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Abstract 
Phenotypic and functional heterogeneity of macrophages is clearly a critical component of their effective functions in innate and adaptive 
immunity. This investigation hypothesized that altered profiles of gene expression in gingival tissues in health, disease, and resolution would 
reflect changes in macrophage phenotypes occurring in these tissues. The study used a nonhuman primate model to evaluate gene expression 
profiles as footprints of macrophage variation using a longitudinal experimental model of ligature-induced periodontitis in animals from 3 to 23 
years of age to identify aging effects on the gingival environment. Significant differences were observed in distribution of expressed gene levels 
for M0, M1, and M2 macrophages in healthy tissues with the younger animals showing the least expression. M0 gene expression increased 
with disease in all but the aged group, while M1 was increased in adult and young animals, and M2 in all age groups, as early as disease initi-
ation (within 0.5 months). Numerous histocompatibility genes were increased with disease, except in the aged samples. An array of cytokines/
chemokines representing both M1 and M2 cells were increased with disease showing substantial increases with disease initiation (e.g. IL1A, 
CXCL8, CCL19, CCL2, CCL18), although the aged tissues showed a more limited magnitude of change across these macrophage genes. The 
analytics of macrophage genes at sites of gingival health, disease, and resolution demonstrated distinct profiles of host response interactions 
that may help model the disease mechanisms occurring with the formation of a periodontal lesion.
Keywords: nonhuman primate, aging, macrophage, transcriptome, periodontitis
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Introduction
Periodontitis is a chronic immunoinflammatory lesion of 
the oral mucosal. A dysbiosis of a complex microbial bio-
film containing putative periodontopathogens within the 
subgingival sulcus drives a persistent inflammatory response 
that results in destruction of the gingiva, periodontal liga-
ment, and connective tissues, and the underlying alveolar 
bone [1]. Substantial evidence has documented association of 
the disease process with various species of bacteria in these 
pathogenic biofilms [2] and has determined an array of innate 
immune, inflammatory, and adaptive immune responses that 
are triggered by these bacteria [3, 4].

Models of the initiation and progression of the disease 
have emphasized a role of innate responses with alterations 
in the quality/quantity of the biofilms inducing a neutrophil 
dominated acute inflammatory response [5, 6]. As the lesion 
progresses, increasing numbers of mononuclear cells emi-
grate into the affected tissues, including an array of antigen-
presenting cells, e.g. macrophages, reflecting a more chronic 
inflammatory lesion [7–14]. These cells are particularly adept 

at stimulating T cells and regulating the phenotypic features 
of the T effector cells [15, 16]. The variability in these re-
sponses is controlled by both the character of the microbial 
biofilm stimulus and the host factors in the local microenvir-
onment [17]. Numerous biomarkers of innate immunity are 
also observed in gingival tissues, e.g. LBP, CD14, TLRs, ir-
respective of the health of the tissues, although changes in 
TLR2/TLR4 appear in diseased gingiva [18]. Combined 
these results support the likely role of macrophages in dis-
eased tissues, and suggest that the development and function 
of antigen-presenting cells may be crucial in lesion formation 
and resolution [19].

Current evidence supports an important function for the 
plasticity of macrophage phenotypes. These varied features 
include M1 macrophages (classical activation) functioning 
as an inflammatory cell crucial for protection against micro-
bial challenge [20]. The M2 macrophages (alternative acti-
vation) are an immunomodulatory cell generally related to 
tissue repair and resolution of inflammation [21]. Finally, the 
M2 macrophage phenotype (deactivated) that is triggered by 
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IL-10 contributes to tissue remodeling [21–26]. The transla-
tion of the range of different stimulatory signals, specifically 
in response to microbial structures using pattern recognition 
receptors [20, 27–31], triggers activation, and the phenotype 
plasticity after engagement of these receptors [32–35]. This 
process leads to up-regulation of a repertoire of cytokines 
and chemokines that enable the macrophages to communi-
cate with both B and T cells contributing to local adaptive 
immune responses [36–41].

The present report describes gingival mucosal tissue re-
sponses to evaluate the effects of aging on local expression of 
a gene footprint of M0, M1, and M2 macrophage phenotypes 
observed during experimental ligature-induced periodontitis 
in nonhuman primates. The goal was to provide additional 
evidence regarding phenotypes of macrophages that occur in 
clinically healthy tissues and how these change with disease. 
Additionally, this model enables an exploration of the effects 
of age on the gingival responses described via the transcrip-
tome analysis.

