(]
] AMERICAN mB
S SOCIETY FOR

MICROBIOLOGY

3 | Microbial Pathogenesis | Research Article

Check for
updates

Cytosolic serpins act in a cytoprotective feedback loop
that limits ESX-1-dependent death of Mycobacterium marinum-

infected macrophages

Esther Nobs," Katie Laschanzky,’ Kristina Munke,? Elin Movert,' Christine Valfridsson,’ Fredric Carlsson’

AUTHOR AFFILIATIONS See affiliation list on p. 13.

ABSTRACT Serine protease inhibitors (serpins) constitute the largest family of protease
inhibitors expressed in humans, but their role in infection remains largely unexplored.
In infected macrophages, the mycobacterial ESX-1 type VII secretion system permeabil-
izes internal host membranes and causes leakage into the cytosol of host DNA, which
induces type | interferon (IFN) production via the cyclic GMP-AMP synthase (cGAS)
and stimulator of IFN genes (STING) surveillance pathway, and promotes infection in
vivo. Using the Mycobacterium marinum infection model, we show that ESX-1-mediated
type | IFN signaling in macrophages selectively induces the expression of serpina3f and
serpina3g, two cytosolic serpins of the clade A3. The membranolytic activity of ESX-1
also caused leakage of cathepsin B into the cytosol where it promoted cell death,
suggesting that the induction of type | IFN comes at the cost of lysosomal rupture
and toxicity. However, the production of cytosolic serpins suppressed the protease
activity of cathepsin B in this compartment and thus limited cell death, a function that
was associated with increased bacterial growth in infected mice. These results suggest
that cytosolic serpins act in a type | IFN-dependent cytoprotective feedback loop to
counteract the inevitable toxic effect of ESX-1-mediated host membrane rupture.

IMPORTANCE The ESX-1 type VII secretion system is a key virulence determinant of
pathogenic mycobacteria. The ability to permeabilize host cell membranes is critical for
several ESX-1-dependent virulence traits, including phagosomal escape and induction
of the type | interferon (IFN) response. We find that it comes at the cost of lysosomal
leakage and subsequent host cell death. However, our results suggest that ESX-1-medi-
ated type | IFN signaling selectively upregulates serpina3f and serpina3g and that these
cytosolic serpins limit cell death caused by cathepsin B that has leaked into the cytosol, a
function that is associated with increased bacterial growth in vivo. The ability to rupture
host membranes is widespread among bacterial pathogens, and it will be of interest
to evaluate the role of cytosolic serpins and this type | IFN-dependent cytoprotective
feedback loop in the context of human infection.

KEYWORDS bacterial pathogenesis, host cell death, membrane permeabilization,
cytosolic surveillance pathways, type VIl secretion system, host-pathogen interactions,
type | interferon, Spi2A, serpins, cathepsin B, lysosome

he mycobacterium genus harbors ubiquitous environmental species as well as
major human pathogens. Mycobacterium tuberculosis and its closely related model
organism Mycobacterium marinum (1) have intracellular lifestyles and reside primarily in
neutrophils and CD64" cells of myeloid origin in vivo (2-4). The functionally conserved
ESX-1 type VIl secretion system is required for the virulence of both species (5-8). ESX-1
interacts with infected macrophages to promote intracellular bacterial replication (5,
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6, 9), and it is required for activation of the inflammasome (8, 10-12) and the cyclic
GMP-AMP synthase (cGAS) and stimulator of interferon genes (STING) pathway (12—
18). Activation of these cytosolic surveillance pathways depends on ESX-1-mediated
permeabilization of internal host membranes, where the release of host DNA into the
cytosol is sensed by cGAS to induce the production of type | interferon (IFN) (12, 18, 19).

Active tuberculosis is associated with a robust type | IFN transcriptional profile (20),
and analyses in mice have demonstrated that the type | IFN response promotes bacterial
growth and disease development in vivo (21-24). Signaling via the type | IFN receptor
leads to the expression of many different interferon-stimulated genes (ISGs) with diverse
functions (14, 25). Large-scale transcriptional screens suggest that so-called clade A3
serine protease inhibitors (serpins) may be induced by infection with M. tuberculosis (22)
and Mycobacterium bovis BCG (26), but the regulation and role of serpins in infection
remain largely unexplored.

Serpins constitute a large superfamily of proteins that inhibit serine proteases, and
there are also examples of serpins that inhibit caspases and cysteine proteases (27, 28).
Using the M. marinum infection model, we here report that ESX-1-mediated type | IFN
signaling selectively induces the production of cytosolic clade A3 serpins (serpina3f and
serpina3g). We find that these serpins act in a type | IFN-dependent feedback loop to
limit ESX-1-mediated cell death of infected macrophages—a cytoprotective function
associated with increased bacterial growth in vivo.

