nature metabolism

Article

https://doi.org/10.1038/s42255-024-01115-7

Efferocytosisdrives atryptophan
metabolism pathway in macrophages to
promote tissue resolution

Received: 3 February 2024

Accepted: 24 July 2024

Published online: 6 September 2024

Santosh R. Sukka®'
David Ngai', Xiaobo Wang®', George Kuriakose', Yuling Xiao®, Jinjun Shi®?3,
John M. Koomen®?, Robert H. McCusker ®* & Ira Tabas ®*®

, Patrick B. Ampomah®", Lancia N. F. Darville?,

W Check for updates

Macrophage efferocytosis prevents apoptotic cell (AC) accumulation

and triggers inflammation-resolution pathways. The mechanisms

linking efferocytosis to resolution often involve changes in macrophage
metabolism, but many gaps remainin our understanding of these processes.
We now report that efferocytosis triggers an indoleamine 2,3-dioxygenase-1
(IDO1)-dependent tryptophan (Trp) metabolism pathway that promotes
several key resolution processes, including the induction of pro-resolving
proteins, such interleukin-10, and further enhancement of efferocytosis.
The process begins with upregulation of Trp transport and metabolism,
anditinvolves subsequent activation of the aryl hydrocarbon receptor
(AhR) by the Trp metabolite kynurenine (Kyn). Through these mechanisms,
macrophage IDO1 and AhR contribute to a proper resolution response in
several different mouse models of efferocytosis-dependent tissue repair,
notably during atherosclerosis regression induced by plasma low-density
lipoprotein (LDL) lowering. These findings reveal an integrated metabolism
programme in macrophages that links efferocytosis to resolution, with
possible therapeutic implications for non-resolving chronic inflammatory
diseases, notably atherosclerosis.

The process of inflammation resolution is vital for both halting the
inflammatory process and restoring tissue health and integrity'~.
A key process in resolution is efferocytosis, the clearance of ACs by
macrophages. Efferocytosis involves the sequential processes of AC
binding, mediated by certain cell-surface receptors; AC engulfment,
which requires Racl-mediated actin remodelling; and AC degrada-
tion, which occurs in acidic phagolysosomes®. The failure of effero-
cytosis contributes to diseases such as atherosclerosis, lung damage,
non-alcoholic fatty liver disease, neurodegenerative disease and

autoimmune disorders*®. Efferocytosis not only clears dead cells to
dampen necrosis and inflammation, but also triggers signalling path-
ways that promote resolution and tissue repair. These pathways lead
tothe production of resolving mediators, such as interleukin-10 (IL-10)
and transforming growth factor-B1 (TGF-1), and enhance the ability
of macrophages to clear dead cells, called continuing efferocytosis,
whichis critical to restoring tissue health in vivo'2. Accordingly, a key
area ofimmunobiological and biomedical research is understanding
how efferocytosis promotes resolution. One fascinating mechanismis
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animmunometabolic processinwhich efferocytosing macrophages use
receptor signalling and various molecules derived from the phagolyso-
somal degradation of engulfed ACsto trigger metabolic pathways that
activate resolving mediator synthesis and continuing efferocytosis’ .
However, the full extent and mechanisms of efferocytosis-induced
resolution remain to be explored.

Among the amino acids delivered to macrophages following
AC degradation is Trp, an essential amino acid whose metabolites
downstream of the enzyme IDOL1 play roles in immunity®. We there-
fore hypothesized that Trp metabolism during efferocytosis might
link the process to tissue resolution. We now present evidence that
expression of Trp is elevated in efferocytosing mouse and human
macrophages, in a manner that is dependent on the lysosomal Trp
transporter SLC36A4, which is upregulated by efferocytosis. This
process results in an IDO1-dependent increase in levels of the Trp
metabolite Kyn, which activates the AhR to induce the expression of
pro-resolving TGF-B1and IL-10 as well as IDOLl itself. AhR also promotes
continuing efferocytosis by activating Racl. The biochemical signature
ofthe pathway is observed in mouse models of efferocytosis-induced
resolution, and deletion of macrophage IDO1 and AhR compromises
the resolution response. Notably, macrophage IDO1knockdown dur-
ing atherosclerosis regression blocks the resolution response that
contributesto features of plaque stabilization. These findings define a
new metabolic pathway linking efferocytosis to resolution, which can
inform emerging therapeuticstrategies to restore tissue homeostasis
indiseases driven by defective efferocytosis and impaired resolution.

Results
Efferocytosis activates Trp metabolism in macrophages
We incubated mouse bone-marrow-derived macrophages (BMDMs)
with either medium alone or medium containing ACs for 1 h, followed by
incubationin medium alone (‘chase’) for an additional 3 h. Cell extracts
were then analysed for Trp metabolites by liquid chromatography-
mass spectrometry (LC-MS). There were significantincreasesintryp-
tophan (Trp) and several Trp metabolites, notably N-formylkynurenine,
L-Kyn, kynurenic acid and quinolinic acid, in macrophages that were
exposed to ACs compared with those that were not exposed to ACs,
but levels of other Trp metabolites were not altered by AC exposure
(Fig. 1a, Extended Data Figs.1-3 and Supplementary Tables 1and 2).
In efferocytosis, the macromolecules of engulfed ACs, includ-
ing proteins, are hydrolysed in phagolysosomes. This is followed by
transport of the hydrolysed molecules, for example, amino acids, to
the macrophage cytoplasm'®'*". In this context, we investigated the
role of the SLC36A4 transporter, previously called proton-assisted
amino acid transporter 4 (PAT4). SLC36A4 has been implicated in Trp
transport in Xenopus laevis oocytes™ and lysosomal amino acid pools
in retinal pigment epithelial cells”, but not in efferocytosis. To begin,
we incubated control macrophages and macrophages treated with

shortinterfering RNA targeting Slc36a4 (siSlc36a4) with fluorescently
labelled ACs. We then analysed the cells using immunofluorescence
microscopy to detect SLC36A4 and ACs. We found that SLC36A4 colo-
calized with AC-containing LAMP-1" phagolysosomes; the specificity
of SLC36A4 immunostaining was confirmed by the loss of signal in the
siSlc36a4-treated macrophages (Fig. 1b and Extended Data Fig. 4a).
SLC36A4 isundetectablein the ACs themselves (Extended Data Fig. 4b).
Notably, macrophages incubated without ACs express very little
SLC36A4 (Extended Data Fig. 4c). This observation was confirmed
by a marked increase in SLC36A4 protein, detected by immunoblot,
when macrophages were incubated with either apoptotic Jurkat cells
or apoptotic macrophages (Fig. 1c). However, AC exposure did not
lead to increased levels of SIc36a4 mRNA in macrophages (Extended
Data Fig. 4d), suggesting that efferocytosis post-transcriptionally
upregulates this transporter. In terms of mechanism, upregulation of
SLC36A4 was not seen in macrophages incubated with phosphatidyl-
serine (PS)-coated beads, whichbind to and are internalized by effero-
cytosisreceptors but have no cellular cargo™ %, indicating that neither
efferocytosis receptor binding nor particle phagocytosis is sufficient
to upregulate SLC36A4 (Extended Data Fig. 4e). A previous study has
shown anexample of efferocytosis blocking the proteasomal-mediated
turnover of the Oral protein (ref. 21). To test the role of the protea-
some in maintaining SLC36A4 at a low level in non-efferocytosing
macrophages, we incubated macrophages in the basal state with the
proteasomal inhibitor MG132. This treatment markedly upregulated
SLC36A4, that mimicked the effect of ACs (Extended DataFig. 4f). Most
importantly, silencing SLC36A4 in efferocytosing macrophages, which
did not affect primary AC engulfment itself (Extended Data Fig. 4g),
lowered efferocytosis-induced increases in levels of Trp and certain
Trp metabolites, including N-formylkynurenine, Kyn and kynurenic
acid (Fig. 1d, Extended Data Fig. 4h and Supplementary Table 3).
IDO1 catalyses the first reaction in Trp metabolism, converting
Trp to N-formylkynurenine, whichis the precursor of Kyn?’. As was the
case for SLC36A4, efferocytosis upregulated IDO1, but bothmRNA and
proteinlevels wereincreased (groupsland2inFig.1le-g).Similar data
were obtained when the BMDMs were incubated with apoptotic mac-
rophages instead of apoptoticjurkat cells (Extended DataFig. 4i). The
upregulation of /dol in BMDMs was dampened by silencing SLC36A4
or by pretreating macrophages with bafilomycin A, alysosomal vacu-
olar ATPase inhibitor that blocks the phagolysosomal degradation of
engulfed ACs'** (xACs with siSlc36a4 treatment in Fig. 1e; +ACs with
bafilomycintreatmentin Fig. 1f,g). Moreover, PS-coated beads, which
have no cellular cargo (described above)'®?°, did notlead to increased
Idol1levels (Fig.1h). Finally, efferocytosis also upregulated /DOI mRNA
inan SLC36A4-dependent manner in human monocyte-derived mac-
rophages (HMDMs) (Fig. 1i and Extended Data Fig. 4j). In summary,
efferocytosis leads to an increase in levels of Trp and some of its key
metabolites in macrophages, accompanied by increased expression

Fig.1|Macrophage efferocytosis drives Trp metabolism and IDO1 expression,
which are dependent on AC degradation and the amino acid transporter
SLC36A4. a, Quantification of metabolite levels from BMDMs incubated with

or without apoptoticJurkat cells (ACs) for 1 h and then rinsed with PBS to

remove unbound ACs. After a3-hincubation (chase), the macrophages were
subjected to LC-MS/MS analysis (n = 6 biological replicates per group).b,
Immunofluorescence microscopy of SLC36A4 (green) in BMDMs that were
transfected with scrambled siRNA (Scr) or siSlc36a4 and then incubated

with PKH26-labelled ACs (red) for 45 min. DAPI (blue) was used for nuclear
staining. Scale bar, 50 um. The quantified data show the MFI of SLC36A4 in AC*
macrophages (n =3 biological replicates per group). ¢, Immunoblot of SLC36A4
inBMDMs incubated with or without AJCs or apoptotic macrophages (M) for1h
and then chased for 3 h. 3-actin was used as aloading control. d, Quantification
of metabolite levels from BMDMs transfected with Scr or siSlc36a4 and then
incubated with ACs (n = 6 biological replicates per group). e, BMDMs transfected
with Scr or siSlc36a4 were incubated with or without ACs for 1 h, and /dol

mRNA levels were assayed (n = 3 biological replicates per group). f, BMDMs
pre-treated with vehicle or bafilomycin A1 (Baf) were incubated with or without
ACsfor1hand chased for 3 h,and /doI mRNA levels were quantified (n =3
biological replicates per group). g, As in f, with quantification of IDO1 protein by
immunoblot (top), and densitometric quantification (bottom) (n =3 samples
per group). B-actin was used as aloading control. h, BMDMs were incubated
with or without 10-pm phosphatidylserine (PS)-coated beads or ACs for 1 h and
chased for 3 h, and /dol mRNA levels were quantified (n = 4 biological replicates
per group). n.s., not significant. i, HMDMs transfected with Scr or siSLC36A4 were
incubated with or without ACs and chased for 3 h, and /DOI mRNA levels were
quantified (n = 3 biological replicates per group). The mRNA and densitometry
dataare expressed relative to the indicated control groups. Data are shown as
mean t s.e.m., and significance was determined by two-tailed Student’s ¢-test or
one-way analysis of variance (ANOVA) with Fisher’s least significant difference
(LSD) post hoc analysis.
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of both the Trp transporter SLC36A4 in AC-containing phagolys-
osomes and IDO1, suggesting a feed-forward pathway that promotes
efferocytosis-induced Trp metabolism.

IDO1 licences post-efferocytic resolution in macrophages

A key process in tissue resolution is the stimulation of continuing
efferocytosis after macrophages ingest and metabolize the cargo of
an apoptotic cell***. We therefore asked whether IDO1 has arole in
continuing efferocytosis, as would be predicted if the metabolism

of Trp following the engulfment of the first AC was involved in this
process. We first incubated BMDMs from WT (control) or IDO1
knockout (IDO1-KO) mice with labelled ACs for 1 h to assess primary
efferocytosis. Somewhat unexpectedly, we found that primary effero-
cytosis was partially blunted in IDO1-KO versus control macrophages
(Extended DataFig. 5a), suggesting that IDO1 has arole in efferocytosis
evenbefore macrophages digest AC cargo. Similar data were obtained
using aflow cytometry to assess the uptake of pHrodo-labelled ACs by
macrophages in which levels of IDO1 were lowered using si/dol
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(Extended Data Fig. 5b). We then used an IDO1 inhibitor that was
added after the engulfment of the first AC, to determine whether
IDO1 has arole in continuing efferocytosis. To achieve this goal, we
incubated BMDMs for 1 h with ACs labelled with PKH26 (red); then,
after a 2-h chase in the presence of the IDO1 inhibitor epacadostat
(INCB024360)** or vehicle control, we incubated the macrophages
with asecond round of ACs labelled with PKH67 (green). The uptake
of a green AC by macrophages that had previously ingested a red
AC is an indicator of continuing efferocytosis'®*. The IDO1 inhibi-
tor limited uptake of the second AC by -50% (Fig. 2a), indicating that
IDO1is necessary for maximal continuing efferocytosis. As another
approach, we used flow cytometry of control versus M-IDO1-KO mac-
rophages incubated sequentially with ACs labelled with pHrodo-red
or pHrodo-green, gating on red ACs (primary efferocytosis) or red
and green ACs (continuing efferocytosis) to correct for the lower
number of primary efferocytosing macrophagesin the IDO1-silenced
macrophages. The data show a decrease in continuing efferocytosis
(Fig.2band Extended DataFig. 5¢), confirming the findings above. IDO1
inhibition did not block binding of the second AC in the presence of
cytochalasin D (Fig. 2c), indicating that IDO1 has aroleininternaliza-
tion of the second AC.

