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Abstract: Signaling pathways of the vitamin D receptor (VDR) and the triggering receptor expressed on myeloid 
cells (TREM) have been independently implicated in the biology of numerous of cutaneous pathologies. There is 
substantial evidence for possible crosstalk between these pathways, though the relationship between VDR and 
TREMs remains unclear. In this study, we characterize the effects of vitamin D-deficiency and sufficiency on the 
cutaneous expression of TREM-1, TREM-2, VDR, HMGB1, and RAGE. Cutaneous tissue isolated from Yucatan mi-
croswine were immunohistochemically evaluated for epidermal expression of TREM-1, TREM-2, VDR, HMGB1, and 
RAGE. The swine were fed a vitamin D-deficient or vitamin D-sufficient diet to examine the role of vitamin D state on 
levels of these markers. In vitamin D-sufficient animals, keratinocytes exhibited elevated levels of TREM-1, TREM-2. 
Additionally, TREM-1 expression predominated in basal cells, whereas TREM-2 levels were higher in keratinocytes, 
regardless of vitamin D state. Levels of HMGB1 and RAGE did not differ by vitamin D state. VDR expression was 
consistently higher in the cytoplasm and nuclei of basal cells, when compared to keratinocytes. Our findings sug-
gest a role of vitamin D in signaling of TREM pathways. Additionally, the TREM ratio may play a role in keratinocyte 
differentiation and should be explored further. Possible signaling crosstalk between these pathways has a potential 
role in progression of cutaneous malignancies and other inflammatory pathologies.
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Introduction

Expanding knowledge of the immunomodulato-
ry functions of vitamin D and its receptor, VDR, 
create a role for these molecules in a broad 
spectrum of pathophysiologic cutaneous pro-
cesses, including wound healing, [1] psoriasis, 
[2] skin aging, [3] and malignancies [4]. In basal 
cell carcinoma, immunostaining of VDR and 
mRNA levels were consistently stronger in 
tumor cells than in unaffected skin [5]. In mela-
nocytic lesions, immunohistochemical analysis 
of VDR expression demonstrated higher VDR 
expression to be associated with less advanced 
malignancies and longer overall survival [6]. 

The triggering receptors expressed on myeloid 
cells (TREMs) receptor family plays a consider-
able role in innate immunity and inflammatory 
signaling. TREM-1 has been implicated as a 
pro-inflammatory molecule expressed by neu-
trophils and monocytes [7]. Conversely, TREM-

2 is suggested to have anti-inflammatory ac-
tions and promote phagocytosis [8]. These re-
ceptors have demonstrated roles in numerous 
chronic inflammatory conditions and malignan-
cies [9]. Early study of TREMs in melanoma sug-
gests levels to be altered in the malignant state 
[10]. Furthermore, vitamin D has been shown to 
induce TREM-1 expression in airway epithelium, 
[11] suggesting a complex interplay between 
these signaling pathways.

High-mobility group box-1 (HMGB1) is a ubiqui-
tously expressed protein with dual function as a 
nonhistone DNA binding protein and as a cyto-
kine mediator of inflammation secreted from 
immune cells such as monocytes/macrophages 
and dendritic cells [12]. It is a putative ligand for 
TREM-1, with demonstrated direct interaction 
and binding capability to this receptor [13]. 
Increased expression of HMGB1 is associated 
with several malignancies, [14]. including epi-
dermal tumors [15, 16]. Involvement in other 
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cutaneous pathologies has been reported, 
including keloids [17] and inherited blistering 
skin disease [18]. One of the many receptors 
for HGMB1 is the receptor for advanced glyca-
tion endproducts (RAGE). This multi-ligand cell-
surface receptor is an immunoglobulin super-
family member and is thought to be a pattern 
recognition receptor [19]. RAGE has implica-
tions in numerous malignancies, playing possi-
ble roles in tumor cell proliferation, survival, 
migration, and invasion [20]. HMGB1 and RAGE 
likely play a role in cutaneous malignancies, 
and may have clinical value in cutaneous can-
cer prognosis [21].

In this investigation, we immunohistochemical-
ly examined the cutaneous expression of VDR, 
TREM-1, TREM-2, HMGB1, and RAGE. Using a 
porcine model of vitamin D-deficiency and suf-
ficiency, we investigated the effects of vitamin 
D levels on these molecules.

