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Abstract

Listeria monocytogenes (Lm) is an intracellular Gram-positive bacterium that induces expression
of type I interferons (IFN-a/IFN-B) during infection. These cytokines are detrimental to the host
during infection by priming leukocytes to undergo Lm-mediated apoptosis. Our previous studies
showed that C5aR1-/- and C3aR-/- mice are highly susceptible to Lm infection due to elevated
IFN-pB-mediated apoptosis of major leukocyte cell populations, including CD4+ and CD8+ T-
cells. However, the mechanisms by which C3a and C5a modulate IFN-B expression during Lm
infection were not examined in these initial investigations. Accordingly, we report here that C5a
and C3a suppress IFN-f production in response to Lm via c-di-AMP, a secondary messenger
molecule of Lm, in both J774A.1 macrophage-like cells and in bone marrow-derived dendritic
cells (BMDCs). Moreover, C5a and C3a suppress IFN-B production by acting through their
respective receptors, as no inhibition was seen in C5aR1—/- or C3aR-/- BMDCs, respectively.
Cba and C3a suppress IFN-P production in a manner that is dependent on Bruton’s Tyrosine
Kinase (BTK), p38 MAPK, and TANK-Binding Kinase 1 (TBK1), as demonstrated by the
individual use of BTK, p38 MAPK, and TBK1 inhibitors. Pre-treatment of cells with C5a and C3a
reduced the expression of the IFN-p signaling molecules DDX41, STING, phosphorylated TBK1,
and phosphorylated p38 MAPK in WT BMDCs following treatment with c-di-AMP. Collectively,
these data demonstrate that C3a and C5a, via direct signaling through their specific receptors,
suppress IFN-B expression by modulation of a distinct innate cytosolic surveillance pathway
involving DDX41, STING, and other downstream molecular targets of Lm-generated c-di-AMP.

Introduction

Listeria monocytogenes (Lm) is a Gram-positive facultative intracellular pathogen that lives
in soil and water and is transmitted to humans via contaminated food. Common sources of
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infection include uncooked meats and produce, unpasteurized milk and cheeses, and
processed meats such as hot dogs and deli meats. Infection with this pathogen, known as
listeriosis, can lead to sepsis and meningitis. This bacterium infects mostly older adults (age
65 and over), persons with weakened immune systems (such as those with cancer, HIV/
AIDS, diabetes, kidney or liver disease), pregnant women, and their newborns. In the U.S.,
pregnant women are 10-100 times more likely than others to become infected with Lm,
which can lead to miscarriage, stillbirth, and death of the newborn soon after birth (1, 2).
According to data compiled from the CDC (www.cdc.gov/listeria/outbreaks), there were 29
outbreaks in the U.S. involving food contaminated with £m from 2011-2016, which resulted
in 363 confirmed cases, 333 hospitalizations, and 70 deaths (21% mortality rate). In a paper
published in 2014 (3), which looked at global listeriosis cases reported in 2010, there were
23,150 cases and 5463 deaths (24% mortality rate), and 20.7% of the cases were pregnancy-
related.

C3a and Cb5a are 77-aa and 74-aa peptides, respectively, that are generated during activation
of the complement cascade in response to infection and other stimuli. They are known as
anaphylatoxins because they cause smooth muscle contraction, histamine release from mast
cells, and vasodilation (4). However, C3a and Cba are potent mediators of numerous other
biological pro-inflammatory and anti-inflammatory responses. C3a and C5a trigger these
biological responses by binding to their specific G protein—coupled receptors, C3aR and
C5aR1, respectively (4). C3aR and C5aR1 are expressed on both myeloid and lymphoid
cells, as well as on multiple types of non-immune tissue cells (5). In our previous studies, we
showed that C3aR (6) and C5aR1 (7) are protective during systemic Lm infection.
Compared to WT mice, C3aR—/- mice and C5aR1-/- mice had decreased survival,
increased bacterial burdens in the liver and spleen, increased cytokine production, including
IFN-B, increased spleen and liver pathology, and increased apoptosis in the spleen. Pre-
treatment of the C5aR1-/- mice with an antibody to the type I interferon receptor-1
(IFNAR-1) protected these mice from Lm-induced mortality (7), indicating that excess IFN-
B production in the C5aR1-/- mice leads to increased susceptibility to L/m. Production of
type | interferons during Lm infection is detrimental to the host (8-10). Through an
unknown mechanism, type | interferons prime lymphocytes to undergo apoptosis (9), and
mice lacking IFNAR-1 undergo less apoptosis in the spleen and are more resistant to Lm
infection (8-10). IFN-B has also been shown to cause death of macrophages when infected
with Lm (11). IFN-y is critical to controlling Lm growth /n vivo (12-14), and type |
interferons have been shown to decrease the responsiveness of macrophages to IFN-y during
Lminfection (15).

