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Abstract

Community-acquired pneumonia is the most common type of
pneumonia and remains a leading cause of morbidity and mortality
worldwide. Although many different pathogens can contribute to
pneumonia, Streptococcus pneumoniae is one of the common
bacterial pathogens that underlie community-acquired pneumonia.
RIPK3 (receptor-interacting protein kinase 3) is widely recognized
as a key modulator of inflammation and cell death. To elucidate a
potential role of RIPK3 in pneumonia, we examined plasma from
healthy control subjects and patients positive for streptococcal
pneumonia. In human studies, RIPK3 protein concentrations

were significantly elevated and were identified as a potential
plasma marker of pneumococcal pneumonia. To expand these
findings, we used an in vivo murine model of pneumococcal
pneumonia to demonstrate that RIPK3 deficiency leads to reduced

Streptococcus pneumoniae is a gram-
positive bacterium and often colonizes

causes significant mortality, especially in
children and the elderly (2, 3).

bacterial clearance, severe pathological damage, and high mortality.
Our results illustrated that RIPK3 forms a complex with RIPK1,
MLKL (mixed-lineage kinase domain-like protein), and MCU
(mitochondrial calcium uniporter) to induce mitochondrial
calcium uptake and mitochondrial reactive oxygen species(mROS)
production during S. pneumoniae infection. In macrophages, RIPK3
initiated necroptosis via the mROS-mediated mitochondrial
permeability transition pore opening and NLRP3 inflammasome
activation via the mROS-AKT pathway to protect against

S. pneumoniae. In conclusion, our study demonstrated a mechanism
by which RIPK3-initiated necroptosis is essential for host defense
against S. pneumoniae.

Keywords: pneumonia; Streptococcus pneumoniae; receptor-
interacting protein kinase 3; mitochondrial permeability transition
pore

like protein) (4-6). Necroptosis plays a
vital role in the immune response to

the upper respiratory tract, especially the
nasopharynx (1). This asymptomatic
colonization can progress to invasive diseases,
including pneumonia, sepsis, and meningitis,
depending on the host’s immune status (2).
S. pneumoniae is the most common pathogen
in community-acquired pneumonia and

RIPK3 (receptor-interacting protein
kinase 3) is a serine/threonine protein kinase
that has emerged as a key modulator in cell
death signaling and inflammatory pathways.
Necroptosis, a form of programmed cell
death, is tightly regulated by RIPK3, RIPK1,
and MLKL (mixed-lineage kinase domain-

bacterial pathogens of the airway, such as
Staphylococcus aureus, S. pneumoniae, and
Serratia marcescens (4-6). Pore-forming
bacterial toxins such as S. pneumoniae
pneumolysin and S. marcescens ShlA toxin
have been shown previously to be potent
inducers of necroptosis, with heightened
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concentrations of MLKL detectable in
nonhuman primates and mice, respectively
(4-7). Recent work has illustrated that a
deficiency in MLKL or RIPK3 improved
survival and reduced pulmonary injury in
response to pore-forming toxins secreted by
S. marcescens (7). The experiments entailed
in our current study are designed to build on
these findings and to examine an in vivo role
of necroptosis in S. pneumoniae infection.
The NLRP3 infiammasome, a
multiprotein complex that contributes
to the processing and secretion of
proinflammatory cytokines, can be
regulated by RIPK3 under certain
circumstances (8, 9). Previous work has
demonstrated that NLRP3 and apoptosis-
associated speck-like protein containing a
caspase recruitment domain (ASC)
expression are associated with pore-
forming toxin-induced necroptosis in
macrophages (7, 10). Specifically, NLRP3-
deficient macrophages, when challenged
directly with pneumolysin, were shown to
be protected from necroptosis (10). As
necroptosis is a major cell death pathway
induced by pore-forming toxins, the
experiments in our current study are
designed to expand the understanding of
RIPK3 on NLRP3 inflammasome activation
and whether an impairment in RIPK3
expression is beneficial or detrimental
to host defense against S. pneumoniae.
Mitochondria are fundamental
organelles crucial for coordinating high-
order cell functions, such as intracellular
signal transduction, cellular metabolism,
calcium homeostasis, and programmed
cell death. Recent studies have shown
that mitochondria are critically involved
in the regulation of the innate immune
system for host defense (11, 12). Calcium
enters mitochondria via the MCU
(mitochondrial calcium uniporter) and can
enhance oxidative phosphorylation and
mitochondrial reactive oxygen species (mROS)
production, which is important for mediating
innate antibacterial activity (13, 14). In
addition, high concentrations of mROS can
cause cell death via activation of the
mitochondrial permeability transition pore
(mPTP) (15). Our previous findings
demonstrate that RIPK3 interacts with
mitochondria in the pathogenesis of
several lung and kidney diseases (16, 17).
Multiple mechanisms, such as diminished ion
homeostasis at the plasma membrane,
mitochondrial damage, and generation of
reactive oxygen species (ROS), have been
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previously demonstrated to contribute to
RIPK3-mediated necroptosis (7, 10). The goal
of our current study is to expand on these
findings and examine whether an intrinsic
mechanism between RIPK3 and mitochondria
exists during S. pneumoniae infection.

In the current study, we identify
elevated RIPK3 and phosphorylation of
downstream effector MLKL (p-MLKL) in
the plasma of patients with pneumococcal
pneumonia, thereby demonstrating that an
increase in RIPK3 and p-MLKL expression is
associated with host response against
S. pneumoniae. Using a murine model of
pneumococcal pneumonia, our results
demonstrate that RIPK3 deficiency leads
to reduced bacterial clearance, severe
pathological damage, and high lethality.
Interestingly, our results illustrate that these
observations were dependent on the strain of
S. pneumoniae, with lethality detected
in RIPK3-Adeficient mice infected with
serotype 3 strain American Type Culture
Collection (ATCC) 6303. Furthermore, our
findings illustrate that RIPK3 forms a
complex with RIPK1, MLKL, and MCU to
induce mitochondrial calcium uptake and
mROS production during S. pneumoniae
infection. In macrophages, RIPK3 initiates
necroptosis via mROS-mediated mPTP
opening and NLRP3 inflammasome
activation via the mROS-AKT pathway in
response to S. pneumoniae. Taken together,
our findings illustrate that RIPK3 is essential
for host defense against S. pneumoniae.

