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Abstract

Mixed lineage kinase domain-like (MLKL)-dependent necroptosis is thought to be implicated in the death of mycobacteria-
infected macrophages, reportedly allowing escape and dissemination of the microorganism. Given the consequent interest in
developing inhibitors of necroptosis to treat Mycobacterium tuberculosis (Mtb) infection, we used human pharmacologic
and murine genetic models to definitively establish the pathophysiological role of necroptosis in Mtb infection. We observed
that Mtb infection of macrophages remodeled the intracellular signaling landscape by upregulating MLKL, TNFRI1, and
ZBP1, whilst downregulating cIAP1, thereby establishing a strong pro-necroptotic milieu. However, blocking necroptosis
either by deleting MIkl or inhibiting RIPK1 had no effect on the survival of infected human or murine macrophages.
Consistent with this, MLKL-deficiency or treatment of humanized mice with the RIPK1 inhibitor Nec-1s did not impact on
disease outcomes in vivo, with mice displaying lung histopathology and bacterial burdens indistinguishable from controls.
Therefore, although the necroptotic pathway is primed by Mtb infection, macrophage necroptosis is ultimately restricted to
mitigate disease pathogenesis. We identified cFLIP upregulation that may promote caspase 8-mediated degradation of
CYLD, and other necrosome components, as a possible mechanism abrogating Mtb’s capacity to coopt necroptotic signaling.
Variability in the capacity of these mechanisms to interfere with necroptosis may influence disease severity and could
explain the heterogeneity of Mtb infection and disease.

Introduction
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immortalized murine macrophages, reported that apoptosis
was induced exclusively by virulent Mtb strains [2-5]. A
zebrafish study of Mycobacterium marinum infection sup-
ported this, and suggested that the subsequent phagocytosis
of apoptotic cells expanded the pool of infected cells [6].
However, other observations contradict this, with virulent
Mtb inducing less apoptosis than avirulent strains, in
experiments using principally immortalized and primary
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ability to retain particular molecular pathways in culture, as
well as differences in bacterial strains and experimental
endpoints. Nonetheless, the identification of virulence genes
in Mtb that abrogate apoptotic signaling supports the pre-
vailing opinion that apoptosis of infected macrophages is
protective for the host and is thus inhibited by virulent Mtb
[13-18]. Some groups additionally reported that macro-
phages underwent a lytic death at late stages of infection or
at high multiplicity of infection (MOI) [19, 20]. Consistent
with this, a study of M. marinum infection of zebrafish
reported that macrophages infected with these mycobacteria
are stimulated by host TNF to die by a programmed form of
lytic cell death termed necroptosis [21]. Recently, it was
reported that siRNA silencing of mixed lineage kinase
domain-like (MLKL), the essential mediator of necroptosis
[22, 23], rescues much of the death of Mtb-infected mac-
rophages in vitro, although it was not definitive whether the
death that occurred in MLKL-sufficient cells was indeed
necroptosis [24]. It has been proposed that lytic death
benefits mycobacteria by enabling escape into the growth-
permissive extracellular microenvironment [25]. Collec-
tively, these studies established the current view that Mtb
initially inhibits macrophage apoptosis to allow replication,
while at later stages induces a lytic death such as necrop-
tosis to escape the host cell and disseminate. The reported
pathophysiological function of necroptosis in M. marinum
infection of zebrafish has been a major contributor in
shaping this current dogma in the Mtb field. This is despite
the fact that the observations have not been confirmed in a
mammalian in vivo model of Mtb infection, and it is thus
unclear whether they translate to Mtb.

Death via necroptosis can be induced by ligation of TNF
receptor 1 (TNFR1) by TNF, which is abundant during Mtb
infection [26, 27]. Receptor interacting protein kinase 1
(RIPK1) normally promotes cell survival downstream of
TNFRI1 ligation by engaging the NF-kB pathway. This
depends upon its ubiquitination by the cellular inhibitor of
apoptosis (cIAP) proteins. The absence of optimal RIPK1
ubiquitination (for example, due to the loss of cIAPs) allows
RIPK1 to associate with caspase 8, resulting in apoptosis.
However, when caspase 8 is absent or inhibited, RIPK1 and
RIPK3 can interact and autophosphorylate. Phosphorylated
RIPK3 can then bind and phosphorylate MLKL, which
oligomerizes and translocates to the cell membrane to
execute necroptotic death [28-32]. Additionally, RIPK3 can
be activated to induce necroptosis by the cytoplasmic DNA
sensor Z-DNA binding protein 1 (ZBP1; also known as
DAI or DLM1) [33] and downstream of Toll-like receptors
by TIR domain-containing adapter-inducing interferon-f3
(TRIF) [34]. A function of necroptosis in microbial infec-
tions is supported by several reports describing pathogen-
derived molecules that modulate necroptotic signaling and
either induce or inhibit host cell necroptosis [33, 35-38].

