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ABSTRACT
Malignant melanoma is the deadliest cutaneous malignancy. Its prevalence is currently
rising and accounts for 75% of skin cancer-related deaths in the United States. This prototypical
immunogenic malignancy requires interaction with the immune system for progression.
Investigation into the immunobiology of melanoma holds downstream potential for therapeutic
targets and prognostic markers. Vitamin D is an immunomodulatory hormone that demonstrates
anti-tumoral effects. The triggering receptor expressed on myeloid cells-1 (TREM-1) has been
characterized as pro-tumoral and plays a large role cancer progression in numerous nonmelanocytic malignancies. In the present study, the interaction of vitamin D and TREMs are
explored in melanoma. Immunohistochemical evaluation of TREM-1 and TREM-2 levels in
cutaneous melanoma tissue demonstrates the ratio to be a possibly important contributor in
malignant state. Furthermore, TREM-1 levels were found to positively correlate with VDR levels
in melanoma tissue. VDR, in turn, is inversely associated with melanoma tumor staging. In vitro
evaluation of melanoma cells demonstrates vitamin D to induce TREM-1 expression, while
having no effect on levels of TREM-2 and high mobility group box 1 (HMGB1), a TREM-1
ligand. Vitamin D also inhibits migration and invasion ability of treated cells, further supporting
the anti-tumoral effects of vitamin D. Considering their vast respective immune functions, this
complex interaction between vitamin D and TREM also holds broader implications cutaneous
disorders. Characterization of cutaneous TREM levels demonstrates TREM-1 to be elevated in
keratinocytes of vitamin D-sufficient swine, when compared to that of vitamin D-deficient skin.
Levels of HMGB1 and another of its receptors, the receptor for advanced glycation endproducts,
were not affected by vitamin D state. Rather, these two molecules demonstrated differences in
expression based on cutaneous depth (i.e. basal cells versus upper keratinocytes), suggesting a
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role of this and the TREM pathways in keratinocyte differentiation and development. These
immunomodulatory molecules hold large potential for clinical application. The value of vitamin
D supplementation should be explored in high-powered randomized, controlled trials to
determine its role in melanoma prevention and possibly adjuvant therapy. Modulation of TREM
signaling, most notably TREM-1 inhibition, warrants further exploration in melanoma therapy.
Furthermore, HMGB1 holds clinical value as a prognostic marker in numerous inflammatory and
neoplastic conditions, including melanoma and non-melanocytic cutaneous malignancy.
Melanoma is a complex immunogenic neoplasm that is not fully understood. Further effort in
unraveling its multifaceted immunologic interplay will provide better understanding of this
condition and generate novel targets for selective therapy.

iv

TABLE OF CONTENTS
Abstract………………………………………………………………………………………….. iii
Table of Contents……………………………………………………………………………….... v
List of Figures………………………………………………………………………………..….. ix
List of Tables………………………………………………………………………………..…… x
Abbreviations…………………………………………………………….…………………..….. xi
CHAPTER 1. INTRODUCTION…...………………………………….…………………..….. 1
1.1 Malignant Melanoma…………………………………………………………….…………... 1
1.2 Melanoma and the Immune System…………………………………………………………... 2
1.3 Role of Vitamin D in Melanoma and the Immune system…………………………..………... 3
1.4 The Triggering Receptor Expressed on Myeloid Cells……………………………..………... 4
1.4.1 Molecular Characteristics and Expression of the TREM Receptor Family……….. 4
1.4.2 TREM in Chronic Inflammation and Malignancy…………………………………. 7
1.4.3 TREM in Colitis and Colorectal Cancer…………………………………………... 8
1.4.4 TREM in Pulmonary Diseases and Malignancy………………………….………. 11
1.4.5 TREM in Hepatic Inflammation and Carcinoma………………………….……… 14
1.4.6 TREM in Leukemia………………………….……………………………………. 16
1.4.7 The Future of TREMs and Cutaneous Implications……………………………… 17
1.5 High Mobility Group Box 1 and the Receptor for Advanced Glycation Endproducts……... 20
1.6 Hypothesis and Specific Aims………………………….…………………………………… 24
CHAPTER 2. TREM RATIO IN CUTANEOUS MELANOMA…………………………... 25
2.1 Abstract………………………….………………………………………………………….. 25
2.2 Introduction………………………….……………………………………………………… 26

v

2.3 Methods………………………….………………………………………………………….. 27
2.3.1 Sample Selection………………………….………………………………………. 27
2.3.2 Indirect Immunofluorescence………………………….………………………….. 27
2.4 Results………………………….…………………………………………………………… 28
2.5 Discussion………………………….……………………………………………………….. 31
2.6 Conclusions………………………….……………………………………………………… 34
CHAPTER 3. TREM EXPRESSION AND CLINICOPATHOLOGICAL FEATURES OF
MALIGNANT MELANOMA………………………….……………………………………... 35
3.1 Abstract………………………….………………………………………………………….. 35
3.2 Introduction………………………….……………………………………………………… 36
3.3 Methods………………………….………………………………………………………….. 38
3.3.1 Sample Selection………………………….……………………………………..... 38
3.3.2 Immunostain Technique………………………….……………………………….. 39
3.3.3 Data Collection and Statistical Analysis………………………….……………… 39
3.4 Results………………………….…………………………………………………………… 40
3.4.1 Expression of TREM-1, VDR, and MMP-2 in Melanoma Tissue………………… 40
3.4.2 Expression and Clinicopathological Characteristics of Melanoma Cases………. 43
3.5 Discussion………………………….……………………………………………………….. 46
CHAPTER 4. EFFECTS OF VITAMIN D ON TREM EXPRESSION AND
INVASIVENESS IN MELANOMA CELLS………………………….……………………... 50
4.1 Abstract………………………….…………………………………….................................. 50
4.2 Introduction………………………….……………………………………............................ 50
4.3 Methods………………………….………………………………………………………….. 52

vi

4.3.1 Cell Culture and Treatment………………………….…………………………… 52
4.3.2 Immunoblotting………………………….………………………………………... 53
4.3.3 Cell Microarray and Immunostaining………………………….………………… 54
4.3.4 Scratch Wound Healing Assay………………………….………………………… 55
4.3.5 Invasion Assay………………………….………………………………………… 55
4.3.6 Statistical Analysis………………………….…………………………………….. 55
4.4 Results………………………….…………………………………………………………… 56
4.4.1 Time Response………………………….………………………………………… 56
4.4.2 Dose Response………………………….………………………………………… 56
4.4.3 Effect of Vitamin D on Cell Migration………………………….………………… 60
4.5 Discussion………………………….……………………………………………………….. 60
4.6 Conclusions………………………….……………………………………………………… 64
CHAPTER 5. EFFECTS OF VITAMIN D STATE ON CUTANEOUS TREM
EXPRESSION………………………….……………………………………………………… 65
5.1 Abstract………………………….………………………………………………………….. 65
5.2 Introduction………………………….……………………………………………………… 66
5.3 Methods………………………….………………………………………………………….. 67
5.3.1 Porcine Model………………………….…………………………………………. 67
5.3.2 Immunostaining………………………….………………………………………... 68
5.3.3 Quantification and Statistical Analysis………………………….………………... 69
5.4 Results………………………….…………………………………………………………… 69
5.5 Discussion………………………….……………………………………………………….. 74
5.6 Conclusions………………………….……………………………………………………… 76

vii

CHAPTER 6. CONCLUSIONS AND FUTURE DIRECTIONS…………………………... 77
6.1 TREM and Vitamin D in Cutaneous Malignancy………………………….……………….. 77
6.2 Systematic Review of the Clinical Value of the HMGB1 / RAGE Axis in Cutaneous
Malignancy………………………….………………………………………………………….. 79
6.2.1 HMGB1 and RAGE in Melanoma………………………….…………………….. 82
6.2.2 HMGB1 and RAGE in Non-melanocytic Cutaneous Malignancy………………... 84
6.2.3 Implications of HMGB1 and RAGE in Cutaneous Malignancies……………….... 86
6.3 Concluding Remarks………………………….…………………………………………….. 89
CHAPTER 7. REFERENCES………………………….…………………………………….. 90

viii

LIST OF FIGURES
Figure 1. TREM expression in various tissue types. ………………………….………………… 6
Figure 2. A generalized model of the possible roles of TREM in tumorigenesis..……………… 9
Figure 3. A generalized model of HMGB1 and RAGE involvement in cancer progression…... 23
Figure 4. Expression of TREM-1 and TREM-2 in skin biopsies..……………………………... 30
Figure 5. Comparison of TREM-1 and TREM-2 fluorescence intensity in keratinocytes and
melanoma………………………….……………………………………………………………. 32
Figure 6. Representative staining of melanoma tissue………………………….……………… 41
Figure 7. Mean relative expression of TREM-1, VDR, and MMP-2 in melanoma tissue and
healthy surrounding keratinocytes………………………….…………………………………... 42
Figure 8. Slopes of fitted linear regressions for TREM-1 expression in keratinocytes or
melanoma cells against expression of TREM-1, VDR, and MMP-2..…………………………. 44
Figure 9. Expression of TREM-1, VDR, and MMP-2 in melanoma tissue..………………….. 47
Figure 10. Time response of VDR expression to vitamin D treatment in melanoma cells……. 57
Figure 11. TREM-1 expression in response to vitamin D treatment..…………………………. 58
Figure 12. Levels of TREM-2 and HMGB1 with vitamin D treatment..………………………. 59
Figure 13. Scratch wound assay assessing migration ability in treated cells..…………………. 61
Figure 14. Invasion assay of treated cells………………………….…………………………... 62
Figure 15. Mean relative cutaneous immunostain intensity of TREMs, RAGE, and VDR…… 71
Figure 16. Representative micrographs of immunostained cutaneous tissue from vitamin Ddeficient and vitamin D-sufficient swine………………………….…………………………..... 72
Figure 17. Generalized model of HMGB1 and RAGE involvement in skin cancer
progression……………………………………………………………………………………… 87

ix

LIST OF TABLES
Table 1. Clinical features of included melanoma specimens………………………….……….. 29
Table 2. Clinicopathological features of included specimens………………………….………. 45
Table 3. Summary of study details investigating HMGB1 and RAGE in cutaneous
malignancies……………………………………………………………………………………. 81
Table 4. Summary of clinical implications of HMGB1 and RAGE in melanoma……………... 83
Table 5. Summary of clinical implications of HMGB1 and RAGE in non-melanocytic cutaneous
malignancies……………………………………………………………………………………. 85

x

LIST OF ABBREVIATIONS
AML
BCC
CLL
CML
COPD
CD
DAP12
DC
ERK
FFPE
HCC
HMGB1
IHC
IBD
IL
IU
ITAM
MMP
NSCLC
PI3K
RAGE
SCC
SCHOOL
Syk
TLR
TLT-1
TREM
TAM
TNF-α
UC
UV
VDR
ZAP70

Acute myeloid leukemia
Basal cell carcinoma
Chronic lymphocytic leukemia
Chronic myeloid leukemia
Chronic obstructive pulmonary disease
Crohn’s disease
DNAX-activating protein of 12 kDa
Dendritic cell
Extracellular signal-related kinase
Formalin-fixed paraffin embedded
Hepatocellular carcinoma
High-mobility group box 1
Immunohistochemistry
Inflammatory bowel disease
Interleukin
International unit
Immunoreceptor tyrosine-based activation motif
Matrix metalloproteinase
Non-small cell lung cancer
Phosphatidylinositol 3-kinase
Receptor for advanced glycation end-products
Squamous cell carcinoma
Signaling chain homo-oligomerization
Spleen tyrosine kinase
Toll-like receptor
TREM-like transcript-1
Triggering receptor expressed on myeloid cells
Tumor-associated macrophage
Tumor necrosis factor α
Ulcerative colitis
Ultraviolet
Vitamin D receptor
Zeta-chain-associated protein kinase 70

xi

CHAPTER 1. INTRODUCTION

1.1 Malignant Melanoma

Malignant melanoma is the deadliest cutaneous malignancy and carries serious public
health implications. [1, 2] In the United States, melanoma is the fifth and seventh leading cancer
in men and women respectively. [3] The incidence of melanoma is rapidly increasing both in the
United States and worldwide. [2] An estimated 73, 870 cases are diagnosed yearly in the United
States, with nearly 10, 000 patients dying from the disease per year. [1] This substantial
healthcare burden creates demand for research that unravels the fundamental cancer biology of
this disease. In turn, this knowledge will propel advances in therapy and clinical management of
melanoma.

Melanoma involves the neural crest-derived melanocytes located in the basal layer of the
epidermis. These cells normally function to produce melanin, which offer protection to
keratinocytes from ultraviolet (UV) radiation. [4] Tumor initiation by UV-induced DNA
mutations, notably thymidine dimerizations, has now been firmly established. After diagnosis by
biopsy, lower stage tumors are definitively managed surgically. Advanced tumors are treated
with biological monotherapy or in conjunction with chemotherapeutic regimens. The prognosis
of patients with metastatic disease remains low, with 5-year survival at less than 20%. However,
recent developments in immunotherapy for melanoma continually improve treatment of
advanced-stage melanoma.
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1.2 Melanoma and the Immune System

Malignant melanoma is the prototypical immunogenic tumor and its progression depends
on direct interactions between tumor cells, peritumoral stromal cells, and inflammatory cells, and
by indirect cytokine signaling. [5] The efficacy of immunotherapy in the treatment of malignant
melanoma also depends on these interactions. Notably, cells of the immune system have both
antitumor and tumor-promoting effects on melanoma. [6] For example, after vaccine immune
therapy the presence of high numbers of CD4+ and CD8+ T lymphocytes in metastatic
malignant melanoma tumors is associated with nonprogression of disease in patients, whereas
those with lower peritumoral T lymphocyte counts have a higher likelihood of progression. [7]
Moreover, high amounts of T lymphocyte infiltration have been observed in regressing
compared to progressing melanomas of patients treated with interferon and melanoma vaccine
immune therapy. [8] Conversely, tumor associated macrophages promote tumor growth,
invasion, and metastasis by secreting various growth factors and cytokines. Specifically, M2
macrophages promote Treg polarization and inhibit the antitumor properties of CD8+ T
lymphocytes. [9, 10] Melanomas with heavy infiltration of tumor-associated macrophages were
found to be associated with poor prognosis even when controlled for thickness and ulceration.
[11] As such, investigation into the complex interplay between malignancy and the immune
system is vital to further our understanding of melanoma and provide future therapeutic
approaches. Recent themes in melanoma research also emphasize the quest for biomarker
identification that can predict prognosis and response to combination immunotherapy or targeted
molecular therapy.
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1.3 Role of Vitamin D in Melanoma and the Immune system

While most well known for its bone and calcium homeostatic functions, vitamin D plays
a diverse immunomodulatory role. The majority of vitamin D is synthesized cutaneously with
ultraviolet exposure. Vitamin D and its receptor, VDR, demonstrate an incompletely understood
immune function. Generally regarded as immunosuppressive and anti-inflammatory in function,
vitamin D offers a diverse range of signaling pathways in the immune system. [12] This
signaling axis both directly and indirectly, through modulation of levels of other inflammatory
mediators and cytokines, directs monocytes, T cell subsets, and dendritic cells. [13] As such, this
modulation of the immune system, along with potential direct effects of vitamin D on cancer
cells, offers strong biological basis for a role of vitamin D and its receptor in cancer progression
and tumor biology.

