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ABSTRACT Aggregatibacter actinomycetemcomitans is associated with aggressive
periodontal disease, which is characterized by inflammation-driven alveolar bone
loss. A. actinomycetemcomitans activates the p38 mitogen-activated protein kinase
(MAPK) and MAPK-activated protein kinase 2 (MK2) stress pathways in macrophages
that are involved in host responses. During the inflammatory process in periodontal
disease, chemokines are upregulated to promote recruitment of inflammatory cells.
The objective of this study was to determine the role of MK2 signaling in chemokine
regulation during A. actinomycetemcomitans pathogenesis. Utilizing a murine calvar-
ial model, Mk2�/� and Mk2�/� mice were treated with live A. actinomycetemcomi-
tans bacteria at the midsagittal suture. MK2 positively regulated the following mac-
rophage RNA: Emr1 (F4/80), Itgam (CD11b), Csf1r (M-CSF Receptor), Itgal (CD11a), Tnf,
and Nos2. Additionally, RNA analysis revealed that MK2 signaling regulated chemo-
kines CCL3 and CCL4 in murine calvarial tissue. Utilizing the chimeric murine air
pouch model, MK2 signaling differentially regulated CCL3 and CCL4 in the hemato-
poietic and nonhematopoietic compartments. Bone resorption pits in calvaria, ob-
served by micro-computed tomography, and osteoclast formation were decreased in
Mk2�/� mice compared to Mk2�/� mice after A. actinomycetemcomitans treatment.
In conclusion, these data suggest that MK2 in macrophages contributes to regula-
tion of chemokine signaling during A. actinomycetemcomitans-induced inflammation
and bone loss.
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Aggregatibacter actinomycetemcomitans is a Gram-negative capnophilic coccobacil-
lus often isolated from the oral cavity of patients diagnosed with aggressive

periodontal disease (1–3). Aggressive periodontal disease has a unique characteristic of
preferentially affecting succedaneous incisors and 1st molars (4), whereas chronic
periodontal disease can affect all teeth in the oral cavity. Aggregatibacter actinomyce-
temcomitans has been implicated in extraoral infections, such as infective endocarditis
(5), cerebral abscesses (6, 7), bacterial arthritis (8), osteomyelitis (9), and pregnancy-
associated septicemia (10). Despite the association of A. actinomycetemcomitans with
several diseases, the source of infection is ultimately the oral cavity (11–13). During
periodontal disease pathogenesis, the host response disrupts the physiological state of
the periodontium, which includes the gingiva and periodontal ligament. This osteoim-
munological response leads to net alveolar bone resorption and, eventually, tooth loss.
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While there are 6 serotypes of A. actinomycetemcomitans, serotypes a, b, and c have
been isolated the most often from periodontal disease sites (12, 14, 15). The host
response to A. actinomycetemcomitans is the strongest against serotype b strains when
the responses against serotype a, b, and c strains in the United States are compared
(16). It has long been known that of the 6 serotypes of A. actinomycetemcomitans,
serotype b also increases the risk of development of periodontal disease (17, 18).
Aggregatibacter actinomycetemcomitans possesses several virulence factors, including
leukotoxin, cytolethal distending toxin (CDT), and lipopolysaccharide (LPS), which have
potent immunomodulatory effects. It is thought that serotype b strains of A. actino-
mycetemcomitans are highly virulent and have potent LPS endotoxin and leukotoxin,
which are responsible for significantly increasing the host response compared to the
host response to other serotypes of A. actinomycetemcomitans (15, 19).

When mice are used as a model of periodontal disease, they mount an inflammatory
response against A. actinomycetemcomitans infection that results in a high abundance
of macrophages (20, 21). Peripheral blood and splenic monocytes act as progenitors for
osteoclasts, macrophages, and dendritic cells in vitro (22). These monocytes are lym-
phoid negative and myeloid positive, and they are defined as B220� CD3� NK1.1�

CD11b� Ly6Chi CD115� CCR2hi CX3CR1� common lineage cells (22). Hematopoietic
system-derived host immune cells include macrophages, neutrophils, dendritic cells, T
cells, and osteoclasts, all of which have been shown to respond to A. actinomycetem-
comitans in vitro (23). Nonhematopoietic cell types, including epithelial cells, fibroblasts,
and osteoblasts, are also involved in A. actinomycetemcomitans pathogenesis. Both
hematopoietic and nonhematopoietic systems dually participate in the host immune
function.

The chemokine/chemokine receptor signaling axis is also a key regulator of aggres-
sive periodontal disease and is associated with A. actinomycetemcomitans infection. In
a clinical study, chemokine ligand 3 (CCL3) levels were enhanced in salivary samples
from A. actinomycetemcomitans-infected children who progressed to bone loss (24).
This study suggested that CCL3 is a potential prognostic marker of periodontal disease
progression in patients infected with A. actinomycetemcomitans (24). Chemokines are
necessary to promote the recruitment of host macrophages through their chemokine
receptors during infection. Macrophage inflammatory protein 1� (MIP-1�) and MIP-1�,
which are also called CCL3 and CCL4, are macrophage-secreted ligands for the chemo-
kine receptors CCR1 and CCR5, respectively. Mature macrophages (F4/80 positive) were
shown to express CCR1 and CCR5 on the cell surface (20). Moreover, macrophages had
sustained Ccl3 and Ccl4 gene expression in response to oral A. actinomycetemcomitans
treatment in a mouse periodontal disease model (21). Additionally, A. actinomycetem-
comitans recruited CCR5-, CCR1-, and receptor activator of nuclear factor kappa B ligand
(RANKL)-positive cells in an experimental mouse model (20). RANKL is an essential
cytokine for osteoclast-driven bone loss that is secreted and expressed on the surface
of fibroblasts, osteoblasts, and T cells. These clinical and preclinical studies separately
revealed the importance of chemokines in immune function; however, the mechanism
of action of chemokines in immune plasticity during inflammatory bone loss has yet to
be elucidated.

