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Porphyromonas gingivalis is a gram-negative anaerobic bacterium linked to periodontal
disease. Remarkably, P, gingivalis thrives in an inflamed environment rich in activated
neutrophils. Toll-like receptor 2 (TLR2) recognition is required for P gingivalis to evade
innate immune killing; however, the mechanisms through which P, gingivalis uncouples
host inflammation from bactericidal activity are only partially known. Since integrin acti-
vation and alternative signaling are implicated in P, gingivalis TLR2-mediated immune
escape, we explored the role of CD47, a widely expressed integrin-associated protein
known to suppress phagocytosis and implicated as an interacting partner with other
innate immune receptors. We found that CD47 associates with TLR2, and blocking
CD47 leads to decreased intracellular P gingivalis survival in macrophages in a manner
dependent on the bacterial major fimbria. In vivo, CD47 knock-out mice cleared P
gingivalis more efficiently than wild-type mice. Next, we found increased expression and
secretion of the CD47 ligand thrombospondin-1 (TSP-1) following P, gingivalis infec-
tion. Secreted TSP-1 broadly protected P, gingivalis and other periodontitis-associated
bacterial species from neutrophil bactericidal activity. Therefore, CD47-TLR2 cosig-
naling in response to P gingivalis induces TSP-1 that in turn suppresses neutrophil
activity, an effect that can explain how species such as P gingivalis survive in an inflamed
environment and cause dysbiosis.
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Some bacterial species thrive in inflamed mucosal tissue, and to do so, they rely on
mechanisms that uncouple inflammatory signaling in innate immune cells from
responses that promote bacterial killing (1). Porphyromonas gingivalis, an anaerobic
gram-negative bacterium linked to periodontal disease, is a prime example. P, gingivalis
load increases as the oral soft tissue surrounding the teeth becomes more inflamed (2).
To escape innate immune clearance, P gingivalis relies on a pathway that requires
phosphoinositide-3-kinase (PI3K) activation downstream of the pattern recognition
receptor Toll-like receptor (TLR) 2 (3-5). Remarkably, the absence or inhibition of
TLR2 restores efficient macrophage and neutrophil antibacterial activity (6, 7). Since
TLR2 canonical signaling proceeds through the intracellular adapter protein MyD88,
how P gingivalis circumvents this signaling pathway and favors PI3K-AKT signaling
is key to understanding its evasion strategy. What is clear is that TLR2 does not act
alone; multiple additional membrane proteins participate together with TLR2 in the
response to P gingivalis, including the C5a and C3 complement receptors (8, 9), CXC
chemokine receptor 4 (10, 11), and integrins (12, 13). In the current work, we hypoth-
esized that the integrin-associated protein (IAP) CD47 participates in the immune
escape pathway of P gingivalis. The key findings supporting this hypothesis are as
follows: 1) CD47 plays a known role in regulating phagocytosis and has been proposed
as a checkpoint in the host response to pathogens (14, 15), 2) TLR2/CD47 costimu-
lation regulates neutrophil transmigration (16), 3) macrophages from inflamed perio-
dontal tissue overexpress CD47 (17), and 4) CD47 interacts with integrin family
members such as avp3 that are implicated in the response to 2 gingivalis and other
TLR2 ligands (12, 18-20).

In addition to its interactions with integrins, CD47 serves as a receptor for throm-
bospondins and for the inhibitory cell-surface receptor signal regulatory protein alpha
(SIRPa) (21, 22). Both of these interactions have been implicated in modulating the
host response to infection (23, 24). In addition to its known role in cancer cell immune
evasion, CD47 interaction with SIRPa suppresses phagocytosis and modulates innate
and adaptive immune responses (25, 26). Thrombospondin-1 (TSP-1) is a secreted
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factor that interacts with CD47 as well as additional innate
immune receptors and can promote or regulate inflammation in
a context-dependent manner (27, 28). Several studies have found
that P, gingivalis induces TSP-1 production and blocking TSP-1
in models of periodontitis reduces disease outcomes (29, 30).
We therefore explored the role of CD47 and its ligands in the
innate response to P gingivalis.

Periodontal disease affects over a third of the adult population
(31). In periodontal disease, tooth brushing induces transient
bacteremia with P gingivalis and other periodontitis-associated
bacteria (32), enabling bacteria to translocate to distant sites.
Extraoral P, gingivalis contributes to a range of diseases, including
cancer and Alzheimer’s disease (33-35). Our study highlights the
contribution of CD47 and TSP-1 to the evasion mechanism that
enables P, gingivalis to thrive in an inflammatory milieu, and sug-
gests that blocking this pathway represents a unique strategy to
improve health outcomes.

