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Abstract

The larynx sits at the crossroads between gastrointestinal and respiratory tracts. Besides its intrinsic
importance in breathing, swallowing and voice production, the larynx is also exposed to unique
immunological challenges. Given the propensity of chronic inflammatory conditions such as chronic
laryngitis, which affects up to 20% of Western populations, it is perhaps surprising that our
understanding of the immunology of this organ remains relatively limited. However, recent work on
the immunological architecture of the laryngeal mucosa, and its changes that result from external
challenges and inflammatory conditions, provided valuable insight into the fascinating immunology
of this organ. The lessons learnt from these investigations may go beyond devising improved therapy
for chronic laryngeal inflammation. Establishing whether and how the laryngeal mucosa may be
involved in the modulation of wider mucosal responses may provide novel routes to the treatment
of other inflammatory diseases of the respiratory and alimentary tracts such as asthma and
inflammatory bowel disease.

Introduction

The larynx is a vitally important mucosal organ that orchestrates swallowing, breathing,
coughing and, in humans, voice. Loss of a functioning airway is life-threatening, as is loss of
airway protection from ingested food and drink. In man, impaired voice production holds
significant implications for individual health and wellness, social and occupational function;
and societal productivitylv 2 The voice is a primary mode of communication. It is tied to
personal identity, and is paramount to the livelihood of millions of individuals. Conservative
estimates suggest that between 5-10% of the United States work force have heavy occupational
voice demands3, and that approximately 28 million workers in the United States experience
voice problems daily4. The societal cost of lost work days and treatment expenses due to voice
complaints in teachers alone has been estimated at $2.5 billion annually in the United
States®. Given the impact and high incidence of chronic inflammatory conditions affecting the
larynx the relative paucity of investigations into the immunology of this organ is striking.
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There is evidence supporting a distinct immunological role for the Iarynx6. The larynx
represents the crossroads between the gastrointestinal and respiratory systems, and is the
junction between the IgA-dominated upper and IgG-dominated lower airways. It is the
narrowest point of the airway. A point of greatest airway turbulence where the deposition of
inhaled and sometimes ingested challenges is high. The laryngeal epithelium, like mucosal
epithelia elsewhere, comprises two main layers (epithelium, lamina propria) superficial to
laryngeal muscle and cartilage. These two layers each have a characteristic immunological
architecture. The epithelium of the vocal fold (medial edge) is composed of stratified squamous
epithelium, whilst the neighboring ventricular folds and trachea are composed of a mixture of
respiratory and stratified squamous epithelium, with the proportion of the latter increasing with
age7. The mucosa is covered with a layer of mucus produced by goblet cells and glands. The
amount of stored mucus, and expression of various mucin (MUC) genes, is altered in those
with chronic airway inflammation8. Within this layer, and within the epithelium itself, resides
adiverse bacterial flora® 10. As a result of its location, the larynx is exposed to environmental
challenges on both the airways and upper gastrointestinal tract. This situation could make the
larynxa crucial checkpoint in the maintenance of tolerance or activation of appropriate mucosal
inflammatory responses in mucosal systems downstream, such as the lung and the GI system.

The Immunological Architecture of Laryngeal Epithelium

Epithelial cells, coated with mucus, present a physical barrier to insults from the laryngeal
lumen. However, the expression of antigen presenting molecules on the epithelial cells
highlight that they are likely to be more than inert building blocks in a wall between organism
and environment.