SPRINGER NATURE

One report suggests that Mtb actively suppresses/constrains
caspase 8 activity [39], and this would support the notion
that Mtb preferentially promotes necroptosis and down-
regulates apoptosis during disease pathogenesis.

Several groups are pursuing the development of ther-
apeutics targeting necroptosis, and particularly MLKL, for
infectious and non-infectious diseases in which necroptosis
has been implicated. The recent report describing a patho-
logical function of necroptosis in M. marinum infection has
spurred tremendous interest in the development and appli-
cation of such inhibitors clinically for the treatment of
tuberculosis [21, 25]. It is therefore critically important to
establish the precise role of MLKL specifically in Mtb
infection. Our study addresses this substantial gap in our
understanding of the pathophysiology of Mtb infection by
using genetic tools and in vivo aerosolized infection of both
conventional and humanized mice.

Results

Mtb-infected macrophages are primed for
necroptosis

We examined whether the essential components of the
necroptotic pathway were present and/or differentially
regulated in macrophages upon Mtb infection in vitro. A
consistent, sustained upregulation of MLKL protein was
observed as early as 24 h post-infection, at both low and
high MOI (Fig. 1a). We also observed a striking reduction
in cIAP1 and cylindromatosis (CYLD) levels, particularly at
high MOI, together with an increase in TNFRI, cellular
FLICE-inhibitory protein (cFLIP) and ZBPI1, while the
expression of caspase 8, RIPKI1, and RIPK3 were not
consistently altered by Mtb infection (Fig. 1a).

To determine whether these changes in protein expression
occurred in vivo, we isolated alveolar macrophages from
bronchoalveolar lavage of both uninfected and Mtb-infected
mice. Macrophages from infected mice showed approximately
7-fold upregulation of MLKL (Fig. 1b). Similarly, TNFRI,
cFLIP, and ZBP1 expression was strongly increased, while
CYLD was reduced and caspase 8, RIPK1 and RIPK3 were
unaltered. Although we did not observe any differences in
cIAP1 level between uninfected and infected macrophages
in vivo, the data overwhelmingly supported the in vitro results.

MLKL upregulation in Mtb infection is induced by
IFNs

Previous work suggested that cytokines upregulate protein
levels of necroptotic signaling molecules [40]. We therefore
hypothesized that the upregulation of MLKL in Mtb-infected
BMDMs was mediated by cytokine signaling. To test this, we
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Fig. 1 Macrophages infected with Mtb are primed for necroptosis. a
Western blot analysis of necroptosis-associated proteins in wild-type
BMDMs infected with Mtb for 24 h or 48 h. Representative of four
independent experiments. b Western blot analysis of MLKL levels in
alveolar macrophages isolated from the BAL of both uninfected and
Mtb-infected wild-type mice (three—four weeks post-infection).
Lysates from three uninfected and three infected mice were pooled.
Representative of two experiments. Protein levels relative to unin-
fected samples at each time point (and adjusted for actin loading) were
quantitated by densitometry for certain panels, and appear below the
panel to which they relate. Numbers to the right of the panels represent
the positions of protein size markers (in kDa)

