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Abstract
Periodontal diseases can lead to chronic inflammation affecting the integrity of the tooth supporting tissues. Recently, a
striking association has been made between periodontal diseases and primary cancers in the absence of a mechanistic
understanding. Here we address the effect of periodontal inflammation (PI) on tumor progression, metastasis, and possible
underlining mechanisms. We show that an experimental model of PI in mice can promote lymph node (LN) micrometastasis,
as well as head and neck metastasis of 4T1 breast cancer cells, both in early and late stages of cancer progression. The
cervical LNs had a greater tumor burden and infiltration of MDSC and M2 macrophages compared with LNs at other sites.
Pyroptosis and the resultant IL-1β production were detected in patients with PI, mirrored in mouse models. Anakinra, IL-1
receptor antagonist, limited metastasis, and MDSC recruitment at early stages of tumor progression, but failed to reverse
established metastatic tumors. PI and the resulting production of IL-1β was found to promote CCL5, CXCL12, CCL2, and
CXCL5 expression. These chemokines recruit MDSC and macrophages, finally enabling the generation of a premetastatic
niche in the inflammatory site. These findings support the idea that periodontal inflammation promotes metastasis of breast
cancer by recruiting MDSC in part by pyroptosis-induced IL-1β generation and downstream CCL2, CCL5, and
CXCL5 signaling in the early steps of metastasis. These studies define the role for IL-1β in the metastatic progression of
breast cancer and highlight the need to control PI, a pervasive inflammatory condition in older patients.

Introduction

Periodontal diseases are characterized by inflammation
affecting the integrity of the tooth supporting tissues, among
them gingivitis and periodontitis are the most common.
Periodontitis affects nearly half of the US adult population
[1]. Strikingly, the incidence of periodontitis afflicts 70% of
the elderly over 65-population. Besides tooth loss, period-
ontitis can also increase the patient’s risk for multiple dis-
eases, among them: atherosclerosis, adverse pregnancy
outcomes, rheumatoid arthritis, pneumonia, and cancer [2].
The most relevant carcinogenic link between periodontitis
and cancer is oral squamous cell carcinoma [3–7]. Period-
ontal pathogens such as Porphyromonas gingivalis
(P. gingivalis), Fusobacterium nucleatum (F. nucleatum),
and Prevotella intermedia can potentially serve to initiate or
promote tumor development, as seen for gastric cancer with
Helicobacter pylori infection [8]. Interestingly, a striking
association has also been demonstrated between periodontal
diseases and nonhead and neck cancers [9–11]. High levels
of P. gingivalis and F. nucleatum have been attributed to
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pancreatic and colorectal cancer in lymph node (LN)
metastases [12, 13]. The mechanism could implicate a direct
toxic effect of bacterium and their products, or indirect
consequences of inflammation. Neoplastic risk increases
when cells have continuous proliferation in an inflammatory
environment rich in immune cells, growth factors, activated
stroma, and DNA-damage-promoting agents [14]. Period-
ontitis supports such an inflammatory microenvironment.

Several animal models have been used to mimic cellular
complexities that occur in human periodontal diseases.
Gram-negative bacteria are thought to be important peri-
odontal pathogens. The lipopolysaccharide (LPS) compo-
nent of the cell wall of these microorganisms, is a
significant inflammatory stimulus that triggers an innate
immune response. Thus, injections of LPS into the mouse
gingival tissues is capable of recreating a sterile model of
periodontal inflammation (PI), not involving the pervasive
nature of untreated bacterial infections [15, 16]. Toll-like
receptor (TLR) 2 and TLR4 are involved in the recognition
of various bacterial cell wall components, including LPS,
by potentiating the inflammasome signaling cascade via
NF-κB activation, expression of proinflammatory cytokines,
and reactive oxygen species (ROS) production [17, 18]. The
assembly of the inflammasome protein complex can trigger
the maturation and secretion of interleukin-1 beta (IL-1β),
induction of downstream cytokines, and pyroptosis, poten-
tiating the inflammatory microenvironment [19–24]. IL-1β,
a recognized product of pyroptotic cell death and key
cytokine in cancer progression, has already been selected as
a target for cancer immunotherapy. However, the efficacy of
such antagonists is complicated by the fact that IL-1β is
associated with the recruitment of immune cell that can be
both pro- and antitumorigenic [25]. Myeloid derived
immune suppressor cells (MDSCs) represent a hetero-
geneous population of immature myeloid cells that include
granulocytes, macrophages, and dendritic cells that have
protumorigenic properties and are associated with estab-
lishing the premetastatic niche [26]. MDSC are correlated
with metastases of nonsmall cell lung cancer, breast cancer,
and melanoma [27–29]. The macrophage can also con-
tribute to the premetastatic niche, as their recruitment is part
of the innate immune surveillance [30]. In this study, we use
breast cancer models to study the effect of PI on tumor
progression and metastasis.