We next examined the effect of IDO1 KO or inhibition on Racl
GTPase activity, because Racl-mediated actinremodelling around the
forming phagosome is a key step in the engulfment of ACs and other
large substrates”?®, A previous study has shownalink between paxillin
and Racl activation in the locomotion of cancer cells”. We therefore
determinedtherole of IDO1in engulfment-activated Racl GTPase activ-
ity using a method in which macrophages are incubated with 10-pm
polystyrene beads®. To reflect continuing efferocytosis, bead-induced
Racl GTPase activity was assayed in control macrophages that had been
exposed to ACs and then incubated for 2 h with epacadostat versus
vehicle.IDO1linhibition suppressed post-AC bead-induced Rac1 GTPase
activity (Fig.2d), consistent with our conclusion that IDO1 contributes
to the engulfment stage of continuing efferocytosis. A GTP-exchange
factor needed for Racl activation in continuing efferocytosis is Dbl,
which is upregulated by an arginase 1 (Argl) pathway in efferocytos-
ing macrophages'. In this context, treatment of macrophages with
epacadostat dampened efferocytosis-induced Argl and Mcf2, the gene
that encodes Dbl (Extended Data Fig. 5d).

Efferocytosis stimulates the production of pro-resolving media-
tors, notably TGF-BlandIL-10, which are important in tissue repair**>°.
We found that both si/doI and epacadostat markedly blocked the
increases in levels of Tgfbl and /[10 mRNAs in efferocytosing mac-
rophages (Fig. 2e,f). Moreover, efferocytosis-induced increases in
TGF-B1 (latency-associated peptide (LAP)-TGF-B1) protein and IL-10
protein, as assayed by flow cytometry of PKH26" (AC*) and PKH26~
(AC") macrophages, were partially dampened in IDO1-KO macrophages
(Fig.2g,h and Extended DataFig. 5e,f). Thus, IDO1in macrophages con-
tributes to two key processes in inflammation resolution, continuing
efferocytosis and efferocytosis-induced expression of TGF-B1and IL-10.
Theincreases in TGF-B1and IL-10 are dependent on SLC36A4, and, as
will be shown below, thisis also the case for continuing efferocytosis.

Kynurenine mediates post-efferocytic resolutionin
macrophages

Efferocytosisincreases the Trp metabolite Kynin controlmacrophages
but less so in macrophages lacking SLC36A4 (described above), and
Kyn can activate immunosuppressive processes in other settings®.
We therefore explored the role of Kyn in continuing efferocytosis and
post-efferocytic resolution mediator induction by adding back Kyn to
IDO1-inhibited, IDO1-KO or SLC36A4-silenced macrophages. Kyn was
added to macrophages treated with epacadostat after the addition of
the first AC, and it partially restored continuing efferocytosis (Fig. 3a).
Kynalso partially restored post-efferocytic expression of Tgfbland Il10
in IDO1-KO macrophages (Fig. 3b). Similar results were observed for

TGFB1and/L10insi/DOI-transfected HMDMs (Fig. 3c and Extended Data
Fig.5g). These dataalso showed that Kyn did not further enhance these
endpoints in efferocytosing control macrophages. Moreover, Kyn did
notboost resolutioninthe absence of ACs, suggesting that Kynrequires
another efferocytosis-induced process (‘second hit’) to induce resolu-
tion, which we address in a later section. We conducted similar experi-
ments in siSlc36a4-transfected macrophages. We first observed that
continuing efferocytosis and efferocytosis-induced expression of Tgfb1,
1110 and IdoI mRNA were blocked by siSlc36a4, consistent with arole
for phagolysosomal-derived Trpin resolution signalling (Fig. 3d, bars 1
and 3; Fig.3e, bars1,3,5and 7;and Extended Data Fig. 5h). Second, add-
ingback Kynto Slc36a4-silenced efferocytosing macrophages partially
restored continuing efferocytosis and efferocytosis-induced expression
of Tgfbl1, Il10 and IdoI mRNA (Fig.3d,e). These datasupport theidea that
Trp metabolism to Kyn in efferocytosing macrophages contributes to
continuing efferocytosis and post-efferocytic resolution signalling.

We next examined the role of exogenous Trp. First, the effects
of Kyn on efferocytosis-induced expression of TgfbI and /l10 in
SLC36A4-silenced macrophages were not dependent upon Trp in the
medium (Extended Data Fig. 5i), consistent with the idea that the Trp
metabolized to pro-resolving Kyn in efferocytosing macrophages
is derived from the phagolysosomal degradation of ACs rather than
import of Trp from the medium. This conclusion was further sup-
ported by the finding that exogenous Trp (50 pM) added to mac-
rophages did not increase the expression of TgfbI and /{10 and did
not further increase these mRNAs in the presence of ACs (Extended
DataFig. 5j). However, exogenous Trp was able to restore resolutionin
siSlc36a4-transfected macrophages (Extended Data Fig. 5k), indicat-
ing that macrophages can use an alternative source of Trp when Trp
derived from degraded ACs is blocked and if the concentration in the
medium is high enough.

Mice lacking myeloid IDO1 have impaired resolution in vivo
As aninitial step to investigate the relevance of the above findings
to resolution in vivo, we collected peritoneal macrophages from
C57BL/6) mice 24 h after intraperitoneal (i.p.) injection with 1 mg of
the yeast cell-wall component zymosan A or PBS control. In this model,
zymosan-induced sterile inflammation triggers the recruitment of
polymorphonuclear cells (PMNs), which peaks at 12 h, followed by PMN
apoptosis. The apoptotic PMNs are then cleared by peritoneal mac-
rophages, which promotes a resolution response'***?, We found that
exudate macrophages analysed from mice 24 h after zymosaninjection
had higher IDO1 expression than did macrophages from PBS-injected
mice (Fig.4a). We then conducted azymosan experimentinirradiated
mice transplanted with BM from M-IDO1-KO (Ido?"*Lyz2cre*") or con-
trol (Lyz2cre*") mice and found that the PMN counts were significantly
higher inthe M-IDO1-KO animals (Fig. 4b). To determine whether this
difference might be due to impaired efferocytosis in the M-IDO1-KO
cohort, we used flow cytometry to quantify the percentage of exudate
F4/80*macrophages thatinternalized Ly6G* PMNs'*%, As expected'®”,
efferocytosis was increased 24 hafter zymosan treatmentin the control
mice, but this increase was significantly blunted in the M-IDO1-KO
mice (Fig. 4c). Zymosan-induced efferocytosis in this model induces
the synthesis of pro-resolving mediators, notably TGF-1and IL-10,
at 24 h, and the zymosan-induced increases in the concentrations of
these proteins in peritoneal exudates were also significantly blunted
in the M-IDO1-KO cohort (Fig. 4d). Thus, IDO1 is necessary for a full
resolution response in the zymosan model of sterile inflammation.
We next turned to another in vivo model of efferocytosis-induced
resolutioninwhichthymocyte apoptosis isinduced by dexamethasone.
This is followed by efferocytosis of apoptotic thymocytes by thymic
macrophages, which is necessary to prevent thymic necrosis'®'>",
We applied this model to control- and M-IDO1-KO-transplanted mice
(above), and we included additional cohorts in which Kyn was admin-
istered (100 mgkgi.p., followed by 5 mMin the drinking water) at the
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Fig. 3| Continuing efferocytosis and resolving mediator induction require
SLC36A4 and the Trp metabolite Kyn. a, BMDMs were incubated with PKH26-
labelled ACs (red) and then treated with vehicle or epacadostat with or without
Kyn (50 uM), followed by incubation with PKH67-labelled ACs (green). The
percentage of PKH26'PKH67* macrophages among PKH26" macrophages

was quantified. Arrows, PKH26'PKH67" macrophages. Scale bar, 50 um (n=3
biological replicates per group). b, Control or IDO1-KO BMDMs were pre-treated
for1hwith vehicle or Kynand thenincubated with or without ACs and chased for
6 h,and Tgfbland /[10 mRNA levels were quantified (n = 3 biological replicates
per group). ¢, HMDMs transfected with Scr or si/DO1 were pre-treated with
vehicle or Kyn for1hand thenincubated with or without ACs for 1 h. After a 6-h

chase, levels of TGFBI and /L10 mRNA were analysed (n = 3 biological replicates
per group).d, Macrophages were assayed for continuing efferocytosisasina,
but were transfected with Scr or siSlc36a4 and pre-treated for 1 h with vehicle
orKyn. Arrows, PKH26'PKH67* macrophages. Scale bar, 50 um (n = Sbiological
replicates per group). e, BMDMs transfected with Scr or siSlc36a4 were pre-
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After a 6-h chase, levels of Tgfb1 and /[10 mRNA were analysed, and /[doI mRNA
levels were analysed after a 3-h chase (n = 3 biological replicates per group).

The mRNA data are expressed relative to the indicated control groups. The data
are mean + s.e.m., and significance was determined by two-tailed Student’s ¢-test
or one-way ANOVA with Fisher’s LSD post hoc analysis.
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time of dexamethasone injection. For all groups, the thymi were ana-
lysed 24 h after dexamethasone injection. First, to assess the relevance
of efferocytosis-induced upregulation of IDO1and SLC36A4 in vivo, we
assayed their expressionin efferocytosing versus non-efferocytosing
thymic macrophages in post-dexamethasone thymi of the control
mice. Efferocytosing macrophages are identified by the presence of
cytoplasmic TUNEL'>">", The immunofluorescence data showed that
the expressions of both IDO1and SLC36A4 were higher in efferocytos-
ing versus non-efferocytosing macrophages (Fig. 4¢e). Next, moving to
the comparison of the control and M-IDO1-KO groups, IDO1 expression
in thymic macrophages was much lower in M-IDO1-KO mice than in
control mice (Extended Data Fig. 6a). Thymus weight, and thymus cel-
lularity in particular, were increased in the M-IDO1-KO cohort, which
is a marker of impaired efferocytosis and resolution, and Kyn sup-
plementation in the M-IDO1-KO mice normalized these parameters
(Extended DataFig. 6b). Most notably, the M-IDO1-KO cohort showed
evidence of defective efferocytosis by thymic macrophages, thatisan
increaseinannexin V*apoptotic cells (Fig. 4f), which was accompanied
by a lower ratio of macrophage-associated to free TUNEL" cells. This
was normalized by Kyn supplementation (Fig. 4g, top row of images
and graph). The decrease in efferocytosis in M-IDO1-KO thymi was
not associated with a change in thymic macrophages (Extended Data
Fig. 6¢). The M-IDO1-KO thymi also had lower levels of TGF-1and IL-10
immunofluorescenceinmacrophage-rich areas, whichwas normalized
in the Kyn-treated group (Fig. 4g, second and third rows of images
and graphs). Finally, thymic necrosis was worse in the M-IDO1-KO
group and was corrected by Kyn administration (Fig. 4g, fourth row
ofimages and graph). These combined data provide in vivo evidence
for the pro-resolving role of macrophage IDO1 and Kyn in settings of
efferocytosis-induced resolution.

The aryl hydrocarbon receptor mediates post-efferocytic
resolution

The AhR functions as areceptor for Trp metabolic products, including
Kyn, to mediate immunosuppression, tolerance and immunity* . We
therefore hypothesized that resolution by the efferocytosis-mediated
Trp-Kyn pathway might involve AhR. AhR activation is marked by its
translocation from the cytosol to the nucleus®®; we found that incu-
bation of macrophages with ACs increased the expression of nuclear
AhR protein while lowering levels of cytosolic AhR (Fig. 5a, lanes 1-6).
Moreover, these changes were blocked by epacadostat, consistent
with dependence onIDO1 (Fig. 5a, lanes 7-12). As further evidence for
efferocytosis-induced AhR activation, we assayed two mRNAs induced
by nuclear (active) AhR, CypIal and Cyp1b1, and found that the levels
of both mRNAs were increased in macrophages exposed to ACs (bar 3
versuslinFig.5bandbars1-4in Extended DataFig. 6d). Cyplal wasalso
increased in BMDMs incubated with apoptotic macrophagesinstead of
apoptoticJurkat cells (Extended DataFig. 6e). Theincreasesin Cyplal
and Cyp1bl levels were blocked by IDO1 KO or siSlc36a4 and partially
restored by Kyn (bars 5-8in Fig. 5b and Extended Data Fig. 6d). As was

the case with the induction of resolution mRNAs (above), Kyn alone
did not lead to increased levels of Cyplal and Cyp1b1, consistent with
theidea that a‘second hit’ is required for Kyn-dependent AhR activa-
tion (below). ACs also increased CYPIAI and CYP1B1in HMDMsin an
SLC36A4-dependent manner (Extended Data Fig. 6f).

