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Mycobacterium tuberculosis (Mtb) primarily infects macrophages. In vitro without antibiot-
ics, wild-type Mtb hastens death of the macrophages, but the processes leading to rapid cell
death are not well understood. Our earlier work indicated that the death of Mtb-infected
mouse macrophages in vitro is markedly exacerbated by induction of interferon-f3 (IFN-f)
[L. Zhang et al., J. Exp. Med. 18, €20200887 (2021)]. Here, we identified a key down-
stream response to IFN- in the context of Mtb infection as the massive induction of
cis-aconitate decarboxylase (ACOD1), not only in its canonical subcellular localization in
mitochondria but also in the cytosol, where it bound to the lysosome-stabilizing protein
HSP70. ACOD1’s product, itaconate, protected Mtb-infected macrophages. However,
the contrasting and predominant effect of high-level ACOD1 expression was to act in a
noncatalytic manner to promote HSP70’s degradation, leading to lysosomal membrane
permeabilization (LMP). Mtb-induced macrophage death was markedly diminished by
inhibitors of cysteine proteases, consistent with lysosome-mediated cell death. Neither
ACODI1 inhibitors nor cysteine protease inhibitors are suitable for potential host-directed
therapy (HDT) of tuberculosis. Instead, this work directs attention to how ACOD1 acts
nonenzymatically to promote the degradation of HSP70.

ACOD1 | IRG1 | lysosomes | tuberculosis | macrophages

Tuberculosis remains a leading cause of death from infection. Eatly after Mycobacterium
tuberculosis (Mtb) enters a new host, most of the Mtb are contained in macrophages and
prevented from causing clinically apparent disease. In a minority of people infected with
Mitb, the bacterium eventually succeeds in killing macrophages, spreading to other mac-
rophages and proliferating. Tissue breakdown can then ensue, along with aerosol trans-
mission to other hosts, with or without the onset of clinical illness.

In view of the gate-keeper role of macrophages, there is intense interest in the mode of
Mitb-induced macrophage cell death. Studies in vitro have highlighted a variety of mecha-
nisms (1). Their variable predominance in different studies is not understood, although
variation in multiplicity of infection (MOI) may influence the outcome. In our hands, a
CRISPR-Cas9 knockout screen led to the conclusion that the death of Mtb-infected mouse
macrophages under the conditions studied was substantially dependent on type I IFN that
the macrophages produced in response to Mtb (1). IFN-f also hastened the death of human
monocyte—derived macrophages (2). However, IEN-f itself did not kill uninfected mac-
rophages. We therefore refer to this phenomenon as macrophage death co-dependent on
Mitb and type I IEN signaling (Co-D MD). Co-D MD did not appear to proceed by
apoptosis, pyroptosis, necroptosis, or ferroptosis (1). The possible pathophysiologic relevance
of type I IFN-augmented macrophage death was supported by the ability of anti-IFNAR
to protect mice from Mtb (1). However, anti-IFNAR would not be an acceptable adjunctive
host-directed therapy (HDT) for TB, because it would predispose to viral infection (3-5).

Here, we used orthogonal genetic and biochemical approaches to identify key players
downstream of IFNAR signaling that might mediate Co-D MD without being required
for antiviral activity. In the genetic approach, we identified genes whose expression
was mduced at an early time point in infected vs uninfected wild-type (WT) and
]ﬁuzr] mouse bone marrow—derlved macrophages (BMDM). We then carried out
two CRISPRa screens in [fnar2’~ RAW 264.7 macrophages—one screen with a
genome-wide sgRNA library and the other with a library of the genes we refer to as
type I IFN-stimulated (ISGs) because their induction during Mtb infection was
dependent on IFNAR. We identified the genes whose transcriptional activation
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Significance

Here, we show that when Mtb
induces macrophages to express
interferon-p (IFN-B), they
overexpress an enzyme called
ACOD1 normally found in
mitochondria, whose product,
itaconate, protects the cells.
Surprisingly, that protective effect
is overwhelmed by a
nonenzymatic action of ACOD1
acting in the cytosol, where
ACOD1 promotes the
degradation of HSP70, a protein
that protects lysosomes. Without
HSP70's protective effect,
cysteine proteases leak from
(phago)lysosomes in Mtb-
infected macrophages and
contribute to death of the cells.
These findings focus attention on
uncharacterized protein-protein
interactions of ACOD1 as
potential points of intervention.
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increased the death of Mtb-infected Ifar2”~ macrophages in
both screens. Among these, we focused on one gene that encodes
a protein that we found to be markedly increased in cells that
were soon to undergo Co-D MD. This was cis-aconitate
decarboxylase-1 (ACOD1), also called immune-responsive gene
1 (IRG1).

In the biochemical approach, we tested a variety of inhibitors
and found that calpain inhibitor XII (CI-XII) diminished and
delayed Co-D MD. We used an advanced affinity labeling tech-
nique (6) based on CI-XII to identify its targets. Surprisingly, no
calpains were among the proteins pulled down, nor was knockout
of calpain-1 protective. Instead, derivatized CI-XII bound to a
variety of lysosomal proteases. Knockout of individual proteases
did not protect the cells from Co-D MD, but macrophages were
protected from Co-D MD by a pan-cathepsin inhibitor, K777.
This led us to recognize that our eatlier evidence excluding mul-
tiple known forms of cell death (1) had not considered a pathway
called lysosome-dependent cell death (7), which can follow lyso-
some membrane permeabilization (LMP). LMP is commonly seen
in stressed cells (8). When LMP is sublethal, lysosomal repair and
biogenesis can follow activation of the TFEB-mTORCI pathway
(9), while more severe LMP can lead to release into the cytosol of
cathepsins and other lysosomal enzymes, followed by death of the
cell (10).