HLA class | molecules, in humans HLA A, B and C, sample the intracellular environment and
present pathogen derived and tumor antigens. Due to this central role in the recognition of
infectious agents or malignant transformations practically all nucleated cells in the body
express them. Thus, the presence of these molecules on laryngeal epithelial cells is hardly
surprising. However, a detailed analysis of their expression indicated that the density of MHC
class I molecules decreases towards the lumen. Intriguingly, the levels of 2 microglubulin, a
non-polymorphic protein that is essential for the formation of functional MHC class |
complexes, showed a much less pronounced reduction in the superficial layers of the
epithelium. This discrepancy led to the discovery of the expression of the non-classical MHC
class I molecule CD1d on laryngeal epithelial cells. The observed gradual transition between
the MHC class I CD1d'° deeper layers to a MHC class I'° CD1d" superficial layer is an
entirely unique feature of the laryngeal epithelium and suggests an interesting and potentially
important compartmentalization of immune responses. While the high density of MHC class
I molecules in the deeper layers provides a sensitive detection for viral infections, the role of
the superficial CD1d rich layer is more difficult to discern. It is well documented that CD1d
presents glycolipid compounds, and potentially other molecules with a lipid side chain, to a
subset of lymphocytes. However, the nature of the molecules that interact with CD1d in vivo
remains unclear. On one hand, there is evidence for the existence of endogenously derived self
antigens — especially in activated dendritic cells (DC) — but the molecular characterization of
these is still subject to heated debates. However, the available experimental data strongly
suggests that these endogenous ligands play a key role in maintaining self tolerance. On the
other hand, a number of bacterially derived CD1d antigens have been chemically identified.
Whether these bacterially derived compounds contribute to the initiation of protective
immunity against the pathogens that carry them or play a role in regulating self reactivity,
remains to be resolved. These facts make the interpretation of the role of the CD1d on laryngeal
epithelial cells difficult. Does the superficially placed CD1d expression represent a pathway
that is designed to maintain tolerance towards the constant onslaught of inhaled and swallowed
antigens? It could be argued that in the absence of such protective mechanism anyone not
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breathing HEPA filtered air and drinking double distilled water would suffer from a constant
laryngeal inflammation. However, it is equally plausible that the presence of CD1d playsarole
in monitoring the bacterial content of the larynx and represents an early, relatively non-specific,
warning mechanism for the detection of changes in the flora.

The other tantalizing feature of antigen presentation in the larynx is the presence of HLA class
Il molecules. Investigations on laryngeal mucosal biopsies taken from the false vocal fold
(FVF) of healthy individuals found that laryngeal epithelial cells express MHC Class Il antigen
presenting molecules distributed uniformly throughout the entire thickness of the laryngeal
epithelium in vivoll, These molecules, involved in the presentation of exogenous antigens to
CD4+ “helper’ T cells, are typically only present on professional antigen presenting cells, such
as DC, monocytes/macrophages, although cytokine exposure can induce MHC class Il
expression in other cells. Normal laryngeal epithelial cells cultured in vitro did not
constitutively express MHC class Il molecules. However, stimulating these cultures with
interferon-y restored the transcription of these antigen presenting molecules to levels seen in
the biopsy specimenslz. The fact that the participants in this study did not have any clinical
or histological evidence of inflammation raises the question: what is the mechanism that
induces the expression of MHC class 1l molecules in the larynx in viva? Is this phenomenon
due to a basal cytokine secretion elicited by the presence of the bacterial flora or is there a
particular cell type in the immune cell compartment present in the epithelial and submucosal
layers that constitutively secrete IFNg and/or other cytokines?

As mentioned above, the expression of MHC class Il molecules is primarily a “privilege” of
antigen presenting cells. On the surface of DC, monocytes and macrophages antigens bound
to class Il proteins would be accompanied by so called co-stimulatory molecules, such as CD80
and CD86, and the coexistence of these two signals would result in the antigen specific T cell
responses. In contrast, MHC class Il bound antigens in the absence of co-stimulation results
in tolerance induction. Thus, the outcome of this antigen presentation pathway on the surface
of laryngeal epithelial cells is to a large extent dependent on the presence of absence of co-
stimulatory molecules. Although no data has been reported on this issue in the literature it is
tempting to speculate that class Il mediated antigen presentation in the absence of CD80/CD86
could be a simple and effective mechanism to induce tolerance towards inhaled, potentially
immunogenic, compounds that have the capacity to bind to MHC class Il molecules. However,
while this assumption is entirely plausible, the fact that the laryngeal epithelium in some
species, for example pigs, is devoid of MHC class 11 molecules may question the importance
of this pathway in tolerance induction.

