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Abstract

Taste loss or alterations can seriously impact health and quality of life due to the resulting negative
influence on eating habits and nutrition. Infection and inflammation are thought to be some of the
most common causes of taste perception disorders. Supporting this view, neuro-immune interactions
in the peripheral gustatory system have been identified, underlying the importance of this tissue in
mucosal immunity, but we have little understanding of how these interactions influence taste
perception directly or indirectly. This limited understanding is evident by the lack of even a basic
knowledge of the resident immune cell populations in or near taste tissues. The present study
characterized the distribution and population of the major immune cells and their subsets in healthy
human anterior, lingual, fungiform papillae (FP) using immunohistochemistry. Dendritic cells (DCs)
were the predominant innate immune cells in this tissue, including four subtypes: CD11c+ DCs, DC-
SIGN+ immature DCs, CD83+ mature DCs, and CD1a+ DCs (Langerhans cells). While most DCs
were localized beneath the lamina propria and only moderately in the epithelium, CD1a + Langerhans
cells were exclusively present within the epithelium and not in sub-strata. A small number of
macrophages were observed. T lymphocytes were present throughout the FP with CD4+ T cells more
prevalent than CD8+ T cells. Very few CD19+ B lymphocytes were detected. The results show that
DCs, macrophages, and T lymphocytes are the constitutive guardians of human FP taste tissue, with
DCsand CD4 T cells being dominant, while B lymphocytes are rare under normal, healthy conditions
These observations provide a basic anatomical foundation for the immune response in the healthy
human tongue as a basis for subsequent disease-related studies, but none of the present data indicate
that the immune cell populations identified are, in fact, altered in individuals with abnormal taste
perception.
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1. Introduction

Taste disorders have many causes and can seriously detract from general health, feeding,
nutrition, and quality of life (Deems et al., 1991; Graham et al., 1995; Schiffman and Graham,
2000). Infection and inflammation are thought to contribute to or exacerbate taste disorders
(Cullen and Leopold, 1999; Heald et al., 1998; Mistretta, 1984; Pribitkin et al., 2003). Among
the more prominent examples, patients with chronic inflammatory and autoimmune diseases
report taste dysfunctions (Mann, 2002). Also, inflammation induced by radiation therapy to
the oral cavity for treatment of head and neck cancer is strongly correlated with either
hypogeusia or ageusia and the consequent loss of interest in feeding (Conger and Wells,
1969; Esses et al., 1988; Nelson, 1998; Yamashita et al., 2006). Perhaps more telling, the
exogenous use of cytokines, such as IFN, is associated with taste disorders and causes apoptosis
of taste cells (Abdollahi and Radfar, 2003; Wang et al., 2007). Inflammatory processes are
necessary for injured tissue to heal, but they can also alter normal cellular function. The basic
knowledge of inflammatory processes in taste disorders is not well understood. In addition, no
study has identified the presence, distribution, and populations of immune cells in the taste
system, despite mounting evidence that immune responses play a role in the regeneration of
injured taste receptor cells and in the maintenance of normal gustatory perception (Cavallin
and McCluskey, 2005, 20074, b; Phillips and Hill, 1996).

The peripheral taste system is composed of three main types of papillae containing taste buds
that are distributed in the lingual mucosa, as well as taste buds that are not in papillae within
the soft palate and pharynx. Located in the oral cavity, the peripheral gustatory system is
continuously exposed to numerous dietary antigens and various pathogenic or commensal
bacteria. To cope with these challenges, the oral mucosa is populated by a significant
representation of the overall cellular population of immune system. The immune cells
contained in oral mucosa include different proportions of macrophages, dendritic cells (DCs)
and lymphocytes. Studies on the composition and distribution of immune cell populations in
oral mucosa have been reported in human buccal and gingival tissues (Colasante et al., 1992;
Haque etal., 1997; Ishii, 1987; Walton et al., 1998), but studies of gustatory tissues are lacking.
In the present study, immunohistochemical methods were used to characterize and enumerate
specific immune cell populations in healthy human anterior, lingual, fungiform papillae (FP).
We found that DCs/Langerhans cells, macrophages, and T lymphocytes are normal constituents
within healthy human FP, while B lymphocytes are rare. This work will provide fundamental
data for the subsequent study of the role of immune and inflammatory processes in patients
with gustatory perceptual and behavioral dysfunctions, and also help us better understand the
role of immune activity in maintaining healthy gustatory function, as well as in treatment of
taste disorders related to immune responses and inflammation. We emphasize that while these
data are an important description of the normative immune state of taste tissue, the cellular
changes that occur in response to various pathologic conditions and their role in taste
abnormalities remain to be established.