RESULTS
ESX-1 induces type | IFN-dependent expression of cytosolic A3 serpins

To explore the effect of ESX-1-mediated induction of type | IFN on the production
of clade A3 serpins in mice, we devised primers complementary to genetic regions
with a high level of conservation among all A3 serpins (Fig. 1A; Table S1). Expression
analysis in C57BL/6 (B6) bone marrow-derived macrophages infected with wild-type
(WT) M. marinum or an isogenic ESX-1-deficient mutant (ARD1) indicated that M.
marinum induces the expression of A3 serpins in an ESX-dependent manner (Fig. 1B).
Analysis of type | IFN receptor 1-deficient (IFNAR-KO) macrophages demonstrated that
the expression of A3 serpins was completely dependent on type | IFN signaling (Fig. 1B).
The requirement for type | IFN signaling translated into the infected tissue in a mouse
model of M. marinum infection (Fig. 1C), where the bacteria grow and cause granulom-
atous disease selectively in tail tissue due to the low optimal growth temperature of
the bacteria and the cooler environment in the tail (8). To investigate the expression of
the individual A3 serpins in macrophages, we generated primers against gene-specific
sequences in their active sites (Fig. 1A; Table S1). This more detailed analysis revealed
that ESX-1-mediated type | IFN signaling selectively induced the expression of serpina3f
and serpina3g (Fig. 1D), two serpins that lack signal peptides and localize to the cytosolic
compartment (Fig. 1A) (29, 30). Expression of serpina3f and serpina3g was maintained at
24 hours post-infection (hpi), albeit at a much lower level (Fig. S1). Complementation of
the ARD1 strain with the RD1-region from M. tuberculosis (ARD1::RD1) restored the ability
to induce the expression of serpina3f and serpina3g (Fig. 1E). Collectively, these results
suggest that ESX-1-dependent type | IFN signaling selectively induces the expression of
cytosolic serpins in mycobacteria infected macrophages.

Cytosolic serpins inhibit the activity of extralysosomal cathepsin B

Previous studies have suggested that Spi2A, the protein encoded by serpina3g, inhibits
the activity of cathepsin B that has leaked into the cytosol from the lysosomal compart-
ment (32-39). To investigate cathepsin B activity in the cytosol of infected macrophages,
we prepared three different fractions of cells infected with titrated amounts of WT or
ARD1 M. marinum: whole cell lysate, the cytosolic fraction, and the supernatant (Fig. 2A).
Analysis of whole cell lysates demonstrated similar levels of total cathepsin B activity in
all conditions, including the uninfected control (Fig. 2A, left panel). However, only
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FIG 1 ESX-1 induces type | IFN-dependent expression of cytosolic A3 serpins. (A) Schematic representation of the genetic
region encoding A3 serpins in mice. Pseudogenes, not encoding a functional protein, are marked with an asterisk (30, 31), and
serpina3f/g are highlighted in orange. serpina3f-i do not encode a signal peptide (30). (B, D, and E) Wild-type C57BL/6 (B6) and
IFNAR-KO macrophages were infected with WT, ARD1, and ARD1:RD1 M. marinum at a multiplicity of infection (MOI) of 5, or
left uninfected (UI), as indicated. (B) Kinetic reverse-transcription quantitative PCR (RT-qPCR) analysis gene expression, using
primers against regions conserved among clade A3 serpin encoding genes. (C) B6 and IFNAR-KO mice were infected with WT
M. marinum. At 14 days post-infection, the infected tail tissue was analyzed by RT-qPCR for the expression of A3 serpins as
described for panel B above. Shown is the mean of four infected mice (and one uninfected mouse) per genotype, as indicated.
Two-tailed unpaired t-test, **P < 0.01. (D) Expression of the individual A3 serpin encoding genes at 7 hpi. (E) RT-qPCR analysis
of serpina3f and serpina3g expression at 7 hpi. Results (mean + standard deviation [SD]; n = 3) are representative of three
independent experiments. One-way analysis of variance (ANOVA), ****P < 0.0001. (B and D) Results (mean + SD; n = 3) are

representative of three independent experiments. Two-way ANOVA, ****P < 0.0001.

infection with ESX-1-proficient M. marinum produced cathepsin B activity in the cytosolic
compartment (Fig. 2A, middle panel), suggesting that ESX-1-dependent permeabiliza-
tion of the lysosomal membrane causes leakage of cathepsin B into the cytosol. IFNAR-
KO macrophages infected with WT bacteria exhibited significantly higher cytosolic
cathepsin B activity compared to similarly infected B6 cells (Fig. 2A, middle panel),
suggesting that the type | IFN response suppresses the activity of extralysosomal
cathepsin B. The cathepsin B activity in the supernatant principally mimicked the results
obtained in the cytosolic fraction (Fig. 2A, middle and right panels), allowing us to use
the more easily prepared supernatant as a proxy for the cytosolic fraction.