Haemopoietic Cells in the Larynx

Cell types identified in the laryngeal mucosa and associated with changes in challenge states
in adult mammals include macrophages, DC, T and B lymophocytes and NK cells, as well as
granulocytes and macrophagest 13-15 Highly organized Iym{)hoid collections, similar to
Peyer’s patches (laryngeal associated lymphoid tissue, LALT) 6-19 have been identified by
post-mortem serial section studies in 80% of persons younger than 20 years of age and 56%
of persons older16: 18 These structures are rare below the epiglottisls. However, similarly to
the small intestine, more than 90% of immune cell population of the larynx is distributed in
diffuse manner throughout the epithelium and lamina propriazo. DC, NK cells and T- and B-
cells are the most frequent in the subglottis and rarest in the vibratory vocal fold area while
granulocytes and macrophages are evenly distributed throughout the whole laryngeal mucosa.
In human fetal larynges, DC, T- and B-cells and macrophages are present in the ventricular
folds and subglottis, but not the glotti521. vd-T cells, which are often referred to as
‘intraepithelial lymphocytes’ (IELs) and appear to play an important role in local responses in
the skin and bowel, are very rarely observed in any layer in the larynx.
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Due to their pivotal role in the initiation of immune responses the DC compartment of the
laryngeal tissues has been the subject of multiple studies. In a pig model of laryngeal
transplantation, a dense population of DC particularly around the basement membrane has been
observed?2. Furthermore, the activation status of these cells changed following reperfusion.
Dendrites from this area stretch through the epithelium and are likely to contact the superficial
mucosal layer that also contains some elements of the bacterial floraS. Similarly to the
observations in pigs, a dense population of DC is present in the human laryngeal
epitheliumll.

The analysis of various lymphocytes subsets and their relationship to the antigen presenting
molecules within the mucosa has seen major advances recently, due to a technical development.
Previously, analysis of cellular interactions in situ has relied on the observer examining
overlapping cells and assessing whether an interaction was taking place. This is lengthy, subject
to inter- and intra-operator variation and gives no indication of whether cells are associating
randomly or preferentially as the probability of these “interactions” increases with the number
of cells. Analysis by eye is also insufficiently sensitive to utilize all the data generated. A
method for automated, pixel based analysis of digital immunofluorescent images has been
developed23’ 24 A macro written within the freely available image analysis program
ImageJ25 counts the number of pixels of each color, and then displays them as proportions of
the positive area. Although this analysis does involve some data loss, it provides an objective
assessment of the amount of staining and permits statistical analysis of the levels of cellular
co-localization. By calculating the expected levels of co-localization within the tissues if cells
associate randomly and comparing this to the observed levels of co-localization, it is possible
to determine whether overlapping between different cell types is occurring at significantly
greater levels than random chance would predict. Increases in co-localization indicate
prolonged cell contact; therefore it is possible to gain some information about the dynamic
interactions between cells from static tissue sections. This approach was used to evaluate the
presence of CD4* and CD8* T cells as well as B lymphocytes. The results have shown an
increased number of both T and B cells in the lamina propria, compared to the epithelium, and
the almost complete absence of B lymphocytes of the epithelial layer. Despite significant inter-
individual variability this study demonstrated the preferential localization of CD8* T
lymphocytes to the deeper, MHC class | 9" layers of the epithelium. As these T cells recognize
antigens presented by MHC class | molecules these results appear logical and provide
validation for the digital image analysis approach. In the course of this work the accumulation
of CD3* CD161* lymphocytes was seen in the upper, CD1d"9" layer of the epithelium. The
co-expression of these two markers was the first definition of Natural T (NKT) cells, which
are sometimes also referred to as Natural Killer T lymphocytes. Although this definition of
NKT cells has now been superseded — some CD3* CD161* lymphocytes are not true NKT
cells while some NKT cells do not express CD161 —the co-localization of these double positive
cells with CD1d antigen presenting molecules provides very strong indirect evidence for the
presence of NKT cells in the superficial mucosa. NKT cells play a role in the control of some
bacterial infections and show direct and indirect cytotoxicity against certain tumor cells. Just
as important, in animal models the elimination of this lymphocyte subset resulted in the
breakdown of self tolerance. Thus, their presence in the laryngeal epithelium could be
consistent with a tolerance inducing function. This makes additional experiments for the
confirmation of NKT cell presence paramount. However, currently the lack of suitable reagents
limits the use of immunofluorescence for these investigations.

