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SUMMARY

Recent evidence has determined a phenotypic and functional heterogeneity for macrophage 

populations. This plasticity of macrophage function has been related to specific properties of 

subsets (M1, M2) of these cells in inflammation, adaptive immune responses, and resolution of 

tissue destructive processes. This investigation hypothesized that targeted alterations in the 

distribution of macrophage phenotypes in aged individuals, and with periodontitis would be 

skewed towards M1 inflammatory macrophages in gingival tissues. The study used a nonhuman 

primate model to evaluate gene expression profiles as footprints of macrophage variation in 

healthy and periodontitis gingival tissues from animals 3–23 years of age and in periodontitis 

tissues in adult and aged animals. Significant increases in multiple genes reflecting overall 

increases in macrophage activities were observed in healthy aged tissues, and were significantly 

increased in periodontitis tissues from both adults and aged animals. Generally, gene expression 

patterns for M2 macrophages were similar in healthy young, adolescent, and adult tissues. 

However, modest increases were noted in healthy aged tissues, similar to those seen in 

periodontitis tissues from both age groups. M1 macrophage gene transcription patterns increased 

significantly over the age range in healthy tissues, with multiple genes (e.g. CCL13, CCL19, 

CCR7, TLR4) significantly increased in aged animals. Additionally, gene expression patterns for 

M1 macrophages were significantly increased in adult health versus periodontitis and aged healthy 

versus periodontitis. The findings supported a significant increase in macrophages with aging and 
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in periodontitis. The primary increases in both healthy aged tissues and, particularly periodontitis 

tissues appeared in the M1 phenotype.
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Macrophage polarization; periodontitis; gene expression; aging; gingival tissue

INTRODUCTION

Chronic infection of the subgingival sulcus with complex microbial biofilms containing 

putative periodontopathogens results in a persistent inflammatory response that results in 

collateral destruction of both soft tissues (gingiva, periodontal ligament, connective) and 

hard tissues (alveolar bone) (Armitage, 2013). Substantial evidence has documented 

associations of disease with specific species of bacteria in these pathogenic biofilms (Wade, 

2013) and has determined an array of innate immune, inflammatory, and adaptive immune 

responses that are triggered by these bacteria (Hajishengallis, 2014, Souza and Lerner, 

2013). Models of the initiation and progression of the disease have emphasized a role of 

innate responses that with alterations in the quality/quantity of the biofilms induces a 

neutrophil predominated acute inflammatory response (Hajishengallis and Hajishengallis, 

2014, Scott and Krauss, 2012). As the lesion progresses, increasing numbers of mononuclear 

cells emigrate into the affected tissues and into the subgingival sulcus, consistent with a 

more chronic inflammatory lesion (Smith, Seymour and Cullinan, 2010). The cellular 

profiles of these apparent established lesions include various phenotypes of T cells, B cells 

and plasmacytes producing antibody (Ebersole, Dawson, Morford, Peyyala, Miller and 

Gonzalez, 2013), and antigen-presenting cells including macrophages (Hajishengallis, 2010, 

Bartold, Cantley and Haynes, 2010, Merry, Belfield, McArdle, McLennan, Crean and Foey, 

2012) and dendritic cells [DC, (Anjana, Joseph and Suresh, 2012, Cutler and Teng, 2007).

Historically, the immunology literature discriminated various differences in functions of 

monocytes and macrophages (Ley, Miller and Hedrick, 2011, Yona and Jung, 2010), as well 

as supporting variations in macrophage functions related to their tissue location (e.g. spleen, 

liver, skin) (Geissmann, Manz, Jung, Sieweke, Merad and Ley, 2010). However, recent 

literature has documented a greater plasticity for macrophage populations that can be 

delineated via phenotypic characteristics (Zhou, Huang, Lin, Zhan, Kong, Fang and Li, 

2014, Labonte, Tosello-Trampont and Hahn, 2014, Mantovani, Biswas, Galdiero, Sica and 

Locati, 2013, Locati, Mantovani and Sica, 2013, Sica and Mantovani, 2012, Biswas, 

Chittezhath, Shalova and Lim, 2012). This plasticity of macrophage phenotypes, not only 

translates into substantial functional differences across the subsets of cells in various tissues, 

but also depend upon clear differences in the stimulatory signals that result in M1 (classical 

activation, inflammatory), M2a (alternative activation, immunomodulatory), M2b (type II 

activated, immunomodulatory), and M2c (deactivated, immunomodulatory) cells. It is now 

clear that the innate and adaptive immune response outcomes of antigen recognition depend 

upon the responses of subpopulations of macrophages and DCs (Maldonado-Lopez, De 

Smedt, Pajak, Heirman, Thielemans, Leo, Urbain, Maliszewski and Moser, 1999, 

Maldonado-Lopez and Moser, 2001). These variations appear to be regulated by the types of 
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microorganisms providing the stimulus and the local cell factor microenvironment 

(Banchereau, Briere, Caux, Davoust, Lebecque, Liu, Pulendran and Palucka, 2000). The 

resulting signaling pathways activated through these receptors and processes lead to 

different macrophage functions and patterns of responses. Nevertheless, there remains 

minimal information regarding phenotypes of macrophages that occur in clinically healthy 

tissues and how these change with aging and disease reflecting a cellular/humoral milieu 

that would contribute to tissue destruction, enhance protective immune response, or be 

engaged in resolution of the inflammatory lesion.