Methods
Nonhuman primate model and oral clinical 
evaluation
Rhesus monkeys (Macaca mulatta) housed at the Caribbean 
Primate Research Center (CPRC) at Sabana Seca, Puerto Rico, 
were used in these studies. Healthy animals were distributed 
by age into four groups of 9 animals/group for the experi-
mental ligature study (n = 36; 19 females and 17 males): ≤3 
years (Young), 3–7 years (Adolescent), 12–16 years (Adult), 
and 18–23 years (Aged). The nonhuman primates are typic-
ally fed a 20% protein, 5% fat, and 10% fiber commercial 
monkey diet (diet 8773, Teklad NIB primate diet modified: 
Harlan Teklad). The diet is supplemented with fruits and 
vegetables, and water is provided ad libitum in an enclosed 
corral setting.

A protocol approved by the Institutional Animal Care 
and Use Committee (IACUC) of the University of Puerto 
Rico, enabled anesthetized animals to be examined for clin-
ical measures of periodontal parameters including probing 
pocket depth (PPD), and bleeding on probing (BOP) as we 
have described previously [42]. In this prospective experi-
mental disease study design, the clinical examination in-
cluded PPD and BOP (0–5 scale). Periodontal health was 
defined by mean pocket depth ≤3.0 mm and mean BOP ≤1 
(0–5 scale) in a full mouth examination, excluding third 
molars, and canines examined by a single investigator using 
a Maryland probe on the facial aspect of the teeth, 2 prox-
imal sites per tooth (mesio- and disto-buccal), excluding 
the canines and third molars. Animals were classified as 
periodontitis with a mouth mean BOP index of ≥2.0 and 
mouth mean PPD of >3.0 and were excluded from the 
study. Following oral screening, the periodontally healthy 
animals were entered into a standard experimental ligature-
induced periodontitis study conducted by the research team 
[43, 44]. Ligature‐induced periodontal disease was initiated 
as we have previously reported whereby second premolar 
and first and second molar teeth in all 4 quadrants were li-
gated by tying a 3-0 non-resorbable silk suture around the 
cementoenamel junction of each tooth and using the peri-
odontal probe to position the ligatures below the gingival 
margin.

Further, clinical evaluation for ligated sites and gingival 
tissue samples were obtained at 0.5 (initiation), 1 (early pro-
gression), and 3 months (late progression). Determination of 
periodontal disease at the sampled site was documented by 
assessment of the presence of BOP and PPD of >4 mm, as 
we have described previously [43, 44]. Then, ligatures were 
removed after sampling at 3 months and samples taken 
2 months later (resolution) [43, 44]. Since the removal of 
the ligature eliminates the local noxious mechanical chal-
lenge and decreases the microbial burden accumulating at 
the tooth, this process is similar to nonsurgical periodontal 
therapy in humans. Previously published histological studies 
have documented the significant increase in inflammatory cell 
infiltrate in the ligated tissues consistent with the clinical fea-
tures of inflammation and increased PPD. While the clinical 
features show some improvement with disease resolution, as 
in the human condition, in the previously ligated sites both 
BOP and PPD remain somewhat elevated compared to base-
line values.

Aging comparisons within the study design represent a 
case-control implementation whereby variations in gene ex-
pression were compared to healthy tissue levels within each 
age group. These variations were then compared across the 
age groups.

Tissue sampling and gene expression microarray 
analysis
A buccal gingival sample from either healthy or periodontitis-
affected tissue from the premolar/molar regions of each animal 
was taken at each time point using a standard gingivectomy 
technique to remove a gingival papillae [45], and maintained 
frozen in RNA later solution. A single tissue sample was 
obtained from an individual ligated tooth in each animal (n 
= 36) at each timepoint (n = 179 samples). Thus, only ligated 
teeth (e.g. periodontitis) were sampled and each tooth was 
only sampled one time during the study. Total RNA was iso-
lated from each gingival tissue using a standard procedure as 
we have described and tissue RNA samples submitted to the 
microarray core to assess RNA quality analyze the transcrip-
tome using the GeneChip® Rhesus Macaque Genome Array 
(Affymetrix) [46, 47],. Individual samples were used for gene 
expression analyses. Table 1 provides an overview of the n = 
136 genes whose expression was evaluated in the gingival tis-
sues as related to M0, M1, and M2 phenotype macrophages. 
These include an array of cytokine/chemokine responses, as 
well as various cell surface molecules that provide some dis-
crimination among these phenotypes.

Data analysis
The expression intensities across the samples were estimated 
using the Robust Multi-array Average (RMA) algorithm with 
probe-level quintile normalization, as implemented in the 
Partek Genomics Suite software version 6.6 (Partek, St. Louis, 
MO). The differential expression was initially compared 
using one way ANOVA across time points within an age 
group. For genes that had significant mean differences, two 
sample t-tests were used to investigate differences comparing 
baseline healthy to disease and resolution samples. Statistical 
significance was considered by a P-value <0.05. Correlation 
analyses across the Ig genes were determined using a Pearson 
Correlation Coefficient with a P-value <0.001.
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Table 1: Macrophage genes examined using Affymetrix M. mulatta gene probes