Once peripheral inflammatory cells reach the local site of infection through the
chemokine gradient, A. actinomycetemcomitans induces intracellular signaling cascades
that enhance the host immune response. A critical cascade involved in stress signaling
is the mitogen-activated protein kinase (MAPK) pathway, composed of 3 MAPKs: p38,
Jun N-terminal kinase (JNK), and extracellular regulated kinase (ERK). We have shown
that A. actinomycetemcomitans induced the phosphorylation of the JNK, ERK, and p38
MAPKs in macrophages (25). Aggregatibacter actinomycetemcomitans also led to the
phosphorylation of MAPK-activated protein kinase 2 (MK2), a direct substrate of the
p38�/� MAPK (25). Additionally, histological analysis in a clinical study showed that p38
MAPK levels were the most strongly correlated with periodontal disease severity when
the correlation of the three MAPKs with disease severity were compared, but MK2 levels
were not assessed (26). Based on these findings, we hypothesized that MK2 signaling
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regulates the recruitment of inflammatory monocytes through the chemokine/chemo-
kine receptor axis and local monocyte plasticity.

Thus, the role of MK2 in the regulation of the chemokine and chemokine receptor
signaling axis has not previously been addressed. This study demonstrates the critical
role of MK2 signaling in the hematopoietic and nonhematopoietic cell lineages during
regulation of the chemokine/chemokine receptor axis in monocyte plasticity during A.
actinomycetemcomitans-induced inflammation and bone loss.

RESULTS
MK2 signaling regulates host inflammatory infiltrate in murine calvarial infec-

tion. To demonstrate that A. actinomycetemcomitans induced inflammation through
MK2 signaling, we assessed the murine calvarium model by histology. After 3 days,
A. actinomycetemcomitans induced a significant amount of inflammation in Mk2�/�

mice compared to that found in phosphate-buffered saline (PBS) vehicle-treated
Mk2�/� mice (P � 0.05), as detected by hematoxylin and eosin (H&E) staining and by
use of the inflammatory infiltrate score (Fig. 1A and B). By day 5 of A. actinomycetem-
comitans treatment, A. actinomycetemcomitans increased overall inflammation in A.
actinomycetemcomitans-treated Mk2�/� mice compared to PBS-vehicle treated Mk2�/�

mice (P � 0.01; Fig. 1A and B). F4/80 immunohistochemistry was used to identify
mature macrophages using digital analysis (Fig. 1C). There were trends toward de-
creased F4/80-positive staining in A. actinomycetemcomitans-treated Mk2�/� mice
compared to Mk2�/� mice on days 3 and 5 of treatment (Fig. 1D). RNA analysis revealed
that the macrophage markers Emr1 (F4/80), Itgam (CD11b), Itgal (CD11a), Csf1r (mac-
rophage colony-stimulating factor [M-CSF] receptor), Tnf, and Nos2 were significantly
upregulated in Mk2�/� mice compared to Mk2�/� mice (P � 0.05) during A. actino-
mycetemcomitans stimulation (Fig. 1E).

Aggregatibacter actinomycetemcomitans activates the p38/MK2 MAPK signal-
ing pathway. Based on the finding that MK2 signaling regulated local macrophage
gene expression during A. actinomycetemcomitans infection, we next investigated
whether MK2 signaling in macrophages is engaged upon A. actinomycetemcomitans
challenge. Since the p38�/� MAPK acts directly to phosphorylate MK2, we utilized
immunoblotting to detect p38 and MK2 phosphorylation levels in bone marrow-
derived macrophages (BMDMs) and calvarial tissue. Aggregatibacter actinomycetem-
comitans stimulated p38 phosphorylation in both Mk2�/� and Mk2�/� mouse BMDMs
(Fig. 2A), suggesting that MK2 levels do not change p38 phosphorylation upstream.
Aggregatibacter actinomycetemcomitans induction of MK2 phosphorylation was reca-
pitulated in calvarial tissue protein (Fig. 2B). Densitometric analysis of the immunoblot
showed that during calvarial challenge, A. actinomycetemcomitans significantly in-
creased MK2 levels (P � 0.05), and there was a trend of increasing phospho-MK2
(p-MK2) levels in Mk2�/� mice compared to vehicle-treated Mk2�/� mice (Fig. 2C). No
differences in phospho-p38 (p-p38) abundance were detected during MK2 deficiency or
A. actinomycetemcomitans infection (Fig. 2C). These data show that A. actinomycetem-
comitans induced MK2 phosphorylation in vivo and ex vivo in BMDMs.

MK2 signaling regulates the chemokine/chemokine receptor axis during A.
actinomycetemcomitans challenge. To determine which chemokines or chemokine
receptors were regulated by MK2 during A. actinomycetemcomitans calvarial infection,
comprehensive quantitative RNA analysis was performed using the NanoString Tech-
nologies immunology panel. These results of the mRNA counts are detailed in Table 1.
The Ccl3, Ccl4, Ccl5, and Ccl12 chemokine RNAs were significantly upregulated in A.
actinomycetemcomitans-treated Mk2�/� mice compared to A. actinomycetemcomitans-
treated Mk2�/� mice (P � 0.05). The chemokine RNA transcripts that were the most
highly expressed in Mk2�/� mice during A. actinomycetemcomitans challenge com-
pared to their levels of expression in vehicle-treated Mk2�/� mice were Ccl3 and Ccl4.
Ccl3 was the only chemokine RNA transcript with a level of expression of greater than
10,000 RNA counts in Mk2�/� mice challenged with A. actinomycetemcomitans. The
mean level of Ccl3 gene expression was 9 times higher in Mk2�/� mice than Mk2�/�
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mice challenged with A. actinomycetemcomitans (P � 0.0159). Ccl3, Ccl4, and Ccl5
encode the ligands MIP-1� and MIP-1�, respectively. All three of these chemokines
signal through receptors CCR1 and CCR5. There was a significant 2-fold decrease in the
level of expression of Ccl12 in A. actinomycetemcomitans-treated Mk2�/� mice com-
pared to A. actinomycetemcomitans-treated Mk2�/� mice (P � 0.0159). The levels of the
Ccr4 and Ccr5 chemokine receptor transcripts were significantly different in Mk2�/�

mice and Mk2�/� mice challenged with A. actinomycetemcomitans. Interestingly, the
level of Ccr5 transcription was increased approximately 8 times by A. actinomycetem-
comitans treatment in Mk2�/� mice, but during bacterial challenge the level was
significantly reduced 2-fold in Mk2�/� mice compared to that in Mk2�/� mice (P �

0.0317). Conversely, A. actinomycetemcomitans treatment significantly decreased the