Results

Periodontal inflammation can promote lymph node
micrometastasis

Inflammatory pathways are key mediators for cancer
development and metastatic progression. Using the PI

model of chronic LPS injection in the gingiva we
observed an immune response after 3 weeks (Fig. 1a, b).
As expected, macrophage recruitment was immune-
localized to the gingiva and distinguished to be more
specifically M2-like macrophage at the inflammatory site,
based on the co-expression of F4/80 and CD206 com-
pared with control, PBS injected gum tissue (Fig. 1b). To
determine if this inflammatory microenvironment could
affect breast cancer metastasis, initially, luciferase-
expressing 4T1 breast cancer cells were introduced by
intracardiac injection in control and PI mouse models
(Fig. 1c). After 2 weeks animals were evaluated for
metastatic progression. At this early stage, the mice with
PI were found to have developed micrometastasis in
lymph nodes (LNs) at a greater frequency compared with
the sham inject mice (Fig. 1d, e). Interestingly, there was
a greater tumor burden in the cervical LNs compared with
the axillary site, based on luciferase localization and
histochemical validation of the mice with PI (Fig. 1e, f).
The ratio of positive LNs to total LNs was significantly
elevated in the mice with PI versus control mice that had
sham injected gingiva (Fig. 1e). Of note, similar injection
of LPS in the peritoneal cavity (to mimic a more systemic
inflammatory state) did not mediate a significant meta-
static response of breast tumors (data not shown). Hence,
the sterile model of PI seemed to have the potential to not
only induce metastasis, but recruit metastasis toward the
site of the inflammation.

Periodontal inflammation enhanced immune
infiltrates in cervical lymph nodes in an orthotopic
syngeneic model

To better characterize the tumor tropism mediated by PI,
a syngeneic metastatic model was tested using orthoto-
pically grafted 4T1 cells in the fourth mammary gland
(Fig. 1g). LN micrometastases found in this model were
comparable to the cardiac injection metastasis model, in
terms of the location of tumor-positive nodes. Here, we
focused on the immune infiltrates of the metastatic site
and the spleen by FACS analysis. The levels of MDSC
and macrophages were markedly elevated in the cervical
LNs (Fig. 1h). MDSC recruitment to the LNs of tumor
bearing mice with PI were more than threefold greater
than the tumor bearing mice without PI (P < 0.0001).
Previous studies have highlighted the recruitment and
expansion of MDSC in the periodontal inflammatory
process induced by P. gingivalis infection [31]. Likewise,
we identified polarized M2 macrophage in the metastatic
cervical LNs, characterized by F4/80+ and CD206+

expression in the tumor bearing mice with PI, compared
with sham injected mice allografted with tumor alone
(P < 0.05). In addition, M1 macrophages, characterized
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by F4/80+ and MHCII+ staining, were similarly
increased in mice with PI. The presence of MDSC and
M2 macrophage in the cervical LNs was suggestive of a
tumorigenic niche. Not entirely surprising, the M1 and
M2 macrophages in the spleen seemed to be depleted in
tumor bearing mice with PI, compared with mice with
either tumors or PI alone, in support of an active
recruitment process to the site of inflammation. We
observed recruitment of macrophage and MDSC to the
cervical LNs of mice with PI, concomitant with
tumor cells.

Periodontal inflammation leads to pyroptosis and
IL-1β expression in vitro

Numerous factors can induce the recruitment and differ-
entiation of MDSCs. The chronic injection of LPS into the
gingival tissue, used to initiate the sterile PI model, could
mediate a host response by the production of proin-
flammatory factors capable of recruiting macrophages and
MDSC [32]. In trying to characterize the mechanism
underlying the metastatic models, we treated primary cul-
tures of mouse gingival fibroblasts with LPS. TLR2 and

Fig. 1 Periodontal inflammation promotes micrometastasis and shows
enhanced MDSCs in cervical lymph nodes. a Timeline of the PI
model, LPS was injected directly in the gingiva of the mice for
3 weeks. b Gingiva from PBS and LPS treated mice were stained by
F4/80 and FACS quantification of M2 macrophages (F4/8+/CD206+)
was assessed (n= 3; Bar represents 100 μm). c Timeline of the early
metastasis model 1 established by intracardiac injection of 4T1 cells. d
In early metastasis model 1, the axillary and cervical lymph nodes
(LNs) were collected for luciferase staining by IHC (Bar represents
200 μm). e The numbers of visible LN count (left), as well as the ratio
of luciferase-positive LN to total LN were shown (right; n= 4). f The

percentage of metastasis was determined by measuring the ratio of
metastasis area to total lymph node area per histologic field. (n ≥ 4;
LNs lymph nodes; student’s t test). g Timeline of the early metastasis
model 2, mice were injected in the mammary fat pad with 4T1 cells
and animals were euthanized at 5 weeks. h MDSC and macrophages
were measured by FACS in the LN and in spleen. The level of MDSC
and macrophages in tumor group were set as 1, then other groups were
counted as relative ratio to the tumor group. MDSC and M2 macro-
phages were significantly elevated in the cervical LN of PI+ tumor
animals (n ≥ 7; LNs lymph nodes; student’s t test). (*P < 0.05;
****P < 0.0001)
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TLR4 mRNA was found to be elevated by 24 h of LPS
treatment (Fig. 2a). Moreover, LPS elevated ROS in the
gingival fibroblasts, as localized by 2′,7′-dichlorofluorescin
diacetate (DCF-DA) fluorescent staining (Fig. 2b), sug-
gesting the presence of a trigger for nod-like receptor (NLR)
inflammasome formation [33]. To explore this pathway, the
major components of the pyroptosis cascade were examined
by quantitative rtPCR and western blot following LPS
incubation, up to 14 days. We found the initiation of signal
I, associated with NF-κB activation (phosphorylated p65)
occurred within 6 h of LPS stimulation (Fig. 2c). The