A lot of work has been done in the last several years in an effort to understand how Lm
induces type | interferon production. Several pattern recognition receptors and adaptor
molecules, such as TLR2, TLR4, TLR9, MyD88, TRIF, TRAM, and the nucleotide-binding
domain family of proteins, including receptor interacting protein 2 (10, 16-18), were shown
not to be involved in Lm-induced type | interferon production. IFN-p production was,
however, found to be dependent on BTK (19), DDX41 (20), STING (21, 22), TBK1 (17),
and IRF3 (10, 18) expression. Lm must escape from the phagosome and get into the cytosol
of the infected cell to induce IFN-B production, as infection with listeriolysin-deficient Lm
does not lead to IFN-B production (8, 16, 17, 23), indicating some cytosolic sensor must be
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involved in type I interferon production. In 2006, Stetson and Medzhitov discovered that
cytosolic delivery of Lm-derived DNA was a strong inducer of type | interferon (24).
Subsequently, a cyclic dinucleotide (CDN) from Lm, known as c-di-AMP, was also found to
be a powerful inducer of type I interferon (25). DDX41 (20) and STING (26) were identified
as cytosolic sensors of CDNs and were found to be required for IFN-f production in
response to Lm (20-22, 27). BTK was recently identified as a regulator of DDX41 and
STING (19). DDX41 is thought to be the primary sensor of CDNs, with STING acting as a
secondary receptor for CDNSs (20). Once bound to CDNs, DDX41 associates with STING
(20), which binds to TBK1 and phosphorylates IRF3 to induce type | interferon production
(21, 28). The absence of either DDX41 (20), STING (20-22, 27), or TBK1 (17) results in
defective type | interferon production in response to L/m, demonstrating the importance of all
three of these proteins in this signaling pathway (please note that a schematic diagram
depicting the CDN-signaling pathway discussed here is displayed as Supplemental Fig. 1).

In our current efforts to understand how C5a and C3a regulate IFN-p production, we
demonstrate that pre-treatment of J774A.1 macrophage-like cells or WT BMDCs with C5a
or C3a results in a significant reduction in IFN-p production in response to L or c-di-AMP.
This inhibition is specific for IFN-B, as we saw no significant effect on IL-6, TNF, or MCP-1
expression. We demonstrate that C5aR1, C3aR, BTK, p38 MAPK, and TBK1 are necessary
for this inhibitory effect. Finally, we show that pre-treatment of BMDCs with C5a or C3a
leads to significant reductions in DDX41, STING, phosphorylated TBK1, and
phosphorylated p38 MAPK expression, resulting in decreased IFN-B production in response
to Lmand c-di-AMP.

Materials and Methods

Reagents and bacteria

Mice

Human C5a and C3a were purchased from Complement Technology. The C5aR agonist
(C5aA) (RAARISLGPRSIKAFTE) (29) and C3aR agonist (C3aA)
(WWTRRWRGDKLGLAR) (30) were synthesized by GenScript with greater than 95%
purity. c-di-AMP, BX795, Wortmannin, U0126, and SB202190 were purchased from
Invivogen. LPS from £. coliwas purchased from List Labs, and CGI-1746 was purchased
from ApexBio. Listeria monocytogenes ATCC strain 13932 (serotype 4b) (MicroBioL ogics,
Inc.) was used for the infection studies. Bacteria were cultured in Bacto brain heart infusion
broth at 37°C to mid-logarithmic phase, harvested by centrifugation, washed once in sterile
PBS, and resuspended in sterile PBS.

The C3aR™~ mice (31) and the C5aR1 ™/~ mice (32) used in these studies were generated in
our laboratory and have been described previously. These strains of mice were backcrossed
for over ten generations onto the C57BL/6 background. C57BL/6 mice from our own inbred
C57BL/6 colony served as wild-type mice. All mice were housed in HEPA-filtered
Tecniplast cages in a barrier facility. Bone marrow was collected only from female mice.
Institutional guidelines for animal care and welfare were followed.

J Immunol. Author manuscript; available in PMC 2018 April 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Mueller-Ortiz et al.