The effects of external challenges on laryngeal mucosal immune architecture

Bacteria

The importance of the bacterial flora in the development of the normal immunological
architecture of the gut has been studied rather extensively (for a recent review see reference
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11). In the larynx a similar complex interaction between the bacterial flora, the expression of
antigen presenting molecules and the lymphocyte/monoyte compartment has been investigated
in animal models. In the most extensive study, twenty-three piglets were delivered by Caesarian
section into a germ-free ‘bubble’. The laryngeal mucosa from two animals sacrificed on day
0 showed very few CD4* T cells and no expression of CD16, a marker of activated DC, or
MHC class Il molecules. As laryngeal epithelial cells in pigs are devoid of class 11 molecules,
the absence of this marker in these animals indicates the lack of monocytes, DC and activated
T and B lymphocytes. The remaining animals were divided into three groups. Some were kept
germ free, the second group was colonized by a standard bacterial flora (modified Schaedler)
and additional bacillus species while the third group received the same standard flora
supplemented with staphylococci. At week 3 germ free animals showed little increase in the
expression of the above described three markers compared to birth. In contrast, all colonized
animals developed a rich CD4" cell population, which was more extensive in animals also
carrying staphylococci. Importantly, animals colonized with the mixture including
staphylococci, a normal commensal organism in pigs, were the only group to show an increase
in MHC Il expression, indicating the presence of a significant monocyte, denritic cell, activated
lymphocyte population26. Similarly, in rats the introduction of heat inactivated Moraxella or
Bordetella resulted in the recruitment granulocytes, DC and various lymphocyte subsets14
These experiments clearly demonstrated that the development of laryngeal mucosal immune
architecture depends on interaction with bacteria, and that the composition of the bacterial flora
significantly influences the recruitment of leukocytes to the mucosa. Based on these
observations it is reasonable to propose that seemingly minor changes of the commensal flora
could significantly alter the immunological environment in the larynx. In turn these changes
could play a key role in the development of chronic inflammatory states. Unfortunatel our
understanding of the normal bacterial flora in the larynx is currently somewhat limited2”. Most
studies in this field have concentrated on the presence of Helicobacter pylori, however, the
conclusions of this body of work show some contradiction. One group detected no Hellcobacter
pylori-like organisms in laryngeal samples using Giemsa and haematoxylin-eosin stalnlng
whereas another study using similar techniques detected organisms resembling Hellcobacter
although these bacteria could not be positively identified by |mmunoh|stochem|stry

contrast Fang et al.30, Rubin et al.31, Borkowski et al.32 and Jaspersen et al. 33 all report the
presence of helicobacter pylori via urease assays and histology in patients with benign laryngeal
lesions or chronic laryngitis.

Tobacco smoke

Studies on the immunological consequences of tobacco challenges have repeatedly shown
changes in the laryngeal mucosa immune response. In one recent study, the density of
immunologically-relevant cells in FVF biopsies were examined in a cohort of sixty-three
individuals, both smokers and non-smokers, between the ages of 18 to 80 years, with no history
of laryngeal or pharyngeal cancer or other obvious pathology. The presence of
Iymphocytes?’4 in the laryngeal mucosa of current cigarette smokers showed increased
numbers of CD4* T cells and there was an association between older age and greater CD4* T
cell numbers in both epithelium and lamina propria. Older age and female gender were
associated with decreased lamina propria CD4* CD45RO™ T cells and an increase in CD4*
CD45R0O™ T cells, indicating the relative paucity of memory T cells in these particular patients.
In a related study of patients with hoarseness, however, DNA microarray analysis of laryngeal
polyps did not detect differential expressed transcripts between smokers compared to non-
smokers. However, as only seven of the 28 patients recruited were current non-smokers the
power of the study was limited, potentially exglalnlng the lack of a recognizable gene
expression signature associated with smoking 2. In addition, a considerable number of genes
up-regulated in polyps were of immunological relevance including, but not limited to — the
HLA class Il molecules HLA-DRA and HLA DPB1, RFX5 —a component of the promoter of
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MHC Class Il genes and MMD (monocyte-macrophage differentiation protein). A pilot study
measuring antigen-presenting molecule expression in Reinke’s edema (a benign inflammatory
bilateral lesion of the membranous vocal folds, common in smokers), demonstrated a dense
population of MHC Class 11" and CD68™ cells (Figure 2). Such dual positive cells are likely
to be activated macrophages and theoretically cytokine secretion by these, could explain the
already mentioned changes in CD4™ T cell numbers in smokers. However, validating this
assumption, and elucidating the mechanisms that lead to the appearance of these activated
macrophages in the mucosa of smokers will require further work.