FIG 1 MK2 signaling regulates A. actinomycetemcomitans-induced inflammatory infiltrate. (A) Representative �40-magnification images of Mk2�/� and Mk2�/�

mouse calvaria, including the epithelium (E), calvarium (C), and brain (B), treated with PBS vehicle or A. actinomycetemcomitans (A.a.) for 3 or 5 days. Blue scale
bars, 100 �m. (B) Inflammatory infiltrate scores for Mk2�/� and Mk2�/� mice treated with PBS vehicle or A. actinomycetemcomitans for 3 days (top) and 5 days
(bottom). (C) Representative �200-magnification images obtained after F4/80 staining of A. actinomycetemcomitans-treated Mk2�/� and Mk2�/� mice for 3 days
and Visiopharm analysis. (D) F4/80-positive (F4/80�) area of Mk2�/� and Mk2�/� mice treated with PBS vehicle or A. actinomycetemcomitans for 3 and 5
days. (E) Analysis of macrophage marker RNA in mouse calvarial tissue treated for 3 days by use of the NanoString Technologies immunology panel (n � 3 to
5). Data are expressed as means � SEMs. *, P � 0.05; **, P � 0.01.
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level of Ccr4 gene expression in Mk2�/� mice compared to Mk2�/� mice (P � 0.0317),
although the RNA counts for Ccr4 were relatively low compared to those for the other
transcripts (Table 1). These data highlight the positive function of MK2 signaling in the
CCL3/CCL4/CCR5 signaling axis.

Notably, MK2 deficiency in BMDMs significantly attenuated Ccl3 (P � 0.05) gene
expression levels (Fig. 3A). Reverse transcription-quantitative PCR (RT-qPCR) methods
were used to confirm the results for calvarial tissue obtained with the NanoString
Technologies immunology panel (Fig. 3B). Mk2�/� mice challenged with A. actinomy-
cetemcomitans showed a significant increase in Ccl3 (P � 0.01) and Ccl4 (P � 0.01) gene
expression levels compared to Mk2�/� mice (Fig. 3B). Protein analysis by a multiplex
assay showed that MK2 signaling also significantly upregulated CCL3 (P � 0.05) in
calvarial tissue after 3 days of A. actinomycetemcomitans infection (Fig. 3C). Consistent
with the gene expression data, CCL3 was the most abundant chemokine (Fig. 3C).
Interestingly, MK2 deficiency downregulated only circulating CCL4 levels (P � 0.05; Fig.
3D). From these results, we show that MK2 signaling differentially regulates chemokines
locally and peripherally in mice during local bacterial challenge.

MK2 signaling does not regulate circulating chemokine receptors. Since chemo-
kines act as chemoattractant proteins for recruiting circulating host immune cells
during infection, we assessed chemokine receptors in the peripheral blood of Mk2�/�

FIG 2 Aggregatibacter actinomycetemcomitans stimulates MK2 signaling in macrophages and in vivo. (A) A representative immunoblot
of A. actinomycetemcomitans (A.a.) treatment (tx) stimulating p38 and MK2 phosphorylation in murine BMDMs (n � 2). (B) A
representative immunoblot of calvarial tissue protein treated with A. actinomycetemcomitans for 3 days. (C) Densitometric analysis of
calvarial tissue proteins in which the protein levels were normalized to the levels of GAPDH (n � 3 to 5). Data are expressed as
means � SEMs. *, P � 0.05.
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and Mk2�/� mice by flow cytometry (Fig. 4A). There was no significant difference in the
percentage of CD11b� CCR1� peripheral blood cells between vehicle- and A.
actinomycetemcomitans-treated mice (Fig. 4B). However, there was a significant in-
crease in CD11b� CCR2� (P � 0.05) and CD11b� CCR5� (P � 0.05) circulating
peripheral blood cells in Mk2�/� mice treated with A. actinomycetemcomitans com-

TABLE 1 MK2 regulates chemokine/chemokine receptor RNA during A. actinomycetemcomitans pathogenesis

RNA

RNA counta

P value
PBS-treated
Mk2�/� mice

PBS-treated
Mk2�/� mice

A. actinomycetemcomitans-treated
Mk2�/� mice

A. actinomycetemcomitans-treated
Mk2�/� mice

Ccl2 348 � 112 142 � 12 1,655 � 620 1,483 � 783 0.6905
Ccl3 114 � 86 104 � 80 17,611 � 15,783 1,905 � 2,472 0.0159b

Ccl4 46 � 51 31 � 50 6,933 � 7,276 788 � 1,022 0.0317b

Ccl5 32 � 13 6 � 6 1,226 � 970 463 � 255 0.0317b

Ccl6 202 � 87 62 � 27 364 � 344 250 � 149 0.8413
Ccl7 144 � 56 55 � 14 994 � 191 732 � 400 0.2222
Ccl8 1,326 � 132 252 � 59 5,565 � 2,045 6,361 � 4,105 0.5476
Ccl9 1,039 � 345 368 � 24 2,510 � 1,254 1,329 � 559 0.1195
Ccl11 1,149 � 267 837 � 177 299 � 101 498 � 219 0.2222
Ccl12 18 � 10 6 � 9 474 � 130 205 � 110 0.0159b

Ccl19 398 � 86 213 � 17 474 � 61 592 � 254 0.6905
Ccl20 116 � 32 135 � 39 115 � 53 141 � 30 0.6905
Ccl25 79 � 13 85 � 8 51 � 10 46 � 25 0.2222
Ccr2 898 � 306 359 � 242 2,410 � 1,330 1,233 � 414 0.0952
Ccr4 288 � 38 403 � 83 64 � 50 189 � 97 0.0317b

Ccr5 120 � 46 26 � 19 950 � 385 391 � 216 0.0317b

Ccr7 12 � 5 5 � 7 40 � 27 17 � 14 0.1508
Ccr9 167 � 49 83 � 8 42 � 23 90 � 43 0.0556
aValues represent the mean RNA count � SD for each group of PBS vehicle-treated mice (n � 3) and A. actinomycetemcomitans-treated mice (n � 5). RNA counts are
from an analysis performed with the NanoString Technologies immunology panel and cavarial tissue from Mk2�/� and Mk2�/� mice treated with A.
actinomycetemcomitans or PBS vehicle for 3 days.

bP � 0.05 by comparison of the results for A. actinomycetemcomitans-treated Mk2�/� mice with those for A. actinomycetemcomitans-treated Mk2�/� mice using a
two-tailed Mann-Whitney test.