Methods

Additional detailed methodology is included
in the data supplement.

Mice

C57BL/6 mice were purchased from Jackson
Laboratory. Ripk3~'~, MIkl~'~, Ripk3™"
LysM-Cre, and Ripk3™? Spc-Cre mice were
kindly obtained from Dr. Augustine M. K.
Choi. Mice were maintained in the Weill
Cornell Medicine pathogen-free facility.

Human Subjects

Adults (n=30) aged 19 years or older with
streptococcal pneumonia, as diagnosed by
positive airway culture (sputum, aspirates,
BAL), who were admitted to Yale New
Haven Hospital, Yale School of Medicine
were enrolled for plasma isolation obtained
from whole blood on the basis of approval
by the Human Investigational Committee.

Healthy age-matched control subjects
(n=30) were also recruited.

Streptococcus pneumoniae

S. pneumoniae (ATCC 6303 or D39) was
grown on 10% sheep blood agar plates (BD
Biosciences) overnight at 37°C (5% CO,).
All mice were intranasally instilled with

1 X 107 cfu of 6303 or D39 S. pneumoniae
(50 wl volume in PBS).

Cell Culture

Macrophages were prepared as previously
described (18). Cells were cultured with media
alone or media containing S. pneumoniae
ATCC 6303 or D39 (multiplicity of infection
[MOI] =10). Akt inhibitor (MK-2206) was
from Selleckchem (S1078). MitoTEMPO
(SML0737) was from Millipore Sigma.
Cells were pretreated with 1,2-bis(2-
aminophenoxy)ethane N,N,N',N’-
tetraacetic acid acetoxymethyl ester
(BAPTA-AM) (10 uM, #B6769; Thermo
Fisher Scientific) in Hanks” balanced salt
solution for 20 minutes before infection
with S. pneumoniae.

ELISA

Human plasma samples were analyzed

for RIPK3 (CSB-EL019737HU; Cusabio)
and p-MLKL (PEL-MLKL-S345-1;
RayBiotech). Culture supernatants and
lung homogenates were analyzed for
IL-1B (#88-7013-88), IL-6 (#88-7064-88),
and TNF-« (#88-7324-88) production
(Thermo Fisher Scientific).

Western Blot Analysis

Lung tissues were lysed with a buffer
containing tissue extraction reagent (#78510
and #87786; Thermo Fisher Scientific).
Cells were lysed with a buffer containing
mammalian protein extraction reagent
(#78501; Thermo Fisher Scientific, #5872; Cell
Signaling Technology). Immunodetection was
performed using primary antibodies at
1:1,000 dilution, secondary antibodies at
1:2,000 dilution, and ECL Western Blotting
Analysis System (Thermo Fisher Scientific).
Images were acquired on film or by using
Image Lab 5.0 software (Bio-Rad).

Coimmunoprecipitation
Coimmunoprecipitation with RIPK3

was performed using the Pierce Classic
Magnetic Co-IP kit (Thermo Fisher
Scientific) according to the manufacturer’s
instructions using 300 pg of macrophage
cell lysate and 1:100 dilution of rabbit
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anti-RIPK3 (#15828; Cell Signaling
Technology).

Histology and Immunostaining

We used formalin-fixed, paraffin-embedded
lung sections stained with hematoxylin
and eosin. Immunohistochemical analysis
was performed using a specific primary
antibody to mouse RIPK3 (ab152130) and
biotinylated secondary antibody (Vector
Laboratories).

Flow Cytometry

Intracellular Ca> " was measured with
Fluo-3 (#F14218; Thermo Fisher Scientific)
staining and was detected by flow
cytometry at 506/526 nm. Mitochondrial
Ca® " was measured with Rhod-2 staining.
The mROS was measured with MitoSOX
Red mitochondrial superoxide indicator
(#M36008; Thermo Fisher Scientific)
staining. Mitochondrial Permeability
Transition Pore Assay Kit (#¥K239-100;
BioVision) was used to analyze the mPTP
opening.

Cell Death Assessment

Cell death ratio was measured by Pierce
LDH Cytotoxicity Assay Kit (#88953;
Thermo Fisher Scientific) or by Real-Time
Glo Viability Assay (#G9711; Promega).

Statistical Analysis

All results were expressed as the means == SEM.
All data were analyzed using GraphPad
Prism software. A value of P <0.05 was
considered to be statistically significant.

Results

RIPK3 Expression Is Elevated during
S. pneumoniae Infection

To explore the involvement of RIPK3 in
S. pneumoniae infection, human plasma
samples were collected from 30 healthy
individuals and 34 patients with

S. pneumoniae enrolled in the Center

of Pulmonary Infection Research and
Treatment at Yale University (Figure 1A).
When compared with healthy control
subjects, RIPK3 and p-MLKL concentrations
in plasma were significantly higher in
patients with S. pneumoniae (Figure 1A).
To expand these findings, using a murine
model of S. pneumoniae infection, we
examined RIPK3 expression in the lung.
Immunohistochemical analysis of RIPK3
revealed heightened expression in alveolar

A

Characteristic Healthy S. pneumoniae

Number of patients 30 34

Male (n, %) 16 (53%) 25 (74%)

Female (n, %) 14 (47%) 9 (26%)

Age (Mean + SEM, y) 59.97 + 3.652 64.32 + 2.667

RIPK3 levels in plasma 193.1 + 30.77 3532 + 452.7

(Mean + SEM, pg/ml)

100,000 _— 1.0 - i
0 °
© 10,000 - W & 0.8
o % /E\ °
n

g’g 10001 o "= :=- %’_uc)o_e_ ooe
=35 o n )
T2 1001 _‘%* 21;0.4_ 22
g LY wie) oy %
5 10 2 o] WREs %%
T 0y .