Both vitamin D and VDR have demonstrated prognostic value in malignant melanoma.
[14] Higher VDR levels in melanoma tumors reportedly correlates with advanced tumor stage.
[15] Additionally, levels of CYP24A1 and CYP27B1 inversely correlate with melanoma
progression. [16, 17] Strong evidence suggests vitamin D and its receptor to play a role in
melanoma tumor biology. However, the benefit of vitamin D supplementation in patients for
preventative or adjuvant therapeutic reasons is unclear. In a randomized, placebo-controlled trial
of postmenopausal women aged 50-79, vitamin D3 plus calcium supplementation (1000 mg
calcium and 400 IU vitamin D3, daily) did not reduce melanoma risk. [18] The amount

3

administered in this study is arguably quite low, leaving the clinical value of vitamin D3
supplementation in melanoma prevention unclear.

1.4 The Triggering Receptor Expressed on Myeloid Cells
(Based on previously published work: Nguyen AH, Berim IG, Agrawal DK. Chronic
Inflammation and Cancer: Emerging Roles of Triggering Receptors Expressed on Myeloid Cells
(TREM). Expert Review of Clinical Immunology. 2015;11(7):1-9.)

1.4.1 Molecular Characteristics and Expression of the TREM Receptor Family

The triggering receptor expressed on myeloid cells (TREM) gene family, clustered on
human chromosome 6p21, [19] falls under the immunoglobulin superfamily with predominantly
inflammatory and innate immunomodulatory function. The signaling pathways of TREM have
been previously reviewed [20, 21] and so will be briefly discussed in this article. TREM-1 and
TREM-2, the most understood of the TREM family, are transmembrane glycoproteins of similar
structure (25-30 kDa) that associate with the DNAX-activating protein of 12 kDa (DAP12)
adaptor protein for signaling and function [22, 23]. DAP12 contains a cytoplasmic
immunoreceptor tyrosine-based activation motif (ITAM), which after tyrosine phosphorylation
recruits spleen tyrosine kinase (Syk) and Zeta-chain-associated protein kinase 70 (ZAP70) [24].
These promote downstream activation of phosphatidylinositol 3-kinase (PI3K), phospholipase
Cγ1 and extracellular signal-related kinase (ERK) 1/2 pathways, ultimately triggering
intracellular Ca2+ mobilization, rearrangement of the actin cytoskeleton and activation of several
transcription complexes [25].
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Downstream, the TREM isoforms are functionally unique. TREM-1 is highly expressed
by neutrophils and some monocyte/macrophage subsets [25], particularly alveolar macrophages
[26] (Figure 1). Initial findings have indicated TREM-1 to be an amplifier of inflammatory
responses. Triggering of TREM-1 causes increases in monocyte secretion of tumor necrosis
factor α (TNF-α), IL-8, and monocyte chemoattractant protein 1, and triggers neutrophil
degranulation and release of myeloperoxidase and nitric oxide [22], but does not induce
phagocytosis [27]. Along with these prototypic inflammatory cytokines, monocyte TREM-1
activation alternatively attenuates LPS-mediated induction of IL-12 cytokine family subunits,
important signaling molecules for Th1 cell differentiation and adaptive immune response [28].
To date, the nature of the TREM-1 ligand has not been completely resolved [29]. Some evidence
suggests the ligand for TREM-1 to be expressed on human platelets [30] and/or in sera from
septic patients [31]. High-mobility group box 1 (HMGB1) and heat shock protein 70 (HSP70)
have both been proposed as putative ligands for TREM-1. Direct interaction between TREM-1
and HMGB1 was demonstrated in a murine model through a combination of
immunoprecipitation, chemical cross-linking of proteins and surface plasmon resonance
techniques, indicating binding capability with TREM-1 and supporting HMGB1 as an activating
ligand [32]. Peptidoglycan recognition protein 1, when complexed with bacterially derived
peptidoglycan, has also been identified as a ligand for TREM-1 [33]. This pathway provides a
mechanism for activation of TREM-1 by neutrophils, thereby enhancing cytokine production in
the local innate immune response.
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Figure 1. TREM expression in various tissue types. TREM-1 is generally expressed in some
monocyte/macrophage subtypes as well as neutrophils. In particular, alveolar macrophages have
highly specific TREM-1 expression. TREM-2 regulates the development and function of
dendritic cells (DCs), microglia and osteoclasts. Only a small fraction of the resident mucosal
myelocyte population in the gut expresses TREM-1.
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Conversely, TREM-2 regulates the development and function of dendritic cells (DCs),
microglia and osteoclasts and overall promotes an anti-inflammatory state and phagocytosis [21].
TREM-2 is suggested to play an important role in bacterial clearance. The receptor has shown
pattern recognition capabilities, observed to bind specifically to several different Gram-negative
and Gram-positive bacteria [34], and can induce phagocytosis [35]. TREM-2 deficiency in
macrophages induces an exacerbated production of pro-inflammatory cytokines, including IL-6
and TNF-α [36], suggesting an anti-inflammatory role for TREM-2.

TREM-like transcript-1 (TLT-1), another unique TREM family member restricted to
platelets and megakaryocytes, is located primarily in α-granules of resting platelets and on the
surface of activated platelets [37, 38]. TLT-1 and its soluble form (sTLT-1) both enhance platelet
aggregation [39]. Additionally, sTLT-1 antagonizes TREM-1-induced leukocyte activation,
presumably by interfering with the binding of TREM-1 ligand [40].

The TREM family has been extensively studied in acute inflammation [41]. Additionally,
its role in a number of non-neoplastic inflammatory diseases has been previously reviewed [28].
Growing evidence suggests TREM involvement in chronic inflammatory diseases as well.

1.4.2 TREM in Chronic Inflammation and Malignancy

Since as early as the 19th century, inflammation has been increasingly recognized as a
critical constituent in cancer, playing a major role in the initiation and progression of malignancy
[42, 43]. This is greatly influenced by immune cell involvement in malignancy, notably tumor-
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associated macrophages. While not extensively studied, TREM signaling could assume a
significant role in such interplay (Figure 2). Indeed, TREM-1 is highly expressed in colon,
hepatocellular and lung carcinoma tissues [32, 44–46], and likely plays some role in cancerassociated inflammation and the tumor microenvironment.

1.4.3 TREM in Colitis and Colorectal Cancer

The inflammatory bowel diseases (IBD), principally Crohn’s disease (CD) and ulcerative
colitis (UC), are chronic gastrointestinal inflammatory diseases associated with a wellrecognized increased risk of colorectal and small bowel cancers [47]. Currently, IBD is thought
to be caused by a dynamic interplay between genetics and environmental factors affecting enteric
microbial flora [48]. Severe and diffuse mucosal inflammation develops with production of a
complex inflammatory mediator mixture and eventual superficial mucosal ulceration. Due to its
inflammatory involvement, TREM has been of particular recent interest in the study of IBD
pathogenesis and progression.
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Figure 2. A generalized model of the possible roles of TREM in tumorigenesis. Upregulation of
TREM on local myelocytes as well as recruitment of TREM-expressing myelocytes will amplify
the ongoing chronic inflammatory state, promoting metaplasia and oncogenesis. The tumor
microenvironment could cause further upregulation of TREM in local myelocytes as well as
additional recruitment of TREM-expressing macrophages, increasing the tumor-associated
macrophage (TAM) population. TREM-1 is thought to be associated with metastatic ability.
TAMs have been associated with pro-tumor effects including promotion of angiogenesis, matrix
remodeling, immunosuppression, and tumor cell proliferation.
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While the resident mucosal macrophage population in the gut is quite extensive, normal
human small and large intestine contains only a small fraction (<10%) of macrophages
expressing TREM-1 [49]. The local IL-10 and TGF-β are thought to synergistically downregulate TREM-1, inducing a refractory state in the intestinal macrophages. Likely, this
diminished TREM-1 presence is to prevent excessive inflammation and subsequent intestinal
tissue damage. In the mucosa of IBD patients (both CD and UC), however, the presence of
TREM-1 expressing macrophages (with a minority of TREM-1 expressing neutrophils) is
markedly increased [50]. Additionally, serum/plasma sTREM-1 is elevated in patients with
either CD or UC [51–54], though sTREM-1 level appears to have stronger correlation with
clinical disease activity in UC than in CD [55]. However, serum sTREM-1 may not be
sufficiently accurate as a marker for disease activity. IBD patients with active disease appear to
have no substantial difference in serum sTREM-1 level compared to patients with quiescent
disease [53]. Additionally, levels of TREM-2 are increased in the inflamed mucosa of colon
samples from IBD patients, compared to those with cancer (controls) [56]. This study suggests a
pro-inflammatory role of TREM-2 in the gut, rather than negatively regulate inflammatory
responses, as previously described.

The role of TREM-1 has been explored in the murine model of DSS-induced colitis and
colitis-associated tumorigenesis using C57BL/6 mice [57]. Treatment with the TREM-1
antagonist LP17 attenuated colitis and colitis-associated tumorigenesis: LP17-treated mice
developed less severe colitis, marked by less extensive colon shortening and damage and milder
histopathological alterations, with fewer and smaller colon tumors. Concomitantly, levels of
inflammatory cytokines, including TNF-α, IL-6, and IL-1β, were substantially reduced in treated
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mice. Together, these studies reveal a pathogenic role for TREM-1 in promoting inflammatory
disease. Additionally, the potential for TREM-1 to have tumorigenic activity necessitates further
investigation.

1.4.4 TREM in Pulmonary Diseases and Malignancy

The immense pulmonary surface area and resultant antigenic load offer a major challenge
for the immune system to maintain local homeostasis. In normal tissue, TREM-1 is selectively
expressed in alveolar macrophages, which specialize in pathogen clearance and removal of
macromolecules and apoptotic cells [26]. In murine model of allergen-induced pulmonary
inflammation [36], resident alveolar macrophages are induced to express TREM-2, which in turn
attenuates macrophage cytokine production, though the mechanism remains unclear. However,
such an interplay suggests a possible TREM-1 and TREM-2 paradigm that could serve to finetune inflammatory response in the respiratory and elsewhere. Interestingly, the active form of
vitamin D, 1,25(OH)2D3, can induce TREM-1 mRNA in normal human bronchial epithelial cells
studied in vitro [58]. This induction, while likely not the primary TREM-1 activator, occurs
through a vitamin D response element and further expands the complex and dynamic TREM
signaling network.

Growing evidence suggests a role for TREM-1 in chronic inflammation in pulmonary
disease, as well. Cigarette smoking is by far the leading cause of lung cancer, with associated
pulmonary pro-inflammatory changes having a large role in tumor promotion [59, 60]. In a
murine model of chronic second hand smoke exposure [61], increasing doses of second hand
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smoke exposure induced alveolar macrophage recruitment and activation, consistent with
changes seen in human chronic cigarette smoke exposure. These activated macrophages
expressed elevated TREM-2 levels and were observed in conjunction with increases in monocyte
chemotactic protein 1 and TNF-α, both of which have been previously associated with the
development of chronic obstructive pulmonary disease (COPD). Characterized as a progressive
lung disease with chronically poor and obstructed airflow, COPD has increasingly been
recognized as a persistent systemic inflammatory disease [62]. Levels of serum sTREM-1 are
elevated in COPD patients and show a significant negative correlation with lung function
impairment [63].

Cystic fibrosis is another pulmonary disease characterized by a vicious cycle of airway
obstruction, infection, and heightened inflammatory state [64]. Cancer risk in cystic fibrosis
patients is increased, notably cancer of the digestive tract, testicle, and lymphoid leukemia [65].
Interestingly, circulating monocytes isolated from cystic fibrosis patients share characteristics
with monocytes in endotoxin tolerance, a transient refractory state following LPS exposure in
which monocytes exhibit decreased cytokine production in response to further pro-inflammatory
stimulus [66]. These tolerant monocytes were characterized by increased TREM-1 expression
and exhibited potent phagocytic activity with an impaired capability for antigen presentation.
This indicates a multi-faceted role of TREM-1. Additionally, the upregulation of TREM could
perhaps act as a source for sTREM-1, which has been reported to be produced via proteolytic
cleavage of the membrane anchored form [67] and is thought to be anti-inflammatory. Further
investigation is warranted to elicit this unknown pathway.
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Involvement of TREM in lung cancer is indeed supported by current literature. In murine
Lewis lung cancer cells, the TLR4 signaling pathway has been shown to promote the expression
of TGF-β1 and IL-10 and tumor cell migration [68]. Considering its ability to cross talk with and
amplify TLR4, TREM-1 has definite potential to promote tumor escape and progression. When
co-cultured with human lung cancer cells, macrophages exhibit an increased expression of
TREM-1 that is dependent on COX-2 signaling [69]. In the same study, investigation of tumor
tissue from non-small cell lung cancer (NSCLC) patients demonstrated increased expression of
TREM-1 on CD68 positive tumor-associated macrophages (TAM). Separately, increased
TREM-1-positive TAMs in tumor tissue of NSCLC patients was found to be associated with
reduced disease-free and overall survival [45]. Further analysis indicated that TREM-1 was an
independent predictor of patient survival (hazard ratio (HR) = 2.72; 95% CI = 1.33-5.57; P =
0.006). Additionally, the study found TREM-1 and pro-inflammatory cytokine (TNF-α and IL1β) expression in primary isolated peripheral blood macrophages to be directly upregulated by
co-cultured lung cancer cells. Conversely, Karapanagiotou et al. [70] investigated the value of
serum sTREM-1 level as a prognostic marker for solid malignancy metastasis to the lung. Higher
concentrations of sTREM-1 correlated with absence of lung metastases, supporting the role of
sTREM-1 as a decoy receptor and protective factor.