treated naive BMDMs with TNF or type I IFN (IFNp), which
are produced by macrophages during Mtb infection. We also
treated cells with type II IFN (IFNy), given that this (primarily)
CD4" T cell-derived cytokine is critical in the immune
response to Mtb infection. Both IFNP and IFNy induced a
similar degree of MLKL upregulation as Mtb infection (Sup-
plementary Fig. 1a). BMDM:s from Ifiuar] '~ mice, which lack
the type I IFN receptor, failed to upregulate MLKL upon
infection (Supplementary Fig. 1b), demonstrating that macro-
phages were capable of upregulating MLKL through autocrine/
paracrine type I IFN signaling, independent of lymphocyte-
derived IFNYy, despite both being capable of mediating this.
Necroptosis is induced experimentally by stimulating
TNFRI in the presence of SMAC mimetics (to deplete
cIAPs) as well as caspase inhibitors (to prevent apoptosis),
and requires MLKL [41]. The deubiquitinase CYLD has
been claimed to be required for necroptosis [40, 42].
Therefore, our data provides qualified support for the notion
that Mtb-infected macrophages, in vitro and in vivo, may be
primed to undergo necroptotic death, with the exception of

our finding that CYLD protein levels were strongly sup-
pressed which, according to recent reports, impedes the
induction of necroptosis. The obvious and critical question
is, does necroptosis prevail in Mtb infection as the literature
would suggest?

Necroptosis of Mtb-infected macrophages is
restricted

To explore whether Mtb infection did in fact induce mac-
rophage necroptosis, we examined RIPK3-mediated phos-
phorylation of MLKL—a key event in the activation of
necroptosis [32]. However, we were unable to detect phos-
phorylated (p) MLKL in either infected BMDMs (Fig. 2a) or
alveolar macrophages from Mtb-infected mice (Fig. 2b).
Processing of the apoptotic caspases 3 and 8, indicating their
activation, was also undetectable (Fig. 2a). Thus, we were
unable to detect markers of either necroptosis or apoptosis,
despite observing cell death in an MOI-dependent manner
(Fig. 2c). We postulated that the inability to detect pMLKL
may have reflected the potentially transient nature of MLKL
phosphorylation, as well as the probable temporal variability
in the death of individual cells. We therefore infected
BMDM s from both wild-type and MLKL-deficient (MIkl ™)
mice and quantitated the amount of death. Surprisingly, we
observed no difference in the proportion of MikI~”~ BMDMs
dying following Mtb infection compared to wild-type cells,
suggesting that death was occurring in an MLKL-indepen-
dent, non-necroptotic manner (Fig. 2c). To address the pos-
sibility that there were insufficient death ligands secreted by
BMDMs to induce necroptosis, we added TNF 24 h post-
infection. However, even with this treatment there were no
substantial differences in the proportion of dead wild-type
and MikI”’~ BMDMs (Fig. 2d). It remained possible that
infected macrophages were in fact undergoing necroptosis
but, in the absence of MLKL, switched to apoptosis, leading
to a similar amount of total cell death. However, treatment of
wild-type or MIki””~ BMDM s with caspase inhibitor (Q-VD-
OPh), to prevent either apoptosis or both apoptosis and
necroptosis, respectively, did not substantially alter the pro-
portion of cells dying from Mtb infection (Supplementary
Fig. 2a), suggesting that substitution of cell death programs
was not occurring.

We extended these findings to primary human mono-
cytes which, similar to BMDMSs, are sensitive to both
apoptotic and necroptotic stimuli (Supplementary Fig. 3a
and 3b). Viability decreased in an MOI-dependent manner
similar to BMDMSs (Fig. 2e). However, the extent of cell
death was not significantly altered by treatment with the
RIPK1 kinase inhibitor necrostatin-1 stable (Nec-1s) [43,
44] (Fig. 2e). Treatment of cells with TNF after infection
also did not cause any difference in viability between
vehicle and Nec-1s treated cells (Fig. 2f).

SPRINGERNATURE



M. D. Stutz et al.

954
a . 24h ,  48h o
MOLE - 10 50 - 10 50 ~ 2 P
pMLKL (S345) =

50

Cleaved CASP8

- L0

3] L
Cleaved CASP3 = ::
B-actin D = — S = |4
cA
°\°
P
=
(3]
_g —TNF
B
o
@
o
A 0 0
wor¥ yor®
HlUntreated
B Nec-1s
—TNF

Cell Viability (%)