activation of signal I was further confirmed by IL-1β
mRNA measured from LPS stimulated gingival fibroblasts
(Fig. 2d). The signal II mediator, NLRP3, was also upre-
gulated within 6 h of LPS stimulation, as were the down-
stream cleavage of pro-IL-1β by activated caspase 1 in the
gingival fibroblasts. Extended exposure to LPS maintained
an active state of the pyroptosis pathway. Mature IL-1β
intracellular expression was found to be upregulated after
longer exposure to LPS. The LPS-induced elevated secre-
tion of IL-1β was measured in the conditioned media by
ELISA to confirm signal II activity (Fig. 2e). Inflammasome

Fig. 2 LPS leads to pyroptosis and IL-1β expression of gingival
fibroblasts in vitro. a Gingival fibroblasts were treated with LPS (1 μg/
ml) for 24 h. The mRNA level of TLR2 and TLR4 were measured by
RT-PCR. b Reactive oxygen species (ROS) were determined by
DCFH-DA staining (bar= 100 µm). c Gingival fibroblasts were treated
with LPS for 6 and 24 h. Protein expressions of IKKβ (phosphorylated
and total), p65 NF-κB (phosphorylated and total), NLRP3, caspase 1
(pro- and cleaved p10), caspase 3 (pro- and cleaved p20), and IL-1β

were measured by western blot. Cleaved p10 caspase-1 is depicted as
C-cas1. Band intensities were assessed using Quantity One. Data
(n= 3) are shown as means ± SEM. d Gingival fibroblasts were treated
with LPS (1 μg/ml) for 24 h and 14 d. IL-1β mRNA level was mea-
sured by real-time PCR. (n= 3) (E) Gingival fibroblasts were treated
with LPS for 24 h, exogenously secreted IL-1β was measured by
ELISA. (n ≥ 4; student’s t test, *P < 0.05; **P < 0.01; ****P < 0.0001)
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activation in gingival fibroblasts in the PI models could
promote a metastatic immune microenvironment in the
gingiva.

We next sought to determine the relevance of IL-1β
expression by gingival fibroblasts on breast cancer meta-
static progression. We found that PI tissues had expression
of NF-κB phosphorylated-p65 and NLRP3 in the fibro-
blastic cells, indicating active inflammasome signal I and
signal II signaling (Fig. 3a and Supplementary Fig. S1).
Compared with sham injected mice, ROS and cell death
were enhanced in the PI afflicted mouse gingival tissues, as
observed by 8-OHdG and TUNEL staining, respectively.
An output of inflammasome signaling, IL-1β, was sig-
nificantly upregulated in gingival stroma by immune-
localization and confirmed by quantitative-PCR (Fig. 3b,
c). However, since systemic IL-1β measured in the serum
was not appreciably altered, it suggested a more localized
periodontal signaling in the tumor bearing mice with PI. We
chose to block IL-1β to test the role of pyroptosis on
immune infiltration and metastatic tumor progression.
Accordingly, anakinra, an IL-1 receptor antagonist, was

administered to tumor bearing mice with PI (Fig. 3d). In this
model, anakinra was found to inhibit distal metastasis, both
in axillary and cervical LNs concurrent with diminished
MDSC and M2 macrophage recruitment, similar to the level
of control animals, but no significant impact on M1 mac-
rophages (Fig. 3e and Supplementary Fig. S2).

To evaluate the role of IL-1β in immune cell recruitment,
a panel of chemokines and cytokines were measured from
gingival fibroblasts treated with LPS with or without ana-
kinra. LPS was found to elevate CCL2 expression by almost
sixfold and CXCL12 expression by threefold (Fig. 4a).
Anakinra inhibited the induction of both these cytokines
promoted by LPS. CXCL12 and CCL2 have been impli-
cated in MDSC generation, function, and recruitment [34].
The regulation of CCL2 by IL-1β was corroborated at the
level of mRNA expression (Fig. 4b). Of interest, other
MDSC regulatory cytokines, CCL2, CCL5, and CXCL5,
were also found to be upregulated by LPS in an IL-
1β-dependent manner, based on the capacity of their inhi-
bition by anakinra (Fig. 4b). CXCL12 expression was sig-
nificantly elevated by LPS, independent of IL-1ß, based on

Fig. 3 Pyroptosis/IL-1β pathway is enhanced in vivo and can be
modulated by anakinra. a In the PI model, phosphorylated-p65 NF-κB,
NLRP3, 8-OHdG, IL-1β, and TUNEL were detected by IHC (Bar,
100 μm). b IL-1β was immuno-localized in gum tissues of mice with
PI alone and with orthotopic mammary tumor introduction (Bar,
100 μm). c The mRNA expression of IL-1β was measured in the
gingiva of the indicated groups. Serum IL-1β was detected by ELISA

(n ≥ 5; Student’s t test). d The size of primary tumors was measured
(n ≥ 7). e Early metastasis in lymph nodes were measured by luciferase
assay and normalized by protein concentration, where anakinra
reduced the metastasis to the axillary and cervical lymph nodes.
MDSC content was also decreased by anakinra in cervical lymph
node. (n ≥ 7; Ank anakinra; ANOVA, *P < 0.05; **P < 0.01; ***P <
0.001; ****P < 0.0001)
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the lack of effect by anakinra (Fig. 4c). CCL2, CXCL12,
CCL5, and CXCL5 mRNA was significantly upregulated in
PI gingival tissues compared with control gingival tissues in
mice (Fig. 4d, e). However, only the mRNA expression of
CCL5 induced in the PI tissues was significantly suppressed
by anakinra, in validating its role as an IL-1β downstream
target with the capacity to recruit MDSC and macrophages.