Page 4

In vitro experiments

ELISAs

The J774A.1 mouse macrophage cell line was purchased from the ATCC (TIB-67™), and
these cells were cultured in DMEM with high glucose and L-glutamine (Lonza
BioWhittaker) supplemented with 10% (v/v) heat-inactivated FBS (Gibco) and 1X
Penicillin/Streptomycin (HyClone). J774A.1 cells were grown in a loosely adherent manner
in non-tissue culture-treated 100 mm petri dishes (Fisher). The night before experiments, the
cells were dislodged by pipetting up and down and were plated in a volume of 400 pl at 2 x
105 cells per well in 48 well tissue culture-treated plates (BD Falcon). Mouse bone marrow
cells were isolated by flushing each end of the femur with 3 ml of HBSS (Lonza) using a 23
gauge needle and a 10 ml syringe for a total of 6 ml of cells per femur. The cells were kept
on ice immediately after harvesting. The bone marrow cells were filtered through a 40 pm
cell strainer (BD Falcon), centrifuged at 200 rcf, washed one time with HBSS, and
resuspended at a density of 1 x 106 cells/ml in RPMI-1640 (Lonza) supplemented only with
10% (v/v) heat-inactivated FBS, 1X Penicillin/Streptomycin, and 20 ng/ml of recombinant
mouse GM-CSF (animal-free) (BioLegend) to select for bone marrow dendritic cells
(BMDCs). The BMDCs were plated in a volume of 400 pl at 4 x 10° cells per well in 48
well tissue culture-treated plates (BD Falcon). The media was replaced on days 4 and 6, and
the BMDCs were used on day 7. If the cells were going to be infected with L/m, the media
did not contain antibiotics beginning on day 6. The BMDCs were maintained in 20 ng/ml
GM-CSF throughout the entire experiment.

On the day of the experiment, the appropriate concentration of C5a, C3a, C5aA, or C3aA
was added to the cells via total media replacement (with GM-CSF for BMDCs). After 2 h,
either c-di-AMP or LPS was added directly to the cells for 4 h or 20 h. In the case of Lm, for
J774 studies 107 Lmin 10 pl was added directly to the cells and incubated for 1 h. After 1 h,
the media was replaced with warm media containing C5a, C3a, C5aA, or C3aA, and the
cells were incubated for 20 h. For BMDC studies, 108 £/m1in 10 ul was added directly to the
cells for 4 h or 103 Lmin 10 pl was added directly to the cells for 20 h. In some studies,
vehicle, CGI-1746, SB202190, BX795, Wortmannin, or U0126 was added to the cells via
total media replacement (with GM-CSF) 1 h prior to C5aA or C3aA. The cells were
maintained in these inhibitors throughout the entire experiment.

IFN-B was quantitated in cell-free culture supernatants using our own ELISA consisting of
recombinant mouse IFN-p as a standard, a polyclonal goat anti-mouse IFN-p used as a
capture antibody, a biotinylated hamster anti-mouse IFN-p used as a detection antibody, and
HRP Avidin (all from BioLegend) and TMB substrate (Sigma) for signal detection. Mouse
IL-6, TNF, and MCP-1 were quantitated in cell-free culture supernatants using ELISA MAX
kits from BioLegend. The plates were read using a SpectraMax M2 plate reader (Molecular
Devices).

Quantitative PCR

RNA was purified from BMDCs using the RNeasy Plus Mini Kit from Qiagen. cDNA was
synthesized from RNA using the High-Capacity cDNA Reverse Transcription Kit from
Applied Biosystems. Quantitative PCR was performed using RT2? gPCR Primers for mouse
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Ifnb and Gapdh (Qiagen), iTag Universal SYBR Green Supermix (Bio-Rad), and an
ABI-7900 thermal cycler. Transcript abundance for /fnbwas normalized to Gapdh for each
sample.

Western blots

BMDCs were lysed directly in the 48 well plates using 55 pl of lysis buffer containing 1X
Halt Protease and Phosphatase Inhibitor Cocktail (Thermo Scientific), and 20 pl of lysate
was electrophoresed on 10% SDS-PAGE reducing gels (BioRad). The gels were transferred
to PVDF (BioExpress) and were blocked in 5% (w/v) BSA in TBS/0.1% (v/v) Tween20.
The following antibodies used for Western blotting were purchased from Cell Signaling
Technology: rabbit anti-STING (D2P2F), rabbit anti-phospho-TBK1 (Ser172) (D52C2),
rabbit anti-TBK1 (D1B4), rabbit anti-phospho-p38 MAPK (Thr180/Tyr182) (D3F9), and
rabbit polyclonal anti-p38 MAPK. Rabbit anti-DDX41 was purchased from Bethyl
Laboratories. Mouse anti-p-actin (clone AC-74) was purchased from Sigma. HRP-
conjugated donkey anti-rabbit IgG and donkey anti-mouse 1gG were purchased from
Jackson Immunoresearch. Clarity Western ECL Substrate (BioRad) was used for detection
of HRP on Western blots. OneMinute Plus Western Blot Stripping Buffer from GM
Biosciences was used to strip the blots for multiple re-probings. Western blots were scanned
using the ChemiDoc Touch Imaging System from BioRad, and protein bands were
quantitated using Image Lab software (BioRad). Proteins were normalized either to B-actin,
or phosphorylated proteins were normalized to their respective total protein.