1 : : 0.0 ; :

Healthy S. pne Healthy S. pne

@ & 0 ¢ & @
o P feo S
oo d @ 1

DMK = -

Actin D - - .- - -

WT Ripk3~~

Figure 1. RIPKS (receptor-interacting protein kinase 3) is upregulated both in human plasma and
mouse lungs in response to Streptococcus pneumoniae (S. pne) infection. (A) Baseline characteristics
and RIPKS or phosphorylation of downstream effector MLKL (mixed-lineage kinase domain-like
protein) concentrations in plasma of healthy control subjects (n = 30) and patients with S. pne (n =34).
(B and C) Wild-type (WT) or Ripk3 ™~ mice were intranasally instilled with 1 X 107 cfu of S. pne (ATCC
6303) and killed at 1 day after infection. PBS-treated mice were used as a control. (B) S. pne infection
enhanced the local recruitment of RIPKS in the lung as shown by immunohistochemistry. Scale bars,
20 um. (C) Expression of RIPK3, MLKL, and p-MLKL were examined by Western blot analysis in total
protein from lung homogenates. (D) Macrophages derived from WT or Ripk3™"~ mice were
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epithelial cells and macrophages in
wild-type (WT) lung in response to

S. pneumoniae infection, which was absent
in Ripk3™'~ lung tissue (Figure 1B). To
confirm these findings, we examined
RIPK3 protein expression in the lung and
macrophages in response to S. pneumoniae.
In WT mice, expression levels of RIPK3
and p-MLKL were increased in lung tissue
at 24 hours after infection (Figures 1C and
ElA in the data supplement). We next
examined whether RIPK3 expression in
response to S. pneumoniae was upstream
of MLKL. When compared with WT mice,
there was no detectable difference in RIPK3
expression in the lung in response to

S. pneumoniae (Figure E1B). As macrophages
play an important role in host defense
against S. pneumoniae infection, we next
investigated RIPK3, MLKL, and p-MLKL
expression in macrophages challenged with
S. pneumoniae (19). Although there was no
difference in RIPK3 or MLKL expression
in response to S. pneumoniae, RIPK3-
dependent expression of p-MLKL was
increased in WT macrophages in response
to S. pneumoniae infection (Figure 1D). In
the absence of RIPK3, there is diminished
MLKL phosphorylation in lung (Figure 1C)
and macrophages (Figure 1D) in response
to S. pneumoniae. Taken together, our
findings are in agreement with previously
published studies and illustrate that RIPK3
expression is elevated in response to S.
pneumoniae and that RIPK3-dependent
MLKL phosphorylation is induced in
macrophages and lung during infection

(6, 7, 10).

RIPKS3 Deficiency Contributes to
Increased Bacterial Burden, Lung
Inflammation, and Tissue Damage in
Response to S. pneumoniae

To investigate the effect of RIPK3 during
pneumococcal pneumonia, WT and Ripk3-
deficient (Ripk37/ ~ ) mice were infected
intranasally with 10 cfu of a serotype 3
strain of S. pneumoniae (ATCC 6303).
There was a significant difference in
survival between WT and Ripk3 ™/~ mice,
with WT mice exhibiting 100% survival by
10 days after infection (Figure 2A). In
contrast, only 50% survival was observed in
Ripk3™'~ mice by 10 days after infection,

with increased mortality observed by Day 5
after infection (Figure 2A). To determine
the role of RIPK3 in bacterial clearance,
WT and Ripk3™/~ mice were infected
with S. pneumoniae, and lung tissue

was collected at select time points after
infection. Interestingly, although WT and
Ripk3™'~ mice exhibited similar bacterial
burdens in the lung at Day 1, there is
increased bacterial clearance in WT mice
Days 2 and 3 after infection (Figure 2B).
In contrast, bacterial burden continues to
increase in Ripk3~’~, which significantly
increased lung bacterial loads detected on
Days 2 and 3 after infection (Figure 2B). To
assess the lung inflammation and injury,
BAL fluid (BALF) was collected from WT
and Ripk3 ™'~ mice at Day 3 after infection.
When compared with WT mice, Ripk3™"~
mice exhibited a significant increase in
total cell counts and protein content in
BALF in response to S. pneumoniae
(Figures 2C and 2D). We next examined
the effect of RIPK3 on the lung pathology
during S. pneumoniae infection. Genetic
deletion of RIPK3 did not affect baseline
pulmonary morphology, as PBS-instilled
Ripk3™"~ mice showed no visible alterations
in lungs (Figure 2E). At Day 3 after
infection, WT mice had subtle enhancement
of lung leukocyte infiltration, whereas
Ripk3™'~ mice showed progressive lung
inflammation with large lesions (Figure 2E).
Given these findings, we next examined
whether macrophage or epithelial cell
expression of RIPK3 was essential for
survival during S. pneumoniae infection.
To this extent, we generated mice with a
macrophage-specific deletion of RIPK3
(Ripk3"™; LysM-Cre) as well as mice with
an alveolar type II epithelial cell-specific
deletion of RIPK3 (Ripk3™"; SPC-Cre). In
response to S. pneumoniae, mice deficient
for RIPK3 in macrophages had higher
mortality, whereas mice with alveolar

type II epithelial cell-specific RIPK3
deficiency had similar mortality when
compared with matched control animals
(Figures 2F and 2G). Taken together, our
results illustrate that RIPK3 expression

in macrophages, but in not epithelial

cells, plays a key role in the response to

S. pneumoniae. Collectively, these findings
demonstrate that RIPK3 deficiency leads

to reduced bacterial clearance as well as
severe lung inflammation and tissue
damage, resulting in high mortality in
Ripk3™/~ mice during S. pneumoniae
infection.