We then faced the puzzle how ACODI1, a mitochondrial
enzyme that produces itaconate (11), might lead to LMP. We
found that when ACOD1 is highly expressed in macrophages,
it accumulates in the cytosol, where it associates with HSP70.
Moreover, we found that ACODI1 played two opposing roles
in Co-D MD. Production of itaconate protected the mac-
rophages. In contrast, acting in a dominant, noncatalytic mode,
ACODI1 promoted lysosome-dependent cell death. This may
be related to its association with and promotion of the protea-
somal degradation of HSP70, a lysosome-stabilizing pro-
tein (12-15).
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Results

ACOD1 Is Highly Expressed in Mtb-Infected Macrophages. We
infected WT and Ifnarl " BMDM on the C57BL/6 background
with Mtb H37Rv at a MOI of 10 and kept other cells uninfected.
We also studied infected and uninfected BMDM from mice on
the 12952 and 129X1 backgrounds. At 24 h postinfection (p.i.),
which is at least 2 d before Co-D MD becomes apparent under
these conditions, we lysed the cells for RNAseq analysis (Fig. 1A4).
The upregulation of 798 genes was type I IFN-dependent [with
log, (fold-change) w1 v wr - log, (fold-change)xo v v ko Of
>1] (Fig. 1B and SI Appendix, Fig. S1 A and B). To determine
whether any of these genes mediate Co-D MD, we used CRISPRa
to overexpress them in a2~ RAW264.7 macrophages, infected
the pooled cells with Mtb, and used deep sequencing to identify
which of the corresponding sgRNAs were most extensively deleted
from the pool. Given that other ISGs might play a role whose
expression peaked earlier or later than the time point chosen for
RNAseq, we independently conducted another CRISPRa screen
using a genome-wide sgRNA library. The results are illustrated in
Fig. 1 Cand the genes are listed in Dataset S2. We then asked which
genes were candidates for mediating Co-D MD in both screens.
Among those, ACODI (Fig. 1C) drew our attention because of
the prominent role of its product, the electrophilic metabolite
itaconate, in modulating macrophage signaling pathways (14),
coinducing IFN-p (15) and activating TFEB (16), a transcription
factor that helps macrophages control Mtb (17).

Mib infection markedly increased expression of ACODI at the
protein level both in BMDM (Fig. 1D) and in RAW264.7 cells
(SI Appendix, Fig. S1C). Both BMDM and RAW264.7 cells also
expressed high levels of ACOD1 when stimulated with lipoteichoic
acid from S. aureus (LTA-SA), which, like Mtb, is a TLR2 agonist
(81 Appendix, Fig. S1D). These results are reminiscent of the obser-
vations of Bomfim et al. that Mtb induces ACOD1 in macrophages
via combined signals from TLR2 and IFNAR, the latter triggered
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Fig. 1. ACOD1 is upregulated upon Mtb infection and is a candidate for contributing to Mtb-induced macrophage death. (A) Schematic representation of the RNA
sequencing workflow for BMDM. (B) Volcano plots of the transcription level of genes from Mtb H37Rv-infected versus uninfected BMDM 24 h postinfection (h.p.i).
The dashed line indicates log, fold change = 1. B6, 12952 and 129X1: mouse strains. (C) Candidate gene hits from a genome-wide or custom ISG CRISPRa screen
of Mtb-induced RAW264.7 Ifnar2”" cell death. Shown are genes whose upregulation promotes cell death (negative screen) from three replicate experiments,
where the x axis shows the calculated score using negative binomial distribution, and the y axis represents the statistical analysis. (D) (Top) Immunoblot analysis
of BMDM infected with Mtb H37Rv for 24 h at a multiplicity of infection (MOI) of 20. (Bottom) semiquantification of indicated protein levels, assessed by gray
intensity analysis via Image J software. Data in D show mean + SD of triplicates in 1 experiment representative of 3 independent experiments. P-value by the

unpaired t test.
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by STING, when STING is activated by Mtb products escaping
the phagosome to the cytosol in an ESX-1-dependent manner (18).
We then compared the level of ACODI at the protein level in
RAW?264.7 cells transfected with Acod! under a TRE promoter to
the level of ACODL in cells transfected with an empty vector (EV)
and then infected with Mtb. The induction of ACOD1 by Mtb
infection was even greater than seen with vector-driven overexpres-

sion (SI Appendix, Fig. S1E).

ACOD1 Regulates Mtb-Induced Cell Death. To assess ACOD1’s
impact on the viability of Mtb-infected cells, we overexpressed
AcodI or EV in BMDM by lentiviral transduction. High-level
expression of ACOD1 did not itself decrease cell viability
(SI Appendix, Fig. S2), but augmented the cell death caused by
infection with Mtb (Fig. 24). Next, we turned to BMDM from
AcodI”" mice. However, the precursor bone marrow cells from
AcodI”™ mice proliferated much more slowly than WT cells in
CSF1-containing medium. The resulting BMDM were smaller
than those from WT mice and their survival in culture without
Mtb infection was as poor as that of macrophages from WT
mice after Mtb infection (Fig. 2B). The sickly baseline state of
Acodl”” BMDM made it difficult to interpret the further decrease

in viability seen when the cells were infected with Mtb (Fig. 2 B
and O).

Given that we could not use Acodl”’~ BMDM, we turned to
RAW?264.7 macrophages overexpressing or lacking ACODI.
When AcodI was overexpressed in RAW?264.7 cells, Mtb decreased
cell viability more than in RAW?264.7 cells transfected with EV
(Fig. 2D). Conversely, knocking out Acod I alleviated Mtb-induced
cell death (Fig. 2E). Hereafter, “WT” refers to BMDM derived
from wild-type mice, while “NC” (negative control) denotes a
clone of RAW264.7 cells carried through most of the steps used
for gene modification but without any gene modification.