The report describes studies using a nonhuman primate model of gingival (mucosal) tissue 

responses to evaluate effects of aging on the local gene expression footprint of phenotypes 

of macrophages, as well as alterations in the distribution of M1 and M2 patterns that reflect 

a naturally occurring periodontitis in adult and aged animals.

METHODS

Nonhuman primate model and oral clinical evaluation

Rhesus monkeys (Macaca mulatta) (n=34; 14 females and 20 males) 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: ≤3 years (young; n=5), 3–

7 years (adolescent; n=5), 12–16 years (adult; n=7) and 18–23 years (aged; n=6). Adult and 

aged periodontitis animals (11 additional animals) were used, since younger animals do not 

develop naturally occurring disease. The nonhuman primates are typically 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 clinical 

measures of periodontal parameters including probing pocket depth (PPD), and bleeding on 

probing (BOP) as we have described previously (Ebersole, Steffen, Gonzalez-Martinez and 

Novak, 2008). Animals were classified as periodontitis with a mouth mean BOP index of 

≥2.0 and mouth mean PPD of >3.0 and healthy animals showed a mean BOP of ≤1.0 and 

mean PPD of ≤3.0.

Tissue sampling and gene expression microarray analysis

A buccal gingival sample from either healthy or periodontitis-affected tissue from the 

premolar/molar maxillary region of each animal was taken using a standard gingivectomy 

technique, and maintained frozen in RNAlater solution. Total RNA was isolated 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 transcriptome using the 

GeneChip® Rhesus Macaque Genome Array (Affymetrix) (Meka, Bakthavatchalu, 

Sathishkumar, Lopez, Verma, Wallet, Bhattacharyya, Boyce, Handfield, Lamont, Baker, 

Ebersole and Kesavalu, Gonzalez, Stromberg, Huggins, Gonzalez-Martinez, Novak and 

Ebersole, 2011). Individual samples were used for gene expression analyses. Table 1 
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provides an overview of the genes whose expression was evaluated in the gingival tissues as 

related to M1/2, M1, and M2 phenotype macrophages. These include an array of cytokine/

chemokine responses, as well as various cell surface molecules that provide some 

discrimination among these phenotypes.

Based upon the microarray outcomes we selected 5 genes and performed a qPCR analysis 

using a standard technique in our laboratory employing a Roche 480 LightCycler (Gonzalez, 

John Novak, Kirakodu, Stromberg, Shen, Orraca, Gonzalez-Martinez and Ebersole, 2013). 

Primers were prepared for IL6 (forward - CCTGAACCAACCACAAATGC; reverse – 

GGACTGCAGGAACTCCTTAAA; amplicon 114 bp), CXCL13 (forward – AGTCT 

GGAAGAAGAACAAGTCAG; reverse – GGAACTGGTGGAGTTGAAGAA; amplicon 

108 bp), CCL19 (forward - GCTACCTTCTCATCAAGGATGG; reverse – 

GTTCTACCCAG GACTGGTCT; amplicon 102 bp), CD14 (forward - 

GCCCTAAACTCCCTCAATCTG; reverse – CAGTCTGTTGCAGCTGAGAT; amplicon 

99 bp) and IL1R2 (forward – TTTCAGACACTACGCACCAC; reverse – 

ACCGTCTGTGCATCCATATTC; amplicon 118 bp) and GAPDH (forward – 

GGTGTGAACCATGAGAAGTATGA; reverse – GAGTCCTTCCACGATACCAAAG; 

amplicon 123 bp) genes, designed using software PrimerQuest at Integrated DNA 

Technologies website (www.idtdna.com) and were synthesized by Integrated DNA 

Technologies, Inc (Coralville, IA). The level of message was determined (Gonzalez, John 

Novak, Kirakodu, Stromberg, Shen, Orraca, Gonzalez-Martinez and Ebersole, 2013, 

Gonzalez, Novak, Kirakodu, Orraca, Chen, Stromberg, Gonzalez-Martinez and Ebersole, 

2014, Ebersole, Kirakodu, Novak, Stromberg, Shen, Orraca, Gonzalez-Martinez, Burgos and 

Gonzalez, 2014) and those levels compared across the RNA samples prepared from each of 

the healthy groups and the 2 periodontitis groups.

Data analysis—Normalization of values across the chips was accomplished through signal 

intensity standardization across each chip using Affymetrix PLIER algorithm. The 

GeneChip® Rhesus Macaque Genome Array contained matched and mismatched pairs 

allowing the MAS 5 algorithm to be used. The healthy and periodontitis tissues were then 

compared between the age groups using a t-test and accepting a p-value <0.05 for 

significance. We did determine a correlation with aging in healthy tissues or periodontitis 

tissues using a Spearman Rank correlation analysis that was fit to the gene expression by 

age. A p-value ≤ 0.05 was used to evaluate the significance of the correlation. The data has 

been uploaded to the ArrayExpress data base (www.ebi.ac.uk) under accession number: E-

MTAB-1977.