MLKL Deficiency Leads to Excessive
Inflammation during S. pneumoniae
Infection

To determine the role of MLKL during
infection, we examined the response of
MIKkI™'~ mice after intranasal instillation
with S. pneumoniae. In comparison with
WT mice, there was significantly higher
mortality in the MIkI™'~ mice (Figure 3A).
When compared with WT mice, MIkl~'~
mice exhibited increased bacterial burden
as well as higher cell counts and protein
content in BALF in response to

S. pneumoniae (Figures 3B-3D). Examination
of lung histology illustrated that Milkl™’~
mice had large areas of consolidation and
massive inflammatory cell infiltration at
Day 3 after infection when compared with
WT mice (Figure 3E). Together, these data
suggest that MLKL can participate in the
regulation of excessive inflammation and
that the absence of MLKL can result in
severe lung damage during S. pneumoniae
infection.

To examine whether increased
pulmonary inflammation and decreased
survival in RIPK3- and MLKL-deficient
mice might be due to differences in
S. pneumoniae virulence, we challenged
WT, Ripk3™'~, and MIkI”'~ mice with a
more virulent, mouse-adapted strain of
S. pneumoniae, D39. In agreement with
previously published work, challenge of
WT, Ripk3™'~, and MIkI™'~ mice with a
more virulent, mouse-adapted strain of
S. pneumoniae, D39, resulted in reduced
pulmonary injury and improved survival
(Figures E2A-E2D) (5-7, 10). Similarly,
although Ripk3™/~ macrophages were
highly susceptible to the ATCC 6303 strain
of S. pneumoniae, there was a significant
decrease in cell death when macrophages
were infected with the D39 strain of
S. pneumoniae (Figures E3A and E2B).
Taken together, our results demonstrate
that RIPK3 deficiency results in an
S. pneumoniae strain-dependent
phenotype.

Figure 1. (Continued). coincubated with S. pne (MOI = 10) for indicated hours. RIPK3, MLKL, and p-MLKL expressions were determined by Western blot
analysis in total protein of cell lysates. Technical and biological replicates for animal experiments, N =5-10, and for macrophage experiments, N =3-5.
Experiments entailed in B-D were repeated at least three times, with representative findings shown. ***P < 0.001 and ***P < 0.0001. cfu = colony-forming
unit; MOI = multiplicity of infection; OD = optical density; p = phosphorylation; p-MLKL = phosphorylation of downstream effector MLKL.

582

American Journal of Respiratory Cell and Molecular Biology Volume 64 Number 5 | May 2021



ORIGINAL RESEARCH

A B
~EH-WT .
m-Ripk3~ 2 1.0x1010, _NS * il
3
= © 1.0x10% 4 haad
> = 08
2 5 1.0x10%° 1
c o
2 £ 1.0x10%7 {45 ¥y !%
= T 1.0x10% { 4 A
g E Ox 005 e
o — 1.0x10™ A AA
a 2 04 Axt
5 1.0x1004 4 A
0 : : § 1.0x1098 L— —— —— .
5d 10d & Y
S8 PN ¢
X of X o
¥ ¥ &
N Qs of
C D
1.0x1098 - NS * Owr
‘g - M Ripk3™~
o
= 1.0x10%7 - % 251 B .
] E
(8] A = 20 .
2 ] B3 £
oM 1.0x10% - =15-
2 1.0 -
" 1.0x10% ! . . . :Q
&g & Y
Q@' QL\Q* Q(\q Q@b o L[N
QQ’%' S QQQ' PBS S. pne
6‘
E
WT
Ripk3~"~
F G
- - Ripk3™: LysM-Cre™~ -+ - Ripk3""; Spc-Cre™
—- Ripk3™"™; LysM-Cre*”~ —- Ripk3™: Spc-Cre*”
= = 100
2 =
c c
3 3
(%] 2]
= € 50
[0] [0}
o e
[0 [0
o o
0 T 0 T

5d

Figure 2. RIPK3 deficiency leads to worse outcome during S. pne infection. Mice were intranasally
instilled with S. pne (ATCC 6303) or PBS. (4) Survival study showed that Ripk3™~ mice were more
susceptible to S. pne infection than WT mice (n =10 for each group). *P < 0.05 by Mantel Cox test.
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RIPKS Interacts with MCU in
Mitochondria

Previous work has illustrated that the
RIPK3-containing necrosome can
translocate to the mitochondria, where
RIPK3 can interact and modulate
mitochondrial metabolism (20). To
determine whether components of the
RIPK3 necrosome migrate to the
mitochondria, we isolated mitochondrial
and cytosolic fractions from WT
macrophages in response to S. pneumoniae.
RIPK3 expression in mitochondria was
increased in response to S. pneumoniae
infection (Figure 4A). RIPK1 and MLKL,
two other signaling molecules associated
with RIPK3-necrosome, were also increased
in mitochondria during infection

(Figure 4A) (21). Recent work has
illustrated a potential role for RIPK3 in
mediating cell death in MCU-deficient
cardiomyocytes (22). We next examined
whether there is an impact of increased
mitochondrial RIPK3 translocation on
MCU expression during S. pneumoniae
infection. In response to S. pneumoniae,
there was increased MCU expression
(Figure 4A). MCU functions as a
mitochondrial inner membrane transport
protein that regulates calcium uptake. To
examine whether other mitochondrial
proteins might be also be modulated by
RIPK3, we next examined the expression of
UCP2 (uncoupling protein 2) in response
to S. pneumoniae (23). In contrast to MCU,
mitochondrial expression of UCP2 in
macrophages was similar at baseline and
in response to S. pneumoniae (Figure 4A).
We next investigated whether RIPK3
might directly interact with mitochondria.
Mitochondria were isolated from WT and
Ripk3™’~ macrophages, and the expression
of RIPK3, RIPK1, MLKL, and MCU was
examined. In contrast to WT controls, there
was diminished RIPK3, RIPK1, and MLKL
as well as MCU upregulation in Ripk3™/~
macrophages in response to S. pneumoniae
(Figure 4B).