2. Methods

2.1. Human Subjects

Twelve healthy adult subjects (6 males and 6 females; age 35.8 + 9.6 years) were recruited
through the Department of Otolaryngology at Thomas Jefferson University and were evaluated

Brain Behav Immun. Author manuscript; available in PMC 2010 August 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Feng et al.

Page 3

by the physicians. The evaluations were performed to ensure that all the subjects had normal
taste perception and were free of systemic inflammation, immune-related diseases, and
gustatory lingual disease, and were not on any medication for two weeks. None of the subjects
presented with any clinical complaints and reported abnormal taste perceptions of bitter, sweet,
sour, and salty. The taste perception was evaluated by standard clinical tool developed at the
Monell Smell and Taste Clinical Research Center in Thomas Jefferson University. The
collection of human tissue was conducted after subjects provided informed consent, in
accordance with the Declaration of Helsinki according to protocols approved by the
Institutional Review Board of Thomas Jefferson University and the Office of Regulatory
Affairs at the University of Pennsylvania.

2.2. Tissue Sampling

Four human lingual FP were collected from anterior tongue with micro-scissors from each of
the volunteers by a licensed surgeon as described elsewhere (Rossier et al., 2004), in total 48
biopsies were collected for this study. Biopsies were immediately placed in 4%
paraformaldehyde for 1-2 hr at 4°C, processed through a series of 10-30% sucrose solutions
for cryoprotection, and then embedded in M1 matrix medium (Shandon) and frozen using an
acetone dry ice bath. Frozen sections were cut at a thickness of 10 pm through the entire biopsy,
mounted on StarFrost slides (Mercedes Medical, Sarasota FL) and stored at —20°C until
analyzed.

2.3. Immunohistochemistry

We used previously described immunohistochemistry techniques (Yee and Rawson, 2005) to
identify immune cell populations in FP. Briefly, primary and secondary antibodies were
selected based on their specificity and sensitivity and our previous experience in their use with
human tissue. Frozen sections were dried in an oven at 37°C for 30 min and rehydrated 10 min
with 0.1 M phosphate buffered saline (PBS) at pH 7.0. Endogenous peroxidase was blocked
by 3% hydrogen peroxide for 10 min. Tissue sections were then washed in PBS for 3 x 5 min,
incubated in Superblock® (Pierce) for 1 hr at room temperature (RT) to block nonspecific
binding sites. Antibodies made in mouse specifying the following cell surface markers were
employed as primary antibodies and incubated with the tissue sections for 2 hr at RT: HLA-
DR Il, CD1a, CD11c, CD83, DC-SIGN, CD64, CD4, CD8, and CD19 (all from Pharmingen,
San Diego, CA). After a 3 x 5 min PBS wash, tissue sections were incubated for 1 hr with
secondary biotinylated antibody then in pre-diluted Streptavidin-HRP complex (Anti-lg HRP
Detection Kits, BD Pharmingen) for 45 min. Immunoreactivity was detected using
diaminobenzidine (DAB) as the chromogen. Sections were counterstained with hematoxylin
and 0.3% (v/v) diluted ammonia prior to dehydration and coverslipping. Controls for non
specific binding were performed by substituting primary antibody with an isotypic control 1gG
or excluding primary antibodies. Each antibody was used on 48 sections from the 12 subjects.

