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Tryptophan-catabolizing enzyme indoleamine 2,3-dioxygenase 1
(IDO1) also has an immunological function to suppress T cell acti-
vation in inflammatory circumstances, including graft-versus-host
disease (GVHD), a fatal complication after allogeneic bone marrow
transplantation (allo-BMT). Although the mononuclear cell expres-
sion of IDO1 has been associated with improved outcomes in
GVHD, the underlying mechanisms remain unclear. Herein, we
used IDO-deficient (Ido1−/−) BMT to understand why myeloid
IDO limits the severity of GVHD. Hosts with Ido1−/− BM exhibited
increased lethality, with enhanced proinflammatory and reduced
regulatory T cell responses compared with wild type (WT) allo-
BMT controls. Despite the comparable expression of the myeloid-
derived suppressor cell (MDSC) mediators, arginase-1, inducible
nitric oxide synthase, and interleukin 10, Ido1−/− Gr-1+CD11b+ cells
from allo-BMT or in vitro BM culture showed compromised immune-
suppressive functions and were skewed toward the Ly6ClowLy6Ghi

subset, compared with the WT counterparts. Importantly, Ido1−/−-

Gr-1+CD11b+ cells exhibited elevated levels of reactive oxygen species
(ROS) and neutrophil numbers. These characteristics were rescued
by human IDO1 with intact heme-binding and catalytic activities
and were recapitulated by the treatment of WT cells with the IDO1
inhibitor L1-methyl tryptophan. ROS scavenging by N-acetylcysteine
reverted the Ido1−/−Gr-1+CD11b+ composition and function to an
MDSC state, as well as improved the survival of GVHD hosts with
Ido1−/− BM. In summary, myeloid-derived IDO1 enhances GVHD
survival by regulating ROS levels and limiting the ability of Gr-1+CD11b+

MDSCs to differentiate into proinflammatory neutrophils. Our
findings provide a mechanistic insight into the immune-regulatory
roles of the metabolic enzyme IDO1.
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Indoleamine 2,3-dioxygenase 1 (IDO1) is a heme-binding
metabolic enzyme that catalyzes the conversion of tryptophan

(Trp) into kynurenine (Kyn). In addition to Trp catabolism,
IDO1 has long been recognized to have immune-regulatory
roles, preventing excessive inflammation (1). IDO1 is up-
regulated in response to inflammatory stimuli, including Toll-
like receptor (TLR) and type I/II interferon (IFN) signaling
(1, 2). The induction of IDO1 after TLR9 stimulation has been
demonstrated to mitigate experimental colitis (3). Catalytic
function blockade in mice by pharmacological inhibition or ge-
netic ablation of IDO1 (Ido1−/−) enhanced inflammation and
aggravated autoimmune diseases, including experimental auto-
immune encephalomyelitis (EAE) (4). The enhanced immune
responses induced by IDO1 deficiency were associated with in-
creased T helper (Th)1/Th17 responses; in contrast, regulatory
T cell (Treg) responses were repressed (4–6). Consistently, IDO1
inhibition enhanced antitumor immune responses (7–9). The

immune-regulatory effects of IDO1 have been ascribed to the
depletion of Trp (10, 11) and the production of toxic catabolites
along the Kyn pathway (4, 12–14). However, it remains unclear
whether additional mechanisms are involved in IDO1-mediated
immune suppression.
Graft-versus-host disease (GVHD) is a severe inflammatory

disease for which IDO1 has been shown to play a protective role
(2, 14, 15). GVHD often develops as an adverse systemic com-
plication following allogeneic hematopoietic stem cell transplan-
tation (allo-HSCT) and is induced by activation of donor T cells
reactive to the recipient’s major histocompatibility complexes
(MHCs) and/or minor histocompatibility antigens (MiHAs) (16).
Allo-reactivity of the activated donor T cells promotes tissue in-
flammation in the host, leading to morbidity and mortality. IDO1
deficiency in the bone marrow (BM) of the donor or the recipient
has been linked to increased lethality (2, 14, 15), indicating a
crucial role of IDO1 expression in the parenchymal and hema-
topoietic compartments in preventing GVHD. Kyn produced in
IDO1-expressing lung epithelial cells and tissue macrophages
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suppressed T cell activation by binding to and activating immu-
nomodulatory aryl hydrocarbon receptors (AhRs), which could
explain the GVHD aggravation in Ido1−/− recipients (14). Nev-
ertheless, the mechanisms behind GVHD exacerbation by Ido1−/−

BM transfer remain obscure. Wild-type (WT) donor antigen-
presenting cells prolonged survival in GVHD regardless of epi-
thelial cell expression of IDO1, and IDO1 up-regulation after
treatment of donor BM with TLR ligands reduced GVHD severity
(2). These findings suggest an important role of IDO1 expressed
by donor-derived myeloid cells in preventing severe GVHD.
However, the immune-regulatory roles of IDO1 expressed in
myeloid cells (termed myeloid IDO1 hereafter) remain elusive.
Myeloid-derived suppressor cells (MDSCs) are innate cells

that have immune-suppressive functions (17). Conventionally,
MDSCs are identified as Gr-1+CD11b+ cells and can be further
classified into Ly6ChiLy6Glow monocytic (M) or Ly6ClowLy6Ghi

polymorphonuclear (PMN) subsets. MDSCs produce various
immune-suppressive mediators, including arginase-1 (Arg-1),
inducible nitric oxide synthase (iNOS), and interleukin 10 (IL-
10) (17, 18). Their ability to enhance Treg responses has also
been reported (19, 20). As immature cells, MDSCs maintain the
ability to differentiate into dendritic cells (DCs), macrophages,
or neutrophils (21, 22). In GVHD, MDSCs derived from donor
BM are the major population of myeloid cells expanding in the
host (23), and along with Tregs they suppress GVHD (24–26).
We previously reported that transplantation of MyD88-deficient
(Myd88−/−) BM suppressed Gr-1+CD11b+ cell expansion and
polarized the differentiation of Gr-1+CD11b+ cells into DCs,
aggravating GVHD (27, 28). These findings indicate that increasing
the number of undifferentiated Gr-1+CD11b+ cells is essential for
MDSC-mediated immune suppression in GVHD. Additionally, the
finding that IDO1 expression in mononuclear cells, rather than in
parenchymal cells, correlated positively with the survival of GVHD
patients (29) suggested that IDOl expression in myeloid cells
might be involved in the MDSC-mediated suppression of GVHD.
Understanding the role of IDO1 in the function of MDSCs de-
rived from the donor BM could lead to novel therapeutic strate-
gies for the treatment of GVHD.
In this study, we investigated the mechanisms underlying

GVHD aggravation in hosts transplanted with IDO1-deficient
BM. We found that IDO1 deficiency in donor BM did not af-
fect the expansion of Gr-1+CD11b+ cells in GVHD hosts but
polarized them toward a Ly6ClowLy6Ghi phenotype, reducing
their immune-regulatory potential. This phenomenon was as-
cribed to increased reactive oxygen species (ROS) generation in
the Ido1−/− Gr-1+CD11b+ cells and their skewing to neutrophil
differentiation. Treatment of ROS-scavenging chemical reversed
this phenomenon. Our findings suggest that the immune-
regulatory roles of IDO1 are mediated by ROS scavenging and
suppression of the differentiation of Gr-1+CD11b+ cells.