To test causation, we used AhR KO macrophages (BMDMs from
Ahr’~mice) or AhR-silenced macrophages. In contrast to the situation
with IDO1, AhR was not required for primary efferocytosis (Extended
Data Fig. 6g). We found that continuing efferocytosis was decreased
byboth deletion of AhR and inhibition of AhR activity using CH223191
(ref.39) (Fig. 5c and Extended Data Fig. 6h). Moreover, as was the case
with silencing /doI and Slc36a4, the defect in continuing efferocytosis
in AhR-inhibited macrophages was not due to decreased AC bind-
ing, thatis binding in the presence of cytochalasin D was not affected
by AhR inhibition (Extended Data Fig. 6i). This finding supports
the idea that the Trp-Kyn pathway in efferocytosing macrophages
promotes second-AC internalization. Silencing the AhR gene also
decreased efferocytosis-induced Tgfb1, Il10 and Idol mRNA expression
(Fig. 5d and Extended Data Fig. 6j), and we obtained similar results
for TGFBI, IL10 and IDO1 mRNA expression in HMDMs (Fig. 5e and
Extended Data Fig. 6k). Previous work has shown that expression
of Idol mRNA can be induced by AhR*’. The transcriptional activity
of AhR depends on its interaction with aryl hydrocarbon receptor
nuclear translocator (ARNT)*. Accordingly, silencing ARNT damp-
ened efferocytosis-induced expression of Tgfbl, Il10 and Idol mRNA
(Fig. 5Sfand Extended DataFig. 61). Notably, the decreases in continuing
efferocytosis and AC-induced induction of TgfbI, Il10 or Idol mRNA
expressionwith AhRinhibition could not be rescued by Kyn (Fig. 5g,h),
supporting the conclusion that Kyn promotes resolution by activating
AhR and that Kyn is upstream of AhR. These data point to the impor-
tance of efferocytosis-induced Kyn expression as a requirement for
AhR activation and subsequent continuing efferocytosis and resolu-
tion signalling.

Kynurenine and ERK activate AhR in efferocytic macrophages

As noted, Kyn alone did not boost AhR activation or resolu-
tion in the absence of ACs, suggesting that Kyn requires another
efferocytosis-induced process (second hit) for these actions. Given that
two previously reported AC-cargo resolution pathways required effe-
rocytic receptor-mediated ERK1/2 activation'>", we asked whether the
combination of Kyn and PS-coated beads, which activate certain effe-
rocytosis receptors'>***2, could enhance AhR activation and resolution
signalling. For this purpose, we assayed CypIal inductionand nuclear
AhRfor AhR activationand /[10 and TgfbI mRNA levels as markers of res-
olution. We found that, although neither Kyn alone nor PSbeads alone
couldactivate AhR orinduce/dol, ll10, or TgfbI mRNA expression, the
combination of Kyn and PSbeads was able to activate these downstream
mediators (Fig. 6a and Extended Data Fig. 7a, b). Similar data for AhR
activationand /[I0 mRNA expression were obtained using exogenous
Trp (50 puM) instead of Kyn, and supported the finding that exogenous

Fig. 4 |Role of IDO1and Kyn inresolutionin vivo. a, Mice were injected i.p.
with PBS or zymosan Al (Zymo). After 24 h, peritoneal exudates were assayed

by flow cytometry for the MFl of IDO1in F4/80" cells (n = 5mice per group).

b-d, Mice were transplanted with bone marrow from Lyz2cre*~ (control) or
Ido1""Lyz2cre*~ (M-IDO1-KO) mice, which was followed 4 weeks later by injection
with PBS or zymosan Al. After 24 h, the peritoneal exudate cells were assayed

by flow cytometry for Ly6G* polymorphonuclear leukocytes (PMNs) and for

the percentage of F4/80* macrophages (M¢s) that were Ly6G"* (efferocytosis

of neutrophils), and by ELISA for TGF-B1and IL-10 (n = 5 mice per group).

e-g, Control and M-IDO1-KO BMT mice were injected with dexamethasone,

and some were then supplemented with Kyn (100 mg kg™i.p.and SmM in the
drinking water). After 18 h, thymi were collected (n = 8 mice per group). e, Thymi
from dexamethasone (Dex)-treated control mice were immunostained for IDO1
(left) and SLC36A4 (right), which were pseudocoloured white, and efferocytosing

macrophages were identified by co-localization of TUNEL stain (red) with

Mac2 (macrophages; green). The MFIs for IDO1and SLC36A4 in efferocytosing
(TUNEL") and non-efferocytosing (TUNEL") macrophages were quantified.
Scale bars, 50 um. Arrows, examples of colocalization of IDO1and SLC36A4 with
efferocytosing TUNEL" macrophages. f, Quantification of annexin V* (apoptotic)
cellsin the thymus that were assayed by flow cytometry. g, The first three rows
ofimages show examples of immunostaining for Mac2 (macrophages; green)
together with staining for TUNEL" cells (red) to analyse efferocytosis (row 1),
TGF-B1(red; row2) and IL-10 (red; row 3). Scale bar, 50 pm. The fourth row of
images shows areas of thymic necrosis. Scale bar, 200 um. Arrows, examples of
colocalization of TUNEL, TGF-B1or IL-10 with Mac2" cells. The graphs show the
quantification of these data. Data are shown as mean + s.e.m., and significance
was determined by one-way ANOVA with Fisher’s LSD post hoc analysis.
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Fig. 5| AC-derived Kyninduces 7gfb1 and Il10 expression and promotes
continuing efferocytosis through an AhR pathway. a, BMDMs incubated

with or without ACs and chased for 3 h with vehicle or epacadostat were assayed
for AhRin nuclear and cytoplasmic extracts, with 3-actin and nucleophosmin
(NPM) as loading controls (n = 3 samples per group). b, Scr- or siSlc36a4-
transfected BMDMs were pre-treated for 1 h with vehicle or Kynand then
incubated with or without ACs for 1 h. After a 6-h chase, Cyplal mRNA levels.

were analysed (n = 3 biological replicates per group).c, WT or Ahr’~ macrophages
were assayed for continuing efferocytosis, as in Figure 2a. Arrows, PKH26 'PKH67"
macrophages. Scale bar, 50 um (n = 6 biological replicates per group). d, Scr- or
siAhR-transfected BMDMs were incubated with or without ACs for 1 h.

IdoI mRNA levels were analysed after a3-h chase, and TgfbI and /[0 mRNA

levels were analysed after a 6-h chase (n = 3 biological replicates per group).

e, Scr-or siAHR-transfected HMDMs were incubated with or without ACs for 1 h.
IDOI mRNA levels were analysed after a 3-h chase, and TGFB1 and /L10 mRNA

Vehicle CH223191

levels were analysed after a 6-h chase (n = 3 biological replicates per group).

f, Scr-or sidrnt-transfected BMDMs were incubated with or without ACs
for1h./dol mRNA levels were analysed after a3-h chase, and7gfbI and /[10 mRNA
levels were analysed after a 6-h chase (n = 3 biological replicates per group).

g, BMDMs were pre-treated with CH223191 with or without Kyn for1 h and then
assayed for continuing efferocytosis, as in Figure 2a. Arrows, PKH26 ‘PKH67*
macrophages. Scale bar, 50 pum (n = 4 biological replicates per group). h, BMDMs
were pre-treated with vehicle or Kyn with or without CH223191 for 1 hand were
incubated with or without ACs for 1 h. After a 6-h chase, Tgfbl and /l10 mRNA
levels were analysed, and /doI mRNA levels were analysed after a 3-h chase
(n=4Dbiological replicates per group). The mRNA data are expressed relative to
the indicated control groups. Data are shown as mean + s.e.m., and significance
was determined by two-tailed Student’s ¢-test or one-way ANOVA with Fisher’s
LSD post hoc analysis.
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Trp alone was ineffective (Extended Data Fig. 7c). This result, which s
consistent with the data shown in Extended Data Figure 5k, indicates
that macrophages canuse analternative source of Trp if Trp from ACs
isnotavailable. To establishalink to ERK, we first verified our previous
data'" thatincubation of macrophages with ACs activates (phospho-
rylates) ERK1 and ERK2 (ERK1/2) (Fig. 6b, lanes 1-4) and then showed
that PS beads alone or Kyn alone caused only slight ERK1/2 activation,
but the combination caused amorerobustincrease inphosphorylated
ERK1/2 (Fig. 6b, lanes 5-10). Most importantly, inhibition of ERK1/2
by U0126 (ref. 43), a selective inhibitor of MEK and ERK, blocked the
efferocytosis-inducedincreasesinnuclear AhR (Fig. 6c) and AhR-ARNT
interaction* without affecting total AhR or ARNT levelsin the cell lysate
(Fig. 6d and Extended Data Fig. 7d). U0126 also blocked the increases
in/l10, Tgfbl and Idol1 mRNA expression caused by PS beads plus Kyn
and by efferocytosis (Fig. 6e and Extended Data Fig. 7e).

AhR forms a complex with HSP90 and XAP2, which anchors AhR
in the cytoplasm when no ligand is present, safeguards it from deg-
radation along with another protein called P23 and maintains AhR’s
high-affinity ligand-binding state***. Thus, these proteins are critical
for subsequent AhRligand-induced nuclear translocation and activa-
tionwhenan AhR ligand is present. We therefore questioned whether
the combination of PS beads and Kyn might upregulate expression of
the mRNAs for these proteins. The data show that the combination of PS
beads andKyn, but not either alone, upregulates Hsp90 and Xap2, but
not P23 (Fig. 6f). Incubation of macrophages with ACs also upregulated
Hsp90 and Xap2 (Fig. 6g),and HSP90 upregulation was also observed
in HMDM s (Fig. 6h). Further, ERK inhibition blocked the increases in
levels of these mRNAs in macrophages incubated with either PS beads
andKyn or ACs (Fig. 6i,j). Consistent with the idea that these processes
are upstream of AhR activation, the increase in Hsp90 and Xap2in
efferocytosing macrophages was not blocked by the AhR antagonist
CH223191 (Extended Data Fig. 7f). Most importantly, partial silencing
of Hsp90 or Xap2 blocked the ability of ACs to increase /[10 mRNA,
nuclear AhR, and, for siHsp90, continuing efferocytosis (Fig. 6k-m)
without affecting primary efferocytosis (Extended DataFig. 7g). These
data support the idea of a two-hit model in which the combination of
AC-induced ERK activation and an AC-mediated increase in cellular
Kyn promote nuclear AhR and AhR-mediated resolution signalling
(Extended DataFig. 7h).

Myeloid AhR deletion impairs resolutionin vivo

Toassesstherole of AhRinvivo, wetransplanted mice withbone marrow
from Ahr"Lyz2cre*’- (M-AhR-KO) or control (Lyz2cre*") mice and then
conducted the dexamethasone-thymus protocol (described above).
Asdesigned, AhR was deleted in thymic macrophages in the M-AhR-KO
cohort (Extended Data Fig. 7i). Although thymic weights were similar
(Extended Data Fig. 7j), the M-AhR-KO thymi had higher cellularity

(Fig. 7a) and, most importantly, an increase in the number of apop-
totic cells (Fig. 7b) and a decreased ratio of macrophage-associated
to free TUNEL" cells (Fig. 7c), indicative of impaired continuing effe-
rocytosis. These differences were observed despite there being no
differencein the number of F4/80" thymic macrophages between the
two cohorts (Extended Data Fig. 7k). We then used IFM to examine the
AhR-pro-resolving mediator pathway. The mean fluorescence intensity
(MFI) values for TGF-f31, IL-10 and IDO1 were lower in Mac2* thymic
macrophages of M-AhR-KO versus control mice (Fig. 7d). Finally, con-
sistent with the defects in efferocytosis and resolution, the thymi of
the M-AhR-KO cohort had ahigher level of thymic necrosis than did the
control thymi (Fig. 7e). These combined data support the role of the
AhR tissue-resolution pathway in a high efferocytosis setting in vivo.

Macrophage IDO1deletion impairs atherosclerosis regression

Inpeople with atherosclerosis, marked lowering of plasma low-density
lipoprotein (LDL) leads to changes in plaque morphology, notable
thickening of the fibrous cap and a decrease in lesional necrosis, which
areassociated with adecreased risk for acute atherothrombotic events,
notably myocardial infarction***”. These changes in plaque morphol-
ogy canbe modelled in Western diet (WD)-fed Ldlr” following marked
cholesterol reduction'®*, for example by genetically restoring hepatic
LDL receptors using a non-integrating helper-dependent adenovirus
(HDAd-LDLR) and switching to a chow diet. Notably, regression after
LDL lowering is associated with aburst of efferocytosis and tissue reso-
lution signalling mediated by regressing plaque macrophages, both of
which are required for regression'®*%, To test the role of macrophage
IDO1(M¢-IDOL) in plaque regression, we transplanted Ldlr’~ mice with
bone marrow from Ido1"Cx3cricre® ™"~ mice, which allows inducible
deletion of IDO1in macrophages upon tamoxifen (TAM) treatment
(M@-IDO1-iKO). The control group consisted of mice transplanted with
Ido?"" bone marrow. Two cohorts each of iKO and control mice were
fed the WD for 16 weeks, after which one cohort of each genotype was
harvested (baseline). The other control and Mac-IDO1-iKO mice were
switched toachow diet and injected with HDAd-LDLR and treated with
TAM, and their cells were collected 7 weeks later.