Unsupervised approaches such as clustering have been used widely to partition 

transcriptional expression profiles into functionally related groups. In the present study, we 

investigated the transcriptional profiles of a list of 136 genes whose macrophage type is 

known has been reported (Martinez, Gordon, Locati and Mantovani, 2006). The objective 

was to investigate whether genes corresponding to distinct macrophage type clustered into 

distinct groups. One-way ANOVA (α = 0.05) was used to identify genes from this set that 

were differentially expressed at least across one of the healthy age groups (Young, 

Adolescent, Adult, Aged), resulting in 26 transcripts. Imposing differential gene expression 

analysis removed noisy genes with no marked changes across any of the groups. Given the 
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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. K-means clustering in 

conjunction with correlation metric was subsequently used to group the 26 genes into three 

clusters. The choice of three clusters can be attributed to fact that the macrophage types that 

fall under the broad categories (M1, M2, M1/M2).

JMP (version 10.0, SAS Inc., Cary, NC) was used to create metagenes independently of 

group classification using principal components based on the correlation matrix. The plots 

are of the first two PCA scores across the healthy tissues and comparing healthy to 

periodontitis tissues within the two age groups. The variability is explained by each of the 

scores indicated on the plots.

RESULTS

Table 2 provides a summary of the clinical data on the groups of animals and measures for 

sites sampled from each group. As was expected, based upon the selection criteria, the group 

of animals with periodontitis had significantly greater BOP and PPD levels than the healthy 

groups across the age range. It also appeared that there was some increase in BOP and PPD 

with healthy aging.

The results in Figure 1 depicts the summation of expression levels of 19 genes for M1/M2, 

23 genes for M1, and 22 genes for M2. The graph demonstrates rather minimal changes in 

gene expression for overall macrophage numbers (M1/M2) in healthy gingival tissues from 

young, adolescent and adult animals. Nevertheless, a significant increase in M1/M2 gene 

expression was observed in healthy aged tissues, and periodontitis tissues from adult animals 

demonstrated increases in macrophage-related gene expression patterns. Examination of M2 

gene profiles showed slightly increasing levels in young, adolescent, adult and aged healthy 

tissues, with no significant differences across the groups. A significant increase was noted in 

the aged periodontitis tissues compared to the levels detected in healthy tissues of all age 

groups. Finally, substantial changes were observed in the M1 gene expression profiles with 

increases over the entire healthy age range, and an additional significant increase in the 

healthy aged tissues. M1 signals were significantly greater in both adult and aged 

periodontitis, with the highest levels observed in aged periodontitis tissues.

Figure 2A–C show a comparison of specific gene expression related to M1/M2, M1, or M2 

cellular activities in the tissues. In these figures, the expression level in healthy aged tissues 

was compared with the level in all other age groups. As was suggested in the summary data 

in Figure 1, of the 19 genes in M1/M2 panel, 15 were significantly increased in the aged 

animals. M1 cell activity described by gene expression of 23 genes showed 8 significantly 

increased in aged healthy tissues including chemokines and multiple receptors (e.g. CCR2, 

CCR7, TLR4). Twenty-two genes were included in the M2 profile with 7 increased in aging 

healthy tissues, primarily surface receptors, including CD14.

Figure 3A–C provides a similar comparison for the various macrophage phenotypes in 

periodontitis tissues compared to healthy adult and aged tissues. Twelve of the M1/2 genes 
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were expressed at even greater levels in periodontitis versus the healthy tissues, including 

the pan-macrophage marker, CD68. With M1 gene expression profiles 9/23 were 

significantly increased with periodontitis including factors for communication with both T 

(CCL5, CCL19) and B (CCL19, CCR7) cells. Six of 22 M2 genes were also significantly 

increased in periodontitis tissues. Most of the up-regulated genes tended to be macrophage 

specific factors, including various scavenger receptors (SRA, CD163). Interestingly, IL1R2 

(a decoy receptor for IL-1 proteins) gene levels were also up-regulated in the periodontitis 

tissues. Table 3 provides a summary of an evaluation of a subset of genes comparing levels 

of expression differences using the microarray technology and qPCR. These results 

demonstrate general agreement of the differences in expression using the individual 

technologies.

A Principal Components Analysis was then performed to evaluate the capacity of expression 

of this set of genes to discriminate across age groups in health, as well as between healthy 

and periodontitis tissues. The results in Figure 4A & B suggest that the macrophage gene 

footprints provide some unique features to these tissues. In healthy tissues, 5/6 of the 

samples from aged animals demonstrated a grouping compared to healthy gingiva from the 

other age groups. The results indicated that nearly 40% of the variation in macrophage gene 

expression could be explained by age in these healthy tissues. Similarly, the periodontitis 

tissues from aged and adult animals (9/11) grouped differentially from the healthy tissues 

with 42.6% of the variation in gene expression related to the presence of periodontitis in 

these tissues.