Extra-Esophageal Reflux

Extra-esophageal reflux (also referred to as posterior laryngitis or laryngo-pharyngeal reflux
[LPRY]) is a very common condition, affecting an estimated 20% of the adult US
populati0n36. This disease is costly in terms of both health care expenditure and quality of life.
Over 200 million is spent annually in the US on proton pump inhibitors37, the most common
medical management for LPR. The main clinical features are chronic mucosal inflammation,
including edema and erythema. Globus pharyngeus and chronic cough are symptoms
frequently associated with the condition. In patients suffering from LPR, the larynx is
repeatedly exposed to gastric contents. This chronic challenge could conceivably alter the
immunological responses. In a study by Rees et al38 twelve patients with florid LPR were
compared to 11 control individuals who did not suffer from the condition. Diagnosis was based
on validated clinical scoring‘?’g, dual-probe pH studies, transnasal esophagoscopy and
manometry. Multiple color immunofluorescence studies of biopsies taken from the posterior
(non-vibratory) vocal fold detected a strongly statistically significant increase in CD8" T cells
numbers in the laryngeal epithelium of LPR sufferers. It is noteworthy that, despite the change
in the numbers of the cytotoxic T cells — which recognize MHC class | restricted antigens,
there was no detectable change in the density of the antigen presenting molecules themselves
on the epithelial cells38. The expression of MHC class 1l molecules was also unchanged in
LPR patients. However, there was a marked increase in the presence of the non-classical MHC
molecule CD1d in the patient group and this coincided with an elevated number of T cells co-
localizing with the CD1d expressing epithelial cells. As discussed before, currently the lack of
reagents hinders the positive identification of NKT cells that recognize antigens presented via
CD1d. However, by definition NKT cells specifically recognize antigens via this pathway, and
currently there is no evidence for other lymphocyte subsets binding to this molecule. Thus,
based on the available data, it seems safe to conclude that in LPR elevated CD1d levels lead
to increased NKT cell contact with the superficial layers of the laryngeal epithelium. This
situation raises three questions: (1) what is the mechanism that leads to the up-regulation of
CD1d expression; (2) what antigens are being presented by CD1d in LPR and (3) is the observed
up-regulation protective, or detrimental in terms of the inflammatory response seen in the
disease? Obviously, in the absence of experimental data we can only speculation on the
answers. However, recent work has identified a number of structural features that determine
whether CD1d restricted antigens are recognizable by the T cell receptors on NKT cells or
not40. This work highlights two interesting facts. Firstly, the likelihood of bacterial compounds
binding to CD1d seems higher than previously appreciated. Thus, relatively subtle changes in
the laryngeal flora may have a significant effect on CD1d mediated antigen presentation.
Perhaps even more interesting, it appears that the chemical modification of the sugar
components of CD1d bound antigens profoundly influence their ability to interact with the T
cell receptor. It is tempting to speculate that the presence of the acidic refluxate in LPR may
result in such chemical changes. These alterations could potentially “inactivate” previously
tolerance inducing CD1d antigens, leading to the loss of their “immunosuppressive” properties.
Alternatively, the chemical modification may enhance the NKT cell-mediated recognition of
otherwise innocuous CD1d binding bacterial compounds, resulting in a productive immune
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response. Obviously, either of these mechanisms could explain the development of the chronic
inflammations seen in the disease.