‘eoxed A AQ

%0
o v wo

w

Fig. 2 Necroptotic death of Mtb-infected macrophages is restricted. a
Western blot analysis of markers of programmed cell death in wild-
type BMDMs infected with Mtb for 24 h or 48 h. Controls were pre-
pared by treating uninfected BMDMs with either TNF (100 ng/ml),
TNF and birinapant (10 pM), or TNF, birinapant and Q-VD-OPh (40
puM) for 24 h. Numbers to the right of the panels represent the positions
of protein size markers (in kDa). Representative of three independent
experiments. Abbreviations are as follows: T, TNF; S, SMAC mimetic
(birinapant); Q, Q-VD-OPh. b Western blot analysis of phosphorylated
MLKL in alveolar macrophages isolated from the BAL of uninfected
and Mtb-infected wild-type mice. Controls were prepared as in (a).
Lysates from three uninfected and three infected mice were pooled,
and data are representative of two experiments. Vertical dashed lines
indicate the positions where lanes that were not contiguous on the blot
were juxtaposed to remove unused lanes. ¢, d Death of wild-type and

Our data indicated that although Mtb infection primes
certain components of the necroptotic pathway, this form of
programmed cell death does not contribute to the attrition of
Mtb-infected macrophages in vitro. It thus remained unclear
which point in the necroptotic pathway was blocked to pre-
vent necroptosis. Previous reports suggested that Mtb inhibits
caspase 8 function [39]. Engagement of the apoptotic path-
way by a Death Ligand such as TNF, while caspase 8 is

SPRINGER NATURE
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Mikl~’~ BMDM s infected with Mtb for 48 h. BMDM s were either (c)
untreated or (d) treated with 50 ng/ml TNF at 24 h post-infection. The
amount of cell death was determined by PI staining and flow cyto-
metry. Graphs show mean and SEM, and data were pooled from three
biologically independent experiments. There were no statistically
significant differences between genotypes in infected groups (p > 0.05;
t test). e, f Death of primary human monocytes treated with either
vehicle (DMSO) or Nec-1s (70 pM) and infected with Mtb for 24 h.
Additionally, cells were either (e) untreated or (f) treated with 50 ng/ml
TNF at 6 h post-infection. The amount of cell death was determined by
MTS assay. Graphs show mean and SEM of triplicate wells. Repre-
sentative of three biologically independent experiments. There were no
statistically significant differences between vehicle and Nec-1s-treated
cells (p > 0.05; ¢ test)

inhibited, can lead to the activation of the necroptotic path-
way. When Mtb-infected BMDMs were treated with TNF,
we did not observe the same extent of RIPK1 phosphoryla-
tion (Supplementary Fig. 4a) or post-translational modifica-
tion of RIPK3 (Supplementary Fig. 4b) as the positive
control for necroptosis. This suggested that necroptosis was
being restricted either at, or upstream of, necrosome assem-
bly. It is therefore possible that either the necroptosis-
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inhibitory function of caspase 8 remains active, or Mtb
infection prevents engagement of the apoptotic pathway and
therefore acts upstream of caspase 8 activation.

The loss of necroptotic signaling and its impact on
Mtb disease pathogenesis in vivo

We hypothesized that the lack of necroptosis in Mtb-
infected macrophages in vitro, despite priming for this form
of death, may be attributable to the absence of the required
ligands in vitro. We therefore examined the role of
necroptosis in vivo using MikI~’~ mice. The bacterial bur-
den in the lungs and spleens of MIkI~”~ mice was indis-
tinguishable from that of wild-type mice at all time points
(Fig. 3a and b). The similarity in bacterial burden was
consistent with the gross lung histopathology (Fig. 3c and
Supplementary Fig. 5), which revealed a comparable
number and size of inflammatory lesions (Fig. 3d) com-
prising dense aggregates of infiltrating immune cells.