Periodontal inflammation can promote breast
cancer metastasis to the head and neck site

The PI mouse models produced a histopathological milieu
similar to that observed in human periodontitis, character-
ized by infiltration of leukocytes, high levels of proin-
flammatory cytokines, collagen degradation, and alveolar
bone resorption. Therefore, human gingiva samples were
evaluated for components of the pyroptosis pathway and
downstream cytokine expression. Human gingiva samples
were immunohistochemically characterized for the expres-
sion of NLRP3, 8OHdG, cleaved-caspase-1, and IL-1β in

periodontitis specimens, compared with that in normal
gingival tissues (Fig. 5a and Supplementary Fig. S1B).
Heterogeneous staining was observed in each periodontitis
specimen with an overall elevation for MDSC markers,
CD11b+ and CD33+, compared with the healthy gingiva
(Fig. 5b). Of note, while the variance was similar in most
groups of the mouse models, the variance in the human
periodontitis patient values were significantly greater. When
human gingival fibroblasts were stimulated with either
E. coli LPS or P. gingivalis LPS, CCL5, and CCL2 were
significantly upregulated compared to control. CXCL5 was
also significantly elevated by E. coli LPS to a lesser extent,
but not by P. gingivalis LPS (Fig. 5c). However, CXCL12
levels were not appreciably affected by LPS treatment.

To expand the scope of the findings from the short-term
models of LN metastasis, we tested the capacity for the role
of localized inflammation to promote homing. The two
short-term models used previously supported the capacity of
a localized inflammation to generate a localized tumor-
supportive niche. Nevertheless, we only observed

Fig. 4 LPS increases
expressions of inflammatory
genes and/or chemoattractants.
Anakinra partly diminishes the
effects of LPS. a Gingival
fibroblasts were treated with
LPS for 24 h, with or without
anakinra in vitro. Cytokine assay
showed anakinra inhibited the
expressions of CXCL12 and
CCL2, which were increased by
LPS. b, c mRNA level of
CXCL5, CCL2, CCL5, and
CXCL12 were measured
in vitro. LPS enhanced all the
chemokines and anakinra
inhibited them except for the
mRNA level of CXCL12 (n= 3;
ANOVA or student’s t test). d,
e mRNA level of CXCL5,
CCL2, CCL5, and CXCL12 in
the gingival tissue were
measured in vivo in the 3-animal
group. (n= 5; Ank anakinra,
ANOVA or student’s t test,
*P < 0.05; **P < 0.01; ****P <
0.0001)
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micrometastasis to LNs in these models. So, we developed a
model where we introduced luciferase-expressing 4T1 in
the mammary fat pad of mice with PI, and when primary
tumors reached 0.8–1 cm3 volume they were resected. The
mice were sacrificed 10 weeks after initial tumor introduc-
tion for evaluation of metastasis development (Fig. 6a).
Both control and experimental groups developed lung
metastasis independent of PI or anakinra treatment, indi-
cating a localized inflammation had limited systemic effects
(Fig. 6b). However, there was a significant elevation of
tumor-positive cervical LNs in the mice with PI. Further,

metastases were localized in neck and jaw tissues were
confirmed histologically with pan-cytokeratin staining,
independent of the LNs (Fig. 6c). In this model system,
MDSCs were elevated, coincident with tumor cells in the
neck LNs. However, anakinra failed to inhibit metastasis
and MDSC recruitment in these longer-term studies, sup-
porting the concept that pyroptosis and downstream
inflammatory cascade contribute to the early stages of pre-
metastatic niche generation facilitating tumor engraftment.
As inhibiting IL-1β had limited efficacy as a therapeutic for
metastatic expansion in the longer term, the steps of

Fig. 5 Human gingiva from periodontitis patients show activation of
MDSC and express inflammatory chemokines. a NLRP3, 8-OHdG,
cleaved-caspase 1, and IL-1β were detected in periodontitis specimens
by IHC. (Bar represents 50 μm) b human CD33+ and CD11b+
MDSC subsets were detected by IHC (three healthy gingiva and 5–8
periodontitis specimens). The number of CD33+ or CD11b+ cells
were increased in periodontitis (student’s t test; Bar represents 50 μm)

c human gingival fibroblasts were cultured in vitro and were stimu-
lated by E.coli LPS or P. gingivalis LPS for 24 h. CCL2, CCL5,
CXCL5, and CXCL12 in cell supernatant were measured by ELISA.
E.coli LPS and P. gingivalis LPS highly increased the secretion of
CCL2, CCL5 compared with the control. The secretion of CXCL5 was
merely increased by E.coli LPS. (n= 5; student’s t test, *P < 0.05;
**P < 0.01; ****P < 0.0001)
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subsequent tumor expansion seem to be independent of
stromal pyroptotic cascade initiated by PI.

