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The human IRGM gene has been linked to inflammatory
diseases including sepsis and Crohn’s disease. Decreased
expression of human IRGM, or the mouse orthologues Irgm1i
and Irgm?2, leads to increased production of a number of in-
flammatory chemokines and cytokines in vivo and/or in
cultured macrophages. Prior work has indicated that increased
cytokine production is instigated by metabolic alterations and
changes in mitochondrial homeostasis; however, a compre-
hensive mechanism has not been elucidated. In the studies
presented here, RNA deep sequencing and quantitative PCR
were used to show that increases in cytokine production, as
well as most changes in the transcriptional profile of IrgmI~'
bone marrow-derived macrophages (BMM), are dependent on
increased type I IFN production seen in those cells. Metabolic
alterations that drive increased cytokines in Irgmi1™'~ BMM -
specifically increases in glycolysis and increased accumulation
of acyl-carnitines - were unaffected by quenching type I IEFN
signaling. Dysregulation of peroxisomal homeostasis was
identified as a novel upstream pathway that governs type I IFN
production and inflammatory cytokine production. Collec-
tively, these results enhance our understanding of the complex
biochemical changes that are triggered by lack of Irgm1 and
contribute to inflammatory disease seen with Irgm1-deficiency.

The Immunity-Related GTPases (IRGs) are a family of large
GTPases that are thought to function similar to dynamins in
regulating membrane dynamics in cells. Membrane processes
in which they have been implicated include autophagy and
mitophagy (1-6), mitochondrial fission (6, 7), processing of
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vacuoles that contain pathogens (8—11), vesicle formation and
transport (11-16), and cell motility (17, 18). However, the
specific mechanisms through which they influence these pro-
cesses are not clear. Regulation of membrane processes by
IRGs is important in immune and inflammatory contexts.
Transcription of IRG genes is potently induced by interferon
(IFN)-y and/or lipopolysaccharide, and polymorphisms in the
human IRGM gene are associated with several inflammatory
diseases including Crohn’s disease (CD) (19-23), Mycobacte-
rium tuberculosis infection (3, 24), sepsis (4), and non-
alcoholic fatty liver disease (25).

Decreased expression of IRGM proteins leads to increases in
inflammatory cytokine production, which is thought to be
pivotal for the involvement of IRGMs in the aforementioned
inflammatory diseases. For instance, disease loci for IRGM are
linked to increases in serum tumor necrosis factor (TNF), a
key cytokine in CD pathogenesis (26). A global deletion of the
mouse orthologue Irgm2 leads to increased production of IL-
1a, IL-1P, and IFNY in lipopolysaccharide (LPS)-injected mice
(a model of sepsis), while deletion of IrgmI leads to increases
in TNF, MIP-1a, and GM-CSF following LPS exposure (27).
Additionally, in Irgm1~'~ mice, intestinal levels of IL-6, ST00A,
IL-18, and CXCL1 are elevated relative to wild-type levels
following infection with Citrobacter rodentium (an inflam-
matory bowel disease model), while multiple serum cytokines
and chemokines are elevated tonically in those same mice in
absence of experimental infection (28). Most of these cytokines
and chemokines are likewise elevated in macrophages purified
from Irgm1™'~ or Irgm2™'~ mice and then activated in culture
(27, 28). Elevated production of inflammatory cytokines in
Irgm1™'~ macrophages is dependent on metabolic alterations
in those cells that include increased glycolysis and impaired

J. Biol. Chem. (2024) 300(11) 107883 1

Published by Elsevier Inc on behalf of American Society for Biochemistry and Molecular Biology. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://doi.org/10.1016/j.jbc.2024.107883
Delta:1_given name
Delta:1_surname
Delta:1_given name
https://orcid.org/0009-0008-2653-5333
Delta:1_surname
https://orcid.org/0009-0001-8121-2819
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
https://orcid.org/0000-0002-9779-0883
Delta:1_surname
Delta:1_given name
Delta:1_surname
https://orcid.org/0000-0003-3676-9391
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
mailto:gregory.taylor@duke.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jbc.2024.107883&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

Cytokine production in Irgm1-deficient macrophages

fatty acid catabolism, as cytokine levels are dampened when
the macrophages are exposed to a glycolytic inhibitor (2-
deoxyglucose) or fatty acid synthase inhibitors (C75 or cer-
ulenin). Because Irgml-deficient macrophages also exhibit
altered mitochondrial homeostasis—manifested as impaired
mitophagy (29) and altered mitochondrial fusion dynamics
(28)—it has been suggested that impaired mitochondrial
health may be an important driver of the metabolic impair-
ments that subsequently lead to increases in inflammatory
cytokines. The details of this mechanism are, nevertheless, not
clear. In the current work, we examined in more depth how
Irgml deficiency in primary macrophages triggers elevated
cytokine production.