Results

CD47 Contributes to P. gingivalis Evasion from Bacterial Killing.
To explore the role of CD47 in the evasion strategy of P gingivalis,
we blocked CD47 using a neutralizing antibody prior to infection
of human or mouse macrophages. To focus on intracellular
bactericidal activity, after a 1 h infection period extracellular
bacteria were eliminated by treatment with metronidazole and
gentamicin (1 h) (36). Surviving intracellular bacteria were
enumerated after a further 1 h incubation. Despite a small
reduction in macrophage phagocytosis (ST Appendix, Fig. S1A),
macrophage clearance of internalized bacteria was significantly
improved by blocking CD47 (Fig. 1 A and B). Since P, gingivalis
major fimbriae interact with integrin family members (f1 and
B3 integrins) that associate with, and activate CD47, (12) we
tested CD47 involvement in macrophage bactericidal activity in
the absence of bacterial fimbriae. The major P gingivalis fimbria
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Fig. 1. CD47 promotes P. gingivalis survival in vitro and in vivo. THP-1 (A) and Raw 264.7 (B) macrophages were treated with blocking antibodies to CD47 or
1gG control (10 pg/mL), followed by P. gingivalis (PG) infection (MOI 10). The intracellular bacterial survival assay was performed, and bacterial colonies were
determined. Data of one representative experiment of three are shown. (C) THP-1 macrophages were pretreated with blocking antibodies to CD47 or IgG control.
Cells were infected with ATCC strain 33277 (WT) or fimbria-mutant PG for 1 h. Intracellular bacterial survival was determined. (D) Graphical representation of
in vivo experimental model. (E) Viable PG counts were determined following infection of WT and CD47~ mice. Each dot represents an individual mouse. One
representative experiment of two is shown. (A and B) One-way ANOVA, (C) two-way ANOVA, and () two-tailed ¢ test were performed to determine statistical
significance (ns: nonsignificant, *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).
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is composed of a shaft encoded by the fima gene, and accessory
proteins encoded by fimc-e genes. P gingivalis deletion mutants
AFimA, AFimC, and AFimE are cleared more efficiently by
macrophages compared to wild-type (WT) bacteria [as previously
shown (37)], and in this case blocking CD47 has no effect on
macrophage bactericidal activity (Fig. 1C), consistent with a role
for the major fimbriae in activation of CD47. We next hypothesized
that CD47 plays a global role in P gingivalis immune evasion
in vivo. Since neutrophils constitute the majority of phagocytes
that 2 gingivalis encounters in its natural niche, the periodontal
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pocket, we determined the role of CD47 in R gingivalis evasion of
neutrophil-mediated clearance in WT vs. CD47 deficient mice.
To this end, we used an infection model in which bacteria are
inoculated into the lumen of titanium-coil chambers implanted
subcutaneously 10 days prior to bacterial challenge (38, 39). In
this model the majority of chamber cells are neutrophils, and
monocyte/macrophages constitute a minority population that
actively down-regulate neutrophil-mediated killing of P gingivalis
(39). Bacterial clearance is determined by measuring P gingivalis
colony-forming units (CFU) in the chamber exudate postinfection
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Fig. 2. CDA47 associates with TLR2. (A) THP-1 macrophages and (B) TLR2-Flag overexpressing THP-1 macrophages were infected with P. gingivalis (PG, MOI 10) for
30 min. TLR2 was IP with anti-TLR2 (A) or anti-Flag (B), and eluates were analyzed for CD47 (A and B), TLR2 (A), or TLR2-Flag (B) by immunoblot (IB). CD47 and TLR2-
Flag protein levels in whole cell lysates (WCL) were also determined (no native TLR2 was detected in the THP-1 WCL). (C) THP-1 macrophages were infected with
PG for 30 min, fixed, and stained for TLR2 (green) and CD47 (red). Nuclei were stained with DAPI (blue) and merged images were used to evaluate colocalization
of TLR2 and CD47. Images were obtained using a Nikon confocal microscope at 40x magnification and colocalization coefficients were determined using Image)
analysis software. Data are representative of two individual experiments. Two-tailed t test analysis was performed (ns: nonsignificant; *P < 0.05; **P < 0.01).
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(Fig. 1D). At 2 and 24 h after inoculation with 2 gingivalis,
bacterial clearance was significantly improved in mice deficient in
CD47 (Fig. 1E). Therefore, in addition to protecting P, gingivalis
in macrophages, CD47 is important for bacterial escape from
killing by recruited neutrophils in vivo.