Certain Protease Inhibitors Protect Cells from Mtb-Induced Cell
Death. While the CRISPRa screens were underway, we continued
to screen inhibitors for their ability to decrease Co-D MD. Among
them was a peptidyl a-keto amide called calpain-1 inhibitor CI-XII
(19) which was included because calpain, a calcium-dependent,
cytosolic cysteine protease, can play a role in cell death (20) and
in the proteolytic inactivation of inducible nitric oxide synthase
(iNOS) (21). CI-XII afforded complete protection against Co-D
MD (Fig. 3A4). The broad-spectrum protease inhibitor E64D (22)
protected as well, but less extensively and less durably than CI-XII.

A
H37Rv-72 h.p.i H37Rv-72 h.p.i No infection 72 h post seeding
151 M Ev @ Acod? 151 mEwT I Acodt* _1.51 mwT B Acod?+
g g E P=0.0024
£ 10 P = 0.0005 £1.0 £ 1.0
22 3 & p<ooot  F g
=z =2 g2z
Z 05 305 5051
8 8 3
- B 2
S o S o S ol
No infection MOI 20 No infection MOI 20 DI D S DD
D FFE S E
Ev od1 Zoom Acod1-KO Zoom

No infection

N~
<~
©
N
= _
= 3
<
[e0]
<
Vb,
H37Rv-48 h.p.i
151 mev [ Acod?
B
N
©
€1.0 P < 0.0001
‘6 [—
)
Z
505
&
>
©
O 9

No infection MOI 20

RAW 264.7

Np . Zoom'

No infection

48 hp.i

H37Rv-48 h.p.i
151 ENC HE Acod?-KO
B

N

£1.0

S

£

2

205

&

>

o]

O o

No infection MOI 20

Fig. 2. ACOD1 influences Mtb-induced cell death. (A) WT BMDM were infected with Ev- or Acod7-encoding lentivirus, then infected or not with Mtb H37Rv at MOI
20 for the indicated times. Cell viability was assessed by ATP assay. (B) WT and Acod1™~ BMDM were infected with Mtb H37Rv and viability assessed as in (A). (C)
Cell viability comparison of different batches of uninfected WT and Acod7™~ BMDM, assessed by ATP assay. (D) Ev- or ACOD1-overexpressing RAW264.7 cells
were infected with Mtb H37Rv and cell viability assessed by microscopy (Top; Scale bar, 300 um) and ATP assay (Bottom). (E) Negative control (NC, nonspecific
guide RNA transfected cells) and Acod7-knock out (Acod7-KO) RAW264.7 cells were infected with Mtb H37Rv and cell viability assessed by microscopy (Left; scale
bar, 300 um) and ATP assay (Right). Data in A-E represent mean + SD of 3 replicates in 1 experiment representative of 2 (A) or 3 (B-E) independent experiments.

P-values by the unpaired ¢ test.
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No protection was seen with additional inhibitors of calpain 1
and/or calpain 2 called CI-II and CI-III (21) or inhibitors of
cathepsin B (CA074-ME) (23), cathepsins B and L (CI-II)
(24), cathepsins D and E (pepstatin A) (25), cathepsin G[(2-
(3-((1-benzoylpiperidin-4-yl) (methyl)carbamoyl) naphthalen-2-
yl)-1-(naphthalen-1-yl)-2-oxoethyl) phosphonic acid] (26), or
cathepsin S (Clik60) (27). The reported inhibitory profiles for
these compounds are listed in SI Appendix, Table S1, but may
not reflect the full range of their activities in cells. BMDM from
calpain 17~ mice underwent Co-D MD that was no different in
extent than those from WT mice. Moreover, calpain 17" BMDM
were equally well protected by CI-XII as WT cells (Fig. 3B), and
results were similar in RAW?264.7 cells in which we knocked out
cathepsins S or B (87 Appendix, Fig. S3A). We concluded that more
than one cysteine protease likely acts redundantly, and CI-XII
could be a useful tool to identify them.