Results

A role for type | IFN in mediating proinflammatory cytokine
production in Irgm1-deficient macrophages

Recently published work has suggested that impaired
mitophagy in Irgm1-deficient cells triggers the production of
type I IEN. This occurs either through soiling of the cytoplasm
with mitochondrial DNA that either engages cGAS/STING, or
through a TLR7-dependent mechanism (29). Elevation of type
I IFN production in this manner is a major contributor to the
striking susceptibility to M. tuberculosis, Listeria mono-
cytogenes, and Salmonella typhimurium seen in Irgm1~'~ mice,
as susceptibility is largely rescued in IFNAR™'~/Irgm1~'~ mice
lacking type I IFN signaling. (In contrast, decreased resistance
to Toxoplasma gondii is maintained) (30). Bone marrow-
derived macrophages (BMM) from Irgml ~/~ mice also mani-
fest a type I IFN gene expression pattern with increased
expression of many type I IFN-regulated genes including Mx1,
which is often used as a marker of type I IFN signaling (29, 31).

As alluded to above, we previously described a chronic,
sterile inflammation in Irgm1-deficient mice and BMM that is
manifested as increased production of a broad number of in-
flammatory cytokines (28). Because IFNs regulate the expres-
sion of thousands of genes (32), we reasoned that elevated
production of type I IFN in Irgm1-deficient cells may in turn
stimulate the production of some of the other cytokines and
chemokines that are increased with Irgml-deficiency. We
tested this here by dampening type I IFN signaling in mac-
rophages and examining cytokine gene expression with a focus
on Ccl2 (Mcp-1), one of the chemokines that we found pre-
viously to be elevated in Irgml ~/~ BMM (28). We disrupted
type I signaling in two ways: by use of type I IFN receptor
neutralizing antibodies (33) or by introducing a genetic dele-
tion of the type I IFN receptor gene (IFNAR) onto the Irgml ™'~
background. With the neutralizing antibody approach (Fig. 1,
A-C), enhanced expression of both MxI and Ccl2 in Irgm1™'~
BMM was significantly decreased. Ifub mRNA expression,
which was markedly elevated in Irgmi1~'~ BMM as compared
to WT BMM, was unaffected by the IFNAR neutralizing
antibody (Fig. 1A). Genetic deletion of IFNAR (Fig. 1, D-F) led
to even more dramatic effects with complete loss of the
elevated MxI and Ccl2 expression seen in Irgm1~'~ cells. There
was also an unexpected decrease in Ifub expression, perhaps
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suggesting a feedback regulatory mechanism. Together, these
results support the hypothesis that enhanced production of
Ccl2 and similar cytokines in IrgmI~'~ macrophages is medi-
ated by increases in type I IFN.

Possible impact of type | IFN on metabolic and mitochondrial
dysfunction in Irgm1-deficient macrophages

Because the increased glycolysis and acylcarnitine accumu-
lation initiated by Irgml deficiency are necessary for the
subsequent increase in inflammatory cytokine production (28),
we next asked whether type I IFN may instigate those meta-
bolic changes. Using lactate production as a surrogate for
glycolysis, we found lactate production to be elevated in both
IFN-y-activated Irgml~'~ and IFNAR/IrgmI~'~ BMM (relative
to levels in activated WT BMM) (Fig. 2A). As a readout for
fatty acid oxidation, we measured acyl-carnitines using a mass-
spectrometry-based metabolic profiling approach. Multiple
medium- and long-chain acyl-carnitines were found to be
elevated in both IFN-y-activated IrgmI~'~ and IFNAR/Irgm1™’
~ BMM, ranging from about 3 to 6 times the levels found in
WT BMM (Fig. 2B). Thus, by these measures, the metabolic
alterations that are triggered by Irgml deficiency in macro-
phages are not dependent on increased type I IFN production,
and likely lie upstream of type I IFN production in the
signaling cascade triggered by Irgm1 deficiency.

Prior work has suggested that diminished removal of poorly
functioning mitochondria in Irgm1~~ BMM due to impaired
mitophagy leads to the type I IFN signature (29). Here we
tested whether the increase in type I IFN may influence
mitochondrial functioning in IrgmI~'~ BMM. To do so, we
used flow cytometry to capture key aspects of mitochondrial
health. Irgm1~'~ BMM as compared to WT BMM displayed a
striking reduction in mitochondrial membrane potential
(TMRE) and a small but statistically significant decrease in
mitochondrial mass, though little difference in reactive oxygen
species (CellROX) (Fig. 2C). Mitochondria from IFNAR/
Irgm1™~ BMM did not display statistical changes in mito-
chondrial mass and membrane potential relative to WT BMM
(Fig. 2C). Thus, increased type I IFN signaling may contribute
to altered mitochondrial health in Irgm1-deficient cells.