To further characterize the premetastatic niche and the
tumor itself, the different myeloid populations were loca-
lized by multiplexed mass cytometry of the tissue sections.
The CyTOF panel included a combination of phenotypic
(CD11b, Ly6C, Ly6G, and CD163) and functional (IL-10,
TGF-β, and IL-2) markers. Granulocytic MDSC (CD11b+,
Ly6G+, Ly6Clow) recruitment to the LNs in the neck and
associated TGF-ß expression seemed to be the greatest in
the PI mouse model, compared with either control or the PI
mice treated with anakinra (Fig. 7a, Supplementary Fig.
S3A). While MDSC recruitment was observed in the
control LN of the tumor bearing mice, associated expres-
sion of immune suppressive cytokines, IL-10, IL-2, or
TGF-ß was not observed. Interestingly, there was greatest
CD163+ macrophage recruitment to the LNs in the control,
tumor bearing mice that had negligible metastatic

engraftment to the neck. The LNs of the anakinra treated
periodontitis model had both MDSC and macrophage
recruitment, with associated TGF-ß and IL-10 expression
detectible. Tumor engraftment to the head/neck tissue in
the tumor bearing periodontitis model, not surprisingly was
associated with greatest level of both MDSC (CD11b+,
Ly6G+, and Ly6Clow), and to a lesser extent macrophage
(Fig. 7b, Supplementary Fig. S3B). The expression of IL-2,
IL-10, and TGF-ß was also highest in the neck area of this
model. The administration of anakinra to the periodontitis
tumor bearing model also had appreciable level of MDSC
and some macrophage in the neck area, but the expression
of the immune-suppressive cytokines was (IL-2, IL-10, and
TGF-ß) was diminished. Multiplexed staining of the limited
mouse tissues enabled localization of the MDSC and mac-
rophage with their functional markers, that likely con-
tributed to the resulting metastatic homing of the breast
tumors to the head and neck area.

Fig. 6 Periodontal inflammation can promote head and neck metas-
tasis. a Timeline of the late metastasis model, PI was induced with
LPS for 3 weeks then mice were injected in the mammary fat pad with
4T1 cells, the primary tumor was let to grow until it reached 100 mm3

in size, surgery was accomplished to extract this tumor and animals
were let to grow metastasis and euthanized at 10.5 weeks. b Metastasis

were observed and counted in lungs and lymph node in the individual
animal groups in the presence or absence of anakinra. (n ≥ 3;
ANOVA). c IHC staining of Pan-cytokeratin and Gr1 from the lymph
node and the cervical tissue of late metastasis model. (n ≥ 3; Ank
anakinra, ANOVA, *P < 0.05; **P < 0.01; ****P < 0.0001)
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Discussion

Recently, new links have been established between
host–microbe interactions and its related diseases. Examples
of this include the role of gut microbiota in Parkinson’s
disease [35], diabetes [36], and obesity [37]. The oral
microbes can mediate chronic inflammation and affect all
stages of tumor development including our finding of
metastatic homing. In this present study we provided evi-
dence that PI enhanced tumor metastasis in both early and
late stage of cancer progression through an active role of the
gingival fibroblasts (Fig. 8). Using models of breast cancer
metastasis in the context of PI, we demonstrated the specific
role of inflammasome signaling in steps of cancer pro-
gression. Chronic LPS administration model of PI
mimicked the human disease in terms of immune infiltrates,
including polarized macrophage recruitment to the gingiva
(Figs. 1, 5). Inflammasome signaling observed in gingival
fibroblasts of the sterile PI models, reflected in the human
disease, can play a role in the metastatic homing. More
specifically, TLR2 and TLR4 activation and IL-1β in mouse
gingival fibroblasts mediated CXCL5, CCL2, CCL5, and
CXCL12 expression to initiate an acute immune response
supporting macrophage and MDSC recruitment. Of note,
although human periodontitis was associated with elevated
IL-ß expression and MDSC recruitment, LPS appreciably
only induced CCL5 and CCL2 in human gingival fibro-
blasts. The increased expressions of CCL5 were IL-1β
dependent in the PI mouse models, as its expression was
limited by anakinra. MDSC recruitment and macrophage

polarization in the early stages of metastasis seem to be
dependent on IL-1β. However, since MDSC can be
recruited by a multitude of chemokines including CXCL5,
CXCL12, CCL2, and CCL5, limiting CCL5 by IL-1ß
antagonism did no appreciably limit MDSC recruitment
under chronic administration. Although effective in the
early stages of metastatic progression to the LNs, anakinra
could not prevent breast cancer metastasis and associated
MDSC recruitment in later stages of metastatic progression
to the neck tissue.