Extralysosomal cathepsin B activity in WT-infected macrophages was inhibited by the
general cysteine protease inhibitor E64 and the cathepsin B inhibitor CA074-Me, but
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FIG 2 Cytosolic serpins inhibit the activity of extralysosomal cathepsin B. Macrophages were infected with WT and ARD1 M.
marinum, or uninfected (Ul), as indicated. (A) At 7 hpi, cathepsin B activity was measured in whole cell lysate, cytosolic fraction,
and supernatant, as indicated. (B) Analysis of cathepsin B activity in the supernatant of WT-infected macrophages treated
with inhibitors of cathepsin B (CA074-Me; 25 puM), cysteine proteases (E64; 10 pM), aspartyl proteases (pepstatin A; 10 pM).
or cathepsin L (RKLLW-NH2; 10 pM). Untreated (UT) supernatants were analyzed as controls. (C) Kinetic RT-qPCR analysis
of cathepsin B expression in macrophages infected (MOl = 5) as indicated. (D) Enzyme-linked immunosorbent assay-based
analysis of cathepsin B protein concentration in the cytosolic fraction of WT-infected B6 and IFNAR-KO macrophages. Results
(mean + SD; n = 4) are representative of two independent experiments. Two-way ANOVA. (E) RT-qPCR analysis of the
expression of the individual A3 serpin encoding genes in WT-infected B6 and serpina3g-KO macrophages (MOl = 5) at 7
hpi, as indicated. Uninfected (Ul) cells were analyzed as controls. (F) Kinetic RT-qPCR analysis of cathepsin B expression in
macrophages infected (MOI = 5) as indicated. (G) Analysis of cathepsin B activity in the supernatant of WT-infected B6 and
serpina3g-KO macrophages, as indicated. (A-C and E-G) Results (mean + SD; n = 3) are representative of three independent
experiments. Two-way ANOVA, ****P < 0.0001.

not by the aspartyl protease inhibitor pepstatin A or the cathepsin L specific inhibitor
RKLLW-NH2 (Fig. 2B), suggesting that our assay measures the activity of cathepsin
B specifically. Analysis at the transcriptional level demonstrated similar expression of
cathepsin B in all experimental conditions (Fig. 2C), and the leakage of cathepsin B
protein into the cytosolic compartment in WT-infected IFNAR-KO macrophages was not
increased as compared to similarly infected B6 cells (Fig. 2D). Thus, our results suggest
that type | IFN signaling does not inhibit the production or cytosolic translocation of
cathepsin B, but specifically regulates the activity of extralysosomal cathepsin B (Fig. 2A
through D).

To determine the role of cytosolic serpins in type | IFN signaling-dependent
suppression of extralysosomal cathepsin B activity in infected cells, we generated
macrophages from serpina3g-KO mice. Analysis of the individual A3 serpins confirmed
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that expression of serpina3g was abolished in infected serpina3g-deficient macrophages
(Fig. 2E). The expression of the adjacent serpina3f gene was also diminished in serpina3g-
KO cells (Fig. 2E), allowing us to use this mouse model to investigate the role of both
of the cytosolic serpins regulated by ESX-1-mediated type | IFN signaling (Fig. 1D). The
lack of cytosolic serpins in serpina3g-KO macrophages did not significantly affect the
production of type | IFN in response to infection (Fig. S2), and similar to the situation
in IFNAR-KO macrophages (Fig. 2C), the production of cathepsin B was unaffected in
serpina3g-KO cells (Fig. 2F). Importantly, the activity of extralysosomal cathepsin B in
WT M. marinum infection was significantly increased in serpina3g-KO cells compared to
B6 macrophages (Fig. 2G), indicating that the serpins are indeed required to inhibit the
enzymatic activity of cathepsin B that has leaked into the cytosol from the lysosomal
compartment.

Cytosolic serpins do not regulate inflammasome activation in M. marinum-
infected macrophages

It is well established that M. tuberculosis and M. marinum activate the inflammasome
in an ESX-1-dependent manner (8, 10-12). Previous studies with M. tuberculosis and
M. marinum have implicated the release of cathepsin B into the cytosol of infected
macrophages in this process, which was inhibited by the cathepsin B inhibitor CA074-Me
(40, 41). This finding prompted us to explore if the type | IFN-induced cytosolic serpins
play a role in regulating inflammasome activation in infected macrophages. To this
end, we measured the secretion of interleukin-13 (IL-18) from B6 and serpina3g-KO
macrophages infected with WT M. marinum in the presence or absence of CA074-Me.
While addition of CA074-Me prevented the secretion of IL-13 (Fig. 3A), serpina3g-KO
macrophages exhibited no significant phenotype (Fig. 3A), suggesting that the induction
of cytosolic serpins does not regulate inflammasome activation. The secretion of IL-6,
which occurs independently of the inflammasome, was analyzed as a control (Fig. 3B).
Analysis over a range of multiplicities of infection further established that the cytosolic
serpins do not regulate ESX-1-mediated inflammasome activation in macrophages (Fig.
3Cand D).