Results
Systemic Enhancement of Inflammatory T Cell Immunity in GVHD
Hosts with IDO-KO BM Transplantation. The importance of donor-
derived myeloid IDO1 in GVHD attenuation was confirmed by
GVHD aggravation after transplantation of Ido1−/− BM. BM
cells isolated from Ido1−/− CD45.1+ C57BL/6 (B6) mice, together
with WT CD45.1+B6 T cells, were transplanted into haploidentical
B6D2F1 (Ido1−/− BM + WT T → B6D2F1) or MHC-matched/
MiHA-mismatched BALB.B (Ido1−/− BM + WT T → BALB.B)
allogeneic recipients. In both cases, the allogeneic recipients suc-
cumbed to severe GVHD, showing significantly reduced mean sur-
vival times (MSTs; 9 and 24 d, respectively) compared with the
23- and 61-d MSTs of the WT counterparts that received WT
BM and T cells (WT BM + WT T → B6D2F1 and BALB.B,
respectively; Fig. 1 A and B). All syngeneic B6 recipients of either
WT or Ido1−/− BM showed long-term disease-free survival.

To maintain the viability of the recipients for several weeks
after BM transplantation (BMT), we utilized the MiHA-
mismatched model (CD45.1+ Ido1−/− or WT BM + WT T →
CD45.2+ BALB.B; hereafter termed IDO-KO-BM host or WT-
BM host, respectively) for ensuing mechanistic studies. Both the
IDO-KO-BM and WT-BM hosts showed >75% (80% on aver-
age) donor chimerism in T and myeloid cells in the spleen
and >95% in peripheral blood on day 7 posttransplantation
(Fig. 1C). Next, T and myeloid-cell analyses were performed with
gating on CD45.1+ or CD45.2- cells. T cell (CD45.1+) profiling
on day 7 posttransplantation indicated significantly higher ex-
pression of CD4+ and CD8+ T cells in the peripheral blood
leukocytes (PBLs) of IDO-KO-BM versus WT-BM hosts
(Fig. 1D). Tetramer staining for H60, a dominant MiHA in the
B6 → BALB.B GVHD setting (23), confirmed that the fre-
quencies of alloantigen H60-specific CD8+ T cells (H60-tetra-
mer+CD44+CD8+ T cells) were higher in PBLs of the
IDO-KO-BM host compared with the WT-BM host (Fig. 1E).
The fractions and numbers of total CD4+ and CD8+ T cells, as
well as H60-specific CD8+ T cells, were also significantly higher
in the spleens of IDO-KO-BM hosts compared with their WT
counterparts (Fig. 1 D and E). Additionally, the proportions and
numbers of CD4+ and CD8+ T cells producing IFN-γ and IL-17
were significantly higher, while those of Foxp3+CD25+CD4+

Treg cells were significantly lower, in the spleens of IDO-
KO-BM hosts relative to the WT-BM hosts on days 7 and 28
posttransplantation (Fig. 1F), as were T cells infiltrating the
mesenteric lymph nodes, liver, and lungs (SI Appendix, Fig. S1).
Moreover, the proinflammatory cytokines IFN-γ, IL-6, and IL-17A
were detected at significantly higher levels in the serum of IDO-
KO-BMhosts compared with theirWT counterparts (Fig. 1G). These
results demonstrated that IDO1 deficiency in donor BM reduced
Tregs and increased allo-responsive Th1 and Th17 cells, suggesting a
systemic enhancement of proinflammatory T cell alloimmunity and
repression of Treg responses in the IDO-KO-BM hosts. This sys-
temic enhancement of proinflammatory T cell responses in GVHD
hosts with IDO-KO BM is consistent with previous findings in tumor
and EAE models lacking IDO1 function or expression (4, 8).

Compositional Changes and Reduced Suppressive Function of
Gr-1+CD11b+ Cells Generated in IDO-KO Hosts. Given the impor-
tance of suppressive Gr-1+CD11b+ cells generated en masse in
preventing severe GVHD (27, 28, 30), we characterized the
subsets of Gr-1+CD11b+ cells that develop in IDO-KO hosts.
The composition of BM cells before transplantation was similar
between IDO-KO andWT (day 0; SI Appendix, Fig. S2A). On day 7
posttransplantation, the overall proportions and numbers of donor-
derived (CD45.2-) CD11c−CD11b+ non-DC myeloid cells and Gr-
1+CD11b+ cells in the spleens of IDO-KO-BM hosts were in the
normal range compared with the WT-BM hosts (SI Appendix, Fig.
S2 B and C). However, the compositions of Gr-1+CD11b+ cells in
IDO-KO hosts were notable in that the fraction of Ly6ClowLy6Ghi