An additional comparison was undertaken to assess the relationship of specific gene 

expression profiles with clinical features of periodontal health and disease. Table 4 provides 

a summary of the correlations that were identified. Multiple genes indicative of general 

macrophage activity correlated positively with both BOP and PPD in the animals, 

supporting that an increase in clinical features of disease was related to overall macrophage 

numbers. An array of cytokine, chemokine, and receptor genes for M1 macrophages were 

positively correlated with the clinical disease features. Interestingly, IL15, a cytokine from 

monocytes that elicits cell proliferation of NK cells, and SPHK1 (sphingosine kinase 1) that 

phosphorylates sphingosine yielding sphingosine-1-phosphate, a key sphingolipid signaling 

molecule involved in cell growth, survival, differentiation, and motility. The majority of M2 

genes that correlated with disease measures were cell surface receptors for an array of 

intrinsic and extrinsic ligands. Four M2 genes were significantly negatively correlated with 

the clinical measures. CD36, class B scavenger receptor for altered phospholipids and 

lipoproteins; CLEC7A (Dectin-1), a pattern recognition receptor for fungal glucans; 

HS3ST1 (Heparan sulfate glucosamine 3-O-sulfotransferase 1) generates heparan sulfate 

structures; and MAF (v-maf), activates the expression of IL4 in T helper 2 cells.

We then evaluated this array of genes related to macrophage phenotype via a cluster 

analysis, targeting genes that were significantly different (p<0.01, fold difference ≥2) 

between various age groups of healthy tissues. The results demonstrated 26 genes that sorted 

into 3 clusters (Figure 5) with distinct profiles across the age groups. Table 5 lists the genes 

in these Clusters, with M1/M2 genes found in both clusters 2 and 3. Generally M1 genes 

were found in Cluster 3 and M2 genes in Clusters 1, 2, and 3. An extension of the analysis 
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of these clusters in shown in Figure 6 in which we evaluated the statistical difference in 

expression of each of these 26 genes comparing levels in adult or aging periodontitis tissues 

to the expression in healthy tissues. The results demonstrated that 18/26 genes were 

expressed significantly differently in the aging periodontitis tissues, and only 10/26 in the 

adult periodontitis tissues.

DISCUSSION

This study examined gene expression footprints of macrophage phenotypes in healthy 

gingival tissues with aging in nonhuman primates representing approximately 9–80 year old 

humans. The results demonstrated a significant increase in gene expression consistent with 

profiles of macrophage phenotypes and function, particularly in aged healthy tissues. This 

change appeared to represent an increase in M1 macrophages based upon the relative change 

in gene expression reflecting this subset of cells, with a small change in M2 cell gene 

patterns. With periodontitis in both adults and aged animals there was a significant increase 

in expression of genes indicative of M1 cells, with aged periodontitis tissues having the 

highest expression levels. Expression of genes related to the M2 phenotype of cells was only 

increased in aged periodontitis tissues compared to healthy tissues. Finally, the change in 

gene expression for M1 cells increased to a level that in aged periodontitis tissues the ratio 

of relative levels of expression for M1 and M1/M2 cells was equal. These results suggested 

a differential pattern of macrophage infiltration/differentiation/maturation in aged healthy 

tissues that tended towards increased inflammatory and tissue destructive macrophages 

(M1), even in healthy aged tissues. Thus, as we have found previously exploring gene 

expression profiles for other pathways (Gonzalez, Stromberg, Huggins, Gonzalez-Martinez, 

Novak and Ebersole, 2011, Gonzalez, John Novak, Kirakodu, Stromberg, Shen, Orraca, 

Gonzalez-Martinez and Ebersole, 2013, Gonzalez, Novak, Kirakodu, Orraca, Chen, 

Stromberg, Gonzalez-Martinez and Ebersole, 2014, Ebersole, Kirakodu, Novak, Stromberg, 

Shen, Orraca, Gonzalez-Martinez, Burgos and Gonzalez, 2014), while apparently clinically 

healthy, the aged gingival tissues seem to be fundamentally altered in the local 

environmental milieu of cellular functions that may present an enhanced predisposition to a 

tissue destructive process when challenged with a more pathogenic microbial stimulus. 

Additionally, in periodontitis tissues, increases in gene expression reflecting an increase in 

total macrophage populations appeared to be primarily related to increases in M1 cells, 

reflecting a response more skewed towards tissue destructive inflammation than was 

observed even in the adult periodontitis tissues.