CI-XII Binds Cathepsins S, B, and Z and Prolyl-X-Carboxypeptidase
in Mtb-Infected BMDM. To determine what proteins are targeted
by CI-XII, we synthesized a variety of analogs with a diazirene
moiety whose photoactivation would lead to cross-linking to
associated proteins. However, these analogs had markedly reduced
efficacy in protecting BMDM from Co-D MD and the proteins
they pulled down were both extremely numerous and variable
across experiments (data not shown). We then synthesized an
analog of CI-XII with a covalently attached moiety that chelates
iridium (SI Appendix, Fig. S3B). We incubated the probe with
intact Mtb-infected BMDM or their preformed lysates and with
macrophage-free lysates of Mtb, with diazirene-biotin present in
each case. After irradiation with 450 nm light, the iridium engages
in Dexter energy transfer to the diazirene-biotin, causing a carbene
to form on the diazirine, whose short half-life limits covalent
crosslinking to proteins within 4 nanometers (40 A) of the iridium
probe (5), identifiable using streptavidin immunoprecipitation
followed by mass spectrometry (Fig. 3C). We used competition
with unmodified CI-XII to distinguish specific from nonspecific
interactions of the CI-XII probe (Fig. 3C). Peptide fingerprinting
by timsTOF mass spectrometry then identified proteins closely
associated with the CI-XII probe. Two Mtb proteins were identified
from Mb lysate. However, when BMDM were infected with their
transposon mutants, CI-XII remained functional in inhibiting
Mitb-induced cell death (S Appendix, Fig. S3C), implying that the
functionally relevant target(s) of CI-XII is/are in the macrophage,
not in Mtb. Remarkably, this analysis did not identify calpain-1
from BMDM, whether the cells were lysed by sonication or with
detergent. Calpain-5 was identified as a potential target in a
detergent lysate of BMDM, but not at a statistically significant
level. Instead, cathepsins S (CATS), B (CATB), and Z (CATZ)
and lysosomal pro-X carboxypepdidase (PCP) were the enzymes
identified as CI-XII targets with highest confidence (Fig. 3D).
Neither the CATZ inhibitor X-IN-I (29) nor the PCP inhibitor
(compound 4) (30) protected Mtb-infected BMDM from Co-D
MD (S Appendix, Fig. S3 D and E), and knockout of Crsz and
Prep from RAW?264.7 cells left them as vulnerable to Co-D MD
as control cells (S Appendix, Fig. S3 F and G). Analysis of the
alignment of CATS, CATB, and CATZ with the protein sequence
of calpain 1 (Fig. 3F, Lef?) and docking of calpain 1 inhibitor
SNJ-1945 (31) in the calpain 1 crystal structure offered supporting
evidence that CI-XII likely binds the active sites not only of
calpain 1 but also of CATS, CATB, and CATZ, where covalent
bonds are likely to form with amino acids 147C of CATS (Fig. 3E,
Right), 108C of CATB, 94C of CATZ, and 115C of calpain 1
(CAN1) (SI Appendix, Fig. S3H). In addition, a polar contact with
CI-XII is postulated with amino acids 192G of CATS (Fig. 3E,

https://doi.org/10.1073/pnas.2425309122

Right), 153G of CATB, 137G of CATZ, and 208G of CANI1
(SI Appendix, Fig. S3H). These findings strongly supported the
hypothesis that multiple cysteine proteases mediate Co-D MD. At
the same time, the failure of the CI-XII-based probe to pull down
calpain 1 was strong evidence that the list of candidates obtained
through the pull-down approach was incomplete. Given that there
are ~150 cysteine proteases, including 12 cysteine cathepsins, this
dissuaded us from attempting to create compound knockouts
and encouraged us instead to test an additional inhibitor with a
broader known range of cysteine protease targets.

Pan-Cathepsin Inhibitor K777 Protects Cells from Mtb-Induced
Cell Death. The peptidyl vinyl sulfone K777 is known to inhibit
CATS, CATZ, CATB, and CATL (32-35). K777 protected
BMDM against Mtb-induced cell death to the same extent as CI-
XII (Fig. 3 Fand G) and was more potent in doing so (Fig. 3H).
K777 also protected RAW264.7 cells (Fig. 31), but to a lesser
extent, perhaps because 10 UM concentrations of CI-XII and
K777 only partially suppressed the activities of CATS and CATB
in RAW264.7 cells (Fig. 3 /and K).

High Levels of ACOD1 Mediate LMP. Next, we sought to
understand what might link the high-level expression of ACOD1
in Mtb-infected macrophages to a cell death pathway apparently
dependent on cysteine proteases that are chiefly but not exclusively
expressed in lysosomes. We first sought to monitor the effect of Mtb
infection on levels of the lysosomal membrane stability-conferring
protein HSP70 (12, 13, 36-38) and the lysosomal biogenesis-
promoting transcription factor TFEB (9). As Mtb infection
increased levels of ACOD1 in RAW?264.7 cells, it decreased levels
of HSP70 and TFEB (Fig. 44). To test whether these changes
might be associated with LMD, we checked for redistribution
of galectin-3 from cytosol to lysosomes, where galectin-3 can
bind proteins associated with the internal face of the lysosomal
membrane (39—41). Indeed, punctate formation of tagged
galectin 3 upon Acodl overexpression in RAW?264.7 cells and
colocalization of galectin 3 with the lysosomal membrane protein
LAMP1 (Fig. 4 Band C) implied that high levels of ACOD1 lead
to LMP. Consistent with that, ACOD1 overexpression caused loss
of lysosomal concentration of the pH-sensitive dye pHLysRed, as
inferred from the mean fluorescence intensity of each cell analyzed
(Fig. 4 D and E). This suggested possible redistribution of CATS,
CATB, and CATZ from lysosomes to cytosol (Fig. 4D). While we
did not consistently see an increase in cathepsins in the cytosol,
where they preexist, we did see redistribution of LAMP1 from the
lysosome-enriched fraction to the cytosolic fraction when Acod1
was overexpressed (Fig. 4F), but not when Acodl was deleted
(Fig. 4G). There did not appear to be a reduction in overall
lysosome number, because Acod1 overexpression or knockout had
no impact on levels of LAMP1 mRNA and did not decrease total
LAMP1 protein levels in unfractionated cell lysates (Fig. 4H).
Moreover, when Acod1 was overexpressed, HSP70, CATS, CATB,
and CATZ decreased in the lysosomal compartment (Fig. 41),
along with LAMP1 (Fig. 4F). Conversely, the lysosomal fraction
contained more HSP70, CATS, and CATB and an unaltered level
of CATZ in Acodl™" cells compared to wild-type cells (Fig, 4/).
We conclude that the levels of ACODI seen in Mtb-infected
macrophages can lead to LMP.

Cytosolic ACOD1 Associates with HSP70 and Decreases Its
Levels. An immunofluorescent assay showed that when ACOD1
was expressed to a high level in Mtb-infected BMDM, much
of it was present in the cytosol (Fig. 5A4). The same was true in

RAW264.7 cells in which ACOD1 was overexpressed (Fig. 5B).