Body weight, plasma cholesterol and blood glucose, as well as
numbers ofblood leukocytes, neutrophils, lymphocytes, monocytes,
eosinophils, basophils, red blood cells and platelets, were similar
between the control and M¢-IDO1-iKO groups in both progression and
regression (Extended DataFig. 8a-k). We began by assessing the expres-
sion of IDO1and SLC36A4 in efferocytosing versus non-efferocytosing
macrophages in the regressing lesions of control mice. Similar to the
findings in the dexamethasone-thymus experiment, expression lev-
els of both IDO1 and SLC36A4 were higher in efferocytosing mac-
rophages (Fig. 8a,b). Next, we documented the deletion of IDO1 in
lesional macrophages in the M-IDO1-iKO cohort in the regression

Fig. 6 | Kyn requires ERK1/2 for AhR activation and resolution signalling in
efferocytic macrophages. a, BMDMs were incubated for 1 hwith ACs, 100 uM
Kyn or control (non-PS) or PS beads (PS) with or without Kyn, and nuclear AhR
levels was analysed after a 3-h chase and /[10 mRNA levels were analysed after a
6-h chase (n=4samples per group). b, BMDMs incubated with ACs, PS, Kyn or
PS and Kyn were immunoblotted for phosphorylated ERK1/2 (p-ERK1/2), total
ERK1/2 and B-actin as aloading control (n = 4 samples per group). ¢, BMDMs pre-
treated with vehicle or the MEK and ERK inhibitor U0126 were incubated with or
without ACs and immunoblotted for nuclear AhR after a3-h chase (n = 3 samples
per group).d, BMDMs were pre-treated with U0126 or were not pre-treated, and
were incubated with ACs and immunoprecipitated (IP) with anti-ARNT antibody
or control IgG after a 3-h chase. The immunoprecipitate was immunoblotted for
AhRand ARNT (input) (n =3 samples per group). e, BMDMs were treated with

PS and Kyn with or without U0126 (top) or ACs with or without U0126 (bottom)
for1h,and/l10 mRNA levels were analysed after a3-h chase (n = 3 biological
replicates per group). f, BMDMs were incubated with PS, Kyn or both, and
Hsp90, Xap2 or P23 mRNA levels were analysed after a 3-h chase (n = 4 biological

replicates per group). g, BMDMs were incubated with or without ACs, and Hsp90
or Xap2 mRNA levels were analysed after a 3-h chase (n = 3 biological replicates
per group). h, HMDMs were incubated with or without ACs, and HSP90 mRNA
levels were analysed after a3-h chase (n = 3 biological replicates per group).

i, BMDMs were incubated with PS and Kyn with or without U0126 for 1 h, and Hsp90
or Xap2 mRNA levels were analysed after a 3-h chase (n = 3 biological replicates
per group).j, BMDMs were incubated with or without ACs and with or without
U0126 for1h,and Hsp90 or Xap2 mRNA levels were analysed after a3-h chase
(n=3biological replicates per group). k,I, BMDMs were treated with Scr, siHsp90
orsiXap2 and incubated with or without ACs, and /{10 mRNA levels were analysed
after a 6-h chase, and nuclear AhR levels were analysed after a3-h chase (n=3
samples per group). m, Scr- or siHsp90-transfected BMDMs were assayed for
continuing efferocytosis, as in Figure 2a. Arrows, PKH26'PKH67* macrophages.
Scale bar, 50 um (n =3 biological replicates per group). The mRNA data are
expressed relative to the indicated control groups. Data are shown as mean +
s.e.m., and significance was determined by two-tailed Student’s t-test fordand g
or one-way ANOVA with Fisher’s LSD post hoc analysis for the other panels.
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Fig.7|Macrophage AhR promotes efferocytosis and resolutionin vivo.

a-e, Mice were transplanted with BM from Lyz2cre*~ (control) or Ahr""Lyz2cre"
(M-AhR-KO) mice, and 4 weeks later were injected with dexamethasone. After
18 h, the thymi were collected and analysed as follows (n = 8 mice per group).
a,b, Thymus cellularity and annexin V* (apoptotic) cells were analysed flow
cytometry. ¢, Quantification of the ratio of macrophage-associated to free
TUNEL’ cells (efferocytosis) from analysis of immunofluorescence microscopy

images. d, Thymi were immunostained for TGF-f1, IL-10 or IDO1 (red) and Mac2
(green). Scale bar, 50 um. Arrows, examples of colocalization of TGF-f1and Mac2
(left), IL-10 and Mac2 (centre) and IDO1and Mac2 (right). The graphs show the
quantification of TGF-B1, IL-10 and IDO1 MFlin Mac2" areas. e, Thymic necrosis,
with quantification. Scale bar, 200 um. Arrows, examples of necrotic areas.

The dataare expressed as mean +s.e.m., and significance was determined by two-
tailed Student’s t-test or one-way ANOVA with Fisher’s LSD post hoc analysis.

groups (Extended Data Fig. 8I). Most notably, whereas the necrotic
area and lesion area were decreased and fibrous-cap thickness was
increased in control regressing versus baseline lesions, as expected,
these changes did not occur in the M¢-IDO1-iKO cohort (Fig. 8c). Total
lesionareainregression was also increased in the M¢-IDO1-iKO group
(Extended Data Fig. 8m). Moreover, whereas levels of TGF-f1and IL-10
wereincreasedinregressing versus baseline lesionsin the control mice,
which is consistent with the role of resolution in regression'®'>>#$,
these changes were markedly diminished in the M¢-IDO1-iKO groups
(Fig. 8d and Extended Data Fig. 8n).

The ratio of macrophage-associated to free TUNEL" cells was
decreasedinthe Mac-IDO1-iKO regressing lesions, indicating impaired
efferocytosis. The decrease in efferocytosisin the Mac-IDO1-iKO group
was not associated with a change in thymic macrophages (Extended
Data Fig. 80). Finally, given that deletion of IDO1 in efferocytosing
macrophagesinvitrolowers nuclear AhR levels (described above), we
assayed nuclear AhRin control and Mac-IDO1-iKO regressing lesions
and found that it was decreased in the lesional macrophages of the
Mac-IDO1-iKO cohort (Fig. 8e). Thus, macrophage IDO1 is necessary
for the lowering of necrosis and the increase in fibrous-cap thickness

in atherosclerosis regression, and efferocytosing macrophages
in regressing lesions show evidence of the SLC36A4-IDO1-AhR
pro-resolving pathway.

Discussion

Therolesof IDO1and AhRinimmunobiology have been atopic of great
interest over the last two decades™**"*. The new concept in this study
relates to how efferocytosis in mouse and human macrophages trig-
gers a complex, pro-resolving metabolic programme that involves
phagolysosomal degradation of ACs, upregulation of both the phago-
lysosomal Trp transporter SLC36A4 and IDO1, increased levels of the
Trp metabolite Kynand Kyn-dependent AhR activation. AhR activation
separately triggers two key resolution pathways: (1) induction of /110,
Tgfbl and Idol mRNA expression through a two-hit model requiring
both Kynand ERK1/2-mediated upregulation of AhR chaperones; and
(2) continuing efferocytosis through the activation of Racl. Increased
Ido1 mRNA expression and continuing efferocytosis likely contribute
to a positive-feedback cycle. We provide evidence that this pathway
promotes resolution and enhances efferocytosis in vivo, including in
the key human-relevant process of atherosclerosis regression.
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A previous study by Shinde et al.*’ investigating autoimmune
disease reported that exposure of macrophages to ACs resulted in
DNA-dependent activation of both toll-like receptor 9 (TLR9) and
AhR, leading to suppression of inflammation. At the examined time
point, the addition of ACs did notincrease /dol mRNA levels in the mac-
rophages or the Kyn to Trp ratio in the cell culture medium, although
dataon cellular Trp metabolites were not reported*’. Another study has
shownthat ACsupregulate akey enzymein pro-resolving lipid mediator
synthesis, ALOX12, which was blocked by inhibitors of TLR9 and AhR*°.
DataonIDO1land Trp metabolite levels were not reported in the study.
The link between TLR9 activation and IDO1- and Kyn-independent
AhR activation was not identified in either work. Interestingly, previ-
ous work by the first group showed that TLR9 activation upregulates
IDO1indendritic cells™, but this mechanism is not consistent with the
negative IDO1 data in Shinde et al.”’. Another previous study by the
same group reported that drug-induced inhibition of IDO promoted
inflammation in mice injected with ACs®. However, rather than arole
for Trp metabolism, the authors suggested a mechanism in which
depletion of Trp by IDO1 quells inflammation by activating GCN2, a
stress kinase that responds to amino acid deprivation®. This pathway
was demonstrated in cells that were genetically manipulated to over
express IDOL. Indeed, efferocytosis would be expected to supply Trp
from AC engulfment and degradation, as shown here, not to deplete
Trp.In contrast to these studies, we show that efferocytosis increases
levels of SLC36A4,IDO1and intracellular Trp and Trp metabolites, and
we elucidate a detailed mechanism of how these processes, through
AhRactivation, promote post-efferocytic resolutioninvitroandin vivo.
For the in vivo studies, we used several models, including atheroscle-
rosis regression, and showed not only a causative link to tissue resolu-
tion, but also a biochemical signature consistent with our pathway.
Nonetheless, further studies are needed to understand the roles of
different pathways that activate AhR and/or involve IDO1in efferocytos-
ing macrophages, which could involve issues related to timing, tissue
environment and/or disease setting.

A key new finding in our study is that efferocytosis dramatically
upregulates expression of the Trp transporter SLC36A4.SLC36A4, also
known as PAT4, is an amino acid transporter with a high affinity for Trp*
that has been shown to regulate the amino acid poolin the lysosomes
of retinal pigment epithelial cells”. However, the role of SLC36A4 in
efferocytosis was previously unknown. Our SLC36A4 causation data
and thelocalization of the transporter in the vicinity of AC-containing
phagolysosomes, when considered with previous knowledge about
theroles of SLC36A4, support the hypothesis that SLC36A4 facilitates
the transport of AC Trp from phagolysosomes into macrophages to
provide substrate for the IDO1-Kyn-AhR resolution pathway described
here. On the basis of prior work in CD8* T cells*, itis also possible that
SLC36A4 facilitates Kyn transport; this process could play a part if
ACs have a substantial pool of Kyn, but our bafilomycin data suggest
that protein hydrolysis has a major role as a source of Trp to feed the
pathway. Our data also show that macrophages can use exogenous

Trp toinitiate the Kyn-AhR pathway under the following conditions:
ERK1/2 is activated by ACs or PS beads; there is no ingested source
of Trp (PS beads) or AC Trp is not available (siSlc36a4-transfected
efferocytosing macrophages); and the medium is spiked with excess
Trp, for example, 50 puM in our experiments. Finally, regarding the
mechanism of efferocytosis-induced upregulation of SLC36A4, our
work thus far suggests that a process downstream of AC internalization
blocks the proteasomal degradation of SLC36A4, but how this occurs
will require further study. A previous study has shown that the calcium
transporter Orail associates with the E3 ligase cereblon (Crbn) in LR73
hamster fibroblasts, leading to Orail’s ubiquitination and proteasomal
degradation, and that efferocytosis decreases Orail-Crbninteraction
by promoting the interaction of Orail witha competing protein, Stim1.
This efferocytosis-mediated process decreased ubiquitination and pro-
teasomal degradation of Orail and thereby increased Orail protein?.
Whether asimilar overallmechanismoccurs with efferocytosis-induced
stabilization of SLC36A4 remains to be examined.