Previous studies have shown that
MICU1 (mitochondrial calcium uptake 1)
is a regulator of MCU (24, 25). To
examine whether RIPK3-mediated changes
in MCU were due to changes in MICU1
expression, we examined mitochondrial
MICUT1 expression in WT and Ripk3 ™/~
macrophages at baseline and in response
to S. pneumoniae. Although MICU1
expression was increased in WT
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mitochondria in response to S. pneumoniae,
expression in Ripk3~’~ mitochondria
remain unchanged (Figure 4B). VDAC
(voltage-dependent anion channel), located
in the outer mitochondrial membrane, has
been shown to control calcium permeation
(26, 27). To expand our results, we
examined the expression of VDAC in WT
and Ripk3™'~ macrophages in response to
S. pneumoniae. In response to infection,
there was similar expression of VDAC

in mitochondria isolated from WT and
Ripk3™’~ macrophages (Figure 4B). As
p-MLKL also targets the cell membrane, we
examined whether p-MLKL concentrations
were also increased in response to

S. pneumoniae infection. A RIPK3-dependent
increase in membrane expression of
p-MLKL was observed that correlated with
heightened mitochondrial expression of
RIPK3 and MLKL (Figure 4B).

The defining feature of RIPK3-
dependent cell death is the formation of
the necrosome, a molecular complex
comprising RIPK3, RIPK1 Fas-associated
protein, and MLKL (28). Furthermore, it
has been shown that RIPK1 can bind MCU
to mediate the induction of mitochondrial
calcium uptake (29). On the basis of
these findings, we next performed
coimmunoprecipitation assays to determine
the potential interaction between RIPK3
and MCU. Our results demonstrate that
RIPK3 formed a complex with RIPK1,
MLKL, and MCU in mitochondria in
response to S. pneumoniae infection
(Figures 4C and 4D). As necroptosis results
in ion dysregulation, we next examined
whether calcium loss and initiation of
necroptosis in response to S. pneumoniae
could be modulated by pretreatment
with calcium chelator BAPTA-AM. As
illustrated with Figures 4E and E3, there
was a significant decrease in cell viability in
Ripk3™/~ macrophages when compared
with WT macrophages that was rescued
with pretreatment with BAPTA-AM.

Because MCU is critical for Ca® ™"
homeostasis and MCU is regulated by
RIPK3, we next measured mitochondrial

and cytosolic Ca® " in WT and Ripk3™/"~
macrophages. S. pneumoniae stimulation
augmented the concentrations of cytosolic
(Figure 4F) and mitochondrial Ca® "
(Figure 4G) in WT macrophages. Notably,
mitochondrial Ca® " uptake was blocked in
the absence of RIPK3 (Figures 4F and 4G).
Taken together, these results indicate that
RIPK3 forms a complex with RIPK1,
MLKL, and MCU to induct mitochondrial
calcium uptake in response to S. pneumoniae
infection.

RIPK3 Regulates mROS Production in
Response to S. pneumoniae Infection
Mitochondria are a major source of ROS
(30). It has been reported that
mitochondrial Ca®>* uptake via MCU
stimulates the Krebs cycle and oxidative
phosphorylation to promote the generation
of ROS (31). To determine whether RIPK3
plays a role in the regulation of mROS
production, we measured mROS
concentrations at baseline and in response
to S. pneumoniae. In response to

S. pneumoniae, there was increased mROS
production in WT macrophages, which was
significantly decreased in the absence of
RIPK3 (Figure 5A). Treatment with
MitoTEMPO, a specific scavenger of
mitochondrial superoxide, suppressed
mROS production in WT macrophages
during S. pneumoniae infection (Figure 5B).
Taken together, results of these studies
indicate that RIPK3 plays a role in
regulating mROS production during

S. pneumoniae infection.

RIPKS3 Initiates Necroptosis via
mROS-mediated mPTP Opening
Previous work has shown that extended or
heightened amounts of ROS can trigger the
formation and opening of the mPTP, a
potential upstream trigger of cellular
necroptosis (15, 32-34). In healthy cells,
mPTP flutter between open and closed
states, but during cell death, the mPTP can
alter the permeability of the mitochondria.
To this extent, we next examined whether
decreased ROS concentrations in Ripk3™'~

macrophages impacted mPTP opening in
response to S. pneumoniae. In naive WT
and Ripk3 ™/~ cells, there was similar
cumulative fluorescence in both the
cytoplasm and mitochondria (Figures 6A
and 6B). Quenching of the cytoplasmic
signal by CoCl, illustrated a significant
increase in mitochondrial fluorescence in
WT macrophages in response to S.
pneumoniae (Figures 6A and 6C). In
response to CoCl, and subsequent
treatment with ionomycin, activation of the
mPTP was observed in WT macrophages,
whereas Ripk3™/~ treated macrophages did
not exhibit a similar response (Figures 6A
and 6D). As there is a detectable increase
plasma membrane expression of p-MLKL,
we next examined the contribution of cell
membrane disruption to this phenotype.
WT and Ripk3™’~ macrophages were
loaded with Calcein red-orange AM for

1 hour before infection with S. pneumoniae
strain ATCC 6303 or D39 (Figures E3D
and E3E). In response to infection, cell
membrane integrity, as indicated by
increased release of Calcein red-orange,
begins to increase by 4 hours after infection
with ATCC 6303 (Figure E3D), with similar
amounts of membrane disruption detected
in both WT and Ripk3™’~ macrophages. In
contrast, infection with D39 resulted in
increased cell membrane disruption in WT
macrophages (Figure E3E). Although there
is detectable p-MLKL expression at the cell
membrane in WT macrophages at 4 hours
of infection, our results demonstrate that
similar changes in cell membrane integrity
occur in both WT and RIPK3-deficient
macrophages in response to ATCC 6303.
Taken together, our data demonstrate that
RIPK3 may initiate S. pneumoniae
strain-dependent cell death via mROS-
mediated opening of the mPTP.