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2425309122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2425309122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2425309122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2425309122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2425309122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2425309122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2425309122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2425309122#supplementary-materials

HSP70 is also cytosolic. Direct evidence for their interaction
came from coimmunoprecipitation of ACOD1 and HSP70
with anti-HSP70 antibody (Fig. 5 B and C), and reciprocal
experiments with anti-ACOD1 antibody (S/ Appendix, Fig. S4A)
in RAW264.7 cells or with anti-HA antibody in HEK293T cells
transfected with HA-tagged ACOD1 (87 Appendix, Fig. S4B)
as well. Addition of cycloheximide (CHX) to block nascent
protein synthesis revealed that ACOD1 overexpression led to a
rapid and profound decrease in the level of preformed HSP70
(Fig. 5D). Conversely, when ACOD1 was absent, HSP70’s levels
were maintained in the absence of new synthesis (Fig. 5E). The
proteasome inhibitor MG-132 prevented the ACOD1-mediated
decrease in HSP70 levels, while treating cells with the autophagy
inhibitors 3-methyladenine (3-MA), chloroquine (4), or NH,Cl
did not (SI Appendix, Fig. S4C). Carfilzomib, an inhibitor that
is more highly selective for the proteasome than MG-132 (42,
43), also prevented the ACOD1-mediated decrease in HSP70
(SI Appendix, Fig. S4D). In Acodl”" cells, MG-132 had no effect
on HSP70 levels (87 Appendix, Fig. SAE). Thus, ACOD] associates
with HSP70 and promotes its marked decrease in abundance,
apparently by proteasomal degradation.

ACOD1 Acts Noncatalytically to Promote Degradation of HSP70.
ACODL1 could potentially affect macrophage viability in four
ways—through consumption of cis-aconitate; production of
itaconate; production of CO,, possibly leading to acidification
of the mitochondrial compartment in which ACODI1 resides
and disrupting the proton-motive force (44); or by a noncatalytic
mechanism. K207A and H103A muteins of ACOD]1 are unable
to catalyze decarboxylation of cis-aconitate (45). Accordingly,
we constructed K207A and H103A mutants and overexpressed
EV, WT-ACODI1, K207A-ACOD1, or H103A-ACOD1 in
RAW?264.7 cells. The enzyme-dead ACODI1 muteins were as
effective as WT ACOD! in promoting degradation of HSP70
(Fig. 5F). Moreover, treatment of the cells with membrane-
permeable 4-octyl-itaconate (4OI) had no detectable impact on
HSP70 levels, whether or not ACOD1 was present (S Appendix,
Fig. S4 F, G, and H).

ACOD1 Promotes LMP and Mtb-Induced Cell Death Independently
of Itaconate. Having learned that ACOD1 acts noncatalytically to
promote degradation of HSP70, we next asked whether ACOD1
also acts noncatalytically to promote LMP and Mtb-induced cell
death. We overexpressed K207A-ACOD1, H103A-ACOD1, WT-
ACODI, or GFP as a control in Ifzar2”" cells. After infection
with Mtb for 48 h, when compared to the extent of death induced
by Mtb in GFP-overexpressing cells, Mtb induced even greater
death in cells expressing either WT ACOD] or the enzyme-dead
ACOD1 muteins, and to a similar extent in each case (Fig. 64).

This result appears to stand at odds with the ability of itaco-
nate to promote nuclear localization of TFEB, lysosomal bio-
genesis, and improved cell viability during bacterial infection
(46). Indeed, when we added cell membrane-permeable 4-O1 to
Mitb-infected cells, their viability was promoted beyond the level
of protection provided by knockout of Acod I (Fig. 6B). Moreover,
4-OI protected Acodl”” BMDM from Mtb-induced cell death
as well as boosted the viability of these sickly cells in the absence
of Mtb infection (Fig. 6C). Cytotoxicity of 4-OI (Fig. 6D) and
protection of WT BMDM from Mtb-induced cell death by 4-OI
(Fig. 6E) were both concentration-dependent. Protection was
first detectable, albeit at a minimal level, with 8 uM 4-OI and
greatest at the highest concentration of 4-OI (250 uM) that was
not cytotoxic. Although the levels of 4-OlI that afforded substan-
tial protection may not be physiologic (11), we conclude that
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ACODI1 may play a bifunctional role in Mtb-infected mac-
rophages, with a catalytic action opposing, but not overcoming,
a noncatalytic action.

Role of Increased Mitochondrial ACOD1 in Mtb-Infected Cells.
ACOD1 is considered to reside mainly in mitochondria (47, 48),
but we found that its overexpression in macrophages led to abundant
expression in the cytosol (Fig. 54). Given ACOD1’s ability to play
distinct and opposing roles after Mtb infection, we next compared
the impact of Mtb infection and ACOD1 overexpression on
ACOD1’s subcellular distribution in mitochondria and cytosol,
keeping in mind that forced overexpression leads to levels that
are lower than or just equivalent to Mtb infection (Fig. 1D and
SI Appendix, Fig. S1 C and E). Immunofluorescent analysis
supported mitochondrial localization (SI Appendix, Fig. S5A) as
well as cytosolic localization but did not suggest colocalization
with the lysosome marker LAMP1 (S7 Appendix, Fig. S5B). Cell
fractionation followed by immunoblotting showed that Mtb
infection and overexpression each increased ACODI levels in
both mitochondria and cytosol (SI Appendix, Fig. S5C), as did
treatment with the TLR2 agonist LTA-SA (S] Appendix, Fig. S5D).