2.4. Computer-assisted image analysis and cellular quantification

The applied method for cellular quantification used was similar to those previously reported
(Phipps et al., 2004; Robert et al., 1995). Brightfield images were captured at a magnification
of 10x using the Nikon DMX 1200C attached to a Nikon Eclipse 80i microscope. The density
of specific immunoreactive cells in both the epithelium and lamina propria of fungiform
papillae were quantitatively measured using Image-Pro Plus image analysis software 6.0. This
software allows analysis of brown or orange stained areas of tissue sections (obtained after
immunohistochemistry with DAB staining) with light-blue counterstaining. On the computer
screen, two masks were used. One mask was used to define a threshold to determine the total
areas of the epithelium and laminar propria in the measured section. In the color-cube based
feature under count/size menu, a second mask was applied over the captured image based on
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the color range of DAB reactive immune cells. The mask areas within the epithelium and lamina
propria were measured and summed and the size for each region was calculated, as shown in
Figure 1. The cell population was expressed as the ratio of the masked color area to the total
area of tissue region measured. The accuracy of the computer evaluation of color was assessed
by human eye appraisal of each section. For each subject, four different fungiform papillae
biopsies were analyzed and the values were averaged. The data in the results are the
combination of the twelve pooled data sets. In a preliminary experiment, the protocol was
normalized by performing multiple morphometric assessments of sections with different
densities of positive staining by an observer blind to the antibody used.

2.5. Statistical analysis

3. Results

The two-sample t-test was employed using the SAS (Inc., 1999) software package to compare
the differences of cell density (CD11c, CD209, CD4, CD64, CD83, MHC, and CD8) in the
epithelial and lamina propria compartments. Diagnostic tests were performed to check for
significant violations in the distribution assumptions. As a means of validating the results from
the t-tests, the non-parametric Wilcoxon rank sum test was also applied. The Wilcoxon test
requires no distribution assumptions (Rosner, 1990). An evaluation of the residual values from
the two-sample t-test on all the main outcome variables revealed no outliers, influential points,
or significant violations in the constant variance assumption. Consistent results were obtained
from using the Wilcoxon non-parametric test and two-sample t-test. For each subject, four
different fungiform papillae biopsies were assessed and analyzed, and the values were then
pooled and averaged as one cohort data, and were used for the statistical analysis. N = 12. A
p level < 0.05 was defined as a significant difference.

3.1. Histological Features of Fungiform Papillae

Examination of hematoxylin stained sections of healthy human FPs revealed an outer layer of
parakeratinized, stratified squamous epithelium and underlying lamina propria (Fig 2A).
Within the epithelium, up to two taste buds typically were observed at the basement membrane
of any fungiform slice extending to the apical layers, with the taste bud pore opening toward
what would be the oral cavity. In some cases, the epithelium appeared to extend into the
underlying lamina propria forming epithelial ingrowths. Along the basement membrane is a
layer of basal cells with a high level of cellular proliferation as indicated by Ki67
immunoreactivity (Fig 2B). Located below the epithelium, the lamina propria is composed of
loose connective tissue, scattered with small blood vessels and various types of immune cells
including DCs, monocytes, macrophages, and lymphocytes.

3.2. MHC class Il

To explore the general presence and distribution of immune cells in tissues, especially antigen
presenting cells (APCs), MHC class 11 expressing cells in FPs were identified using a
monoclonal antibody for HLA DR-I1. Our results show that MHC class Il molecules were
consistently present in intraepithelial and subepithelial immune cells with the characteristic
morphology of DCs and mononuclear cells. The MHC class Il expressing cells were more
prevalent in the lamina propria than in the epithelium, which corresponded with the distribution
pattern of most immune cells detected in the tissues. The MHC Class Il molecule was not
detected in any constitutive epithelial cells, as shown in Figure 3.