The effects of TREM suppression were explored in a recent study [71] involving
NSCLC. Using the signaling chain homo-oligomerization (SCHOOL) model, a ligandindependent peptide inhibitor specific for TREM-1 was developed. Administration to mice
xenografted with human lung carcinoma tumors significantly suppressed tumor growth at a
specific dose compared to the vehicle negative control (with paclitaxel as positive control).
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Together, these results suggest TREM-1 to be a possible target for adjunctive therapy in lung
cancer treatment. Further studies unraveling the role of the TREM family in the lung cancer
microenvironment are needed, particularly in the molecular pathways underlying initiation and
promotion of lung cancer.

1.4.5 TREM in Hepatic Inflammation and Carcinoma

Granulomas, characterized by inflammatory monocyte (predominantly macrophage)
accumulations, present in a wide range conditions. Nonetheless, by their nature, granulomatous
lesions offer an interesting niche for the study of TREM in chronic inflammation. Murine
zymosin A-elicited hepatic granuloma serves as a chronic inflammatory granuloma model in the
liver. Nochi and colleagues [72], via adenoviral gene transfer, introduced FLAG/DAP12 (AdFDAP12) and a combination of the extracellular domain of mouse TREM-1 and the Fc portion
of human IgG1 (Ad-TREM-1 Ig) into the mouse model to observe DAP12 and TREM-1
modulatory effects in chronic hepatic granulomatous inflammation. The Ad-TREM-1 Ig
construct effectively acted as a blocker of DAP12/TREM-1 signaling when expressed in mice,
similar to sTREM-1 function. Consequently, Ad-TREM-1 Ig-treated mice had consistently lower
levels of granuloma formation throughout the study period, compared to DAP12 transgene mice
and even control mice. This offers strong implications for the role TREM-1 in not only the
exacerbation of inflammatory states, but also a pathogenic potential for TREM-1.

Hepatocellular carcinoma (HCC) is a well-known type of inflammation-related cancer.
While not fully understood, liver Kupffer cells (resident inflammatory cells), in conjunction with
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recruited monocytes and neutrophils, have been implicated in HCC pathogenesis. Following
hepatocyte death in the setting of chronic inflammation, most commonly hepatitis or cirrhosis,
Kupffer and other inflammatory cells are activated to produce cytokines that drive the
compensatory proliferation of remaining hepatocytes, ultimately evolving to HCC [32, 73–75].
Demonstrated using murine diethylnitrosamine (DEN)-induced HCC model, TREM-1 is
suggested to be a pivotal determinant of Kupffer cell activation in liver carcinogenesis [32].
Deletion of the murine homolog Trem1 attenuated HCC development in DEN-treated mice:
Trem1-deficient mice were tumor-free at 8 months, with only 4% developing small HCC tumors
at 14 months. In contrast, exposed WT mice developed large numbers of typical HCC with
maximal diameters. Compared to the controls, DEN administration in Trem1-deficient mice
resulted in significantly reduced hepatocyte death and less hepatic injury, marked by reduced
liver enzyme alanine aminotransferase release. Finally, adoptive transfer of WT Kupffer cells to
Trem1-deficient mice reversed the unresponsiveness to DEN-induced liver injury. These results
indicate a critical role for TREM-1 in Kupffer cell activation and development of HCC.

A separate study has confirmed elevated TREM-1 expression in human HCC cells [44].
High TREM-1 expression in tissue from HCC patients significantly correlates with poorer
survival and serves as an independent prognostic factor for recurrence (HR = 1.58; 95% CI =
1.12– 2.24; P = 0.009). Interestingly, TREM-1 affects the migratory ability of cells in culture,
suggesting a role in cancer metastasis. Administration of an anti-TREM-1 agonistic mAb
significantly increased migratory ability of HCC cells in transwell migration assays. These data
further supports the TREM-1 relationship to aggressive tumor behavior, including cancer spread.
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1.4.6 TREM in Leukemia

Leukemia constitutes a heterogeneous group of cancers affecting hematopoietic tissue.
The pathology of leukemia, distinct from that of traditional solid tumors, creates a unique
paradigm for the study of oncogenesis and development of therapy. Primary chronic lymphocytic
leukemia (CLL) cells in vitro exhibit prolonged survival when co-cultured with stromal or nonmalignant leukocytes due to cross-talk with the microenvironment [76]. Gene expression in these
survival-supportive culture conditions, determined by microarray-based analysis, exhibited
involvement of TLR signaling, nuclear respiratory factor-2-mediated oxidative stress response,
and TREM-1 signaling. These pathways correlated with upregulation of inflammatory cytokines,
most notably chemokine (C-C motif) ligand 2 (CCL2) in vitro and in serum of patients with
CLL. This adds further evidence to the role of TREM in malignant cell survival. Interestingly,
flow cytometric study of myelogenous leukemia demonstrated a decreased TREM-1 surface
expression on leukemia cells in both acute (AML) and chronic (CML) myelogenous leukemia
compared with mean fluorescence intensity in healthy controls and patients in complete
remission [77]. This lies in stark contrast to the increased expression of TREM-1 seen previously
in solid tumors. In patients with AML and CML, leukemia cell surface TREM-1 expression was
inversely related with serum sTREM-1 levels. As previously discussed, sTREM-1 is
predominantly produced by metalloproteinase cleavage of surface TREM-1 [67]. Some
metalloproteinases have been implicated in tumor promotion, particularly angiogenesis and
invasion in leukemias [78]. It is possible; therefore, that the decreased surface TREM-1 found in
AML and CML could be due to metalloproteinase activity, as opposed to actual differences in
protein expression.
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1.4.7 The Future of TREMs and Cutaneous Implications

While TREM-1 and TREM-2 activity is most likely to be controlled by ligand binding,
the identity of the ligands remains unknown. HMGB1 has been shown to bind with TREM-1,
along with a multiple other surface receptors including TLR2, TLR4, and RAGE to modulate
inflammation [79].The activity of HMGB1 in TREM signaling, whether an agonist or antagonist,
remains unresolved. Additionally, a complex between peptidoglycan recognition protein 1 and
bacterially derived peptidoglycan has been identified as a potent ligand capable of binding and
activating TREM-1 [33]. This offers a mechanism for activation of TREM-1 by neutrophils in
sepsis. However, the functionality of this pathway relies on peptidoglycan presence and complex
formation. The mechanism of TREM upregulation in aseptic pathologies, such as chronic
inflammation and cancer, requires further elucidation.

The most commonly accepted model for the TREM receptors implicates TREM-1 as a
pro-inflammatory amplifier, particularly in TLR-initiated responses to microbial challenges [25].
Conversely, TREM-2 functions to control myeloid cell activity, including DCs, osteoclasts and
microglia, and promote an anti-inflammatory state. These, while likely to be the primary roles or
perhaps an oversimplification due in large to the need for further investigation, are likely not the
full extent of TREM activity. In a TREM-1/3-deficient murine model (Trem3 is a homologous
murine gene adjacent to Trem1 but is a pseudogene in humans with no functional overlap. As
such, TREM-1/3 deficient mice serve to model TREM-1 blocking in humans), mice challenged
with Pseudomonas pulmonary infection revealed ineffective neutrophil migration across primary
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airway epithelia [80]. This suggests a new function for TREM-1 in neutrophil migration, though
its specific role, whether via indirect signaling or directly participating in neutrophil migration,
must be discerned. Furthermore, in various models, TREM-1 blockade or deficiency has
exhibited diminished epithelial proliferation [32, 53], warranting further investigation in this and,
broadly, other potential roles for TREM-1.

The most well studied member of the TREM family is TREM-1, by far. Investigation of
TREM-2, especially regarding involvement in cancer, is severely lacking. While TREM-2 is
generally thought of as an anti-inflammatory receptor, some diverging evidence has emerged.
TREM-2 was shown to be required for efficient mucosal repair in a murine model for wound
healing [81]. The implicated TREM-2+ infiltrating macrophages showed higher expression of IL4 and IL-13, mediators of inflammation and epithelial wound repair, whereas TREM-2 KO mice
exhibited diminished wound healing and reduced epithelial proliferation. These findings
highlight the need for further investigation to uncover the complete paradigm of TREM signaling
and function.

Tumor-associated macrophages (TAMs) have been extensively studied as players in the
tumor microenvironment and regarding cancer promotion and progression. In particular,
polarization of macrophages to M1/M2 subtypes holds implications in cancer prognosis and
therapy [82, 83]. Certain TAMs are associated with pro-tumor functions including immune
suppression, angiogenesis, matrix remodeling, and tumor proliferation or metastasis. TREM-2
has demonstrated some association with M1 macrophage infiltration in a murine wound healing
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model [81]. However, involvement of TREM in the M1/M2 paradigm has yet to be investigated
in cancer, and may further elucidate our understanding of the tumor microenvironment.

There has been much discussion of TREM as a biomarker for diagnosis and disease
progression. Most notably, levels of sTREM-1 have been extensively studied in diagnosis of
lower respiratory tract [84] and pleural [85] infections, and in the prognosis, severity [86] and
detection of bacteremia [87] in sepsis. In these extensive infectious diseases, sTREM-1 may have
some potential value as a biomarker. As discussed above, based on the few studies available,
TREM as a biomarker for neoplastic disease may have less value. Further research is needed to
confirm the clinical value of TREM as a biomarker.

There exists much interest to find therapeutic applications for TREM. In murine models,
a number of TREM inhibitors have been studied, as discussed above. The TREM-1 peptide
antagonist, LP17, decreased disease severity in IBD, even when administered after the
establishment of colitis [50]. Separately, a ligand-independent peptide-based TREM-1 inhibitor
was designed using the signaling chain homo-oligomerization (SCHOOL) model of immune
signaling [71]. Administration delayed tumor growth in a mouse xenograft model of human
NSCLC. Such studies support the potential for TREM as a therapeutic target. However, caution
must be exercised with regard to altering TREM activity. Numerous animal studies demonstrate
a fine line between alleviating excessive inflammation and rendering the immune response
completely ineffective. In addition, patients with mutations in either TREM-2 or DAP12 develop
polycystic lipomembranous osteodysplasia with sclerosing leukoencephalopathy (PLOSL or
Nasu-Hakola disease), while unexpectedly having no apparent defects in cell-mediated immunity
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[28]. Ultimately, with further understanding of its signaling paradigm, TREM receptor
modulation could be a useful therapeutic modality for treatment of acute and chronic
inflammation and perhaps adjuvant therapy for some neoplastic disease.

To date, the role of TREMs has not yet been explored in malignant melanoma. Based on
extrapolation of evidence in other malignancies, TREMs could play a major role in the
tumorigenesis and progression of malignant melanoma. This may offer a therapeutic target for
melanoma treatment or a marker for prediction of clinical course and progression.

1.5 High Mobility Group Box 1 and the Receptor for Advanced Glycation Endproducts
(Based on previously published work: Nguyen AH, Bhavsar SB, Riley EM, Caponetti GC,
Agrawal DK. Clinical Value of High Mobility Group Box 1 and the Receptor for Advanced
Glycosylation Endproducts in Head and Neck Cancer: A Systematic Review. International
Archives of Otorhinolaryngology. In press, accepted for publication, Feb 2016.)

The high mobility group box 1 protein (HMGB1) is a highly conserved and highly
versatile nuclear and extracellular protein found in eukaryotic cells. HMGB1 is a non-histone,
chromosomal protein that been implicated in a variety of biologically important processes,
including transcription, DNA repair, extracellular signaling. [88] Structurally, HMGB1 consists
of 215-amino acid polypeptide organized into two DNA-binding domains (termed A-box and Bbox) and a negatively charged C-terminal tail. [89, 90] Functionally, HMGB1 appears to have
two distinct roles in cellular systems. In the intracellular milieu, HMGB1 localizes to the nucleus
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and non-specifically binds to the minor groove of DNA, facilitates the assembly of DNA-binding
proteins, and is involved in regulating gene transcription. [91, 92]

Following release into the extracellular space, HMGB1 acts as a pro-inflammatory
cytokine that is secreted by activated monocytes, macrophages, and natural killer (NK) cells. It is
also passively secreted by necrotic cells, and is, therefore, referred as an optimal marker of
necrosis. [93, 94] It has been shown to be involved in the mediation of neurite outgrowth,
smooth muscle cell chemotaxis, mesoangioblast migration and proliferation, and tumor growth
and metastasis. [95–97] The extracellular HMGB1 binds to several cell surface receptors,
including the Receptor for Advanced Glycation End-products (RAGE) and the Triggering
Receptor Expressed on Myeloid cells 1 (TREM-1). [98, 99]

RAGE is a transmembrane protein that belongs to the immunoglobulin superfamily, and
can bind to advanced glycation end-products, the resulting product of non-enzymatic glycation.
RAGE is mostly stimulated by cellular stress, such as inflammation, and is therefore found to be
over-expressed in many diseases, such as different cancers. [100] In certain cells, HMGB1 and
its receptor, RAGE, co-localize on the cell surface. It was reported that HMGB1 binding to
RAGE may activate signaling pathways, such as Ras/MAKP, PI3K/Akt, NF-κB, which leads to
overexpression of genes and the change in the biological behavior of tumor cells. [101] Previous
studies have found that HMGB1 and RAGE play important roles in the development, growth and
metastasis of multiple tumors. [102, 103]
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The RAGE-HMGB1 interaction can diminish host anticancer immunity by inducing
apoptosis in antigen-presenting dendritic cells and reprogram immune cells by promoting tumorinfiltrating T-cell–expressed lymphotoxin a1b2, which leads to the recruitment of CD11b+F4/80+
macrophages (tumor-associated macrophages, TAMs) into the tumor for tumor promotion
(Figure 3) by providing growth factors and supporting angiogenesis. [104] Furthermore,
HMGB1 released from necrotic cancer cells treated with chemotherapy enhances regrowth and
metastasis of remnant cancer cells in a RAGE-dependent manner. [105, 106] Therefore, blocking
the HMGB1–RAGE system may increase the effectiveness of chemotherapy. [104] Soluble
RAGE (sRAGE) has been used to prevent the HMGB1-RAGE signaling from occurring in
animal tumor models by acting as a decoy receptor. [107] With comparison to RAGE, HMGB1
has been more extensively studied in various cancers. HMGB1 expression has been shown to be
associated with tumor type and prognosis in many different malignancies.
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Figure 3. A generalized model of HMGB1 and RAGE involvement in cancer progression.
Whether released by secretion or necrosis, extracellular HMGB1 acts as a proinflammatory
cytokine. Additionally, HMGB1 may reprogram immune cells by supporting recruitment of
tumor-associated macrophages (TAM) that promote tumor progression. Soluble RAGE (sRAGE)
acts as a decoy receptor by binding HMGB1 without subsequent signaling.
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1.6 Hypothesis and aims

Central hypothesis
Cutaneous levels of TREM-1 and TREM-2 influence inflammatory state and will thus be altered
in malignancy and vitamin D deficiency.