Statistical analyses

All statistical analyses were done using GraphPad Prism 5 software. Comparisons were done
with the unpaired two-tailed t test, with P values < 0.05 considered significant.

Results

Cb5a and C3a suppress IFN-B production in J774 cells

Following 24 hrs of infection with Lm, C5aR1-/- mice (7) and C3aR—/— mice (unpublished
data) produce significantly more IFN-B than do WT mice, suggesting that C5a and C3a
suppress IFN-B production during Lm infection. To determine if C5a and C3a can suppress
IFN-B production in response to Lm in vitro, we pre-treated J774 cells with 50 nM C5a or
500 nM C3a for 2 h and then incubated the cells with 107 Zm as described in Materials and
Methods. The concentrations of peptides used in these experiments correspond to the
approximate levels of C5a and C3a generated following 10% activation of C5 and C3 in the
circulation. As shown in Figure 1A, C5a and C3a suppressed IFN-B production from J774
cells by about 30% in response to Lm. Pre-treating J774 cells with 50 nM C5a and 500 nM
C3a together did not increase the amount of inhibition of IFN-f production (data not
shown), suggesting that C5a and C3a suppress IFN-B production through the same pathway.
To see if C5a and C3a have a broad ability to suppress cytokine production in J774 cells, we
also measured IL-6, TNF, and MCP-1 levels in the cell culture supernatants from J774 cells
pre-treated with media, C5a, or C3a and then infected with Lm. There was no significant
difference in IL-6, TNF, or MCP-1 levels between J774 cells pre-treated with C5a or C3a
and those pre-treated with media (Fig. 1B), indicating a specific ability of C5a and C3a to
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suppress IFN-B production in J774 cells. Lm has been shown to induce IFN-B production
through secretion of c-di-AMP (25). To determine if C5a and C3a can suppress IFN-p
production in response to c-di-AMP, we pre-treated J774 cells with 50 nM C5a or 500 nM
C3a for 2 h and then incubated the cells with 25 pg/ml c-di-AMP overnight for a total of 20
h. As shown in Figure 1C, 50 nM C5a and 500 nM C3a significantly suppressed IFN-B
production from J774 cells. Again, pre-treating J774 cells with 50 nM C5a and 500 nM C3a
together did not increase the amount of inhibition of IFN-p production (data not shown). To
determine if C5a and C3a can also suppress LPS-induced IFN-B production, we pre-treated
J774 cells with 50 nM C5a and 500 nM C3a for 2 h and then incubated the cells with 100
ng/ml LPS for 20 h. As shown in Figure 1D, C5a and C3a significantly suppressed IFN-
production in response to LPS so the ability of C5a and C3a to suppress IFN-f production is
not specific to only Lmand c-di-AMP. Pre-treatment times with C5a were varied from 30
min to 8 h, and the 2 h pre-treatment time gave the earliest and most inhibitory IFN-p effect
(Fig. 1E) so this is the pre-treatment time used for all studies.

Cba and C3a suppress IFN-g production in bone marrow dendritic cells

Next, we wanted to determine if our findings in the J774 macrophage cell line would
translate to primary mouse cells. Multiple studies have identified dendritic cells as the
primary producers of IFN-B during Lm in vivoinfection (33, 34). Therefore, we continued
our studies using bone marrow derived dendritic cells. WT BMDCs pre-treated with 50 nM
C5a or 500 nM C3a for 2 h and then infected with Lm overnight produced 30% less IFN-f
than WT BMDCs pre-treated with media (Fig. 2A). WT BMDC:s treated with 50 nM Cb5a or
500 nM C3a, but not Lm, did not produce any IFN-p (Fig. 2A). To see if C5a and C3a have
a broad ability to suppress cytokine production in BMDCs, we also measured I1L-6, TNF,
and MCP-1 levels in the cell culture supernatants from BMDCs pre-treated with media, C5a,
or C3a and then infected overnight with Lm. There was no significant difference in IL-6,
TNF, or MCP-1 levels between BMDCs pre-treated with C5a or C3a and BMDCs pre-
treated with media (Fig. 2B), indicating a specific ability of C5a and C3a to suppress IFN-p
production in BMDCs. Peptides (referred to here as C3aA and C5aA) have been developed
that exhibit enhanced agonist activity for C3aR (28) and C5aR1 (27), respectively. We tested
these peptides to determine if they would suppress IFN-p production more robustly than
native purified C3a or C5a. WT BMDCs were pre-treated with either 50 nM C5a, 100 nM
C5aA, 500 nM C3a, or 100 nM C3aA for 2 h followed by incubation with 25 pg/ml c-di-
AMP overnight. As shown in Fig. 2C, purified C5a and C3a, as well as C5aA and C3aA, all
caused about 30% suppression of IFN-p production. BMDCs from C5aR1-/— mice or C3aR
—/- mice did not show any suppression in c-di-AMP-induced IFN-B production when pre-
treated with C5a or C5aA (Fig. 2D) or C3a or C3aA (Fig. 2E), respectively, indicating that
C5a/ChaA and C3a/C3aA are acting through their respective receptors to suppress IFN-p
production.