FIG 3 MK2 regulates chemokines in A. actinomycetemcomitans-challenged macrophages and in vivo. (A) RT-qPCR of Ccl3 and Ccl4 gene expression of Mk2�/� and
Mk2�/� BMDMs stimulated with 10 CFU of A. actinomycetemcomitans (A.a.) per cell or untreated control Mk2�/� and Mk2�/� BMDMs (n � 3 to 4). (B) RT-qPCR of Ccl3
(left) and Ccl4 (right) gene expression in mouse calvarial tissue challenged with A. actinomycetemcomitans or PBS vehicle for 3 days (n � 3 to 7). (C) Multiplex assay
of mouse tissue chemokines after 3 days of A. actinomycetemcomitans treatment (n � 4). (D) Multiplex assay of mouse peripheral blood chemokines after 3 days of
A. actinomycetemcomitans treatment (n � 4). Data are expressed as means � SEMs. *, P � 0.05; **, P � 0.01.
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pared to vehicle-treated Mk2�/� mice (Fig. 4B). These results suggest that local A.
actinomycetemcomitans challenge systemically regulates circulating CD11b� CCR2�

cells, which are classically considered the circulating inflammatory monocyte subset. In
our study, MK2 signaling did not regulate the CCR1, CCR2, or CCR5 chemokine receptor
on CD11b� monocytic cells.

MK2 signaling differentially regulates hematopoietic system- and nonhema-
topoietic system-mediated early inflammatory cell recruitment and chemokines.
Since cells of nonhematopoietic and hematopoietic origin secrete chemokines, we next
aimed to determine the role of MK2 signaling in the hematopoietic system versus the
nonhematopoietic system. CCL3 and CCL4 chemokines were quantified in air pouch
exudates from four groups of mice treated with A. actinomycetemcomitans. There were
no significant differences in CCL3 protein levels (Fig. 5A). Trends of decreasing CCL3
protein levels were observed in wild-type (WT) mice with Mk2�/� mouse hematopoietic
cells compared to the levels in the WT control group (WT mice into which Mk2�/�

mouse cells were transplanted) (P � 0.093; Fig. 5A). Opposite from the findings for
CCL3, there was a trend toward an increase in CCL4 protein levels in chimeric mice with

FIG 4 MK2 signaling does not regulate circulating monocytes during A. actinomycetemcomitans pathogenesis. (A) Representative flow cytometry plots of
peripheral blood CD11b� CCR1�, CD11b� CCR2�, and CD11b� CCR5� cells from Mk2�/� and Mk2�/� mice treated with PBS vehicle or A. actinomycetem-
comitans (A.a.) for 3 days. Q1 to Q4, quadrants 1 to 4, respectively. (B) Quantification of percent positive CD11b� CCR1�, CD11b� CCR2�, and CD11b� CCR5�

cells from Mk2�/� and Mk2�/� mice treated with PBS vehicle or A. actinomycetemcomitans for 3 days (n � 4). Data are expressed as means � SEMs. *, P � 0.05.

FIG 5 MK2 differentially regulates chemokines CCL3 and CCL4. (A) ELISA quantification of CCL3 in air pouch exudate from A.
actinomycetemcomitans-treated mice (n � 6 to 10). (B) ELISA quantification of CCL4 in air pouch exudate from A. actinomycetemcomitans-treated
mice (n � 6 to 10). Data are expressed as means � SEMs compared to the results for the WT control groups. *, P � 0.05.
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Mk2�/� mouse hematopoietic cells compared to the WT control group (WT mice into
which Mk2�/� mouse cells were transplanted) (P � 0.0513) when the mice were
challenged with A. actinomycetemcomitans (Fig. 5B). The Mk2�/� mouse nonhemato-
poietic compartment of recipient mice with WT hematopoietic cells had decreased
CCL4 levels compared to the WT control group (WT mice into which Mk2�/� mouse
cells were transplanted) during A. actinomycetemcomitans challenge (P � 0.05; Fig. 5B).
These results suggest that MK2 differentially regulates chemokines in the hemato-
poietic and nonhematopoietic compartments during A. actinomycetemcomitans
pathogenesis.

MK2 signaling is critical for A. actinomycetemcomitans-induced bone loss. To
determine the role of MK2 signaling in A. actinomycetemcomitans-induced inflamma-
tory bone loss, we quantified calvarial pit formation and osteoclastogenesis by micro-
computed tomography (�CT) and histological analysis. There was a significant increase
in the number of resorption pits in A. actinomycetemcomitans-treated Mk2�/� mice
compared to Mk2�/� mice on days 3 and 5 (P � 0.05; Fig. 6A and B). As anticipated,

FIG 6 A. actinomycetemcomitans induces murine calvarial bone loss through MK2. (A) Representative three-dimensional reconstruction of �CT results for mouse
calvaria. Red arrows, areas of calvarial resorption that have been magnified 6�. (B) Calvaria resorption pit enumeration for A. actinomycetemcomitans-treated
mice (n � 3 to 5). (C) Representative �200-magnification images of mouse calvaria for TRAP staining for osteoclasts. Red arrows, osteoclasts in contact with
bone surface. (D) Results of analysis of tnfsf11 (RANKL) RNA counts from mouse calvarial tissue treated for 3 days (n � 3 to 5) by use of the NanoString
Technologies immunology panel. (E) Enumeration of the number of osteoclasts (OC) per calvarial bone perimeter (B.Pm.) for mice treated for 3 days and 5 days
(n � 3 to 5). Data are expressed as means � SEMs. *, P � 0.05; **, P � 0.01.
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vehicle treatment did not cause any resorption pit formation (Fig. 6A). Tartrate-resistant
acid phosphatase (TRAP)-positive cells adjacent to bone were enumerated as oste-
oclasts, but the difference in the number of osteoclasts between Mk2�/� mice and
Mk2�/� mice did not reach statistical significance (Fig. 6C and E). Interestingly, analysis
of calvarial tissue RNA revealed that tnfsf11 (RANKL) RNA counts were reduced approx-
imately 3.5-fold in A. actinomycetemcomitans-treated Mk2�/� mice compared to
Mk2�/� mice at day 3 (P � 0.05; Fig. 6D). Furthermore, we elucidated that MK2
signaling did not alter the percentage of circulating common monocyte progenitor
cells, marked by CD11b� Ly6Chi CCR2hi (see Fig. S1A and B in the supplemental
material), suggesting that the differences in bone loss detected were not due to a
decrease in peripheral osteoclast progenitor cells.