Cytosolic serpins inhibit ESX-1-dependent host cell death

The membranolytic activity of the ESX-1 secretion system leads to several types of
necrotic host cell death (42), suggesting a high degree of redundancy between different
cell death pathways in mycobacterial infection. The leakage of cathepsin proteases from
permeabilized lysosomes can cause lethal cellular autodigestion (40, 43), where cathe-
psin B has been described as a key protease due to its ability to function at cytosolic pH
(44). To explore the role of cytosolic serpins in regulating ESX-1-dependent cytotoxicity,
we infected B6 and serpina3g-KO macrophages with titrated amounts of WT or ARD1 M.
marinum and analyzed cell death by the release of lactate dehydrogenase (LDH) into the
supernatant at 7 hpi—an optimal time point to detect cathepsin B-dependent cytotoxic-
ity in synchronized cell cultures (32, 33). As expected, M. marinum induced ESX-1-
dependent cell death (Fig. 4A). The cell death caused by WT bacteria was significantly
increased in serpina3g-KO compared to B6 macrophages (Fig. 4A), demonstrating that
the cytosolic serpins limit ESX-1-dependent cell death. The protective effect of the
serpins was no longer discernible at 24 hpi (Fig. S3A), a feature likely explained by the
aforementioned redundancy between different cell death pathways and/or by the
reduced expression of serpina3f and serpina3g at this later time point (Fig. S1). This
feature might also explain why intracellular growth of M. marinum was unaffected in
serpina3g-KO macrophages over a 72-hour period in vitro (Fig. S4). The cell death
observed in WT-infected macrophages at 7 hpi was significantly reduced in both B6 and
serpina3g-KO macrophages treated with CA074-Me (Fig. 4B), supporting the interpreta-
tion that the serpins protect against cell death induced by ESX-1-dependent release of
cathepsin B into the cytosol.
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FIG 3 Cytosolic serpins do not regulate inflammasome activation in M. marinum-infected macrophages. (A and B) B6 and
serpina3g-KO macrophagesmacrophages were infected with WT M. marinum (MOI = 10) and treated with the cathepsin B
inhibitor CA074-Me (25 pM), as indicated. The concentration of IL-13 (A) and IL-6 (B) secreted into the supernatant was
determined by enzyme-linked immunosorbent assay (ELISA) at 24 hpi. (C and D) B6 and serpina3g-KO macrophages were
infected with WT and ARD1 M. marinum at titrated MOI, as indicated. The concentration of IL-1f3 (C) and IL-6 (D) secreted into
the supernatant was determined by ELISA at 24 hpi. (A-D) Results (mean + SD; n = 3) are representative of three independent
experiments (two-way ANOVA, ****P < 0.0001).

Analysis of IFNAR-KO macrophages confirmed that type I IFN signaling was required
for the suppression of ESX-1-dependent cell death (Fig. 4C; Fig. S3B). The relative increase
of cell death in IFNAR-deficient macrophages (Fig. 4C) appeared greater than the
difference between similarly infected serpina3g-KO and B6 cells (Fig. 4A). Moreover,
unlike the situation in WT-infected serpina3g-KO macrophages (Fig. 4B), the addition of
CAO074-Me to IFNAR-KO did not suppress the release of LDH to the same level as in B6
macrophages (Fig. 4D). These results suggest that type | IFN signaling might, in addition
to the cytosolic serpins, induce other yet unidentified cytoprotective ISGs.

Cytosolic serpins promote M. marinum growth in vivo

Because type | IFN signaling promotes disease development and mycobacterial growth
in vivo (21-24), it was of interest to investigate whether the downstream induction
of cytosolic serpins contributes to these effects. To this end, we infected B6 and
serpina3g-KO mice with WT M. marinum and analyzed the development of visible tail
lesions, the cellularity of the infected tissue, and bacterial growth. Kinetic analysis of the
accumulated length of all visible lesions in individual tails suggested similar pathology
in serpina3g-KO and B6 mice during the first 28 days of infection (Fig. 5A), and detailed
flow cytometry-based analysis of the infected tissue indicated similar numbers of both
neutrophils and monocyte-derived cells—regulating the level of inflammation in M.
marinum-infected mice (3)—in both genotypes (Fig. S5). However, the determination of
colony forming units (CFUs) in tail tissue and tail-draining lymph nodes at 14 and 28
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FIG 4 Cytosolic serpins inhibit ESX-1-dependent host cell death. B6, IFNAR-KO, and serpina3g-KO macrophages were infected
with WT and ARD1 M. marinum, or uninfected (Ul), as indicated. (A) LDH in the supernatant of B6 and serpina3g-KO
macrophages infected at increasing MOl was measured at 7 hpi. (B) WT-infected macrophages (MOl = 10) were treated
with the cathepsin B inhibitor CA074-Me (25 pM), and LDH release into the supernatant was measured at 7 hpi. (C) LDH
in the supernatant of B6 and IFNAR-KO macrophages infected at increasing MOl was measured at 7 hpi. (D) WT-infected
macrophages (MOI = 10) were treated with CA074-Me (25 uM), and LDH release into the supernatant was measured at 7 hpi.
(A-D) Results (mean + SD; n = 3) are representative of three independent experiments. Two-way ANOVA, ****P < 0.0001.