cells (hereafter termed Ly6Ghi) was significantly higher, while that
of Ly6ChiLy6Glow cells (hereafter termed Ly6Chi) was significantly
lower, compared with their WT counterparts (Fig. 2A). No such
significant compositional difference was observed between host
residual (CD45.2+) Gr-1+CD11b+ cells of the two BM hosts (SI
Appendix, Fig. S2D). Consistent with a previous report of normal
development and function of DCs in IDO-KO mice (31), the pro-
files of donor-derived CD11c+ DCs, including the CD8α+ con-
ventional DC1 (cDC1), CD11b+ cDC2, and B220+ plasmacytoid
DC subsets, did not differ significantly between IDO-KO-BM
and WT-BM hosts (SI Appendix, Fig. S2E). When coincubated
with activated T cells, however, splenic Gr-1+ cells (all CD11b+)
from IDO-KO-BM hosts exhibited less suppressive activity,
allowing enhanced proliferation and increased cytokine pro-
duction of CD4+ or CD8+ T cells with anti-CD3 stimulation
(Fig. 2 B and C). The reduced suppression activity of Gr-1+ cells
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Fig. 1. GVHD aggravation in IDO-KO BM recipients with systemic enhancement of proinflammatory T cell alloimmunity. (A and B) GVHD induction by
transplantation of CD45.1+ IDO-KO or WT BM together with CD45.1+B6 WT T cells into (A) haploidentical recipient B6D2F1 or (B) MHC-matched but MiHA-
mismatched BALB.B mice. Survival rates are also shown. Data are representative of two independent experiments (n = 6 to 10 per group per experiment).
**P < 0.01, ***P < 0.001 as determined by log-rank (Mantel–Cox) test. (C–G) Analyses were performed using BALB.B hosts. (C) T and myeloid cell chimerism in
the spleen and peripheral blood of IDO-KO-BM or WT-BM hosts on day 7 posttransplantation. Representative CD45.1/FSC profiles of T (CD3+) and myeloid cells
(CD3-CD19−) in the spleens are shown. Proportions of CD45.1+ cells in T and myeloid (M) cells are plotted. (D and E) Flow cytometric analyses of (D) CD4+ and
CD8+ T cells and (E) H60-tetramer-binding CD8+ T cells in the blood and spleen on day 7 posttransplantation. Representative flow cytometric data of sple-
nocytes gated on CD45.1+ cells are shown. Percentages and numbers of total CD45.1+ CD4+ and CD8+ T cells, and H60-tetramer-binding CD8+ T cells are
plotted. (F) Flow cytometric analysis of IFN-γ– and IL-17A–producing CD45.1+ CD4+ and CD8+ T cells, as well as of CD45.1+Foxp3+CD25+ Tregs in the spleens.
Percentages and numbers of the corresponding cells are shown. (G) Serum IFN-γ, IL-6, and IL-17 levels. Representative data from at least three (C–G) inde-
pendent experiments (C–F, n = 3 per group per experiment; G, n = 8 per group per experiment) are presented as means ± SEM (*P < 0.05, **P < 0.01, ***P <
0.001 as determined by Student’s t test). ns, not statistically significant.
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Fig. 2. Reduced immune-suppressive activity and elevated ROS generation in Gr-1+CD11b+ cells from IDO-KO hosts. (A) Flow cytometric analysis of
CD11c−CD11b+ cell subsets in the spleens of BALB.B GVHD hosts on day 7 posttransplantation. Representative Ly6G/Ly6C profiles of CD45.2-CD11c−CD11b+

cells are shown. Percentages and numbers of Ly6Chi and Ly6Ghi cells are plotted. (B) Immune suppression assessed by CFSE dilution of activated CD4 and CD8
T cells. Representative CD4/CD8 FACS profiles were obtained after 72 h coincubation with Gr-1+ (Ly6G+) cells from WT or IDO-KO hosts on day 7 post-
transplantation. Suppression is expressed as the percentage of undivided CFSE (Gr-1+ cells) compared with that of the control (−). (C) Representative IFN-
γ/CD4, IL-17A/CD4, and IFN-γ/CD8 FACS profiles of the cocultured T cells. Percentages of cytokine-producing cells are plotted. (D and E) Transcriptome analysis
of splenic Gr-1+ cells MACS-purified from WT-BM and IDO-KO-BM hosts on day 7 posttransplantation. Two independent transcriptome analyses using pooled
RNAs from three mice per group were performed. (D) GSEA enrichment plots for classifying significant genes of IDO-KO GVHD hosts in terms of free radical
scavenging function. (E) Heat maps of the expression of ROS and heme metabolism genes. Numbers represent normalized fold changes of KO and WT to
syngeneic (WT BM + T → B6) control. (F) Flow cytometric detection of ROS in Ly6Chi and Ly6Ghi cells of IDO-KO-BM and WT-BM hosts on day 7 post-
transplantation. Representative CellROX-staining FACS data gated on CD45.2- Gr-1+CD11b+ cells are shown. Geometric mean fluorescence intensity (MFI)
values are plotted. The data in A–C and F are representative of at least three independent experiments (n = 3 per group per experiment) and are presented as
means ± SEM (*P < 0.05, **P < 0.01, ***P < 0.001 as determined by Student’s t test).
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from IDO-KO-BM hosts was not associated with apoptosis, because
Gr-1+ cells isolated ex vivo, as well as the Gr-1+ and activated T cells
in the suppression assay, showed similar degrees of Annexin-V
staining compared with their WT counterparts (SI Appendix, Fig.
S3A). Unexpectedly, both the Ly6Chi and Ly6Ghi subsets of
Gr-1+CD11b+ cells from IDO-KO-BM hosts expressed typical
functional mediators of MDSC, such as iNOS, Arg-1, and IL-10,
at levels similar to those of their WT counterparts (SI Appendix,
Fig. S3B). Thus, Gr-1+CD11b+ progenies of IDO-KO BM in GVHD
hosts were skewed toward the Ly6Ghi subset and exhibited less sup-
pressive activity compared with their WT counterparts, despite the
nondisrupted expression of typical functional mediators of MDSCs.

Enhanced ROS Generation in CD11b+Gr-1+ Cells of IDO-KO Hosts. To
investigate the molecular pathways regulated by myeloid IDO1, we
compared the transcriptomic profiles of splenic Gr-1+ cells isolated
by magnetic-activated cell sorting (MACS) from IDO-KO-BM
hosts and WT-BM hosts on day 7 posttransplantation. Gr-1+ cells
from syngeneic non-GVHD hosts (WT BM + T → B6) were in-
cluded as controls. Differentially expressed genes (DEGs) between
the IDO-KO and WT Gr-1+ cells were identified after normaliza-
tion against the non-GVHD Gr-1+ control (SI Appendix, Fig. S4 A
and B). Many of the DEGs in this IDO-KO versus WT Gr-1+ set
overlapped with those previously identified in the MyD88-KO
versus WT Gr-1+ set under GVHD conditions (28). However, a
number of DEGs in the Free Radical Scavenging category were
unique to the IDO-KO versus WT Gr-1+ pair, and gene set en-
richment analysis (GSEA) revealed that this category was signifi-
cantly enriched in the IDO-KO DEGs (false discovery rate <0.05;
Fig. 2D). This finding was confirmed by Gene Ontology (GO)
analysis, in which the synthesis of ROS was identified as a significant
gene ontology (SI Appendix, Fig. S4C). Moreover, IDO-KO Gr-1+