Probe ID Gene Symbol Mϕ phenotype Probe ID Gene symbol Mϕ phenotype 

13670191 CD68 M0 13703388 PLA1A M1
13766692 CD11b M0 13728299 PSMA2 M1
13745458 MAMU-DRB1 M0 13739428 PSMB9 M1
13745450 MAMU-DQB1 M0 13783047 PSME2 M1
13745514 MAMU-DMB M0 13714209 PTX3 M1
13745524 MAMU-DMA M0 13660496 SLC2A6 M1
13745532 MAMU-DOA M0 13666399 SLC31A2 M1
13814368 MAMU-DOB M0 13822238 SLC7A5 M1
13745539 MAMU-DPA M0 13722177 SOCS1 M1
13739456 MAMU-DPB M0 13681736 SOCS3 M1
13817328 MAMU-DQA1 M0 13674865 SPHK1 M1
13814540 MAMU-DRA M0 13635204 STAT1 M1
13703531 CD86 M0 13754131 TLR2 M1
13756250 CXCL13 M0 13754834 TLR3 M1
13768578 CD14 M0 13666203 TLR4 M1
13824962 BCL2A1 M1 13755606 TLR6 M1
13651625 BIRC3 M1 13739126 TNF M1
13671791 CCL11 M1 13786822 TRAIL/TNFRSF10A M1
13678304 CCL15 M1 13801311 ADK M2
13662586 CCL19 M1 13676169 ALOX15 M2
13671776 CCL2 M1 13749204 ARG1 M2
13632412 CCL20 M1 13788523 CA2 M2
13678315 CCL3 M1 13671796 CCL13 M2
13813554 CCL3L1 M1 13719231 CCL17 M2
13814596 CCL4L1 M1 13671907 CCL18 M2
13678276 CCL5 M1 13678304 CCL23 M2
13671791 CCL8 M1 13727629 CCL24 M2
13712469 CCR2 M1 13600605 CD16/FCGR3 M2
13679479 CCR7 M1 13623027 CD163 M2
13610718 CD40 M1 13709768 CD200R M2
13709961 CD80 M1 13697742 CD209 M2
13615329 CERK M1 13820542 CD23/FCER2 M2
13751757 CXCL10 M1 13588134 CD32/FCGR2 M2
13751751 CXCL11 M1 13735835 CD36 M2
13751763 CXCL9 M1 13585973 CHI3L2 M2
13636236 CXCR1 M1 13623249 CLEC7A M2
13615586 ECGF1/TYMP M1 13658225 CTSC M2
13797146 FAS M1 13641372 CXCR4 M2
13664166 GADD45G M1 13636114 FN1 M2
13601504 HSD11B1 M1 13830596 HEXB M2
13787604 IDO1 M1 13608692 HMOX1 M2
13816188 IFNA13 M1 13710643 HRH1 M2
13663023 IFNA2 M1 13755205 HS3ST1 M2
13663057 IFNB1 M1 13627601 IGF1 M2
13626341 IFNG M1 13589121 IL10 M2
13769388 IL-12A M1 13640715 IL1R2 M2
13753798 IL15 M1 13641271 IL1RN M2
13799623 IL15RA M1 13683683 KLF5 M2
13645870 IL1A M1 13608939 MAFF/v-maf M2
13645879 IL1B M1 13682112 MAFG/v-maf M2
13640727 IL1R1 M1 13794909 MRC1L1 M2
13618605 IL23A M1 13790532 MSR1 M2
13759870 IL7R M1 13648363 MS4A4A M2
13735121 IL6 M1 13648365 MS4A6A M2
13756408 IL8 M1 13707572 P2RY14 M2
13730418 IRF5 M1 13710601 PPARG M2
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One-way ANOVA (α = 0.05) was used to identify genes 
from this set that were differentially expressed in health or 
disease for at least one of the age groups. Given the sample-
size limitations in the present study and subtle transcriptional 
response in the current experimental setting, no multiple-
testing correction to control for false-discovery or family-
wise error were imposed in the differential gene expression 
analysis.

Gene expression data of the 136 macrophage genes (15 M0, 
72 M1, 49 M2) and 179 monkeys samples were normalized 
on the scale of: M0 (0.0188–0.608), M1 (0.00610–0.242), 
and M2 (0.00610–0.360). In each normalized scale pair, the 

lowest data value was set at the lower number and the highest 
data value was set to the higher number. The data normal-
ization, heatmaps, and dendrograms for the cluster analyses 
were generated using BioVinci software (BioTuring Inc.).