In this study MDSC recruitment to tumors was asso-
ciated with PI-induced metastasis. MDSCs were detected at
the metastatic sites, including LNs as well as head and neck
tissues. CyTOF data demonstrated the clear presence of
granulocytic-MDSC (Cd11b+, Ly6G+, and Ly6Clow) in the
premetastatic niche, as well as in the tumor of the head and
neck tissues. This data also confirmed a colocalization of
IL-10, IL-2, and TGF-β showing the immunosuppressive
expression pattern initiated by these MDSC. While TGF-ß
expression is also a feature of M2 macrophage, no such co-
expression was observed in our tissues. Activated M2
macrophage are reported to have low IL-2 expression in
response to IL-6 [38], interestingly the inhibition of IL-1ß
signaling by anakinra likely blocked IL-6 to possibly enable
the observed elevation of IL-2 localization with the mac-
rophage. Although both granulocytic and monocytic MDSC
have immunosuppressive properties, the granulocytic
MDSC are associated with greater expression of ROS and
recruitment to the sites of metastasis [39]. Similarly, we
identified the gingival fibroblasts exposed to LPS to

Fig. 7 Multiplex protein
detection of head and neck and
lymph node metastasis. CyTOF
based detection of phenotypic
and functional markers on
paraffin embedded tissue
sections of the late stage tumor-
bearing mouse control,
periodontitis, and periodontitis
model administered anakinra.
a Evaluation of CD11b, Ly6C,
Ly6G, TGF-β, CD163, IL-10,
and IL-2 expression were
detected in lymph nodes from
the late breast cancer metastasis
model. b Detection of these
same markers were performed
on the neck tissues of the same
model. Arrowhead indicates
tumor metastasis. The overlaid
pseudo-colored images for
MDSC and macrophage here are
individually illustrated in
Supplementary Fig. S3
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generate ROS (Fig. 2). Incidentally, P. gingivalis is reported
to promote the expansion of MDSC and consequently
suppressed the host response [31]. However, our finding
that 2/8 periodontitis specimens from noncancer patients
had elevated CD11b+/CD33+ MDSC, suggested that its
infiltration can be an inherent feature of periodontitis, rather
than tumor progression (Fig. 5). As such, in the PI mouse
models, MDSC recruitment was a likely precursor to tumor
infiltration [40]. The pyroptosis cascade has been detected
in inflamed human periodontium, including gingival fibro-
blast and periodontal ligament cells in our previous studies
[15, 41]. IL-1β in saliva or gingival crevicular fluid has even
been speculated as a potential biomarker for periodontal
disease [42]. The pyroptotic-process induced by PI con-
tributed to the maturation and secretion of IL-1β in mouse
gingival fibroblasts. Inhibition of IL-1β by anakinra sup-
pressed tumor metastasis in the head and neck region as

well as in LN and even reduced the growth of the mammary
primary tumor in the early stages of disease progression.
Nevertheless, anakinra failed to be beneficial in the later
stages of metastasis where MDSC were involved. Similarly,
targeting CCL5, an IL-1ß target, in breast cancer with anti-
CCL5 antibodies has been described to decrease the
immunosuppressive activity of MDSCs and reduce tumor
metastasis [43]. However, as other cytokines, not necessa-
rily a product of inflammasome activity, are left unchecked
by IL-1β or CCL5 inhibition, MDSC recruitment and tumor
metastasis would be unaffected in the long run.

Inflammasome activity has long been considered essen-
tial for host defense against pathogens, implicated in auto-
immune diseases, and primarily relegated to a function of
immune cells. We have previously demonstrated evidence
of inflammasome activity in bladder fibroblastic cells
[44, 45]. Herein we observed the inflammasome signaling

Fig. 8 Possible mechanism underling periodontal inflammation-
induced metastasis. Bacterial wall component, LPS, induces caspase
1 activation and proptosis pathway signaling in gingival fibroblasts in
instances of PI. The proinflammatory cytokine, IL-1β, as well as
CCL2, CCL5, and CXCL5 are produced and initiate M2 macrophage.
In the early stages of primary breast tumor progression, where there is

no expected metastasis, IL-1β and the produced cytokines recruit M2
macrophages, as well as MDSC to the lymph node and head and neck
area. In the later stages when metastasis has established, MDSC are the
main cells implicated and have a role in increasing the tumor burden in
the lymph node and head and neck area, where the role of IL-1β is
dispensable
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in the inflamed gingival fibroblasts. Inflammasome activa-
tion has gained consideration in the development of cancer
as well as its therapy as its can have both protumorigenic or
antitumorigenic effects [46]. In lung cancer, inflammasome
activity generates IL-1β and IL-8 in promoting EMT and
secretion of cytokines that modulate the tumor micro-
environment to promote lung cancer progression [47]. In
breast cancer, IL-1β production is associated with higher
rate of recurrence and is critical for tumor proliferation,
angiogenesis, migration, and invasion [24]. Our study
demonstrated a direct link between chronic PI and a sig-
nificant breast cancer metastatic risk. The metastatic niche
formed by the gingival fibroblasts was capable of recruiting
macrophage, cancer epithelia, and MDSC. Accordingly,
inflammasome inhibitors have been proposed to limit tumor
progression. The early steps of PI seem to be controlled by
IL-1β and macrophages in establishing a metastatic niche,
whereas in presence of the tumor and MDSC cells in a later
metastatic phase support tumor expansion. However, this
study demonstrates such a therapeutic strategy of inflam-
masome activity would have limited efficacy as a single
agent. But, interventions for periodontitis can be considered
an effectual preventative for breast cancer metastasis to the
head and neck region.