—/—

Transcriptional profile of IFNAR/Irgm1~"~ macrophages

To gain more insight into the transcriptional changes that
are initiated by Irgm1 deficiency and their dependence on type
I IFN, we performed deep RNA sequencing and Gene
Expression Enrichment Analysis (GSEA) comparing BMM
cultured from W, Irgm1~'~, and IFNAR/Irgm1~'~ mice (Fig. 3
and Table 1). Principal component analysis showed that the
gene expression profiles from Irgm1~~ BMM cultures were
markedly different from those of WT BMM (Fig. 3A), while
those from IFNAR/Irgm1~'~ were closer to those of WT BMM
(Fig. 3A). Comparing Irgm1~'~ BMM to WT BMM, 7206 genes
showed statistically significant differences in gene transcrip-
tion, yet comparing IFNAR/Irgm1~'"~ to WT BMM, there were
only 846 that were differentially transcribed (Fig. 3B, FDR <
0.05). Among the identified genes, there were multiple
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Figure 1. Increased expression of Ccl-2 in Irgm1-deficient macrophages requires type | IFN signaling. A-C, bone marrow-derived macrophages (BMM)
from WT and Irgm1~~ mice were activated with IFN-y for 24 h and were simultaneously exposed to no antisera (none), a control/non-immune antiserum
(control), or anti-type | IFN receptor antiserum (anti-IFNAR). Cells were collected and quantitative PCR was used to measure expression of the indicated
mMRNAs relative to ActA expression. The results were normalized to one of the WT control samples and expressed as a percent of that sample. Four separate
experiments were performed using macrophages prepared from distinct mice in each experiment, and the results were combined. D-F, BMM from WT,
Irgm17~, and IFNAR/Irgm1~"~ mice were activated with IFN-y for 24 h. Cells were collected and used to quantify the expression of the indicated mRNAs
using quantitative PCR. Shown are the combined results of two experiments performed with a total of 6 BMM cultures per genotype prepared from distinct
mice. Error bars indicate SEM. ns, not significant, *p < 0.05, **p < 0.01, ***p < 0.001.

inflammatory cytokines that were markedly elevated in
IrgmI™'~ BMM relative to WT BMM that were not statistically
elevated in IFNAR/Irng’/ ~ BMM (Fig. 3C). These data are
consistent with the quantitative RT-PCR Cc/2 analyses (Fig. 1)
and suggest that most transcriptional changes, including the
sterile inflammation seen in Irgm]‘/ - BMM and mice, are
mediated by increased Type I IFN production.

A similar pattern was seen in the gene sets that were
identified as differentially enriched with GSEA (Fig. 3, D and E,
FDR < 0.05). There were 551 gene sets that were enriched in
Irgm1™~ BMM relative to WT BMM, while there were only
183 enriched in IFNAR/Irgm1™’~ BMM compared to WT
BMM. Similarly, there were 202 gene ontologies enriched in
Irgm1™~ BMM and only 65 enriched in IFNAR/Irgml™'~
BMM. These results imply that increased type I IFN drives the
majority of the biological processes that are altered with Irgm1l
deficiency. However, a closer look at some of the specific gene
sets/ontologies (Table 1) revealed that although gene sets
related to type I IFN signaling and inflammation were indeed
rescued with the IFNAR deletion, there were several gene sets
that were not, potentially representing gene pathways up-
stream of type I IFN production that might drive the IFN
production and ultimately the inflammation seen with Irgm1l
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deficiency. Some of these were expected. For instance, aerobic
glycolysis was enriched in both Irgmi~'~ BMM and IFNAR/
IrgmI™'~ BMM, which was consistent with our above analysis
of lactate production (Fig. 2A). There were also enriched gene
sets related to protein refolding and heat shock responses;
these likely stem from the long-held observation that mouse
IRGM proteins act to stabilize a number of other IRG proteins
(known as GKS IRG proteins) so that in the absence of Irgm1
or other IRGM proteins, those GKS IRG proteins form cellular
aggregates (10, 34-36), ostensibly triggering heat shock and
unfolded protein responses. There were also pathways related
to organelle fission; these are in line with the presumed
function of IRG proteins as dynamins as well as the specific
observations from our labs and others that Irgml controls
mitochondrial fission. An unexpected gene pathway that was
enriched was the Peroxisome Proliferator-Activated Receptor
(PPAR)-o. Pathway, which we explored further.

Peroxisomal dysfunction in Irgm1~~ macrophages

Peroxisomes are single membrane organelles that play
essential roles in lipid metabolism including fatty acid catab-
olism and synthesis of cholesterol and plasmalogens (37). The
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Figure 2. Metabolic changes in Irgm1-deficient macrophages do not require type I IFN signaling. A, Groups of 3 WT, Irgm1~'~, and IFNAR/Irgm1~"~
BMM isolated from distinct mice were activated with IFN-y for 24 h. Conditioned media were used for lactate measurements that were normalized to cell
counts. The results shown are representative of three separate experiments. B, groups of 3 WT, Irgm1~'~, and IFNAR/Irgm1~'~ BMM isolated from distinct
mice were activated with IFN-y for 24 h and simultaneously exposed to 0.5 mM L-carnitine and 100 UM 1:1 oleate/palmitate. Lysates were prepared from
the cells, and acyl-carnitines were measured using MS/MS. Shown are average acyl-carnitine levels for the indicated genotypes relative to WT levels. Acyl-
carnitine levels were not statistically different between Irgm1~/~ and IFNAR/Irgm1~~ BMM (p > 0.05 in all cases). Shown is one representative experiment
out of two. C, WT and lrgml‘/' BMM were activated with IFN-y for 24 h. The cells were stained with Mitotracker Green, TMRE, or CellROX, which were
quantified by flow cytometry. Shown are the combined results of the two experiments. Data points represent BMM isolated from distinct mice. Error bars