CD47 Associates with TLR2 and Influences Signaling in Response
to Infection. Given the functional role of TLR2 and CD47 in
the response to P gingivalis, we next asked whether the two
proteins associate. We found that CD47 immunoprecipitated
(IP) with TLR2 in differentiated human THP-1 macrophages
at baseline, and the association was not significantly changed
in response to P gingivalis infection (Fig. 24). We confirmed
the coimmunoprecipitation of CD47 with TLR2 in THP-1
macrophages overexpressing Flag-tagged TLR2 (40); in these cells
as well, infection did not significantly increase the association
(Fig. 2B). Immunofluorescence also demonstrates the colocalization
of TLR2 and CD47 in THP-1 macrophages, with infection
enhancing the colocalization although not across all measures
(Fig. 2Q). Since P, gingivalis infection induces the transcription of
TLR2 (41) and other proteins involved in TLR2 signaling (5), we
next examined whether CD47 expression is similarly up-regulated

by infection. Although infection up-regulated CD47 mRNA in

human (THP-1 cells, Fig. 34) and murine (RAW 264.7 cells,
Fig. 3C) macrophages, surface CD47 expression was unaffected
in the human cells and only slightly increased in the murine cells
(Fig. 3 Band D). Similarly, peripheral blood—derived macrophage
CD47 baseline expression was strong and was not enhanced by
infection despite upregulation of the mRNA levels (Fig. 3 E
and F). In comparison, CD47 transcription by neutrophils was
enhanced by P gingivalis infection, and surface protein expression
significantly increased in a portion of the cells (Fig. 3 G and H).

To determine how CD47 influences TLR2 signaling in response
to P gingivalis infection, we examined TNF production by mac-
rophages. Blocking TLR2 strongly reduced cytokine production
in response to P gingivalis as previously found (3). However, block-
ing CD47 on human and murine macrophages had no effect
(Fig. 4 A and B). TNF production reflects signaling events that
enable nuclear translocation of the NFkB p65 transcription factor.
To confirm, we tracked p65 nuclear translocation in macrophages
challenged with P gingivalis (Fig. 4C). Blocking TLR2, but not
CD47, inhibited p65 nuclear translocation. P gingivalis survival
in macrophages depends on TLR2 activation of the PI3K/Akt
pathway (3). Consistent with the role of CD47 in P gingivalis
evasion from macrophage killing (Fig. 1 A and B), blocking CD47
strongly inhibited AKT phosphorylation induced by P gingivalis
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Fig. 3. P. gingivalis influences CD47 expression. CD47 expression at baseline and in response to P. gingivalis (MOl 10) was measured by qRT-PCR after 4 h of
challenge and flow cytometry after 24 h challenge. (A and B) THP-1, (C and D) Raw 264.7 macrophages, (E and F) human PBMC-derived macrophages, and (G
and H) human peripheral blood neutrophils. Data are representative of two to four individual experiments. A two-tailed t test was used to analyze differences

between groups (ns: nonsignificant; *P < 0.05; **P < 0.01; ***P < 0.001).
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Fig. 4. CD47 mediates P. gingivalis-induced AKT phosphorylation but not cytokine production and NFkB translocation. THP-1 (A) and Raw 264.7 (B) macrophages
were pretreated with blocking antibodies to CD47 or TLR2, or IgG control. Cells were infected with P. gingivalis (PG, MOI 10) overnight, and cytokine levels were
analyzed by the ELISA. (C) THP-1 macrophages were infected with PG (MOI 10) for 2 h, fixed, and stained with antibody to p65. Percentage nuclear translocation
was determined per field. (D) THP-1 macrophages were infected with PG (MOI 20) for 10 min, and phosphorylated and total AKT levels were determined.
(E) Densitometry graph of phospho/total ratios of D. Data are representative of three independent experiments. Statistical significance was determined using
one-way ANOVA (ns: nonsignificant, *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001).

infection (Fig. 4D). Therefore, P gingivalis activates a TLR2—
CD47 complex and the involvement of CD47 expands the sign-

aling events that occur following infection.

P. gingivalis Induces TSP-1 Production. We next asked whether
ligands of CD47 may further drive 2 gingivalis immune escape
by enhancing the PI3K/AKT signaling pathway. We tested the
effect of infection with P gingivalis on the expression of TSP-1 and
SIRP-a, two known CDA47 ligands (42). Although expression of
SIRP-a was unaffected by P gingivalis infection (Fig. 5 A and B),
TSP-1 mRNA expression was significantly up-regulated in human
and murine macrophages (Fig. 5 C-E), and to a lesser extent in
human neutrophils (Fig. 5F). TSP-1 protein production was also
detectable 6 h and 24 h postinfection with 2 gingivalis (Fig. 5G),