Specific Aims
1. Determine the levels of TREM-1, TREM-2 and their ratio in cutaneous melanoma.

2. Characterize the association of TREM-1 with other clinicopathological features of malignant
melanoma, including the VDR, matrix metalloproteinase 2, and tumor staging.

3. Determine the effect of vitamin D on expression of TREM, HMGB1, and RAGE and on tumor
cell invasiveness in metastatic melanoma.

4. Characterize the effect of vitamin D state on cutaneous expression of TREMs, VDR, HMGB1,
and RAGE.
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CHAPTER 2. TREM RATIO IN CUTANEOUS MELANOMA
(Based on previously published work: Nguyen AH, Koenck C, Quirk SK, Lim VM, Mitkov MV,
Trowbridge RM, Hunter WJ, Agrawal DK. Triggering Receptor Expressed on Myeloid Cells in
Cutaneous Melanoma. Clinical and Translational Science. 2015 Oct;8(5):441-4.)

2.1 Abstract

The tumor microenvironment plays an important role in the progression of melanoma, the
prototypical immunologic cutaneous malignancy. The triggering receptor expressed on myeloid
cells (TREM) family of innate immune receptors modulates inflammatory and innate immune
signaling. It has been investigated in various neoplastic diseases, but not in melanoma. This
study examines the expression of TREM-1 (a pro-inflammatory amplifier) and TREM-2 (an antiinflammatory modulator and phagocytic promoter) in human cutaneous melanoma and
surrounding tissue. Indirect immunofluorescence staining was performed on skin biopsies from
10 melanoma patients and staining intensity was semi-quantitatively scored. Expression of
TREM-1 and TREM-2 was higher in keratinocytes than melanoma tissue (TREM-1: p < 0.01;
TREM-2: p < 0.01). Whereas TREM-2 was the dominant isoform expressed in normal
keratinocytes, TREM-1 expression predominated in melanoma tissue (TREM-1 to TREM-2
ratio: keratinocytes = 0.78; melanoma = 2.08; p <0.01). The increased TREM ratio in melanoma
tissue could give rise to a pro-inflammatory and pro-tumor state of the microenvironment. This
evidence may be suggestive of a TREM-1/TREM-2 paradigm in which relative levels dictate
inflammatory and immune states, rather than absolute expression of one or the other. Further
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investigation regarding this paradigm is warranted and could carry prognostic or therapeutic
value in treatment for melanoma.

2.2 Introduction

Malignant melanoma is the deadliest cutaneous malignancy and carries serious public
health implications with its rapidly increasing incidence in the United States and worldwide[2,
3]. While malignant transformation of melanocytes is largely influenced by environmental
ultraviolet (UV) exposure, tumorigenesis is not fully explained by UV radiation alone[4, 108].
Immunologic and inflammatory processes have a significant influence as well. In fact, malignant
melanoma is considered one of the prototypical immunogenic tumors and its progression
depends on both indirect cytokine signaling, and direct interactions between tumor cells,
peritumoral stromal cells, and inflammatory cells[5, 109]. Notably, cells of the immune system
have both antitumor and tumor-promoting effects on melanoma[110].

Immunotherapy constitutes the current forefront of novel cancer therapy[82], creating a
continued need for identification of new molecular targets and biomarkers, particularly in
melanoma research. The triggering receptor expressed on myeloid cells (TREM) family of innate
immune receptors has been identified as playing pivotal roles in modulating inflammatory and
innate immune signaling, creating implications in numerous diseases[28, 29]. There is growing
interest for these receptors in neoplastic diseases, including prognosis, evaluating disease
progression, and even potential therapy[99]. TREM-1 has been indicated as a pro-inflammatory
amplifier, with activation inducing secretion of tumor necrosis factor α, interleukin-8, and
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monocyte chemoattractant protein 1 in addition to neutrophil degranulation[22]. Conversely,
TREM-2 generally functions as an anti-inflammatory modulator and phagocytic promoter[21].
The high mobility group box-1 (HMGB1) protein[111] is a putative TREM-1 ligand and is
increased in expression following UV irradiation of epidermal keratinocytes[112]. This
potentially tumor-promoting relationship warrants exploration of TREM in melanoma. To the
knowledge of the authors, the role of TREM-1 and TREM-2 has not yet been explored in
melanoma. In the present study, we examined the expression of TREM receptors in melanoma
and surrounding tissue.

2.3 Methods

2.3.1 Sample Selection

The study was performed on retrospectively procured punch and shave biopsy specimens
removed in 2007 from consecutive patients with cutaneous melanoma at Creighton University
Medical Center. Skin biopsies were fixed in formalin and embedded in paraffin blocks from
which sections were cut for immunohistochemical analysis. A pathologist confirmed the
diagnosis of melanoma and areas of unaffected skin and melanoma were identified in each
biopsy specimen. The Creighton University Institutional Review Board approved the research
protocol of this study.

2.3.2 Indirect Immunofluorescence
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Deparaffinization, rehydration, and antigen retrieval were performed prior to
immunostaining. Sections were blocked/permeabilized by incubating for 2 hours in solution
containing PBS, 0.25% Triton X-100, and 5% (v/v) donkey serum. The following primary
antibodies were used in a 1:50 dilution with PBS for overnight incubation at 4°C: anti-TREM-1
(sc-19309, SantaCruz Biotech) and anti-TREM-2 (sc-48764, SantaCruz Biotech). After washing
with PBS, secondary antibodies (Alexa Fluor 594 donkey anti-goat IgG and Alexa Fluor 488
goat anti-rabbit IgG, Jackson ImmunoResearch Laboratories) diluted 1:200 in PBS with 0.1%
Triton X-100, 1% donkey serum were applied and incubated for 2 hours without light. DAPIcontaining mounting media (Vectashield H-1500, Vector Laboratories) was used for nuclear
staining. Negative controls were performed using no primary antibody. Staining intensity was
semi-quantitatively scored on a 0 to 4 scale. Statistical analysis was performed using the MannWhitney U-test to compare two independent groups of data in Microsoft Excel 14.4 statistical
software package.

2.4 Results

Clinical features of the analyzed specimens are summarized in Table 1. A total of 10
patients were included in this study. The basal cells, melanocytes, sebaceous glands and sweat
glands of normal tissue had minimal to no TREM expression. Both TREM-1 and TREM-2 were
apparent in the extranuclear spaces of melanoma tissue and the keratinocytes of the normal
interfollicular and follicular epithelium (Figure 4).
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Table 1. Clinical features of included melanoma specimens
Clinical characteristic (N = 10)
Mean Age
M/F ratio
Histological pattern
SS
Lentigo maligna (2 in situ)
In situ, unspecified
Clark level
1
2
3
4
Primary tumor staging
pTis
pT1a
pT1b
Excluding in situ (N = 6)
Mean tumor thickness
Ulceration absent
Mitotic rate low
(<6 mitoses/mm2)
Angiolymphatic invasion absent
Host inflammation
non-brisk
absent
Regression absent
Microscopic satellites absent
Precursor lesion
absent
dermal melanocytic nevus

61.3
6/4 (1.5)
5 (50%)
3 (30%)
2 (20%)
4 (40%)
4 (40%)
0 (0%)
2 (20%)
4 (40%)
4 (40%)
2 (20%)
0.38 mm
6 (100%)
6 (100%)
6 (100%)
5 (83%)
1 (17%)
6 (100%)
6 (100%)
3 (50%)
3 (50%)
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Figure 4. Expression of TREM-1 and TREM-2 in skin biopsies. Images 1A-1D are from an in
situ melanoma (Clark’s level 1) of unspecified histological sub-classification. The remaining
images are from superficial spreading melanoma evaluated as Clark’s level 2 (images 2A-2D)
and level 4 (images 3A-3D). Images are show with hematoxylin and eosin staining (A). In the
immunofluorescent images, TREM-1 is reported by red (B) and TREM-2 is reported by green
(C). In the combined images (D), DAPI nuclear counterstaining is shown and yellow indicates
co-localization of TREM-1 and TREM-2.
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The keratinocytes expressed much higher absolute levels of both TREM-1 and TREM-2
than the melanoma tissue (TREM-1: p < 0.01; TREM-2: p < 0.01). Interestingly, there was a
marked difference in TREM-1 to TREM-2 ratios between the two cell types (Figure 5).
However, when the immunostaining of TREM-1 and TREM-2 were compared between the
different histological sub-classification, based on superficial spreading versus lentigo maligna
versus in situ not otherwise specified, no statistical difference was observed. While TREM-2 was
the predominant isoform expressed in normal keratinocytes, the areas of melanoma expressed
higher levels of the TREM-1 isoform (TREM-1 to TREM-2 ratio: keratinocytes = 0.78;
melanoma = 2.08; p <0.01). Notably, the TREM-1 in melanoma with a lower Clark’s level
seemed to be a mixture of primarily extracellular with some cytoplasmic expression, whereas the
higher Clarks’ level melanoma was observed to have generalized extranuclear expression (not
significantly different).

2.5 Discussion

Two of the four major histological types of melanoma were represented in this study:
superficial spreading melanoma (constituting approximately 70% of melanomas) and lentigo
maligna melanoma (representing 4-10% of melanomas). All included melanomas were of low
stage (less than pT2) with no evidence of metastasis and/or advanced progression, reflective of
the current trend of earlier diagnosis of melanoma[113]. The included specimens did exhibit
some heterogeneity in the Clark’s level, an older classification system that still has clinical value
in the staging of thin (1mm or less) melanomas[114].
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Expression of TREM-1 is notoriously upregulated in a number of inflammatory
diseases[99]. In skin, TREM-1 has been documented to be present in the normal epidermis and
increased in psoriasis[115]. The present experiment found concurrent expression of TREM-2 and
TREM-1 in normal keratinocytes of the epidermis, with a predominance of the former (TREM-1
to TREM-2 ratio = 0.78). Interestingly, while expression of both TREM isoforms was lower in
melanoma tissue, TREM-1 was exhibited at higher levels relative to TREM-2 (TREM-1 to
TREM-2 ratio = 2.08). Considering its known functions in inflammatory signaling amplification,
imbalance favoring TREM-1 expression could mediate the pro-inflammatory, and thus protumor state of the microenvironment in melanoma. While increased expression of TREM-1 has
been implicated in many types of malignancy, there has been little investigation of TREM-2, let
alone the ratio of the two, in neoplastic disease.

While the comparison described above is not of melanoma to nonmalignant melanocytes,
the comparison of melanoma to keratinocytes is suggests that non-neoplastic cells could have
higher levels of TREM expression, whereas the TREM ratio determines the microenvironment.
Some exploration of this ratio exists in non-neoplastic disease. In a cell culture model of acute
lung injury, an alteration of the TREM-1 to TREM-2 ratio has been observed due to both an
increase in TREM-1 and a decrease in TREM-2 upon LPS-induction of the disease[116].
Administration of vasoactive intestinal peptide normalized the TREM ratio, demonstrating antiinflammatory functionality. Similarly, a shift in this ratio toward TREM-1 expression is noted to
correlate with severity of chronic obstructive pulmonary disease[117].
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Immune cells involved with tumors can modulate the local microenvironment and
ultimately influence cancer progression, response to therapy, and prognosis[82]. For example,
high numbers of peritumoral T lymphocytes in metastatic malignant melanoma is associated with
lower progression of disease[7], whereas M2 polarized tumor associated macrophages are
associated with a poor prognosis due to their promotion of regulatory T cells and inhibition of
CD8+ T lymphocyte antitumor properties[9–11]. Such associated immune cells could influence
the levels of TREM within the melanoma tissue and deserves further exploration.

2.6 Conclusions

The two TREM isoforms have been generalized to exhibit opposing effects, with TREM1 amplifying inflammatory signaling and TREM-2 inhibiting inflammation. The currently
presented data alludes to the existence of a more intricate TREM-1/TREM-2 paradigm in which
the relative ratio of expression, rather than the absolute amount of expression of each, influences
the local inflammatory state. However, there is paucity in the available literature regarding such
a balance between these two receptors. While this study is limited by the semi-quantitative
nature and small scale, the results represent a rationale for further exploration of this potential
paradigm. In conclusion, our results are the first to investigate levels of both TREM-1 and
TREM-2 in melanoma tissue. The observed alteration in the TREM-1 to TREM-2 ratio in
melanoma compared to normal local tissue warrants further investigation into the possibility of a
TREM-1/TREM-2 paradigm in malignancy. Such a paradigm carries strong clinical potential
including novel therapeutic modalities.
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CHAPTER 3. TREM EXPRESSION AND CLINICOPATHOLOGICAL FEATURES OF
MALIGNANT MELANOMA
(Based on work currently in peer-review: Nguyen AH, Quirk S, Koenck C, Mitkov M,
Trowbridge R, Hunter W, Agrawal DK. Interaction of TREM-1 with Vitamin D Receptor and
Matrix Metalloproteinase-2 in Cutaneous Melanoma. In review, submitted Mar 2016.)