RIPKS Initiates NLRP3 Inflammasome
Activation via the mROS-AKT
Pathway

Previous studies have demonstrated that
RIPK3 can promote NLRP3 inflammasome
activation (8, 35). We examined the impact

Figure 2. (Continued). (B) Pulmonary bacterial burden of WT or Ripk3

—/—

mice at indicated times after infection (n =5 for each group). (C and D) Total cell

counts and protein quantification in BAL fluid of WT or Ripk3 ™~ mice at Day 3 after infection (1 =3 PBS: n=5 S. pne). *P < 0.05 and **P < 0.001 by one-
way or two-way ANOVA test. Data are presented as mean = SEM. (E) At 3 days after infection, mouse lungs were harvested for histology. Representative

photomicrographs (hematoxylin and eosin stained) taken from each group were shown. Scale bars, 20 um. (F) Survival study of Ripk3™": LysM-Cre™

= or

Ripk3™": LysM-Cre '~ mice (n =10 for each group). *P < 0.05 by Mantel Cox test. (G) Survival study of Ripk3"": Spc-Cre™~ or Ripk3™": Spc-Cre™ ™ mice
(n=10 for each group). Technical and biological replicates for infection experiments, N =10. Experiments were repeated at least three times, with
representative findings shown. NS =no significant difference.
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Figure 3. MLKL deficiency leads to excessive inflammation during S. pne infection. WT or Mik/™

J—

mice were intranasally instilled with 107 S. pne (ATCC 6303) or PBS. (4) Survival study showed that
MiIkI™~ mice were more susceptible to S. pne infection than WT mice (1 =10 for each group).
**P < (0,001 by Mantel Cox test. (B) Pulmonary bacterial burden of WT or Mik/™~ mice at indicated
times after infection (n=5 for each group). (C and D) Total cell counts and protein quantification in
BAL fluid of WT or MikI™’~ mice at Day 3 after infection (1=3 PBS; n=5 S. pne). (E) At 3 days after
infection, mouse lungs were harvested for histology. Representative photomicrographs (hematoxylin
and eosin stained) taken from each group were shown. Scale bars, 20 pm. *P <0.05, **P <0.01,
and ***P < 0.001 by one-way or two-way ANOVA test. Data are presented as mean = SEM.
Technical and biological replicates for infection experiments, N =3-5 (PBS control animals) and
N=10 (S. pne). Experiments were repeated at least three times, with representative findings shown.

of RIPK3 expression on cytokine
production in lung homogenates after

S. pneumoniae infection. Although there
was an increase in cytokine production in
WT lung in response to S. pneumoniae,
there were significantly less IL-13, IL-6, and
TNF-a secreted in lung homogenates of

Ripk3™'~ mice (Figure 7A). Furthermore,
MiIkI™'~ mice had excessive proinflammatory
cytokine production during S. pneumoniae
infection (Figure E4). Specifically, as early
as 1 day after infection, MIkl~'~ mice had
higher IL-1B and IL-6 concentrations in
lung homogenates than similarly infected

Huang, Cho, Harris, et al.: RIPK3 Necroptosis during Streptococcus

WT mice (Figure E4). At Days 2 and 3
after infection, although expression of
IL-1B, IL-6, and TNF-a began to decline
in WT mice, there was a significant increase
in cytokine production in MIkI™'~ mice
(Figure E4). Given these findings, we
next examined the expression of NLRP3
and IL-1P in lung lysates of WT and
Ripk-knockout mice in response to
S. pneumoniae. The expression of NLRP3
and IL-1P were significantly increased in
WT mouse lung during S. pneumoniae
infection, whereas RIPK3 deficiency blocked
those effects (Figure 7B). To expand these
findings, we next examined the impact
of RIPK3 on cytokine production by
macrophages in response to S. prneumoniae.
WT macrophages produced large
concentrations of IL-1, IL-6, and TNF-« in
response to S. pneumoniae. In the absence
of RIPK3, there was a marked reduction in
IL-1B production but no effect on IL-6 and
TNF-a production (Figure 7C). We next
examined whether RIPK3 deficiency in
macrophages may contribute to decreased
NLRP3 and IL-1 expression in response to
S. pneumoniae (Figure 7D). In the absence
of RIPK3, despite similar ASC expression,
there was decreased NLRP3 and IL-13
production by macrophages in during
S. pneumoniae infection (Figure 7D).
Previous work has demonstrated that
AKT is a downstream molecule of RIPK3
(36). It has also been illustrated that
mROS can modulate the AKT activation
and regulate NLRP3 inflammasome
activation (37, 38). On the basis of our
current findings, we hypothesized that
RIPK3 regulated NLRP3 inflammasome
activation via the mROS-AKT pathway.
Although increased AKT phosphorylation
was observed in WT macrophages in
response to S. pneumoniae, there was
diminished expression in Ripk3™'~
macrophages (Figure 7E). A reduction in
mROS after treatment with MitoTEMPO
reduced AKT phosphorylation in response
to S. pneumoniae (Figure 7F). Treatment
with MK-2206, a highly selective inhibitor
of AKT, significantly inhibited AKT
phosphorylation as well as NLRP3
activation (Figure 7G). Furthermore, IL-1f3
production in response to S. pneumoniae
was reduced in response to decreased
mROS (MitoTEMPO) and AKT inhibition
(MK-2206 treatment) (Figure 7H). Taken
together, those results demonstrate that
RIPK3 regulate NLRP3 inflammasome
activation via the mROS-AKT pathway.
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Figure 4. RIPKS interacts with MCU (mitochondrial calcium uniporter) in mitochondria. Macrophages derived from WT or Ripk3™'~ mice were coincubated
with S. pne, strain ATCC 6303 (MOI=10), for 4 hours. (A) Mitochondrial (mito) and cyto fractions from WT macrophages were subjected to Western
blot analysis for RIPK3, RIPK1, MLKL, MCU, and UCP2 (uncoupling protein 2). (8) Mitochondria lysates from WT or Rijpk3™~ macrophages were
subjected to Western blot analysis for RIPK3, RIPK1, MLKL, MCU, MICU1, and VDAC (voltage-dependent anion channel). Tomm-20 was the standard.
(C) Coimmunoprecipitation of RIPK3 in total protein from naive or S. pne—infected cell lysates. (D) Coimmunoprecipitation of MCU in total protein from naive or
S. pne-infected cell lysates. (E) WT and Rjpk3™~ macrophages were pretreated with BAPTA-AM (10 M, 20 min) before infection with S. pne (MOl = 10) for
4 hours. Cell viability was assessed using the Real Time Glo Viability assay, with decreased luminescence being indicative of cell death. ***P < 0.0001.
(F-G) Macrophages derived from WT or Ripk3~~ mice were coincubated with S. pne (MOl =10) for indicated hours. (F) Cells were loaded with 5 pM
Fluo-3, and the intracellular calcium fluorescence was detected by flow cytometric analysis. (G) Cells were loaded with 5 uM Rhod-2, and the mito calcium
fluorescence was detected by flow cytometric analysis. *P < 0.05 and **P < 0.001 by two-way ANOVA test. Data are presented as mean + SEM.
Technical and biological replicates for experiments, N=3-5. Experiments were repeated at least three times, with representative findings shown.