PNAS 2024 Vol.121 No.47 2405534121

and in response to a range of multiplicity of infections (MOls)
(Fig. 5F). In contrast to the lack of effect on cytokine production
(Fig. 4 A and B), blocking either CD47 or TLR2 significantly
decreased TSP-1 expression (Fig. 5/). Similarly, deletion of FimA,
or the fimbrial accessory proteins FimC/FimE, abrogates TSP-1
induction, consistent with the role of P gingivalis fimbria in CD47
activation (SI Appendix, Fig. S2 A and B). Inhibition of both NFxB
and PI3K signaling pathways blocked TSP-1 induction (Fig. 5 /
and K), suggesting that NFkB is necessary but not sufficient to
stimulate TSP-1 expression. Taken together, the involvement of
CD47 in the TLR2-driven response to R gingivalis enhances PI3K/
AKT signaling, leading to bacterial survival in macrophages, and
also to the induction of TSP-1 production. As a secreted factor,
TSP-1 can potentially contribute to bacterial immune escape by

https://doi.org/10.1073/pnas.2405534121
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engaging CD47 broadly on cells that have not yet encountered
bacteria (Fig. 1D).

TSP-1 Down-Regulates Neutrophil Bactericidal Activity. To
evaluate this possibility, we pretreated human neutrophils with
TSP-1 prior to challenge with P, gingivalis. TSP-1 treatment reduced
neutrophil phagocytosis of P gingivalis (Fig. 6A). To understand the
effect of TSP-1 on intracellular bactericidal activity, we removed
extracellular bacteria by washing and treatment with gentamicin
and metronidazole for 1 h. Neutrophils were rested for an hour
and then lysed, and lysates were plated on blood agar to enumerate
intracellular surviving CFU. Despite a reduced intracellular
load due to decreased phagocytosis (Fig. 6A), significantly more
surviving bacteria were recovered from TSP-1-treated neutrophils
(Fig. 6B). To understand how TSP-1 protects phagocytosed P
gingivalis, induction of reactive oxygen species (ROS) in response
to infection was evaluated. As expected, infection strongly induced
neutrophil ROS production; however, pretreatment with TSP-1
reduced the ROS level to background (Fig. 6C). To confirm that
the downregulation of neutrophil ROS by TSP-1 results from
activation of neutrophil CD47, we blocked the interaction of TSP-
1 with CD47 using a cyclic peptide inhibitor [TAX2 peptide (43),
Fig. 6D]. Preincubation with TAX2 completely restored neutrophil

https://doi.org/10.1073/pnas.2405534121

bactericidal activity (Fig. 6£), and ROS production (Fig. 6F), in
cells treated with TSP-1 prior to infection.

TSP-1 Protects Periodontitis-Associated Bacteria from
Neutrophil-Mediated Killing. Periodontitis lesions are infiltrated
with neutrophils that do not efficiently clear bacteria. TSP-1
has been shown to be elevated in the inflamed tissue of human
periodontitis patients (44), and we therefore evaluated its ability
to play a general role in bacterial escape from neutrophil killing.
First, we found that additional periodontitis-associated bacterial
species, Tannerella forsythia and  Fusobacterium nucleatum,
induced TSP-1 gene expression, and protein secretion, in human
macrophages (Fig. 7 A and B). CD47 also plays a role in the
immune evasion of these pathogens that are known to activate
TLR2 (45-47) (SI Appendix, Fig. S3 A and B). We next evaluated
the role of TSP-1 in neutrophil antibacterial activity against these
pathogens. Unlike for P gingivalis, phagocytosis of 1. forsythia and
E nucleatum was unaffected by TSP-1 treatment (SI Appendix,
Fig. S4 A and B). Notably, human neutrophils efficiently cleared
1. forsythia; however, pretreatment with TSP-1 reversed this effect,
enabling 7 forsythia intracellular survival (Fig. 7C). Neutrophil
TSP-1 treatment also promoted intracellular survival of #
nucleatum (Fig. 7D). Thus, TSP-1 is a soluble factor that has

pnas.org
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Fig. 6. TSP-1 down-regulates neutrophil bactericidal activity. (A) Peripheral blood neutrophils were pretreated with recombinant (r) TSP-1 (100 ng/mL) for 30 min
and cells were then infected with FITC-labeled P. gingivalis (PG) for 30 min. Phagocytosis was determined by flow cytometry. (B and C) Neutrophils were treated
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broad protective effects for bacteria associated with periodontal
disease (schematically represented in Fig. 8).