Given the increased expression of ACODI in mitochondria
upon Mtb infection and the reported ability of ACOD1 (49) and
lysosomal enzymes (50) to increase mitochondrial generation of
(ROS) (49), we questioned whether mitochondrial ROS genera-
tion was contributing to Co-D MD (8] Appendix, Fig. S5E).
However, treatment of the cells with the mitochondrial antioxi-
dant MitoQ (51) at levels up to 500 nM afforded no protection
against Mtb-induced cell death, while the pan-caspase inhibitor
K777 ata concentration of 10 pM was fully protective (S Appendix,
Fig. S5F). Thus, mitochondrial ROS generation is unlikely to play
a part in ACOD1’s promotion of Co-D MD.

Discussion

Our findings, summarized in ST Appendix, Fig. S6, add lysosome-
dependent cell death to the ways in which various investigators
have found macrophages to succumb to Mtb, as reviewed in ref. 1.
Lysosome-dependent cell death appears to be the predominant
cell death mechanism driven by type I IFN produced by Mtb-
infected macrophages. By itself, type I IFN does not kill mac-
rophages. Co-D MD requires an additional effect of Mtb infection
besides induction of type I IEN. Given the critical role of lysosome
membrane permeability in Co-D MD, we speculate that this
additional effect may be Mtb’s ability to damage phagolysosomal
membranes, such as through secretion of the pore-forming pro-
teins ESAT-6 and Cfp10 (35, 52-55). Lysosome membrane per-
meabilization has been observed in macrophages infected with
Mitb (56-59). We speculate that lysosome-dependent cell death
may be the fate of macrophages infected with other pathogens
that also induce high expression of ACOD1 and damage phago-
lysosomal membranes. We found striking protection of mac-
rophages from lysosome-dependent cell death by a pan-cathepsin
inhibitor, K777. The same compound protected human mac-
rophages from pyroptosis (35). The protection afforded in our
hands by CI-XII likely also resulted from inhibition of multiple
cysteine proteases.

Our second major finding was particularly surprising: Co-D
MD was largely due to increased expression of ACOD1. Acod1™"
mice undergo more Mtb-induced histopathology than wild-type
mice (60, 61). The contrast between ACOD1’s impact on mac-
rophages in vitro and its impact on the whole mouse highlights
the diversity of its actions (46). We confirmed a protective role
of ACODT’s product, itaconate, on Mtb-infected macrophages
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Fig. 3. Pan-cathepsin inhibitors protect macrophages from Mtb-induced death. (A) BMDM were pretreated with inhibitors (10 pM) for 2 h before infection of Mtb
at an MOI of 20 and treatment was continued throughout the experiment. Cell viability was measured by ATP assay. (B) WT and Capn1~~ BMDM were treated
with DMSO or CI-XIl, then infected with Mtb H37Rv as in (A) and cell viability assessed 96 h later. (C) Schematic representation of the Dexter energy transfer-
affinity labeling mass spectrum analysis. Ir, iridium. The structure of the probe is shown in S/ Appendix, Fig. S3B. (D) BMDM were lysed via sonication (Left) or
detergent (Right). Ir-CI-XII (1 uM) and biotin-diazirine (250 uM) were added to the lysates and the mixtures were irradiated with 450 nm light for 10 min. Samples
were incubated with streptavidin beads and the retentate on washed beads was analyzed by mass spectrometry on a Bruker timsTOF Pro as detailed in (28).