Results
Health-related transcriptomic patterns of 
macrophage gene expression affected by age
Figure 1 displays the clinical measures in younger and older 
animals following ligature-induced periodontitis. Of note was 
the extensive and more prolonged inflammatory response 

Probe ID Gene Symbol Mϕ phenotype Probe ID Gene symbol Mϕ phenotype 

13669029 NFIL3 M1 13787096 SCARA3 M2
13752893 NFKB1 M1 13613519 SCARF2 M2
13783533 NFKBIA M1 13766153 SEPP1 M2
13677579 NOS2 M1 13679882 STAT3 M2
13621445 OAS1 M1 13625948 STAT6 M2
13621462 OAS2 M1 13700499 TGFB1 M2
13736094 PBEF1/NAMPT M1 13708591 TGFBR2 M2
13794590 PFKFB3 M1 13755600 TLR1 M2
13794461 PFKP M1 13588675 TLR5 M2
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Figure 1: Clinical features (BOP, bleeding on probing; PPD, probing pocket depth) of disease in the young, adolescent, adult, and aged groups of 
animals. Each point denotes an individual animal at each time point. The squares denote the group means.

Table 1. Continued
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(BOP) in the younger animals, albeit significantly lower tissue 
destruction measures (PPD) were observed in this group. 
Also, some variation in presentation of the disease measures 
was seen in animals within each age group.

Figure 2 provides a summary of the expression of groups 
of genes with patterns indicative of M0, M1, or M2 macro-
phages in healthy gingival tissues from different age groups 
of animals representing from about 10 to 80 year old human 
subjects. With the M0 genes, generally, lower expression levels 
were seen in the youngest group and the aged group demon-
strated the most elevated expression across these genes. The 
greatest expression of M1 genes included CXCL9, CXCL10, 
IL1A, PSMA2, PSME2, STAT1, BIRC3, IDO1, IL1B, IL7R, 
and IL8 that were significantly differ across the age groups (P 
< 0.05). Baseline healthy M2 gene expression did not appear 
to define a particular pattern related to age. While the ma-
jority of the M2 genes showed great similarity in levels across 
the age groups, expression of ARG1, CTSC, FN1, IL1RN, 
KLKF5, SEPP1, and STAT3 was significantly greater (P < 
0.05) than other M2 genes.

Transcriptomic patterns of macrophage gene 
expression in disease initiation, progression, and 
resolution
Figure 3 provides an overview of the gene footprint changes 
for M0, M1, and M2 cell expression in the gingival tissues 
with disease and resolution in the various age groups. While 

there were some difference in macrophage gene expres-
sion profiles in health, it was anticipated that more exten-
sive changes would occur with an ongoing disease process. 
Expression of M0 related genes in the gingival tissues gen-
erally exhibited some changes in the young and adolescent 
animals that increased with disease progression and then de-
creased at resolution. Smaller changes were noted in the adult 
and aged groups, with gene expression in the aged animals 
showing a similar level throughout all the time points. The 
greatest change in M1 gene expression occurred in the adult 
animals at disease initiation (0.5 months). Both adolescent and 
aged animals showed little change, with potentially a small 
decrease throughout the disease and resolution. The samples 
from young animals also showed an increase in gene expres-
sion with disease initiation that remained above healthy levels 
throughout the disease process. These findings contrasted 
with the M2 gene expression patterns that increased substan-
tially in all age groups with disease initiation. Levels of these 
phenotype genes remained elevated in only the young animals 
at resolution, while the other age groups generally returned 
to levels in healthy tissues. Figures 4–6 provides a slightly 
different view of the potential interaction of these macro-
phage phenotypes within the gingival tissues. This analysis 
was based upon the perspective that the relative levels of M0, 
M1, and M2 functions, as expressed by changes in mRNA 
levels, would be an important descriptor of the gingival envir-
onment at the individual animal level in health and disease. 
The patterns in Fig. 4 show relatively consistent levels of M1 

Figure 2: Normalized counts for gene expression of macrophage genes in healthy gingival tissues from the 4 age groups. The dots denote the mean 
expression level in each age group
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Figure 3: Summation of expression for genes denoting M0, M1, and M2 macrophages. 

Ra
�o

 M
1/

M
2

Ra
�o

 M
1/

M
2

Figure 4: Summation of expression for genes. The points denote group means and the vertical brackets enclose 1 SD. Summaries of the ratio of 
expression levels for M1/M2 are presented with each point denoting the ratio for each individual animal in all groups at all time points.
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Figure 5: Summation of expression for genes. The points denote group means and the vertical brackets enclose 1 SD. Summaries of the ratio of 
expression levels for M1/M0 are presented with each point denoting the ratio for each individual animal in all groups at all time points
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Figure 6 : Summation of expression for genes. The points denote group means and the vertical brackets enclose 1 SD. Summaries of the ratio of 
expression levels for M2/M0 are presented with each point denoting the ratio for each individual animal in all groups at all time points.
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and M2 gene expression in the young samples throughout the 
disease model. In contrast, the adolescent animals showed a 
substantially higher ratio in health that dropped with disease 
initiation and progression. Approximately ½ of the resolution 
samples did not return to baseline healthy levels. The ratio 
in the adult healthy samples were generally similar across all 
animals. However, with disease initiation the ratio increased 
(i.e. higher M1 genes) and in most samples returned to base-
line levels with progression and resolution. While the M1/M2 
ratios in the aged samples were all similar, the patterns with 
disease were quite different. About ½ of the animals showed 
increases with disease initiation, while the remaining sam-
ples showed a decreased ratio with disease initiation. With 
progressing disease, the aged animals showed considerable 
variation in M1/M2 relationships. Generally, the ratio of 
M1/M0 and M2/M0 gene expression showed decreases with 
disease in the young animals (Figs. 5 and 6). A similar pat-
tern for M1/M0 was observed in the adolescent samples, but 
not as consistent with the M2/M0 ratio. The adult specimens 
showed decreases in M1/M0 during disease progression, with 
less change in the M2/M0 ratio. Generally, the aging samples 