DISCUSSION

In the present study, our data clearly showed that MK2 signaling regulates the
inflammation and bone loss induced by A. actinomycetemcomitans in the calvarial and
air pouch murine bacterial challenge models. Interestingly, MK2 signaling did not
regulate inflammatory infiltrate, but by taking a closer look at the constituents of the
inflammatory infiltrate, we showed that MK2 positively regulates macrophage polar-
ization during A. actinomycetemcomitans challenge. MK2 deficiency caused a trend
toward a decrease in the level of the F4/80-positive mature macrophage infiltrate
during A. actinomycetemcomitans challenge. Furthermore, MK2 deficiency led to sig-
nificant reductions in the levels of the following macrophage RNA transcripts: Emr1,
Itgam, Itgal, Csf1r, Tnf, and Nos2. This suggests that MK2 positively regulated macro-
phage differentiation during A. actinomycetemcomitans pathogenesis. In particular,
Itgal encodes CD11a, which is an integrin component of LFA-1. LFA-1 is considered a
receptor for A. actinomycetemcomitans leukotoxin and is required for A. actinomyce-
temcomitans internalization, which initiates cell death (27). Since MK2 deficiency down-
regulated Itgal, the decreases in the amount of macrophage infiltrate seen were not
likely due to A. actinomycetemcomitans-induced monocyte apoptosis. By looking at
both proapoptosis and antiapoptosis genes, we also confirmed that A. actinomycetem-
comitans did not induce apoptosis through MK2 signaling (see Fig. S2A and B in the
supplemental material). MK2 signaling also did not alter live bacterial counts at the end
of treatment (Fig. S2C). These results highlight that MK2 deficiency is required for
attenuation of the host inflammatory response without changing bacterial growth.

Aggregatibacter actinomycetemcomitans caused robust MK2 and p38 phosphoryla-
tion in BMDMs and in murine calvarial tissues. We observed that total p38 MAPK levels
were lower in untreated and A. actinomycetemcomitans-treated Mk2�/� mouse BMDMs.
These results are consistent with previous findings showing that during MK2 deficiency
total p38 is destabilized but p-p38 levels remain unchanged (28–30). Phosphorylation
of MK2 was recapitulated in vivo and was similar to the MK2 phosphorylation by A.
actinomycetemcomitans in BMDMs, indicating that macrophages contribute to MK2
protein levels at the site of infection.

Next, we identified the chemokines and their receptors that were regulated by A.
actinomycetemcomitans and MK2 signaling. MK2 signaling was essential for expression
of the chemokine receptors Ccr4 and Ccr5 and chemokines Ccl3, Ccl4, Ccl5, and Ccl12.
During infection, Mk2�/� mice had increased levels of Ccr4 RNA, which encodes the
receptor for CCL2, -4, -5, -17, and -22. This increase in Ccr4 RNA levels can be correlated
with trends of increased CCL4 and CCL5 protein levels in Mk2�/� mouse calvarial tissue
compared to those in Mk2�/� mouse calvarial tissues. We identified in vivo a novel RNA
transcript, Ccl12, that A. actinomycetemcomitans had not yet been shown to activate.
Ccl12 encodes the protein monocyte chemotactic protein 5 (MCP-5), which is known to
bind only to CCR2 (31). While it was clear that MK2 signaling regulated chemokine gene
expression, MK2 was also critical for the presence of the CCL3 protein in calvarial tissue
after 3 days of A. actinomycetemcomitans infection, yet no differences in CCL4 protein
levels in the presence or absence of MK2 were detected. These data revealed that MK2
signaling significantly regulates the CCL3/CCR5 signaling axis.
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We gained further novel insight into the mechanisms of MK2 regulation during A.
actinomycetemcomitans pathogenesis by utilizing the bone marrow transplant mouse
model. Trends that led to a 2-fold reduction in CCL3 protein levels and a 2-fold increase
in CCL4 levels in Mk2�/� mice compared to those in WT mice were observed in the
Mk2�/� mouse hematopoietic cells, suggesting a possible compensatory role of
chemokines during A. actinomycetemcomitans challenge. These results were consistent
with the total protein levels measured in the murine calvarial model, where we
observed a significant decrease in local CCL3 levels in Mk2�/� mice compared to
Mk2�/� mice during bacterial challenge. However, in the calvarial model, MK2 did not
regulate CCL4 in the tissue but instead regulated circulating CCL4. Thus, we determined
that global MK2 deficiency in mice differentially regulated chemokines in the local and
peripheral compartments. MK2 signaling also proved to significantly regulate CCL4 in
the nonhematopoietic system-derived cells during the air pouch challenge with A.
actinomycetemcomitans. Given that these data strongly support the notion that al-
though no differences may be detected in initial studies utilizing globally deficient
mice, it is crucial to tease apart the roles of the hematopoietic and nonhematopoietic
systems.

Despite the differences in the amounts of chemokines that were detected, there
were no changes in the amounts of circulating CD11b� CCR5� cells, which bind
redundant CCL3 and CCL4 ligands, potentially because MK2 does not regulate all of the
ligands for the CCR5 receptor. While it is apparent that MK2 regulated the chemokine/
chemokine receptor axis, chemokine ligand redundancy may contribute to the delayed
macrophage activation in Mk2�/� mice by day 5 of A. actinomycetemcomitans chal-
lenge. For example, while we detected a significant decrease in CCL3, which is a CCR5
agonist in MK2-deficient mice, MK2 deficiency also caused a trend toward increasing
CCL5 levels, which bind to CCR5 as well. These results can be explained by studies
showing that during A. actinomycetemcomitans infection CCL3-deficient mice had
numbers of CCR5- and CCR1-positive cells similar to the numbers in non-CCL3-deficient
mice, which was attributed to the biologically homologous roles of CCL4 or CCL5
interactions with CCR5/CCR1 receptors (20). Our results show that the functionally
redundant chemokines CCL3 and CCL4 were regulated by MK2 during A. actinomyce-
temcomitans infection, but the overall decrease was not robust enough to regulate
circulating monocytes and their overall recruitment to the local site of infection.

