group. (C) Kidneys were collected from mice in A and 5-μm
paraffin-embedded sections were stained with H&E or PAS
reagents, as indicated. (D) Frozen kidney sections from mice
in Awere stained for IgG immune complex deposition (a and
b) or complement C3 deposition (c and d) and counter-
stained with a DAPI-containing mount. Panels are repre-
sentative sections from groups of 10 mice. (E) Twenty-four-
hour urine outputs were collected from mice after 4 mo of
apoptotic cell administration and albumin concentrations
were determined as described. B6: n = 5 mice, IDO−/−: n = 4
mice. These experiments were repeated at least twice with
similar results. (Magnification: C and D, 200×.)
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In conclusion, we describe a unique IDO-dependent mechanism
by which splenic MZMs maintain immune-homeostasis. These
findings identify defective IDO-dependent immune suppression
as a potential target for therapy of systemic autoimmune disease.

Materials and Methods
Mice. Female MRL-MpJ, MRLlpr/lpr, and C57BL/6J mice, 6–8 wk of age, were
purchased from Jackson Laboratories and female B6.IDO1−/−, B6.CD169DTR,
B6.Act-mOVA-II (Act-mOVA), OTII+Thy1.1+, and B6.CHOP−/− mice were
obtained from a colony maintained under specific pathogen-free conditions
in the Georgia Health Sciences University animal facilities, in accordance
with Institutional Animal Care and Use Committee guidelines.

Apoptosis Induction and in Vivo Apoptotic Cell Administration. Apoptotic cells
were generated according to previously describedmethods (7). For a detailed
description of apoptotic cell administration, see SI Materials and Methods.

MZM Depletion. To deplete MZMs, B6.CD169DTR mice (8) were injected with
100 ng of diphtheria toxin (Sigma) intraperitoneally in 200 μL of PBS. The
injection was repeated every 48 h for a total of three injections.

D1MT Treatment. D1MT (Sigma) was prepared as previously described (9). For
in vivo use, 1MT in drinking water at 2 mg/mL (or vehicle control) was ad-
ministered ad libitum to experimental animal groups (34).

Flow Cytometry. Flow cytometry was done according to standard method-
ology. For a detailed description see SI Materials and Methods.

Semiquantitative PCR. Semiquantitative PCR was done according to standard
methodology. For a complete description of the method, see SI Materials and
Methods. PCR for mouse β-actin, IDO1, TGF-β1, IL-6, IL-10, IL-12p40, and TNF-
α was done using previously described primers (35, 36).

Autoantibody Detection. Assays for serum autoantibodies have been de-
scribed previously (37).

Kidney Pathology. Histopathologic analysis, immunofluorescent staining, and
kidney functional assessment was done as described previously (37) and in SI
Materials and Methods.

Image and Statistical Analysis. Image analysis for IgG deposition in the skin
was done using National Institutes of Health ImageJ software. Means, SDs,
and unpaired Student t test results were used to analyze the data. When
comparing two groups, a P value of ≥ 0.05 was considered to be significant.
Survival data were analyzed with Kaplan–Meier survival plots followed by
the log-rank test.
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