showed limited changes in both M1/M0 and M2/M0 with 
healthy and disease. All age groups with both the M1/M0 and 
M2/M0 showed a ratio in resolution samples approximating 
those in healthy tissues.

Changes in specific M0, M1, and M2-related gene pro-
files are demonstrated in Figs. 7 11. Variations in expression 
of the M0 genes with disease and resolution were seen with 
multiple MAMU histocompatibility genes significantly ele-
vated (P < 0.05) that tended to peak with disease progres-
sion (Fig. 7). CXCL13 (B cell attracting chemokine 1) and 
CD14 showed changes (P < 0.05 vs. baseline) that peaked 
with disease initiation (0.5 months). In contrast, this set of 
M0 related genes showed minimal changes with disease in the 
aged animals, with only CD14 increasing during disease initi-
ation, and MAMU-DPB demonstrating some increase during 
progression.

M1 gene changes were rather muted in the young and 
adolescent groups with only IL1A, IL1B, IL8, IDO1, 
CCL2, PFKFB3 (6-phosphofructo-2-kinase/fructose-2,6-
biphosphatase 3), CXCR1, and TLR2 showing significant in-
creases (P < 0.05) with disease initiation (Fig. 8). Only CCL19 
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Figure 7: Gene expression changes in the various age groups for M0 macrophages. The points denote the group means of the normalized signals. Of 
the 136 total genes, only those demonstrating a change of ≥1.5 between any two time points in any of the age groups are included.
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increase (P < 0.05) to peak levels during progression. More 
substantial changes in the M1 genes was noted in the adult 
samples, with multiple genes that had showed some change in 
the younger groups now demonstrating substantial increases 
in adults with peak levels as early as disease initiation (Fig. 
9). Additionally, TLR4, PTX3, SOCS3, CCL20, and CCR2 

all showed significant increases (P < 0.05) in adults at disease 
initiation. IL1A and CCL19 were significantly increased (P < 
0.05) throughout disease and even in resolution samples. As 
was noted with M0 genes, changes in M1 gene expression 
appeared to be tempered in the aged samples. Nevertheless, 
there were similarities in differential expression profiles in the 
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Figure 8: Gene expression changes in the various age groups for M1 macrophages. The points denote the group means of the normalized signals. Of 
the 136 total genes, only those demonstrating a change of ≥1.5 between any two time points in any of the age groups are included.
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aged animals of IL8, IL1B, IDO1, CCL19, CXCR1, and TLR2 
(P < 0.05 vs. baseline) to the adult tissues.

Of interest was that in the young and adolescent animals, 
there were significant increases in M2 gene expression levels 
particularly with disease initiation, and then decreasing 
during progressing disease (Figs. 10 and 11). A similar pattern 

was noted in the adult and aged samples related to M2 gene 
expression increases with disease initiation. In the adults, 
striking features were increases in CD32, CD36, CD163, 
and MS4A6A compared to the other groups. Additionally, 
CCL18, CA2, and CD16 were substantially increased at 
disease initiation in the adolescent, adult, and aged samples. 
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Figure 9: Gene expression changes in the various age groups for M1 macrophages. The points denote the group means of the normalized signals. Of 
the 136 total genes, only those demonstrating a change of ≥1.5 between any two time points in any of the age groups are included.
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Also observed was a somewhat unique profile for CHI3L2 
(Chitinase 3-like 2) with elevated levels in health, decreasing 
during the initial 0.5 months with disease initiation in these 
same age groups.

Figures 12–13 provides a summary comparison of the 
M0, M1, and M2 gene expression across age groups and in 
health, disease, and resolution. This analysis used a z-score 
normalization within a gene including all ages and time 
points. Generally, the M0 gene expression was lower in 

healthy tissues for all age groups. The expression increased 
during disease, with somewhat higher levels by 3 months of 
disease progression. In the resolution samples, the M0 genes 
decreased in all age groups.