Next, we demonstrated that MK2 signaling regulated pathogenic bone loss. Previ-
ous findings showed that CCL3 upregulated RANKL, a critical bone-resorbing cytokine
(32), and both CCL3 and RANKL were regulated by MK2 in our murine calvarial bone
loss model. Furthermore, MK2 signaling was essential for physiological RANKL-induced
osteoclast formation (30, 33) and LPS-induced osteoclast formation (34). The murine
calvarial model was an exceptional way to study periopathogenic influences on bone
remodeling because the calvariae, maxilla, and mandible are all formed by intramem-
branous ossification. Osteoclast formation indeed increased from days 3 to 5 during A.
actinomycetemcomitans treatment in Mk2�/� mice but not in Mk2�/� mice. There was
a trend toward decreasing numbers of osteoclasts per bone perimeter surface in
Mk2�/� mice compared to Mk2�/� mice at 5 days after infection. Osteoclast levels
correlated with increased numbers of resorption pits in Mk2�/� mice. In the absence of
MK2, bone loss was significantly reduced, further confirming the positive regulatory
role of MK2 signaling in bone resorption. We determined that osteoclast deficiencies in
Mk2�/� mice were not due to a basal deficiency in circulating CD11b� Ly6Chi CCR2hi

osteoclast/macrophage common progenitors. These data suggest that MK2 signaling
affects calvarial skeletal homeostasis, resulting in net bone loss at the local site of
infection.

Our study determined that MK2 signaling regulates macrophages and osteoclasts.
Both cells types are derived from monocyte progenitors in the supraphysiological host
response associated with A. actinomycetemcomitans-induced inflammation and bone
loss. Most interestingly, we identified the role of MK2 signaling in the regulation of the
chemokine gradient during A. actinomycetemcomitans pathogenesis. Chemokines CCL3
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and CCL4 were highly regulated by MK2 signaling during A. actinomycetemcomitans
pathogenesis. These findings provide novel insight into the systemic role of MK2
signaling in A. actinomycetemcomitans-induced inflammation and bone loss related to
mechanisms of periodontal disease pathogenesis. MK2 deficiency did not affect bac-
terial viability by impeding the host response, suggesting that intervention using MK2
inhibitors may still have therapeutic value, despite the presence of bacterial infection.
In conclusion, MK2 proved to be a critical osteoimmunoregulatory protein involved in
chemokine regulation and monocyte plasticity during A. actinomycetemcomitans
pathogenesis.

MATERIALS AND METHODS
Ethics statement. Eight- to 12-week-old C57BL/6 Mk2�/� and Mk2�/� mice were obtained by

material transfer from Germany (28), bred at the Medical University of South Carolina Animal Facility, and
maintained in accordance with NIH guidelines. Animals were euthanized via CO2 asphyxiation, followed
by cervical dislocation. Mice were subject to food and tap water ad libitum, and they were maintained
under normal 12-h light and 12-h dark cycles. All experimental protocols were approved by the
Institutional Animal Care and Use Committee (IACUC) at the Medical University of South Carolina under
protocol number 2718.

Bacterial culture. Aggregatibacter actinomycetemcomitans strain VT1729, serotype b, expressing the
green fluorescent protein (obtained from the University of Vermont, Burlington, VT, USA) was originally
derived from A. actinomycetemcomitans clinical isolate SUNY 465 (35). This serotype b strain was used in
this study because of its high pathogenicity and high prevalence in periodontal disease in the United
States (15, 16). Following previously described methods, A. actinomycetemcomitans was initially plated on
3% Trypticase soy broth and 0.6% yeast extract (TSBYE) 1.5% agar plates with 100 �g/ml ampicillin (35).
Aggregatibacter actinomycetemcomitans was then grown for 2 days in a 10% CO2 incubator at 37°C and
expanded in TSBYE broth containing 100 �g/ml ampicillin overnight in 10% CO2 at 37°C on a shaker. The
optical density of Aggregatibacter actinomycetemcomitans at a 495-nm wavelength was measured, and
an optical density of 0.3 equated to 6 � 108 CFU/ml. Aggregatibacter actinomycetemcomitans was
washed with PBS to remove the growth medium and centrifuged at a 1,500 relative centrifugal force for
10 min.

Murine calvarial model. Eight- to 12-week-old male mice were treated with A. actinomycetemcomi-
tans or PBS vehicle. Live A. actinomycetemcomitans bacteria were centrifuged, washed with PBS, and
resuspended at a volume of 6.67 � 107 CFU A. actinomycetemcomitans/�l PBS. Thirty microliters of the
PBS vehicle or 30 �l of 2 � 109 CFU of live A. actinomycetemcomitans bacteria mixed with PBS was
injected subcutaneously and supraosteally at the calvarial midsagittal suture into Mk2�/� and Mk2�/�

mice of strain Mapkapk2tm1Mgl (28). This reproducible injection site was at the midpoint between the eyes
and ears. Injections were repeated every 24 h until harvest on either day 3 or day 5 of injection. Tissues
were harvested 18 h after the final injection.

Immunohistochemistry and analysis. After fixation and dissection, calvaria were decalcified in 0.5
M EDTA, pH 8.0, with the solution being replaced 6 times in 2 weeks. Decalcified calvaria were embedded
in paraffin followed by preparation of 7-�m cryostat sections that were placed on glass slides. A
pathologist blind to the treatment used an ordinal scale to score slides with hematoxylin and eosin (H&E)
staining. The following scale was used to measure inflammatory cell infiltrate: 0, no significant infiltrate;
1, mild infiltrate (cell number, �500); 2, moderate infiltrate (cell number, 501 to 1,000); 3, severe infiltrate
(cell number, 1,001 to 1,500); and 4, extremely severe infiltrate (cell number, �1501). For mature
macrophage F4/80 staining, an antigen retrieval protocol was performed by incubating slides at 60°C
overnight in 0.2 M boric acid, pH 7.0, retrieval buffer. The slides were blocked for exogenous peroxidase
activity and nonspecific secondary antibody interactions using hydrogen peroxide block and 10% normal
goat serum. Primary F4/80 rat anti-mouse antibody (Abcam, Cambridge, MA, USA) was applied overnight
at 4°C in a humidified chamber. The slides were incubated in biotinylated goat anti-rat immunoglobulin
secondary antibody for 1 h at room temperature. 3,3-Diaminobenzidine (DAB) substrate was used to
visualize the stain. Subsequently, the slides were counterstained using 15% hematoxylin, dehydrated in
alcohol, and mounted with Cytoseal mounting medium. Quantification of F4/80-positive regions in the
original �200-magnification tiff files was performed using Visiopharm analysis software, version 4.4.8.201
(Hoersholm, Denmark). The images were segmented into 3 classes to distinguish between the DAB-
stained area, the hematoxylin-stained area, and the white background.