indicate SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

biochemical reactions that occur in peroxisomes produce
significant amounts of reactive oxygen species like hydrogen
peroxide that are detoxified by catalase produced in the or-
ganelles. Peroxisome synthesis is driven by PPAR pathways.
Prior publications have indicated that a fraction of cellular
Irgm3 (36) and human IRGMd (6) localizes to peroxisomes,
but otherwise, there have been no previous connections of
IRGM proteins to peroxisomal health. Perturbation of the
PPAR-0. pathway suggests that peroxisome synthesis and/or
function may be altered with Irgm1-deficiency.

To explore a role for Irgm1 in peroxisomal biology, we first
assessed whether Irgm1 localized to peroxisomes in WT BMM
(Fig. 4). We and others have previously found the bulk of
Irgml to localize to the Golgi apparatus (15, 16, 38), with
additional localization to other organelles including mito-
chondria (6, 7) and lysosomes (39). Here we found that Irgm1

4 Biol. Chem. (2024) 300(11) 107883

decorated 7 to 8% of the peroxisomes, potentially suggesting a
direct role in peroxisome biology. Peroxisomes were next
compared in WT and IrgmI~'~ BMM. There were no apparent
differences in the appearance of individual peroxisomes by
immunofluorescence microscopy (Fig. 5A); however, there was
a striking 50% decrease in peroxisome numbers in Irgml ™'~
BMM compared to WT BMM (Fig. 5B). Peroxisomes were
also enumerated in live cells by transfection with a fluorescent
peroxisomal construct. By this approach, peroxisome numbers
were likewise found to be reduced by about 50% in Irgml ™'~
BMM (Fig. 5C). Peroxisomes were next enumerated in [FNAR/
Irgm1~'~ BMM and found to be decreased to about the same
extent as those in Irgm1~'~ BMM (Fig. 5D), indicating that this
effect of Irgm1 deficiency is not dependent on increased type I
IEN signaling. A reduction in peroxisome numbers could
result from reduced peroxisome biogenesis or increased

SASBMB
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Figure 3. Role for Type I IFN signaling in transcriptomic changes in Irgm1-deficient macrophages. BMM from four distinct mice each for C57BI/6 wild-
type (WT), Irgm1~"~ (Irgm1 KO), and IFNAR/Irgm 1™~ (IFNAR/Irgm1 KO) were activated with IFN-y for 24 h. mRNA was prepared and used for 165 RNA deep
sequencing and Gene Set Enrichment Analysis. A, principal component analysis; B, the number of genes with statistically significant differences in
expression in the indicated genotype relative to WT; LRT, FDR < 0.05. C, a heat map of select inflammatory chemokines and cytokines that have statistically

significant increases in expression in Irgm1~~ BMM (relative to WT) that are reversed in IFNAR/Irgm1

~/~ BMM. The average fold change in expression is

indicated. D, the number of gene pathways that were enriched in the indicated genotype relative to WT; fold change > 1.25; t test, P, FDR < 0.05. E, the
number of ontologies that were enriched in the indicated genotype relative to WT; fold change > 1.25; t test, FDR < 0.05.

peroxisome turnover via autophagy (i.e. pexophagy). Because
of the established associations of Irgm1 with autophagic flux,
we explored the latter by enumerating peroxisomes following
treatment with the autophagic inducer, Torin-1, and the in-
hibitor, bafilomycin A1 (Baf A) (Fig. 5E). As expected, perox-
isome numbers in WT BMM were markedly reduced when
autophagy was stimulated with Torin-1 (40), but there was
only a modest impact in IrgmI~'~ BMM. Also as expected,
inhibition of autophagy with Baf A led to a marked increase in
peroxisome numbers. In contrast, Irgm1~'~ BMM were largely
insensitive to Baf A, suggesting either that the dominant
pathway dictating peroxisome numbers with Irgm1 deficiency

SASBMB

may not be autophagic, or that any impact is on very
distal autophagic flux. Finally, we also tested how treating
IrgmI™'~ BMM with the fatty acid synthase inhibitor, C75,
affected peroxisome numbers (Fig. 5E). As mentioned earlier,
we previously associated Irgml-deficiency in macrophages
with increased acyl-carnitine accumulation, an effect that
drives inflammatory cytokine production and is mitigated by
treatment with C75 (28). In the current studies, C75 had no
effect on reduced peroxisome levels in Irgml™'~ BMM, sug-
gesting that this metabolic change in Irgm1-deficient macro-
phages occurs downstream of the change in peroxisome
homeostasis.