3.1 Abstract

Malignant melanoma is a prototypical immunogenic malignancy and tumor
microenvironment plays a large role in disease progression. The triggering receptor expressed on
myeloid cells (TREM) is a major receptor in immune signaling and inflammation, with
implications of tumor promotion in numerous cancers including melanoma. The vitamin D
receptor (VDR) has also been shown to be a marker of melanoma progression, whereas matrix
metalloproteinases (MMPs) promote melanoma progression. Both VDR and MMP-2 have
demonstrated relation to TREM signaling, but their interplay has not been investigated in
melanoma. We presently seek to characterize the expression of TREM-1 in relation to VDR and
MMP-2 in cutaneous melanoma. The expression of TREM-1, VDR, and MMP-2 was
immunohistochemically evaluated in 11 skin biopsy cases from patients with cutaneous
melanoma. VDR and MMP-2 levels were higher in the cytoplasm and nuclei of melanoma cells
(all comparisons, p < 0.001), when compared to those of normal keratinocytes. Melanoma levels
of TREM-1 positively correlated with cytoplasmic VDR in melanoma cells and negatively
correlated with keratinocyte cytoplasmic VDR levels. Lower levels of cytoplasmic VDR were
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observed in melanomas with increased Clark levels. These data are suggestive of interplay
among TREM-1, VDR and MMP-2 in the melanoma tumor microenvironment and may
influence cancer progression. Further investigation is warranted regarding this crosstalk in
melanoma progression, particularly in relation to the MAPK and AKT signaling pathways. These
molecular interactions may have potential for targeted immunotherapy in melanoma treatment.

3.2 Introduction

Malignant melanoma, an increasingly prevalent cutaneous malignancy, accounts for 75%
of skin cancer-related deaths, and has an estimated incidence of 73,870 cases in the United States
[1]. With the advent of immunotherapeutic treatments for melanoma, recent research has been
directed towards the tumor microenvironment in this prototypical immunogenic cancer.
Ultraviolet light exposure and the immune system play large roles in tumorigenesis and
progression of melanoma. In fact, cells of the immune system have both antitumor and tumorpromoting effects on melanoma cells [6].

Research about molecular signaling pathways and cellular interactions in the melanoma
tumor microenvironment has shed light upon the mechanisms behind tumor progression.
Moreover, novel molecular targets and biomarkers could help predict prognosis and response to
therapy. Herein we examine the expression of three different components to the tumor
microenvironment in melanoma tissue: the triggering receptor expressed on myeloid cells
(TREM) family of innate immune receptors, the vitamin D receptor (VDR), and matrix
metalloproteinase-2 (MMP-2).
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The TREM family of innate immune receptors modulates inflammation and signaling in
the innate immune system, and has been implicated in several chronic inflammatory conditions
and malignancies [99]. We previously reported that the TREM-1 to TREM-2 ratio was
significantly increased in melanoma tissue as compared to keratinocytes [118]. This suggests that
an increased proportion of TREM-1 could explain a pro-inflammatory and pro-tumor state in
melanoma. While minimal evidence is available in the literature regarding melanoma, the role of
TREMs has been well established in other malignancies [99].

Vitamin D is known to play a diverse immunomodulatory role, including cell cycling and
the innate and adaptive immune systems. The role of vitamin D has been investigated in several
malignancies [119]. The immune-modulating and tumorostatic effects of vitamin D are mediated
via the vitamin D receptor (VDR), the expression of which was found to be inversely correlated
with tumor stage [15]. These authors suggest that diminished VDR expression on tumorinfiltrating lymphocytes could contribute to melanoma progression by enhancing the ability of
melanoma tumor cells to evade host surveillance.

MMP-2 is a collagenase with the ability to digest type IV collagen in the extracellular
matrix, thereby promoting melanoma progression and metastatic potential [120]. Recently, it was
shown that MMP-2 expression was significantly increased in tissue samples from patients with
primary and metastatic melanoma, as compared to normal nevi and dysplastic nevi [121].
Furthermore, MMP-2 was found to independently predict patient survival independent of tumor
thickness and ulceration status [121]. Thus, MMP2 could also serve as a valuable prognostic
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indicator for melanoma patients. In murine models, the pro-tumoral effects of MMP-2 were
demonstrated to be mediated by ERK1, ERK2, and NF-κB signaling via the discoidin domain
receptor 2 [122]. This signaling pathway allows possible crosstalk with TREM and VDR.

Relationships between TREM-1, VDR, and MMP-2 in melanoma are of interest in the
present study due to reports of interrelatedness among the three molecules [123–125]. These
molecular interactions have broad implications in cancer biology, and may have potential for
targeted immunotherapy. To further investigate the diverse interplay of TREM-1, VDR, and
MMP-2, we will presently evaluate their expression by immunostaining of melanoma tissue.

3.3 Methods

3.3.1 Sample Selection

Consecutive cases of malignant melanoma with available archival formalin-fixed
paraffin-embedded tissue blocks from 2007 to 2008 were obtained from the Department of
Pathology of Creighton University Medical Center, Omaha, NE, USA. Specimens were obtained
for diagnostic purposes from patients prior to treatment by punch or shave biopsy, fixed in 10
percent neutral-buffered formalin and embedded in paraffin according to routine procedures.
Tissue blocks were stored at room temperature before immunohistochemical analysis. The
diagnoses of all tumors were made prior to research use based on clinical and pathological
evaluation. Tumors were staged according to the American Joint Committee on Cancer system
for cutaneous melanoma. Clinical data were retrospectively collected to include patient
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demographics and pathological reports. The Creighton University Institutional Review Board
approved the study protocol.

3.3.2 Immunostain Technique

Immunohistochemical evaluation was performed on 4 µm tissue sections using the
avidin-biotin peroxidase method. Sections were deparaffinized in xylene and rehydrated. Heatinduced antigen retrieval was performed in citrate buffer solution (S1699, Dako, Glostrup,
Denmark), after which blocking of endogenous peroxidases was performed using with Bloxall
(Vector Laboratories, Burlingame, CA, USA). Slides were incubated with primary antibodies
against TREM-1, VDR, and MMP-2 (1:50; sc-19309, sc-1009, sc-8835, respectively; Santa Cruz
Biotechnology, Dallas, TX, USA), followed by biotinylated secondary antibody and avidin
solutions (VECTASTAIN ABC kits PK6105 and PK6101, Vector Laboratories, Burlingame,
CA, USA). Immunoreactivity was detected with 3,30-diaminobenzidine chromogen solution
(SK4100, Vector Laboratories, Burlingame, CA, USA) and counterstained with hematoxylin.

3.3.3 Data Collection and Statistical Analysis

Intensity of the immunostaining was quantified using ImageJ software (National
Institutes of Health, Bethesda, Maryland, USA) as previously described [126]. Five randomly
selected cells in representative areas of epidermal keratinocytes and melanoma lesions for each
case were used for quantification of staining intensity. Nuclear staining intensity was quantified
in positively expressing cells. Data were collected in Microsoft Excel 14.4 statistical software
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package (Redmond, WA, USA) and analyzed using R version 3.2.2 “Fire Safety” statistical
software (R Foundation for Statistical Computing, Vienna, Austria). An α equal to 0.05 was used
for statistical analysis. Comparison of means was performed using two-tailed, non-paired t-tests,
while analysis of relationships between variables was performed using simple linear regression.

3.4 Results

3.4.1 Expression of TREM-1, VDR, and MMP-2 in Melanoma Tissue

Immunoreactivity for TREM-1, VDR, and MMP-2 were observed in both normal
keratinocytes and cells of melanoma lesions (Figure 6). TREM-1 expression was limited to the
cytoplasm, whereas MMP-2 was localized in both the cytoplasm and nuclei. VDR localization
included cell nuclei, the cytoplasm and cytoplasmic membrane. As we reported previously [118],
TREM-1 levels were lower in the melanoma cells (p = 0.0287), when compared to the
keratinocytes (Figure 7). The cytoplasm and nuclei of the melanoma cells expressed both VDR
and MMP-2 at significantly higher levels (p < 0.001) than did normal keratinocytes.
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Figure 6. Representative staining of melanoma tissue. The (A-B) hematoxylin and eosin-stained
section is shown along with immunoperoxidase staining using DAB substrate and hematoxylin
counterstain for (C-D) TREM-1, (E-F) VDR, and (G-H) MMP-2. TREM-1 was localized to the
cytoplasm, whereas MMP-2 was both cytoplasmic and nuclear in expression. While varying by
case, VDR was expressed in the nucleus, cytoplasm, and/or cytoplasmic membrane. Staining
with exclusion of primary antibodies was used as (I) negative control.
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Figure 7. Mean relative expression of TREM-1, VDR, and MMP-2 in melanoma tissue (solid
gray columns) and healthy surrounding keratinocytes (striped columns). In melanoma cells,
cytoplasmic TREM-1 levels were lower, whereas VDR and MMP-2 levels were higher in the
cytoplasm and nuclei, when compared with expression in keratinocytes. Standard deviations are
shown and statistical significance is indicated (*p < 0.05 and **p < 0.001; two-tailed, unpaired ttests).
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Analysis using linear regression modeling (Figure 8) demonstrated keratinocyte TREM1 levels to be positively associated with nuclear expression of VDR (p = 0.0001, R2 = 0.4161,
F(1,28) = 19.95) as well as positively associated with both cytoplasmic and nuclear expression of
MMP-2 (cytoplasmic: p = 0.0210, R2 = 0.0965, F(1,53) = 5.662; nuclear: p < 0.0001, R2 =
0.6361, F(1,18) = 31.47). Levels of TREM-1 in melanoma tissue positively correlated with
levels of cytoplasmic VDR (p = 0.0380, R2 = 0.0787, F(1,53) = 4.528). The positive trend seen in
the comparison of TREM-1 expression in the two cell types neared a significant association (p =
0.0611, R2 = 0.0646, F(1,53) = 3.663). Interestingly, keratinocyte TREM-1 expression negatively
correlated with nuclear melanoma VDR expression (p = 0.0109, R2 = 0.2099, F(1,28) = 7.439),
whereas melanoma TREM-1 expression correlated negatively with keratinocyte VDR expression
(p = 0.0269, R2 = 0.0890, F(1,53) = 5.179) and positively with keratinocyte nuclear MMP-2
expression (p = 0.0196, R2 = 0.2671, F(1,18) = 6.559).

3.4.2 Expression and Clinicopathological Characteristics of Melanoma Cases

The evaluated clinicopathological features of the cases included in this study are
summarized in Table 2. The 11 total cases assessed included 2 males and 9 females. Differences
in protein expression by gender was seen in keratinocyte TREM-1, cytoplasmic VDR, nuclear
VDR, and nuclear MMP-2 (TREM-1: p = 0.0372; VDR: p = 0.0021; nuclear VDR: 0.0020;
nuclear MMP-2: 0.0079) expression as well as melanoma expression of cytoplasmic MMP-2 (p
= 0.0059).
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Figure 8. Slopes of fitted linear regressions for TREM-1 expression in keratinocytes (dark gray
columns) or melanoma cells (light gray columns) against expression of TREM-1, VDR, and
MMP-2 in keratinocytes (K), melanoma (M), keratinocyte nuclei (KN), and melanoma cell
nuclei (MN). Significance is indicated (*p < 0.05 and **p < 0.01).
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Table 2. Clinicopathological features of included specimens
Clinical characteristics (N = 11)*
Mean Age at Diagnosis (years)
Male / Female ratio
Histological Subtype
Superficial spreading
In situ
Spitzoid
Clark level
1
2
3
4
Primary tumor staging
pT1a
pT1b
Mean tumor thickness
Ulceration
Angiolymphatic invasion
Host inflammation
Absent
Non-brisk
Brisk
Regression
Microscopic satellites
Precursor lesion
Absent
Dermal melanocytic nevus

51.6
2/9
7 (77.8%)
1 (11.1%)
1 (11.1%)
1 (10.0%)
7 (70.0%)
1 (10.0%)
1 (10.0%)
7 (87.5%)
1 (12.5%)
0.55 mm
0 (0.0%)
0 (0.0%)
2 (25.0%)
4 (50.0%)
2 (25.0%)
1 (1.3%)
0 (0.0%)
7 (87.5%)
1 (12.5%)

*Data not reported in all cases. Percentages given out of total cases for which data was reported.
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Melanoma expression of these markers was not associated with primary tumor stage. Similarly,
no differences were found when comparing Clark level I-II tumors against level III-IV tumors
(Figure 9), except for cytoplasmic VDR expression in which there was an inverse relationship
between Clark level and cytoplasmic VDR expression (p = 0.0024).

3.5 Discussion

In melanoma tissue TREM-1 is aberrantly expressed relative to other molecules such as
VDR and MMP, which contributes to tumorigenesis and progression [118]. In the present study,
we found significant differences between expression of TREM-1, VDR, and MMP-2 in
melanoma tissue and surrounding keratinocytes. TREM-1 may interact with VDR and MMP-2
through the MAPK and AKT pathways, which are commonly mutated in cutaneous melanomas.
MAPK activation has been shown to be dependent on VDR expression in skeletal muscle cells
[127]. Further evidence suggests that VDR inhibits pro-inflammatory cytokines in monocytes
and macrophages via MAPK phosphatase-1 [128]. Additionally, MMP-2 expression has been
shown to be altered through MAPK and AKT signaling in squamous cell carcinoma [129].

The activity of MAPK and AKT has been shown to be dependent on TREM-1 expression
in other malignancies such as hepatocellular carcinoma, suggesting a role of MAPK and AKT in
TREM-1 signal transduction [130]. In fact, inhibition of TREM-1 inhibits hepatocellular
carcinoma cells which is thought to be mediated through AKT signaling, which leads to downregulation of the CDK4 gene, the protein product of which interacts with the retinoblastoma
tumor suppressor protein [44, 131].
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Figure 9. Expression of TREM-1, VDR, and MMP-2 in melanoma tissue. Comparison of Clark
level I-II cases (dark gray columns) versus level III-IV cases (light gray columns) demonstrated a
significantly higher expression of VDR in melanoma tissue of lower Clark level (*p = 0.0024;
two-tailed, unpaired t-test).
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Levels of TREM-1 in melanoma cells positively correlated with cytoplasmic VDR
expression (p = 0.0380) and tended towards a positive association with MMP-2 expression (not
statistically significant). TREM-1 signaling affects the tumor microenvironment and thus could
modulate expression of these two known markers in tumor progression. Decreased VDR has
been suggested to be a marker of progression of melanoma [15]. Interestingly, study of VDR
status in breast cancer revealed a similar negative correlation with metastasis [132]. Additionally,
the pro-metastatic effect of macrophages is alleviated when co-cultured with VDRoverexpressing breast cancer cells. Considering the overall tumor-promoting role of TREM-1
[99] and the suggested protective effect of VDR in cancer development and progression [133], a
negative correlation between TREM-1 and VDR would be expected. Our observed positive
correlation could be due to a number of possibilities, including the vitamin D state of patients.
This could drastically affect TREM-1 levels. TREM-1 expression has been shown to be induced
by 1,25-(OH)2D3 in airway epithelial cells [123]. However, vitamin D has also been shown to
elicit an anti-inflammatory response in myometrial cells, while still upregulating TREM-1 [134].
Thus, the role of TREM-1 in cancer development and progression is likely to be much more
complex than simply promotion of inflammation in the tumor microenvironment, particularly in
the skin, where vitamin D and its receptor play a large and diverse role in immunomodulation
[135]. Further investigation is needed to clarify this complex interplay of vitamin D, its receptor,
and TREM-1, particularly regarding tumor biology.