To determine if C3aA and C5aA suppress /fnb at the message level, BMDCs were pre-
treated with media, 100 nM C5aA, or 100 nM C3aA for 2 h and then infected with Lm for 4
h or incubated with c-di-AMP for 4 h. /fnb message increases early after infection with Lm
or stimulation with c-di-AMP (19, 20) so we chose a 4 h time point. As shown in Figure 3,
Lm (Fig. 3A) and c-di-AMP (Fig. 3B) caused a dramatic upregulation of /fnb message in the
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BMDCs pre-treated with media, but pre-treatment with C5aA or C3aA significantly
suppressed /fnb message induced by both L/ and c-di-AMP. These data demonstrate that
C5aA and C3aA suppress IFN-p at both the message and protein levels in BMDCs.

C5aA and C3aA decrease DDX41, STING, TBK1, and p38 MAPK expression

The induction of type | interferons by cytosolic DNA is dependent on a signaling pathway
that consists of the helicase DDX41 acting as a sensor of intracellular DNA, forming a
complex with the adaptor STING, which then signals to TBK1 and p38 MAPK to activate
the type | interferon response (35). To determine if C5a and C3a suppress IFN-B production
by reducing the expression of any of these proteins in this signaling pathway, BMDCs were
pre-treated with media, C5aA, or C3aA for 2 h and then treated with c-di-AMP for 20 h.
BMDCs pre-treated with C5aA or C3aA and then incubated with c-di-AMP showed
significantly reduced expression of DDX41, STING, pTBK1/TBK1, and p-p38/p38 MAPK
compared to BMDCs pre-treated with media and then c-di-AMP (Fig. 4A and 4B). These
data demonstrate that C3a and Cbha suppress IFN-f expression by modulation of the
DDXA41/STING innate cytosolic surveillance pathway involving the downstream targets
TBK1 and p38 MAPK.