The M1 genes (Fig. 12) were routinely lower in the healthy 
samples from young and adult animals. An array of ~15–20 
M1 genes showed increased levels in the healthy samples 
from the adolescent animals. During disease, the majority of 
the M1 genes increased in all age groups, with the greatest 
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Figure 10: Gene expression changes in the various age groups for M2 macrophages. The points denote the group means of the normalized signals. Of 
the 136 total genes, only those demonstrating a change of ≥1.5 between any two time points in any of the age groups are included.
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increases noted in the disease initiation (2 weeks) specimens 
and decreasing with progressing disease. The magnitude of 
this change was most striking in the adult disease samples. As 
with the M0 genes, this array representing M1 cells showed 
relatively decreased expression in all age groups in the reso-
lution samples.

Figure 13 demonstrates the relative expression of M2 genes 
in the samples. Generally, lower levels were seen in healthy 
tissues in all age groups, most notable in the young and adult 
samples. As was noted with M1 genes, by 0.5 months with 

disease initiation, a wide array of M2 genes showed elevated 
expression levels in all age groups. The frequency/levels 
tended to decrease with progressing disease in the young, 
adolescent, and aged animals. By 5 months with clinical reso-
lution, the M2 genes were lower in all age groups.

Figures 14–16 depict a heatmap of cluster analyses of the 
M0, M1, or M2 gene expression profiles for all the individual 
samples from animals in each age group and at each time 
point in the protocol. The results shows 9 clusters of sam-
ples based upon the profile of M0 genes (Fig. 14), 11 clusters 
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Figure 11: Gene expression changes in the various age groups for M2 macrophages. The points denote the group means of the normalized signals. Of 
the 136 total genes, only those demonstrating a change of ≥1.5 between any two time points in any of the age groups are included.
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for the M1 genes (Fig. 15), and 9 clusters for the M2 genes 
(Fig. 16). The patterns predict variation in the gene expres-
sion patterns across the samples and suggested potentially 
somewhat distinct profiles across the macrophage pheno-
type genes. Interrogating the identifiers for each of the sam-
ples demonstrated the cluster patterns presented in Figs. 
17–19. Summarizing the patterns indicated that while there 
were differences in clusters within the healthy, diseased, and 
resolution samples across the age groups, major differences 
in sample clusters were specifically related to the age of the 
animals with the M0 and M1 clusters. However, the sample 
grouping with the M2 clusters appeared to present differences 
driven by both age and the disease status of the samples.

Transcriptomic patterns of macrophage gene 
expression associated with clinical features of 
disease
The macrophage-related gene expression patterns were also 
evaluated related to individual animal clinical parameters 
of inflammation (BOP) and tissue destruction (PPD) in this 

periodontitis model (Fig. 20). In this analysis significant cor-
relations in individual M0, M1, or M2 genes with the clin-
ical measures in each animal were tabulated, including both 
positive and negative correlations. Generally, the M0 correl-
ations with both BOP and PPD were skewed toward a posi-
tive relationship in both younger and older animals and was 
the most pronounced in health and resolution samples. M1 
genes showed generally positive correlations with both BOP 
and PPD in healthy samples in both age groups, while the fre-
quency of correlations were positive and somewhat elevated 
related to BOP in diseased samples from the older group. 
Resolution samples showed the highest correlations of M1 
genes with both BOP and PPD in the older animals. Finally, 
M2 genes showed a higher frequency of correlations in the 
older samples with disease and resolution.

Discussion
A summary of the literature demonstrates that macrophages 
are present in the periodontium and respond to the local 

M0

M1

Figure 12: Depiction of the z-score normalization of gene expression for all M0 and M1 genes. The z-scores were determined within a gene across all 
age groups and time points. The bars denote group means at the time point. The larger the bar (left of center decreased and right of center elevated 
expression), the greater the difference of the z-scores for gene expression.
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microenvironment [48–51], which have recently been con-
firmed in reports describing an atlas for oral mucosal tis-
sues [52, 53]. These characteristics of gingival macrophage 
interactions with the complex microbial biofilms in the oral 
cavity trigger innate and adaptive immune responses to mem-
bers of these biofilms. Thus, it must be presumed that these 
responses contribute directly to the maintenance of homeo-
stasis, formation of chronic destructive inflammatory lesions, 
and the transition allowing adaptive immune responses to 
contribute to reversing a dysregulated inflammatory response 
re-establishing homeostasis in these oral tissues.

This study documented gene expression footprints 
describing macrophage phenotypes in gingival tissues using 
nonhuman primates representing ~10–80 year old humans. 
The results showed significant gene expression levels con-
sistent with profiles of different macrophage phenotypes, 
and likely resulting functions within the gingival tissues. 
Differences were noted with age, and were specifically asso-
ciated with disease initiation and progression. Additionally, 
somewhat unique patterns of macrophage gene expression 
denoting different phenotypes were observed in clinically 
resolved tissues that also showed an age effect. In healthy 

M2

Figure 13: Depiction of the z-score normalization of gene expression for all M2 genes. The z-scores were determined within a gene across all age 
groups and time points. The bars denote group means at the time point. The larger the bar (left of center decreased and right of center elevated 
expression), the greater the difference of the z-scores for gene expression.