Expression of MMP-2 on the other hand, plays a role in melanoma migration and
progression [136] and has been shown to be a negative prognostic factor [121]. Our observed
positive association between TREM-1 and MMP-2 expression, while not statistically significant,
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is reflective of the pro-tumoral effects of both of these molecules. Interestingly, melanoma
TREM-1 expression also correlated negatively with cytoplasmic VDR and positively with
nuclear MMP-2 when compared to keratinocytes in the present study. This may indicate aberrant
signaling of the melanoma lesions that affects the nearby normal keratinocytes as well.
Additionally, catalytically active MMP-2 expression has been demonstrated in the nuclei of
endothelial cells and neurons [137]. To our knowledge, nuclear MMP-2 has not been reported in
melanoma cells. However, our small study size precluded further analysis of its relevance.

Melanoma expression of TREM-1, VDR, and MMP-2 were analyzed by Clark level. Of
the three markers, only VDR was found to be significantly different in expression, with lower
levels observed in higher Clark level. This is consistent with previously reported evidence of
decreases in VDR correlating with higher tumor stage [15]. While our study was limited by
sample size and low tumor stage, the Clark level serves as an excellent predictor of survival in
patients with lesions < 1 mm [138]. The average thickness of included cases in our study was
0.55mm, suggesting Clark level to be sufficient for analyzing prognostic relevance of these
markers in our sample population.

Malignant melanoma is the prototypical immunogenic tumor and its progression depends
on direct interactions between tumor cells, peritumoral stromal cells, inflammatory cells, and by
indirect cytokine signaling [6]. Further investigation in the role of these immunomodulatory
pathways in melanoma will uncover potential targets for immunotherapy or targeted molecular
therapy, allowing tailored therapy for specific cancer aberrations.
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CHAPTER 4. EFFECTS OF VITAMIN D ON TREM EXPRESSION AND
INVASIVENESS IN MELANOMA CELLS

4.1 Abstract

Malignant melanoma is the prototypical immunogenic tumor. Its progression utilizes the
immune system through cytokine signaling and direct immune cell interaction. Vitamin D has
been characterized as a selective immunosuppressive hormone with anti-inflammatory effects. In
respiratory epithelia, vitamin D has also been reported to promote expression of the triggering
receptor expressed on myeloid cells-1 (TREM-1), an innate immune receptor with proinflammatory and pro-tumoral effects. The interaction between vitamin D and TREMs has had
minimal investigation, with a great paucity in the literature concerning melanoma. Treatment of
melanoma cells with vitamin D resulted in a dose-dependent increase in TREM-1 levels.
However, levels of the TREM-2 isoform and HMGB1, a TREM-1 ligand, were unchanged with
vitamin D treatment. Treated cells also demonstrated attenuated migratory and invasive ability,
as assayed by scratch wound healing and transwell invasion. Vitamin D demonstrates clear antitumoral properties, yet induces TREM-1 levels. This dual function warrants further exploration.

4.2 Introduction

Malignant melanoma, an increasingly prevalent cutaneous malignancy, accounts for 75%
of skin cancer-related deaths, and has an estimated incidence of 73,870 cases in the United
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States. [1] Malignant transformation of melanocytes is largely influenced by environmental
ultraviolet (UV) exposure, but tumorigenesis is not entirely explained by UV radiation alone. [4,
108] Melanoma is an immunogenic malignancy, with progression depending on cytokine
signaling and interactions between tumor cells and inflammatory cells. The triggering receptor
expressed on myeloid cells (TREM) is associated with the innate immune response, including
inflammation and cell activation. TREMs are highly expressed on neutrophils and
macrophages/monocytes. TREM-1 is crucial in triggering and modulating inflammatory
response and activation of TREM-1 can enhance the release of many pro-inflammatory
mediators. However, TREM-2 is anti-inflammatory and a phagocytic promoter. TREMs have
been demonstrated to play pivotal roles in modulating inflammatory and innate immune
signaling, creating implications in chronic inflammatory diseases and malignancies. [99] Early
study of TREMs in melanoma suggests levels to be altered in the malignant state. [118]
Furthermore, vitamin D has been shown to induce TREM-1 expression in airway epithelium,
suggesting a complex interplay between these signaling pathways. [123] Vitamin D and its
receptor (VDR) have a vast immunomodulatory role and are involved in many cutaneous
processes, such as wound healing, psoriasis, skin aging, and malignancies. [139–141]

In addition, TREM-1 is a receptor for high mobility group box protein 1 (HMGB1).
HMGB1 is a highly conserved and versatile nuclear and extracellular protein found in eukaryotic
cells. HMGB1 is a non-histone, chromosomal protein that has been implicated in a variety of
biologically important processes, including transcription, DNA repair, and extracellular signaling
[11]. [88] In the extracellular space, HMGB1 acts as a pro-inflammatory cytokine that is secreted
by activated monocytes, macrophages, and natural killer cells. HMGB1 overexpression has been
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associated with a wide variety of cancers. [142, 143] It was shown that HMGB1 expression
increases following UV irradiation of epidermal keratinocytes. [112] This potential tumorpromoting interaction warrants exploration of TREM in melanoma.

Along with TREM-1, extracellular HMGB1 binds to several other cell surface receptors,
including the Receptor for Advanced Glycation End-products (RAGE). In certain cells, HMGB1
and RAGE co-localize on the cell surface. It was reported that HMGB1 binding to RAGE may
activate signaling pathways, such as Ras/MAPK, PI3K/Akt, NF-kB, which leads to
overexpression of genes and change in the behavior of tumor cells. [101] Previous studies have
found that HMGB1 and RAGE play important roles in the development, growth and metastasis
of multiple tumors. [102, 103] Immunotherapy constitutes the current forefront of novel cancer
therapy, creating a continued need for identification of new molecular targets and biomarkers,
particularly in melanoma research. [82] The potential molecular interactions between TREMs,
VDR, HMGB1, and RAGE have broad implications in cancer biology, but they have not been
studied extensively in malignant melanoma. Additionally, these pathways have potential roles as
diagnostic and/or prognostic biomarkers and may provide possible targets in immunotherapy. In
this study, we investigate the effects of vitamin D levels on these molecules and possible
interactions they may have.

4.3 Methods

4.3.1 Cell Culture and Treatment
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Human melanoma A2058 cells, originally derived from a melanoma tumor metastasized
to a lymph node, were procured from ATCC (CRL-11147, ATCC, Manassas, VA, USA). Cells
were cultured in RPMI-1640 medium (R8758, Sigma-Aldrich, St. Louis, MO, USA)
supplemented with 10% FBS (fetal bovine serum, PEAK serum, Fort Collins, CO, USA) and
penicillin-streptomycin solution (HyClone, Logan, Utah, USA). At 80-90% confluence, cells
received serum-free media overnight (16-24 hours) followed by treatment with calcitriol in
serum-free RPMI-1640 media. Time response to calcitriol (Sigma-Aldrich, St. Louis, MO, USA)
treatment was performed at 50 nM or 0.1% of 50% ethanol (vehicle) as controls. Accordingly,
one-hour treatment time was used for dose response assays covering 0, 1, 10, and 50 nM
calcitriol. Cells were treated with 50 nM calcitriol or 0.1% of 50% ethanol (vehicle as control)
prior to migration and invasion assays.

4.3.2 Immunoblotting

Whole cell lysate of treated cells was harvested in RIPA lysis buffer with protease and
phosphatase inhibitor cocktails 1 and 2 (Sigma-Aldrich, St. Louis, MO, USA) using a cell
scraper. Protein concentrations were determined using the bicinchonic acid assay (SigmaAldrich, St. Louis, MO, USA). Samples of 50µg protein were mixed with Laemmli buffer
containing 10% β-mercaptoethanol, electrophoresed on Any kD precast polyacrylamide gels
((Bio-Rad, Hercules, CA, USA), and transferred to nitrocellulose membranes. Membranes were
blocked with 5% nonfat dry milk and incubated overnight at 4°C with primary antibodies raised
against TREM-1 (ab-93717, 1:500, Abcam, Cambridge, MA), TREM-2 (ab-175262, 1:500,
Abcam, Cambridge, MA), VDR (sc-9164, 1:250, Santa Cruz, Dallas, Texas), and HMGB1 (sc-
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26351, 1:250, Santa Cruz, Dallas, Texas). Immunoreactivity evaluation was performed using
horseradish peroxidase-conjugated secondary antibody (Novus, Littleton, CO) with
electrochemiluminescence detection reagents (Bio-Rad, Hercules, CA) detected on the
ChemiDocTM MP System (Bio-Rad Laboratories, Hercules, CA). Membranes were stripped and
reblotted for GAPDH for normalization of results.

4.3.3 Cell Microarray and Immunostaining

For fluorescent in situ protein detection, cells were fixed in formalin fixed embedded in
paraffin microarray blocks. Briefly, treated cells were washed with cold PBS and fixed in 10%
neutral buffered formalin. Cells were then suspended in 3% low melting agarose, which was
allowed to completely polymerize on ice. Agarose cell pellets were then fixed in formalin
overnight, processed in a tissue processor and embedded in paraffin blocks. 5 µm sections were
deparaffinized, rehydrated, and heated in citrate buffer solution (S1699, Dako, Glostrup,
Denmark) for antigen retrieval. After blocking (serum of host of secondary antibody in 0.25%
triton in phosphate buffered saline) and 2-hour incubation with primary antibodies, secondary
antibodies (AlexaFluor 594nm) were added to the slides for 30 minutes. Cell microarrays were
counterstained and mounted with DAPI-containing aqueous medium (Vectashield H-1200,
Vector Laboratories, Burlingame, CA, USA).
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4.3.4 Scratch Wound Healing Assay

Migratory ability of serum-starved and treated cells at 100% confluence was assessed
using the scratch assay. A sterile 200µl pipette tip was used to generate intersecting wound lines
across the confluent monolayer. Brightfield images were captured at 10x objective magnification
at 0 and 24 hours. Distances between the same wound corners were measured at each time point
using ImageJ software.

4.3.5 Invasion Assay

Following treatment, cells were reseeded onto Matrigel-coated transwell inserts (0.8 µm
pores) at 2.5 x 105 cells/ml. Complete media with 10% FBS was used as a chemoattractant. After
24 hours, cells on the bottom of the insert were fixed then stained with hematoxylin and eosin.
The density of the migrated cells was assessed by counting cells in five fields of view per insert
at 20x objective magnification.

4.3.6 Statistical Analysis

Data were collected in Microsoft Excel 14.4 statistical software package (Redmond, WA,
USA) and are presented as mean ± standard deviation. Comparison of means was performed
using two-tailed T-tests or one-way ANOVA tests with post-hoc Tukey tests in R version 3.2.3
“Wooden Christmas-Tree” statistical software (R Foundation for Statistical Computing, Vienna,
Austria). An α equal to 0.05 was selected for all statistical analyses.
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4.4 Results

4.4.1 Time Response

Time course response to 50nM vitamin D treatment was assessed by level of VDR
expression using immunoblotting technique. VDR levels were determined at 0, 1, 2, 4, 8, 12 and
24 hours of treatment, as shown in Figure 10. Expression was highest at one hour of treatment
when compared to controls (two-tailed pared T-test, p = 0.0368), with a gradual decline in VDR
levels as treatment increased (not statistically different from controls). At 24 hours, VDR levels
were reduced compared to controls (two-tailed pared T-test, p = 0.0110). As such, 1 hour was
selected as the treatment time for the remaining experiments.

4.4.2 Dose Response

Melanoma cells were treated with 0, 1, 10, and 50nM vitamin D for 1 hour to assess
effect of vitamin D dose on protein expression (Figure 11). TREM-1 expression evaluated by
immunoblotting demonstrated a clear induction by vitamin D treatment (one-way ANOVA, p =
0.0427). TREM-1 level at 50nM treatment was significantly elevated compared with controls
(Tukey, p = 0.0360). TREM-2 and HMGB1 were not affected by vitamin D treatment (one-way
ANOVA, TREM-2: p = 0.443, HMGB1: p = 0.506). Immunocytochemical evaluation of protein
levels of the same markers (Figure 12) was also performed on microarrays made from treated
cells.
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Figure 10. Time response of VDR expression, assessed by immunoblotting, to vitamin D
treatment in melanoma cells. Cells were treated from 0 to 24 hours in 50nM vitamin D after
having been serum-starved overnight. (ANOVA, p < 0.05; post-hoc Tukey, *p < 0.05)
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Figure 11. Immunoblot evaluation of TREM-1 expression in dose response to vitamin D
treatment. Melanoma cells were treated for one hour with 0, 1, 10, and 50 nM calcitriol. (Oneway ANOVA: p = 0.0427; *post hoc Tukey, p = 0.0360)
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Figure 12. Levels of TREM-2 and HMGB1 with vitamin D treatment. Immunoblot evaluation
was performed on whole cell lysate of cells treated with 0, 1, 10, and 50 nM calcitriol for one
hour. (One-way ANOVA: p = 0.443 and p = 0.506, respectively)
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4.4.3 Effect of Vitamin D on Cell Migration

Cell migration was assessed with the scratch wound healing assay (Figure 13) and the
transwell migration assay (Figure 14). Absolute migration distance after scratch induction was
significantly reduced with vitamin D treatment, compared to controls (p = 0.0225). Similarly,
percent wound closure tended to be decreased with vitamin D treatment, though statistical
significance was not achieved. The transwell invasion assay confirmed the inhibitory effect of
vitamin D treatment on melanoma cell motility. Treated cells exhibited a nearly three-fold
decrease in number of cells migrated (two-tailed T-test, p < 0.0001).