BAPTA = 1,2-bis(2-aminophenoxy)ethane N,N,N',N’-tetraacetic acid; cyto = cytosolic; RLU =relative light units.
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experiments, N =3-5. Experiments were repeated at least three times, with representative findings shown.

Discussion

Necroptosis is an important part of host
defense against bacterial pathogens.
Previous work has demonstrated that
necroptosis can promote bacterial clearance
by inhibiting excessive inflammatory
signaling during S. aureus infection (5). In
response to additional bacterial species,
such as the gram-negative bacteria

S. Typhimurium, RIPK3-dependant
necroptosis in macrophages is used by the
pathogen to evade detection by the immune
system (39). RIPK3 can play a dual role in
Mpycobacterial tuberculosis infection by
inducing mROS production for bacteria
killing as well as mediating macrophage
necroptosis for extracellular release of
Mpycobacterium and promotion of bacteria
growth (40). In our current study, we found
that S. pneumoniae induced RIPK3-
MLKL-dependent necroptosis in lung.
Decreased expression of RIPK3 and MLKL
resulted in increased bacterial loads, severe
lung inflammation, and high mortality,
implying that necroptosis is beneficial to
host defense against S. pneumoniae. Our
findings demonstrate that a deficiency in

MLKL results in a significant increase in
lethality during S. pneumoniae infection.
Our results illustrate a critical role for
MLKL association at the mitochondrial
membrane and increased p-MLKL
expression at the plasma membrane in
response to S. pneumoniae. Therefore, in the
absence of MLKL, initiation of additional
molecular signaling cascades essential for
host survival to S. pneumoniae may be
significantly dampened. Thus, although
RIPK3-mediated activation of MLKL is
necessary for host survival to serotype 3
ATCC 6303, a complete deficiency of MLKL
may contribute to irreversible lung injury
that results in heightened pulmonary
inflammation and impaired survival.

It is well established that NLRP3
inflammasome activation is required for
protective immunity against S. pneumoniae
infection (41, 42). IL-1B also plays a
major role in resistance to pneumococcal
infection (43). Our results demonstrate that
S. pneumoniae can induce RIPK3-dependent
NLRP3 inflammasome activation in lung.
RIPK3 deficiency leads to diminished NLRP3
expression and decreased IL-1f3 production
in lung in response to S. pneumoniae.

Huang, Cho, Harris, et al.: RIPK3 Necroptosis during Streptococcus

Taken together, our results illustrate that
RIPK3 regulates the balance between
proinflammatory signaling for bacterial
clearance and the lethal consequences of
excessive inflammation. Although RIPK3
initiates NLRP3 inflammasome activation
to secrete proinflammatory cytokines that
guide immune cell recruitment and bacterial
clearance, it can also modulate necroptosis
to prevent excessive inflammation and
maintain immune homeostasis by clearing
dead bacteria and cell debris.

Interestingly, our results demonstrate
an S. pneumoniae strain-dependent
phenotype in RIPK3 deficient mice. In
agreement with previously published work,
challenge of WT, Ripk3~/~, and MiIkl™/~
mice with a more virulent, mouse-adapted
strain of S. pneumoniae, D39, resulted in
reduced pulmonary injury and improved
survival (5-7, 10). Similarly, although
Ripk3™'~ macrophages were highly
susceptible to the ATCC 6303 strain of
S. pneumoniae, there was a significant
decrease in cell death when macrophages
were infected with the D39 strain of
S. pneumoniae. Our results also illustrate that
there is a S. pneumoniae strain-dependent
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Figure 6. RIPK3 initiates necroptosis via mito ROS-mediated mito permeability transition pore (mMPTP) opening. (A) WT macrophages, WT macrophages
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CoCl,, and ionomycin. The mPTP opening was detected by flow cytometric analysis. (B) mPTP opening was calculated as the mean florescence intensity (MFI)
of MPTP staining dye + CoCl, minus the MFI of mPTP staining dye + CoCl, + ionomycin. (C) WT macrophages, WT macrophages treated with 20 wM
MitoTEMPO, and Rjpk3™~ macrophages were coincubated with S. pne (MOl = 10) for 12 hours. (E) Cell death was measured by LDH assay. **P < 0.01 and
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repeated at least three times, with representative findings shown. LDH =lactate dehydrogenase; MFI=mean fluorescence intensity.

alteration in cell membrane integrity, with
RIPK3-deficient macrophages being highly
susceptible to ATCC 6303 and less
susceptible to D39. As pore-forming toxins,
such as pneumolysin, play a critical role in
modulating the induction of necroptosis,
future research into pore-forming toxin
regulation and secretion by S. pneumoniae
as well as other bacterial pathogens will
need to be explored.