Discussion

In the innate immune system, a limited set of TLRs recognize and
respond to a diverse array of microbial and damage-associated
ligands. Accessory proteins and cofactors that bind to TLR homo-
or heterodimers help explain the variation in ligands that TLRs
detect (48); however, surface proteins that complex with TLRs
also diversify the signaling pathways downstream of TLR activa-
tion and thereby open opportunities for pathogens to manipulate
host responses. For P gingivalis, an asaccharolytic organism that
thrives in the presence of tissue breakdown products provided by
inflammation, surface receptors such as the complement C5a
receptor (C5aR) were shown to protect bacteria while cooperating
with TLR2 to promote inflammation (9). In a similar manner,

PNAS 2024 Vol. 121 No.47 2405534121

we now found that CD47-TLR2 cosignaling facilitates P gingi-
valis survival. P gingivalis fimbriae are critical for this activation,
consistent with the known interaction of fimbriae with integrin
family members (B1 and B3 integrins) that associate with, and
activate, CD47 (10, 12, 20, 49). Since TLR2 is integral to the
macrophage response to P, gingivalis (3,7, 11, 50), blocking TLR2
shuts down cytokine and TSP-1 induction. However, blocking
antibodies to CD47 do not interfere with the cytokine response
to infection, and the lack of steric hindrance suggests that TLR2
and CD47 interact indirectly via integrins as part of a protein
complex (5, 40). CD47 functions as part of a supramolecular
complex that includes heterotrimeric G proteins known to signal
through PI3K-AKT (51). Notably, blocking CD47 reduces AKT
phosphorylation in response to P gingivalis without inhibiting
p65 nuclear translocation. Therefore, P gingivalis can engage
PI3K-AKT signaling via the CD47-TLR2 association, represent-
ing a protein—protein complex that expands the possible outcome
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of TLR2-mediated responses (5, 40). Blocking CD47 improved
macrophage killing of additional bacterial species that interact
with TLR2, suggesting that the CD47-TLR2 association may
contribute broadly to bacterial immune evasion. Since mac-
rophage CD47-TLR2 association is constitutive (Fig. 2 4 and B),
activation of CDA47 is possible without priming or generation of
additional ligands, distinguishing it from the activation of C5aR

that requires proteolytic cleavage of C5 (9). P, gingivalis infection
also induces secretion of the matrix glycoprotein TSP-1 that can
augment CD47 signaling (49) and bacterial immune escape. In
addition to immune effects, TSP-1 was shown to induce perio-
dontal ligament fibroblasts to produce matrix metalloproteinases
(29), further promoting tissue destruction and facilitating bacte-
rial overgrowth.

P, gingivalis
A ging B P, gingivalis T forsythia C P, gingivalis
F. nucleatum
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Fig. 8. Schematic illustration. TLR2-CD47 signaling induces AKT phosphorylation, enhanced intracellular survival, and TSP-1 secretion in macrophages in
response to P. gingivalis (A). Secreted TSP-1 down-regulates neutrophil ROS and bactericidal activity (B) that is restored by blocking the interaction of TSP-1 with

CDA47 (). Figure created with BioRender.com.
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The oral microbiota is symbiotic when the gums are healthy.
Together with an increase in species such as P gingivalis, the micro-
biota shifts to a disease-associated state as the tissue becomes
inflamed (52). Due to the link of oral microbial dysbiosis to sys-
temic disease, interventions aimed at controlling the dysbiotic
microbiome, and particular species that thrive in it such as 2
gingivalis and F nucleatum, can potentially improve health out-
comes (33, 53, 54). P gingivalis is considered a “keystone patho-
gen” since its presence directs the shift to a disease-provoking
dysbiotic microbiota (55). Our finding that 2 gingivalis infection
induces TSP-1 secretion (Fig. 4 E and F) sheds light on the
community-wide effects of 2 gingivalis (55). In addition to live
bacteria, LPS derived from P gingivalis has also been shown to
induce macrophage TSP-1 production (24, 44). Therefore, in
periodontal lesions bacterial outer membrane vesicles or mem-
brane fragments containing LPS are also likely drivers of TSP-1
production. TSP-1 expression has been shown to be downstream
of AKT activation of NFkB in several cell types (56-58). We
found that NFkB activation is necessary, but not sufficient, for
TSP-1 induction in response to 2 gingivalis. AKT signaling leads
to activation of multiple transcription factors, in addition to
NFkB (59, 60). Our findings suggest that CD47-TLR2 induction
of AKT phosphorylation contributes additional signaling factors
that are necessary for TSP-1 induction. Analysis of the TSP-1
promoter region [using PROMO (61) and EPD (62)] reveals
candidate transcription factors that could explain this phenome-
non such as CEB/Pf that has been shown to be activated by PI3K/
AKT signaling and induced by P, gingivalis (63, 64).