days post-infection indicated significantly reduced bacterial growth in both tissues of
serpina3g-KO as compared to B6 mice (Fig. 5B and C), demonstrating that the induction
of cytosolic serpins augments mycobacterial growth in vivo.

DISCUSSION

It is well established that the membranolytic activity of the ESX-1 secretion system is
required for necrotic cell death in infected macrophages (42), including ferroptosis (45),
pyronecrosis (46), as well as Rip-kinase-dependent (47) and lysosome-dependent (40)
cell death pathways. Of note, a recent study was unable to detect any of these types
of cell death and instead reported a toxic effect of type | IFN signaling (48), a discrep-
ancy that might be explained by differences in experimental conditions. Consistent
with studies in M. tuberculosis-infected macrophages (41), our results indicate that
ESX-1-dependent membrane permeabilization ruptures the lysosomal compartment and
causes the release of cathepsin B into the cytosol. We find that this process promotes
cell death of infected macrophages, but that concomitant type I IFN signaling selectively
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FIG 5 Cytosolic serpins promote M. marinum growth in vivo. B6 and serpina3g-KO mice were infected
with WT M. marinum (1.4 x 10’ CFUs) via tail vein injection. (A) Kinetic analysis of the accumulated length
(mm) of visible tail lesions. Each symbol indicates an individual mouse (n = 11 per group), and the bars
show the mean for each group. Two-way ANOVA. (B and C) Bacterial burden in tail tissue and tail-draining
(sciatic and inguinal, pooled) lymph nodes (LN) at 14 and 28 days post-infection (DPI), as indicated.
Results (n = 9-15 mice per group) from two independent experiments. Bars indicate the mean for each
group. Two-tailed unpaired t-test; *P < 0.05, **P < 0.01.

upregulates the production of cytosolic serpins and thereby limits ESX-1-dependent host
cell death (Fig. 6). These results suggest that the type | IFN response—which, similar
to cathepsin B leakage, is downstream of ESX-1-dependent host membrane permeabili-
zation—initiates a protective feedback loop to limit the cytotoxic effects of cathepsin B
leakage.

ESX-1-mediated disruption of host membranes leads to phagosomal escape of the
bacteria (8, 40, 49, 50) and cytosolic release of DNA, which is sensed by the cGAS-STING
pathway to induce type | IFN production in both M. tuberculosis and M. marinum-infec-
ted cells (12, 14, 18, 19). The type | IFN response is host-detrimental in mycobacterial
infection (21-24), but it is not fully understood how type | IFN regulates the anti-myco-
bacterial immune response and promotes bacterial growth in vivo. Studies with M.
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tuberculosis, Mycobacterium leprae, and M. marinum suggest that this effect of type |
IFN signaling may, at least in part, be explained by inhibition of IFNy-mediated killing
of the bacteria (23, 51, 52). The type | IFN response can also promote disease develop-
ment by suppressing IL-1-dependent host protection (53-55). Our results add to the
understanding of the functional role of the type | IFN response in mycobacterial infection
and suggest that it may contribute to bacterial growth in vivo by limiting the demise of
infected cells. We have previously shown that M. marinum resides primarily in neutro-
phils and monocyte-derived cells in vivo, and that monocytes protect against neutrophil-
dependent inflammation in the infected tissue (3). Consistent with the similar pathology
observed in B6 and serpina3g-KO mice, the lack of cytosolic serpins did not affect the
cellularity of these cell types, which might be due to their high rates of turnover and
phenotypic diversity of the infected tissue (3, 56). The dynamics of cellular turnover
and phenotypic diversity in vivo might also explain why the effect of cytosolic serpins
on bacterial growth is not replicated in synchronized infection of bone marrow-derived
macrophages in vitro, and further analyses into cytosolic serpin-dependent bacterial
growth in vivo will be of interest.