MLKL does not contribute to the immunological
response to Mtb infection

We considered the possibility that MLKL deficiency may
affect macrophage function and/or other facets of immunity,
thereby offsetting any potential benefits, as the literature
would suggest, of interrupting necroptosis signaling during
Mtb infection. An important mechanism that macrophages
use to kill intracellular Mtb is the induction of iNOS [45].
However, the expression of iNOS following infection was
comparable between wild-type and MIki”"~ BMDMs (Sup-
plementary Fig. 2b). Furthermore, there were no differences
in the number of macrophages, granulocytes, dendritic cells,
B cells or CD4" and CD8" T cells in either the lungs or
spleen between infected wild-type and MIkl~~ mice (Figs. 4a
and 5a, Supplementary Fig. 6a), or in the organization of
macrophages and T cells within pulmonary lesions (Figs. 4b,
¢ and 5a, Supplementary Fig. 7). Consistent with this, there
were no differences in either the concentration of TNF and
IL-1f in lung homogenates (Fig. 4d), or in the number or
percentage of Mtb early secreted antigenic target (ESAT)-6-
specific, IFNy/TNF-producing CD4" T cells in either the
lungs or spleens (Fig. 5c and Supplementary Fig. 6b). Col-
lectively, these data indicated that MLKL deficiency did not
alter the inflammatory and immune responses associated with
Mtb infection.

Inhibition of necroptosis in humanized mice does
not affect Mtb disease progression

We sought to confirm the human translatability of our
in vivo data by using a robust humanized mouse model of
Mtb infection. NOD scid gamma (NSG) mice reconstituted

with human cord blood stem cells (humanized mice) reca-
pitulate characteristics of human immunity, including innate
and adaptive cells. We used Nec-1s to block necroptosis
in vivo. Nec-1s shows enhanced metabolic stability and
excellent selectivity toward RIPK1 inhibition [43, 44], and
has been used in vivo in several recent publications [46—49].
Nonetheless, we firstly confirmed that the dose of Nec-1s
we used efficiently inhibited necroptosis of human cells
in vivo by infecting humanized mice with lymphocytic
choriomeningitis virus (LCMYV). This results in a TNF-
mediated immune response which is maximal around seven
days post-infection. At that time, we treated mice with
caspase inhibitors (emricasan), either alone or in combina-
tion with Nec-1s, followed by the IAP antagonist bir-
inapant. Mice receiving emricasan without Nec-1s
developed acute illness 3h after birinapant treatment,
characterized by ruffled fur, diarrhea and
responsiveness. We noted a clear and substantial reduc-
tion in the amount of positive staining for human pMLKL
[32] in spleens from mice receiving both emricasan and
Nec-1s compared with those receiving only emricasan
(Supplementary Fig. 8), indicating efficient inhibition of
necroptosis of human cells with Nec-1s in vivo.

We pre-treated humanized mice with Nec-1s 18 hand 1 h
prior to Mtb infection, and then administered daily doses
until mice were sacrificed at day 10 post-infection. We
found similar bacterial burdens in the lungs and spleens of
vehicle and Nec-1s treated mice (Fig. 6), demonstrating that
the inhibition of necroptosis in humanized mice did not
impair the control or dissemination of Mtb.

non-

Discussion

Recent work suggested the induction of macrophage
necroptosis as a strategic maneuver by Mtb to facilitate host
cell escape and dissemination. Our data challenges this
view, and shows convincingly that necroptotic signaling is
restricted and does not contribute to Mtb infection-
associated host cell death over and above other forms of
cell death in vitro and in vivo.