J. Biol. Chem. (2024) 300(11) 107883 5
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Table 1

Normalized Enrichment Scores (NES) for select gene pathways and ontologies enriched by Irgm1 and/or IFNAR deletion in bone marrow

macrophages

Rescued by escued by IFNAR deletion

Gene Pathway/Ontology

Irgm1™'~ vs WT BMM

Irgm1™'~/IFNAR™'~ vs WT BMM

DER IFN Alpha Response Up
GOBP Response to Type I IFN
GOBP Cytokine Production
GOBP Inflammatory Response

2.00" -1.61°
2.04° -1.65"
1.63° ns
1.54% ns

Unaffected by IFNAR deletion

Gene Pathway/Ontology

Irgm1™'~ vs WT BMM

Irgm1™'~/IFNAR™'~ vs WT BMM

WP Aerobic Glycolysis

Biocarta PPARA Pathway

GOBP Protein Refolding

GOMEF Heat Shock Protein Binding
Reactome Hsfl Activation

GOBP Cell Cycle Process

GOBP Organelle Fission

Reactome Golgi to ER Retrograde Transport

1.53" 1.70°
1.52" 1.68"
1.96* 2.02°
1.80° 1.92°
1.91° 2.66°
-1.63° -1.58"
-1.77° -1.66
-1.61° -1.41°

“ p < 0.001; ns, not significant.
b p < 0.05.

While these results establish a role for Irgm1 in peroxisomal
homeostasis, Irgm1 may or may not affect the biochemical or
cellular functioning of individual peroxisomes. We explored
this by examining peroxisome-related gene sets and ontologies
in the GSEA detailed above. Comparing WT to Irgml '~
BMM, there was no statistical difference in gene expression in
multiple gene sets related to peroxisome function including
GOBP Protein Import into Peroxisome Matrix (FDR = 0.26),
GOBP Protein Targeting to Peroxisome (FDR = 0.64), GOBP
Peroxisome Organization (FDR = 0.99), KEGG_Peroxisome

control

5 um

5 um

(FDR = 0.34), and Reactome Synthesis of Bile Acids and Bile
Salts (FDR = 0.59). Thus, by these measures, Irgm1 does not
seem to affect many basic peroxisomal functions.

We reasoned that even if individual peroxisomes function
normally in IrgmI~'~ BMM, a decrease in peroxisome levels
will decrease peroxisome function in the aggregate, potentially
leading to increased inflammation. The scientific literature
indicates that through their roles in fatty acid metabolism and
ROS homeostasis, peroxisomes play an important role in
inflammation, and a reduction of peroxisomes has been shown
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Figure 4. Irgm1 localizes to a subset of peroxisomes in macrophages. WT BMM activated with IFN-y for 24 h were fixed and stained with anti-Irgm1
(green) or anti-PMP70 (red) antibodies. Shown are representative confocal images; arrows mark select peroxisomes that showed Irgm1 staining. Irgm1
localization to peroxisomes was quantified in 10 cells using both manual counting and ImagelJ/JACoP analysis, as indicated. Error bars indicate SD. The
lower control panels show representative images of the cells stained with secondary antibodies only. The nuclei in the overlay images are stained with DAPI.
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Figure 5. Peroxisome numbers are decreased with Irgm1 deficiency. BMM from the indicated mice were cultured on coverslips and either activated
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activated with IFN-y, and used for live fluorescent imaging (C). Shown are: A, representative images of WT and Irgml’/’ (Irgm1 KO) BMM. B, Peroxisome
counts from WT and Irgm1~/~ BMM; data from 4 separate experiments using cells from distinct mice were combined. C, peroxisome counts from WT and
Irgm 17~ BMM. D, peroxisome counts from WT, lrgml'/‘, and IFNAR/Irng‘/‘ BMM. E, peroxisome counts from WT and Irgml"' BMM,; the cells were treated
with bafilomycin A1 (0.1 uM), Torin-1 (1 uM), or C75 (101M), simultaneously with IFN-Y as indicated. Data points represent individual cells. Error bars indicate

SD. *p < 0.05, **p < 0.01, **p < 0.001.

to be pro-inflammatory in other contexts (41, 42). To test this
possibility, we treated cells with the PPARa agonist, fenofibrate
(43) in an effort to increase peroxisome levels. Exposure of
Irgm1™~'~ BMM to fenofibrate normalized peroxisome numbers,
bringing them close to WT levels while having little impact on
peroxisome numbers in WT BMM (Fig. 6A4). When cytokine
expression was assessed, the PPARa agonist dramatically low-
ered Ccl2, Mx1,and Ifub mRNA levels in Irgm1~'~ BMM close to
the levels seen in WT BMM (Fig. 6, B—D). These results sug-
gested that the reductions in peroxisome levels in Irgml™'~
BMM contribute to the increased type I IFN responses and
subsequent stimulation of inflammatory cytokine production.
We examined the impact of fenofibrate more broadly by
assessing gene expression through RNA-Seq and GSEA. Both
the principal component analysis (PCA) (Fig. 7A) and the heat
map of gene expression (Fig. 7B) illustrated that in WT and
Irgm1™'~ BMM following fenofibrate treatment, there was a
substantial shift of gene expression in Irgm1~'~ BMM so that it
more closely aligned with expression in WT BMM. The RNA-
Seq data validated the effects on type I IFN production and
signaling, as the increases in Ifub, MxI1, and Mx2 mRNAs in
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Irgm1™~ BMM compared to WT BMM were substantially
muted, changing from 36.0-, 13.6-, and 11.2-fold increases in
control cells (LRT, FDR < 0.0001) to 4.08-, 2.04-, and 1.88-fold
increases. Further, most of the gene pathway/ontology
enrichment seen in control Irgm1~’~ BMM compared to WT
BMM (Table 1) was obviated following fenofibrate treatment
including GOBP cytokine production, GOBP Inflammatory
Response, Biocarta PPARA Pathway, GOBP Protein Refolding,
GOMF Heat Shock Protein Binding, GOBP Cell Cycle Process,
GOBP Organelle Fission, and Reactome Golgi to ER Retro-
grade Transport (all displaying non-significant differences, ¢
test, FDR > 0.05). The only exceptions that maintained
enrichment following fenofibrate treatment were WP Aerobic
Glycolysis (NES 2.09, ¢ test, FDR < 0.0001) and Reactome Hsf1
Activation (NES 1.80, , ¢ test, FDR < 0.0001).