Methods

Porcine model

Female Yucatan microswine (Lonestar Labor-
atories, Sioux Center, IA, USA) were fed vitamin 
D-deficient (0 IU 25-hydroxycholecalciferol/day) 
or sufficient (2000 IU 25-hydroxycholecalcifer-
ol/day) high-cholesterol diets (Harlan, USA). 
Vitamin D-deficient diets consisted of 23.9% 
corn starch, 23.5% sucrose, 19% “vitamin free” 
casein, 13% maltodextrin, 10% cellulose, 4% 
soybean oil, and 4% cholesterol. The vitamin 
D-sufficient high cholesterol diet (Harlan, USA) 
consisted of 37.2% corn (8.5% protein), 23.5% 
soybean meal (44% protein), 20% chocolate 
mix, 5% alfalfa, 4% cholesterol, 4% peanut oil, 
1.5% sodium cholate, and 1% lard. The swine 
were housed under controlled 12:12 hour light-
dark cycles at 20-24°C, without sunlight to 
avoid variations in serum 25-hydroxyvitamin D 
levels due to UV exposure. Vitamin D levels and 
lipid profiles were routinely monitored every two 
weeks using peripheral blood obtained via ear 
venipuncture. The study protocol was approved 
by the Creighton University Institutional Animal 
Care and Use Committee and adhered to NIH 
standards and USDA guidelines.

Immunostaining

Skin was obtained from female Yucatan micro-
swine postmortem. Tissue available for assay 
belonged to three vitamin D-sufficient animals 

and three vitamin D-deficient animals. Tissue 
sections of 4 μm in thickness were deparaf-
finized in xylene and rehydrated. Heat-induced 
antigen retrieval was performed in citrate buf-
fer solution (S1699, Dako, Glostrup, Denmark). 
Endogenous peroxidases were blocked using 
Bloxall (Vector Laboratories, Burlingame, CA, 
USA). Immunostaining was performed with  
the standard streptavidin-biotin peroxidase  
technique using Vectastain ABC elite kits 
(Vector Laboratories, Burlingame, CA, USA) and 
3,30-diaminobenzidine chromogen solution 
(SK4100, Vector Laboratories, Burlingame, CA, 
USA) as an immunoperoxidase substrate. 
Primary antibodies were raised against TREM-
1, TREM-2, VDR, HMGB1, and RAGE (TREM-1, 
1:100, sc-19309; TREM-2, 1:250, sc-48764; 
VDR, 1:100, sc-13133; HMGB1, 1:250, sc-26-
351; RAGE, 1:100, sc-8230; Santa Cruz Biote-
chnology, Dallas, TX, USA). Tissue was counter-
stained with hematoxylin. 

Quantification and statistical analysis

Immunoreactivity was quantified using ImageJ 
software (National Institutes of Health, Bethe-
sda, Maryland, USA) as previously described 
[22]. Five randomly selected cells in represen-
tative areas of the epidermal keratinocytes and 
basal cells were used for quantification of stain-
ing intensity at 40x magnification. Nuclear 
staining intensity was quantified in positively 
expressing cells. Cases were stained and quan-
tified in duplicate. Data were collected in 
Microsoft Excel 14.4 statistical software pack-
age (Redmond, WA, USA). Statistical analysis 
was performed using R version 3.2.3 “Wooden 
Christmas-Tree” statistical software (R Foun-
dation for Statistical Computing, Vienna, Aus-
tria). Comparison of mean staining intensities 
was performed using one-way ANOVA with 
Tukey tests for post-hoc analysis for each anti-
body and subcellular location (nuclear and 
cytoplasmic); given probability values are multi-
plicity-adjusted. An α equal to 0.05 was select-
ed for all statistical analyses. 

Results

Serum 25-hydroxycholecalciferol levels in vita-
min D-deficient pigs ranged from 7.8 to 19.7 
ng/mL, whereas levels in vitamin D-sufficient 
pigs ranged from 39.3 to 41.3 ng/mL. 
Immunostain intensities of TREM-1, TREM-2, 
VDR, HMGB1, and RAGE in the skin of vitamin 
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D-sufficient and deficient swine are displayed 
in Figure 1 with representative micrographs 
exhibited in Figure 2.

Staining of TREM-1 exhibited cytoplasmic ex-
pression with a full-thickness epidermal blush. 
Stronger expression tended to be in the basal 
layers, when compared to upper keratinocytes 
in both vitamin D-deficient and sufficient ani-
mals (both: ANOVA, P < 0.0001; Tukey, defi-
cient: P < 0.0001, sufficient: P = 0.0003). Vas-

cular bundles demonstrated endothelial posi-
tivity, whereas glands were negative in expres-
sion. Additionally, TREM-1 expression was 
increased in keratinocytes of vitamin D-suffi-
cient cases, when compared to deficient cases 
(ANOVA, P < 0.0001; Tukey, P = 0.0005).