cells up-regulated genes encoding enzymes that regulate ROS
production (Arg1, Tgm2, Jak1, F7, and Cfb), chemokine receptors
and recognition molecules (Ccr3, Ccr5, Vcam1, and Mrc1), cyto-
kines (Cxcl12 and Il18), and heme and iron catabolism proteins
(Serpina3n, Hmox1, Cyp2c70, and Trf), compared with their WT
counterparts (Fig. 2E and SI Appendix, Fig. S4C). Conversely, genes
encoding heme-binding proteins (Hba1 and Hbb) and genes related
to ROS scavenging (Abcb10, Cybb, and Txnrd2) were down-
regulated in IDO-KO Gr-1+ cells. Finally, in flow cytometric
analysis, ROS levels, detected by CellRox staining, were significantly
higher in the Ly6Chi and Ly6Ghi subsets of donor-derived Gr-1+

cells from IDO-KO-BM hosts compared with their WT counter-
parts (Fig. 2F). Host (CD45.2+) Gr-1+ cells in the IDO-KO-BM
hosts, which accounted for 10 to 15% of splenic Gr-1+ cells, also
showed a higher level of ROS than their WT counterparts (SI
Appendix, Fig. S4D), suggesting that IDO-KO donor-derived Gr-1+

cells indirectly increase the ROS level in host residual Gr-1+ cells.
Of note, this ROS elevation in host Gr-1+ cells was accompanied by
Arg-1 elevation, possibly explaining inclusion of Arg1 in the DEG
list. Collectively, these results suggested that myeloid IDO1 limits
ROS generation in the Ly6Chi and Ly6Ghi subsets of Gr-1+CD11b+

myeloid cells.

Enhanced Ly6Ghi Cell and ROS Generation In Vitro by Gr-1+CD11b+

Progeny of IDO-KO BM. To determine whether the elevation of
ROS was maintained in in vitro myelopoiesis of IDO-KO BM,
BM cells isolated from naïve Ido1−/− or WT mice were evaluated
after culture in the presence of granulocyte macrophage-colony
stimulating factor (GM-CSF) for 4 d with or without lipopoly-
saccharide (LPS) supplementation (28). Flow cytometric analysis
of Gr-1+CD11b+ cells from WT and IDO-KO BM cell culture
revealed that greater numbers and frequencies of Ly6Ghi cells
were generated in IDO-KO BM culture compared with the WT
control, while Ly6Chi cell generation was reduced (Fig. 3A).
Cellular ROS production was also elevated in both the Ly6Ghi

and Ly6Chi cell subsets of IDO-KO BM cell culture (Fig. 3B).

Moreover, hydrogen peroxide (H2O2) was detected at higher
concentrations in the supernatant of IDO-KO BM cell culture
compared with the WT counterpart (Fig. 3C). LPS supplemen-
tation did not affect this trend. Furthermore, the in vitro IDO-
KO Gr-1+ cells exhibited reduced suppressive activity, as higher
proliferation and cytokine production were detected in coincu-
bated T cells compared with the WT counterparts (Fig. 3 D and
E). The expression of iNOS, Arg-1, and IL-10 was comparable
between IDO-KO and WT progenies (SI Appendix, Fig. S3C).
Thus, the ex vivo findings obtained with the Gr-1+CD11b+ cells
from IDO-KO-BM hosts were reproduced in vitro with their
counterparts generated from IDO-KO BM. This confirmed that
ROS elevation and Ly6Ghi subset skewing were intrinsic proper-
ties of IDO-KO BM, indicating that IDO1 reduces the generation
of ROS and the Ly6Ghi cell subset in Gr-1+CD11b+ cells.

ROS Regulation by IDO1.Heme binding is required for the catalytic
function of IDO1 (32). Free heme and heme-derived iron show
prooxidant and cytotoxic activity and up-regulate genes for heme
metabolism such as heme oxygenase Hmox1 and transferrin Trf
(33, 34). As the transcriptome data of IDO-KO Gr-1+CD11b+

cells showed up-regulation of genes involved in heme and iron
catabolism (Fig. 2E), we hypothesized that enhanced ROS gen-
eration in the absence of IDO1 was caused by a failure to se-
quester free heme. In support of this hypothesis, the free heme
concentration in the serum and spleen interstitial fluid from
GVHD hosts was significantly higher in IDO-KO than in WT
samples (Fig. 3F). Levo-1-methyl tryptophan (L-1MT) is a Trp
analog that blocks the catalytic activity of IDO1 (35). L-1MT
treatment in WT BM cell culture increased the free heme to a
level similar to that of IDO-KO control supernatants, irrespective
of LPS supplementation (Fig. 3G), indicating that the catalytic
activity of IDO1 was associated with free heme sequestration.
Having found a positive association between free heme se-

questration and the catalytic function of IDO1, we evaluated the
enzymology of IDO1. IDO-KO BM cells were transduced
in vitro so that myeloid progeny would express a mutant type of
human-IDO1 (hu-IDO), F226A, which retains heme binding but
has defective catalytic function owing to alanine substitution at
position (p) 226 (36). WT IDO1 and the H346A mutant (alanine
substitution at p346 of the heme-binding pocket), defective in
both heme-binding and catalytic activities (37), were also trans-
duced as controls. The free heme concentration in the cell culture
supernatant was measured under conditions in which the different hu-
IDO proteins showed similar expression (∼25% of cells) (Fig. 3H). As
expected, the expression of F226A orWT hu-IDO reduced free heme
levels compared with the mock and F346A samples (Fig. 3I). How-
ever, despite sequestering free heme, F226A did not lower ROS
production, as determined by the failure of F226A to reduce H2O2
compared with the mock and H346A samples. Only WT hu-IDO
lowered the H2O2 level and, uniquely, produced a considerable
amount of the Trp catabolite, Kyn (Fig. 3I). Also, the catalytic in-
hibitor L-1MT, but not the pseudoinhibitor dextro (D)-1MT, consis-
tently increased the ROS level in Ly6Chi and Ly6Ghi subsets of WT
Gr-1+CD11b+ progeny (Fig. 3J). Taken together, the results
suggest that the catabolic activity of IDO1 limits the pro-
duction of ROS in Gr-1+CD11b+ BM cells.