Secreted TSP-1 activates CD47 on naive neutrophils leading
toreduced killing of 2 gingivalisand of other periodontitis-associated
bacteria such as E nucleatum and T. forsythia (Fig. 6 C and D).
We found that TSP-1 reduces neutrophil ROS production leading
to enhanced bacterial survival (Fig. 5 Cand F). In Klebsiella pneu-
moniae pulmonary infection TSP-1 was shown to reduce neutro-
phil elastase and cathepsin G production diminishing intracellular
microbial killing (65). Thus, TSP-1 may broadly impair neutro-
phil function in inflammatory lesions. Importantly, neutrophils
encounter periodontal bacteria in the gingival crevice, and TSP-1
is elevated in the exudate (the gingival crevicular fluid) that
reflects the environment within which the cells interact (29). We
and others previously found that macrophages promote P, gingi-
valis survival by down-regulating neutrophil killing (39, 66).
Specifically, ablation of CX3CR1™ monocyte/macrophages, a
population known to produce TSP-1 (67), enhances neutrophil
antibacterial activity and resistance to P gingivalis—induced exper-
imental periodontitis (39). Thus, TSP-1 is a candidate secreted
factor that can explain how macrophages regulate hyperinflam-
matory neutrophils leading to ineffective clearance of periodontal
pathogens, and how particular bacterial species can shape the
microbiota by broadly affecting the host response to other species.
Blocking TSP-1 activity via small molecule inhibitors such as the
TAX2 peptide, represents a potential therapeutic strategy to
improve neutrophil function and thereby counteract microbial
dysbiosis. Interfering with bacterial immune evasion pathways
instead of using antibiotics to control infection, is particularly
attractive in periodontal disease since bacteria such as 2 gingivalis
persist chronically and are known to disseminate to distant sites
where they promote systemic pathology (32, 33, 35).

Materials and Methods

Bacterial Culture. P, gingivalis (strain 381, American Type Culture Collection;
ATCC) was used for all experiments except those involving the fimbriae mutants
that were compared to their parent strain ATCC 33277. P. gingivalis 381 and F.
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nucleatum strain FC 23726 were cultured in Wilkins Chalgren Anaerobe Broth
(Oxoid Ltd). T. forsythia strain FDC 338 was cultured with peptone and Yeast extract
in BHI medium (Oxoid Ltd.), supplemented with 5% fetal calf serum (Biological
Industries), hemin (5 pug/mL), vitamin k (0.5 pug/mL), and N-Acetylmuramic acid
(10 ug/mL). P gingivalis fimbriae mutants AFimA, AFimC, and AFimE were a
kind gift from Prof. Jan Potempa (Jagiellonian University, Poland) and were con-
structed on the strain ATCC 33277 background. Mutants and WT strain 33277
were cultured in BHI blood agar or BHI broth supplemented with yeast extract
(0.25%), hemin (5 pg/mL), vitamin k (1 pg/mL), and erythromycin (5 pg/mL)
was added to the cultures of mutant strains. All bacteria were cultured under
anaerobic conditions at 37 °C. For P. gingivalis, OD value of 0.1 at 650 nm was
determined to correspond to 1 0" CFU/mL, for £, nucleatum, OD value of 1at600
nm was determined to correspond to 10° CFU/ml, and for T. forsythia, OD value
of 0.26 at 550 nm was determined to correspond to 10° CFU/mL. P gingivalis
(strain 33277) WT and FIM A mutant OD values of 1 at 600 nm was determined
to correspond to 10” CFU/mL.

Mice. BALB/c OlaHsd and CD47~'~ mice on a BALB/c OlaHsd background were
used for this study. The CD47~'~ mice were a kind gift from Prof. S. Rotshenker
(Hebrew University, Israel). Mice were housed at the specific pathogen-free unit
of the Hebrew University, Hadassah Medical School (Ein-Kerem, Jerusalem). All
experiments were approved by the Institutional Animal Ethics Committee of the
Hebrew University of Jerusalem (Permit No.: MD-11-13120-3) in compliance
with the National Research Council guide for the care and use of laboratory ani-
mals (NIH Publication No. 85-23, revised 1996).

Subcutaneous Infection. As previously described (38, 39), two titanium coil
chambers were subcutaneously inserted into the dorsum of 6- to 8-wk-old
female mice. Seven days following implantation, chamber exudates were aspi-
rated (baseline) and then 100 pL of 1 0'"p gingivalis were inoculated into each
chamber. At 2 h and 24 h postinfection, chamber exudates were aspirated, with
each chamber of each mouse sampled at a different time point. P. gingivalis
survival was determined by serial dilution plating on blood agar plates for
CFU enumeration.