E) (Left) Multiple protein sequence alignment of mouse cathepsin S (CATS), B

(CATB), Z (CATZ), and calpain-1 (CAN1); shown is comparison of partial sequences

of indicated proteins. Asterisks (*) indicate conserved residues that form possible contacts with CI-XII. Alignment was processed with MEGA X software. (Middle)
Docking model of CATS with CI-XII, predicted by Schrédinger software. (Right) Demonstration of 147C and 192G residues’ locations in the binding pocket of CATS,
C-S bond between 147C and CI-XII. (F) Schematic representation of hypothesis that K777 may protect Mtb-infected cells. (G) BMDM were treated with DMSO,
CI-Xll, K777, or K777 with CA-074ME at the indicated concentrations, then infected with Mtb H37Rv at MOI 20 before assessing cell viability at the times shown.
(H) BMDM were treated with DMSO or K777 at the indicated concentrations and infected with Mtb H37Rv at MOI 20 before assessing cell viability 72 h later. (/)
RAW264.7 cells were treated with DMSO or K777 at the indicated concentrations and infected with Mtb H37Rv at MOI 20 before cell viability was assessed 48
h later. (J and K) Whole cell lysate (WCL) was prepared from RAW264.7 cells treated with the indicated inhibitors or DMSO as a vehicle control. Equal amounts
of protein from each lysate as measured by the BCA protein assay were assessed for CATS or CATB activity by a fluorescent assay. Data in A, B, G-K represent
mean + SD of 3 (G-/) or 2 (/ and K) replicates in 1 experiment representative of 2 independent experiments. P-values by the unpaired t test.
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Fig. 4. ACOD1 overexpression mediates lysosomal membrane permeabilization (LMP). (A) (Top) Immunoblot analysis of RAW264.7 cells infected with Mtb
H37Rv at MOI 20 for the indicated times. (Bottom) Semiquantification of indicated protein levels, assessed by gray intensity analysis via Image J software. (B
and C) RAW264.7 cells stably expressing GFP-tagged galectin3 (mMAG-GAL3) were transiently transfected with Ev- or Acod7-encoding plasmids and analyzed by
immunoblot and immunofluorescence (IF) microscopy. (Scale bar, 10 um.) (B) (Top) Immunoblot analysis of transfected cells. (Bottom) Quantification of galectin 3
puncta in the cells shown in (C), Ev-expressing cells, n = 26; ACOD1-expressing cells, n = 25. (C) IF analysis of transfected cells. (D) Schematic models of lysosomes
without (intact) and with LMP. (E) (Left) Ev- or ACOD1-overexpressing RAW264.7 cells were incubated with pHLysRed and analyzed by fluorescence microscopy for
pHLysRed distribution. (Scale bar, 20 um.) (Right) Quantification of pHLysRed signal intensity of shown cells via Image ] software. MFI, mean fluorescent intensity.
Ev-expressing cells, n = 50; ACOD1-expressing cells, n = 47. (Fand G) (Top Left, Bottom Left) Fractionation immunoblot analysis of Ev- or ACOD1- overexpressing
RAW264.7 cells (F) and NC or Acod1-KO RAW264.7 cells (G). (Top Right, Bottom Right) Semiquantification of indicated protein levels, assessed by gray intensity
analysis via Image ] software. (H) mMRNA level of Lamp1 in Ev- or ACOD1-overexpressing RAW264.7 cells and NC or Acod7-KO RAW264.7 cells, assessed by RT-PCR.
(/) (Left) Fractionation immunoblot analysis of Ev- or ACOD1- overexpressing RAW264.7 cells. (Right) Semiquantification of indicated protein levels, assessed by
gray intensity analysis via Image ] software. (/) (Left) Fractionation immunoblot analysis of NC or Acod 7-KO RAW264.7 cells. (Right) Semiquantification of indicated
protein levels, assessed by gray intensity analysis via Image ] software. Data in A, =/ are mean + SD of 3 replicates in 1 experiment representative of 2 independent
experiments. P-values by the unpaired ¢ test.
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Fig. 5. ACOD1 binds to and decreases the level of HSP70, contributing to LMP. (A) BMDM were infected with Mtb H37Rv at MOI 20 for 24 h before cells were
visualized by IF microscopy. Dashed lines outline cells. ACOD1 was labeled with anti-ACOD1 antibody and anti-rabbit IgG-488 (Alexa Fluor-tagged) secondary
antibody. Nuclei are highlighted with DAPI, a fluorescent stain for DNA. (Scale bar, 10 um.) (B) Coimmunoprecipitation (IP) analysis of Ev- or ACOD1-overexpressing
RAW264.7 cells using rabbit anti-HSP70 antibody for pull-down with rabbit IgG as an isotype control, followed by immunoblot (IB) with antibodies against («)
HSP70 or ACOD1, compared to IB of the WCL with those antibodies and antibody against glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as a control. (C)
As in (B) but using lysates of NC or Acod7-KO RAW264.7 cells. (D) Ev- or ACOD1-overexpressing RAW264.7 cells were treated with 100 pg/ml CHX for indicated
times before immunoblot analysis. (Bottom) Semiquantification of indicated protein levels, assessed by gray intensity analysis via Image ] software. () As in (D)
but using lysates from NC or Acod7-KO RAW264.7. (F) As in (D) but using lysates from Ev-, WT-ACOD1-, K207A-ACOD1-, or H103A-ACOD1-overexpressing RAW264.7
cells. Data are means + SD of 3 replicates representative of 3 (B and C) or 2 (D-F) independent experiments. P-values by the unpaired ¢ test.

in vitro, which could be due to its alkylation of TFEB at Cys212,
promoting its nuclear localization (62) and the subsequent tran-
scription of genes involved in lysosomal biogenesis (16), a process
that could be augmented in turn by TFEB’s reported ability to
induce itaconate synthesis (63). However, we found an opposing,
noncatalytic role of ACODI that had a greater impact on mac-
rophages at the levels of ACODI1 expression that accompanied
Mtb infection: promotion of lysosome membrane permeabiliza-
tion and cell death. An itaconate-independent effect of ACODI1
on TNF signaling has been reported (64), but this did not exclude
arole for ACODI catalysis other than itaconate production. We
are not aware of prior evidence that ACOD1 can act noncatalyt-
ically to affect cell fate.

A third major finding was the association of cytosolic ACOD1
with HSP70 and ACOD1’s promotion of HSP70’s proteasomal
degradation. We do not know whether accumulation of ACOD1
in the cytosol results from high-level expression alone or also involves
posttranslational modification and/or association with additional
proteins besides Hsp70. Given the essential role of HSP70 in sta-
bilizing lysosomes (12, 13, 36-38), the marked decrease in HSP70
levels we observed may add to the phagolysosome-damaging actions
of Mtb to bring about lysosome-dependent cell death. A hypothesis
we hope to test in future work is that HSP70 may bind to the nas-
cent pores formed by Mtb’s pore-forming proteins and prevent them
from causing LMP, similar to the role for stress granules described
by Bussi et al. (58). The molecular details of ACOD1’s association
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with HSP70, including whether it is direct or mediated by a shared
partner(s), remain to be determined, as does the means by which
this association leads to HSP70’s degradation.