Increased Neutrophil Generation from IDO-KO BM. Neutrophils ex-
press Ly6G and are strong candidates for ROS production
(22, 38). Hence, we tested the possibility that elevated ROS in
IDO-KO Ly6Ghi cells in GVHD is caused by neutrophil differ-
entiation rather than immunosuppressive PMN-MDSCs. Using
CD244 and CD115 surface markers to distinguish neutrophils
(CD244−CD115−) and PMN-MDSCs (CD244+ and CD115+) in
Ly6Ghi cells (22, 28), we found that the proportion of neutrophils
was significantly higher in Ly6Ghi cells from IDO-KO hosts,
while that of PMN-MDSC was lower, compared with their WT
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Fig. 3. The catalytic activity of IDO1 regulates ROS levels. (A–E, G, and J) IDO-KO and WT BM were cultured in the presence of GM-CSF (40 ng/mL) alone or
together with LPS (1 μg/mL) and analyzed on day 4. (A and B) Flow cytometric analysis of in vitro-generated Gr-1+CD11b+ cells (n = 3 per group per ex-
periment). (A) Ly6C versus Ly6G profiles. Percentages and numbers of Ly6Chi and Ly6Ghi cells are plotted. (B) Representative histograms of CellRox staining of
Ly6Chi and Ly6Ghi cells are shown along with MFI values. (C) Quantification of extracellular H2O2 in the supernatants of in vitro BM cell cultures (n = 4 per
group per experiment). Concentrations of H2O2 measured by Amplex Red assay are plotted. (D and E) Immunosuppression assay using in vitro-generated
Ly6G+ cells (n = 3 per group per experiment). (D) Percentages of suppression of T cell proliferation and (E) cytokine production in activated T cells are plotted.
(F and G) Quantification of free heme by QuantiChrom heme assay. (F) Serum and interstitial fluid of the spleen from BALB.B GVHD hosts on day 7 post-
transplantation Each symbol represents a sample pooled from two mice (n = 6 per group per experiment). (G) Supernatants from BM cell cultures were
analyzed. L-1MT (100 μM) was added to naïve WT BM cell cultures. Free heme concentrations are plotted (n = 4 per group per experiment). (H and I) WT,
heme-binding mutant (H346A), and catalytic mutant (F226A) hu-IDO1 genes were transduced into IDO-KO BM cells cultured in the presence of GM-CSF (40 ng/
mL), SCF (20 ng/mL), IL-3 (20 ng/mL), and IL-6 (50 ng/mL). n = 3 per group per experiment. (H) Transduction efficiency was determined by flow cytometric
measurement of the percentages of green fluorescent protein (GFP)-expressing cells 1 d after the last transduction, and assays were performed when ef-
ficiency was similar among the samples (∼20%). (I) Concentrations of free heme, extracellular H2O2 (ROS), and Kyn in culture supernatants of transduced IDO-
KO BM are plotted. (J) Detection of intracellular ROS in Ly6Chi and Ly6Ghi cells generated from BM cells in the presence of GM-CSF. WT BM samples were
additionally treated with L-1MT or D-1MT. CellRox-stained MFI values are plotted (n = 3 per group per experiment). Data are representative of two (H and I)
and at least three (A–G and J) independent experiments and are presented as means ± SEM (*P < 0.05, **P < 0.01, ***P < 0.001 as determined by Student’s
t test).
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counterparts (Fig. 4A). Consistently, genes involved in neutro-
phil development and activity, such as Stfa2l1 (39), Hdc (40), and
Ifitm1 (41), were up-regulated; in contrast, monocyte-related
genes were down-regulated in IDO-KO Gr-1+ cells (Fig. 4B).
Moreover, comparison of transcriptome profiles with those of
classical neutrophils and monocytes retrieved from the ImmGen
Project indicated that the up-regulated genes in the IDO-KO
transcriptomes were enriched in the classical neutrophil profiles
(Fig. 4C). Neutrophil enrichment was also observed in the flow
cytometric analysis of Ly6Ghi pool generated in vitro from IDO-
KO BM (Fig. 4D). Furthermore, administration of a neutrophil-
depleting anti-Ly6G antibody (Ab) into IDO-KO-BM hosts
on days 4 and 8 posttransplantation resulted in a significant re-
duction in IFN-γ+ or IL-17+ cells in CD4/CD8 T cells and H60-
tetrmer+ CD8 T cells but an increase in Foxp3+CD25+ Treg cells
in the spleen, compared to isotype Ab-treated control hosts on day
14 posttransplantation (Fig. 4E and SI Appendix, Fig. S4E). No
such depletion effect was detected in WT-BM hosts. Taken to-
gether, these results demonstrated that IDO-KO Gr-1+CD11b+

progeny generated in GVHD hosts in vivo and in vitro are skewed
toward neutrophils, and removal of the neutrophils attenuates
proinflammatory T cell alloimmunity in vivo, potentially explain-
ing why the IDO-KO Gr-1+ cells were less immunosuppressive
than their WT counterparts (Figs. 2 and 3) and IDO-KO-BM
hosts showed heightened T cell alloimmunity (Fig. 1).

ROS Scavenging Reverses the Aberrations of IDO1-Deficient Myeloid
Cells In Vitro and in GVHD. To clarify the consequences of elevated
ROS levels in IDO-KO Gr-1+CD11b+ cells, N-acetylcysteine
(NAC), a ROS-scavenging synthetic glutathione (GSH) precur-
sor (42), was added to IDO-KO BM cell culture. NAC treatment
not only reduced the ROS level in the Ly6Chi and Ly6Ghi subsets
(Fig. 5A) but also increased the percentage of Ly6Chi cell subset
significantly, with a concomitant reduction in the percentage of
Ly6Ghi cell subset in IDO-KO BM cultures compared with the
untreated controls (Fig. 5 B and C). The fraction of Ly6Ghi