Cell Culture. Human macrophage THP1 cells (ATCC) were maintained in RPMI
(Sigma Aldrich) supplemented with 10% fetal calf serum, 2 mM L-glutamine,
penicillin (100 units/mL), streptomycin (100 pg/mL), 1% 1 M HEPES, and sodium
pyruvate (Biological Industries). Cells were differentiated with 5 ng/mL phor-
bol 12-myristate 13-acetate (PMA, Sigma-Aldrich) for 72 h, to obtain mature
macrophages. Raw 264.7 cells were maintained in Dulbecco's modified Eagle's
medium (DMEM) (Sigma-Aldrich) supplemented with 10% fetal calf serum,
2 mM L-glutamine, penicillin (100 units/mL), and streptomycin (100 pg/mL)
(Biological Industries). The cell lines were cultured at 37 °C and 5% CO, atmos-
phere. For inhibition of PI3K cells were treated with LY294002 or the control
inhibitor LY303511 (MedChemExpress), and to inhibit NF«B cells were treated
with BAY11-7082 (Sigma).

Isolation of Peripheral Blood Cell Subsets. Peripheral blood was drawn
from healthy volunteers after informed consent was obtained (study approved
by Hadassah Medical Organization Institutional Review Board). Neutrophils were
isolated by density sedimentation using Ficoll-Pague (Amersham Biosciences) as
per the manufacturer's instructions followed by RBC lysis. Neutrophil purity was
confirmed to be >97% by CD66b staining. The purified PMNs were resuspended
in RPMIand plated in 10 cm cell culture plates. Peripheral blood-derived mono-
cytes were isolated by negative selection using the RosetteSep™ human mono-
cyte enrichment cocktail (Stem cell technologies) before Ficoll-Paque density
sedimentation. After centrifugation, the monocyte layer was obtained and washed
with phosphate buffer saline (PBS) containing 1 mM ethylenediaminetetraacetic
acid (EDTA) (pH 7.5). Cells were then differentiated to macrophages for 6 d with 20
ng/mLgranulocyte-macrophage colony-stimulating factor (GM-CSF, PeproTech).

Coimmunoprecipitation and Immunoblotting. THP1 macrophages or TLR2-
Flag transduced THPT macrophages were infected with P. gingivalis at multiplicity
of infection (MOI) 10 for 30 min. Cells were lysed in radioimmunoprecipitation
assay (RIPA) buffer containing 150 mM NaCl, 20 mM Tris (pH 7.5),17 mM EDTA, 1
mM EGTA, 1% NP-40, 1% sodium deoxycholate, protease, and phosphatase inhib-
itors (Sigma-Aldrich). Protein concentration was determined by bicinchoninicacid
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(BCA) protein assay kit (Thermo Fisher Scientific). 1 ug protein was incubated with
antibody coupled to protein G Dyna beads (Thermo Fisher Scientific). For THP1
cells, TLR2 was IP using anti-TLR2 clone T2.5 (Hycult Biotech), and for TLR2-Flag
transduced THP1 the TLR2-Flag was precipitated using Ready Tag anti-DDDDK
(BioXcel). Following immunoprecipitation bead complex was washed and resus-
pended in 1X Laemmli SDS sample buffer (Gene Bio Applications), boiled, and
subjected to electrophoresis in precast 4 to 20% PAA gels (Gene Bio-Application,
Ltd.). Membranes were blocked with freshly prepared 5% skim milk for 1 h and
(D47 was detected with anti-CD47 antibody, 1:1,000 (GTX53912, GeneTex) incu-
bated overnight at 4 °C followed by goat anti-rabbit IgG-HRP (Abcam).

Immunofluorescence. A total of 2 x 10° THP-1 cells were differentiated to
macrophages on cover slips for 3 d. Cells were infected with P. gingivalis for 30
min, fixed with paraformaldehyde (PFA), and blocked with 5% bovine serum
albumin (BSA). For coimmunofluorescence, cells were costained with primary
antibodies to TLR2 (cloneT2.5, 1:500) and CD47 (GTX53912, 1:500).To measure
NF«B nuclear translocation, cells were stained with anti-rabbit NFkB p65 anti-
body (C-20, Santa Cruz) for P65 translocation experiment. Cells were washed
and counterstained with Fluorescein (FITC) Goat Anti-Mouse IgG (H + L) (Jackson
ImmunoResearch) and/or goat anti-rabbit IgG H&L (Alexa Fluor® 555) (Abcam).
Images were obtained using a Nikon confocal microscope at 40x magnification.
Colocalization analysis was performed using ImageJ. P65 cytoplasmic to nuclear
translocation was calculated by the percentage of cells with nuclear p65 out of
total number of cells per field (n = 5 fields scored per condition).