BTK, TBK1, and p38 MAPK are necessary for C5aA/C3aA suppression of IFN-B

Finally, we wanted to confirm the involvement of TBK1 and p38 MAPK and to determine
which additional kinase pathways are important for the ability of C5a and C3a to suppress
IFN-B production. Lee et al. (19) demonstrated previously that BTK activates the binding of
DDX41 to dsDNA and to STING to initiate IFN-B production. Zhang et al. (35) also
demonstrated that Erk1/2, p38 MAPK, and TBK1 became phosphorylated when BMDCs
were stimulated with dsSDNA, suggesting these kinases are important in the type | interferon
response. We also examined the importance of the PI3K/Akt pathway since activation of this
pathway has been shown to occur when C5a binds to the C5aR1 and C3a binds to the C3aR
in a variety of cell types including dendritic cells (36), T cells (37), mesenchymal stem cells
(38), and cancer cells (39). To determine if these kinases are involved in the ability of
Cb5a/C3a to suppress IFN-B production, we used CGI-1746 to inhibit BTK, Wortmannin to
inhibit PI3K/Akt, U0126 to inhibit Erk, BX795 to inhibit TBK1, and SB202190 to inhibit
p38 MAPK. WT BMDCs were pre-treated with either vehicle or inhibitor for one hour prior
to treatment with media or 200 nM C5aA or C3aA for two hours and then c-di-AMP
overnight. As shown in Fig. 5A, pre-incubation of the BMDCs in the BTK inhibitor blocked
the ability of C5aA and C3aA to suppress IFN-f production, in contrast to cells pre-
incubated in vehicle where C5aA and C3aA were able to suppress IFN-f by 30% (Fig. 5A),
demonstrating the importance of BTK in C5a/C3a suppression of the type I interferon
response. Pre-incubation of the BMDCs in Wortmannin or U0126, however, did not block
the ability of C5aA or C3aA to suppress IFN-B production (Fig. 5B), indicating that C5a and
C3a do not act through the PI13K/Akt or Erk pathways to inhibit type | interferon. Next, we
wanted to confirm that C5a and C3a suppress IFN-B production by acting through the TBK1
signaling pathway. As shown in Fig. 5C, BMDCs treated with vehicle and then C5aA or
C3aA produced significantly less IFN-p in response to c-di-AMP than BMDCs treated with
vehicle alone. However, BMDCs treated with BX795 and then C5aA or C3aA produced the
same amount of IFN-B in response to c-di-AMP as BMDCs treated with BX795 alone,
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confirming that C5a and C3a act through the TBK1 signaling pathway to suppress IFN-f
production. Finally, we wanted to determine the importance of p38 MAPK in the ability of
C5a and C3a to suppress IFN-B production. As shown in Fig. 5D, BMDCs treated with
vehicle and then C5aA or C3aA, produced significantly less IFN-{ in response to c-di-AMP
than BMDCs treated with vehicle alone. However, BMDCs treated with SB202190 and then
C5aA or C3aA produced the same amount of IFN-p in response to c-di-AMP as BMDCs
treated with SB202190 alone, indicating that p38 MAPK is important in the ability of
C5a/C3a to suppress IFN-B production. In conclusion, these data demonstrate that C5a and
C3a suppress type | interferon production in response to c-di-AMP in BMDCs by decreasing
DDX41 and STING expression, which leads to reduced phosphorylation of TBK1 and p38
MAPK, and the ability of C5a and C3a to suppress IFN-B production is dependent on BTK,
TBK1, and p38 MAPK activity.

Discussion

The results of this study show for the first time a critical role for C3a/C3aR and C5a/C5aR1
in regulating IFN-B production in response to Lmand c-di-AMP in both a mouse
macrophage-like cell line and in primary mouse BMDCs. Pre-treating J774A.1 cells and WT
BMDCs with C5a or C3a resulted in a significant reduction in Lmand c-di-AMP-induced
IFN-B production compared to cells that were pre-treated with media (Figs 1 and 2). This
IFN-B suppression was specific as C5a and C3a had no significant effect on IL-6, TNF, or
MCP-1 production from Lm-infected J774 cells (Fig. 1B) or BMDCs (Fig. 2B). C3a and
Cb5a act through their receptors, C3aR and C5aR1, respectively, because no inhibition was
observed in C5aR1-/- or C3aR-/- BMDCs pre-treated with C5a or C3a, respectively (Fig.
2D-E). The ability of C3a and C5a to suppress /fnb message occurs as early as 4 h after
incubation with Lm or c-di-AMP (Fig. 3). Pre-treatment of WT BMDCs with C3aA or
C5aA reduced the expression of DDX41, STING, pTBKZ1, and p-p38 MAPK following
incubation with c-di-AMP compared to pre-treatment with media (Fig. 4). C5aA and C3aA
were still able to suppress c-di-AMP-induced IFN-f production in the presence of Akt and
Erk inhibitors (Fig. 5B), indicating that C5a and C3a do not suppress IFN-f through these
pathways. However, C5aA and C3aA were not able to suppress c-di-AMP-induced IFN-f
production in the presence of inhibitors for BTK, p38 MAPK, or TBK1, demonstrating the
importance of these kinases in this inhibition (Fig. 5).

DDX41 and STING are both necessary for IFN-B production in response to live Lmand c-
di-AMP (20-22, 26, 27). DDXA41 is thought to be the primary sensor of CDNs, with STING
acting as a secondary sensor. Immunofluorescence studies showed that c-di-GMP and
DDX41 co-localized about 34% whereas c-di-GMP and STING co-localized about 6%, and
c-di-GMP had a much greater binding affinity for DDX41 compared to STING (20). In
studies using DDX41-specific ShRNA and STING-specific ShRNA, DDX41 was necessary
for STING to bind c-di-GMP, but STING was not necessary for DDX41 to bind c-di-GMP
(20). Immunoprecipitation studies showed that DDX41 and STING interact and localize
together, and c-di-AMP and c-di-GMP enhanced the formation of this complex (20). STING
then binds to TBK1 to activate the type I interferon response (21). In dendritic cells treated
with DDX41-specific ShRNA, c-di-AMP- and c-di-GMP-induced activation of STING and
TBK1 was dramatically suppressed (20), indicating that DDX41 is upstream of STING and
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TBK1 and DDX41 expression affects expression of STING and TBK1. Our data in this
paper shows that C3a and C5a suppress expression of DDX41, STING, and TBK1 (Fig. 4);
therefore, it is likely that C3a and C5a decrease the expression of DDX41 which in turn
leads to decreased expression of STING and TBK1.