3.3. CD11c+ DCs

CD11c+ DCs were observed consistently both in the epithelium and connective tissues of FP,
and the expression levels were significantly higher in lamina propria than in epithelium, as
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shown in Figure 4A. These cells tended to be scattered throughout the tissue, but they also
clustered together in some areas, especially under the basement membrane of FP.

3.4. DC-SIGN+ and CD83+ DCs

DCs in different developmental stages were identified with DC-SIGN and CD83, which are
expressed on immature DCs (imDC) and mature DCs (mDC), respectively (Figure 4B and
4C). While DC-SIGN+ imDCs and CD83+ mDCs were present in both the epithelium and the
lamina propria, DC-SIGN+ DCs were mainly localized within the lamina propria.

3.5. Langerhans cells

Langerhans cells, another immature counterpart of DCs, are highly specialized APCs located
in the skin, mucosa, and lymphoid tissues. CD1a+ Langerhans cells were distributed
exclusively in the epithelium of FPs and displayed a typical dendritic morphology with
abundant processes (Figure 4D). Langerhans cells were rarely observed in the lamina propria,
indicating an epithelial specialization.

3.6. Macrophages

CD64+ macrophages were observed in both the epithelium and lamina propria. The cell
population was significantly higher in lamina propria than that in the epithelical compartment.
In lamina propria, the macrophages are usually distributed just beneath the epithelium (Figure
5A), and, occasionally, we observed CD64+ macrophages that apparently had migrated
through the basement membrane to reside within the epithelium (Figure 5B).

3.7. Lymphocytes

The distribution and population of CD4+ helper T cells, CD8+ suppressor/cytotxic T cells, and
CD19+ B cells were identified in epithelium and lamina propria of human FPs. CD4+ T cells
were observed scattered throughout the FPs with the majority of cells localized in the lamina
propria (Figure 6A). The CD4+ T cells were significantly higher in number than CD8+ T cells
(Figure 6B) both in epithelium and lamina propria in most FP sections. Very few CD19+ B
cells were observed (Figure 6C).

3.8. Quantification of the cell populations

An analysis of the relative density of each identified cell type in the epithelium vs. the lamina
propria is summarized in Table 1. In the epithelium, the most numerous cells were MHC class
I1+ cells, followed by CD1a+ Langerhans cells >CD11c+ DCs >CD4+ T cells > CD64+
macrophages > DC-SIGN+ imDCs >CD8+ T cells > CD83+ mDCs. In the lamina propria, the
population of immune cells were MHC-I1+ cells > CD4+ T cells >CD11c+ DCs > CD64+
macrophages > DC-SIGN+imDCs > CD8+ T cells > CD83+ mDC cells. All the immune cells
we examined were significantly more prevalent in lamina propria than in the epithelium, with
exception of CD1a+ Langerhans cells, which were only found in the epithelium. The
distribution and density of FP immune cells in males and females are not significantly different
in this sample.

4. Discussion

This study identifies the populations and distributions of the principal immune cells and their
subsets in the FP of healthy subjects to help us better understand the potential interactions
among the immune system and the gustatory perceptual system. This picture of immune
function in or near the gustatory system will benefit future studies of inflammatory processes
on taste, which can negatively affect patient nutrition. All the biopsies of FP were collected
from volunteers who had neither signs of systemic inflammation nor clinical signs of significant
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oral diseases and no reported taste losses; therefore, we believe the results are representative
of immune cell populations in human gustatory tissue under normal, healthy conditions. These
data lay the foundation for future studies to examine the impact of age, infection or injury on
these parameters.

We first examined the expression of MHC class Il molecules to verify the general population
and distribution of APCs in the taste tissue. MHC class Il immunoreactivity was intense in the
intraepithelial and subepithelial cells. There was no MHC Class Il expression by epithelial
cells themselves. The MHC class Il expression in the lamina propria was predominant, which
fits the distribution pattern of most immune cells detected in tissues. In addition to the immune
cells, the MHC class Il expressing cells in lamina propria also include vascular cells and other
cells. This is in agreement with previous studies in non-gustatory oral epithelium (Harley et
al., 2003).