AKT Phosphorylation. THP-1 cells were differentiated to macrophages for 3 d
and then incubated with serum-free medium for 3 h. Cells were then infected
with P. gingivalis MOI 20 for 10 min followed by lysis in RIPA buffer. Protein
concentration was determined by BCAand 5 ug protein was used for gel electro-
phoresis. Phosphorylated and total levels of Protein kinase B/AKT was detected
using phospho-AKT(S473) antibody, 1:1,000 and AKT antibody (9272S), 1:1,000
(Cell Signaling Technology) primary antibodies and goat anti-rabbit IgG-HRP,
1:2,500 (Abcam) secondary antibody.

Phagocytosis. Bacteria (P gingivalis, T. forsythia, and F. nucleatum) were labeled with
fluorescein isothiocyanate (FITC) 0.1 mg/mL(Sigma-Aldrich) in carbonate buffer (pH
9.5) for 20 min at RT. Human neutrophils were infected with FITC-labeled bacteria
for 30 min. Cells were thoroughly washed with PBS and extracellular florescence was
quenched with 0.2% trypan blue (Sigma-Aldrich). Cells were then washed with PBS,
fixed with 4% PFA, and analyzed on a Cytoflex cytometer (Beckman Coulter). Mean
fluorescent intensity (MFI) was determined by FlowJo software (BD Biosciences).

Intracellular Survival Assay. Intracellular survival was determined using an
antibiotic protection assay. A total of 10° cells/well were seeded in 6-well plates.
Cells were then pretreated with blocking antibodies or recombinant protein for
1 hand 30 min, respectively, prior to challenge with P gingivalis for 1 h.The extracel-
lular bacteria were killed by incubating cells with 6 mg/mL Metronidazole (Sigma-
Aldrich) and 0.3 mg/mL Gentamycin (Biological Industries) for 1 h. The medium
was then replaced with complete medium and cells were incubated for 1 h prior
tolysis in ice-cold sterile dd H,0 for 20 min, and lysates were plated on blood agar
(Novamed)in anaerobic conditions at 37 °Cfor 7 to 10 d and CFU were enumerated.
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qRT-PCR. Total RNA was extracted using TRIzol (Invitrogen, Thermo Fisher
Scientific), according to the manufacturer's instructions, and quantified by spec-
trophotometry (Nanodrop One, Thermo Fisher Scientific). 0.5 ug RNA per sam-
ple was reverse-transcribed into cDNA using the qPCR BIO cDNA synthesis kit
(PCRBIOSYSTEMS). gRT-PCR analysis was performed on a Bio-Rad CFX Connect
system. The mRNA expression values were normalized to the house keeping
GAPDH expression. qRT-PCR primers are listed in S/ Appendix, Table S1.

ELISA. TNF-o levels were determined by the ELISA using mouse and human ELISA
MAX TM sets (BioLegend), according to the manufacturer's instructions. TSP-1
levels were determined using the human Quantikine ELISA kit DTSP-10 (R&D
systems) according to the manufacturer's instructions. For CD47 neutralization,
anti-mouse CD47 miap 301 (20 pg/mL, Thermo Fisher Scientific) and anti-human
CD47 clone B6H12 (10 ug/mL, BioXcel), were used. TLR2 was blocked using
clone 2.5 at 20 ug/mL. Isotype control antibodies (rat IgG2a, and mouse IgG1,
BioLegend) were used at equivalent concentrations. Blocking was performed for
1 h prior to P, gingivalis infection.

ROS Levels. Peripheral blood neutrophils were incubated for 30 min with human
recombinant TSP-1 (R&D systems) and TAX2 peptide (100 uM, GeneCust) or a
linear control peptide (100 uM) (68) for 1 h prior to bacterial infection for 1 h
at 37 °C using rotation (69). Cells were washed with PBS and incubated with
Dihydrorhodamine 123 (DHR-123; Sigma-Aldrich) for 15 min. DHR-123 conver-
sion into the fluorophore rhodamine-123 (R-123) was detected using a TECAN
Spark plate reader.

Flow Cytometry. The following antibodies were used: FITC-anti-CD47 clone
miap410 (eBioscience), APC-anti-CD172a SIRP-a (eBioscience), and APC-anti-
CD66B (Abcam). Cells were preincubated with FcR blocking reagent (Miltenyi
Biotec) on ice and after labeling were fixed with 4% PFA. Cells were evaluated
using a Cytoflex flow cytometer (Beckman Coulter), and data were analyzed by
FlowJo software (BD Biosciences).

Statistical Analysis. Data were analyzed by two-tailed Student's t test or
one-way ANOVA for multiple comparisons as indicated in the figure legends.
Bars show mean and SD, and data were analyzed using Prism v.8, GraphPad
Software Inc.

Data, Materials, and Software Availability. All Study dataareincluded inthe
article and/or S Appendix.
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