Does the laryngeal mucosa influence lower airway immune responses?

The larynx is positioned at an immunological and anatomical cross-road. It represents the
junction between the sterile, IgG-dominated lower airway and the bacteria-rich, IgA-
dominated upper airway. Everything we inhale passes through its turbulent, narrow aperture
in ‘breathing mode’ and everything we ingest passes over its surface in ‘sphincter

mode’ (Figure 3). Teleologically, it seems necessary to place a tolerance inducing mechanism
here that would protect against sensitization to inhaled and ingested compounds, which could
otherwise act as antigens. Furthermore, the effective functioning of this tolerance induction
could protect both the downstream respiratory tract and the Gl system from potentially harmful,
and debilitating sensitization. Thus, the larynx would be an ideal point to place a mucosal
immune checkpoint. However, despite the innate attractiveness of this paradigm, presently
there is only tenuous circumstantial evidence to support it. As presented, the larynx possesses
a sophisticated immune architecture which alters significantly in response to a wide variety of
incident challenges. Cell type and co-localization studies suggest that laryngeal mucosa is
equipped with antigen presentation and cellular pathways that could fulfill the proposed
protective role. It is widely observed, although poorly quantified, that patients who have had
a total laryngectomy suffer increased chest and other infections*L, also suggesting a wider
immune role for this organ. It could be argued that inhaled steroids and other medications for
asthma exert their therapeutic effect via the larynx, since particles are likely to be deposited in
much higher densities on the larynx than more distally in the respiratory tree. Studies to
establish the exact place of the larynx fits in the hierarchy of respiratory mucosal immunity,
are hampered by the lack of a suitable animal model, since it is almost impossible to separate
immunological challenges of the upper and lower airways in small animals and appropriate
conditional and transgenic mice are lacking. Nonetheless, this question remains the most
pressing in the field of laryngeal biology, and demands detailed investigation. The possible
implications of a better understanding of laryngeal immunology for the way we treat respiratory
disease could be far reaching.

Concluding Remarks

In summary, the laryngeal epithelium has a rich immunological architecture, with molecular
and cellular pathways that could control unwanted immune responses against harmless
everyday challenges. Whether such responses actually take place, and mechanism involved in
them, remain currently unknown. Investigations of the immunological basis of chronic
inflammation of the larynx are of fundamental importance to making progress in our
understanding, and thereby treatment, of the millions of people with laryngeal symptoms each
year. In addition, clarification of the size and type of contribution of the larynx to respiratory
and systemic immunity is required. It may very well be that the larynx, the caretaker of the
anatomical cross-roads, also plays a similar central role in the aerodigestive mucosal immunity.
Improving our understanding of the immunological responses of the laryngeal musoca may
have far reaching implications for the future management of diseases as diverse as asthma,
food allergy, pseudocroup, chronic cough and esophagitis.
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Figure 1.

The laryngeal mucosa is divided into two layers in terms of expression of antigen presenting
molecules by epithelial cells: a superior, CD1d-rich layer and and deep, MHC Class1 -rich
layer. We hypothesize that challenges which break down intercellular adhesion permit the
presentation of incident antigens directly to the more ‘pro-inflammatory’ deeper layer,
resulting in chronicity. Dendritic cells straddle the basement membrane and may orchestrate
this response.
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Figure 2.

Immuno-fluroescence images of Reinke’s edema. (a) dense population of lamina propria by
MHCII+ (green) and CD68+ (blue) cells (b) strong membranous expression of CD1d (red) by
epithelial and dendritic cells, and increased CD3+CD161+ (NKT) cells in lamina propria (blue-
green).
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Figure 3.
The laryngeal crossroads represents the junction between the sterile, IgG-dominated lower

airway and the bacteria-rich, IgA-dominated upper airway. Things inhaled pass through a
turbulent, narrow aperture in ‘breathing mode’ and everything ingested passes over the larynx’s
surface in ‘sphincter mode’.
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