PMN-MDSC was increased in the NAC-treated IDO-KO subset,
while the neutrophil fraction was reduced (Fig. 5D). Thus, ROS
scavenging by NAC reversed the tendency of IDO-KO
Gr-1+CD11b+ cells to increase neutrophil levels, converting
their composition to the WT Gr-1+CD11b+ cellular composi-
tion. Accordingly, Gr-1+ cells from the NAC-treated IDO-KO
Gr-1+CD11b+ progenies showed significantly enhanced immu-
nosuppressive activities compared with the untreated IDO-KO
controls (Fig. 5E). By contrast, ROS elevation promoted neu-
trophil generation from WT cells. In progeny-tracing analysis,
fluorescence-activated cell sorter (FACS)-sorted WT Ly6Chi

cells generated CD244−CD115− neutrophils, including those
expressing CD101 neutrophil maturation marker (43), when
cultured in the presence of GM-CSF (SI Appendix, Fig. S5A).
Tracing with CD101 marker demonstrated that the proportions
of Ly6Chi (CD101−) cells gradually decreased, whereas those of
Ly6Ghi cells, both the CD101− (PMN-MDSC + immature neutro-
phils) and CD101+ (mature neutrophils) subsets, gradually increased
(Fig. 5F and SI Appendix, Fig. S5B). Therefore, Ly6Chi cells differ-
entiate into Ly6Ghi mature neutrophils via intermediate immature
stages. When ROS-elevating L-buthionine-S, R-sulfoximine (BSO), a
GSH-depleting agent (44), was added, neutrophil differentiation
from Ly6Chi cells into mature neutrophils was significantly in-
creased compared with untreated controls. In case of sorted
Ly6Ghi (CD101−) cells, GM-CSF drove their differentiation to
CD101+ mature neutrophils also. However, BSO-induced significant
enhancement was not observed for Ly6Ghi cell differentiation, im-
plying a preferential effect of ROS on Ly6Chi cell differentiation.
Thus, differentiation of Ly6Chi cells into Ly6Ghi neutrophils is af-
fected by ROS elevation, explaining the reduced Ly6Chi fraction and
neutrophil skewing in IDO-KO Gr-1+CD11b+ cells.

Next, we extended the in vitro effect of ROS scavenging to the
in vivo GVHD model. NAC treatment significantly increased the
survival rate of IDO-KO-BM hosts, compared with untreated
IDO-KO-BM hosts, to a level comparable to that of WT-BM
hosts (Fig. 5G). The fractions of Ly6Chi Gr-1+CD11b+ cells in
IDO-KO-BM hosts were significantly increased, while the percent-
ages of the Ly6Ghi subset were reduced in the NAC-treated
hosts compared with untreated controls; the values for NAC-
treated IDO-KO hosts were similar to those of the WT host coun-
terparts (Fig. 5H). In the spleens of NAC-treated IDO-KO-BM
hosts, fractions of proinflammatory T cell (IFN-γ+ or IL-17+ CD4/
CD8 T cells) and H60-tetramer+ CD8 T cell fractions were reduced,
while Treg cell proportions were increased, compared with untreated
controls (Fig. 5I). This indicated that NAC-induced GVHD allevi-
ation was accompanied by attenuation of proinflammatory T cell
alloimmunity. The enhanced immunosuppression is likely irrelevant
with Kyn, an inhibitory metabolite of IDO-family enzymes, because
the Kyn level was not increased in the supernatants of NAC-treated
IDO-KOBM cultures or in the serum of NAC-treated IDO-KO-BM
hosts (SI Appendix, Fig. S5C).
Finally, we evaluated whether the findings obtained with mouse

models could be recapitulated in humans by bioinformatics anal-
ysis of published transcriptome data in patients with allo-HSCT
(45). Analysis of monocytic (M; CD14+HLA-DR−) and granulocytic
(G; CD33+CD14− HLA-DR−) MDSC demonstrated that IDO1
transcript level was higher in M-MDSC than in G(PMN)-MDSC (SI
Appendix, Fig. S6), consistent with publications indicating M-MDSC
as a main source of IDO expression in murine tumor models (46,
47). Furthermore, IDO1 expression was strongly associated with the
expression of genes in the Regulation of ROS category, notably
showing a positive correlation with the expression of SIRT1 and HIF1,
cellular redox and oxygen sensors (48) and a negative correlation with
ROS regulators (e.g., SOD1, GSTP1, CAT, NOXA1, and MPO) (49).
These results are in line with the aforementioned findings in mice,
which implies the functional significance of IDO in ROS regulation in
Ly6Chi M-MDSCs. Altogether, we conclude that an important im-
munoregulatory role of myeloid IDO1 is the prevention of ROS ele-
vation in Gr-1+CD11b+ cells via its catalytic domain. This limits Gr-
1+CD11b+ cell differentiation into proinflammatory neutrophils, while
sparing MDSCs that suppress alloimmunity and alleviate GVHD.

Discussion
Gr-1+CD11b+ MDSCs suppress T cell response and contribute to
the prevention of severe GVHD development after allo-HSCT.
These myeloid cells employ several molecules, including IDO1, as
functional mediators. In this study, using a GVHD model in which
BM-derived myeloid cells are devoid of IDO1 expression, we eluci-
dated that the catabolic activity of IDO1 regulates ROS generation
and maintenance of Gr-1+CD11b+ cells in the MDSC state.
The main characteristics of IDO1-deficient Gr-1+CD11b+

cells were ROS elevation and neutrophil skewing, providing in-
sight into the roles of IDO1 in ROS regulation and maintenance
of MDSCs. The primary role for IDO1 is ROS scavenging through
its oxygenase activity in the Trp-degrading redox chemical reac-
tion, as evidenced by the fact that ROS scavenging induced con-
version of the IDO-KOGr-1+CD11b+ cells, in terms of both their
composition and suppressive activity, into their MDSC-prone WT
counterparts. From an immunological point of view, however, the
maintenance of Gr-1+CD11b+ cells in the MDSC state has sig-
nificant implications. MDSCs represent a major population re-
sponsible for immune suppression under various pathological
conditions (17, 18). Furthermore, MDSCs promote Treg differ-
entiation and activation (19, 20). Therefore, maintaining MDSC
would be helpful to establish and support an environment con-
ducive to T cell suppression under pathological conditions. Thus,
we suggest that the contribution to the increased MDSC expression
in the myeloid compartment via the catalytic activity-associated

Ju et al. PNAS | 7 of 11
IDO1 scavenges reactive oxygen species in myeloid-derived suppressor cells to
prevent graft-versus-host disease

https://doi.org/10.1073/pnas.2011170118

IM
M
U
N
O
LO

G
Y
A
N
D

IN
FL
A
M
M
A
TI
O
N

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011170118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011170118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011170118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011170118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011170118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2011170118/-/DCSupplemental
https://doi.org/10.1073/pnas.2011170118