Discussion

Changes in the expression of IRGM proteins have been
associated with various inflammatory diseases in humans and
mouse models of disease (44). While the underlying
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mechanisms are unclear, our previous work implicated that
metabolic changes in Irgml™~ cells, specifically increases in
glycolysis and decreases in fatty acid turnover, are pivotal
events that drive increased inflammatory cytokine production
(28). Because work from several labs has identified changes in
mitochondrial homeostasis with IrgmI deficiency (6, 7, 28, 29,
31, 45), a working hypothesis has been that lack of removal of
dysfunctional mitochondria with Irgml deficiency leads to
decreased fatty acid catabolism and decreased oxidative
phosphorylation, the latter prompting increases in glycolysis.
Our current work adds key details to this mechanism.
Leveraging the recent finding of increased type I IFN signaling
in Irgm1-deficient cells, we found that the production of an
array of inflammatory cytokines and chemokines in Irgml-
deficient macrophages is a consequence of increased type I
IEN signaling, rather than occurring independently. Type I
IFN signaling, in fact, appears to be the major driver of tran-
scriptional changes for the majority of pathways that are
altered in Irgml~~ macrophages. Nevertheless, there are
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several gene pathways/ontologies that are enriched in both
Irgm1™~ BMM and IFNAR/Irgm1”’~ BMM that represent
upstream mechanisms that likely drive type I IFN production
— these include increased glycolysis, increased unfolded pro-
tein responses, impaired organelle fission, and altered peroxi-
some homeostasis.

Peroxisomes and mitochondria are distinct organelles that
share some important cellular functions, including fatty acid
metabolism and ROS scavenging (46). They are both dynamic
organelles subject to fission and fusion events mediated by
dynamin-like proteins, possibly including Irgm1l. When the
organelles become dysfunctional, they are both removed by
autophagic processes. In the current work, we have identified
that peroxisome homeostasis is dramatically altered in acti-
vated macrophages when Irgml is absent. Our data suggest
that the decrease in peroxisome numbers and ostensibly
reduced levels of peroxisome functioning in the cells
contribute to type I IFN production and the subsequent in-
flammatory cytokine production.
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The means through which Irgml affects peroxisomes was
not identified in the current studies. Peroxisome homeostasis
is regulated by a series of PEX proteins that control various
aspects of organelle formation. However, Irgm1 does not seem
to regulate their expression as RNA-Seq data for multiple PEX
proteins showed either no significant difference in expression
or very small <1.3-fold differences in IrgmlI”’~ BMM
compared to WT BMM, including PEX1, PEX2, PEX3, PEXS5,
PEX6, PEX7, PEX10, PEX11a, PEX12, PEX13, PEX14, and
PEX19. Only PEX 16 showed a 2.1-fold higher expression in
Irgm1™~ BMM compared to WT BMM (FDR < 0.0001).
Therefore, it seems unlikely that Irgm1 influences homeostasis
by PEX-regulated mechanisms of organelle formation. Pub-
lished reports have indicated that Irgm1 promotes autophagic
turnover and fission of mitochondria, likely through its pre-
sumed dynamin-like function. Thus, it is quite possible that
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Irgm1 may affect peroxisomes in a similar manner, particularly
given our evidence of direct association (Fig. 4). We note that
at the level of fluorescence microscopy, we did not see a shift
in the peroxisomal fission/fusion balance—the organelles
appeared punctate in both WT and IrgmI~'~ BMM—however,
it is possible that the kinetics of our experiments were not
optimized to capture subtle differences. Irgm1 may alterna-
tively influence peroxisomes through its autophagic function,
yet the levels of peroxisomes in Irgmi~’~ BMM appeared
relatively insensitive to the autophagic inducer and inhibitor
that we tested. It is interesting in this context that mice lacking
the autophagy protein, Atgl6L1, share enhanced colitis and
perturbed Paneth cell functioning with IrgmI™'~ mice, as well
as also displaying increased PPAR signaling (47).