It was somewhat surprising to find that Mtb infection of
macrophages in vitro appeared to skew the intracellular sig-
naling milieu so as to poise the cell for necroptosis. The
increase in TNFR1 expression may sensitize infected cells to
TNF-mediated death. We previously reported a similar upre-
gulation in hepatitis B virus-infected hepatocytes in vivo [50].
We also noted a substantial increase in ZBP1 expression,
which may sensitize cells to necroptosis following detection of
cytoplasmic Mtb DNA. Furthermore, cIAP1 levels were
drastically reduced in Mtb-infected BMDMs, particularly at
high MOI. The cIAP molecules are usually antagonized
genetically or with SMAC mimetics to experimentally induce
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Fig. 3 Loss of MLKL does not affect the control and progression of
Mtb infection in vivo. a—d Wild-type and MIki™~ mice were infected
with Mtb by aerosol, and sacrificed at the indicated times post-
infection. a Lungs and b spleens were homogenized and plated on
7TH11 agar plates to enumerate CFU per organ. Horizontal bars indi-
cate the median and each point represents one mouse. Data were
pooled from two (week four and eight) or three (day 10) independent
experiments (n=8-14 per group). There were no statistically sig-
nificant differences between genotypes (p > 0.05; ¢ test). ¢ Lung
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histology of mice four weeks post-infection. Sections of the left lobe
were stained with H&E. Representative of 12 mice of each genotype.
Scale bar represents 1 mm. d Quantitation of H&E-stained lung sec-
tions in terms of both the percentage of the total section surface area
comprising inflammatory areas (upper), as well as the number of
inflammatory areas per section (lower). Graphs show mean and SEM
of pooled data from two independent experiments (n = 10 per group).
There were no statistically significant differences between genotypes
(p > 0.05; Mann—Whitney test)
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necroptosis. The physiological conditions that elicit necrop-
tosis during certain infections are not well characterized. To
our knowledge, inhibition of cIAPs following infection has not
previously been demonstrated, and may represent a novel
mechanism by which Mtb primes necroptosis. Finally, we
found an increase in MLKL expression, which was also
reported recently [24]. We extended this finding by showing
that the increase in MLKL levels could be stimulated by type I
and type II IFN signaling. This is consistent with the reported
role of type I IFNs in priming cells for necroptosis, at least
partly by stimulating the expression of necroptosis signaling
molecules including MLKL [40]. With the exception of
cIAP1, the changes in protein expression in infected BMDMs
were similar, and sometimes more striking, in alveolar mac-
rophages from infected mice, demonstrating the relevance of
these changes during physiological infection in vivo. The lack
of a reduction in cIAP1 level in vivo was likely due to a much
smaller proportion of macrophages becoming infected in the
lung compared with in vitro conditions, such that any differ-
ences in infected cells could therefore not be resolved from a
pool of predominantly uninfected cells. The downregulation in
cIAP1 level may be dependent upon actual infection of cells
with Mtb, while the other proteins we examined may be
regulated by cytokine signaling, as we showed for MLKL.
Given this data, we expected Mtb-infected macrophages
to die by necroptosis. However, the absence of detectable
PMLKL, and the fact that genetic deletion of Mkl did not
rescue cells from death, suggested that MLKL-dependent
necroptosis did not contribute to the death of Mtb-infected
cells. Additionally, we did not detect any cleaved caspases,
indicating that apoptosis was likely not a major contributor.
We confirmed these results with primary human monocytes,
in which blockage of necroptosis did not reduce the death of
Mtb-infected cells. We corroborated this in vivo using
MLKL-deficient mice, which had a similar degree of mac-
rophage infiltration into the lungs during infection com-
pared to wild-type mice. One could argue that the continual
recruitment of new macrophages to the lung in wild-type
mice masked the loss of these cells by necroptosis. How-
ever, the current literature suggests that this would manifest
in more extensive pulmonary inflammation compared to
Mikl” mice, which we did not observe. Additionally, the
histopathology and bacterial burdens in the lungs and
spleens were indistinguishable between the strains of mice,
arguing against the reported role for necroptosis in dis-
seminating mycobacteria. We extended our studies to
humanized mice, which is important given the potential
species differences in the activity and regulation of cellular
pathways. Humanized mice recapitulate many aspects of
human TB disease [51]. We showed that the pharmacologic
inhibition of necroptosis did not affect disease outcomes in
humanized mice. While it remains possible that Nec-1s,
through its targeting of RIPK1, may have inhibited other

RIPK1-dependent forms of cell death, its ability to block
MLKL-driven necroptosis was nevertheless not reflected in
any phenotype in vitro or in vivo.