A

B

D

E

C

Fig. 4. Enhanced neutrophil generation by IDO-KO BM cells in GVHD hosts in vivo and in vitro. (A) Detection of neutrophils in the Ly6Ghi cells generated in
GVHD hosts on day 7 posttransplantation. Representative CD115 and CD244 FACS profiles of Ly6Ghi (CD45.2-) cells are shown. Percentages of PMN-MDSCs and
neutrophils in Ly6Ghi cells and the numbers are plotted. (B and C) Comparison of the transcriptome of the IDO-KO and WT Gr-1+ cells with those of mouse
neutrophils and monocytes retrieved from ImmGen (Immunological Genome Project; https://www.immgen.org/). (B) The DEGs up-regulated in IDO-KO (la-
beled as IDO KO > WT; red) and down-regulated in IDO-KO (labeled as IDO-KO < WT; green) were plotted (monocyte versus neutrophil scatter plot). Some
representative genes are marked with their names. (C) Counts of up- and down-regulated genes in IDO-KO for monocyte and neutrophil areas (below and
above, respectively, the diagonal of the scatter plot in B) were tested for significance by Fisher’s exact test. (D) Fractions and numbers of PMN-MDSCs and
neutrophils among Ly6Ghi cells generated in vitro from the TCD-BM of IDO-KO and WT mice. Representative CD115 and CD244 FACS profiles of Ly6Ghi cells
are shown. (E) T cell phenotype of BALB.B GHVD hosts treated with a neutrophil-depleting or control Ab. Splenic T cells were analyzed on day 14 post-
transplantation. Frequencies of IFN-γ+ or IL-17+ cells in CD4+ and CD8+ T cells, Foxp3+CD25+ Tregs, and H60-tetramer+ CD8 T cells are plotted. Data (A, D, and
E) represent three independent experiments (n = 3 per group per experiment) and are presented as means ± SEM (*P < 0.05, **P < 0.01, ***P < 0.001 as
determined by Student’s t test). ns, not statistically significant.
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Fig. 5. Regulation of ROS and neutrophil generation by IDO1 for GVHD protection. (A–E) IDO-KO or WT BM cells were cultured in the presence of GM-CSF
and LPS with or without NAC (1 mM) for 4 d. (A) Cellular ROS levels in Ly6Chi and Ly6Ghi cells generated in vitro. MFI values of CellRox staining of the in vitro-
generated cells are plotted. (B) Representative Ly6C and Ly6G FACS profiles for the in vitro-generated CD11b+ cells are shown. (C and D) Percentages and
numbers of (C) Ly6Chi and Ly6Ghi cells in CD11b+ cells and (D) neutrophils and PMN-MDSCs in Ly6Ghi cells are plotted. (E) Immunosuppressive activity of Gr-1+

cells generated from IDO-KO and WT BM in the presence or absence of the ROS scavenger NAC. Percent suppressions of T cell proliferation are plotted. (F)
Effect of ROS elevation on the differentiation of WT Ly6Chi and Ly6Ghi cells in vitro. Ly6Chi and Ly6Ghi cells FACS-sorted from naïve WT BM (day 0, D0) were
cultured in the presence of GM-CSF alone or together with BSO (1 mM). Cultured cells were analyzed daily (days 1 to 3, D1–D3) by flow cytometry. Fractions of
Ly6Chi, Ly6GhiCD101-, and Ly6GhiCD101+ cells in CD11b+ cells are plotted. (G) Enhanced GVHD survival of IDO-KO-BM hosts (BALB.B) with NAC treatment. NAC
or PBS (control) treatment began at day 4 posttransplantation. NACs (1 mg/mouse) were injected intraperitoneally five times a week for 3 wk. The survival
rates of GVHD hosts are plotted. Data are representative of two independent experiments (n = 8 per group per experiment). **P < 0.01 as determined by log-
rank (Mantel–Cox) test. (H) Representative Ly6G/Ly6C profiles of PBLs on day 10 posttransplantation are shown with gating on CD45.2-CD11c−CD11b+ cells.
Percentages of Ly6Chi or Ly6Ghi cells in CD11b+ cells are plotted. (I) T-cell phenotype of NAC-treated IDO-KO-BM hosts. GVHD hosts were treated daily with
NAC or PBS from day 4 posttransplantation and analyzed for the frequencies of proinflammatory CD4/CD8 T cells, H60-tetramer+ CD8 T cells, and Treg cells in
the spleens on day 7 posttransplantation. Data are representative of two (H; n = 3 per group per experiment) or three (A–F and I); n = 3 per group per
experiment) independent experiments and are presented as means ± SEM (*P < 0.05, **P < 0.01, ***P < 0.001 as determined by Student’s t test). ns, not
statistically significant.
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ROS control represents a fundamental mechanism underlying
the immune-regulatory function of IDO1.
Gr-1+CD11b+ cells are a major myeloid population that shows

expansion in GVHD hosts (23, 27). We have previously emphasized
the importance of increased Gr-1+CD11b+ cell numbers, including
MDSCs, in preventing GVHD, as well as identified MyD88 as a key
molecule responsible for this increase (27, 30). The current study
revealed that IDO1 is not directly involved in increasing the number of
Gr-1+CD11b+ cells but suppresses their differentiation to neutrophils
instead, while sparing MDSCs. In this respect, IDO1, together with
MyD88, is critical for endowing donor BM-derived myeloid cells with
the ability to protect the host from severe GVHD.
Our results demonstrate that ROS scavenging enhances the