nCounter analysis. RNA was isolated from calvarial tissue from PBS vehicle-treated or A.
actinomycetemcomitans-treated 8- to 12-week-old male Mk2�/� and Mk2�/� mice. Two hundred nano-
grams of RNA, quantified using a NanoDrop spectrophotometer, was used as the input into the
NanoString Technologies immunology panel. Gene expression was quantified using the nCounter mouse
immunology gene expression code set with the nCounter analysis system (NanoString Technologies,
Seattle, WA, USA) following the manufacturer’s protocol. The levels of RNA in the samples were
normalized to the geometric mean level of seven housekeeping genes, Rpl19, Tubb5, Alas1, Tbp, Gusb,
Gapdh, and Oaz1. Each housekeeping gene had a low coefficient of variance of less than 37%. Results
were analyzed using nSolver analysis software, version 2.0.

Cell sorting. Bone marrow cells were harvested from 8- to 12-week-old male Mk2�/� and Mk2�/�

mouse tibia, femur, and humerus using sterile technique. Cells were plated at a density of 1 mouse/
10-cm tissue culture-treated dish in alpha minimal essential medium (Invitrogen, Carlsbad, CA, USA)

MK2 Signaling in Osteoimmunology Infection and Immunity

January 2017 Volume 85 Issue 1 e00552-16 iai.asm.org 11

http://iai.asm.org


containing 1% penicillin-streptomycin and 10% fetal bovine serum (Atlanta Biologicals, Inc., Flowery
Branch, GA, USA). Bone marrow cells were incubated overnight in 5% CO2 at 37°C. The cells remaining
in suspension (hematopoietic stem cells [HSCs]) were incubated with anti-CD11b�-conjugated magnetic
beads prior to sorting with an AutoMACS system (Miltenyi Biotec Inc., San Diego, CA, USA). Cells were
sorted into CD11b� and CD11b� populations. Sorted cells were plated at a density of 2 � 106 cells/cm2

and treated with 25 ng/ml recombinant mouse (rm) macrophage colony-stimulating factor (M-CSF; R&D
Systems Inc., Minneapolis, MN, USA) for 6 days. Cytokines were replaced every 2 days.

Protein isolation and immunoblotting. In vitro, sorted CD11b� bone marrow cells were differen-
tiated into bone marrow-derived macrophages (BMDMs) by treatment with M-CSF (25 ng/ml) for 6 days.
Cytokines were replaced every 2 days. Cells were collected and lysed in radioimmunoprecipitation assay
(RIPA) buffer at 0, 15, and 30 min after stimulation with A. actinomycetemcomitans at a concentration of
10 CFU of A. actinomycetemcomitans per cell.

In vivo, the calvarial tissue overlying the injection site was harvested from mice that had been treated
with A. actinomycetemcomitans for 3 days, snap-frozen in liquid nitrogen, and stored at �80°C until
further processing. The tissue was then homogenized in 500 �l RIPA buffer and sonicated at maximum
speed for 40 s with a 1-s on and 1-s off pulse. Twenty to 30 �g of protein was run on a 10%
SDS-polyacrylamide gel, transferred to a nitrocellulose membrane using a Trans-Blot Turbo transfer
system (Bio-Rad Laboratories Inc., Hercules, CA, USA), and blocked in 5% skim milk for 1 h at room
temperature prior to incubation in primary antibody. Membranes were incubated at a 1:1,000 dilution
overnight at 4°C in primary antibodies to the following: p-MK2 (Thr334; rabbit monoclonal antibody
[MAb] 27B7), MK2 (rabbit polyclonal antibody), p-p38 (Thr180/Tyr182; rabbit polyclonal antibody), p38
(rabbit polyclonal antibody), and GAPDH (glyceraldehyde-3-phosphate dehydrogenase; rabbit MAb
14C10) (Cell Signaling Technology Inc., Beverly, MA, USA). The blots were incubated at room temperature
for 1 h in anti-rabbit IgG-horseradish peroxidase secondary antibody (Cell Signaling Technology Inc.,
Beverly, MA, USA). Protein was visualized by use of a chemiluminescence substrate (Thermo Scientific,
Pittsburgh, PA, USA). Densitometric analysis was performed by taking images on a Gel-Doc XR system
and analyzing the images with Quantity One (version 4.6.1) software (Bio-Rad Laboratories Inc., Hercules,
CA, USA).

RNA isolation and quantitative PCR (qPCR). RNA was isolated from BMDMs and mouse soft tissue
near the midsagittal suture of the mouse calvaria overlying the A. actinomycetemcomitans or PBS
injection site. Mouse tissue was snap-frozen in liquid nitrogen and stored at �80°C until RNA isolation.
RNA was immediately extracted from BMDMs and from thawed mouse tissue using an RNeasy Miniprep
kit (Qiagen Inc., Valencia, CA, USA) following the manufacturer’s protocol. Mouse tissue was homoge-
nized in 600 �l lysis buffer. BMDMs were washed once with ice-cold PBS and were harvested in 350 �l
lysis buffer. Subsequently, lysates were processed using the RNeasy spin columns. RNA was quantified
using a NanoDrop spectrophotometer, and reverse transcription was performed using 300 ng of RNA
from BMDMs and 1,000 ng of RNA from calvarial tissue (Applied Biosystems Inc., Foster City, CA, USA).
BMDM samples were diluted 3-fold, and calvarial tissue RNA was diluted 10-fold with ultrapure water.
Samples were run with primers specific for Ccl3, Ccl4, and Gapdh (housekeeping) using a StepOnePlus
real-time PCR system (Applied Biosystems Inc., Foster City, CA, USA). The level of RNA was normalized to
the level of Gapdh RNA, and relative mRNA levels were determined using the ΔΔCT threshold cycle (CT)
values and are presented as the fold change relative to the levels for control Mk2�/� mice or cells.