Accumulating evidence suggests that mucosal DCs play a key role in orchestrating the immune
balance between immunity against pathogens and immune tolerance for self-tissues and
harmless antigenic components. The heterogeneity of mucosal DCs has been well described
and it is currently believed that the subsets of DCs differ with respect to their biological
functions (Iwasaki, 2007). Therefore, we focused on morphometric assessment of the subtypes
and localization of DCs in mucosa of human anterior lingual gustatory tissue. We demonstrate
there are four different subpopulations of DCs that populate the mucosa of FP: (1) prototypical
DCs that express CD11c markers, (2) imDCs that express DC-SIGN, (3) mDCs that express
CD83, and (4) Langerhans cells that express CD1a. The distributions of these CDs in mucosa
of human FP differ. CD11c+ DCs are distributed throughout the epithelium and lamina propria
with the population in lamina propria is 4 fold higher than in epithelium. They are the most
numerous DCs in the lamina propria. CD11c is a unique marker for DCs of myeloid origin
which are potent APCs and can activate T cells (Shortman and Liu, 2002). Similar distribution
patterns were observed for CD83+ mDCs and DC-SIGN+imDCs, with both cell types scattered
mainly in the lamina propria of FP and less prevalently in the epithelium; however, the total
population of DC-SIGN+ DCs was significantly higher than CD83+ DCs in general.

It is well known that imDCs and mDCs are different stages of DCs and they play distinct roles
in immune response and regulation. After Ag exposure, imDCs migrate to draining lymph
nodes where they differentiate into mDCs to present Ag to T cells (Banchereau and Steinman,
1998). The imDCs are characterized by a high capacity of phagocytic activity of pathogens,
an important function in immune defense, and mDCs are featured by their strong capacity for
antigen presentation. The fact that the majority of DCs are immature in FP suggests that this
group of cells may have an important role in the defense against infection by pathogens. The
distribution of CD1a+ expressing Langerhans cells in FP is unique, as they are only present in
the epithelium and not in the lamina propria. It is worth noting that oral Langerhans cells differ
from those within the nasal mucosa in their distribution and constitutive expression of receptors
(Allam et al., 2006; Allam et al., 2003).

T cells are predominant in FP. This result is consistent with the previous studies in the oral
mucosa (van Loon et al., 1989). As previously reported, the predominant populations detected
in buccal mucosa were CD3, CD4 and HLA-DR positive cells, with few scattered B cells
(CD20) and macrophages (CD68) (Haque et al., 1997) and in gingival mucosa CD3 and CD4
were also the dominant populations both in epithelial and stromal compartments with no B
cells apparent in the epithelium and a few in the underlying connective tissue (Colasante et al.,
1992). In the present study the distribution patterns of CD4+ and CD8+ cells were similar; we
observed significantly more CD4+ cells than CD8+ cells. The predominant T cells and high
ratio of CD4/CD8 in FP suggests that helper T cells are selected into this site and their
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preponderance here may be important in immune surveillance in this tissue under the normal,
healthy conditions and immune response in some diseases.

The roles of immune response and inflammation in the physiology of taste activity or in taste
disorders have been previously noted. The activation of an immune response with LPS could
promote recovery from gustatory neuron injury and of taste function (Phillips and Hill,
1996). This LPS-induced recovery of normal taste function was mediated by increased
activation of macrophages or T cells (Cavallin and McCluskey, 2005). Some immune
regulatory molecules responded differently in response to gustatory neural injury (Cavallin
and McCluskey, 20073, b). There are, however, no reports on the mechanisms of how the
immune system regulates the health of the gustatory system. Because taste buds are embedded
within the epithelium and there is, so far, no evidence of immune cells in taste buds under
normal conditions, either in the present study (data not shown) and in other reports (Cavallin
and McCluskey, 2005), the capacity for direct action of immune cells on taste cells is low.