Another key finding of our study is that AhR activation by
efferocytosis-induced Kyn requires the activation of ERK1/2, which
upregulates the AhR-stabilizing chaperones HSP90 and XAP2
(ref. 44,45). This pathway presumably enables Kyn to activate AhR-
ARNT-mediated transcription, leading to increased expression of Tgfb1,
1110 and Ido1 mRNA. Of interest, a previous study has shown that MAP
kinases promoted an increase in the transcriptional activity of ARNT,
butnotAhR,inaliver cancer cellline treated with environmental toxins,
but a detailed mechanism was not reported>. Whether AhRand ARNT
directlyinduce expression of the genes encoding 7gfb1, /10 and/or Ido1
orleadtotheseincreasesthrough asecondary process, forexample, by
firstincreasing another transcription factor, remains to be elucidated.
Future studies will also need to elucidate how the Kyn-AhR pathway
activates Racl, a key step in continuing efferocytosis, as well as how
IDOI1 facilitates primary efferocytosis, which is independent of AhR.
In this context, the effect of myeloid IDO1-KO and myeloid AhR-KO
were very similar in the dexamethasone-thymus model, suggesting
that the effect of IDO1-KO on primary efferocytosis did not drive the
phenotype, whichis line with the importance of continuing efferocy-
tosis in vivo'>'>%,

We demonstrated the presence and functionality of the IDO1 path-
way in vivo using both the dexamethasone-thymus model and, most
importantly, atherosclerosis regression. Atherosclerosis regressionisa
human-relevant process triggered by marked lowering of LDL, and itis
associated with features of plaque stabilizationin mice and humans and
with decreased risk for acute atherosclerotic coronary artery disease
in humans*®*. The beneficial changes in plaque morphology in athero-
sclerosis regression, particularly theincreasein fibrous-cap thickness,
aredrivenin part by areawakening of the macrophage efferocytosis—
resolution cycle that becomes dormant in progressing atherosclero-
sis'**%, Ourwork indicates that macrophage IDO1 is necessary for the
fullregression response, and analyses of the lesions for the biochemical
signature of the IDO1-AhR-resolution pathway are consistent with our

Fig. 8| Macrophage IDO1 contributes to efferocytosis and features of plaque
stabilization in atherosclerosis regression. a-d, Ldlr’- mice were transplanted
with BM from either Ido1"" mice (control) or Ido""Cx3cricre® "~ mice (inducible
KO of IDO1in macrophages, M¢-IDO1-iKO). After 4 weeks, the mice were fed
aWD for 16 weeks, and cells from some of the mice were collected at this time
(baseline). The remaining mice were then switched to achow diet and injected
with HDAd-LDLR virus to induce regression, and at the same time were given
tamoxifen, which deletes IDO1in macrophages in the M¢-IDO1-iKO cohort. After
7 weeks, the mice (the regression group) were killed and the aortic roots were
harvested and analysed as follows. a,b, Regressing lesions from control mice
were immunostained for IDO1and SLC36A4, which were pseudocolored white,
and efferocytosing macrophages were identified by colocalization of TUNEL
stain (red) with Mac2 (macrophages; green). The MFIfor IDO1and SLC36A4

in efferocytosing (TUNEL") and non-efferocytosing (TUNEL") macrophages

was quantified (n =10 mice per group). Scale bar, 50 pm. Arrows, examples of
colocalization of IDO1 or SLC36A4 with efferocytosing TUNEL" macrophages.

¢, H&E (top) and Sirius red staining (bottom) (n = 9-10 mice per group). Scale bar,
200 pm. The necrotic areas in the hematoxylin and eosin (H&E)-stained sections
are outlined, with quantification shown in the graph. The Sirius-red-stained
sections were used to measure fibrous-cap thickness at the lesional midpoint and
both shoulder regions (block lines), which were then averaged for quantification.
d, Quantification of TGF-B1and IL-10 MFI, based on immunostaining, in Mac2*
areas (n=9-10 mice per group). e, The regressing lesions were immunostained
for AhR (red), Mac2* macrophages (green) and DAPI" nuclei (blue). Arrows, AhR,
DAPI and Mac2 colocalization. The graphs show the quantification of AhR nuclei
inMac2"areas (n =10 mice per group). Scale bar, 50 pum. The data are expressed as
mean +s.e.m., and significance was determined by one-way ANOVA with Fisher’s
LSD post hoc analysis for aand b and by Student’s ¢-test for cand d.
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in vitro mechanistic findings. To test our pathway in regression, we
used aprecise model in which IDO1was inducibly deleted specifically in
macrophages and only during regression. Thismodel contrasts witha
germline holo-IDO1-KO model used in two previous and contradictory
atherosclerosis studies®*". A study in Ldlr”” mice that were fed a WD
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to abrogation by IDO1 KO of a kynurenic-acid-mediated pathway
that normally lowers /[10 levels*®. This pathway in inflammatory mac-
rophagesis very different from the IDO1-Kyn-AhR pathway reported
herethatinduces/l10in efferocytosing macrophages. A second study
found that germline holo-IDO1 KO in Apoe™ mice increased aortic
root lesion area and lowered splenicIL-10 (ref. 57), whichis consistent
with the athero-protective role of IDO1 here. However, in this study,
the athero-protective mechanism of IDO1 was suggested to be linked
to theinduction of IL-10 in B cells by anthranilic acid. To reiterate, the
setting and models used for these two studies, that s, atherosclerosis
progression and germline holo-knockout, are very different from the
inducible macrophage-specific IDO1-KO regression model used here.

In progressing atherosclerosis, efferocytosis is impaired but not
absent. Thus, akeyissue regarding the potential translational implica-
tions of this study is whether the pro-resolving AhR pathway described
hereis dysfunctionalinmacrophagesin progressing lesions and, if so,
whether this impairment can be therapeutically reversed. Another
question for future study is whether other AhR-activating Trp metabo-
lites, for example, kynurenic acid, are involved, which could have rel-
evance to human atherosclerosis®®. Moreover, 3,3’-diindolylmethane,
an AhR agonist with low toxicity that is present in certain vegetables,
activates the Argl-ornithine-Dbl pathway in macrophages®, and
AhR-induced CYP1A1 has been linked to Argl upregulation in mac-
rophages®. We have previously shown that the efferocytosis-induced
Argl-ornithine-Dbl pathway promotes continuing efferocytosis in
macrophages'’, and we now show that efferocytosis-induced Argi
and Dbl (Mcf2) require IDOI1, suggesting that AhR activation con-
tributes to this pathway in efferocytosing macrophages. However,
AhR activation by certain ligands, notably environmental toxins,
can promote pro-atherogenic inflammatory processes®“?, suggest-
ing that the athero-protective effects of AhR shown here could be
ligand- or context-dependent, with efferocytosis setting the stage for a
pro-resolving function of AhR. Related to this point, an exciting concept
for the treatment of inflammatory diseases, including atherosclerosis,
is efferocytosis-enhancing therapy, for example, through strategies
thatenhance endogenous macrophage efferocytosis or that use geneti-
cally engineered designer macrophages that excel at efferocytosis®* .
Weimagine that these types of therapies, in combination with lowering
LDL levels, could create an environment in which AhR activation is
athero-protective by the mechanisms described herein. Finally, Kyn
isasecretory molecule that we showed can rescue macrophages with
deletion of IDO1and SLC36A4, as long as there are signals to activate
ERK1/2.Kyn production can be stimulated in macrophages in vitro by
atype of anti-inflammatory cell therapy that promotes efferocytosis®’.
Thus, it is possible that Kyn secreted by a limited number of thera-
peutically improved efferocytic macrophages could jump-start the
efferocytosis-resolution cycle in lesional macrophages and thereby
prevent further plaque progression and promote processes involved
in plaque stabilization. It is also possible that Trp supplementation
couldachieve the same goal, and several studies have shown that high
concentrations of Trp in plasma are associated with a decreased risk
of cardiovascular disease®®"°. In this context, an important challenge
in pro-efferocytosis and resolution therapy in general”, and for thera-
pies thatboost macrophage Trp metabolismin particular’, is to avoid
activating animmunosuppressive response that could lower defence
against tumour cells.

Methods

Experimental animals

Mouse protocols were approved by Columbia University’s Institutional
Animal Care and Use Committee, and the mice were cared for according
to National Institutes of Health (NIH) guidelines for the care and use of
laboratory animals. The mice were housed in standard cages at room
temperature, 30-70% humidity, with a12-hlightand 12-h dark cycleina
barrier facility with ad libitumaccess to water and food. Male C57BL/6)

wild-type mice (8-10 weeks old) that were purchased from The Jackson
Laboratory (strain no. 000664) were used as bone-marrow transplant
(BMT)-recipient mice for the zymosan Al and dexamethasone-thymus
experiments; the numbers of mice used in each experiment are indi-
cated in the figure legends. Male Ldlr’~ mice (8 10 weeks old) mice on
the C57BL/6) background (B6.129S7-LdIr™"¢"/J; Jackson Laboratory,
strain no. 002207) were used as BMT-recipient mice for the athero-
sclerosis experiments. All purchased mice were allowed to adapt to
housinginthe animal facility for 1 week before the experiments began.
For BMT donor mice, we used 8- to 10-week-old Lyz2cre*~ (control)
and IdoF""Lyz2cre*”~ (M-IDO1-KO) male mice, both on the C57BL/6)
background, as described”. Lyz2cre"”- mice were purchased from The
Jackson Laboratory (strain no. 004781). Ahr"" mice were purchased
from The Jackson Laboratory (strain no. 006203). Ido1"Cx3cricre®™
mice were bred using Cx3cricre™™ mice purchased from The Jack-
son Laboratory (strain no. 020940). The ratio of donor to recipient
mice for BMT was 10:1. Investigators were blinded for atherosclerosis
experiments but were not blinded for zymosan-induced peritonitis
and dexamethasone-thymus experiments.

Generation of BMDMs

Bone-marrow cells from either male or female 8- to 10-week-old mice
were cultured in DMEM (Thermo Fisher Scientific) supplemented
with10% heat-inactivated FBS,100 mg mlstreptomycinand 10 Uml™*
penicillin (all from Thermo Fisher Scientific) and with 20% L-929
fibroblast-conditioned medium. After 6-8 d, these BMDMs were used
for the indicated experiments.

Generation of HMDMs

White blood cells were isolated from the buffy coats of de-identified
healthy adult donors, who provided their consent (sourced from
the New York Blood Center). Monocytes were purified in a discon-
tinuous gradient of Histopaque solution and then placed in 24-well
culture plates in a humidified CO, incubator maintained at 37 °C.
After4 htoallow for adhesion, the monolayers were rinsed to remove
non-adherent cells. The culture medium was then replaced with RPMI-
1640 (Thermo Fisher Scientific) containing 10% heat-inactivated FBS,
100 mg ml™* streptomycin, 10 U ml™? penicillin and 20 ng mI™ GM-CSF
(Peprotech). After 10 d, the HMDMs were used for experiments.

Celllines

Jurkat human T lymphocytes (TIB-152) and L-929 mouse fibroblasts
(CCL-1) were obtained from the American Type Culture Collectionand
cultured in DMEM supplemented with 10% (vol/vol) heat-inactivated
FBS, 10 Uml™ penicillin and 100 mg ml streptomycin. The cells were
cultured in a humidified CO,incubator at 37 °C.

Induction of apoptosis and labelling of apoptotic cells

Jurkat cells wereirradiated for 15 minunder anultraviolet (UV) amp with
awavelength of 254 nm, followed by incubationin PBS for 2-3 h before
use for experiments. For some experiments, the ACs were rinsed once
withserum-free DMEM and then suspendedin Vybrant DiD cell-labelling
solution (Invitrogen) at aconcentration of 2 107 cells mI™ for 10 min, or
theywere suspended 1 mlof Diluent C (Sigma-Aldrich) containing PKH26
or PKH67 dye (Sigma-Aldrich) for 5 min. The labelling reactions were
neutralized with2 ml of FBS. The ACs were then rinsed twice with DMEM
containing10% heat-inactivated FBS and used for experiments. For other
experiments, ACs were stained with pHrodo dye (Thermo Fisher Scien-
tific), per the manufacturer’s protocol. For experiments using apoptotic
macrophages, HMDMs were treated with 1 uM staurosporine in DMEM
medium for 48 hand thenincubated with BMDMs.

Invitro efferocytosis assay
BMDMs were seeded in 24-well plates at a density of 0.18 x 10° cells per
well. The macrophages were thenincubated with PKH26-labelled ACs
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for45 minatal0:1AC:macrophage ratio, followed by three washes with
PBS (primary efferocytosis) and thenincubation for an additional 2 hin
normal cell culture medium, followed by the addition of PKH67-labelled
ACs for 45 min (continuing efferocytosis). At the end of theincubation
periods, themacrophages were washed three times with PBS to remove
unattached ACs, followed by fixation with 4% PFA for 20 min and, after
rinsing three times with PBS, visualization under a Leica DMI6000B
epifluorescence microscope.

Polystyrene beads

Ten-micrometre streptavidin-coated polystyrene beads (Thermo
Fisher Scientific) were used as-is or conjugated to PS by incubation
with biotinylated PS, as previously described”. The beads were then
incubated with macrophages.

Immunoblotting

Cells or nuclear extracts, which were prepared using the Cell Frac-
tionation Kit from Cell Signal\ling, according to the manufacturer’s
instructions, were lysed in 2x Laemmli lysis buffer (Bio-Rad) con-
taining 50 mM dithiothreitol. Lysates were heated at 95 °C for 5 min,
separated on 4%-20% SDS-PAGE gradient gels (Invitrogen) at 120 V
for 120 min and electrotransferred to 0.45-mm-thick polyvinylidene
difluoride membranes at 100 V for 90-120 min. The membranes
were incubated overnight at 4 °C with primary antibodies in TBST
(Tris-buffered saline + Tween 20) containing 5% BSA and then with
horseradish-peroxidase-conjugated secondary antibodies (Pierce).
The antibodies are listed in Supplementary Table 4. Densitometric
evaluations were performed using 2.0 mylmageAnalysis software
(Thermo Fisher Scientific).