TREM-2 expression was focal and granular in 
quality in the cytoplasm of keratinocytes and 
basal cells. Of note, occasional nuclear staining 
was observed (not quantified). Endothelial cells 

Figure 1. Mean relative immunostain intensity of (A) TREM-1, (B) TREM-2, (C) RAGE, and (D) nuclear and cytoplasmic 
VDR. One-way ANOVA analysis demonstrated a P < 0.0001 for immunoreactivity grouped by antibody (VDR: cyto-
plasmic P < 0.001, nuclear P < 0.0001). Expression of TREM-1 was increased in keratinocytes and TREM-2 was in-
creased in both keratinocytes and basal cells with vitamin D sufficient diet. Additionally, TREM-1 was higher in basal 
cells, whereas TREM-2 levels predominated in keratinocytes. RAGE and nuclear VDR was increased in expression 
in keratinocytes in both vitamin D states. Cytoplasmic VDR expression was increased in keratinocytes of sufficient 
animals, compared to basal cells. Standard deviations are shown and statistical significance (post-hoc Tukey test) 
is indicated (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
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in vascular structures and sweat glands dem-
onstrated positive expression. TREM-2 immu-
nostaining intensity was markedly higher in 
both keratinocytes and basal cells of vitamin 
D-sufficient cases, when compared to those of 
deficient cases (ANOVA, P < 0.0001; Tukey, 
keratinocytes: P < 0.0001, basal cells: P = 
0.0072). Additionally, in both vitamin D states, 
keratinocyte expression of TREM-2 was signifi-
cantly higher than that of basal cells (ANOVA, P 
< 0.0001; Tukey, sufficient: P < 0.0001, defi-
cient: P = 0.0005).

HMGB1 was expressed in the cytoplasm and 
nuclei of epidermal cells. Cytoplasmic expres-
sion was not markedly different by cell type or 
vitamin D state (ANOVA, P = 0.769). Nuclear 
stippling was observed in HMGB1 expression, 
with observable nucleolar predominance in 
positivity. No differences in nuclear staining 
intensity were detected (ANOVA, P = 0.843). 

RAGE immunoreactivity demonstrated cyto-
plasmic localization. In both vitamin D states, 
expression was elevated in keratinocytes, when 
compared to basal cells (ANOVA, P < 0.0001; 
Tukey, deficient: P < 0.0001, sufficient: P < 
0.0001). No significant differences were detect-
ed when comparing immunostain intensity by 
vitamin D state (Tukey, keratinocytes: P = 
0.4900, basal cells: P = 0.7450).

VDR was expressed in the skin of both vitamin 
D-deficient and sufficient swine. Expression 
was of a granular quality, with positivity in both 
the cytoplasm and nucleus of cells (ANOVA, 
cytoplasm: P = 0.0002, nuclei: P < 0.0001). A 
full-thickness blush was observed in both 
states, though in vitamin D-sufficient cases a 
marked increase in expression was observed in 
the cytoplasm of the basal cells of when com-
pared to keratinocytes (Tukey, P < 0.0001). 
Comparison by cell type in deficient cases, on 

Figure 2. Representative micrographs of immunostained cutaneous tissue from vitamin D-deficient and vitamin D-
sufficient swine. TREM-1 (A, B), TREM-2 (G, H), and RAGE (I, J) were localized to the cytoplasm, though TREM-2 dem-
onstrated occasional nuclear staining. HMGB1 (C, D) and VDR (E, F) demonstrated both cytoplasmic and nuclear 
immunoreactivity. Sections stained with hematoxylin and eosin (K, L) are also shown along with negative controls 
(M, N) subjected to staining with exclusion of primary antibodies.
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the other hand, demonstrated VDR cytoplasmic 
immunoreactivity to be equally expressed in 
the keratinocytes and basal cells (Tukey, P = 
0.9940). Comparison by vitamin D state dem-
onstrated a tendency of immunoreactivity in 
sufficient cases to be elevated in basal cells 
and decreased in keratinocytes (Tukey, P = 
0.1093 and 0.1840, respectively). Analysis of 
nuclear staining intensity showed clear differ-
ences in cell type, with higher expression in the 
basal cells in either vitamin D-state (Tukey, 
both P < 0.0001).

Discussion

Expression of both TREM-1 and TREM-2 in 
keratinocytes was increased in the sufficient 
vitamin D state. Previous in vitro investigation 
has demonstrated vitamin D to be an inducer 
of TREM-1 in airway epithelium [23]. However, 
the interaction of cutaneous TREM expression 
with vitamin D has not been thoroughly investi-
gated. In particular, the role of vitamin D in 
TREM-2 signaling has had little exploration. 
TREM-1 has been shown to promote inflamma-
tion, while TREM-2 is thought to have anti-
inflammatory function [9]. Considering the sug-
gested anti-inflammatory role of vitamin D, [24] 
the increase in expression of both TREM-1 and 
TREM-2 in vitamin D-sufficient swine was unex-
pected. In the light of inflammatory signaling, 
TREM-2 could be expected to decrease with a 
higher vitamin D state. This increase in both 
TREMs could, therefore, be reflective of more 
complex signaling crosstalk, as opposed to a 
simply dichotomy of anti- and pro-inflammatory 
signaling. Additionally, the TREM isoforms dem-
onstrated a reciprocal pattern of expression, 
when considering cell type in either vitamin D 
state. TREM-1 immunoreactivity was higher in 
basal cells, compared to keratinocytes. TREM-
2, on the other hand, was elevated in the kera-
tinocytes. This could be indicative of the TREM-
1 to TREM-2 ratio playing a role in epidermal 
cell differentiation. The possible importance of 
this TREM ratio has been previously suggested 
[10].