A fourth finding of this study relates to our search for an
enzyme(s) induced or activated by type I IFN signaling that
might safely be inhibited by a pharmacological agent as an
adjunctive HDT for tuberculosis without impairing antiviral
defense. For two reasons, ACOD1 is not that enzyme: Its knock-
out increases the severity of experimental tuberculosis in mice
(60, 61) and its deleterious effect on viability of Mtb-infected
macrophages is nonenzymatic. Instead, our results direct atten-
tion to cysteine proteases acting in a mutually redundant man-
ner. We were unable to test whether CI-XII might protect mice
from Mitb, as the compound is highly insoluble, showed only
about 3% and 15% bioavailability after administration by oral
and intraperitoneal routes, respectively, and was cleared rapidly
from the blood (S Appendix, Fig. S7). K777 is also highly insol-
uble. Future work might identify a more drug-like, broad-
spectrum cysteine protease inhibitor. However, pursuing cathep-
sin inhibitors for treatment of tuberculosis would likely be prob-
lematic, given that certain cathepsin inhibitors promoted
macrophage death (65), knockdown of Crss, Ctsh, or Cisl increased
the survival of Mtb in human macrophages (66), and toxicity
from on-target and off-target effects could be considerable.
Instead, we plan to focus on how we might disrupt ACOD1’s
interaction with HSP70.
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Fig. 6. ACOD1 mediates Mtb-induced cell death independently of catalysis and itaconate. (A) GFP-, WT-ACOD1-, K207A-ACOD1-, or H103A-ACOD-overexpressing
Ifnar2-KO RAW264.7 cells were infected or not with Mtb H37Rv at MOI 20 and their viability assessed 48 h later. (B) Acod7-KO RAW264.7 cells were treated with
the indicated concentrations of 4-Ol for 2 h before Mtb infection (and were treated with 4-Ol during infection). Then they and NC RAW264.7 cells were infected
or not with Mtb H37Rv at MOI 20. Cell viability was assessed 48 h later. (C) Acod1”~ BMDM were treated with the indicated concentrations of 4-Ol for 2 h before
Mtb infection (and were treated with 4-Ol during infection). Then they and WT BMDM were infected or not with Mtb H37Rv at MOI 20 and their viability was
assessed 72 h later. (D) BMDM from WT mice were treated with 4-Ol in the indicated concentrations for 72 h and cell viability was assessed. () BMDM from WT
mice were treated with 4-Ol in the indicated concentrations for 2 h before Mtb infection (and were treated with 4-OI during infection), then infected or not with
Mtb H37Rv at MOI 20. Cell viability was assessed 72 h later. Data in A-E represent mean + SD of 3 replicates in 1 experiment representative of 2 (A-D) or 3 (E)

independent experiments. P-values by the unpaired t test.

Materials and Methods

Mice and BMDM. WT C57BL/6 ("B6") (#000664), 129X1(# 000691), and
Acod1™~ (#029340) female mice on the C57BL/6 background were from Jackson
Laboratory. Female 12952 mice (#476) were from Charles River Laboratories.
Femurs from calpain-1 KO mice were a kind gift of Dr. Michel Baudry, Western
University of Health Sciences, Pomona, Ca. Mice were housed in specific-
pathogen-free (SPF) facility. All animal work was approved by and proceeded in
accordance with the requirements of Weill Cornell Medicine Institutional Animal
Care and Use Committee. Femurs were sterilized by dipping in ice-cold 75%
ethanol, then rinsed with PBS and DMEM. BMDM precursors were flushed from
femurs with DMEM and centrifuged at 193 g for 8 min at room temperature.
Cells were resuspended in DMEM supplemented with 20% L929-conditioned
medium (LCM), 10% fetal bovine serum (FBS), T mM sodium pyruvate, 2 mM
L-glutamine, and 10 mM HEPES (pH 7.5) (BMDM medium) and cultured in 5%
CO,inairat37 °Cfor 7 d.The adherent BMDM were detached by gentle pipetting
inice-cold PBS with 1 mM EDTA, washed once with ice-cold PBS and resuspended
and cultured in BMDM medium.

Cell Culture. HEK293T, RAW264.7-WT cells (from BEI Resources) and RAW264.7-
derived overexpression or gene knock-out cells were cultured in DMEM (Gibco™,
#11965092) supplemented with 10% fetal bovine serum (FBS), 1 mM sodium
pyruvate, 2 mM L-glutamine, and 10 mM HEPES (pH 7.5)in 5% CO, in airat 37 °C.

PNAS 2025 Vol.122 No.12 2425309122

Lysosomal pH Detection. RAW264.7-TetOne-Ev and RAW264.7-TetOne-Acod 1
cells were seeded in a 4-well Falcon® CultureSlide for 2 h and then treated with
20 ng/ml doxycycline for 24 to 36 hto induce ACOD1 overexpression. Cells were
then carefully washed with HBSS and incubated with pHLysRed dye (DOJINDO,
#1265)at 37 °C for 30 min according to the manufacturer's protocol followed by
incubation with NucBlue™ Live ReadyProbes™ Reagent for nuclear staining and
prepared as above forimaging with a Keyence BZ-X800 system.

Cell Viability Assay. Macrophage viability was assessed by measuring ATP lev-
els with CellTiter-Glo® Luminescent Cell Viability Assay kit (Promega, #G7570)
according to the manufacturer's protocol and expressed as a percent of the value
for uninfected cells.

Cathepsin activity assay. Cathepsin activity in cell lysates was evaluated with
Cathepsin B Activity Assay Kit (Fluorometric) (Abcam, ab65300) and Cathepsin
S Activity Assay Kit (Fluorometric) (Abcam, ab65307) according to the manufac-
turer's protocols.

Statistical Analysis. Statistical analyses were performed with GraphPad Prism
9 software. Data are presented as mean = SD. P values were calculated via the
two-tailed unpaired t test, two-way ANOVA (Sidak's multiple comparisons test)
as specified in the figure legends. P values < 0.05 were considered statistically
significant.
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SI Appendix details Materials and Methods for Mtb culture and infection,
lentivirus preparation and transfection, generation of knockout cells and cells
engineered for doxycycline-induced overexpression, sourcing of antibodies and
reagents, preparation of subcellular fractions, coimmunoprecipitation, immu-
noblotting, molecular docking, PCRs, immunofluorescent imaging, and phar-
macokinetic determination.

Data, Materials, and Software Availability. RNAseq results data have been
deposited in GEO (GSE289356) (67). All study data are included in the article
and/or supporting information.
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