An intriguing aspect of our work is that Mtb primed, but
ultimately failed to induce, macrophage necroptosis. This
strongly suggested that necroptotic death was being
restricted. Necroptosis requires that caspase 8 activity be
constrained, but not abolished, since the autocleavage and
homodimerization of caspase 8 following TNF ligation
inactivates RIPK1 and RIPK3 and induces apoptosis. We
found that caspase 8 levels were not reduced upon macro-
phage infection, but instead noted an increase in cFLIP,
which normally heterodimerizes with uncleaved caspase 8.
The best described function of these caspase 8/cFLIP het-
erodimers is to prevent the formation and activation of
caspase 8 homodimers, and thereby inhibit apoptosis [52].
However, these heterodimers also retain sufficient catalytic
function to cleave RIPK1, RIPK3, and CYLD and thereby
also simultaneously inhibit activation of MLKL and the
necroptotic pathway [53-56]. RIPK1 and RIPK3 levels
appeared to be unaffected by Mtb infection, but we noted
that CYLD was substantially reduced. CYLD functions
primarily to remove certain ubiquitin chains from RIPK1 in
the necrosome [42]. Since this deubiquitination has been
reported to be necessary for RIPK1 and RIPK3 phosphor-
ylation and function, the loss of CYLD protects cells from
necroptosis [40, 42]. The ratio between cFLIP and caspase 8
is a critical determinant of cell fate [57]. Our data therefore
supports the notion that the increased cFLIP expression
during infection alters the stoichiometry of the caspase 8/
cFLIP heterodimers to favor their proteolytic degradation of
CYLD. This may be responsible for the failure of Mtb-
infected macrophages to undergo necroptosis. However,
loss of CYLD in vivo was shown to delay, but not prevent
necroptosis during skin inflammation [58]. Furthermore,
recent work showed that RIPK1 is not devoid of poly-
ubiquitin chains once it has translocated to the necrosome
[59]. Rather, it appears that a complex and poorly under-
stood series of RIPK1 ubiquitination and deubiquitination
events occur within the necrosome, and which are required
for necrosome assembly and function. It is clear that addi-
tional molecules are at play, possibly novel phosphatases
and E3 ligases, which have not been fully clarified. None-
theless, we speculate that Mtb may have seconded
necroptotic signaling for disease pathogenesis, but perhaps
the host cell developed mechanisms to abrogate the acti-
vation of the necrosome and mitigate disease.

Regardless of the means by which necroptosis is
restricted, our results contradict those of Roca and
Ramakrishnan [21]. In their study, pharmacologic inhibitors
of both MLKL and putative components of the necroptotic
pathway were used to study necroptosis in M. marinum-
infected zebrafish. It is noteworthy, however, that although
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Fig. 4 Infiltration of innate immune cells into the lungs following Mtb
infection is not affected by the loss of MLKL signaling. a Flow cyto-
metric analysis of the total number of CD11b*Gr1'® macrophages,
CD11b*Gr1™ granulocytes and CD11¢tMHCII' dendritic cells iso-
lated from the lungs of mice four weeks after infection. b Immuno-
histochemical staining for F4/80 in lung sections from wild-type and
MikI™~ mice sacrificed four weeks after infection, and ¢ quantitation
of the number of F4/80-positive cells per 100,000 cells. Arrows

the authors were unable to identify a fish MLKL ortholo-
gue, they were able to inhibit cell death with an MLKL
inhibitor that specifically inhibits human but not mouse
MLKL [23]. Genetic targeting of MIkl, the only essential
downstream effector that has been conclusively identified,
in species with a well-characterized necroptotic pathway, is
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Number of F4/80-positive cells
(per 100,000 cells)
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indicate examples of clusters of positive-stained cells. Representative
of two independent experiments of n =3—4 in each group. Scale bar
represents 100 pm. d TNF and IL-1f levels quantitated by ELISA in
the lung homogenates of mice four weeks after infection. Data were
pooled from two independent experiments (n =9-11 in each group).
a, b, d Graphs show mean and SEM. There were no statistically
significant differences between genotypes (p > 0.05; ¢ test)

undoubtedly the surer method to interrogate the role of
necroptosis in Mtb infection. We believe that our gene-
targeted approach using a physiologically relevant mam-
malian model of Mtb infection, in combination with our
humanized mouse model, constitutes a more precise and
thorough dissection of the role of necroptosis in this disease.
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Fig. 5 The adaptive immunological response to Mtb infection in vivo
is not perturbed by the loss of MLKL signaling. a Flow cytometric
analysis of the total number of CD4" T cells, CD8" T cells and CD19
*MHCI* B cells isolated from the lungs of mice four weeks after
infection. b Immunofluorescence staining (blue DAPI, green CD3 and
red CD4) of lung sections from mice four weeks after infection.
Representative of n =4 in each group. Three inflammatory lesions
were examined per mouse. Scale bar represents 100 pm. ¢ Quantitation
of the number of Mtb ESAT-6-specific CD4" T cells in the lungs of
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mice four weeks after infection. Cells were isolated from the lungs and
restimulated ex vivo with either ESAT-6 or OVA peptide, and ana-
lyzed for TNF and IFNy production by intracellular cytokine staining
and flow cytometry. (left) Representative flow cytometry plots and
(middle) quantitation of the total number of TNF'TFNy*CD4" T cells
and (right) their frequency expressed as a percentage of total CD4™
T cells are shown. a, ¢ Graphs show mean and SEM of pooled data
from two independent experiments (n =6 per group). There were no
statistically significant differences between genotypes (p > 0.05; ¢ test)
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In summary, our data show that necroptosis is
primed in Mtb-infected macrophages, but that necroptotic
signaling is ultimately abrogated, thereby mitigating any
pathophysiological role of necroptosis in tuberculosis.
We speculate that differences in the ability to restrict necrop-
tosis may contribute to the diversity of human host responses,
disease severity, and clinical outcomes.