Flow cytometry. Mouse bone marrow cells and peripheral blood were harvested from the femurs of
12-week-old male mice treated with the PBS vehicle or A. actinomycetemcomitans. Peripheral blood was
isolated using 3 mg/ml EDTA and 2% dextran in PBS. Subsequently, the remaining red blood cells were
lysed in lysis buffer and enumerated with trypan blue dead cell exclusion dye. Cells were stained with
commercially available antibodies, including anti-CD11b�-allophycocyanin (APC) (clone M1/70, rat
IgG2b; Miltenyi Biotec Inc., San Diego, CA, USA), anti-CD11b�-fluorescein isothiocyanate (clone M1/70, rat
IgG2b; Miltenyi Biotec Inc., San Diego, CA, USA), anti-mouse CCR1-APC (clone 643854, rat IgG2b; R&D
Systems, Minneapolis, MN, USA), anti-mouse CD195/CCR5-peridinin chlorophyll protein-Alexa Fluor 710
(clone 7A4, Armenian hamster IgG; eBioscience, Inc., San Diego, CA, USA), and anti-mouse CCR2-APC
(clone 475301, rat IgG2b; R&D Systems, Minneapolis, MN, USA) following previously described methods
(36). Prior to analysis, debris was gated out using forward scatter and side scatter plots, and dead cells
were excluded using propidium iodide staining.

Murine bone marrow chimera and air pouch model. Mk2�/� and Mk2�/� mice expressing CD45.2
and C57BL/6J CD45.1 wild-type (WT) mice (stock number 002014) purchased from The Jackson Labora-
tory were used for the bone marrow chimera experiments. A maximum of one 8- to 12-week-old
sex-matched donor mouse was used for every 5 irradiated recipient mice. Six- to 8-week-old male and
female recipient mice received total body irradiation consisting of 2 sublethal doses of 550 cGy separated
by 4 h in a JL Shepherd model 143/137 cesium irradiator. Each recipient mouse received 2 � 106

red blood cell-depleted donor cells 24 h after the first dose of radiation by tail vein injection. We
transplanted bone marrow from Mk2�/� mice (CD45.2, control) or Mk2�/� mice (CD45.2, Mk2�/� in the
hematopoietic compartment) into irradiated 6- to 8-week-old recipient CD45.1 WT mice and transplanted
bone marrow from CD45.1 WT mice into irradiated 6- to 8-week-old CD45.2 Mk2�/� (control) or CD45.2
Mk2�/� (Mk2�/� in the nonhematopoietic compartment) recipient mice. Complete chimerism was
detected by flow cytometry using CD45.1 and CD45.2 antibodies (data not shown).

The air pouch model was used to study monocyte chemotaxis, which is a critical first step in the
inflammatory process. Mice were injected subcutaneously, using a 3-ml syringe and a 27.5-gauge needle,
with 3 ml of air to create a dorsal cavity at 8 weeks after bone marrow transplantation, followed by
another injection of 1.5 ml of air 4 days later. A. actinomycetemcomitans strain VT1729 (2 � 109 CFU) was
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diluted in 1 ml PBS and injected into the dorsal airspace 7 days after the initial air injection. Mice were
euthanized 18 h after the bacterial infection and injected 3 times with 1 ml PBS to retrieve air pouch
exudate utilizing a 20-gauge needle. Air pouch exudate was stored at �80°C until further processing.

Multiplex assay and ELISA. For the multiplex assay, peripheral blood plasma was collected, using
lithium heparin separation, from 8- to 12-week-old male Mk2�/� and Mk2�/� mice after calvarial
treatment with PBS vehicle or A. actinomycetemcomitans. The mouse plasma was stored at �80°C until
further use. Fifty microliters of plasma and 900 �g/ml of tissue protein were utilized for the Bio-Plex
mouse cytokine 23-plex assay (Bio-Rad Laboratories Inc., Hercules, CA, USA) following the manufacturer’s
protocol described in Bio-Rad Technical Bulletins 10014905 and 10024985. In brief, plasma was diluted
4-fold and tissue was diluted 2-fold. Assay plates were read using a Luminex plate reader.

Air pouch exudate was collected by removal of cells and debris by centrifugation, stored at �80°C,
and thawed once for use in the mouse CCL3/MIP-1� Quantikine and the mouse CCL4/MIP-1� Quantikine
enzyme-linked immunosorbent assays (ELISAs; R&D Systems, Minneapolis, MN, USA). Air pouch exudates
were processed following the manufacturer’s protocol (R&D Systems, Minneapolis, MN, USA). Plates were
read using a VersaMax plate reader (Molecular Devices, Sunnyvale, CA, USA) at an optical density of 450
nm. Chemokine levels were normalized to the total protein level, which was quantified using a Pierce
bicinchoninic acid protein assay kit (Thermo Scientific, Pittsburgh, PA, USA).

Micro-computed tomography. Calvaria were harvested from 12-week-old male mice treated with
PBS vehicle or A. actinomycetemcomitans. Whole heads were fixed for 3 days at room temperature in 10%
formalin in PBS, followed by dissection of calvaria with soft tissue. Calvarial scanning and analysis were
performed using a Scanco Medical �CT 40 system (Scanco USA, Wayne, PA, USA). Calvaria were
reoriented to align the midsagittal suture along the y axis. The volume of interest (VOI) was defined as
999 slices in the X and Y directions about the midsagittal suture and 590 slices in the Z direction.
Segmentation values were set between 292 and 1,000 to distinguish bone from nonmineralized tissue
within the respective ROI.

Osteoclast histology. Tartrate-resistant acid phosphatase (TRAP) staining of calvarial tissue slides
was performed to identify osteoclasts. Formalin-fixed, paraffin-embedded tissue sections were deparaf-
finized and rehydrated in PBS. The slides were incubated at 37°C in freshly prepared TRAP buffer for 30
min as described in BD Bioscience Technical Bulletin 445. Next, the slides were counterstained using 15%
hematoxylin, dehydrated in alcohol, and mounted with Cytoseal mounting medium. For analysis, 3
random �200-magnification images per sample were captured, and osteoclasts were enumerated as
TRAP-positive cells adjacent to calvarial bone.

Statistical analysis. Data were analyzed with GraphPad Prism software, version 4.0. A two-tailed
Mann-Whitney test was used to compare values between 2 groups. A Kruskal-Wallis test followed by a
Dunn’s multiple-comparison post hoc test was used to compare data from multiple groups. For the
RT-qPCR experiments, untransformed ΔCT values were compared by use of a one-tailed Mann-Whitney
test for statistical analysis. Results are expressed as the mean � standard error of the mean (SEM) for at
least three (n � 3) biological replicates from each experiment.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/
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