Materials and methods

Periodontal inflammation and tumor metastasis
mice models

Procedures and animal experiments were approved
by Institutional Animal Care & Use Committee (IACUC00
3638) at Sinai Medical Center. Four-week-old, female
BALB/c mice (16–22 g Harlan Laboratories, Indianapolis
IN) were used in the syngeneic xenografting and PI models
described. The PI model was generated as previously
reported by injecting 10 μg LPS (Escherichia coli LPS,
Sigma-Aldrich, St Louis, MO) in PBS or 10 μl endotoxin-
free PBS vehicle into mandibular buccal mucosa 2 times a
week for 3 weeks [15, 16]. The early metastasis models
were established as follows: 3 weeks following the PI
model set, mice received an injection of 4T1cells (5 × 104

cells) intracardially (early metastasis model 1) or received
4T1 cells (105 cells) in the mammary fat pad (early
metastasis model 2). Sample size of at least five mice per
group were selected to achieve 80% power. Both experi-
ments were terminated 2 weeks following cancer cell
injections. Tumor size was measured by Vernier caliper and
tumor volumes calculated according to the formula V
(mm3)= L (major axis) ×W (minor axis) × H × 6/π. The
axillary, cervical LNs, and gingival tissues were collected
for further experiment. The late metastasis model was

established after 3 weeks of PI model establishment, where
the 4th mammary fat pad was injected with 105 4T1 cells.
The anakinra (20 mg/kg, Amgen Inc, Thousand Oaks, CA)
was administered daily, starting on the day of tumor intro-
duction. Following the injection/grafting of tumors the mice
were randomized prior to allocating to the control and
treatment groups. Tumors were resected when they reached
100 mm2 and metastatic progression allowed to progress for
up to 10.5 weeks. The axillary, cervical LNs, the neck tis-
sue, and gingival tissue were collected for further evalua-
tion. The investigators were blinded to the group at the time
of allocation to the tumor or treatment groups. However, the
groups were known to the investigators during data col-
lection and analysis.

Luciferase assay

LNs were treated with luciferase lysis buffer (0.1 M potas-
sium phosphate buffer, 1 mM DTT, 2 mM EDTA, 1%
Triton X-100, and pH 7.8) for 10 min. Luciferase activity
was assayed using luciferase substrate buffer (Promega,
Madison, WI). Protein concentrations were evaluated using
BCA protein assay kit (Thermo Fisher Scientific Inc.,
Waltham, MA) on a microplate reader (Bio-Rad Labora-
tories, Hercules, CA). Relative luciferase Unit was calcu-
lated on a Luminometer (Monolight™ 3010, BD
Biosciences, San Jose, CA) according to the formula,
Relative luciferase Unit= (reporter activity− background)/
protein concentration.

Flow cytometry

LNs and spleen tissues were prepared using mechanical
dissociation of minced tissue to obtain single cell suspen-
sions. The following antibodies were used for flow cyto-
metry: anti-Ly6G/Ly6C (Cat #58-5931-82), anti-Cd11b
(Cat #12-0112-82), anti-CD86 (Cat #11-0862-82), anti-F4/
80 (Cat #17-4801-82), anti-MHCII (Cat #13-5321-82), and
anti-CD11c (Cat #11-0116-42) all from eBioscience, San
Diego, CA) and anti-CD206 (clone MR5D3; BioRad). After
being stained with a standard protocol, all events were
analyzed with FlowJo software (FlowJo, LLC, Ashland,
OR) and frequencies among live cells were obtained.

Cell culture

Mouse gingival fibroblasts were cultured from mandibular
buccal gingival tissues obtained from 6-week-old female
Balb/c mice. The gingival tissues were cut into 1 mm3

pieces and maintained in Alpha Modifications Minimum
Essential Medium (α-MEM) with 10% fetal bovine serum
supplemented with 100 U/ml penicillin, and 100 μg/ml
streptomycin (all from Cambrex, Walkersville, MD) at
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37 °C with 5% CO2. Cells between passage 3 and 7
were used.

The 4T1 mouse mammary carcinoma cells were obtained
from the American Type Culture Collection (ATCC,
Manassas, VA) and were cultured in RPMI 1640 medium
supplemented with 10% FBS, 100 U/ml penicillin, and
100 μg/ml streptomycin. Human gingival fibroblasts were
cultured following a previously published report [15].

Cell transfection

4T1-Luc cells were established as follows: the pGL4 luci-
ferase reporter vector was obtained from Promega. This
vector containing a hygromycin B selectable marker and
was transfected into 4T1 cells by using Nucleofector™ Kit
V (Lonza Group Ltd., Basel, Switzerland) with the Amaxa
Nucleofector (Lonza Group Ltd.), followed by a 30 μg/ml
hygromycin B (Invitrogen, Carlsbad, CA) selection for
7 days. The expression level of luciferase was then eval-
uated by luciferase assay.