We found multiple kinases to be involved in the ability of C5aA and C3aA to suppress IFN-
B production from both BMDCs (Fig. 5) and from J774A.1 cells (data not shown).
Mutations in the Btk gene are responsible for an immune disorder called X-linked
agammaglobulinemia (XLA), which is characterized by a lack of circulating B cells as well
as an absence of all immunoglobulin classes. Monocytes and macrophages from XLA
patients have a defective cytokine response when stimulated with LPS, and LPS has been
shown to activate BTK (40). PBMCs from XLA patients also showed decreased
phosphorylation of p38 MAPK in response to LPS compared to PBMCs from healthy
controls (40). In addition, human and murine B cells treated with the BTK inhibitor,
CGI-1746, showed reduced BCR-induced phosphorylation of p38 MAPK (41). These data
indicate a necessary role for BTK upstream of p38 MAPK activation. BTK also activates the
binding of DDX41 to dsDNA and to STING to initiate the type | interferon response (19).
BTK ™~ mouse cells produced significantly less /f76 message compared to WT cells when
stimulated with cytosolic DNA or Lm, and these cells also had decreased phosphorylation of
TBK1 (19). Mouse dendritic cells in which DDX41 or STING had been knocked down had
very low levels of phosphorylated p38 MAPK and TBK1 in response to cytosolic DNA
compared to normal cells (35), indicating that DDX41 and STING are required for
activation of these MAPKS. In our studies we were able to show that inhibition of BTK
kinase activity abrogates the ability of C5a and C3a to suppress IFN-B, which proves that
BTK is necessary for C5a and C3a to inhibit IFN-B production.

In summary, our findings show for the first time that C3a and C5a on binding and signaling
through their respective receptors (C3aR and C5aR1) suppress IFN-p production in L
infected cells via modulation of the cyclic dinucleotide-activated cytosolic surveillance
pathway involving BTK, DDX41, STING and downstream targets TBK1 and p38 MAPK.
Inhibition and expression studies indicated that the impact of C3aR and C5aR1 signaling
occurs early in this innate surveillance pathway by 1) inhibiting BTK-mediated activation of
DDX41, which is necessary for STING recruitment and CDN-binding, and 2) reduction of
DDX41 and STING protein expression, leading to reduced phosphorylation of TBK1 and
p38 MAPK. A mechanistic model illustrating how C3a and C5a protect host cells against the
detrimental effects of type I interferon expression during Lm infection is depicted in Fig. 6.
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Abbreviations

BMDCs bone marrow-derived dendritic cells
BTK Bruton’s Tyrosine Kinase

ChaR1 C5a receptor 1

C3aR C3a receptor

CDN cyclic dinucleotide

DDX41 DEAD-Box Helicase 41

Lm L isteria monocytogenes
MOI multiplicity of infection
STING Stimulator of Interferon Genes

TBK1 TANK-Binding Kinase 1
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Figure 1. C5a and C3a suppress | FN-B production in J774A.1 cells
J774A.1 cells were pre-treated with either media, 50 nM C5a, or 500 nM C3a for 2 h and

then the cells were infected with Lm for 20 h. Cell-free supernatants were used to quantitate
(A) IFN-B production or (B) IL-6, TNF-a, and MCP-1 production. J774A.1 cells were pre-
treated with either media, 50 nM C5a, or 500 nM C3a for 2 h and then were incubated with
(C) 25 pg/ml c-di-AMP or (D) 100 ng/ml LPS for 20 h. IFN-p was quantitated from cell-free
supernatants. (E) J774A.1 cells were pre-treated with either media or 50 nM C5a for 30 min,
1h,2h,4h,or8h and then were incubated with 100 ng/ml LPS for 20 h. IFN-f was
quantitated from cell-free supernatants. All data are presented as mean pg/ml + SEM. These
data are pooled from three independent experiments. * P = 0.027; ** P < 0.006; *** P <
0.0001 by t test.
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Figure 2. C5a and C3a suppress | FN-B production in BMDCs
WT BMDCs were pre-treated with either media, 50 nM C5a, or 500 nM C3a for 2 h, and