4.5 Discussion

The immunogenic facets of melanoma are not completely understood. However, these
interactions with the immune system offer yet unexplored avenues to approach treatment of this
malignancy. The TREM receptors have been linked to cancer progression in numerous
malignancy types. [99] However, little work has been done to characterize the role these
receptors in melanoma. The TREM-1 to TREM-2 ratio has been suggested as an important factor
in the melanocytic malignant state. [118] The present data demonstrate TREM-1 expression to be
induced by vitamin D in melanoma cells. Previous exploration of the induction of TREM-1 by
vitamin D has been performed in respiratory epithelial cells. [123] The upstream promoter of the
TREM-1 gene was found to contain vitamin D response elements in both mouse and human
genomes. However, considering the anti-inflammatory effects of vitamin D and the proinflammatory properties of TREM-1, this counteractive functionality must be explored further.
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Figure 13. Scratch wound assay assessing migration ability in treated cells. Cells treated with 50
nM vitamin D demonstrated significantly lowered wound closure than controls. (two-tailed
unpaired T-test, *p = 0.0225)
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Figure 14. Invasion assay of treated cells. Treated cells were seeded in serum free media in a
Matrigel-coated insert with media containing 10% fetal bovine serum as a chemoattractant. Cell
density at the lower surface of the membrane was measured at 24 hours. (two-tailed unpaired Ttest, *p < 0.0001)
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Migration and invasion ability is a hallmark of cancer progression. In vitro assessment of
these properties includes the scratch wound healing assay, which measures ability of migration in
a cell monolayer, and the invasion assay, which assesses cell ability to invade through an
extracellular matrix-coated porous membrane. In the present study, vitamin D treatment
attenuated migration and invasion ability in melanoma cells. Clinical studies of melanoma offer
consistent evidence for the anti-tumoral effects of vitamin D. Melanomas of advanced tumor
stage demonstrated higher levels of VDR, upon immunostain evaluation. [15] Additionally,
levels of CYP24A1 and CYP27B1, enzymes in the vitamin D activation pathway, inversely
correlate with melanoma progression. [16, 17]

The vitamin D-TREM interplay holds potential for therapeutic immunomodulation in
melanoma management. Vitamin D supplementation may potentially have preventative efficacy
or value as adjuvant therapy in melanoma. However, clinical efficacy remains unclear. In a
randomized, placebo-controlled trial of postmenopausal women aged 50-79, vitamin D3 plus
calcium supplementation (1000 mg calcium and 400 IU vitamin D3, daily) did not reduce
melanoma risk. [18] The amount administered in this study is arguably quite low, leaving the
clinical value of vitamin D3 supplementation in melanoma prevention unclear. TREM-1
modulation may offer an additional therapeutic approach. Numerous preclinical studies have
investigated the effects of TREM-1 inhibition in non-melanoma cancer therapy. [99] Future
studies uncovering the efficacy of TREM-1 inhibition in melanoma would be of value.
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4.6 Conclusions

In summary, vitamin D demonstrates induction of TREM-1 in melanoma cells, while not
affecting TREM-2 and HMGB1 levels. Additionally, vitamin D treatment attenuates cell
migration and invasion ability, supporting anti-tumoral effects of this molecule in melanoma.
The contradictory effects of vitamin D and TREM-1 in inflammation warrant further
investigation in melanoma. However, these molecules have vast immune effects, implicating
them in numerous cutaneous conditions. Characterization of this interaction in non-melanocytic
cutaneous cells is warranted, and holds implications in a wide array of cutaneous disorders.
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CHAPTER 5. EFFECTS OF VITAMIN D STATE ON CUTANEOUS TREM
EXPRESSION
(Based on work in peer-review: Nguyen AH, Lim VM, Fleegel JP, Hunter WJ, Agrawal DK.
Cutaneous expression of TREM, vitamin D receptor and HMGB1 in vitamin D deficiency. In
review, submitted Apr 2016.)

5.1 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.
Aim: 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 microswine were immunohistochemically evaluated for epidermal
expression of TREM-1, TREM-2, VDR, HMGB1, and RAGE. The swine were fed a vitamin Ddeficient 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 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 suggest a role of vitamin D
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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.

5.2 Introduction

Expanding knowledge of the immunomodulatory functions of vitamin D and its receptor,
VDR, create a role for these molecules in a broad spectrum of pathophysiologic cutaneous
processes, including wound healing,[139] psoriasis,[140] skin aging,[141] and
malignancies.[133] In basal cell carcinoma, immunostaining of VDR and mRNA levels were
consistently stronger in tumor cells than in unaffected skin.[144] In melanocytic lesions,
immunohistochemical analysis of VDR expression demonstrated higher VDR expression to be
associated with less advanced malignancies and longer overall survival.[15]

The triggering receptors expressed on myeloid cells (TREMs) receptor family plays a
considerable role in innate immunity and inflammatory signaling. TREM-1 has been implicated
as a pro-inflammatory molecule expressed by neutrophils and monocytes.[22] Conversely,
TREM-2 is suggested to have anti-inflammatory actions and promote phagocytosis.[21] These
receptors, have demonstrated roles in numerous chronic inflammatory conditions and
malignancies.[99] Early study of TREMs in melanoma suggests levels to be altered in the
malignant state.[118] Furthermore, vitamin D has been shown to induce TREM-1 expression in
airway epithelium,[123] suggesting a complex interplay between these signaling pathways.
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High-mobility group box-1 (HMGB1) is a ubiquitously expressed protein with dual
function as a nonhistone DNA binding protein and as a cytokine mediator of inflammation
secreted from immune cells such as monocytes/macrophages and dendritic cells.[88] It is a
putative ligand for TREM-1, with demonstrated direct interaction and binding capability to this
receptor.[131] Increased expression of HMGB1 is associated with several malignancies,[143]
including epidermal tumors.[145, 146] Involvement in other cutaneous pathologies has been
reported, including keloids[147] and inherited blistering skin disease.[148] One of the many
receptors for HGMB1 is the receptor for advanced glycation endproducts (RAGE). This multiligand cell-surface receptor is an immunoglobulin superfamily member and is thought to be a
pattern recognition receptor.[149] RAGE has implications in numerous malignancies, playing
possible roles in tumor cell proliferation, survival, migration, and invasion.[150] HMGB1 and
RAGE likely play a role in cutaneous malignancies, and may have clinical value in cutaneous
cancer prognosis.[151]

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

5.3 Methods

5.3.1 Porcine Model
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Female Yucatan microswine (Lonestar Laboratories, Sioux Center, IA, USA) were fed
vitamin D-deficient (0 IU 25-hydroxycholecalciferol / day) or sufficient (2000 IU 25hydroxycholecalciferol / 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 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.

5.3.2 Immunostaining

Skin was obtained from female Yucatan microswine postmortem. Tissue available for
assay belonged to three vitamin D-sufficient animals and three vitamin D-deficient animals.
Tissue sections of on 4 µm in thickness were deparaffinized in xylene and rehydrated. Heatinduced antigen retrieval was performed in citrate buffer 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,
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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-26351; RAGE, 1:100, sc-8230;
Santa Cruz Biotechnology, Dallas, TX, USA). Tissue was counterstained with hematoxylin.

5.3.3 Quantification and Statistical Analysis

Immunoreactivity was quantified using ImageJ software (National Institutes of Health,
Bethesda, Maryland, USA) as previously described.[126] Five randomly selected cells in
representative areas of the epidermal keratinocytes and basal cells were used for quantification of
staining intensity at 40x magnification. Nuclear staining intensity was quantified in positively
expressing cells. Cases were stained and quantified in duplicate. Data were collected in
Microsoft Excel 14.4 statistical software package (Redmond, WA, USA). Statistical analysis was
performed using R version 3.2.3 “Wooden Christmas-Tree” statistical software (R Foundation
for Statistical Computing, Vienna, Austria). Comparison of mean staining intensities was
performed using one-way ANOVA with Tukey tests for post-hoc analysis for each antibody and
subcellular location (nuclear and cytoplasmic); given probability values are multiplicity-adjusted.
An α equal to 0.05 was selected for all statistical analyses.

5.4 Results

Serum 25-hydroxycholecalciferol levels in vitamin 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.
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Immunostain intensities of TREM-1, TREM-2, VDR, HMGB1, and RAGE in the skin of vitamin
D-sufficient and deficient swine are displayed in Figure 15 with representative micrographs
exhibited in Figure 16.

Staining of TREM-1 exhibited cytoplasmic expression 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 animals (both: ANOVA, p < 0.0001;
Tukey, deficient: p < 0.0001, sufficient: p = 0.0003). Vascular bundles demonstrated endothelial
positivity, whereas glands were negative in expression. Additionally, TREM-1 expression was
increased in keratinocytes of vitamin D-sufficient 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 in vascular structures and sweat glands demonstrated positive expression. TREM-2
immunostaining 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 significantly higher than that of basal cells (ANOVA, p
< 0.0001; Tukey, sufficient: p < 0.0001, deficient: p = 0.0005).
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Figure 15. 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: cytoplasmic p < 0.001, nuclear p < 0.0001).
Expression of TREM-1 was increased in keratinocytes and TREM-2 was increased 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 is indicated (post-hoc Tukey test, *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001).
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Figure 16. Representative micrographs of immunostained cutaneous tissue from vitamin Ddeficient 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 demonstrated 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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HMGB1 was expressed in the cytoplasm and nuclei of epidermal cells. Cytoplasmic
expression 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 cytoplasmic 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 detected
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 compared to keratinocytes (Tukey, p < 0.0001).
Comparison by cell type in deficient cases, on 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 demonstrated 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 differences in cell
type, with higher expression in the basal cells in either vitamin D-state (Tukey, both p < 0.0001).
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5.5 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.[58] However, the interaction of cutaneous TREM expression
with vitamin D has not been thoroughly investigated. In particular, the role of vitamin D in
TREM-2 signaling has had little exploration. TREM-1 has been shown to promote inflammation,
while TREM-2 is thought to have anti-inflammatory function.[99] Considering the suggested
anti-inflammatory role of vitamin D,[135] the increase in expression of both TREM-1 and
TREM-2 in vitamin D-sufficient swine was unexpected. 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
demonstrated 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 keratinocytes. 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.[118]

Expression of HMGB1 demonstrated no significant 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
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is associated with a number of cutaneous pathologies, including cutaneous malignancies,[145,
146] recessive dystrophic epidermolysis bullosa[148], and keloids.[147] Notably, ultraviolet
irradiation of primary cutaneous melanomas in a mouse model caused enhanced the expansion of
tumour cells along abluminal blood vessel surfaces and increased the number of lung
metastases.[112] This effect depended on neutrophil recruitment and activation 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 transcription, though no direct
interaction was found with VDR.[152] This does not preclude the possibility of interplay
between HMGB1 and the vitamin D signaling pathway. Such crosstalk should be investigated,
considering the opposing effects on inflammatory signaling of HMGB1 and vitamin D.[135,
153]

The currently available literature reporting immunohistochemical evaluation of VDR
demonstrates a widely variable localization of this receptor, ranging from nuclear, cytoplasmic
and membranous in vulvar carcinomas[154] to solely nuclear reactivity in basal cell
carcinomas.[144] Additionally, VDR subcellular localization will vary with vitamin D state,
exhibiting a nuclear and cytoplasmic distribution in vitamin D deficiency versus a nucleusdominated state in the presence of its ligand.[155, 156] The VDR expression observed presently
is consistent with previously reported[157] cutaneous VDR staining patterns in vitamin Dsufficient 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
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effector of TREM-1 signal transduction, along with p65, STAT3, and ERK.[130] Furthermore,
ablation of the TREM-1 murine analogue diminished activation of the p38, ERK 1/2, JNK,
MAPK, and NF-κB signaling pathways in Kupffer cells.[32] In skeletal muscle cells, MAPK
activation has been shown to be dependent on VDR expression.[127] Further evidence suggests
that VDR inhibits pro-inflammatory cytokines in monocytes and macrophages via MAPK
phosphatase-1.[128] Further exploration of these interlinked pathways is warranted in cutaneous
models, as they may have wide implications in epidermal pathologies. Altered expression of
TREMs has been previously demonstrated in cutaneous melanoma[118] and could play a role in
cutaneous cancer progression. In psoriasis, TREM-1 has even been suggested as a potential
therapeutic target.[115] VDR has a similarly wide involvement in cutaneous pathology,
including melanoma in which it may serve as a marker for tumor progression.[15] Exploitation
of these interlinked pathways has broad potential for clinical application. Thus further
investigation aimed at elucidating the nature of these interactions is fully merited.

5.6 Conclusions

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
differentiation. Furthermore, a complex interplay involving vitamin D, VDR, HMGB1 and the
TREM signaling pathway may exist, requiring further exploration. These molecules have been
individually implicated in various high impact cutaneous malignancies and other pathologies,
though their interplay has had minimal investigation. Future studies are warranted to further
understanding of the complex relationship of these molecules in cutaneous pathology.
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CHAPTER 6. CONCLUSIONS AND FUTURE DIRECTIONS

6.1 TREM and Vitamin D in Cutaneous Malignancy

TREM-1, a proinflammatory factor highly expressed on tumor-associated macrophages,
has recently been introduced as a prognostic marker and therapeutic target in a number of
malignancies. Malignant cells have been shown to upregulate TREM-1 expression in nearby
macrophages, which is associated with cancer recurrence and poor survival in non-small cell
lung cancer. [45] In vivo experimentation in mice has show that TREM-1 blockade ameliorates
intestinal inflammation, intestinal epithelial proliferation, and inflammation-associated colon
tumor genesis prompting the suggestion for this therapeutic strategy for malignancies arising in
the setting of chronic inflammation. [57] Expression of TREM-1 also plays a significant role in
hepatocellular malignant transformation, proliferation, invasion, and inhibition of apoptosis. It
was found that high TREM-1 expression on hepatocellular carcinoma cells is an independent
prognostic factor and is associated with recurrence of disease. Western blot analysis of HCC
cells demonstrates levels of phosphorylation of MAPK and AKT are dependent on TREM-1
expression, therefore, MAPK and AKT signaling likely mediate TREM-1 signal transduction.
[130] Deletion of this receptor inhibits carcinogenesis in kupffer cells of the liver, which is
thought to be mediated through diminished MAPK signaling and downregulation of the CDK4
gene. [44, 131] Inhibition of the PI3K pathway also plays a central role in decreasing TREM-1
expression. [158, 159]
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The MAPK and PI3K pathway plays a significant role in cell growth, malignant
transformation, development of neoplastic drug resistance, and is mutated in numerous human
malignant melanomas. As compared to melanomas without PI3K pathway mutations, those with
mutations are associated with unusually high metastasis and chemoresistance rates. [160]
Interestingly, mutations in the MAPK and PI3K pathways follow UV radiation patterns in human
melanomas. BRAF mutations tend to occur more frequently in non-chronically sun exposed
skin, whereas KIT – a kinase receptor similar to EGFR involved in PI3K signaling – mutations
are seen more frequently in chronically sun exposed skin. [161]

The discovery of mutations in these pathways has prompted the use of targeted molecular
tyrosine kinase inhibitors to improve outcomes. [162, 163] Understanding these pathways and
identifying which mutations exist on a case-by-case basis allows us to tailor therapy toward a
specifically mutated protein. [162]

Additionally, these signaling pathways allow possible routes of crosstalk with the effects
of vitamin D and should be studied further. The present studies offer evidence supporting the
induction of TREM-1 expression by vitamin D in melanoma cells. Elucidation of the underlying
molecular mechanism is an avenue of future research. Furthermore, the inhibition of melanoma
cell aggressiveness by vitamin D has potential clinical application. There is currently no
evidence supporting the value of adjuvant vitamin D supplementation with melanoma therapy.
Prospective randomized controlled trials are warranted to evaluate the role of supplementation in
clinical management of patients with melanoma.