Figure 14: Heatmap and cluster dendograms of gene expression in M0 macrophages. The numbered columns each denote a specific gingival sample 
based upon age or time point of the experimental protocol.
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tissues, both M0 and M1 genes were generally increased 
with age, while M2 gene expression profiles appeared un-
affected by age. Effects on specific M0 genes with disease 

were similar in young, adolescent and adult samples, gen-
erally increasing with disease and decreased in resolution. 
Aged samples showed minimal changes in the M0 genes with 

M1 Cluster

Figure 15: Heatmap and cluster dendograms of gene expression in M1 macrophages. The numbered columns each denote a specific gingival sample 
based upon age or time point of the experimental protocol

M2 Cluster

Figure 16: Heatmap and cluster dendograms of gene expression in M2 macrophages. The numbered columns each denote a specific gingival sample 
based upon age or time point of the experimental protocol.
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disease and resolution. M1 gene expression changes in disease 
were lower in the younger groups, elevated in adult samples, 
and minimized in the aged gingival tissues. In contrast, there 
were significant increases in M2 gene expression levels par-
ticularly with disease initiation, and then decreasing during 
progressing disease across all the age groups. Of interest were 
the relationships between genes for macrophage phenotypes 
and the disease presentation of the animals. Some clear differ-
ences were noted in younger vs. older animal samples, with 
both M1 and M2 genes related to BOP and PPD levels. While 
these measures did not show extensive variation in healthy 
tissues, the M0 genes showed a high frequency of correlations 
with the clinical features. While this is a longitudinal model 
of disease, whether the changes in macrophage phenotype 
footprints reflect other parameters driving the disease pro-
cess, or actually contribute to the tissue changes cannot be 
discerned from these data. Nevertheless, in this controlled 
disease model, there was reasonable evidence that the macro-
phages have some role in the transition from health to disease 
and likely back to resolving the lesion [43]. However, as we 
have reported with regard to gene expression profiles for 
other biologic pathways in mucosal tissues [44, 47, 54, 55], 
while aged gingival tissues appear clinically healthy, the tis-
sues seem to reflect an altered local environment of cellular 

responses and likely associated functions that may predispose 
to an enhanced likelihood of a future tissue destructive pro-
cess. In periodontitis tissues, increases in total gene expression 
presumably reflected an increase in the macrophage popula-
tions in the tissues, particularly with disease initiation. This 
appeared to be related to a magnitude of increase in gene 
expression associated with M1 cells, although, the M2 gene 
signals were increased in all age groups at this time point. 
Thus, as has been reported previously [48], the balance of 
these cells within the periodontal tissues are likely crucial for 
maintaining or re-establishing homeostasis or contributing to 
the dysregulated inflammatory response in disease. Moreover, 
aging clearly has an impact on the capacity to maintain an ap-
propriate balance of functions in these mucosal tissues.

Focusing on the major gene response changes in the tis-
sues identified highlights of the transcript changes related to 
macrophage biology. With M0 cells, MAMU-DRA, -DRB1, 
-DPB, -DMA, and DQB1 were all elevated during disease, 
with most pronounced changes in young and adult animals. 
Of interest is that with the aged group, these histocompati-
bility antigens were minimally changed suggesting a poten-
tial for decreased maturation of adaptive immune responses. 
This is consistent with our recent report regarding the de-
creases in immunoglobulin gene diversity in the periodontal 
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Figure 17: Summary of the distribution of samples within the M0 cluster. The points denote the percentage of samples within the age group at each 
time point that were contained within the specific gene expression cluster.
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tissues of aged animals [56]. Additionally, CXCL13 (B cell 
chemoattranct) and CD14 (LPS coreceptor) were increased 
with disease in all age groups related to both innate and adap-
tive immune responses.

The transcripts for M1 genes that were most impacted 
by the disease process included two major PAMPS, TLR2, 
and TLR4 that were both upregulated with disease, sup-
porting the potential for greater cellular interaction with 
the evolving microbiome. This was coupled with increases 
in gene expression of chemokines CXCL8 (neutrophils), 
CCL19 (T and B cells), CCL2 (monocytes), and CCL20 
(dendritic, T and B cells), as well as the CCR2 (CCL2 ligand) 
and CXCR1 (IL8 ligand) receptors signaling a change in the 
local environment related to increased inflammatory cell 
emigration into the inflamed tissues. Both IL1A and IL1B 
were up-regulated representing major pro-inflammatory 
cytokines. However, we also observed major changes in 
expression of IDO1 (indoleamine 2,3-dioxygenase) that 
helps maintain homeostasis by preventing autoimmunity 
or immunopathology, BIRC3 (Baculoviral IAP Repeat 
Containing 3) that regulates caspases and apoptosis, 
contributing to modulating inflammatory signaling and 
immunity, and PTX3 (pentraxin 3) that regulates innate 

resistance to pathogens and inflammatory reactions. Thus, 
the features of the classically activated macrophages rep-
resent dynamic interactions to populate the inflammatory 
tissues to cope with the microbiome changes, but also dem-
onstrate factors that are produced to help control the gen-
eration of the inflammatory responses.