RT-PCR and Realtime-PCR

Mouse gingival fibroblasts were serum-starved for 24 h,
then treated with 1 μg/ml LPS with or without 500 ng/ml
anakinra for 24 h. Total mRNA was isolated from gingival
fibroblasts or gingival tissue using RNeasy mini kit (Qia-
gen, Valencia, CA). cDNA was synthesized from 1 μg of
total RNA with the iScript cDNA kit (Bio-Rad Labora-
tories). Receptors mRNA expression was determined by
quantitative RT-PCR using primers in Supplementary Table
S1 and GoTaq Green Master Mix (VWR International,
Radnor, PA). Expression of mRNA was normalized to
β-actin levels and expressed as fold change using the
comparative threshold cycle (Ct) method (2−ΔΔCt). Pri-
mers used were described in Supplementary Table 1.

Reactive oxygen species (ROS) staining

Gingival fibroblasts were serum-starved for 24 h, then
treated with 1 μg/ml LPS for 24 h. Cells were further cul-
tured in the presence of 20 μg MDCF-DA (Sigma-Aldrich)
for 20 min and imaged with a fluorescence microscope
(Olympus Fsx100, Olympus Corporation, Tokyo, Japan).

Cytokine assay

Gingival fibroblasts were serum-starved for 24 h, then treated
with 1 μg/ml LPS with or without 500 ng/mg anakinra for
24 h. Cytokine concentrations in cell lysates were then
determined using the Mouse Cytokine Array C3 (RayBiotech,
Inc., GA) following manufacturer’s instructions. Data were
quantitated with Quantity One (Bio-Rad Laboratories)

Western blot

For short-term cultures, gingival fibroblasts were serum-
starved for 24 h, then treated with 1 μg/ml LPS for 24 h. For
long-term cultures, gingival fibroblasts were treated with
1 μg/ml LPS in α-MEM containing 2% FBS for 14 days.
Proteins were detected following a previously published
western blot procedure [15]. The following proteins were
detected by the following antibodies: anti-caspase 1 (Cat#
14367; Gene Tex Inc., Irvine, CA), anti-caspase 3 (Cat#
611048; BD Transduction Laboratories, San Jose, CA),
anti-IL-1β (Cat# AF-201-NA; R&D Systems Inc., Min-
neapolis, MN), anti-NLRP3 (Cat#LS-C162911; LifeSpan
Biosciences, Inc., Seattle, WA), anti-NF-κB p65 (Cat#3033;
phosphorylated Ser 536, Cell Signaling Technology, Inc.,
MA, USA), anti-NF-κB p65 (Cat# sc-71675; Santa Cruz
Biotechnology, Inc., Dallas TX), anti-IKKβ (Cat# ab32041;
Abcam, MA), anti-IKK beta (Cat# ab59195; phosphory-
lated Y199, Abcam), β-actin (Cat# sc-69879; Santa Cruz
Biotechnology, Inc.).

CyTOF

Literature was reviewed to identify markers relevant to the
tumor and premetastatic niche. Metal conjugated antibodies
were obtained with custom conjugations with Fluidim
Maxpar Antibody Labeling Kit (Supplementary Table S2).
Antibodies were validated on neck area and LNs on 5 µM
formalin-fixed paraffin-embedded tissue sections. Heat-
induced antigen retrieval (Tris-EDTA buffer at pH 9),
blocking with 3% bovine serum albumin, and titrated
antibody staining concentrations were employed. Slides
were imaged using the Fluidigm Hyperion Tissue Imager
system with a 1-µm2 laser ablation spot size at a frequency
of 200 Hz and ablation energy of 3 dB. Area of analyzed
tissue varied from 400 um2 up to 1000 um2 with multiple
areas imaged per specimen. Image analysis was performed
with MCD viewer (Fluidigm) and HistoCAT [48].

Clinical samples, immunohistochemistry (IHC), and
analysis

The protocol was approved by the Institutional Ethics
Committee of West China Hospital of Stomatology
(Chengdu, Sichuan, China, WCHSIRB-ST-2014-091).
Human gingival specimens were collected from crown
lengthening surgery (normal gingival tissues) and gingi-
vectomy (periodontitis tissues) by informed consent.

Immunohistochemical localization of select proteins
were performed on standard protocol on 4% paraf-
ormaldehyde fixed, paraffin embedded tissues using anti
Luciferase (Novus Biologicals, Littleton, CO), NLRP3
(LifeSpan Biosciences), 8-OHdG (Abcam), TUNEL
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(Thermo Fisher Scientific Inc., Waltham, MA, USA), IL-1β
(R&D Systems), Gr1.1 (Novus Biologicals), CD33
(Abcam), CD11b (Abcam), and Pan cytokeratin antibodies
(Santa Cruz Biotechnology). Quantitation of positive
staining was normalized to total number of cells per field by
NIH Image software.

Enzyme-linked immunosorbent assay (ELISA)

ELISA was performed for the expression of IL-1β (Biole-
gend, San Diego, CA), CCL2, CCL5, CXCL5 and CXCL12
(MultiSciences, Hangzhou, Zhejiang, China) on condi-
tioned media from human gingival fibroblasts expanded for
24 h in the presence or absence of LPS. IL-1β ELISA was
also performed on conditioned media from mouse gingival
fibroblasts and blood plasma from mice of early metastasis
models.

Statistical analysis

Data were expressed as mean ± SEM. The statistical sig-
nificance of differences was assessed by using ANOVA or
student’s t test. Difference was considered significant when
P < 0.05.
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