ability of Gr-1+CD11b+ cells to function as MDSCs, attenuating
GVHD. More specifically, ROS scavenging reduces neutrophil
numbers, resulting in an increased proportion of MDSCs in
IDO-KO Gr-1+CD11b+ cells and survival of IDO-KO-BM
hosts. This ROS scavenging by NAC and subsequent prevention
of neutrophil enrichment contribute to alleviation of proin-
flammatory T cell alloimmunity in IDO-KO-BM hosts. In con-
trast, forced ROS elevation by BSO promotes neutrophil
generation from WT Gr-1+CD11b+ cells, more specifically from
Ly6Chi cells. This is consistent with previous evidence that ROS
dysregulation is associated with GVHD and that neutrophils
increase GVHD severity (50, 51). However, studies in tumor
models have suggested that ROS elevation is required for the
suppressive activity of MDSCs (21, 52–54). In the suppressive
MDSCs, hydrogen peroxide, not the superoxide anion radical,
was identified as the major part of the elevated ROS (21). H2O2
scavenging by catalase or the absence of the ROS-producing
Nox2 (NADPH oxidase 2) led to loss of the suppressive func-
tion of MDSCs and promoted MDSC differentiation into tumor-
associated macrophages and DCs, thereby enhancing antitumor
immunity (21, 52). Loss of MDSC due to differentiation into
such lineages may explain the functional loss. In GVHD hosts,
various factors, such as irradiation, microbial exposure, and T
cell-mediated tissue damage, can lead to ROS generation and
neutrophil activation (51, 55–57). As an inflammatory disease,
GVHD severity is linked to ROS production by hematopoietic
cells. For example, in a previous study on Nox2-deficient BM
transplantation, Nox2 deficiency in donor BM cells did not al-
leviate GVHD, probably because of the presence of Nox2 in host
hematopoietic cells (51). However, Nox2 deficiency in both do-
nor and host hematopoietic cells reduced the GVHD lethality
(51). By contrast, ROS elevation by IDO-KO BM transplanta-
tion, even in IDO-sufficient host, is enough to reduce survival.
IDO1 is unique in that it utilizes superoxide anion radicals as
both a cofactor and a substrate (32) and is also reported to have
peroxygenase activity, thereby consuming peroxide (58). IDO-1
is up-regulated in Ly6Chi M-MDSCs (46, 47) (SI Appendix, Fig.
S6), which are susceptible to ROS levels and show expedited
differentiation into neutrophils in the presence of ROS elevation
(Fig. 5F). Thus, IDO1 deficiency may lead to hyper-ROS ele-
vation beyond the levels required for suppression by MDSCs,
thereby promoting neutrophil generation and activation in GVHD
hosts. To resolve these seemingly equivocal findings, we propose
that MDSCs require ROS elevation within a certain range to
function as suppressor cells, whereas functionality is lost when
they further differentiate into a specific lineage under circum-
stances where ROS levels are below or above the critical range.
IDO1 is the initial and rate-liming enzyme for Trp degradation

in the Kyn pathway. It oxidizes the pyrrole rings of L-Trp and
other molecules, such as serotonin and tryptamine, undergoing
conformational changes from the ferric (Fe3+) to ferrous (Fe2+)
state for reductive activation (32, 59). During the catalytic re-
action, IDO1 can utilize superoxide anion radicals and peroxides
(32, 58). These redox activities scavenge ROS, supporting our
results showing a marginal ROS scavenging effect by the heme-

binding activity alone (F226A mutant of Hu-IDO), as opposed to
the profound effect of the catalytically active WT hu-IDO. Thus,
Trp degradation along the Kyn pathway is an anti-ROS redox
reaction. This is consistent with a report on the radical scav-
enging and antioxidant properties of the Trp catabolites,
3-hydroxyanthranilic acid and 3-hydroxykynurenine (60). Fur-
thermore, IDO1 itself is intimately linked to the ROS level, as
elevation and scavenging of ROS was reported to induce up- or
down-regulation of IDO1 expression in DCs (61). These findings
are in line with a previous hypothesis emphasizing the impor-
tance of the production of Trp catabolite in inducing T cell
death. As shown previously (2), depletion of Trp and activation
of GCN-kinase appears to be irrelevant, at least as a mechanism
of IDO1-mediated GVHD suppression. Binding to and then
activation of AhR was suggested as a mechanism underlying the
Trp catabolite-associated suppressive effects (12, 13) and was
relevant to the IDO1 expressed by parenchymal compartment of
GVHD hosts (14). Here, we demonstrated that IDO1 catalytic
activity-based ROS scavenging maintains MDSCs, representing a
critical immunosuppressive mechanism of myeloid IDO1. There-
fore, whether ROS control by IDO1 is associated with the sup-
pressive effects of parenchymal IDO1 merits further investigation.
The immunological attributes of myeloid IDO1 reported here

have parallels with those seen in other disease models (4, 7, 8).
Blockade of Treg to Th17 conversion has been suggested as a
function of IDO1 in previous tumor and EAE studies (4–6, 8, 9).
However, the underlying mechanism has remained elusive.
Based on our findings, we propose that the role of IDO1 in the
blockade of Treg to Th17 conversion is mediated by the increase
of Gr-1+CD11b+ MDSCs, suggesting that the regulation of ROS
levels and increase of MDSC numbers constitute the funda-
mental immune-regulatory mechanism of IDO1, applicable to
other pathological conditions in addition to GVHD.
In summary, this study identified an immune-regulatory

mechanism of myeloid IDO1, thereby providing insight into
the association between metabolic and immune regulatory
functions and potentially facilitating the development of pre-
ventative and therapeutic strategies for GVHD.

Materials and Methods
Mice. C.B10-H2b/LiMcdJ (BALB.B), C57BL/6 (B6), B6.129-Ido1tm1Alm/J (IDO-KO),
B6.SJL-PtprcaPep3b/BoyJ (CD45.1+), and B6D2F1 mice were obtained from The
Jackson Laboratory. Mice were housed under specific pathogen-free condi-
tions at the Biomedical Center for Animal Resource Development of Seoul
National University College of Medicine (Seoul, Korea). All experiments were
performed using mice aged between 8 and 12 wk, with approval from The
Institutional Animal Care and Use Committee of Seoul National University.

GVHD Induction. IDO-KO or WT mice on CD45.1+B6 background were used as
BM and T cell donors to induce GVHD (SI Appendix, Supplemental Methods).

Cell Staining and Flow Cytometry. Cells stained with antibodies (SI Appendix,
Supplemental Methods) were analyzed using a FACS LSRII instrument
(BD Biosciences) and FlowJo software (Tree Star).

Serum Enzyme-Linked Immunosorbent Assay. The serum concentrations of
IL-6, IL-17, and IFN-γ were measured using a commercial enzyme-linked
immunosorbent assay kit (BioLegend).

BM Cell Culture and Immunosuppression Assay. Details are described in
SI Appendix, Supplemental Methods.

Bioinformatics Analysis of Gene Expression Profiles. Gr-1+ cells were MACS-
purified from splenocytes on day 7 posttransplantation for transcriptome
and bioinformatics analyses (SI Appendix, Supplemental Methods).

Measurement of ROS Levels. Details are in SI Appendix, Supplemental Methods.

Retroviral Plasmid DNA Construction and Transduction. Details are in SI Ap-
pendix, Supplemental Methods.
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Quantification of Heme and Kyn. Details are in SI Appendix, Supplemental Methods.

Statistical Analysis. All statistical analyses were performed using GraphPad
Prism software (GraphPad Software Inc.).

Data Availability. All study data are included in the article and/or SI Appendix.
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