Materials and methods
Mice

The Walter and Eliza Hall Institute of Medical Research
Animal Ethics Committee reviewed and approved all ani-
mal experiments. Six- to 10-week old C57BL/6, Mikl™~
[28] and Iﬁmr]*/ ~ [60] mice were used, and were age-
matched and sex-matched in all experiments. Humanized
mice were generated using NOD.Cg-Prkdc*™ [12rg™!"/
SzJ (NSG) mice (originally from JAX), raised under spe-
cific pathogen-free conditions. One- to two-day old pups
were irradiated (150 cGy) and injected with 5 x 10 CD34"
cord blood stem cells (Stem Cell Technologies, Vancouver,
Canada) via the facial vein. Mice were bled 16 weeks after
transplantation and flow cytometry was used to determine
the extent of reconstitution with human leukocytes. At least
50% of blood leukocytes were human CD45% in all mice
used in experiments. Humanized mice were treated with 10
mg/kg necrostatin-1 stable (Nec-1s or 7-Cl-O-Nec-1;
Merck, Billerica, MA, USA) by intraperitoneal (IP) injec-
tion 18 h and 1 h prior to infection, and then daily. Control
mice were treated with vehicle (10% DMSO in PBS). Mice
infected with Mtb were housed in individually-ventilated
microisolator cages.

Bacterial strains and culture

M. tuberculosis strain H37Rv was obtained from Nicholas P
West (University of Queensland, Australia). Mycobacteria
were grown statically to late-log phase at 37 °C in Mid-
dlebook 7H9 medium (BD Biosciences, San Jose, CA,
USA) supplemented with 0.5% (v/v) glycerol (Ajax Fine-
chem, Taren Point, Australia), 0.02% (v/v) Tween-80
(Sigma-Aldrich, St. Louis, MO, USA) and 10% (v/v)
ADC supplements (50 g/l bovine serum albumin [Bovogen
Biologicals, East Keilor, Australia], 8.5 g/l NaCl, 20 g/l
dextrose and 0.03 g/l catalase [all from Sigma-Aldrich]),
and 1 ml aliquots were stored at —80 °C until use. Four to
five days prior to infection, mycobacterial stocks were
thawed, passed 10 times through a 27-gauge needle to
disperse aggregated bacteria, and cultured as above. On the
day of infection, mycobacterial cultures were pelleted by
centrifugation and resuspended in PBS + 0.05% Tween-80.
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Fig. 6 Inhibition of necroptosis in humanized mice does not com-
promise control of bacterial growth or dissemination. a Nod scid
gamma mice reconstituted with human cord blood stem cells (huma-
nized mice) were treated with either vehicle or Nec-1s (10 mg/kg) both
before and after infection with aerosolized Mtb (daily for an additional
nine days post-infection) Lungs and b spleens were collected 10 days
after infection, homogenized and plated on 7H11 agar plates to enu-
merate CFU per organ. Horizontal bars indicate the median and each
point represents one mouse (n =4 per group). There were no statisti-
cally significant differences between treatment groups (p > 0.05; ¢ test)

To isolate single-celled Mtb, the suspension was then cen-
trifuged at 130 g for 8 min to pellet aggregated myco-
bacteria. The supernatant (containing single-celled Mtb)
was again pelleted and resuspended in either sterile water
(for aerosolization) or PBS (for in vitro infections) to an
optical density (590 nm) of 0.1-0.2. All procedures with
viable Mtb were performed under biosafety level III
conditions.

Cell culture, isolation, an