Attributes of the M2 responses showed a consistent increase 
in genes related to immune response including CTSC (cathepsin 
C) that activates serine proteases that can contribute to im-
mune protection. Also, CCL18 (lymphocyte chemoattractant) 
is produced by innate immune system to act on adaptive im-
mune responses with two immunoglobulin receptors, CD32 
(Fcgamma receptor 2A) and CD16 (Fcgamma receptor 3A) 
up-regulated with disease initiation. Additionally a number 
of M2 scavenger receptors are rapidly increased including 
CD36 (thrombospondin, fibronectin, collegan, amyloid beta), 
CD163 a major acute phase-regulated receptor on M2 cells, 
and both MS4A6A (Membrane Spanning 4-Domains A6A) 
for signal transduction from a multimeric receptor complex 
and MS4A4A (Membrane Spanning 4-Domains A4A) that es-
sential for dectin-1-mediated activation of macrophages. Two 
additional consistent M2-associated changes included CA2 
(carbonic anhydrase 2) that is needed for bone resorption 
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Figure 18: Summary of the distribution of samples within the M1 clusters. The points denote the percentage of samples within the age group at each 
time point that were contained within the specific gene expression cluster.
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and osteoclast differentiation and FN1 (fibronectin 1) that 
is critical for cell adhesion and wound healing. These results 
suggested a role for the M2 cells in attempting to re-establish 
some level of homeostasis in the tissues. However, this con-
trasts with HMOX1 (heme oxygenase 1), which is anti-inflam-
matory, SGK1 (Serum/Glucocorticoid Regulated Kinase 1) 
that has an important role in cellular stress by regulating in-
flammatory responses, and CHI3L2 (Chitinase 3 Like 2) that 
is induced to regulate inflammation that were all substantially 
decreased with disease initiation and progression. While there 
is limited information of these molecules in periodontitis, of 
interest, HMOX1 has been shown to be increased in gingival 
tissues of smokers [57] compared to healthy or periodon-
titis tissues. SGK1 promotes M2 activation via regulation of 
FOXO1 and STAT3 and appears to be a central regulatory 
molecules with Porphyromonas gingivalis induced inflam-
mation [58]. Additionally, there are multiple mammalian 
chitinases that affect monocytic cells in chronic inflamma-
tory and interact during osteoclastogenesis in pathological 
bone resorption [59]. This gene is decreased in palatal tissues 
of smokers [60] and with aging in periodontal ligament cells 
[61]. These are all consistent with the dysregulation of normal 
regulation of inflammatory responses with the onset of peri-
odontal lesion formation.

This longitudinal study of disease initiation and progres-
sion in a human-like model of periodontitis provided some in-
sights into the early lesion development at the molecular level 
that cannot be discerned from point-in-time human disease 
studies, and would be predicted to differ substantially from 
the host-microbial interactions that might occur in rodent 
disease models. The findings show clear patterns of macro-
phage features demarcated by gene expression patterns in the 
gingival tissues that were related to age and disease. Of interest 
within the macrophage gene clusters for the M0, M1, and 
M2 cells, the predominant distribution of samples with the 
M0 and M1 clusters appeared to be a reflection of the age of 
the animals. In contrast, the M2 cluster distribution reflected 
both age and time point of health, disease, or resolution of the 
gingival tissues. The outcomes enable a clearer definition of 
the kinetics and dynamics of macrophage infiltration, activa-
tion, and polarization in gingival tissues that should help ex-
plain the breakdown of homeostasis and gingival health and 
resulting changes that reflect a biological progression of tissue 
destruction. However, whether this macrophage polarization 
occurs prior to the emigration and infiltration process, or 
these phenotypic differentiation and maturation events occur 
once the monocytes/macrophages have successfully colonized 
the local tissues remain a gap in knowledge. Moreover, the 
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Figure 19: Summary of the distribution of samples within the M2 clusters. The points denote the percentage of samples within the age group at each 
time point that were contained within the specific gene expression cluster.
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occurrence, frequency, and activation signals in the tissues 
that alter the distribution of polarization, as well as modify 
the trajectory and direction of polarization have not been de-
fined and could be critical for understanding disease biologic 
initiation, progression, and resolution.
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