Immunoprecipitation

IPlysis buffer supplemented with a protease and phosphatase inhibitor
cocktail (Thermo Fisher Scientific) was used to lyse BMDMs. The lysates
were homogenized through a25-gauge needle five times and incubated
for15 min onice. Lysates were then centrifuged at 16,000g for 10 min
at 4 °C, and the supernatant fractions were transferred to new tubes
andincubated with control rabbit IgG (CST Technology Solutions, CST
no. 3900; 1:250) or anti-ARNT (CST no. 5537; 1:50) overnight at 4 °C
with rotation. Next, 30 pl of Protein A magnetic beads (CST no. 73778)
was added to each of the samples, which were incubated for 2-3 h at
4 °Cwithrotation. The beads were rinsed five times with IP lysis buffer
(without protease and phosphatase inhibitors) and resuspended in
50 pl 2x Laemmli sample buffer, and the solution was then boiled for
5minat 95 °C and used for immunoblot analysis. The antibodies are
listed in Supplementary Table 4.

ELISA

TGF-B1andIL-10 were measured in the peritoneal exudates using com-
mercial ELISA kits purchased from Biolegend and Cayman Chemicals,
respectively, and the assays were conducted as per the manufacturer’s
protocol.

siRNA-mediated gene silencing

siRNA (50 nM) or scrambled control RNA (Supplementary Table 5)
was transfected into macrophages using Lipofectamine RNAIMAX
(Life Technologies), following the manufacturer’s protocol. In brief,
cells seeded in 450 pl of BMDM medium were incubated with 50 pl of
OptiMEM containing 1.5 pl iMAX and 50 nM siRNA. The experiments
were conducted after 48 hor 72 h. To validate silencing efficiency, gene
expression orimmunoblot analyses were performed.

Quantitativereal-time PCR

RNA was isolated from samples using the PureLink RNA Mini Kit
(Life Technologies), adhering to the manufacturer’s guidelines.
To ascertain the purity and concentration of the RNA, NanoDrop

spectrophotometry (Thermo Fisher Scientific) was used. Comple-
mentary DNA was synthesized from 200 ng of RNA from the samples
(260/280 ratio > 1.8) utilizing oligo (dT) and Superscript Il (Applied
Biosystems). Quantitative real-time PCR was performed using a 7500
Real-Time PCR system (Applied Biosystems) and SYBR Green Master
Mix reagents (Applied Biosystems). All sequences for primers are listed
inSupplementary Table 5.

Flow cytometry

After fixation in 4% PFA (Thermo Fisher Scientific), cells were resus-
pended in FACS staining buffer (BioLegend)) and incubated with
mouse TruStain FcX PLUS (CD16/32, Biolegend) Fc-blocking antibody
(Biolegend). Cell-surface receptor staining was carried out by incu-
bating the cells with fluorescent antibodies for 1 h at 4 °C. Cells were
permeabilized with BD Perm/Wash (BD Biosciences) for intracellu-
lar staining, followed by incubation with fluorescent antibodies for
1hat 4 °C. The antibodies are listed in Supplementary Table 4. The
cells were then washed in FACS buffer (twice) and resuspended for
analysis on a BD FACS Canto Il flow cytometer. For apoptosis detec-
tion, cells were washed with cold FACS buffer (twice), resuspended in
annexin-V-binding buffer at a concentration of 1 x 10° cells mI™, and
incubated with fluoresceinisothiocyanate (FITC)-conjugated antibody
to annexin V for 15-20 min at room temperature. The samples were
then analysed by aBD FACS Canto Il flow cytometer. Data analysis was
done using FlowJo v.10.

Zymosan-induced peritonitis and uptake of apoptotic
neutrophils

Toinducesterile peritonitis, male mice (8-10 weeks old) were injected
i.p. with 1ml of 1 mg ml™ zymosan A (Sigma-Aldrich). Peritoneal exu-
dates were collected and assayed for TGF-1and IL-10 using ELISA. To
quantify neutrophil numbers, cells in the exudate were stained with
mouse anti-Ly6G (Biolegend) and assayed by flow cytometry. To assess
the macrophage uptake of neutrophils, exudate cells were stained with
anti-F4/80 antibody (Biolegend) to identify macrophages and then
permeabilized and stained with anti-Ly6G to assay neutrophils that had
beeninternalized by macrophages, thatis, F4/80"Ly6G" macrophages.

Dexamethasone-thymus experiment

Mice were injected i.p. with 250 pl of PBS containing 250 mg of dexa-
methasone (Sigma-Aldrich) dissolved in dimethyl sulfoxide. After18 h,
the mice were euthanized, and the thymi were collected and weighed.
Next, one lobe of the thymus was mechanically disaggregated, and cell
count was determined using Countess Il (Invitrogen). Cells (1 x 10°)
were then stained with either FITC-conjugated annexin V antibody
(Biolegend) for apoptotic cell detection or anti-F4/80 antibody (Bio-
legend) for macrophage number. The other lobe was fixed in 4% PFA,
sectioned and immunostained with TUNEL reagent (Roche), anti-TGF 31
(Abcam), anti-IL-10 (Cell Signaling), anti-IDO1 (Cell Signaling), and/
or anti-Mac2 antibodies (Cedarlane). Efferocytosis was measured
by counting TUNEL" cells that were associated with Mac2" cells, that
is, TUNEL" nuclei in the cytoplasm of, or in contact with, Mac2" mac-
rophages, versus macrophage-free TUNEL" cells, thatis, TUNEL" nuclei
not in contact with neighbouring macrophages. To test the effect of
Kyn, mice were injected i.p. with 100 mg kg™ Kyn 1 h before and after
dexamethasone injection, followed by Kyn supplementation (5 mM)
inthe drinking water until the mice were euthanized.

Atherosclerosis experiment

LdIr’- mice (8-10 weeks old) were irradiated with 1,000 rads using
a caesium-137 GammacCell source. On the same day, the mice were
injected intravenously with 2.5 x 10° BM cells from littermate con-
trol Ido1"" mice or Ido1""Cx3cricre“™ ™" (M¢-IDO1-iKO) mice and
then given acidic water containing 10 mg ml™” neomycin. Starting
4 weeks later, the mice were fed a WD (Envigo, TD 88137) for 16 weeks.
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Aortic roots from one cohort (‘baseline’) were harvested at this time,
while the other cohort (‘regression’) was injected intravenously with
a helper-dependent adenovirus containing the human LDLR gene
(HDAd-LDLR) and then placed on achow diet for anadditional 7 weeks,
as previously described'". The following work-up of the mice and
all atherosclerosis measurements were conducted as previously
described'*'>", In brief, the mice were fasted overnight, and blood
glucose was assayed the next morning using a OneTouch Ultradevice.
Plasma total cholesterol was measured using a Wako Diagnostics kit,
accordingto the manufacturer’sinstructions, and complete blood cell
countsandtheleucocyte differential count were measured usinga FOR-
CYTE Hematology Analyzer (Oxford Science). Following euthanasia of
the mice, PBS was perfused through the left ventricle. Aortic roots were
histologically processed and stained with H&E. For eachmouse, six sec-
tions that were 30 pm apart were quantified, starting at the aortic root
base. The areafrom the internal elastic laminato the lumen (total lesion
area) was quantified using image analysis software. The aortic lesions
were also stained for necrotic areas and collagen using picrosirius red
(Polysciences, catalogue no. 24901A), as previously described'*'>",

Tissue immunohistochemistry and immunofluorescence
microscopy

Paraffin-embedded 6-um sections were deparaffinized with xylene
and rehydrated using an ethanol gradient. Sections were incubated
with TUNEL staining reagent at 37 °C for 1 hand then washed with PBS
(threetimes). Alternatively, rehydrated sections were blocked with 2%
BSA in PBS for 1 h and then immunostained with anti-Mac2, anti-AhR,
anti-TGF-p1 or anti-IL10 antibodies overnight at 4 °C. The sections
were incubated with fluorescently labelled secondary antibodies and
counterstained with 4,6-diamidino-2-phenylindole (DAPI). Images
were visualized under a Leica DMI600OB epifluorescence microscope.

Confocal microscopy imaging

PKH26-labelled ACs were added at a10:1ratio of ACs to macrophages
for 45 min, after which the macrophages were rinsed with PBS and
then fixed with 4% PFA for 15 min at room temperature. Images were
acquired using a NIKON Al confocal microscope and analysed using
ImageJ software.

Profiling of Trp metabolites using ultra-high-pressure LC-MS

Macrophage monolayers were placed onice and, after removal of the
medium, rinsed with ice-cold 150 mM ammonium acetate in Milli-Q
water (HPLC grade). The cells were then extracted in 0.8 ml per well
ofice-cold methanol for 15 min and scraped into tubes, and each well
was then washed with 0.6 ml of Milli-Q water, which was added to the
tubes (total volume per tube, 1.4 ml). The solvent was then dried under
astream of nitrogen atroom temperature and dissolved in LCloading
solvent (water containing 0.1% formic acid) spiked with 50 ng of [D,]
Kynand [®C,-]Trp for LC-MS analysis. For metabolite profiling, arefer-
ence protocol” was optimized for an assay targeting L-Trp and several
metabolites, including DL-Kyn, N-formylkynurenine, kynurenic acid,
quinolinicacid, anthranilic acid, 3-hydroxyanthranilic acid, 2-picolinic
acid, xanthurenic acid, nicotinic acid, nicotinamide, nicotinamide
adenine dinucleotide’, serotonin, melatonin, indole and tryptamine,
using ultra-high-performance liquid chromatography coupled to
high-resolution mass spectrometry (UHPLC-HRMS) ona Vanquish and
QExactive Focus (Thermo Fisher Scientific). Separation was performed
onareversed-phase Waters Atlantis T3 column (2.1 mminner diameter
%150 mm length with 3-pm particle size). The column was maintained at
25°Cwitha0.400 ml min™ flow rate. Solvent Awas composed of HPLC
grade water containing 0.1% formic acid (FA); Solvent B was acetonitrile
containing 0.1% FA. A linear gradient was programmed from O to 40%
B (100%to 60% A) over 10 min, then from 40% to 95% B over 2 min, fol-
lowed by 95%to 0% B over 0.1 min, thenre-equilibrated for 5 minat 0% B
foratotal runtime of 17 min. The Q Exactive Focus mass spectrometer

was equipped with a heated electrospray ionization (HESI) probe and
operated in positive ion mode using Full MS for quantification. The
analytes were detected using Full Scan with the following parameters:
spray voltage 3.5kV, 70,000 resolution, 100 ms maximum injection
time and scan range from 100 to 680 m/z. Neat tryptophan metabolite
standards as well as the stable isotope standards, [D,]Kyn and [*C,]
Trp, were prepared in 80% methanol at a concentration of 1 mg ml™
and diluted with LC loading solvent to 1 pg ml™. The stable isotope
standards were further diluted to 50 ng pl™. Peak heights for the Trp
andits metabolites, as well as the respective stableisotope standards,
were extracted from the chromatograms using XCalibur Quan Browser
(version4.2.47, Thermo Fisher Scientific) and normalized to theamount
of proteininthe sample.

Racl activity assay

BMDMs were plated on 12-well plates and incubated with 10-um pol-
ystyrene beads at a macrophage:bead ratio of 1:10. The cells were
then washed and lysed with RIPA buffer containing Halt Protease and
Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific). Precision
Red Advanced Protein Assay (Cytoskeleton) was used to determine
protein concentrations. Racl activity was measured using the Racl
G-LISA Activation Assay Kit (Cytoskeleton), per the manufacturer’s
instructions.

Statistical analyses

The Shapiro-Wilk test was used for testing normality, and GraphPad
Prismsoftware (v.10.2.3) was used to determine statistical significance.
All the data in this study fit a normal distribution, and P values were
determined using either the Student’s ¢-test for two groups or one-way
ANOVA with Fisher’s LSD post hoc analysis when three or more groups
were tested. Data are shown as mean values + s.e.m. Differences were
considered statistically significantat P < 0.05. On the basis of our prior
researchon mouse atherosclerosis and power calculations, the number
of mice chosen for each cohort was sufficient to ensure the testing of
our hypotheses, on the basis of an expected 20%-30% coefficient of
variations and an 80% probability of identifying a 33% difference in
crucial plaque metrics, for example fibrous-cap thickness and necrotic
area. Initial exclusion criteria for the in vivo studies included death,
injury requiring euthanasia or weight loss of >15% body weight, but
only one mouse was excluded in this study, which was for injury in the
atherosclerosis experiment. For the cell culture studies, no statistical
methods were used to predetermine sample sizes, but our sample sizes
arelike thosereported in previous publications'®'>>’%”7 For all experi-
ments, nrepresents the number of independent replicates.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Alldata supporting the study are available in the manuscript and sup-
plementary information. Source data are provided with this paper.
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Extended Data Fig. 1| Related to Fig. 1: Macrophage efferocytosis drives Trp
metabolism. a, Tryptophan and kynurenine content expressed as pmol/pg cell
proteinin BMDMs incubated + ACs from the experiment in Fig. 1a (n = 6 biological