Macrophages are effective at antigen processing and presentation (APCs) and are 

particularly adept at stimulating T cells for controlling the quality of T effector cells 

(Mahnke, Ring, Bedke, Karakhanova and Enk, 2008, Zanoni and Granucci, 2012, Gray and 

Cyster, 2012, Kelsall, 2008). These cells also play a critical role in innate immunity, 

responding to microbial challenge and producing elevated levels of various cytokines that 

contribute to host innate defenses (Locati, Mantovani and Sica, 2013, Zanoni and Granucci, 

2012, Striz, Brabcova, Kolesar and Sekerkova, 2014, den Haan and Kraal, 2012). These 

cells recognize and respond to microbial structures using pathogen-associated molecular 

patterns (PAMPs/MAMPs), which decorate the surface of the macrophage enabling uptake 

of antigenic components and triggering activation and phenotype plasticity after engagement 
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of microbial or viral pathogens as ligands (Papadopoulos, Weinberg, Massari, Gibson, 

Wetzler, Morgan and Genco, 2013, Kolli, Velayutham and Casola, 2013, Salomao, 

Brunialti, Rapozo, Baggio-Zappia, Galanos and Freudenberg, 2012). As such in the gene 

expression patterns evaluated, TLR2 and TLR4 were both up-regulated in aged healthy 

tissues and in particular in aged periodontitis tissues, consistent with increases in the M1 

phenotype of macrophages.

Thus, beyond the PAMPs/MAMPs engaging microbes or their products to trigger 

inflammatory responses, these processes are also linked to up-regulation of MHC class I and 

II molecules, costimulatory molecules (CD40, CD80, CD86), and adhesion molecules 

(Makala, Nishikawa, Suzuki and Nagasawa, 2004, Bailey, Carpentier, McMahon, Begolka 

and Miller, 2006, Ramachandra, Simmons and Harding, 2009) for various cell types. Both 

CD80 and CD86 levels were increased in healthy aged gingival tissues, and CD86 continued 

to increase in the periodontitis tissues. In a similar fashion, an array of MHC II molecules 

were increased in both aged tissues and periodontitis tissues, as was expression of the pan-

macrophage marker, CD68, and IL-6 that has a role in maturation of monocytes towards a 

macrophage phenotype (Gabay, 2006). CD40 indicative of M1 cells was only significantly 

increased in the periodontitis tissues.

Following maturation, the APCs produce a repertoire of cytokines, enabling communication 

with both B and T cells as major effector cells for antigen processing and presentation in 

adaptive immunity (Ramachandra, Simmons and Harding, 2009, Tugal, Liao and Jain, 

2013). Recent evidence has emphasized the plasticity of macrophage phenotypes and 

functions and demonstrated selective functions of the subsets of macrophages related to 

inflammation, antigen processing/presentation, and resolution of inflammation and wound 

healing (Zhou, Huang, Lin, Zhan, Kong, Fang and Li, 2014, Labonte, Tosello-Trampont and 

Hahn, 2014, Mantovani, Biswas, Galdiero, Sica and Locati, 2013, Locati, Mantovani and 

Sica, 2013, Rodriguez, Domingo, Municio, Alvarez, Hugo, Fernandez and Sanchez Crespo, 

2014). However, selection of macrophage differentiation into these functional types, driven 

by microbial stimuli or the local host environment remains to be addressed in gingival 

tissues. In healthy aging tissues, increases in an array of chemokines related to T cell 

chemoattraction and maturation were identified. These included CCL19 (MIP-3β), CCL5 

(RANTES), CCL8 (MCP-2), CXCL9 (MIG), CXCL10 (IP-10), and CXCL11 (I-TAC) all 

indicative of functional attributes of M1 macrophages. Even greater increases in a number of 

the chemokines were noted in the periodontitis tissues. In addition, molecules that contribute 

to macrophage chemotaxis, expansion and maturation were also observed in the 

periodontitis tissues, i.e. CCL2 (MCP-1) and CCL13 (MCP-4). Additionally, an array of 

chemokines interacting with B cells was increased in healthy aged tissues including CCL19, 

CXCL13 (BLC) and CCR7 the receptor for CCL19 related to M1 macrophage functions 

(Martinez, Gordon, Locati and Mantovani, 2006).

Mucosal tissues are colonized by an extremely dense and diverse microbiota of commensal 

bacteria, as well as occasionally having to interact with a range of stimuli including 

pathogenic microorganisms (Socransky, Haffajee, Cugini, Smith and Kent, 1998, Tatakis 

and Kumar, 2005, Dye, Choudhary, Shea and Papapanou, 2005, D’Aiuto, Parkar, Andreou, 

Suvan, Brett, Ready and Tonetti, 2004, Pedron and Sansonetti, 2008). These sites 
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continuously sample foreign material via various cells types, including macrophages and 

dendritic cells, which are innate immune cells within the skin and mucosa, including oral 

and gingival epithelium, that respond rapidly to infection, carrying crucial information about 

the infection to lymph nodes to trigger an immune response (Kopitar, Ihan Hren and Ihan, 

2006, Nestle, Thompson, Shimizu, Turka and Nickoloff, 1994, Makino, Utsunomiya, 

Maeda, Shimokubo, Izumo and Baba, 2001, Jotwani, Palucka, Al-Quotub, Nouri-Shirazi, 

Kim, Bell, Banchereau and Cutler, 2001). A range of these APCs, including macrophages 

have been identified in the periodontium, with data providing phenotypic description of 

these cells, detecting changes in these cell populations with progressing periodontal disease, 

and demonstrating in vitro that these APCs can function in antigen-presentation critical in 

controlling the adaptive antibody response patterns in periodontal disease to individual 

bacteria (Jotwani, Palucka, Al-Quotub, Nouri-Shirazi, Kim, Bell, Banchereau and Cutler, 