Similar to the cGAS-STING cytosolic surveillance pathway, activation of the inflamma-
some and secretion of IL-1p are dependent on ESX-1 in M. tuberculosis and M. marinum
infection (8, 10, 11). It has been reported that the addition of CA074-Me to M. tuberculosis
and M. marinum-infected macrophages prevents caspase-1 activation and the secretion
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of IL-1B (40, 41), suggesting a possible role for cathepsin B in inflammasome activa-
tion. We find that CA074-Me treatment inhibits ESX-dependent IL-1f secretion, but our
genetic analyses demonstrate that the upregulation of cytosolic serpins in M. marinum
infection regulates cathepsin B activity without affecting inflammasome activation. In
this context, it is noteworthy that ESX-1-dependent cell death in M. marinum-infected
macrophages is independent of inflammasome activation and pyroptosis (8).

Members of the serpin superfamily are upregulated in mice and humans during
both bacterial (22, 26, 57-59) and viral (34, 60, 61) infections. While little has been
known about their function during infection, it was recently demonstrated that the gene
product of seprina3g (Spi2A) plays a key role in regulating the inflammatory response in
sepsis (59). Clade A3 serpins in mice consist of 14 paralogues to the human acute phase
protein aq-antichymotrypsin (SERPINA3), which is an inhibitor of serine proteases such
as cathepsin G (27, 28). These A3 serpins exhibit a high degree of primary sequence
conservation, but the reactive center loop—dictating target protease specificity—is
highly variable, and the steady-state expression of different A3 serpins may be tissue-
specific (30). We find that M. marinum-infected macrophages upregulate serpina3f and
serpina3g. Both gene products are cytosolic proteins, and Spi2A is known to bind and
inhibit the cysteine protease cathepsin B as it reaches this compartment after leakage
from lysosomes (32-39). Lysosomal proteases are normally active at low pH, as in the
lysosome, but cathepsin B is active also at neutral pH (44) and its release into the cytosol
has been shown to cause cell death (40, 43). The ability of Spi2A to inhibit extralysosomal
cathepsin B is cytoprotective during erythropoiesis (37) and in several types of immune
cells, including memory CD8 T cells (34, 36) and progenitors of granulocytes and B cells
(38), and here, we demonstrate that the gene products of serpina3f and/or serpina3g
contribute to limit cell death of infected macrophages. It will be of interest to evaluate
the role of this cytoprotective function during infection with M. tuberculosis and other
major human pathogens with membranolytic activity.

MATERIALS AND METHODS
Animals

Wild-type C57BL/6 (B6) mice and ifnar1~~ (IFNAR-KO) on the B6 background were bred
and maintained at the animal facility at the Department of Biology, Lund University.
Frozen B6(FVB)-Serpina3g™"'*®/J embryos with an expected serpina3g*~ genotype were
purchased from the Jackson Laboratory (stock#: 022524) and inserted into female B6.
Offspring was genotyped as described below and crossed to generate a stable line of
homozygous serpina3g™" (serpina3g-KO) mice on the B6 background.

Genotyping of mice

Genomic DNA was extracted from ear biopsies. Biopsies were incubated for 45 minutes
at 95°C in 200 pL NaOH (25 mM) to digest the tissue. Samples were vortexed and
neutralized with 35 pL Tris HCI (0.5 M, pH 8.0), and DNA was subsequently separated
from digested tissue by centrifugation (3,440 rcf, 5 minutes). Purified DNA was digested
with Xhol (Merck, NEBRO146S) for 12 hours at 37°C before heat-inactivation of the
restriction enzyme (65°C, 20 minutes). The serpina3g genotype was determined by PCR
using primers (indicated in Table S1) generating 230 bp and 800 bp fragments for the
serpina3g deleted and intact alleles, respectively.

Generation of bone marrow-derived macrophages

Bone marrow-derived mouse macrophages were prepared as previously described (62).
In brief, bone marrow cells were flushed from dissected femurs and tibias from B6,
IFNAR-KO, and serpina3g-KO mice, and cultured for 7 days in macrophage growth
medium (RPMI with 10% heat-inactivated fetal bovine serum [FBS; Sigma-Aldrich], 10%
3T3 m-CSF, and 1% glutamine [Thermo Fisher]) for 7 days at 37°C with 5% CO,.
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Bacterial strains and growth conditions

Wild-type (WT) M. marinum M-strain, an isogenic deletion mutant (ARD1) lacking
the RD1 locus, and ARD1 complemented with RD1-2F9 (ARD1::RD1) have been descri-
bed previously (10, 63). Bacteria were grown at 30°C in Middlebrook 7H9 medium
(BD Biosciences) supplemented with 0.5% glycerol (Sigma-Aldrich), 0.05% Tween 80
(Sigma-Aldrich), and 10% ADC supplement (BD Biosciences), or on Middlebrook 7H10
agar (BD Biosciences) supplemented with 0.5% glycerol and 10% OADC (Conda Lab).
Cultures with WT and ARD1:RD1 were supplemented with 50 pg/mL hygromycin B
(Invitrogen), and ARD1 cultures with 50 pg/mL kanamycin (Sigma-Aldrich). For growth on
solid media, bacteria were plated on Middlebrook 7H10 agar (BD Biosciences) supple-
mented with 0.5% glycerol (Sigma-Aldrich) and 10% OADC enrichment (Conda Lab).