then the cells were infected with Lm overnight. Cell-free supernatants were used to
quantitate (A) IFN-B production or (B) IL-6, TNF-a, and MCP-1 production. (C) WT
BMDCs were pre-treated with either media, 50 nM C5a, 100 nM C5aA, 500 nM C3a, or 100
nM C3aA for 2 h and then were incubated with 25 pg/ml c-di-AMP for 20 h. IFN-f was
quantitated from cell-free supernatants. (D) C5aR—/— BMDCs were pre-treated with either
media, 50 nM C5a, or 100 nM C5aA for 2 h and (E) C3aR-/- BMDCs were pre-treated
with either media, 500 nM C3a, or 100 nM C3aA for 2 h, and then the cells were incubated
with 25 pg/ml c-di-AMP for 20 h. IFN-B was quantitated from cell-free supernatants. All
data are presented as mean pg/ml = SEM. These data are pooled from three independent
experiments. * P <0.017; ** P < 0.009; *** P = 0.0006 by t test.
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Figure 3. C5aA and C3aA suppress|fnb messagein BMDCs
WT BMDCs were pre-treated with either media, 100 nM C5aA, or 100 nM C3aA for 2 h

and then the cells were (A) infected with Lm or (B) incubated with 25 pug/ml c-di-AMP for 4
h. RNA was harvested from whole cell lysates, and message for /fnband Gapdhwas
quantitated from cDNA. Message for /fnbwas normalized to Gapadh for each sample, and
each treatment group was compared to cells treated with only media (set as 1). Data is
presented as mean + SEM. These data are pooled from three independent experiments. * P <
0.048; ** P = 0.003 by t test.
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Figure 4. C5aA and C3aA decrease expression of |FN-B signaling proteins
(A) Immunoblot analysis of DDX41, STING, B-actin, phosphorylated and total TBK1, and

phosphorylated and total p38 MAPK in WT BMDCs that were pre-treated with either
media, 100 nM C5aA, or 100 nM C3aA for 2 h followed by incubation with 25 pug/ml c-di-
AMP for 20 h. These experiments were performed twice in triplicate, and two of the three
cell lysates per treatment group were loaded on the blot. (B) Quantitation of the blots shown
in (A) normalized to p-actin for DDX41 and STING (same blots) or the phosphorylated
proteins were normalized to the respective total protein (same blots). The data is presented
as mean + SEM. Data are combined from two independent experiments. * P < 0.05 by t test.

J Immunol. Author manuscript; available in PMC 2018 April 15.

Page 16

1.254

1.25




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Mueller-Ortiz et al. Page 17

200
+
% 150 T =
£ £
‘5 100- s
E £
- o
2 s0- e
0- T T T T
QN I N
S &
& <&@ & & &
RO RO R
SR
) O
Y
g + c-di-AMP L

3004

N »
=] o
=] =]

pg/ml of IFN$
s 8 8 8
pg/ml of IFN{$
- N
° 8 ¢

@ o @ 2
4@0 gf (;9? é‘:\ 6;;- d’; & oa’? & \{9 o«:’? &
*\" .(\" & ‘)" ‘)" X x x \\5 x x
O SIS KON & 8
RN R
o S . N .
' > " ! + c-di-AMP '
+ c-di-AMP

Figure5. BTK, TBK1, and p38 MAPK are necessary for C5aA and C3aA to suppress|FN-p
production

WT BMDCs were pre-treated with either vehicle, (A) 100 nM CGI-1746 to inhibit BTK, (B)
10 pM UO0126 to inhibit Erk, 0.25 pM Wortmannin to inhibit PI3K/Akt, (C) 10 nM BX795
to inhibit TBKZ, or (D) 1 uM SB202190 to inhibit p38 MAPK. After 1 h, the cells were
treated with either media, 100 nM C5aA, or 100 nM C3aA for 2 h followed by incubation
with 25 pg/ml c-di-AMP for 20 h. IFN-B was quantitated from cell-free supernatants. All
data are presented as mean pg/ml = SEM. These data are pooled from three independent
experiments. * P < 0.05 by t test.
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Figure 6. Schematic model depicting the C3a- and C5a-mediated suppression of theinnate CDN-
activated cytosolic surveillance pathway in Lm-infected cells

During infection Lm- derived CDNs (c-di-AMP) are recognized by the host cell cytosolic
pathway by binding to BTK-activated DDX41, which in turn recruits STING. TBK1 and
p38 are subsequently recruited and phosphorylated, facilitating activation of IRF3-mediated
transcription of /fnb1. From the data presented here, C3a and C5a, via signaling on binding
their respective receptors (C3aR and C5aR1), suppress IFN-B production at two different
stages of this innate CDN-activated cytosolic surveillance pathway (shown in red) --- (1) by
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inhibiting BTK-mediated activation of DDX41 and (2) by reduction of DDX41 and STING
protein expression.
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