2001, Cohen, Morisset and Emilie, 2004, Mahanonda, Sa-Ard-Iam, Yongvanitchit, 

Wisetchang, Ishikawa, Nagasawa, Walsh and Pichyangkul, 2002, Cutler, Jotwani, Palucka, 

Davoust, Bell and Banchereau, 1999, Jotwani, Pulendran, Agrawal and Cutler, 2003, 

Tanaka, Fakher, Barbour, Schenkein and Tew, 2006, Kikuchi, Willis, Liu, Purkall, Sukumar, 

Barbour, Schenkein and Tew, 2005, Kikuchi, Hahn, Tanaka, Barbour, Schenkein and Tew, 

2004). Within the context of the subsets of macrophages that arise dependent upon the local 

environmental stimuli, the M2 phenotype of cells are considered to be primarily involved in 

contributing to humoral immune responses and associated with wound healing (Mantovani, 

Biswas, Galdiero, Sica and Locati, 2013, Ferrante and Leibovich, 2012). Thus, many 

markers for these cells are related to scavenger receptors and surface molecule expression to 

regulate downstream effector cells. We noted increases in CD209 (DC-SIGN), SRA 

(scavenger receptor A), and MRC1L1 (mannose receptor) in healthy aged tissues. In 

addition, genes whose products link the macrophage with effector cells, including CCL22 

(MDC, SCYA22), CD11b (integrin alpha M; ITGAM), and CD14 were all increased in 

healthy aging tissues. The changes in these genes are consistent with increases in M2 

polarization in healthy aging tissues, and may provide some functional indication that these 

cells are important in maintaining health in the aged gingiva. With periodontitis, there was 

an additional increase in some of the scavenger receptors, SRA and CD163 (type B 

scavenger receptor), although this difference was less robust than the changes observed in 

healthy tissues. As in health, CCL22 and CD14 gene expression continued to increase in 

periodontitis tissues. Interestingly, gene expression of CD36, which is a class B scavenger 

receptor that binds numerous host factors, including collagen, thrombospondin, oxidized low 

density lipoproteins, and oxidized phospholipids, was significantly decreased in the 

periodontitis tissues. Finally, expression of IL1R2 that that binds IL-1α, IL-1β, and IL-1RA 

as a decoy receptor and inhibits their activities was up-regulated in the periodontitis tissues. 

While the changes in gene profiles for M2 cells in periodontitis were not as substantial as 

those related to M1 polarization, some of these alterations could support an effort by 

macrophages in the tissues to compete with the M1 cells and redirect towards a resolution 

process. Longitudinal studies of disease initiation and progression should enable a more 

clear definition of the kinetics and dynamics of macrophage polarization in gingival tissues 

that help to maintain homeostasis and gingival health versus changes that would reflect a 

biological progression of tissue destruction.
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Figure 1. 
Expression of complex of genes reflecting M1/M2 macrophages or polarized subsets of M1 

or M2. Genes contributing to the summary data are described in Table 1. Points denote 

group mean and vertical brackets enclose 1 SD. Asterisk (*) denotes statistically different at 

least at p<0.05 vs. aged healthy; # denotes statistically different at least at p<0.05 vs. other 

healthy groups; @ denotes statistically different at least at p<0.05 vs. adult healthy; & 

denotes statistically different at least at p<0.05 vs. young/adolescent groups; and denotes 

statistically different at least at p<0.05 vs. adult periodontitis group.
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Figure 2. 
Age-related changes in the gingival expression of macrophage polarization-associated genes 

(A) depicts expression levels of genes indicative of M1/M2 macrophages in healthy tissues. 

(B) shows expression levels of M1 genes and (C) of M2 genes in healthy tissues. The bars 

compare mean levels and the vertical brackets 1 SD, of expression in the aged animals 

tissues (AG) compared to gingival tissues from other age groups (ALL). Statistical analysis 

(*) denotes difference at least at p<0.05 using analysis of Log2 transformed data.
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Figure 3. 
Changes in the gingival expression of macrophage polarization-associated genes with 

periodontitis (A) depicts expression levels of genes indicative of M1/M2 macrophages in 

periodontitis and healthy tissues from adult and aged animals. (B) shows expression levels 

of M1 genes and (C) of M2 genes. The bars compare mean levels and the vertical brackets 1 

SD, of expression in the healthy adult/aged animals tissues (Health) compared to 

periodontitis tissues from adult/aged animals (PD). Statistical analysis (*) denotes difference 

at least at p<0.05 using analysis of Log2 transformed data.
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Figure 4. 
Principal Components Analysis of gene expression profiles of macrophages in (A) healthy 

gingival tissues from 4 age groups or (B).comparing expression in healthy to periodontitis 

tissues from adult and aged animals. Each point denotes the relative position using 2 PC 

factors for each animal. The triangles denote the mean PC1 and PC2 for each of the groups.
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Figure 5. 
Describes the gene clusters for expression across the healthy age groups. The included genes 

showed a statistical difference at least at p<0.01 and a fold of of ≥2 between at least 2 

groups.