It has been established for decades
that mitochondrial calcium uptake plays
an important role in the regulation of
mitochondrial function (44, 45). The delivery
of Ca’ " into the mitochondrial matrix can
activate mitochondrial dehydrogenases,
thereby stimulating mitochondrial
respiration and oxidative phosphorylation
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(46). However, excessive Ca® " uptake may
lead to mitochondrial damage. Ca* *
transport into mitochondria is mediated by
the MCU, a 40-kD protein that, together
with other proteins, forms a channel
complex in the inner mitochondrial
membrane (47). Previous studies have
reported that deletion of the MCU
completely inhibited Ca> * uptake in heart
and skeletal muscle mitochondria (48). It
has also been reported that RIPK1 binds
MCU to mediate mitochondrial Ca**
uptake in colorectal cancer (29). Our results
reveal a new mechanism by which RIPK3
forms a complex with RIPK1, MLKL and
MCU to induct mitochondrial calcium
uptake in macrophages in response to

S. pneumoniae infection.

Activation and opening of the mPTP
has been identified as an important step to
induce necroptosis. mPTP can be activated by
mitochondrial Ca** overload, mROS, and
the components of the channel itself (49).
CypD (cyclophilin D) has been regarded to
play a critical role in mediating mPTP
opening by activating mROS. However,
most of the studies are limited to cardiac
ischemia-reperfusion. Our study notably
shows that RIPK3 initiates necroptosis via
mROS-mediated activation of the mPTP in
response to S. pneumoniae infection.

An increase in mROS induces AKT
phosphorylation and downstream NLRP3
inflammasome activation to initiate
proinflammatory cytokine release, thereby
recruiting immune cells to clear
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Figure 7. RIPK3 initiates NLRP3 inflammasome activation in response to S. pne infection. (A-B) WT or Rika’/ ~ mice were intranasally instilled with 107
S. pne (ATCC 6303) and killed at 1 day after infection. (A) Cytokine concentrations were detected in the supernatants of lung tissue homogenates.

(B) Puimonary expression of NLRP3, IL-1B, and B-actin were examined by Western blot analysis in total protein from lung homogenates. (C-D) WT or
Ripk3™’~ macrophages were coincubated with S. pne (MOI = 10) for 18 hours. (C) Cytokine concentrations were detected in the culture supernatant.
(D) NLRP3, Pro IL-18, IL-1B, ASC, and B-actin expression were determined by Western blot analysis in total protein of cell lysis. (E-H) WT or Ripk3 ™/~
macrophages were coincubated with S. pne (MOl = 10) for the indicated time. (E) Akt, phospho-Akt, and B-actin expression were determined by Western
blot analysis in total protein of cell lysates. (F) WT macrophages were coincubated with S. pne (MOI = 10) with/without treatment of 20 uM MitoTEMPO for
the indicated time. Akt, phospho-Akt, and B-actin expression were determined by Western blot analysis in total protein of cell lysates. (G) WT
macrophages were coincubated with S. pne (MOI = 10) with/without treatment of 5 uM MK-2206 for the indicated time. Akt, phospho-Akt, NLRP3, Pro IL-
1B, IL-1B, Asc, and B-actin expression were determined by Western blot analysis in total protein of cell lysates. (H) IL-1B concentrations were measure by
ELISA in the culture supernatant of WT macrophages coincubated with S. pne (MOI = 10) for 18 hours with/without 20 uM MitoTEMPO or 5 uM MK-2206
treatment. **P < 0.01 and ***P < 0.001 by one-way ANOVA test. Data are presented as mean = SEM. Densitometric analysis of all Western blots is
included in Figure E5. Technical and biological replicates for experiments, N =3-5. Experiments were repeated at least three times, with representative
findings shown.
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S. pneumoniae. However, heightened
accumulation of mROS can induce the
activation of the mPTP and contribute to
necroptosis. Previous work has illustrated
the possible beneficial effect of mROS
inhibitors, such as MitoTEMPO, in the
treatment of diseases associated with
oxidative stress, including myocardial
ischemia, acute kidney injury, and age-
related diseases (12, 16, 31).

Our research mainly focused on the
murine model and cells to explore the
function and mechanism of RIPK3.
Although we have detected RIPK3
expression in plasma of patients with
pneumococcal pneumonia, future work will

need to be performed to measure RIPK3
expression in plasma, BALF, and urine to
determine whether RIPK3 concentrations
are associated with pathogen types,
severity, and progression of pneumonia.
Furthermore, our previous studies have
demonstrated that aged mice are more
susceptible to S. pneumoniae because of
the impaired NLRP3 inflammasome
activation and mitochondrial dysfunction
in aged macrophages (11). Thus, whether
RIPK3 plays a role in the immune response
of the aged group is worth further
exploration.

In summary, our study demonstrated
that RIPK3 is essential for host defense

against S. pneumoniae. RIPK3 deficiency
leads to reduced bacterial clearance,
severe pathological damage in the lung,
and high mortality. Mechanistically,
RIPK3 forms a complex with RIPK1,
MLKL, and MCU to induce mitochondrial
calcium uptake and mROS production
during S. pneumoniae infection. In
macrophages, RIPK3 initiates necroptosis
via mROS-mediated mPTP opening and
NLRP3 inflammasome activation via
mROS-AKT pathway to protect against
S. pneumoniae. M

Author disclosures are available with the text
of this article at www.atsjournals.org.
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