Infection of macrophages

Macrophage infection with M. marinum was performed as previously described in detail
(62). Briefly, bacteria were washed twice in phosphate-buffered saline (PBS; 2,500 X g,
10 minutes), needled three times through a 26G needle, and centrifuged twice (450
X g, 1 minute) to achieve a single cell suspension. The bacterial concentration of
the suspension was determined using a hemocytometer (KOVA), and macrophages
were infected with the appropriate number of bacteria suspended in macrophage
medium to obtain the desired multiplicity of infection, and incubated at 32°C with
5% CO,. Two hours post-infection, the cells were washed with macrophage medium to
remove extracellular bacteria, and the remaining extracellular bacteria were killed off by
incubating the cells with macrophage medium supplemented with 200 pg/mL amikacin
(Sigma-Aldrich) for 2 hours at 32°C with 5% CO,. Cells were then washed twice with
macrophage medium and finally incubated in fresh macrophage medium at 32°C with
5% CO; until further analysis. For infections less than 7 hours, the bacteria-containing
medium was kept throughout.

Reverse-transcription quantitative PCR analysis of gene expression

Macrophages were infected in 12-well plates (5 x 10° cells/well), and RNA was extracted
at the indicated time post-infection. RNA was isolated using the RNeasy Mini Kit (Qiagen),
and cDNA was synthesized using the GoScript Reverse Transcription System (Promega).
Gene expression was determined by real-time quantitative PCR using SSoFast EvaGreen
PCR supermix (Bio-Rad) in either 96-well format for the iQ5 Real-Time PCR Detection
System (Bio-Rad) or in 384-well format for the CFX384 Touch Real-Time PCR Detection
System (Bio-Rad). Expression of the housekeeping gene reep5 was analyzed to enable
normalization of data. All reagents and primers used are indicated in Table S1.

Analysis of cathepsin B activity

Macrophages were infected in six-well plates (10° cells/well). At the indicated time
post-infection, supernatants were collected and centrifuged (300 X g, 4 minutes at 4°C)
to pellet any detached cells. The purified supernatant fraction was then collected for
subsequent analysis of cathepsin B activity. In parallel, macrophages were dislodged by
adding 1 mL ice-cold DPBS and pooled with cells collected from the supernatant. The
cell suspension (total volume: 1 mL) was then divided into two samples. One sample (700
pL) was used to isolate the cytosolic fraction. For this purpose, the cells were pelleted
by centrifugation (1,000 x g, 3 minutes at 4°C) and resuspended in 75 pL digitonin
buffer (25 pg/mL digitonin [Sigma-Aldrich], 150 mM NacCl, and 50 mM HEPES in PBS)
and incubated for 10 minutes on ice, allowing selective permeabilization of the plasma
membrane. Permeabilized macrophages were then pelleted by centrifugation (1,000 x g,
3 minutes at 4°C), and the supernatant (i.e., the cytosolic fraction) was transferred to a
new tube that once again was centrifuged (20,000 x g, 3 minutes at 4°C) to pellet any
remaining cellular debris. The second sample (300 pL) was pelleted (300 x g, 4 minutes
at 4°C) and resuspended in 75 pL Triton X-100 buffer (0.1% Triton X-100 [Sigma-Aldrich],
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150 mM NacCl, and 50 mM HEPES in PBS) to cause complete lysis of all cellular compart-
ments. The lysate was then centrifuged (20,000 x g, 3 minutes at 4°C) to pellet cellular
debris, and the supernatant was collected as the whole cell lysate.

To analyze the cathepsin B activity in the prepared fractions (i.e., supernatant, cytosol,
and whole cell lysate), 15 pL of each fraction was transferred, in triplicates, to a Nunc 96F
untreated black microwell plate (ThermoFisher Scientific). Next, 90 pL of cell free buffer
pH 5.5 (10 uM HEPES, 2 mM Nacl, 2.5 mM KH;POg4, 4 mM EDTA, 2 mM MgCl,, and 5 mM
pyruvate) was mixed with 1 mM dithiothreitol and 80 uM of the cathepsin B substrate
Z-RR-AMC (Sigma-Aldrich), and added to each well. After a 1-hour incubation at 37°C, the
fluorescence intensity was measured using Varioskan Lux (ThermoFisher Scientific) at an
excitation wavelength of 380 nm and an emitting wavelength of 460 nm. Samples from
uninfected macrophages were used as controls.