Gonzalez et al. Page 25

Immunol Invest. Author manuscript; available in PMC 2016 September 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Description of levels of significant differences in gene cluster expression in samples 
from adult (AD PD) and aged (AG PD) periodontitis tissues compared with levels in healthy 
tissues across the age groups. The horizontal dashed line denotes p=0.01.
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Table 1

Gene expression targets for macrophage phenotypes

Gene ID MΦ Type Gene Title

ADK M2 Adenosine kinase

ARG1 M2 Arginase 1

ALOX15 M2 Arachidonate 15-lipoxygenase

BCL2A1 M1 BCL2-Related Protein A1

BIRC3 M1 Baculoviral IAP Repeat Containing 3, apoptosis regulator

CA2 M2 Carbonic anhydrase II

CCL1 M2 Chemokine (C-C motif) ligand 1

CCL2 M1 Macrophage chemotactic protein 1 (MCP-1)

CCL3 M1 Macrophage inflammatory protein 1α (MIP-1α)

CCL4L1 M1 Chemokine (C-C motif) ligand 4-like 1

CCL5 M1 Regulated on activation, normal T cell expressed and secreted (RANTES)

CCL8 M1 Macrophage chemotactic protein 2 (MCP-2)

CCL11 M1 Eotaxin 1

CCL13 M1 Chemokine (C-C motif) ligand 13

CCL17 M2 Thymus and activation regulated chemokine (TARC)

CCL18 M2 Pulmonary and activation-regulated chemokine (PARC)

CCL19 M1 Macrophage inflammatory protein 3β (MIP-3β)

CCL20 M1/M2 Macrophage inflammatory protein 3α (MIP-3α)

CCL22 M2 Chemokine (C-C motif) ligand 22

CCL23 M2 Macrophage inflammatory protein 3 (MIP-3)

CCL24 M2 Eotaxin 2

CCR2 M1 CD192, receptor for CCL2

CCR2B M1 Receptor for CCL2

CCR7 M1 Receptor for CCL19 and CCL21

CXCL1 M2 Gro1

CXCL9 M1 Monokine induced by gamma interferon (MIG)

CXCL10 M1 Interferon gamma-induced protein 10 (IP-10)

CXCL11 M1 Interferon-inducible T-cell alpha chemoattractant (I-TAC)

CXCL13 M1/M2 Breast and kidney-expressed chemokine (BRAK)

CXCR1 M1 Chemokine (C-X-C motif) receptor 1

CXCR2 M1 IL8 receptor B

CD11b M2 Integrin alpha M (ITGAM)

CD14 M2 Co-receptor for LPS

CD16 M2 Fc IgG receptor 3A

CD23 M2 Fc IgE receptor 2

CD36 M2 Class B scavenger receptor

CD40 M1 Costimulatory protein found on APCs, binds CD154 (CD40L)
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Gene ID MΦ Type Gene Title

CD68 M1/M2 Binds to low density lipoprotein, highly expressed by human monocytes and tissue macrophages

CD80 M1/M2 Co-stimulatory molecule (B7–1) binds CD28 and CTLA-4

CD86 M1/M2 Co-stimulatory molecule (B7–2) binds CD28 and CTLA-4

CD163 M2 Scavenger receptor cysteine rich family type B

CD200R M2 CD200 receptor 1, receptor for the OX-2 membrane glycoprotein

CD209 M2 DC-SIGN, C-type lectin receptor

CERK M2 Ceramide kinase

CHI3L2 M1 Chitinase 3-like 2

CLEC7A M2 Dectin 1

DRB4 M1/M2 Major histocompatibility complex, class II, DR beta 4

DQB1 M1/M2 Major histocompatibility complex, class II, DQ beta 1

DMB M1/M2 Major histocompatibility complex, class II, DM beta

DQ1 M1/M2 Major histocompatibility complex, class II, DQ 1

DMA M1/M2 Major histocompatibility complex, class II, DM alpha

DOA M1/M2 Major histocompatibility complex, class II, DO alpha

DOB M1/M2 Major histocompatibility complex, class II, DOR beta

DPA M1/M2 Major histocompatibility complex, class II, DP alpha

DPB M1/M2 Major histocompatibility complex, class II, DP beta

DQA1 M1/M2 Major histocompatibility complex, class II, DQ alpha

DRA M1/M2 Major histocompatibility complex, class II, DR alpha

ECGF1/TYMP M1 Thymidine phosphorylase

FAS M1 Fas cell surface death receptor

FN1 M2 Fibronectin 1

GADD45G M2 Growth arrest and DNA-damage-inducible, gamma

GPR86 M2 Purinergic receptor P2Y, G-protein coupled, 13

HEXB M2 Hexosaminidase B

HO-1 M2 Hemoxyganase 1

HRH1 M2 Histamine receptor H1

HSD11B1 M1 Hydroxysteroid (11-beta) dehydrogenase 1

HS3ST1 M2 Heparan sulfate (glucosamine) 3-O-sulfotransferase 1

IDO1 M1 Indoleamine 2,3-dioxygenase 1

IGF1 M2 Instulin-like growth factor 1

IFNA1 M1 Interferon, alpha 1

IFNA2 M1 Interferon, alpha 2

IFNA6 M1 Interferon, alpha 6

IFNA13 M1 Interferon, alpha 13

IFNA16 M1 Interferon, alpha 16

IFNA21 M1 Interferon, alpha 21

IFNB1 M1 Interferon, beta 1
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Gene ID MΦ Type Gene Title