0.0872

replicates/group). b,c, Additional metabolite values from BMDMs incubated +
ACs from the experiment in Fig. 1a (n = 6 biological replicates/group). Data are
mean + SEM, and significance was determined by two-tailed Student’s t-test.
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Extended Data Fig. 2| Related to Fig. 1: Examples of extracted ion
chromatograms. a, Reversed phase separation and mass spectrometry
detection of 12 neat tryptophan metabolite standards (10 ng) individually
analyzed. Each trace shows ion signal at a given mass-to-charge ratio (m/z) as the
compounds elute from the Atlantis T3 reversed phase column. b, Reversed phase
separation on an Atlantis T3 reversed phase column and mass spectrometry
detection of tryptophan metabolites from an AC- wild type sample. Each trace
shows ion signal at a given mass-to-charge ratio (m/z) with amass tolerance

of 5 ppm. For both sets of chromatograms, data are shown for: (i) 2 picolinic
acid), (ii) nicotinic acid, (iii) nicotinamide, (iv) quinolinic acid, (v) nicotinamide
adenine dinucleotide (NAD)+, (vi) serotonin, (vii) DL-kynurenine, (viii)
N-formylkynurenine, (ix) L-tryptophan, (x) tryptamine, (xi) kynurenic acid, and
(xii) anthranilic acid. The normalization level (NL) indicates the intensity of the
base peak for each spectrum. In b, although more background was observed in
the extracted ion chromatogram for anthranilic acid, the anthranilic acid signal is
easily differentiated from the background.
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Extended Data Fig. 3| Related to Fig. 1: Absolute quantitation of kynurenine
and tryptophan. a-d, Quantitation using a known amount of isotope-labeled
standards. a,b, Examples of extracted ion chromatograms showing reversed
phase separation and mass spectrometry detection for kynurenine (10 ng) and
D,-kynurenine (50 ng); and tryptophan (10 ng) and *C,-tryptophan (50 ng).
Eachtrace shows theionsignal at a given mass-to-charge ratio (m/z) as the
compounds elute from an Atlantis T3 reversed phase column. ¢,d, Positiveion
mass spectra of kynurenine and D,-kynurenine; and tryptophan and *C-
tryptophan. e-h, Quantitation of kynurenine and tryptophanin an AC” wild type

sample. e,f, Examples of extracted ion chromatograms showing reversed phase
separation and mass spectrometry detection for endogenous kynurenine and
spiked D,-kynurenine (50 ng); and endogenous tryptophan and spiked *C ;-
tryptophan (50 ng). Each trace shows the ion signal at a given mass-to-charge
ratio (m/z) as the compounds elute from an Atlantis T3 reversed phase column.
g,h, Positive ion mass spectra of endogenous kynurenine and D,-kynurenine;
and endogenous tryptophan and C,-tryptophan. The normalization level (NL)
indicates the intensity of the base peak for each spectrum.
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Extended DataFig. 4 | Related to Fig. 1: The role of SLC36A4 in Trp metabolism
in efferocytosing macrophages. a, Inmunofluorescence microscopy of
SLC36A4 (green) and LAMP-1(red) in Scr- or siSlc36a4-transfected BMDMs
incubated 45 mins with PKH26-labelled ACs (pseudocolored white); DAPI (blue)
nuclear stain. Scale bar, 50 um. Another set of cells was assayed for Slc36a4
mRNA and immunoblotted for SLC36A4 (n = 3biological replicates/group).

b, Immunofluorescence microscopy of SLC36A4 (green) in BMDMs incubated
with PKH26-labelled ACs (red) for 45 min. Scale bar, 50 um. White arrows,
engulfed ACs; blue arrows, unengulfed ACs. ¢, Representative image of
Scr-transfected macrophages notincubated with ACs and then stained for
SLC36A4 (green) and DAPI (blue); note low expression of SLC36A4 compared
with AC" macrophages in Fig. 1b. Image is representative of 3 biological
triplicates. Scale bar, 50 pm.d, BMDMs were incubated + apoptotic Jurkat cells
(apJCs) or apoptotic macrophages (apMds), chased for 3 h, and assayed for

Slc36a4 (n = 6biological replicates/group). e, BMDMs were incubated + ACs or
PS-beads for1h, chased for 3 h, and immunoblotted for SLC36A4. f, BMDMs
pre-treated with £ 20 utM MG132 were incubated + ACs for 1 h, chased for 3 h,
and immunoblotted for SLC36A4. g, Scr- or siSlc36a4-transfected BMDMs were
incubated with PKH26-labelled ACs (red) and quantified for the percentage of
PKH26" macrophages (arrows) of total macrophages. Scale bar, 50 ym (n =35
biological replicates/group). h, Tryptophan and kynurenine in Scr- or siSlc36a4-
transfected BMDMs incubated with ACs (see Fig. 1d; n = 6 biological replicates/
group). i, BMDMs were incubated + apoptotic macrophages for 1 h and assayed
for Ido1 (n =3 biological replicates/group).j, Scr- or siSLC36A4-transfected
HMDMs were for SLC36A4 (n = 3biological replicates/group). AllmRNA data are
expressed relative to the indicated control groups. Data are mean + SEM, and
significance was determined by two-tailed Student’s t-test or one-way ANOVA
with Fisher’s LSD post-hoc analysis.
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Extended DataFig. 5| Related to Figs. 2 and 3: Additional data on the roles of
SLC36A4 and IDO1linresolution. a, Control or IDO1-KO BMDMs incubated with
PKH26-labelled ACs were quantified for percent PKH26* macrophages (arrows).
Scale bar, 50 um (n = 6 biological replicates/group). b, Scr- or sildol-transfected
BMDMs incubated with pHrodo-Red-labelled ACs were quantified for percent
pHrodo-Red" macrophages of total macrophages by flow cytometry (n=3
biological replicates/group); immunoblotted for IDO1 (n = 3samples/group);
and assayed for IdoI (n = 6 biological replicates/group). ¢, Flow cytometry
contour plots for the experiment in Fig. 2b. d, BMDMs treated with ACs +
epacadostat were assayed for Argl and Mcf2 after a 6-h or 2-h chase, respectively
(n=3biological replicates/group). e,f, Contour plots for the experimentsin
Fig.2g, h.g, Scr-orsilDO1-transfected HMDMs were assayed for IDOI (n=3
biological replicates/group). h, Scr- or siSlc36a4-transfected BMDMs were

incubated + apoptotic macrophages, chased for 6 h, and assayed for TgfbI and
1110 (n=3biological replicates/group). i, Scr- or siSlc36a4-transfected BMDMs
were pre-treated + kynurenine and then incubated + ACs for 1 h, chased for 6 hin
Trp-deficient medium, and assayed for TgfbI and /[10 mRNA. Right, normal and
Trp-depleted media were assayed for Trp by LC"MS/MS (right) (n = 3 biological
replicates/group).j, BMDMs pre-treated for 1 h with vehicle or 50 pM Trp were
incubated + ACs, chased for 6 h, and assayed for TgfbI and /{10 (n = 3biological
replicates/group).k, Scr- or siSlc36a4-transfected BMDMs were pre-treated +
50 pM Trp for 1 h, incubated + ACs. and assayed for Tgfb1 and /10 (n = 3biological
replicates/group). AllmRNA data are expressed relative to the indicated control
groups. Dataare mean + SEM, and significance was determined by two-tailed
Student’s t-test or one-way ANOVA with Fisher’s LSD post-hoc analysis.
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Extended DataFig. 6 | Related to Figs. 4 and 5: Additional in-vivo and in-vitro
data on the IDO1-Kyn-AhR pathway. a-c, The thymi of the mice from Fig. 4g-e
were immunostained for IDO1(red) and Mac2 (green) and quantified for IDO1
MFlinMac2" areas (arrows). Also shown are thymus weight, thymus cellularity,
and F4/80" macrophages/thymus (n = 8 mice/group). d, Control and /doI”"
BMDMs (top 2graphs), or Scr- and siSlc364-transfected BMDMs (bottom graph),
were pre-treated for 1 h + Kynand incubated + ACs. After a 6-h chase, the cells
were assayed for Cyplal and Cyp1bl (n=3biological replicates/group).

e, BMDMs were incubated + apoptotic macrophages and assayed for Cyplal.

f, Scr- or siSLC36A4-transfected HMDMs were incubated + ACs, chased for

3 h, and assayed for CYP1AI and CYPIBI (n = 3biological replicates/group).

g, Scr-or siAhr-transfected BMDMs were incubated with DiD-labelled ACs

and quantified for percent DiD* macrophages (arrows). Scale bar, 50 pm

(n=4biological replicates/group). h, BMDMs pre-treated + CH223191 were
assayed for continuing efferocytosis as in Fig. 2a. Arrows, PKH26 'PKH67*
macrophages. Scale bar, 50 pm (n = 3biological replicates/group). i, As in panel
h, but one of the cohorts was also treated with cytochalasin D before the second
round of efferocytosis. Arrows, PKH26 'PKH67* macrophages. Scale bar, 50 um
(n=3biological replicates/group).j, Scr- or siAhr-transfected BMDMs were
assayed for Ahr (n = 3biological replicates/group) and immunoblotted for AhR
protein (n =3samples/group).k, Scr- or siAHR-transfected HMDMs were assayed
for AHR (n = 3biological replicates/group).1, Scr- or siArnt-transfected BMDMs
were assayed for Arnt (n = 3biological replicates/group). AllmRNA dataare
expressed relative to the indicated control groups. Data are mean + SEM, and
significance was determined by two-tailed Student’s t-test or one-way ANOVA
with Fisher’s LSD post-hoc analysis.
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Extended Data Fig. 7 | Related to Figs. 6 and 7: Additional in-vivo and in-vitro
dataontherole of AhRin efferocytosis-induced resolution. a, BMDMs were
incubated for 1 h with100 pM Kyn alone or with control (non-PS) or PS beads +

Kyn and then assayed for Cyplal and Idol after a 3-h chase (n = 4 samples/group).

b, BMDMs incubated with ACs, PS-beads (PS), Kyn, or PS-beads + Kyn were
assayed for Tgfbl1 after a 6-h chase (n = 4 samples/group). ¢, BMDMs incubated
with 50 uM Trp, PS-beads (PS), Trp and PS-beads, or 100 uM Kyn and PS-beads
for1hwere assayed for CypIal and /l10 after a3-h or 6-h chase, respectively
(n=3biological replicates/group).d, BMDMs pre-treated + U0126 were
incubated with ACs for 1 hand thenimmunoblotted for AhRand ARNT after
a3-hchase (n=3samples/group). e, BMDMs treated with PS-beads (PS)

and Kyn +U0126 for 1 h were assayed for Tgfb1 or Idol1 after a3-h chase or 6-h
chase, respectively (n =3 biological replicates/group). f, BMDMs incubated
+ACs + CH223191for 1 h were assayed Hsp90 or Xap2 after a3-h chase

(n=3Dbiological replicates/group). g, Scr-, siHsp90-, or siXap2-transfected
BMDMs were incubated with PKH26-labelled ACs and quantified for percent
PKH26" macrophages (arrows). Scale bar, 50 pm (n = 3 biological replicates/
group). h, Proposed pathway (created using BioRender.com): Trp form an
efferocytosed AC (AC1) is transported into the macrophage by SLC36A4 and then
converted to Kyn by IDO1. Kyn and activated ERK induce Hsp90 and Xap2, leading
to AhR-ARNT-mediated transcription of 7gfb1, /110, and Ido1 and Racl-mediated
AC2internalization (continuing efferocytosis). i-k, The thymi of the mice from
Fig. 7 wereimmunostained for AhR (red) and Mac2 (green) and quantified for
AhRMFlin Mac2" areas (arrows). Also shown are thymus weight and F4/80"
macrophages/thymus (n = 8 mice/group). AllmRNA data are expressed relative
to theindicated control groups. Data are mean + SEM, and significance was
determined by two-tailed Student’s t-test or one-way ANOVA with Fisher’s LSD
post-hoc analysis.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | Related to Fig. 8: Systemic and lesional parameters in
control and M¢-IDO1-iKO BMT LdIr” mice. Ldlr” mice were transplanted with
BM from IdoF*# (Control) or IdoP"Cx3cricret®™- (M-IDO1-iKO) mice and then
fed the Western diet for 16 weeks. One cohort from each group was harvested
(Baseline), and the rest of the mice were switched to chow diet, injected with
HDAd-LDLR virus, and given tamoxifen. After 7 weeks, the mice were harvested
(Regression). a-k, Body weight, total plasma cholesterol, fasting blood glucose,
complete blood count (n = 9-10 mice/group). WBC, white blood cell; NE,
neutrophils; LY, lymphocytes; MO, monocytes; EO, eosinophils; BA, basophils,
RBC, red blood cells; PLT, platelets. I, Inmunostaining of IDO1 (red) and Mac2
(green) inregressing aortic root lesions, with quantification of IDO1MFlin Mac2*

and Mac2 areas. Arrows, examples of IDO1-Mac2 co-localization. DAPI was used
for nuclear staining. Scale bar, 25 pm (n =10 mice/group). m, Quantification
oflesion area, based on H&E staining of the aortic root lesions (n =10 mice/
group). n, Theregressing aortic root lesions of Control and M¢-IDO1-iKO groups
wereimmunostained for Mac2 (macrophages; green) and TGF-B1or IL-10. (red)
Arrows, examples of colocalization of Mac2 and TGF-f31 (top) and Mac2 and

IL-10 (bottom). DAPI (blue) was used for nuclear staining. Scale bar, 50 um.

o, The total number of Mac2 cells per lesion section was quantified in regressing
aorticroot lesions (n =10 mice/group). The data are expressed as mean + SEM,
and significance was determined by one-way ANOVA with Fisher’s LSD post-hoc
analysis for panels a-k and m, and by Student’s t-test for panels I and o.
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Software and code
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Data collection  Profiling of Trp metabolites by LC-MS/MS. FACS Canto was used to collect flow cytometry data. Applied Biosystems 7500 software v. 2.3 was
used for gRT-PCR. Leica LAS AF v. 1.9.0 was used to collect epifluorescent microscope images and Nikon A1 was used to collect confocal
microscope images.