Expression of HMGB1 demonstrated no signifi-
cant changes with vitamin D state and cell type. 
RAGE, while increased in keratinocytes when 
compared to basal cells, demonstrated no 
changes in immunoreactivity with vitamin D 
state. These data are suggestive of vitamin D 
to not have a direct impact on levels of HMGB1 
and its RAGE receptor. Increased HMGB1 

expression is associated with a number of 
cutaneous pathologies, including cutaneous 
malignancies, [15, 16] recessive dystrophic 
epidermolysis bullosa [18], and keloids [17]. 
Notably, ultraviolet irradiation of primary cuta-
neous melanomas in a mouse model caused 
enhanced expansion of tumour cells along 
abluminal blood vessel surfaces and increased 
the number of lung metastases [25]. This effect 
depended on neutrophil recruitment and acti-
vation that was in turn initiated by release of 
HMGB1 from damaged keratinocytes. HMGB1 
has been suggested to have a coregulatory role 
in steroid receptor-mediated gene transcrip-
tion, though no direct interaction was found 
with VDR [26]. This does not preclude the pos-
sibility of interplay between HMGB1 and the 
vitamin D signaling pathway. Such crosstalk 
should be investigated, considering the oppos-
ing effects on inflammatory signaling of HMGB1 
and vitamin D [24, 27].

The currently available literature reporting 
immunohistochemical evaluation of VDR dem-
onstrates a widely variable localization of this 
receptor, ranging from nuclear, cytoplasmic 
and membranous in vulvar carcinomas [28] to 
solely nuclear reactivity in basal cell carcino-
mas [5]. Additionally, VDR subcellular localiza-
tion will vary with vitamin D state, exhibiting a 
nuclear and cytoplasmic distribution in vitamin 
D deficiency versus a nucleus-dominated state 
in the presence of its ligand [29, 30]. The VDR 
expression observed presently is consistent 
with previously reported [31] cutaneous VDR 
staining patterns in vitamin D-sufficient and 
deficient swine.

Crosstalk of TREM and VDR signaling may be 
permissible through a number of molecular 
pathways. In hepatocellular carcinoma, AKT 
has been suggested as a down-stream effector 
of TREM-1 signal transduction, along with p65, 
STAT3, and ERK [32]. Furthermore, ablation of 
the TREM-1 murine analogue diminished acti-
vation of the p38, ERK 1/2, JNK, MAPK, and 
NF-κB signaling pathways in Kupffer cells [33]. 
In skeletal muscle cells, MAPK activation has 
been shown to be dependent on VDR expres-
sion [34]. Further evidence suggests that VDR 
inhibits pro-inflammatory cytokines in mono-
cytes and macrophages via MAPK phospha-
tase-1 [35]. Further exploration of these inter-
linked pathways is warranted in cutaneous 
models, as they may have wide implications in 
epidermal pathologies. Altered expression of 



TREM, VDR, RAGE, and HMGB1 in vitamin D deficiency

8511 Int J Clin Exp Pathol 2016;9(8):8506-8512

TREMs has been previously demonstrated in 
cutaneous melanoma [10] and could play a role 
in cutaneous cancer progression. In psoriasis, 
TREM-1 has even been suggested as a poten-
tial therapeutic target [36]. VDR has a similarly 
wide involvement in cutaneous pathology, 
including melanoma in which it may serve as a 
marker for tumor progression [6]. Exploitation 
of these interlinked pathways has broad poten-
tial for clinical application. Thus further investi-
gation aimed at elucidating the nature of these 
interactions is fully merited.

Our results indicate cutaneous TREM and VDR 
expression to be influenced by vitamin D status 
and cell type. Additionally, the TREM-1 to TREM-
2 ratio may play a role in keratinocyte differen-
tiation. Furthermore, a complex interplay involv-
ing vitamin D, VDR, HMGB1 and the TREM sig-
naling pathway may exist, requiring further 
exploration. These molecules have been indi-
vidually implicated in various high impact cuta-
neous malignancies and other pathologies, 
though their interplay has had minimal investi-
gation. Future studies are warranted to further 
understanding of the complex relationship of 
these molecules in cutaneous pathology.
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