78

Investigation of the role of TREMs in melanoma is severely limited. Our findings
indicate potential importance in the TREM-1 to TREM-2 ratio in the malignant state. In our
present work, expression levels in melanoma were compared to that of keratinocytes. While this
characterizes relative levels in the tumor microenvironment, subsequent high-powered studies of
benign nevus-controlled histopathological studies are required to determine the role of TREMs in
melanoma tumorigenesis. Additionally, the present studies utilized Clark level for tumor stage.
This was applicable, considering all of the included specimens were less than 1 mm in thickness.
However, evaluation of these markers in melanoma specimens with a wider spectrum of tumor
stages should be performed to investigate their role in tumor progression. Interventional studies
have clear potential, as well. Inhibition of TREM-1 has been investigated in other conditions.
The effects of such treatment could be evaluated in melanoma in vitro cell culture and in vivo
animal models.

6.2 Systematic Review of the Clinical Value of the HMGB1 / RAGE Axis in Cutaneous
Malignancy
(Based on previous work in review: Nguyen AH, Quirk S, Agrawal DK. Clinical value of high
mobility group box-1 and the receptor for advanced glycation endproducts in cutaneous
malignancy: A systematic review. In review, submitted Feb 2016.)

HMGB1 and RAGE have broad effects in the immune system and inflammatory
signaling, with implications in numerous pathologies, particularly cutaneous malignancies.
However, there is paucity in the currently available literature regarding the clinical implications
of these molecules. To further the discussion on HMGB1 and RAGE in melanoma, we
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systematically reviewed the role of HMGB1 and RAGE in human cutaneous tumor biology and
discuss their implications in the diagnosis and prognosis of patients.

Initial search of the PubMed database returned 128 articles. After screening of titles and
abstracts, 15 articles remained for full-text review. Ultimately, 9 articles were included in this
review.[145, 164–171] The majority of the included studies investigated the role of HMGB1
and/or RAGE in frozen or formalin-fixed paraffin-embedded (FFPE) tissue from patients with
melanoma.[164, 165, 167, 168, 171] Two studies[169, 170] used serum from patients with
melanoma and another study[166] used a cDNA array of melanoma cases. Two studies[145,
170] assessed tissue from patients with BCC or cutaneous SCC. Characteristics of each study are
summarized in Table 3.
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Table 3. Summary of study details investigating HMGB1 and RAGE in cutaneous malignancies.
Study
Cancer Type
N (total)
N (cancer)
Sex, M:F
Mean age (range)
Tissue
Assay
Eichmuller, 2002
Melanoma
10
10
Frozen
RT-PCR
Abe, 2004
Melanoma
2
2
FFPE
IHC
†
Leclerc, 2009
Melanoma
43
40
24:16*
56 (34-81)
cDNA array
qPCR
Weng, 2013
BCC, SCC
56
49
FFPE
IHC
Zhu, 2013
Melanoma
70
40
FFPE
IHC
Li, 2014
Melanoma
134
102
60:42*
FFPE
IHC
Gebhardt, 2015
Melanoma
59
59
26:33
65.2† (32-84)
Serum
ELISA
Iotzova-Weiss, 2015
SCC
25
20
FFPE
IHC
Wagner, 2015
Melanoma
707
402 (serum)
228:174
60.0 (16-88)
Serum
ELISA
305 (TMA)
163:142
56.6 (14-89)
TMA
IHC
†
*Data excludes controls. Median.
Abbreviations: basal cell carcinoma (BCC), formalin-fixed paraffin embedded (FFPE), quantitative / real-time PCR (qPCR), reverse
transcription PCR (RT-PCR), squamous cell carcinoma (SCC), tissue microarray (TMA)

6.2.1 HMGB1 and RAGE in Melanoma

Investigations of the clinical role of HMGB1 and RAGE in melanoma are summarized in
Table 4. Li and colleagues [168] found HMGB1 to be highly overexpressed in melanoma tissue,
compared to controls. Higher levels of HMGB1 were positively correlated with the stage of
melanoma, based on the American Joint Committee on Cancer criteria. HMGB1 expression was
also increased in cases with increased tumor thickness, increased mitotic index, and presence of
lymph node and distant metastasis. HMGB1 expression was a significant prognostic marker for
overall and disease-specific 5-year survival. Another study [169] measured serum levels of
HMGB1 in patients with metastatic stage IV melanoma receiving ipilimumab treatment. In nonresponders, post-therapy serum HMGB1 levels were significantly higher than in patients
responding to therapy.

The remaining investigations of melanocytic cases were focused on RAGE expression. In
one study, [164] the majority of metastatic melanoma tissue analyzed by reverse transcription
PCR, were found to positively express RAGE. Similarly, another study[165] detected elevated
RAGE immunohistochemical reactivity in the cytoplasm of melanoma cells, while normal skin
expressed minimal levels. Zhu and colleagues[167] found comparable results, with nearly all
primary melanoma specimens expressing RAGE and particularly high levels of expression in
metastatic tumor specimens. In comparison, immunoreactivity of RAGE in nevus pigmentosus
was faint in the benign nevus cells.
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Table 4. Summary of clinical implications of HMGB1 and RAGE in melanoma.
Study
Neoplasm Findings
Eichmuller, 2002 RAGE
• RAGE gene family members were positive in 7/10 metastatic melanoma samples.
Abe, 2004
RAGE
• RAGE immunoreactivity was detected in the cytoplasm of melanoma cells, but hardly detected in
melanocytes of normal skin.
Leclerc, 2009
RAGE
• Stage IV tumors expressed RAGE significantly more than stage III tumors (p < 0.05).
• In 90% of stage III and stage IV tumors, sRAGE was significantly underexpressed compared to
non-melanoma tissue controls (p < 0.05).
Zhu, 2013
RAGE
• RAGE was expressed in 95% (19 / 20) of primary tumor specimens, with 16/19 having strong
expression. 100% (20 / 20) metastatic tumor specimens strongly expressed RAGE. Staining
pattern was apparently similar in these two groups.
• RAGE immunostaining was faint in nevus controls.
Li, 2014
HMGB1
• Expression was elevated in melanoma cases, compared with controls.
• Expression positively correlated with AJCC melanoma staging (p < 0.0001).
• Higher expression was associated with increased tumor thickness (p = 0.012), increased mitotic
index (p < 0.0001), and presence of lymph node and distant metastasis (p < 0.0001 and p = 0.011,
respectively).
• HMGB1 levels were found to be an independent prognostic factor for overall (RR = 6.14, 95% CI
= 2.25 to 16.76; p<0.0001) and disease-specific 5-year survival (RR = 3.81, 95% CI = 1.15 to
12.59; p = 0.028).
Gebhardt, 2015
HMGB1
• Serum HMGB1 levels in patients not responding to ipilimumab were higher after initial therapy,
when compared to responding patients (p < 0.05).
Wagner, 2015
RAGE
• RAGE was expressed at higher levels in melanoma and stromal cells than in benign nevi (p <
0.001).
• Serum sRAGE was lower in stage III-IV melanoma patients when compared to healthy
individuals.
• Serum sRAGE was significantly associated with impaired survival (p = 0.034) and was an
independent prognostic marker for impaired overall survival (p < 0.05).
Abbreviations: American Joint Committee on Cancer (AJCC), confidence interval (CI), relative risk (RR), soluble RAGE (sRAGE)

Leclerc and colleagues[166] surveyed 40 melanoma tumor samples for RAGE
transcription and found elevated levels in stage IV tumors, when compared to stage III tumors.
Conversely, levels of soluble RAGE (sRAGE) in both stage III and IV tumors were significantly
lower than that of nonmalignant controls. Separately, a study [171] of serum from a total of 402
patients with melanoma found lowered sRAGE levels to be independently and strongly
associated with poor overall survival. Tumoral expression of RAGE, on the other hand,
demonstrated RAGE protein expression to be highly upregulated in primary melanomas, when
compared to benign nevi.

6.2.2 HMGB1 and RAGE in Non-melanocytic Cutaneous Malignancy

Investigation of BCC and SCC was performed in two studies, as summarized in Table 5.
Weng and colleagues [145] investigated HMGB1 expression in BCC and SCC via
immunohistochemistry and western blot analysis. Within epithelial nuclei, there was diffuse,
moderate expression of HMGB1 in low malignant BCC, and relatively weak diffuse expression
in highly malignant SCC, which was significantly lower than that of normal squamous cells.
Increased nuclear HMGB1 in normal squamous cells may contribute to stabilization of DNA.
Within epithelial cytoplasm, there was focal positive expression of HMGB1 in BCC and minimal
expression in SCC. Extracellular HMGB1 expression within epithelial intercellular spaces was
sporadic in BCC and SCC, and minimal in normal squamous cells, which could imply that
intracellular HMGB1 is released as a result of necrosis of epidermal tumor cells.
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Table 5. Summary of clinical implications of HMGB1 and RAGE in non-melanocytic cutaneous malignancies.
Study
Marker
Findings
Weng, 2013
HMGB1
• Nuclear expression was diffusely, moderately positive in low malignant BCC and weakly,
diffusely positive in highly malignant SCC. In normal squamous epithelial nuclei, it was strongly,
diffusely positive and significantly different from that of SCC (p = 0.003).
• Cytoplasmic expression was focally positive in BCC and minimal in SCC.
• Expression in intercellular spaces was sporadic in both BCC and SCC.
Iotzova-Weiss,
RAGE
• Protein expression was upregulated in invasive and in situ SCC of both immunocompetent and
2015
organ transplant recipient patients, when compared to normal skin.
• The epidermal fraction of in situ and invasive SCC tissue from immunocompetent and organ
transplant recipient patients demonstrated increased RAGE mRNA when compared to normal
epidermis (all groups, p < 0.001).
Abbreviations: basal cell carcinoma (BCC), squamous cell carcinoma (SCC)

Investigation of FFPE tissue from patients with SCC[170] found RAGE to be
transcriptionally upregulated in SCC lesions, when compared to normal epidermis. RAGE
expression was also elevated in organ transplant recipients on long-term immunosuppression,
when compared to immunocompetent individuals.

6.2.3 Implications of HMGB1 and RAGE in Cutaneous Malignancies

Overall, patients with cutaneous malignancies exhibit increased intratumoral RAGE
expression and decreased serum sRAGE levels. The latter demonstrates potential as a prognostic
marker for patients with cutaneous melanoma.[171] In rodent models, RAGE localization may
also be an important prognostic consideration, in addition to levels of expression.[172]

An in vitro study suggests that RAGE activation by HMGB1 enhances the protumoral
activities of alternative activated type 2 macrophages.[173] Furthermore, in hepatocellular
carcinoma cell lines, RAGE activation by HMGB1 in turn activates NF-κB, promoting cellular
proliferation, invasion, and metastasis.[174] Such protumoral effects of RAGE signaling,
modeled in Figure 17, make it an attractive therapeutic target. Additionally, considering its
involvement in cutaneous cancer biology, RAGE polymorphisms may also possess predictive
potential for survival or occurrence of malignancy, though only one negative study[171] has
been reported.
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Figure 17. A generalized model of HMGB1 and RAGE involvement in skin cancer progression.
Extracellular HMGB1, released by secretion or cell injury, acts as a proinflammatory cytokine.
Interaction with immune cells may reprogram and recruit tumor-associated macrophages that
promote tumor progression. Soluble RAGE (sRAGE) acts as a decoy receptor by binding
HMGB1 without subsequent signaling.
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In a murine SCC model, HMGB1 expression was found to be clearly associated with
cancer stage and extent of neoplastic change.[146] Levels of HMGB1 are clearly increased in
melanoma tumors, with higher expression associated with more aggressive lesions.[168] In
melanoma, HMGB1 serves a trans-regulatory protein that interacts with p65 in the melanoma
inhibitory activity promoter, thereby enhancing malignant transformation of melanoma
cells.[175] Further investigation is required to elucidate the exact role of HMGB1 in tumor
promotion and potential therapeutic use.

Separately, the role of HMGB1 has been investigated in cisplatin-treated SCC in a
murine model.[176] Gebhardt and colleagues[169] found serum HMGB1 levels to be higher in
patients with melanoma who did not respond to ipilimumab treatment. This establishes the
potential for HMGB1 to be a marker for response to treatment, though further investigation into
such application is required.

The available literature establishes a role of HMGB1 and RAGE in cutaneous
malignancies, though the current understanding is incomplete. The diagnostic value of these
markers in cutaneous malignancies has not been explored, though the broad effects and roles of
these molecules may preclude such a utility. These markers are associated with numerous
clinicopathological factors in cutaneous malignancies. This early evidence is promising for
clinical use of these molecules in prognostic considerations or as a molecular therapeutic target.
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6.3 Concluding Remarks

In summary, this investigation suggests that: (i) the TREM-1 to TREM-2 ratio may play a
role in malignant state; (ii) TREM-1 may be associated with melanoma tumor progression and
other markers of tumor aggressiveness; (iii) treatment of melanoma cells with vitamin D induces
TREM-1 expression, while not affecting TREM-2, HMGB1 and RAGE levels, and attenuates
melanoma cell invasiveness and migratory ability; (iv) cutaneous keratinocyte expression of
TREM-1 is affected by vitamin D, whereas HMGB1 and RAGE are unaffected by vitamin D
state. The TREM and HMGB1 signaling axis clearly have roles in melanoma cancer biology.
They demonstrate clinical potential and require further investigation into their therapeutic and
prognostic utilities.
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