While mitochondrial dysfunction likely plays a significant
role in inflammation triggered by Irgm1 deficiency as we and
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others have posited, a few observations suggest that it is not
the sole driver. First, as discussed, peroxisomes appear to play
a significant role, and their dysfunction lies upstream of
increased production of type I IFN and other inflammatory
cytokines. Second, as we also demonstrated in the current
studies, decreased mitochondrial mass and membrane poten-
tial in IrgmI~'~ BMM are dependent on Type I IEN produc-
tion, suggesting these phenotypes are caused by an increase in
type I IEN signaling. In addition, we previously found changes
in the mitochondrial fission/fusion balance in Irgm1~~ BMM
to be dependent on increased glycolysis (28). These findings
place at least a few facets of mitochondrial dysfunction in
Irgm1™~ macrophages downstream of other functional
changes in those cells. There are certainly complex signaling
and feedback responses that occur among peroxisomes,
mitochondria, and metabolic pathways in inflammatory con-
texts. Our observations emphasize the need for further work to
determine how Irgml influences peroxisomal and mitochon-
drial function, and the relevance to IRGM protein-regulated
inflammation.

Experimental procedures
Mice and cell culture

Irgml’/ ~ (48) and IFNAR/Irng’/ ~ (29, 30) have been
described previously and were backcrossed to C57BL/6 mice
(wild-type). All mice were housed and maintained under
procedures approved by the Institutional Animal Care and Use
Committees at the Duke University and Durham VA Medical
Centers.

Primary murine BMM were isolated from the tibia and fe-
murs of 2- to 4-month-old male and female mice and cultured
according to standard procedures described previously (17).
The bone marrow was flushed from the bones using a 27G
needle fitted to a syringe filled with DMEM (Life Technolo-
gies); the marrow was dispersed by drawing through the needle
three to four times; and red cells were lysed with ACK lysing
buffer (Life Technologies). Adherent cells were cultured for
6 days in BMM medium [DMEM supplemented with 10% (v/v)
FBS (Hyclone) and 20% (v/v) L929 cell-conditioned medium].
The cells were cultured on Petri dishes that were not cell
culture-treated, resulting in cultures that were loosely
adherent and easily removed from the plates with cell disso-
ciation buffer (13150-016, Gibco/Thermo Fisher). 24 h prior
to all experiments, the cells were placed in a medium lacking
L929-conditioned media [DMEM (11995, Gibco/Thermo-
Fisher), supplemented with 10% (v/v) FBS and 100 units/ml
penicillin/100 pg/ml streptomycin (15140, GIBCO/Thermo-
Fisher)] on coverslips or cell culture plates. All primary cells
and cell lines were grown and maintained in a humidified at-
mosphere of 5% CO, at 37 °C. Where appropriate, the
following were added to the growth media as indicated in the
text: 100 U/ml interferon (IFN)-y (IF005, EMD Millipore),
IFNAR neutralizing antibodies, 50 UM fenofibrate (F6020,
Sigma), 1 UM Torin-1 (inh-torl, InvivoGen), 0.1 UM bafilo-
mycin Al (SC201550, Santa Cruz Biotechnology), and/or 10
UM C75 (C5490, Sigma).
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Quantitative RT-PCR

Total RNA was extracted from cultured BMM using an
RNeasy Mini Kit (Qiagen) per the manufacturer’s instructions.
Complementary DNA was generated using SuperScript II
reverse transcriptase (Invitrogen) or an iScript cDNA Syn-
thesis Kit (Bio-Rad). Quantitative RT-PCR was performed for
each sample in duplicate, using TagMan Gene Expression
Master Mix (Applied Biosystems) or SsoAdvanced Universal
SYBR Green Supermix (Bio-Rad). The following primer sets
were used:

Ccl2  forward 5-CTGTTCACAGTTGCCGGCTG-3/,
reverse 5'- TGAATGAGTAGCAGCAGGTGAG-3

Mx1 forward 5-GAGCTGATTTCTTCATCCAGTCAC-3/,
reverse 5'- GTGCCTGCACAGATTATTCACAGAA-3

ImB  forward 5'-AGCTCCAAGAAAGGACGAACA-3,
reverse 5'-GCCCTGTAGGTGAGGTTGAT-3

Actb forward 5'-CGGTTCCGATGCCCTGAGGCTCTT-3
reverse 5'-CGTCACACTTCATGATGGAATTGA-3' (49)

Relative gene expression was determined using the
comparative threshold cycle (Ct) method (50). Briefly, fold
change was calculated using the equation AACt = [(Ct gene of
interest — Ct actb)igm1 ko — mean(Ct gene of interest — Ct
actb)control wtl- Actb was used as an internal control. The
control WT sample(s) was set at a baseline of “1”.