IL1B M1/M2 Interleukin 1 beta

IL1RN M2 Interleukin 1 receptor antagonist

IL1R1 M1 Interleukin 1 receptor 1

IL1R2 M2 Interleukin 1 receptor 2

IL6 M1 Interleukin 6

IL8 M1 Interleukin 8

IL10 M2 Interleukin 10

IL12A M1 Interleukin 12 subunit alpha

IL12B M1 Interleukin 12 subunit beta

IL15 M1 Interleukin 15

IL15RA M1 Interleukin 15 receptor, alpha

IL23A M1 Interleukin 23 subunit alpha

MAF M2 v-Maf avian musculoaponeurotic fibrosarcoma ongogene homolog A

MRC1 M2 Macrophage mannose receptor (CD206)

MRC1L1 M2 Mannose C-type lectin receptor

MSR1 M2 Macrophage scavenger receptor 1 (SR-A1)

MS4A4 M2 Membrane-spanning 4-domains, subfamily A, member 4

MS4A6A M2 Membrane-spanning 4-domains, subfamily A, member 6A

NOS2 M1 Nitric oxide synthase 2 (inducible)

OAS1 M1 2’-5’-oligoadenylate synthetase 2

OASL M1 2’-5’-oligoadenylate synthetase-like

PBEF1/NAMPT M1 Nicotinamide phosphoribosyltransferase

PFKFB3 M1 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3

PFKP M1 Phosphofructokinase, platelet

PLA1A M1 Phospholipase A1 Member A

PPARG M2 Peroxisome proliferator-activated receptor gamma

PSMA2 M1 Proteasome subunit, alpha type, 2

PSMB9 M1 Proteasome subunit, beta type, 9

PSME2 M1 Proteasome activator subunit 2 (PA28 beta)

PTX3 M1 Pentraxin 3

P2RY14 M2 Purinergic receptor P2Y, G-protein coupled, 14

SCARA3 M2 Scavenger receptor class A, member 3

SCARF2 M2 Scavenger receptor class F, member 2

SEPP1 M2 Selenoprotein P, plasma, 1

SRA M2 Macrophage scavenger receptor A (SR-A)

SLC2A6 M1 Solute Carrier Family 2 (Facilitiated Glucose Transporter), member 6

SLC31A2 M1 Solute Carrier Family 31 (Copper Transporter), Member 2

SLC7A5 M1 Solute Carrier Family 7 (Amino Acid Transporter Light Chain, L System), Member 5

SPHK1 M1 Sphingosine kinase 1
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Gene ID MΦ Type Gene Title

TGFB1 M2 Transforming growth factor beta 1

TGFBR2 M2 Transforming growth factor beta receptor 2

TLR2 M1 Toll-like receptor 2

TLR4 M1 Toll-like receptor 4

TLR5 M2 Toll-like receptor 5

TNF M1/M2 Tumor necrosis factor alpha

TNFSF10 M1 TRAIL
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Table 3

Comparison of expression levels of selected genes with GeneChip and qPCR. Levels are expressed as fold 

difference compared to Adult Healthy tissues assigned a value of 1.00.

GENE ID AGED
HEALTHY

ADULT
PERIODONTITIS

AGED
PERIODONTITIS

IL6

   qPCR 3.54 31.52 5.02

   GeneChip 1.84 3.29 4.87

CXCL13

   qPCR 3.40 9.40 4.10

   GeneChip 1.88 2.31 3.83

CCL19

   qPCR 3.20 5.31 3.70

   GeneChip 1.64 2.39 3.14

CD14

   qPCR 1.73 1.46 −1.28

   GeneChip 1.28 1.60 1.15

IL1R2

   qPCR 1.34 2.09 5.00

   GeneChip 1.02 2.46 1.22
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Table 5

Gene IDs for expression clusters of macrophage phenotypes

Cluster MΦ Type Gene ID

1 M2 CERK

1 M2 HS3ST1

2 M1/M2 MAMU-DPA

2 M1/M2 MAMU-DRA

2 M1/M2 CD68

2 M1 PLA1A

2 M1 HSD11B1

2 M2 CTSC

2 M2 CD32

2 M2 MS4A4

2 M2 CCL13

3 M1/M2 CXCL13

3 M1/M2 MAMU-DOB

3 M1 IL6

3 M1 CHI3L2

3 M1 SLC31A2

3 M1 SLC7A5

3 M1 IL1A

3 M1 BIRC3

3 M1 IL7R

3 M1 CCL19

3 M1 IL12B

3 M2 ADK

3 M2 CD14

3 M2 CD86

3 M2 CD11b
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