In summary, the results presented here show that some of the key cells of the immune system
(i.e., T lymphocytes, macrophages, DCs and Langerhans cells) normally reside near human
gustatory tissue in FP. These immune cells form a tight network throughout the epithelium and
the underlying lamina propria, being ideally situated to protect the local tissue. These results
will help us to understand the impact of inflammation on gustatory perception and the
interaction between the immune and gustatory systems. These normative data do not, however,
indicate what, if any, alterations in the immune cell populations occur with various disease
states. We are presently comparing these data to observations from patients receiving
radiotherapy, a consistent and dramatic cause of taste loss
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Figure 1.
Quantitative analysis of specific cells in fungiform papillae. A. Specifically stained cells

(brown) in fungiform papillae; B, Total area of epithelium (the area within the green line) and
area of stained cells (red) in epithelium selected by using computer-assisted image analysis.
C. Total area of lamina propria and area of stained cells in lamina propria.
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Figure 2.
Tissue structure of fungiform papillae. A. Showing the keratinized, stratified epithelium and

underlying lamina propria. Note the taste buds embedded in epithelium (dotted line),
epithelium ridges (ER) extending to connective tissue, small blood vessels (BV) and various
types of cells. HE, 10 x10 magnification; B. Antibody ik67 labeled proliferative cells of basal
layer of epithelium. 10 x 20 magnification.
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Figure 3.

MHC class 1 expression in fungiform papillae. A. Negative control performed by skipping
primary antibody; B. MHC class |1 expression and distribution. Frozen sections of human
fungiform papillae were labeled with mouse against human HLA DR antibody. Note that the
molecules present in intraepithelial and subepithelial cells but not in epithelial cells. 10 x 20
magnification.
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Figure 4.
Dendritic cells in fungiform papillae. A. CD11c staining dendritic cells; B. DC-SIGN staining

immature dendritic cells; C. CD83 staining mature dendritic cells, and D. CD1a staining
Langerhans cells. Note the difference in distributions of CD1a Langerhans cells, which are
mainly present in epithelium, and CD11c dendritic cells, which are distributed both in epithelial
and connective compartments. 10 x 20 magnification.

Brain Behav Immun. Author manuscript; available in PMC 2010 August 1.



Feng et al. Page 14

Figure 5.
CD64+ macrophages in fungiform papillae. A. Macrophages were mainly distributed in the

lamina propria, 10 x 20 magnification; B. High magnification of image showing macrophages
occasionally migrate through the basement membrane into the epithelium. 10 x 60
magnification.
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Figure 6.
Lymphocytes in fungiform papillae. A. CD4 helper T cells; B. CD8 cytotoxic T cells; C.
Showing no CD19 staining B lymphocytes. 10 x 20 magnification.
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Table 1
Cell Density in Human Fungiform Papillae
Cell types Cell density in
Epithelium Lamina propria

x+SD Range x*SD Range
MHC-II 5.49 + 2.80 2.30-11.23 2730 £6.37 18.65 — 40.65
CDla 442 +2.80 1.13-7.90 ND
CD1lc 1.35+0.68 0.58 - 2.83 535+22° 22-93
cD83 0.18 +0.14 0-0.33 052 +042" 0-15
DC-SING 0.40 +0.39 0.05-1.39 2574008 1.20-4.15
CD64 1.03+0.92 0-24 3.02+1.864" 0-5.8
CD4 1.16 +0.78 0.36- 1.8 6.20£3.31° 1.11-13.92
CcD8 0.35+0.12 0.27-0.68 136+083 0.48 - 2.17
CD19 ND ND

1. . ’
The percentage of stained area to the total area of section observed.

ND = not detectable.

*
p < 0.05,

Fk

p < 0.001 when compared to the same cell number in epithelium.
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