Metabolite measurements

BMM were cultured in triplicate on 100 mm cell culture
plates to near confluence. To measure acyl-carnitines, the
culture medium was supplemented with 0.5 mM L-carnitine
and 100 pM of a 1:1 oleate/palmitate stock complexed to
0.14% (w/v) BSA for 24 h. The cells were lifted with rubber
scrapers and collected in 0.3 ml of 0.6% (v/v) formic acid. An
equal volume of acetonitrile was then added to the lysates,
which were then stored at -80 °C. Targeted mass
spectrometry-based metabolic profiling was performed at the
Duke Sarah W. Stedman Nutrition and Metabolism Center
Mass Spectrometry Laboratory as previously described
(51-53). Acyl-carnitines were measured by direct-injection
electrospray tandem mass spectrometry (MS/MS) using a
Xevo TQDMS system (Waters) equipped with an Acquity
UPLC system, and a data system running MassLynx 4.1 soft-
ware (Waters) (51, 52). Metabolite data were normalized to the
total protein content in each sample as determined by a Pierce
BCA Protein Assay Kit (23225, Pierce Thermo Fisher Scien-
tific).- Lactate was measured as we previously described (54).
In brief, conditioned media from BMM cultures were diluted
200 times in lactate assay buffer (100 mM Tris HCI, 20 mM
KCl pH 8.5), and 50 pl of the diluted sample was added to a 96
well plate. To each sample or lactate standard (0-50 [ig/ml),
50 pl of detection reagent were added [2.25 U/ml lactate de-
hydrogenase (Sigma-Aldrich), 2.7 U/ml Diaphorase (Innova-
tive research, Novi, MI), 2 mM NAD (Sigma-Aldrich), and
28 UM Resazurin (Sigma-Aldrich)] in lactate assay buffer. After
incubation for 30 min at 37 "C, fluorescence was measured at
EX: 544/EM: 590 nm using a FLUOstar Omega plate reader
(BMG Labtech).
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Immunocytochemistry

Cells were fixed on coverslips with 4% paraformaldehyde
(w/v) in PBS for 15 min and permeabilized with 0.2% (w/v)
saponin in PBS for 10 min. The cells were then stained for
60 min with anti-Irgml mouse monoclonal antibody 1B2,
(EMD Millipore, MABF2264) and anti-PMP70 rabbit poly-
clonal antibody (Abcam, AB3421), followed by Alexa Fluor
conjugated secondary antibodies [Molecular Probes/Invi-
trogen, Chicken anti-rabbit IgG AF594 (A-21442) and chicken
anti-mouse IgG (A21200)] for an additional 60 min. Cells were
imaged either on a Leica SP8 DM6000CS confocal microscope
with PMT and GaAsP HyD detectors, an HC PL APO 63x/1.4
Oil CS2 objective, and Leica LAS AF three software (Fig. 4), or
Olympus IX70 inverted fluorescence microscope equipped
with a Hamamatsu C8484-03GO01 digital camera and ASI
MS2000 XY Piezo Z stage (Fig. 5). Confocal images were
analyzed using Image J (version 1.554f) with the plugin JACoP
(version 2.1.4) and Mander’s coefficient analysis.

RNA sequencing and gene set enrichment analysis

RNA sequencing was performed by the Duke University
Sequencing and Genome Technologies Core Facility. RNA-seq
data were processed using the fastp toolkit (55) to trim low-
quality bases and sequencing adapters from the 3’ ends of
reads, then mapped to GRCm39 (downloaded from Ensembl,
version 106) (56) using the STAR RNA-seq alignment tool
(57), and reads aligning to a single genomic location were
summarized across genes. For genes having an overlap of at
least 10 reads, gene counts were normalized, and differential
expression was carried out using the DESeq2 (58) Bio-
conductor (59) package implemented for the R programming
environment. Consistent with the recommendation of the
DESeq authors, independent filtering (60) was utilized prior to
calculating adjusted p-values and moderated log2 fold-changes
were derived using the ashr package (61). Gene set enrichment
analysis (62) was performed to identify gene ontology terms
and pathways associated with altered gene expression for each
of the comparisons performed.

Mitochondrial analyses

BMM were washed with complete RPMI media containing
HEPES, B-mercacptoethanol (BME), 10% FBS, penicillin/
streptomycin, and glutamine (Sigma-Aldrich), and stained in
complete RPMI containing 400 nM Mitotracker Green
(Thermo-Fisher), 100 nM of TMRE (Sigma-Aldrich), and 4uM
of CellROX (Thermo-Fisher) for 30 min at 37 °C. BMM were
then washed in 1x PBS and stained with Zombie Violet
viability dye (BioLegend) at a 1:750 dilution in 1x PBS. Cells
were analyzed by flow cytometry using an Attune NxT cy-
tometer (Thermo-Fisher), quantifying Mitotracker Green,
TMRE, and CellROX geometric mean fluorescent intensity in
Zombie Violet negative cells (live cells).

Statistical analysis

Student’s ¢ test, one-way ANOVA with Tukey’s Test for
multiple comparisons, and two-way ANOVA were performed,
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as appropriate, using embedded software in Graphpad Prism.
DESeq2’s Wald test with a Benjamini-Hochberg adjustment
was performed for differential gene expression analysis; GSEA
with a Benjamini-Hochberg adjustment was performed for
gene set enrichment analysis.

Data availability

The RNA-Seq data are available from NCBI (GEO Acces-
sion: GSE276820). All other data supporting the findings of
this study are available from the corresponding author upon
request.
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