Analysis of cytokine secretion and cathepsin B protein concentration

To evaluate secreted protein levels, macrophages were infected in 12-well plates (5 x 10°
cells/well). At 24 hpi, supernatants were collected and centrifuged (300 x g, 5 minutes at
4°C) to pellet any detached cells. The supernatants were then analyzed by enzyme-linked
immunosorbent assay (ELISA) for IL-6 (eBioscience), IFNB (RnD Systems), and IL-1f3 (RnD
Systems), according to manufacturers’ instructions. To determine the concentration of
cathepsin B protein in the cytosol of infected macrophages, the cytosolic fraction was
isolated, as described above and analyzed by ELISA for cathepsin B (Abcam), according to
the manufacturer’s instructions.

Intracellular growth of M. marinum

For analysis of intracellular growth, macrophages were infected in 96-well plates (5 x
10* cells/well) and lysed with 0.1% Triton X-100 (Sigma-Aldrich) for 10 minutes at room
temperature at the indicated time points post-infection. Tenfold serial dilutions of the
lysates were plated on 7H10 agar plates for CFU analysis.

Analysis of LDH release

Macrophages were seeded to 96-well plates (5 x 10* cells/well). Supernatants were
collected at the indicated time point and centrifuged (300 x g, 5 minutes at 4°C) to
pellet any detached cells. The supernatant was subsequently analyzed for LDH using the
colorimetric CytoTox 96 Non-Radioactive Cytotoxicity Assay (Promega), according to the
manufacturer’s instructions.

Infection of mice

Female mice between 8 and 12 weeks of age were infected with M. marinum (200 pL, 7 x
107 CFU/mL in PBS) intravenously through the tail vein, as previously described in detail
(62, 64). Disease development was analyzed every other day by measuring the length
of all visible skin lesions on the tail of each mouse. At indicated time points, tails and
tail-draining lymph nodes (sciatic and inguinal) were harvested for CFU analysis. Lymph
nodes were collected in PBS supplemented with 0.1% Triton X-100 and homogenized by
bead beating using TissueLyser Il (Qiagen). Tails were severed from mice at the tail base,
cut into 3 mm pieces, and homogenized in PBS supplemented with 0.1% Triton X-100
using homogenizer PT 1200 E (Polytron) as described (62, 64). Tissue lysates were serially
diluted and plated on 7H10 agar plates for enumeration of CFUs.

RNA extraction from infected tail tissue

Tails were severed from mice at the tail base, and RNA was purified as previously
described (64). The tissue was separated from the bone after a longitudinal excision
and immediately stored at —80°C. Frozen tissue was immersed in liquid nitrogen and
pulverized with a biopulverizer (Biospec Products) that had been prechilled in liquid
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nitrogen. Pulverized tissue samples were resuspended in 0.5 mL PBS and homogenized
with a homogenizer PT 1200 E (Polytron). RNA was extracted from the homogenized
tissue using the RNeasy Mini Kit (Qiagen) with DNase digestion. Gene expression analysis
was performed as described above.

Flow cytometry analysis of infected tail tissue

Flow cytometry analysis was performed on single cell suspensions prepared from
infected tail tissue as previously described in detail (64). In brief, tails were severed
from mice at the tail base, and the separated tissue was cut into small pieces that were
incubated in DMEM supplemented with 5% fetal calf serum (FCS), 30 pg/mL Liberase
(Roche), and 52 pg/mL DNase | (Sigma) with magnetic stirring for 60 minutes at 37°C.
Samples were passed through a 70-um nylon cell strainer, washed in PBS supplemented
with 3% FCS and 2 mM EDTA, and filtered through a 40-um nylon cell strainer to
obtain single cell suspensions. Cells were incubated with a rat anti-mouse CD16/CD32
antibody (clone 2.4G2) to block Fc-receptors, and subsequently stained (30 minutes,
on ice) with the fixable viable dye Near-IR Dead Cell Stain Kit (Invitrogen) and the
following fluorochrome-conjugated anti-mouse antibodies in PBS: CD45.2 (clone 104),
CD11b (clone M1/70), CD64 (clone X54-5/7.1), Ly6C (clone HK1.4), Ly6G (clone 1A8),
MHCII (clone M5/114.15.2), CD19 (clone 6D5), TCRB (clone H57-597), CD3 (clone 17A2).
Cells were fixed with 2% paraformaldehyde for 20 minutes at room temperature. Each
sample was supplemented with AccCount Fluorescent Particles (Spherotech) to enable
the determination of the total cell count. Flow cytometry analysis was conducted using
an LSR Il flow cytometer (BD Sciences), and data were processed using the FlowJo
software version 10.

Statistical analysis

Statistical analysis was performed using the software GraphPad Prism version 8. A
one-way analysis of variance (ANOVA) with Tukey’s test or a two-way ANOVA with Tukey’s
test were used for multiple comparisons, as indicated in figure legends. A two-tailed
unpaired t-test was used for pairwise comparisons. A P < 0.05 was considered significant;
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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