Data analysis Peak heights for the Trp and its metabolites as well as the respective stable isotope standards were extracted from the chromatograms using
XCalibur Quan Browser version 4.2.47, Thermo Fisher Scientific. ImageJ 2.9.0 was used for analysis of immunofluorescent images. and
mylmageAnalysis v. 2.0 was used for Western blot densitometry. FlowJo 10.8.1 was used for analysis of flow cytometry data. Statistical
analysis was performed using Graph Pad Prism Version 9.4.0.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

This study did not generate any unique datasets or codes. All other data can be made available from the authors on reasonable request. Additional data associated
with the manuscript can be found in the Supplementary information. Source data are provided within this paper.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
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Reporting on sex and gender Human monocyte-derived macrophages were obtained from the blood collected from anonymous and de-identified adult
volunteers (unknown sex and gender).

Reporting on race, ethnicity, or Unknown (de-identified adult volunteers)
other socially relevant

groupings

Population characteristics Unknown (de-identified adult volunteers)

Recruitment Blood was collected by the New York Blood Center.

Ethics oversight Blood was collected with informed consent, and the University Institutional Review Board and Health Insurance Portability

and Accountability Act guidelines were followed. This is not considered "human research" as it is exempted based on the
Protection of Human Rights Title 45 CFR 46.104, section 4 (ii).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Previous studies and pilot experiments in the lab form the basis of power calculations for the various studies. Depending on the experiments
and power calculations, the number of mice chosen for each cohort was sufficient to ensure the testing of our hypotheses based on an
expected 20%—-30% coefficient of variations and an 80% probability of identifying a 33% difference in crucial plague metrics. e.g., fibrous cap
thickness and necrotic area.

Data exclusions | Initial exclusion criteria for the in-vivo studies included death, injury requiring euthanasia, or weight loss > 15%, but only one mouse was
excluded in this study, which was for injury in the atherosclerosis experiment.

Replication All experiments were reproducible as assessed by multiple wells of cells, tissues, or mice. For in vitro assays, experiments involved 3 or more
biological replicates, and key experiments were repeated multiple times and proved reproducible. For the in vivo study, 5-10 mice were used
per group. These numbers produced robust data and sufficient power for statistical analysis.

Randomization  Mice of the same age and similar weight were randomly assigned to experimental and control groups.
Blinding Investigators were not blinded for in vitro assays and some in vivo experiments for practical reasons (e.g., to apply different treatments such
as PBS versus dexamethasone/Zymosan injection in mice) but the primary outcome data (efferocytosis assays and analysis of

immunohistochemical and immunofluorescent stainings were confirmed by a blinded second investigator. Investigators were blinded for
atherosclerosis lesion and necrotic size quantifications.
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Antibodies

Antibodies used
The source, catalogue number, and vendors of all antibodies that were used in this manuscript can be found in the list below:

Rabbit anti-SLC36A4 pAb (mouse) — Aviva Systems Biology Cat# AAP44114 (1:200 IF, 1:1000 WB)

Rabbit anti-IDO1 mAb (mouse) — Cell Signalling Technology Cat# 51851S, RRID: AB_2799402 (1:200 IF, 1:1000 WB)
Mouse APC (mouse) LAP (TGF-B1) — Biolegend Cat# 141406, RRID: AB_10898159 (1:100 FCM)

Rat PB (mouse) IL-10 — Biolegend Cat# 505020, RRID: AB_2125094 (1:100 FCM)

Rabbit TGFB1 pAb (mouse) — Abcam Cat# ab92486, RRID: AB_10562492 (1:200 FCM)

Rabbit IL-10 pAb (mouse) — Abcam Cat# ab9969, RRID: AB_308826 (1:200 FCM)

Rat PB (mouse) Ly6G — Biolegend Cat# 127612, RRID: AB_1877212 (1:100 FCM)

FITC anti-annexin V — Biolegend Cat# 640906 (1:50 FCM)

Rabbit anti-AhR pAb (mouse) — Enzo Life Sciences Cat# BML-SA210-0100 (1:50 IP, 1:200 IF, 1:1000 WB)

Rabbit anti-ARNT mAb (mouse) — Cell Signalling Technology Cat# 5537S, RRID: AB_10694232 (1:50 IP, 1:1000 WB)
Rabbit anti-NPM pAb (mouse) — Cell Signalling Technology Cat# 3542S, RRID: AB_2155178 (1:1000 WB)

Rabbit anti-B-actin-HRP mAb (mouse) — Cell Signalling Technology Cat# 5125S (1:5000 WB)

Rabbit anti-p44/42 MAPK (ERK1/2) pAb (mouse) — Cell Signalling Technology Cat# 9102S, RRID: AB_330744 (1:1000 WB)
Rabbit anti-phospho-Thr202/Tyr204-p44/42 MAPK (ERK1/2) mAb (mouse) — Cell Signalling Technology Cat# 4370S, RRID:
AB_2315112 (1:1000 WB)

Rat anti-LAMP1 mAb (mouse) — DSHB Cat# 1D4B, RRID: AB_2134500 (1:200 IF)

Rat anti-Mac2 (mouse) — Cedarlane Cat# CL8942AP, RRID: AB_10060357 (1:10000 IF)

Rat PE (mouse) F4/80 — Biolegend Cat# 123110, RRID: AB_893486 (1:100 FCM)

Rabbit anti-lgG mAb (mouse) — Cell Signalling Technology Cat# 3900 (1:250 IP)

Alexa fluor 488 goat anti-rat IgG — Invitrogen Cat# A11006, RRID: AB_2534074 (1:200 IF)

Alexa fluor 594 goat anti-rabbit IgG — Invitrogen Cat# A11037, RRID: AB_2534095 (1:200 dilution)

Alexa fluor 488 goat anti-rabbit IgG — Invitrogen Cat# A11034, RRID: AB_2576217 (1:200 dilution)

Validation Antibody against SLC36A4 has been validated in the manuscript using siRNA -mediated knockdown strategies (Fig. 1b and Extended
Data Fig. 1c).
All of these commercial antibodies have been validated, with proof available through publications or references on the
manufacturers' websites, by other researchers, or from data published by lab members as stated on the manufacturers' websites:

Rabbit anti-SLC36A4 pAb (mouse) — Aviva Systems Biology Cat# AAP44114 - validated for WB by Aviva Systems Biology and 1 product
reference; and IF in this manuscript.

Rabbit anti-IDO1 mAb (mouse) — CST Cat# 51851S - validated for WB & IF by CST, 13 product references and in this manuscript.
Mouse APC (mouse) LAP (TGF-B1) — Biolegend Cat# 141406 - validated for FC by Biolegend, 20 product references and in this
manuscript.

Rat PB (mouse) IL-10 — Biolegend Cat# 505020 - validated for FC by Biolegend, 2 product references and in this manuscript.
Rabbit TGFB1 pAb (mouse) — Abcam Cat# ab92486 - validated for IF by Abcam, 9 product references and in this manuscript.
Rabbit IL-10 pAb (mouse) — Abcam Cat# ab9969 - validated for IF by Abcam, 10 product references and in this manuscript.

Rat PB (mouse) Ly6G — Biolegend Cat# 127612 - validated for FC by Biolegend, 27 product references and in this manuscript.

FITC anti-annexin V — Biolegend Cat# 640906 - validated for FC by Biolegend, 243 product references and in this manuscript.
Rabbit anti-AhR pAb (mouse) — Enzo Life Sciences Cat# BML-SA210-0100 - validated for WB by Enzo Life Sciences and 6 product
reference; and WB & IF in this manuscript.

Rabbit anti-ARNT mAb (mouse) — CST Cat# 5537S - validated for IP by CST, 77 product references and in this manuscript.

Rabbit anti-NPM pAb (mouse) — CST Cat# 3542S - validated for WB by CST, 67 product references and in this manuscript.

Rabbit anti-B-actin-HRP mAb (mouse) — CST Cat# 5125S - validated for WB by CST, 503 product references and in this manuscript.
Rabbit anti-p44/42 MAPK (ERK1/2) pAb (mouse) — CST Cat# 9102S - validated for WB by CST, 7533 product references and in this
manuscript.

Rabbit anti-phospho-Thr202/Tyr204-p44/42 MAPK (ERK1/2) mAb (mouse) — CST Cat# 4370S - validated for WB by CST, 7533 product
references and in this manuscript.

Rat anti-LAMP1 mAb (mouse) — DSHB Cat# 1D4B - validated for IF by DSHB, 56 product references and in this manuscript.

Rabbit anti-lgG mAb (mouse) — CST Cat# 3900 - validated for WB by CST, 713 product references and in this manuscript.




Rat PE (mouse) F4/80 — Biolegend Cat# 123110 - validated for FC by Biolegend, 345 product references and in this manuscript.
Rat anti-Mac2 (mouse) — Cedarlane Cat# CL8942AP - validated for IF by Cedarlane, 213 product references and in this manuscript.
Alexa fluor 488 goat anti-rat 1gG — Invitrogen Cat# A11006 - validated for IF by Invitrogen, 2134 product references and in this
manuscript.

Alexa fluor 594 goat anti-rabbit IgG — Invitrogen Cat# A11037 - validated for IF by Invitrogen, 2186 product references and in this
manuscript.

Alexa fluor 488 goat anti-rabbit IgG — Invitrogen Cat# A11034 - validated for IF by Invitrogen, 6842 product references and in this
manuscript.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

Human Jurkat T Lymphocyte-ATCC TIB-152 and L-929 mouse fibroblasts (ATCC CCL-1)

None of the cell lines used were authenticated.

Mycoplasma contamination Not tested for the mycoplasma contamination

Commonly misidentified lines  no commonly misidentified cell lines were used in this study.

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

The mice were housed in standard cages at room temperature with a 12-h light/12-h dark cycle in a barrier facility with ad libitum
access to water and food. Male C57BL/6J wild-type mice (8-10-week-old) were purchased from The Jackson Laboratory (strain
#000664) were used as bone marrow transplant (BMT)-recipient mice for the zymosan Al and dexamethasone-thymus experiments.
Male LdIr-/- mice (8-10-week-old) mice on the C57BL/6J background (B6.129S7-LdIrtm1Her/J; Jackson Laboratory, strain #002207)
were used as BMT-recipient mice for the atherosclerosis experiments. All purchased mice were allowed to adapt to housing in the
animal facility for 1 week before the commencement of experiments. For BMT donor mice, we used 8-10-week-old Lyz2cre+/—
(Control) and Ido1fl/fl Lyz2cre+/— (M-IDO1-KO) male mice, both on the C57BL/6J background. Lyz2Cre mice were purchased from The
Jackson Laboratory (strain # 004781). Ahrfl/fl mice were purchased from The Jackson Laboratory (strain #006203). Ido1fl/fl
Cx3crlcreERT2 mice were bred using Cx3crlcreERT2 mice purchased from The Jackson Laboratory (strain #020940).

No wild animals were used in this study
Only male mice from Jackson Laboratory were used for the studies in this manuscript.
No field-collected samples were used in this study.

The mouse protocols used for experiments were approved by Columbia University’s Institutional Animal Care and Use Committee,
and the mice were cared for according to National Institutes of Health (NIH) guidelines for the care and use of laboratory animals.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks

Novel plant genotypes

Authentication

Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
Bg;c[rj/ﬁf))lé”é;;y atithentication-procedures foreach seed stock-tised-or-novel-genotype-generated.—Describe-any-experiments-used-to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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Flow Cytometry

Plots
Confirm that:

|Z| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|Z| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument
Software
Cell population abundance

Gating strategy

After fixation in 4% PFA (Thermo Fisher Scientific), cells were resuspended in FACS staining buffer (BioLegend)) and incubated
with mouse TruStain FcXTM PLUS (CD16/32, Biolegend) Fc-blocking antibody (Biolegend). Cell-surface receptor staining was
carried out by incubating the cells with fluorescent antibodies for 1 h at 4°C. Cells were permeabilized with BD Perm/Wash
(BD Biosciences) for intracellular staining, followed by incubation with fluorescent antibodies for 1 h at 4°C. Subsequently,
cells were washed in FACS buffer (twice) and then resuspended for analysis on a BD FACS Canto Il flow cytometer. For
apoptosis detection, cells were washed with cold FACS buffer (twice), resuspended in annexin V-binding buffer at a
concentration of 1 x 1076 cells per ml, and incubated with fluorescein isothiocyanate (FITC)-conjugated annexin V antibody
for 15-20 min at room temperature. The samples were then analysed by a BD FACS Canto Il flow cytometer.

BD FACS Canto Il flow cytometer
Data analysis was carried out using the FlowJo_10.8.1.
No sorting was done.

FSC-A/SSC-A gating was used to detect all events. FSC-A/FSC-W was used to select singlets.

g Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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